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Femtosecond study of Cu (H,O) dynamics

Felician Muntean,® Mark S. Taylor, Anne B. McCoy,” and W. Carl Lineberger
JILA and Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309

(Received 3 May 2004; accepted 21 June 2004

The short-time nuclear dynamics of Cu®)) is investigated using femtosecond photo-
detachment-photoionization spectroscopy and time-dependent quantum wave packet calculations.
The Cu(HO) dynamics is initiated in the electronic ground state of the complex by electron
photodetachment from the C(H,0O) 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 th® Cu-H
dissociation energy and undergoes both large-amplityge tdotion 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-depende@=0 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(D,0O) complex, with results very similar to those of Cy®). © 2004 American Institute of
Physics. [DOI: 10.1063/1.1782176

I. INTRODUCTION an internal energy that is near the Cy@dissociation en-
ergy. Immediately after the birth of neutral Cu{®)), the
Both intermolecular energy transfer and solvation dy-yater molecule will begin to rotate and vibrate with respect
namics play pivotal roles in chemical reactions in the con+g ¢y, and a fraction of the complexes will dissociate. We
densed phase? Dynamic solvent-solute interactions have expect the dissociation to have both direct and delayed com-

been shown to be important in governing the rates of both,,nents the latter arising from coupling between the internal
electron transfer reactiohsand reactions involving bond rotation of HO and the Cu-HO stretching vibration

making and breakiné.Femto;econd pump-probe laser Spec-cassical and quanturlf dynamics calculations have pre-
troscopy is a powerful technique for examining IntermOIecu'dicted that similar behavior will be exhibited by the com-

lar energy transfer and solvation dynamics in both the con-
o o lexes CI(HO) and Br(HO) prepared by electron photode-
densed phase’ and within neutral or ionic clustefs1? In piex (HO) and Br(H0) prep y P
tachment of their anionic precursors. Analogous energy

this study, we employ femtos_econd pump-probe 'asef SPC G ansfer dynamics resulting in direct and delayed dissociation
troscopy and quantum dynamical calculations to examine thﬁas been observed within the Hg-Bomplex!® Using pico-

H,O reorientation and dissociation dynamics within a

C o lex that i duced by photodetach t fsecond laser pum.p-probe spectroscopy, So.ep. and co-wprkers
CEE|(_||2—| ()))comp ex thal 1s produced by photodetachmen 0observeﬂi8 both direct and delayed dissociation following
2 .

In related studies, femtosecond pump-probe Spectrose_lectronlc excitation of Hg-p They concluded that energy

copy has been used to investigate solvation dynamics in botfrllow from internal rotapon of N into the Hg"\_é strgtc'hmg
neutraf® and anionit®~1® gas-phase complexes. The femto- vibration was responsible for the delayed dissociation. The
second photodetachment-photoionization experiments rdresent joint time-resolved experimental and theoretical

ported here exploit the fact that a polar molecule in a binanyStudy €xtends such investigations to solvation dynamics oc-
complex with an atomic metal anion will undergo large- curring on the electronic ground state of a van der Waals

amplitude reorientation and dissociation following electroncOMPlex. The work described here is also closely related to
photodetachment. Elementary chemical principles and highl® €legant d'SSOC_'at'V% Z%hotodetachmept experiments car-
level ab initio calculations concur that C{H,0) is planar ~ "ed out by Contlnettf. " These experiments obtain a
with the hydrogen atoms oriented toward the copper anioncomplementary view of dissociation dynamics by employing
while neutral Cu(HO) has the oxygen oriented toward cop- photoelectron-photofragment coincidence spectroscopy to
per and a diminished Cu-Qtseparatior(Fig. 1) compared obtain detailed information concerning the dissociation dy-
to the anion. Electron photodetachment of €H,0) pro- ~ Nhamics. Several comprehensive reviews of this approach

duces neutral Cu(}0) initially at the anion geometry with have recently appearéti?* Of particular relevance to the
experiments reported here are studies of solvated@H ",

and G anions?®~2
dpermanent address: Varian Corporation, Walnut Creek, CA. q hi K el h d hed
YPermanent address: Department of Chemistry, The Ohio State University, In this work, electrons are photodetached from a mass-

Columbus, OH. selected beam of C{H,0) by a 400 nm, 120 fs laser pulse,
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. FIG. 2. Schematic diagram of the ion beam portion of the photodetachment-
photoionization apparatus.
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FIG. 1. Schematic illustration of the CugB) dynamics upon electron pho- 3.12 eV wil produce neutral CU(ED) prlmarlly In its
todetachment of the negative ion. ground electronic state. The ground state of copper has an

alkali-like electronic structuréS;, (3d'%s?t), which gives

rise to two strongfPy, 57— 2Sy), transitions at 327 and 325
preparing an ensemble of time-evolving Cy@ com- MM _respegtive_lxi Both calculatioftsand r_eilated spectro-
plexes. Delayed resonance enhanced multiphoton ionizatiorfOP!C studie¥ “suggest that these transition energies will
(REMP)) is used to follow the time evolution of the neutral Shift markedly with the HO orientation and Cu-b0 sepa-
complexes and their dissociated fragments. This experimerfation- lonizing the complex using varying excitation ener-
tal approach offers advantages over other femtosecongj'es_w'” thus %robe the cluster in different transient nuclear
pump-probe techniques used for studying the dynamics Oq(_)nﬂguranons”. The approach we take has two components.
gas-phase neutral molecules. Starting with a negative ion af-i'St: femtosecond photodetachment-photoionization experi-
lows mass selection and enables the formation of a neutrd'€Nts aré used to investigate the evolution of CGi@Hfor
complex with a well-defined initial nuclear configuration, the first 100 ps following photodetachment of Gi;0).
Photodetachment of negative ions initiates the dynamics orecond. the dynamics of CugB) are simulated by quantum
the electronic ground state of the neutrals, while avoiding thavave packet calculations: the C{H,0) vibrational wave
complexity inherent in coherent nonlinear techniques used t§/nNctions populated under the experimental conditions are
initiate ground state dynamié&2° Probing by time-delayed Propagated quantum mechanically on the neutral GOOH
REMPI allows for simultaneous detection of the parent com-Surface. Details of the CuH,0) and Cu(HO) potential

plex and dissociated products by secondary mass analys@1€r9y surfaces and vibrational wave functions evaluated

