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An ab initio investigation of the potential energy surfaces and vibrational energies and wave
functions of the anion, neutral, and cation Cy@ complexes is presented. The equilibrium
geometries and harmonic frequencies of the three charge states of@uée calculated at the

MP2 level of theory. CCSOI) calculations predict a vertical electron detachment energy for the
anion complex of 1.65 eV and a vertical ionization potential for the neutral complex of 6.27 eV.
Potential energy surfaces are calculated for the three charge states of the copper-water complexes.
These potential energy surfaces are used in variational calculations of the vibrational wave functions
and energies and from these, the dissociation enelyjesf the anion, neutral, and cation charge
states of Cu(KO) are predicted to be 0.39, 0.16, and 1.74 eV, respectively. In addition, the vertical
excitation energies, that correspond to theP4—4 2S transition of the copper atom, and ionization
potentials of the neutral Cu@®) are calculated over a range of Cy@®) configurations. In
hydrogen-bonded, Cu-HOH configurations, the vertical excitation and ionization energies are
blueshifted with respect to the corresponding values for atomic copper, and in gu-OH
configurations where the copper atom is located near the oxygen end of water, both quantities are
redshifted. ©2004 American Institute of Physic§DOI: 10.1063/1.1782191

I. INTRODUCTION photoelectron spectrum C(@H,0) resembles that of Cu

) suggests that this complex is well described as a perturbed

In the preceding paper, hereafter referred to as Paper |, ner atomic anion. The photoelectron spectrum yields a
we presented femtosecond photodetachment—photmon|zatl%rtica| detachment energy to the Cu@) electronic
a}nd 'time-dependent qyantum me'chanical wave packet inVeé’round-state of 1.58 eV, which enabled Fuke and co-workers
tigations Of. t_h_e short-time dynamics of the neutral CyQHl to estimate the Cu-H,O binding energy to be 0.55 eV. Fur-
corpplex '1n ttiated by elegtron photodetachment f.romther experimental evidence of the Cuy{®) complex is pro-
(_Zu (H20). Accur_ate potential energy surfaces and V'b.ra'vided by Margrave and co-workérswho co-condensed Cu
tional wave functions for the anion, negtral,-and CE.itlonatoms and KO in a cryogenic Ar matrix. They interpreted an
Cu(HZO) complexgs were essential mgredpnts in both mter—R absorption band, which is shifted 20.5 chito the red of
pretlng. the expermental res_ults and running the guantu e H,0O bend funda,mental of matrix isollatechl as arising
dynamical calculations. In this paper, we present h|gh—leve1rorn the Cu(HO) complex. Finally, the bindin ' enthaloy of
ab initio electronic structure calculations and calculations ofC *(H.0) has b piex. q by’ ind gd pl?/ _
the vibrational energies and wave functions of the anioningug:eij c)iissasci:t?;nmniz:ri e(};/t:\évrg;?r egfundizgtt? k;Z'Of'S
neutral, and cation Cu(0) complexes. The present inves- .\ P 7 y '
tigation of the properties of the neutral and ionic CyCHl —O'IJ' eVéRef.t 29 ?nd 1't6E 0.08f e"V the photodetach ;
complexes is also useful for guiding future spectroscopic in- o tn' or e:_ 0 ": Zr_gref Cr:ncireH lé')y eh photoce adc mten -
vestigations of these speci&€ for improving models of the Photoionization studiesof Cu™ (H,0) we have carried out a

aqueous solvation of metal atoms and ions, and for undeS€r€s Of computations. First, we calculate the” (4,0)
standing the roles of copper in biological systeims. anion potential energy surface around the equilibrium geom-

While there have been severd initio electronic struc-  €try- Converged variational calculations are performed to de-
ture investigations of CuH,0),° Cu(H,0)"" and termine the vibrational wave functions and energies of
Cu" (H,0),*!#-?2there is a paucity of experimental work CU (H20) and Cu(D;0). We find that the Cu(H,0)
on these complexes, perhaps due to the challenges involvétiound-state wave function is delocalized between two
in generating and interrogating them. Fuke andequivalent Cu-HOH hydrog_en_ bonded conflguratlons_. The
co-worker$*?* have measured the photoelectron spectra o£CSIOT) calculated dissociation energy of C{H,0) is
Cu (H,0), (n=1-4). They find that the photoelectron 0.39 eV and vertical detachment energy to the electronic
spectrum of Cui(H,0) resembles that of Cy shifted to ~ ground-state of Cu(}0D) is 1.65 eV.
~0.3 eV higher electron binding energy. The fact that the =~ Photodetachment of an electron from Gi,O) pro-

duces neutral Cu(}0) with an internal energy that is com-
dpermanent address: Varian Corporation, Walnut Creek, CA. parable to the Cu-bD dissociation energy and, as a result,

PPermanent address: Department of Chemistry, The Ohio State Universit;‘},he wave packets that are generated upon photodetachment
Columbus, OH. of an electron from Cu(H,0O) can sample all of the attrac-
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tive regions of the neutral surface. This necessitates calcula- y
tion of the global Cu(HO) potential energy surface for use 4
in the quantum wave packet calculations that are described in
Paper I' We calculate a dissociation energy for the CoCHi
complex of 0.16 eV, using the CC$D method. Based on a
calculation of the photoelectron spectrum, we find that when
the anion has an initial vibrational temperature of 200 K,
50% of the population on the neutral surface is in vibronic
states that have total internal energies in excess of the Cu (=) (b}
+H,0 dissociation energy.
In order to connect the time-dependent photoionizatiorFIG. 1. The coordinates used in this study. In the G®HC,, configura-
signals obtained in our experiment with the dynamics of neution. #=90° while ¢=0°.
tral Cu(H,0), we explore the nature of the intermediate
states involved in the resonant multiphoton ionization of  All structures are optimized with second-order Mgller-
neutral Cu(HO) over the range of configurations that the Plesset perturbation theofMP2), with only valence elec-
complex explores following photodetachment of the aniontrons correlated, using analytical gradients. Geometries of
The results ofab initio calculation$® and experimental minima and transition states are converged using the “very
studie$’** agree that both the resonant transition and thaight” gradient convergence criteria @AUSSIAN 98 Slices
vertical ionization energies shift markedly with the® ori- through the anion, neutral, and cation Cy( potential en-
entation and the Cu-J® distance. We use time-dependentergy surfaces are generated at the MP2 level of theory by
density functional theory to estimate the relevant C4OH  varying the Cu-HO separation and minimizing the energy
transition energy. We find that the Cu “pseud®4-4S”  with respect to the intramolecular coordinates of the water
resonance transition is blueshifted by up to 0.14 eV from thenolecule at each point. In these calculations, the standard
atomic value in Cu-KO configurations, and it is redshifted caussian 9ggradient convergence criteria are used for com-
by as much as 1.91 eV in Cu-Qktonfigurations at short putational economy.
Cu-OH, separations. We also calculate a vertical ionization  The dissociation energies from the minimumlJ and
energy surface for neutral CugB) and find that its ioniza-  zero-point level D,) of the anion, neutral, and cation
tion potential is blueshifted from the atomic value by asCu(H,0) complexes and the vertical detachment energy
much as 0.36 eV in Cu-}O configurations, and redshifted (VDE) of Cu™(H,0) and vertical ionization energy/IE) of
from the atomic value by up to 1.87 eV in Cu-@konfigu-  Cu(H,0) are evaluated using both MP2 and the coupled
rations. Finally, Cti(H,0) is found to have a planaC,, cluster theory with single and double excitations and pertur-
Cu-OH, geometry and a CCSD) dissociation energy of bative triple excitations, CCS[), correlating only the va-
1.74 eV. lence electrons. Here we use VDE and VIE to refer to cal-
culations of the detachment and ionization energies at fixed
Cu(H,0) geometries. When evaluatiily,, we use the zero-
Il. THEORETICAL AND COMPUTATIONAL DETAILS point energies that are obtained from our converged varia-

