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ABSTRACT: We report the observation of a dipole-bound state (DBS) 659 cm−1

below the electron detachment threshold of cryogenically cooled deprotonated 4,4′-
biphenol anion (bPh−) and 19 of its lowest vibrational levels. Resonant two-photon
photoelectron imaging (R2P-PEI) via the vibrational levels of the DBS displays a sharp
peak with a constant binding energy. This observation indicates vertical detachment
from the vibrational levels of the DBS to the corresponding neutral levels with the
conservation of the vibrational energy, suggesting that the highly diffuse electron in the
DBS has little effect on the neutral core. The R2P-PEI spectra also exhibit two features
at lower binding energies, which come from intersystem crossings from the DBS to two
lower-lying valence-bound triplet excited states of bPh−. The current study discloses
the first R2P-PEI spectra from vibrational excited states of a DBS and direct
spectroscopic evidence of transitions from a DBS to valence-bound states of anions.

Anions with a polar neutral core (μ > ∼2.5 D) can have an
excited dipole-bound state (DBS) just below the electron

detachment threshold,1,2 analogous to Rydberg states for
neutral molecules. The electron in a DBS is weakly bound in a
diffuse orbital by the long-range charge−dipole interaction
between the electron and the dipolar neutral core. Since first
proposed by Fermi and Teller in 1947,3 DBS has attracted
persistent attention because of its fundamental importance in
physics and chemistry.4−6 It has been considered as the
“doorway” to form conventional valence-bound anions,7−9 and
it plays significant roles in understanding reductive DNA
damage by low-energy electron attachment10 and anion
formation in the interstellar medium.11,12

The transition from a DBS to a valence-bound state (VBS)
was first considered both theoretically and experimentally for
CH3NO2

−,7,8 in which the ground-state dipole-bound anion
(DBA) was formed via Rydberg electron transfer and probed
by electric-field-induced detachment, while the VBS was
investigated by photoelectron spectroscopy (PES).8 Photo-
electron (PE) spectra of ground-state DBAs usually display a
single sharp peak with very low electron binding energies,
because there is little geometry change between the DBS and
the neutral core, while those of valence-bound anions give
broad PES features due to Franck−Condon activities propor-
tional to the geometry changes between the anionic and
neutral ground states.13 The dynamics involving transitions
from DBS to VBS was first investigated for iodide−water
cluster anions [I−(H2O)n] using time-resolved PES.14 The
electron initially localized on the I− anion is excited to the DBS
of the water network, which is isomerized to a lower-energy
conformer of the water cluster along with an electronic
transition to a lower-energy VBS. Several time-resolved PES
experiments have been done recently for anion clusters of I−,
such as I−·CH3NO2 (ref 15) and iodide−nucleobase

complexes,10 revealing a time scale of several picoseconds for
the DBS-to-VBS transition. Similar time-resolved PES has been
used to probe the dynamics of transition from a nonvalence
correlation-bound state (CBS) to VBS in I−−C6F6 complexes,
uncovering even faster time scales from a few tens of
femtoseconds to a few hundred femtoseconds.16

The previous experimental studies concerning the dynamics
of DBS or CBS involve electronic excitations from an anionic
chromophore (e.g., I−) in an anionic complex to a diffuse state
on the solvent part of the complex and its relaxation to the
ground VBS.10,14,15 Here we report spectroscopic observations
of electronic transitions from an excited DBS to VBS in an
isolated molecular anion [deprotonated 4,4′-biphenol anion
(bPh−), inset of Figure 1a], using high-resolution photo-
electron imaging (PEI) and photodetachment spectroscopy.17