Woste and co-workers developed time-resolved photofrom these surfaces are presented in the following p&per.

detachment-photoionization spectroscfpand used it to The remainder of this paper is structured as fqllows. We
study the rearrangement dynamics of neutrai A§heir ap- present our exper_lmental methods and apparatus in Sec.Il. In
proach was modified in our laboratory by replacing the slowSec. lll, we describe the theoreupal and computational meth—
ion beam and quadrupole ion trap with a pulsed supersoni8d°|09y used to calculate the time-dependent dynamics of
expansion ion source and fast ion beam, and it was also uséd(H20). We present the results of our femtosecond
to investigate the rearrangement dynamics of AjThese Photodetachment-photoionization experiments on GGH
developments allowed production of colder negative iond" S€C- IV. In Sec. V, the dynamics of Cuf8) are discussed
and simultaneous detection of both neutral and positive io@"d interpreted in light of the experimental observations and
photoproducts. The work from our laboratdhand subse- (h€ time-dependent wave packet calculations.

quent theoretical studigs>* emphasized that the time evo-

lution of the photodetachment-photoionization signals igll- EXPERIMENT

caused not only by nuclear dynamics on the ground-state The time-resolved photodetachment-photoionization of
potential energy surface but also by the involvement of in-Cu™(H,0) is performed using the charge-reversal instru-
termediate electronically excited states in the REMPIment described previousfy,so only relevant details will be
process. given here.

We choose to study the @ reorientation dynamics and
energy redistribution in the Cu@®) complex for several
reasons. First, both simple chemical principles abdnitio A schematic of the ion-beam part of the apparatus is
calculationg®>*®predict the equilibrium geometries of the an- presented in Fig. 2. A high-pressure pulsed sputtering dis-
ion and neutral complexes to differ significantliFig. 1). charge ion sourcéis used to make CUY(H,0), cluster ions.
Negative ion photoelectron spectroscdfd? and calcula- A mixture of 80% Ne and 20% Ar at stagnation pressures
tions®>3® agree that Cu(H,0O) is well described as a hy- between 6 and 8 atm flows through a small water container at
drated copper atomic anion and that it has a vertical detaclroom temperature and expands into vacuum through a pulsed
ment energy of about 1.6 eV. Electron photodetachment ug200 Hz General Valvg0.8 mm orifice, Parker HannifinA
ing the second harmonic of the Ti:sapphire 1aé#98 nm, sputtering discharge is initiated when the gas pulse flows

A. lon production, transport, and product analysis
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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
Cu (H,0) complexes are produced in the high-pressure re-
gion immediately following the discharge, insica 3 mm 10

3b 3a 2 1

diameter source channel. They are further cooled and stabi- T °
lized downstream, inside the cone-shaped expansion chan

nel, and then allowed to expand into the (0.5—-k@p * 8

Torr pressure of the source chamber. Along with Qd,0),, 8 ]

ions, the source generates Cu CuO (H,0),, — « o
CuOH (H,0),, O (H,0),, and OH (H,0),. In order to E 6 =+ cur 4p’
avoid mass contamination 8fCu~ (H,0) with ®*Cu0O~, we 2 1

study the less abundant, but isotopically purgz 83 ion by

packet[%°Cu~(H,0)], and for the deuteration experiments g ¢ N N

we employm/z 85[%°Cu(D,0)]. The rotational and vibra- ® ®

tional temperatures of the anions made in this source are not 5

well characterized. Previous studies of large cluster’ttfs Y Cu’ 4s’
indicated that they both range between 40 and 60 K. For S cu a8t

these smaller clusters, we expect both to be higher, possibly 0
100-200 K.
At 10 cm below the nozzle, a pulsed transverse electric
field extracts the negative ions into a differentially pumped R(Cu-0) (A)
W"ey'MCLareﬁls time-of-flight mass spectrometéfig. 2). FIG. 3. Schematic representation of the measurements performed, as de-
They are further accelerated to3 keV energy, and brought  scribed in the text. Dotted lines represent cuts in the Cy-Ob}, configu-
to a spatial and temporal focus at the photodetachment reations, while solid lines show cuts in the Cy®IC,, geometry.
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 SPeeasurements. For all measurements reported here, the neu-

trometer and are subsequently counted with an off-axig.,, Cu(H,0) complex is formed by electron photodetach-
microchannel-plate detector. This dual collector arrangement . -+ trom Cu (H,0) using a 398 nm pulse and the cation

enables the normalization of the cation signal to the neutragignal is recorded as a function of the delay between the
signal, which is found to be very helpful for reducing the photodetachment and the excitation/ionization pul$2RA/
e_ffects of fluctuations in the negative ion intensity and flight265 nm. The four ionization schemes are described below
time. and three are shown schematically in Fig. 3. In this figure,

the various laser pulse sequences are superimposed upon a
B. Laser system schematic, partial potential energy diagf&rdisplaying the

Most of the femtosecond laser system has been exterf/€ctronic states involved in the experiments.
sively described!**A Ti:sapphire oscillatofCoherent Mira
Basig pumped by a Nd:V@laser(Coherent Verdi V5 pro-
duces~85 fs pulses at 750—850 nm. The pulses are amplid. Three-color photodetachment photoionization
fied by a regenerative, multipass Ti:sapphire amplifierof Cu™

