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Abstract

We report high resolution photoelectron imaging spectra of Cu™ and Cu™ (H,0),, (n = 1,2) complexes. With the least bound elec-
tron principally localized on the metal, electron photodetachment produces neutral states that are best characterized by the atomic
metal state plus a water molecule: [Cu (*S), H,0], [Cu (°Ds),), H>0], and [Cu (°Dsy,), H,O]. The large Cu™—H,O separation gives rise
to a remarkably narrow, isolated peak in the photoelectron spectrum, allowing an accurate, direct determination of the anion dis-
sociation energy; when coupled with electronic structure calculations for the neutral, the adiabatic electron affinity is derived.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Recent experiments [1] and calculations [2,3] of the
structure and rearrangement dynamics of CuH,O fol-
lowing electron photodetachment from Cu H,O have
afforded considerable insight into the ultrafast solvent
motions in the evolving complex. The initial configura-
tion of the complex was derived from ab initio calcula-
tions and a low resolution (~0.25eV) photoelectron
spectrum of Cu™H,O obtained by Misaizu et al. [4,5].
In order both to assess the calculations and to obtain
more accurate thermochemical information for this
complex, we employ a new photoelectron imaging spec-
trometer to obtain high resolution photoelectron spectra
of Cu™ and Cu_(HzO)m.

The imaging technique developed by Chandler and
Houston [6] has become an invaluable tool for study
of gas-phase dynamics [7-9]. When employed in the
velocity map imaging mode developed by Eppink and
Parker [10], significantly higher resolution photoelectron
images can be acquired, while maintaining the 4 collec-
tion efficiency of the imaging technique. Recently, Sanov
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and coworkers [11-14] and Neumark and coworkers
[15-17] have extended this imaging technique to anions,
incorporating imaging into a pulsed ion beam photo-
electron spectrometer. In the work reported here, we
employ pulsed ion source technologies [18] to produce
copper—water anion complexes and obtain high resolu-
tion photoelectron spectra using velocity map photo-
electron imaging.

Qualitative expectations of the structure of the cop-
per—water negative ion complex would orient the hydro-
gen atoms of water toward the metal anion, with a
relatively long bond distance as a result of the expanded
4s orbital in the Cu~ 3d'" 4s% 'S ground state. In the
neutral copper—water complex, the oxygen atom should
be oriented toward the metal. Photodetachment of one
of the Cu~ 4s? electrons produces the electronic ground
state of the complex at the anion configuration, i.e., with
the hydrogen atoms still oriented toward the metal
atom. The smaller spatial extent of the 4s outer-shell
electron orbitals of neutral Cu 4s *S (compared with
the diffuse, doubly occupied 4s> orbital of the Cu~ 4s>
'S anion) provides a significant simplification of the
photoelectron spectra of the Cu™ (H,O), complexes.
Electron photodetachment of one of the Cu~ 4s” elec-
trons forms the neutral complex at the anion geometry,
with such a large copper-water separation that the inter-
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actions between Cu 4s %S and water will be relatively
weak. On the other hand, detachment of one of the
3d'° electrons of Cu~, producing Cu 3d° 4s” D, gives
rise to a electronically excited neutral complex with an
equilibrium copper—oxygen bond length that is compa-
rable to that of the anion. When electron photodetach-
ment produces this state, significantly stronger Cu—
H,O interactions should be present than when the
ground state is formed, giving rise to a broadened peak
(or, if resolved, a more extended progression) in the
photoelectron spectrum. These qualitative pictures are
supported by recent elaborate calculations of the anion
and neutral complexes [2], as summarized in Fig. 1.
Overall, the Cu (H,0), photoelectron spectra should
resemble the Cu~ photoelectron spectrum [19], shifted
to increasingly higher binding energies as the degree of
solvation increases.

This Letter briefly describes a new, high-resolution
negative ion photoelectron imaging spectrometer, and
presents results for Cu™ and Cu™ (H»0),, (n = 1,2). From
these data electron affinities and binding energies for the
complexes are determined.

