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The short-time nuclear dynamics of Cu(H2O) is investigated using femtosecond photo-
detachment-photoionization spectroscopy and time-dependent quantum wave packet calculations.
The Cu(H2O) dynamics is initiated in the electronic ground state of the complex by electron
photodetachment from the Cu2(H2O) complex, where hydrogen atoms are oriented toward Cu.
Several time-resolved resonant multiphoton ionization schemes are used to probe the ensuing
reorientation and dissociation. Immediately following photodetachment, the neutral complex is far
from its minimum energy geometry and possesses an internal energy comparable to the Cu-H2O
dissociation energy and undergoes both large-amplitude H2O motion and dissociation. Dissociation
is observed to occur on three distinct time scales: 0.6, 8, and 100 ps. These results are compared to
the results of time-dependentJ50 wave packet calculations, propagating the initial anion
vibrational wave functions on the ground-state potential of the neutral complex. An excellent
agreement is obtained between the experimental results and the ionization signals derived from the
calculated probability amplitudes. Related experiments and calculations are carried out on the
Cu(D2O) complex, with results very similar to those of Cu(H2O). © 2004 American Institute of
Physics. @DOI: 10.1063/1.1782176#

I. INTRODUCTION

Both intermolecular energy transfer and solvation dy-
namics play pivotal roles in chemical reactions in the con-
densed phase.1,2 Dynamic solvent-solute interactions have
been shown to be important in governing the rates of both
electron transfer reactions3 and reactions involving bond
making and breaking.4 Femtosecond pump-probe laser spec-
troscopy is a powerful technique for examining intermolecu-
lar energy transfer and solvation dynamics in both the con-
densed phase5–7 and within neutral or ionic clusters.8–12 In
this study, we employ femtosecond pump-probe laser spec-
troscopy and quantum dynamical calculations to examine the
H2O reorientation and dissociation dynamics within a
Cu(H2O) complex that is produced by photodetachment of
Cu2(H2O).

In related studies, femtosecond pump-probe spectros-
copy has been used to investigate solvation dynamics in both
neutral8,9 and anionic10–15 gas-phase complexes. The femto-
second photodetachment-photoionization experiments re-
ported here exploit the fact that a polar molecule in a binary
complex with an atomic metal anion will undergo large-
amplitude reorientation and dissociation following electron
photodetachment. Elementary chemical principles and high-
level ab initio calculations concur that Cu2(H2O) is planar
with the hydrogen atoms oriented toward the copper anion,
while neutral Cu(H2O) has the oxygen oriented toward cop-
per and a diminished Cu-OH2 separation~Fig. 1! compared
to the anion. Electron photodetachment of Cu2(H2O) pro-
duces neutral Cu(H2O) initially at the anion geometry with

an internal energy that is near the Cu-H2O dissociation en-
ergy. Immediately after the birth of neutral Cu(H2O), the
water molecule will begin to rotate and vibrate with respect
to Cu, and a fraction of the complexes will dissociate. We
expect the dissociation to have both direct and delayed com-
ponents, the latter arising from coupling between the internal
rotation of H2O and the Cu-H2O stretching vibration.
Classical16 and quantum17 dynamics calculations have pre-
dicted that similar behavior will be exhibited by the com-
plexes Cl(H2O) and Br(H2O) prepared by electron photode-
tachment of their anionic precursors. Analogous energy
transfer dynamics resulting in direct and delayed dissociation
has been observed within the Hg-N2 complex.18 Using pico-
second laser pump-probe spectroscopy, Soep and co-workers
observed18 both direct and delayed dissociation following
electronic excitation of Hg-N2 . They concluded that energy
flow from internal rotation of N2 into the Hg-N2 stretching
vibration was responsible for the delayed dissociation. The
present joint time-resolved experimental and theoretical
study extends such investigations to solvation dynamics oc-
curring on the electronic ground state of a van der Waals
complex. The work described here is also closely related to
the elegant dissociative photodetachment experiments car-
ried out by Continetti.19,20 These experiments obtain a
complementary view of dissociation dynamics by employing
photoelectron-photofragment coincidence spectroscopy to
obtain detailed information concerning the dissociation dy-
namics. Several comprehensive reviews of this approach
have recently appeared.21,22 Of particular relevance to the
experiments reported here are studies of solvated O2, OH2,
and O2

2 anions.23–27

In this work, electrons are photodetached from a mass-
selected beam of Cu2(H2O) by a 400 nm, 120 fs laser pulse,
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preparing an ensemble of time-evolving Cu(H2O) com-
plexes. Delayed resonance enhanced multiphoton ionization
~REMPI! is used to follow the time evolution of the neutral
complexes and their dissociated fragments. This experimen-
tal approach offers advantages over other femtosecond
pump-probe techniques used for studying the dynamics of
gas-phase neutral molecules. Starting with a negative ion al-
lows mass selection and enables the formation of a neutral
complex with a well-defined initial nuclear configuration.
Photodetachment of negative ions initiates the dynamics on
the electronic ground state of the neutrals, while avoiding the
complexity inherent in coherent nonlinear techniques used to
initiate ground state dynamics.28,29 Probing by time-delayed
REMPI allows for simultaneous detection of the parent com-
plex and dissociated products by secondary mass analysis.
Wöste and co-workers developed time-resolved photo-
detachment-photoionization spectroscopy30 and used it to
study the rearrangement dynamics of neutral Ag3 . Their ap-
proach was modified in our laboratory by replacing the slow
ion beam and quadrupole ion trap with a pulsed supersonic
expansion ion source and fast ion beam, and it was also used
to investigate the rearrangement dynamics of Ag3 .31 These
developments allowed production of colder negative ions
and simultaneous detection of both neutral and positive ion
photoproducts. The work from our laboratory31 and subse-
quent theoretical studies32–34 emphasized that the time evo-
lution of the photodetachment-photoionization signals is
caused not only by nuclear dynamics on the ground-state
potential energy surface but also by the involvement of in-
termediate electronically excited states in the REMPI
process.

