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The photoinduced H-atom-transfer reaction in indolegNldlusters has been analyzed by femtosecond time-
resolved photoelectrerphotoion coincidence spectroscopy. The different contributions to the measured time-
dependent ion and electron signals resulting from ionization by one and two probe photons can be discriminated
and analyzed separately. In particular, the distinctively different dynamical behavior observed for clusters
with small (h = 1—3) and largerif > 4) numbers of ammonia molecules is elucidated. For the small clusters

an ultrafast process with a time constant of about 150 fs is identified and attributed to internal conversion
from the initially excitedrz* state to thero* state. In contrast, for the larger clustersX 4) such an initial
ultrafast process is not observable probably for Frar@indon reasons, while a structural rearrangement
mechanism after the H transfer on a time scale of 10 ps is clearly recognized.

I. Introduction experimentally in the groups of Jouvend Fuijii8 It is suggested
. that such a H-transfer reaction also characterizes the photo-

With femtosecond spectroscopy and the methods of clusterchemistry in indole-water and indoleammonia clusterd.
science it is possible to approach a detailed understanding ofindeed, the first pumpprobe experiments with indoteam-
the photochemistry of amino acids embedded in awe!l-defined monia clusters have confirmed this expectation. By applying
number of polar molecules such as water or ammonia, i.e., asnanosecond laser pulses at 272 nm (pump pulse) and at 355
a function of the microenvironment. As a starting point toward nm (probe pulse), (Nkn-1NH,4* ions have been observed for
such a systematic study of size-selective and site-specific pump-probe delay times up to 800 ns, indicating the formation
dynamics and energetics of the building blocks of life, we report of the long-living neutral species by a dissociative H-transfer
here the first time-resolved photoelectron spectra of indole, the reactiort® of the indole-ammonia clusters (in the following
chromophore of tryptophan, in an environment of a few denoted by IndNH(NK),) which—very schematicallymay be
ammonia molecules prepared in a molecular beam experiment.characterized as
Photoexcitation of indole in aqueous solution leads to charge
separation and the formation of a solvated electron, processes272 nm .
typical in this type of system (see, e.g., refs 1 and 2). Molecular INdNH(NH,), INAN(NH;),,NH,
beam experiments with clusters allow one to trace the evolution IndN + (NHg), ;NH, (1)
of these characteristic processes with the size of the solvation

shell. L _ . During the past few years a wealth of spectroscopic data for
Recent ab initio calculations of the potential energy surfaces jndole in clusters of polar molecules have been reported (see,
of the free indole molecufeand indole-water clustershave e.g., ref 11 and references therein). But only very recently the
shown that a low-lyingzo* Rydberg-type state of the indole st time-resolved investigations were reported. In a pamp
molecule plays the crucial role in the photophysics, because in prohe experiment with femtosecond laser pulses we have studied
this state a large amount of the electronic charge is displaceding dynamics in excited indoteammonia clusters by analyzing
along the N-H coordinate toward the H atom. In indetevater the time-dependent ion signals of the parent clu&tensd the
clusters the electron charge is completely separated from thegzmmonium product radicald.The clusters were excited to the
indole mo_lecule gnd solvated by the water molecules. ddte Si(r*) state by pump pulses at a wavelength of 263 nm (4.71
state of indole is a dark state but can be populated by e\/). The dynamics was probed by photoionization of the excited
nonadiabatic coupling to the optically accessinfe* states of parent clusters as well as the product clusters with probe photons

the molecule. Direct experimental evidence for the* state at 395 nm (3.14 eV). An ultrafast process on the time scale of

has been given very recently. a few hundred femtoseconds and a slow decay process with
As analogous theoretical studies of the similar systems of time constants of several tens of picoseconds were observed

phenot-water and phenetammonia clusters have shoWwthe for small INdNH(NH), clusters (i = 1—3), while the situation

photoinitiated internal conversion leads to a fast hydrogen atom changed dramatically for > 4. Tentatively, the ultrafast decay
transfer. For phenelammonia clusters this has been confirmed was interpreted as being due to internal conversion from the
zr* state to thero* state, while the decay on the picosecond
TPart of the special issue “A. C. Albrecht Memorial Issue”. time scale was attributed to a substantial internal rearrangement
mb*i_gce’rl‘i"r’]*_‘gg‘ correspondence should be addressed. E-mail: radloff@ of the cluster structure after the H transféOn a still longer
*Also at Fachbereich Physik, Freie UniveitiBerlin. URL: http: time scale (75200 ps) the formation of fragment radicals was

/Istaff.mbi-berlin.de/hertel. observed3
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Obviously, to understand the photoinduced processes in their
full complexity, we need additional information. In the present (a) IndNH*
work we resort to photoelectron spectroscopy. We have applied
the femtosecond time-resolved electraan coincidence (FE-
ICO) detection methdd to study the dynamics in excited : L

indole—ammonia clusters, correlating the energy of a detected CiHe’ IndNH(NHg),"
photoelectron unambiguously to a cluster ion of specific size 3 e
from which it was ejectedparent ion IndNH(NH)," as well e
as radical product ion (Ngh-1NH4". Photoelectron spectra add _u_l__h l e

one further dimension of information to probing the time ' ' ' ' ' ' '

evolution of a photoexcited system and will allow us to some (b)

extent to map out the reaction patbr more precisely the

change in FranckCondon overlap regions between the excited NH,(NHy)5"

neutral and the ionic states as the system undergoes nonadiabatic TINHNHS [ s s e T

transitions and internal rearrangement of its constituents. Of T T

particular and general interest is proton or hydrogen transfer P

within the system and the pathways to the formation of the i ii L [ l 1 |

reaction products as indicated by eq 1. We find characteristic 1 - 8

changes in the photoelectron spectra on the femto- and 70 100 130 160 190 220 250

picosecond time scales and discuss these in terms of different mass

types of processes involved. Figure 1. Mass spectra observed at the delay time 300 ps for (a)
narrow f1 < 2) and (b) broadr( < 6) cluster distributions. The mass

