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ABSTRACT: The observation of molecular isomerization dynamics is a long-standing goal
in physical chemistry. The loosely bound electron in a dipole-bound state (DBS) can be a
messenger for probing the isomerization of the neutral core. Here we study the
isomerization dynamics of the salt dimer (NaCl)2 from linear to rhombic via a DBS using
cryogenic photoelectron spectroscopy in combination with ab initio calculations. Although
the energy level of the DBS is below the electron affinity of the linear (NaCl)2, (NaCl)2− in
its DBS can autodetach due to the linear-to-rhombic isomerization. (NaCl)2− in the ground
DBS has a relatively long lifetime of a few nanoseconds due to the quantum tunneling
through a potential barrier during the transformation from linear to rhombic. In contrast,
the vibrationally excited DBS has a much shorter lifetime on the order of picoseconds. The
energy distribution of autodetachment electrons has an unexpected characteristic of the
thermionic emission.

The concept of the transition state plays a defining role in a
chemical reaction. The transition state often occurs at the

top of a potential energy surface and acts as a reaction
bottleneck, which largely determines the properties of a
chemical reaction. Characterizing the transition state is a grand
challenge in physical chemistry due to its fleeting nature. The
photodetachment of negative ions can access transition states
of specific chemical reactions.1−5 A few benchmark reactions
have been investigated by anion photodetachment spectros-
copy combined with quantum dynamics calculations.6−15 In
these studies, valence-bound anions serve as the bridge to a
transition state or a reaction intermedium of the neutral
counterpart. A polar molecule with a large enough dipole
moment (>2.5 D) can attract an extra electron to form a
dipole-bound state (DBS).16−22 The loosely bound electron
occupies a diffuse molecular orbital at the positively charged
end. The interaction between the DBS electron and the polar
core is very weak, and the typical binding energy is around 10
meV. The potential energy surface of the dipole-bound anion
is almost parallel with that of the neutral counterpart, as the
neutral core is only slightly perturbed by the extra electron.
Therefore, the DBS provides another way to approach the
transition state. The loosely bound DBS electron can be a
messenger for probing the dynamic evolution of the transition
state. In this work, we report the combined study of
experimental spectra and theoretical calculations, revealing
the isomerization of salt dimer (NaCl)2− via a DBS.
The simple electronic structures and large dipole moment of

alkali halides make them an ideal system for studying the
DBS.23,24 The salt dimer anion (NaCl)2− in the ground state is
an open chain.25 The potential surface around the Na−Cl−Na
bending coordinate is very flat, so different theoretical methods
lead to different conclusions on whether the stationary point of

(NaCl)2− is linear or slightly bent.25−29 For the neutral
(NaCl)2, the ground state geometry is rhombic, and the open-
chain geometry is unstable. The linear (NaCl)2 has a dipole
moment of about 20 D,25 which is large enough to support
several DBSs.24 Therefore, (NaCl)2 is an excellent prototype to
study the structural transformation via a DBS.
Figure 1 shows the photoelectron spectrum of (NaCl)2−

acquired at photon energy hν = 13 465 cm−1 using a dye laser,
with the anions cooled in the ion trap at the nominal
temperature of 15 K for 45 ms. It shows a series of
approximately equally spaced peaks, which are the vibrational
progression of the in-phase Na−Cl vibration mode with a
fundamental vibrational frequency of 343(6) cm−1. All peaks
appear to be quite broad, and no sharp peak can be observed
even if the photodetachment laser was tuned near the
photodetachment threshold at the photon energy of 11 837
cm−1. This confirms that the linear structure of (NaCl)2 is not
stable. The full-width at half-maximum (fwhm) of the first
peak was measured to be 92 cm−1. Generally speaking, the
fwhm of a peak near the threshold is around 10 cm−1 for the
cryogenically cooled anions on our SEVI system.30 The broad
width of the first peak is mainly due to the short lifetime of the
final neutral state, giving the estimated lifetime of the neutral
transition state as 58 fs. The electron affinity (EA) of linear
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(NaCl)2 was determined to be 11 703(92) cm−1 or 1.451(11)
eV.
To search for the DBS of (NaCl)2, the photodetachment

