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ABSTRACT: Valence-bound molecular anions with polar neutral
cores (μ > 2.5 D) can support highly diffuse dipole-bound states
(DBSs) as electronically excited states just below the detachment
threshold. Such weakly bound nonvalence excited states have little
influence on the structure of the neutral core, and they usually have
the same vibrational frequencies. DBSs can be systematically
searched using photodetachment spectroscopy (PDS), which can
yield the binding energies of the DBSs, the electron detachment
threshold of the anion, and above-threshold vibrational levels of
the DBSs (Feshbach resonances). We have shown that the
combination of PDS and resonant photoelectron spectroscopy
(rPES) at the Feshbach resonances is a powerful approach to
obtain rich vibrational information for complex molecular radicals.
A prerequisite for this technique is to produce vibrationally cold anions, made possible by a cryogenically controlled Paul trap. In this
article, we report a PDS and rPES study of cold para-ethylphenolate anions (p-EP−). The electron affinity of the p-EP radical is
measured to be 17425 ± 3 cm−1 (2.1604 ± 0.0004 eV), and a DBS is found at 145 cm−1 below the detachment threshold of p-EP−.
Thirty-four vibrational levels are observed for the DBS, including two bound levels and 32 Feshbach resonances. Frequencies for 17
vibrational modes of the p-EP radical are measured from the combination of PDS and rPES, including six symmetry-forbidden
modes with A″ symmetry. The current study confirms again the power of combining cryogenic ion cooling with PDS and high-
resolution rPES to obtain spectroscopic information on complex molecular radicals.
KEYWORDS: dipole-bound state, photoelectron imaging, cryogenic ion cooling, resonant photoelectron spectroscopy, ethylphenoxy radical,
vibrational frequencies, electrospray ionization

1. INTRODUCTION
Photoelectron spectroscopy (PES) of negative ions is one of
the most powerful techniques to probe the electronic structure
and chemical bonding of size-selected clusters.1,2 The energy
resolution of PES with time-of-flight (TOF) and hemispherical
electrostatic energy analyzers are usually limited to several
meV. High-resolution photoelectron imaging (PEI) of negative
ions using slow electron velocity map imaging has allowed sub-
meV energy resolution with angular distributions.3 Aside from
photoelectron energy resolution of a given PES technique,
rovibrational hot bands of anions are the bottleneck for high-
resoution PES, especially for large molecular systems with rich
low-frequency modes. Therefore, ion cooling is essential for
high-resolution PES.4,5 On the other hand, vibrational
excitations in conventional PES are governed by the Franck-
Condon (FC) principle, and usually only a few symmetry-
allowed vibrational modes are active and observable. Thus,
despite the potential of PES to yield spectroscopic information
for the neutral final states, it is not possible to observe FC-
inactive vibrational modes, especially low-frequency modes for

complex molecular species, which contain important finger-
print information on the overall molecular structures, but are
challenging to obtain even for infrared spectroscopy. Over the
past several years, we have shown that the combination of
photodetachment spectroscopy (PDS) and resonant PES
(rPES) via dipole-bound states (DBSs) of cryogenically cooled
anions is a promising technique to obtain rich vibrational
information for polar neutral species,6 not possible in
conventional PES.

Polar neutral molecules with a sufficiently large dipole
moment could form dipole-bound anions by binding an excess
electron via long-range charge-dipole interactions.7−10 Va-

Received: December 24, 2022
Revised: January 18, 2023
Accepted: February 1, 2023
Published: February 15, 2023

Articlepubs.acs.org/PrecisionChem

© 2023 The Authors. Co-published by
University of Science and Technology of
China and American Chemical Society 161

https://doi.org/10.1021/prechem.2c00012
Precis. Chem. 2023, 1, 161−174

ACS Partner Journal

D
ow

nl
oa

de
d 

vi
a 

B
R

O
W

N
 U

N
IV

 o
n 

A
ug

us
t 4

, 2
02

3 
at

 0
4:

38
:3

7 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dao-Fu+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue-Rou+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen-Hui+Qian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guo-Zhu+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lai-Sheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/prechem.2c00012&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.2c00012?ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.2c00012?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.2c00012?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.2c00012?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.2c00012?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/pcrhej/1/3?ref=pdf
https://pubs.acs.org/toc/pcrhej/1/3?ref=pdf
https://pubs.acs.org/toc/pcrhej/1/3?ref=pdf
https://pubs.acs.org/toc/pcrhej/1/3?ref=pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/prechem.2c00012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/PrecisionChem?ref=pdf
https://pubs.acs.org/PrecisionChem?ref=pdf
https://pubs.acs.org/ACS_partner_journals?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


lence-bound anions with a polar neutral core can have diffuse
dipole-bound states as a special class of excited electronic
states just below the electron detachment threshold,11−20

analogous to Rydberg states of neutral molecules. The critical
dipole moment to support dipole-bound anions was
experimentally determined to be around 2.5 D,21−23 and it
was reaffirmed in a PDS and rPES study of a series of valence-
bound para-halogen-substituted phenoxide anions (p-
XC6H4O−, X = F, Cl, Br, and I),24 which have similar
molecular structures and polarizability but variable dipole
moments. Since the diffuse dipole-bound electron has little
effect on the structure of the neutral core, dipole-bound anions
and the corresponding neutral species have parallel potential
energy surfaces and identical vibrational frequencies. There-
fore, excitations to Feshbach resonances can autodetach to
specific vibrational levels of the neutral by coupling vibrational
energies to the dipole-bound electron with a propensity rule of
Δv = −1.25,26 DBSs in valence-bound anions can be searched
systematically using PDS by measuring the total detachment
cross section as a function of photon energy. PDS of dipole-
bound anions usually exhibits similar vibrational features as
conventional PES but has higher sensitivity and spectral
resolution, which can provide additional vibrational informa-
tion on the neutral species.6 In particular, resonant PES at the
Feshbach resonances produces a completely non-Franck-
Condon vibrational profile, often lighting up vibrational final
states with low FC factors or entirely new vibrational states not
observable in conventional PES.27−49 All these advances are
made possible by the enabling technology of active anion
cooling in a cryogenically controlled 3D Paul trap coupled with
an electrospray ionization (ESI) ion source.4