We divide the discussion of the theoretical and Compu_t|onal calculations for the intermolecular vibrations, de-

tational details into three parts: a discussion of the eIectroniécr'bed below, and exclude the zero-point vibrational energy

structure methods used to study the copper-water complef,omrIbUtlons from the BO intramolecular modes. This ap-

the vibrational Hamiltonian for this system, and how we proach has the advantage of avoiding the errors associated

couple these two parts through the generation of potentia\f\’ith harmoqic vib_ratipnal frquencies. In addition, the verti-
surfaces for the anionic, neutral, and cationic CxQb com- cal electronic excitation energies of Cuy{®)) are calculated
plexes using an implementation of the time-dependent density-

functional theory, using the Becke3-Lee-Yang—Parr
A. Electronic structure calculations (B3LYP) hybrid functionalf8-4°

Electronic structure calculations are performed using th
GAUSSIAN 98 program packag®&: The 10 core electrons and
19 valence electrons of copper are represented by a relativ- Since the intramolecular vibrational motions of water are
istic effective core potentigRECP and (7%,7p,6d,3f ) va-  fast compared to the intermolecular vibrations, we consider
lence basis set, referred to as aug-SBBhis valence basis only the intermolecular vibrations in our treatment of the
set comprises 79 basis functions. The Stuttgart-DresderGu(H,0) complexes. As such, the vibrational Hamiltonian
Bonn (SDB) RECP and corresponding $6p,3d) basis set depends only on three coordinates. These are the distance
for Cu were developed by Preuss and co-workis. their  between the copper atom and the center of mass of the water
study of anion and neutral Gy (X=CI,Br), Wang and co- molecule,R; the orientation of the copper atom relative to a
workers partially decontracted and augmented the SDB vavector that is perpendicular to the water molecéteand the
lence basis set to yield the ¢,7p,6d,3f ) basis set that is vector that connects the oxygen atom to the center of mass of
used in the present studyHydrogen and oxygen are repre- water, ¢. These coordinates are illustrated in Fig. 1.
sented by the augmented correlation-consistent polarized va- In this representation of the copper-water complex, the
lence triple{ basis set, aug-cc-pVTZ. Hamiltonian is given by

eB. Vibrational coordinates and hamiltonian
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- % 9> 2mc o . For calculations involving this surface, we employ a cubic
H= = are T 7 LDt byly+baiz] spline to interpolate between the calculated pdifits.
In addition, the potential is calculated as a functiorgof
13-7| and ¢ with 30°< #<90° and 0% ¢=<100°, in increments
TR V(RO ¢) of 10°. In this caseR and the intramolecular coordinates of

the water molecule are allowed to vary in order to minimize

n% 9> 2mc[bytby . ., the interaction energy. For each of the seven values fof
T 2uR 0R? A e Vi P which the potential is calculated, the values/g®, ¢) are fit
o to an expansion in cosi)) with m=3. This expression is
x By oy ap |3—]? inverted to give an expansion in normalized associated Leg-
+ 4 (J5+12)+bajz | + 2ugR? +V(R.0,4). endre polynomials®, ,(6),

1)

Here, ug represents the reduced mass of the copper-water
complex, while theb, give the vibrationally averaged rota- 5
tional constants of water. In the present coordinate system, _ \/; m
b,=27.88; b,=14.51; andb,=9.28 cm'* for H,O (Ref. Vm(e)_Z‘o Vim Y Z[O1m(O)F(=1)701, -m(0)].
41) andb,=15.25; b,=7.30; andb,=4.94 cm * for D,0. _ _ _ _
Finally, V(R, 8, $) represents the intermolecular potential for NS separation of the radial and angular dependencies of the
this system, obtained from the electronic structure calculaPOtential is justified by the fact that at vibrational tempera-

tions. Because the coordinate system is referenced to trfiréS below 200 K the anion nuclear wave functions are lo-

center of mass of water, slightly different potentials are use§@/ized near the potential minimum. Over the range of angles

for the complexes with kD and DO. that are sampled by C{H,0) at 200 K, the minimum value
The development of the potentials is described in detaiPf R changes by less than 0.1 A. .

below. For the anion and neutral complexes and for the ver- 1h€ vibrational wave functions and energies for

tical ionization surface, the potential energy surface takes thEY (H20) are obtained in two steps. As noted above, the
form potential is expressed as the sum of a radial and angular

contribution and Eq(2) becomes

3
V<e,¢>=mE=0 Vin(8)cogme),
4)

1

V(R,0,¢)= (R) ———————
(R.6.¢) ;n Dt )V2(1+5m,o) V(R101¢)=Vrad(R)+|§: v|,mW
X[Yim( 6,0+ (D™ (6,01, (2 | me

m,
wherey, (6, ) are the spherical harmoniésSince, in the (6,81 -l 6. A)] (5
case of the cation we are only interested in the ground sta#©S such, with the exception of the second to the last term in
and fundamentals, we do not fit the surface, but use a splinég. (1), which is proportional tqg?/R?, the stretch and bend
interpolation of theab initio points. contributions to the Hamiltonian are separable. Taking ad-