The experiment was carried out using an electrospray-PES
apparatus, which consists of an electrospray ionization source,
a cryogenically cooled Paul trap,18 and a high-resolution PEI
system19 (see more details in the Supporting Information).
Nonresonant PEI was used to yield the electron affinity (EA)
of the bPh radical and the Franck−Condon activity between
anion and neutral ground states. Photodetachment spectros-
copy revealed a DBS of bPh− 659 cm−1 below its detachment
threshold along with 19 vibrational levels of the excited DBS
across the detachment threshold. Resonant two-photon
photoelectron imaging (R2P-PEI) was obtained for the
below-threshold DBS vibrational levels, showing a sharp peak
with a constant binding energy due to vertical detachment
from the DBS vibrational levels to the respective neutral levels.
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Two additional peaks were also observed in the R2P-PEI
spectra, suggesting intersystem crossings from the DBS to two
low-lying excited triplet states of bPh−. In addition, single-
photon resonant PES was conducted for the above-threshold
vibrational resonances, revealing vibrational-specfic autode-
tachment.
Figure 1 shows the nonresonant PE images and spectra of

bPh− at two photon energies. The lowest binding energy peak
(00

0) represents the detachment transition from the ground
state of bPh− to that of neutral bPh, yielding an accurate
electron affinity (EA) for the bPh radical (2.3712 eV or 19125
cm−1). The higher binding energy peaks, labeled from A to H,
indicate vibrational excitations of neutral bPh governed by the
Franck−Condon principle. The most Franck−Condon-active
mode (ν6, represented by the intense peak B) involves C−C
and C−O stretches within each phenol moiety (Figure S1).
The major geometry changes upon electron detachment
consist of slight shortening of the C−C bonds and the C−O
bonds, consistent with the highest occupied molecular orbital
(HOMO) of bPh− (Figure S2c), which describes antibonding
π−π interactions within each phenyl ring and between the
phenyl rings and the terminal O atoms. The binding energies
of all the observed vibrational peaks and their assignments are
given in Table S1. In addition to ν6, three more fundamental
vibrational modes (ν3, ν11, and ν19, Figure S1) are also
observed with weak Franck−Condon activities, represented by
peaks A, D, and G, respectively. The remaining peaks consist of
overtones of ν6 or combinational vibrational levels (Table S1).
The deprotonated bPh neutral radical is calculated to have a

dipole moment of 6.35 D, large enough to support an excited
DBS for the bPh− anion. Figure 2 shows the photodetachment
spectrum of bPh−, obtained by measuring the total electron
yield as a function of photon energy across the detachment
threshold. A dipole-bound excited state was indeed observed,
695 cm−1 below the electron detachment threshold (indicated
by the dashed arrow). A total of 20 DBS vibrational
resonances, labeled as 0−19, are observed in the scanned
photon energy range. As discussed previously,20−22 the below-
threshold resonances, labeled as 0−13, are due to resonant
two-photon processes. Peak 0, below the detachment threshold
by 659 cm−1, is the ground vibrational level of the DBS. The
659 cm−1 binding energy of the DBS is quite high, consistent

with the large dipole moment of bPh. Above threshold, the
continuously increasing baseline represents the cross section of
nonresonant one-photon detachment processes, while peaks
14−19 (aka vibrational Feshbach resonances) indicate one-
photon excitations to the DBS vibrational levels followed by
vibrationally induced autodetachment. The wavelengths and
photon energies of the DBS vibrational resonances are given in
Table S2.
By tuning the detachment laser wavelengths to the

vibrational resonances observed in Figure 2, we obtained
R2P-PE spectra for the below-threshold resonances (peaks 0−
13) and resonantly enhanced PE spectra for the vibrational
Feshbach resonances (peaks 14−19), as shown in Figure 3.
The resonant PE spectra corresponding to the Feshbach
resonances are mainly from vibrational autodetachment after
one-photon excitation following the Δv = −1 propensity
rule,23,24 resulting in photoelectrons with high binding energies
(Figure 3b; also see Figure S3 for high-resolution PE images
and spectra). The R2P-PE spectra corresponding to the below-
threshold resonances primarily consist of low binding energy
(high kinetic energy) photoelectrons due to two-photon
detachment. The binding energies are obtained by subtracting
the electron kinetic energies from the photon energy used even
for the two-photon spectra.
Previous experiments20−22 have shown that the electron

