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Femtosecond photoelectron spectroscopy (FPES) is used to monitor the dynamics
associated with the excitation of the charge-transfer-to-solvent (CTTS) precursor states in

clusters. The FPE spectra imply that the weakly bound excess electron inI~(NH3)n/4h15
the excited state undergoes partial solvation via solvent rearrangement on a time scale of
0.5È2 ps, and this partially solvated state decays by electron emission on a 10È50 ps time
scale. Both the extent of solvation and the lifetimes increase gradually with cluster size, in
contrast to the more abrupt size-dependent e†ects previously observed in I~(H2O)

n
clusters.

Introduction
For almost a century, the solvated electron has attracted much attention for its importance in
many areas of chemistry including radiation chemistry, electron transfer, and charge-induced reac-
tivity. In 1864, unaware of its origin, Weyl1 discovered a brilliant blue color in experiments dis-
solving metals in liquid ammonia. This observation was not attributed to solvated electrons until
the beginning of this century,2 resulting in many studies of stable solvated electrons in bulk
ammonia.3,4 Even more interest was generated by the discovery in 1962 of hydrated electrons in
bulk water by Hart and Boag.5 Further research on solvated electrons6h8 in the bulk has included
other polar solvents such as alcohols.9,10 More recently, time-resolved measurements with femto-
second resolution have been performed in order to address the photoinitiated dynamics associated
with electron solvation, with most of this e†ort focused on hydration.11h15

The experiments on solvated electrons in solution raise an interesting issue from the perspective
of cluster physics and chemistry : how are the properties of a solvated electron manifested in a
system of Ðnite size? Unlike bulk ammonia, an individual molecule does not bind an excessNH3electron. However, measurements done by Haberland et al.16 and Lee et al.17 showed that

cluster anions with n P 35 are stable. Lee et al.17 also determined size-dependent vertical(NH3)n~detachment energies for clusters using photoelectron spectroscopy, Ðnding an apparent(NH3)n~extrapolation to the ionization potential of liquid ammonia. Theoretical studies by Barnett et al.18
and Marchi et al.19 have been carried out using quantum path-integral molecular dynamics and
Monte Carlo methods, respectively. Both calculations predict that the excess electron binds to the
surface of the cluster for small clusters, and that ““ interior ÏÏ states in which the electron is sur-
rounded by solvent molecules require larger clusters. The calculation by Barnett et al.18 predicts
that the n \ 32 cluster is the smallest that supports an interior state. The agreement of this value
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with the onset of stability of negatively charged clusters at n \ 35 supports the assertion(NH3)n~made in the experimental papers that these species are the cluster counterparts of bulk ammoniat-
ed (solvated) electrons.

Since solvated electrons in ammonia can be created by the spontaneous ionization of an alkali
metal in bulk ammonia, Ðnite clusters (where M is an alkali atom) are also of consider-M(NH3)nable interest as model Ðnite systems for cluster solvation. Hertel and co-workers,20h22 Fuke and
co-workers,23h25 have performed a series of measurements on the ionization potentials and
absorption spectroscopy of neutral clusters, while Fuke and co-workers24,25 have mea-M(NH3)nsured photoelectron spectra of size-selected cluster anions. These measurements alongM~(NH3)nwith electronic structure calculations26 indicate that the Ðrst solvation shell of the neutral clusters
consists of four ammonia molecules, and clusters as small as show evidence for delocal-M(NH3)4ization of the outermost electron on the alkali atom into the surrounding solvent molecules.

In this paper, we undertake a complementary approach to electron solvation in ammonia
through spectroscopic and dynamical studies of clusters. This work is motivated byI~(NH3)nprevious studies of clusters, in particular the frequency-domain electronic spectroscopyI~(H2O)

nperformed by Serxner et al.27 and femtosecond photoelectron spectroscopy (FPES) experiments
carried out in our laboratory.28 In the electronic ground state of clusters, the excessI~(H2O)

nelectron is localized on the halogen. However, while isolated I~ has no excited electronic states in
the vicinity of the electron detachment threshold, the clusters exhibit a broad absorption band
that blue-shifts as the number of water molecules is increased, apparently converging to the lower
of the two charge-transfer-to-solvent (CTTS) bands seen in aqueous I~ solutions.29,30 In solution,
excitation of the CTTS bands ejects an electron from the halide into the solvent, ultimately yield-
ing a hydrated electron.31 The dynamics of this process have attracted both experimental32,33 and
theoretical interest.34,35 Hence, experiments on or clusters o†er anotherI~(H2O)

n
I~(NH3)nmeans of probing electron solvation in systems of Ðnite extent.

