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ABSTRACT: The nature of the electron-binding forces in the dipole-bound states
(DBS) of anions is interrogated through experimental and theoretical means by
investigating the autodetachment dynamics from DBS Feshbach resonances of ortho-,
meta-, and para-bromophenoxide (BrPhO−). Though the charge-dipole electrostatic
potential has been widely regarded to be mainly responsible for the electron binding
in DBS, the effect of nonclassical electron correlation has been conceived to be quite
significant in terms of its static and/or dynamic contributions toward the binding of
the excess electron to the neutral core. State-specific real-time autodetachment
dynamics observed by picosecond time-resolved photoelectron velocity-map imaging
spectroscopy reveal that the autodetachment processes from the DBS Feshbach resonances of BrPhO− anions cannot indeed be
rationalized by the conventional charge-dipole potential. Specifically, the autodetachment lifetime is drastically lengthened
depending on differently positioned Br-substitution, and this rate change cannot be explained within the framework of Fermi’s
golden rule based on the charge-dipole assumption. High-level ab initio quantum chemical calculations with EOM-EA-CCSD, which
intrinsically takes into account electron correlations, generate more reasonable predictions on the binding energies than density
functional theory (DFT) calculations, and semiclassical quantum dynamics simulations based on the EOM-EA-CCSD data
excellently predict the trend in the autodetachment rates. These findings illustrate that static and dynamic properties of the excess
electron in the DBS are strongly influenced by correlation interactions among electrons in the nonvalence orbital of the dipole-
bound electron and highly polarizable valence orbitals of the bromine atom, which, in turn, dictate the interesting chemical fate of
exotic anion species.

■ INTRODUCTION
The dipole-bound state (DBS), wherein an excess electron is
loosely bound to the neutral core through the long-range
monopole-dipole potential, has received keen interest in the
anion physics and chemistry for many recent decades.1−5

According to the initial conception by Fermi and Teller in
1947,6 the minimum dipole moment for binding the excess
electron in the dipole-field was predicted to be 1.625 D, which
was later refined to be 2.0 D within the Born−Oppenheimer
approximation.7 As a rule of thumb, it seems to be now widely
accepted that the DBS will be present if the dipole moment of
the neutral core exceeds ∼2.5 D,8,9 although some exceptional
cases have recently been reported for the highly polarizable
systems.10,11 In principle, the electron-binding energy of DBS
is supposed to be nearly proportional to the dipole moment of
the neutral core according to the analytic expression of the
pure charge-dipole interaction potential.12 In reality, however,
the electron binding energy of DBS is expected to be strongly
influenced by other factors of the neutral core polarizability,
induced-dipole, quadrupole, or correlation interactions.9,13

Therefore, the classification of the nonvalence-bound state
(NBS) into specific categories such as DBS, quadrupole-bound
state (QBS),14−16 or correlation-bound state (CBS)17,18 seems

to be not unambiguous as contributions of many different
factors are hardly distinguishable. Despite many experimental
and theoretical studies in recent years, however, the nature of
the electron-binding force in the DBS beyond the charge-
dipole electrostatic potential still remains elusive. For example,
Gutowski et al. have reported from their ab initio calculations
that quantum-mechanical correlation interaction should
contribute significantly to the electron binding energy of the
DBS even when the dipole moment (of the neutral core)
exceeds 2.5 D,19−21 although its extent could vary for different
chemical systems. Furthermore, it is nontrivial to distinguish
between the contribution of the charge-dipole interaction and
that of the correlation interaction from the experimentally
measured electron binding energy. On the other hand, it is
quite notable that the electron-binding nature could be
unraveled by investigation of the autodetachment dynamics
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at DBS Feshbach resonances where the excess electron is
liberated by the vibrational motion of the neutral core as the
autodetachment dynamics reflects the nature of the interaction
between the charge and the neutral core.22,23

