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Abstract

The photoelectron spectra of Au�(H2O)1,2, Au�2 (D2O)1–4, and AuOH� have been measured. The anionic complexes, Au�(H2O)1,2 and
Au�2 (D2O)1–4, were characterized as Au� and Au�2 , which are respectively solvated by water molecules. The stepwise spectral shifts
between adjacent size species have been quantified. The photoelectron spectrum of AuOH� exhibits considerable vibrational structure.
Based on our assignment of its spectrum, the adiabatic electron affinity of AuOH was determined to be 1.771 ± 0.015 eV.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

When gold nanoparticles are supported on transition
metal oxides, they exhibit considerable catalytic activity,
even though bulk gold surfaces do not [1]. While the spe-
cific mechanism is not known, it is generally believed that
charge transfer to gold nanoparticles plays a key role in
this process [2]. This proposed interaction, together with
the fact that gold has a high electron affinity, has motivated
several studies on gold cluster anions and on the reactions
of negatively-charged gold atoms and clusters with oxygen
and carbon monoxide in the gas phase [3–8]. In addition,
photoelectron studies have been conducted on AuO�

[9–11], on AunO�2 [10] and on AuS� [9] in order to charac-
terize the bonding between gold and oxygen and between
gold and sulfur.

Here, we present results from our photoelectron spectro-
scopic study of Au�(H2O)1,2, Au�2 (D2O)1–4, and AuOH�.
The most closely related studies in the literature are those
dealing with Cu�(H2O)1, Cu�(H2O)2, and CuOH�,
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although the neutral Au(H2O)1 complex [12] and neutral
AuOH [13] have been treated theoretically. Theoretical
studies found anionic Cu�(H2O)1 to be a planar complex
with the hydrogen atoms of water oriented toward the cop-
per atomic anion, whereas in neutral Cu(H2O)1, the oxygen
atom is oriented toward the copper atom [14–16]. In the
case of Cu�(H2O)2, two different structural situations have
been reported by theory. In one study, the two water mol-
ecules are hydrogen bonded to one another, while one
hydrogen atom from each water molecule points toward
the copper anion. In neutral Cu(H2O)2, the two water mol-
ecules are again hydrogen bonded to one another, but in
this case an oxygen from one water and a hydrogen from
the other interact with the copper atom [17]. In the other
study, which focused only on the anionic complex, all of
the hydrogen atoms of the two water molecules point
toward the copper anion, but from opposite sides of the
copper [14]. Extensive photoelectron and femtosecond pho-
toelectron studies have also been conducted on Cu�(H2O)1

and Cu�(H2O)2 complexes [15,17–19]. These anionic com-
plexes were characterized from their spectra as atomic cop-
per anions interacting with water molecules. The
Cu�(H2O)1,2 anion complexes provide a reference point
in considering our results on the Au�(H2O)1,2 anion
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Fig. 1. The photoelectron spectra of Au�, Au�(H2O)1, and Au�(H2O)2,
all recorded with 355 nm photons.
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complexes. For both CuOH and CuOH�, theory found a
roughly ‘L’ shaped structure with the oxygen atom bonded
to the copper atom [13,14].

2. Experimental

Negative ion photoelectron spectroscopy is conducted
by crossing a mass-selected beam of anions with a fixed fre-
quency photon source and energy analyzing the resultant
photodetached electrons. This technique is governed by
the energy-conserving relationship hv = EKE + EBE,
where hv is the photon energy, EKE is the measured elec-
tron kinetic energy, and EBE is the electron binding
energy. The details of our apparatus have been described
elsewhere [20]. Briefly, both mass spectra and anion photo-
electron (photodetachment) spectra were collected on an
apparatus consisting of a laser vaporization source, a linear
time-of-flight mass spectrometer for mass analysis and
selection, and a magnetic bottle photoelectron spectro-
meter for electron energy analysis. [Its instrumental resolu-
tion is �35 meV at 1 eV EKE and degrades as (EKE)3/2.]
The third harmonic (355 nm, 3.493 eV) of a Nd:YAG laser
was used to photodetach the cluster anions of interest. Pho-
toelectron spectra were calibrated against the well-known
atomic lines of Cu�.