In the frequency-domain study by Serxner et al.27 it was pointed out that the solvent network in
the ground state of clusters has a dipole moment large enough to bind an electron (4.4I~(H2O)

nD for n \ 4, based on the calculated structure by Combariza et al.36). The excited electronic state
was attributed to a dipole-bound state (DBS) in which the excess electron is bound by the high
dipole moment of the solvent network. Our FPE spectra of indicated that this excitedI~(H2O)4state decays with a 2.8 ps time constant.28 Very di†erent dynamics were observed for clusters with
n [ 4. The FPE spectra suggest that in these larger clusters, the electron is initially photoexcited
to a DBS. However, after several hundred femtoseconds, the spectra abruptly shift to higher elec-
tron binding energy, indicating the excess electron is stabilized by rearrangement of the solvent
molecules. This ““partially solvatedÏÏ state decays on a time scale varying from tens to hundreds of
ps, depending on the number of water molecules. Hence, Ðve water molecules appear to be the
minimum required to observe electron solvation in the excited state of clusters.I~(H2O)

nHere, we present FPE spectra of clusters in order to explore the solvent-dependenceI~(NH3)nof electron solvation dynamics in this class of clusters. In the FPES experiment, an ultrafast pump
pulse excites an electron initially localized on the iodide ion. This excess electron is then detached
with a second, time-delayed ultrafast probe pulse, and recording the photoelectron spectra as a
function of the delay time provides the means to trace the temporal evolution of the photoexcited
state. Our results show signiÐcantly di†erent electron solvation dynamics in clustersI~(NH3)ncompared to The onset of electron solvation dynamics is more gradual inI~(H2O)

n
. I~(NH3)nclusters, and there is no obvious critical size for electron solvation. There is also no evidence for

an initially excited DBS. Finally, the lifetime of the partially solvated state is considerably shorter
than in comparably sized clusters.I~(H2O)

n

Experimental
The FPES apparatus has been described in detail elsewhere.37,38 Only a brief summary will be
given here, highlighting the speciÐc features necessary to accomplish the experiments presented in
this paper. To generate cold iodideÈammonia clusters, a premixture of 0.9% in Ar passesNH3over a reservoir of at a stagnation pressure of 1.5 bar and is then expanded supersonicallyCH3Iinto the vacuum chamber through a pulsed valve operating at a repetition rate of 500 Hz. Just
downstream of the nozzle, the resulting free jet is crossed by a 1 keV electron beam producing ions
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Fig. 1 Experimental FPE spectra of at various delay times ranging from [165 fs to 3035 fs. TheI~(NH3)15upper panel shows raw electron time-of-Ñight data and illustrates the normalization scheme used in a 3-color
setup ; the 2-photon signal originating from the UV and blue, which is kept at a Ðxed delay, serves as a
reference peak while the relative timing between UV and red is varied to monitor the time evolution of the
excited state. The lower panel displays several normalized photoelectron spectra, which show a clear shift to
lower eKE with increasing delay time.

that undergo clustering as the expansion proceeds. The free jet is skimmed, and the anions are
injected into a WileyÈMcLaren time-of-Ñight mass spectrometer39 by applying pulsed extraction
and acceleration Ðelds perpendicular to the expansion axis. After passing through several di†eren-
tially pumped regions, the mass-selected anions interact with the ultrafast excitation and detach-
ment laser pulses at the focus of a photoelectron time-of-Ñight analyzer with a ““magnetic
bottle ÏÏ40 providing a high collection efficiency ([50%) for the photoelectrons. The electron
arrival time distribution is recorded after each laser shot with a multi-channel scalar (MCS, Stan-
ford Research Systems SR430), which is read out by a computer for data storage and further
processing of the PE spectra.

