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ABSTRACT

Among the hydrohalic acids, only hydrogen iodide (HI) forms its parent anion. HI™ was identified mass spectrometrically, having been seen
in three different anion-forming environments. In this work, HI"/DI” anions were produced by Rydberg electron transfer using electronically
excited K* *(8d) atoms as HI/DI collision partners, after which their anion photoelectron spectra (aPES) were measured using both magnetic
bottle and velocity map imaging electron energy analyzers. The electron affinities (EA) of HI and DI were determined to be EA(HI) = 0.051
+0.015 eV and EA(DI) = 0.028 + 0.020 eV, while the bond dissociation energies (Dy) of their respective anions were determined to be Do(HI™)
= 0.045 £ 0.015 eV and Dy(DI”) = 0.063 + 0.020 eV. Analysis of the vibrational structure in their aPES revealed that these anions possess
double-well potentials, with their vibrational wavefunctions ranging over the two wells via tunneling. Franck-Condon analysis identified the
bond lengths at the two minima of the double-well potential to be ~2.03 and ~2.37 A. Thus, HI” and DI~ each exist in two forms. In addition
to these valence-bound HI™ and DI™ anions, the existence of non-valence-bound HI™ (and perhaps DI”) species was implied by weak but
persistent shoulder-like photoelectron signals at extremely low electron binding energies. Comparison of the anion photoelectron spectrum
of HI™ with those of alkali halide anions, MX™, supported the covalent character of the H-I chemical bond.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0327095

I. INTRODUCTION

Hydrogen iodide (HI), the strongest acid among the hydrohalic
acids (HX), has been studied extensively, for example, by photoelec-
tron spectroscopy, - Pennrng ionization electron spectroscopy,”
photoionization electron spectroscopy,'* photoionization mass
spectrometry,'” electron coincidence spectroscopy,'® resonance-
enhanced multiphoton ionization spectroscopy (REMPI),"”
pulsed-field ionization zero electron kinetic energy (PFI-ZEKE)
spectroscopy,'® UV absorptlon spectroscopy, R VA photodrssoa—
ation spectroscopy, - IR spectroscopy,‘ * Raman spectroscopy,
rotational spectroscopy,” " ab initio calculatrons, ~° and time-
dependent wave-packet calculations.””’ Nevertheless, despite
the many studies of the neutral HI molecule and of its neutral
hydrohalic acid siblings, only hydrogen iodide among them forms
its parent anion, that is, HI". Electron attachment to single, neutral
HX molecules generally results in the appearance of X~ anions,
these having been formed through dissociative electron attachment
(DEA).”** Note that HI has both DEA and parent anion-forming
channels.

The first observation of HI™ as a long-lived anion was made
by Chupka et al. in 1982." They observed HI™ in mass spectra by
introducing HI gas into a Penning discharge ion source. That obser-
vation meant that HI™ has a potential well deep enough to support at
least one vibrational level and, assuming that it was stable rather than
metastable, that the vibrational ground state lies below the H + I™
dissociation limit. That set the energetic requirement for the electron
affinity (EA) of HI to be: EA(HI) > EA(I) — Do(HI) = 6 meV.*’ Then,
in 1993, Compton et al. formed HI™ and DI” by Rydberg electron
transfer (RET) using highly excited alkali metal atoms, HI + M**
— HI™ + M*.*! In their experiments, a HI molecular beam collided
with excited alkali metal atoms, M** (M = Na, Rb, Cs), that had been
selectively laser-excited to ns and nd Rydberg electronic states with
principal quantum numbers ranging over n = 8-40. The collision-
induced electron transfer produced HI™ for n < 13, as well as 1™
formed by dissociative electron attachment. These investigators set
a lower bound for the HI™ lifetime to be ~1 ms based on their mass
spectrometric observations. Then, in 1996, Tuinman and Comp-
ton mass spectrometrically observed HI” formation due to DEA
of 2-iodomethane.*” Neither HCI™ nor HBr™ were observed when
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2-chloropropane and 2-bromopropane were respectively subjected
to DEA.