2. Experimental apparatus

The basic ion beam machine consists of a sputtering
ion source coupled with a Wiley-McLaren [20] time-
of-flight mass spectrometer with a second, reflectron
mass spectrometer to detect the ionic photoproducts,
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Fig. 1. Potential energy surfaces and structures for C,y Cu™ (H,O) and
Cu(H,0). The CuH,O potential with the short bond length
corresponds to the water oxygen atom oriented toward the copper
atom [2].

as has been described [21,22] in detail. A sputtering
ion source produces significant quantities of Cu™,
Cu ™ (H,0), , ions, with an estimated molecular ion tem-
perature of 150-300 K [1]. At the spatial focus of the
time-of-flight mass spectrometer, the ions are inter-
cepted by tunable radiation produced by a Coherent
Infinity Nd:Y AG-pumped optical parametric oscillator,
with pulse energies variable from hundreds of nanojo-
ules to several millijoules. A newly constructed photo-
electron imaging system is located at this spatial focus,
extracting photoelectrons perpendicular to the 3 keV
ion beam and operated in the velocity map imaging
[10,12] mode. After traveling 20 cm in the p-metal
shielded flight tube, the photoelectrons encounter a
gated, 40 mm diameter microchannel plate detector, fol-
lowed by a phosphor screen. A cooled CCD camera (La
Vision) obtains photoelectron images in an event count-
ing mode, whereby the centroid of each individual pho-
toelectron event is recorded. The three-dimensional
photoelectron velocity and angular distributions are
reconstructed from the raw two-dimensional images
using the BASEX image reconstruction method devel-
oped by Reisler and coworkers [23]. As this photoelec-
tron imaging spectrometer is very similar to that
described by Sanov and coworkers [12,14], full details
will only be given in a subsequent publication.

Both the optimal focusing conditions and the electron
velocity energy scale calibration of the photoelectron
imaging spectrometer were obtained from observations
of Cu~, whose electron affinity (1.236 eV) is well estab-
lished [24]. With appropriate adjustment of the photo-
electron imaging optics, the energy resolution (AE) of
the photoelectron spectrometer is measured to be
19 meV at 1.13 eV electron kinetic energy (eKE), with
this image filling the detector. The resolution scales
approximately as the square root of the kinetic energy
for a given image magnification, and AE/E remains near
0.02 for the maximum energy electrons seen with other
magnifications. The narrowest peak observed to date
arises from Cu~ photodetachment, ~2 meV FWHM at
a photoelectron kinetic energy of 50 meV, with the im-
age magnification set such that a 70 meV image fills
the detector. Significantly higher photoelectron energy
resolution (especially with s-wave photoelectrons) is
possible using the collinear threshold imaging method
developed by Neumark and coworkers [17], but physical
constraints associated with this approach would pre-
clude our planned time resolved studies.

3. Results and discussion
3.1. Cu (H,0)

The 568 nm photoelectron velocity image and the
corresponding reconstructed energy spectrum of
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Fig. 2. Photoelectron image and spectrum of Cu H,O at 567.8 nm
(2.184 eV). The intense peak corresponds to the vertical detachment
energy near the neutral dissociation asymptote, not the 1.48¢eV
adiabatic electron affinity. See text for details.

Cu™ (H,0) are shown in Fig. 2. The magnification of
the image was adjusted so as to fill the microchannel
plate with 1 eV photoelectrons. Both eKE and the elec-
tron binding energy (eBE) are shown. The ¢BE is sim-
ply the photon energy less the eKE. The eKE is
reported to illustrate the resolution for the peaks in
the spectra as the wavelength is varied. The detachment
wavelength is not only varied to access higher energy
states, but to improve the resolution of a given feature
by reducing the kinetic energy associated with it. The
prominent peak in the spectrum is assigned as a transi-
tion producing the [Cu (*S), H,O] state of the neutral
complex. The vertical detachment energy (VDE) is
measured to be 1.637(4) eV with f=2.00(1); Cu~ pho-
todetachment provides the accurate reference value to
calibrate the apparatus. The full-width half-maximum
(FWHM) is 40 meV. A peak with intensity ~10% that
of the intense ground state transition appears at
0.194 eV (1570(20) cm™ ") higher binding energy with
B = 1.94(1) and is assigned as the H,O bending mode.
This energy separation is close to the v, bending mode
frequency of isolated H,O, 1595cm™' [25]. Further
experimental evidence supporting this assignment is
provided by Margrave and coworkers [26] who co-con-
densed Cu atoms and H»O in a cryogenic Ar matrix.
They ascribed a 1573 cm™! absorption band to the
H,O bend fundamental of the Cu(H,O) complex.

