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ABSTRACT: The diffuse electron in a dipole-bound state is spatially well separated from the
valence electrons and is known to have negligible effects on the dipole-bound state’s molecular
structure. Here, we show that a dipole-bound state is observed in deprotonated 4-(2-
phenylethynyl)-phenoxide anions, 348 cm−1 below the anion’s detachment threshold. The
photodetachment of the dipole-bound electron is observed to accompany a simultaneous
shakeup process in valence orbitals in this aromatic molecular anion. This shakeup process is
due to configuration mixing as a result of valence orbital polarization by the intramolecular
electric field of the dipole-bound electron. This observation suggests that dipole-bound anions
can serve as a new platform to probe how oriented electric fields influence the valence
electronic structure of polyatomic molecules.

Because atoms and molecules are bound by electrostatic
forces, their properties are expected to be influenced by

external electric fields, such as in the Stark effect.1 Recently,
oriented external electric fields have been recognized as a
“smart reagent” for catalyzing and controlling chemical
reactions.2−4 External electric fields can be generated from
the tips of scanning tunneling microscopy3 or within ultrashort
laser pulses.5−10 The intense electric fields in ultrashort laser
pulses strongly distort the molecular electron density before
inducing ionization or bond breaking in diatomic mole-
cules.5−7 Strong-field-induced orbital distortions are important
for understanding the angular distributions of ionization
yields.8 In polyatomic molecules, distortions of valence
molecular orbitals have been observed experimentally in strong
laser fields before electron emission.9,10

Strong intramolecular electric fields (IEFs) exist in
molecular systems, but they are usually treated as mean fields.
Oriented IEFs caused by a single electron can be realized in
dipole-bound states (DBSs), in which a diffuse electron is
weakly bound by a molecular dipole far outside of the
molecular cores, typically about 10 to 100 Å away.11−14

Dipole-bound electrons have been shown to have very little
effect on the structures of the molecular cores.15,16 While
electron correlation effects between the distant dipole-bound
electron and the valence electrons of the neutral cores are
known to be important for the accurate calculation of the
binding energies of the dipole-bound electron,13,17 how the
oriented IEF of the dipole-bound electron influences the
valence electrons has not been examined. Here, we show that
the IEF exerted by a dipole-bound electron in an aromatic

molecule, the deprotonated 4-(2-phenylethynyl)-phenoxide
anion (PEP−), can polarize the valence molecular orbitals of
its neutral core and induce strong configuration mixing. A
dipole-bound state is observed 348 cm−1 below the detach-
ment threshold of PEP− with three bound vibrational levels.
Photodetachment of the dipole-bound electron from each of
the bound vibrational levels of the DBS is observed to
accompany a simultaneous valence excitation from HOMO−2
to the HOMO. This shakeup process is due to configuration
mixing between the ground state of PEP and its second excited
state, induced by the IEF produced by the dipole-bound
electron. Thus, dipole-bound anions provide an exotic class of
molecules, in which how IEFs influence the valence electronic
structures of polyatomic molecules can be examined, analogous
to the effects of strong laser fields.
A closed-shell neutral molecule with a sufficiently large

dipole moment can bind an extra electron in a diffuse
orbital.11−13 Fermi and Teller first predicted a minimum dipole
moment of 1.625 D for a finite dipole to bind an electron.18

Accurate calculations of electron binding energies require ab
initio methods that take into account electron correlation
effects between the extra electron and the valence elec-
trons.13,14,17 Dipole-bound anions can be produced using
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Rydberg electron transfers11,12 and have been investigated
using field-induced detachment and photoelectron spectrosco-
py (PES).19,20 Valence-bound anions may possess DBSs just
below the detachment threshold, which were first observed
using photodetachment spectroscopy by measuring their total
detachment cross sections as a function of photon energy.21−23

We have developed a high-resolution photoelectron imaging
system coupled with a cryogenic ion trap (Figure S1 in the
Supporting Information),24 which has allowed the study of a
wide range of anions from an electrospray ion source.25,26

Photodetachment spectroscopy of cold anions has yielded
vibrational information about the DBSs, which has been shown
to be identical to that of their corresponding neutral
cores.15,16,25,26 Resonant PES can be performed by tuning
the detachment laser to above-threshold vibrational resonances
of the DBS and has been shown to yield much richer
spectroscopic information than conventional nonresonant
PES.27

