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The excited state hydrogen atom transfer reaction~ESHT! has been studied in pyrrole–ammonia
clusters @PyH–~NH3)n1hn→Py•1 •NH4(NH3)n21]. The reaction is clearly evidenced through
two-color R2P1 experiments using delayed ionization and presents a threshold around 235 nm~5.3
eV!. The cluster dynamics has also been explored by picosecond time scale experiments. The
clusters decay in the 10–30 ps range with lifetimes increasing with the cluster size. The appearance
times for the reaction products are similar to the decay times of the parent clusters. Evaporation
processes are also observed in competition with the reaction, and the cluster lifetime after
evaporation is estimated to be around 10 ns. The kinetic energy of the reaction products is fairly
large and the energy distribution seems quasi mono kinetic. These experimental results rule out the
hypothesis that the reaction proceeds through a direct N–H bond rupture but rather imply the
existence of a fairly long-lived intermediate state. Calculations performed at the CASSCF/CASMP2
level confirm the experimental observations, and provide some hints regarding the reaction
mechanism. ©2004 American Institute of Physics.@DOI: 10.1063/1.1704639#
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I. INTRODUCTION

In the past few years, it has been demonstrated that
excited state dynamics of phenol–ammonia clusters is
governed by an excited state proton transfer in an acid–b
mechanism as previously assumed. In contrast, it is c
trolled by a radical reaction namely the hydrogen trans
process.1–5 Indeed, this reaction leads to the formation
neutral NH4(NH3)n clusters which are metastable~ms life-
times! and can easily be ionized with low energy photon
The same excited state hydrogen transfer reaction has
also observed in indole and methylindole clustered w
ammonia.3,5,6

The results ofab initio electronic-structure calculation
performed by Sobolewski and Domcke provide strong e
dence for a surprisingly simple and general picture of
H transfer mechanism in aromatic enol and az
molecules.7–10 The key role in this picture is played by a
excited singlet state ofps* character, which has a repulsiv
potential-energy function with respect to the stretching
O–H or N–H bonds. In the isolated molecules, the1ps*
potential-energy function intersects not only the bou
potential-energy functions of the excited1pp* state, but
also that of the electronic ground state. Through the con
intersections with the1pp* state and the ground electron
state, the1ps* state triggers an ultrafast internal-conversi
process. In protic solvents, the1ps* state promotes a
hydrogen-transfer process from the chromophore to the
vent. In the case of ammonia clusters with a chromoph
the 1ps* state leads to the formation of neutral solvat
ammonium radicals NH4(NH3)m .

Pyrrole (C4H5N that we will abbreviated as PyH! is a
10100021-9606/2004/120(21)/10101/10/$22.00
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building block in many important molecules of biologic
interest. It is a five-membered heterocyclic aromatic ring
which the lone electron pair on the N atom and the t
double bonds of the aromatic ring form a delocalizedp
bond. Heckman first reported in 1958 that PyH exhibits
emission of light neither fluorescence nor phosphorescenc11

Since then, many experimental and theoretical studies
PyH have been performed to understand its electronic st
ture and photochemical properties.12–14

Recently, Sobolewski and Domcke have calculated t
in PyH the dissociativeps* state is lower than thepp*
state, in agreement with the experiments of photofragm
translational spectroscopy where the formation of H ato
and the corresponding pyrrolyl radicals are detected.15,16The
observation of a fast H atom with a nearly monokine
translational energy distribution is a good evidence that
excitation of PyH leads directly to the dissociativeps* state.
PyH should then be the simplest molecule to study the
transfer reaction because it involves direct excitation to
ps* dissociative state, a case much simpler than pheno
indole where the excitation is primarily localized on thepp*
state and transferred to theps* state through a conical in
tersection before the reaction can proceed.

The purpose of this paper is first to evidence the H tra
fer reaction in PyH–ammonia clusters via detection of
NH4(NH3)m products, second to determine the reaction r
and third to evaluate the kinetic energy released in the re
tion. More specifically we want to address the question of
mechanism that leads to fragment ejection: the NH4(NH3)m

radical products must be ejected from the initially excit
Py–H~NH3)n clusters in order to be observed experime
1 © 2004 American Institute of Physics
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tally, otherwise ionization of the PyH* – (NH3)n parent
clusters—which may have the isomeric for
Py• –•H–NH3(NH3)n21—would lead to the observation o
@Py• –•H–NH3(NH3)n21#1 cluster ions and not to the obse
vation of NH4(NH3)m

1 ions, at least under controlled exper
mental conditions as will be explained in the Results. W
is the driving force leading to the radical production a
what is its mechanism? We will discuss two limiting cases
presented in Fig. 1.

The simplest reaction path is the ejection of the H at
from the PyH1ps* excited state within the cluster, with
nearly monokinetic energy~of ;0.8 eV in the case of PyH
excited at 243 nm!, followed by collision of this H atom with
the nitrogen atom of the nearest NH3 molecule, hydrogen
bonded to the pyrrolic N–H bond. In such a reaction sche
the initial kinetic energy of the ejected H atom is randomiz
into the vibrational, rotational and translational degrees
freedom of the NH4(NH3)m radical product. The transla
tional energy is finally converted in kinetic energy separat
the NH4(NH3)m cluster from the pyrrolyl radical (Py•). This
mechanism will be called ‘‘impulsive mechanism.’’

Another possibility is that after electronic excitation,
charge-transfer induced proton transfer occurs, resultin
formation of the Py•••• •NH4(NH3)m cluster. The preliminary
step of the reaction involves compression of the N•••N bond
which reduces~or eliminates! the barrier for the reaction
The Rydberg-type nature of the NH4(NH3)m radical cluster
results in repulsion of the cluster from the pyrrolyl radic
We will call this mechanism ‘‘electronic mechanism.’’