laser was scanned from the EA value 11 703 cm−1 down to
10 000 cm−1, and the electron yield was plotted versus the
photon energy. As shown in Figure 2, electrons can be

observed in a broad continuous range. Generally speaking,
when the detachment photon energy is below the EA, the
photoelectrons can only be produced via two-photon detach-
ment; that is, anions are excited to the DBS by resonantly
absorbing one photon and then detached by the second
photon. The photodetachment spectrum usually consists of a
series of sharp resonance peaks,24,31,32 and the corresponding
photoelectron energy spectrum has an enhanced peak with a
very low binding energy, typically ∼10 meV, equal to the

binding energy of the DBS. However, the observed spectra in
Figure 2 and Figure 3 have different characteristics.

Instead of a sharp resonant peak as the band head, we
observed a platform with an onset at 10 110 cm−1. The
position a and peaks b and d−f are roughly equally spaced in
Figure 2, which are related to the Na−Cl vibrational
progression of (NaCl)2− in the DBS (see the Franck−Condon
simulation in the Supporting Information Figure S1).
Figure 3 shows the photoelectron energy spectra of

(NaCl)2− acquired with photon energies indicated by the
arrows in Figure 2. The small peak at the lower binding energy
side in Figure 3(a) is contributed by the two-photon
detachment via the DBS. The anisotropy parameter (β) of
the peak’s photoelectron angular distribution (PAD) is 0.7.
Therefore, the observed DBS is π-type. A π-type DBS is rare
but not a surprise for (NaCl)2 because of its large dipole
moment ∼20 D.20,24,33 Its binding energy was determined to
be 1546(95) cm−1 or 192(12) meV, substantially larger than a
typical value of ∼10 meV. The strong peak with a higher
binding energy ∼10 000 cm−1 is an unexpected result, which
did not show up in Figure 1. Its binding energy depends on the
photon energy, but its kinetic energy is independent of the
photon energy. This peak is due to the autodetachment of
(NaCl)2− in the DBS. It should be noted that autodetachment
from the rotational or vibrational excited DBS above the EA
has been well investigated during the recent decades,31,34,35 but
autodetachment of the DBS below the EA has barely been
reported. The observed isotropic PAD with β = 0 also supports
the autodetachment mechanism. The profiles of energy
distributions of the autodetachment are quite broad and
have a long tail in the higher kinetic energy region, which have
the characteristics of the thermionic emission.36,37 Therefore,
the kinetic energy spectra were fitted with the equation f(Ek) =

Figure 1. Photoelectron spectrum of (NaCl)2− collected with the dye
laser of hν = 13 465 cm−1 at 15 K. The blue curve under the first peak
is the spectrum at hν = 11 837 cm−1 used for estimating the intrinsic
width. The red vertical sticks are the Franck−Condon simulation.

Figure 2. Photodetachment spectrum of (NaCl)2− acquired via a DBS
in the scan mode. The labels a−f indicate the photon energies used to
acquire photoelectron spectra in Figure 3. The inset is the molecular
orbital of the π-type DBS.