[l. Experimental Setup peak of GHs" represents an indole fragment. The additional pealis (

in (a) are due to one Ar atom bound to indole and indolefNH

The experimental setup is similar to that used in previous
experiments (see, e.g., ref 14) The indedenmonia clusters the contribution of uncorrelated coincidences SUfﬁCiently |OW,
are formed by a free adiabatic expansion of a gas mixture we have strongly reduced the laser fluences, with total ionization
through a pulsed nozzle. The gas mixture (backing pressure 1rates of only 0.050.10 per laser puls¥.
bar) contains indole vapor (vapor pressure at aboftC30and A standard delay line is used to scan the delay time between
ammonia (0.4-3%) in He or Ar seed gas. Due to the low indole  the pump and the probe pulses. At a repetition frequency of 1
concentration no indole clusters are obtained in the molecular kHz the electron spectra are accumulated typically far B0*
beam. The molecular beam is crossed by two weakly focused!aser pulses at each delay timeand averaged over about 70
copropagating laser beams in the extraction region of a Up- and down-scans of the delay line.
combined ion mass and electron time-of-flight (TOF) spec- ) ) )
trometer. The IndNH(NH), cluster size distribution in the !ll. Experimental Results and Discussion
interaction zone can be controlled by the ammonia concentration e have recorded both the ion-signal delay time scans and

in the gas mixture as well as by irradiating the molecular beam the FEICO electron spectra with the narrow and the broad cluster
pulse in its front region where the cluster formation is just distributions. While for the data recorded with the narrow
starting. Typically, two different adjustments were used, leading distribution congestions of the signals due to ionic fragments
to a “broad” cluster distribution withn < 6 (ammonia  from larger clusters are minimized, the broad cluster distribution
concentration 3%) and a “narrow” one with< 2 (ammonia  allows us to study the dynamics as a function of cluster size
concentration 0.4%). The respective typical mass spectra areand at the same time to glean information on these ionic
shown in Figure 1. fragmentation channels in a controlled manner. In Figure 1
The laser system used is a commercial Ti:sapphire laser andtypical mass spectra of INdNH(NJ, are shown as obtained
amplifier system (Clark MXR) tuned to 790 nm. The third for the narrow (Figure 1a) and the broad (Figure 1b) cluster
harmonics of the fundamental wave/at= 263 nm (4.71 eV)  distributions at a delay time af = 300 ps between the pump
is used to pump the clusters, whereas the second harmonics apulse at 263 nm and the probe pulse at 395 nm. For the narrow
A2 =395 nm (3.14 eV) is applied to probe the excited clusters distribution clusters up tm < 2 can be recognized, whereas
as well as the reaction products by ionization. The width of the the broad distribution allows the investigation of clusters up to
laser pulses is about 140 fs. When only ion signals as a functionn = 6. For the narrow distribution, the total rate of photoion
of the pump-probe time delay are recorded, we typically use photoelectron coincidences is maintained at about 0.05 per pulse
laser fluences of 0.5 and 5 mJ/&ror the pump and probe  so that false coincidencesat 0 due to the very strong electron
pulses, respectively. signal of NH;* are completely avoided and no correction is
To record mass-specific photoelectron spectra of the irelole  necessary. A small contribution of false coincidences to the
ammonia clusters, we have to apply the FEICO technlde, spectra for the broad distributietshowing up in particular at
method which has by now proven very useful for studying t = 0 due to the strong ammonia monomer sigrfzs been
ultrafast dynamics in a variety of molecular and cluster systems. corrected for (see ref 14). In the mass spectrum of the broad
Briefly, the ions are detected by a WileyicLaren-type TOF distribution (Figure 1b) we also see several product radical ions
mass spectrometer, while the corresponding photoelectrons ardNH3),—1NH;* for n > 4. The probe pulse energy at a
analyzed by a “magnetic bottle” TOF electron spectrometer. wavelength of 395 nm (3.14 eV) is not sufficient to ionize
The energy resolution of the electron spectrometer for the low- smaller ammonium radicals; their formation has, however, been
energy electrons detected here is about 30 meV. The ion andfirmly established by three-photon ionization using high probe
electron signals are registered in a multihit time-to-digital beam intensities at a probe wavelength of 790 nm (1.57'&V).
converter (Le Croy 4208) which is started by the laser pulses. A. lon Signals. For a concise discussion we briefly recall
The FEICO signals are stored and analyzed by a PC. To keepsome of the previous results. Time-dependent IndNH{NH
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Figure 2. Indole(NHs),*, n = 0—2, ion signals from the narrow v/ ps v/ ps

distribution at short (bd) and long (e-g) delay times between pump ~ Figure 3. Indole(NH),*, n = 2-5, ion signals obtained from a broad
(263 nm) and probe (395 nm) pulses. Zero time delay and the width of cluster distributionif < 6) vs delay timer with fits to the kinetic model.

the cross correlation function have been derived from comparison with Otherwise as Figure 2.

nonresonantly ionized £, molecules as shown in panel a. The

experimental curves are fitted according to the Bloch and kinetic models ~ The experimental determination of zero delay time was done
described in section Ill.B. The different contributions (numbers in using the GH." ion signal, which is obtained from a nonreso-
parentheses) corre_qund to the configurations indicated_in Fig_ure 6. Apant multiphoton ionization process. As illustrated in Figure
nonresonant contribution (ccf) has to be added to obtain satisfactory 5, s signal also allows us to monitor the effective cross corre-
agreement W|_th th(_e data at time delay zero. The ion signals are glvenlation function (ccf) of our pumpprobe laser pulse setup. The

in arbitrary units, with short (left panels) and longer (right panels) delay . ) . e

times being normalized to each other. Bloch equation fit predicts for a purely resonant excitation of
thesz* state (without dephasing) a rise time which is somewhat
shifted toward positive delay times with respect to the cross
correlation function (for details see ref 15). In contrast, all our
experimental data in the present case show that the ion signal
rises nearly as fast as the ccf signal (Figure 2a). Such behavior
may be caused either by an incoherent contribution to the ion
signal or by nonresonant multiphoton ionizatiorrat 0 (pos-

sibly by one probe photon and one pump photon). We find that
taking only the ccf contribution into account leads to satisfactory
fits; i.e., this rapid rise of the ion signal does not necessarily

2.5 p;;). A.” data} are fitted with a consistent Kinetic model reflect any dynamics of the excited state. However, the excited-
described in section I11.B. For the ultrafast dynamics (left panels o dynamics is clearly reflected in the ion signat at 100

in Figures 2 and 3) we have !JS‘?d optical Bloch equations fs after this initial very fast rise: we observe for= 1 and 2
comblqed with rate equ_atmﬁéAs indicated by the components (Figure 2) an ultrafast decay with, slightly above 100 fs,
of the fit curves shown in Figure 2 our data forced us to assume ¢ 15\ved by a slower decay with time constant~ 800 fs.