The potential energy curve of HI” had been investigated
via ab initio calculations in 1988.*’ In an indirect manner, DEA
experiments on HI had also provided information on the HI™
potential."" ** Specifically, DEA of HI using low-energy electrons
(0-170 meV) that had been produced by photoionization of Ar
atoms and Rydberg-excited Ar** atoms," followed by analysis with
a non-local resonance model,”’** mapped the resonance potential
of HI". At higher electron energy (>6 eV), HI" Feshbach res-
onances were observed in electron transmission spectra.”” These
electron scattering experiments provided information on HI™ tem-
porary negative ions (TNI) as shape and Feshbach resonances. The
observation of stable HI™ anions, however, was limited to the work
described above."’**

In this work, HI” and DI” parent anions were produced by RET
from selectively laser-excited potassium atoms following Compton
et al.’s procedure.”! Anion photoelectron spectroscopy (aPES) was
performed on them using both magnetic bottle (MB) and veloc-
ity map imaging (VMI) electron energy analyzers. The recorded
photoelectron spectra showed clear vibrational progressions due to
transitions from the ground-state anion to the ground state of neu-
tral HI (X '=%), as well as a broad feature due to a transition to
neutral HIs first excited state (¢°I1;). The electron affinities (EA)
were determined to be EA(HI) = 0.051 + 0.015 eV and EA(DI)
= 0.028 + 0.020 eV, while the bond dissociation energies (Dy) of
the anions were determined to be Do(HI") = 0.045 + 0.015 eV
and Do(DI7) = 0.063 + 0.020 eV. The vibrational structure in the
anion photoelectron spectra revealed that HI™ possesses a double-
well potential, with its vibrational wavefunctions ranging over the
two wells via tunneling. Franck-Condon analysis showed that the
bond lengths of HI™ at the two minima of the double-well poten-
tial are 2.03 and 2.37 A. Thus, HI” and DI™ each exist in two
forms.

Il. METHODS
A. Preparation of Hl gas

HI gas was obtained by dehydrating aqueous hydriodic acid,
HI(aq), in a glassware apparatus under vacuum.’* There, 5 ml of
aqueous hydriodic acid (57 wt. %, stabilized, Sigma-Aldrich) was
dripped from a dropping funnel onto an excess of phosphorus
pentoxide located in a flask cooled by an ice-water bath. Phospho-
rus pentoxide caused the dehydration reaction, P4O; + 6 H,O
— 4 H3PO,, and released gaseous hydrogen iodide. The resultant
HI gas was further dehydrated by sending it through glass tubes
packed with phosphorus pentoxide. The dried HI gas was con-
densed into a sample gas cylinder cooled by liquid nitrogen. Lastly,
helium was added to the gas cylinder to make a HI/He (5%/95%) gas
mixture.

B. Preparation of Di(aq)

Aqueous deuterated hydriodic acid, DI(aq), was synthesized
via the chemical reaction, D;PO4(aq) + KI - DI(aq) + KD,PO4."”
Initially, 10 ml of deuterated phosphoric acid D3PO4 (D 98%,
85% in D,O, Sigma-Aldrich) and 10 g of potassium iodide were
added to a vacuum-sealable stainless-steel container. Then, after
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evacuating the container, its temperature was slowly increased to
100 °C and held there for two hours. Next, the temperature was
raised to 150 °C and held there for another hour, resulting in
the formation of DI(aq) vapor. The vapor of DI(aq) was frozen
into a separate, liquid-nitrogen-cooled stainless-steel container. This
DI(aq) solution was used to produce DI", as described in Sec. II C.

C. Anion formation and anion photoelectron
spectroscopy (aPES)

The formation of HI" and DI” and the measurement of their
anion photoelectron spectra were conducted on our apparatus,
which consists of a Rydberg electron transfer (RET) ion source and
its two dye lasers, a time-of-flight mass spectrometer (TOF-MS), a
Nd:YAG photodetachment laser, a magnetic bottle electron energy
analyzer (MB), and a velocity map imaging electron energy analyzer
(VMI). The apparatus, described briefly here, is described in detail
elsewhere.” " HI™ and DI” anions were formed by our Rydberg
electron transfer (RET) ion source.*! Here, we explain the experi-
mental procedure for HI™ first. A HI/He gas mixture (0 psig) was
introduced via a pulsed valve (Parker-Hannifin) at 10 Hz. The HI
molecular beam was cooled by supersonic expansion. After passing
through a skimmer, the HI molecular beam collided with potassium
atoms K** that had been laser-excited to selected Rydberg levels
via two separate photon excitations. The effusive beam of potas-
sium atoms from a 150 °C oven had been irradiated by 767 nm
photons from the first of two dye lasers (Sirah Lasertechnik, Cobra,
LDS751 in ethanol) before being irradiated by 457-497 nm pho-
tons from the second dye laser (Sirah Lasertechnik, Cobra-Stretch,
Coumarin 480 in ethanol). The first laser excited the potassium
atoms from the ground state to the first excited state (P32 [Ar]
4p"), while the second laser further excited them selectively from
the first excited state to the 8d-32d and 10s-33s Rydberg electronic
states. This is a two-step process. The energy levels of potassium
were those found in the NIST Atomic Spectra Database.’® Collisions
of HI with Rydberg-excited potassium K** formed HI™ anions via
Rydberg electron transfer through the reaction HI + K** — HI~
+ K", as well as forming I" via DEA. The resultant HI™ anions were
extracted and mass-analyzed/selected via a Wiley-McLaren-type
in-line time-of-flight mass spectrometer.

