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ABSTRACT: Vibrational state-selective resonant two-photon
photoelectron spectra have been obtained via a triplet
intermediate state (3Σ−) of AuS− near its detachment
threshold using high-resolution photoelectron imaging of
cryogenically cooled AuS− anions. Four vibrational levels of
the 3Σ− excited state are observed to be below the detachment
threshold. Resonant two-photon absorptions through these
levels yield vibrational state-selective photoelectron spectra to
the 2Σ final state of neutral AuS with broad and drastically
different Franck−Condon distributions, reflecting the symme-
tries of the vibrational wave functions of the 3Σ− intermediate state. The 3Σ− excited state is spin-forbidden from the 1Σ+ ground
state of AuS− and is accessed due to strong relativistic effects. The nature of the 3Σ− excited state is confirmed by angular
distributions of the photoelectron images and quantum calculations.

Spin is an intrinsic form of angular momentum of the
electron and is responsible for many microscopic and

macroscopic quantum-mechanical phenomena. The spin of a
quantum system is usually conserved during electronic
transitions, giving rise to the spin selection rule. This rule is
strictly obeyed for electronic excitations in molecules of light
elements. However, spin-forbidden transitions can happen for
molecular systems containing heavy elements due to strong
relativistic effects.1 Spin-forbidden transitions are commonly
observed in neutral systems and are rarely observed for a
negative ion. This is primarily due to the fact that negative ions
usually do not have bound valence electronically excited states
below the electron detachment threshold. The C2

− species was
the first anion observed to have a bound valence electronic
excited state.2−4 Since then, a number of negatively charged
ions with bound valence electronic excited states have been
reported and used to obtain high resolution spectroscopy of
anions using resonant two-photon detachment (R2PD)
spectroscopy.5−9 However, quantum state resolved photo-
electron spectroscopy (PES) via excited states of anions has not
been realized. R2PD−PES of the WO2

− anion has been
reported recently via a possible spin-forbidden excited state.10

However, the R2PD−PE spectra of WO2
− were plagued by

complex vibronic structures due to large structural changes,
congested electronic states, and vibrational hot bands.
Here we report the observation of a bound valence excited

state (3Σ−) of AuS−, 0.1089 eV below its detachment threshold.
An excitation spectrum is obtained from the vibrationally cold
AuS− ground state (1Σ+) to the spin-forbidden 3Σ− excited
state. Eight vibrational levels are observed with four below and

four above the detachment threshold. Vibrational state-selective
R2PD−PE spectra are obtained from the four bound
vibrational levels to the 2Σ neutral state of AuS with broad
Franck−Condon distributions using high-resolution PE imag-
ing. Spin−spin splittings are also resolved in some of the
vibrational peaks in the R2PD−PE spectra.
The experiment was carried out on our electrospray PES

apparatus,11 that has been revamped with a cryogenically
controlled ion trap12,13 and a high-resolution PE imaging
system.14 Gold can form a strong covalent bond with sulfur,15

and the Au−S bonding is known to be stronger than that of
Au−O.16 Recently, we have carried out a PES study on
[CH3S−Au−SCH3]

−,17 which is the “staple” for thiolate gold
nanoparticles.18 During this experiment, a number of fragment
anions, such as Au− and AuH2

−,19 were observed as a result of
collision-induced dissociation (CID) of Au(SCH3)2

− in our
electrospray ionization (ESI) source. We found that the ESI
conditions can be tuned to optimize the production of certain
CID product, such as AuS−. With our newly built low
temperature ion trap,12,13 the AuS− anions were cooled to a
much lower vibrational temperature (4.5 K ion trap temper-
ature) than the previous supersonic cluster source.16 The
cooled AuS− anions were then pulsed into the extraction zone
of a time-of-flight mass spectrometer. The selected AuS− anions
were photodetached by the output of a dye laser in the
interaction zone of a high-resolution velocity-map imaging

Received: January 10, 2015
Accepted: January 30, 2015
Published: January 30, 2015

Letter

pubs.acs.org/JPCL

© 2015 American Chemical Society 637 DOI: 10.1021/acs.jpclett.5b00053
J. Phys. Chem. Lett. 2015, 6, 637−642

pubs.acs.org/JPCL
http://dx.doi.org/10.1021/acs.jpclett.5b00053


system.14 The capabilities of our new imaging system have been
demonstrated in a series of recent studies from simple
molecular systems20−22 to complex anions.23−25 The imaging
system was calibrated using the known spectra of Au−. To
search for possible resonances and excited states, we scanned
the dye laser around the photodetachment threshold of AuS−

to look for either R2PD or autodetachment signals.
Figure 1 shows the photodetachment spectrum of cold AuS−

as a function of the laser photon energy by monitoring the total

electron yield. Eight sharp peaks with almost equal spacing
were observed, as labeled from 0 to 7. The dashed arrow
indicates the detachment threshold of AuS− or the electron
affinity (EA) of AuS, which was measured accurately as 19 949
± 4 cm−1 (2.4734 ± 0.0005 eV) compared with previously
reported values of 2.475 ± 0.015 eV16 or 2.469 ± 0.006 eV.26