two kinetic steps following the initial excitation of ther* state The subsequent much slower decay occurs on a time scale of

(2)_'3“'69' 3 a_nd fHO. fit the data sn_Jffici(_antIy well. This will 25—-300 ps, with time constant; slightly increasing with larger
be rationalized in section IIl.B. The ion signals at longer delay cluster size. This indicates> bin eq 2. It is important to note

times (right panels) were fitted by a single-exponential decay 4 this point that the coefficientsandb reflect a convolution
(rise) function of the type of the excited-state population probability in a particular
I(r) = aexp(tl/t,) + b[1 — exp(—t/z,)] (2) configuration (4 and 5, respectively) with the probability to
ionize it. Both quantities may change with time, which makes
reflecting the decay of configuration 4 and the rise of a further the interpretation of the experimental data even more complex.
configuration (5). The fits for short delay times and long delay A similar argument holds for the population, depopulation, and
times are normalized to each other. detection of the excited system on the ultrafast time scale.

ion signals after excitation of thas* state with hvy, and
ionization by one probe photdm, (and also by Bvy, as we
shall see in section 111.C) are shown in Figure 2 for parent ion
signals up tan = 2 obtained from the narrow cluster distribution.
Figure 3 shows the corresponding data from a broad cluster
distribution. The previously reported set of ddthas been
extended for clusters up o= 6, and in addition to the time
evolution on a longer time scale 250 ps), we report now
for all cluster sizes also delay scans on a short time scate (
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As seen, the ion signal far= 2 is rather weak for the narrow  TABLE 1: Experimentally Determined Time Scales for
cluster distribution, which was chosen to minimize fragmenta- INdNH(NH 3), Excited-State Reaction3
tion. To study larger clusters, we must recur to the broad cluster n wlfs 73/ps 74/ps product 7lps
distribution (Figure 3). The resulting fragmentation is reflected 5~ &

in an apparent increase of the rabtta (eq 2). Forn = 1 it 1 150+100 0.7+0.3 35+15 NH, (weak)

changes from 0.35 to 0.6 (not shown here) andifer 2 from 2 150+100 0.7+£0.3 5515 NHNH,4 160+ 40

0.4 to 0.6 (cf. parts g and e of Figure 2). 3 150+ 100 ~0.8 90+ 10  (NHg)oNH,  125+20
The fact that the change between narrow and broad cluster;1 ”igg ﬂg olgi 8 A ((NT—BSH:A 1ggi 38
. . . _ . ~ . . 4l 4

distributions forn = 2 is only about 50% and apparently ¢ _jzq ndb 06+£03 (NH)NHs 75+ 10

decreases with cluster size gives us some confidence in assuming
that fragmentation does not obscure the main features for the 72 = time constant for internal conversiom* — 70, 73 = time

dynamics on the exited state to be discussed below. Clearly,constant for initial rearrangement ¥, 7, = H relaxation time to
the trend for the dynamics observednat= 1 and 2 in Figure beﬂg'frc':rr?nzttaéiIgggﬁ%ﬂgﬂ%&fgg&ﬁéﬂ?UCt formation time.
2 is seen to continue far = 2 and 3 in Figure 3. In contrast, '

for the larger clusters the ion signals do not deeagither on

the femtosecond nor on the picosecond time scale. Instead, the
signals rise with time constant ~ 12 ps forn = 4 (Figure

3c,g) and even faster for= 5 (Figure 3d,h) and 6 (not shown (a)

]
here); with reference to eq 2 this impliass b, which we have 031
to interpret as an increase of the detection probabilities as the !
dynamics evolves on the excited state of the clusters with 024 N
4. A word of caution about the determination ©fand zs is ' (NH3)3NH4
appropriate: the values given in Figure-3h are somewhat '
arbitrary forn > 2 as indicated by the fitting contributions 0 d ¢ =150 * 20 ps
@

shown. Whera < b, i.e., for the larger clusters,> 4, it cannot

be determined at all: although there may be significant dynamics
on the short time scale, it cannot be measured by the present
method.

Table 1 summarizes the time constants as derived from the
ion signals. They are consistent with the dynamics seen in the
FEICO spectra as discussed in section I1I.C. 0.6

In addition, the formation times for the product radicals are
also reported in Table 1. Two examples of the respective ion
scans are shown in Figure 4 as obtained for long delay times
from the broad cluster distribution (cf. Figure 1b). These signals 0.4
also rise from zero but with a much longer time constant than
the respective cluster ions. The solid lines are again single-
exponential fits to the measured data points, in this caseawith
= 0 andz4 replaced byrs in eq 2. Note that the ions detected
on the product mass arise from ionization of neutral radicals
(NH3),-1NH,4 formed by dissociation of INndNH(Ng), in the S T S L T
excited state as indicated by egrdnd not from fragmentation 50 100 150 200 250
in the ionic staté3 T/ ps

For several reasons the time constants given in Table 1, in

particular_rz andrs, are subject t(.) relatively_large statistical and state reaction products obtained from a broad indolejNEluster
systematic errors. They are estimates derived from several datdyigyibution fi < 6) vs delay timer and fit to a single-exponential

sets with varying input and detection parameters. growth function & = 0 in eq 2). Otherwise as Figure 2.
(i) We must be aware that all ion signals shown in Figures 2
and 3 may to some extent be obscured by a certain amount ofanalyze the data to disentangle these contributions, as discussed
fragmentation in the ionic system, i.e., by reactions of the type in section lI.C.
(i) The time evolution of the ion signal reflects the
INANH(NH,)" — IndNH(NH,),"_, + x(NH,) 3) probability to find the clusters at a specific place on the excited-
state potential energy surface(s), the density of states in the
which can occur a long time (several nanoseconds to many excited and ionic states, and the Fran€ondon factor for the
microseconds) after ionization and are unrelated to the rear-overlap between excited states and ionic states. In other words,
rangement and dissociation processes in the excited states, whiclhe factorsa andb in eq 2 are a complex convolution of the
are our primary concern. Evidence for this has been discussedexcited-state population and their detection efficiency at a given
above. Even though with the narrow cluster distribution we try laser intensity. If, e.g., the detection probabilities for an initial
to minimize these contributions from ion fragmentation, we state and a final state are identical, a transition between these
cannot completely rule out any influence of it on the ion and states cannot be detected in our ion signals.
electron signals. We have repeated the present experiments with a number of
(ii) As we shall see, one-photon ionization and ionization by initial conditions and laser intensities. The range of time
two probe photons contribute to the ion signals detected. Sinceconstants given in Table 1 gives the systematic errors thus
the relative fraction of the two signals depends strongly on the estimated. The numbers obtained can be interpreted in terms
absolute intensity of the probe laser pulse, we have to carefully of the kinetic model described in section Ill.B. The FEICO

