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ABSTRACT: Molecular anions with polar neutral cores can support highly diffuse dipole-
bound states below their detachment thresholds due to the long-range charge—dipole
interaction. Such nonvalence states constitute a special class of excited electronic states for
anions and were observed in early photodetachment experiments to measure the electron
affinities of organic radicals. Recent experimental advances, in particular, the ability to create
cold anions using a cryogenically cooled Paul trap, have allowed the investigation of dipole- bBs "
bound excited states at a new level. For the first time, the zero-point level of dipole-bound .., ..o, o _/eshbaw J‘
resonances

excited states can be observed via resonant two-photon detachment, and resonant N 7 -
=7
g/ zero-point \eve‘I;
\ _

photoelectron spectroscopy can be performed via the above-threshold vibrational levels
/ M

PDS

(Feshbach resonances) of the dipole-bound states. This Perspective describes recent progress
in the investigation of dipole-bound states in the authors’ lab using an electrospray
photoelectron spectroscopy apparatus equipped with a cryogenically cooled Paul trap and
high-resolution photoelectron imaging.

hile anions do not possess Rydberg states, those with polar neutral cores can have DBSs as a special class of excited
polar neutral cores of large enough dipole moments can states. These nonvalence excited electronic states were first
support diffuse dipole-bound states (DBSs) below their observed experimentally in photodetachment spectroscopy
detachment threshold, analogous to Rydberg states in neutral (PDS) of organic anions aimed at measuring the electron
molecules. That a dipole can bind an electron was first affinities (EAs) of organic radicals and have been studied by
. . . . . . . 38—46
mentioned in a paper on mesotrons in 1947 by Fermi and high-resolution rotational autodetachment spectroscopy.
Teller,' who predicted a minimum dipole moment of 0.639 eq, Dipole-bound excited states have been considered as a
(1.625 D) for electron binding. This result was rediscovered mechaniir;q_4f90r the formation of anions in the interstellar
many times subsequently, as discussed by Turner.? The medium. Excited DBSs have been observed in solvated
minimum dipole moment for electron binding increases when iodide clusters and have been used to produce dipole-bound
non-Born—Oppenheimer effects, such as molecular rotation, anions of the solvent molecules after ejection of the neutral
50,51

iodine atom. DBSs in many valence anions have been
observed using PDS.>*"®' The ultrafast dynamics of dipole-
bound excited states, formed following initial excitations to
valence-bound excited states, have been investigated using
femtosecond pump—probe spectroscopy.’>”%°

Earlier PDS experiments were done with anions at room
temperature.”*”*® Thus, the ground vibrational state (zero-

moment of inertia, and dipole length, were considered.*™”
More sophisticated theoretical methods have been used to
investigate the electron binding energies in dipole-bound
anions of molecules and clusters and the electron—molecule
interactions in DBS.*'” The dipole-bound electron resides in
a spatially extended orbital on the positive end of the dipole

moment far outside the molecular valence region with . . ;
relatively small binding energies in the range of 1—100 meV. point level) of the DBS, which requires resonant two-photon

DBSs play important roles in many physical and chemical detachm.e nt (R2PD), could not be observed; the thermal
processes, such as DNA damage by low-energy electrons?®?! broadening often smeared out the electron detachment

or even as potential carriers of the diffuse interstellar

bands.?>%° Received: July 18, 2023
Ground-state dipole-bound anions have been produced by Accepted:  August 8, 2023
Rydberg electron transfer and studied via field-detachment and Published: August 11, 2023

photoelectron spectroscopy (PES).”” ™" Anions usually do not
possess bound excited states because of their relatively low

electron binding energies. Stable valence-bound anions with
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Figure 1. Schematic view of the third-generation ESI-PES apparatus, consisting of a cryogenically controlled Paul trap and a high-resolution
photoelectron imaging system. TP: turbomolecular pump. CP: cryopump. Reproduced from ref 67. Copyright 2015 AIP Publishing.
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Figure 2. Schematic of (a) PDS, (b) rPES at above-threshold feshbach resonances, and (c) R2PD spectroscopy through the zero-point level of

DBS (green 0’). BE = binding energy; AD = autodetachment.