(Quantronix Titan, pumped by a Nd:YLF lasgQuantronix, The time resolution of the experimental apparatus is de-
model 527 DQ, to 3 mJ/pulse and 120 fs, at a repetition rategrminedin situ, using three-color, three-photon photode-

of 400 Hz. Two-thirds of this infrared light is used to gener- (5 -nment photoionization of Cu(Fig. 3, scheme 11
ate second harmoni@98 nm and third harmonig¢265 nm 398 nm (1=0) 3274265 nm (=AU

(CSK Optronics Supertripler, model 8315Aadiation, while Cu Cu detect Ci . (1)

the remainder pumps an optical parametric amplif@PA, B

Light Conversion TOPAS whose fourth harmonic output '€ 398 nm pulse photodetaches an electron from &hd a
provides tunable radiation between 300 and 400 nm. Finally3¢44ence of 327 and 265 nm photons resonantly ionize the
the OPA and the 398 nm pulses pass through delay stageSuz Cu atom through théP,, intermediate state. The delay
and are further combined with the 265 nm pulse in a collin-P€tween the excitation and the ionizati@®5 nm pulses is
ear configuration. All three pulses are focused to a spot ofxed at 0.3 ps. As the photodetachment-—resonant photoion-
~1mm diameter at the point of interaction with the ion ization delay time At) is varied, the CU signal exhibits a

packet, where their typical energies are J@Dfor 398 nm, step function increase att=0 (Fig. 4 and the rise time of
60 1J for 265 nm, and 10—12J for the OPA. 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[1+tanh/7)] and the derivative of this fitdashed
line) has a sechform. The width[full width at half maxi-
We investigate the dynamics of the Cy@®) complex mum (FWHM)] of this secR function provides the effective
through four time-resolved photodetachment-photoionizatioriime resolution of the experimental apparatus, 260 fs.

C. Measurements performed
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4. One-color dissociative multiphoton ionization of

1.0 /\

&= - initially bound Cu(H,O
2 Cu* from Cu y (H,0)
E 308-327-265 This measurement is the same as the one above, except
s that it is a higher order multiphoton process, and the ion
T 05 detected is Cl
S o
8 398 nm (t=0)
o Cu (H,0) —— CuH;0)
©
E \ t=At 3% (315-345 nm
S \ — CuH,0) —— detect Cd
N
0.0 ' . .
05 0.0 05 +H0. (4
SH-OPA Delay (ps) The one-color ionization used here does not allow effi-

cient multiphoton ionization of the isolated Cu atom, even
FIG. 4. The three-color photodetachment photoionization of @ith 398, when the OPA is tuned to the 327 nm Cu atom resonance

327, and 265 nm laser pulses as a function of the time delay between tl "
photodetachmen(898 nm) and the resonant excitati¢827 nm) pulses. The ht‘?ansmon. At that color, the energy of two 327 nm phOtOhS

solid line represents a tanh fit to the data and the dashed line is the derivatie -58 €V is insufficient to ionize the isolated Cu atdion-
(secR) of the fit, anin situ measurement of the effective time resolution of ization potential (IP¥>7.73 eV]. In contrast with the two-

the experiment. color resonant ionization of the neutral Cu fragment arising
from dissociative photodetachment, the'Ceation signal in
this case comes from dissociative photoionization of the
2. Two-color resonant ionization of Cu arising from CL.’(HZO) complex. Thg Cu time dependence observed in
dissociative photodetachment of Cu  ~(H,0) this process is essentially the same as that observed for the

) . o Cu" (H,0) produced by one-color multiphoton ionization of
The Cu atom fragment resulting from dissociative pho-cy(H,0).

todetachment is monitored as a function of the delay time
between the photodetachment phot98 nm and the
2p,,,—2S,, excitation of the copper atom by a 327 nm pho- D. Experimental details and data acquisition

ton (Fig. 3, scheme 2 Optimal laser-ion spatial overlap is of primary impor-

_ 398 nm (t=0) tance for our two- and three-color experiments. The optimal
Cu” (H0) CuH0) overlap is best achieved through the optimization of the pho-
t=At 327+265 nm todetachment photoionization of Cuin a two-step proce-

— CutH0 —— detect CJJFHZO'(Z) dure. First, the photodetachme(898 nm pulse is posi-
tioned in time and space to maximize the Cu neutral signal.
The delay between the resonant excitati827 nm pulse  The resonant excitatiof827 nm OPA and the ionization 265
and the ionizatior(265 nn) pulse is fixed at 0.3 ps. This is nm pulses are introduced and adjusted spatially to maximize
exactly the same measurement process described above, @e Cu" cation signal. Special care is also taken to ensure
cept that the laser pulses intersect CH,0), rather than that the laser modes are as uniform as possible in the far
Cu™. The major background contribution is from two-color field, in the region of interaction with the ions. Typically,
(327 and 265 nm photodetachment photoionization of 50,—10% of the parent negative ion beam is photodetached
Cu (H,0) and is typically 10% of the maximum of the py the 398 nm radiation, but a significantly smaller propor-
three-color signal. tion of the photodetached neutrals are themselves ionized by
the subsequent pulses.
The data acquisition procedure consists of scanning a
3. One-color, resonant multiphoton ionization range of time delays between the 398 nm pulse and the fixed
of initially bound  Cu(H,0) OPA and 265 nm pulses, while simultaneously measuring the
] ] total [both intact Cu(HO) and dissociated neutral produlcts
~ The bound Cu(lHO) complex is probed, as a function of netral signal and the individual Cuand Cu (H,0) prod-
time after photodetachment, by one-color multiphoton ion-yct cation signals. One single scan consists of sweeping the
ization using a tunabl€OPA) pulse(Fig. 3, scheme 3 entire range of time delays while data are accumulated dur-

