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Dipole-bound excited states and resonant photoelectron imaging
of phenoxide and thiophenoxide anions

Guo-Zhu Zhu, Chen-Hui Qian, and Lai-Sheng Wang?
Department of Chemistry, Brown University, Providence, Rhode Island 02912, USA

(Received 24 July 2018; accepted 4 October 2018; published online 22 October 2018)

We report photodetachment and resonant photoelectron-imaging studies of cryogenically cooled phe-
noxide (C¢H507) and thiophenoxide (C¢HsS™) anions. In a previous study [H. T. Liu et al. Angew.
Chem., Int. Ed. 52, 8976 (2013)], a dipole-bound excited state was observed for CsHsO™ at 97 cm™!
below the detachment threshold. Eight resonant photoelectron spectra were obtained via excitations to
eight vibrational levels of the dipole-bound state (DBS) followed by autodetachment. Here we present
a complete photodetachment spectrum of C¢HsO~ covering a spectral range 2600 cm™! above the
detachment threshold and revealing nine additional vibrational resonances of the DBS. We also report
the first observation of a dipole-bound excited state for CoH5S™, 39 cm™! below its detachment thresh-
old of 18 982 cm™!. Photodetachment spectroscopy covering a spectral range 1500 cm™~! above the
threshold reveals twelve vibrational resonances for the DBS of CgHs5S™. By tuning the detachment
laser to the vibrational resonances in the DBS of C¢H50™ and C¢HsS™, we obtain highly non-Franck-
Condon resonant photoelectron spectra, as a result of mode-selectivity and the Av = —1 propensity
rule for vibrational autodetachment. Five new fundamental vibrational frequencies are obtained for
the ground state of the C¢HsO (X?B)) radical. Intramolecular inelastic scattering is observed in
some of the resonant photoelectron spectra, leading to the excitation of the Franck-Condon-inactive
lowest-frequency bending mode (v9) of C¢HsO. The first excited state of CsHsO (A?B,) is observed
to be 0.953 eV above the ground state. Twelve resonant photoelectron spectra are obtained for
CgH5S™, allowing the measurements of seven fundamental vibrational frequencies of the C¢HsS rad-
ical, whereas the non-resonant photoelectron spectrum exhibits only a single Franck-Condon active
mode. The current study again demonstrates that the combination of photodetachment spectroscopy
and resonant photoelectron spectroscopy is a powerful technique to obtain vibrational information

about polar radical species. Published by AIP Publishing. https://doi.org/10.1063/1.5049715

. INTRODUCTION

Due to the important role as the chromophore in aromatic
amino acid tyrosine, which acts as the key catalyst in bio-
logical enzymes like photosystem II and the water oxidizing
enzyme,' the photochemistry of phenol has received consid-
erable attention.”* Extensive studies on the photodissociation
of phenol, i.e., fission of the O—H bond to form the H atom
and the phenoxy radical (C¢HsO), have shown the signifi-
cance of the nonradiative decay pathway via the optically dark
710" state for protection from photochemical damage follow-
ing UV absorptions.>>~!2 The photodissociation of thiophenol,
the sulfur analog of phenol, has also been widely investi-
gated, revealing a similar !mo*-mediated pathway yielding
the thiophenoxy radical (CgHsS-).!*"!7 As photodissociation
products, C¢Hs50 and CgHj5S are also of great interest in many
systems. For example, C¢H5O is a crucial transient interme-
diate in the combustion and atmospheric chemistry of small
aromatic molecules.'82! As a part of the phenolic compounds,
like vitamin E and resveratrol, C¢gHs5O is also involved in
the antioxidant and radical scavenging processes.”> Moreover,
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both CgH50 and CgHsS have been considered as the potential
candidate molecules for the diffuse interstellar bands (DIBs)
in astrophysics.?>>*

The electronic and vibrational properties of C¢H50 and
CsH5S have been extensively investigated both experimen-
tally and theoretically.”*> The electron affinities (EAs) of
the CgHs0 and CgHsS radicals were first estimated by
photodetachment spectroscopy of the corresponding anions
CgHsO~ and CgHsS™.> An improved value for CgHsO
was later measured by anion photoelectron spectroscopy
(PES),%® which also yielded the excited state of CgHsO.
Later, high-resolution PE spectra of C¢HsO™ and CgHs5S™
were obtained by slow electron velocity-map imaging (SEVI),
which accurately determined the EAs of C¢HsO and CgHsS
to be 2.2538(8) eV and 2.3542(6) eV, respectively.”’ The
electronically excited state of CcHs0O was studied?®3! and
the lowest electronic transition (X2B, « AZB;) was deter-
mined to be 0.9523(1) eV by cavity ringdown spectroscopy.”!
The lowest excited state of C¢HsS was also calculated?
and experimentally measured to be 0.3719(9) eV above the
ground state.”’ In addition, the ground-state vibrational fre-
quencies of C¢HsO and C¢HsS have been computed in
several theoretical studies’”3® and examined by various
spectroscopies,”®?737#1 such as anion PES,’%?” resonance
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Raman spectroscopy,®’° IR spectroscopy,*’ and laser-
induced fluorescence.*! Recently, we measured the vibrational
frequencies of C¢HsO by high-resolution resonant PE imag-
ing of cold C¢HsO~ from vibrational autodetachment via
dipole-bound states (DBSs).*?

Anions with dipolar neutral cores (u > 2.5 D) can sup-
port DBSs near the electron detachment thresholds,*** which
were first observed as resonances in the photodetachment spec-
tra of enolate anions.***® DBS has been suggested to be the
“doorway” for the formation of valence-bound anions**-!
and also proposed as the carriers of the DIBs.?>™* Rota-
tional autodetachment via DBS has been studied by high-
resolution photodetachment spectroscopy*’#®> and Rydberg
electron transfer time-of-flight experiment.’® Recently, res-
onant PES from autodetachment via vibrational levels of
DBS was reported for CcHsO™ for the first time using cryo-
genically cooled anions.*> The ground vibrational level of
the DBS of C¢HsO™ was found to be 97 cm™! below the
detachment threshold. Mode-specific autodetachment from
eight vibrational levels of the DBS was observed, yield-
ing highly non-Franck-Condon resonant PE spectra due to
the Av = —1 vibrational propensity rule.’’>® Subsequently,
we have investigated a number of anions with dipole-bound
excited states using the cryogenic cooling approach>”-¢7
and demonstrated that resonant PES via vibrational autode-
tachment from DBS can yield more abundant vibrational
information, especially for low-frequency and Franck-
Condon-inactive vibrational modes, as well as conformation-
selective information.®3%4