Experimental details can be found in the Supporting
Information.24 Figure 1 displays the photoelectron images

and spectra of PEP− at two photon energies. The low-photon-
energy spectrum (Figure 1b) yields an electron affinity (EA) of
2.6161 eV (21 100 cm−1) for the neutral PEP radical, as
defined by the 00

0 transition. Two peaks due to the excitations
of low-frequency vibrations (11 and 1121) are also observed. In
the higher-photon-energy spectrum (Figure 1d), two electroni-
cally excited states of PEP are observed. Peaks X, A, and B
represent electron detachment from the highest occupied
molecular orbital (HOMO), HOMO−1, and HOMO−2 of
PEP−, respectively (Figure S2). The observed binding energies
are given in Table S1. These assignments are supported by the
good agreement between the simulated Franck−Condon
factors and the observed vibrational progressions (Figure S3)
as well as between the calculated and measured excitation
energies (Table S1; see the Supporting Information for

theoretical details). Furthermore, the photoelectron angular
distributions in Figure 1c exhibit distinct (s + d) wave behavior
for the three detachment channels, indicating that the parent
orbitals are all of the π type, consistent with the nature of the
valence MOs (Figure S2).
Due to the large dipole moment (6.4 D) of the neutral PEP

radical, a DBS is expected to exist below the detachment
threshold of the PEP− anion (Figure S4a). To search for the
DBS, we scan the detachment laser around the threshold by
monitoring the total photoelectron yield as a function of
photon energy to obtain the photodetachment spectrum of
PEP− (Figure 2a). Indeed, many sharp resonance peaks

(labeled as 0−9 in Figure 2a) are observed in the photo-
detachment spectrum, corresponding to vibrational levels of
the DBS. The weak peak at the lowest photon energy (peak 0)
at 20 752 cm−1 (2.5729 eV) represents the ground vibrational
level of the DBS, giving rise to a DBS binding energy of 348
cm−1 (below the detachment threshold of 21 100 cm−1). Peaks
1−9 correspond to excited vibrational levels of the DBS.
Below-threshold peaks 0−3 come from two-photon detach-
ment processes, while above-threshold peaks 4−9, a.k.a.
vibrational Feshbach resonances, are due to vibrational
autodetachment. By tuning the detachment laser to the
Feshbach resonances, we obtain six resonant photoelectron
spectra (Figure S5), which are highly non-Franck−Condon in
nature due to the Δv = −1 propensity rule for the vibrational
autodetachment.28,29 Specific vibrational levels are enhanced in
the spectra shown in Figure S5 relative to the nonresonant

Figure 1. Photoelectron images and spectra of the PEP− anion at
2.6261 eV (472.12 nm) and 5.0536 eV (245.34 nm). The double
arrow below the image indicates the laser polarization direction. The
peaks labeled as X, A, and B represent the 0−0 transition from the
ground electronic state of PEP− to the ground and the first two
excited states of PEP, respectively.

Figure 2. (a) Photodetachment spectrum. The blue arrow indicates
the detachment threshold at 21 100 cm−1. (b) R2PD photoelectron
image mediated by the vibrational ground state of the DBS at 20 752
cm−1 (peak 0 in panel (a)). (c) R2PD photoelectron spectra mediated
by the below-threshold vibrational states of the DBS at 20 752 cm−1

(peak 0), 20 854 cm−1 (peak 1), 20 991 cm−1 (peak 2), and 21 057
cm−1 (peak 3). The double arrow below the image indicates the laser
polarization. The peaks labeled as XDBS and BDBS represent
photoelectrons detached from the DBS, without and with the
excitation of a valence electron, respectively. The signals labeled as GS
and ES represent photoelectrons detached from the ground state and
the first valence excited electronic state of PEP−, respectively.
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spectra.27 Because the diffuse DBS electron has very little
influence on the structures of the neutral cores, the DBS anions
and the neutrals have been shown to have similar vibrational
frequencies within our experimental uncertainty.15,16,25−27 All
of the 0−9 peaks observed in the photodetachment spectrum
can be assigned to vibrational levels of the DBS (Table S2),
according to the calculated neutral vibrational frequencies
(Table S3) and the resonant photoelectron spectra (Figure
S5). A complete energy-level diagram can be found in Figure
S6, which summarizes the autodetachment processes.
The below-threshold vibrational levels (peaks 0−3 in Figure