A recent real-time study of the picosecond time-resolved
photoelectron imaging spectroscopy on the DBS autodetach-
ment dynamics for the cryogenically cooled phenoxide anion
has revealed that the autodetachment is strongly dependent on
the vibrational mode characteristics.24,25 Remarkably, Fermi’s
golden rule based on the charge-dipole interaction potential
has been found to be extremely useful in reproducing the
experiment in terms of the mode-dependent autodetachment
rate for most Franck−Condon active modes, indicating that
the electron-binding nature of the DBS of phenoxide could
indeed be mainly attributed to the charge-dipole interaction
potential. On the other hand, it has been recently found that
the DBS autodetachment of the para-chloro or para-
bromophenoxide anion, where the electron-rich halogen
atom is situated at the same side as the electron in the diffuse
nonvalence orbital, is exceptionally slow with some particular
vibrational modes. This could not be rationalized by the
Fermi’s golden rule only with the same electrostatic charge-
dipole potential.26 Namely, the derivative of the dipole
strength with respect to the normal mode displacement may
not play the major role in the electron liberation in the DBS.
Although the modification of the electrostatic potential that
takes into account the induced-dipole by the intramolecular
electric field could partially explain the qualitative trend of the
experiment, the effect of the quantum-mechanical correlation
interaction on the autodetachment dynamics has not yet been
fully considered yet. It should be emphasized that the electron-
binding nature of DBS is also closely associated with the
nonadiabatic transition where the electron in the diffuse
nonvalence-orbital is transferred into the valence orbital of the
anion, which could lead to the eventual anionic fragmentation
reactions.27−29 As the DBS plays an important doorway role in
such nonadiabatic transitions between the nonvalence- and
valence-orbitals of the anion,30−34 fundamentally understand-
ing the relation between the nuclear motion and the electron
movement (autodetachment and/or electron-transfer) of the
DBS is essential for elucidating and/or controlling the whole
anionic reaction dynamics.
In this context, a quantum-mechanical description of the

electron-binding nature of the DBS beyond the charge-dipole
potential is certainly required for a deeper understanding of the
dynamic behavior of the metastable DBS, which may play
important roles in many chemical and biological anionic
reactions. Herein, we report combined efforts of experiment
and computation to gain such insights into the autodetach-
ment dynamics of the DBS. The mode-specific autodetach-
ment rates at DBS Feshbach resonances of the cryogenically
cooled ortho-, meta-, or para-bromophenoxide anions (o-, m-,
or p-BrPhO−) have been precisely measured using the
picosecond time-resolved photoelectron spectroscopy. High-
level ab initio quantum chemical calculations and semiclassical
quantum dynamic simulations have additionally been carried
out to reveal the quantum-mechanical effects associated with
the correlation interactions along the autodetachment process.
Indeed, the otherwise unexplainable large differences in the
autodetachment dynamics of the DBS of the three species can
be quite well rationalized by our calculations, indicating that
the correlation interaction beyond the classical electrostatic
charge-dipole potential should also be invoked for thoroughly

understanding the electron-binding nature of the DBS. This
work thus provides a new platform for properly handling the
dynamics of excess electrons residing in diffuse nonvalence
orbitals of anion systems.

■ RESULTS AND DISCUSSION
The electron affinity (EA) of each bromophenoxide isomer
was precisely measured from the highest electron binding
energy band of the nanosecond photoelectron spectrum, giving
the results of 21 136 ± 17, 21 545 ± 32, and 20 554 ± 25 cm−1

for o-, m-, and p-BrPhO−, respectively (Figure S1). EA of p-
BrPhO− is in excellent agreement with the previously reported
value of 20 551 cm−1 obtained from a high-resolution
spectroscopic study by the Wang group.8 It is interesting to
note that the EA increases in the order of p-, o-, and m-
BrPhO−, which can be attributed to the π-donation property of
the halogen-substituted on the phenyl ring that destabilizes the
overall anionic resonance structure especially with the ortho-
and the para-substitutions. On the other hand, the inductive
effect of the electronegative bromine atom contributing to the
stabilization of the anion is more significant in the ortho-
position compared to that in the para-position, explaining why
the EA of the former is higher than that of the latter. Similar
trends had been previously reported in the studies of halogen-
substituted benzyl anions35 or iodophenoxide anions.27

Nonresonant photoelectron spectra of the three isomers
exhibit pronounced vibrational progressions of the ∼539,
523, and 295 cm−1 band for o-, m-, and p-BrPhO−, respectively.
According to the Franck−Condon overlap integrals in the S0-
D0 transition, the normal mode mainly consisting of C−O in-
plane stretching, which is denoted as ν18 (o- and m-BrPhO−)
or ν11 (p-BrPhO−), should be responsible for the vibrational
progression bands observed. It is notable that the frequency of
ν11 of p-BrPhO− is much lower than the ν18 frequencies of o-
and m-BrPhO−, and this should be due to the larger effective
reduced-mass of p-BrPhO−.
The photodetachment spectrum where the photoelectron

