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Negative-ion photoelectron spectroscopy has been applied in order to obtain size dependent information
about the electronic structure of clusters of metal atoms solvated with polar molecules. In the present
paper we have investigated the photoelectron spectra of Cu-(H20), cluster ions with n 0-4 and also
those of CUz-(H20), with n 0 and 1. In the spectra of Cu-(H20),,, the lowest energy bands were assigned
to the electron detachment from the CuOH-(H20),_ which were produced in the source together with
the above cluster ions. The observed bands for Cu-(HzO)n were all assigned to the transitions to the
states originating in the ground 2S and first excited 2D states of the Cu atom. The stepwise hydration
for Cu- and Cu2- was discussed from the observed spectral shifts.
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1. INTRODUCTION

Electronic structure of the clusters with one metal atom solvated by polar molecules
has been one of the central interests for many researchers for the purpose of unveiling
the microscopic aspect of the bulk electrolyte solution. In particular, the electronic
states having an ion-pair character in the clusters with an alkali metal atom or an
alkaline-earth metal ion ligated by polar solvent molecules such as H20 and NH3
have been investigated both experimentally1- and theoretically.-9 Characterization
of the ion-pair state in which an electron of the metal atom is delocalized over the
solvent molecules with increasing number of ligands may provide microscopic in-
formation on the solvation process of a metal atom/ion in bulk liquid. In the case
of alkaline-earth metal ion-solvent systems, stabilization of the ion-pair state as a
function of the cluster size was examined by photodissociation spectroscopy. -7 Espe-
cially for Sr+(NH3)n, Farrar and his coworkers discussed the possibility of a
Rydberg-type ion-pair state from the large redshift of the absorption band. -4 The
photodissociation of Mg+(HzO)n clusters was also investigated by the present
authors,5-7 and some clues of the ion-pair state have been obtained for this system.
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As for the neutral alkali atom-ligand systems, the information about the excited
electronic states with charge-transfer character was obtained from the ionization
potential (IP) measurement only indirectly so far. IPs of Na(HzO)n and Na(NH3),
were measured by Hertel and his coworkers8,9 and those of CS(HzO)n and Cs(NH3)n
were determined by the authors, l Both of the Na and Cs systems were found to
have similar features: For the metal-H20 systems, IP decreases monotonously with
increasing n up to 4, however, it becomes constant for n > 5 at a value which
coincides with the photoelectric threshold of bulk ice. In contrast, the IP of the
metal-NH3 system decreases linearly with increasing cluster radius for n up to 30
and the limiting value again coincides with the estimated IP of an excess electron
solvated in liquid ammonia. These results can be explained by the stabilization of
the ion-pair state with increasing number of water molecules" Such state is considered
to become the ground state for (Na, CS)-(HzO)n clusters with n 4, whereas more
ligands are necessary to stabilize the state for (Na, Cs)-(NH3), systems. However,
an alternative interpretation for these results has been proposed theoretically.9 It is
informative to obtain more decisive data about the electronic structures of the sol-
vated alkali metal clusters.

Photoelectron spectroscopy (PES) of negative ion clusters is one of the most
powerful method to get information not only on the stability of the negative ions
but also on the electronic structure of the neutral clusters. This method was applied
to various gas phase clusters in the past decade. Recently, Cheshnovsky and his
coworkers reported the photoelectron spectra of the cluster negative ions of halogen
atom solvated with H20, CO2, and NH3 molecules.2-22 In the photoelectron spectrum
of CI-(NH3), they assigned a broad band peaked at 6.45 eV binding energy to be the
transition to a charge-transfer (CT) state, C1-NH3+.22 As far as we know, this is the
only species that the CT state was observed in the photoelectron spectrum, though
electron transfers from the ligand to the solute atom in this system.