B 398 nm (t=0) ing 800 laser shots per time delay. Many back and forth
Cu (H,0) —— CuH0) scans are performed for a total of 20 000—40 000 laser shots
t=At 2X(315-345 nm per time delay. This procedure allows continuous monitoring

—— CuH,0) ——— detect CU(H,0).  of the measured signals at all time delays to check for any
3 major drift. The final signakafter appropriate background
The excitation wavelength is tuned over the range 315-correction$ is given by the cation signal divided by the neu-
345 nm. The major background contribution is from one-tral signal. Although we do not continuously monitor the
color (OPA) photodetachment-photoionization of Cuand intensities of the ionizing laser pulses during data acquisi-
is typically 20% of the maximum of the two-colai398  tion, we periodically check their intensities and spatial posi-
OPA) signal. tions.
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The maximum Cii(H,0) and Cu count rates are about ) K2 52 2m;c s
0.2 and 0.5 counts/laser shot, respectively. The principal H:_Z_Mﬁ_RZJFT[bxlx*‘bny*‘szz]
challenge of the experiment arises from maintaining stability o
during the several hours of signal optimization and data ac- |J—]?
quisition. It is especially challenging to maintain a stable +W+V(R’9’¢)
spatial overlap of the three laser beams and the ion packet, 52 2 2rclbotb
due to the variations of the pulsed valve operation and to the - 4 £ DX By 12-7?)
slight pointing drift of the three laser beams as the room 2R IR? h 2 ‘
temperature changes. Background signals due to the indi- b R |j—j|2
vidual photodetachment or photoionization pulses are typi- + X4 (32 +7%)+b,2|+ 5 R2 +V(R,0,¢).
cally recorded at the beginning and end of data acquisition MR
and are subtracted from the time-dependent signals. 5)

Here, ug represents the reduced mass of the copper-water
complex, while theb, give the vibrationally averaged rota-
tional constants of water. A mass of 62.929599 amu was
Il. THEORY used for Cu, 15.994 915 amu for O, and 1.007 825 amu for H
(2.014 102 amu for  In the present coordinate syste,
From a theoretical standpoint, the photodetachment=27-88, by=14.51, andb,=9.28 cm * for F;%O_and bx
photoionization dynamics of the CugB) complex can be = 19:25,b,=7.30, anch,=4.94 cm ! for D,O.* Finally, V
considered in three parts. The first part involves the charad€Presents the intermolecular potential for this system, de-
terization of Cu (H,0) and is described in the following scribed in detail in the following papéf.
paper’® 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 calB. Dynamics
culations, we take a set of vibrational wave functions for the | order to investigate the dynamics of the copper-water
anion and propagate each of them on the neutral surfacgomplex, we start the system in one of the vibrational eigen-
using standard time-dependent approaéhe¥.Finally, the  states of the anion. We assume a constant electron photode-
ionization process needs to be considered. Wealismitio  tachment transition moment, and solve the time-dependent
calculations of the electronic excitation and ionization enerSchralinger equation for each of the ten lowest energy vi-
gies of Cu(HO), as described in the following papBrfo  brational states of C(H,0) and Cu (D,0). In all cases,
determine the configurations for which the system is mosthe system is propagated to 9.6 ps, through a series of 8000,
likely to be ionized and analyze the results of the simulation®0 a.u.(1.2 fg time steps. In order to evaluate
according to this model. Excitation energies are determined

for transitions between the ground electronic state and those W (R,0,¢,t+At)=e HAV"(R 9, ¢,1), (6)
excited electronic states that correlate fﬂ?q,m/z states of
Cu and ground-state J@. we express the Hamiltonian matrix in terms of a low-order

Lanczos recursion, consisting of 50 vectors that are initiated
using¥ (R, 0, ¢,t). We solve for the eigenvalues and eigen-
vectors of this system and use them to evaluate(Bq’>!

For these calculations, the wave functions are expressed in
As the intramolecular vibrations of water are fast com-an evenly spaced grid of 500 pointsi# ranging from 1.03
pared to the intermolecular vibrational motions of Cy@y  t© 12.99 A, while the angular dependence is expanded in

in all of the states that are probed by the experiment, we wilfPherical harmonics with=<10 for Cu(H0) andj=<15 for
consider the potential and the dynamics in terms of the threg“(D?o)' .
intermolecular coordinates only. These three coordinates are Smce_ as m_uch as 65% of th_e wave packet will rgach the
the distance between the copper atom and the center of maggymptotlc region of t_he potentl_al in 10 pi, we mg\ltlply the
of the water,R, and the two orientation angles of the water 32218:;;%\3;\5 function for whicR>Raps=10.34 A by a
molecule relative to the vector alori®, 6, and ¢ (see fol- ’

lowing paper for details We take as our reference geometry a(R)=exy — 2e~ 2(Rmax~Rand/(R-Rap9] )

the configuration in which all four atoms lie in a plane dd

lies along theC, axis of the water molecule, i.e4=0° and gt each time step, whem@,,=12 A. This choice ensures
6=90°. Motion alongg corresponds to rotation of the water that there will not be any reflection of the wave packet off of
molecule out of the plane of the complex, while motionthe edge of the grid. As our analysis does not involve the
along ¢ corresponds to rotation in the plane of the complex.parts of the wave packets that have amplitudeai8 A, we

In this representation of the copper-water complex, thedo not require detailed information about this portion of the
Hamiltonian is given by wave functions.

