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ABSTRACT: We report the observation of o-type and 7-type excited dipole-bound states
(DBSs) in cryogenically cooled potassium iodide (KI) anions for the first time. Two DBSs were
observed 39.7(10) meV and 5.0(12) meV below the photodetachment threshold via the
resonant two-photon detachment. The different photoelectron angular distributions and binding
energies suggest that the two DBSs are of different types. The existence of one o-type and one 7-
type DBS in the KI anion was also supported by the high-level ab initio theoretical calculations.
The excellent agreement between experimental and theoretical results confirms the prediction Iy
that a dipolar molecule with a large enough dipole moment can have an excited DBS.

polar molecule with a sufficiently large dipole moment

can bound an extra electron to form a dipole-bound
anion. The extra electron resides in a very diffuse orbital with
low binding energy due to the shallow long-range electric
dipole potential well.'~> The dipole-bound state (DBS) can
serve as the “doorway” of some electron attachment

6-10 o L o
and is important for varieties of biological

processes,
1-15 . 16,17 .
and interstellar molecules. Theoretical

molecules’
investigations on the binding of an electron to an electric
dipole dates back to 1947, when Fermi and Teller first gave the
critical dipole moment of 1.625 D.'®'” More refined
calculations and experiments show that the empirical critical
dipole moment for molecules to support a DBS is about 2.5
D."¥>?97%3 A real dipolar molecule usually has only one DBS
due to the shallow potential well. However, theories predicted
that a molecule with a large enough dipole moment could have
more than one DBS.””*™*’ The critical value for having an
excited z-type DBS is 9.6 D, according to the results of the
finite dipole model.””**” Up to now, almost in all experiments
of polar molecules, only one DBS for each molecule has been
observed, and it is o-type, except the recent work by Yuan et
al.*>*' They reported the existence of a 7-type DBS indicated
by photoelectron angular distributions of deprotonated 9-
anthrol (9AT, C;,H;0) molecular anions. The dipole moment
of 9AT is 3.6 D, and only one DBS was observed. The z-type
DBS was believed to be stabilized by the large anisotropic in-
plane polarizability of 9AT.*

To observe excited DBSs, we focused on the highly polar
alkali—halide diatomic molecules MX (M = Li, Na, K, Rb, Cs;
X = F, Cl, Br, I). The simple electronic structures of MX and
only one vibrational mode make the assignment of the
photoelectron spectrum easier, which also makes it easier to

© XXXX American Chemical Society

7 ACS Publications

5897

o — type DBS

distinguish between the valence-bound state near the detach-
ment threshold and the DBS.*” For such a simple system, high-
level theoretical methods can be employed to calculate the
properties of DBSs in comparison with the experimental
results. In 1997, Gutsev and co-workers predicted the existence
of excited DBSs for some polar diatomic molecules (LiH",
LiF~, LiCl~, NaH™, NaF~, NaCl~, BeO~, and MgO~) using the
equation-of-motion coupled-cluster method for electron
attachment with single and double substitutions (EOM-EA-
CCSD).*” Among them, we experimentally tried NaCl since it
has the largest dipole moment, 9.0 D.2** However, we
observed only one DBS, and it was o-type. Therefore, we
turned to molecules with a larger dipole moment.

In this work, we report both o-type and z-type DBS
observation in potassium iodide (KI) anion. The dipole
moment of KI was measured to be 10.82(10) D by Story et
al,*® which well exceeds the critical dipole moment 9.6 D for a
7-type DBS derived through the finite dipole model.”**’ The
experiment was carried out on our slow-electron velocity-map
imaging (SEVI) apparatus equipped with a cryogenically
controlled ion trap.”’~*' The instrument can be switched
between the SEVI mode and the scan mode so that we can
acquire the photoelectron energy spectra in the SEVI mode
and search for resonance peaks by scanning the wavelength of
the photodetachment laser in the scan mode. The KI™ anions
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were generated via laser ablation of a KI salt disk. 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% H, 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. After cooling for 45 ms, the
anions were pulsed out from the cold trap, and flew into a
Wiley—McLaren type time-of-flight (TOF) mass spectrom-
eter.”” 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™) pumped by a Quanta-Ray Lab
190 Nd:YAG or the infrared difference frequency generation
(DFG) of a tunable dye laser (400—920 nm) and its residual
1064 nm light. The wavelength of the dye laser was monitored
via a wavelength meter (HighFinesse WS6-600, 0.02 cm™'
accuracy). The line width of the infrared laser from DFG was
about 1 cm™’, limited by the line width of the 1064 nm light.