In the current study, we report the complete photodetach-
ment spectra of C¢Hs0™ and C¢HsS™ and resonant PE imag-
ing. A DBS is observed for the first time for C¢HsS™, 39 cm™!
below its detachment threshold. In addition to the eight DBS
vibrational resonances reported previously,*> nine new reso-
nances are observed for C¢HsO~, whereas twelve vibrational
resonances are observed for CgHsS™. By setting the detach-
ment laser wavelengths to the DBS resonances for C¢HsO™ and
CeHsS™, we obtain resonant PE images and spectra, which are
highly non-Franck-Condon due to mode-selectivity*> and the
Av = —1 vibrational propensity rule.”’-8 In total, five new fun-
damental vibrational frequencies are obtained for C¢HsO and
seven for C¢HsS. Interestingly, intramolecular inelastic rescat-
tering is observed in some resonant PE spectra of CcH507,
allowing the excitation of the Franck-Condon-inactive lowest-
frequency bending mode v,y of C¢Hs0 to be observed. It
is further shown that the photodetachment spectra for both
CsH50™ and C¢HsS™ are in perfect agreement with the non-
resonant PE spectra, vividly demonstrating the similar geome-
tries between the neutral radicals and the dipole-bound anions,
i.e., the weakly dipole-bound electron has little effect on the
structure of the neutral core. Hence, the combination of pho-
todetachment spectroscopy and resonant PES can be used to
yield vibrational information for neutral polar radicals, rivaling
IR spectroscopy.

Il. EXPERIMENTAL METHODS

The experiment was performed on our third-gener-
ation electrospray-photoelectron spectroscopy apparatus,®®

J. Chem. Phys. 149, 164301 (2018)

consisting of a cryogenically cooled 3D Paul trap®® and
a high-resolution PE imaging system.” The C¢HsO~ and
CsH5S™ anions were produced by deprotonation of phenol and
thiophenol, respectively, via electrospray ionization (ESI) of
~1 mM solutions in a mixed solvent of CH30H/H,O (9/1
in volume) at pH ~ 10. Anions generated in the ESI source
were guided into a cryogenically cooled Paul trap operated
at 4.5 K. After being accumulated for 0.1 s and thermally
cooled via collisions with 1 mTorr He/H; (4/1 in volume) back-
ground gas,% the anions were pulsed out at a 10 Hz repetition
rate into the extraction zone of a time-of-flight mass spec-
trometer. The C¢HsO™ and C¢H5S™ anions of interest were
selected by a mass gate and photodetached in the interaction
zone of the imaging lens by the third harmonic of a Nd:YAG
laser (354.7 nm) or a tunable dye laser. Photoelectrons were
focused by the imaging lens’® and projected onto a pair of
75-mm diameter micro-channel plates coupled to a phosphor
screen, which were finally captured by a charge-coupled device
camera. The images were inverse-Abel transformed and recon-
structed using the BASEX and pBasex programs,’!”> which
were found to give similar results. The presented PE spectra
are based on BASEX, whereas the presented PE images are
based on pBasex because it gives higher quality images. The
PE spectra were calibrated with the known spectra of Au™ at
different photon energies. The kinetic energy (KE) resolution
achieved was 3.8 cm™! for electrons with 55 cm™' KE and
about 1.5% (AKE/KE) for KE above 1 eV.%8:70

lll. RESULTS
A. Non-resonant PE spectra of CgH;0~

Figure 1 shows the non-resonant PE spectra of CcHsO™ at
480.60 nm and 354.7 nm. At 480.60 nm, the first intense peak
0o° represents the 0-0 transition from the anion to the neutral
(X’B; « X'A)), giving an accurate EA of 18 173 cm™!.2742
Peaks A-D define a single vibrational progression of mode vi1,

@ 480.60 nm

LI B B B S S B

@ 354.7 nm
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22 24 26 28 30 32 34
Binding Energy (eV)

FIG. 1. Non-resonant photoelectron spectra of C¢HsO™ at 480.60 nm and
354.7 nm.
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as also observed previously.?’*> At the higher photon energy
of 354.7 nm, transitions to the neutral excited state (A”B,) are
also observed. The origin transition represented by peak F is
measured to be 3.2056 + 0.0020 eV, which lies 0.9524(20) eV
above the ground state, consistent with the value determined
by cavity ringdown spectroscopy.’! Peaks G-J represent vibra-
tional excitations of the excited state. The electron binding
energies (BE) of all the observed peaks A-J for the ground
and excited states of C¢HsO, their shifts from the origin of
each state, and assignments are summarized in Table I, where
other vibrational features from the resonant PES are also given
(vide infra).

B. Photodetachment spectrum of C¢H50~

The photodetachment spectrum of C¢HsO~™ was mea-
sured by monitoring the total electron yield while scanning
the dye laser wavelength at 0.1 nm/step across the detach-
ment threshold, as presented in Fig. 2. A smaller step size of
0.01 nm/step was used in separate scans near each observed
resonance to determine a more accurate peak position. In the
previous study,*> photodetachment spectra were only mea-
sured for the v;; progression without continuously scanning
the dye laser. The blue arrow in Fig. 2 denotes the detach-
ment threshold at 18 173 cm™!. Below the threshold, the
weak peak labeled as O represents the ground vibrational
level of the DBS of C¢HsO™, which is due to resonant two-
photon detachment.*? The binding energy of the DBS, defined
as the energy difference between the neutral ground state
and the ground state of the DBS, was determined to be
97 + 5 cm™! previously.*> Above the threshold, the contin-
uous baseline indicates the cross section of the non-resonant
detachment signal. The seventeen peaks, labeled as 1-17, rep-
resent optical excitations to the vibrational levels of the DBS
of C¢H507, followed by autodetachment. The peak num-
bers in red were reported previously.*? The peaks labeled in
black numbers are newly observed because of the continuous
scan of the detachment wavelength and the broader spectral
range covered in the current study (up to ~2600 cm™! above
the threshold). The vibrational progression of mode vi;” up

J. Chem. Phys. 149, 164301 (2018)

TABLE I. Summary of the observed vibrational peaks from the PE spectra
of CcHsO™. Their binding energies (BE), shifts from the 0-0 transitions of the
X2B, and A2B; states, and assignments are given. The calculated frequencies
at the B3LYP/6-311++G(d,p) level of theory are also given for the fundamental
vibrational modes (see Table S1 for all modes).