ion signal
o
o

(NH;),NH,
=685 ps

Figure 4. lon signals (NH),-1NHs*, n = 4 and 5, from the excited-



Hydrogen Atom Transfer in Indole(N#), Clusters

J. Phys. Chem. A, Vol. 107, No. 40, 2008243

IP—A——7.76 eV IndNH(NH); INAN(NHg),4(NH,)*
A — Ee| < 3 n )4
hvpe= 3.14 6V Al . fod
(395 nm) _-0.37eV AT back- &
d
. IP——— 7256V e 1NN + (NH),.,(NH,)*
A’(r6*) S3———— (4.88 6V),, | 49290
La(nn®) S,—f—— 4.73eV e I | A T
I \ -
. €
L, (rn?) S;———— 437 eV - G
Sy 4.34 eV | Talic) Ta T %
) 3wt T, i
L R SN N (6)
thu =24.71 eV IndMH(NHZ)*, (5) IndN + (NH,),(NH,)
(263 nm) Zhy IndN(NH,),,.(NH,)
pu
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T indole=NH Figure 6. Proposed kinetic model and energetics for the excitation
indole 3 and ionization of small indole ammonia clusters. For details see the

Figure 5. Energy scheme of indole and indole(§)Hor vertical text.
transitions from the equilibrium ground state. Also shown are the
energies of the pumph,,) and probefv,) photons and the expected

electron energies.

energetics of the excited- and ionic-state system as well as the
energies of the photons and electrons (e) involved on a realistic
scale. The numbers in parentheses in the figure refer to the states
electron spectra discussed in section I11.C will finally allow us  (or geometries) involved: After the initial excitation by a pump

to understand the underlying dynamics much better and cor- photonhw,, from the ground state (1) to ther* state (2), a
roborate the interpretation used to fit the ion signals obtained very fast (time constant,) internal conversion (IC) process

from the pump-probe delay scans. occurs-most probably via a conical intersectfao the “dark”
B. Kinetic Model. The interpretation of the electron spectra ;o* state 3):

will be based on the experimental and theoretical understanding
outlined in the Introduction. We will also be guided by our
previous experience with the dynamics on excited ammonia
clusters, which appear indeed to exhibit a number of similarities
to the present case as far as internal rearrangement and hydrogegk
transfer are concerné#;18 As a quantitative starting point we
will have to rely on the rather scarce spectroscopic data for the
indole molecule and the indoleammonia clusters so far
published in the literatur&,?° which are schematically sum-
marized in Figure 5 . For the energy of the* state of indole
only the calculated value of 4.88 &is indicated. The indole
NH3 binding energy of 0.2 eV is an estimated value with an
uncertainty of+£0.1 eV. For indole(NH), a weak reduction of
the vertical ionization potential (IE- 7.20 eV) as well as of its
S, state energy (4.32 eV) compared to indolegNHas been
found2® As we shall see in the FEICO electron spectra the
energetics of the larger clusters does not change very much.
Our discussion of the dynamics of indelammonia clusters
after excitation with a pump photon will follow essentially the
reaction scheme already proposed in our previous WoAs (5)
we have seen already in the ion signals emerging from the
pump—probe delay scans, warranting a fit with several decay This latter “state” (5)-a special geometry on the surface with
constants, a complex dynamics evolves on the excited-stateinitially wo* character rather than a different electronic state
surface involving internal conversion, hydrogen transfer, rear- appears to be stable within our time window of observation as
rangement, and dissociation. Without any more detailed theo- seen in the ion signal delay scans in Figure 2rfer 1 and 2
retical guidance in exploring the energetics and geometries as well as for the larger clusters in Figure 3.
involved in all these processes, we cannot hope to derive a One might expect a correlation of the temporal behavior of
finally conclusive understanding of the elaborate reaction the formation of INdN(NH),-1NH4 (74, state 5) with the
pathways of the system. We will thus try to discuss our formation of the observed (N$h-1NH4 product radicals %,
observations and to visualize the energetics and reactionstate 6) according to the reaction scheme (eq 1) discussed in
pathways within a plausible kinetic scheme which allows us to the Introduction. This is obviously not the case as seen by
describe the experimental results in a consistent marimeing comparing the time constants andz; given in Table 1 or the
aware that such a model has to remain highly simplified in respective ion signals in Figures 3g,h and 4a,b.
comparison with the true dynamics on a set of multidimensional (i) Clearly, clusters in configuration-Sbelieved to correspond
potential surfaces with several conical intersections betweento the H-transfer state IndN(Ng#-1NHs—cannot as a whole
different electronic states involved. The presently used model be parents of the radicals in the spirit of a kinetic model. The
is illustrated in Figure 6, indicating very schematically the population of state 5 remains constant after its formation (e.g.,

280 | ndNH(NH), z77* — IndNH(NHs), 70*

4)

The internal conversion leads to a diffuse distribution of the
electron. The following relocation of the proton and
redistribution of the electron density finally leads to an effective

H transfer? When state 3 is populated in this manner, it will
not be in its equilibrium geometry. The dynamics which follows
leads with time constant to configuration 4, possibly an initial
adjustment of the H atom to a local minimum, followed by an
internal rearrangement of the ammonia groups similar to the
processes observed in the excited state fNA).28 In the
present case, these latter processes occur with time comstant
on a picosecond time scale; i.e., geometry 4 is depopulated with
74, While on the same time scale geometry IndNgNH1NH4

is formed by internal rearrangement of the type

INdNH(NH),, 70* — IndN-+-H(NH,) , ro*
— IndN(NH,),,_,NH,
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for n = 5 after less than 1 ps), while the formation of TABLE 2: Summary of the Energetics from the FEICO
(NH3)n—1NH, saturates with time constants from 160 to 75 ps. Photoelectron Spectra for INdNH(NHs),?