We have developed the third-generation ESI-PES appara-
tus50 coupling high-resolution photoelectron imaging (PEI),51

cryogenic ion cooling in a 3D Paul trap, and tunable
detachment laser, following the first generation ESI-PES
apparatus with a room temperature Paul trap and a
magnetic-bottle photoelectron analyzer52 and the second
generation ESI-PES featuring a cryogenically controlled Paul
trap and a magnetic-bottle photoelectron analyzer.4 While the

best resolution on the magnetic-bottle analyzer was 11 meV,
we can achieve a photoelectron energy resolution of 1.2 cm−1

(0.15 meV) with an optimized multilens velocity map imaging
(VMI) system.51 With the complete elimination of vibrational
hot bands, the third-generation ESI-PES apparatus has allowed
us to develop rPES using Feshbach resonances of DBSs as the
intermediate states and to investigate a wide variety of
cryogenically cooled anions.27−49 The vibrational information
obtained for neutral radicals in our study often rivals infrared
spectroscopy. In addition, rich photophysical processes
involving intramolecular relaxation from DBSs have been
observed from rPES.38,44 Single-color resonant two-photon
detachment (R2PD) PES has allowed us to probe the nature of
the DBS.40,41,43 In rare cases, intramolecular inelastic
rescattering between the outgoing autodetached dipole-
bound electron and the neutral molecular core has been
observed, analogous to electron energy loss spectroscopy.35

In the current article for the inaugural issue of Precision
Chemistry, we report a PDS and rPES study of cryogenically
cooled p-ethylphenolate anion (p-EP−; see the inset of Figure
1a for its structure). The para-alkyl-substituted phenol is the
chromophore of the amino acid tyrosine.53 These molecules
are important models for interpreting the spectrum and
photochemical behaviors of tyrosine. The p-EP neutral has a
dipole moment of 4.85 D, which is much larger than the
critical value for the formation of DBS. Indeed, a DBS was
observed in a previous low-resolution PDS study using room
temperature anions.54 However, no spectral information was
obtained, and even the electron affinity (EA) of p-EP was not
measured because of the low spectral resolution and extensive
vibrational hot bands. The presence of the ethyl group makes
the spectroscopy of p-EP much more complicated due to its
low symmetry (Cs) and low-frequency vibrational modes.
Thus, it is an excellent system to test the capability of our
third-generation ESI-PES apparatus. Our previous study
suggested that the intramolecular inelastic rescattering
appeared to excite low-frequency (large amplitude) vibrational
modes.35 Thus, we are interested in examining the possibility
of intramolecular inelastic recattering in the rPES of p-EP−

Figure 1. Photoelectron images and spectra of p-EP− at (a) 2.1615 eV (17434 cm−1) (inset: the structure of p-EP−), (b) 2.1790 eV (17575 cm−1),
(c) 2.2010 eV (17752 cm−1), (d) 2.2323 eV (18005 cm−1), (e) 2.2575 eV (18208 cm−1), and (f) 2.2892 eV (18464 cm−1). The double arrow
below the images indicates the direction of the laser polarization.
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because the lowest-frequency mode of p-EP (ν48, A″ symmetry,
Figure S1) has a frequency of only 36 cm−1.

We are able to accurately measure the EA of p-EP as 2.1604
± 0.0004 eV (17425 ± 3 cm−1). PDS reveals a DBS at 0.0180
± 0.0004 eV (145 ± 3 cm−1) below the detachment threshold,
as well as a bound vibrational level at 61 cm−1 below the
detachment threshold. Thirty-two Feshbach resonances are
observed in an energy range about 1220 cm−1 above the zero-
point level of the DBS. The combination of PDS and rPES
leads to the measurement of vibrational frequencies for 17
vibrational modes of p-EP, including the two lowest-frequency
modes, 34 cm−1 for the ν48 (A″) mode and 89 cm−1 for the ν27
(A′) mode. Intramolecular inelastic rescattering between the
outgoing autodetached electron and the molecular core is
observed. The current work demonstrates again the power of
PDS and rPES of cold anions to obtain rich spectroscopic
information for complex molecular radicals with low-frequency
vibrational modes.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

The experiment was carried out using our third-generation ESI-PES
apparatus50 equipped with a cryogenically cooled 3D Paul trap4 and a
high-resolution VMI system.51 The p-EP− anion was produced by
electrospray of a 1 mM solution of p-ethylphenol (Sigma-Aldrich,
99%) in a mixed solvent of CH3OH/H2O (9/1 ratio in volume)
tuned to pH ∼10 with NaOH to enhance deprotonation. The p-EP−

anions generated in the ESI source were guided into a cryogenically
cooled 3D Paul trap operated at 4.6 K by a series of radio-frequency
ion guides. After being accumulated for about 0.1 s and thermally
cooled via collisions with a mixed background gas of He/H2 (4/1 in
volume),4 the anions were unloaded from the trap at a 10 Hz
repetition rate and focused into the extraction zone of a modified
Wiley-McLaren time-of-flight mass spectrometer. The p-EP− anions
were selected by a mass gate and focused into the interaction zone of
a multilens high-resolution VMI system,51 where the anions were
intercepted by the detachment laser beam, from either a tunable dye
laser or a Nd:YAG laser. Photoelectrons were extracted and
accelerated from the interaction zone and projected onto a pair of
75 mm diameter microchannel plates coupled to a phosphor screen
and captured by a charge-coupled device camera. Photoelectron
images were inverse-Abel transformed and reconstructed using the
pBasex and BASEX programs.55,56 The photoelectron images were
calibrated using Au− at different photon energies. The kinetic energy
(KE) resolution was 3.8 cm−1 for electrons with 55 cm−1 KE and
about 1.5% (ΔKE/KE) for KE above 1 eV in the current experiment.
The resolution of the photoelectron images depends on the extraction
voltage on the imaging lens. Lower extraction voltages give better
resolution, but higher extraction voltages are needed for the detection
of fast electrons. In the current experiment, the extraction voltage
used was 300 V for all of the experiment, except for the R2PD
experiment, where a higher voltage (1000 V) was used to detect fast
electrons.