BE Shift Theoretical
Peak® (eV)P (em™) Assignment frequencies (cm™')
0o 2.2532(4) 0 X*B;
A 2.3175(6) 519 1! 531
B 2.3815(6) 1035 112
C 2.4460(6) 1555 113
D 2.5097(6) 2069 114
E 2.5740(20) 2587 115
a 2.2750(10) 176 20! 184
b 2.2984(10) 365 14! 375
c 2.3116(10) 471 19! 474
d 2.3315(6) 632 18! 642
e 2.3511(6) 790 10! 804
f 2.3737(6) 972 9! 983
g 2.3956(6) 1149 11'18!
h 2.4044(6) 1220 11220}
i 2.4152(6) 1307 1011t
j 2.4298(10) 1425 10'18!
k 2.4374(6) 1486 9l1q!
1 2.4602(6) 1670 11218!
m 2.4680(6) 1733 11320!
n 2.4928(6) 1933 10'11'18!
0 2.5008(6) 1997 91112
F 3.2056(20) 0 A%B,
G 3.2699(20) 519 11! 524
H 3.3328(20) 1026 112
I 3.3594(20) 1240 6! 1319
J 3.4029(20) 1591 113

4Peaks in bold were reported previously in Ref. 42. The peaks designated by lower case
letters were observed in the resonant PE spectra.
YNumbers in parentheses indicate the experimental uncertainties in the last digit.

to the fifth quantum (peak 17) is observed in the current
spectrum.

The photon energies, shifts from the ground vibrational
level of the DBS, and the assignments of the observed vibra-
tional resonances are given in Table II. The assignments are

FIG. 2. Photodetachment spectrum of

C¢HsO™ by measuring the total elec-
tron yield as a function of photon energy
across the detachment threshold. The
blue arrow at 18 173 cm™! marks the
detachment threshold. The peak 0 below
the threshold represents the vibrational
ground state of the dipole-bound excited
of C¢HsO™ and it is from resonant two-
photon detachment, while peaks 1-17
are due to autodetachment from the DBS
vibrational levels. The peaks labeled in
red were reported previously,*? and the
peaks in black are newly resolved. The
assignments of peaks 1,7,11,15,and 17
to the vibrational progression of mode

vy’ are also given.
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TABLE II. The observed peaks, wavelengths, photon energies, and shifts
from the ground vibrational level and assignments of the photodetachment
spectrum of C¢HsO™ in Fig. 2.

Wavelength ~ Photon energy Shift
Peak?® (nm) (em™h)P (em™) Assignment
0 553.22 18076(5) Ground state
1 537.78 18595(5) 519 11’1
2 534.53 18708(5) 632 181
3 529.93 18870(5) 794 10!
4 527.00 18975(5) 899 16!
5 524.86 19053(5) 977 9!
6 524.42 19069(5) 993 8!
7 523.22 19112(5) 1036 112
8 520.17 19224(5) 1148 118!
9 515.90 19384(5) 1308 101171
10 511.05 19568(5) 1492 ol
11 509.36 19632(5) 1556 1173
12 506.50 19743(5) 1667 117218'1
13 502.47 19902(5) 1826 10011172
14 498.04 20079(5) 2003 o1112/10/1 1172201
15 496.33 20 148(5) 2072 114
16 485.67 20590(5) 2514 ol1173/101173207!
17 483.90 20665(5) 2589 117

2Peaks in bold were reported previously in Ref. 42.
®Numbers in parentheses indicate the experimental uncertainties in the last digit.

all based on the resonant PE spectra in Figs. 3 and 4 and the
calculated vibrational frequencies presented in Table S1 of the
supplementary material.

C. Resonant photoelectron spectra of CgH50~
via vibrational autodetachment

By tuning the detachment laser to the newly observed
peaks in Fig. 2, we obtain nine resonant PE spectra of CsH507,
as shown in Figs. 3 and 4. Resonant PE spectra correspond-
ing to the peaks numbered in red were reported before.*’
As discussed previously,*>00-61:64-67 two detachment path-
ways contributed to the resonant PE spectra: the non-resonant
detachment process represented by the continuous signals in
Fig. 2 and the resonantly enhanced vibrational autodetachment

10117
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10"111'220"
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22

23 24 25

2.6

Binding Energy (eV)

J. Chem. Phys. 149, 164301 (2018)

(@ 05
529.93 nm
10" (3)

(b) 0
524.86 nm
9(5)

(c) 02
524.42 nm

8" (6) A

ld g

b
A eaaissey

22 23 24 25
Binding Energy (eV)

2.6

FIG. 4. Resonant photoelectron images and spectra of C¢HsO™ at three dif-
ferent wavelengths, corresponding to peaks 3, 5, and 6 in Fig. 2. The first peak
00° labeled in bold face is enhanced due to autodetachments from fundamental
vibrational levels of the DBS. The peak a assigned to the out-of-plane bend-
ing mode vy of C¢HsO is observed to be due to the intramolecular inelastic
rescattering effect.%-93-9¢ The double arrow below the images indicates the
direction of the laser polarization.

via the DBS. Due to the mode selectivity*>0:61.64-67 and the

Av = —1 propensity rule’’% in the autodetachment process,
the resonantly enhanced spectra in Figs. 3 and 4 are highly
non-Franck-Condon in comparison to the non-resonant PE
spectra in Fig. 1: one or more vibrational peaks are enhanced
in the resonant PE spectra. Figures 3(b), 3(c), and 3(e) contain
autodetachment from combinational and overlapping vibra-
tional levels of the DBS of C¢Hs0O™, while Figs. 3(a), 3(d),
3(f), and 4 are due to autodetachment from a single vibrational
level of the DBS. The assignments of the enhanced vibrational
peaks are given in bold face in Figs. 3 and 4. All the addi-
tionally observed peaks (a-o0), their binding energies, shifts
relative to the 0o° transition, and the assignments are also given
in Table I.
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1400 FIG. 5. Photodetachment spectrum of
CgHsS™ by measuring the total elec-
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blue arrow at 18 982 cm™' marks the
detachment threshold. The four black
arrows pointing at the baseline indicate
the detachment photon energies used
in the non-resonant spectra presented
in Figs. Sla-S1d. The peak 0 below
the threshold represents the vibrational
ground state of the DBS of CgHsS™. It
is due to resonant two-photon detach-
ment, corresponding to the outmost ring
in the inset. The double arrow below
the inset image indicates the direction of
the laser polarization. The assignments

L L L I B B L R

20200

18800 19000 19200 19400 19600 19800

Photon Energy (cm )

20000

D. Dipole-bound excited state and photodetachment
spectrum of CgH5S™

High-resolution PE spectra of C¢H5S™ using SEVI were
reported previously and the EA of C¢HsS was measured to
be 18 988(5) cm™'.2” For the ground state transition, a sin-
gle vibrational progression in the vi; mode was observed
with a frequency of 427 cm™' without observable Franck-
Condon activities in any other vibrational modes. We measured
additional non-resonant PE spectra at several different laser
wavelengths (Fig. S1 of the supplementary material). These
spectra agree with the previous SEVI spectra. The near thresh-
old spectrum (Fig. S1a) has a peak width of 1.5 meV mainly
due to rotational broadening, yielding an EA of 2.3535(6) eV
(189882 + 5cm™).