2a) are observed due to resonant two-photon detachment
(R2PD), where the first photon excites PEP− to one of the
below-threshold vibrational levels, followed by a second
photon detaching the DBS electron. Figure 2c displays the
four R2PD photoelectron spectra by measuring the electron
kinetic energies when the detachment laser is tuned to the
photon energies corresponding to peaks 0−3 in Figure 2a. The
original photoelectron image at peak 0 is displayed in Figure
2b, and those images obtained at peaks 1−3 are given in Figure
S7. Multiple features are observed, suggesting that different
photoprocesses take place following the absorption of the first
photon. The four photoelectron spectra share some similar
features, even though they are taken at different photon
energies. The lowest-binding-energy peak (labeled as XDBS in
Figure 2c) is from the expected R2PD process. The distinct p-
wave angular distribution (Figure 2b and Figure S7) with an
anisotropy parameter of 1.7 suggests that the dipole-bound
electron resides in a σ-type orbital. The binding energies of the
XDBS peak in the four spectra are the same because of the
adiabatic nature of the electron detachment from the DBS such
that there is no change in vibrational energy from the DBS to
the final neutral states, as depicted schematically in Figure 3a
(left). The additional features in the higher-binding-energy
region of the photoelectron spectra indicate other photo-
detachment processes. The broad and weak signals labeled as
“ES” between 0.25 and 1.0 eV with a perpendicular angular
distribution are assigned to detachment from a triplet valence
excited state of PEP− with a predicted binding energy of 0.8
eV. The population of the valence excited state is due to
intersystem crossing from the DBS following the absorption of

the first photon.30 The diffuse and intense signals in the high-
binding-energy region labeled as “GS” are due to detachment
from the vibrational manifold of the ground electronic state of
the PEP− anion which is produced by an internal conversion
process from the DBS,27 followed by intramolecular vibrational
energy redistribution.31 The perpendicular angular distribu-
tions of these detachment features are similar to those in
Figure 1c. These assignments are further confirmed by the
excellent agreement between the experimental and theoretical
anisotropy parameters of the detachment process (Figure S8).
The most surprising observation in the R2PD photoelectron

spectra is the sharp peak labeled as “BDBS” in the high-binding-
energy region. The angular distribution of this peak has distinct
p-wave character with an anisotropy parameter of 0.9, similar
to that of the XDBS peak. This peak cannot be due to
detachment from an electronically excited state of the PEP−

anion like that for the ES feature because PEP− does not
possess such a low-lying excited state. The angular distribution
of the BDBS peak suggests that it comes from the direct
detachment of the DBS electron, similar to the XDBS peak. The
energy separation between the BDBS and XDBS peaks is constant
(2.16 eV), and their intensity ratios are similar (IBDBS

/IXDBS
≈

0.1) in all four spectra (Figure 2c). The energy separation
(2.16 eV) between the BDBS and XDBS peaks is identical to the
separation between peak B and X (2.156 eV) in the
nonresonant photoelectron spectrum (Figure 1d). Although
it is energetically possible that the photoelectron signal is from
the vibrational autodetachment of the DBS electron after the
photon excites the valence electrons from the HOMO−2 to
the vibrational levels of the HOMO, this process is ruled out
because it will produce a nearly isotropic or (s + d)-wave
angular distribution instead of the observed p-wave angular
distribution. A more direct comparison between the R2PD
photoelectron spectra and the single-photon nonresonant
spectrum is given in Figure S9. Thus, all of the experimental
evidence indicates that the BDBS peak is due to a shakeup
process, i.e., the detachment of the DBS electron accompanied
by the simultaneous excitation of an electron from the
HOMO−2 to the HOMO (Figure 3b). The constant binding
energy of BDBS is again due to the adiabatic nature of the