At a repetition rate that matches that of the pulsed valve, a Ti : sapphire oscillator-regenerative
ampliÐer laser system (Clark MXR) generates pulses with 80 fs full width half maximum (FWHM,
sech2) in time duration and 1 mJ in pulse energy. The center wavelength of the pulses is generally
790 nm but this is tuned somewhat as needed. The major portion (70%) of the fundamental light is
either used to pump an optical parametric ampliÐer (TOPAS, Light Conversion) optimized at 790
nm pump wavelength or frequency tripled in a BBO-crystal based tripling unit, depending on the
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cluster size. To excite clusters, the signal output of the TOPAS is frequency-I~(NH3)n/4h6quadrupled (applying second harmonic generation (SHG) twice) which provides pulses of 6È10 lJ
and 150 fs FHWM (sech2) in the wavelength range of 370È320 nm (3.35È3.87 eV). For the larger
clusters, excitation to the CTTS states is achieved using frequency-tripled pulses in the UV (20 lJ
and 110 fs FHWM (sech2)) at 273 nm (4.54 eV) and 263 nm (4.71 eV) for n \ 8 and n P 9,
respectively. For all clusters, the remainder of the fundamental is time-delayed with respect to the
UV light via a computer-controlled translation stage and serves as the probe. Two-color above-
threshold detachment (ATD)41 of I~ is used to characterize the pump and probe pulses and to
determine the zero of time inside the vacuum chamber.

In order to compare FPE spectra at di†erent delay times, various data collection and normal-
ization schemes are applied. For the smaller clusters normalization is accom-I~(NH3)n/4h6 ,
plished by alternating between 10 s scans at the desired delay and 3 s scans at a Ðxed, positive
delay time (1 ps) for reference. Each spectrum is normalized according the integrated count rate of
its associated reference scan. The data acquisition time ratio of 3 : 1 is chosen to maximize signal
acquisition time while accounting for possible signal Ñuctuations on a time scale of a few seconds
a†ecting both scans at the variable and the Ðxed delay. In addition, to compensate longer-time
signal drifts, it is preferable to accumulate several series of shorter scans (6È10 s, 3000È5000 laser
shots per scan) at each delay than to record longer scans with up to 10 000 laser shots (20 s) per
scan. Depending on the signal-to-noise ratio, a total number of 20 000 to 40 000 laser shots per
delay time is collected.

In the laser setup for the larger clusters (8 O n O 15), the residual frequency-doubled light from
the tripling unit is used to create a two-photon reference signal as follows. An optical chopper
(New Focus 3501) alternately blocks the probe fundamental (red) and the frequency-doubled light
(blue), which is kept at a Ðxed, positive delay with respect to the pump (UV). The UV-blue signal
created at every other laser shot serves as a reference, so normalization to this signal accounts for
both the short-time and the longer-time signal Ñuctuations on a scale of a couple of seconds and
several tens of minutes, respectively. In addition, for the PE spectra, shot-to-shotI~(NH3)n/8h10background subtraction is performed on the MCS to account for UV-only detachment signal of
neighboring ion masses which partially overlap the desired two-photon signal. As an example of
the normalization applied in the three-color version of the experiment, the upper panel of Fig. 1
displays raw electron time-of-Ñight spectra for at three di†erent delay times. The time-I~(NH3)15dependent UV-red signal is scaled according its individual UV-blue reference peak, and the
resulting normalized FPE spectra are shown in the bottom panel of Fig. 1.

Results
Since the cluster CTTS states are expected to lie near the detachment threshold, one-photon
photoelectron spectra of clusters were measured. These spectra are shown in Fig. 2 as aI~(NH3)nfunction of the electron kinetic energy (eKE) for the bare I~ anion and the clusters I~(NH3)n/1h8at a photodetachment wavelength of 263 nm (4.71 eV). Up to n \ 2, this excitation energy is
sufficient to detach the anion to both Ðnal spinÈorbit states of the neutral. The energy(2P3@2, 1@2)resolution of the PE spectra is only moderate (ca. 250 meV for 1 eV eKE at the I~ mass). The
peaks of the smaller clusters (n O 2) consist of a double structure due to superposition of the
velocities of the parent ion and the ejected electron. The vertical detachment energy VDE(n) for

is obtained from the electron kinetic energy of the peak maximum usingI~(NH3)n (eKEmax)

VDE(n) \ hl[ eKEmax (1)

and represents the energy needed to remove an electron with no change in geometry.
The di†erence between VDE(n) and VDE(n \ 0) represents the energy by which a speciÐcEstab ,

cluster size with n solvent molecules is stabilized with respect to bare I~. For the lower spinÈorbit
state of the iodide core (J \ 3/2), Fig. 3 shows both the vertical detachment energy (left axis) and

(right axis) as a function of the number of molecules. In the measured size rangeEstab NH30 O n O 8, no leveling-o† of is found which might otherwise indicate a possible closure of aEstabsolvation shell.
Using the measured VDEs as a starting point, optimal pump wavelengths for the CTTS states

with n O 8 were found empirically by maximizing the two-color photoelectron signal. For n \ 4, 5,
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Fig. 2 1-color photoelectron spectra of clusters at a photodetachment wavelength of 263 nmI~(NH3)n/0h8(4.71 eV).