Figure 3. Photoelectron energy spectra of (NaCl)2− plotted versus
the binding energy (left) and the kinetic energy (right) at a series of
photon energies. The labels of each panel are the same as those in
Figure 2. The vertical dashed line is a guide for the eye. The red
curves are the fitted distributions using the thermionic emission
equation f(Ek) = A·(Ek/kT) exp(−Ek/kT).
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A·(Ek/kT) exp(−Ek/kT), where A is a constant, Ek is the
kinetic energy, k is the Boltzmann constant, and T is the
temperature. As shown in Figure 3, the electron kinetic spectra
can be well described by the thermionic emission, and the
average kinetic energy (=2kT) is around 200 cm−1. It is
unusual to see a classic thermal distribution for the
autodetachment electrons from such a small molecular anion.
The energy spectrum of autodetachment electrons from a DBS
of cold ions usually has a sharp peak with kinetic energy related
to the vibration quanta.24,38,39

Since the two-photon-detachment peak appears only at the
band head (position a in Figure 2) and the intensity of
autodetachment is comparable with that of the two-photon
direct detachment, the lifetime of the ground DBS at position a
should be comparable with the pulse duration of our laser
system (6 ns), and the lifetimes at positions b−f should be
much shorter than 6 ns. Based on the width of peak b in Figure
2, the lifetime for peak b is estimated to be on the order of
picoseconds. A pump−probe type experiment can be used to
accurately measure its lifetime in the future, as demonstrated
by Kim group40,41 and Verlet group42,43 recently.
To further understand the observed results, we carried out

ab initio calculations for (NaCl)2− and (NaCl)2. For neutral
(NaCl)2 and (NaCl)2− in the ground state the geometries were
optimized using the B3LYP functional44 with the dispersion
D3 correction.45 The basis set def2-TZVPD46 was adopted for
all atoms. The single point energies were calculated at the
CCSD(T) /aug-cc-pVTZ level.47−49 According to our
calculations, the ground state of (NaCl)2− is linear, and the
bending vibrational mode has a very low frequency of ∼10
cm−1 due to the flat potential. The rhombic (NaCl)2− lies
0.179 eV above the global minimum, which is consistent with
the 0.181 eV calculated by Anusiewicz et al.25 The vertical
detachment energy of (NaCl)2− was calculated as 1.464 eV, in
excellent agreement with our experimental result of 1.451(11)
eV. Our calculations confirmed that the linear structure of the
neutral is a transition state. The DBSs of (NaCl)2− were
calculated using the equation-of-motion coupled-cluster
method for electron attachment with single and double
substitutions (EOM-EA-CCSD) method.50−52 For the linear
(NaCl)2−, there are three σ-type DBSs with binding energies
184.0, 26.8, and 3.5 meV, and two π-type DBSs with binding
energies 211.2 and 9.2 meV, respectively. The observed two-
photon detachment in the present work is from the lowest
DBS, that is, the π-type with a predicted binding energy 211.2
meV. The observed binding energy 192(12) meV and the
observed PAD with β = 0.7 are consistent with the prediction
of the lowest π-type DBS. To investigate the potential energy
surface and the dipole moment, we scan the angle ∠NaNaCl
through a restrictive optimization of (NaCl)2− in its lowest
DBS as the geometry changes from linear to rhombic. Figure 4
shows the potential energy curves of the ground state of
(NaCl)2− anion, the lowest DBS, the ground state of neutral
(NaCl)2, and the dipole moment (dm) curve for ground state
(NaCl)2. Both the potential energy curves of (NaCl)2− in its
DBS and the neutral (NaCl)2 have a flat mountain top around
the linear form. The DBS has a small barrier with a height 226
cm−1 (28 meV) between the linear structure and the closed
ring. This can explain that two-photon detachment is
significant for position a, but much weaker or disappears for
positions at higher photon energy. The excited dipole-bound
(NaCl)2− can surmount the small barrier easily. Therefore,
(NaCl)2− quickly evolved from the linear structure to the

