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The excited state hydrogen atom transfer reactl88HT) has been studied in pyrrole—ammonia
clusters[ PyH<NH3),+hv—Py +°NH,(NH3),,_4]. The reaction is clearly evidenced through
two-color R2P1 experiments using delayed ionization and presents a threshold around 33 nm

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 Physic§DOI: 10.1063/1.1704639

I. INTRODUCTION building block in many important molecules of biological
interest. It is a five-membered heterocyclic aromatic ring in

In the past few years, it has been demonstrated that th\ﬁhich the lone electron pair on the N atom and the two

excited state dynamics of phenol-ammonia clusters is no&ouble bonds of the aromatic ring form a delocalized

governe_d by an exc¢ed state proton transfer in an aC'.d_ba%eond. Heckman first reported in 1958 that PyH exhibits no
mechanism as previously assumed. In contrast, it is con-

trolled by a radical reaction namely the hydrogen transfelgm'ss'(t)r:] of light neltherflgoreiclencedn;r pho:phloretngnce.
process® Indeed, this reaction leads to the formation OfPInl—(l:eh ent; many fexperlc;nten adant de(')tre |i:ats u |e? on
neutral NH,(NHs), clusters which are metastablgs life- yR have been performed {o understand Its electronic struc-

- 1014
times and can easily be ionized with low energy photons.ture and photochemical properu’e?s.
The same excited state hydrogen transfer reaction has been R€cently, Sobolewski and Domcke have calculated that

: - . . .
also observed in indole and methylindole clustered with" PYH the dissociativero™ state is lower than therm
ammonias® state, in agreement with the experiments of photofragment

The results ofab initio electronic-structure calculations franslational spectroscopy where the formation of H atoms
performed by Sobolewski and Domcke provide strong evi-2nd the corresponding pyrrolyl radicals are dete&fé&?l’he .
dence for a surprisingly simple and general picture of thePbservation of a fast H atom with a nearly monokinetic
H transfer mechanism in aromatic enol and azinelranslational energy distribution is a good evidence that UV
molecules’"° The key role in this picture is played by an excitation of PyH leads directly to the dissociative™ state.
excited singlet state ofo* character, which has a repulsive PYH should then be the simplest molecule to study the H
potential-energy function with respect to the stretching oftransfer reaction because it involves direct excitation to the
O—H or N=H bonds. In the isolated molecules, fhes* mo* dissociative state, a case much simpler than phenol or
potential-energy function intersects not only the boundndole where the excitation is primarily localized on the™*
potential-energy functions of the excitddr#* state, but State and transferred to thes™ state through a conical in-
also that of the electronic ground state. Through the conicdersection before the reaction can proceed.
intersections with théz7* state and the ground electronic ~ The purpose of this paper is first to evidence the H trans-
state, thé'ra* state triggers an ultrafast internal-conversionfer reaction in PyH—ammonia clusters via detection of the
process. In protic solvents, théro* state promotes a NH;(NHj3),, products, second to determine the reaction rate
hydrogen-transfer process from the chromophore to the soknd third to evaluate the kinetic energy released in the reac-
vent. In the case of ammonia clusters with a chromophoretjon. More specifically we want to address the question of the
the 17ro* state leads to the formation of neutral solvatedmechanism that leads to fragment ejection: the,(MH5) .,
ammonium radicals NE{NH3),. radical products must be ejected from the initially excited

Pyrrole (GHsN that we will abbreviated as PyHs a  Py—H(NH3),, clusters in order to be observed experimen-
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. A. The Orsay setup

N—- @‘: H—N= PyH—-ammonia clusters are produced by expanding a
) mixture of NH; and PyH seeded in helium through a pulsed
valve. The gas mixture is obtained in passing the premixed
He/NH;(0.5%—-2%) gas flow over a reservoir containing

room temperature PyH. The backing pressure is varied be-
ENudba =\, - tween 0.5 and 3 bar and the nozzle diameter is 300 The
QN_H e N QN AN jet is skimmed before entering the time of flight mass spec-
trometer (Jordan Co, between the extraction electrodes,
which are separated byin., where the clusters are ionized.
FIG. 1. Possible mechanisms for ejection of radical products from the parenf he ions are then accelerated between two other electrodes
cIus}er;. The upper part of the figure represents the i_mpulsive m_echanisn@ﬂso separated b% in. before flying in tle 1 m field free
excitation leads to thera* repulsive state. The H atom is ejected with a lot . . .

region (grounded. The ions are detected by microchannel

of kinetic energy and collides with the nearest Niolecule. The lower . . .
part of the figure represents the electronic mechanism: the repulsion starlates, the signal is amplified and recorded on a LeCroy 9400

after the concerted electron and proton transfer from pyrrole to the ammoni@scilloscope_

cluster. The repulsion between Ryyrrolyl) radical and the solvated ammo- The mass spectrometer can also be run in reflectron

nium radical is induced by the diffuse character of the Rydberg-type electron . . L
mode when high resolution mass spectra are necessary: in

that case, after the 1 m field free region, the ions are reflected

by a series of electrodes and fly another 1 m before being

detected by a second pair of microchannel plates.