threshold, making it challenging even to measure the EAs
accurately. A major advance in the investigation of DBSs was
made using our third-generation electrospray-ionization PES
(ESI-PES) apparatus,”” which features a cryogenically cooled
3D Paul trap®® and a high-resolution photoelectron imaging
system (Figure 1).°” Anions are produced by the ESI source,
which was used initially to produce multiply charged anions in
the first-generation ESI-PES apparatus.”’~’* The cryogenically
cooled 3D Paul trap was developed subsequently to produce
cold anions from the ESI source for PES studies in the second-
generation ESI-PES apparatus.”® The elimination of vibrational
hot bands significantly improved the spectral resolution and
allowed temperature-dependent phenomena to be investi-
gated.””~"° In the third-generation ESI-PES apparatus (Figure
1), high-resolution photoelectron imaging replaced the
magnetic-bottle PES analyzer.”” The multilens velocity-map
imaging (VMI) system can achieve an electron energy
resolution of 1.2 cm™ (full width at half-maximum) for near
threshold electrons and approximately 1.5% (AKE/KE) for
electrons with KE above 1 eV.”
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With the third-generation PES-ESI apparatus, four types of
experiments can be performed. First, conventional non-
resonant PES at fixed photon energies can be performed at a
high resolution. This is valuable to obtain accurate EAs for
near threshold detachment,”®””" similar to cryo-SEVI
developed by the Neumark group.””®' Second, PDS can be
conducted with a tunable laser, which is critical to search for
DBS.**7% As schematically shown in Figure 2a, the PDS
features continuous signals (black curve) as a function of the
detachment photon energy. Electron signals appear promptly
at the detachment threshold, governed by the Wigner
threshold law,*” and a step may appear at each new
detachment channel.®® If a DBS exists, one or more weak
below-threshold peaks may appear as a result of R2PD from
the zero-point level or bound vibrational levels of the DBS.
Sharp and strong above-threshold peaks will appear due to
resonant excitation to higher vibrational levels of the DBS
(aka. vibrational Feshbach resonances) followed by vibra-
tional autodetachment.’*™*' Cold anions are critical to allow
the bound DBS levels to be observed with R2PD, as well as the

https://doi.org/10.1021/acs.jpclett.3c01994
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detachment threshold in PDS.**"¢ Third, resonant PES can
be performed at vibrational Feshbach resonances (Figure
2b).*>#478% Dye to the Av = —1 autodetachment propensity
rule,”””" highly non-Franck—Condon photoelectron (PE)
spectra are obtained, which provide critical information for
the assignment of the Feshbach resonances, as well as new
vibrational information often not available in nonresonant
PES.7*™%* Finally, one-color R2PD PES can be conducted via
bound DBS levels, in which the first photon prepares the DBS
and the second photon detaches the dipole-bound electron
(Figure 2c). R2PD PES probes the nature of the dipole-bound
electron and possible relaxation processes of the bound DBS
levels within the detachment laser pule (~5 ns).”*™”’

A dipole-bound excited state was observed, using the third-
generation ESI-PES apparatus, first for cryogenically cooled
phenoxide (PhO~).**® Mode-specific and mode-selective
vibrational autodetachment was found in resonant PES at
the Feshbach resonances of the DBS, giving rise to highly non-
Franck—Condon PE spectra. The dipole-bound electron was
shown to have little effect on the structure of the neutral
radical, so that the measured vibrational frequencies for the
DBS in the PD spectrum were observed to be the same as
those of the neutral radical measured in the PE spectrum, as
shown schematically by the parallel potential energy surfaces in
Figure 2 between the DBS and the neutral radical. Thus, the
dipole-bound electron can be viewed as “electron tagging” to
the neutral radical to allow its vibrational levels to be accessed
using PDS. Even though the PDS is governed by the Franck—
Condon principle in the same way as nonresonant PES, the
high resolution and high sensitivity of PDS allow many more
vibrational features to be observed. For example, while the PES
of PhO~ displayed one vibrational progression in the v,
mode,”®”” PDS and rPES together yielded vibrational
frequencies for nine vibrational modes of the phenoxy
radical.*® In the PDS of deprotonated uracil, 46 vibrational
peaks were observed, leading to the measurement of
vibrational frequencies for 21 modes out of a total of 27 for
the uracil radical in combination with resonant PES.***" No
other experimental technique can yield such abundant
vibrational information for a neutral radical species. Because
different molecular conformers have different dipole moments,
conformer-specific rPES has been demonstrated via
DBS.'~'** The combination of PDS and rPES of cryogeni-
cally cooled anions has been shown to be a powerful approach
to obtain vibrational information on neutral molecular species
in the gas phase.”

Several groups have used cryogenically cooled ion trap
technologies to conduct PDS and PES of cold
anions.*”*"'%~1"% In particular, the autodetachment dynamics
and lifetimes from Fechbach resonances of DBSs have been
studied using pump—probe experiments of cryogenically
cooled anions recently, revealing mode-dependent autodetach-
ment lifetimes."'*™"'® In this Perspective, we discuss recent
progress in the Wang lab to probe DBSs of cryogenically
cooled anions using a state-of-the-art ESI-PES apparatus. Many
interesting findings have been made, primarily on anions of
polar cyclic aromatic compounds or polycyclic aromatic
compounds (PAHs) with one or more heteroatoms. The
topics covered in this Perspective include (1) the critical dipole
moments to form dipole-bound excited states, (2) rotational
autodetachment for very weakly bound DBSs, (3) R2PD and
adiabatic detachment processes via DBSs, (4) relaxation
processes from bound DBS levels to valence-bound states
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observed via R2PD, (S) observation of polarization effects by
the dipole-bound electron on the valence electrons of the
neutral core, (6) using PDS and rPES to unravel complicated
vibronic levels due to strong nonadiabatic interactions, and (7)
the observation of 7-type DBSs.

