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Abstract: The electronic relaxation dynamics of water cluster anions, (H,0),, have been studied with
time-resolved photoelectron imaging. In this investigation, the excess electron was excited through the
p—s transition with an ultrafast laser pulse, with subsequent electronic evolution monitored by photode-
tachment. All excited-state lifetimes exhibit a significant isotope effect (7p,0/7H,0 ~2). Additionally, marked
dynamical differences are found for two classes of water cluster anions, isomers | and Il, previously assigned
as clusters with internally solvated and surface-bound electrons, respectively. Isomer | clusters with n =
25 decay exclusively by internal conversion, with relaxation times that extrapolate linearly with 1/n toward
an internal conversion lifetime of 50 fs in bulk water. Smaller isomer | clusters (13 < n < 25) decay through
a combination of excited-state autodetachment and internal conversion. The relaxation of isomer Il clusters
shows no significant size dependence over the range of n = 60—100, with autodetachment an important
decay channel following excitation of these clusters. Photoelectron angular distributions (PADs) were
measured for isomer | and isomer |l clusters. The large differences in dynamical trends, relaxation
mechanisms, and PADs between large isomer | and isomer Il clusters are consistent with their assignment
to very different electron binding motifs.

1. Introduction various theoretical approaches provides new insights into
i 10 o :
The hydrated electrore{;”) has captured the attention of conqelnsed phas_e dynami_és. SllmL_JIatlons ha\]:ehglso be_en
physical scientists throughout the last half-centt#yThis crucial to assigning experimental signatures of this species at
equilibrium and in transient staté%?'For instance, simulations

species has been recognized as an important participant in . h
radiation chemistry and as an important reagent in charge- have helped establish that the equilibrated hydrated electron has

induced reactivity, molecular-biological processes, and condensed-21 S'like wave function and is supported within a cavity-e6
phase chemistry. The significance @f~ has sparked much ~ Water molecules. They have also demonstrated that the absorp-
experimental activity aimed at characterizing its energetics and tion spectrum of the hydrated electron arises from a nominal
dynamics in solution through various spectroscopic metfods, ~ P~—Stransition within the solvent cavity. While the assignment
Additionally, this species stands as a most fundamental quantum-©f the spectrum is largely (but not univerafy accepted,

mechanical solute, such that modeling its properties through interpretation of hydrated-electron dynamics remains contro-
versial?/1216 Studies of water cluster anions, fB)),, offer a

parallel approach to understanding essential features of electron
hydration by probing in detail the size-dependent photophysical
properties of these clustef%:3! In this contribution, we present
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a comprehensive picture of size-, isotopomer-, and isomer- the isomer of small water cluster anions € 4—6) with the
dependent electronic relaxation dynamics in,@h,/(D,0), most highly bound electron. Specifically, these authors dem-
that yields considerable insight into the nature of these finite- onstrated that the excess electron is bound by a “double-
sized species and their relationeg, . acceptor” water molecule, with both H atoms oriented toward
The photoelectron (PE;30-32electronic absorptioff2”and the electron, and the collective dipole of the water network.
vibrational absorptiof#2? spectra of water cluster anions have  In our group, three general classes of large-(11) water
been investigated in order to assess whether and at what siz&luster anion isomers were recently identified according to their
these clusters possess the characteristies,of Interpretation size-dependent VBEs; these isomer classes were observed
of these experiments has been facilitated by many theoreticalthrough manipulation of cluster-ion source conditiéhdhe
studies of these anions using quantum path integral, molecularVBEs for the class of isomers with the most tightly bound
dynamics (MD), and electronic structure methé#%2 In the electrons, isomer |, agreed with the values found by Boffen.
first investigation of these species with PE spectroscopy, Bowen Two additional broad classes of cluster isomers with consider-
and co-worker® demonstrated that the size-dependent vertical ably lower VBEs, isomer Il and the less prevalent isomer lIl,
binding energies (VBES) of clustens= 6, 7, 11-69 extrapolate had not been observed in this size regime prior to our work.
to a sensible, but unmeasured, bulk photoelectric thresholdBased on expectations from thedtyhat internally solvated
(PET) value according to an electrostatic model ([VBEf electrons should be bound more strongly than those on the
PET] O n~%3 0 1/R). The size dependence of measured VBEs surface, a trend that has been supported in more recent papers
were recovered from this model using only the dielectric as well#4* isomer | was assigned to water clusters with
constants of bulk water. While the PET of the bulk-hydrated internally solvated electrons (in agreement with Bowen), while
electron has not been measured directly, the size-dependentsomers Il and Il were assigned as surface-bound species. These
VBEs of the analogous (NBf, (n = 41—1100) clusters, which assignments were supported by trends in the excited-state
are anticipated to host the excess electron internally, extrapolatdifetimes®4>which are strongly dependent on size for isomer
sensibly to the measured PET of the bulk-ammoniated eletiron. | clusters but virtually size-independent for isomer Il clusters.
This set of observations led Bowen to assign the observed water The “cluster approach” has also motivated a series of
cluster anions to structures with internally solvated electrons. €xperiment¥4>4eaimed at probing the time-resolved electronic
Ayotte and Johnsdf found that electron absorption maxima relaxation dynamics of (§D),, with the goal of elucidating
of (H,0), (n = 6-50) likewise extrapolate to the absorption the relaxation mechanism of the bulk-hydrated electron. In a
maximum of the bulk-hydrated electron. However, the measured femtosecond resonant two-photon detachment (fs-R2PD) study,
VBESs and absorption maxima also matched those of surface-Weber et ak’ estimated an upper limit of 150 fs for the excited
bound electrons, as calculated by Barnett et*dligling much state in clusters ranging in size from 20 to 100 water molecules.
debate about the true nature of the excess electron in clusterdn our group, the time scales fgr—s decay in (HO),/
of this size regime, as no other isomers were observed at thesdD,0),, (n = 25—50) were measured using two-color time-
larger f > 11) sizes, and thus raising questions regarding their resolved photoelectron imaging (TRPE¥)Our observation of
similarity to exq . rapid relaxation lifetimes, a significant dynamical isotope effect
Two recently reported spectroscopic studies of@} offer (tp,0/TH,0 ~2), an absence of observable excited-state solvation
fresh perspective regarding the nature of the excess electronglynamics, and the extrapolation of cluster lifetimes to ultrafast
in these clusters. Through comparison of measured vibrationaldecay time scales (50 and 70 fs for (3}, and (DO),,
spectra to those anticipated for various calculated cluster respectively) in bulk water are consistent with the “nonadiabatic”

geometries, Hammer et #.have assigned a binding motif to
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relaxation mechanism of the hydrated electt®ff. According

to this proposed condensed-phase relaxation mechapisi,
internal conversion (IC) occurs on a 50-fs (70-fs) time scale in
bulk H,O (D;O) and is followed by a two-step ground-state
relaxation process exhibiting a considerably weaker isotopic
effect. Alternative models, “adiabatic” relaxation mechanisms,
were developed from mixed quantum-classical MD simulations
of hydrated-electron dynamié&these models involve a much
slower internal conversion rate, preceded by excited-state
relaxation dynamics.