We choose to study the H2O reorientation dynamics and
energy redistribution in the Cu(H2O) complex for several
reasons. First, both simple chemical principles andab initio
calculations35,36predict the equilibrium geometries of the an-
ion and neutral complexes to differ significantly~Fig. 1!.
Negative ion photoelectron spectroscopy37,38 and calcula-
tions35,36 agree that Cu2(H2O) is well described as a hy-
drated copper atomic anion and that it has a vertical detach-
ment energy of about 1.6 eV. Electron photodetachment us-
ing the second harmonic of the Ti:sapphire laser~398 nm,

3.12 eV! will produce neutral Cu(H2O) primarily in its
ground electronic state. The ground state of copper has an
alkali-like electronic structure,2S1/2 (3d104s1), which gives
rise to two strong2P1/2,3/2←2S1/2 transitions at 327 and 325
nm, respectively. Both calculations35 and related spectro-
scopic studies39–42suggest that these transition energies will
shift markedly with the H2O orientation and Cu-H2O sepa-
ration. Ionizing the complex using varying excitation ener-
gies will thus probe the cluster in different transient nuclear
configurations.35 The approach we take has two components.
First, femtosecond photodetachment-photoionization experi-
ments are used to investigate the evolution of Cu(H2O) for
the first 100 ps following photodetachment of Cu2(H2O).
Second, the dynamics of Cu(H2O) are simulated by quantum
wave packet calculations: the Cu2(H2O) vibrational wave
functions populated under the experimental conditions are
propagated quantum mechanically on the neutral Cu(H2O)
surface. Details of the Cu2(H2O) and Cu(H2O) potential
energy surfaces and vibrational wave functions evaluated
from these surfaces are presented in the following paper.35

The remainder of this paper is structured as follows. We
present our experimental methods and apparatus in Sec. II. In
Sec. III, we describe the theoretical and computational meth-
odology used to calculate the time-dependent dynamics of
Cu(H2O). We present the results of our femtosecond
photodetachment-photoionization experiments on Cu(H2O)
in Sec. IV. In Sec. V, the dynamics of Cu(H2O) are discussed
and interpreted in light of the experimental observations and
the time-dependent wave packet calculations.

II. EXPERIMENT

The time-resolved photodetachment-photoionization of
Cu2(H2O) is performed using the charge-reversal instru-
ment described previously,31 so only relevant details will be
given here.

A. Ion production, transport, and product analysis

A schematic of the ion-beam part of the apparatus is
presented in Fig. 2. A high-pressure pulsed sputtering dis-
charge ion source31 is used to make Cu2(H2O)n cluster ions.
A mixture of 80% Ne and 20% Ar at stagnation pressures
between 6 and 8 atm flows through a small water container at
room temperature and expands into vacuum through a pulsed
~200 Hz! General Valve~0.8 mm orifice, Parker Hannifin!. A
sputtering discharge is initiated when the gas pulse flows

FIG. 1. Schematic illustration of the Cu(H2O) dynamics upon electron pho-
todetachment of the negative ion.

FIG. 2. Schematic diagram of the ion beam portion of the photodetachment-
photoionization apparatus.
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past a negative 2–3 kV potential between a copper rod cath-
ode and a stainless steel rod at ground potential. The
Cu2(H2O) complexes are produced in the high-pressure re-
gion immediately following the discharge, inside a 3 mm
diameter source channel. They are further cooled and stabi-
lized downstream, inside the cone-shaped expansion chan-
nel, and then allowed to expand into the (0.5– 1.0)31024

Torr pressure of the source chamber. Along with Cu2(H2O)n

ions, the source generates Cun
2 , CuO2(H2O)n ,

CuOH2(H2O)n , O2(H2O)n , and OH2(H2O)n . In order to
avoid mass contamination of63Cu2(H2O) with 65CuO2, we
study the less abundant, but isotopically pure,m/z 83 ion
packet@65Cu2(H2O)#, and for the deuteration experiments
we employm/z 85 @65Cu2(D2O)#. The rotational and vibra-
tional temperatures of the anions made in this source are not
well characterized. Previous studies of large cluster ions43,44

indicated that they both range between 40 and 60 K. For
these smaller clusters, we expect both to be higher, possibly
100–200 K.

At 10 cm below the nozzle, a pulsed transverse electric
field extracts the negative ions into a differentially pumped
Wiley-McLaren45 time-of-flight mass spectrometer~Fig. 2!.
They are further accelerated to;3 keV energy, and brought
to a spatial and temporal focus at the photodetachment re-
gion 1.8 m downstream. The fast neutrals produced by the
photodetachment pulse are detected by an in-line channeltron
detector. The cation products enter a reflectron mass spec-
trometer and are subsequently counted with an off-axis
microchannel-plate detector. This dual collector arrangement
enables the normalization of the cation signal to the neutral
signal, which is found to be very helpful for reducing the
effects of fluctuations in the negative ion intensity and flight
time.

B. Laser system

Most of the femtosecond laser system has been exten-
sively described.31,44A Ti:sapphire oscillator~Coherent Mira
Basic! pumped by a Nd:VO4 laser~Coherent Verdi V5! pro-
duces;85 fs pulses at 750–850 nm. The pulses are ampli-
fied by a regenerative, multipass Ti:sapphire amplifier
~Quantronix Titan!, pumped by a Nd:YLF laser~Quantronix,
model 527 DQ!, to 3 mJ/pulse and 120 fs, at a repetition rate
of 400 Hz. Two-thirds of this infrared light is used to gener-
ate second harmonic~398 nm! and third harmonic~265 nm!
~CSK Optronics Supertripler, model 8315A! radiation, while
the remainder pumps an optical parametric amplifier~OPA,
Light Conversion TOPAS!, whose fourth harmonic output
provides tunable radiation between 300 and 400 nm. Finally,
the OPA and the 398 nm pulses pass through delay stages
and are further combined with the 265 nm pulse in a collin-
ear configuration. All three pulses are focused to a spot of
;1 mm diameter at the point of interaction with the ion
packet, where their typical energies are 100mJ for 398 nm,
60 mJ for 265 nm, and 10–12mJ for the OPA.

C. Measurements performed

We investigate the dynamics of the Cu(H2O) complex
through four time-resolved photodetachment-photoionization

measurements. For all measurements reported here, the neu-
tral Cu(H2O) complex is formed by electron photodetach-
ment from Cu2(H2O) using a 398 nm pulse and the cation
signal is recorded as a function of the delay between the
photodetachment and the excitation/ionization pulses~OPA/
265 nm!. The four ionization schemes are described below
and three are shown schematically in Fig. 3. In this figure,
the various laser pulse sequences are superimposed upon a
schematic, partial potential energy diagram46 displaying the
electronic states involved in the experiments.