The Critical Dipole Moment to Support DBS. Fermi
and Teller first suggested that a stationary dipole with a dipole
moment larger than 1.625 D can bind an electron.” However,
for real molecular systems, the critical dipole moment for
electron binding was predicted to be ~2 D, if non-Born—
Oppenheimer effects were considered.’™” Polarization and
correlation effects have also been shown to be important in
calculating the binding energies of the dipole-bound
electron.””"" The minimum dipole moment to form a
dipole-bound anion was determined experimentally to be 2.5
D for a wide variety of molecules using the Rydberg electron
transfer technique.”®>* Molecules with a dipole moment of
less than 2.5 D have not been observed to form dipole-bound
anions. To examine the minimal dipole moment to allow
dipole-bound excited states, we investigated a series of para-
substituted halogen phenoxide anions, para-X-PhO~ (X = F,
Cl, Br, 1),""” as summarized in Table 1. The neutral cores of
these anions have different dipole moments; their similar
structure and size minimize molecule-dependent effects.

Table 1. Dipole Moments, DBS Binding Energies, and EAs
of p-X-PhO (X = F, Cl, Br, I, and H)“*

Dipole DBS bindir_1$ _
moment (D)  energy (cm™') EA (eV)  EA (cm™)
p-F-PhO 2.56 8(5) 2.2950(6)  18,510(5)
p-Cl-PhO 2.81 11(6) 24917(8)  20,097(6)
p-Br-PhO 2.96 24(6) 2.5480(7)  20,551(6)
p-I-.PhO 3.19 53(5) 2.6094(7)  21,046(5)
PhO 4.06 97(5) 22532(4)  18,173(3)

“Reproduced from ref 117. Copyright 2019 American Chemical
Society.

PDS was used to search for the DBS of p-X-PhO~, as shown
in Figure 3. In each PD spectrum, the arrow refers to the anion
detachment threshold, i.e., the EA of the corresponding neutral
radical (Table 1). A weak peak below the threshold (labeled 0)
was observed in each case, suggesting the existence of a DBS.
Peak O represents the bound zero-point level of the DBS, and
its separation from the detachment threshold defines the
binding energy of the DBS, as given in Table 1. The dipole
moment of p-F-PhO (2.56 D) is near the empirical critical
value, corresponding to a DBS binding energy of only 8 cm™,
which could be measured using only a high-resolution laser
scan. The above-threshold peaks (labeled 1—8) represent
transitions to vibrational levels of the DBS (a.k.a. vibrational
Feshbach resonances). The data in Figure 3 illustrate the
critical importance of cryogenically cooling the anions. The
zero-point level and the detachment threshold of the DBS
would be smeared out if the anions were not properly cooled.

Figure 4 plots the measured DBS binding energies versus the
dipole moment of the neutral p-X-PhO radical. A linear
relationship between BE and y is obtained for this set of similar
species, BE = 63.4u — 159.0, extrapolating to a minimal dipole
moment of 2.5 D at zero binding energy. This value is exactly
the same as that obtained by Rydberg electron transfer
experiments for the formation of ground-state dipole-bound
anions of neutral molecules.”* > We note that the previous

https://doi.org/10.1021/acs.jpclett.3c01994
J. Phys. Chem. Lett. 2023, 14, 7368—7381


pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c01994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
Detachment Threshold
1 (a) 4-Fluorophenoxide 8 (b) 4-Chlorophenoxide 1
F-@-O' cl o
5o ke
2 2
> >
§ 5° 5
° ©
Q Q
w T T w
18490 18520 Detachment
Threshold
oY
T T T 1 T T T T T T T T T B T . T + 1 - 1
18200 18800 19400 20000 20000 20200 20400 20600 20800
(c) 4-Bromophenoxide 5 (d) 4-lodophenoxide
2 _ 3
Br o |@—o
3 3
= >
5 5
w w Detachment 1
Detachment Threshold
Threshold 0+
0y
T T T ¥ T * = T d T T T 1 T T T T T T T T T 1
20400 20600 20800 21000 21200 20800 21200 21600 22000

Photon Energy(cm™)

Photon Energy(cm-')

Figure 3. PDS of (a) p-F-PhO~, (b) p-CI-PhO~, (c) p-Br-PhO~, and (d) p-I-PhO™ at a laser scan rate of 0.1 nm/step. The inset in panel a displays
a high-resolution scan at 0.005 nm/step near the threshold region of p-F-PhO~. Reproduced from ref 117. Copyright 2019 American Chemical

Society.
~100 i
£ ) # o™
§ g0 Ot -
> L 4.06 D
o 319D .
:cj 60 - ; g
’
o F o .7 ,
£ 40- O‘ “ _<:>_1*
: <208 ol 2.96 Do
[a1] (4 i
3 = ,'{CI o™
’
0 o b 281D
| BB T S SN DENE N THNL SN BN ERNE RN N [ SR B T R |
25 3.0 35 4.0 45
u (Debye)
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studies on DBAs contained a wide variety of different
molecules with a broad range of dipole moments, but no
DBA was observed for molecules with a dipole moment <2.5
D. That a similar critical dipole moment is obtained for such a
diverse range of molecules, either for ground-state DBS or DBS
as an excited electronic state, suggests that the charge—dipole
interaction (i.e., the —1/r* potential) is dominant.