Fig. 3 Vertical detachment energy VDE of (left axis) and stabilization energyI~(NH3)n/0h8 Estab\ VDE(n)
for the clusters with respect to bare I~ (right axis) as a function of the number of solvent molecules.[ VDE(0)

The open triangle mark the excitation energies of the pump pulse used in the FPES experiments.(|)
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6 and 8, the pump wavelengths were 320 nm, 318 nm, 313 nm and 273 nm, respectively (also
shown in Fig. 3). No obvious pattern can be seen for the relative position of the optimal excitation
energy with respect to the VDE, but we point out that our goal was to maximize FPES signal
rather than characterize the cluster CTTS state. For the larger clusters studied (n \ 9, 10, 12, 13
and 15), frequency-tripled UV light at 263 nm provided sufficient overlap with the CTTS tran-
sition.

Fig. 4 shows FPE spectra of as two-dimensional (2D) contour plots. TheI~(NH3)n/4h6, 8, 10, 15PE intensity is coded in di†erent gray-scales (dark : high intensity, light : low intensity) as a func-
tion of eKE (left y-axis) and electron binding energy right y-axis) vs. pumpÈ(eBE4 hlprobe [ eKE,
probe delay. Each slice parallel to the y-axis represents a complete PE spectrum at a speciÐc delay
time *t, several of which are shown for the n \ 15 cluster in the lower panel of Fig. 1. Displaying
the data in contour plots allows one to conveniently identify any change of the shape or position
of the spectra as time evolves.

At any given delay time, the photoelectron spectrum consists of a single peak, and by tracking
the peak maximum we obtain time-dependent VDEs that concisely represent the dynamics in the
evolving excited state. Fig. 5 (upper panel) shows a plot of the VDE vs. time for several I~(NH3)nclusters during the Ðrst 3 ps (we refer to this interval as ““ short-timeÏÏ). The VDE at the earliest
observation times increases with cluster size, from 0.1 eV for n \ 4 to 0.2 eV for n \ 15. In all
cases, the VDE rises over the time interval in Fig. 5. For the smallest cluster studied, aI~(NH3)4 ,
small but non-zero increase in the VDE of 70 meV is seen ; this shift in VDE builds up steadily
with n until reaching a value of D220 meV for n \ 8, above which no further increase is seen. We
also obtained time constants associated with this energy shift from a single exponential Ðt toqshiftthe data of Fig. 5. These start at 780 fs for n \ 4, decrease with increasing cluster size reaching a

Fig. 4 FPE spectra of (n \ 4È6, 8, 10 and 15) as two-dimensional contour plots of eKE (left y-axis)I~(NH3)nand eBE (right y-axis), respectively, vs. pumpÈprobe delay. Note that the probe wavelength for n \ 8 di†ers
from that used for all other cluster sizes.
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Fig. 5 Time evolution of the vertical detachment energy VDE for clusters, n \ 4È6, 8 and 15I~(NH3)n(upper panel). For comparison, results for clusters, n \ 4È6, are shown in lower panel.I~(D2O)
n

minimum for n \ 6, and eventually rise again to more than 1 ps for n \ 15. A complete summary
on the VDE shifts and time constants for all the cluster sizes is given in Table 1.qshiftThe increase in VDE is accompanied by a slight broadening of the spectra. For the smaller
clusters (n \ 4È6), the FWHM is 260 meV at time zero, increases by 20È30 meV until D200 fs,
and remains constant at longer pumpÈprobe delays. The larger clusters (n \ 8, 10, 15) exhibit an
initial FWHM of 290È300 meV at time zero and reach their maximum value of 350 meV by 400 fs
(n \ 8) and 1 ps (n \ 10 and 15). At longer delays, no signiÐcant change in the width of the spectra
is observed. In addition, as the clusters become larger, the electron intensity peaks at longer delay
times. The absolute maximum of the signal is reached by 600, 1250, 1500, 1300, 1800 and 2250 fs
for the sizes n \ 4, 5, 6, 8, 10, and 15, respectively. Ultimately at much longer pumpÈprobe delays,
the signal decays with a time constants of several tens of picoseconds, as summarized inqdecayTable 2.