Geometry optimization, electronic structure calculations, and the
calculation of the dipole moment of p-EP were performed using
density functional theory (DFT) at the B3LYP/aug-cc-pVTZ level.
The electronic structure calculations were followed by vibrational
analyses. All calculations were done using the Gaussian 09 package.57

3. RESULTS

3.1. Nonresonant Photoelectron Imaging and
Spectroscopy
Figure 1 shows six nonresonant photoelectron images and
spectra of p-EP− with increasing photon energies. Thirteen
peaks, labeled as 00

0 and A−L, are resolved, corresponding to
the vibrational levels of the p-EP neutral in its ground

electronic state. The lowest binding energy peak (00
0) defines

the detachment threshold of the p-EP− anion or EA of the p-
EP radical. The near-threshold spectrum at 2.1615 eV (Figure
1a) yields the most accurate EA as 2.1604 ± 0.0004 eV (17425
± 3 cm−1). The positions of peaks 00

0 and A−L are
summarized in Table 1. Figure 1 demonstrates vividly the

tremendous advantage of cryogenic ion cooling in obtaining
high-resolution photoelectron spectra of complex anions, in
comparison to the previous PES study of the same anion,
where no vibrational structures were resolved and the EA of p-
EP was not reported.54 The rotational temperature of anions in
our ion trap was estimated to be ∼30 K previously.28,58,59

Assuming a similar vibrational temperature, there should be
non-negligible population of the lowest-frequency mode of p-
EP− (ν48 at 43 cm−1, Table S2). Indeed, a very weak tail can be
seen on the lower binding energy side of the 00

0 transition in
Figure 1a−c, which should be due to the hot band transition of
the ν48 mode. However, this very weak hot band is so weak
that it does not cause any spectral congestion.
3.2. Photodetachment Spectroscopy
The dipole moment of p-EP is calculated in the present study
to be 4.85 D at the B3LYP/aug-cc-pVTZ level of theory. A
slightly larger value was reported previously using a smaller
basis set (B3LYP/aug-cc-pVDZ).54 These values were larger

Table 1. Binding Energies (BEs) of the Observed
Vibrational Peaks in the Photoelectron Spectra of p-EP−,
Their Shifts from the 0−0 Transition, and Assignmentsa

peak BE (eV)b BE (cm−1)b
shift

(cm−1) assignment
calculation
(cm−1)c

00
0 2.1604 (4) 17425 (3) 0

A 2.1714(6) 17514(5) 89 271 89
B 2.1847(4) 17621(3) 196 261 200
C 2.1957(4) 17710(3) 285 271261 289
D 2.2037(4) 17774 (3) 349 251 348
E 2.2172(4) 17883(3) 458 241 456
F 2.2274(5) 17965(4) 540 231/261251 537/548
G 2.2415(6) 18079(5) 654 261241 656
H 2.2490(6) 18140(5) 715 221 710
I 2.2521(7) 18165(6) 740 211/261231 745/737
J 2.2605(6) 18232(5) 807 251241 804
K 2.2740(5) 18341(4) 916 242 912
L 2.2838(8) 18420(6) 995 241231/

261251241
993/1004

a 2.1646(8) 17459(6) 34 481 36
b 2.1690(8) 17494(6) 69 482 72
c 2.1825(8) 17603(6) 178 272 178
d 2.1889(10) 17655(8) 230 481261 236
e 2.2059(9) 17792(7) 367 481461 362
f 2.2090(9) 17817(7) 392 262 400
g 2.2147(9) 17863(7) 438 271251 437
h 2.2354(7) 18030(6) 605 431 608
i 2.2380(15) 18051(12) 626 271231 626
j 2.2469(12) 18123(10) 698 252 696
k 2.2580(9) 18212(7) 787 271252 785
l 2.2655(8) 18273(6) 848 191 849
m 2.2782(9) 18375(8) 950 181 937
aThe theoretical frequencies (Table S1) of the relevant vibrational
modes of p-EP are given for comparison. bNumbers in parentheses
indicate the experimental uncertainties in the last digit. cCalculated
frequencies are scaled by a factor of 0.975.
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than the empirical critical value of 2.5 D for the existence of a
DBS as an excited electronic state for a valence-bound anion.24

An excited DBS was indeed observed for p-EP− in the previous
low-resolution photodetachment study at room temperature,
though the binding energy of the DBS was not obtained.54 Our
high-resolution photodetachment spectrum of cold p-EP−

using cryogenic cooling is presented in Figure 2 in the photon
energy range between 17200 and 18500 cm−1 (2.1325−2.2937
eV). A clear step is observed at the detachment threshold of
17425 cm−1 (2.1604 eV) (marked by an arrow), consistent
with the s-partial wave character of photoelectrons detached
from the π-type HOMO (inset of Figure 2) of p-EP− following
the Wigner threshold law.60 The observed peaks (0−33) are all
due to transitions to the vibrational levels of the DBS. The two
below-threshold peaks (0 and 1) are due to R2PD processes,
whereas peaks 2−33 are vibrational Feshbach resonances. Peak
0 at 17280 cm−1 (2.1424 eV) should correspond to the zero-
point level of the DBS because there is no more transition at
lower photon energies. The binding energy of the DBS is
measured to be 145 cm−1 (0.0180 eV) defined by the energy
separation between peak 0 and the detachment threshold. The
Feshbach resonances (peaks 2−33) correspond to single-
photon transitions to vibrational levels of the DBS followed by
vibrational autodetachment. The laser wavelengths, photon
energies of peaks 0−33, and the shifts relative to peak 0 are
given in Table 2.
3.3. R2PD Photoelectron Imaging