In a complementary study, Paik et*alused time-resolved
photoelectron spectroscopy to probe the ground-state relaxation
dynamics in (HO), (n = 15—35) after internal conversion.
Their results closely match the longer time scales measured in
transient absorption experiments conducted with the bulk-
hydrated system. These findings are likewise consistent with
the nonadiabatic relaxation model and suggest that the essential
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hv, resulting photoelectrons are collected and analyzed with a collinear
velocity-map imaging system comprising electron optics (c) and a
\ detector/camera (d), yielding the electron kinetic energH and
photoelectron angular distributions (PADs).
Our apparatus is based on general pulsed-ion techniques developed
by Lineberger and co-workeP$ Water-cluster anions were generated
DT S El - in region (a) by passing 3670 psig of Ar over HO/D;O prior to
| s supersonic expansion into a vacuum through a High-Temperature
Even-Lavie pulsed valvé® at a 100-Hz repetition rate. The neutral
T™P T™P beam produced subsequently intersects a pulsed electron beam, which
. ) . . . . generates cations and anions through collisional detachment and
Figure 1. Time-resolved photoelectron imaging apparatus: (a) ion source . _
region; (b) time-of-flight (TOF) mass spectrometer; (c) laser interaction secondary electron attachment, reSpeCt'%NﬂZO)n,l cl.usters were
region and ion-beam collinear velocity-map imaging (VMI) lens; (d) 9enerated at source backing pressures of48D psi, whereas

photoelectron imaging system. DP diffusion pump, TMP= turbomo- (H,0), clusters were formed at higher backing pressur&Q psi),
lecular pump. Arrows (labeletlvy and hv) indicate femtosecond pump  as described previousk Anions in the beam are injected into a Witey
and probe laser pulses. McLaren time-of-flight mass spectrométdregion (b)] with an average

d ical feat o~ b t at relativel I kinetic energy of~1800 eV. The isotopic purity of these clusters was
ynamical features og,q may be present at relatively sma readily assessed based on the relative quantities of @l OH

Cluster sizesr{~ 25). However, a firm understanding of NOW  served in the ion beam. Water clusters were generated from distilled
the bulk and cluster environments are related, and at what sizey,0, whereas perdeutero water clusters were produced wit D
they are analogous, is still lacking. (99.9% purity) obtained from Cambridge Isotope.

In this paper, we present photoelectron images and time-  Photoelectrons were collected using collinear anion velocity-map
resolved dynamics over an expanded range of cluster sizes inimaging (VMI). Our implementation of this technique has been
order to gain further insight into water cluster anions and their documented extensively elsewhrand is similar to that used by
connection withesq . Specifically, we describe the electronic  Sano¥® and Bordas? with the difference that photoelectrons are
relaxation dynamics of (), /(D,0),, (n = 13—100) and extracte_d collinearly, rather than perper_ldlcularly_, w!th rt_espect to the
(H,0),/(D,0), (n = 60—160), Whére " and “II” denote parent |0n_beam. The ion pac_ket of_lnterest is first |sglated and
the isOmers brbadly assigned to clusters with “internalizing’/ introduced into the laser interaction region by briefly lowering an HV

. I I d q | lized ¢ | d el potential gate, which behaves as a mass gate in the time-of-flight mass
internally solvated and localized surface-solvated electrons, spectrometer. This potential is also applied to an ion re-referencing

respecti\iely. We find that the relaxation dynamics of electrons ype |ocated beyond the mass gate, as well as to the VMI repeller

in (H,0),, are dominated by internal conversion for clusters electrode. The VMI electron optical stack, based on the original design

with n > 25, for which the lifetime scales asnl/An abrupt of Eppink and Parke® is composed of three electrodes, repeller,

change in this trend is seen for smaller isomer | clusters and is extractor, and ground, that provide the cylindrically symmetric non-

attributed to a competing excited-state autodetachment decayhomogeneous electric field required to produce a charged-particle

channel. The dynamics of (), are highlighted by similar immersion lens. Three-dimensional photoelectron distributions gener-
. N

competing excited-state dynamics and a similar isotopic effect ated in the laser interaction region, between the repeller and extractor
_ . . . electrodes, are accelerated and mapped onto a microchannel plate
(~2) as small (HO),,, but with relaxation occurring over

| . | d with ) d d (MCP) detector coupled to a CCD camera. Optimal image focusing is
onger time scales and with no apparent size depen €NCeptained using a 70% extractor/repeller potential ratio, with typical

Excited-state autodetachment appears to be significantly moreapqoiyte extractor/repeller voltages ranging from 1400 V/2000 V to
important as a decay mechanism in the isomer Il clusters, 2800 v/4000 V; absolute voltages were chosen in accord with a desired
consistent with their assignment as clusters with surface-bounddegree of image magnification. Importantly, cluster binding energies
electrons. We present photoelectron angular distributions (PADs)and relaxation lifetimes measured were not affected by the imaging
measured from the ground and excited states of these isomersfield strength €~100 V/mm).
trends in PAD anisotropies with size and isomer offer insight A pulsed “gain gate” applied to the MCP stack limits signal
these clusters. We close with a discussion of the implications and eliminating ion signal collection. Phosphor emission is imaged with
of these results with regard to the nature of the excess electron Da/sa-1M30 CCD camera (Uniforce) at a 50-Hz repetition rate, such
c}hat each frame captures electrons generated from two consecutive laser
shots. The camera collects images in & 22 pixel binning mode
(effectively, 512x 512 pixels) in order to increase camera frequency
2. Experimental Section and overall collection speed.
) o . ) Pump and probe frequencies used in this experiment were generated
A d@grgm of our apparatus is given in F|gulre 1. Thg techniques fom the 790 nm (1.57 eV), 1 mJ (500 Hz), 80 fs fwhm chirped-pulse
used in this study are well-documented in previous publicati¥8. 5y iified output of a Ti:Sapphire femtosecond oscillator (Clark-MXR
Briefly, water-cluster anions are generated with a pulsed source in \ja5 CPA-1000) through various frequency conversion schemes.
region (a);! mass-separated by time-of-flight in region (b), and Near infrared (NIR) excitation wavelengths (790, 1250, and 1650 nm),
photoexcited and photodetached by femtosecond laser pulses. Th%rovided by the 790 nm laser fundamental or a fundamental-pumped

optical parametric amplifier (OPA) (TOPAS, Light Conversion), were

bulk experiments.
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Figure 2. (a) Size- and isomer-dependent level energetics of water cluster anions: (filled diamonds and circles) isomer | and Il vertical binding energies
(VBEs, ref 30), respectively; (empty circles) small cluster VBEs (ref 32). (Dotted and dashed lines) excited states of isomer | @) (I{ldnd I1*,
respectively) determined from refs 26 and 57, respectively. Arrows indicate excitation energies (0.75 eV, gray, and 1.0 eV, black) used ilvaine-reso
studies reported here. (b) Electronic level energetics gOJH are characterized by a bousdike ground state and three nearly-degenerate bquliice

excited states below the VBE. Pumprobe photodetachment images/spectra have contributions from (A) above-VBE detachment at the probe laser energy;
(B) above-ABE (adiabatic binding energy) photodetachment at the pump laser energy; (C) resonant two-photon detachment (R2PD) at the punp energy; (D
resonant, time-dependent, two-color, two-photon paipmbe detachment signal.