In this paper we report the PES results of the negative ions of copper-water
clusters. The coinage metal atoms, Cu, Ag, and Au, have electronic configurations
of 2S ((n-1)dns) in its ground state and thus have electronic characters analogous
to the alkali metal atoms. They also have positive electron affinities because of the
stabilization of the negative ions as a result of the ns shell closing with addition of
an excess electron. Therefore we investigated the Cu-water systems for the reasons
both of testing the performance of the newly developed photoelectron spectrometer
and of investigating the metal-water systems analogous to the hydrated alkali metal
clusters. We have obtained the photoelectron spectra of Cu-(H20). (rt 0 4) and
CUz-(HzO)n (n 0 and 1). Some of the lower-energy bands observed in the spectra
are assigned to the electron detachment from the CuOH-(H20), ions produced simul-
taneously with the above ions. The observed bands for Cu-(HzO)n are all assigned
to the transitions to the neutral states derived from the 2S(3d4s) and 2D(3d94s2)
levels of the free Cu atom. The successive hydration energies of Cu-(HzO)n in these
states are found to be almost constant for the n range examined in this study and
are discussed in line with the PES results of the hydrated halogen atom clusters.
Stabilization of each band observed in the photoelectron spectrum of Cu2-by hydra-
tion is also discussed in comparison with those of the hydrated Cu- clusters.
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2. EXPERIMENTAL

Three-stage differentially evacuated chambers were constructed for the photoelectron
spectroscopy of the negative ions. They consist of a negative ion beam source, time-
of-flight (TOF) mass spectrometer, and a magnetic-bottle photoelectron spectrometer
as shown in Fig. 1. Negatively-charged ions of copper-water clusters were produced
by a laser vaporization. The details of the cluster source were similar to those of
the cluster positive ions which were presented in the previous papers.5,6 Second har-
monic of a Nd:YAG laser (Continuum, YG661) was focused on to the copper rod
(t3 mm) which was rotating and translating in an aluminum block. Helium gas of
2 atm mixed with water vapor at room temperature was expanded through the block
from a pulsed valve (General Valve, Series 9 or Model PSV, R.M. Jordan Co.).
The negative ions directly produced in the source were accelerated to ca. 800 eV in
a Wiley-McLaren type TOF mass spectrometer23 by pulsed electric fields and were
mass-separated in the mass spectrometer. The TOF mass spectrum of the nascently
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Figure 1 Schematic drawings of the experimental apparatus. PV: pulsed valve, AP: acceleration plates,
D1, D2: deflectors, L1, L2: einzel lenses, MG: pulsed mass gate, PS: potential switch, DL: deceleration
lenses, HFM: high field magnet, GS: guiding solenoid, ID: ion detector, ED: electron detector.
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produced negative ions was recorded by using dual microchannel plates (Hamamatsu,
F1551-23S) placed at the end of the chamber. For the photoelectron kinetic energy
measurement, negative ions with a given mass-to-charge ratio were selected with a
pulsed mass gate after flying 50 cm, and were decelerated to several tens of eV with
a pulsed potential switching method. Decelerated ions were irradiated with a detach-
ment laser at right angles in the center of the third chamber. The magnetic bottle
photoelectron spectrometer was used to measure the kinetic energy of the detached
electron: it has an advantage to collect almost all the electrons emitted over 4rr
steradian with a magnetic field produced by a combination of a strong field magnet
near the detachment zone and a weak field solenoid at the electron flight tube.24,25

The detached electrons were detected by dual microchannel plates (Hamamatsu,
F1552-23S) after flying about 1.2 rn in the flight tube. The optimized magnetic fields
at the detachment region and in the flight tube were about 800G and 2G, respectively,
and the resolution of the photoelectron spectra was about 120 meV for the 1.23 eV
peak of the Cu- ion with a detachment laser of 355 nm. The electron signals were
stored in a digital oscilloscope (LeCroy 7200) after amplified by a fast preamplifier
(HP, 8447D). Electron counts were accumulated as a function of flight time in the
oscilloscope.

Third and fourth harmonics of a Nd:YAG laser (Quanta-Ray, DCR-2A) were used
for electron detachment with a typical laser fluence of ca. 5 mJ/cm2. Under the
detachment by fourth harmonic (266 nm, 4.66 eV), background electron signals from
the surface of the chamber cannot be negligible: The background electrons have an
energy distribution peaked around 3.8 eV. Thus the photoelectron spectrum was ob-
tained by subtracting the background spectrum from the total spectrum. The
photoelectron spectra using the third harmonic (355 nm, 3.49 eV) were also recorded
for comparison with those taken by 266-nm detachment.