yield is taken as a function of the excitation energy was
obtained for each cryogenically cooled bromophenoxide anion
isomer (Figure 1). All photodetachment spectra exhibit broad
background features due to direct excitations into the
deionization continuum, showing monotonic increases accord-
ing to Wigner’s threshold law ( eKEdetachment ). There are
also some notable stepwise increases arising from the
cumulative openings of the quantum states leading to the
deionization (Figure S2). A number of sharp bands above the
broad background represent the vibrational Feshbach reso-
nances of the DBS of each species. As the vibrational structure
of the DBS should be a little different from that of the neutral
species, vibrational mode assignments of the Feshbach
resonances in the photodetachment spectra could be achieved
quite straightforwardly from the comparison with associated
vibrationally resolved bands of the photoelectron spectra. The
zero-point-level (ZPL) of the DBS could be well identified in
the photodetachment spectrum of each isomer as it stands out
by the resonant two-photon absorption process. The DBS
electron-binding energies are then estimated to be 202 ± 15,
103 ± 12, and 24 ± 12 cm−1 for o-, m-, and p-BrPhO−, whose
dipole moments are 4.34, 3.36, and 2.92 D, respectively. It is
interesting to note that the electron-binding energy is nearly
linearly proportional to the dipole size with the three isomers,
giving a straight correlation line between the binding energy
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and the dipole moment, and also giving an extrapolated
threshold value of ∼2.75 D. In Figure 1d, a pseudopotential
based on the point dipole model12 was employed to give a fit
to our experimental results (see details in the Supporting
Information (SI)). In this figure, compared to the fitting for
bare phenoxide and p-halogen-substituted phenoxide anions
(p-XPhO−, X = F, Cl, or I), the fitting for the three
bromophenoxide isomers exhibits noticeably steeper lines. As
a result, the fit parameter q, which corresponds to the effective
charge of the point dipole, turned out to be twice larger for the

three bromophenoxide isomers (q = 0.563) than that from the
fitting for bare phenoxide and p-XPhO− series (q = 0.242). As
this latter q value matches well with the one from the finite
fixed dipole model (q = 0.25), such a large q value for the
BrPhO− isomers clearly shows that their physics deviates
strongly from the rather simple point dipole behavior. This
implies that additional electron-neutral interactions will be
needed to reproduce the electron binding energies of the three
BrPhO− isomers. Also, according to the fit for BrPhO− anions,
the electron-binding energy of the phenoxide DBS (μ ∼ 4.05
D) is expected to be ∼170 cm−1, which is roughly twice larger
than the experimentally observed value of ∼97 cm−1.36,37 This
discrepancy again evidenced that the electron-binding of the
DBS is substantially stronger with bromophenoxides in
comparison with bare phenoxide, and it strongly suggests
that the correlation-interaction contribution to the electron-
binding force that adds to the more conventional charge-dipole
interaction is much more significant for bromophenoxides than
for phenoxide.
Photoelectron spectra taken at individual vibrational

Feshbach resonances (Figures S3−S5) show that the vibra-
tional propensity rule of Δν = −1 in the autodetachment
process is rather strictly followed.38,39 Accordingly, the
photoelectron bands from the autodetachment of the various
overtone (νn → νn‑1) or combinational band (νnν’m → νn‑1ν’m
or νnν’m‑1) could be also well identified in the photoelectron
spectra, giving the appropriate mode assignments for most of
DBS vibrational bands.22,36 Similar to the features of the
photoelectron spectra taken at nonresonant wavelengths,
fundamental, overtone, and/or combination bands of the
normal mode mainly consisting of the C−O bond stretching
are found to be quite active in the photodetachment spectra
(vide supra), and thus the fundamental and the overtone bands
of ν18 stand out for o- or m-BrPhO− whereas ν11 and its
combination bands are well identified for p-BrPhO− (Figure
1).
Picosecond time-resolved photoelectron imaging was