If all IndN(NH3)a-1NH, clusters were potential parents, we clusteb ElleV  fwhmev  Ellev  E(ZJev
would expect a constant rise of the (B)kl-1NH4 signal from IndNH c 33
Fhe constant population, even if the fra_gmentat|on_probablllty IndNH(NHs) ~ 0.11+0.02  0.18+ 0.02 0.22 3.4
is assumed to be low and the detection probability for the |ndNH(NHs), 0.11+0.01 0.18+0.01 0.22 3.0
radicals high-the latter due to the large transition dipole IndNH(NHz)s; 0.134+0.01 0.22+0.02 0.26 3.0
moments of the alkali-metal-atom-like electron configuration [INdNH(NHz), 0.25+0.02 0.29£0.03 043 2.3
of NH4.2! IndNH(NHz)s  0.30+£0.03 0.33:£0.02 052 2.4

| (NH3)aNH4 0.14£0.03 0.17+£0.01 0.24 3.0

(i) The vastly different time scales observed for the rear-
rangement processes leading to channelvkich we attri- #We report for the one-photon peak seen in the spectra its peak
bute to IndN(NH), 1NHs—and for the product formation  energy,E ek and the full width at half-maximum, fwh® (both
(NHs),—1NH, also suggest that both species do not have the from a Gaussian fit), and the upper energetic linfity), taken
same direct parent in the sense of a kinetic model (i.e., they _somewhgt arbitrarily at & of the maximum peak intensity. _Also given
cannot originate from the same geometry and rovibrational state'é(‘zg eviitt';”?: L?]:::]:a?r:’tirzlfl ?bixggg‘ :\';ebrgéggtsrzrl’:;e: ;TZZT;ethra'
population inro* state 3). Otherwise, the lifetime of the parent  ~ max . ; : ) ; .
\t/i\,r’?1lé|5d immediately be reflected in the respective formation g?lz)sT:>O_Zogsévvda;:?nﬂr?hzxfszszzlxzz)ergy;;? et(]fel,fréi: lt:r:gulrszs).

: @i — f E@D —

One possible interpretation of these observations (but by no Eoc =06 ev.iFrom the [P:Eg’=3.75 eV.
means the only one) is indicated in Figure 6 by the barrier
separating states 5 and 6. The branching occurs already durin
an early time in the dynamics (in geometry 3 or 4), and only a
small fraction of INndN(NH),—1NH4 clusters in the H-transfer
state with sufficient energy available in the reaction coordinate
may channel from geometry 5 to geometry 6 on the 100 ps
time scale.

tion with two probe photons. Both contributions appear to have
Sifferent dynamical behavior and essentially reflect the evolution
of Franck-Condon factors as the system evolves after initial
excitation to the §zr*) state. The data points are connected
by full lines; the thin solid lines show a fit by three Gaussian
distributions, one for the single-photon ionization while the other
. T ) two represent the most convenient match to the two-photon
Note that Figure 6 distinguishes between clusters with3 ionization contribution. Table 2 summarizes the energetics found

and those witln = 4. This will be discussed in detail in section ¢ iha FEICO spectra discussed in the following sections
l1l.C when we address the pertinent ionization mechanisms for ;< significant is the jump between= 3 andn = 4, indicating
detection of the different states along the reaction path. Here '

we just mention that the arrows showing the reaction pathways
in Figure 6 are allowed to point downward, indicating that
energy may be dissipated (i.e., redistributed among the many
degrees of freedom of the system) in such a way that it is no
longer available for the subsequent ionization mechanism or
for dissociation (at least on our time scale of observation).
Finally we point out that, for simplicity and clarity, we have 1. Bare Indole MoleculeWe first discuss the FEICO spectra
not indicated in Figure 6 any of the various fragmentation for bare indole (Figure 7). No pronounced electron peak is
processes in the ionic system already mentioned which may b d at Il elect s < EAD — 4 h
occur on a time scale of nanoseconds and can possibly obscurdPServed at smatl electron energies, < Vpu T Wpr

exc
the observed time evolution of ion and electron signals. = IP = 0.09 &V i.e., photoionization by only one probe photon
C. Analysis of the FEICO Photoelectron Spectra.The

is significantly less efficient than the corresponding two-probe-
FEICO photoelectron spectra discussed below have been

photon process, leading to total electron kinetic energies of up
measured for the narrow and the broad cluster distributions, in t© ESXCZ) = 3.25 e_V (th_ese maximum Excess energies are
coincidence with the different cluster ions IndNH(§)K (or derived from the IP; cf. Figure 5). This observation is exp.lqlned
IndN(NHs)._1NH4") as well as for one selected radical ion, by very small Fran.ckCondo'n factors for one-phqton transitions
(NHa)sNH4*. The electron signal as the ordinate of all FEICO from the eleptromcally excne_d state to the ionic ground state
spectra represents in random units the number of measureo(at all delay times probed):_ W'.th a presumably similar geometry
coincident electrons per laser pulse and per energy intAfal ?f the S— s”tate and Fhe lonic ground state, one expects a
The energy interval usually selected waEq = 40 meV. The propensity” for the_V|brat|o_naI quantum numbers_ to remain
number of laser pulses added up at each delay time are not equaan_hanged4v — 0.)’ l.e., the mtern_al energy to remain constant
hence, the signal-to-noise ratio of the electron spectra at '[hedu”.ng the lonization process. Smce the EXCESS energy |n.the
various delay times can differ considerably. For different excited state is 0.34 eV (see Flgure 5) while ionization with
numbers of pumprt) and probe Ij photons absorbed by a one phot_on_wogld allow foramaX|m_um internal energy of 0.09
cluster we expect different electron kinetic energies up to a eV only, ionization cannot occur. A high Franekondon fact_or
maximum corresponding to the excess energy in the ion cou]d only become possl_ble if the molecu!ar geometry in }he

Cem) B excited state would significantly change prior to the ionization
clusters: E.,.’ = mhvy, + lhvpe — IP. For each case, the S .