In the pulsed extraction mode used for kinetic energy
release measurements, the mass spectrometer works in the

direct mode and high voltage6l000 and 750 VY are

@
N—H
~

impulsive mechanism

e-

electronic mechanism

cloud.

tally, otherwise ionization of the PyH-(NHj), parent
clusters—which  may have the isomeric form
Py —"H—NH;(NH3),,_;—would lead to the observation of

Py —"H—NH3(NHs),,—,]* cluster ions and n h r- . .
[ y’ s 3)2 .1] cluster ions and not to the obse_ switched on the lower and upper extraction electrodes with a
vation of NH;(NHj3),, ions, at least under controlled experi- : : :

o . . . ehlke high voltage switch. This method has been already
mental conditions as will be explained in the Results. WhaﬁemonstrateW where we set a lona waiting time between
's the driving force leading to the radical production andthe excitation/ionization lasers andg{he ion g<]axtraction ulses
what is its mechanism? We will discuss two limiting cases ag o . pu's

o allow the initially produced ion cloud to be broadened if

resented in Fig. 1. L . . . :
P The simplegt reaction path is the ejection of the H atorrsOMe kinetic energy is released in the reaction. This method

from the PyH-mo* excited state within the cluster, with a Is sensitive to the dispersion of the ion cloud along the TOF

nearly monokinetic energgof ~0.8 eV in the case of PyH ?X'Sj[ '3 our c?hse Ithe verltlce:I %X'S' The ions Wh'ICh \;V"(lj kt)ﬁ
excited at 243 nm followed by collision of this H atom with ocated near the lower electrode are more accelerate an

the nitrogen atom of the nearest Nhholecule, hydrogen the ones nearby the upper one, they will travel faster in the

bonded to the pyrrolic N—H bond. In such a reaction schemef,ield free region of the TOF and will arrive on the detector at

the initial kinetic energy of the ejected H atom is randomizedearller times. P_ract_|cally, yvhen the delay be_:tw.een. th_e Igser
into the vibrational, rotational and translational degrees ofind the extracting field is increased, the excitation/ionization

freedom of the NH(NHs),, radical product. The transla- position between the two extraction plates is varied by trans-
m .

tional energy is finally converted in kinetic energy separating2tind the lens upstream the jet axis so that the ions can reach

the NH,(NHs) ., cluster from the pyrrolyl radical (PY. This the detector. To get rid of the initial width of the mass peaks,
mechanism will be called “impulsive mechanism.” due to the finite size of the lasers and to the distribution of

Another possibility is that after electronic excitation, a Velocities in the jet, the variation of the peak widthw) can
charge-transfer induced proton transfer occurs, resulting i€ Measured as a function of the delaytX between laser
formation of the P¥ - -*“NH,(NHs) , cluster. The preliminary and pulsed extraction field: there_ is a linear vangnor;&m
step of the reaction involves compression of the-N bond VS At and the resulting slope, divided by a calibration pa-
which reduces(or eliminate$ the barrier for the reaction. 'a@meter, gives a direct measure of the velocity.

The Rydberg-type nature of the NENHs) ., radical cluster _Tw_o differe_nt _Iasc_er §etups have been used for cluster
results in repulsion of the cluster from the pyrrolyl radical. €xcitation and ionization:

scale, we used a frequency doubled excimer pumped
dye laser for the cluster excitation; and the thi8&5

Il EXPERIMENT nm, 3.5 eV or fourth harmoniq266 nm, 4.66 eV of

The experiments have been conducted partly in Photo- a Nd:YAG, delayed by a few hundred ns, was the
physique Moleulaire (Orsay, Francefor nanosecond ex- ionization probe.
periments, kinetic energy measurements, and picosecond dér)  For time resolved experiments, a home made picosec-
cays of the parent clusters and partly in Tohoku University ond OPO laser system was usédrhe picosecond
(Sendai, Japanwhere the risetimes of the solvated ammo- pulses are produced with a Nd:YAG laser through a
nium products have been measured together with the PyH— combination of saturable absorber and passive nega-
ammonia decay times on the picosecond time scale. tive feedback; a macro-impulsion involving 50 pulses

Downloaded 01 Jul 2007 to 133.41.149.135. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 21, 1 June 2004 Pyrrole—ammonia clusters 10103

of 10 ps duration, separated by 10 ns, is produced at & helium carrier gastypically 3 bay into vacuum through a

20 Hz repetition rate. Seventy percent of the 1.064pulsed nozzlgGeneral valvewith a 0.8 mm aperture. The
um pump power, e.g. 800 mW, is frequency tripled to free jet is skimmed by a skimmer having a 0.8 mm diam
355 nm (220 mW) to pump synchronously a BBO- (Beam dynamicslocated 30 mm downstream of the nozzle.
based visible OPO laser tunable from 410 to 750 nmThe UV lasers cross the supersonic beam 50 mm down-
The present experiment makes use of the latter visibletream of the skimmer. The clusters or product ions are ex-
OPO output around 450 nm which is further fre- tracted in the direction perpendicular to the plane of the mo-
quency doubled to excite tHg—S, transition. A por- lecular beam and the laser beams. The ions are then mass
tion of the frequency tripled 355 nm is optically de- analyzed in a 50 cm time-of-flight tube and detected by an
layed and used as the ionization probe laser. The&lectron multiplier(Burle 4700. The ion signals are inte-
spectral width of the visible OPO is less than 3¢m grated by a boxcar integratgPar model 4420/4400con-
The laser characteristics make it possible to monitomected to a computer.

dynamical processes with a resolution of 12 ps, if the

reactive system can relax within 10 ns corresponding

to the laser pulse separation. The multipulse structurdl. COMPUTATIONAL DETAILS

precludes, however, the risetime measurement of The CASSCF calculatioR$of the potential-energy sur-

stable speciesn our case NH(NH;) . In the wave- . B
length region used here, time zero and the cross corf-rche (PES relevant for the photophysics of the PyH

. - ~ammonia cluster in thetmo* state were performed in
relation of the laser pulses have been measured e'th%arsaw In the calculations, the pliay(N-+N) and
. ’ PyNam