weakly bound in the DBS exerts little effect on the neutral
core; that is, the structures of the dipole-bound anion and the
neutral radical are similar. Here, this structural similarity is
demonstrated by the matching of major DBS vibrational
resonances of bPh− with the vibrational peaks of the bPh
neutral resolved in the PE spectrum, as compared in Figure S4.
As shown previously,20−22 the vibrational frequencies of the
DBS and the corresponding neutral core are the same within
our experimental accuracy (±5 cm−1). Hence, the computed
vibrational frequencies for the neutral bPh (Table S3) can be
used to guide the assignments of the DBS resonances of bPh−.
The assignments of the above-threshold DBS vibrational levels
are also confirmed by resonant PES (vide infra) based on the
vibrational peaks enhanced in the resonant PE spectra (Figures
3b and S3) and the propensity rule of Δv = −1 for vibrational
autodetachment from the DBS resonances.20−24 It should be
noted that a prime is used to designate the vibrational levels of

Figure 1. Photoelectron images and spectra of bPh− at (a) 517.80 nm
and (b) 501.95 nm. The double arrow below the images indicates the
directions of the laser polarization.

Figure 2. Photodetachment spectrum of bPh−. The observed peaks
indicate the vibrational levels of an electronically excited DBS just
below the detachment threshold of bPh− (the dashed arrow). Peak 0
is the ground vibrational level of the DBS, 659 cm−1 below the
threshold. The inset shows the diffuse s-type dipole-bound orbital
calculated for bPh−.
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the DBS to be distinguished from the same vibrational levels of
the neutral.
In comparison to the nonresonant spectra shown in Figure

1, the high binding energy part of the spectra (Figure 3b) at
laser wavelengths corresponding to the Feshbach resonances
14−19 in Figure 2 are highly non-Franck−Condon, because of
the Δv = −1 propensity rule for vibrationally induced
autodetachment,20−24 resulting in enhanced neutral vibrational
peaks (labeled in boldface type in Figure 3b; also see Figure
S3). The 00

0 peak is enhanced in the spectra at 522.35 nm
(resonance 14), 520.52 nm (resonance 16), and 518.32 nm
(resonance 19), because of excitations to the 19′1, 21′1, and
25′1 vibrational levels of the DBS, respectively. The other three
above-threshold resonant PE spectra are due to excitations to
combinational vibrational modes of the DBS. The resonantly
enhanced peaks a (11), b (21), and A (31) represent
fundamental excitations of the first three lowest-frequency
vibrational modes of neutral bPh (Table S3). Specifically, the
lowest-frequency torsional modes (ν1 and ν2) are not observed
in the nonresonant PE spectra (Figure 1), which demonstrates
the power of resonant PES to obtain greater vibrational
information for neutral radical species.20−22 The resonant PE
spectrum for the below-threshold resonance 13 at 523.91 nm

shows that peak h is enhanced, which is red-shifted by −55
cm−1 relative to peak 00

0, i.e. because of a vibrational hot band
of the ν1 mode (11) in combination with the excitation of one
quantum of the ν19 mode (11

019′1). The population of the
lowest-frequency ν1 mode in the anion is consistent with the
vibrational temperature of 30−35 K for anions in our
cryogenically cooled Paul trap.25,26 In addition to the enhanced
PES peaks, very weak signals at low BE are also observed in the
above-threshold spectra (Figure 3a; also see Figure S5 for the
R2P-PE images and the expanded spectra), which must be due
to two-photon processes, as described below. The autodetach-
ment processes involving the enhancement of peak 00

0 are
schematically displayed in Figure 4a, while a complete
schematic energy level diagram is given in Figure S7.
For the below-threshold DBS resonances, two photons are

required for electron detachment: the first photon excites the
anion from the ground state of bPh− to specific vibrational
levels of the DBS followed by the second photon to detach the
electron, resulting in electrons with very high kinetic energies.
A single vibrational peak is expected for the resonant two-

Figure 3. R2P-PE spectra of bPh− at wavelengths corresponding to
the DBS vibrational levels in Figure 2. (a) Full spectra showing both
the low and high binding energy features. The dashed line indicates
the constant binding energy of peak X at all detachment wavelengths.
(b) Expanded spectra in the binding energy range of 2.34−2.40 eV,
showing the one-photon spectra for the above-threshold resonances.
The dashed arrow indicates the detachment threshold. Peaks labeled
in boldface type indicate the enhanced vibrational peaks in
comparison to the nonresonant spectra in Figure 1. The vibrational
levels for the above-threshold DBS resonances are also given.