II. EXPERIMENT

The experiments have been conducted partly in Ph
physique Mole´culaire ~Orsay, France! for nanosecond ex
periments, kinetic energy measurements, and picosecond
cays of the parent clusters and partly in Tohoku Univers
~Sendai, Japan!, where the risetimes of the solvated amm
nium products have been measured together with the P
ammonia decay times on the picosecond time scale.

FIG. 1. Possible mechanisms for ejection of radical products from the pa
clusters. The upper part of the figure represents the impulsive mechan
excitation leads to theps* repulsive state. The H atom is ejected with a l
of kinetic energy and collides with the nearest NH3 molecule. The lower
part of the figure represents the electronic mechanism: the repulsion
after the concerted electron and proton transfer from pyrrole to the amm
cluster. The repulsion between Py~pyrrolyl! radical and the solvated ammo
nium radical is induced by the diffuse character of the Rydberg-type elec
cloud.
Downloaded 01 Jul 2007 to 133.41.149.135. Redistribution subject to AIP
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A. The Orsay setup

PyH–ammonia clusters are produced by expandin
mixture of NH3 and PyH seeded in helium through a puls
valve. The gas mixture is obtained in passing the premi
He/NH3(0.5% – 2%) gas flow over a reservoir containin
room temperature PyH. The backing pressure is varied
tween 0.5 and 3 bar and the nozzle diameter is 300mm. The
jet is skimmed before entering the time of flight mass sp
trometer ~Jordan Co.!, between the extraction electrode
which are separated by12 in., where the clusters are ionized
The ions are then accelerated between two other electr
also separated by12 in. before flying in the 1 m field free
region ~grounded!. The ions are detected by microchann
plates, the signal is amplified and recorded on a LeCroy 9
oscilloscope.

The mass spectrometer can also be run in reflec
mode when high resolution mass spectra are necessar
that case, after the 1 m field free region, the ions are refle
by a series of electrodes and fly another 1 m before be
detected by a second pair of microchannel plates.

In the pulsed extraction mode used for kinetic ener
release measurements, the mass spectrometer works i
direct mode and high voltages~1000 and 750 V! are
switched on the lower and upper extraction electrodes wi
Behlke high voltage switch. This method has been alre
demonstrated,17 where we set a long waiting time betwee
the excitation/ionization lasers and the ion extraction pul
to allow the initially produced ion cloud to be broadened
some kinetic energy is released in the reaction. This met
is sensitive to the dispersion of the ion cloud along the T
axis, in our case the vertical axis. The ions which will
located near the lower electrode are more accelerated
the ones nearby the upper one, they will travel faster in
field free region of the TOF and will arrive on the detector
earlier times. Practically, when the delay between the la
and the extracting field is increased, the excitation/ionizat
position between the two extraction plates is varied by tra
lating the lens upstream the jet axis so that the ions can re
the detector. To get rid of the initial width of the mass pea
due to the finite size of the lasers and to the distribution
velocities in the jet, the variation of the peak width (Dw) can
be measured as a function of the delay (Dt) between laser
and pulsed extraction field: there is a linear variation ofDw
vs Dt and the resulting slope, divided by a calibration p
rameter, gives a direct measure of the velocity.

Two different laser setups have been used for clus
excitation and ionization:

~i! For the experiments running in the nanosecond ti
scale, we used a frequency doubled excimer pum
dye laser for the cluster excitation; and the third~355
nm, 3.5 eV! or fourth harmonic~266 nm, 4.66 eV! of
a Nd:YAG, delayed by a few hundred ns, was t
ionization probe.

~ii ! For time resolved experiments, a home made picos
ond OPO laser system was used.18 The picosecond
pulses are produced with a Nd:YAG laser through
combination of saturable absorber and passive ne
tive feedback; a macro-impulsion involving 50 puls
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10103J. Chem. Phys., Vol. 120, No. 21, 1 June 2004 Pyrrole–ammonia clusters
of 10 ps duration, separated by 10 ns, is produced
20 Hz repetition rate. Seventy percent of the 1.0
mm pump power, e.g. 800 mW, is frequency tripled
355 nm ~220 mW! to pump synchronously a BBO
based visible OPO laser tunable from 410 to 750 n
The present experiment makes use of the latter vis
OPO output around 450 nm which is further fr
quency doubled to excite theS0–S1 transition. A por-
tion of the frequency tripled 355 nm is optically de
layed and used as the ionization probe laser. T
spectral width of the visible OPO is less than 3 cm21.
The laser characteristics make it possible to mon
dynamical processes with a resolution of 12 ps, if t
reactive system can relax within 10 ns correspond
to the laser pulse separation. The multipulse struct
precludes, however, the risetime measurement
stable species@in our case NH4(NH3)m]. In the wave-
length region used here, time zero and the cross
relation of the laser pulses have been measured e
with anisole or dimethylaniline: these molecules wh
excited at 225 nm and ionized with 355 nm give ri
to a steplike pump/probe signal that can be fitted w
an erf function~integral of a Gaussian function!. The
assumption underlying this fit is that the laser puls
are Gaussian so that the width parameter introdu
in the erf function represents the cross correlation
the lasers. The value obtained under these condit
is 11.761.3 ps.