1. Three-color photodetachment photoionization
of Cu À

The time resolution of the experimental apparatus is de-
termined in situ, using three-color, three-photon photode-
tachment photoionization of Cu2 ~Fig. 3, scheme 1!,

Cu2 ——→
398 nm ~ t50!

Cu ——→
3271265 nm ~ t5Dt !

detect Cu1. ~1!

The 398 nm pulse photodetaches an electron from Cu2 and a
sequence of 327 and 265 nm photons resonantly ionize the
2S1/2 Cu atom through the2P1/2 intermediate state. The delay
between the excitation and the ionization~265 nm! pulses is
fixed at 0.3 ps. As the photodetachment–resonant photoion-
ization delay time (Dt) is varied, the Cu1 signal exhibits a
step function increase atDt50 ~Fig. 4! and the rise time of
this step gives a direct measurement of the time resolution of
the apparatus. The solid line in Fig. 4 is a fit of the data to the
form A@11tanh(t/t)# and the derivative of this fit~dashed
line! has a sech2 form. The width@full width at half maxi-
mum ~FWHM!# of this sech2 function provides the effective
time resolution of the experimental apparatus, 260 fs.

FIG. 3. Schematic representation of the measurements performed, as de-
scribed in the text. Dotted lines represent cuts in the Cu-OH2 C2v configu-
rations, while solid lines show cuts in the Cu-H2O C2v geometry.
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2. Two-color resonant ionization of Cu arising from
dissociative photodetachment of Cu À(H2O)

The Cu atom fragment resulting from dissociative pho-
todetachment is monitored as a function of the delay time
between the photodetachment photon~398 nm! and the
2P1/2←2S1/2 excitation of the copper atom by a 327 nm pho-
ton ~Fig. 3, scheme 2!,

Cu2~H2O! ——→
398 nm ~ t50!

Cu~H2O!

——→
t5Dt

Cu1H2O ——→
3271265 nm

detect Cu11H2O.
~2!

The delay between the resonant excitation~327 nm! pulse
and the ionization~265 nm! pulse is fixed at 0.3 ps. This is
exactly the same measurement process described above, ex-
cept that the laser pulses intersect Cu2(H2O), rather than
Cu2. The major background contribution is from two-color
~327 and 265 nm! photodetachment photoionization of
Cu2(H2O) and is typically 10% of the maximum of the
three-color signal.

3. One-color, resonant multiphoton ionization
of initially bound Cu„H2O…

The bound Cu(H2O) complex is probed, as a function of
time after photodetachment, by one-color multiphoton ion-
ization using a tunable~OPA! pulse~Fig. 3, scheme 3!,

Cu2~H2O! ——→
398 nm ~ t50!

Cu~H2O!

——→
t5Dt

Cu~H2O! ——→
23~315– 345! nm

detect Cu1~H2O!.
~3!

The excitation wavelength is tuned over the range 315–
345 nm. The major background contribution is from one-
color ~OPA! photodetachment-photoionization of Cu2, and
is typically 20% of the maximum of the two-color~398
OPA! signal.

4. One-color dissociative multiphoton ionization of
initially bound Cu„H2O…

This measurement is the same as the one above, except
that it is a higher order multiphoton process, and the ion
detected is Cu1

Cu2~H2O! ——→
398 nm ~ t50!

Cu~H2O!

——→
t5Dt

Cu~H2O! ——→
33~315– 345! nm

detect Cu1

1H2O. ~4!

The one-color ionization used here does not allow effi-
cient multiphoton ionization of the isolated Cu atom, even
when the OPA is tuned to the 327 nm Cu atom resonance
transition. At that color, the energy of two 327 nm photons
~7.58 eV! is insufficient to ionize the isolated Cu atom@ion-
ization potential (IP)57.73 eV]. In contrast with the two-
color resonant ionization of the neutral Cu fragment arising
from dissociative photodetachment, the Cu1 cation signal in
this case comes from dissociative photoionization of the
Cu(H2O) complex. The Cu1 time dependence observed in
this process is essentially the same as that observed for the
Cu1 (H2O) produced by one-color multiphoton ionization of
Cu(H2O).

D. Experimental details and data acquisition

Optimal laser-ion spatial overlap is of primary impor-
tance for our two- and three-color experiments. The optimal
overlap is best achieved through the optimization of the pho-
todetachment photoionization of Cu2 in a two-step proce-
dure. First, the photodetachment~398 nm! pulse is posi-
tioned in time and space to maximize the Cu neutral signal.
The resonant excitation~327 nm! OPA and the ionization 265
nm pulses are introduced and adjusted spatially to maximize
the Cu1 cation signal. Special care is also taken to ensure
that the laser modes are as uniform as possible in the far
field, in the region of interaction with the ions. Typically,
5%–10% of the parent negative ion beam is photodetached
by the 398 nm radiation, but a significantly smaller propor-
tion of the photodetached neutrals are themselves ionized by
the subsequent pulses.

The data acquisition procedure consists of scanning a
range of time delays between the 398 nm pulse and the fixed
OPA and 265 nm pulses, while simultaneously measuring the
total @both intact Cu(H2O) and dissociated neutral products#
neutral signal and the individual Cu1 and Cu1(H2O) prod-
uct cation signals. One single scan consists of sweeping the
entire range of time delays while data are accumulated dur-
ing 800 laser shots per time delay. Many back and forth
scans are performed for a total of 20 000–40 000 laser shots
per time delay. This procedure allows continuous monitoring
of the measured signals at all time delays to check for any
major drift. The final signal~after appropriate background
corrections! is given by the cation signal divided by the neu-
tral signal. Although we do not continuously monitor the
intensities of the ionizing laser pulses during data acquisi-
tion, we periodically check their intensities and spatial posi-
tions.

FIG. 4. The three-color photodetachment photoionization of Cu2 with 398,
327, and 265 nm laser pulses as a function of the time delay between the
photodetachment~398 nm! and the resonant excitation~327 nm! pulses. The
solid line represents a tanh fit to the data and the dashed line is the derivative
(sech2) of the fit, anin situ measurement of the effective time resolution of
the experiment.
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The maximum Cu1(H2O) and Cu1 count rates are about
0.2 and 0.5 counts/laser shot, respectively. The principal
challenge of the experiment arises from maintaining stability
during the several hours of signal optimization and data ac-
quisition. It is especially challenging to maintain a stable
spatial overlap of the three laser beams and the ion packet,
due to the variations of the pulsed valve operation and to the
slight pointing drift of the three laser beams as the room
temperature changes. Background signals due to the indi-
vidual photodetachment or photoionization pulses are typi-
cally recorded at the beginning and end of data acquisition
and are subtracted from the time-dependent signals.