With. anisole or dimethylc_anil_ine: thgse molecule_s Wheany,H (N—H) were frozen at fixed values while the remain-
excited afc 225 nm and |0n|_zed with 355 nm give rI?eing intra- and intermolecular degrees of freedom of the clus-
toa stephker pum p/probe signal tha}t can be. fitted Wlthter were optimized under the imposed constrains ofGe
an erf fu_nctlon(lnteg_ral of_a (_33“35"““ functinThe symmetry. Thus the calculated two-dimensional PES repre-
assumptlon underlying this flt is that the Iager pulses ents a CASSCF minimum-energy surface spanned-bjNN
grehGau?sf|an =0 that the W'dt?] parameter |n|trqducef nd N—H stretching coordinates. To account for dynamical
'?] ¢ Ie er unr::tlon Ireprebsentsdt € gross;] corre ang_n_ Olslectron correlation effects, which are largely neglected at
the lasers. The value obtained under these conditiong,e cASSCF level, single-point calculations at the MRMP2
is 11.7-1.3 ps. leveP! (multireference second-order Mgller—Plesset pertur-
B. The Tohoku setup bation theory with respect to the CASSCF referéneere

. . - rform he m rucial points of * PES.
The experimental setup of the Tohoku University is es-pe ormed at the most crucial points of theo S

. . . o In the calculations the standard 6-343§) split-
sentlally_ the same as in Orsay, with the main dlfference%/alence Gaussian basis set with polarization functions on all
concerning the mass spectrometer and the picosecond IaS‘g{Oms was augmented with standard diffuse functions on ni-
Briefly, a frequency tripled outpu¢355 nm of a mode- e

) . trogen atoms and on hydrogen atom of PyH. Anticipatin
locked picosecond Nid:YAG laser (Ekspra PL2143Bis g yerog y pating

introduced i OPG/OPA . PGA01LS that the biradical possesses Rydberg character, the basis set
Introduced Into an systelfkspra Hfor was supplemented with an additional set of diffissend p

a tunable UV Iight'gene'ration.]}/pical bandwidth and OUtpUt - asian functions of exponert=0.02 on the nitrogens.
power of the UV light is 10 cm apd 50-100uJ, TESPEC"  The active space in the CASSCF and MRMP2 calculations
tively. Part of the 355 nm output is used as the ionization |, des fiver orbitals of PyH and the lowest unoccupied
light source. The laser operates at 10 Hz repetition rate ang, yhe Hartree—Fock reference® orbital. The basis set as
its pulse width is estimated to bel2 ps. The pulse widths  yefined ahove was also used in the MP2 optimization of the

of the tunable UV and 355 nm picosecond laser pulses arg,nd.state geometry. All calculations were performed with
obtained by a cross correlation measurement using twoy,o GAMESS program packag®

photon resonant three photon ionization of NH the super-

sonic beam. When the wavelength of the tunable UV pulse is

248 nm, the energy corresponding to the sum of one 248 Ny, ResuULTS

photon + one 355 nm photon is resonant with thé(, _ )

=5)—X(v,=0) transitiod® of NHs;, where C is the A..EV|dence for the hydrogen transfer reaction

3p-Rydberg state and, is the umbrella mode of NH By ~ USing nanosecond lasers

scanning the delay time of the 355 nm pulse with respectto  The method to evidence the H transfer mechanism is

the 248 nm pulse while monitoring the NHon, we obtain  based on the particular properties of ammonia clusters:

the cross correlation curve which can be well fitted to a(NH;), clusters can tqa a H atom and produce solvated

Gaussian function of 12.4—0.2 ps width. The laser beams ar@ammonium clusters Ni{NH;),,. Besides, the NKH{NH3) ,,

introduced into the vacuum chamber and cross the moleculaadical clusters are sufficiently long lived to allow an effi-

beam of PyH/ammonia diluted in helium. A computer con-cient detection by ionization with delayed nanosecond laser

trolled optical delay line set the delay time between the tunpulseg[lifetimes measured to be 3 andus forn=1 and 2,

able UV and the ionization laser pulses. respectively, whereas NHs a very short-lived specied5
Jet-cooled PyH—ammonia clusters are generated by a sps Ref. 23], and their ionization potential$.P) are low* so

personic expansion of PyH/ammonia gaseous mixture seedéldat the 355 nn{3.5 eV) laser light can be used to probe the
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NH,(NHs),—radical products withm=2. The NHNH; .- pyrrole-(NH,), two-color two-photon ionization
radical was probed by the fourth harmonic of the Nd:YAG '[6] P 3 4 5|NH, (NH),,
laser(266 nm, 4.66 eV. 0241

It is very important to prove that the reaction observed is ®18 | A,,,~225 nm
the H transfer reactiofESHT) in the excited state and not o012} Z.;mbf355=‘;n;s pyrrole-(NH,)_ 1
the excited state proton transf@SPT) reaction nor a reac- .06 | L—" 0 1 2 3
tion in the ionized clusters. Indeed, the NKINH,),,, cation 0.00 L # . L L. LJL

signal observed in the phenol-ammonia system has long :
been attributed to an excited state proton transfer followedo.12 -
by evaporation in the ionized speci&®. However, there is

no ambiguity when a long delay is fixed between excitation , .
(pump and ionization(probe: in this case, ionization takes
place at different time and position in the jet from those of :
excitation, therefore when the probe lag@b5 nm or 266 00 - n
nm) is triggered a few hundred ns after the pump laser, the 23 0 torpsy P 40
parent excited state species have already either reacted orG M . ded - N I
relaxed to th.e ground state. O.nly long lived spem_es .SUCh a%)l/rr.ole.—(l\allls-f):Fc):eucstr:r;iz)or\llzissv;?eu(g?um recnon:dzz Wrijtr;bftehe 225m:mOI;ser
neutral reaction products or triplet states can be ionized b lone, PyH4NH,), and NH(NHs),, clusters are weakly observetb)

the probe laser and therefore one can discriminate betweeiass spectrum recorded with the pump laser at 225 nm, the probe laser at
excited state proton transfer reaction and H transfer reactio#55 nm, and a delap tyumpprons= 1 S between the two lasers. The flight