Based on the forms of the kinetic energy operator andrantage of this separability, we define

the potential, a convenient representation for the Hamil- P ~
tonian matrix is to use a discrete variable representation h(Fa):_ﬁ_é'_Jr J +V,.4(R) 6)
(DVR) in R (Refs. 43 and 44while the angular dependences ! 2ugr JR? " 2ugR? " "¢

are gxpf\znded in terms of symmetrized Wigner rotationy, . gach value of. We solve for the energy and wave func-
matrices. As we onI_y cc_)n3|der cases wheje-0, these '® " tions using a DVR of 200 evenly spaced grid points between
duce to linear combinations of spherical harmorfics: 2.40 and 7.17 &* We save the lowest 20 wave functions
¥n,j(R), and use these functions to evaluate the full Hamil-
tonian

1

) _ 1
<9,¢|j,k,8>— \/Z(TM

PN 27c | by,+b ¢ wC [ by—b
X[y 0,8)Fe(~ 1y (6,4)], () H=h,®+7( > y)[JZ—JEHT( " y)
wheree==*1, and defines the parity of the system.
SRR FAt'S ) S
. . h im o N2(14 8no)
C. Computational details '
X[yl,m(01¢)+(_l)myl,fm(9:¢’)] (7)
1. Anion in a direct product basis
The construction of the potential for C(H,0) takes In,j.k,e)= v ik, ®)
1Ry - n‘j [} .

place in two stages. First we calculate a slice through this
surface inR, with #=90° and¢=0°. Here the potential is We find that for Cu (H,O), including all angular functions
calculated at the MP2 level using the basis described abov&jith j<15 is sufficient, while for Cu(D,0), we include
with R in a range from 2.2 to 7.5 A, in increments of 0.1 A. functions with j<25. Finally, since the center of mass of
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water changes upon deuteration, we shift the radial depen- Finally, we calculate the potential for C(H,0) near
dence of the potential by 0.0424 A to reflect this change irthe Cu-OH global minimum energy structure. In this case,
the definition ofR for D,0. the water geometry is allowed to relax in order to minimize
the total energy. Near the minimum energy structure, the
2. Neutral . . .
radial and angular motions are essentially decoupled. There-

Unlike the potential for the anion, the nature of the neu-fore, we follow the same procedure as is described above for
tral surface does not permit a simple separation of the angialculating the energies of the anion and consider the radial
lar and radial dependencies of the potential. As a result, iind angular components separately. The radial dependence is
this case, slices through the potential alddh@re calculated obtained through a one-dimensional cut through the potential
for 6=0°, 30°, 60°, and 90° angp=0°, 45°, 90°, 135°, at theC,, Cu-OH, geometry. The angular dependence of the
and 180° in increments of 0.2 A, starting on the repulsivepotential is calculated for 382 9<90° in increments of 5°
wall of the Cu(HO) potential. Additional points, spaced by and for 9=0° and 20°. Except for whefi=0°, where the
either 0.05 or 0.1 A, are also calculated near the minimum Opotential is independent ap, the potential is evaluated for
each slice. The resulting 16 curvi@shend=0° the potential  120°< < 180°, again in increments of 5°. To calculate en-
does not depend o) are each fit to the following equation: ergies for the cation, the potential is interpolated over this

V(R) =V (R)S(R)+Vp(R)[1-S(R)], range using a tw_o-dlmensmnal spllne. Singe 1_20 is in
the repulsive region of the potential, the low-lying states do

Vim(R)=D e 2AR"Ru) —2e~AR-RMT+E, not sample smaller values of this angle. Since the low-lying

5 9 wave functions are not expected to sample values dfiat
Vp(R) = D Cai are smaller than 120°, for these geometries we set the poten-

= R tial equal to its value a#h=120°. The necessary integrals of

— a(R— the potential over the basis functions in E8). are evaluated
e a(R—Rg)

using a 96 point Gauss-Legendre quadrature) iand 200
points evenly spaced between 0° and 180° degreés e
We then use the potential to calculate the low-lying vi- find that the energies are converged to better than 0tem
brational energies and wave functions for Cu¥. Because When a basis with<20 is used for Cii(H,0) andj <30 is
the stretch/bend coupling is stronger in the neutral than in theésed for Cd (D20).
anion, we use a sequential diagonalization and truncation Theab initio points and the parameters for the potential
approach in which we stdft*’ by obtaining the bend ener- surfaces for the three charge states of GU@H the vertical
gies and wave functions for a set of fixed valuesRoby  ionization surface of neutral Cug®), and the energies of

S(R)= am Ry ;g am Ry

solving the 20 lowest vibronic states of the anion and neutral for both
2C 2 Cu(H,0) and Cu(3O) are available from EPAPS.
A~ _ ~2 ~2 ~2
hang_ i [bxlx+byjy+szz]+ ZMRR2+V(R!01¢)
(10 I1l. RESULTS AND DISCUSSION

in a basis of spherical harmonics that includes all states wita. Calibration of electronic structure calculations

j=20 for H,0 andj=<30 for D,O. These are calculated for In order to interpret fully the photodetachment-

2 | R ing from 1. 12.2 A. The | 2 o . :
00 values oR ranging from 1.0 to e lowest 20 hotoionization experiments on Cuf@), we require accu-

o e e e e oo hie Cu (,0) vbtational wave unctons,  hgh ualty
tonian matrix. Using this approach, the energies are con.glo.bal _neutral Cu(b0) potential energy surface and_ve_rtlcgl
verged to better than 0.05 crh ionization energy surf_ace that describes how the_ ionization
energy of Cu(HO) varies across the neutral potential energy
] surface. We distinguish between those properties that are cal-
3. Cation culated as differences between the energies of species in dif-
Two surfaces are generated for the cation. The first is théerent electronic states or with different numbers of elec-
vertical ionization energy surface. In this case, we calculatérons, such as electron affinity, excitation energy, and
the energy difference between the 'G#,0) and Cu(HO) ionization energy, and those properties that are calculated as
surfaces as a function of the three intramolecular coordidifferences between the energies of species in the same elec-
nates, with the water geometry fixed at its minimum energytronic state, such as potential energy surfaces and vibrational
structure in the neutral complex. As such, this surface reprewave functions. We expect that accurate calculation of the
sents the energy that is required to remove an electron froformer properties will require a high-level treatment of elec-
the complex without allowing the water to relax. We fit the tron correlation such as CC$D), whereas accurate calcula-
vertical ionization energy surface using the same approach @®n of the latter properties may be carried out with an elec-
we used to generate the neutral surface. In contrast to thteon correlation treatment such as MP2. To choose an
neutral surface, we employ a spline interpolatfolo evalu-  appropriate level of theory for thes# initio calculations,
ate the cuts at other Cu,B distances. The angular depen- the aug-SDB basis set and RE€Rs tested in conjunction
dence of this surface is obtained by inverting the 16 cuts aith the MP2, CCSDT), and TDB3LYP methods for calcu-
fixed orientations to an expansion in terms of 16 sphericalating the properties of atomic copper. The results are sum-
harmonics, as described above. marized in Table I.
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TABLE I. Calculated properties of atomic copper. TABLE Il. Dissociation energies of Cu(4®) anion, neutral and cation
stationary points.