III. THEORY

From a theoretical standpoint, the photodetachment-
photoionization dynamics of the Cu(H2O) complex can be
considered in three parts. The first part involves the charac-
terization of Cu2(H2O) and is described in the following
paper.35 In the second part, the photodetachment process will
be modeled assuming a constant transition moment and an
infinitely sharp laser pulse. As such, in this step of the cal-
culations, we take a set of vibrational wave functions for the
anion and propagate each of them on the neutral surface,
using standard time-dependent approaches.47–49 Finally, the
ionization process needs to be considered. We useab initio
calculations of the electronic excitation and ionization ener-
gies of Cu(H2O), as described in the following paper,35 to
determine the configurations for which the system is most
likely to be ionized and analyze the results of the simulations
according to this model. Excitation energies are determined
for transitions between the ground electronic state and those
excited electronic states that correlate the2P1/2,3/2 states of
Cu and ground-state H2O.

A. Coordinates and Hamiltonian

As the intramolecular vibrations of water are fast com-
pared to the intermolecular vibrational motions of Cu(H2O)
in all of the states that are probed by the experiment, we will
consider the potential and the dynamics in terms of the three
intermolecular coordinates only. These three coordinates are
the distance between the copper atom and the center of mass
of the water,R, and the two orientation angles of the water
molecule relative to the vector alongR, u, andf ~see fol-
lowing paper for details!. We take as our reference geometry
the configuration in which all four atoms lie in a plane andR
lies along theC2 axis of the water molecule, i.e.,f50° and
u590°. Motion alongu corresponds to rotation of the water
molecule out of the plane of the complex, while motion
alongf corresponds to rotation in the plane of the complex.

In this representation of the copper-water complex, the
Hamiltonian is given by

Ĥ52
\2

2mR

]2

]R2 1
2pc

\
@bxĵ x

21by ĵ y
21bzĵ z

2#

1
uĴ2 ĵ u2

2mRR2 1V~R,u,f!

52
\2

2mR

]2

]R2 1
2pc

\ Fbx1by

2
~ ĵ 22 ĵ z

2!

1
bx2by

4
~ ĵ 1

2 1 ĵ 2
2 !1bzĵ z

2G1
uĴ2 ĵ u2

2mRR2 1V~R,u,f!.

~5!

Here, mR represents the reduced mass of the copper-water
complex, while theba give the vibrationally averaged rota-
tional constants of water. A mass of 62.929 599 amu was
used for Cu, 15.994 915 amu for O, and 1.007 825 amu for H
~2.014 102 amu for D!. In the present coordinate system,bx

527.88, by514.51, andbz59.28 cm21 for H2O and bx

515.25,by57.30, andbz54.94 cm21 for D2O.35 Finally, V
represents the intermolecular potential for this system, de-
scribed in detail in the following paper.35

B. Dynamics

In order to investigate the dynamics of the copper-water
complex, we start the system in one of the vibrational eigen-
states of the anion. We assume a constant electron photode-
tachment transition moment, and solve the time-dependent
Schrödinger equation for each of the ten lowest energy vi-
brational states of Cu2(H2O) and Cu2(D2O). In all cases,
the system is propagated to 9.6 ps, through a series of 8000,
50 a.u.~1.2 fs! time steps. In order to evaluate

C~R,u,f,t1Dt !5e2 iĤDt/\C~R,u,f,t !, ~6!

we express the Hamiltonian matrix in terms of a low-order
Lanczos recursion, consisting of 50 vectors that are initiated
usingC(R,u,f,t). We solve for the eigenvalues and eigen-
vectors of this system and use them to evaluate Eq.~6!.50,51

For these calculations, the wave functions are expressed in
an evenly spaced grid of 500 points inR, ranging from 1.03
to 12.99 Å, while the angular dependence is expanded in
spherical harmonics withj <10 for Cu(H2O) and j <15 for
Cu(D2O).

Since as much as 65% of the wave packet will reach the
asymptotic region of the potential in 10 ps, we multiply the
part of the wave function for whichR.Rabs510.34 Å by a
damping factor:52

a~R!5exp@22e22(Rmax2Rabs)/(R2Rabs)# ~7!

at each time step, whereRmax512 Å. This choice ensures
that there will not be any reflection of the wave packet off of
the edge of the grid. As our analysis does not involve the
parts of the wave packets that have amplitude atR.8 Å, we
do not require detailed information about this portion of the
wave functions.
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IV. RESULTS

We divide our description of the results of Cu(H2O)
experiments into those in which the probe pulse is tuned to
the Cu2P1/2←2S1/2 transition~327 nm! and those in which it
is tuned off this resonance~315–345 nm!. The former ex-
periments preferentially probe bound Cu(H2O) at large
copper-water separations@Fig. 3, scheme 3~a!# and dissoci-
ated Cu atoms~Fig. 3, scheme 2!. The latter experiments
probe bound Cu(H2O) at smaller copper-water separations
@Fig. 3, schemes 3~b!#. In addition, we present the results of
analogous experiments on Cu(D2O). Finally, we discuss the
fitting procedures employed to extract characteristic times
from the observed time dependences.

A. Dissociative photodetachment of Cu À
„H2O…

1. Probing on the atomic Cu 2P1Õ2]
2S1Õ2 resonance

(327 nm)

These experiments probe the Cu atom photofragment as
described in Sec. II C 2 and depicted by scheme 2 in Fig. 3.
Analysis of the potential curves in Fig. 3 suggests that bound
Cu(H2O) will be resonantly ionized by multiple 327 nm
photons when it samples Cu-H2O separations in excess of
;5.5 Å. This process is described in Sec. II C 3 and depicted
as scheme 3~a! in Fig. 3. This ionization window spans a
restricted range of radial separations, because two 327 nm
photons~7.58 eV! can only ionize the bound Cu(H2O) com-
plex in certain water orientations and they have insufficient
energy to ionize the isolated Cu atom (IP57.73 eV).