B. The Tohoku setup

The experimental setup of the Tohoku University is e
sentially the same as in Orsay, with the main differen
concerning the mass spectrometer and the picosecond
Briefly, a frequency tripled output~355 nm! of a mode-
locked picosecond Nd31:YAG laser ~Ekspra PL2143B! is
introduced into an OPG/OPA system~Ekspra PG401SH! for
a tunable UV light generation. Typical bandwidth and outp
power of the UV light is 10 cm21 and 50–100mJ, respec-
tively. Part of the 355 nm output is used as the ionizat
light source. The laser operates at 10 Hz repetition rate
its pulse width is estimated to be;12 ps. The pulse widths
of the tunable UV and 355 nm picosecond laser pulses
obtained by a cross correlation measurement using t
photon resonant three photon ionization of NH3 in the super-
sonic beam. When the wavelength of the tunable UV puls
248 nm, the energy corresponding to the sum of one 248
photon 1 one 355 nm photon is resonant with the C8(v2

55) –X(v250) transition19 of NH3, where C8 is the
3p-Rydberg state andv2 is the umbrella mode of NH3. By
scanning the delay time of the 355 nm pulse with respec
the 248 nm pulse while monitoring the NH3

1 ion, we obtain
the cross correlation curve which can be well fitted to
Gaussian function of 12.4–0.2 ps width. The laser beams
introduced into the vacuum chamber and cross the molec
beam of PyH/ammonia diluted in helium. A computer co
trolled optical delay line set the delay time between the t
able UV and the ionization laser pulses.

Jet-cooled PyH–ammonia clusters are generated by a
personic expansion of PyH/ammonia gaseous mixture se
Downloaded 01 Jul 2007 to 133.41.149.135. Redistribution subject to AIP
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in helium carrier gas~typically 3 bar! into vacuum through a
pulsed nozzle~General valve! with a 0.8 mm aperture. The
free jet is skimmed by a skimmer having a 0.8 mm dia
~Beam dynamics! located 30 mm downstream of the nozzl
The UV lasers cross the supersonic beam 50 mm do
stream of the skimmer. The clusters or product ions are
tracted in the direction perpendicular to the plane of the m
lecular beam and the laser beams. The ions are then m
analyzed in a 50 cm time-of-flight tube and detected by
electron multiplier~Burle 4700!. The ion signals are inte
grated by a boxcar integrator~Par model 4420/4400! con-
nected to a computer.

III. COMPUTATIONAL DETAILS

The CASSCF calculations20 of the potential-energy sur
face ~PES! relevant for the photophysics of the PyH
ammonia cluster in the1ps* state were performed in
Warsaw. In the calculations, the NPyNam~N¯N) and
NPyrH ~N–H) were frozen at fixed values while the remai
ing intra- and intermolecular degrees of freedom of the cl
ter were optimized under the imposed constrains of theCs

symmetry. Thus the calculated two-dimensional PES rep
sents a CASSCF minimum-energy surface spanned by N¯N
and N–H stretching coordinates. To account for dynami
electron correlation effects, which are largely neglected
the CASSCF level, single-point calculations at the MRM
level21 ~multireference second-order Møller–Plesset pert
bation theory with respect to the CASSCF reference! were
performed at the most crucial points of the1ps* PES.

In the calculations the standard 6-31G(d,p) split-
valence Gaussian basis set with polarization functions on
atoms was augmented with standard diffuse functions on
trogen atoms and on hydrogen atom of PyH. Anticipati
that the biradical possesses Rydberg character, the bas
was supplemented with an additional set of diffuses and p
Gaussian functions of exponentj50.02 on the nitrogens
The active space in the CASSCF and MRMP2 calculatio
includes fivep orbitals of PyH and the lowest unoccupie
~in the Hartree–Fock reference! s* orbital. The basis set a
defined above was also used in the MP2 optimization of
ground-state geometry. All calculations were performed w
the GAMESS program package.22

IV. RESULTS

A. Evidence for the hydrogen transfer reaction
using nanosecond lasers

The method to evidence the H transfer mechanism
based on the particular properties of ammonia clust
(NH3)n clusters can trap a H atom and produce solvate
ammonium clusters NH4(NH3)m . Besides, the NH4(NH3)m

radical clusters are sufficiently long lived to allow an ef
cient detection by ionization with delayed nanosecond la
pulses@lifetimes measured to be 3 and 7ms for n51 and 2,
respectively, whereas NH4 is a very short-lived species~15
ps Ref. 23!#, and their ionization potentials~I.P.! are low24 so
that the 355 nm~3.5 eV! laser light can be used to probe th
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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10104 J. Chem. Phys., Vol. 120, No. 21, 1 June 2004 David et al.
NH4(NH3)m—radical products withm>2. The NH4NH3

radical was probed by the fourth harmonic of the Nd:YA
laser~266 nm, 4.66 eV!.

It is very important to prove that the reaction observed
the H transfer reaction~ESHT! in the excited state and no
the excited state proton transfer~ESPT! reaction nor a reac
tion in the ionized clusters. Indeed, the NH4

1 (NH3)m cation
signal observed in the phenol–ammonia system has
been attributed to an excited state proton transfer follow
by evaporation in the ionized species.5,25 However, there is
no ambiguity when a long delay is fixed between excitat
~pump! and ionization~probe!: in this case, ionization take
place at different time and position in the jet from those
excitation, therefore when the probe laser~355 nm or 266
nm! is triggered a few hundred ns after the pump laser,
parent excited state species have already either reacte
relaxed to the ground state. Only long lived species such
neutral reaction products or triplet states can be ionized
the probe laser and therefore one can discriminate betw
excited state proton transfer reaction and H transfer reac
In the classical model for excited state proton trans
reaction,5,25 the initially excited @MH* – (NH3)n# cluster
converts to the excited charge transfer spec
@M–NH4

1(NH3)n21#* which is stable with respect to disso
ciation in two ions, and will relax to its ground state durin
the time between pump and probe lasers.

