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a  b  s  t  r  a  c  t

A  velocity  map  imaging  spectrometer  was  used  to  investigate  the  (X̃1A′ AuOH  + e− ← X̃2A′ AuOH−+h�)
photodetachment  transition  at 560  nm.  The  extracted  spectrum  shows  a well-defined  vibrational  pro-

′ −1
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gression,  ω3 , with  a frequency  of 567(5)  cm . The  adiabatic  electron  affinity  is assigned  to 1.695(5)  eV
and  the  presence  of a  vibrational  hot  band  allows  the  determination  of  the  corresponding  anion  frequency
to 431(20)  cm−1. This  represents  a  re-assignment  of  the photoelectron  spectrum  previously  reported
by  Zheng  et  al. [1]. A  Franck–Condon  simulation  based  on  coupled  cluster  calculations  is  in  excellent
agreement  with  the  observed  vibronic  progression.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Zheng et al. [1] have reported a photoelectron spectroscopy
PES) study of AuOH− as part of a broader investigation of
u−(H2O)1,2 and Au2

−(D2O)1–4. This study revealed an exten-
ive vibrational progression of the Au OH stretch in the ground
tate and the authors were able to assign spectroscopic constants
ith the aid of Franck–Condon simulations. Here, we  report a re-

nvestigation of the AuOH− spectrum using the VMI technique. This
echnique has been used recently to study small gold containing
pecies such as AuH [2], AuC2 [3,4] and AuI2 [5] at high resolu-
ion, often resulting in the observation and assignment of vibronic
ransitions to the neutral ground states.

The experimental resolution of the current study exceeds that of
he previous work and allows the direct measurement of the adia-
atic electron affinity as well as the vibrational frequencies of both

he neutral and anionic ground states that are excited in the tran-
ition. This has led to a re-assignment of the X1A′ + e−← X2A′ + h�
pectrum. Experimental data for the anisotropy of the observed
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vibronic transitions are reported for the first time. The experimen-
tal results are supported by CCSD calculations and Franck–Condon
(FC) simulations.

2. Experimental method

Details of the experiment have been published previously and
are briefly recapped here [3]. Gold containing anions were pro-
duced within a Smalley-type laser ablation source based on our
previous design [6] and expanded into high vacuum within a two
chamber, differentially pumped system. AuOH− was  produced by
seeding water into the carrier gas. Following expansion the clusters
were pulse extracted orthogonally by a two stage Wiley–McLaren
type time of flight, with space focus adjusted to provide sharp tem-
poral distributions of the anions at the point of photodetachment.
Mass selection was achieved by varying the photodetachment tim-
ing. The photodetachment laser power was  varied in order to keep
the number of detected electrons at a rate of ∼1 per laser pulse, but
was typically on the order of a few microjoules at the point of entry
into the chamber. Velocity mapping was  performed by a homebuilt,
two stage imaging lens that was based upon the original design of
Eppink and Parker [7].

A position sensitive detector consisting of dual MCPs in a

chevron configuration and a phosphor screen was located 250 mm
from the final electrode of the VMI  electrode assembly. In order to
minimize background noise the MCP  was  gated for 50 ns around the
arrival time of the signal electrons. Images were collected using a

dx.doi.org/10.1016/j.cplett.2015.02.053
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ing between peaks A and 0 of 431(20) cm−1 agrees well with the
Au OH− stretching frequency calculated in this work of 435 cm−1

and thus leads to the assignment of peak A to the 30
1 transition.
B.R. Visser et al. / Chemical P

ome built camera containing a charge-coupled device (CCD) sen-
or. After collection, the circularity of the images was corrected
sing the circularization method designed by Lawrance and Gas-
ooke [8] that has been used in previous VMI  studies [3,9,10].

Energy calibration was performed using the Au− anion pho-
odetachment signal, due to the large signal to noise ratio and
ccurately determined electron affinity (EA) [11]. Conversion of the
nal experimental image into a 3-dimensional representation of
he photodetachment event was achieved through the application
f the inverse Abel transform [12].