The time dependence of the Cu1 signal for 100 ps after
electron photodetachment from Cu2(H2O) is presented in
Fig. 5. The Cu1 signal exhibits at least three distinct disso-
ciation time scales during the 100 ps observation period. It
rises rapidly during the first picosecond, more slowly for the
next several picoseconds, continues to rise at an even slower
rate, and is still increasing slowly after 100 ps. The
Cu1(H2O) signal, also presented in Fig. 5, exhibits a
complementary behavior. It rises rapidly and decays over
.10 ps and a single exponential cannot be used to describe

its decay. The sum of the two signals is a constant function
of the photodetachment-photoionization delay time. This in-
dicates that the two signals have similar characteristic time
constants at times longer than 5 ps and suggests that the Cu1

signal results from dissociation of neutral Cu(H2O), fol-
lowed by resonant ionization of the Cu atom.

Figure 6 displays the onsets of the two signals in the first
5 ps following electron photodetachment from Cu2(H2O).
The solid line represents the Cu1 signal from the
photodetachment-photoionization of Cu2 ~Fig. 3, scheme 1!
and indicates the time resolution of our experiment. The
Cu1(H2O) signal rises at the same rate, which indicates that
neutral Cu(H2O) is ionized at pump-probe delay times
smaller than the 260 fs experimental resolution. In contrast,
the Cu1 onset is both resolvable and delayed with respect to
the photodetachment event. Weak oscillatory features are ob-
served in the Cu1(H2O) signal after very long averaging
times. We are currently studying these features and they will
be discussed in a future publication.

The relative magnitude of the fast rise of the Cu1 signal
with respect to the maximum signal at long time exhibits
modest variability (;10% of the signal’s asymptotic value!
between data sets taken on different days. The initial part of
the Cu1(H2O) signal, the first 5–6 ps, is observed to vary
substantially between data sets from a pronounced decay
with a faster component in the first 1–1.5 ps to a flat time
dependence, as displayed in the inset in Fig. 6. This variation
is partly attributed to changes in laser~OPA! focusing: stron-
ger focusing is found to yield Cu1(H2O) signals with more
pronounced initial decays, and partly attributed to a day-to-
day variation in anion temperatures with varying ion source
conditions. At times longer than the first 5–6 ps, all
Cu1(H2O) data sets exhibit the same time dependence.

The overall magnitude of the Cu1(H2O) signal com-
pared to the Cu1 signal can change substantially~up to a
factor of 8! between data sets. This latter variation is consis-
tent with a multiphoton OPA process producing the
Cu1(H2O) signal, in contrast with a one-photon OPA pro-
cess producing the Cu1 signal.

Finally, we note that the Cu1(H2O) signal produced by
absorption of one 327 nm photon and one 265 nm photon is

FIG. 5. Experimental time dependence of the photodetachment photoioniza-
tion of Cu2(H2O). The Cu1 signal ~hollow circles! is a result of 398 nm
photodetachment followed by two-color (3271265 nm) resonant ionization
~Fig. 3, scheme 2!. The Cu1(H2O) signal~black circles! is a result of 398
nm photodetachment followed by one-color~327 nm! resonant multiphoton
ionization ~Fig. 3, scheme 3!.

FIG. 6. Experimental time dependence of the photodetachment photoioniza-
tion of Cu2(H2O) in the first 5 ps after photodetachment. Measurement
schemes are the same as those in Fig. 5. The inset shows several Cu1(H2O)
data sets that reflect the possible range of the early time signal variation
observed under a range of source conditions.
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more than an order of magnitude smaller than the two-
photon 327 nm signal described above. This result is ob-
tained even though the 265 nm pulse typically has five times
the number of photons as the 327 nm OPA pulse. This ob-
servation remains valid when the time delay between the
excitation ~327 nm! and the ionization~265 nm! pulses is
varied over the range 0–3 ps. The weak Cu1(H2O) signal
obtained with the two-color~327–265 nm! ionization
scheme precluded detailed analysis of its time dependence.

2. Probing off the atomic Cu 2P1Õ2]
2S1Õ2 resonance

(315–345 nm)

Inspection of the intermediate state~s! in Fig. 3 shows
that tuning the OPA wavelength off the 327 nm Cu atom
resonant transition moves the excitation window to smaller
Cu-H2O separations. When the second photon absorbed by
the neutral complex is also an OPA photon, ionization is
energetically possible only for restricted angular orientations
of the water molecule. Thus Cu1(H2O) formed by absorp-
tion of two OPA photons arises from absorption in a re-
stricted angular and radial range@Fig. 3, scheme 3~b!#. The
corresponding Cu1 signals arise from dissociative multipho-
ton ionization of Cu(H2O). Such experiments were carried
out detecting the ionic products following excitation at 315,
327, 330, 335, 340, and 345 nm. A similar measurement
using the more intense, but nonresonant, 265 nm third har-
monic radiation was also attempted, but no cation signals
above background levels were detected.

Figure 7 shows the Cu1(H2O) and Cu1 transient signals
obtained at excitation energies below~340 nm!, on ~327 nm!,
and above~315 nm! the Cu atom resonance transition. There
are no significant differences~within our experimental scat-
ter! between the time dependences of the Cu1(H2O) signals
at any of the wavelengths mentioned above~315–345 nm!.
The Cu1 signals depicted in Fig. 7 have a completely differ-
ent shape than seen in Figs. 5 and 6. The reason is that the
latter arise from dissociative photodetachment of
Cu2(H2O), while the Cu1 signals in Fig. 7 arise from dis-
sociative multiphoton photoionization of Cu(H2O). Indeed,
the observed Cu1 signals are directly proportional to the
corresponding Cu1(H2O) signal. The Cu1/Cu1(H2O) ratio
increases with increasing excitation energy, indicating that
the Cu1(H2O) dissociation fraction increases with increas-
ing energy of the ionization photons.

B. Effect of deuteration

Similar photodetachment-photoionization experiments
are performed on Cu2(D2O), using the same laser wave-
lengths and the same photodetachment-photoionization
schemes as for the Cu2(H2O) experiments. Data from the
two isotopes are very similar, leading us to conclude that
deuteration effects on the time dependences of the Cu1 and
Cu1(H2O) cation channels are less than the current uncer-
tainties of our measurements.