We have studied two other para-substituted phenoxide, p-
ethynyl-PhO~ and very recently p-ethyl-PhO~.°*"” A DBS was
observed for p-ethynyl-PhO~ with a BE of 76 + S cm™" and for
p-ethyl- PhO™ with a BE of 145 + 3 cm™', where the dipole
moment for p-ethynyl-PhO was 3.8 and 4.85 D for p-ethyl-
PhO. The binding energies of the DBS in both anions fall onto
the linear curve in Figure 4, again confirming the 2.5 D
empirical minimal dipole moment for the formation of DBS. It
should be pointed out that in a recent study on indolide we
found a DBS with a very small binding energy of 6 cm™/,
despite the fact that the indolyl radical has a dipole moment of
only 2.4 D.""® The barely bound DBS in indolide is found to
be assisted by polarization, i.e, a polarization-assisted DBS.
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Very recently, a DBS is observed in carbazolide with a binding
energy of 20 cm™' due to the large polarizability of the
carbazolyl radical,'"” even though its dipole moment is only
2.2 D. On the other hand, no DBS was observed for the less
polarizable pyrrolide anion,'** even though the corresponding
neutral pyrrolyl radical has a similar dipole moment of 2.2 D.
These results highlight the critcal roles that polarization plays
in the DBS for large molecules with high polarizabilities.

Rotational Autodetachment. In the rPES of p-F-PhO~,
near 0 eV (ie., threshold) electron signals were observed at
each Feshbach resonance. Three resonant PE images and
spectra at peaks 1, 3, and 8 in Figure 3a are given in Figure S.
As indicated by the red dashed arrows in Figure 5d, the
threshold signals came from rotational autodetachment from
the vibrational levels of DBS to the corresponding neutral
vibrational levels. The extremely small binding energy of the
DBS in p-F-PhO™ could be overcome by rotational excitation
of the anion, which was projected onto each DBS vibrational
level. Rotational autodetachment was observed previously in
high-resolution PDS."*™* In the case of p-F-PhO7, rotational
autodetachment competed with vibrational autodetachment in
all of the resonant PE spectra via the Feshbach resonances, as
shown in Figure S5d. All the vibrational autodetachment
processes follow the Av = —1 propensity rule.”””" That both
rotational and vibrational autodetachments were observed at
the same time suggested that their time scales are similar. In
the recent study of indolide, we observed similar rotational
autodetachment because of the low binding energy (6 cm™) of
its DBS."'*

R2PD and Adiabatic Detachment Processes. Two
photons are required to observe the bound DBS levels. R2PD
PE spectra of bound DBS levels provide insights into the
nature of the DBS orbital and relaxation processes of the DBS.
Because the dipole-bound electron has such a weak interaction
with the neutral core, no geometry change occurs from the
DBS to the neutral final state. Thus, strict adiabatic

https://doi.org/10.1021/acs.jpclett.3c01994
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detachment behavior is expected for the R2PD process, which DBS of the (R)-(—)-1-(9-anthryl)-2,2,2-trifluoroethanolate

was always observed for the zero-point level of any DBS and anion (R-TFAE", insert of Figure 6a).'”' Figure 6a shows
recently observed for several bound vibrational levels in the the PDS for R-TFAE", revealing seven intense bound
7372 https://doi.org/10.1021/acs jpclett.3c01994
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Figure 7. (a) PDS of bPh™. The inset shows the dipole-bound orbital of bPh™. (b) R2PD PE spectra of bPh™ at wavelengths corresponding to the
bound DBS vibrational levels 0 and 4 (bottom) and Feshbach resonances 14, 16, and 19 (top). The dashed line indicates the constant binding
energy of peak X at all detachment wavelengths. (c) Expanded spectra in the binding energy range of 2.34—2.40 eV, showing the one-photon
resonant PE spectra for the three Feshbach resonances. (d) Direct sequential R2PD processes responsible for peak X in panel b. (e) Indirect R2PD
processes showing the intersystem crossing (ISC) responsible for peaks Y and Z in panel b. Reproduced from ref 95. Copyright 2019 American

Chemical Society.

vibrational levels (peaks 0—6) including the zero-point level
(peak 0) due to one-color R2PD.