, e ™) . ™) process. However, as any dynamics in the excited states leads
maximum electron kl'”‘?t'c energy ry, observed iss Eeyc to a dissipation of energy among different degrees of freedom,
and only reache€() if no internal energy remains in the  the small excess energy available is not sufficient to allow for
photoion. A first inspection of the photoelectron spectra in jonization by a single photon. The indole ion signal thus arises
Figures 7-15 reveals two distinctive features: a narrow peak exclusively from ionization by two probe photons as indicated
at low electron kinetic energies, ® Eq = E{\;), which we in Figure 7 (after subtraction of the background caused by
attribute to ionization by one probe photon and a broad, rather jonizing the ground state by two pump photons). The energy-
structureless distribution with & Eg < Eﬁrl]ai) due to ioniza- integrated electron signal reaches its maximum already at small

a significant change in geometry.

For the small clusters IndNH(N#h, n = 1-3 (Figures
7—12), a relatively strong background signal is detected at
0 due to absorption of two pump photons alone or three probe
photons alone. It was subtracted from the electron spectra at
> 0, causing an increased statistical error. For clusters mvith
> 4 the background is significantly smaller.
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Figure 7. Electron spectra of bare IndNHfor a narrow cluster
distribution f < 3) at different delay times between pump (263 nm)
and probe (395 nm) pulses. The background spectrum<atO has
been subtracted from the spectra at 0. The corresponding maximum
excess energies estimated from the IP (see Figure 5) are indicated
Eexc (for the three-probe-photon background) a&d:? (for the
pump—probe ion signal).

delay times £ = 0.25 ps) and stays essentially constant for

longer delay timesin agreement with the time-dependent ion
signal (cf. parts b and e of Figure 2).

2. Small IndNH(NH),, Clusters, n= 1—3. The FEICO spectra
of INndNH(NH5),™ for n = 1—3 as obtained from a narrow cluster
distribution are given in Figures-8L0. In contrast to those of
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Figure 8. Electron spectra of INndNH(N§It for a narrow cluster
distribution g < 3). Otherwise as Figure 7. The corresponding
maximum excess energies estimated from the IP (see Figure 5) are
indicated byEex. for the three-probe-photon background &g and

EZ2 for the pump-probe ion signal. Error bars indicate typical

by &S . -
Ystatistical counting errors.

0 3

the bare indole, one probe photon now has sufficient energy to
transfer this excitation into the ion and to eject an electron with
a kinetic energy of 0.23 eV as illustrated in Figures 5 and 6.
Indeed, the experimental photoelectron spectra show a maximum
at about 0.1 eV, in good agreement with this consideration and
reflecting a rather small change of the internal energy in the
ion and hence of the corresponding cluster geometries.

the bare indole molecule they show a strong one-photon peak As illustrated by the fit to the ion signal in Figure 2c,d the

11)

at low energies peaking & = E{;3~ 0.10-0.12 eV and
extending up to 0.350.40 eV (see Table 2). Far = 1 the
total available excess energy amountEtg? = hvy, + hvp

— IP = 0.6 eV (derived from the IP; cf. Figure 5). The one-
photon signal has its maximum at= 0, rapidly decreases for
7 = 0.25 ps, and vanishes nearly completely#er 2 ps. This
dynamical behavior is obviously correlated to the ultrafas
process observed in the ion signal on the 250 fs time sca

(Figure 2c,d). The decay of the one-photon peaks in Figures >,
8—10 is in agreement with the decay times given in Table 1, Signals
although the larger statistical errors do not allow for an €nergies

decay (fit 2) of thers* state (detected via ionization with one
probe photon) is accompanied by the growth of a signal (fit 3)
presumably originating from an initial configuration in the dark
mo* state immediately after internal conversion. As seen in
Figure 2, the latter geometry obviously relaxes on a time scale
of about 800 fs into configuration 4, which appears to be less
¢ efficiently detected (fit 4). The FEICO electron spectra in Figure
8 give us a clear signature on the origin of these latter two
signals: ionization by two probe photons gives rise to electron
also above. = 0.6 eV which extend up to electron
EX?2 ~ 3.4(2) eV for IndNH(NH)™. We note,

max

le

independent determination of the lifetimes. The strong signal however, that this observed maximum electron kinetic energy

reflects a good FranekCondon overlap for one-probe-photon
ionization between the initially populated vibrational level of

the state and the ionic configuration. This is schematically derived from the IP (Figure 5)
indicated by the electron arrows in Figure 6. The vibrational 3.75 eV. The observed maximum energilé%;}1

energy in the §r*) state (2) is~0.37 eV (see Figures 5 and

is significantly below the excess energy deposited into the
molecular ion in the 1 2 photon ionization process which we
ESD = hwpy + 2hwy — IP =

ZX) are even

somewhat less for INDNH(N$b, 3™ as seen in Figures 9 and 10

6). If we assume again the excited- and ionic-state geometriesand summarized in Table 2. Obviously, due to its different

to be similar, we expect an ionization process without chang
of vibrational energy (propensity rulsv = 0). In contrast to

e electronic structure, theo* state has no significant Franek
Condon factor for one-photon ionization, and even the two-
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Figure 9. Electron spectra of IndNH(Ngk" for a narrow cluster
distribution g =< 3). Otherwise as Figure 7.

electron signal

Figure 10. Electron spectra of IndNH(Ngk* for a narrow cluster
distribution g < 3). Otherwise as Figure 7.
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Figure 11. Electron spectra of IndNH(N§L" for a broad cluster
distribution < 6). Otherwise as Figure 9.

3. The FEICO electron spectra do, unfortunately, not allow a
distinction between states 3 and 4. Rather, the respective two-
photon ionization signal rises from 0 to about 0.25 ps and then
very slowly decreases again up to the measurement taken at
200 ps—corresponding to the depopulation of state 4 and the
population of state 5 directly reflected by the fit curves in the
ion signals (see Figure 2). This decay with time constant
(picosecond time scale) is attributed in the framework of our
kinetic model (Figure 6) to a significant structural rearrangement
designated as state 5. The latter geometry (still assumed to
belong to thero* electronic state) may possibly be characterized
as IndN(NH),-1(NHs) and has obviously a nonzero but
significantly smaller probability for two-photon ionization than
the initial configuration after thero* state population via the

ic process. At present, however, we cannot completely rule out
that a crossing of theo* state potential surface into the ground
state may play a role in the decay of the signal. Further
elucidation of this process and the role of the H transfer in the
heteroclustércan be expected from ab initio calculations of
the relevant potential energy surfaces and the possible conical
intersection between thefAln the first results of such calcula-
tions for IndNH(NH;) we have found indeed a high-lying
charge-transfer state which might be important, at least for the
very small clusters.