In the same way, to insure that NH4(NH3)m
1 are not pro-

duced by an ionic reaction, i.e. from ions produced by t
photons of the pump laser and absorbing one more pr
photon to react, an extraction voltage of 250 V is appl
continuously on the two first plates of the mass spectrom
during the delay between the pump and the probe laser
that the ions produced by the first laser~pump! are repelled
from the jet axis before they can be excited by the pro
laser. Let us mention here that these ions will be detec
~but at shorter flight times than the ions issued from a tw
color process! as long as the pump laser displacement
stream the jet is small enough to let them reach the dete
~a 1 ms delay between the lasers corresponds to a 1.5
displacement of the pump laser with respect to the spectr
eter axis, which is negligible as compared to the 25 mm s
of the microchannel plates!.

The results of such an experiment carried out with
nanosecond Nd:YAG laser are shown in Fig. 2. In a o
color experiment with excitation and ionization at 225 n
~5.51 eV!, both the parent and fragment ions are obser
@Fig. 2~a!#, which already indicates that the reaction is fas
than the laser pulse, i.e. 10 ns. When the 355 nm probe l
is added with a pump/probe delay of 1ms @Fig. 2~b!#, the
one-color signal is still present but the delayed two-co
signal on NH4

1(NH3)m22 clusters~indicated by arrows in
Fig. 2! is much larger while the parent ions are not observ
the excited PyH* – (NH3)n clusters have either reacted
relaxed to their ground state.

When 266 nm is used as a probe laser, the NH4NH3 ions
are also greatly enhanced. This is the result expected if
NH4(NH3)m

1 ions come from ionization of neutral radica
since NH4NH3 can be ionized with the 266 nm probe las
but not with 355 nm~I.P.53.88 eV!. It indicates that the H
Downloaded 01 Jul 2007 to 133.41.149.135. Redistribution subject to AIP
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transfer reaction already takes place in PyH–~NH3)2 .
PyH–~NH3)n cluster ions are detected in one-color tw
photon ionization with the 266 nm laser but the reacti
products are not observed, which already tells that the re
tion threshold lies between 266 and 225 nm~4.66 and 5.51
eV!.

The results of these two-color two-photon delayed io
ization experiments clearly demonstrate that we are dea
with the H transfer reaction and not with the excited st
proton transfer nor with a reaction in ionized clusters.

B. Picosecond dynamics

1. Excitation energy dependence of the reaction

Let us mention first that femtosecond experiments h
been tried on this system using the DRECAM/SPAM setu26

with two excitation wavelengths, the third~266 nm! and the
fourth ~200 nm! harmonics of the titanium sapphire laser, b
no dynamics could be recorded.

Using the picosecond laser, we could scan the excita
energy from 266 up to 220 nm. No reaction is observed wh
the excitation wavelength is longer than 235 nm~photon
energy below 5.3 eV!. In particular, the experiment could no
be achieved either at 248 or at 243 nm, the wavelengths u
to study the kinetic energy of the H atom produced in t
photodissociation of free PyH.15,16

FIG. 2. Mass spectra recorded withlpump5225 nm andlprobe5355 nm for
pyrrole–(NH3)n clusters.~a! Mass spectrum recorded with the 225 nm las
alone, PyH–~NH3)n and NH4(NH3)m clusters are weakly observed.~b!
Mass spectrum recorded with the pump laser at 225 nm, the probe las
355 nm, and a delayDtpump/probe51 ms between the two lasers. The fligh
times of the ions produced through two-color ionization~late ions! are thus
1 ms longer than those of ions produced by one-color only~prompt ions!,
which is shown by the full arrows. In the two-color experiment, t
NH4(NH3)m ion signal is much greater than the one-color signal~the inten-
sity scale for spectrum 2 is twice that of spectrum 1! while no signal is
detected on the PyH–~NH3)n cluster masses. The excited clusters have
ther reacted or decayed to the ground state during the 1ms pump/probe
delay. The asterisk indicates anisole ions: anisole was added in the jet to
time t50 between pump and probe lasers. Experimental conditions: bac
pressureP052.3 bar, pyrrole at room temperature, carrier gas 2% NH3 in
helium, laser intensities were 40mJ/pulse for 225 nm and 2 mJ/pulse for 35
nm.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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2. Cluster lifetimes

The pump/probe decays observed for the parent ions
presented in Fig. 3 with different cluster size distribution
Under small cluster size conditions, the 1–1 cluster is alm
exclusively produced, and its decay, at our time resolution
essentially a single exponential. The lifetime of the 1–1 cl
ter is in the order oft1510.562.2 ps, close to the shorte
lifetime which can be determined with the present syst
~Fig. 3, top!.

Under conditions where larger size clusters are pres
the signal does not come back to 0 at long delay, as ca
seen in Fig. 3, bottom panel. The change of the decay si
with the cluster distribution is a clear indication that evap
ration processes occur.17 Such evaporation processes gi
rise to a steplike function in addition to the exponential d
cay.

Under these conditions, the lifetime of larger clusters c
be measured. In fact only the 1–2 and 1–3 cluster lifetim
could be recorded, the 1–4 cluster mass being too close f
the PyH dimer mass to be measured cleanly. The lifet
increases as the cluster size increases beingt251363 ps for
PyH–~NH3)2 andt352468 ps for the PyH–~NH3)3 .