The assignment of this peak to the v, bending mode
of H,O was further confirmed by acquiring the photo-
electron spectrum of Cu™(D,0). Though not shown in
this Letter, the photoelectron spectrum of Cu (D,0)

exhibits a partially resolved feature located
1210(80) cm ™' above the intense [Cu (°S), D,O] transi-
tion. This energy difference is close to the 1178 cm ™! v,
bending frequency [25] of D,0, adding further credence
to assignment of the small peak in the Cu™ (H,0) spec-
trum as arising from excitation of an essentially local
water bending mode in the complex. The VDE of
Cu™(D,0) is 1.638(4) eV, essentially the same as that
of Cu™(H,0).

The appearance of this photoelectron spectrum is
very similar to many others observed previously [27].
The presence of a single, intense, narrow feature with
a short vibrational progression almost always reflects
the photodetachment of a nonbonding electron and
the production of a neutral molecule whose equilibrium
geometry is essentially the same as the anion. The energy
of the intense sharp peak should give an accurate mea-
surement of the adiabatic electron affinity of the mole-
cule. This ‘normal’ conclusion is incorrect for the
copper—water system reported here.

The very long Cu™—(H,O) bond length has the conse-
quence that electron photodetachment produces a
CuH,0 complex with a sufficiently large Cu-O separa-
tion that there are only weak Cu >S—H,O interactions fol-
lowing photodetachment; calculations [2] indicate that
the potential energy difference between the neutral photo-
detachment product (averaged over the anion vibrational
wave function) and that of the separated Cu and H,O
components is ~20 meV. This energy is approximately
80% of the 26 meV well depth indicated in Fig. 1. This re-
sult, coupled with the narrow line observed for this tran-
sition, gives a particularly simple method to obtain the
anion dissociation energy through the cycle

Do[Cu™—(H,0)] = VDE[Cu (H,0)] — EA[Cu]

+ correction,

where EA[Cu] is the electron affinity [24] of copper
(1.236 eV), VDE[Cu (H,O)] is the measured VDE,
1.637(4) eV, and the correction term is +20 meV, as ob-
tained above. These quantities are depicted in Fig. 1. We
thus find Dy[Cu™—(H,0)] to be 0.42(2) eV. This result is
in remarkably good agreement with that calculated by
Taylor et al. [2], 0.44 eV.

The second consequence of this geometry difference is
that the binding energy associated with of the intense
peak does not correspond to the adiabatic electron affin-
ity, EA(CuH»0). Rather, this quantity must be deter-
mined using the recent calculation [2] of the CuH,O
ground state surface to obtain the dissociation energy
of the neutral complex, 0.16 eV. The adiabatic electron
affinity is then given by the energy of the intense peak
less this binding energy, with the result that EA(Cu
(H,0)) = 1.48(3) eV. The error estimate is largely based
upon the uncertainties in the calculation of the neutral
dissociation energy. Thus, the photoelectron spectrum,
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even though exhibiting the single intense peak normally
associated with the adiabatic electron affinity in fact has
no detectable intensity at the electron energy corre-
sponding to the actual adiabatic electron affinity,
1.48 eV. This energy is indicated by a vertical arrow in
Fig. 2.

Photodetachment with 355 nm (3.49 e¢V) radiation
accesses two excited electronic states [Cu 2D5/2W 32
H,O0] of the neutral complex. The two peaks corre-
sponding to transitions to these states are quite broad
(~140 meV) and appear at eBE of 3.050(15) and
3.313(15) eV, respectively. The additional width of these
features (compared to the 40 meV width of the ground
state transition) is an expected consequence of the greater
size of Cu D compared to Cu %S. The f values for these
two peaks are 0.16(3) and 0.19(3), respectively, consis-
tent with electron detachment from an orbital different
from the Cu~ 4s orbital.