selected according to the knotfrand calculated absorption maxima acquired by fitting the 3D slice with an even series of associated
of each investigated size regime and isomer and to minimize direct Legendre polynomials Ri(cos 6)) appropriately truncated for an
pump-induced photodetachment. Dynamics were probed through pho-m-photon photodetachment process.« = 2m).>° We applied the
todetachment with the 790-nm fundamental or 395-nm light produced pBASEX method, recently developed by Garcia ef%ig reconstruct

by second harmonic generation of the fundamental. The excitation andPADs with high fidelity to determing(¢)’s; details are discussed in
photodetachment energies were routinely measured with an Oceanthe Analysis.

Optics spectrometer, following frequency conversion (SHG or SFG)

to a visible wavelength in the case of NIR wavelengths. The temporal 3+ Results

cross-correlation of the pump and probe pulses was typicall§0- Size-dependent VBEs of isomer | and Il clusters are sum-
150 fs and was measured through frequency mixing in various nonlinear y,4rized in Figure 2a fan = 11—200; open circles, representing

optical crystals. Photodetachment spectra collected with various VMI the high-VBE isomer observed at sizes: 11, were taken from
fields were calibrated to the photodetachment spectrunt afdlected . ’
the measurements of Kim et &l.Isomer Il clusters were

at 395 nm. The IR pump pulse was delayed with respect to the fixed b dth h hi . b | . -
UV optical path length through use of a computer-controlled translation observed throughout this range with@ but only at sizes

stage. A 50-cm lens focused the collinearly-recombined beams within 27 With HO. A third, more weakly bound class of anions

the interaction region of the VMI lens. (isomer 1Il) was discovered and reported previou8hthis
Data were typically acquired for 10 08@0 000 laser shots (160 isomer is not shown in Figure 2a and is not considered further

200 s) at each pumgprobe delay, generally resulting in the collection in this paper.

of ~10°—10° photoelectrons at each delay. Photoelectron spectra were  The trends in Figure 2a reflect the ground-state energetics of

normalized according to the integrated probe-only signal (395 or 790 the cluster isomers with size and indicate the divergence of

nm direct photodetachment), collected between pupipbe images,  jsomer-dependent VBEs at= 11. The VBES of isomer | follow

to compensate for fluctuations in ion intensity with collection time. then-1/3 dependence noted by Coe e?%(dashed line). VBEs

All images have been four-way symmetrized in order to account for —
g y Sy of the more weakly bound (}®),, clusters extrapolate well at

nonhomogeneous detector and CCD sensitivity. Three-dimensional <20 h f Il cl 8 E 11) i . d by Ki
velocity distributions collected in time-resolved experiments were n tOt, (?Se 0 §ma CUSte”?( )|nvgstlgate y Kim
reconstructed using the Basis Set Expansion (BASEX) forward et al.32 exhibit considerable nonlinear evolution between 20 and

convolution method developed by Dribinski ef&Photoelectron kinetic 50 water molecules, and reflect a new regime of linearity at
energy distributions were obtained through veloeignergy transfor- sizesn > 50. The cluster sizes accessible to time-resolved
mation and radial integration of th¢ = 0 slice of reconstructed,  experiments were limited by the ability to isolate the isomer of
cylindrically symmetric 3D detachment distributions. The kinetic energy interest through manipulation of the cluster-ion source condi-
resolution, AE/E, is ~5% following atomic anion photodetachment. tions. Consequenﬂy, while an extended size range of isomer |
Photoelectron angular distribution anisotropy parameig&,), are was available for investigation, only larger£ 60—100) isomer

Il clusters could be studied in time-resolved experiments, as
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Figure 3. (a—c) Photoelectron images (inverted) and spectra of isome,®)R3 [(D,0);5]: (a) 790 nm only (* marks an additional isomer of D),
observed previously at these size ranges); (b) 1650 nm only; (c) 165& m®0 nm pump-probe att = 0. (d) 1250 nm+ 395 nm pump-probe of
(D,0),5, att = 0. All photodetachment features are assigned to the processes presented in Figure 2b.

both isomers are generated in high yield at small cluster sizesof large isomer Il clusters were additionally probed at 395 nm,
even at large source backing pressures. sufficient to photodetach both isomer | and Il clusters, in order
Despite an anticipated difference in the local solvation to investigate the possibility of binding-mode isomerization
environment of electrons supported by these two isomers, following electronic excitation. The arrows in Figure 2a relate
calculations characterize both internally localized and surface- photoexcitation energies to the cluster size regimes of each
localized electrons with the same general electronic level isomer investigated here. Photoexcitation schemes relevant to
structure?’ outlined in Figure 2b. This electronic level scheme these investigations are also shown in Figure 2b; detachment
is similar to that ofeyq 4 and that recently calculated for an  channels (lettered) and excitation/relaxation processes are
electron localized at a bulk wateair interface! Both species explained below in context to our observations.
possess bound, localizedike and degenerate-like electronic Representative one- and two-photon BASEX-transformed
states, with the exception that the detachment continuup®)H photodetachment images and PE spectra ofOjR, are
+ e7] replaces the conduction band of water in,Q,. The presented in Figure 3. In all images, larger radii corres-
size-dependent excited-stafg) energetics of each isomer are o to higher electron velocities and, consequently, higher
plotted in Figure 2a as thg—s absorption maximum referenced  yhoioelectron kinetic energies. Figure 3a presents the image
to the cluster VBE, where the former has been determined by and spectrum obtained with 790 nm. The intense ring is seen
experimer#® (I*, dotted) or has been taken from calculatiohs the image peaks at @KE of 0.67 eV and results from one-
(II*, dashed), with the latter association based on our previous photon detachment of theelectron (process A in Figure 2b).
assignment of isomer Il to a general species with surface-boundrp,q \weak feature at larger radii (marked with * and peaking at

electrons. o . 1.43 eV) corresponds to the previously obsefdésomer Il
Photoexcitation wavelengths used here were selected in orderOf (D,0);. Figure 3b shows the image and spectrum of the