The binding energy spectrum was extracted from the radial
ata of the image and the anisotropy values were determined by
asking individual vibronic transitions and fitting to the angu-

ar distributions within these ranges. Experimental spectroscopic
onstants were determined by performing a least squares fit to the
xperimental spectrum.

. Computational details

The ground electronic states of anionic and neutral AuOH were
alculated using DFT and CCSD methods based upon the structures
reviously reported for the neutral [13]. All DFT calculations were
ndertaken using the gaussian 09 suite of programs [14] employ-

ng the B3P86 hybrid functional and the Stuttgart Relativistic Small
ore (SRSC) basis set. For Au, the MWB60 ECP was  used, leaving
he remaining 19 electrons to be calculated as valence. For the
xygen and hydrogen atoms, the Dunning/Huzinaga full double
eta (D95) basis set was used. Subsequently, the ground electronic
tates were re-optimized and frequency calculations were under-
aken using coupled cluster including single and double excitations
ith relativistic corrections (RCCSD for neutral AuOH, ROCCSD

or the anion). In these calculations, oxygen and hydrogen atoms
ere described using Dunning’s aug-cc-pVTZ basis set [15] and the
u atom was described using aug-cc-pVTZ-PP and associated ECP

16,17]. Harmonic frequency calculations were performed on all
ptimized geometries.

In the study of Ikeda et al. [13] it was reported that the results of
he molecular geometry calculations for AuOH were highly depend-
nt on the inclusion of the treatment of relativistic effects. For
nstance the Au OH bond length decreased from 2.145 to 1.963 Å
ollowing the inclusion of relativistic effects, which was  associated
ith the relativistic contraction of the valence s orbital of Au. The

atter value is consistent with our DFT and CCSD calculations, both
f which incorporate relativistic corrections.

The CCSD-calculated structural and vibrational data were used
s starting parameters for the simulation of Franck–Condon transi-
ion intensities for the prediction of the photodetachment spectra.
C simulations were performed with the ezSpectrum software suite
18] using the parallel approximation. The energy of the 00

0 tran-
ition (1.695(5) eV), the applied convolution resolution (typically
5 meV), and the temperature (∼250 K), were adjusted to obtain
he best match to the experimental spectra.

. Results and discussion

The inverse Abel transformed experimental image of AuOH−

btained at an exciting wavelength of 560 nm is shown in Figure 1.
he corresponding experimental spectrum is presented with the
est fit Franck–Condon simulated spectrum in Figure 2. The spec-
rum is dominated by transitions spaced by 567(5) cm−1, with a
educed spacing observed between the peaks labelled A and 0 of

31(20) cm−1. The anisotropy parameter was determined for each
ibronic transition and is plotted against electron kinetic energy in
igure 3. The calculated lowest energy molecular geometries can
e found in Figure 4 and important data are summarized in Table 1.
Figure 1. Inverse Abel transformed image of AuOH at a photodetachment wave-
length of 560 nm (2.214 eV). Photon polarization is along the vertical axis of the
image (vertical arrow).

Energies are reported with respect to the energy of the ground state
of neutral AuOH.

As shown in Figure 2, the spectrum consists of five evenly spaced
transitions, labelled 0–5, beginning at 1.695 eV with separation
567(5) cm−1. The vibrational spacing agrees very well with that
reported by Zheng et al. [1]. Very good agreement is also achieved
with the calculated Au OH (ω3

′) vibrational wavenumber from this
work (583 cm−1) and that of Ikeda et al. (569 cm−1) [13]. Therefore,
peaks 0–5 are assigned as a progression of the Au OH stretch-
ing vibration in neutral AuOH, 3n

0 (n = 0–5) emanating from the
origin band 00

0 at 1.695(5) eV (i.e.  peak 0). The vibrational spac-
Figure 2. The photodetachment binding energy spectrum of AuOH− collected at
560  nm excitation is shown in the upper trace. The lower trace is the Franck–Condon
simulated spectrum of the 1A′ ← 2A′ transition that best fits the experimental data
(see  text for details).
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Table 1
Harmonic vibrational frequencies (cm−1) and relative energies (eV) for the 2A′ state (anion, top two  rows) and 1A′ state (neutral, bottom two rows) calculated at R(O)CCSD/aug-
cc-pVTZ (see text for further details).