By setting the detachment laser wavelength at the positions of
the bound levels (0 and 1 in Figure 2) of the DBS, the R2PD
images and spectra are obtained, as presented in Figure 3. The
low binding energy feature (labeled “DBS”) is due to the direct
detachment of the dipole-bound electron by a second photon
within the same laser pulse (∼5 ns), i.e., a single-color R2PD
process, which probes the nature of the DBS. The p-wave
character of the “DBS” peak (the outmost ring) with an
anisotropy parameter (β) of 1.1 ± 0.1 confirms the σ-type
orbital of the DBS. Since the “DBS” feature at peak 1 is too

weak relative to feature “S0” (Figure 3a), the outer ring is not
visible with the current contrast in the image of Figure 3a. The
sharp intense feature “S0” at the high binding energy side
should be due to detachment from rovibrationally excited
states of the p-EP− anion in its ground electronic state,
populated by relaxation from the DBS after absorbing the first
photon.38,44

3.4. Resonant PES of p-EP− via the Vibrational Feshbach
Resonances
By setting the wavelengths of the detachment laser to the
positions of the Feshbach resonances (peaks 2−33) in Figure
2, 32 resonant photoelectron images and spectra are obtained.
These data are classified into four categories based on the types
of vibrational excitations, as shown in Figures 4−7. Since first
realized for the phenoxide anion in 2013,27 rPES via DBS of
cryogenically cooled anions has proven to be extremely
powerful for obtaining spectroscopic information on neutral
radical species.6,28−49 Compared to the nonresonant photo-
electron spectra in Figure 1, one or more transitions are
enhanced in the resonant spectra (labeled in bold face in
Figures 4−7) and in some resonant spectra new peaks appear
(labeled as lowercase letters). The binding energies of the new
peaks observed in the resonant photoelectron spectra, their
shifts to the detachment threshold, and assignments are also
given in Table 1. The binding energies in Table 1 for the FC-
active vibrational peaks observed in Figure 1 are all from the
rPES data, where they are measured more accurately.

4. DISCUSSION

4.1. Nonresonant Photoelectron Spectra of p-EP−

The photoelectron spectra of p-EP− (Figure 1) are
considerably more complicated in comparison with that of
the parent phenoxide,27,36,61,62 due to the reduced symmetry
(Cs) and the additional vibrational modes, in particular, low-
frequency modes related to the ethyl group. The computed FC
factors for the detachment transition from the anion ground
state to that of the neutral p-EP radical are compared with the

Figure 2. Photodetachment spectrum of p-EP−. The inset shows the HOMO of p-EP−.
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spectrum at 2.2892 eV in Figure 8. The theoretical frequencies
used in the FC calculations (Figure S1 and Table S1) are
scaled by a factor of 0.975. The good agreement between the
computed FC factors and the experimental data allows all the
observed vibrational peaks to be readily assigned, as
summarized in Table 1. The ν24 mode (Figure S1) is the
most FC-active mode, consisting of E (241) and K (242),
reminiscent of the ν11 mode in the photoelectron spectra of the
parent phenoxide.27,36,61,62 Additionally, peaks A (271), B
(261), D (251), and H (221) come from fundamental
excitations of p-EP, whereas peaks C (271261), G (261241),
and J (251241) are due to combinational modes of p-EP.
Several peaks are assigned to multiple transitions, F (231/
261251), I (211/261231), and L (241231/261251241), on the
basis of the FC simulation. All the observed vibrational modes
are allowed under Cs symmetry (A′) (Figure S1 and Table S1).

4.2. Binding Energy of the DBS in p-EP−

The binding energies of DBS as a function of dipole moments
were systematically investigated for a series of para-halogen-
substituted phenoxide anions (p-XC6H4O−, X = F, Cl, Br, and
I).24 The dipole moments of the corresponding neutral radicals
range from 2.56 to 4.06 D. Because of the similarity in
molecular structures and size, these anions provided ideal
systems to evaluate the charge-dipole interactions on the
electron binding energies in their DBSs, while minimizing
molecule-dependent effects. The binding energies (BE) in
cm−1 were found to be linearly dependent on the dipole
moment for this set of molecules with a fitted function of BE =
63.4μ − 159.0, which gives a μcritical = 2.5 D for BE = 0.24 The
p-EP radical is similar to the halogen substituted phenoxy
radicals and should follow this equation. Indeed, this equation
predicts a BE of 148 cm−1 for the DBS of p-EP, in excellent
agreement with the measured BE of 145 ± 3 cm−1. This result
confirms again the validity of the empirical critical dipole
moment of 2.5 D for the existence of a DBS. The critical dipole
moment can be further tested using different isomers of
substituted phenoxides.
4.3. Comparison between the Photodetachment and
Photoelectron Spectra of p-EP−

Since the diffuse dipole-bound electron has little influence on
the geometry of the neutral core, photodetachment spectra of
DBSs have been found to resemble photoelectron spectra,6

which are governed by the Franck-Condon principle. The
photoelectron spectrum of p-EP− at 2.2892 eV (Figure 1f) is
overlaid on the photodetachment spectrum in Figure 9 by
aligning peak 00

0 with peak 0. It can be readily seen that major
peaks of the photodetachment spectrum agree well with the
vibrational peaks in the photoelectron spectrum, except that
the resolution of the photodetachment spectrum is much
higher. The one-to-one correspondence between the two types
of spectra is labeled in Figure 9. The similarity between the
two types of spectroscopy is a direct confirmation that the
neutral structure of p-PE is similar to that of p-EP− in the DBS,
and that they have parallel potential energy surfaces and similar
vibrational frequencies. Thus, the DBS vibrational levels can be