The electron affinity (EA) value of KI was measured to be
0.728(10) eV by Miller et al.*’ To increase its accuracy, we
tuned the photon energy of the photodetachment DFG laser
slightly above the EA of KI and determined the EA value to be
5865.2(54) cm™! or 727.19(67) meV. To search for the DBS
in KI”, we scanned the photon energy around the EA of KI
and recorded the corresponding photoelectron yield. As shown
in Figure 1, we observed nine resonant peaks in the

Relative Intensity

T T T T T
5600 5800 6000 6200 6400

Photon Energy (cm™)

Figure 1. Photodetachment spectrum of KI™ near the photodetach-
ment threshold. The red curve shows the weak peaks multiplied by a
factor of 20. The resonant peaks were grouped into two series: o-type
dipole-bound state (DBS) and #-type according to the gaps.

photodetachment spectrum of KI™. These peaks can be
grouped into two nearly equi-spaced series, which are related
to two bound states of KI™. Peaks 1, 2, 4, 6, and 8 belong to
one vibrational series with a 178(6) cm™" gap, and peaks 3, S,
7, and 9 belong to the other vibrational series with an interval
of 174(15) cm™". The vibrational frequency of neutral KI is
known to be 186.24(4) cm™" (ref 44) and was measured as
181(14) cm™ from the photoelectron energy spectra in the
present work. The similarity between the vibrational
frequencies of the two excited states of KI™ and the ground
state of KI reveals their similar structure. Thus, the two weakly
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bound states of KI™ are DBSs. No more resonances were
observed when the photon energy was further lowered. Peak 1
and peak 3 should be the vibrational ground states, with the
binding energies of 320(8) cm™" or 39.7(10) meV and 40(10)
cm™" or 5.0(12) meV, respectively. The resonance peaks below
the photodetachment threshold were due to resonant two-
photon detachment (R2PD). The KI™ in ground state
resonantly absorbed one photon, was excited to a DBS, and
was then photodetached by a second photon. When the
photon energy was above the EA, the resonant peaks were due
to the fast autodetachment after resonantly absorbing one
photon.*

Figure 2 shows the R2PD spectra related to the resonant
peaks 1, 2, and 3 using the DFG light. The energy spectra have
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Figure 2. Resonant two-photon detachment spectra and images of
KI™ via DBSs. The double arrow indicates the polarization of the
photodetachment laser. The label “hb” indicates the vibrational hot
band of KI™.

the typical character of DBS, with a single strong peak at low
binding energy. It is interesting to note the different
photoelectron angular distributions (PADs) of the DBSs.
PADs provide us with information on molecular orbitals to
help with the assignment.**™* Peak 1 and peak 2 belong to the
same vibrational series. In the R2PD spectra of peak 1 and
peak 2, the anisotropy parameters (f3) for two DBS peaks are
1.5 and 1.4, respectively, which shows the p-wave character of
the photoelectrons, suggesting that peaks 1, 2, 4, 6, and 8 are
the vibrational series of a o-type DBS. For the R2PD spectrum
of peak 3, f is 0.5, indicating an (s + d)-wave angular
distribution, suggesting that peaks 3, 5, 7, and 9 are related to a
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Figure 3. (a) Nonresonant photoelectron energy spectrum of KI™ at hv = 7505 cm™. The panels (b)—(f) are resonant photoelectron energy
spectra with different vibrational excited states for the 7-type DBS above the photodetachment threshold and (g)—(1) for the o-type DBS. The
spectra (e), (f), and (j)—(1) were acquired at the expected resonant photon energies, which could not be clearly observed in Figure 1 due to the
strong background of the direct photodetachment. The vibrational levels are marked at the top in panels (a) and (1).