employed for the autodetachment lifetime measurements. In
order to get the transient, the picosecond pump laser pulse (Δt
∼ 1.7 ps, ΔE ∼ 20 cm−1) was tuned and fixed at the specific
DBS vibrational state whereas the time-delayed picosecond
probe laser pulse (λ ∼ 791 nm) was given to depopulate the
DBS state prepared by the pump laser pulse. By monitoring the
photoelectron yield in the low-kinetic energy (LKE) or high-
kinetic energy (HKE) region as a function of the pump−probe
delay time, the autodetachment dynamics of individual
vibrational states of the DBS could be unraveled as the
autodetaching process is manifested as the sharp depletion (or
increase) at the zero-delay time followed by the slower
recovery (or decay) of the photoelectron signal in the LKE (or
HKE) region (Figures 2 and 3). The 18’1 mode transient of the
o-BrPhO− DBS gave the autodetachment lifetime (τ) of ∼14.1
± 0.9 (HKE) or 17.3 ± 2.4 ps (LKE), and the two values are
consistent with each other within the uncertainties. Autode-
tachment lifetime of the 18’1 mode of the m-BrPhO− DBS was
found to be slightly longer at τ ∼ 23.2 ± 1.7 (HKE) or 30.6 ±
5.0 ps (LKE). In contrast, the 11’1/20’130’1 (11’1/20’3) band
transient of the p-BrPhO− DBS displayed a biexponential
behavior. The corresponding photoelectron spectrum gives
clear evidence of the distinct − ν11 or − ν20 (−ν30/−2ν20)
transition due to the autodetachment from the 11’1 or the
20’130’1 (20’3) mode, respectively (Figure S5), whereas it
should be emphasized that the 11’1 mode is most strongly

Figure 1. Nanosecond (5 ns, ΔE ∼ 5 cm−1) photodetachment
spectrum of (a) ortho-, (b) meta-, and (c) para-bromophenoxide
anions (o-, m-, and p-BrPhO−). The electron affinity (EA) of each
anion is denoted in blue. The fundamentals and overtones of the most
Franck−Condon (FC) active C−O in-plane stretching vibrational
mode of the dipole-bound state (DBS) are labeled in red (see the
text). Below the EA, the DBS zero-point level (0) is labeled for each
isomer. The molecular structure of the neutral core of each isomer
and its dipole moment are depicted in the insets. (d) DBS electron
binding energy (eBE) plot with respect to the neutral core dipole
moment. The analytical expression based on the point dipole model
(yellow solid line) reported by Jordan et al.(ref 12, or a linear function
(black dotted line) were used for fitting with the three isomers. The
binding energies of the bare phenoxide (PhO−) and p-halogen
substituted phenoxide series (p-XPhO−, X = F, Cl, or I) were also
fitted with the analytical function (orange solid line), which gives
roughly half of the effective point dipole charge (q = 0.242) compared
to that from the fit based on the three bromophenoxide isomers (q =
0.563). See the details in the Supporting Information. The empty gray
square at 4.05 D on the nonlinear fit denotes the eBE of PhO− DBS
anticipated by the point dipole model, whereas the experimental
values are denoted with filled black squares. The dipole moments for
the three isomers were calculated using the Gaussian 09 package at
the B3LYP/6-311++G(3df,3pd) level of theory.
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active according to the Franck−Condon overlap. Using the
picosecond time-resolved photoelectron images in the LKE

region, the transients due to autodetachments of the − ν11 and
the − ν20 transitions could be separately obtained with τ ∼ 673
± 192 (−ν11) and 71 ± 40 (−ν20) ps, respectively. These are
quite consistent with the autodetachment lifetimes of τ ∼ 848
± 127 (−ν11) and 70 ± 52 (−ν20) ps obtained by the
biexponential fit to the transient of the photoelectron in the
HKE region.26 It is quite remarkable that the autodetachment
rate of the 11’1 DBS mode of p-BrPhO− is exceptionally slower
compared to that of the 18’1 DBS mode of o-BrPhO− or m-
BrPhO− by more than ∼60 times.
What is more interesting is the fact that Fermi’s golden rule

based on the charge-dipole potential cannot rationalize this
remarkable rate difference. According to Fermi’s golden rule,
the autodetachment rate of the specific DBS vibrational mode
(Q) is supposed to be proportional to |∂U/∂Q|2 with electron-
binding potential (U). Also, if the charge-dipole interaction
potential is solely responsible for the electron-binding force,
|∂U/∂Q|2 would be directly correlated with the infrared (IR)
intensity of the neutral core.40−42 This does not appear to be
the case for the DBS of o-, m-, or p-BrPhO− (Figure 3) as the
IR intensity of the ν18 mode in o- or m-BrPhO· is calculated to
be only two or three times larger than that of the ν11 mode in
p-BrPhO·. Namely, the exceptionally slow autodetachment rate
found with p-BrPhO− compared to that with o- and m-BrPhO−

cannot be rationalized by the electrostatic charge-dipole
interaction potential. As a matter of fact, a simple but
improved model of the effective dipole-moment as the vector