A. Coordinates and Hamiltonian
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Pump-Probe Delay (ps) FIG. 6. Experimental time dependence of the photodetachment photoioniza-

tion of Cu (H,0O) in the first 5 ps after photodetachment. Measurement
FIG. 5. Experimental time dependence of the photodetachment photoionizachemes are the same as those in Fig. 5. The inset shows sevé¢al,O
tion of Cu (H,0). The Cu signal (hollow circles is a result of 398 nm  data sets that reflect the possible range of the early time signal variation
photodetachment followed by two-color (32265 nm) resonant ionization  observed under a range of source conditions.
(Fig. 3, scheme R The Cu (H,0) signal(black circles is a result of 398
nm photodetachment followed by one-col827 nm resonant multiphoton

ionization (Fig. 3, scheme . . . .
(Flo . its decay. The sum of the two signals is a constant function

of the photodetachment-photoionization delay time. This in-

IV. RESULTS dicates that the two signals have similar characteristic time
constants at times longer than 5 ps and suggests that the Cu
signal results from dissociation of neutral Cy@®), fol-
Fowed 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 Gii,0).
The solid line represents the Cusignal from the
photodetachment-photoionization of CyFig. 3, scheme )1
and indicates the time resolution of our experiment. The
Cu’(H,0) signal rises at the same rate, which indicates that
neutral Cu(HO) is ionized at pump-probe delay times
smaller than the 260 fs experimental resolution. In contrast,
the Cu onset is both resolvable and delayed with respect to
the photodetachment event. Weak oscillatory features are ob-

We divide our description of the results of Cu{®l)
experiments into those in which the probe pulse is tuned t
the Cu?P,,,—2S,,, transition(327 nm and those in which it
is tuned off this resonancg&15-345 nm The former ex-
periments preferentially probe bound Cuy@®) at large
copper-water separatiofifig. 3, scheme @)] and dissoci-
ated Cu atomgFig. 3, scheme 2 The latter experiments
probe bound Cu(kD) at smaller copper-water separations
[Fig. 3, schemes(8)]. In addition, we present the results of
analogous experiments on Cy{®). Finally, we discuss the
fitting procedures employed to extract characteristic time
from the observed time dependences.

A. Dissociative photodetachment of Cu  ~(H,0) §erved in the Cti(H,0) signgl after very long averaging .
. ) ) ) times. We are currently studying these features and they will

1. Probing on the atomic Cu  “P,,+“Sy,, resonance be discussed in a future publication.

(527 nm) The relative magnitude of the fast rise of theCsignal

These experiments probe the Cu atom photofragment agith respect to the maximum signal at long time exhibits
described in Sec. Il C 2 and depicted by scheme 2 in Fig. 3modest variability (-10% of the signal’'s asymptotic value
Analysis of the potential curves in Fig. 3 suggests that boundbetween data sets taken on different days. The initial part of
Cu(H,0) will be resonantly ionized by multiple 327 nm the Cu (H,0) signal, the first 5-6 ps, is observed to vary
photons when it samples Cu,8 separations in excess of substantially between data sets from a pronounced decay
~5.5 A. This process is described in Sec. Il C 3 and depicteavith a faster component in the first 1-1.5 ps to a flat time
as scheme (@) in Fig. 3. This ionization window spans a dependence, as displayed in the inset in Fig. 6. This variation
restricted range of radial separations, because two 327 nim partly attributed to changes in lag€¥PA) focusing: stron-
photons(7.58 e\) can only ionize the bound Cug®) com-  ger focusing is found to yield CuH,0) signals with more
plex in certain water orientations and they have insufficienppronounced initial decays, and partly attributed to a day-to-
energy to ionize the isolated Cu atom €R.73 eV). day variation in anion temperatures with varying ion source

The time dependence of the Csignal for 100 ps after conditions. At times longer than the first 5-6 ps, all
electron photodetachment from CTH,0) is presented in Cu"(H,0) data sets exhibit the same time dependence.
Fig. 5. The CU signal exhibits at least three distinct disso- The overall magnitude of the C@H,0O) signal com-
ciation time scales during the 100 ps observation period. Ipared to the Cu signal can change substantiallyp to a
rises rapidly during the first picosecond, more slowly for thefactor of 8 between data sets. This latter variation is consis-
next several picoseconds, continues to rise at an even slowwnt with a multiphoton OPA process producing the
rate, and is still increasing slowly after 100 ps. TheCu"(H,0) signal, in contrast with a one-photon OPA pro-
Cu"(H,0) signal, also presented in Fig. 5, exhibits acess producing the Cusignal.
complementary behavior. It rises rapidly and decays over Finally, we note that the CyH,O) signal produced by
>10 ps and a single exponential cannot be used to descrit#bsorption of one 327 nm photon and one 265 nm photon is
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more than an order of magnitude smaller than the two-
: . . . 1.0 ) 315 nm
photon 327 nm signal described above. This result is ob- .
tained even though the 265 nm pulse typically has five times o Cu(H0)
the number of photons as the 327 nm OPA pulse. This ob- .0.
servation remains valid when the time delay between the .0'0.. ® oo
excitation (327 nm and the ionization265 nm pulses is 05 . ® "% od
varied over the range 0-3 ps. The weak Cd,0O) signal OOOOC“ o .
obtained with the two-color(327—265 nm ionization ° Oo0 OOOOOOOOOOOC
scheme precluded detailed analysis of its time dependence. 0090
2> 00

2. Probing off the atomic Cu  2Py,,+2S,,, resonance g 10 ‘. Cu*(H,0) 327 nm
(315-345 nm) k= ° ®

Inspection of the intermediate stédein Fig. 3 shows S ‘0... °
that tuning the OPA wavelength off the 327 nm Cu atom g 05 | ¢ ‘oo..
resonant transition moves the excitation window to smaller - '0.‘
Cu-H,0 separations. When the second photon absorbed by ﬁ .
the neutral complex is also an OPA photon, ionization is g Oooo Cu
energetically possible only for restricted angular orientations S 8q0 ©0000000000000000
of the water molecule. Thus C(¢H,0) formed by absorp- < 00 —
tion of two OPA photons arises from absorption in a re- 10 ° 340 nm
stricted angular and radial rangEig. 3, scheme ®)]. The Cu'(H,0)
corresponding Cl signals arise from dissociative multipho- ® oo.
ton ionization of Cu(HO). Such experiments were carried .0.‘
out detecting the ionic products following excitation at 315, 05 ®®ee.e
327, 330, 335, 340, and 345 nm. A similar measurement "0
using the more intense, but nonresonant, 265 nm third har- ’Oo cu’
monic radiation was also attempted, but no cation signals o Yoo
above background levels were detected. 0.0 0@ —— 0000000000000900