2S-?P transition 2S-2D transition

lonization energy energy MP2
Electron affinity potential  (j-averagegl (j-averaged MP2 CCSOT)?  Zero-point enerdy
ev) &v) QY ev) (cm* eV) (ecm* eV)  (cm? eV)
MP2 0.90 7.78 e e Cu (H,0) 4300 3750 625
CCcsOT) 1.20 7.74 . Minimum (C) 0.53 0.46 0.078
TDB3LYP - e 4.13 1.17 Cu (H,0) 4100 3600 e
Expt? 1.24 7.73 3.81 1.49 Transition state C,,) 0.51 0.45
Cu(H,0) 1600 1750 463
&The experimental electron affinity is from HaugéRef. 69. The experi- Global minimum (Q) 0.20 0.22 0.057
mental ionization potential is from Lidet al. (Ref. 70. The’S-?P and  cy(H,0) 1300 1450
232D transition energies are from the NIST Atomic Spectral DatabaseTransition state C,,) 0.16 0.18
(Ref. 49 andj averaged. Cu(H,0) 400 350
H-bonded minimum (Q 0.05 0.05 .
Cu* (H,0) 15350 14600 607
The excellent agreement between the CCBIaug-  Minimum (Cy,) 1.90 181 0.075

S_DB and gxperlm_ental ator_nlc electron affmlty and I0NIZa-3y), energies are reported to the nearest 50 éntop entry and 0.01 eV

tion potential provides confidence that this level of theory (hottom entry.

will predict accurate properties such as the vertical detachZero-point energies are calculated by solving Hq.for the energy of the

ment and ionization energies of the Cy®) anion and neu- ground vibrational state and are reported to the nearest £ ¢top entry

tral, respectively. It also provides confidence that the aug-2"® 0-001 eubotiom entry.

SDB basis provides an accurate description of the copper

electronic structure. While the coupled cluster calculations

are of high accuracy, they are too computationally expensiv8rdies in our subsequent discussion in the format MP2/

to use in the large number of calculations required to conCCSOT). The third and fourth corrections, basis set super-

struct potential energy surfaces, and so we use MP2 calcul®0sition error (BSSB and basis set incompleteness error

tions of the anion and neutral potential energy surfaces antBSIE), arise from the use of incomplete basis sets to de-

for the vertical ionization surface of CugB). MP2/aug- Scribe both Cu and }0. We evaluate the effects of BSSE on

SDB overestimates the ionization potential of the coppethe Do and the potential energy surfaces of the three charge

atom by 0.06 eV, an error of less than 1%, leading us totates of Cu(H0)> using the counterpoise technique of

expect that we can obtain an accurate description of the veROYs and Berardi; with relaxed fragment geometrigéin

tical ionization surface at this level of theory. accordance with  previous studies on  Cu-ligand
A calculation of the vertical excitation energy of the neu- complexes;*>**~**we find that correction for BSSE de-

tral Cu(H,0) complex at varying geometries is essential forcreases the binding energy of the anion, neutral, and cation

a compelling interpretation of the time-dependent photoion£omplexes, by as much as 40% for neutral GOH Table

ization signals. For this purpose, time-dependent density} shows that going from MP2 to CCSDD) increases the

functional theory(TDB3LYP) is tested in its prediction of binding energy of neutral Cu@®) while decreasing the

the atomic copper 3P« 4 2S excitation energy. We find that binding energies of anion and cation Cy(®). As the BSSE

it overestimates thg-averaged atomic transition enefgpf  correction opposes the electron correlation correction for

3.81 eV by 0.32 eV, but subtraction of this constant fromneutral Cu(HO), and there is no way of assessing the BSIE

calculated excitation energies of Cy®) will allow a quali-  ©f th(_a_compéexes, we choose to heed the advice of expert
tative discussion of the vertical excitation energies of thePractitioners® who state that the BSSE uncorrectdq is
Cu(H,0) complex. often closer to the actual value than the BSSE correbigd

In all of our quotedD,’s and all of our anion, neutral, and
cation Cu(HO) potential energy surfaces we use the MP2 or
CCSIOT) energies without the BSSE correction.

Energies, geometries, and harmonic frequencies of the

When calculating the dissociation energies and potentiahnion, neutral, and cation CugB) stationary points are pre-
energy surfaces of the three charge states of the @b(H sented in Tables Il and Ill, respectively. Using MP2 with an
complexes, there are four energetic corrections that must ball-electron (18,8p,4d,1f ) Cu basis set and 6-316(p)
considered. First, the vibrational zero-point energy of thefor H,O, Zhan and Iwatd found a C,, minimum for
complexes must be taken into account. As discussed, i€u™ (H,O). In contrast, our MP24aug-SDB aug-cc-pVTYZ
evaluatingD ; we exclude the KO zero-point energy, use the calculations find that KD asymmetrically hydrates Cu re-
intermolecular Cu-6O MP2 potential energy surfaces to sulting in aCg Cu™ (H,O) minimum, and &C,, first-order
calculate the intermolecular zero-point vibrational energy forsaddlepoint. In order to ascertain the minimum energy struc-
each charge state, and use this to evaluate dissociation ent&ure of Cu (H,O), we investigate the effect of varying Cu
gies Dy) at both the MP2 and CCSD) levels of theory. and HO basis sets at the MP2 level of theory. First we use
The second correction arises from incomplete treatment odug-cc-pVTZ for HO with three all-electron Cu basis
electron correlation. We account for electron correlation byset$®**8and a 10 electron RECP and g,6p,3d,2f,1g)
the MP2 and CCSIY) levels of theory, and report both en- valence Cu basis s€tand consistently find £ minimum

B. Anion, neutral, and cation Cu (H,O) stationary
points and energetics
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TABLE Ill. Geometrical parameters and harmonic vibration frequencies for the stationary points of the copper water cémplexes.