Table 2. Observed DBS Vibrational Peaks in the
Photodetachment Spectrum of p-EP−, with Their
Wavelengths, Photon Energies, Shifts Relative to the
Ground Vibrational Level, and Assignments

peak
wavelength

(nm)

photon
energy
(eV)

photon
energy
(cm−1)

shift
(cm−1) assignment

0 578.72 2.1424 17280 0 ground state of DBS
1 575.90 2.1529 17364 84 27′1

2 572.23 2.1667 17475 195 26′1

3 569.32 2.1778 17565 285 27′126′1

4 567.38 2.1852 17625 345 25′1

5 566.66 2.1880 17647 367 48′146′1/27′226′1

6 565.88 2.1910 17672 392 26′2

7 564.50 2.1964 17715 435 27′125′1

8 563.80 2.1991 17737 457 24′1

9 561.55 2.2079 17808 528 48′224′1

10 561.32 2.2088 17815 535 23′1

11 561.10 2.2097 17822 542 26′125′1

12 560.38 2.2125 17845 565 48′126′146′1

13 558.56 2.2197 17903 623 27′123′1

14 558.30 2.2207 17912 632 27′126′125′1

15 557.62 2.2235 17933 653 26′124′1

16 556.46 2.2281 17971 691 25′2

17 555.71 2.2311 17995 715 22′1/27′226′125′1

18 554.85 2.2346 18023 743 27′126′124′1/
21′1/26′225′1

19 552.94 2.2423 18085 805 25′124′1/43′126′1

20 552.28 2.2450 18107 827 48′146′124′1

21 550.66 2.2516 18160 880 25′123′1

22 549.64 2.2557 18194 914 24′2

23 548.89 2.2588 18219 939 26′121′1

24 547.71 2.2637 18258 978 27′126′125′2/
27′125′123′1

25 547.32 2.2653 18271 991 24′123′1

26 547.01 2.2666 18281 1001 26′125′124′1

27 545.47 2.2730 18333 1053 15′1

28 545.26 2.2739 18340 1060 25′122′1/43′124′1/
47′119′1/
48′224′123′1

29 543.74 2.2802 18391 1111 26′124′2

30 542.70 2.2846 18426 1146 14′1

31 542.55 2.2852 18431 1151 25′224′1

32 541.95 2.2877 18452 1172 24′122′1/
48′226′124′2/
45′125′124′1

33 541.13 2.2912 18480 1200 24′121′1

Figure 3. R2PD images and spectra of p-EP− at (a) 2.1529 eV (17364
cm−1, peak 1 in Figure 2) and (b) 2.1424 eV (17280 cm−1, peak 0 in
Figure 2). The double arrow below the images indicates the direction
of the laser polarization.
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assigned using the assignments of the PES features. For
example, peak 2 is assigned to 26′1 of the DBS (the prime ′ is
used to denote vibrational modes of the DBS) because peak B
in the photoelectron spectrum is due to 261 (Table 1).
Additional weak peaks are observed in the photodetachment
spectrum that do not have corresponding transitions in the
photoelectron spectrum because of the high sensitivity of the
resonant optical excitation to the DBS in PDS. The additional
transitions in the photodetachment spectrum contain new
vibrational information about the neutral final state.
Furthermore, the Feshbach resonances can be assigned from
the resonant photoelectron spectra according to the Δv = −1
autodetachment propensity rule, as will be discussed below.
4.4. R2PD via the Bound Vibrational Levels of the DBS

In 2013, we carried out the first R2PD photoelectron imaging
study on the DBS of the cryogenically cooled phenoxide
anion.27 The sequential R2PD photoelectrons present distinct
p-wave angular distribution, consistent with the σ-type dipole-
bound orbital of the phenoxide anion. The first π-type DBS
was observed in the 9-anthrolate anion based on a distinct (s
+d)-wave character of the sequential R2PD signals.40 With the
help of the accurately measured energetic information, pump-
probe studies have been successfully conducted to probe the
lifetime and dynamics of Feshbach resonances in the DBS of
phenoxide.63 The “DBS” feature in Figure 3b exhibits a
beautiful p-wave angular distribution, consistent with the
expected σ-type DBS for p-EP−. Since the dipole-bound
electron has little effect to the geometry of the neutral core,
photodetachment from the DBS to the neutral is strictly
adiabatic, i.e., there is no vibrational energy change between
the initial and final state during the detachment process.
Therefore, a single-peak “DBS” feature is observed in the
R2PD spectra without any vibrational progression (Figure 3),
again confirming the structure of the DBS is the same as the
neutral final state. The adiabatic detachment behavior from
DBS to neutral has been systematically investigated previously
using R2PD.38,45 PES of ground state DBSs has also shown
similar adiabatic behaviors.64

The high binding energy feature labeled “S0” in Figure 3
come from photodetachment of rovibrational states of the
ground state (S0) of the p-EP− anion. Since the anions are
cooled in the cryogenic ion trap, the rovibrationally excited
states of p-EP− must come from relaxation processes upon the
absorption of the first photon. The relaxation should happen
within the 5 ns laser pulse, so that the nascent excited anions
can be detached by the second photon of the same laser pulse.
The zero-point level or the bound vibrational excited state of
the DBS should be long-lived. However, relaxation on the
nanosecond time scale from DBSs to valence-bound states has
been observed quite often in R2PD photoelectron imaging.38,45

In contrast, the Feshbach resonances have lifetimes on the
order of picoseconds due to autodetachment via vibronic
coupling. The autodetachment dynamics of Feshbach reso-
nances in DBS have been probed recently using picosecond
pump-probe experiments.63,65

4.5. Resonant Photoelectron Images and Spectra via the
Vibrational Feshbach Resonances

Two processes contribute to the rPES at the Feshbach
resonances of the DBS: the nonresonant direct detachment
process and the resonantly enhanced vibrational autodetach-
ment. The Δv = −1 propensity rule suggests that only one
vibrational quantum can be coupled to the dipole-bound
electron during autodetachment under the harmonic oscillator
approximation.25,26 For example, if a resonant excitation occurs
to the DBS vibrational level νx′n (the nth quantum of the νx′
mode), autodetachment will lead to the enhancement of the
(n−1)th level of the same vibrational mode in the neutral
(νxn−1). For autodetachment from a combinational level
(νx′nνy′m...) of the DBS, the final neutral state can be either
νx′n−1νy′m... or νx′nνy′m−1..., producing multiple enhanced
vibrational peaks in rPES. Thus, one or more vibrational
final states are enhanced in the resonant photoelectron spectra,
which are highly non-Franck-Condon in comparison with the
nonresonant photoelectron spectra in Figure 1. The
autodetachment propensity rule can provide a valuable guide
for spectral assignment, although violation of the Δv = −1