In the classical model for excited state proton tl’ansfetﬂmes of the ions produced through two-color ionizatitate ions are thus
1 ws longer than those of ions produced by one-color dplpmpt ions,

. 5’25 o age . *
reactiom, the 'n't'a”y QXCIted [MH _(NH3)n] cluster _ which is shown by the full arrows. In the two-color experiment, the
converts to the excited charge transfer speciesiH,(NH,),, ion signal is much greater than the one-color sigtize inten-
[M_NHZ(NH3)n—l]* which is stable with respect to disso- sity scale for spectrum 2 is twice that of spectruinwhile no signal is

ot ; ; ; ; - detected on the PyHNH,), cluster masses. The excited clusters have ei-
ciation in two ions, and will relax to its ground state during ther reacted or decayed o the ground state during thes pump/probe

the time between pump'and probe lasers. . delay. The asterisk indicates anisole ions: anisole was added in the jet to find
In the same way, to insure that WENH3) ,, are not pro-  timet=0 between pump and probe lasers. Experimental conditions: backing

duced by an ionic reaction, i.e. from ions produced by twopressureP,=2.3 bar, pyrrole at room temperature, carrier gas 2% NH
photons of the pump laser and absorbing one more probréelium, laser intensities were 4)/pulse for 225 nm and 2 mJ/pulse for 355
photon to react, an extraction voltage of 250 V is appliednm'

continuously on the two first plates of the mass spectrometer

during the delay between the pump and the probe lasers so ] .

that the ions produced by the first lagpump are repelled {ransfer reaction already takes place in PyNH;),.

from the jet axis before they can be excited by the probd’YH=(NHz), cluster ions are detected in one-color two-
laser. Let us mention here that these ions will be detecten0ton ionization with the 266 nm laser but the reaction
(but at shorter flight times than the ions issued from a twop_roducts are n(_)t observed, which already tells that the reac-
color processas long as the pump laser displacement upton threshold lies between 266 and 225 66 and 5.51

stream the jet is small enough to let them reach the detect&tV)- _
(a 1 us delay between the lasers corresponds to a 1.5 mm _The resu!ts of these two-color two-photon delayed ion-
displacement of the pump laser with respect to the spectronization experiments clearly demonstrate that we are dealing
eter axis, which is negligible as compared to the 25 mm siz&vith the H transfer rgacnon anld n_ot .Wltlh the excited state
of the microchannel platgs proton transfer nor with a reaction in ionized clusters.

The results of such an experiment carried out with a
nanosecond Nd:YAG laser are shown in Fig. 2. In a one-, _. .

- . o L B. Picosecond dynamics

color experiment with excitation and ionization at 225 nm
(5.51 eV}, both the parent and fragment ions are observed L .
[Fig. 2@ ], which already indicates that the reaction is fasterl: EXcitation energy dependence of the reaction
than the laser pulse, i.e. 10 ns. When the 355 nm probe laser Let us mention first that femtosecond experiments have
is added with a pump/probe delay ofs [Fig. 2(b)], the  been tried on this system using the DRECAM/SPAM sé&tup
one-color signal is still present but the delayed two-colorwith two excitation wavelengths, the thii@66 nm and the
signal on NH (NH3),,_, clusters(indicated by arrows in fourth (200 nm harmonics of the titanium sapphire laser, but
Fig. 2) is much larger while the parent ions are not observedno dynamics could be recorded.
the excited PyPl—(NHs), clusters have either reacted or Using the picosecond laser, we could scan the excitation
relaxed to their ground state. energy from 266 up to 220 nm. No reaction is observed when

When 266 nm is used as a probe laser, thgNH; ions  the excitation wavelength is longer than 235 rfphoton
are also greatly enhanced. This is the result expected if thenergy below 5.3 e) In particular, the experiment could not
NH,(NH3),, ions come from ionization of neutral radicals be achieved either at 248 or at 243 nm, the wavelengths used
since NHNH5 can be ionized with the 266 nm probe laserto study the kinetic energy of the H atom produced in the
but not with 355 nm(1.P.=3.88 eVJ. It indicates that the H photodissociation of free Pyt:1®

6 -
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Pyrrole-NH, xpmp=225 nm xpm=355 nm parent clusters pyrrole-(NH,) and products NH,(NH,)_
1=10.5+2.2 ps KM=225 nm kmbc=355 nm
& NH/(NH)
small cluster conditions 0.03 ! ’
100 |-
0.02 b
m = f
e ]
0.01 \ .
O 0.01
3 _m
1 1 1 1 A
100

0.01
50

-40 -20 0 20 40 60 80
Atpmup/probe (pS)

FIG. 4. Pump/probe picosecond transients recorded on the pyrroleg(NH
Atpump/probe ®s) cluster masses and on the INNH,),, reaction products(Bottom) Decays
observed for pyrrolédiamond$ and PyH—NH (squares The lines corre-
FIG. 3. Pump/probe picosecond transients recorded on the pyrrolg—NHspond to single exponential fits with,=9.5+ 1.5 ps. The autocorrelation
mass(Top) Small cluster distribution, the signal decreases back to the backfynction of the lasers is represented in small black dots with its Gaussian fit
ground for delays larger than 35 g8ottorm) Larger cluster distribution: in i dashed lines(Middle) PyH—NH,), (circles and PyH«NH3)3 (tri-

this case, a signal remains present at long delay between pump and progﬁgbs decay curves. Single exponential fits givg=12.1+ 1.5 ps andrs

lasers that evidences an evaporation process. These pump/probe transientss 3+ » ps, respectively(Top) Transients recorded on the reaction prod-