Cu(H,0) Cu(D,0) Cu(H,0) Cu(D,0)
Harmonic Harmonic Fundamental ~ Fundamental

Stationary point Parameter Vibration frequencies frequencies frequencies frequencies
Cu (H,0) Cu-H1 2.328 wi(a’) bound H stretch 3398 2466 - -
Global minimum Cu-H2 3.276 w,(a") HOH bend 1629 1192 - -
(Cy Cu-O 3.257 w3(a") Cu-H,0 stretch 119 112 105 101

O-H1 0.986 w4(a") out-of-plane bendd 601 437 728 539

0O-H2 0.964 ws(a") free H stretch 3843 2796 - -

/ HOH 99.0° wg(@") in-plane bendg 245 179 208 137

R 3.198

0 90.0°

¢ 33.0°
Cu (H,0) Cu-H 2.696 wq(al) symmetric H stretch 3687 2662 - -
Transition state Cu-O 3.243 w,(al) HOH bend 1625 1190 - -
(Cyy) O-H 0.972 w3(al) Cu-H,0 stretch 107 102 - -

/ HOH 96.5° w4(b1) out-of-plane bendd 559 410 - -

R 3.171 ws(b2) antisymmetric H stretch 3730 2725 - -

0 90.0° wg(b2) in-plane bendg 200i 143i - -

¢ 0.0°
Cu(H,0) Cu-O 2.068 w,(a") symmetric H stretch 3745 2699 - -
Global minimum O-H 0.966 w,(a") HOH bend 1615 1182 - -
(Cy £ HOH 105.3° w3(a") Cu-H,0 stretch 224 212 187 187

R 2.108 w4(a’) bend ing 354 272 134 98

0 38.6° ws(a") antisymmetric H stretch 3872 2838 - -

¢ 180.0° wg(a") bend ing 433 315 414 323
Cu(H,0) Cu-O 2.067 w,(al) symmetric H stretch 3766 2713 - -
Transition state O-H 0.964 w,(al) HOH bend 1608 1183 - -
(Cyy) / HOH 107.1° w3(al) Cu-H,O stretch 211 202 - -

R 2.131 w4(b1) out-of-plane bendd 274i 210i - -

0 90.0° ws(b2) antisymmetric H stretch 3904 2864 - -

1) 180.0° wg(b2) in-plane bendg 344 256 - -
Cu(H,0) Cu-H1 2.555 w,(a") symmetric H stretch 3758 2712 - -
H-bonded Cu-H2 3.877 w,(a") HOH bend 1621 1186 - -
minimum Cu-O 3.520 wz(a") Cu-H,O stretch 65 62 - -
(Cy O-H1 0.965 w4(@") out-of-plane bendgd 196 141 - -

O-H2 0.962 ws(@") antisymmetric H stretch 3910 2861 - -

£ HOH 103.9° we(@") in-plane bendgp 129 93 - -

R 3.480

0 90.0°

¢ 53.5°
Cu*(H,0) Cu-O 1.878 w,(al) symmetric H stretch 3769 2717 - -
Global minimum O-H 0.966 w,(al) HOH bend 1659 1222 - -
(Cy) / HOH 107.8° w3(al) Cu-H,0 stretch 446 446 437 420

R 1.942 w4(b1) out-of-plane bendd 30 23 197 125

0 90.0° ws(b2) antisymmetric H stretch 3866 2837 - -

¢ 180.0° wg(b2) in-plane bendgp 622 464 654 479

3Bond lengths are in A, angles in degrees, vibrational frequencies irt.cm
bThe frequency was calculated by taking to be the difference between the energy of the state with two quanta in this mode and the average of the energy of
ground state and the fundamental.

and C,, first-order saddlepoint. Second, we use theand is reproduced using smalb@ basis sets while the latter
(10s,8p,4d,1f) Cu basis set of Iwatd and vary the HO interaction favors an asymmetri€, minimum, and requires
basis set. We find that small,B® basis sets such as 3-21G large HO basis sets to be well described.

and 6-31Gd, p) find only aC,, minimum while larger basis Forming a complex with Cu perturbs the HO mol-
sets such as 6-3#1+G(d,p), aug-cc-pVTZ, and aug-cc- ecule by compressing the HOH angle from 104.5° to 99.0°
pVQZ find a Cg minimum andC,, first-order saddlepoint. and increases the bound H-O distance by 0.025 A, to 0.986
This suggests that # asymmetrically complexes with A. It is likely that photodetachment of an electron from
Cu~, with one H-Cu hydrogen bond, as in the hydrated Cu™ (H,O) will result in excitation of the OH stretches and
halide ionsX~(H,0).® The Cu (H,0) interaction can be HOH bend in a significant fraction of the neutral Cy(®)
understood as having a charge-dipole and hydrogen bondirgpmplexes. Harmonic frequency analysis shows that the
component. The former interaction favorsCa, minimum  bound H-O stretching frequency is reduced to 3398 tm
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The two equivalenC minima are connected by @,, tran- L
sition state with a barrier of 0.02/0.02 eV. The anion is bound 10 \/—w
by 0.45/0.39 eV when the zero point energy is taken into ( z

account. As discussed above, we shift the CCSissocia- o} T
tion energy by the zero-point energy, calculated from the
MP2 surface. Using the measured QH,0) vertical de-
tachment energ$?2* we estimateD o[ Cu™(H,0)]=0.39 eV
which is in excellent agreement with our calculated
CCSDT) value®® The CCSIOT) calculated vertical detach-
ment energy of Cu(H,0) is 1.65 eV, which agrees well
with the measured valé&®* of 1.58 eV.