3. RESULTS AND DISCUSSION

3.1. Negative Ions of the Copper-Water Clusters

Figure 2 shows a typical TOF mass spectrum of the cluster negative ions formed in
the source. These ions were monitored by the microchannel plate placed at the end
of the photoelectron energy analyzer chamber without using the deceleration plates
and the potential switching grids. Because a Cu atom has a positive electron affinity,
1.23 eV,26 stable negative atomic ions and hydrated atomic ions can be produced.
Actually, two series of ion signals which can be assigned to those of 6-3Cu-(HzO)n
and 65Cu-(HzO)n were observed in the mass spectrum. We can also discern another
series of cluster ions, CuOH-(HzO)n_, which are single unit mass smaller than the
above series and thus partly superimposed on the above series. From the known
isotopic abundance of Cu, 63Cu:65Cu 69.2:30.8, the fraction of CuOH- was estimated
to be ca. 30% of that of Cu-(H20). The fractions of larger CuOH-(HzO)n_ cluster
ions with respect to those of Cu-(HzO)n were almost the same as that for n 1 from
the shape of the TOF mass peaks, though these ions signals becomes congested each
other with increasing number of water molecules. Beside the two series of cluster
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Figure 2 Typical time-of-flight mass spectrum of the negative ions of the copper-water clusters nas-
cently produced in the source.

ions noted above, the ions of copper dimer solvated with water, CH2-(HzO)n also
appear in the mass spectrum. Although the ions of water clusters, (HzO)m- (m n
+ 7), have the same masses as 63Cu-(HzO)n, the fractions of the former ions are
considered to be rather small for m < 10, i.e., n < 3, from the intensity of the isotopic
series of the latter ions in the mass spectrum and also from the previous works on
the mass spectroscopy of the (HzO)m- clusters.27-3

3.2. Assignment of the Bands in the Photoelectron Spectra of Cu-(HzO)n

Photoelectron spectra of Cu-(H20)n for n 0-4 detached at 266 nm are depicted in
Fig. 3. All of the bands observed in these spectra were reproduced within an error
of 0.10 eV in the spectra obtained by 355-nm detachment. The spectrum of Cu- (Fig.
3a) consists of an intense band at 1.23 eV and two weak bands at 2.6 and 2.8 eV:
the first band corresponds to the transition of Cu 2S(3d4sl) Cu- tS(dls2), and
the remaining bands to those of Cu 205/z(d9s2 ’- Cu- S and Cu 2D3/2(d9s2 Cu-
S, respectively. This spectrum was frequently reported in the study of Cu,- clusters
by several groups.31-33 The relative intensities of the 3d- bands at 2.6 and 2.8 eV
with respect to the 4s- band at 1.23 eV are almost the same as those reported by
Lineberger and his coworkers,3 though they are smaller than those reported by
Cheshnovsky et al. 32 and Cha et al.33

The spectra for Cu-(HzO)n with n 1 and 2 exhibit more complicated feature than
that of Cu- as shown in Figs. 3b and 3c. This may be due to the spectral contamina-
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Figure 3 Photoelectron spectra of Cu-(H20), (n 0-4) and Cu2-(H20)n (n 0 and 1) with detachment
at 266 nm (4.66 eV). Asterisks in b)-d) show the bands from the CuOH-(H20), ions. For the spectra of
Cu-(H20)3 (d) and Cu-(HO) (g), the bands from coexisting ions which were not discriminated by pulsed
mass gate are shown by circles (see text).