_to maximize absorption as well as to mini_mize_the direct pump- same cluster at 1650 nm. The spectrum is dominated by a low-
mduc_;e_d photodetachment near the ad"’f‘bat'c threshold. TheeKE feature resulting from a combination of direct photode-
specific probe wavelength applied in our time-resolved experi- tachment from thes state and excited-state 6tate) autode-

ments at a given cluster size was determined by the cluster VBE’tachment [Figure 2b, process B], as the pump photon energy

since population transfer between excited and ground states ISexceeds the adiabatic detachment threshold of this cluster. The
best observed when the probe energy exceeds the VBE of th

Z . . ) ehigher energy feature peaking eKE = 0.61 eV occurs by
?r:gulr;ég tr?rt: (:Igsé(\e/r. ll_Szré]eJ;/ggg?éle\;vgir;ngl)( gﬁ?pdutvgyt‘hgltohgrp\ resonant two-photon detachment (R2PD, process C) through the
' ’ H ited state of the cluster; th f this feature highlight
(25 < n < 50) or the 790 nm (1.57, 120 uJ/pulse) laser excited state of the cluster; the presence of this feature highlights

hat 1 i i I h for initiati
fundamental (45< n < 100) and were probed subsequently that 1650 nm is an appropriate pump wavelength for initiating

through photodetachment at 395 nm (3.14 e\/-80uJ,~100 ex0|.ted-state Idynamlcs at this cluster size.
fs). Small (HO)y, (13 < n < 28) and the large (40);, (60 < Figure 3c displays features from temporally overlapped pump

n < 100) were excited with the 1650 nm (0.75 eV -3 uJ/ (1650 nm) and probe (790 nm) pulses. The large peak-‘A

pulse) idler output of the OPA and were subsequently probed C” at 0.6 eV arises from a combination of direct detachment at

through detachment at 790 nm150.J/pulse). The dynamics 20 hm and R2PD at 1650 nm, overlapping becayse: 2.
The high-energy feature is from pumprobe excitation via the

excited state (process D, Figure 2b) and is time-dependent, with

(61) Rodriguez, J.; Laria, Ol. Phys. Chem. B005 109, 6473.
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Figure 4. Photoelectron images (inverted) and spectra of isomer JOJR [(D,O)g,): (2) 790 nm only; t indicates threshold photodetachment of

(D,O)go - The inset shows PE spectra of isomers | and Il at 395 nm. (b) 1650 nm only; images have been collected at different laser fluences, indicating that
feature C is from R2PD. (c) 1650 nrh 790 nm pump-probe att = 0 fs (image and black spectrum); the spectrum in gray was collected outside of the
temporal pulse overlag & —400 fs). All photodetachment features are assigned to the processes in Figure 2b.

its time-evolving intensity reflecting-state decay dynamics.  presented in Figure 5; results are presented fgO(R, (a),
Figure 3d displays a similar two-color image and spectrum of (D,0O),s, (b), and (BO)g, (c), while Figure 6 plots the
the (D,O),s5, cluster pumped and probed with photons of integrated intensities of each labeled feature in Figure 5 for the
higher energy, wittEe, = 1.0 eV (1250 nm) ané, = 3.14 eV three clusters. Only for (fD),s, is feature C separable from
(395 nm). Here all detachment peaks seen in Figurec3are feature A, as shown in Figure 5c. However, the absolute increase
observed clearly, as the 1.0 eV R2PD and 3.14 eV direct in C is considerably smaller than the recovery amplitude in A,
detachment signals do not overlap energetically, in contrast toindicating that the dynamic most responsible for evolution of
the scenario presented in Figure 3c. While the intensity of feature feature “A+ C” in Figures 5(a,b) is the recovery in the direct
D exhibits the strongest dependence on ptipbe delay, (probe) photodetachment signal.
other features in the two-color spectra are also time-dependent In all cases, the dynamics are characterized by a cross-
as discussed below. correlation-limited ¢130-150 fs) rise in the intensity of
Figure 4 presents images and spectra for a typical large isomeffeatures D, C, and B, with a simultaneous pump-induced
Il cluster, (D,O)g, . Figure 4a and b show results for one- depletion in feature A. Subsequently, feature D decays and A
color photodetachment at 790 and 1650 nm, respectively, while partially recovers on a time scale outside of the temporal cross-
Figure 4c gives two-color results. Figure 4a is dominated by correlation, while feature B remains constant (Figure 5b) or
direct detachment of isomer Il (peak A), with a small contribu- increases slightly (Figure 5a,c) with time. This overall rise or
tion at very loweKE from residual quantities of isomer I; the  decay of each feature “X%= A, B, D is indicated byA“X” in
inset of Figure 4a plots spectra from both (@, and Figure 6.
(D,0)go, collected following 395 nm photodetachment and
illustrates the disparate VBEs of these two isomers, as plotted
in Figure 2a. Figure 4b shows a signal from direct detachment  4.1. Time-Resolved Relaxation DynamicsEach temporal
(B) and R2PD (C) via the excited state of the surface-bound trace of the type shown in Figure 6 has been fitted to a single-
electron; the relative intensity of feature C increases dramatically €xponential decay/recovery function convoluted with the tem-
at higher laser power, as expected for a two-photon process.poral cross-correlation of the pump and probe laser pulses. All
Finally, Figure 4c shows a time-dependent purppobe feature fitting functions (prior to convolution) have the general form
D (Apu =1650 nm Ay =790 nm) collected ant = 0; the gray

4. Analysis

PE spectrum shows that this feature is not present when the I(t) =Aqt<0
probe precedes the pump pulse. Evolution of this feature reflects
the excited-state dynamics of this cluster. () =A, +Aexp(-tr),t = 0 (1)

Spectral “waterfall” plots highlighting the time dependence
of various features in the two-color PE images and spectra arein which Ag; are constant signal offsets that account for
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Figure 5. Spectral waterfall plots of representative,(@), relaxation dynamics for both isomers: (a),(@);5;; (b) (D,0),5: (€) (D,0)gp- FoOr (a) and (c),
Apump = 1650 nm,Aprobe = 790 nm. For (b) Apump = 1250 nm,Aprone = 395 nm. Pump-probe delays are indicated, with spectral contributions labeled
according to processes presented in Figure 2b.