Using the setup at Tohoku University, it has been p
sible to measure both the decay times of PyH–~NH3)n clus-
ters and the appearance time for the NH4(NH3)m products

FIG. 3. Pump/probe picosecond transients recorded on the pyrrole–3

mass.~Top! Small cluster distribution, the signal decreases back to the b
ground for delays larger than 35 ps.~Bottom! Larger cluster distribution: in
this case, a signal remains present at long delay between pump and
lasers that evidences an evaporation process. These pump/probe tran
have been obtained with the bunched picosecond laser in Orsay, with
intensities of 15mJ/pulse at 225 nm and 500mJ/pulse for 355 nm.
Downloaded 01 Jul 2007 to 133.41.149.135. Redistribution subject to AIP
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with m53 and 4, as shown in Fig. 4. The decay times o
served in Tohoku (t159.561.5, t2512.161.5, t3515.3
62) are slightly shorter than those measured in Orsay,
the values fall within the experimental errors, and the o
served appearance times~Fig. 4 top panel! for the
NH4(NH3)3,4 products,t3851866 ps andt4852266 ps, are,
within the experimental error, similar to the decay of t
parent clusters.

3. Long lifetime component

The underlying step function~in large cluster condition!
has been observed both in the Orsay and Tohoku Univer
setup. In Tohoku University, the decay of the long lifetim
component could not be seen~it looked as a plateau!, which
means that the clusters undergoing evaporation have
times longer than 1 ns. On the other hand, the laser syste
Orsay is constituted by a bunch of 50 impulsions separa
by 10 ns, which enabled us to estimate the long compon
lifetime.

k-

obe
ents
ser

FIG. 4. Pump/probe picosecond transients recorded on the pyrrole–(N3)n

cluster masses and on the NH4(NH3)m reaction products.~Bottom! Decays
observed for pyrrole~diamonds! and PyH–NH3 ~squares!. The lines corre-
spond to single exponential fits witht159.561.5 ps. The autocorrelation
function of the lasers is represented in small black dots with its Gaussia
in dashed lines.~Middle! PyH–~NH3)2 ~circles! and PyH–~NH3)3 ~tri-
angles! decay curves. Single exponential fits givet2512.161.5 ps andt3

515.362 ps, respectively.~Top! Transients recorded on the reaction pro
ucts NH4(NH3)3 ~half-filled squares! and NH4(NH3)4 ~half-filled circles!.
The transients are fit by an exponential growth witht3851866 ps andt48
52266 ps. These pump/probe transients have been obtained with the
second laser in Sendai. The autocorrelation function of the laser was
corded using two-color ionization of NH3 with pump at 245 nm and the
probe at 355 nm and was fit with a Gaussian function of 1260.6 ps width.
The laser intensities are 10mJ/pulse at 225 nm and 1 mJ/pulse for 355 n
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The evolution of the pump/probe signal with a bunch
picosecond laser is represented for different decay time
Figs. 5~a! and 5~b!. The figure presents the building up of th
signal as a function of time e.g. the number of micropuls
If the species observed decays rapidly, i.e. with a lifetime
less than 500 ps, the pump/probe signal due to one mi
pulse decays to zero before the next micropulse arrives
ns afterwards@Fig. 5~a!, upper panel#. At the opposite, if the
decay is long, the pump/probe signal has not completely
cayed before the next micropulse arrives, and this ef
leads to an apparent background signal. The intensity of
background is related to the lifetime as can be observe
Fig. 5~a!. As an example, for a 5 ns lifetime process, the
intensity of the signal when the probe laser is triggered
fore the pump laser~beforet50) represents 16% of the sig

FIG. 5. Simulation of the contrast in the pump/probe experiment as a f
tion of the lifetime of the process for a bunched picosecond laser comp
of 50 micropulses of 10 ps separated by 10 ns. Upper left panel: the life
is 250 ps the signal returns to 0 before the next pulse. The right part o
figure presents an enlarged view of the signal for one micropulse, and m
ics what is recorded on the digital oscilloscope; the lower panels presen
cases of different decay times: for a 5 nsdecay, the contrast defined in th
right panels is very good~6.2!, whereas when the lifetime is 100 ns th
contrast is very poor~0.06!. For an infinite lifetime, the contrast is given b
the inverse of the number of pulse~1/50! and cannot be observed proper
due to the fluctuation of the laser intensity. For a rising signal~reaction
products! as presented in the lower panels, the contrast is always very p
well within the noise due to the fluctuation of the laser intensity, whate
the value of the time constant. This completely precludes the measure
rise times@in our case the appearance times of the NH4(NH3)m reaction
products#.
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nal maximum recorded att50. The contrast, defined as th
ratio between the signal observed when the probe lase
triggered before the pump laser (t,0) and the signal inten-
sity at t50 is C56.2 @see Fig. 5~a! right panels#. When the
lifetime increases, the contrast decreases~down to 0.06 for a
250 ns lifetime!, and for an infinite lifetime it will be pro-
portional to the inverse of the number of pulses in the bun
~typically C51/5050.02), which is less than the fluctuatio
of the laser and is hence not measurable. For the same
son, rise times cannot be measured with such a laser as
be seen in Fig. 5~b!.

The measure of the contrast~as defined in the previou
paragraph! in the decays recorded for PyH–~NH3)n can be
then used to estimate the long component lifetime. The v
ues obtained are not very precise~for n51, 2 C.1, for n
53 C51 to 2! but the most important fact is that one ca
deduce that the long component has a lifetime less than 1
for the 1–1 and 1–2 clusters and in the order of 10 ns for
1–3. After evaporation the excited clusters are still decay
in the ns range.