_have k_Jgen obtained with the bunched picosecond laser in Orsay, with lasgftq NH,(NHa)5 (half-filled squaresand NH,(NHs), (half-filled circles.
intensities of 15uJ/pulse at 225 nm and 5q@/pulse for 355 nm. The transients are fit by an exponential growth with=18=6 ps andr,
=22+6 ps. These pump/probe transients have been obtained with the pico-
second laser in Sendai. The autocorrelation function of the laser was re-
2. Cluster lifetimes corded using two-color ionization of NHwith pump at 245 nm and the
. probe at 355 nm and was fit with a Gaussian function af @3 ps width.
The pump/probe decays observed for the parent ions arghe laser intensities are J@/pulse at 225 nm and 1 mJ/pulse for 355 nm.

presented in Fig. 3 with different cluster size distributions.
Under small cluster size conditions, the 1—1 cluster is almost

exclusively produced, and its decay, at our time resolution, i%vith m=3 and 4, as shown in Fig. 4. The decay times ob-
essentially a single exponential. The lifetime of the 1-1 clus-, ' o

o served in Tohoku £;=9.5+1.5, 7,=12.1+1.5, 73=15.3
ter is in the order ofr;=10.5+2.2 ps, close to the shortest __ . .
- . ; . +2 lightly shorter than th , but
lifetime which can be determined with the present syste ) are slightly shorter than those measured in Orsay, bu

X Mhe values fall within the experimental errors, and the ob-
(Fig. 3, top.

. . served appearance time&ig. 4 top panel for the
Under conditions where larger size clusters are presen UH,(NHa)3 ., products,r, = 18+ 6 ps andr, =22+ 6 ps, are,

the S|gna! does not come back to 0 at long delay, as can tWithin the experimental error, similar to the decay of the
seen in Fig. 3, bottom panel. The change of the decay S'gn%arent clusters

with the cluster distribution is a clear indication that evapo-
ration processes occtir.Such evaporation processes give
rise to a steplike function in addition to the exponential de-
cay.

Under these conditions, the lifetime of larger clusters can  The underlying step functiofin large cluster condition
be measured. In fact only the 1-2 and 1-3 cluster lifetimedias been observed both in the Orsay and Tohoku University
could be recorded, the 1—-4 cluster mass being too close frosetup. In Tohoku University, the decay of the long lifetime
the PyH dimer mass to be measured cleanly. The lifetim&omponent could not be seéihlooked as a plateauwhich
increases as the cluster size increases beirgl3+3 ps for means that the clusters undergoing evaporation have life-
PyH—NH;), and 73=24=+8 ps for the PyH{NH;)5. times longer than 1 ns. On the other hand, the laser system in

Using the setup at Tohoku University, it has been pos-Orsay is constituted by a bunch of 50 impulsions separated
sible to measure both the decay times of PyNH;),, clus- by 10 ns, which enabled us to estimate the long component
ters and the appearance time for the JINH;),, products lifetime.

3. Long lifetime component
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Building up of the pump/probe signal o
pump/probe signal observed during a scan o .
with a bunched laser of the delay line A ? S A3 ps
10 L0 (] FWHH=0.75 ps
-Ud rl.
0.25 ns
0.54 0.5 ° ) )
0.0
. . T ——————— 0.0 At=1 ps
1.04 \-1.0 FWHH=0.12 ps
contrast=b/a=6.2
— 26.5 27.0 2.5 28.0
0.0 a L8] 0.0 Time of flight (us)
1.0{ ' ' " 110
| contrast=b/a=0.22 FIG. 6. Evolution of the mass peak width as a function of the delay between
the laser and the extraction pulse of the mass spectrometer. The mass ob-
0.5 o5 served isM =86 (NH,(NH3)3).
(1)’3-. 0.0 nal maximum recorded dt=0. The contrast, defined as the
’ contrast=b/a=0.06 10 ra_ltio between the signal observed when the_probg laser is
r triggered before the pump lasdr<0) and the signal inten-
0.5 sity att=0 is C=6.2[see Fig. 8 right panel3. When the
-250 ns 250 F0.5 T .
(250 lifetime increases, the contrast decreaskesvn to 0.06 for a
00 250 ns lifetime, and for an infinite lifetime it will be pro-
1, : il . —L10.0 portional to the inverse of the number of pulses in the bunch
0 %go 4002500 25&5 251.0 (typically C=1/50=0.02), which is less than the fluctuation

of the laser and is hence not measurable. For the same rea-

FIG. 5. Simulation of the contrast in the pump/probe experiment as a funcygn rise times cannot be measured with such a laser as can
tion of the lifetime of the process for a bunched picosecond laser compose, '

of 50 micropulses of 10 ps separated by 10 ns. Upper left panel: the Iifetimge seen in Fig. ®). . . .

is 250 ps the signal returns to 0 before the next pulse. The right part of the ~ The measure of the contragts defined in the previous
figure presents an enlarged view of the signal for one micropulse, and mimparagraph in the decays recorded for PykINH3),, can be

ics what is recorded on the digital oscilloscope; the lower panels present thg, o ;sed to estimate the long component lifetime. The val-
cases of different decay times:rfa 5 nsdecay, the contrast defined in the btained . —1 2C>1 f

right panels is very good6.2), whereas when the lifetime is 100 ns the U€S O tained are not very preCIG‘er n=1,2 >1, forn
contrast is very poof0.06). For an infinite lifetime, the contrast is given by =3 C=1 to 2) but the most important fact is that one can
the inverse of the number of pul$&/50) and cannot be observed properly deduce that the long component has a lifetime less than 10 ns
due to the fluctuation of the laser intensity. For a rising sigmehction for the 1—1 and 1—2 clusters and in the order of 10 ns for the
productg as presented in the lower panels, the contrast is always very poor1 3 Aft tion th ited clust till d .
well within the noise due to the fluctuation of the laser intensity, whatever-—2- AllEl €vaporation the excited clusters are stll decaying

the value of the time constant. This completely precludes the measuremefid the ns range.
rise times[in our case the appearance times of the,(\\H,), reaction
productsd.