To search for the DBS, we measured the photodetachment
spectrum of C¢HsS™ from below the detachment threshold
up to ~1500 cm™! above the threshold, as shown in Fig. 5.
We indeed found a DBS for C¢H5S™, as revealed by the
resonant peaks on top of the continuous detachment signals
(1-12). The blue arrow indicates the detachment threshold at
18 982 cm™!. It is interesting to note that the non-resonant
detachment cross section of CcHsS™ seems to be significantly
higher than that of CcHsO™ (Fig. 2). The black up-pointing
arrows indicate the wavelengths used to take the non-resonant
PE spectra in Fig. S1 of the supplementary material. The
twelve peaks, labeled as 1-12, correspond to resonant excita-
tions to vibrational levels of the DBS of C¢HsS™ followed by
autodetachment, while peaks a and 3 exhibit a strong threshold
enhancement (see below).”> The weak below-threshold peak
0 at an excitation energy of 18 943 cm™! came from reso-
nant two-photon detachment, as revealed by the PE image in
the inset of Fig. 5. This peak is 39 cm™! below the detach-
ment threshold, defining the binding energy of the DBS. This
value is smaller than the 97 cm™' binding energy of the DBS
in C¢H507, as expected from the smaller dipole moment of
CsHsS (3.2 D, see Sec. IV B) than that of C¢H50 (4.1 D).
The outmost ring in the inset of Fig. 5 is the resonant two-
photon detachment signal from the DBS ground state, and the
p-wave character of the image is consistent with the s-like

of peaks 3, 8, and 12 to the vibrational
progression of mode v are given.

20400

orbital of the DBS, as also observed in C¢gHsO~ and other
anions,42:61,63-66

The photon energies, shifts from the ground vibrational
level of the DBS, and assignments of the vibrational reso-
nances observed in Fig. 5 are given in Table III. The assign-
ments are all based on the resonant PE spectra in Fig. 6 and
the calculated vibrational frequencies presented in Table S1
(supplementary material).

E. Resonant photoelectron images
and spectra of C¢gH5S~

The resonant PE images and spectra of CqH5S™ are pre-
sented in Fig. 6. Similar to C¢H507, the resonant spectra,
comprising of non-resonant detachment signals and resonant
autodetachment signals, are highly non-Franck-Condon com-
pared with the non-resonant spectra in Fig. S1 due to the

TABLE III. The observed peaks, wavelengths, photon energies, and shifts
from the ground vibrational level and assignments of the photodetachment
spectrum of C¢HsS™ in Fig. 5.

Wavelength ~ Photon energy Shift
Peak (nm) (cm™1y? (cm™) Assignment
0 527.90 18943(5) Ground state
1 523.53 19101(5) 158 20!
2 519.22 19260(5) 317 202
3 516.33 19367(5) 424 11!
4 515.68 19392(5) 449 19!
5 509.91 19611(5) 668 18!
6 508.51 19665(5) 722 10!
7 507.92 19688(5) 745 1171202
8 505.25 19792(5) 849 1172
9 500.91 19964(5) 1021 8!
10 499.10 20036(5) 1093 1rtig!
11 497.72 20092(5) 1149 111!
12 494.64 20217(5) 1274 1173
o 503.55 19 859(5) 916 Threshold enhancement
[§ 501.84 19927(5) 984 Threshold enhancement

4Numbers in parentheses indicate the experimental uncertainties in the last digit.
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mode selectivity and the Av = —1 propensity rule. Except

for the spectra in Figs. 6(g), 6(j), and 6(k), which involve
autodetachment from combinational vibrational levels of the
DBS, most of the resonant PE spectra are from vibrational
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FIG. 7. The photoelectron images and spectra of C¢HsS™ at 503.55 nm and
501.84 nm, corresponding to the peaks a and 3 in Fig. 5. The enhanced peaks
B (112) and f (16') are due to threshold enhancement (supplementary mate-
rial), rather than the autodetachment enhancement via DBS. The double arrow
below the images indicates the directions of the laser polarization.
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levels of single modes. The assignments of the enhanced vibra-
tional peaks are given in bold face. As can be seen in Fig. 5,
the non-resonant detachment cross sections of C¢HsS™ are

TABLE IV. Summary of the observed vibrational peaks from the photoelec-
tron spectra of C¢H5S™. Their binding energies (BE), shifts from the 0-0
transition, and assignments are given. The theoretical frequencies of the fun-
damental vibrational modes of CgHsSe at the B3LYP/6-311++G(d,p) level of
theory are also given (see Table S1 for a full list).

BE Shift Theoretical frequencies
Peak  (eV):  (em™}) Assignment (cm™!)
00°  2.3535(6) 0  Neutral ground state
A 2.4058(6) 422 11! 427
B 2.4587(6) 848 112
C 2.5109(6) 1269 113
a 2.3733(8) 160 20! 161
b 23929(8) 318 20?
c 2.4274(10) 596 11120
d 2.4362(10) 667 18! 683
e 2.4435(10) 726 10! 730
f 24678(6) 922 16! 937

4Numbers in parentheses indicate the experimental uncertainties in the last digit.
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relatively high. Hence, some of the resonant enhancements in
the resonant PE spectra of C¢HsS™ are not as dramatic as those
in C¢HsO™. The resonant PE spectra corresponding to peaks
o and 3 in Fig. 5 are displayed in Fig. 7 and there seems to
be a strong threshold effect. All the observed peaks in the PE
spectra, their binding energies, shifts from the 0o° transition,
and assignments are summarized in Table IV.

IV. DISCUSSION
A. Non-resonant PE spectra of C¢H50

The vibrational peaks shown in the non-resonant PE spec-
tra in Fig. 1 are governed by the Franck-Condon principle,
i.e., only symmetry-allowed modes with significant Franck-
Condon activities can be observed. To assist the spectral
assignments of the numerous non-Franck-Condon vibrational
modes observed in the resonant PE spectra, we calculated the
harmonic frequencies of the ground electronic state of C¢H50
(X?B)) and CgHsS (X?B)) at the B3LYP/6-311++G(d,p) level
of theory with the GAUSSIAN 09 package.”* The frequen-
cies of the excited state for CgHsO (A%B,) were calculated
using the time-dependent density function theory at the same
level. These computed frequencies are given in Table S1 of the
supplementary material.