rhombic one. The dipole-bound electron will be ejected during
this process because the dipole moment reduces drastically.
Since the autodetachment also happens at position a, the
possible explanation is the tunneling process of the terminal
Na atom with a concerted motion of the other three atoms.
Compared with the intensity of peak b, the intensity of the
autodetachment at position a was substantially suppressed by
the barrier. The photon energy absorbed by the (NaCl)2− is
over 10 000 cm−1. Suppose that the energy difference between
the linear and rhombic isomers was all converted into the
thermal vibrational energy of the rhombic neutral (NaCl)2 in a
classic way, the vibrational temperature is ∼1100 cm−1/k =
1580 K, much higher than the temperature of thermionic
electrons (∼100 cm−1/k = 144 K). This means that electrons
are not at thermal equilibrium with the atomic motion of
(NaCl)2 due to the fast autodetachment. The dense vibrational
states at a high temperature lead to a quasi-continuum
distribution for autodetachment electrons. This contrasts
sharply with the discrete peaks from the autodetachment of
the generic DBS with only a few vibrationally excited
quanta.24,38,39

Our ab initio molecular dynamics simulation shows that the
linear (NaCl)2 produced via photodetachment will evolve to
the rhombic in 840 fs (see supplementary Figure S2). It takes
600 fs from ∠NaNaCl = 180° to 120° due to the flat potential

Figure 4. Dipole moment (dm) (top) and potential energy curves
(bottom) of (NaCl)2 versus the angle ∠NaNaCl. The red curves are
for the neutral (NaCl)2 in the ground state, black for (NaCl)2− in the
ground state, and blue for the lowest DBS.
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surface, which is substantially slower than the Na−Cl
stretching vibration with a period of 9.7 fs. This can explain
why we can still observe a regular vibrational progression of the
Na−Cl vibrational mode in Figure 1, although the linear
(NaCl)2 after photodetachment is unstable relative to the
rhombic isomer.
In summary, the isomerization dynamics of the salt dimer

(NaCl)2 from linear to rhombic was investigated via the dipole
bound state (DBS) using cryogenic photoelectron spectrosco-
py combined with ab initio calculations. The loosely bound
DBS electron can be a messenger for probing the isomerization
dynamics of the neutral core from linear to rhombic. A DBS
widely exists in polar molecules. A pump−probe type
experiment via a DBS will be a powerful method for
investigating transition states, isomerization dynamics, and
quantum thermodynamics of a small system ranging from a
dimer to a nanosized cluster.

■ METHODS
The experiment was carried out on our slow-electron velocity-
map imaging (SEVI) apparatus equipped with a cryogenically
controlled ion trap.53,54 The instrument can work in the SEVI
mode or the scan mode. The SEVI mode is for acquiring the
high-resolution photoelectron energy spectra, while the scan
mode is for searching for resonance peaks by scanning the
wavelength of the photodetachment laser.55 The (NaCl)2−
anions were generated via laser ablation of a NaCl salt disk
with helium carrier gas delivered by a pulsed valve. The
generated anions were guided into the radio frequency ion trap
by a hexapole ion guide, and then cooled through collisions
with the buffer gas (20% H2 and 80% He) in the ion trap. All
spectra in the present work were collected with the ion trap at
a nominal temperature of 15 K. The SEVI method features a
very high energy resolution for low kinetic energy electrons. It
can achieve an energy resolution of a few cm−1 near a
threshold photodetachment.54,56,57 After cooling for 45 ms, the
anions were pulsed out from the cold trap, and were then
analyzed in a Wiley−McLaren type time-of-flight (TOF) mass
spectrometer.58 The anions of interest were selected by a mass
gate and photodetached in the interaction zone of velocity map
imaging (VMI). The detachment laser was either the idler light
of an optical parametric oscillator (OPO, 710−2750 nm for
the idler light and line width ∼5 cm−1) pumped by a Quanta-
Ray Lab 190 Nd:YAG, or the tunable dye laser (400−920 nm,
line width ∼0.06 cm−1).
The potential energy curves of (NaCl)2− and (NaCl)2 were

calculated using the coupled-cluster single−double (CCSD)
method.47 The isomerization dynamics were simulated using
classic molecular dynamics. Additional theoretical details,
including the Franck−Condon simulations, and molecular
dynamics, are given in the Supporting Information.
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