It is interesting to compare the electron spectra for the small
clusters IndNH(NH).3 obtained from the narrow cluster
distribution (Figures 9 and 10) with those recorded from a broad
distribution. The data are shown in Figures 11 and 12. We see
a strong increase of the two-probe-photon signal, in particular,
at low electron energies, i.e., at high vibrational energies. Thus,

photon ionization process favors energies significantly above these signals can be explained by contributions of larger cluster

the ionization threshotdespecially for cluster sizes= 2 and

fragments to the INndNH(Nk),, 5" signal: the high excess energy
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Figure 12. Electron spectra of INndNH(Ngk" for a broad cluster distributiom(< 6) at nine different pumpprobe delay times. The narrow
one-photon ionization peak with its maximum at ca. 0.2 eV now reflects two different processes as indicated by the different shadings (see the text).
Otherwise as Figure 10.

in the cluster ions after two-probe-photon absorption leads to ' ;.oL o) .
the evaporation of NkImolecules in the ionic system.

The spectra for IndNH(NEJ; (Figure 12) represent a
particularly interesting case with the most dramatic differences
between broad and narrow (Figure 10) cluster distributions.
Apparently, a one-photon ionization signal is detected for short
and for longer delay times. This is clearly demonstrated in Figure
12, where the different contributions are again indicated by the
respective fits and different shadings. By comparison with Figure
10 it becomes evident that the one-photon peak (low electron
kinetic energies) at long delay times arises from fragmentation
of larger clusters. This is somewhat surprising as the excess  o4------ !
energy in the ion state after one-probe-photon absorptionismuch 50 o 50 100 150 200 250
less than after two-probe-photon absorption (see above). One
possible explanation would be a significantly reduced adiabatic ©/ps
ionization potential fom > 4 compared to the vertical values. Figure 13. Integrated electron spectra of IndNH(A)&t for a broad
This will be discussed below. cluster distribution § < 6) versus delay time according to Figure

We have integrated the different electron signal contributions 12- The total signal@) is the sum of the electron signals obtained

. from ionization by one probe photon [(iX{) very fast and (iii) {0)
of In,dNH(NHf*)” for all cluster ,S'Ze,s from small and large slowly rising processes] and two probe photons [(i) 6low decay].
contributions. The decay and rise timgsobtained from the The very fast signal contribution (i) near= 0 is not resolved on the
ion fits (Table 1) are essentially confirmed by these integrated long time scale displayed here.
FEICO spectra, albeit with significantly less accuracy. Never-
theless, for understanding the nature of the different processeshelow when the general character of the FEICO spectra for the
observed, the FEICO spectra are instrumental. To illustrate thislarger cluster is understood.
in a concise manner for one specific example, we display the We have also studied the role of two-photon ionization
time dependence of the data derived from the FEICO spectrumprocesses in some detail by repeating the measurement of the
for INdNH(NH3);™ in Figure 13. Besides the (i) very fast FEICO spectra with slightly increased pump pulse intensity but
contribution (peaking within the time steps recorded in the with a probe pulse intensity which was reduced by nearly a
FEICO spectra at aboat= 0), we find (ii) a dominant slowly factor of 3. This results in a dramatic decrease of the two-photon
decaying part caused by two-probe-photon absorption and (iii) signal relative to the one-photon signal and hence gives clear
a slowly growing part due to one-probe-photon absorption. The evidence of the two-photon character of these processes.
superposition of both the slowly varying signals leads to a nearly However, no quantitative conclusions can be drawn from these
constant total signal on the picosecond time scale. We attributeobservations, and hence, we refrain here from showing the

!
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e
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$ O o © () o(ii) one photon

] A(i)  two photons
L
T

integrated electron signal

o total signal

T M T
300 350

the three contributions to (i) one-photon ionization of the* results.

state, (ii) two-photon ionization of theo* state, and (iii) one- 3. IndNH(NH), Clusters with n> 4. In comparison to the
photon ionization of excited INdNH(N$), clusters in config- small clustersp < 3, an apparently rather different behavior is
uration 5, which is detected on the INndNH(})kt ion channel observed for the electron spectra of INANH®, n = 4 (see

due to evaporation of N&in the ionic state on the nanosecond Figures 14 and 15 fon = 4 and 5). In particular, for IndNH-
time scale. This latter interpretation will become more clear (NHs)4 the background signal is extremely weak compared to
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distribution f < 6). Otherwise as Figure 7.
the large signals fon < 3. As the background signals represent
vertical transitions from the ground to the ion states the Assuming for these clusters a significant drop of the adiabatic
corresponding FranekCondon factors for these transitions ionization potential and nearly equal geometry in the stabilized
decrease strongly froom = 4 to n = 3, reflecting large excited neutral IndN(NB)-1(NHy4) configuration (state 5) and
geometrical changes of the corresponding states for these clustem the corresponding ion, we can again expect a propensity for
sizes. The electron spectrumzat 0 shows only a very small  the vibrational quantum numbers to remain unchanged in the
signal (the residual contribution of false coincidences has againionization processXv = 0). As seen from the energetics
been subtracted), and also for 0.25 ps only a relatively small ~ schematically indicated in Figure 6 we expect thus one-photon
one-probe-photon signal is observed. Thus, for short delay timesionization to be possible fan > 4 in contrast to the situation
the transition probability to the ionic state is rather inefficient. assumed fon < 3, where obviouslyAv = 0 cannot be reached
Probably, the cluster geometry in the initially excited™ with one probe photon. From a theoretical point of view it is
electronic state differs strongly from that of the lowest ionic plausible that for the ion state of the larger clusters (4) the
state, causing a low FranelCondon factor for ionization. Also  charge-transfer geometry IndN(NH-;NH4 corresponding to
the two-photon ionization process is less efficient in ionizing the H-transfer geometry IndN(Ngj-1NH, is the most stable
thesro* state in its initial geometry. Nevertheless, we may safely one, which explains the good Frane€ondon factor in this
assume that the excited electronic states of these clusters arease. For the ground state the charge-transfer geometry is
populated as efficiently as in the case of the smaller clusters. evidenced only for larger clustera & 7).13
This is documented by the signal at longer delay times above 4. Formation of (NH),—1NH,; Radicals As discussed above,
2 ps, where a strong one-photon ionization electron signal risesthe picosecond dynamics of the parent clusters reflects their
in the energy range 8 E < 0.65 eV. Atr = 60 ps this is the structural rearrangement on the* potential surface after the
dominant part of the electron spectra, it has essentially reachednitial H transfer to the IndN(Nk)-1(NH,4) geometry (state 5).
its maximum value, and it stays approximately constant over One might thus expect the radical products to be formed from
the whole observation region, in agreement with the time- this geometry whenever sufficient available excess energy is
dependent ion signal (cf. Figure 3g). Apparently, one-photon collected (statistically) in the reaction coordinate for the
ionization becomes again accessible as the dynamics on thedissociation process according to eq 1. However, as state 5
excited-state surfaces proceeds: here too, this rise of the FEICOremains stable on the time scale presently under observation,
spectra reflects a very efficient Frane€ondon overlap for the  e.g., forn =5 at times from about 1 ps up to a few 100 ps, the
one-probe-photon ionization process. We interpret this speciality radicals formed within about 100 ps cannot be a product of
of the larger clusters as a fingerprint of a significant structural state 5. This argument holds even if we assume that only a small
rearrangement of the clusters on the picosecond time scale whichfraction of the excited neutral clusters form radicals on the time
forms a particular stable final geometry (stable on a time scale scale presently discussed (the radicals are very efficiently
of several hundred picoseconds). This is illustrated in Figure 6 detected due to the large transition dipole moment for ioniza-
by the energetics shown in the light gray inset labeied 4. tion). A closer inspection of the radical formation timgshows,
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excited systems on the potential energy surfaces and to analyze
801 background | ©=100 ps the essential steps of the reaction such as internal conversion,
H transfer, structural changes, vibrational relaxation, and
dissociation. In particular, the primary ultrafast internal
401 1 conversion-directly visible for the small clustersi (< 3)—has