Au�(H2O)1,2, Au�2 (D2O)1–4, and AuOH� anions were
generated in a laser vaporization source. A rotating, trans-
lating rod wrapped with gold foil was utilized as the target
in the laser vaporization source. It was ablated with the sec-
ond harmonic (532 nm, 2.33 eV) of a pulsed Nd:YAG
laser. Helium gas at �4 atm., seeded with a trace of water
vapor, was expanded through a pulsed valve into the
source, thereby generating the resultant anions.

3. Results and discussion

3.1. Au�(H2O)1,2

The photoelectron spectra of Au�, Au�(H2O)1, and
Au�(H2O)2 are presented and compared in Fig. 1. These
were all measured with 3.49 eV photons. The photoelectron
spectrum of Au� shows the transition from the electronic
ground state of the atomic gold anion to the electronic
ground state of the neutral gold atom [3]. This peak is cen-
tered at an electron binding energy (EBE) of 2.31 eV, which
is the electron affinity of the gold atom. The main peak in
the photoelectron spectrum of Au�(H2O)1 is centered at
2.76 eV, and this value is the vertical detachment energy
(VDE) of Au�(H2O)1. This peak looks very much like that
of Au�, except for being shifted to higher EBE by 0.45 eV
and slightly broadened. The broadened width of this peak
is likely due to a combination of rotations and Franck–
Condon overlap between weak bond vibrations of the anio-
nic complex and its neutral complex. There are also three
other features in this spectrum, all of which are located
to the high EBE side of the main peak. The most promi-
nent of these is located at 2.96 eV, which is 0.20 eV
(�1600 cm�1) higher in electron binding energy than the
main peak. Since the vibrational frequency of the bending
mode of gas phase H2O is 1595 cm�1, we assign this peak
to the excitation of the water bending mode following pho-
todetachment. The weak feature centered near EBE =
3.25 eV is located 0.49 eV (�3900 cm�1) higher in electron
binding energy than the main peak. It is assigned to the
excitation of water stretches following photodetachment.
We confirmed this assignment by recording the photoelec-
tron spectrum of Au�(D2O)1 and watching both features
move to lower EBE values, i.e. to 2.91 eV (�1200 cm�1)
and to 3.09 eV (2650 cm�1), respectively. The shoulder at
2.84 eV is reproducible and may be due to a libration of
the gold/water complex, i.e. a manifestation of the overlap
of weak bond vibrations mentioned above.
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The photoelectron spectrum of Au�(H2O)2 consists of a
single peak, which is centered at 3.20 eV. This value is the
VDE of Au�(H2O)2. Since it is near the edge of our avail-
able energy window, we cannot see whether other peaks are
present immediately to its high EBE side, and thus, we can-
not determine whether the vibrations of water are excited
due to photodetachment in this case. As was the case for
the main peak in the photoelectron spectrum of
Au�(H2O)1, the peak in this spectrum also resembles the
spectrum of Au� except for being shifted to still higher
EBE and broadened. The peak in the Au�(H2O)2 spectrum
is shifted to higher EBE by 0.44 eV relative to the main
peak in the Au�(H2O)1 spectrum.

Since the fingerprint photoelectron spectrum of Au� is
evident in all three spectra in Fig. 1, it is clear that Au�

is the chromophore in each case. We thus characterize
Au�(H2O)1 as an atomic gold anion interacting with (sol-
vated by) one water molecule and Au�(H2O)2 as an atomic
gold anion interacting with two water molecules, i.e. as
anion-molecule complexes. While the spectral broadening
increases in the order; Au�, Au�(H2O)1, Au�(H2O)2, the
sequential shift in the spectra is nearly constant at 0.45
and 0.44 eV in going from Au�to Au�(H2O)1 and in going
from Au�(H2O)1 to Au�(H2O)2, respectively. Since the
structures of copper/water anionic complexes differ from
those of their corresponding copper/water neutral com-
plexes, we anticipate analogous differences between the
structures of gold/water anionic complexes and their corre-
sponding gold/water neutral complexes. Under these cir-
cumstances, where the photodetachment process accesses
a region of the neutral potential surface somewhat above
its well, we can write