Discussion
In the following section we Ðrst discuss the implications of the results on possible clusterI~(NH3)nstructures and energetics. In the second part, we compare excited state dynamics in andI~(NH3)nclusters.I~(H2O)

n
A. I—(NH

3
)
n

As a starting point for interpreting our experiments, it would be very useful to know the ground
state structures of the clusters studied. Unfortunately, in contrast to clusters,I~(NH3)n I~(H2O)

n
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Table 1 Short-time behavior ps) of the(*tdelay O 3 I~(NH3)nand clusters : VDE shifts (*VDE) and associated timeI~(water)
nconstants qshift

I~(NH3)n I~(D2O)
n
/I~(H2O)

n
a

*VDE/meV qshift/fs *VDE/meV qshift/fsn (^5 meV) (^5%) (^5 meV) (^5%)

4 69 780 40/55 420/360
5 97 670 270/230 250/270
6 112 595 265/275 270/300
7 360 935
8 211 700 400 980
9 235 660b 360 930b

10 220 885 400 1050b
12 256 835
13 248 960
15 233 1010

a The values for the clusters are taken from a timeI~(water)
ninterval starting at 200 fs. Within the interval 0È200 fs, I~(D2O)4and show a rapid shift of 70 meV and 40 meV, respec-I~(H2O)4tively. For n \ 5 and 6, no signiÐcant shift is observed in this

early time interval. b Uncertainty : ^30%.

no infrared spectroscopic data are available, nor have any electronic structure calculations been
performed. (Recently, infrared spectra of clusters have been obtained by Okumura andCl~(NH3)nco-workers.42) The best one can do at this stage is to infer structural motifs from energetics, using
comparisons with previous results on halide Éwater clusters.

Electronic structure36,43 and molecular dynamics44,45 calculations on clusters predictI~(H2O)
nthat the halide binds to the surface of a hydrogen-bonded network of water molecules. Chemical

reactivity experiments by Viggiano and co-workers46 indicate that this ““ surface ÏÏ structure holds
out at least to n \ 13. This general conÐguration reÑects the balance between iodide Éwater and
water Éwater interactions. Cheshovsky and co-workers47,48 obtained meV for the sta-Estab \ 450
bilization energy of [i.e., VDE(n \ 1) [ VDE(n \ 0)] (a more reÐned value of 389 meVI~(H2O)
was determined from the ZEKE spectrum of Bassman et al.49), while for the dimer dissociation
energy a value of 150 meV is found.50 In contrast, a much stronger halide ÉwaterD0[(H2O)2]interaction such as that between F~ and leads to ““ interior ÏÏ structures in which the F~ isH2Osurrounded by water molecules for clusters as small as n \ 4.46,51,52

Similar energetic arguments can be applied to ammonia. The one-photon photoelectron spectra
in Fig. 2 and the energetics plotted in Fig. 3 show that meV for and calcu-Estab\ 260 I~(NH3),

Table 2 Long-time behavior of the
and clusters :I~(ammonia)

n
I~(water)

ntime constants of the decay of theqdecayoverall signal

qdecay/ps

n I~(NH3)n I~(D2O)
n
/I~(H2O)

n

4 12 ^ 0.2 2.8^ 0.2
5 21 ^ 0.9 37^ 1
6 22 ^ 0.9 96^ 3
7 300^ 10
8 28 ^ 3.9 440
9 630

10 490
15 53
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lations based on a recent potential energy surface that reproduces high resolution spectroscopic
data for this species yield meV.53 Both values are slightly more than half of theD0[(NH3)2]\ 79
corresponding values. We therefore expect clusters to be more similar toH2O I~(NH3)n I~(H2O)

nthan clusters with surface rather than interior structures likely over the size rangeF~(H2O)
nprobed in our experiment.