Figure 4. Resonant photoelectron images and spectra of p-EP− at (a) 2.1667 eV (17475 cm−1), (b) 2.1852 eV (17625 cm−1), (c) 2.1991 eV
(17737 cm−1), (d) 2.2088 eV (17815 cm−1), (e) 2.2730 eV (18333 cm−1), and (f) 2.2846 eV (18426 cm−1). The assignment of the excited DBS
level is given and the number in the parentheses after the assignment is the resonant peak number in Figure 2. The double arrows below the images
indicate the direction of laser polarization.
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propensity rule can occur as a result of anharmonicity25 and
has been observed often for low-frequency bending modes.35

For excitations to combinational or overlapping vibrational
levels of the DBS, the resulting resonant photoelectron spectra
can be quite complicated, containing rich vibrational
information that would not be assessible in nonresonant
PES. Using the autodetachment propensity rule, comparison
between the photodetachment and photoelectron spectra
(Figure 9), and the calculated vibrational frequencies of p-EP
(Table 1), we are able to assign all the vibrational levels of the
DBS observed the photodetachment spectrum (Figure 2).
4.5.1. Excitation to Fundamental Vibrational Levels

of the DBS and the Observation of Intramolecular
Rescattering Effects. According to the Δv = −1 propensity
rule, excitation to fundamental vibrational levels of the DBS
(νx′1) leads to the enhancement of the 00

0 transition, as shown
in Figure 4 for the spectra taken at Feshbach resonances 2, 4, 8,
10, 27, and 30. By comparing the excitation energies of the
Feshbach resonances (Table 2) with the theoretical
frequencies (Table S1), we can readily assign them to
fundamental vibrational modes of the DBS. The excitation

energies of peaks 2, 4, 8, 10, 27, and 30 are 195, 345, 457, 535,
1053, and 1146 cm−1, respectively (Table 2), in good
agreement with the calculated frequencies of the neutral
vibrational modes 261 (200 cm−1), 251(348 cm−1), 241(456
cm−1), 231(537 cm−1), 151(1040 cm−1), and 141(1141 cm−1).
All these modes are of A′ symmetry (Figure S1), which are
FC-allowed for p-EP with Cs geometry. The assignments of
peaks 2, 4, 8, and 10 are further confirmed by the comparison
between the photodetachment and the nonresonant photo-
electron spectrum (Figure 9), where peaks 2, 4, 8, and 10 in
the photodetachment spectrum are aligned with peaks B (261),
D (251), E (241), and F (231/261251), respectively, in the
nonresonant photoelectron spectra.

Besides the expected enhancement of the 00
0 transition,

some new peaks are also observed, e.g., the weak peak a in
Figure 4a, peaks h and l in Figure 4e, and peak m in Figure 4f,
which are absent in the nonresonant spectra (Figure 1). The
new peaks h/l and m should be contributed by the nearby
Feshbach resonances 28 and 31 (Figure 2), which are partially
overlapped with Feshbach resonances 27 and 30, respectively.
Hence, the assignments of peaks h (431), l (191), and m (181)

Figure 5. Resonant images and spectra of p-EP− at (a) 2.1778 eV (17565 cm−1), (b) 2.1910 eV (17672 cm−1), (c) 2.1964 eV (17715 cm−1), (d)
2.2097 eV (17822 cm−1), (e) 2.2197 eV (17903 cm−1), (f) 2.2235 eV (17933 cm−1), (g) 2.2281 eV (17971 cm−1), (h) 2.2516 eV (18160 cm−1),
(i) 2.2557 eV (18194 cm−1), (j) 2.2588 eV (18219 cm−1), (k) 2.2653 eV (18271 cm−1), and (l) 2.2912 eV (18480 cm−1). The assignment of the
excited DBS level is given and the number in the parentheses after the assignment is the resonant peak number in Figure 2. The double arrows
below the images indicate the direction of laser polarization.
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will be discussed in the following when the rPES related to
Feshbach resonances 28 and 31 is presented. The weak peak a

in the spectrum of Figure 4a has a binding energy of 2.1646 eV
(17459 cm−1), with an energy shift of 34 cm−1 to the 00

0

Figure 6. Resonant photoelectron images and spectra of p-EP− at (a) 2.2079 eV (17808 cm−1), (b) 2.2125 eV (17845 cm−1), (c) 2.2207 eV
(17912 cm−1), (d) 2.2450 eV (18107 cm−1), (e) 2.2666 eV (18281 cm−1), (f) 2.2802 eV (18391 cm−1), and (g) 2.2852 eV (18431 cm−1). The
assignment of the excited DBS level is given and the number in the parentheses after the assignment is the resonant peak number in Figure 2. The
double arrows below the images indicate the direction of laser polarization.

Figure 7. Resonant photoelectron images and spectra of p-EP− at (a) 2.1880 eV (17647 cm−1), (b) 2.2311 eV (17995 cm−1), (c) 2.2346 eV
(18023 cm−1), (d) 2.2423 eV (18085 cm−1), (e) 2.2637 eV (18258 cm−1), (f) 2.2739 eV (18340 cm−1), and (g) 2.2877 eV (18452 cm−1). The
assignment of the excited DBS level is given and the number in the parentheses after the assignment is the resonant peak number in Figure 2. The
double arrows below the images indicate the direction of laser polarization.
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transition. According to the calculated frequency shown in
Table S1, peak a could only be assigned to the lowest-
frequency mode 481 (A″), involving the ethyl group (Figure
S1). This weak vibrational feature could not come from
autodetachment of the 26′1 DBS vibrational level. The
appearance of peak a (481) is most likely caused by the
intramolecular inelastic rescattering effect, i.e., the autode-
tached electron with a kinetic energy of 50 cm−1 (195−145
cm−1) is inelastically scattered off the neutral core by exciting
the ν48 mode. The intramolecular inelastic rescattering effect of
an autodetached dipole-bound electron has been invoked
previously to explain unexpected excitations of low-frequency
vibrational modes in rPES.35 Low-frequency modes are
expected to exhibit stronger inelastic scattering effects because
of their large amplitude motions. Peak a may also exist in other
resonant photoelectron spectra at higher photon energies, but
it can only be resolved near threshold in the resonant spectrum
taken at Feshbach resonance 26′1.
4.5.2. Excitation to Combinational or Overtone