Figure 2. Schematic description of the picosecond time-resolved
photoelectron imaging experiment. Pump laser pulse populates the
specific vibrational states of DBS whereas the temporally delayed
probe pulse depopulates those into the direct detachment continuum.
The photoelectron signals in the low-kinetic energy (LKE) or high-
kinetic energy (HKE) region are monitored separately, giving the real-
time dynamics of the autodetached electron or the DBS-population,
respectively. The schematics regarding the transition from the valence
orbital of the anion to the nonvalence orbital of the DBS are also
depicted.

Figure 3. Picosecond time-resolved photoelectron transients for the DBSs of three bromophenoxide isomers. The photoelectron transients for the
DBS vibrational modes of (a) 18’1 (o-BrPhO−), (b) 18’1 (m-BrPhO−), and (c) 11’1 (p- BrPhO−) obtained in the HKE (red) or the LKE (green and
orange) region are shown. All the transients are fit by single-exponential decay functions convoluted with a instrumental Gaussian function except
for the HKE transient of p- BrPhO−, for which a bi-exponential fit with two distinctive time constants (blue or purple dashed lines) was more
adequate. (d) Schematic description of the C−O in-plane stretching modes of the o-, m-, and p-BrPhO· radicals. The wobbling of dipole-bound
orbitals upon the molecular vibrations is sketched in black (equilibrium) or gray (at classical turning points) dashed lines according to the change
of the molecular dipole moment vector. The IR intensities of the modes (in arbitrary units) are also shown.
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sum of static and induced dipoles has been conceived so that
the additional electrostatic potentials arising from the highly
polarizable halogen moiety located near the excess electron can
be incorporated into Fermi’s golden rule.26 While this
improved model could successfully explain the experimentally
observed trend in the earlier work, it cannot explain the rate
difference found with p-BrPhO−. This is because there are few
differences in the polarizabilities of the radical species. Namely,
the isotropic polarizabilities (αiso) for o-, m-, and p-BrPhO·
considered in this work were calculated to be more or less the
same as 99.18, 98.55, and 102.52 Bohr3 respectively, and the
added polarized electric dipoles will likely be close to each
other. We should, however, note that the position of the
electron-rich bromine moiety with respect to the excess
electron is very different depending on the isomer. Specifically,
the excess electron is located at the positive end of the dipole
(Figure 3) and its relative location with respect to the bromine
atom varies much with the DBS species of o-, m-, or p-
BrPhO−. This can affect the interaction between the diffuse
excess electron and the valence electrons in Br, subsequently
altering the binding and detaching dynamics of the excess
electron. Moreover, if the nature of the electron−electron
interaction is not Coulombic but more sophisticated electron−
electron correlation, a mean-field approach such as density
functional theory (DFT) will not be able to capture it properly.
Several attempts with DFT have indeed been made for
calculating the DBS electron binding energies with augmented
diffuse basis functions to handle the diffuse nature of the
DBS,43,44 and we also tried using TDDFT here. However, it
failed to reproduce the electron-binding energies, which is not
surprising as DFT tends to have an issue in handling long-
range interactions1,45 particularly for highly polarizable
molecules with strong nondipolar interactions.10,46 Thus, we
have further carried wave function-based correlation calcu-
lations by adopting a series of different levels for comparison.47

Interestingly, all of the methods that we tried were in good
agreement with each other and correctly predicted the relative
order from each species found with experiments. The results
are schematically provided in Figure S7, and it indeed shows
that the data from coupled-cluster based methods correspond
almost excellently with the experimental ones. Certainly, we
can see that we need a fairly high-level correlation approach,
even for a qualitatively correct description of this type of
chemistry. Hereafter, for our discussion, we will use the results
from the highest level of theory, EOM-EA-CCSD.
In order to investigate the influence of the electron