We next consider the dynamics seen in our FPE spectra, speciÐcally the increase in VDE with
time. Physically, the pump pulse ejects the excess electron from the relatively compact 5p atomic
orbital on the iodide into a much more di†use orbital. While the initial conÐguration of NH3molecules in the ground state of an cluster is optimal for solvation of the I~, the energyI~(NH3)nshifts in our FPE spectra indicate that this geometry is not the lowest energy conÐguration for the
cluster excited state, and that the solvent molecules rearrange in order to stabilize the excess
electron ; this is the process referred to henceforth as ““partial solvation, ÏÏ in analogy to our pre-
vious results on clusters.28 The actual value of the energy released by this processI~(water)

ncannot be obtained directly from the spectra, since the increase in VDE reÑects the di†erence
between the anion and neutral cluster energies at the anion geometry, not simply the stabilization
of the excess electron brought about by solvent rearrangement. Nonetheless, the trend in Table 1
is toward larger shifts with increasing cluster size, and certainly suggests that solvent rearrange-
ment results in more stabilization for the larger clusters.

The spectral shift is irreversible and is accompanied by relatively little broadening. This implies
that the energy released by the solvent reorganization Ñows into the many vibrational modes of
the cluster, most of which are expected to be FranckÈCondon inactive with respect to photo-
detachment. Another important aspect of the FPE spectra is the overall increase in the intensity of
the electron signal during the Ðrst picosecond after the pump pulse has terminated (as seen in the
contour plots of Fig. 4). This cannot be due to a build-up of population in the upper state, since
the pump pulse lasts only D100 fs. Instead, it must reÑect an increase in the photodetachment
cross-section caused by the solvent reorganization, indicating that the wavefunction for the excess
electron changes signiÐcantly during this process.

Our observation of excited states with lifetimes in the picosecond range for clusters with as few
as four molecules is interesting in light of the experimental and theoretical work on nega-NH3tively charged, pure clusters. Haberland and collaborators16,17 were able to prepare(NH3)n~stable ammonia cluster anions via capture of low-energy electron in a co-expansion of andNH3Ar. However, no evidence was found for stable with fewer than 35 molecules. For(NH3)n~ NH3comparison, calculations by Jortner and co-workers18 predict the existence of stable ““ internal ÏÏ
states of clusters with positive adiabatic detachment energies (ADEs) for n P 32. This(NH3)n~apparent close agreement suggests that the clusters seen experimentally correspond to(NH3)n~internal states, although the calculated VDEs are substantially higher than the experimental
values.

On the other hand, calculations by Barnett et al.18 and Marchi et al.19 predict that smaller
clusters such as n \ 16 and 24 only support surface states in which the excess electron is very
di†use and located largely outside the solvent network. For these states, the calculated ADE is
either negative or very small, i.e., [0.020 eV for although their VDEs are found to be(NH3)16~,
positive, i.e., 0.21 and 0.34 eV for and respectively.18 These VDEs are in the(NH3)16~ (NH3)24~,
range of what we Ðnd our ““Ðnal ÏÏ solvated states ; the long-time VDE for is 0.42 eV, forI~(NH3)15example. This comparison thus suggests similarities between the partially solvated excited states in
our experiment and the surface states in clusters.(NH3)n~

B. Comparison of withI—(NH
3
)
n

I—(water)
n

In order to facilitate comparison between the present results for with those forI~(NH3)nTables 1 and 2 also include values obtained for the water systems ; the values for n O 6I~(H2O)
n
,

have been published previously28 and those for the larger clusters are preliminary. In addition, the
time-dependent VDEs for (n \ 4È6) are shown in the lower panel of Fig. 5 ; those forI~(D2O)

nare similar.I~(H2O)
nThere are clear di†erences between the FPE spectra of the two cluster families. (1) While the

VDEs in clusters shift smoothly with time, the VDEs for I~ andI~(NH3)n (H2O)
n

I~(D2O)
n(n P 5) remain relatively constant for 250È500 fs and then rapidly shift to a higher value. (2) The
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clusters reveal a gradual increase in VDE shift with increasing cluster size, whereasI~(ammonia)
nthe clusters show an abrupt increase in the VDE shift going from n \ 4 (40 meV) toI~(water)
nn \ 5 (210 meV). In addition, the ““Ðnal ÏÏ VDEs after 2È3 ps are signiÐcantly larger for I~(water)

nclusters than for comparably-sized clusters. (3) The long-time decay dynamics di†erI~(NH3)nbetween both solvent species. Except for the n \ 4 clusters, the time constants of the overall signal
decay for are signiÐcantly shorter than those obtained forI~(NH3)n I~(water)

n
.