C. Fitting the time dependences

In order to extract characteristic time constants from the
transients observed, we tested several fitting procedures. All

of the fits are constrained to a model that assumes that the
long-time dependences of the Cu1 and the Cu1(H2O) sig-
nals are complementary to one another, so that, as observed
in Fig. 5, their sum is a constant. The simplest function em-
ployed, a single exponential@decay for the Cu1(H2O) signal
and rise to a maximum for the Cu1 signal#, does not fit
satisfactorily the time evolution to 100 ps. This is not sur-
prising, considering that our data clearly show more than one
dissociation time scale~Figs. 5 and 6!. Next, we try a sum of
exponential functions, which would correspond to parallel
dissociation processes. For the Cu1 channel, a good fit is
obtained with a sum of three increasing components,

I rise5I 1F0.510.5 tanhS t2t0

t1
D G1I 2@12e2(t2t0)H(t2t0)/t2#

1I 3@12e2(t2t0)H(t2t0)/t3#, ~8!

whereH(t2t0) represents the Heaviside step function. The
tanh function describing the most rapidly rising component
t1 is chosen to have a form qualitatively related to the ex-
pected direct Cu–H2O dissociation component. For the

FIG. 7. Experimental time dependence of the photodetachment photoioniza-
tion of Cu2(H2O) at different resonant ionization wavelengths. The
Cu1(H2O) signal is a result of 398 nm photodetachment followed by one-
color resonant multiphoton ionization with 315 nm~top!, 327 nm~middle!,
and 340 nm~bottom!. The Cu1 cation signals detected at each wavelength
are a result of dissociative ionization of Cu(H2O).
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Cu1(H2O) channel, due to the variations of the signal in the
initial 5–6 ps~Fig. 6!, we only fit data at later times, using a
sum of two exponentials for the fit,

I decay~ t !5I 2e2 t/t21I 3e2 t/t3. ~9!

This functional form provides a good representation of the
experimental data fort.2 ps, but the fit is not at all sensitive
to the exact value oft0 , which is determined only from the
rise of the Cu1 signal. Several data sets are analyzed for
each of the two channels and the optimal values of the fit
parameters are presented in Table I, where the uncertainties
also include the variation of the fit parameters from data set
to data set. We make two observations despite the large un-
certainties resulting from the scatter in our data. First, the
three characteristic time constantst1 , t2 , and t3 are each
separated by an order of magnitude. Second, neither the time
constants nor the weightings of each term in the fits differ
significantly between Cu(H2O) and Cu(D2O).

V. DISCUSSION

A series of interesting questions are raised by our experi-
mental results. The first and most important question is the
following: how do we understand the complicated dynamics
of Cu(H2O) following electron photodetachment from its an-
ion? This raises more specific questions including the follow-
ing: what is the time scale of H2O reorientation, and what are
the specific energy transfer processes responsible for the
three dissociation time scales that are observed? A series of
related questions directly address the interpretation of our
experimental results: why do we observe the same time evo-
lution of the Cu1(H2O) signals when we probe at different
wavelengths in the range 315–345 nm; how can we under-
stand the immediate onset of the Cu1(H2O) signals ~the
prompt ionization!; how can we understand the variation of
the Cu1(H2O) signals in the first 5–6 ps; and why is two-
color (3271265 nm) ionization of CuH2O inefficient com-
pared to the one-color~327 nm!, multiphoton ionization?
Prior to analyzing the dynamics and answering the above
questions, we must characterize the response of the system to
our photodetachment and photoionization schemes.

A. Electron photodetachment of Cu À
„H2O…

Electron photodetachment from Cu2(H2O) with one
398 nm~3.12 eV! photon can access both the ground elec-

tronic state of the Cu(H2O) neutral, which correlates to the
2S state of Cu (3d104s)1H2O, and the first excited states,
which correlate to the2D states of Cu (3d94s2)1H2O.
Negative ion photoelectron spectroscopy37,38 has determined
vertical photodetachment energies of 1.58 eV for the
Cu(H2O) ground state and 2.92 eV for the first excited state
manifold. Thus the present photodetachment energy is very
close to the threshold for formation of the first excited states
of Cu(H2O). Photoelectron imaging spectra of Cu2(H2O)
obtained with 410 nm radiation show that the excited state
contribution to the photodetachment cross section is,2% of
the total.53 Calculations54 of electron photodetachment from
Cu2 also show that the excited state contribution is small. In
addition, the resonant ionization scheme employed selec-
tively probes ground-state Cu(H2O). Based upon all of these
facts, we conclude that the excited state Cu(H2O) contribu-
tions to the transient cation signals are negligible.

B. Resonant photoionization of Cu „H2O…

The possible processes that contribute to the cation sig-
nal must be clarified in order to extract the correct dynamical
information from our experimental data. While there is no
ambiguity concerning the two-color resonant ionization of
the Cu neutral fragment~Fig. 3, scheme 2!, we need a careful
analysis of the possible processes that contribute to the one-
color resonant multiphoton photoionization of the bound
Cu(H2O) complex@Fig. 3, schemes 3~a! and 3~b!#. Our ex-
perimental results show that the two-color (OPA1265 nm)
ionization of Cu(H2O) makes only a minor contribution to
the Cu1(H2O) cation signals when compared to the one-
color ~OPA, l5315– 345 nm) multiphoton ionization, even
though the 265 nm pulse typically has five times the number
of photons as the 327 nm OPA pulse.

A possible explanation is that the one-color ionization of
the Cu(H2O) complex prevails because it is a two-photon,
resonant process, accessing a Rydberg state. Figure 8 shows
that both the excitation (2P←2S) and ionization energies of
the Cu(H2O) complex vary significantly as a function of the
Cu-(H2O) radial separation and the orientation of the H2O
molecule. The complex can be resonantly excited at selected
configurations over a range of OPA wavelengths centered on
the Cu atom transition (2P1/2←2S1/2 327 nm, 3.79 eV!. A
second OPA photon of the same energy can only ionize se-
lected Cu(H2O) configurations whereas a second photon of

TABLE I. The fit parameters used to model the time dependence of the cation signals.

I 1
a I 2 I 3

t1

~ps!
t2

~ps!
t3

~ps!
t0

~ps!

Cu2(H2O)/
Cu2(D2O)
Experimentb

0.35 ~0.15! 0.5 ~0.2! 0.15 ~0.05! 0.6 ~0.2! 8 ~1! 100 ~30! 0.4 ~0.1!