correlation on the binding potential, we examined the
variations of the DBS binding energies for each isomer along
the C−O stretching normal mode. As depicted in Figure 4, the
slope of the binding energy change along this stretching mode
is noticeably smaller for p-BrPhO· (Figure 4a). Strikingly,
compared to the calculated dipole-moment changes over C−O
stretching (Figure 4b), the changes in the binding energies
exhibit more pronounced differences. This aspect signifies that
the electron binding is dictated not only by the dipole moment
but also by electron correlation. Also remarkably, the order of
p-, m-, and o-BrPhO− with increasing changes in the binding
energy is consistent with the order in the measured
autodetachment rates (Figure 3). Considering that the
autodetachment rate is highly dependent on the derivative of
the electron-binding energy with respect to the normal mode
displacement (∂U/∂Q), this finding clearly indicates that the
electron correlation effect plays a significant role in the DBS

autodetachment dynamics in addition to the Coulombic
dipole-monopole interaction. Interestingly, the contribution
by the electron correlation from p-BrPhO· has a mitigating
effect on the contribution by the Coulombic interaction.
Namely, a potential change resulting from a wobbling motion
of the dipole-bound electron becomes smaller with the
electron correlation than with only the dipole-monopole
interaction.
While the above view on the energetics presents an insight

into the interesting role of electron correlation with DBS,
understanding how the autodetachment rate changes requires a
consideration from the perspective of dynamics. By nature, an
autodetachment process is a nonadiabatic event, and how
sensitively the DBS binding energy changes upon a vibrational
mode excitation, namely, the mode-specific vibronic coupling,
will be a key determinant of the transition rate.48,49 Indeed, the
role of vibronic coupling in modulating nonadiabatic
transitions has been extensively discussed in various systems
using different computational approaches.50−52 To investigate
the impact of vibronic coupling on our autodetachment
process, particularly with respect to the C−O stretching
vibration, we have conducted semiclassical quantum dynamics
simulations using the non-Hamiltonian variant of the Poisson
bracket mapping equation (PBME-nH) formalism53−56 after
forming a minimal model Hamiltonian based on the
information in Figure 4. Details of the model construction
can be found in the Methods section and in the SI. The
nonadiabatic transition profiles for the three isomers calculated
over time, starting from their initially bound states, are
depicted in Figure 5a. The simulation results are consistent
with the experimentally observed order of autodetachment
rates for the three isomers. By extrapolating the population

Figure 4. Changes of (a) the DBS binding energies and (b) the dipole
moment of the neutral core along the C�O in-plane stretching
normal mode (ν18 for o- and m-BrPhO−, and ν11 for p-BrPhO−)
displacements for the three bromophenoxide anions.
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growths of the electron-detached states, we could estimate the
autodetachment lifetimes: 12.1 ns for o-BrPhO−, 14.7 ns for m-
BrPhO−, and 207.9 ns for p-BrPhO−. We can see that the
exceptionally slow autodetachment from p-BrPhO− has been
correctly captured with more than a 10-fold increase in the
lifetime, demonstrating that an insensitive change of the
interaction potential (or small vibronic coupling) leads to a
deceleration of the electron detachment. In addition, although
a quantitative agreement between experiment and theory for
any given isomer was not reached likely due to the excessive
simplicity of our minimal Hamiltonian, the trends over
different isomers agree nearly excellently. We further examined
the spatial distributions of the detached electron and visualized
them in Figure 5b by depicting the probability distributions of
the detached electron at 100 ps. Once again, slow detachment
from p-BrPhO− is evident. With all isomers, the detached
electrons exhibit distributions resembling a p-orbital. This
shape was consistently found, even when s- or d-functions were
additionally utilized for accommodating the detached elec-
trons. This observation reflects the selection rule that arises
from angular momentum conservation associated with the
photoelectron effect, where the angular momentum is
transferred from the neutral core wave function to the
outgoing electron with Δl = ± 1. More specifically, because
the diffuse dipole-bound orbitals take s-like shapes, the
detached electron wave functions should follow p-like shapes.
Overall, the semiclassical simulations give at least a qualitative
explanation for the exceptionally slow detachment from p-

BrPhO−, despite consistent underestimations of the computed
rates. In our model, the energy conservation is only fulfilled by
redistributing the excess energy after a nonadiabatic transition
into internal vibrations, while in reality the electron kinetic
energy can also play a role. Consequently, the transition
becomes statistically less probable, leading to much slower
electron detachments during the simulations. We anticipate
that exploring a way of including the kinetic energy of the free
electron will be an intriguing subject in future investigations.
This may be achieved by adopting basis functions that can
intrinsically include kinetic energy components.57 In any case,
the nearly excellent reproduction of the trend in the transition
rates of the three isomers is indeed striking.
While our combined experimental and computational efforts

have provided clear evidence for the tightly linked relationship
between the extent of correlation interaction and the
autodetachment rate, further elucidating why the electron
correlation mitigates the influence of Coulombic interaction on
the dipole-bound electron will be intriguing. Toward this
elucidation, we have generated the Dyson orbitals for the DBS
of the three isomers. With this, we observed that there are
some morphological differences, particularly with p-BrPhO−