Figure 3. Schematics showing the adiabatic nature of the rR2PD and shakeup process. (a) Schematic energy-level diagram showing the excitations
to two vibrational levels of the dipole-bound state at two photon energies (2.5729 and 2.5856 eV) and the adiabatic detachment process by the
second photon. Two final states (XDBS and BDBS) are shown at each photon energy. (b) Schematics showing the electron configurations of the DBS
upon absorption of the first photon and those following detachment of the dipole-bound electron by the second photon, which results in the
ground state (X state) of PEP and its second excited state (B state) due to a shakeup process, i.e., the promotion of an electron from HOMO−2 to
HOMO.
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detachment process, similar to that of the XDBS peak, as
schematically shown in Figure 3a (right). Both XDBS and BDBS

peaks come from the detachment of the DBS electron with p-
wave angular distributions, but their anisotropy is slightly
different because the anisotropy parameter is kinetic-energy-
dependent. The increase in the anisotropy parameter from 0.9
for peak BDBS to 1.7 for peak XDBS agrees well with the
predicted monotonically increasing anisotropy parameter as a
function of the photoelectron kinetic energies, when detach-
ment occurs from a σ-type DBS orbital. (See the Supporting
Information for details.)
Two-electron transitions or shakeup processes are well

known in PES, which is among the most important techniques
for probing electron correlation effects.32 The current result is
unprecedented and is completely unexpected because the
highly diffuse DBS electron is known to have little effect on the
neutral core. A recent study has shown that the dipole-bound
electron is not even spin-coupled with the valence electrons in
the neutral core in a DBS.33 It is also surprising that the
shakeup process is observed only from HOMO−2 to the
HOMO, whereas the energetically more favorable channel
from HOMO−1 to the HOMO, leading to the first excited
state (A) at an excitation energy of 1.092 eV, is not observed in
the R2PD photoelectron spectra in Figure 2c.
Further theoretical analyses have been performed to

investigate the mechanisms of the shakeup process induced
by the dipole-bound electron in PEP−. We consider the first
two energetically allowed valence excited states of neutral PEP,
corresponding to the promotion of a spin-down electron from
HOMO−1 and HOMO−2 to the singly occupied HOMO
(Figure 4a), respectively. The observed shakeup peak (BDBS)
suggests that the dipole-bound electron strongly interacts with
the electrons in HOMO−2 but not with those in HOMO−1.
The strong interactions between the dipole-bound electrons
and the HOMO−2 electrons induce a configuration mixing of
the HOMO and HOMO−2. In other words, the orbital wave
function of the spin-down electron (ϕHOMO−2↓′) in the DBS
can be expressed as a linear combination of the HOMO and
HOMO−2,

c cHOMO 2 0 HOMO 2 1 HOMOϕ ϕ ϕ= +− ↓′ − ↓ ↓ (1)

where c0 and c1 are the mixing coefficients. The configuration
mixing can be viewed as a result of the polarization of the
valence electrons by the dipole-bound electron. Orbital mixing
enabled by an external electric field is well known.2,4,10 The
delocalized nature of HOMO−2 (Figure 4a) means that it is
more easily polarized by the oriented electric field exerted by
the dipole-bound electron (inset 2 in Figure 4b) and that this
polarization enables the mixing of HOMO−2 with the
HOMO. The orientation of the electric field from the
dipole-bound electron is determined by the direction of the
dipole moment of neutral PEP, which lies along the molecular
z axis with the largest polarizability αzz (Table S4 and Figure
S10). On the other hand, more localized HOMO−1 is
expected to be less polarized by the dipole-bound electron.
The relative intensities of the observed XDBS and BDBS peaks

in the photoelectron spectra (Figure 2c) can then be related to
mixing coefficients c0 and c1, respectively. The intensities of
peaks XDBS and BDBS can be expressed as the absolute square of
the electric-dipole transition amplitude Mk from the DBS of
PEP− to the neutral PEP plus a free electron with linear
momentum k

CM r r r r

r r r r

( , , , ) ( )

( ) ( , , , ) ( )

k
k

1 2 N k N 1

val DBS 1 2 N N 1

val

val DBSμ μ

ϕ

ε ϕ

= ⟨Ψ ···

| · + |Ψ′ ··· ⟩
+

+
(2)

where e ri
N

val i1μ = ∑ = and μDBS = erN+1 are the dipole
operators for the valence electrons and the DBS electron;
ϕDBS and Ψval′ are the wave functions of the dipole-bound
electrons and the neutral core in the DBS; and ϕk and Ψval

k are
the wave functions of the detached electron in the continuum
with momentum k and the neutral core upon electron
detachment, respectively. Vectors r1, r2,···, rN stand for the
coordinates of the N valence electrons in neutral PEP, rN+1
represents the coordinates of the dipole-bound electron, and C
is a constant. We write the total wave function as a product of
the valence part and DBS part because they are spatially well
separated with a negligible overlap. Equation 2 can be used to