We Ðrst focus on the di†erent short-time dynamics seen for the two cluster families. The
FPE spectrum was attributed to excitation to a dipole-bound state (DBS) that decaysI~(H2O)4rapidly by vibrational autodetachment. For n P 5, the relatively constant VDE at early time and

the subsequent shift were interpreted as initial excitation to a DBS of the solvent network followed
by electron solvation through solvent rearrangement. In the spectra, the VDE shiftingI~(NH3)nbegins right away, implying that there is no initially excited DBS. The absence of the DBS sug-
gests that the dipole moment of the solvent network is less than the critical value of 2È2.5 D
needed to support such a state.54,55

This result is not entirely unexpected based on the properties of the bare clusters. While water
has a slightly larger dipole moment than (1.85 vs. 1.47 D), the dipole moment of isNH3 (H2O)2signiÐcantly larger than that of (2.65 D vs. 0.74 D).50,56 The smaller dipole in(NH3)2 (NH3)2originates from much smaller barriers between equivalent minima on the potential energy
surface,53 resulting in large amplitude motion in the vibrational ground state and a lower dipole
than would be obtained from a rigid structure. As a result, has been observed and(H2O)2~assigned to be a DBS,57 whereas has never been observed. The importance of large(NH3)2~
amplitude vibrational motion has not been addressed for larger neutral ammonia clusters,
ammonia cluster anions or clusters. Nonetheless, while several clus-halide É (ammonia)

n
(H2O)

n
~

ters (3O n O 11) have been observed and predicted to be dipole-bound states,58h62 no (NH3)n~anions in this size range have been identiÐed.
Based on these considerations, one would certainly expect a lesser role for dipole-bound states

in clusters than in clusters. Moreover, our clusters are generally not in theirI~(NH3)n I~(H2O)
nvibrational ground state ; we estimate the vibrational temperature to lie between 50È200 K. Infra-

red spectroscopy experiments by Johnson and co-workers63 have already hinted that Ðnite vibra-
tional temperatures can weaken or break up the solvent network in clusters. Givenhalide É (H2O)

nthe weaker interaction between molecules compared to molecules, such e†ects areNH3 H2Olikely to be even more important in clusters, further diminishing the likelihood of aI~(NH3)nsolvent network with a high dipole moment. This picture is consistent with the preliminary IR
spectra by Okumura and co-workers42 on clusters.Cl~(NH3)nFig. 6 shows a schematic picture of the dynamics occurring in both cluster types subsequent to
the pump excitation ; one-dimensional potential energy curves as a function of solvent coordinate
are shown for the ground and excited states. For clusters (Fig. 6a), the spectra areI~(NH3)nconsistent with direct access of the excited state surface upon which partial solvation occurs
through solvent reorientation ; this is represented by a single minimum surface. In contrast, the
FPE spectra of the clusters and (n P 5) suggest that these species are initiallyI~(H2O)

n
I~(D2O)

nphotoexcited into a dipole-bound state separated by a barrier from a lower lying conformer in
which the electron is more highly solvated (Fig. 6b).

The lower VDEs after 2È3 ps for vs. excited states point to a weakerI~(NH3)n I~(H2O)
nelectronÈsolvent interaction in the partially-solvated state for the ammonia-containing clusters.

This result is consistent with the lower VDEs measured for vs. comparably-sized(NH3)n~clusters, and indeed with the lower threshold for electron ejection from metalÈammonia(H2O)
n
~

solutions (1.4 eV) compared to the photoelectric threshold of the hydrated electron (3.2 eV).17
A more intriguing result is the much shorter lifetime of the partially-solvated state for I~(NH3)nclusters compared to (except n \ 4) ; as shown in Table 2, these di†er by as much as aI~(H2O)

nfactor of 16 for the n \ 8 clusters. We observe no photofragmentation in our experiments, indicat-
ing that decay occurs by electron emission rather than recombination of the electron with the I
atom followed by solvent evaporation (to dispose of the resulting 3 eV of energy released if this
occurs). Ab initio and molecular dynamics calculations on and clusters in this(H2O)

n
~ (NH3)n~size range generally predict positive vertical detachment energies but negative adiabatic detach-

ment energies, so that the cluster anions are metastable with respect to electron detach-
ment.18,59,60,62,64 Consequently, as the solvent molecules librate and vibrate, they are likely to
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Fig. 6 Schematic display of the dynamics occurring upon excitation of CTTS precursor states in (a)I~(NH3)nand (b), emphasizing the apparent absence of an initially excited dipole-bound state inI~(D2O)
nw5 I~(NH3)nclusters.