As reported previously, peaks A-E in Fig. 1 repre-
sent the vibrational progression of the most Franck-Condon-
active mode vi; with a measured frequency of 519 cm™!,
which involves an in-plane ring stretching (Table S2). At
354.7 nm, peaks F-J at higher binding energies represent the
excited state of CsHsO (A2B,), which was observed in a pre-
vious low resolution PE spectrum at 1.06(5) eV above the
ground state.’® Peak F at 3.2056 eV is the 0o transition to
the excited state, defining a more accurate excitation energy
of 0.9524(20) eV above the ground state, in agreement with
the value measured previously in the cavity ringdown experi-
ment.’! Peaks F-H and J represent the vibrational progression
of the ring-stretching vi; mode with a spacing of 519 cm™!,
the same as that of the ground state. Peak I is from a dif-
ferent vibrational mode with a frequency of 1240 cm™~!. Our
calculation shows two A; modes vg (1319 cm™!) and v;
(1199 cm™) close to the 1240 cm™! experimental frequency.
Previous high-level calculations reported scaled frequencies of
1201-1252 cm™" for vg and 1143-1154 cm™! for v4.3° Hence,
we tentatively assign peak I to the fundamental mode ve of
the excited state of C¢HsO (A2B;). This mode involves the
C-O stretching, as shown in Table S2 of the supplementary
material.

26,27,42

B. Photodetachment spectra of CgH50~ and CgH5S~

The vibrational resonances in CgHsO™ were first observed
serendipitously using our room temperature ion trap.’® With
the cryogenically controlled ion trap, we examined these res-
onances more carefully and observed the mode-selectivity in
the first resonant PE spectra via vibrational autodetachment.*?
Eight DBS resonances including the progression of mode vi;’
up to the third quantum were probed then. The binding energy
of the DBS was found to be 97 cm™!, but the photodetachment
spectrum was not continuously scanned. In the current work,
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the full photodetachment spectrum of C¢H5O™ is obtained up
to ~2600 cm™! above the detachment threshold, as shown in
Fig. 2. Apart from the previously reported DBS resonances
labeled in red, nine more vibrational resonances are observed
and labeled in black in the new photodetachment spectrum
(Fig. 2). As shown previously,>®%7 all the resonances display
the asymmetric Fano line shapes as expected,’”” due to the
interference between the non-resonant direct detachment and
the resonant autodetachment. The vibrational progression of
mode vi;’ is observed up to the fifth quantum in Fig. 2. We
found previously that the vibrational frequencies of the v;;’
mode in the DBS of C¢HsO™ were the same as those of the vy
mode in neutral C¢HsO within our experimental accuracy (the ’
was used to designate the DBS vibrational modes), consistent
with the fact that the highly diffuse dipole-bound electron has
no effect on the structure of the molecular core. This is further
verified by the perfect match of the frequencies and relative
intensities of almost all the vibrational peaks between the non-
resonant PE spectrum and the photodetachment spectrum (Fig.
S2 of the supplementary material).

We estimated the dipole moment of C¢HsS to be 3.2 D at
the B3LYP/6-311++G(d,p) level of theory. Hence, the CcHsS™
anion should also be able to support a DBS, which is indicated
by the vibrational resonances in the photodetachment spectrum
in Fig. 5. With a smaller dipole moment compared to that of
CgHsO0 (4.1 D),* the binding energy for the DBS of C4HsS™
is also expected to be smaller, as indicated by the peak 0 in
Fig. 5, which is measured to be 39 cm™~! below the detachment
threshold. This peak represents the ground vibrational level
of the DBS, which is confirmed by the resonant two-photon
detachment image (inset of Fig. 5). This is further verified by
the similarity of the non-resonant PE spectrum at 492.10 nm
and the photodetachment spectrum of C¢HsS™, as shown in
Fig. S3 of the supplementary material.

In addition, more vibrational peaks, which are absent in
the non-resonant PE spectra, are observed in the photodetach-
ment spectra (Figs. S2 and S3 of the supplementary material).
The relative intensities of the vi; progression between the
photodetachment spectra and the PE spectra obey the Franck-
Condon principle for both systems. However, the resonant
excitations to the DBS allow some vibrational levels with low
or negligible Franck-Condon factors in the PE spectra to be
observed in the photodetachment spectra. Therefore, richer
and more accurate vibrational information for the C¢HsO and
CgHsS radicals can be obtained from the photodetachment
spectra in Figs. 2 and 5, as well as the resonant PE spectra.
The assignments of the observed vibrational resonances given
in Tables II and IIT are all based on the resonant PE spectra
presented in Figs. 3,4, 6, and 7 along with the calculated vibra-
tional frequencies given in Table S1. The schematic energy
level diagrams showing autodetachment from the vibrational
levels of the DBS to the neutral states are presented in Figs. 8
and 9 for C¢HsO™ and C¢H5S™, respectively.

C. Resonant PES of C¢gH5;0~ via vibrational

autodetachment from the DBS
As shown previously,*>60-% autodetachment from the

vibrational levels of the DBS to final neutral states exhibits
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FIG. 8. Schematic energy level dia-
gram for autodetachment from the DBS
vibrational levels of C¢gHsO™ to the neu-
tral final states of C¢HsO. The single-
mode vibrational levels of the DBS are
given on the left with arrows indicating
the autodetachment. The combinational
and overlapping vibrational levels of the
DBS are given on the right. The vibra-
tional progressions of mode vy in the
DBS and neutral states are highlighted
in bold face. The detachment threshold
(18 173 cm™') and the DBS binding
energy (97 cm™!) of CgH5O™ are also
given. The peaks and assignments in red
were reported previously.*? The assign-
ments of the final neutral states and the
DBS levels are given in Tables I and II,
respectively.

Anion Ground State

mode selectivity and obeys the Av = —1 propensity rule under
the harmonic approximation.’’® For autodetachment involv-
ing vibrational levels of a single mode (v’y), the nth vibra-
tional level of this mode (v’y") in the DBS autodetaches to
the (n — 1)th level of the same mode in the neutral (v,""1),
in which one quantum of vibrational energy is coupled to
the dipole-bound electron. For autodetachment from a com-
binational vibrational level (v'x™v’y"...) of the DBS, the
final neutral level can be either vxm‘lvy“. .. or vxmvy“_l. ..
(mode selectivity), provided the vibrational frequencies are
all larger than the binding energy of the DBS. Hence, relative
peak intensities of these final neutral vibrational levels will be
enhanced in comparison to those in non-resonant PE spectra,
giving rise to highly non-Franck-Condon resonant PE spectra.
It has also been shown that certain modes in the combina-
tional levels have stronger couplings with the dipole-bound
electron.*?

Tuning the detachment laser to the seventeen resonances
in Fig. 2 will result in seventeen resonant PE spectra for
CsH507. The resonant spectra obtained for peaks 1, 2, and 7—
12 were reported previously.*> As can be seen in Fig. 2, these
resonances are relatively strong, which was why they were
found previously without systematic wavelength scans.*>%8
The nine new resonant PE spectra presented in Figs. 3 and 4
are discussed in detail here.