Figure 7 shows the Ci(H,0) and CU transient signals A0 2 3 4 5
obtained at excitation energies bel@40 nm, on (327 nm), Pump-Probe Delay (ps)

and above&315 nm) the Cu atom resonance transition. There

are no S|gn|f|cant'dlfference(swthln our exfenment?l scat- tion of Cu (H,O) at different resonant ionization wavelengths. The
ter) between the time dependen(_:es of the' (pO) signals Cu'*(H,0) signal is a result of 398 nm photodetachment followed by one-
at any of the wavelengths mentioned ab@8&5—345 nm color resonant multiphoton ionization with 315 r{top), 327 nm(middle),

The Cu' signals depicted in Fig. 7 have a completely differ- and 340 nm(bottom). The Cu’ cation signals detected at each wavelength
ent shape than seen in Figs. 5 and 6. The reason is that tRE a result of dissociative ionization of Cu(®).

latter arise from dissociative photodetachment of

Cu (H,0), while the Cu signals in Fig. 7 arise from dis-

sociative multiphoton photoionization of Cu8). Indeed,  of the fits are constrained to a model that assumes that the
the observgd Cu signals are dlrectly+propf)rt|onal to the |ong-time dependences of the Cand the Cti(H,0) sig-
corresponding Cti(H,0) signal. The Cti/Cu”(H,0) ratio  nals are complementary to one another, so that, as observed
increases with increasing excitation energy, indicating thag, Fig. 5, their sum is a constant. The simplest function em-
the Cu" (H,0) dissociation fraction increases with increas-pjoyed, a single exponentigdecay for the Cti(H,0) signal

FIG. 7. Experimental time dependence of the photodetachment photoioniza-

ing energy of the ionization photons. and rise to a maximum for the Cusignal, does not fit
. satisfactorily the time evolution to 100 ps. This is not sur-
B. Effect of deuteration prising, considering that our data clearly show more than one

Similar photodetachment-photoionization experimentsdissociation time scalgFigs. 5 and & Next, we try a sum of
are performed on CYD,O), using the same laser wave- exponential functions, which would correspond to parallel
lengths and the same photodetachment-photoionizatiofissociation processes. For the ‘Cohannel, a good fit is
schemes as for the C(H,O) experiments. Data from the ©OPtained with a sum of three increasing components,

two isotopes are very similar, leading us to conclude that —t,

deuteration effects on the time dependences of the &hd | ise=14| 0.5+ 0.5tanV6 +1,[1—e (tTlH(t)/72]
Cu' (H,0) cation channels are less than the current uncer- 1

tainties of our measurements. +15[1—e (Mt to)/ s 8

whereH(t—tg) represents the Heaviside step function. The

tanh function describing the most rapidly rising component
In order to extract characteristic time constants from ther; is chosen to have a form qualitatively related to the ex-

transients observed, we tested several fitting procedures. Aflected direct Cu—§D dissociation component. For the

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

T T2 73 to

I,® [P} I3 (ps) (ps (ps) (ps
Cu (H,0)/ 0.35(0.15 0.5(0.2 0.15(0.05 0.6 (0.2 8 (1) 100 (30) 0.4(0.1)
Cu (D,0)
Experiment
Cu (H,0)/ 0.25 0.75 0.25 3.1 08
cu (D,0)
Calculatiorf

#The parameters are defined in E(®.and(9) and the values of;, I,, andl are constrained to sum to one.

®The H,0 and ;O 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.

°Fit to the calculated signals calculated for a 200 K vibrational temperature ofHGO).

Cu" (H,0) channel, due to the variations of the signal in thetronic state of the Cu(kD) neutral, which correlates to the
initial 5—6 ps(Fig. 6), we only fit data at later times, using a S state of Cu (8'%s)+H,0, and the first excited states,
sum of two exponentials for the fit, which correlate to theD states of Cu (8%4s?)+H,0.

| s —tr Negative ion photoelectron spectroscdpi’ has determined

decaf D) =1,87 "2+ 1587 173, 9) . .

vertical photodetachment energies of 1.58 eV for the

This functional form provides a good representation of theCu(H,0) ground state and 2.92 eV for the first excited state
experimental data fdr>2 ps, but the fit is not at all sensitive manifold. Thus the present photodetachment energy is very
to the exact value ofy, which is determined only from the close to the threshold for formation of the first excited states
rise of the CU signal. Several data sets are analyzed forof Cu(H,0). Photoelectron imaging spectra of Qit,O)
each of the two channels and the optimal values of the fibbtained with 410 nm radiation show that the excited state
parameters are presented in Table |, where the uncertaintigdntribution to the photodetachment cross secticn 296 of
also include the variation of the fit parameters from data sethe total®® Calculations* of electron photodetachment from
to data set. We make two observations despite the large urGu™ also show that the excited state contribution is small. In
certainties resulting from the scatter in our data. First, theaddition, the resonant ionization scheme employed selec-
three characteristic time constants, 7, and 73 are each tively probes ground-state Cu¢B). Based upon all of these
separated by an order of magnitude. Second, neither the tinfacts, we conclude that the excited state CAQM contribu-
constants nor the weightings of each term in the fits differtions to the transient cation signals are negligible.
significantly between Cu($0) and Cu(DO).