VDE½Au�ðH2OÞ1� � EA½Au�
¼ D0½Au� . . . H2O� � D0½Au . . . H2O��; ð1Þ

where VDE[Au�(H2O)1] is the vertical detachment energy
of Au�(H2O)1, EA[Au] is the electron affinity of Au,
D0[Au� Æ H2O] is the dissociation energy of the Au�(H2O)1

anion breaking into Au� and H2O, and D0[Au Æ H2O]* is
the dissociation energy of neutral Au(H2O) [at the struc-
ture of the Au�(H2O) anion] breaking into Au and H2O.
Making the assumption described above, D0[Au Æ H2O]* is
likely to be very small and can be neglected. Then, by uti-
lizing the values of VDE[Au�(H2O)1] and EA[Au] in Eq.
(1), we can compute the value of D0[Au� Æ H2O], finding
it to be approximately 0.45 eV, i.e. essentially equal to
the shift between the spectra of Au� and Au�(H2O)1.

It is interesting to compare the photoelectron spectra of
Au�(H2O)1 and Au�(H2O)2 with those of Cu�(H2O)1 and
Cu�(H2O)2 [18]. Both systems are anion-molecule com-
plexes in which the atomic anion is the photodetachment
chromophore. That is, the spectra of both systems are
essentially those of their perturbed atomic anion states.
Also, both show the same pattern of successive spectral
broadening. In addition, both exhibit peaks due to the exci-
tations of the bending mode of water. However, while the
copper/water system does not show evidence of water
stretching modes, the gold/water system does (see above).
The sequential spectral shifts in both systems primarily
reflect the energy required to remove a water molecule
from each cluster species, and while those of the gold/water
system are a little larger than those of the copper/water sys-
tem, their values are comparable. In particular, the Au� to
Au�(H2O)1 shift is 0.45 eV versus 0.40 eV for the Cu� to
Cu�(H2O)1 shift, whereas the Au�(H2O)1 to Au�(H2O)2

shift is 0.44 eV versus 0.37 eV for the Cu�(H2O)1 and
Cu�(H2O)2 shift. The vertical detachment energies of the
two systems are quite different, however, with the VDE
of Au�(H2O)1 being 2.76 eV, while the VDE of Cu�(H2O)1

is 1.64, and with the VDE of Au�(H2O)2 being 3.20 eV,
while the VDE of Cu�(H2O)2 is 2.00 eV. Since both of
these cluster anions are atomic anion-molecule complexes
with similar sequential shifts, the differences in their VDE’s
must be primarily due to the difference in their metal atom
electron affinities. Gold has a higher electron affinity than
copper due to relativistic effects, viz. 2.31 eV versus
1.24 eV, respectively.

3.2. Au�2 (D2O)1–4

The photoelectron spectra of Au�2 (D2O)1–4 are presented
in Fig. 2. At the resolution of a magnetic bottle electron
energy analyzer, the photoelectron spectrum of Au�2 in
our energy window appears as a single broadened peak
centered at 1.94 eV. This is consistent with the earlier mea-
surement of Lineberger and coworkers, who determined
the adiabatic electron affinity of Au2 to be 1.938 eV [3].
The spectra of Au�2 (D2O)1–4 all resemble the spectrum of
Au�2 , but with each of them having been shifted to succes-
sively higher electron binding energies and broadened.
Thus, just as in the cases of Au�(H2O)1,2 clusters,
Au�2 (D2O)1–4 clusters are also anion-molecule complexes
with Au� in the former cases and Au�2 in the latter cases
acting as the chromophores for photodetachment. The
electron binding energies of the centers of each of the
Au�2 (D2O)1–4 spectra are interpreted to be their vertical
detachment energies, and they are 2.27, 2.56, 2.79, and
2.99 eV, respectively. For the reasons described above,
the sequential spectral shifts between adjacent size clusters
primarily reflect the energy required to remove a single
water molecule from the larger of the two. Thus, for exam-
ple, the spectral shift between the spectra of Au�2 (D2O)1

and Au�2 is 0.33 eV, and this is approximately the energy
required to remove a water molecule from Au�2 (D2O)1.
Likewise, the spectral shift between Au�2 (D2O)2 and
Au�2 (D2O)1 is 0.29 eV, and this is the approximate energy
needed to remove one water molecule from Au�2 (D2O)2.