The global minimum on the neutral Cug8) surface is 4
nonplanar withCy symmetry. This is in agreement with a
previous density functional theory investigation by Papai. 3
The geometry of the 5O molecule is not significantly per-
turbed within the complex, although the harmonic vibra-
tional frequencies of kD are all redshifted with respect to 1
free H,O. The antisymmetric stretch, symmetric stretch, and
bend are redshifted by 76, 77, and 13 cmrespectively. 0 : . ; : . :
This is consistent with the observed redshift of the HOH 2 3 4 5 6 7
bend observed in the matrix-isolation study of Cy(H by R (A)
Margrave and co-workerS. The two C4 minima are con-
nected by aC,, transition state with a barrier of 0.03/0.03 FIG. 2. Radial slices through the anion, neutral, excited state, and cation

. L L 1415 Cu(H,0) potential energy surfaces as a function of the distance between Cu
eV. Previousab initio |nvest|gat|on§1 of Cu(H,0) have and O. Cu(HO) is constrained to either th&,, Cu-H,0 (solid line) or the

ShOV_Vn that inclusion of electron correlation incr.ease.s '_[h%ZV Cu-OH, (dotted lineg configuration. The anion, neutral, and cation

binding energy of the complex. We calculate the dissociatiorurves are calculated at MR2lg-SDB aug-cc-pVTEand the excited state
g aqy p

energyD, of neutral Cu(HO) to be 0.14 eV at the MP2 curve is calculated as the vertical excitation from the neutral GO)He-

. ometries using time-dependent density functional theory. The neutral, ex-
level. If we subtract the MP2 zero point energy from thecited state and cation curves are each shifted by a constant value

CCSOT) De, we obtain aD, of 0.16 eV and compare this (1034 ev,—0.33 eV, and-0.06 eV) in order for the asymptotic limits of
to the most recent values of 0.15 éMP4)'® and 0.16 eV  the curves to match the experimentally determined atomic Cu electron af-

(DFT), both of which include a correction for BSSEWe finity, 4 2P 4 2S transition energy and ionization potential.
identify a second minimum, bound by 0.05/0.05 eV, in which
the Cu interacts with water via a nonlinear hydrogen bond. In
the experiments described in PapéiQu(H,0) is formed by  of complexes with Cu-HOH configurations is likely to dis-
photodetachment of an electron from Gid,0). When we  sociate into Cti and HO.
calculate the binding energy of Cug@) at the minimum Radial slices through the anion, neutral, excited state,
energy geometry of the anion we find that the vertically de-and cation Cu(HO) potential energy surfaces for the
tached Cu(HO) has an energy 0.01 eV below the energy ofCu-H,0 and Cu-OH C,, configurations are displayed in
dissociated Ctt H,O. This suggests that photodetachment ofFig. 2. The electronic transition of Cugl) that is probed in
an electron from Cu(H,0) results in a significant fraction the experiments described in Paper | correlates to the 4
of the neutral Cu(KHO) complexes having enough internal «—4 2S transitions of atomic copper, which fall at 3.79 and
energy to dissociate. 3.82 eV (or 327.4 and 324.8 nm respectively.
The minimum of Cu (H,O) has a plana€,, geometry  Experimentei®3® and computation&? studies of excited
and a calculated dissociation enemy of 1.83/1.74 eV at states of metal-polar solvent complexes have shown that
MP2 and CCSIT) levels, respectively. These values slightly transitions such as Cu @4 2S) are redshifted from that
exceed the experimentalH?%8 of 1.67+0.08 eV obtained of the free atom, due to interaction with the solvent mol-
by Armentrout and co-worker€,also the CCSDT) AH?®of  ecule. Our TDB3LYP calculations show that, as expected,
1.67 eV calculated by Feller and co-worké?sThe differ-  the three P-states, degenerate in the free copper atom, are
ence possibly reflects the neglect of BSSE in the presersplit into three nondegenerate electronic states with energies
calculations. that depend on the orientation of theorbital on Cu relative
At the CCSOT) level of theory, we calculate a 6.27 eV to the HO molecule. We note that the configurations near
vertical ionization energy(VIE) for equilibrium neutral the Cu-OH minimum, at small copper water separations,
Cu(H,0). This represents a 1.47 eV redshift relative to thehave the transition redshifted by as much as 1.91 eV com-
ionization potential of Cu, calculated at the same level ofpared to isolated copper atom. In the photodetachment-
theory. In contrast, the vertically detached catiahtheC,,  photoionization experiments described in Paper I, this shift-
anion geometry has an energy that is 0.38 eV above theing of the transition energy means that a prgbecitation
energy of the separated Cand H,0 fragments. This is due photon can only excite a neutral complex that samples a
to the repulsive interaction between Cand the water hy- restricted range of 5O orientation.
drogens, and suggests that'CHl,0) formed by ionization The radial slices of the Ci(H,0) potential energy sur-

Cu (*P) + H,0

Energy (eV)

Cu (*s) + H,0
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0 be seen in the cuts through the potential, the anion potential
{a) . . . .
is very flat in the region near the hydrogen-bonded configu-
rations. For angular ranges outside those plotted in Fig. 3, the
potential surface continues to rise monotonically.

Based on a comparison between the height of the barrier
-2000 between the hydrogen-bonded minimum energy configura-
tions and the harmonic frequency of the in-plane bend mode
of 245 cm' 2, reported in Table Ill, we expect that there will
be at least two states with energies below this barrier and
they will manifest themselves as a tunneling doublet. This is
40001 . . . confirmed by comparing the 51 c¢rh difference between the

3 4 5 6 7 states with zero and one quanta of excitation in this mode
with the 177 cm! difference between states with one and
two quanta and the 176 cm difference between the states
with two and three quanff. The fundamental frequencies
for the in-plane bend of CH,0) and Cu (D,0), reported
in Table Ill, are obtained by subtracting the average of the
energies of the states with zero and one quanta from the
energy of the state with two quanta. The anharmonic nature
of the anion potential energy surface in the in-plane bend
coordinate necessitates variational calculation of the vibra-
tional energies rather than by harmonic analysis. For the
states with two quanta in the in-plane bend, the most prob-
able configuration for both CyH,0O) and Cu (D,0O) cor-
responds to theC,, transition state geometry. This further

-1000 4

V(R) (cm™)

-3000

150

120

6 (degrees)
8

60

30

-60 0 60 reflects that these states are above the isomerization barrier.
§ (degrees) Similar trends are observed for the stretch/bend combination
bands.
FIG. 3. Slices through the CH,0) potential energy surfacé) as a In our simulations of the photoelectron-photoionization

function of the distance between Cu an_d the center of mass c_)f_\matmi_th signals of Cu (H,0), we initiate the dynamics from the ten

6=90° and$=0° and (b) as a function off and ¢, minimizing with .\ yest energy states of the anion. These states have between

respect taR. In this contour plot, the thin contours are spaced by 200%tm .