B. Resonant photoionization of Cu  (H,O)

V. DISCUSSION The possible processes that contribute to the cation sig-

A series of interesting questions are raised by our experinal must be clarified in order to extract the correct dynamical
mental results. The first and most important question is théformation from our experimental data. While there is no
following: how do we understand the complicated dynamicsambiguity concerning the two-color resonant ionization of
of Cu(H,0) following electron photodetachment from its an- the Cu neutral fragmertEig. 3, scheme 2 we need a careful
ion? This raises more specific questions including the follow-analysis of the possible processes that contribute to the one-
ing: what is the time scale of }D reorientation, and what are color resonant multiphoton photoionization of the bound
the specific energy transfer processes responsible for tHeu(H,O) complex[Fig. 3, schemes(d) and 3b)]. Our ex-
three dissociation time scales that are observed? A series perimental results show that the two-color (GP2A65 nm)
related questions directly address the interpretation of ouionization of Cu(BO) makes only a minor contribution to
experimental results: why do we observe the same time evdhe Cu"(H,O) cation signals when compared to the one-
lution of the Cu (H,0) signals when we probe at different color (OPA, A =315-345 nm) multiphoton ionization, even
wavelengths in the range 315-345 nm; how can we undethough the 265 nm pulse typically has five times the number
stand the immediate onset of the QiH,0) signals(the  of photons as the 327 nm OPA pulse.
prompt ionization, how can we understand the variation of A possible explanation is that the one-color ionization of
the Cu' (H,0) signals in the first 5—6 ps; and why is two- the Cu(HO) complex prevails because it is a two-photon,
color (327 265 nm) ionization of CukO inefficient com-  resonant process, accessing a Rydberg state. Figure 8 shows
pared to the one-colof327 nm), multiphoton ionization? that both the excitation?P«2S) and ionization energies of
Prior to analyzing the dynamics and answering the abovéhe Cu(HO) complex vary significantly as a function of the
questions, we must characterize the response of the system@u-(H,O) radial separation and the orientation of thgCH
our photodetachment and photoionization schemes. molecule. The complex can be resonantly excited at selected
configurations over a range of OPA wavelengths centered on
the Cu atom transition?P,—2S;, 327 nm, 3.79 eY. A

Electron photodetachment from C{H,O) with one second OPA photon of the same energy can only ionize se-
398 nm(3.12 eV} photon can access both the ground elecdected Cu(HO) configurations whereas a second photon of

A. Electron photodetachment of Cu  ~(H,0)
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FIG. 9. Calculated probabilities of detecting Cand Cu (H,O) cation
signals as a result of the quantum mechanical wave packet propagation
calculations. The ionization detection windows assumed are 5.5-7 A for the
R (A) Cu" (H,0) signal and>7 A for the Cu' signal. Details of the calculations
are presented in the text.
FIG. 8. Cu(HO) vertical electronic excitation energy and ionization energy
calculated as a function of the Cu-{@) radial distance for the tw€,,

orientations, Cu-Okli(solid lineg and Cu-HO (dashed lines The horizon- . L
tal lines show the FWHM energy spread of one and two 327 nm probe2Nalysis, we have assumed that the photoionization cross

photons(dotted lines; the energies of one and two 315 dash-dot lines  section is independent of the Cu{®l) configuration. The

and 340 nm(dash-dot-dot linesphotons; and the ionization energy of Cu gpgve analysis is performed for each of the ten lowest energy

(7.726 eV (solid I_|ne).The vertical Ilnesnl_ustr_ate the probe window used to states of Cu(H,0). These results are weighted by the ap-

calculate the cation signals for C(H,O) in Fig. 9. 3 . . .
propriate Boltzmann factor to provide the signal for a given
temperature.

our third harmonia265 nm, 4.68 eY has enough energy to In Fig. 9 we present the calculaf[ed probabilities of de-
ionize all Cu(H0) configurations. This suggests that there istecting Cu" and Cu' (H,0) at three anion temperatures: 100,
increased probability of accessing Rydberg states of the ned50, and 200 K. There is an excellent agreement between the
tral complex with two OPA photons in the range investigategeXPerimental and calculated Ciand Cu (H,0) signals and
(315-345 nm These Rydberg states could then ionizethe main features are accurately reproduced. The calculated
through rotational autoionizatioft,’® utilizing the internal ~ Signals have been fit to the model, given in E@.and(9).
rotation of the HO dipole in the complex. This ionization The resulting time constants are reported in Table | and are in
process would involve a bound-bound transition, with a Sig_excellent agreement with the experimental values. As with

nificantly larger cross section than the bound-free ionizatioin® experimental constants, there is no difference in the time
when using the 265 nm as the second photon. constants or amount of direct dissociation between GG)H

and Cu(DBO) 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

In order to better address the remaining questions raisedotable features are the ones that occur at short times: the
by our experimental results, we investigate the dynamics ofimmediate onset of the CH,0) signal, the initial peak in
Cu(H,0), following electron photodetachment of the Cu (H,0) signal, the rapid rise of the Cusignal, and
Cu (H,0), by quantum mechanical wave packet calcula-the delay between the onsets of the two signals.
tions. We use a simple model that is based on the curves in  When we place the anion wave functions onto the neu-
Fig. 8 to convert these time evolving wave packets intd Cu tral surface, the average energy is above the dissociation
and Cu (H,0) signals. As the neutral potential surface islimit for all but the ground state, where the average energy is
strongly attractive only at short Cu,® distances, at —14cm . As a result, a significant fraction of the wave
Cu-H,0O separations that are larger than a threshold valugyacket rapidly spreads to large valueR0ofThis corresponds
Rcy, the complex is considered to be dissociated and théo Cu(H,O) undergoing direct dissociation. This feature
probability amplitude in this region will be taken to corre- manifests itself in the initial peak in the C(H,0) in the
spond to the probability of detecting Culn order to pro- calculated signals in Fig. 9. It is also reflected in the rapid
duce a Cii(H,0) signal, the energy difference between therise of the Cu signal, which is modeled by the tanh term in
ground and the excited states of the complex must match theg. (8).
energy of one 327 nm photon. Based on the plots in Fig. 8, The fact that there is a strong temperature dependence
this condition is satisfied for Cu-#® distances greater than on the peak at 0.5—1.0 ps in the Qud,0) signal reflects the
5.5 A and the probability amplitude with 5.5AR<R, initial population of the vibrational states of C(H,0). If
will be equated with the probability for detecting we assume a Boltzmann distribution describes the relative
Cu' (H,0). The results are found to be relatively insensitivepopulations of the vibrational states of QuH,0), at 100 K
to the choice oR¢,, and we have taken it to be 7 A. In this only 22% of the anions will have one or more quanta of