3.2. Cu (H0);

The Cu (H»0), ion is similar to Cu (H»O), in the
sense that the size difference between Cu~ 3d'° 4s%'S
and Cu 3d'° 4s S ensures that electron photodetach-
ment to produce the ground [Cu (*S), 2H,0] state again
accesses portions of the neutral potential energy surface
that have relatively weak interactions between the metal
and the water molecules. If the two water molecules are
located on opposite sides of Cu ™, then one would expect
a peak with about twice the 40 meV width observed for
Cu H,O. If, however, the two water molecules are inter-
acting as a ‘quasi hydrogen-bonded dimer’, then one
expects significant changes in the water—water interac-
tion upon electron detachment, and the ground state
photoelectron spectrum peak would exhibit unresolved
vibrational structure and more than twice the width
observed for Cu™ (H,0).

The 521 nm (2.379 eV) photoelectron spectrum of
Cu (H;0), is shown in Fig. 3. The VDE of the primary
peak is 2.003(8) eV with = 1.86(2), and is ascribed to
the [Cu (*S), 2H,O] state. This angular distribution is
again very close to the cos*(0) distribution expected
for s-electron detachment, providing additional confir-
mation both of the state assignment and the physical
model described above. The width of this peak is
100 meV; this width, more than twice that seen for
CuH,O, suggests that the two water molecules are inter-
acting significantly, rather than being located on oppo-
site sides of the metal. Recent -calculations and
dynamics studies [28] of Cu (H,O), also support this
conclusion.

A partially resolved peak appears 1540(80) cm™
above the origin and is again assigned to the v, bend-
ing mode of H,O. An additional 3.961 eV photoelec-
tron spectrum of Cu (H»,O), (shown in Fig. 4) was
acquired to detect the [Cu 2D5/2, 3, 2H,0] states of
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Fig. 3. Photoelectron image and spectrum of Cu™ (H,0), at 521.2 nm
(2.379 eV).
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Fig. 4. Composite photoelectron spectra of Cu (H,0), (n=0,1,2)
showing the retention of the atomic level structure in the solvated
complex, the progressive solvation broadening and the systematic
solvation energy shift.

the complex. The [Cu *Ds), 2H,0] component has a
VDE of 3.50(7) eV with f=0.4(1), while the corre-
sponding °Ds, values are 3.72(7)eV and 0.3(1). As
expected, the transitions to these states are even broader
(250 meV) than the transition to the ground state of
Cu(Hzo)z.

A composite view summarizing the photoelectron
spectra of Cu~, Cu™ (H,O) and Cu (H,O), is shown
in Fig. 4. The solvation shifts and the systematic
changes in line widths are clearly seen in this view.
Equally clear is the conclusion that in all cases the
excess charge remains largely localized on the metal
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center, and that the low lying states are essentially per-
turbed atomic states.

4. Summary

A new photoelectron imaging spectrometer was
employed to study the effects of solvation in the
weakly-bound metal-ligand complexes Cu (H,0),
(n=1,2). The spectra demonstrate that the complexes
are best characterized as a metal anion perturbed by
H,O adducts. The patterns of broadening in the spectra
are readily understood in terms of the size relationships
R(Cu~ 3d'° 4s%) = R(Cu 3d° 4s%) > R(Cu 3d'° 4s). While
the excess charge is largely localized on the Cu atom,
there is sufficient reduction of the H-O-H bond angle
and charge delocalization onto the water adduct to ex-
cite the H,O bending mode of CuH,O upon electron
photodetachment. The Cu (H,O) photoelectron spec-
trum is highly atypical, in that the spectrum of the
ground state exhibits an intense narrow peak and a short
vibrational progression, normally indicative of very sim-
ilar structure for the anion and neutral and implying
that the binding energy of the intense peak is the adia-
batic electron affinity. In this case, the substantial size
difference between Cu~ 3d'%4s? and Cu 3d'® 4s results
in no detectable intensity in the Cu~ (H,O) photoelec-
tron spectrum at the binding energy corresponding to
the adiabatic electron affinity, and the energy of this
transition instead relates to the anion dissociation
energy.
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