C. Kinetic energy measurement

As stated in the experimental section, the kinetic ene
release in the reaction can be measured in using the m
spectrometer in the direct mode and pulsing the extrac
voltages on the lower and upper extraction electrodes. If
set a long delay time between the excitation/ionization las
and the ion extraction pulses, the initially produced ion clo
has the time to broaden whenever some kinetic energ
released in the reaction. An example of the change of
mass peak shape as a function of the delay between the l
~excitation and ionization! and the pulsed extraction field o
the mass spectrometer is given in Fig. 6. At longer de
times between the lasers and the extraction pulse, the p
broadens and splits into two Gaussian-type peaks.
broadening of the peak is a clear indication of the fast vel
ity of the reaction products. From the calibration of the ma

c-
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e
e
-
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FIG. 6. Evolution of the mass peak width as a function of the delay betw
the laser and the extraction pulse of the mass spectrometer. The mas
served isM586 (NH4(NH3)3).
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spectrometer17 and assuming a monokinetic energy distrib
tion, the velocity of the outgoing reaction products can
measured.

The assumption of a monokinetic energy distribution
substantiated by the appearance of a dip in the center o
peak at longer delay times. This dip in the middle of the pe
can be explained in the following way: for a monokine
energy distribution, the ions will be on the surface of
sphere that will enlarge as it travels to the detector~30 ms!.
The ions which have an initial velocity along the spectro
eter axis~vertical axis! will be detected at short or long time
depending on the direction of their velocity while those th
have an initial velocity perpendicular to the detection a
should be detected in the center of the peak. But if the
cloud becomes too large, it will spread beyond the area of
detector which is only 2.5 cm in diameter and these la
ions will be lost leading to a dip in the center of the ma
peak. In the case of a statistical energy distribution, the i
will have a kinetic energy varying between 0 andEmax

~available energy! and will then be present in all the volum
of the expanding sphere. In that case only a small part of
ions having their initial velocity perpendicular to the spe
trometer axis will be lost when the ion cloud gets too larg
and the mass peak should retain a Gaussian-type shape

Let us mention that we do not expect any anisotropy
the kinetic energy distribution, because the typical react
times measured~10–30 ps for large clusters! are longer than
the rotational period: for a cluster temperature in the
around 25 K, and a calculated rotational constant of
31023 cm21 for PyH–~NH3)3 , the mean rotational level is
J525 and the rotational period of the order of 1 ps.

Under this assumption of monokinetic energy relea
the measured velocities are 10306100, 930650, and
760630 m/s for NH4(NH3)m with m52, 3, and 4, respec
tively, which correspond to total kinetic energiesEkin50.52
60.10, 0.6460.07, and 0.6060.05 eV for about 1.5 eV of
available energy.16

D. Theoretical results

The minimum-energy PES of the1ps* state of the
PyH–ammonia cluster is shown in Fig. 7~a!. In the calcula-
tion the N̄ N and N–H distances were varied in the ran
of 2.2–3.2 Å and 0.8–2.2 Å, respectively, with the interv
of 0.2 Å. The figure shows the surface up to 1 eV plott
with contour lines of 0.1 eV. Two apparent minima of th
PES ~abbreviated by 2 and 4 in the figure! separated by a
barrier ~3! are clearly visible. The values of the N̄N and
N–H distances and energies of the structures are collecte
Table I. At the CASSCF level the local minimum~2! is
higher by about 0.5 eV than the global minimum~4!.

At this level of theory the local minimum~2! is sepa-
rated from the global minimum~4! by a barrier of only 0.04
eV. Dynamical electron correlation included at the MRMP
level has almost no effect on the relative energy of the t
minima, but eliminates the barrier between them~Table I!. It
is thus very likely, that PES surface of the1ps* state of the
PyH–NH3 cluster has only a single minimum with respect
the hydrogen transfer reaction. The expected motion of
Downloaded 01 Jul 2007 to 133.41.149.135. Redistribution subject to AIP
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FIG. 7. ~a! Calculated potential energy surface at the CASSCF level
PyH–NH3 . The contours are separated by 0.1 eV. The coordinates plo
are: horizontal axis N̄ N distance~between the pyrrolic nitrogen and th
ammonia nitrogen, vertical axis pyrrolic N–H distance~between the hydro-
gen atom and the pyrrolic N!. A vertical excitation from the ground stat
geometry leads to region 1 where there is a high barrier for the hydro
transfer. When the N̄ N distance decreases, as the system goes down
entrance valley, there is a local minimum 2 along the reaction path, and
barrier to H transfer decreases considerably. After the barrier 3, the sy
evolves rapidly to dissociation in a radical pair 4.~b! Representation of the
s* orbital along the reaction path in two and three dimensions: in the
trance channel, at the ground state geometry 1, thes* orbital extends over
the whole complex and has a bonding nodal pattern between the parti
shells localized on molecular units, with the H atom still bound to pyrro
the orbital can thus be classified as the bonding with respect to the inte
lecular interaction and results in contraction of the N•••N distance. At the
transition state 3, there is an electron transfer to the solvent while the
drogen atom is still linked to pyrrole, although the N–H bond has starte
stretch. In the exit channel, proton transfer neutralizes the system leadi
the ESHT reaction and thes* orbital localizes almost exclusively on th
ammonium with an antibonding nodal pattern with respect to the pyrro
radical. This will result in dissociation of the complex that is now a radi
pair with a large Rydberg orbital localized on the hydrogenated solvent
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wave packet on the1ps* PES is qualitatively illustrated by
the wavy line in Fig. 7~a!.

The MRMP2 adiabatic energy of the1ps* state~calcu-
lated at its global minimum! of the PyH–NH3 complex is
3.89 eV while the vertical energy~calculated at the ground
state geometry! is only 4.65 eV~269 nm!. These values are
significantly redshifted with respect to the adiabatic ene
of the PyH–water complex~4.55 eV!,27 and to the vertical
energy of bare pyrrole~4.9–5.2 eV! ~Refs. 28 and 29! calcu-
lated at similar level of theory.