Levels of the DBS. The majority of the Feshbach resonances
observed in Figure 2 involve combinational or overtone
vibrational levels of the DBS (Table 2). Figure 5 displays the
resonant photoelectron spectra for DBS levels of two
vibrational quanta, either a combinational level (νx′1νy′1) or
an overtone (νx′2). Both the vibrational final states, νx1 or νy1,
may be enhanced for the former, whereas the νx1 final state will
be enhanced for the latter, according to the Δv = −1
propensity rule. For example, Feshbach resonance 3 in the
photodetachment spectrum is due to the 27′126′1 DBS level on
the basis of its alignment with peak C (271261) in the
photoelectron spectrum (Figure 9). Thus, the final state peak
A (271) is highly enhanced via the coupling of the vibrational
quantum of the ν26′ mode (26′1) (Figure 5a). On the other

hand, the 27′1 quantum (84 cm−1, Table 2) is too small to
induce autodetachment relative to the DBS binding energy
(145 cm−1). The same situation happens in Figure 5c,e, where
the strong enhancement of peak A (271) is due to excitation of
the combinational DBS levels of 27′125′1 and 27′123′1,
respectively. The enhancement of the final state B (261) in
Figure 5b is due to the excitation of the 26′2 overtone DBS
level. Similarly, the strong enhancement of the final states D
(251) in Figure 5g and E (241) in Figure 5i are also due to
excitations to overtone DBS levels.

In Figure 5d, both final states B (261) and D (251) are
enhanced as a result of excitation to the 26′125′1 DBS level.
The coupling of the 25′1 quantum to the dipole-bound
electron leads to the enhancement of the B final state, whereas
the coupling of the 26′1 quantum results in the enhancement
of the D final state. Similarly, the enhancement of two
vibrational final states in Figure 5f (B and E), 5h (D and F), 5j
(B and I), 5k (E and F), and 5l (E and I) are all due to
excitation to combinational levels of the DBS with two
vibrational quanta (νx′1νy′1). It is interesting to note that there
is no strong mode selectivity in the autodetachment process in
these cases, unlike in the parent phenoxide, where strong mode
selectivity was first observed.27 Additionally, new features are
observed in several resonant photoelectron spectra, relative to
the nonresonant spectra in Figure 1. Peak f observed in Figure
5d near threshold is due to 262, which is not resolved in Figure
1 because of its small FC factor (Figure 8) and the limited
spectral resolution. The weak peak j in Figure 5h is due to 252,
suggesting that a weak unresolved DBS level 26′125′2 may
contribute to the Feshback resonance 21 (25′123′1), which is
separated by only 5 cm−1. Resonant spectra involving more
prominent overlapping DBS levels are gathered in Figure 7
(vide infra).
4.5.3. Excitation to Combinational Levels of the DBS

with Three Vibrational Quanta. Figure 6 displays resonant
photoelectron spectra involving transitions to combinational
DBS levels of three vibrational quanta with three (νx′1νy′1νz′1)
or two (νx′2νy′1) different modes. For example, Figure 6a is
assigned to excitation to the DBS level 48′224′1, resulting in
the appearance of the new peak b (482) at 2.1690 eV (17494
cm−1) due to the coupling of the 24′1 vibrational quantum to
the dipole-bound electron. The 48′1 quantum (34 cm−1) is too
small to induce autodetachment. In Figure 6b, two new peaks
d (481261) and e (481461) appear as a result of excitation to
the 48′146′126′1 DBS level and autodetachment via the
coupling of the 46′1 or 26′1 quantum to the dipole-bound
electron, respectively. The situation in Figure 6c is similar, due
to excitation of the 27′126′125′1 DBS level. Because the 27′1
quantum (84 cm−1) is too small to induce autodetachment,
only two enhanced peaks are observed: C (271261) and a new
peak g (271251) (Table 1). In Figure 6d, the strong
enhancement of the final state e (481461) suggests excitation
to the 48′146′124′1 DBS level via coupling of the 24′1 quantum
to the dipole-bound electron. Interestingly, there is a mode
selectivity in the autodetachment from this DBS level because
the expected 481241 final state via the coupling of the 46′1
quantum is not observed. Furthermore, the observation of the
final state a (481) indicates a violation of the Δv = −1
propensity rule because two vibrational quanta (46′124′1) are
coupled to the dipole-bound electron to produce this final
state. The enhancement of the final states F (261251), G
(261241), and J (251241) in Figure 6e are all expected from the
excitation of the 26′125′124′1 DBS level according to the

Figure 8. Comparison of the calculated FC factors with the
photoelectron spectrum of p-EP− at 2.2892 eV.

Figure 9. Comparison of the nonresonant PE spectrum at 2.2892 eV
(blue) with the photodetachment spectrum (red). The PE spectrum
is red-shifted by 145 cm−1 to align peak 00

0 with peak 0 of the
photodetachment spectrum.
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propensity rule. The slight enhancement of the final state E
(241) could be due to the violation of the propensity rule,
similar to the enhancement of peak a in Figure 6d. The
spectrum in Figure 6f is due to excitation to the 26′124′2 DBS
level, and it also displays a strong mode dependence. The
prominently enhanced final state G (261241) indicates a strong
coupling of the ν24′ mode with the dipole-bound electron,
whereas the final state K (242) is not significantly enhanced,
suggesting that the ν26′ mode is not strongly coupled. The
appearance of the new peak j (252) and the strongly enhanced
final state J (251241) in Figure 6g both follow the propensity
rule as a result of the excitation to the 25′224′1 DBS level. The
appearance of the peak m (181) in both Figure 4f and Figure
6g is likely due to a weak unresolved DBS level 26′218′1, which

would overlap with both peaks 30 and 31 in the photodetach-
ment spectrum. With such a complicated molecular system, the
vibrational density of states is expected to increase rapidly with
excitation energies, as revealed in the resonant photoelectron
spectra in Figure 7.
4.5.4. Excitation to Overlapping Levels of the DBS.