These bound DBS vibrational levels were assigned with the
help of the computed vibrational frequencies of neutral R-
TFAE and Franck—Condon simulations. The seven R2PD
photoelectron spectra in Figure 6b display similar features. The
peak labeled as “DBS” is due to sequential R2PD via the DBS,
giving rise to low binding energy (high KE) electrons. Features
“Sy” and “ES” are due to indirect two-photon detachment, in
which relaxation takes place from the bound DBS levels after
the first photon absorption, but before electron detachment by
the second photon within the 5 ns laser pulse. “S,” designates
detachment from the rovibrational levels of the ground
electronic state of the anion, following internal conversion of
the electronic energy in the DBS to internal energies of the
ground electronic state of R-TFAE™. The broad feature “ES”,
observed between 0.2 and 1 eV, was due to detachment from
the valence excited state of the anion as a result of intersystem
crossing from the DBS. The relaxation and detachment
processes in the indirect R2PD are schematically shown in
Figure 6c.

It was expected that the binding energy of the “DBS” peak in
the R2PD PE spectra should become smaller as higher
vibrational levels of the DBS are reached by the first photon. In
contrast, the binding energies of the “DBS” peak in the seven
R2PD spectra were observed to be the same within the
experimental error bar, as shown by the dashed line in Figure
6b. This provides direct evidence for the adiabatic detachment
process from the DBS by the second photon, during which the
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vibrational levels of the neutral core remain the same. The
observation of the adiabatic detachment process is a direct
confirmation that the dipole-bound electron does not affect the
structure of the neutral core, resulting in parallel potential
energy surfaces between the DBS and the neutral ground state.
Hence, the vibrational levels do not change upon detachment
of the diffuse dipole-bound electron by the second photon, as
indicated in Figure 6¢; that is, the vibrational energies in the
DBS are carried to the neutral final states. The height of the
shaded area in Figure 6¢ represents the constant binding
energy of the “DBS” feature in the seven R2PD PE spectra.
Thus, the dipole-bound electron can be viewed merely as a
“tag” to the neutral core.

We should reiterate that R2PD PE spectra from valence-
bound excited states display completely different Franck—
Condon profiles for different intermediate vibrational levels, as
reported previously for AuS™."**

Intersystem Crossing to Valence-Bound States. R2PD
PE spectra can reveal relaxation processes from the bound DBS
levels, including conversion from the DBS to valence-bound
states (VBSs), as shown in Figure 6c for R-TFAE™. The
transition from a DBS to a VBS was first observed in
CH;NO,~,** while the relaxation dynamics from DBS to VBS
has been investigated using time-resolved PES.”" The first
observation of conversion from an excited DBS to VBS using
R2PD PES came from the deprotonated 4,4'-biphenol anion
(bPh~, inset of Figure 7a).”> The bPh radical has a large dipole
moment of 6.35 D, and the PDS of bPh™ (Figure 7a) reveals a
DBS with a BE of 695 cm™ and 13 bound excited vibrational
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levels (1—13), as well as six Feshbach resonances (14—19) in
the scanned photon energy range. The R2PD PE spectra for
the bound DBS level 0 and 4 and the resonant PE spectra for
the Feshbach resonances 14, 16, and 19 are shown in Figure
7b. Very weak R2PD signals are also observed for the three
Feshbach resonances. The single-photon resonant PE signals at
the high binding energy side for the three Feshbach resonances
are shown in Figure 7, all displaying enhanced 0, transitions
due to the Av = —1 propensity rule. The R2PD PE spectra
corresponding to the bound DBS levels 0 and 4 consist of low
binding energy PE signals due to sequential two-photon
detachment (X), as well as relaxation from DBS to VBSs (Y
and Z). The corresponding R2PD processes are shown in
Figure 7d,e, respectively.

The binding energy of peak X in the R2PD PE spectra is the
same for all of the DBS levels, representing direct adiabatic
detachment from the DBS by the second photon, as indicated
in Figure 7d and also discussed above (Figure 6¢). It was
surprising that direct R2PD PE signals were also observed for
the Feshbach resonances, albeit at much weaker intensity
(Figure 7b for peaks 14, 16, and 19), along with the dominant
single-photon resonant PE signals (Figure 7c). This observa-
tion suggested that the autodetachment lifetime of the
Feshbach resonances in bPh™ was likely relatively long. It
would be interesting to directly study the autodetachment
dynamics in this system using pump—probe techniques, as
have been done recently for several DBS systems.''*~' '

The peaks Y and Z in Figure 7b were due to indirect R2PD
processes as a result of relaxation from the DBS to VBSs. Our
theoretical calculations revealed two triplet (T, T,) and one
singlet (S;) excited states below the detachment threshold of
bPh™.”° On the basis of the long lifetime of the intermediate
states, they were assigned to the triplet states as a result of
intersystem crossing from the DBS (Figure 7e). Recently,
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similar conversion from DBS to VBS was observed in p-I-
PhO7, in a pump—probe experiment, resulting in C—I bond
cleavage.