m-type DBS. This assignment is further supported by the
binding energies of DBS peaks in Figure 2. They are the same
for Figure 2a,b but different for Figure 2c. The different
binding energies are due to the different types of DBSs. The
DBS peaks of Figure 2ab have the same binding energy
because the neutral core almost remained intact while the
dipole-bound electron was photodetached. The vibrational
quantum number v = 0 in Figure 2a, and v = 1 for Figure 2b.
There were no changes in the vibrational states, which further
confirms that the potential energy curve of KI” in a DBS is
almost parallel with that of KI. The sharp peaks labeled as “hb”
at high binding energy in Figure 2 are the “vibrational hot
bands” of KI™. The “hb” have two contributions: one from the
thermal population at the ion temperature ~30 K and the
other from the R2PD processes; some of the excited
vibrational states are populated via the relaxation from the
DBS after absorbing the first photon. The vibrational
frequency of KI™ was determined to be 134(17) cm™
according to the hot bands.

Figure 3 shows the resonant photoelectron energy spectra of
KI™ in comparison with the nonresonant photoelectron energy
spectrum with a photon energy hv = 7505 cm™'. The photon
energy was tuned to the resonances via the z-type DBS with
the vibrational quantum number v = 1-5 in Figure 3b—f and

5899

the o-type DBS with v = 2—7 in Figure 3g—1. The anion in its
ground state was excited to the vibrational excited state of a
DBS by resonantly absorbing one photon and then quickly
autodetached due to the vibronic coupling. It can be seen that
the peaks with the lowest kinetic energy were resonantly
enhanced in every spectrum of Figure 3b—l, which reveals the
propensity rule Av = —1 for the vibrational-induced
autodetachment from z-type DBS*°™>* and Av = —2 for o-
type. Av = —2 violated the general rule Ay = —1 for the
autodetachment of a DBS.***>*° This is due to the higher
binding energy of the o-type DBS in KI". One quantum of the
vibrational energy is not high enough to detach o-type DBS.
Since the potential curve of DBS is almost parallel with the
neutral, the Franck—Condon factor for Av = =2 is significantly
less than that for Av = —1. This can explain why the resonant
peaks for o-type DBS are much weaker than that for z-type in
Figure 1.

To further understand the DBSs of KI™, we performed
calculations using EOM-EA-CCSD*’™*” via the Q-Chem
program.”’ The basis sets were aug-cc-pVTZ-PP®"** +
6s6p3d for K and aug-cc-pVTZ-PP® + 6s6p3d for 1. The
extra diffuse functions were added in an even-tempered
manner. The bond length of KI™ in the o-type DBS was
optimized as 3.032 A. Indeed, our calculations showed the
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existence of two DBSs with binding energies of 39.1 meV (o-
type DBS) and 4.7 meV (z-type DBS), which are in excellent
agreement with the experimental results 39.7(10) meV and
5.0(12) meV. This further confirms our assignment. The
molecular orbitals and energy levels related to DBSs are
illustrated in Figure 4.

3
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Figure 4. Molecular orbitals (MO) and vibrational energy levels of KI
and KI™ in DBS. All MOs were plotted with the same contour value of
0.003 but in different scales indicated by the scale bars for a better
view. The highest occupied molecular orbital (HOMO) of KI in the
ground state (X'E*) was also plotted for comparison. The potassium
atom is on the left.

The diffuse DBS is an analogue to the Rydberg state.”* In
contrast to the positively charged core of the Rydberg state in
neutral atoms and positive ions, the core of a DBS is a neutral
dipole. The existence of the o-type and z-type DBS in a
diatomic anion could provide a new platform to investigate the
dipolar interaction once the diatomic anion can be cooled
down to an ultracold temperature.® Laser cooling of some
polar molecules has been realized recently, such as YO and
SrE.” With Rydberg electron transfer to these laser cooled
molecules,”® it may be possible to create ultracold dipolar
negative ions.

In conclusion, we directly observed both o-type and 7-type
dipole-bound states in the KI™ anion, and the binding energies
were determined to be 320(8) cm™ or 39.7(10) meV and
40(10) cm™" or 5.0(12) meV, respectively. The assignment of
the observation was supported by the photoelectron angular
distributions of the two-photon resonant photodetachment
and the energy spectra. Furthermore, we have confirmed the
existence of one o-type and one z-type excited DBS through
high-level calculations using the EOM-EA-CCSD method. The
measured and calculated binding energies are in excellent
agreement, demonstrating the power of the combination of the
cryo-SEVI measurement and the high-level calculation for
investigating the very diffuse dipole-bound states.
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