C. Kinetic energy measurement

The evolution of the pump/probe signal with a bunched  As stated in the experimental section, the kinetic energy
picosecond laser is represented for different decay times irelease in the reaction can be measured in using the mass
Figs. 5a) and §b). The figure presents the building up of the spectrometer in the direct mode and pulsing the extraction
signal as a function of time e.g. the number of micropulsesvoltages on the lower and upper extraction electrodes. If we
If the species observed decays rapidly, i.e. with a lifetime ofset a long delay time between the excitation/ionization lasers
less than 500 ps, the pump/probe signal due to one micrand the ion extraction pulses, the initially produced ion cloud
pulse decays to zero before the next micropulse arrives, 18as the time to broaden whenever some kinetic energy is
ns afterwardgFig. 5a), upper pangl At the opposite, if the released in the reaction. An example of the change of the
decay is long, the pump/probe signal has not completely demass peak shape as a function of the delay between the lasers
cayed before the next micropulse arrives, and this effectexcitation and ionizationand the pulsed extraction field of
leads to an apparent background signal. The intensity of thithhe mass spectrometer is given in Fig. 6. At longer delay
background is related to the lifetime as can be observed itimes between the lasers and the extraction pulse, the peak
Fig. 5@. As an example, foa 5 nslifetime process, the broadens and splits into two Gaussian-type peaks. The
intensity of the signal when the probe laser is triggered bebroadening of the peak is a clear indication of the fast veloc-
fore the pump lasetbeforet=0) represents 16% of the sig- ity of the reaction products. From the calibration of the mass
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spectrometér and assuming a monokinetic energy distribu-
tion, the velocity of the outgoing reaction products can be
measured.

The assumption of a monokinetic energy distribution is
substantiated by the appearance of a dip in the center of the
peak at longer delay times. This dip in the middle of the peak
can be explained in the following way: for a monokinetic
energy distribution, the ions will be on the surface of a
sphere that will enlarge as it travels to the dete¢8r us).

The ions which have an initial velocity along the spectrom-
eter axig(vertical axig will be detected at short or long times
depending on the direction of their velocity while those that
have an initial velocity perpendicular to the detection axis
should be detected in the center of the peak. But if the ion
cloud becomes too large, it will spread beyond the area of the
detector which is only 2.5 cm in diameter and these latter
ions will be lost leading to a dip in the center of the mass
peak. In the case of a statistical energy distribution, the ions
will have a kinetic energy varying between 0 aifg, .,
(available energyand will then be present in all the volume
of the expanding sphere. In that case only a small part of the
ions having their initial velocity perpendicular to the spec-
trometer axis will be lost when the ion cloud gets too large, ()
and the mass peak should retain a Gaussian-type shape.

Let us mention that we do not expect any anisotropy in
the kinetic energy distribution, because the typical reaction
times measure@0—30 ps for large clusterare longer than
the rotational period: for a cluster temperature in the jet
around 25 K, and a calculated rotational constant of 1.3
x 10 3cm™! for PyH-(NH,3)3, the mean rotational level is
J=25 and the rotational period of the order of 1 ps.

Under this assumption of monokinetic energy release,
the measured velocities are 103000, 93@:-50, and
76030 m/s for NH,(NHs3), with m=2, 3, and 4, respec-
tively, which correspond to total kinetic energigg,=0.52
+0.10, 0.64:0.07, and 0.6€0.05 eV for about 1.5 eV of
available energi?

NH distance

Structure 1

(b)
The minimum-energy PES of théro* state of the _
FIG. 7. (a) Calculated potential energy surface at the CASSCF level for

F_)yH_ammoma cluster is ,Shown n Flg(.aY. Ir! th‘? calcula- PyH-NH;. The contours are separated by 0.1 eV. The coordinates plotted
tion the N--N and N-H distances were varied in the rangeare: horizontal axis N-N distance(between the pyrrolic nitrogen and the

of 2.2-3.2 A and 0.8-2.2 A, respectively, with the interval ammonia nitrogen, vertical axis pyrrolic N—H distar{tetween the hydro-
of 0.2 A. The figure shows the surface up to 1 eV plotted9en atom and the pyrrolic NA vertical excitation from the ground state

. . . geometry leads to region 1 where there is a high barrier for the hydrogen
with contour lines of 0.1 eV. Two apparent minima of the transfer. When the N-N distance decreases, as the system goes down the

PES (abbreviated by 2 and 4 in the figyreeparated by a entrance valley, there is a local minimum 2 along the reaction path, and the

Structure 3 Structure 4

D. Theoretical results

barrier (3) are clearly visible. The values of the \NN and

N—H distances and energies of the structures are collected

Table |. At the CASSCF level the local minimui®) is
higher by about 0.5 eV than the global minimu#).

At this level of theory the local minimun2) is sepa-
rated from the global minimurtd) by a barrier of only 0.04

barrier to H transfer decreases considerably. After the barrier 3, the system
ﬁa)(olves rapidly to dissociation in a radical pair(8) Representation of the

o~ orbital along the reaction path in two and three dimensions: in the en-
trance channel, at the ground state geometry 1gtherbital extends over

the whole complex and has a bonding nodal pattern between the particular
shells localized on molecular units, with the H atom still bound to pyrrole,
the orbital can thus be classified as the bonding with respect to the intermo-
lecular interaction and results in contraction of the-N distance. At the

ev. Dynam'cal electron correlation 'nCI_UdEd at the MRMPZtransition state 3, there is an electron transfer to the solvent while the hy-
level has almost no effect on the relative energy of the twairogen atom is still linked to pyrrole, although the N—H bond has started to

minima, but eliminates the barrier between thérable ). It
is thus very likely, that PES surface of theo* state of the

stretch. In the exit channel, proton transfer neutralizes the system leading to
the ESHT reaction and the* orbital localizes almost exclusively on the
ammonium with an antibonding nodal pattern with respect to the pyrrolyl