Polarization Effects by the Diffuse Dipole-Bound
Electron. Even though the dipole-bound electron has little
influence on the geometry of the neutral core, electron
correlation effects are known to be crucial for accurately
calculating the DBS binding energies.*~'” The diffuse dipole-
bound electron, typically about 10—100 A outside the neutral
core, creates an oriented electron field, which can polarize the
valence electrons. During a study of phenylethynyl phenoxide
(PEP~, inset of Figure 8a), we observed strong configuration
mixing in the PEP core as a result of interactions with the
dipole-bound electron.'”* The interactions can be charac-
terized as the polarization of the valence electrons by the
oriented electric field of the dipole-bound electron.

The PD spectrum of PEP~ (Figure 8a) revealed a DBS with
a binding energy of 348 cm™' (peak 0), three bound
vibrational levels (1—3), and six vibrational Feshbach
resonances (4—9). The R2PD PE image at peak 0 is shown
in Figure 8b, and the R2PD PE spectra for all four bound DBS
levels (0—3) are given in Figure 8c. Multiple features were
observed in the R2PD PE spectra. The lowest-binding-energy
peak (labeled as Xpyp5) was from direct R2PD. The distinct p-
wave angular distribution (Figure 8b) was in agreement with
the expected o DBS orbital. The signals labeled as GS and ES
referred to photoelectrons derived from the ground state and
the first valence excited state of PEP™, respectively, as a result
of relaxation from DBS to VBSs. The observation of the sharp
peak “Bpgg” at around 2.2 eV in the R2PD PE spectra was
unexpected. Its angular distribution had a clear p-wave
character, similar to that of the Xpgg peak. It turned out that
the Bpgg peak corresponded to the second excited state of PEP
and was attributed to a shakeup process, which involved the
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detachment of the DBS electron and the concomitant
excitation of an electron from HOMO—-2 to HOMO (Figure
8d).

Shakeup processes are direct manifestation of electron
correlations, for which PES is the most powerful experimental
technique to investigate.'”> However, the shakeup peak in the
R2PD PE spectra from the DBS of PEP™ was a surprising
observation, because of the weak interactions between the DBS
electron and the neutral core. In a previous study, we found
that the DBS electron in C,P~ was not even spin-coupled with
the valence electrons of neutral C,P.'"”° Furthermore, the
shakeup process seemed to occur only from HOMO-2 to the
HOMO. It was surprising that shakeup was not observed from
the HOMO—1 to the HOMO in the R2PD PE spectra (Figure
8c). We carried out theoretical calculations to investigate the
mechanisms of the shakeup process in the DBS. We considered
the first two energetically allowed valence excited states of
neutral PEP, i.e., the promotion of a spin-down electron from
HOMO-1 and HOMO-2 to the singly occupied HOMO.
The experimental observation implied that the DBS electron
affects the electrons in the HOMO=-2, inducing a mixing
between the HOMO and HOMO—2. We can write the wave
function of the spin-down electron (¢pomo_»/) in the DBS as
a linear combination of the HOMO and HOMO-2:

(1)

where ¢, and ¢, are the mixing coefficients. Basically,
configuration mixing can be considered as a polarization effect

¢HOMO—2L’ = C0¢HOMO—2L + C1¢HOMOL
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of the valence electrons by the DBS electron. The HOMO-2
is delocalized, and it is expected to be more polarizable by the
DBS electron, causing the mixing of HOMO—-2 with the
HOMO (inset 2 in Figure 8e). The electric field from the DBS
electron is oriented along the molecular z axis with the largest
polarizability, a,, (inset 1 of Figure 8e). On the other hand, the
HOMO-1 is more localized and less polarizable by the DBS
electron; thus, there is no mixing with HOMO, as borne out by
the theoretical calculations (red curve in Figure 8e). Thus,
dipole-bound anions provide a new means to study the electric
field effect on the valence electronic structure of complex
molecules.

Using PDS and rPES to Unravel Strong Nonadiabatic
Interactions. Nonadiabatic effects are due to the coupling of
two or more adiabatic potential energy surfaces. Such
breakdown of the Born—Oppenheimer approximation is
common in complex molecular systems with close electronic
states,'”’7'%? Strong nonadiabatic effects were observed in the
azolyl radicals (five-membered carbon—nitrogen hetero-
cycles)."**~"% Especially, strong vibronic coupling rendered
the PES of 1,2,3-triazolide (Figure 9a) unassignable in an
earlier study."*® Electronic structure calculations indicated that
the first four electronic sates of triazolyl (*B,, *A;, *A,, and *B,;
Figure 9b) were close to each other in energy.134 The
complicated PE sgectrum was due to the coupling of the four
electronic states.'”