tion by CuOH-(H/O),_. As for n 1, the relative intensity of CuOH- was estimated
to be ca. 30% of Cu-(H20 from the mass spectrum. Since the CuOH-(HzO),n_ ions
are only single unit mass smaller than Cu-(HzO)n, we could not discriminate them
by the pulsed mass gate. We also measured the spectra with various timings of the
detachment-laser irradiation after decelerating the ions. However, the features of the
spectra did not change substantially. This is because the ions diffuse spatially after
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deceleration. On the other hand, the relative intensities of the lowest energy bands
in the spectra for n 1 and 2 (indicated by asterisks in Fig. 3) are found to be much
more sensitive to the source conditions, especially to the fluence of the vaporization
laser, than those of the higher energy bands. In the production of the CuOH-(H20),
ions, it is expected that extra photons may be needed to dissociate the water molecule.
Although the EA value of CuOH- is not reported so far both experimentally and
theoretically, it is considered to be positive because the stable negative ions with a
lifetime longer than the flight time in the mass spectrometer, several tens of s, were
observed in the TOF mass spectrum. It is also expected that the EA of CuOH is not
so large though it is a positive value from the following reasons. In the neutral
CuOH, the covalent bond is expected to be formed between the 4s electron of the
metal and the open shell rr electron on the OH, yielding a A’ state in CL, symmetry.
Because of the large EA of OH (1.83 eV)26,34,35 and the small ionization potential
(IP) of Cu (7.72 eV),36 this bond is expected to be polarized toward the OH. Recent
results on the spectroscopic37,38 and theoretical studies39,4 support this expectation:
The ground state (tA’) geometry of the CuOH has a C. symmetry with Cu-O-H angle
of 110-111, which is close to that of H20 (105). This result suggests a substantial
contribution of the covalency to the Cu-OH bonding in CuOH. Furthermore, Mulliken
population analysis shows that the ionic character of Cu/-OH is also included in
the bonding.4 In contrast, the excess electron in CuOH-is probably in the antibonding
orbital and makes the Cu-OH bonding weaker than in the neutral. Therefore the EA
of CuOH is expected to be smaller than that of Cu. On the basis of these arguments,
we have concluded that the lowest energy peaks observed in Figs. 3b and 3c are
ascribed to the photoelectron from CuOH- and CuOH-(H20). The rest of the bands
observed in the photoelectron spectra of Cu-(H20) and Cu-(H20)2 are all assigned
to the transitions originating from the Cu 2S +-- Cu- S and Cu 2D <--- Cu-S ones
as discussed in the next section.
The PES results of Cu-(H20)3 are found to be more complicated than those for

n 1 and 2 as shown in Fig. 3d. The observed spectrum has bands peaked at 0.88,
1.71, 2.28, and 2.79 eV. The band at 1.71 eV is attributed to the electron detachment
from CuOH-(H20)2 in accordance with the previous discussions. The complexity of
the spectrum is also due to the incapability of mass selection of Cu-(H20)3 from
other ions in the pulsed mass gate: The detachment signals from the Cu2- ions (m/z

126, 128 and 130) are included in addition to those from Cu-(H20)3 (m/z 117
and 119) in this spectrum. Since the photoelectron spectrum of Cu- consists of two
bands at 0.92 and 2.73 eV as shown in Fig. 3f, the bands at 0.88 and 2.79 eV observed
in the spectrum are ascribed to the detachment from Cu2-. Therefore, the band at
2.28 eV can be assigned to the detachment from Cu-(H20)3, which corresponds to
the transition to the neutral cluster state derived from the 2S state of the Cu atom.
We could not observe the band originating from the transition to the 2D state,
probably due to the large background signal.
The spectrum of Cu-(H20)4 exhibits a band peaked at 2.77 eV as shown in Fig.

3e. In contrast to the case for n 1-3, no band assignable to the detachment from
CuOH-(H20)3 is observed. The observed band at 2.77 eV is also assignable to the
detachment from Cu2-(H20), because the band having the similar spectral feature is
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also observed in the CU2-(H20 spectrum as shown in Fig. 3g. However, this pos-
sibility is excluded because of the missing of the lower energy band at 1.28 eV of
CUz-(HzO in the Cu-(H20)4 spectrum. Therefore, the band at 2.77 eV is believed to
be mostly due to the detachment from Cw(H20)4.