(Figure S6).58 In the o- and m-species, the diffuse orbitals are
located on opposite sides of the electron-rich oxygen and
bromine groups surrounding the neutral core, and the orbitals
end up resembling an s-type orbital. However, in the para-
species, the dipole-bound orbital is more diffusely distributed
in space due to the large atomic size and highly polarizable
occupied orbitals of the bromine atom. This diffuse nature of
the dipole-bound orbital in p-BrPhO− may consequently
render it less susceptible to perturbations from neutral core
vibrations, resulting in a slow autodetachment rate. We already
ascribed the rate difference to the electron correlation affecting
the diffuse dipole-bound electron and the diffuse valence
electrons on the highly polarizable bromine atom. From Figure
S6, we can easily imagine that this correlation effect will be the
largest with p-BrPhO−, where these two types of orbitals are
facing each other in closer proximity. In fact, from the
viewpoint of the one-electron orbital picture, as correlation
involves electron configurations bearing occupied-to-virtual
excitation(s), reasoning on its physical effect may be somewhat
unstraightforward. However, we can still attempt to rationalize
its effect with p-BrPhO− in the following manner. Due to the
symmetry constraint, the virtual orbital that most strongly
correlates with the dipole-bound electron orbital will be a σ-
type attached on the bromine atom. Because an electron in any
σ-type virtual on bromine will reduce the dipole moment of p-
BrPhO−, when a configuration that bears the orbital as
occupied contributes importantly, it will compensate for the
effect of the apparent dipole moment dictated without electron
correlation. In addition, the correlation will also be severely
affected by the overlap between the spatial extents of the
dipole-bound orbital and the σ-type virtual one; this
compensation will be most pronounced with p-BrPhO−.
The strong influence of the correlation interaction on the

electron binding dynamics of the DBS has significant
implications in the anionic chemistry of many different
situations. Strengthening the electron binding by the
correlation interaction, for instance, could effectively delay
ultrafast electron autodetachment, thereby potentially promot-
ing anionic chemical reactions in atmospheric or interstellar
environments. Given the anticipated influence of correlation
interactions, particularly in the context of highly diffuse

Figure 5. (a) Population of free electron detached from the DBS of
each bromophenoxide anion (red: o-BrPhO−, blue: m-BrPhO− and
yellow: p-BrPhO−) calculated by semiclassical quantum dynamic
simulation (see details in the Supporting Information). (b)
Probability distribution of the detached electrons after 100 ps from
the excitation for (left) o-, (middle) m-, and (right) p-BrPhO− DBS.
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polycyclic aromatic hydrocarbons (PAHs),59 it becomes
conceivable that the formation of interstellar anions possessing
a dipolar neutral core assumes relevance in countering the
electron correlation effect.60,61 Furthermore, the ability to
modulate autodetachment rates through chemical substitutions
may also offer a new tool for anionic chemical reaction
controls, which can be utilized to manipulate the yields of
anion formation or its subsequent bond rupture associated
with the electron attachment. Of course, such a task can also
be achieved selectively in combination with site-specific
substitutions within the neutral molecular core.

■ CONCLUSIONS
Important new aspects of the electron-binding nature of the
DBS have been unraveled by the combined efforts from the
experimental and theoretical perspectives on the mode-specific
autodetachment dynamics of the ortho-, meta-, or para-
bromophenoxide anions. Especially, the effects of the
correlation interaction on static and dynamic behaviors of
the excess electron (mainly) bound in the dipole-field of the
neutral core have been proven to be quite significant. For
instance, the exceptionally slow autodetachment rate found
with the C−O in-plane stretching 11’1 vibrational mode
excitation of p-BrPhO− DBS, compared with the autodetach-
ment rates measured with the corresponding C−O in-plane
stretching 18’1 modes of o- and m-BrPhO−, could not be
explained within the framework of Fermi’s golden rule solely
based on the charge-dipole interaction potential. High-level ab
initio quantum-chemical calculations that intrinsically bear the
correlation interaction, combined with the semiclassical
quantum dynamic calculations, gave excellent explanations
for the seemingly nonintuitive experiment on the autodetach-
ment dynamics of three isomers of the bromophenoxide
anions. It was also confirmed that the static and dynamic
properties of the excess electron of the DBS are strongly
influenced by the correlation interactions between valence and
nonvalence electrons. Considering the growing recognition of
DBS as a dynamic doorway-state in a variety of anionic
chemical reactions, this work not only gives a deeper
understanding of the electron-binding nature of DBS but
potentially promises a novel way of dynamically controlling
competitively occurring autodetachments and nonadiabatic
transitions from the nonvalence to the valence orbitals.