C. Comparison and analysis of the experimental and
calculated Cu * and Cu*(H,0) signals
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—e— 150<¢<180

excitation in the Cu-HO stretch, while at 200 K, 44% of the 5-°l
A —O0—— 120<¢ <150

states will have excitation in this modeSince the Cu-K5O

stretch in the anion correlates to dissociation on the neutral > 4.0 B — ®—  90<p<120
surface, a higher population of vibrationally excited states é 'A. — O —  60<$<90
will lead to a larger fraction of the sample undergoing direct 2 30 DR A 30<¢ <60
dissociation. This will lead to a larger initial rise in the a A e FATEER 0<¢$<30
Cu*(H,0) signal at 0.5—1 ps and a faster rise of the"Cu L 20

signal. Likewise, the delay between the Q#l,0) and Cu 8 T

onsets can be understood as the time required for the wave & 10

packet to reach a detection window at the large GOH
separations where the separated Cu atom can be resonantly 0.0 G
photoionized. ‘A —e— 0 <p<30

A similar variation in the short-time behavior of the — ®— 30<6<60
Cu' (H,0) signals is seen in the experimental results, plotted 15 1 L A 60 <0 <90
in the inset in Fig. 6, and suggests that part of the day-to-day
variation of the measured C(H,0) 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 Cti(H,0). We believe that this signal arises from . - - . - . .
the rapid delocalization of the wave function along the two 0 20 40 60 8 100 120 140
angular coordinates. As the calculated signal is based solely time (fs)
on the probability amplitude as a function of the CyeH
distance, this source of CI(IHZO) signal is not reflected by FIG. 10. Probability amplitudes integrated ovarall values ofR and 6 and

the present model. On the other hand. the rapid onset can &€ the specified range a@f and (b) all values ofR and ¢ and over the
) ! Specified range of, plotted as a function of the propagation time and

understood from the r(?SUItS'Of. the simulations. Figure &qormalized to the values that would be obtained if the system were isotropic.
shows that the electronic excitation energy of CuQ de-  The plotted distributions represent the sum of the values for specific initial

pends on the kD orientation. Specifically, at the C(gH,0) states, W(ejghted by the Boltzmann factors for a 150 K vibrational tempera-
equilibrium separation of 3.3 A, two OPA photons in the e °f €U (Hz0).
wavelength range 315-345 nm have insufficient energy to
ionize Cu(HKO0) in the Cu-BO geometries, but in configu-
rations with the oxygen oriented toward the copper atomwave packet is allowed to evolve in time, the kinetic and
Cu(H,0) can be ionized. In Fig. 10, we plot the probability potential couplings between the radial and angular motions
amplitude for various orientations of Cug8) as a function  will lead to energy transfer between the rotations of the water
of time for an initial distribution of Ct(H,O) states which molecule and the Cu-+®© dissociation coordinate. It is this
corresponds to a vibrational temperature of 150 K. The probeffect that is responsible for the intermediate time constants.
abilities have been normalized by the corresponding valueBased on an analysis of the bound portion of the wave
for an isotropic distribution. Initially, the wave packets are packet, the part witiR<7 A, we find that the average ki-
localized near¢=0° and §=90°, the most probable con- netic energy in the angular degrees of freedom is reduced by
figuration of the aniori° After less than 75 fs, the probability more than one-third after 10 ps. Since the total energy is
amplitude is delocalized over all possible orientations. Thisconserved and the total energy is close to or above the dis-
is considerably less than the time resolution of our experisociation threshold for the complex, the energy lost from the
ment, 0.26 ps, and thus we do not expect to resolve theotational motions must go into the Cu,8 dissociation co-
reorientation of HO in the present experiments. Based onordinate.
the above analysis, the results of the simulations are entirely A second question that is raised by this longer time be-
consistent with the observed onset of the"Qd,0) signal, havior is the relative insensitivity of, to the wavelength of
although such an effect is not incorporated in the model usethe OPA photon, at least over the range from 315 to 345 nm.
to obtain the plots in Fig. 9. Within our model, changing the energy of the probe photon
At longer times, the complex continues to dissociatewill shift the regions of configuration space at which the
although at a slower rate. This is reflected in thecontri-  energy of the OPA photon matches the differences between
bution to the signals, which has an associated time constatite energies of the ground and excited states of GO)Hand
of several picoseconds. As can be seen in Fig. 1, and motke energy difference between the excited state and
quantitatively in Fig. 4 of the following paper, the Cu{®l) Cu"(H,0). While shifting the configurations at which
surface is very anisotropic, especially at CyeHdistances Cu'(H,0) and Cu can be detected may lead to changes in
that are smaller than 3.0 A. Further, analysis of the aniorthe structure of the signals, the value ©f reflects the rate
states show that, even in the ground state, the average kinetitat probability amplitude passes into and through regions of
energy in the two angular coordinates is 187 ¢mAs the  configurations space at which C(H,0) or Cu" can be

Relative Probability
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