Figure 3(a) at 527.00 nm is from the weak resonant peak
4 (Fig. 2). As shown previously,*? peaks d and e are due to
the 18! and 10! final vibrational states, which have negligible
Franck-Condon factors (Fig. 1), but they are very intense in
Fig. 3(a) mainly due to threshold enhancement,”® in partic-
ular, for peak e. The photon energy used in Fig. 3(a) agrees
with the excitation to the 16’ DBS level (Table II), which
should show an enhancement of the 0o° transition relative to
peak A (11'). However, this enhancement is not very obvi-
ous, probably due to the fact that peak A also displays some
threshold enhancement. Figures 3(d) and 3(f) correspond to
resonant excitations to 11’4 and 11”3 of the DBS, respectively,
resulting in strong enhancement of 113 (C) and 11* (D), fol-
lowing the Av = —1 propensity rule. However, peak A (11')
is also significantly enhanced in Fig. 3(d), as well as peak B
(11%) in Fig. 3(f). These enhancements are surprising, indicat-
ing Av = -3 for the autodetachment, i.e., coupling of three
quanta of the v;;” mode to the dipole-bound electron to induce
autodetachment. These deviations from the Av = —1 propen-
sity rule are due to anharmonic effects at higher vibrational
levels, which have been observed previously.®-61:6466 Tt is
interesting to note that Av = —2 does not seem to occur for this
mode. This vibrational level dependence of the anharmonic
effects is not well understood and deserves further theoretical
attention.
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FIG. 9. Schematic energy level diagram for autodetachment from the DBS
vibrational levels of C¢HsS™ to the neutral final states of CgHsS. The single-
mode vibrational levels of the DBS are given on the left with arrows indicating
the autodetachment. The combinational vibrational levels of the DBS are given
on the right. The vibrational progressions of mode vy in the DBS and neutral
states are highlighted in bold face. The detachment threshold (18 982 cm™!)
and the DBS binding energy (39 cm™') of C¢HsS™ are also given. The assign-
ments of the DBS levels and the final neutral states are given in Tables III and
IV, respectively.

In Fig. 3(b), peak A (11') is slightly enhanced and peak
i (10'11") is greatly enhanced, suggesting that the resonant
peak 13 corresponds to acombinational DBS level of 10”1112
However, it is surprising that the 112 final state, involving
coupling of one quantum of the vjyp’ mode, is not enhanced,
whereas the slight enhancement of the 11! final state would
require the coupling of one quantum of the v;;” mode and
one quantum of the viy” mode. We also observed previously
that the vip” mode does not seem to couple to the dipole-
bound electron in the resonant excitation to the 10’'11’! DBS
level.*> In Fig. 3(c), the enhancements of three peaks, A
(111, h (11220"), and k (9'11"), are due to autodetachment
from two degenerate combinational DBS levels, 911172 and
10’111220’!. The same case is observed in Fig. 3(e), where
the excitations to combinational vibrational levels of 9’1113
and 10’'117320’! give the enhancement of peak o (9'11?)
and peak m (11’320"), respectively. Only one peak getting
enhanced in each combinational level indicates the selectivity
of vibrational mode in the vibronic coupling induced autode-
tachment, meaning that mode v{;” in 9’' 11’3 and mode v;o’
in 101117320’" are favored to couple with the dipole-bound
electron, which cause the enhancement of peaks o and m,
respectively.

In addition, numerous weak peaks a, b, d, f, g, j, [, and n
are also observed in Fig. 3. The assignments of peaks a, b, and
Jj are based on the comparison to the calculated frequencies in
Table S1. Peak a will be discussed below. The weak peak b
with a shift of 365 cm™ is assigned to the mode vi4 (calcu-
lated frequency 375 cm™"), which is an out-of-plane bending
mode as shown in Table S2. Peak j shifted by 1425 cm™!
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from peak 0" is assigned to a combinational vibrational level
of 10'18! with the frequencies measured to be 790 cm™! for
vio and 632 cm~! for v,3.*? The other peaks were reported
preiously.*? All the observed peaks, their binding energies,
shifts, and the assignments are summarized in Table 1. The
observed vibrational resonances of the DBS and their autode-
tachment channels for CcHsO™ are given schematically in
Fig. 8.

D. Intramolecular inelastic rescattering
in autodetachment from DBS of CgH;0~

Figure 4 shows three resonant PE spectra due to autode-
tachment from three fundamental vibrational levels, 10”1, 9’1,
and 8’!, of the DBS of C¢HsO~. The 0,° peak in all spec-
tra is enhanced, as expected from the Av = —1 propensity
rule. Interestingly, peak a is also observed in these spectra
with significant intensities. With a shift of 176 cm™! from the
00° peak, peak a is assigned to the lowest-frequency bend-
ing mode vyy of CcH50 (184 cm™! calculated frequency,
Table S2), which is Franck-Condon-forbidden and absent in
the non-resonant PE spectra.”’*> Excitation of this vibrational
state in these resonant PE spectra is attributed to intramolec-
ular inelastic rescattering, which has been observed previ-
ously and usually results in excitations of low-frequency
and Franck-Condon-forbidden vibrational modes.®%-%3-%¢ The
idea is that the outgoing autodetached electron from the
DBS can interact with the neutral core to cause excitations
of the low-frequency vibrations. The rescattering process is
similar to electron energy loss spectroscopy,’®’” in which
electrons with fixed kinetic energies cause vibrational exci-
tations of surface adsorbates or gaseous molecules via elec-
tronic to vibrational energy transfers. In the current cases,
autodetachment from vibrational levels 10’! (794 cm™!), 9!
(977 cm™"), and 8’! (993 cm™') results in outgoing photo-
electrons with kinetic energies of 697 cm™!, 880 cm™!, and
896 cm™!, respectively. Some of the outgoing electrons are
rescattered inelastically by the neutral core and excite the vy
vibrational mode. In fact, the photoelectron kinetic energies in
these three cases are all higher than the calculated frequen-
cies of several other bending modes, i.e., vi4 (375 cm™ ),
V3o (446 cm™), vig (474 cm™"), va9 (597 cm™!), and vig
(642 cm™1). Some of these modes are indeed excited, such
as peak d due to the vig mode or peak b (vi4) and ¢ (vy9)
in Fig. 4(c) (Table I), but mode v,y exhibits the strongest
rescattering effect.