The nonresonant PE spectrum of 1,2,3-triazolide at 336.15
nm (Figure 9a) from our third-generation ESI-PES apparatus
gives an accurate EA of 3.4463 + 0.0004 eV for triazolyl, as
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well as 18 vibrational features labeled with A to R."*°
Nonresonant PE spectra can be fitted with Franck—Condon
simulations, which was not possible for triazolyl, due to the
strong nonadiabatic effects.””” Since the PD spectrum of the
DBS is known to mirror the nonresonant PE spectrum of the
same anion,”” we are able to assign all the vibronic features in
the PES using PDS. The PD spectrum of triazolide shown in
Figure 9c¢ resolved thirty-one DBS vibrational levels. The PD
spectrum is compared with the 336.15 nm PE spectrum in the
inset, where the 0,° transition in the PE spectrum is aligned
with peak 0 of the PD spectrum. It can be clearly seen that the
PD spectrum is similar to the PE spectrum. Every PE spectral
feature has a corresponding transition in the PD spectrum. The
similarity between the PD and PE spectra made it possible to
assign the vibronic transitions in the PE spectra of triazolyl
using the PD spectrum.'*

To assign the PD spectrum, we conducted rPES at the 31
Feshbach resonances. The resonant PE spectra at peaks 5 and
21 are selected as examples (Figure 9d,e). The spectrum taken
at peak S (Figure 9d) produces the 15 final state and a
significantly enhanced 15" peak. Based on the excitation energy
and the calculated frequency, peak 5 was assigned readily to
the 15'% Feshbach resonance. The strong peak A (15') suggests
that two quanta of the 15’ mode are coupled with the DBS
electron. Peak S is a relatively strong resonant peak in the PD
spectrum, and it also contains an overlapping vibrational
excitation of 7'!, resulting in an enhanced 0, transition,
consistent with its more isotropic angular distribution. Since
peak 5 in the PD spectrum aligned with peak D in the
nonresonant PE spectrum, peak D could be assigned to 7'/15
of the triazolyl radical accordingly. Similarly, for the vibrational
peaks at higher binding energies in the nonresonant PE
spectrum, such as peak O, the rPES could also provide accurate
information for their assignments. Peak O corresponds to peak
21 in the PD spectrum. In the resonant PE spectrum at peak
21 (Figure 9e), the three enhanced peaks B (10°15'), E (14'),
and g (9'15?) indicate peak 21 is due to an overlapping DBS
level of 9''10%15’" and 10'*14''1S’". The corresponding
autodetachment processes involved are shown in Figure 9f.
In total, we observed 28 vibronic levels for the ground state of
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triazolyl. These high densities of vibronic levels are assigned
straightforwardly by comparing the PE spectrum with the PD
spectrum. A total of 12 fundamental vibrational frequencies are
measured for the triazolyl radical. This study shows again that
combining PDS and rPES is not only an effective approach to
obtain vibrational information but also is powerful to
understand complex vibronic structures for polar radical
species through DBSs.

I1-Type Dipole-Bound States. The dipole-bound orbital
is of o-symmetry, similar to an s orbital, as evidenced by the p-
wave angular distribution in the R2PD PE image shown in
Figure 8b. However, a z-type DBS is first observed in 9-
anthrolate (9AT™, see inset of Figure 10a), which is found to
have a DBS with a binding energy of 191 cm™" (0.0237 eV)."”’
The z-type DBS is revealed in the R2PD PE image at the zero-
point level of the DBS (Figure 10a). The angular distribution
of the photoelectrons detached from the DBS exhibits a
distinct (s+d)-wave character with a negative f value of —0.7.
This observation is in stark contrast to the expected p-wave
angular distribution, as observed for phenoxide (PhO™, Figure
10b). Our theoretical calculations indeed suggested the
existence of both bound o- and z-type DBSs for 9AT™, with
the 7-DBS being higher in energy than the 6-DBS by 9.3 meV
(75 cm™). The ¢ and & DBS orbitals are shown in Figure 10c,
compared with the ¢ DBS of PhO™ in Figure 9d. The 7-DBS
orbital of 9AT™ has one angular node and is seen mainly on
both sides of 9AT (along the y axis), perpendicular to the
dipole axis. According to the C,, symmetry of 9AT", the
transition from the anion with A; symmetry to the 7-DBS with
A, symmetry is dipole forbidden; only the transition to the o-
DBS (B, symmetry) is allowed. It is suggested that the large in-
plane polarizability of a,,, as a result of the delocalized 7
electrons along the anthracene ring, preferentially stabilizes the
in-plane 7-DBS, lowering its energy close to or even below the
o-DBS.