overlapping detachment contributions in each spectral window This is illustrated in Figure 7b, in which normalized time-
(cf. Figure 3 and Figure 5a, where direct detachment from dependent, two-color (i.e., feature D) decay traces for all isomer

isomer lll overlaps the [£1'] signal), A is the amplitude of II clusters studiedr{ = 60, 70, 80, 90, 100) have been over-
the time-evolving two-color signal, and is the relaxation laid.
lifetime. This function is flexible for fitting the temporal Measured decay lifetimes for all sizes, both isotopomers, and

characteristics of all features observed; curves obtained frompoth isomers are plotted againsh it Figure 8. This plot builds
these fits are superimposed on the integrated intensities in Figurefrom our preliminary report324sincluding isomer | electronic-
6. decay lifetimes for an extended size range. As noted previ-
Fits to features D and A, with positive and negatikg ously5 decay lifetimes of larger isomer | clustens & 25)
respectively, to account for signal increase and depletion, yield extrapolate linearly with Vto an ultrafast (50 fs)-to-sinternal
decay/recovery lifetimes of 463+ 60, 398+ 50, and 445 conversion of the bulk-hydrated electron; the origin of this
41 fs for (D,O);5,, (D,0),5,, and (DO)g,, respectively, for  dependence is not completely understood, as discussed further
the pump-probe schemes highlighted in Figures@ Feature  in section 5. Linear regression of excited-state lifetimes in this
B, the lowesteKEfeature, could be modeled by a step function size regime against f/(dotted lines) yields a bulk-hydrated
for (D,0),5, and all larger isomer | clusters. In contrast, the fit electron relaxation lifetime of 54 30 (724 22) fs in KO
is improved for small (O),, and large (QO),, by including (D20), in excellent agreement with the 50-fs (70-fs) internal
a residual single-exponential component that increases with theconversion lifetime reported by Pshenichnikov et’qplotted
same time constantused to fit features “At+ C” and D. The at 1h = 0). Lifetimes obtained for larger (), clusters =
origin of this residual exponential is considered below. 50, 70, 100) through 790 nAt 395 nm pump-probe imaging
Figure 7 highlights the size and isotopomer dependence of match this trend, supporting the noted extrapolation. Importantly,
the cluster electronic relaxation dynamics. The relaxation of decay lifetimes measured using 1250 and 790 nm pump pulses
isomer | [Figure 7a] exhibits both a marked size and isotopomer at large sizesn(= 45, 50) match within error, as do lifetimes
dependence across the investigated size range (13 100). measured using both the 1650 and 1250 nm pump wavelength
The relaxation lifetime decreases from 44360 fs to 276+ at smaller cluster sizes\(= 25, 28, 30). The gradient in the
23 fs from (D,O);5, to (D,0)35, and from 276+ 23 fs to 154 size dependence of the isomer | electronic relaxation lifetimes
+ 15 fs from (D,0)3s, to (H,0)z5,- On the other hand, while  changes abruptly in a range of 225 water molecules; this
the electronic relaxation of isomer Il exhibits a clear isotopomer size-critical behavior is indicated by the vertical dashed line in
dependencerf/tp ~2), it shows no obvious size dependence. Figure 8, with more weakly size-dependent decay lifetimes
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Figure 6. Time-resolved detachment dynamics of water cluster anions: @)B; (b) (D,0),s; () (D,O)g - Dynamics have been assessed according
to the time-evolving integrated intensity of various spectral components, labeled according to the processes outlined in Figure 2b. Fitgtatéue inte
intensities (black lines) are described in section AIX” refers to the time-dependent signal amplitude of a feature “X” at positive delay times. Note
expanded vertical axis (left) for feature D in (b).

measured at smaller sizes. The relaxation lifetimes of large that the radius(energy)-dependent anisotropy parameters are

isomer Il clusters range from 450 to 520 fs for,(),, and directly extracted from the expansion coefficients. The center-
from 200 and 250 fs for (kD),,, but these variations lie  line noise found in images reconstructed using ordinary BASEX
within the error bars of the measurement. is eliminated in pBASEX, resulting in a more precise determi-

4.2. Photoelectron Angular Distributions. Photoelectron nation of positive anisotropy moments (for which intensity is
angular distributions (PADs) are intimately related to the shape maximal along the center line of the image).

of the electronic orbital from which a photoelectron origin&fes. Figure 9a-c show the results of this analysis. All extracted
The PAD at kinetic energy, 1(6,€), generated through an  anisotropy parameters were positive. Anisotropy parameters for
n-photon process with parallel, linearly polarized laser pulses the direct 395 nm and resonant 790 nm photodetachment of
is given by isomer | clusters are plotted in Figure 9a; the estimated error
shown applies to all values. Results at 790 nm are reported only

o n for clusters withn = 28; there is essentially no two-photon signal
1(0,€) O 4_7r[l + ) Ba(€)Py(coso)] 2 for smaller clusters since one-photon detachment dominates.
= Anisotropy parameters for direct 395, direct 790, and resonant

. . . 1650 nm detachment of large isomer Il clusters are plotted in
in which o is the total photodetachment cross-secti®gr(cos Figure 9b. The, parameter measured here at 395 nm for

0) is themth-order Legendre Polynomial, apd(e) is themth- (H,0);5, (0.77 £ 0.12) is close to the value measured by

order, energy-dependent anisotropy moment of the photoelectron 62 ;
distribution. Hence 3, specifies the PAD for a one-photon Johnson at 532 nm (0.92 0.1).* The PAD moments in these

process, whilgs, and 4 are required for a two-photon PAD. tW(t) pLots dto n%t char;ge gtr;]preplably with the clus:er s:cze or
These parameters have been determined for direct one- anaaIe achment scheme for either isomer. Fheparameters for

resonant two-photon detachment distributions measured from'SOMer I_clusters in Figure 9a indicate considerably more
- - . . . . anisotropic PADs for one photon detachment at 395 nm than
(H,0),/(D,0), at various sizes, both isomers, and various

excitation wavelengths using the pBASEX forward-convolution for two-photon detachment at 790 nm. This trend is not seen
image reconstruction method recently developed by Garcia et(Gz) Campagnola, P. J.; Posey, L. A.: Johnson, MJ/Chem. Phys199Q 92
al% This method uses a set of radial 3D basis functions, such 3243 o T ' '
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Figure 7. Comparison of size- and isomer-dependent electronic decay traces.,@) (&nd (HO),; normalized, time-dependent integrated intensities
(symbols) and fits (lines) for various sizes have been plotted. (8pXTy and (HO),,;; normalized, time-dependent integrated intensities for all cluster sizes
investigated have been overlaid.

. As has been suggested for the bulk-hydrated sy$tSexcited-
] t}' state solvation dynamics might occur following cluster excita-
600 - : tion, such that the solvent adjusts to accommodate and stabilize
' the excited-state charge distribution. The excited stgté; “
o {] (H,0),,, may decay electronically through internal conversion
il % o (IC) or via excited-state autodetachment (ESAD), since the
'% excited state lies above the cluster adiabatic binding energy.
Clusters that have relaxed via 1G"“(H,0),, T are anticipated
é to be highly vibrationally excited (t) and may undergo

fragmentation, ground-state autodetachment (GSAD), or isomer-

% ization. In the sections below, we demonstrate how time-
Qéé resolved PE spectra may be used to decipher the complex

relaxation that follows electronic excitation, and how these
pathways vary with cluster size and isomer.