V. DISCUSSION

Let us first summarize the experimental results:

~1! The H transfer reaction is clearly evidenced and prese
a threshold around 235 nm~5.3 eV!.

~2! The lifetimes of the PyH–~NH3)n clusters are in the or
der of 10–30 ps and increase with the cluster size.

~3! The appearance time of the reaction products is sim
within the experimental uncertainty, to the decay of t
parent ions.

~4! Some evaporation processes are observed since th
cays depend on the cluster size distribution.

~5! From the measurements performed with the bunched
cosecond laser, the cluster lifetime after evaporation
estimated to be between 1 and 10 ns.

~6! The kinetic energy of the products is fairly large and
not far from a monokinetic energy distribution as w
observed for the H atoms issued from the photodisso
tion of PyH.16 However in the latter case, the mean k
netic energy of the H atom was 73% of the availab
energy, whereas in the case of PyH–~NH3)n clusters ex-
cited at 225 nm, the kinetic energy is between 0.5 a
0.6 eV for around 1.5 eV of available energy; some
the available energy must then be converted to vib
tional and rotational degrees of freedom of the two ra
cals.

How can the H transfer mechanism be described tak
into consideration the experimental results? From theore

TABLE I. CASSCF and CASMP2 relative energy~in eV! of the1ps* state
of the pyrrole–ammonia complex calculated at the MP2 geometry of
ground state~1!, at the CASSCF geometry of the local minimum~2!, at the
geometry of the global minimum~4! of the 1ps* potential energy surface
and at the transient structure between them~3!. The N–H and N̄ N dis-
tances of the optimized structures are given in angstroms.

Structure N–H N̄ N CASSCF CASMP2

1, vertical excitation from
the ground state equilibrium
geometry

1.021 3.013 0.849 0.756

2, ps* ~local minimum at
the CASSCF level in the
entrance valley!

1.060 2.750 0.533 0.488

3, ps* ~transient structure
between the entrance and
the exit valleys!

1.2 2.6 0.571 0.386

4, ps* ~global minimum in
the exit valley!

1.996 3.022 0 0
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calculations, the reaction should proceed only on the1ps*
potential energy surface, this state being the lowest sin
excited state in PyH.

But the experimental observations for the reaction
clusters totally exclude a direct rupture of the N–H bond,
it seems to be the case in the free molecule. This proc
would lead to a very fast reaction time since a direct dis
ciation is expected to occur in the femtosecond range. Mo
over, a much smaller kinetic energy would be released: in
free molecule excited at 243 nm, the H atom is ejected w
a kinetic energy of 0.860.20 eV, i.e. with a 12 000 m/s ve
locity ~the H atom velocity should be even greater—15 0
m/s—since we are exciting at 225 nm!. In Ref. 16, pyrrole
dissociation was studied at 243.1 nm~5.1 eV! and the disso-
ciation threshold was estimated to be 4.02 eV, so that at
wavelength, the available energy is 1.08 eV and the H a
kinetic energy takes about 73% of the available energy
the present work we are exciting at 225 nm~5.5 eV!, the
excess energy is then 1.49 eV and the H atom kinetic ene
is estimated to be 73% of the available energy i.e., 1.12
which corresponds to a 15 000 cm21 velocity. If the H atom
collides with the ammonia cluster with such a high veloci
the conservation of impulsion imposes the product veloc
to be in the range 240–290 m/s, 180–210 m/s, and 140–
m/s for the NH4(NH3)2 , NH4(NH3)3 , and NH4(NH3)4 radi-
cals, respectively, while the measured velocities are m
larger. Besides, it is hard to understand how an atom w
such a velocity could be captured and stabilized by the a
monia cluster, in view of the fact that the H–NH3 bond is
rather weak. This seems to exclude the impulsive mechan
described in the introduction.

Additionally, the relatively long lifetime of the paren
PyH–~NH3)n clusters and the observed competition betwe
reaction and evaporation imply that there is an intermed
state which is fairly deep, deep enough to allow evaporat
of one ammonia unit.

This last conclusion is in part corroborated by the the
retical PES shown in Fig. 7 where two apparent minim
@labeled 2 and 4 in Fig. 7~a!# separated by a barrier~3! are
visible on the PES at the CASSCF level of theory. It shou
be noted, however, that the PES of Fig. 7~a! was obtained for
the complex of pyrrole with a single ammonia molecule
that it may be applicable only for this system. So, we w
use the topology of the surface presented in Fig. 7~a! only as
a guide for the discussion.

It should however be noted that the dynamic electr
correlation effect, largely neglected at the CASSCF lev
has some influence on the shape of PES as illustrated by
single-point MRMP2 calculations presented in Table I.
this level, the barrier~3! between the 2 minima~2 and 4!
vanishes so that the1ps* PES of the PyH–ammonia com
plex has very likely only one single minimum with respect
the HT reaction, a result that contradicts, at the first glan
the experimental conclusions drawn above. This appa
disagreement can be lifted when the peculiar topology of
surface is taken into account.