and the lowest energy contour is-a#000 cni L. In both cases, the zero in zero and three quanta in both of the copper-water stretch and

energy corresponds to Cy-H,O and the complex is bound by 4300ch  in the in-plane bend. In all cases, the states have zero quanta
in the out-of-plane bend. The probability amplitudes for the
stretch and bend overtone states show that these states

face in Fig. 2 show that the Cu-QHtonfigurations are sta- sample configurations that correspond to 2.75R

bilized and the Cu-gO configurations are destabilized with <3.75 A; —60°< ¢<60° and 50% §<130°. As the angu-

respect to free Cliand H,O. We observe that the radial |ar and radial dependences of these wave functions are nearly

Cu' (H,0) slice corresponding to Cu,® does not decrease separable, the full eigenstates are very well represented by

monotonically with increasing copper water distances, aslirect products of the one-dimensional stretch and bend

may be initially expected. Instead, there is a local maximunfynctions.

at 3.5 A and a local minimum at 2.3 A. Harmonic frequency

analysis shows a first-order saddle point at 2.28 A, with the

imaginary mode being the out-of-plang,® rotation. This  D. Characterization of Cu (H,0)

feature can be understood using simple electrostatic prin- .
9 P P As mentioned above, the calculated surface for the neu-

ciples. As HO approaches Cuthere is a competition be- . . X . .
tween the repulsion of the ion and the positive end of thééil('s gk))ta:?tztrj]tg gtr?itxgzlilélatlggvt/g?eiir?(lelﬁteastigmrs;%g me
water dipole and the attraction between the ion and the wateilrn Ft%esep slices to Eq9) Inpghese fits we onlv include
guadrupole momentithe oxygen has a slight negative 9 . = . . y

L . . points on the inner wall of the potential witi(R, 8, ¢) <
charge. Near 2.3 A, the attractive interaction causes a sllghP . . . :

L . : . — 3V in- This provides us with roughly two to three times as
dip in the repulsive curve, without being able to create a true . . 4 : . .
minimum many potential points as parameters in the fit. In spite of this
' we find that the parameters are correlated. As such, the pa-
rameters are allowed to vary until we obtain a physically
reasonable set of parameters for each cut. For example, we

The radial and angular slices through the Cd,0) po- require Ry, and Rg to be located near the minimum in the
tential are plotted in Fig. 3. The equilibrium geometry of the potential and the point of inflection on the outer wall of the
complex corresponds to a hydrogen-bonded structure with potential. In all cases, the differences between the fit and
Cu -H-O angle of 156.7°. The barrier between the twocalculated points for the radial cuts are smaller than 2%m

equivalent hydrogen-bonded structures is 166 trAs can  while the global surface reproduces the fit slices, by design.

C. Characterization of Cu ~(H,0)
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x
FIG. 4. Slices through the Cug@) potential(a) as a function oR and ¢
with #=90°, (b) and(c) as a function oR and 8 with ¢=0° and 180°. The 0 :
thin contours are spaced by 100¢h In all cases, the zero in energy 1'8 1'7 16 15

corresponds to CtH,0.
Electron Binding Energy [eV]

FIG. 5. Electron binding energy of C(H,0) at a vibrational temperature
of 200 K. The solid line represents the full photoelectron spectrum. The
The calculated points and the values for the parameters in thitted line represents the part of the spectrum that results from bound to

fit of the potential are available e|ectromca4}FyOnce these bound transitions and is obtained by convoluting the stick spectrum with a
Gaussian with FWHM:80 cmi %, as described in the text. The vertical ar-

slices are fit, the pOtentl,al IS evaluated, by first eVa‘ll'latm(;’row shows the location of the calculat€d47 e\j adiabatic electron affinity
each of the 16 angular slices at the desired valuB.oThe o cy(H,0), 0.14 eV below the vertical detachment energy, the peak of
angular dependence is obtained by taking the value of thphotoelectron spectrum. There will be no detectable photoelectron signal at
potential for the 16 copper-water orientations and performingnergies corresponding to the adiabatic electron affinity.

an inversion to a 16 term expansion of the potential of the

form given in Eq.(5). In this casem=<I<m+4 in incre- A s

ments of 2 whem+0, and wherm=0,| can be 0, 2, 4, or 6. Co()=(Wle  INnHIVH g ) (11)

Two-dimensional slices through the fit neutral surfacess, each of the ten initial states representeddhy, used in

are presented in Fig. 4. We perform variational calculation§he simulation. Heref , andF1 represent Hamiltonians for

of all of the bound state energies and wave functions forth .
e anion and neutral charge states of the copper-water com-
Cu(H,0) and Cu(RRO). For the HO complex, the ground plex. The spectrum is related t€,(t) by a Fourier

tsrt]ate g:ltl)ognd t:jy 1t1%3 Cﬁ?:an?hth%)pmem'lal sutprmlports modre transform®® We then take the weighted average of the spec-
tatn is b Ol:jnb Slalg?f' —rﬁor h'Ich comp e)i,60 et q[routnh t tra for each of the initial states, weighting the results by the
state 1S bound by cm while there are siates that g 117 mann factor. In all cases, the energy scale is the elec-

are bound by ".’lt Iezf\st 3cm. At IQV.V Eenergies, all of t_he tron binding energy, expressed in electron volts. The spec-
states are localized in the_Cu-QHunlm_um in the potential. trum is calculated for a vibrational temperature of
The calgulated energies and assignments of_state_s _thar(HZO) of 200 K and is plotted in Fig. 5. To facilitate
have enefr%;]es that 3retbtelow one h?” dolt the d'ssoct'jat'ogomparison with experiment, the calculated spectrum has
energy of the 9r°”2 stale are reported for Ci@K an been convoluted with a Gaussian that has a full width at half
Cu(D;0) in EPAPS: A" of these st_ates display clean nodal maximum(FWHM) of 80 cmi 1. We also calculated the cor-
patterns and are easily assigned in terms of the number %sponding stick spectrum at this temperature by taking the

guagta'larj the cciﬁper—wat(fer s:;letch,.ln-pla}[nle anld Ollﬂ'Off'%lan quare of the overlap of the wave functions of the anion with
en.tst.l stwhas fcaze ?r (Zla?lor;,da I?IW evI? sho fn e bound wave functions of the neutral, weighted by the
excitation, the system displays distinct double-weti charac e_rappropriate Boltzmann factor. Comparing the spectrum ob-