0 i : . i . 5.1. Competition between Internal Conversion and Au-
0.00 0.02 0.04 0.06 0.08 todetachment. The time-dependent features in Figures 5 and
in 6, assigned in reference to Figure 2b, allow one to track state
populations and relaxation pathways in considerable detail. Near
o (D,0),,, o (H,0),, u(D,0),, e(H,0), , t = 0, the abrupt drop in feature A and concomitant abrupt
Figure 8. Size-, isotopomer-, and isomer-dependent excited-state electronic increase in features B and D occur as the pump pulse transfers
lifetime trends of water cluster anions. Lifetimes are plotted agaimst 1/ electronic population to the excited state of the cluster. The
Bulk lifetimes (1h = 0) were taken from ref 12. Dotted lines, added to  o,h,5aquent recovery of A and drop in D, both of which occur
guide the eye, demonstrate the linear éxtrapolation of cluster IC lifetimes .
to the bulk forn > 25. Trends are discussed in section 5. over the same time constantn eq 1, reflect the presence of a
direct electronic relaxation pathway back to the ground state
for isomer |1, wheres, for two-photon detachment at 1650 nm  via p—s internal conversion.
is about the same as for one-photon detachment at 790 nm and While 7 represents the excited-state lifetime, it only represents
larger than that at 395 nm. the IC lifetime if no parallel processes, particularly ESAD,
Figure 9c plots the anisotropy parameters derived from contribute significantly to the total relaxation mechanism. The
resonant 1650 and 1250 nm detachment distributions of smallpartial recovery of feature A, probe-induced detachment from
isomer | clusters. While the parameter values obtained from the ground state, might at first appear to indicate that not all
1250 nm R2PD distributions are relatively constant, as at 790 the excited-state population relaxes to the ground state. However,
nm, the magnitude of thg, and 34 values determined from this partial recovery also reflects depletion of the ground-state
1650 nm R2PD PADs switch at= 20; this difference is seen  population by pump-induced detachment processes, such that
clearly in the PADs collected from clusters at each end of this feature A will always be more intense when the probe pulse
size range [Figure 9d]. comes before the pump pulse (i.ex 0).

Feature B provides a clearer indication of whether parallel
excited-state relaxation processes are operative. It arises from
Numerous electronic and nuclear relaxation processes canpump-induced direct detachmearidfrom any autodetachment
occur following the excitation of an excess electron in a water
cluster, many of which are outlined schematically in Figure 10. (63) Thaller, A.; Laenen, R.; Laubereau, 8hem. Phys. Let2004 398 459.

400 +

200 - ﬁﬁl 3

Excited-state lifetime (fs)

5. Discussion
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Figure 9. Size-dependent anisotropy paramejgrand 3 characterizing photoelectron angular distributions (PADs) collected with direct and two-photon
resonant detachment schemes for both isomers and at various cluster sizes. Isomers and excitation schemes: (a) (isomer I) 395 nm direct and 790 nm
resonant; (b) (isomer 1) 395 and 790 nm direct, 1650 nm resonant; (c) (isomer I) 1650 and 1250 nm resonant. (d) Images collected at each end of the small
isomer | regime [see part c] through resonant detachment at 1650 nm. Anisotropy values are determined as described in section 4.2.

's™-(H,0), occurs with the same time constards the excited-state lifetime.
At delay times 0< t < 7, ESAD is shut off by probe-induced

h
l’ Y depletion of the excited-state population, while, for 7, the

P-(H,0), excited-state population is fully decayed. The magnitt&is
Solvation thus a relative measure of excited-state decay by autodetachment
o ESAD versus internal conversion. For isomer | clusters with 25,
— i we find AB = 0, indicating ESAD to be negligible, such that
‘s- (HZO);T (H,0),+e = 71¢, as claimed previouslff However,AB = 0 for smaller
Vib. relax isomer | clusters and for all isomer Il clusters, indicating that
ESAD and IC are competitive processes in the relaxation
Fragment‘atiy Isomerization mechanism of these clusters.
(H,0);_,, + mH,0 Gsap ©€-g. isomer Il — isomer | Quantitatively, if we defineAB(t) as the ESAD signal at
pump—probe delay relative to that at = 0, then
(H,0),+ ¢
Figure 10. Pictorial representation of possible relaxation dynamics in water kAD _
cluster anions following electronic excitatiom™and “s’ refer to the excited AB(t) O 'E§O)'0pr'¢'(1 —e t/I) 3)

and ground electronic states, respectively. Possible electronic decay kAD + I(IC

pathways include internal conversion (IC) and excited-state autodetachment

incluce ibrational relaxation. ragmentaton, fsomerizagon, and ground. Wherekso andkic are the ESAD and IC rate constarsi is

state autodetachment (GSAD). the initial excited-state population created by the pump pulse,
opr is the photodetachment cross-section of the excited state at

(ESAD or GSAD) that might occur from those ions that have the probe laser wavelength, apds the probe laser flux. As

absorbed only a single pump photon. In particular, ESAD is t—co, AB(t) — AB = {kap/(kap + kic)} -ES?-0¢, while AD

reflected by the increase in this featureB in Figure 6, that is given byES?-gp,+¢. Hence,
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Kap shift in its shape or average kinetic energy, indicating that
AB/IAD = PR (4) significant excited-state solvation dynamics do not occur prior
o "D ) ¢ . . to internal conversion or that excited-state solvent rearrangement
In (D;0)y5, [Figure 6a], for instance, the ratiaB/AD is does not alter the photodetachment FranGlondon profile. In
roughly 1/3.5. Consequently, while the overall lifetims 463 contrast, as reported by Paik et‘&lthe ground-state feature
fs, the IC and ESAD lifetimes are-650 and ~1600 fs, (A) recovers with a time-decaying tail at highKE, indicating
respectively. Equation 4 is a measure of the autodetachmenty rejaxation of excess vibrational excitation in the ground state
quantum yieldgap. Forn =15, ¢ap ~ 0.3 butdrops to 0 for g 5 ~400-fs time scale following the internal conversion
n = 25. These measurements provide new information on the process. The absence of observable excited-state solvation is
asymptotic decay channels of electronically excited water congjstent with the findings of mixed quantum-classical MD
clusters that complement previous measurements of the photof-simy|ations of the excited electron in bulk water presented by
ragmentation quantum yieldr, by Johnson and co-worke#$® gcpwartz and Rossky. In these simulations, the occupied
The autodetachment channel has the effect of lowering the p-state exhibits no shift in its energy with time, though the
overall electronic relaxation lifetime relative to the IC lifetime, unoccupieds and the other unoccupiesistates destabilize with
as the parallel decay rates are additive. We believe the presencgg time-dependent solvent response followings excitation.
of excited-state autodetachment accounts for the diﬁerenceConsequently, while transient absorption experiments of the

between the two dynamical regimes observed for isomer I, gyited electron in the bulk may be sensitive to the appearance

specifically the devia}tioq of the lifetimes below= 25 from of new p—p resonances, the photodetachment experiment is
the 1h dependence in Figure 8. - only sensitive to the “free electron®p process, which is not
For large isomer Il clusters, such as,(Dg, [Figure 6b],  sensitive to the solvent response. The absence of observable