The electronic excitation from the ground state proje
the wave packet on the1ps* PES near to the vertical exci
tation energy~structure 1!. The driving force that initializes

e
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the motion of the wave packet results from the gradient
energy near this point. Figure 7~a! shows that the gradient i
largely oriented along the N–H stretching coordinate. Th
the wave packet projected on the1ps* PES from the ground
state starts to oscillate along the N–H stretching coordin
At this geometry the hydrogen cannot be transferred fr
pyrrole to ammonia because the barrier is too large~D'0.5
eV!. A barrier of this height precludes tunneling of the h
drogen atom on the time scale pertained to the experimen
the case of the phenol ammonia complex (PhOH–NH3),
where the H transfer reaction likely proceeds via tunnel
through a barrier of 0.5 eV,10 the lifetime measured is 1.2 n
~at the transition origin, dropping to 390 ps when the int
molecular stretching vibration is excited!, and for larger clus-
ters (n52 and 3!, the lifetime decreases to;50 ps,18 prob-
ably because the barrier to HT decreases. In contrast,
reverse is observed for PyH–~NH3)n clusters, where the life-
times increase with the cluster size. Thus, the tunneling is
expected to play an important role in PyH–~NH3)n clusters,
but experiments with deuterated pyrrole would settle t
point.

The N–H oscillating wave packet feels a relatively sm
gradient in the direction of the N̄N coordinate and is ex
pected to drift by compressing the N̄N distance. When the
N¯N distance reaches a critical value of around 2.8 Å,
barrier for the ESHT reaction disappears and the w
packet can continue its motion in the direction of the glo
minimum ~structure 4 on the surface!, in the exit valley as
illustrated by the wavy line in Fig. 7~a!. The topology of the
surface is thus expected to confine the wave packed for
eral N–H oscillatory periods in the entrance valley~2! before
the ESHT reaction can effectively take place and the res
ing product, the ammonium radical can be detected. T
excited state PES bears some resemblance to the amm
dimer (NH3)2 surface: in that case also a vertical excitati
leads to a point where there is a substantial barrier to hy
gen transfer from (NH3)2* to NH4– NH2.30 This barrier van-
ishes when the N–N distance decreases.30

To illustrate the origin of the driving force which sup
presses the barrier for the HT reaction by compression of
N¯N distance and further ejects the hydrated ammonia c
ter, the s* orbital calculated at the ground-state geome
~1!, at a geometry close to the saddle point geometry~3! and
at the global minimum~4! is presented in Fig. 7~b!. Although
the s* orbital is of the Rydberg nature at all these nucle
configurations, there is a substantial difference between t
regarding the nodal pattern and the resulting distribution
the electronic charge. Thus thes* orbital populated by elec
tronic excitation at the ground-state geometry@Fig. 7~b!
~1,18!# extends over the whole cluster and has a bond
nodal pattern between the particular shells localized on
lecular units, with the H atom still bound to the pyrrol
nitrogen. The orbital can thus be classified as the bond
with respect to the intermolecular interaction and results
contraction of the N̄ N distance. Electron transfer to th
solvent occurs when the N–H distance has already len
ened to 1.2 Å and the N̄N distance shortened to 2.6 Å@Fig.
7~b!, 3 and 38#. At this geometry, proton transfer follow
electron transfer and just neutralizes the system leadin
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the ESHT reaction and thes* orbital localizes almost exclu
sively on the ammonium with an antibonding nodal patte
with respect to pyrrolyl radical@Fig. 7~b! ~4,48!# resulting in
dissociation of the cluster. The gradient on the exit chan
on the PES is relatively high, resulting in ejection of th
ammonium radical with a significant kinetic energy, the for
being applied between NH4 and the pyrrolyl radical. This
overall scheme of the reaction path corresponds to the e
tronic mechanism described in the Introduction. The rema
able experimental fact that a lot of kinetic energy is relea
in the H transfer process, with a quasimonokinetic ene
distribution is qualitatively reproduced in the present calc
lations.

It would be very interesting to perform wave pack
propagation on the PyH–NH3 PES, to gain insight on the
time scale of the wave packet confinement in the entra
valley.

It may be dangerous to extrapolate this PES to lar
clusters, however, if the overall aspect of the PES does
change too much in the larger clusters, we can expect
some energy randomization will occur while the system
vibrating in the entrance valley. The increase in lifetime w
the cluster size may reflect the higher number of degree
freedom pertained to thermalization in a larger cluster. T
same interpretation can apply to clusters which have eva
rated one NH3 molecule: they become colder and may st
trapped fairly long in the entrance valley, before they c
find their way to the exit valley. These clusters will dec
through a slow reaction process~ns! and we cannot exclude
decay via another route such as radiation, intersystem cr
ing, or internal conversion.

A last point concerns the non-observation of any dyna
ics when the clusters are excited with a femtosecond lase
200 nm ~6.2 eV!. Excitation at 200 nm reaches an ener
region where other excited states are located, namely vale
~pp* ! and Rydberg states of1A1 or 1B2 symmetry that have
high oscillator strengths and are stable with respect to dis
ciation along the N–H bond.7,29

VI. CONCLUSION

The experimental results presented here reveal that
excited state hydrogen transfer reaction in PyH–~NH3)n

clusters cannot be considered as a simple N–H bond rup
along a repulsive potential energy curve as first suggeste
comparison with the free molecule. The results of the li
time measurements as well as the competition between
H-atom transfer reaction and the evaporation imply that
reaction proceeds through a fairly long lived~10–30 ps!,
relatively deep intermediate state. The excited state PE
face calculated at the CASSCF level agrees with these c
clusions: 2 minima corresponding to very different structu
are apparent and the reaction path after the initial excita
can be described in four steps, first is a contraction of
N¯N distance accompanied by a vibrational motion of t
pyrrolic N–H bond, then at the appropriate N̄N distance
an electron transfer from PyH to the solvent occurs, imm
diately followed by proton transfer from PyH to ammoni
which produces the radical pair Py•

¯

•NH4 with a very dif-
fuse Rydberg electron cloud around the ammonium.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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strong electronic repulsion between the radicals results in
large kinetic energy release which is experimentally o
served.
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