3.3. Hydration of Cu(2S and 2D) and Cu-(1S)

Figure 4 depicts the vertical detachment energies (VDEs), derived from the peak
positions of the photoelectron spectra, for all ions examined here. Lowest energy
transitions are attributed to the photoelectron detachment from CuOH-(HzO)n as dis-
cussed above. Higher two series of the bands are attributed to the transitions for
Cu-(HzO)n: The first series of transition shows the lowest VDEs of the electron which
originates from the 4s orbital of the Cu- in Cu-(HzO)n. The VDEs were found to
increase monotonically with increasing number of water molecules: The average
stabilization energy with an increase of one water molecule is determined to be ca.
0.38 eV from this figure. It is also noted that the bandwidths of the series are almost
constant (=300 meV) up to n 3. These results seem to imply that the excess electron
in the cluster is localized on the Cu atom at least up to n 4 in the ground state,
and the successive solvation by water results simply in the stabilization of the states.
This conclusion is consistent with the fact that the EA of the Cu atom is positive
(1.23 eV)34,35 whereas those of the water clusters, (HzO)n with n < 6 are negative
except for n 2 (< 0.1 eV) from the PES study of (HzO)n-.41 We have also observed
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Figure 4 Vertical detachment energies (VDEs) of the electron for the neutral ground (open circles)
and the excited states (filled circles) as a function of the number of solvent water molecules for Cu-
and Cu2-. The VDEs for CuOH-(HzO)n_ are also shown by squares.
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the secondarily lowest VDEs which originate from the 3d electron of Cu-up to
n 2. Though the 3d electron detachment from Cu- produces two spin-orbit states
of Cu, 2D5/2 and 2D3/2, as seen in Fig. 3a, we cannot discern these states for n 1
and 2 because of the broadening of the band. This is probably due to the structural
difference between the excited states and the negative ions and also due to the con-
gestion of the vibrational modes. This series also shows a linear dependence upon
the stepwise hydration. The energy increase for this series is determined to be ca.
0.2 eV per water molecule.
From the above VDEs of Cu-(HzO)n, we estimated the successive hydration ener-

gies for the anion states and the 2D excited states. Unfortunately, there is no
experimental and theoretical data on the hydration energy of the neutral Cu(HzO)n,
except for that of Cu(H20 calculated by Bauschlicher.42 Thus we adopted the
theoretical result (0.2 eV). According to his calculations, the bonding between the
metal and a water molecule involves the electrostatic interaction arising from the
penetration of the ligand dipole into the metal charge cloud. This bonding is enhanced
by the polarization of the 4s away from the ligand lone pair and by the polarization
of the ligand. We also tentatively assumed that the hydration energies for Cu(HzO)n
are the same with that for Cu. The results are summarized in Fig. 5.
As for the 2D excited state of Cu, the successive hydration energy is found to be

ca. 0.3 eV, which is slightly larger than that of the neutral ground state. The difference
in hydration energy for these states is qualitatively explained as follows. Because of
the electronic configuration of 3d94s in the 2D state of Cu, it seems that the repulsive
interaction between the diffuse 4s electrons and the ligand lone pair may be larger

Cu-W4

Figure 5 Energy diagram of the neutral Cu(H20)n and the Cu-(H20)n clusters ions. Water molecules
are designated by W. All values are shown in eV.
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than that in the ground state in which one electron is in the compact 3d orbital.
However, when the electron density of the 3dr orbital is reduced in the excited state,
binding energy between the metal and the ligand may increase as a result of reduced
nuclear shielding for the H20 lone pair electrons due to the one less electron along
the internuclear axis.
The hydration energies of the Cu-(HzO)n, n 0-4, are found to be almost constant,

-0.6 eV, as shown in Fig. 5. These results indicate that the first solvation shell around
the Cu- ion is not still filled at n 3. It is informative to compare these results with
those of the hydrated halide negative ions, X-(HzO)n (X C1, Br and I),2’21’43-45 which
were the only hydrated atomic negative ions investigated extensively by both ex-
perimentally and theoretically. The successive hydration energies were determined
by high-pressure mass spectrometry43,44 and recently by photoelectron spectros-
copy.2’21 According to the results, the binding energies of the halide ions with a
water molecule were determined to be 0.5743 and 0.6520,44 for CI-, 0.5543 and 0.5720

for Br-, and 0.44,43 0.48,44 and 0.45 eV for I-, respectively. The simplest view of
the interaction between X- and H20 would be the electrostatic one between the excess
electron on the halogen atom and the dipole of the ligand. The energy of this inter-
action is inversely proportional to the distance between the halide ion and the dipole.
In fact, the crystal ionic radii of the ions, 1.81 for CI-, 1.96 for Br-, and 2.20 A for
I-,46 are qualitatively consistent with the order of the determined hydration energies
for the three halide negative ions. As for the Cu- ion, ionic radius has not been
reported so far. However, assuming a correlation between the ionic radii and the van
der Waals radii, the ionic radius of Cu- was slightly smaller than the above three
halide negative ions.v The hydration energy of ca. 0.6 eV for Cu- is qualitatively
explained by this simple electrostatic consideration.
The equilibrium structures and the hydration energies for the hydrated halide ions