State �E ω1

O H stretch
ω2

Au O H bend
ω3

Au O stretch

Theory 2A′ −1.6015 3832 741 434
Experimental ′′ −1.695 

Theory 1A′ 0 3831 

Experimental ′′

Figure 3. Values of the anisotropy parameter  ̌ determined for the respective
vibronic transitions plotted against (excess) electron kinetic energy. The SOMO for
the  anion is shown in the inset.

Figure 4. Lowest anion and neutral geometries obtained for the R(O)CCSD calcula-
t
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(2000) 3308.
[7] A.T.J.B. Eppink, D.H. Parker, Rev. Sci. Instrum. 68 (1997) 3477.
ions. Electronic energies are given relative to the global minimum neutral structure.
he units for bond length are Angstroms and degrees for bond angle.

This assignment is in contrast with the work of Zheng et al.
1], who reported the Au OH− stretching frequency to a value
f 544 cm−1 by placing the origin at 1.771 eV and fitting a
ranck–Condon simulation to the experimental spectrum. The dif-
erence in assignment is essentially a shift of one vibrational
uantum, which we are able to correctly re-assign due to the higher
esolving measurements afforded by the VMI  technique. The differ-
nce in the vibronic assignment leads to a re-determination of the
diabatic electron affinity of AuOH− to 1.695(5) eV, which is in good
greement to the value of 1.6015 eV calculated in this study with
he CCSD method.

The calculated ground state geometries of both AuOH and
uOH− are of Cs symmetry and differ primarily in the Au O bond
istance, which is 15 pm longer in the anion. Franck–Condon sim-
lations performed with the calculated molecular geometries and
ibrational frequencies lead to a spectrum that is in very good
greement with the experimental spectrum. The simulated spec-
rum is shown as the mirror image (lower) trace in Figure 2. The best

atch to the relative intensities of the hot and main transitions is

chieved by fitting with an initial (anion) vibrational temperature
f 250(50) K. This value is consistent with measurements of the
431(20)
965 583

567(5)

temperature of other species investigated with the current exper-
imental setup [3].

Figure 3 shows the anisotropy parameter, ˇ, determined for each
of the transitions plotted as a function of electron kinetic energy
(�3
′ = 0 is at 0.52 eV, �3

′ = 5 is at 0.17 eV). The parameter is observed
to scale linearly with electron kinetic energy within this energy
range and is distributed around a mean value of +0.7. Wu  et al.
have recently measured a value of 1.9 for the Au (2S, d10s1) ← Au−

(1S, d10s2) transition [2]. This transition is 2S (d10s1) ← 1S (d10s2)
and thus electrons are ejected in the form of a P wave, which corre-
sponds to a  ̌ value of 2 [19]. Based on our spectral assignment
the excess electron of AuOH− is ejected from a singly occupied
molecular orbital (SOMO) that has a significant (66%) Au 6s-orbital
character, which is shown as an inset in Figure 3. The positive  ̌ val-
ues measured here are consistent with this assignment. The error
bars in Figure 3 indicate an uncertainty of 3� in the least squares fit
to the angular intensity distributions. Noise from the inverse Abel
transform is found to significantly degrade the confidence of the fit.

5. Conclusions

Gold hydroxide anions were successfully produced within a
laser vaporization cluster source and investigated using the veloc-
ity map  imaging technique. Analysis of the experimental spectrum
led to an alternative assignment of the spectrum and the values of
the EA, ω3

′ and ω3
′′ to 1.695(5) eV, 567(5) cm−1 and 431(20) cm−1,

respectively. The geometric structures and energies of both neutral
and anionic AuOH/AuOH− were calculated at the coupled cluster
level. The results of the calculations were found to be in very good
agreement with the experimentally assigned values.
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