PyH-NH; cluster has only a_Single minimum with re_spect tO radical. This will result in dissociation of the complex that is now a radical
the hydrogen transfer reaction. The expected motion of theair with a large Rydberg orbital localized on the hydrogenated solvent.
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TABLE |. CASSCF and CASMP?2 relative energip eV) of thelma* state calculations, the reaction should proceed only on he*

of the pyrrole—ammonia complex calculated at the MP2 geometry of th otential energy surface. this state being the lowest singlet
ground statd1), at the CASSCF geometry of the local minimy#), at the ep . .gy ’ 9 9
excited state in PyH.

geometry of the global minimurtd) of the wo* potential energy surface

and at the transient structure between th@n The N—H and N--N dis- But the experimental observations for the reaction in
tances of the optimized structures are given in angstroms. clusters totally exclude a direct rupture of the N—H bond, as
it seems to be the case in the free molecule. This process
Structure N-H NN CASSCE  CASMPZ  \would lead to a very fast reaction time since a direct disso-
1, vertical excitation fom ~ 1.021  3.013  0.849 0.756 ciation is expected to occur in the femtosecond range. More-
the ground state equilibrium over, a much smaller kinetic energy would be released: in the
ge?Tr:f t(rl)(;cal minimum at 1.060  2.750 0533 0.488 freg mc_JIecuIe excited at 243 nm, the H atom is ejected with
the CASSCF level in the a kinetic energy of 0.80.20 eV, i.e. with a 12000 m/s ve-
entrance valley locity (the H atom velocity should be even greater—15 000
3, mo™ (transient structure 1.2 2.6 0.571 0.386 m/s—since we are exciting at 225 hnin Ref. 16, pyrrole
?he;"‘éi‘i*tnvg;z ;;trance and dissociation was studied at 243.1 i1l eV) and the disso-
4, mo* (global minimum in~ 1.996  3.022 0 0 ciation threshold was estimated tq be 4.02 eV, so that at this
the exit valley wavelength, the available energy is 1.08 eV and the H atom

kinetic energy takes about 73% of the available energy. In
the present work we are exciting at 225 ;5 eV), the
excess energy is then 1.49 eV and the H atom kinetic energy
wave packet on théma* PES is qualitatively illustrated by s estimated to be 73% of the available energy i.e., 1.12 eV
the wavy line in Fig. 7a). which corresponds to a 15000 chvelocity. If the H atom
The MRMP2 adiabatic energy of thero* state(calcu-  collides with the ammonia cluster with such a high velocity,
lated at its global minimumof the PyH-NH complex is  the conservation of impulsion imposes the product velocity
3.89 eV while the vertical energfcalculated at the ground to pe in the range 240—-290 m/s, 180—210 m/s, and 140—170
state geometpyis only 4.65 eV(269 nn). These values are m/s for the NH(NHs),, NH,(NHs)3, and NH,(NH,) , radi-
significantly redshifted with respect to the adiabatic energyals, respectively, while the measured velocities are much
of the PyH-water complex4.55 eV},*” and to the vertical |arger. Besides, it is hard to understand how an atom with
energy of bare pyrrolé4.9-5.2 eV (Refs. 28 and 208calcu-  sych a velocity could be captured and stabilized by the am-

lated at similar level of theory. monia cluster, in view of the fact that the H-NHond is
rather weak. This seems to exclude the impulsive mechanism
V. DISCUSSION described in the introduction.
Additionally, the relatively long lifetime of the parent
Let us first summarize the experimental results: PYyH—(NH,),, clusters and the observed competition between
(1) The H transfer reaction is clearly evidenced and present€action and evaporation imply that there is an intermediate
a threshold around 235 n(5.3 e\). state which is fairly deep, deep enough to allow evaporation

(2) The lifetimes of the PyH&NH,),, clusters are in the or- ©f Oné ammonia unit.
der of 10-30 ps and increase with the cluster size. This last conclusion is in part corroborated by the theo-

(3) The appearance time of the reaction products is similaf€ticl PES shown in Fig. 7 where two apparent minima
within the experimental uncertainty, to the decay of thellabeled 2 and 4 in Fig.(@] separated by a barri¢g) are

parent ions. visible on the PES at the CASSCEF level of theory. It should
(4) Some evaporation processes are observed since the d noted, however, that the PES of Figa/ivas obtained for

(5) From the measurements performed with the bunched pithat it may be applicable only for this system. So, we will
cosecond laser, the cluster lifetime after evaporation i$/Se the topology of the surface presented in Fg) @nly as
estimated to be between 1 and 10 ns. a guide for the discussion.

(6) The kinetic energy of the products is fairly large and is It should however be noted that the dynamic electron
not far from a monokinetic energy distribution as wascorrelation effect, largely neglected at the CASSCF level,
observed for the H atoms issued from the photodissociahas some influence on the shape of PES as illustrated by the
tion of PyH However in the latter case, the mean ki- single-point MRMP2 calculations presented in Table I. At
netic energy of the H atom was 73% of the availablethis level, the barrie(3) between the 2 minim& and 4
energy, whereas in the case of Py(NiH;),, clusters ex-  Vvanishes so that thera* PES of the PyH—ammonia com-
cited at 225 nm, the kinetic energy is between 0.5 andlex has very likely only one single minimum with respect to
0.6 eV for around 1.5 eV of available energy; some ofthe HT reaction, a result that contradicts, at the first glance,
the available energy must then be converted to vibratheé experimental conclusions drawn above. This apparent

tional and rotational degrees of freedom of the two radi-disagreement can be lifted when the peculiar topology of the
cals. surface is taken into account.