Cu2(H2O)/
Cu2(D2O)
Calculationc

0.25 0.75 ¯ 0.25 3.1 ¯ 0.8

aThe parameters are defined in Eqs.~8! and~9! and the values ofI 1 , I 2 , andI 3 are constrained to sum to one.
bThe H2O and D2O data were fit to the same set of constants. The number in parentheses represents the range
of values obtained by fitting 11 different measured signals.

cFit to the calculated signals calculated for a 200 K vibrational temperature of Cu2(H2O).
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our third harmonic~265 nm, 4.68 eV! has enough energy to
ionize all Cu(H2O) configurations. This suggests that there is
increased probability of accessing Rydberg states of the neu-
tral complex with two OPA photons in the range investigated
~315–345 nm!. These Rydberg states could then ionize
through rotational autoionization,55,56 utilizing the internal
rotation of the H2O dipole in the complex. This ionization
process would involve a bound-bound transition, with a sig-
nificantly larger cross section than the bound-free ionization
when using the 265 nm as the second photon.

C. Comparison and analysis of the experimental and
calculated Cu ¿ and Cu ¿

„H2O… signals

In order to better address the remaining questions raised
by our experimental results, we investigate the dynamics of
Cu(H2O), following electron photodetachment of
Cu2(H2O), by quantum mechanical wave packet calcula-
tions. We use a simple model that is based on the curves in
Fig. 8 to convert these time evolving wave packets into Cu1

and Cu1(H2O) signals. As the neutral potential surface is
strongly attractive only at short Cu-H2O distances, at
Cu-H2O separations that are larger than a threshold value,
RCu, the complex is considered to be dissociated and the
probability amplitude in this region will be taken to corre-
spond to the probability of detecting Cu1. In order to pro-
duce a Cu1(H2O) signal, the energy difference between the
ground and the excited states of the complex must match the
energy of one 327 nm photon. Based on the plots in Fig. 8,
this condition is satisfied for Cu-H2O distances greater than
5.5 Å and the probability amplitude with 5.5 Å,R,RCu

will be equated with the probability for detecting
Cu1(H2O). The results are found to be relatively insensitive
to the choice ofRCu, and we have taken it to be 7 Å. In this

analysis, we have assumed that the photoionization cross
section is independent of the Cu(H2O) configuration. The
above analysis is performed for each of the ten lowest energy
states of Cu2(H2O). These results are weighted by the ap-
propriate Boltzmann factor to provide the signal for a given
temperature.

In Fig. 9 we present the calculated probabilities of de-
tecting Cu1 and Cu1(H2O) at three anion temperatures: 100,
150, and 200 K. There is an excellent agreement between the
experimental and calculated Cu1 and Cu1(H2O) signals and
the main features are accurately reproduced. The calculated
signals have been fit to the model, given in Eqs.~8! and~9!.
The resulting time constants are reported in Table I and are in
excellent agreement with the experimental values. As with
the experimental constants, there is no difference in the time
constants or amount of direct dissociation between Cu(H2O)
and Cu(D2O) within uncertainties of the fit.

Having obtained good agreement between the experi-
mental and calculated signals, we can analyze the sources of
the various features in the experimental signal. The most
notable features are the ones that occur at short times: the
immediate onset of the Cu1(H2O) signal, the initial peak in
the Cu1(H2O) signal, the rapid rise of the Cu1 signal, and
the delay between the onsets of the two signals.

When we place the anion wave functions onto the neu-
tral surface, the average energy is above the dissociation
limit for all but the ground state, where the average energy is
214 cm21. As a result, a significant fraction of the wave
packet rapidly spreads to large values ofR. This corresponds
to Cu(H2O) undergoing direct dissociation. This feature
manifests itself in the initial peak in the Cu1(H2O) in the
calculated signals in Fig. 9. It is also reflected in the rapid
rise of the Cu1 signal, which is modeled by the tanh term in
Eq. ~8!.

The fact that there is a strong temperature dependence
on the peak at 0.5–1.0 ps in the Cu1(H2O) signal reflects the
initial population of the vibrational states of Cu2(H2O). If
we assume a Boltzmann distribution describes the relative
populations of the vibrational states of Cu2(H2O), at 100 K
only 22% of the anions will have one or more quanta of

FIG. 8. Cu(H2O) vertical electronic excitation energy and ionization energy
calculated as a function of the Cu-(H2O) radial distance for the twoC2v

orientations, Cu-OH2 ~solid lines! and Cu-H2O ~dashed lines!. The horizon-
tal lines show the FWHM energy spread of one and two 327 nm probe
photons~dotted lines!; the energies of one and two 315 nm~dash-dot lines!
and 340 nm~dash-dot-dot lines! photons; and the ionization energy of Cu
~7.726 eV! ~solid line!. The vertical lines illustrate the probe window used to
calculate the cation signals for Cu1(H2O) in Fig. 9.

FIG. 9. Calculated probabilities of detecting Cu1 and Cu1(H2O) cation
signals as a result of the quantum mechanical wave packet propagation
calculations. The ionization detection windows assumed are 5.5–7 Å for the
Cu1(H2O) signal and.7 Å for the Cu1 signal. Details of the calculations
are presented in the text.
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excitation in the Cu-H2O stretch, while at 200 K, 44% of the
states will have excitation in this mode.35 Since the Cu-H2O
stretch in the anion correlates to dissociation on the neutral
surface, a higher population of vibrationally excited states
will lead to a larger fraction of the sample undergoing direct
dissociation. This will lead to a larger initial rise in the
Cu1(H2O) signal at 0.5–1 ps and a faster rise of the Cu1

signal. Likewise, the delay between the Cu1(H2O) and Cu1

onsets can be understood as the time required for the wave
packet to reach a detection window at the large Cu-H2O
separations where the separated Cu atom can be resonantly
photoionized.

A similar variation in the short-time behavior of the
Cu1(H2O) signals is seen in the experimental results, plotted
in the inset in Fig. 6, and suggests that part of the day-to-day
variation of the measured Cu1(H2O) transients may be the
result of variable conditions in the ion source, which are hard
to control and result in anions with different temperatures on
different days.