Figure 4. Schematic energy level diagram showing different
detachment processes of bPh−. (a) Assignments of several vibrational
levels of bPh and the DBS resonances observed for bPh− in Figure 2.
The autodetachment (AD) processes from the above-threshold DBS
vibrational levels of bPh−, reached via single-photon excitations (EX)
from the ground state of bPh−, are indicated. R2P processes via the
DBS ground and excited vibrational levels to the corresponding
neutral vibrational levels are indicated for peak X. (b) Intersystem
crossing (ISC) from the DBS to the two triplet excited states (T1 and
T2) of bPh− is indicated, as is the photodetachment by the second
photon giving rise to peaks Y and Z. The shaded area above the
threshold indicates the detachment continuum.
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photon spectra because there is little geometry change between
the DBS and the neutral state, as has been observed previously
for the resonant two-photon detachment via the ground
vibrational levels of many DBS’s.20−22 Surprisingly, three peaks
(X, Y, and Z) are observed for all the below-threshold
resonances, and to a lesser extent even for the above-threshold
spectra, as shown in Figure 3a.
The binding energies of the three features in the two-photon

spectra at 541.51 nm, corresponding to the ground vibrational
level of the DBS, are 0.103 (±0.040), 0.283 (±0.040), and
0.458 (±0.042) eV, for X, Y, and Z, respectively (Figure 3a).
The binding energy of peak X measured in this low-resolution
spectrum is consistent with the binding energy of the DBS
measured more accurately as 659 cm−1 (0.0817 eV) from the
photodetachment spectrum (Figure 2). This means that peak
X corresponds to R2P detachment via the ground vibrational
level of the DBS. This is confirmed by the p-wave angular
distribution in the R2P-PE image (Figure S6), because of the s-
type DBS orbital (see inset of Figure 2). More specifically, the
anisotropy parameter β is found to be 1.1, relative to 2 for a
pure p-wave.
More surprisingly, when we tune the laser to reach the

excited vibrational levels of the DBS, e.g. to resonances 4, 5, 7,
8, 9, and 13, a similar peak X is observed with the same binding
energy (Figure 3a). Even for all the above-threshold R2P-PE
spectra, the peak X is observed, albeit at much weaker
intensities. There are two possible explanations. One suggests
that the vibrationally excited states of the DBS has radiatively
relaxed to the ground vibrational level of the DBS within the 5
ns laser pulse used, followed by absorption of a second photon
detaching the DBS electron from the vibrational ground state
regardless of the vibrational levels reached by the first photon.
The weak peak X at the above-threshold R2P-PE spectra
further indicates that the time scale of the vibrational relaxation
would compete with that of the vibrational-induced
autodetachment, which was estimated to be on the order of
picoseconds.25,27 However, radiative vibrational relaxation
times for isolated molecules are usually on the order of
milliseconds or even longer.28−30 Hence, the required fast
vibrational radiative relaxation seems unlikely.
A more likely explanation is the vertical detachment from

the excited vibrational levels of the DBS to those of the neutral
with the conservation of the vibrational energy.31 As
schematically shown in Figure 4a, after the first photoexcitation
from the anion ground state to the DBS vibrational levels, the
electron is detached by the second photon from the DBS
vibrational levels to the corresponding neutral vibrational levels
(specifically, 6′1 to 61 and 19′1 to 191). The R2P detachment
processes yield a constant binding energy for peak X, regardless
of the wavelengths used. It can also be understood that the
second photon detaches the DBS electron without perturbing
the vibrationally excited neutral core (strictly vertical
transition), further indicating the weakly bound nature of the
DBS electron even with a relative high binding energy of 659
cm−1. It is interesting to note that the R2P-PES via the excited
vibrational levels of the DBS is totally different from that via an
excited valence excited state, such as in AuS−, where
vibrational state-selective R2P-PE spectra were obtained with
very different Franck−Condon distributions depending on the
vibrational levels reached in the intermediate state.32