Vibronic coupling or Herzberg-Teller coupling has been
invoked previously to explain observations of Franck-Condon-
inactive vibrational modes or anomalous vibrational intensities
in PES.”®7? While we cannot rule out the effects of vibronic
coupling in the observation of the v,y mode, the strong inten-
sity observed in the resonant PE spectra shown in Fig. 4 seems
to be similar to the inelastic rescattering we observed pre-
viously,9%63% a5 well as that observed in electron-impact
induced autodetachment® and that in rotationally resolved PE
spectra of NH3.8! It appears that the relative intensity of the
rescattering depends on the outgoing electron kinetic energies
and the relative contribution of the autodetached electrons.
For example, no significant v, excitation was observed in any
of the resonant PE spectra from autodetachment of the vi;’
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(519 cm™!) levels of the DBS [Figs. 3(d) and 3(f) and in
Ref. 42], resulting in an outgoing electron with a much smaller
kinetic energy of 422 cm™!. Autodetachment from the 16’!
(899 cm™!) level would yield an outgoing electron with a
kinetic energy similar to those from 10’', 9’ or 8’'. However,
the autodetachment contribution to the 0o” transition is very
small [Fig. 3(a)], consistent with the very weak v, excitation
according to the rescattering model.

E. Resonant PES of CgH;S~

Similar to the resonant PE spectra of CqH507, twelve
resonant PE spectra are obtained for CsHsS™ (Fig. 6) by tun-
ing the detachment laser to the twelve resonances in Fig. 5.
The non-resonant PE spectra of C¢HsS™ are very simple,
showing a progression of the vi; mode only (Fig. S1).”” The
resonant PE spectra of C¢HsS™ are also quite simple, and
some of the expected enhancements are not very prominent.
Figures 6(a), 6(c), and 6(d), corresponding to resonances 1, 3,
and 4 in Fig. 5, show only the single 0" peak, suggesting exci-
tations to fundamental vibrational levels of 20’1, 11’!, and 19’!
of the DBS, respectively, following the Av = —1 vibrational
autodetachment propensity rule. Figures 6(e), 6(f), and 6(i)
correspond to excitations to the 18’1, 10’1, and 8’! DBS lev-
els, respectively, according to the computed frequencies (Table
S1). However, the enhancement of peak 0y° relative to peak
A in these resonant PE spectra is not so obvious, probably
due to the fact that there may also be a slight near-threshold
enhancement of peak A. In Figs. 6(b), 6(h), and 6(1), the peaks
a (201, A (11"), and B (11?) are greatly enhanced, respec-
tively. These spectra correspond to excitations to the 202,
112, and 11’3 DBS levels, respectively, following straight-
forwardly the Av = —1 propensity rule. The peak a in Fig. 6(b)
with a shift of 160 cm™! from the 0y° peak is due to the lowest-
frequency bending mode v,o of C¢HsS, which has a calculated
frequency of 161 cm™! (Tables S1 and S2 of the supplementary
material).

The remaining resonant PE spectra in Figs. 6(g), 6(j), and
6(k) all involve autodetachment from combinational vibra-
tional levels of the DBS of CqH5S™. The enhancement of peak
A(11Yin Fig. 6(j) and peak e (10")in Fig. 6(k) is due to autode-
tachment from combinational levels of 11’118’! and 10’1111,
respectively. Clearly, one vibrational mode is more favored
to couple with the dipole-bound electron during autodetach-
ment, i.e., mode vig’ in 11’'18’! and mode v;;’ in 10’1111,
resulting in the significantly enhanced peak A (11') and peak
e (10'). Such mode-selectivity in the autodetachment pro-
cesses involving combinational vibrational levels is observed
previoouly,*?60:61.64-67 a5 well as above for C¢HsO™. Finally,
Fig. 6(g) shows three enhanced peaks, b (20%), A (11'), and
c (11'20"), implying autodetachment from a combinational
level of 11’120”2. The autodetachment to peak b and ¢ follows
the Av = —1 rule, but autodetachment to peak A (11') would
involve Av = -2 in the bending mode vy(’. A weak peak d is
also observed in Fig. 6(g) with a shift of 667 cm™! from the
00° peak, consistent with the excitation of v{g (computed fre-
quency of 683 cm™!, Table S1). Peak d is likely due to a thresh-
old effect, which is in fact also observed near the threshold in

Fig. 6(f).
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All the observed vibrational resonances of the DBS and
their autodetachment channels for C¢HsS™ are schematically
shown in Fig. 9.

F. Near-threshold resonances of CgH;S™

Figure 7 shows the PE spectra of CqH5S™ taken at the
photon energies corresponding to the weak resonant peaks
a and B in Fig. 5. Peak B in Fig. 7(a) is the 11% vibra-
tional level of Cg¢HsS. The photon energy of peak «a is
916 cm™! above the ground state of the DBS, but 916 cm™~! does
not correspond to any combinational levels of vi1”2. Hence,
the enhanced 112 peak seems to be a near-threshold effect.
Similarly, peak f in Fig. 7(b) also seems to be due to a near-
threshold enhancement. Peak f is at 922 cm™! relative to the
00° peak and corresponds to 16! (computed frequency of vy is
937 cm™!, Table S1), which is not present in the non-resonant
PE spectra (Fig. S1). The photon energy of peak f is 984 cm™!
above the DBS ground state of C¢HsS™, but 984 cm™! does
not correspond to any combination level of vi’!. According
to the Wigner threshold law,? s-wave detachment channels
from p-type orbitals should have significant intensities near
the detachment threshold. As shown in Fig. S4 of the sup-
plementary material, the HOMO of C¢HsS™ is a p-type delo-
calized = orbital. The detachment from the HOMO results in
an s + d angular distribution,?’ as also shown in the current
non-resonant PE spectra.

However, in the vicinity of the 11! detachment chan-
nel near 19 420 cm™! (Fig. 5), a step was observed, also
consistent with the expected threshold behavior for s-wave
detachment, rather than a peak as observed in the case of peak
o for the 112 detachment channel. Hence, the o peak was
most likely due to vibronic coupling.”®”” The v;¢ mode is an
out-of-plane bending mode (Table S2) and should be Franck-
Condon-inactive. Hence, the strong enhancement of the 16!
peak corresponding to peak [3 is also most likely due to vibronic
coupling.

G. Photoelectron angular distributions

For one-photon detachment with linearly polarized light,
the photoelectron angular distribution (PAD) depends on the
symmetry of the orbital where the electron is detached and is
governed by an anisotropy parameter § which varies between
—1 and 2.8%83 The mt type HOMOs of CgHsO™ and CgHsS™
(Fig. S4) are similar and are expected to give rise to PADs of
s + d characters, in agreement with the observed § values of
—0.6 to —0.3 in the non-resonant PE spectra.?’*? The resonant
two-photon detachment from the ground vibrational level of
a DBS always gives a distinct p-wave character,*>61:63-66 a9
presented in the inset of Fig. 5 for C¢HsS™, which indicates
an s-type orbital for the DBS. However, autodetachment from
the above-threshold resonances results in isotropic distribu-
tions.*> With contributions from both direct detachment and
autodetachment via DBS, the enhanced peaks in the resonant
PE spectra can have various PADs depending on the relative
ratio of the two detachment channels. For example, the weakly
enhanced peak 00° in Figs. 3(a) and 4 from autodetachment
of resonances 3-6 in Fig. 2 has a § value of —0.5 to —0.2,
close to the value from direct detachment. On the other hand,
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TABLE V. Summary for all the observed fundamental vibrational frequencies of C¢HsO and CgHsS by

photodetachment and photoelectron spectroscopy.