3.3. AuOH�

The photoelectron spectrum of AuOH�, measured with
3.49 eV photons, is presented in Fig. 3 along with its
Franck–Condon fit. This spectrum reflects transitions from
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Fig. 2. The photoelectron spectra of Au�2 ;Au�2 (D2O)1, Au�2 (D2O)2,
Au�2 (D2O)3, and Au�2 (D2O)4, all recorded with 355 nm photons.
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Fig. 3. The photoelectron spectrum of AuOH� and its Franck–Condon
analysis fit. The vertical lines denote the PESCAL 2004-generated stick
spectrum. This spectrum was recorded with 355 nm photons.

Table 1
Optimized parameters obtained from our Franck–Condon fit of the
AuOH�photoelectron spectrum

v(0–0) position (eV) 1.771
T (K) 515
FWHM (eV) 0.057
Dk3 (Å(l)1/2) �0.421
xe(anion m3) (cm�1) 544
xe(neutral m3) (cm�1) 566
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the lower vibrational levels (v00) of the electronic ground
state of AuOH� to several vibrational levels (v 0) of the elec-
tronic ground state of neutral AuOH. Given that the pho-
toelectron spectrum of AuOH� is rich with vibrational
features, a thorough Franck–Condon analysis was per-
formed to extract values for the adiabatic electron affinity,
as well as the displacement and the vibrational temperature
of the anion. The Franck–Condon fitting of the AuOH/
AuOH� system was carried out using the Hutchisson
method (independent harmonic oscillators) implemented
with FCFGAUS 03 and PESCAL 2004 programs [21,22,24].
UB3LYP/SDD and UMP2/SDD calculations of the geo-
metry and frequency of the anion and neutral species were
performed using GAUSSIAN 03 [23]. The resulting data was
input into FCFGAUS 03 in order to extract and format the
calculated data for subsequent input into PESCAL 2004.

Gold hydroxide has three vibrational modes. In the
course of fitting the photoelectron spectrum of AuOH�,
we found its Au–O stretch (m3) to have the dominant effect
on the spectrum, while its bending mode (m2) and its O–H
stretching mode (m1) to each have a negligible effect. These
impacts were evaluated by varying both the displacement
and frequency for each mode, while monitoring the result-
ing spectral fit. Thus, the best fit was obtained by using a
single mode simulation. The five parameters, i.e. m3, Dk3,
T, FWHM, and EA, were treated as live variables and opti-
mized to obtain the best fit to the experimental spectrum.
The fitted Dk value for the Au–O stretch indicates a bond
length displacement of 0.118 Å

0
for the Au–O bond upon

detachment of the excess electron, in good agreement with
the value obtained from UMP2/SDD calculations
(0.103 Å

0
). [To compute this value, we used the reduced

mass of the m3 mode in the optimized AuOH structure
obtained from GAUSSIAN03.] The adiabatic electron affinity
(EA) was determined to be 1.771 ± 0.015 eV. All of the
optimized parameters are displayed in Table 1. The exper-
imental spectrum and the fitted spectrum are presented
together in Fig. 3.

Hirao and coworkers have conducted theoretical calcu-
lations on neutral AuOH and have discussed its anomalous
properties from a relativistic viewpoint [13]. At the DK3-
CCSD(T) level of theory, they found m3 to be 569 cm�1,
while our Franck–Condon analysis determined m3 to be
566 cm�1. Using the value that we determined for the adi-
abatic electron affinity of AuOH and the literature value
for the electron affinity of the gold atom in the following
thermochemical cycle,

EA½Au� � EA½AuOH� ¼ D0½Au �OH� � D0½Au �OH��;
ð2Þ
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where D0[AuÆOH] is the dissociation energy for neutral
AuOH breaking into Au and OH and where D0[AuÆOH]�

is the dissociation energy for the AuOH� anion breaking
into Au� and OH, one can see that D0[AuÆOH] must be lar-
ger than D0[Au�ÆOH] by 0.54 eV. Hirao’s BSSE-corrected
value of De[AuÆOH] at the DK3-CCSD(T) level of theory
is 2.02 eV. This suggests an approximate value for
D0[Au�ÆOH] of less than �1.5 eV.
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