The spectrum recorded above the EA is the results of single-
photon absorption; four resonant-enhanced autodetachment
peaks (peaks 4−7) with broader line widths (fwhm ∼8 cm−1)
were observed. Below the threshold, there are four peaks (0−3)
with zero background, which are the results of R2PD. The eight
observed peaks should be due to a single vibrational
progression of an electronically excited state of AuS−. The
peak with the lowest photon energy at 19 071 cm−1 (524.36
nm) in Figure 1 is assigned as the vibrational ground state
because we did not observe any more vibrational peaks when
the laser was scanned to lower photon energies. Thus, the
observed excited state of AuS− is 878 ± 4 cm−1 (0.1089 ±
0.0005 eV) below the detachment threshold of AuS−. The
vibrational progression can be fitted by ωe − 2(ν′ + 1)ωeχe to
yield ωe = 270 ± 4 cm−1 and ωeχe = 5 ± 2 cm−1. The
fundamental vibrational frequency for the AuS− excited state is
determined as 260 ± 4 cm−1. The first four vibrational levels of
the excited state are bound states and long-lived, consistent
with their sharp line widths limited only by the laser line
width.21 The inset in Figure 1 shows the partially resolved
rotational profile for ν′ = 2, as we showed previously that the
anions could have a rotational temperature of ∼30 K in the ion
trap.27 The four levels from v′ = 4−7 are lifetime broadened
due to autodetachment: the peak widths yield a lifetime for the
autodetaching vibrational states of ∼0.66 ps.

Figure 2 shows the (1 + 1) two-photon PE spectrum of AuS−

when the excitation laser wavelength was tuned to be in

resonance with the transition to the v′ = 0 level of the excited
state of AuS− at 524.36 nm (Eγ = 2.3645 eV or 19 071 cm−1).
Two detachment bands were observed, corresponding to the
ground state (X2Π3/2,1/2) and first excited state (A

2Σ) of neutral
AuS, respectively.16 The ground state electron configuration of
AuS− (1Σ+) is 1σ2π4δ42σ2π*4; in single-photon nonresonant
PES, the X2Π and A2Σ states of AuS are accessed by electron
detachment from the π* and 2σ orbitals, respectively.16 There
are two major differences between the R2PD−PE spectrum in
Figure 2 and the single-photon PE spectra: (1) the relative
intensity of the X band is much weaker in the R2PD−PE
spectrum and (2) the Franck−Condon envelopes of the two
bands are much broader in the R2PD−PES, in comparison to
the previous single-photon nonresonant PE spectra, which
show almost no Franck−Condon activities for either the X or A
band.16,26 This is because of the fact that the 2σ and π* orbitals
are relatively nonbonding, as confirmed by the similar
vibrational frequencies of the X and A states of AuS and that
of AuS−.16 The spectrum in Figure 2 yielded a much more
accurate vibrational frequency of 380 ± 4 cm−1 for the A2Σ
state of AuS, compared to that obtained from the previous
study (400 ± 60 cm−1).16 The R2PD−PE spectrum is
determined by the nature of the excited state of AuS−. The
much lower vibrational frequency (260 ± 4 cm−1) of the
excited state of AuS− suggests that this state corresponds to a
much weaker Au−S bond with a longer Au−S bond length,
resulting in the broad Franck−Condon envelopes due to the
transition from this excited state to the final neutral X2Π and
A2Σ states with shorter Au−S bond lengths.
We tuned the detachment laser to be in resonance with v′ =

1−3 of the AuS− excited state and obtained a set of vibrational
state-selective R2PD−PE spectra, as shown in Figure 3, where
only transitions to the A2Σ final state of neutral AuS are shown,
along with PE images reconstructed using the pBASEX
method.28 Because of the lower spectral resolution in the
energy region of the X2Π band, no fine features were resolved
and they are not shown in Figure 3. The R2PD photoelectron
angular distributions exhibit p-wave characters, suggesting that
an s-type or σ electron is detached from the excited state of
AuS− to the A2Σ final state.29 The series of peaks correspond to
the different vibrational states of the AuS 2Σ final state. The

Figure 1. Single-color photodetachment spectrum of cold AuS− via an
electronic excited state around the detachment threshold. The dashed
arrow indicates the electron detachment threshold of AuS− or the
electron affinity (EA) of AuS at 19 949 ± 4 cm−1. The inset shows the
expanded view of the rotational profile of the transition to v′ = 2.