Observed frequency  Observed

B3LYP/aug-cc-pVTZ

State  Mode? (cm™HP peaks®  B3LYP/6-311++G(d,p)  (scaled by 0.9687)4
2B, vy 176(8) a 184 182
Vi 365(8) b 375 369
Vio 471(8) c 474 466
vii 519(6)/519(5) A/l 531 515
vig 632(6)/632(5) dn 642 635
CeHs50 vio 790(6)/794(5) e/3 804 782
Vi 899(5) 4 919 906
Vo 977(5) 5 983 959
vg 993(5) 6 1008 979
A’By, vy 519(15) G 524 501-508°
Ve 1240(15) I 1319 1201-1252¢
2B, vy 160(6)/158(5) all 161 156
Vi1 422(6)/424(5) A/3 427 414
Vio 449(5) 4 463 450
CgHsS vig 667(8)/668(5) d/5 683 667
vio 726(8)/722(5) el6 730 709
Vi 922(5) f 937 923
vg 1021(5) 9 1038 1009

2The modes in bold were reported previously in Ref. 42.

YNumbers in parentheses indicate the experimental uncertainties in the last digit.
“Peaks in letter are observed in the PE spectra and peaks in numbers are observed in the photodetachment spectra.

4The calculated frequencies are from Ref. 27.

®The calculated frequencies for the C¢H50 (A2B;) at various high level of theories are from Ref. 30.

peak 0,° in Fig. 6(c), peak A (11') in Fig. 6(h), and peak B
(11%) in Fig. 6(1), corresponding to strong resonances of 3,
8, and 12 in Fig. 5, respectively, possess a f§ value of ~0.15,
almost isotropic, because of the large contribution from the
autodetachment channel.

However, the images of the enhanced peaks i (101 1 11),
m (11320"), and o0 (9'11?) in Fig. 3 for C¢H50~ show clear
p-wave distributions with [ values of 0.5-0.8. Similarly, the
images of peaks a (20') and 4 (18') in Figs. 3(a) and 4 for
Ce¢HsO™ also exhibit distinct p-wave distributions. Similar
PADs are observed for peaks a (201, ¢ (11'20"), and 4 (181)
with 3 values of 0.1-0.3 in Fig. 6 for C¢H5S™. It turns out
that these peaks all represent out-of-plane bending excitations
of C¢H50 and CgHsS (Table S2). It is understandable that
the low-frequency bending modes play important roles in the
PADs for electron ejections. Further studies of these PADs may
gain interesting insights into the vibronic coupling leading to
autodetachment from the DBS.

H. Fundamental vibrational information
resolved for CgH50 and CgHsS

The resemblances between the non-resonant PE spectra
and the photodetachment spectra (Figs. S2 and S3) suggest
similar geometries of the neutral radicals and the dipole-
bound anions because the weakly dipole-bound electron has
little effect on the structure of the neutral core. Since pho-
todetachment spectroscopy has a higher spectral resolution, it
could be a powerful tool to resolve vibrational information for
the neutral radicals with large dipole moments.>*-%® Further-
more, the vibrational features with negligible Franck-Condon

factors can be resolved in resonant PE spectra via vibrational
autodetachment from DBS. As summarized in Table V, the
combination of photodetachment spectroscopy and resonant
PE spectra yields five new fundamental vibrational modes for
the ground state of the C¢HsO radical and seven fundamental
vibrational modes for the ground state of C¢HsS. Two vibra-
tional modes, v1; and v, are also obtained for the excited state
(A%B,) of C¢H;sO from the non-resonant spectrum at 354.7 nm
(Fig. 1). The experimental frequencies for the ground states of
the two radicals agree well with the theoretical frequencies
calculated at both the B3LYP/6-311++G(d,p) level and the
B3LYP/aug-cc-pVTZ (scaled by 0.9687 in Ref. 27) level of
theory. It is interesting to note that the frequencies calculated
by the B3LYP/6-311++G(d,p) level have not been scaled. The
good agreement with the experimental values suggest the suit-
ability of using B3LYP/6-311++G(d,p) to calculate vibrational
frequencies, in particular, the low frequencies of small organic
molecules.

V. CONCLUSIONS

In conclusion, we report an investigation of the photode-
tachment spectroscopy and resonant photoelectron imaging of
cryogenically cooled C¢H50~ and C¢H5S™ anions via vibra-
tional levels of the dipole-bound states. Nine new DBS vibra-
tional resonances are observed for CsHsO™. The dipole-bound
excited state is observed for the first time for CcH5S™ with
a binding energy of only 39 cm™!. Twelve above-threshold
vibrational resonances are observed for C¢HsS™. Resonant
photoelectron images and spectra are obtained by tuning the
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detachment laser to the vibrational levels of the DBS. The
observed vibrational features in both the photodetachment
spectra and the resonant photoelectron spectra are assigned
using the calculated frequencies and the Av = —1 propensity
rule for vibrational autodetachment from DBS. Five extra fun-
damental vibrational modes, including three low-frequency
modes, are resolved for the ground state of C¢H50 (X?B)),
and two fundamental vibrational modes are also resolved for
its excited state (A”B,). Intramolecular inelastic rescattering
has been observed in the autodetachment process leading to
the excitation of the lowest-frequency bending mode (vy9) of
CeHsO. Seven fundamental vibrational modes, including sev-
eral low-frequency modes, are resolved for the ground state of
CeHsS (X?B)), compared to the single v vibrational progres-
sion observed in the non-resonant photoelectron spectra. The
combination of photodetachment spectroscopy and resonant
photoelectron imaging for cold anions is again shown to be a
powerful method to obtain vibrational information of dipolar
neutral radicals.

SUPPLEMENTARY MATERIAL

See supplementary material for the full sets of calculated
vibrational frequencies for C¢HsO and CgHsS, selected nor-
mal modes, non-resonant photoelectron spectra of C¢HsS™,
comparisons of the photodetachment spectra and the non-
resonant photoelectron spectra for C¢gHsO™ and C¢H5S™, and
the highest occupied molecular orbital pictures of C¢HsO™ and
CgH5S™.
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