Fig. 7 Integrated photoelectron signal as a function of the delay in the short-time range ps) for(*tdelay O 3
(left) and (right). Note that in contrast to all other sizes and solvent speciesI~(NH3)n/4h6, 8 I~(D2O)

n/4h6displayed, only shows an immediate onset of signal decay resulting in a 25% decrease by 2.3 ps.I~(D2O)
n/4
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eventually explore conÐgurations for which the electron detachment energy is either very small or
negative, at which point electron ejection can occur. One can then rationalize the shorter lifetimes
of the excited states as another consequence of a Ñatter potential landscape and largerI~(NH3)namplitude motion in ammonia clusters as compared to water clusters, so that the solvent conÐgu-
rations unfavorable to electron binding are sampled more rapidly.

In many aspects, the n \ 4 water clusters represent an exception among the cluster sizes and
molecular solvent species investigated so far (including Only andI~(CH3OH)

n
).65 I~(H2O)4do not show any evidence of electron solvation. They are also the only halide ÉwaterI~(D2O)4clusters for which the lifetime of the excited state is much shorter than that of the comparable

cluster. The uniqueness of n \ 4 water clusters is underlined in Fig. 7. Here, the integralI~(NH3)nPE signal for and is plotted as a function of the pumpÈprobe delayI~(NH3)n/4h8 I~(D2O)
n/4h6from 0È3 ps. Only shows any decay on this time scale (decreased by 25% at 2.3 ps)I~(D2O)

n/4after an exceptionally steep, initial rise. We also note that bare clusters apparently are(H2O)4~
very difficult to generate, as evidenced by its absence in all published photoelectron66,67 and
infrared61 spectroscopy work to date.

Recent calculations by Kim et al.62 show that the most stable form of a cyclic struc-(H2O)4~,
ture with a high dipole moment, not only is metastable with respect to electron detachment but
also is quite similar in geometry to the neutral ground state (also a cyclic structure, but with no
dipole moment) and can easily lose its excess electron through internal rotation of two water
molecules. The key point here is that Kim et al.Ïs calculated ground state, in which one(H2O)4~OÈH bond on each water molecule is directed toward the excess electron, is similar to the struc-
ture of the solvent network in the ground state of This implies that the DBS formedI~(H2O)4 .36
by excitation of the CTTS band in cannot be signiÐcantly stabilized by solventI~(H2O)4rearrangement, and instead undergoes facile electron ejection, consistent with the apparent
absence of solvation dynamics in this cluster.

Conclusions
We have investigated the dynamics of the CTTS states in anion clusters, n \ 4È15, usingI~(NH3)nfemtosecond photoelectron spectroscopy. The experiments show that excitation results in a
loosely-bound electron that becomes more solvated on a 500 fsÈ1 ps time scale, and the resulting
““partially solvatedÏÏ state decays by electron emission on a time scale ranging from 10È50 ps. No
evidence for an initially excited dipole bound state is seen for clusters, in contrast toI~(NH3)nclusters of comparable size. The lifetime of the excited state is generally much shorter inI~(water)

nthe clusters compared to that of the water systems (except n \ 4). Many of the dynami-I~(NH3)ncal features associated with the excited state and the di†erences between the excited state
dynamics in and clusters can be understood in terms of the properties ofI~(NH3)n I~(water)

nneutral and anionic and clusters.(NH3)n (H2O)
nFuture experiments will focus on investigating larger cluster sizes. We are particularly interested

in exploring clusters with more than 30 ammonia molecules. This would put us in the size range
where interior solvated states are predicted for the bare cluster anions, possibly leading to an
abrupt change in the excited state solvation dynamics. It is also of interest to search for photofrag-
mentation of larger clusters subsequent to CTTS excitation. This could be a signature of charge
recombination, which is generally believed to be the decay mechanism of solvated electrons in
solution.33h35
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