are also predicted theoretically? The calculated successive hydration energies are in
good agreement with those determined experimentally.2,2,3,44 According to these
studies, hydrogen bonding has found to contribute considerably to the interaction
between the ion and the water molecule in addition to the electrostatic interaction
noted above. In the optimized structure for X-(H20), the ion interacts most strongly
with one of the hydrogen atoms of H20 to form a hydrogen bonding, and as a result,
the complex has an asymmetric structure of H20 relative to X-. For larger clusters,
in addition to the interaction between the ions and the ligands, the ligand water
molecules are also held together by networks of hydrogen bonding. The importance
of the hydrogen bonding was also pointed out in the theoretical study on H-(HzO)n:48
The optimal structure calculated for n 1 is similar to that for X-(H20), and those
for n 2 and 3 have hydrogen bondings not only between the H- ion and the ligands
but also between the ligand pairs, as in the cases of hydrated halide ions. In the
hydrated halide negative ions, the successive hydration energies for n 2-5 were
found to be almost constant. This fact indicates that the formation of hydrogen bond-
ings between the ligands has a substantial contribution in the hydration energies.
Since the Cu- ion has the closed shell configuration as in the cases of the X- and
H- ions, the hydrated Cu- ions are expected to have the similar geometrical structures
to those for the latter ions. Therefore, the hydrogen bondings between the metal ion
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and the ligand molecules as well as between the ligand molecules may play an
important role in the metal-ligand interaction in addition to the electrostatic interac-
tion. This may be the reason for the observation that the successive hydration energies
for Cu-(H20)n are almost constant up to n 4, as noted above in the case of hydrated
halide ions.

3.4. Hydration to the Copper Dimer and Its Negative Ion

The photoelectron spectra of negative ions of copper dimer and its hydrate are shown
in Figs. 3f and 3g. The spectrum of Cu2- is almost consistent with those reported
previously by other authors:31-33 The first and second bands peaked at 0.88 and 2.79
eV correspond to the transitions from Cu2- XZEu to the neutral ground state, Cu2
XIEg+, and the triplet excited state, Cu2 a3]u+, respectively. The spectrum of Cu2-
(H20) exhibits two peaks at 1.28 and 2.82 eV with a shoulder at 3.21 eV. As men-
tioned previously, the Cu-(H20)4 ion could not be discriminated from Cu2-(H20) by
the pulsed mass gate, and as a result, the spectra may contain the bands attributed
to the former ion. In fact, the spectral feature of the second band is almost the same
as those of Cu-(H20)4, and thus we concluded that this band is ascribed to the Cu-
(H20)4 ion. Therefore, the first band at 1.28 eV can be assigned to the transition to
the neutral ground state, and the shoulder at 3.21 eV may correspond to the transition
to the excited state. The VDEs of Cu2- and Cu2-(H20) are plotted in Fig. 4. Both
the first and the second bands are stabilized ca. 0.4 eV by hydration, which is slightly
larger than the stabilization for the first band for Cu- (0.35 eV). As for the first band,
this difference is expected to be mainly due to that of the hydration energies for the
negative ions: The hydration energy for Cu2- is larger than that for Cu- because of
the polarization of the dimer anion.

4. CONCLUDING REMARKS

The technique of the negative-ion photoelectron spectroscopy has been applied for
the first time to the hydrated metal atom clusters. We have measured the
photoelectron spectra of Cu-(H20)n (n 0-4) and Cuz-(H20)n (n 0 and 1). The
lowest bands in the spectra of Cu-(H20), (n 1-3) are found to be assignable to
the detached electrons from the CuOH-(H20),_ ions, and the remaining bands are
ascribed to the transitions to the neutral states derived from the ground 2S(3d4s)
and the excited 2D(3d94s2) states of the free Cu atom. Vertical detachment energies
determined from the peak positions of the bands in the spectra show linear depend-
ence on the number of water molecules both for the first and second bands. The
energy diagram including the negative ion states and the ground and the excited
states of the neutrals is constructed for n 0-4. The successive hydration energies
for Cu-(HO), are found to be almost constant at ca. 0.6 eV from the energy diagram.
The hydrogen bonding is expected to have a substantial contribution in the hydration
energies, in addition to the electrostatic interaction. As for Cu2-, the hydration energy
is found to be slightly larger than that for Cu- because of the polarization.
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