■ METHODS
Experimental Methods. Details of the experimental methods had

been described elsewhere.62 Briefly, 1 mM ortho-, meta-, or para-
bromophenol (TCI Chemicals. Inc.) was dissolved in the 9:1
methanol:water solution without any further purification. A few
drops of ammonia solution were added to set the acidity of the
solution to pH ∼ 9. The anions of each isomer were generated from
the negative mode of the homemade electrospray ionization source by
applying the emission voltage of −3 kV. Anions were guided into the
cryogenically cooled (8 K) Paul ion trap (Jordan TOF Inc.) by a
series of RF multipole ion guides (Ardara Technologies Inc.), and
then internally cooled for ∼50 ms through collisions with the He/H2
4:1 mixture buffer gas. The cryogenically cooled anions were extracted
from the ion-trap to be accelerated into our velocity-map photo-
electron imaging apparatus. Photoelectrons extracted from the anions
by the interaction with the pico- or nanosecond laser pulses were
detected by the chevron-type microchannel plates coupled with a P43
phosphor screen (Photonis) and a charge-coupled device (CCD)
camera. Picosecond pump- or probe-laser pulses were generated from
the fundamental of a picosecond Ti:sapphire regenerative amplifier

(Legend Elite-P, Coherent) seeded by a femtosecond Ti:sapphire
oscillator (Vitara-T-HP, Coherent). The 791 nm fundamental
picosecond laser pulse was split into two halves where one was
used to pump the picosecond OPA system (TOPAS-800, Light
Conversion) to generate the pump laser pulse whereas the other half
of the fundamental was used for the probe laser pulse. The optical
delay time between the pump and probe pulses was controlled by a
motorized optical linear stage (DDS220, Thorlabs) coupled with a
retro-reflector (UBBR-2.5-UV, Newport). The tunable nanosecond
laser pulse was generated from a Nd:YAG laser system coupled with a
multiple harmonic generator (NT342, Ekspla).

Computational Methods. Electronic Structure Calculations. All
electronic structure calculations were conducted with Q-Chem 5.4.63

As it is well acknowledged that the morphology of the DBS potential
energy surface closely resembles the neutral state one, we utilized the
optimized geometries of the neutral species and their normal modes,
computed at the B3LYP/aug-cc-pVDZ level of theory.64 The same
level was also employed to calculate the dipole moments. Toward
calculating the DBS binding energies along the C−O stretching
normal mode displacement, the equation-of-motion electron-affinity
coupled cluster singles and doubles (EOM-EA-CCSD) approach65

was adopted with the same aug-cc-pVDZ basis set, together with
additional even-tempered basis functions to better describe the
loosely bound electron. The potential of using a less demanding
theory was also explored by computing the electron binding energies
with EOM-EA-CC266 as well as its matches within the algebraic
diagrammatic construction and the Mo̷ller−Plesset realms, namely,
EA-ADC(2)67 and EOM-EA-MP2.68 More details can be found in the
SI.

Semiclassical Quantum Dynamics (PBME-nH) Simulations. The
electronic subsystem Hamiltonian was assumed to consist of two
electronic states, the DBS and the electron-detached state. We
included a harmonic underdamped vibration for representing the C−
O stretching mode, which is coupled to the energy difference between
the two states. The coupling strength was determined for each isomer
based on the data presented in Figure 4. This underdamped mode
thus induces nonadiabatic coupling between the two states.57

Environmental fluctuations were also included in the form of a
Debye spectral density, with a dephasing time corresponding to 5
cm−1 and a reorganization energy of 20 cm−1. Initially, the system was
prepared in the DBS and was propagated for 100 ps over 1,000
trajectories to illustrate the population transfer from the DBS to the
electron-detached state. More technical details can also be found in
the SI.
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