Figure 4. (a) Electronic configurations and orbital pictures of the first two neutral PEP excited states following the detachment of an electron from
HOMO−1 (first excited state) and HOMO−2 (second excited state). The detachment spin-down electron is represented by a dashed arrow. The
orbital pictures are plotted with an isovalue of 0.02. (b) Projection probabilities of the electric-field-polarized HOMO−1 (red + ) and HOMO−2
(navy cross-dot) to the HOMO of neutral PEP as a function of the distance between the center of PEP and the dipole-bound electron
approximated by a point charge in the calculation. Definition of distance d, with the point charge placed along the negative z axis (inset 1). The
schematic of the oriented electric field polarizing HOMO−2 (upper row, in red ket), causing it to mix with the HOMO (lower row, inset 2). The
mixing coefficients are plotted in the form of |c1|2/|c0|2. Only delocalized HOMO−2 has significant mixing with the HOMO, and the mixing
increases dramatically as the point charge approaches the molecule.
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derive a relative intensity ratio between peaks BDBS and XDBS
(Supporting Information)

I I F c c/ /k kB X , 1
2

0
2

0 1DBS DBS
= *| | | | (3)

where Fk0,k1 denotes the ratio between the dipole-transition
probability of the DBS electron to the continuum with two
different momenta k0 (for the XDBS peak) and k1 (for the BDBS
peak).
To evaluate the configuration mixing induced by the dipole-

bound electron, we consider the molecular orbitals of neutral
PEP in the presence of a negative point charge positioned
along the z axis at a distance from the PEP molecule to
approximate the electric field induced by the dipole-bound
electron (inset 1 Figure 4b) and then project it onto ϕHOMO↓.
The resulting |c1|

2/|c0|
2 ratios for HOMO−1′ and HOMO−2′

are plotted in Figure 4b. Note that there is no configuration
mixing without the point charge (distance → ∝). As the point
charge is closer to the PEP molecule, namely, as the oriented
electric field becomes stronger, the contribution of the HOMO
to HOMO−2′ increases rapidly and |c1|2/|c0|2 reaches about 4%
when the distance between the electron and the center of the
PEP is about 8 Å. (The electric field near the molecular center
produced by the point charge is about 0.0044 au.34) On the
other hand, the mixing coefficient of HOMO−1 with the
HOMO remains zero, independent of the presence of the
point charge. Since Fk0,k1 is a constant that is close to 1 (see the
Supporting Information for details), the theoretical estimate
agrees qualitatively with the observed BDBS/XDBS peak ratio of
∼10%. In the presence of the oriented electric field from the
dipole-bound electron approximated by the point charge, we
observe a significant change in the shape of HOMO−2′ in the
DBS compared to HOMO−2 of neutral PEP (inset 2 in Figure
4b and Figure S10). We also find that the magnitude and
direction of the electric field are important to the degree of
valence orbital deformation and configuration mixing. These
anisotropic effects in the orbital polarization are shown in
Figure S10, where the molecular orbitals and mixing coefficient
c1 for HOMO−1 or HOMO−2 with the HOMO, when
polarized by an electric field along different directions, are
shown. Clearly, HOMO−2 exhibits the largest mixing with the
HOMO when polarized along the molecular axis (dipole
direction), providing direct evidence of the role that the DBS
electron plays in configuration mixing. The delocalized nature
of HOMO−2 in PEP makes it particularly susceptible to the
polarization effect of the diffuse dipole-bound electron.34

The orbital deformation by the intramolecular electric field
from the diffuse dipole-bound electron is similar to that
induced by an external field, such as in an ultrafast intense laser
pulse.9,10 The IEFs created by such dipole-bound electrons can
be tuned by the magnitude of the molecular dipole or its
orientation by modifying the molecular structures. Delocalized
molecular orbitals that are more sensitive to IEFs are prevalent
in all aromatic hydrocarbon compounds. This class of
molecules provides ideal systems for investigating how
oriented IEFs influence valence electronic structures comple-
mentary to those in ultrafast laser pulses9,10 or other types of
external electric fields.2−4
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