The PE images of peaks Y and Z are relatively isotropic with
β values of ∼0.1 (Figure S6), different from that of peak X,
suggesting that they have different electronic origins. The

observation of these higher binding energy features implies the
existence of lower-lying valence excited states, which are
populated via the DBS through intramolecular vibrational
redistribution or intersystem crossing. To search for low-lying
electronic excited states of bPh−, we carried out theoretical
calculations using time-dependent density functional theory at
the geometry of the anion ground state optimized under two
different methods, B3LYP/6-311++G(d,p) and TPSSH/6-
311++G(d,p).33,34 We indeed found one singlet (S1) and two
triplet (T1, T2) excited states near the detachment threshold
with vertical excitation energies given in Table S4. The
calculated potential energy curves along the dihedral angle
(C1−C2−C3−C4) of the two phenyl rings are shown in
Figure S2a for the anion ground state (S0), the singlet exited
state (S1), the two triplet excited states (T1 and T2), and the
neutral ground state (N0). There is little change in the dihedral
angle between the anion ground state and that of the neutral,
as seen by the S0 and N0 curves. The DBS curve should be
parallel and slightly below the N0 curve by 659 cm−1 (0.0817
eV). At the equilibrium geometry of the N0 curve, the S1 state
is higher in energy (above the detachment threshold) and also
has little Franck−Condon overlap with the DBS, thus
excluding the possibility of the S1 state for the observed
peaks Y and Z. On the other hand, the T1 and T2 potential
energy curves both have good overlaps with the double wells of
the neutral N0 curve and consequently should have good
overlap with the DBS. Hence, the T1 and T2 states are likely
populated via intersystem crossings from the DBS and give rise
to peaks Y and Z upon detachment by the second photon, as
schematically shown in Figure 4b.
The T1 and T2 states correspond to excitations of an

electron from the HOMO to the lowest unoccupied molecular
orbital (LUMO) and LUMO+1 (Figure S2b) of bPh−,
respectively, which are both p-type π* orbitals (Figure S2c).
Detachment from the p-type orbitals is expected to give rise to
s+d waves for the outgoing photoelectrons, consistent with the
angular distributions of peaks Y and Z (Figure S6). The
calculated excitation energies are in reasonable agreement with
the experimental values (Table S4). The transitions from the
DBS to the T1 and T2 states, via the intersystem crossing (ISC)
(Figure 4b), is spin-forbidden.35,36 The high probability for the
intersystem crossing is another illustration of the weak spin
coupling between the dipole-bound electron in the DBS and
the neutral core.37 Direct excitations from the bPh− anion
ground state to the T1 and T2 excited states are spin-forbidden,
which is why they are not observed in the photodetachment
spectrum in Figure 2. Peaks Y and Z become broadened for the
vibrationally excited levels of the DBS (Figure 3a), which
suggests that, in addition to vertical R2P detachment, direct
ISC from these levels to highly vibrationally excited T1 and T2
states is also possible, as schematically shown for resonance 4
in Figure 4. Intramolecular vibrational energy redistributions
and relaxations can occur in the T1 and T2 states before being
detached by the second photon, resulting in the broader Y and
Z peaks.38

In conclusion, we have observed an excited DBS for the
deprotonated 4,4′-biphenol anion (bPh−) and observed 20
vibrational levels. A total of 13 fundamental vibrational modes
are observed for the bPh neutral radical from the photo-
detachment spectroscopy and resonant photoelectron spec-
troscopy. Resonant two-photon detachment spectra via the
vibrational resonances revealed vertical photodetachment from
the excited vibrational levels of the DBS to the corresponding
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neutral vibrational levels, further demonstrating that the DBS
electron exerts little effect on the excited neutral core.
Spectroscopic and theoretical evidence was provided for
intersystem crossings from the DBS to two low-lying
valence-bound triplet excited states of bPh−. The current
work suggests that a pump−probe experiment is feasible to
investigate both the dynamics of the intersystem from dipole-
bound excited states to valence-bound excited states, as well as
dynamics of vibrationally induced autodetachment.
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