Figure 7 presents more complicated resonant photoelectron
spectra due to overlapping DBS levels. These data illustrate the
power of high-resolution rPES for providing rich vibrational
information for the neutral final states that is not accessible in
conventional PES. Surprisingly, the spectrum taken at
Feshbach resonance 5 (Figure 7a) exhibits complicated and
unexpected features, even though the excitation energy is only
367 cm−1 above the zero-point level of the DBS. Specifically,

Figure 10. Schematic energy level diagram for autodetachment from the DBS vibrational levels (odd peak number in the photodetachment
spectrum in Figure 2) of p-EP− to the neutral final states.
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the final states a (481) and b (482) represent a vibrational
progression of the lowest-frequency mode ν48 (A″) of p-EP
(Figure S1). The weak peak c is due to the final state 272; the
ν27 mode is the second lowest-frequency mode or the lowest-
frequency mode of A′ symmetry (ν27 = 89 cm−1, Figure S1).
According to the energic information, there are several
possibilities for the Feshbach resonance 5, i.e., 48′146′1/
27′226′1 with A′ symmetry or 48′327′3 with A″ symmetry. It is
possible that all three DBS levels may contribute to Feshbach
resonance 5. The first two can explain the final states a and c,
while the third combinational level can explain peak b as a
result of the violation of the propensity rule.35 The spectra in
Figure 7b,c both involve a fundamental vibrational level
overlapping with more complicated combinational levels,

resulting in the enhanced 00
0 transition and other vibrational

final states. In Figure 7b, the enhancement of the final states B
(261), D (251), and F (261251) in comparison with Figure 1
can all be attributed to excitation to the 27′226′125′1 DBS level
overlapping with the 22′1 fundamental level. All three
autodetachment channels violate the propensity rule. The
tremendous enhancement of the weak final state C (271261) in
Figure 7c is due to excitation to the 27′126′124′1 DBS level.
The overlapping 26′225′1 DBS level produces the final state f
(262) and the enhanced peak F (261251).

The enhanced peaks D (251) and E (241) in Figure 7d are
due to excitation to the 25′124′1 DBS level. The appearance of
peak h is due to excitation to the overlapping DBS level
43′126′1 with a strong mode selectivity, where the 26′ quantum

Figure 11. Schematic energy level diagram for autodetachment from the DBS vibrational levels (even peak number in the photodetachment
spectrum in Figure 2) of p-EP− to the neutral final states.
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is strongly coupled to the dipole-bound electron for the final
state h (431). The enhanced final states in Figure 7e can come
from excitations to the overlapping 27′126′125′2 and
27′125′123′1 DBS levels with multiple autodetachment
possibilities, if the violation of the propensity rule is
considered. The enhanced peak F (231/261251, Table 1) can
come from the 27′126′125′2 DBS level with the coupling of the
27′125′1 quanta to the dipole-bound electron to give the
261251 final state or from the 27′125′123′1 DBS level by again
coupling the 27′125′1 quanta to give the 231 final state. The
enhanced final states i (271231) and k (271252) are produced
from the two overlapping DBS levels each following the
propensity rule. Figure 7f taken at Feshbach resonance 28
shows probably the most complicated resonant photoelectron
spectrum with at least five enhanced vibrational final states
involving four overlapping DBS levels. The dominating DBS
level is 25′122′1, resulting in the enhanced final states D (251)
and H (221). The enhanced final state F (231), h (431), and l
(191) are due to autodetachment from the 48′224′123′1,
43′124′1, and 47′119′1 DBS levels, respectively. Finally, the
resonant photoelectron spectrum taken at Feshbach resonance
32 in Figure 7g involves excitation to three DBS levels. The
main excitation is to the 24′122′1 DBS level, yielding the
enhanced E (241) and H (221) final states. The enhanced final
states G (261241) and J (251241) are due to autodetachment
from the 48′226′124′2 and 45′125′124′1 DBS levels, respec-
tively.

The assignments of the final states of all the resonant and
nonresonant photoelectron spectra of p-EP− are given in Table
1, and those of all the vibrational levels of the DBS from PDS
are summarized in Table 2. The autodetachment processes
from all the 32 Feshbach resonances are presented schemati-
cally in Figures 10 and 11.
4.6. Vibrational Information about the p-EP Radical

Combining the PDS and rPES, we are able to measure the
fundamental frequencies of 17 vibrational modes for the p-EP
radical, as summarized in Table 3. Vibrational frequencies are
obtained for 11 modes with A′ symmetry and six modes with
A″ symmetry for the p-EP radical. In particular, the frequencies
for the two lowest-frequency modes, ν48 (A″) and ν27 (A’), are
observed. In comparison, only six vibrational modes (ν22−ν27
in Table 1) are observed in the nonresonant PES in Figure 1,
all with A′ symmetry. The spectroscopic information obtained
for such a complex and somewhat floppy system is
unprecedented, proving once again the power of combining
cryogenic cooling with photodetachment and resonant photo-
electron spectroscopy involving an intermediate dipole-bound
state for polar molecular radicals.

5. CONCLUSION
In conclusion, we report a photodetachment spectroscopy and
high-resolution photoelectron imaging study on cryogenically
cooled para-ethylphenolate anions using our third-generation
ESI-PES apparatus. The electron affinity of the para-ethyl-
phenoxy radical was measured accurately to be 2.1604 ±
0.0004 eV (17425 ± 3 cm−1). Photodetachment spectroscopy
revealed a dipole-bound state with a binding energy of 145 ± 3
cm−1 and 33 vibrational levels of this DBS, including 32
Feshbach resonances. Resonant photoelectron spectra at the
32 Feshbach resonances were obtained, resulting in highly
non-Franck-Condon vibrational distributions and allowing the
observation of vibrational final states that are not accessible in

conventional photoelectron spectroscopy. Intramolecular
inelastic rescattering between the outgoing dipole-bound
electron and the molecular core was observed to excite a
low-frequency FC-inactive mode of p-EP in the resonant
spectra. The combination of photodetachment spectroscopy
and resonant photoelectron spectroscopy led to the measure-
ment of frequencies for 17 vibrational modes of p-EP,
including six symmetry-forbidden modes. The current study
further confirmed the power of resonant photoelectron and
photodetachment spectroscopy via DBSs, in combination with
cryogenic cooling for obtaining rich vibrational information of
complex molecular radicals.
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