One short-time feature in the experimental signals that is
not reproduced in the calculations is the immediate onset of
detectable Cu1(H2O). We believe that this signal arises from
the rapid delocalization of the wave function along the two
angular coordinates. As the calculated signal is based solely
on the probability amplitude as a function of the Cu-H2O
distance, this source of Cu1(H2O) signal is not reflected by
the present model. On the other hand, the rapid onset can be
understood from the results of the simulations. Figure 8
shows that the electronic excitation energy of Cu(H2O) de-
pends on the H2O orientation. Specifically, at the Cu2(H2O)
equilibrium separation of 3.3 Å, two OPA photons in the
wavelength range 315–345 nm have insufficient energy to
ionize Cu(H2O) in the Cu-H2O geometries, but in configu-
rations with the oxygen oriented toward the copper atom,
Cu(H2O) can be ionized. In Fig. 10, we plot the probability
amplitude for various orientations of Cu(H2O) as a function
of time for an initial distribution of Cu2(H2O) states which
corresponds to a vibrational temperature of 150 K. The prob-
abilities have been normalized by the corresponding values
for an isotropic distribution. Initially, the wave packets are
localized nearf50° andu590°, the most probable con-
figuration of the anion.35 After less than 75 fs, the probability
amplitude is delocalized over all possible orientations. This
is considerably less than the time resolution of our experi-
ment, 0.26 ps, and thus we do not expect to resolve the
reorientation of H2O in the present experiments. Based on
the above analysis, the results of the simulations are entirely
consistent with the observed onset of the Cu1(H2O) signal,
although such an effect is not incorporated in the model used
to obtain the plots in Fig. 9.

At longer times, the complex continues to dissociate,
although at a slower rate. This is reflected in theI 2 contri-
bution to the signals, which has an associated time constant
of several picoseconds. As can be seen in Fig. 1, and more
quantitatively in Fig. 4 of the following paper, the Cu(H2O)
surface is very anisotropic, especially at Cu-H2O distances
that are smaller than 3.0 Å. Further, analysis of the anion
states show that, even in the ground state, the average kinetic
energy in the two angular coordinates is 187 cm21. As the

wave packet is allowed to evolve in time, the kinetic and
potential couplings between the radial and angular motions
will lead to energy transfer between the rotations of the water
molecule and the Cu-H2O dissociation coordinate. It is this
effect that is responsible for the intermediate time constants.
Based on an analysis of the bound portion of the wave
packet, the part withR,7 Å, we find that the average ki-
netic energy in the angular degrees of freedom is reduced by
more than one-third after 10 ps. Since the total energy is
conserved and the total energy is close to or above the dis-
sociation threshold for the complex, the energy lost from the
rotational motions must go into the Cu-H2O dissociation co-
ordinate.

A second question that is raised by this longer time be-
havior is the relative insensitivity oft2 to the wavelength of
the OPA photon, at least over the range from 315 to 345 nm.
Within our model, changing the energy of the probe photon
will shift the regions of configuration space at which the
energy of the OPA photon matches the differences between
the energies of the ground and excited states of Cu(H2O) and
the energy difference between the excited state and
Cu1(H2O). While shifting the configurations at which
Cu1(H2O) and Cu1 can be detected may lead to changes in
the structure of the signals, the value oft2 reflects the rate
that probability amplitude passes into and through regions of
configurations space at which Cu1(H2O) or Cu1 can be

FIG. 10. Probability amplitudes integrated over~a! all values ofR andu and
over the specified range off and ~b! all values ofR and f and over the
specified range ofu, plotted as a function of the propagation time and
normalized to the values that would be obtained if the system were isotropic.
The plotted distributions represent the sum of the values for specific initial
states, weighted by the Boltzmann factors for a 150 K vibrational tempera-
ture of Cu2(H2O).
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formed. As such, it is not expected to be affected by small
changes in the locations of the probe windows brought about
by changing the wavelength of the probe laser.

Finally, we note that tens of picoseconds after photode-
tachment, the complex continues to dissociate at a slower
rate, with time constant of the order of 100 ps. This time
scale is not accounted for by the 10 ps propagations. A likely
source of this long-time decay is through vibrational predis-
sociation out of vibrationally excited states of H2O. From
electronic structure calculations, we find that the H2O geom-
etry and vibrational frequencies differ slightly between the
anion complex and in free H2O.35 Franck-Condon calcula-
tions based on the harmonic frequencies and geometries of
the anion and neutral complexes suggest that, following elec-
tron photodetachment from Cu2(H2O), about 10% of
Cu(H2O) possess excitation of intramolecular H2O vibra-
tions.

VI. CONCLUSIONS

A detailed investigation of the time-dependent and dis-
sociation dynamics of the Cu(H2O) complex has been per-
formed through a combination of experiment and theory. The
experimental dynamics is initiated through electron photode-
tachment from the anion, a defined starting point that pro-
vides an initial neutral complex with significant vibrational
excitation in the Cu-H2O intermolecular modes. The dynam-
ics is probed through time-delayed resonant multiphoton ion-
ization, a sensitive probe of structural dynamics in the com-
plex. In parallel, the dynamics of the system is also
investigated theoretically, through quantum mechanical wave
packet calculations.

The excellent agreement between the results of the wave
packet calculations and the experimental data enables us to
extract detailed physical information about the Cu(H2O) dy-
namics from the calculations. The conclusions that are sup-
ported by the experimental results indicate that following
electron photodetachment from Cu2(H2O), the H2O rotates
and angularly delocalizes faster than our experimental time
resolution~260 fs!. The nascent Cu(H2O) neutral undergoes
rearrangement and dissociation. Dissociation occurs on sev-
eral distinct time scales. We identify a direct component~0.6
ps! that originates from anions with excitation in the inter-
molecular Cu-H2O stretch. A second time scale~8 ps! of
delayed dissociation arises from energy transfer from H2O
internal rotation to the Cu-H2O dissociation coordinate. A
third dissociation time scale~100 ps! is proposed to arise
from the vibrational predissociation of complexes possessing
excitation of the intramolecular vibrations of H2O.

The information gained from this detailed analysis of the
dynamics of Cu(H2O) will add to the interpretation of more
complex systems that we envision studying in the future.
Larger Cu(H2O)n clusters are an immediate extrapolation
and the investigation of their femtosecond dynamics is cur-
rently in progress. Compelling future candidates include
metal-ligand systems with heavier ligands, in which the
slower ligand motion may be resolvable by our experiments.
Finally, we are experimenting with entrainment and argon
cooling techniques57,58 for generating colder anions, which
will simplify the interpretation of the neutral dynamics.
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