In contrast to the anion, the double-well behavior is mani- ;o by convoluting the stick spectrum with a Gaussian

fested in the out-of-plane bend and three and four states A€ a EWHM of 80 cmi ! and the spectrum obtained from

trapped below the barrier between the two equwalenEhe correlation function, we find that 50% of the intensity

minima for the BO and DO complexes, respectively. Fi- arises from bound to bound transitions. We note that al-

nally, in contrast .to the anion, there IS ;trong couphng be.'though there is a rapid onset of the signal at roughly 1.58 eV,
tween the three vibrational modes. This is also manifested i

. this energy is more than 0.1 eV above the adiabatic electron
the dependence of the effecﬂye qu%—of-plane bend frequerleiffinity of Cu(H,0), calculated to be 1.47 eV by taking the
cies on the Ievellof strgtch excitatién. energy difference between the lowest energy vibronic states
The above discussion has focused on states that are |8T Cu(H,0) and Cu (H,0). Finally, the calculated photo-
calized in the Cu-Ol potential minimum. In the electron spectrum exhibits peaks well above the dissociative

photode;ac(:jhmentt-hphotoiﬁn;zzri]non experiments, tTe sta’Ftehs ';Eghotodetachment onset. Such peaks could not have been re-
are probed are those that have nonzero overiap wi olved in the earlier experiments of Misaizu and

populated vibrational states of the anion. In spite of the fac o-workers??4 but they may have been observed in very
that these states sample fairly large regions of configuratiopecem phot’oelectron imaging experiments in our laboratory.
space, their overlaps with the states described above are
nearly zero. To investigate the states that contribute to th o +
signal, we evaluate the photoelectron spectrum from theE' Characterization of Cu ™ (H,0)

time-dependent wave packets described in Paper |. For these We calculate two potential energy surfaces that describe

calculations, we first evaluate the autocorrelation function Cu*(H,O): a relaxed Cti(H,0) surface in the region of the
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Cu' (H,0) minimum in which the energy is minimized with 140 7/ @

respect to the three intramolecular coordinates of water, and \ /

a global vertical ionization surface using the geometries of 120

the neutral Cu(BKO) complexes. The former is used to cal-

culate the vibrational wave functions for C(H,0) and the

latter is used to interpret the photodetachment-photo-

ionization experiments in Paper |. For brevity we do not

display the relaxed surface, but use it to illustrate the neces-

sity of such full surface calculations in accurately predicting

the vibrational frequencies for such complexes. The results

of a harmonic analysis, presented in Table Ill, predict an IR m i

out-of-plane bending frequencyexcitation in 6) to be 0 30 60 90 120 150 180

30 cmi %, but variational calculations using the complete re-

laxed surface predict a frequency of 197 cmlInspection of 6 (degrees)

the relaxed surface alongjshows that the potential is essen- 180

tially flat for <60°, only rising 60 cm! from the mini-

mum over this range of angles. As a result, harmonic fre- 150

guency analysis predicts an out-of-plane bending frequency

that is much smaller than the energy of the fundamental in

this mode. This illustrates that variational calculations are

essential to accurately calculate the vibrational frequencies

of molecules having anharmonic potential energy surfaces.
In the experiments described in Papéttie dynamics of

neutral Cu(HO) is monitored in real time by femtosecond 30

multiphoton ionization of the time-evolving neutral com-

plexes. As discussed, correct interpretation of these time- 0

dependent Cli(H,0) signals requires simultaneous consid-

eration of both the excitation and ionization processes R (A)

involved in the probe step of the experiments. We have dis-

cussed the variation of the excitation energy as a function of!G. 6. Slices through the vertical ionizatio_n surface for C4OM calcu-

Cu(H,0) geometry, and now we turn (0 the vertical ioniza- ied % V72845 08 augrcciVTE and sied b 006 e o epre

tion energy of Cu(HO). Two cuts through the vertical ion-  piotted as a function of and ¢ for R=3.0 A increments of 0.04 eV, where

ization surface are presented in Fig. 6. For ease of interprehe highest contour represents 8.04 eV, whiléoinit is plotted as a function

tation, we display ionization energy contours above andf R and ¢ for 6=90°, in increments of(_).l eV,.where the.highest contour

Delow the copper atom fonization potental73 eV as dot  =51eselS 00 4 1 bolhcase, e ik sl e o e oo

ted and solid lines, respectively. Figuréapclearly shows  ang smaller ionization energies, respectively.

that as the positive or negative end of the water dipole points

toward copper the ionization energy, respectively, increases

or decreases with respect to the copper atom. This marked

variation in the ionization energy of the complex as its ge-regylt, some of the neutral complexes formed by this method
ometry varies has profound consequences for the photqgj) gissociate into Cu and kO. Our calculations show that
detachment-photoionization experiments that we report ijectron photodetachment from CfH,0) produces neutral
Paper I It provides selectivity in the ranges of CW6))  cy(H,0) initially far from its equilibrium geometry and
geometries that are _|on|zed in these experiments, and as@nsequently with excitation of 40 internal rotation. The
consequence, the time-dependent photodetachment-photQsscent neutral complexes thus undergo large-amplitude wa-
ionization signals can be used to develop pictures of thegr reorientation and Cu-f® dissociation. We find that neu-

120

90

¢ (degrees)

60

30

(b)
0=90°

120

90

¢ (degrees)

60

dynamics of neutral Cu(D) as a function of time. tral Cu(H,0) has a nonplanar equilibrium geometry and a
dissociation energy of 0.16 eV. C(H,0) is found to have a
IV. CONCLUSIONS planarC,, geometry, and a dissociation energy of 1.74 eV.

We find that for each of the three charge states of
In this paper, we have presented a computational an€u(H,O), calculation of the potential energy surface fol-
theoretical investigation into the potential energy surfacesowed by variational calculations are required to accurately
and vibrational energies and wave functions of the anioncharacterize their vibrational wave functions and energies,
neutral, and cation Cu(#D) complexes. We find that due to anharmonicity in their potential energy surfaces. The
Cu (H,0) is delocalized between two equivalent Cu-HOH photoelectron spectrum of C(H,0) is calculated for a 200
hydrogen bonded minima, and that it has a dissociation erK vibrational temperature of the anion. Based on an analysis
ergy of 0.39 eV. Vertical electron detachment from of this spectrum, 50% of the population is in vibronic states
Cu (H,O) produces neutral Cu(@®) with an internal en- that have energies above the dissociation energy of the neu-
ergy comparable to the Cu,B dissociation energy, and as a tral complex. This estimate is borne out by the extensive
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