Figure 2. Resonant two-photon photoelectron spectrum of AuS−

recorded at 524.36 nm (photon energy Eγ = 2.3645 eV) via the
vibrational ground state (v′ = 0) of the intermediate excited state of
AuS−.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b00053
J. Phys. Chem. Lett. 2015, 6, 637−642

638

http://dx.doi.org/10.1021/acs.jpclett.5b00053


vibrational quantum number ν″ is marked on the top of Figure
3. The drastically different Franck−Condon envelopes reflect
the symmetries of the vibrational wave functions of the
intermediate state of AuS−. Such vibrational state-selective PE
spectra have not been seen before for anions, even though they
have been observed for neutral molecules via valence excited
states or Rydberg states in resonant multiphoton ionization
PES.30−37

However, when we tuned the detachment laser to be in
resonance with the v′ = 4−7 vibrational levels, only single-
photon nonresonant detachment or autodetachment to the
ground state of AuS was observed (Figure 4). No R2PD signals
were observed because of the short lifetime of these
autodetaching vibrational states (∼0.66 ps), relative to our
nanosecond laser pulses.
Upon careful examination, we find that some vibrational

peaks exhibit a splitting, as seen in Figure 3b−d. For example,
the ν″ = 7 peak has a splitting of about 50 cm−1, which could be
due to spin−orbit or spin−spin coupling in the intermediate
state of AuS−. We further performed Franck−Condon
simulations by assuming Morse potentials for both the anion
excited state and the neutral 2Σ state using the PESCAL

program,38 as shown in Figure 5. We found excellent agreement
between the simulated spectrum and the R2PD−PE spectrum
from the v′ = 0 level. But the agreement deteriorates for the
R2PD−PE spectra from the v′ = 1−3 levels, suggesting that the
Morse oscillator is not a good approximation for the higher ν′
levels of the intermediate state of AuS−, as can already be seen
by the large anharmonicity. In the simulation, we used Re = 2.20
Å for the A2Σ state of AuS and obtained a Re of 2.33 Å for the
intermediate state of AuS−. The Re value for the A

2Σ state was
not known. It was taken to be similar to that of the anion
ground state on the basis of the observed photoelectron
spectrum.16 Thus, the obtained Re value for the intermediate
state of AuS− should be viewed as a rough estimate.
The ground state of AuS− has a closed-shell electron

configuration, 1σ2π4δ42σ2π*4 (X1Σ+), and an antibonding σ*
lowest unoccupied molecular orbital (LUMO).16,26 The π*
highest occupied molecular orbital (HOMO) and the 2σ
HOMO-1 are relatively nonbonding, as shown from the
previous PES studies.16,26 The observed intermediate state of
AuS− could be due to excitation of either a nonbonding
HOMO or HOMO-1 electron to the antibonding LUMO,
resulting in a weaker Au−S bond and a longer bond length. In
order to identify the observed AuS− excited state, we performed
high-level multireference configuration interaction (MR-CI)
calculations for all possible excited states from these electronic
excitations. The spin−orbit coupling MR-CI method was used.
The energy-consistent ECP60MDF_AV5Z basis sets for Au,
aug-cc-pV5Z full-electron basis sets for S atom were used. The
active space, consisting of (9−11)σ and (4−5)π molecular
orbitals of AuS−, was used for both the MCSCF and the MRCI

Figure 3. Resonant two-photon photoelectron images and spectra
through the vibrational levels (v′) of the excited state of AuS−. Only
the A band in each case is shown (see Figure 2). (a) v′ = 0, Eγ = 2.3645
eV (same as in Figure 2); (b) v′ = 1, Eγ = 2.3968 eV; (c) v′ = 2, Eγ =
2.4279 eV; (d) v′ = 3, Eγ = 2.4576 eV. The double arrow indicates the
laser polarization. The vibrational quantum number ν″ of the final AuS
(A2Σ) state is marked on the top.

Figure 4. Resonance-enhanced photoelectron images and spectra of
AuS− through the vibrational levels (v′) of the C 3Σ− excited state
above the detachment threshold of AuS−. (a) v′ = 4, Eγ = 2.4859 eV;
(b) v′ = 5, Eγ = 2.5133 eV; (c) v′ = 6, Eγ = 2.5393 eV; (d) v′ = 7, Eγ =
2.5642 eV. The double arrow indicates the laser polarization. The
electron signals were due to a combination of autodetachment and
single-photon nonresonant photodetachment.
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calculations. The bond length was varied from 1.8 to 6 Å. All
calculations were carried out using the Molpro package. The
basis sets ECP60MDF_AV5Z for Au and aug-cc-pV5Z for S
were obtained from https://bse.pnl.gov.
Our calculations predicted two low-lying excited Π states for