The electronic excitation from the ground state projects
How can the H transfer mechanism be described takinghe wave packet on thero* PES near to the vertical exci-
into consideration the experimental results? From theoreticahtion energy(structure 1. The driving force that initializes
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the motion of the wave packet results from the gradient othe ESHT reaction and the* orbital localizes almost exclu-
energy near this point. Figuréa shows that the gradient is sively on the ammonium with an antibonding nodal pattern
largely oriented along the N—H stretching coordinate. Thusyith respect to pyrrolyl radicdlFig. 7(b) (4,4')] resulting in
the wave packet projected on thes* PES from the ground dissociation of the cluster. The gradient on the exit channel
state starts to oscillate along the N—H stretching coordinatean the PES is relatively high, resulting in ejection of the
At this geometry the hydrogen cannot be transferred fromammonium radical with a significant kinetic energy, the force
pyrrole to ammonia because the barrier is too ldye0.5  being applied between NHand the pyrrolyl radical. This
eV). A barrier of this height precludes tunneling of the hy- overall scheme of the reaction path corresponds to the elec-
drogen atom on the time scale pertained to the experiment. liionic mechanism described in the Introduction. The remark-
the case of the phenol ammonia complex (PhOH;NH able experimental fact that a lot of kinetic energy is released
where the H transfer reaction likely proceeds via tunnelingn the H transfer process, with a quasimonokinetic energy
through a barrier of 0.5 e¥? the lifetime measured is 1.2 ns distribution is qualitatively reproduced in the present calcu-
(at the transition origin, dropping to 390 ps when the inter-lations.
molecular stretching vibration is excitednd for larger clus- It would be very interesting to perform wave packet
ters ('=2 and 3, the lifetime decreases t050 psi® prob-  propagation on the PyH-NHPES, to gain insight on the
ably because the barrier to HT decreases. In contrast, tHéne scale of the wave packet confinement in the entrance
reverse is observed for PyKINH;),, clusters, where the life- valley.
times increase with the cluster size. Thus, the tunneling is not It may be dangerous to extrapolate this PES to larger
expected to play an important role in PyHNH;), clusters, clusters, however, if the overall aspect of the PES does not
but experiments with deuterated pyrrole would settle thischange too much in the larger clusters, we can expect that
point. some energy randomization will occur while the system is

The N—H oscillating wave packet feels a relatively smallVibrating in the entrance valley. The increase in lifetime with
gradient in the direction of the N'N coordinate and is ex- the cluster size may reflect the higher number of degrees of
pected to drift by compressing the AN distance. When the freedom pertained to thermalization in a larger cluster. The
N---N distance reaches a critical value of around 2.8 A, thesame interpretation can apply to clusters which have evapo-
barrier for the ESHT reaction disappears and the wavéated one Ni molecule: they become colder and may stay
packet can continue its motion in the direction of the globaltrapped fairly long in the entrance valley, before they can
minimum (structure 4 on the surfagein the exit valley as find their way to the exit valley. These clusters will decay
illustrated by the wavy line in Fig.(@). The topology of the through a slow reaction procegss) and we cannot exclude
surface is thus expected to confine the wave packed for sefl€cay via another route such as radiation, intersystem cross-
eral N—H oscillatory periods in the entrance vali@ybefore ~ ing, or internal conversion. _
the ESHT reaction can effectively take place and the result- A last point concerns the non-observation of any dynam-
ing product, the ammonium radical can be detected. Thidcs when the clusters are excited with a femtosecond laser at
excited state PES bears some resemblance to the ammo@0 "M (6.2 eV). Excitation at 200 nm reaches an energy
dimer (NH;), surface: in that case also a vertical excitation"€9ion where other excited states f\re located, namely valence
leads to a point where there is a substantial barrier to hydrd™™") and Rydberg states oA or 'B, symmetry that have
gen transfer from (NK)% to NH,—NH, .2 This barrier van- h_|gr_1 oscillator strengths andzgre stable with respect to disso-
ishes when the N—N distance decrea¥es. ciation along the N~H bonff

To illustrate the origin of the driving force which sup-
presses the barrier for the HT reaction by compression of th¥l- CONCLUSION
N---N distance and further ejects the hydrated ammonia clus- The experimental results presented here reveal that the
ter, the o* orbital calculated at the ground-state geometryexcited state hydrogen transfer reaction in PyNH,),
(1), at a geometry close to the saddle point geom@)and  clusters cannot be considered as a simple N—H bond rupture
at the global minimunt4) is presented in Fig.(B). Although  along a repulsive potential energy curve as first suggested by
the o* orbital is of the Rydberg nature at all these nuclearcomparison with the free molecule. The results of the life-
configurations, there is a substantial difference between themime measurements as well as the competition between the
regarding the nodal pattern and the resulting distribution oH-atom transfer reaction and the evaporation imply that the
the electronic charge. Thus thé orbital populated by elec- reaction proceeds through a fairly long livétio—30 p3,
tronic excitation at the ground-state geomeifjig. 7(b)  relatively deep intermediate state. The excited state PE sur-
(1,1)] extends over the whole cluster and has a bondindace calculated at the CASSCF level agrees with these con-
nodal pattern between the particular shells localized on moelusions: 2 minima corresponding to very different structures
lecular units, with the H atom still bound to the pyrrolic are apparent and the reaction path after the initial excitation
nitrogen. The orbital can thus be classified as the bondingan be described in four steps, first is a contraction of the
with respect to the intermolecular interaction and results irN---N distance accompanied by a vibrational motion of the
contraction of the N-N distance. Electron transfer to the pyrrolic N—H bond, then at the appropriate -NN distance
solvent occurs when the N—H distance has already lengthen electron transfer from PyH to the solvent occurs, imme-
ened to 1.2 A and the N:N distance shortened to 2.6[&ig.  diately followed by proton transfer from PyH to ammonia,
7(b), 3 and 3]. At this geometry, proton transfer follows which produces the radical pair Py'NH, with a very dif-
electron transfer and just neutralizes the system leading tluse Rydberg electron cloud around the ammonium. A
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