This polarization stabilization cannot be fully captured by
the time-dependent DFT calculations used to compute the
DBS binding energies. Thus, a mechanism for the observation
of the 7z-DBS is conceivable, where the first photon populated
the 0-DBS that transfers quickly to the 7-DBS before the
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second photon is absorbed, as schematically shown in Figure
10e (NAPT). The high polarizability of 9AT also significantly
increases the binding energy of the DBS: the DBS of 9AT™ has
a binding energy of 191 cm™!, much higher than the 97 cm™!
binding energy of PhO~, even though the dipole moment of
9AT (3.6 D) is smaller than the 4.0 D of PhO. A similar z-type
DBS has been observed subsequently for the 9-phenanthrotate
anion (a structural isomer of 9AT~)"*® and also in the
diatomic anion KI~.%

Conclusions and Perspectives. In this Perspective, we
discuss recent findings in our study of dipole-bound states
using state-of-the-art electrospray-ionization photoelectron
spectroscopy. The ability to create cold anions using cryogenic
cooling and the high-resolution capability of photoelectron
imaging have been proven to be critical experimental advances
that have revolutionized our study of dipole-bound states.
Resonant two-photon photoelectron spectroscopy has enabled
investigation of the nature and relaxation processes of the
bound vibrational levels of the dipole-bound states. Resonant
photoelectron spectroscopy via the vibrational Feshbach
resonances has been developed not only to assign the
photodetachment spectra but also to obtain rich spectroscopic
information on the neutral radical species. Even though the
concept of dipole-bound states has been known for a long
time, recent experimental advances have shown that there are
many interesting questions to be addressed and new
phenomena to be discovered. The critical dipole moment for
the formation of a dipole-bound state was systematically
investigated using a series of para-halogen substituted
phenoxides (p-X-PhO~) to minimize molecule-dependent
effects. A linear correlation between the dipole moments and
the binding energies of the dipole-bound states was observed,
extrapolating to a critical dipole moment of 2.5 D at a zero
binding energy. The p-F-PhO radical has a dipole moment of
only 2.56 D and a very small DBS binding energy of 8 cm™" in
p-F-PhO7, resulting in rotational autodetachment at each
vibrational level of the DBS due to rotational broadening.
Recently, a polarization-assisted DBS was observed at a
subcritical dipole moment (2.4 D) in indolide with a very
small DBS binding energy of 6 cm™}, due to the large
polarizability of the indolyl radical. A very recent study led to
the discovery of a DBS in carbazolide with a binding energy of
20 cm™! despite the smaller dipole moment of the carbazolyl
radical (2.2 D) as a result of its larger polarizability. In contrast,
no DBS was observed for the pyrrolide anion, even though the
pyrrolyl radical has a similar dipole moment (2.2 D),
reinforcing the important role played by molecular polar-
izability in the formation of dipole-bound states in large and
highly polarizable molecules. It should be pointed out that
nonpolar large PAH molecules have been predicted to possess
polarization/correlation-bound states.'>’ Thus, it would be
interesting to investigate the crossover from dipole-bound to
polarization-bound states for large polar PAH molecules.

A number of new phenomena pertinent to the nature of the
dipole-bound states have been uncovered. Because of its
complicated molecular structure and numerous low-frequency
modes, many bound vibrational levels were observed in the
DBS of the chiral (R)-(—)-1-(9-anthryl)-2,2,2-trifluoroethano-
late anion. A strict adiabatic detachment behavior was
observed for the detachment of the dipole-bound electron
from the seven bound vibrational levels, reaffirming the fact
that the dipole-bound electron has little effect on the structure
of the neutral core. The fact that structures of the neutral core
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of the dipole-bound state and the neutral radical are similar has
been observed by the similarity of photodetachment spectros-
copy and nonresonant photoelectron spectroscopy. This fact
allowed us to assign the complicated vibronic features of the
1,2,3-triazolide anion by using the vibrational information
obtained from the photodetachment spectrum of its dipole-
bound state. Even though the dipole bound electron is found
to have little effect on the structure of the neutral core, the
dipole-bound electron was observed to influence the valence
electrons in the dipole-bound state of the phenyl-ethynyl-
phenoxide (PEP”) anion. Due to the elongated molecular
structure of PEP~, the dipole-bound electron was observed to
cast an oriented intramolecular electric field, which induced
configuration mixing of the valence orbitals of the neutral core
in the dipole-bound state. In addition to enhancing the binding
energy of the dipole-bound electron, the anisotropic polar-
ization in the 9-anthrolate (9AT™) anion was found to
preferentially stabilize a #-type dipole-bound state, as clearly
revealed in the photoelectron angular distribution. Though not
discussed in the current Perspective, a core-excited dipole-
bound state was also observed in the pyrazolide anion.'*’ The
pyrazolyl radical is known to have two low-lying electronic
states separated by only 266 cm™'. A DBS was observed for
each of these two electronic states. In principle, each electronic
state of the neutral core should have its own DBS, if the dipole
moment of the electronic state is high enough. However, in
reality, the observation of such core-excited DBS would be very
challenging; only in favorable cases can they be observed. The
ability to create cold anions using cryogenic ion trap
technology and the high-resolution capability of photoelectron
imaging have allowed dipole-bound states to be investigated in
great detail. They not only provide a new means to obtain
unprecedented spectroscopic information on neutral radical
species but have also yielded new information about the weakly
dipole-bound electron.
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