¢ap is quite substantia0.5), implying that ESAD is at least  excited-state solvation in our studies is therefore consistent with
as important as IC and may be the dominant decay mechanism¢ne “adiabatic’ MD simulations as well as the “nonadiabatic”
The recovery of feature A- C in Figure 6¢c shows that some  yg|axation mechanism but contrasts with kinetic models, loosely
internal conversion occurs, but the amplitude of this recovery pased on MD simulations, that have included an energetically
is considerably smaller than that for the isomer | clusters in stapjlized, solvateg-state in the electronic relaxation pathway
Figure 6a and b; this observation is also consistent with of the pulk-hydrated electrdi.
substantial ESAD for the isomer Il clusters. Other ground-state processes, in addition to ground-state
It is difficult to precisely determine the ESAD vs IC rates  solvation, should also be observable in the time-resolved
because the relatively small changes to feature B occur on topphotoelectron spectra. For instance, as was demonstrated in
of a large background. This situation is exacerbated for isomer racent studies of Hg anions%.67 fragmentation will produce
I clusters, for which there is a significant overlap of features gaughter ions with lower VBES than those of the parent cluster.
B and D with feature At C [Figure 4c]; for this reason only  Ground-state autodetachment (GSAD) should manifest itself as
Fhe _|ntegrated intensity of the hlgh-_en‘_ergy half of D is plotted 5 |ong-time increase in low-energy photoelectrons with a
in Figure 6¢. Nonetheless, the qualitative trends extracted from concomitant decrease in a ground-state detachment signal with
the above analysis appear to be valid. While IC is the dominant jncreased pumpprobe delay; this process should occur in a
excited-state relaxation pathway for isomer | clusters, and the manner similar to ESAD, whereby GSAD intensity is shut off
only pathway for isomer | clusters with > 25, ESAD is at early times as electrons are probed from the ground electronic
considerably more important for isomer Il clusters. Furthermore, state. We do not see evidence for either fragmentation or GSAD
isomer | clusters with 13 n < 25 represent a transitional g the time scales probed in our experiments (i.e:28 ps).
regime in which autodetachment becomes progressively 1ess \ye also searched for isomerization of isomer Il clusters after
important. electronic excitation and internal conversion, speculating that
_The identification of ESAD as a decay channel represents athe syrface electron might migrate to the interior of the
significant, additional probe of the nature of the excess electron yiprationally excited cluster, dramatically increasing the cluster
in water cluster anions. As discussed in section I, isomer | and \gg_syrface-to-interior electron migration dynamics have been
isomer Il clusters have been assigned previously to species Withyagicted to occur on &2 ps time scale in warm (300 K) water
internalized and surface-bound electrons, respectively. The ¢jystersis warranting investigation of this possibility. However,
observations that IC is the only channel for isomer | clusters {ime_resolved data obtained from isomer Il employing a 1650
with n = 25 while ESAD is a major channel for isomer Il nm 4 395 nm pump-probe scheme showed no clear detachment
clusters are consistent with such an assignment, since aUtOde'signature of isomer | at long times-600 ps). This result may
tachment should be more facile if the electron is localized on jngicate that the clusters that do relax by internal conversion
the surface of the cluster. However, the isomer | results for 13 44 not have enough internal energy to climb over whatever
= n = 25 suggest a refinement of this picture, in which this parriers exist for isomerization or that perhaps the prominence
size range of clusters represents a transitional regime where the;s ESAD in isomer |1 clusters makes it much more difficult to
excess electron becomes progressively more internalized. Thegpserve this process experimentally, since those cluster anions
issue of surface vs internalized states is discussed further innat autodetach cannot convert to isomer .

section 5.5. As demonstrated above, the integrated intensities of time-

5.2. Other Dynamical Processestor all clusters studied  gependent features reflect the population-transfer dynamics
here, the excited-state feature (D) decays with no appreciable

(66) Bragg, A. E.; Verlet, J. R. R.; Kammrath, A.; Cheshnovsky, O.; Neumark,
(64) Posey, L. A.; Campagnola, P. J.; Johnson, M. A; Lee, G. H.; Eaton, J. G.; D. M. J. Chem. Phys2005 122, 054314.
Bowen, K. H.J. Chem. Phys1989 91, 6536. (67) Verlet, J. R. R.; Bragg, A. E.; Kammrath, A.; Cheshnovsky, O.; Neumark,
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between states and the detachment cross-sections of the grount/R (n=1/3) radial dependence of a spherically symmetric
and excited electronic levels. Consequently, for clusters in which potential. The IC rates are also clearly not scaling as the density
IC is the only excited-state relaxation pathway (i.e., isomar |, of vibrational states of the solvent molecules, as might be
> 25), the relative cross-sections of the excited and ground statesexpected from Fermi’s Golden Rule, because this density would
may be assessed from the temporal intensity traces plotted inrise far more quickly than. In their studies of hydrated-electron
Figure 6. In particular, the ratian A/AD gives the relative cross-  dynamics in the bulk, Pshenichnikov et'ainvoked a conical
sections of the ground and excited states at the probe wave-intersection (Cl) mediated by local OH(OD) stretch vibrations
length. In (DO),s, [Figure 6b] this ratio is~4, indicating that to explain a 50(70)-fs internal conversion of the excited hydrated
the ground-state photodetachment cross-section is roughly 4electron. If this is a proper explanation of the nonadiabatic
times that of the excited state. Examination of all larger isomer process, the lifetime size dependence of large isomer | clusters
| time-dependent signal traces Bland DO) gives an average  likely derives from a size-dependent perturbation of a ClI
ratio of 3+ 1. between the ands states of the excess electron and may be

5.3. Photoelectron Angular Distributions. The photoelec- ~ @menable to the general formalism recently developed by
tron angular distributions offer an additional, if indirect, probe Cederbaum et &P to treat Cl dynamics in the presence of a
of electronic structure in these clusters, in particular the nature large number of bath modes. Alternatively, mixed quantum-
of the ground- and excited-state orbital from which the excess classical simulations on water cluster anions, of the type used
electron is ejected. For atomic systetfiphotodetachment from  Previously on the bulk hydrated electréi,”19.20.70. may
ans-orbital near threshold results in ejection gf-avave (3, = provide further insight into the size-dependent dynamics seen
2), while ap-orbital detaches to aswave (3, = 0). This trend in our experiment. Such calculations are currently being carried
is in qualitative agreement with the anisotropy parameters in Out by Rossky and co-workef3.