AuS− at 1.1 eV (3Π) and 1.4 eV (1Π) above the ground state, as
a r e su l t o f th e HOMO → LUMO exc i t a t i on
(1σ2π4δ42σ2π*3σ*1). These excited states are too low to be
responsible for the observed state at 2.3645 eV. We found two
Σ excited states at 2.2 eV (3Σ−) and 3.6 eV (1Σ+) above the
ground state, as a result of HOMO-1 → LUMO excitation
(1σ2π4δ42σ1π*4σ*1). The 1Σ+ state seems to be too high to be
responsible for the observed excited state, whereas the
calculated excitation energy of the 3Σ− state is in good
agreement with the experimental observation. Although the
transition from the singlet ground state of AuS− (1Σ+) to the
3Σ− triplet state is spin-forbidden, it is likely allowed for AuS−

due to the strong relativistic effects of Au. Our calculation
predicts a fairly large cross section for the 1Σ+ → 3Σ− transition
for the AuS− anion.
The 3Σ− excited state can explain all our experimental

observations, as shown Figure 6, which displays the schematic
potential energy curves of the relevant electronic states of AuS−

(X1Σ+, C3Σ−) and AuS (X2Π3/2,1/2, A2Σ). The electron
configurations of the related states are also given in Figure 6.
It is seen clearly that the detachment of the σ* electron by the
second photon directly leads to the A2Σ final state of AuS,
resulting in the vibrational state-selective PE spectra shown in
Figures 2 and 3 with the broad Franck−Condon envelopes.
The angular distributions (Figure 3) are consistent with the
detachment of the σ* electron. However, the detachment
transition from the C3Σ− excited state of AuS− to the ground
state of AuS is a two-electron process, which explains its low

intensity as shown in Figure 2. The observed splittings in some
of the vibrational peaks in Figure 3 are likely due to spin−spin
couplings of the two unpaired electrons in the C3Σ−

intermediate state. Our calculations predict a 45 cm−1 splitting
between the ms = ± 1 and ms = 0 spin states of the C3Σ− state,
consistent with our observed splitting. Spin−orbit couplings are
commonly observed in PES, but spin−spin couplings are
usually too small to be resolved. The evidence of spin−spin
splittings in the R2PD−PES spectra of AuS− is interesting and
would warrant further theoretical investigations. Finally, we
should point out that low-lying excited states in anions are rare.
Our theoretical predictions of the two low-lying Π excited
states at 1.1 and 1.4 eV in AuS− are also significant. It would be
interesting to study them using two-color (1 + 1′) R2PD in the
future.
In conclusion, we have obtained vibrational state-selective

resonant two-photon photoelectron spectra for cryogenically
cooled AuS− using high-resolution photoelectron imaging. The
intermediate state was found to be a spin-forbidden triplet
excited state (3Σ−) with respect to the singlet ground state of
AuS− (1Σ+), but was observed due to strong relativistic effects.
The triplet 3Σ− excited state is found to be 2.3645 ± 0.0005 eV
above the ground state of AuS−, and 0.1089 ± 0.0005 eV below
the detachment threshold of 2.4734 ± 0.0005 eV. Four
vibrational levels of the 3Σ− state are below the detachment
threshold and yielded four vibrational state-selective R2PD−PE
spectra with drastically different Franck−Condon profiles due
to the different symmetries of the vibrational wave functions.
Fine features in the R2PD−PE spectra were observed and
attributed to spin−spin couplings in the 3Σ− intermediate state.
It is shown that high-resolution photoelectron imaging
combined with the cold ion-trap technology is a powerful
approach to probe the vibronic fine structures and dynamics of
anionic excited states. The complete elimination of vibrational
hot bands will greatly simplify the spectroscopy even for
complicated anionic systems.

Figure 5. Franck−Condon simulation by assuming Morse potentials
for both the 3Σ− intermediate state of AuS− and the 2Σ neutral final
state of AuS in comparison with the experimental spectra. The heights
of the red vertical bars are the calculated Franck−Condon factors. The
dots are measured photoelectron spectra. (a) v′ = 0, Eγ = 2.3645 eV;
(b) v′ = 1, Eγ = 2.3968 eV; (c) v′ = 2, Eγ = 2.4279 eV; (d) v′ = 3, Eγ =
2.4576 eV.

Figure 6. Schematic potential energy curves of the AuS− (X 1Σ+),
AuS− (C 3Σ−), AuS (X 2Π3/2,

2Π1/2), and AuS (A 2Σ) states. The
arrows indicate the excitations to the four bound vibrational levels of
the intermediate state (C 3Σ−) of AuS−, corresponding to v′ = 0−3 in
Figures 1 and 3. The related electronic configurations are shown in the
right. All the energies and vibrational levels are from the current work,
whereas the equilibrium bond lengths for the ground state of AuS− and
AuS are from ref 16.
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