; also been deduced for the larger clusters (4) for which this
process is not detectable in the ion signals. By assignment of
the subsequent processes of the H transfer and structural
rearrangement, the existence of the primary step has been
unambiguously confirmed. The different contributions to the
parent ion signals resulting from ionization by one- and two-
probe-photon absorption can be clearly separated.

The interpretation of the photoelectron spectra essentially
confirms the previously suggested dynamical mé@iédof the
H-transfer reaction in indoleammonia clusters and allows us
a more detailed, albeit schematic, kinetic modeling of the
| relevant processes outlined in the paper and summarized in
©= 60 ps © = 330 ps Figure 6. We believe that these findings may be of general
relevance for photoinduced reactions in such biologically
relevant molecular systems. Some uncertainties remain with
respect to an unambiguous assignment of certain process steps
along the reaction path. With respect to the internal conversion
from the initial excited state to the subsequently populated
i 3 electronic state within a few hundred femtoseconds, we now
0 1 2 3 R 2 3 strongly favor the assumption ofrer* — wo* transition to be

E. /eV E. /eV effective in accordance with the theoretical predictions. The
el el
subsequent H atom transfer causes a structural rearrangement

Figure 16. Electron spectra of (NNHs" from a broad cluster of the excited clusters on the time scale of several tens of
distribution (n < 6). Otherwise as Figure 7. picoseconds to several hundred picoseconds. During this rear-

rangement an alternative, weak channel leads to dissociation
as already reported in refs 12 and 13 and summarized presentl)bn a time scale of 86140 ps. Comparing the electron Spectra
in Table 1, for the products of = 2—6 values fromr; = 160 of small indole(NH), clusters § < 3) with those for larger
ps tozs = 75 ps. In any case is substantially larger than the  clusters 1 > 4), a relatively strong change of their qualitative
respectivers, the decay time of state 4 and formation time of pehavior is observed which can be explained by a significantly
state 5. Hence, the two channels also cannot have the same diregeduced adiabatic ionization potential and a rearranged IndN-
parent in a kinetic model. In other words, the radicals are formed (NH3)n_1(NHg4) geometry fom > 4, which is favorable for one-
via a pathway different from that leading to the stable internal photon ionization. Comparison of the results for broad and
rearrangement. A further intermediate geometry and a barrier narrow cluster distributions demonstrates the influence of ionic
may be involved as indicated on the right side of Figure 6. The fragmentation (NH evaporation) at the nanosecond time scale
corresponding FEICO photoelectron spectra for the example of o, the observed (femtosecond and picosecond) time-dependent
(NH3).NH," are displayed in Figure 16 (similar data are jon and electron signals of smaller clusters. It has, however,
obtained for other fragments). The rise time of the photoelectron peen shown that the main findings are not significantly modified.
signal is~80 ps, which is consistent with the value derived Reduction of the cluster size distribution can almost eliminate
from the ion traces (Table 1). The photoelectron peak shows {hese effects. We finally mention that the first preliminary results
very low electron kinetic energies, which can be rationalized from experiments with deuterated indelemmonia clusters are
by arguments similar to those used for the one-photon signal atynger way in our laboratory. They reveal for the parent clusters
long delay times obs_erved for parent clu_sters vm_th 4, ie., a negligible isotope effect on the short time scaleand 73)
as due to a propensity faxv = 0. Since Figure 6 is drawn to  pyt a significant effect at longer delay times)( This still
scale wherever the energetics is known, we can directly derive rg|atively small effect on the product formation times (below a
the observed electron energy from that schematic. The differencesgcior of 2) can be explained by the modified IVR processes
between the probe photon energy of 3.14 eV and the ionizationyhich accompany the rearrangement of the cluster geometry.
potential of (NH)sNH, of 2.73 eVt is 0.41 eV, which would  The first experiments with a variation of the pump wavelength
be the electron energy if the relatigtw = 0 holds. In fair iy the interval from 258 to 274 nm have led to only small
agreement the experiment shows a peak maximum at 0.2 €V,changes of the cluster dynamics. Future experiments in an
and electron energies reach up to 0.40 eV. extended tuning range of the excitation energy promise further

essential information about the energetics and dynamics of the
IV. Conclusions H-transfer reaction in indoleammonia clusters. To find an
unambiguous confirmation of the presently detailed kinetic
model, we will need ab initio calculations of the relevant
potential energy surfaces.
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Time-resolved photoelectron spectroscopy of excited in¢elole
ammonia clusters with the FEICO method gives deep insight
into the processes evolving after exciting tie* state of the
indole chromophore. Whereas the time constants of the dynami-
cal processes in the excited indole(}tlusters can be derived Acknowledgment. We thank Dr. F. Noack for his support
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