Figure 9a, wherg, = 0.75 for one photon detachment of isomer ~ 5.5. Dynamics of Hydrated Electrons: From Clusters to

| clusters at 395 nm and is much Sma"er' around 012, for Bulk. Despite the COpiOUS attention the equilibrated hydrated
resonant two-photon detachment at 790 nm (for clustersnwith  €lectronesq”, has received, it has been challenging to elucidate
> 28, see section 4.2). These results are consistent withthe mechanism by which this species relaxes to equilibrium
assignment of the ground and excited states of these clusters afollowing electronic excitation in aqueous solution. In time-
“g and “p” states. This trend is not seen in Figure 9b for isomer resolved experiments, the ensemble dynamics of a solvated
Il clusters, where resonant two-photon detachment at 1650 nmelectron are generally tracked according to the time-, wave-

and direct detachment at 790 nm have simflaparameters,
around 1.2, for clusters comprising 5030 water molecules.

length-, and polarization-resolved transient absorption signal of
the electron in its prepared and nascent relaxing stétts!?.73

This result suggests that the shape of the excited-state wavel hese signals arise from a combination of largely overlapping

function is quite different in the isomer Il and larger isomer |
clusters.

The only size-dependent trend in the PADs appears in Figure

induced absorption, stimulated emission, and absorption bleach
components, such that fits to various nonunique kinetic relax-
ation models have been attempted to explain the dynamics that
occur on three distinct time scales with time constants on the

9c, wheref; for small isomer | clusters from resonant two-
photon detachment at 1650 nm drops frevi.2 to 0.4 asn

increases from 13 to 30, while tife parameters increase over
the same size range. Thik values for the smallest isomer |
clusters are similar to those for two-photon detachment of isomer
Il clusters at the same wavelength, while the loss of anisotropy
with increasingn leads tqQ3, values similar to (but slightly larger

order of 50 fs, 206-300 fs, and 1 p3$.A key issue in the
interpretation of the transient absorption experiments has been
whether the intermediate time constant corresponds tp-tre
internal conversion lifetime (adiabatic solvation mddebr to
relaxation of the nascent, unequilibrateetate formed by

internal conversion on a 50-fs time scale (nonadiabatic solva-

1 6,7,12 i i i -
than) those for the larger isomer | clusters (two-photon, 790 tion)->""* This issue has also been explored through time
nm) in Figure 9a. This trend, along with the autodetachment resolved resonance Raman stuHié&and time-resolved electron

results discussed in section 5.1, provides additional evidenceSCavending experimeritsof the hydrated electron in various
for small isomer | clusters representing a transitional regime electronic states and precursor states. While more experiments

between experimental observables associated with isomer Il and'2V€ been analyzed in terms of the longer rather than shorter
larger isomer | clusters. IC lifetime, some of the more extensive recent work has noted

. - that this issue is still unresolved®
5.4. Size-Dependent Characteristics of Isomer | Water . .
; A . In contrast to the bulk environment, pathways for electronic
Cluster Anions. The results in Figures 2a and 8 for isomer |

. . relaxation dynamics are readily identified in experiments on
cluster anions show that the VBEs for= 11-125 lie on a yhar y P
I : 113 water cluster anions. Our experiments have demonstrated clear
straight line when plotted as a functionmf’3, In contrast, the . . . — _
. e . signatures of diregb—s decay in (HO), /(D,0),, 25 n =<
excited-state lifetimes for n = 25 decrease linearly as a 100). This relaxation process is characterized by the direct deca
function of 1h for (H,0),, and (B,0),, extrapolating smoothly ' P y y

to the IC lifetimes fore 5q assigned by Wiersma and co-
workers!?

For isomer | clusters witim > 25, the 1h size dependence
of the IC lifetimes is quite different from the trend in VBES,
for which the size dependence is well-described according to a
simple electrostatic modé¥;26 scaling with the characteristic
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of the excited electronic state with concomitant repopulation ~ On the theoretical side, Rossky and co-workérapplying

of the electronic ground state at these sizes, but with parallel mixed quantum-classical MD methods to the simulation of water
excited-state autodetachment at smaller sizes. As discussedaluster ions, recently concluded that the energetic and spectral
previously*° the observed rapid relaxation lifetimes, dynamical characteristics of isomer | clusters are consistent with a surface-
isotope effect, absence of observable upper-state solvationbound binding motif. However, the VBE trends recovered from
dynamics, and extrapolation of cluster lifetimes to ultrafast bulk these simulations do not appear to rule out the association of
IC lifetimes of 50 fs in HO and 70 fs in O are consistent  isomer | with an internalizing/internally-solvated electron, since
with the “nonadiabatic” relaxation mechanism of the bulk the absolute VBEs determined for surface-states in these
hydrated electroft1? According to this mechanism, IC occurs  simulations are very close to the experimental values found for
first on a 50 fs time scale followed by a two-step ground-state isomer Il. It will be of considerable interest to see if calculated
relaxation process on the longeB0O0 fs and~1 ps time scales  excited-state lifetimes in these simulated clusters reproduce the
that have been measured in transient absorption experimentstrends for isomer | and Il clusters reported here and else-
These latter time scales match well with experimental work by where30:45.46

Paik et al#® who found biexponential ground-state relaxation

in cluster anions (15 n <35) with time scales of 38@- 150 6. Conclusions

fs and 2-10 ps, respectively, following internal conversion.
Overall, the cluster anion dynamics experimént8 support

assignment of the time scales measured in the bulk experimen . ! . .
to steps of a nonadiabatic relaxation model. through time-resolved photoelectron imaging. In these experi-

The extrapolation of cluster properties to those eaf" ments the excess electron was excited through phes
assumes that the excess electron in the clusters bears somi&ansition, and its dynamics were probed temporally through
resemblance to that in the bulk, an assumption that is easier toPhotodetachment by time-resolved photoelectron imaging. Ob-
justify if the electron is internalized in the cluster anions. Our S€rved dynamics reflegi—s nonradiative decay for all sizes,
assignment of isomers | and Il to internalized and surface- 1SOtopomers, and isomers studied. Measured lifetimes and
localized states was based primarily on trends in vertical binding ifetime size dependences for different electron localization
energies and supported by trends in excited-state lifetimes vsM0des and size regimes suggest the development of bulklike
size for the two isomer® This assignment is consistent with  hydration properties in isomer | clusters as smalhas 25. In
the competition discussed in section 5.1 between excited-statecOntrast, the electronic decay dynamics of small isomer | clusters
autodetachment and internal conversion in isomer | and isomer@nd large isomer II clusters supporting surface-localized elec-
Il clusters, with the caveat that isomer | clusters witke 25 trons reveal competition between internal conversion and
appear to lie in a transitional regime. While these energetic and &Xcited-state autodetachment decay pathways. These findings
dynamical trends are compelling, in our view, they do not offer rgnewed perspective on fundamental aspects of the
represent structural probes of the water cluster anions, and onglynamics of hydrated electrons.
must view the issue of internal vs surface solvation in these
clusters as still amenable to both experiment and theory. RecentS
infrared spectroscopy experiments by Johnson and co-workers,
which show evidence for the excess electron binding to a
double-acceptor water molecule for isomer | clusters as large
asn = 25, should prove extremely valuable in this regard.

The size-, isotopomer-, and isomer-dependent electronic
felaxation dynamics of (kD),/(D,O), have been studied
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