The anion photoelectron spectra of HI™ formed by RET from
K**(8d) were measured by two distinct electron energy analyzers:
a magnetic bottle (MB) and velocity map imaging (VMI). In the
MB case, HI” was photodetached by the first, second, third, and
fourth harmonic outputs of a Nd:YAG laser (Continuum, Surelite
1-20; 1064, 532, 355, and 266 nm, respectively) after mass-gating
and deceleration. The resolution of our magnetic bottle analyzer
was ~35 meV at an electron kinetic energy of 1 eV. In the VMI
case, after mass-gating, HI" was photodetached by the linearly
polarized first and second harmonic outputs of a Nd:YAG laser
(Continuum, Surelite 1-20; 1064 and 532 nm, respectively). The
resultant photodetached electrons were then accelerated toward
a position-sensitive microchannel plate detector with a phosphor
screen coupled to a CCD camera. The recorded two-dimensional
images were symmetrized and inverse-Abel transformed via the
BASEX method™ to reconstruct the three-dimensional distributions
of the photodetached electrons. The kinetic energies of the elec-
trons were obtained from the reconstructed velocity map images
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(resolution AE/E ~ 0.03). In experiments using both MB and VMI
electron energy analyzers, the recorded electron kinetic energies
(EKE) were converted to electron binding energies (EBE) by the
energy-conserving relationship: hv = EBE + EKE, where hv is the
photon energy of the photodetachment laser. Photoelectron spec-
tra measured using the magnetic bottle were calibrated using the
well-known atomic transitions of Pb~,°"%" Pd=,°>% Cr~,°*** and
W 029%% when using 1064 nm photons [shown as Fig. S1(a) in
the supplementary material]; Pb~*"" when using 532 nm pho-
tons; and Cu™®” when using 355 and 266 nm photons. In the same
way, photoelectron spectra measured using velocity map imaging
were calibrated using the transitions of Pb™, Pd™, and W~ when
using 1064 nm photons [shown as Fig. S1(b) in the supplementary
material] and Pb~ when using 532 nm photons.

The molecular beam of DI was formed by placing a drop of
deuterated hydriodic acid DI(aq) in the pulse valve filled with helium
buffer gas (0 psig) and directing its vapor to the Rydberg electron
transfer ion source. The anion photoelectron spectra of DI” formed
by RET [DI + K**(8d) - DI” + K*] were measured by the magnetic
bottle electron energy analyzer using the first and the second har-
monic outputs of a Nd:YAG laser (1064 and 532 nm, respectively)
after mass-gating and deceleration.

Note that analogous experiments were also performed for HCI
and HBr. Pulsing HCI or HBr molecular beams into the RET ion
source produced neither HCI™ or HBr™, nor, interestingly, CI” or
Br™. These results are presented in the supplementary material.

D. Franck-Condon simulation

According to the Franck-Condon principle, the probabil-
ity of the transition, M~ (+") - M(+') + €7, is proportional to
[Mc2|(¥,#|¥, )%, where M, is the electric transition dipole moment
and |(¥,#|¥,)|* is the Franck-Condon (F-C) factor that repre-
sents the spatial overlap between the vibrational wavefunctions of
the anion and the neutral.”**” In the Condon approximation, |Me|*
can be treated as a constant for a given electronic transition. There-
fore, the F-C factor represents the relative transition probabilities of
a vibrational series in a given electronic transition. The F-C factors
for HI (v = 0-10) < HI” (+'/ = 0) and DI (v/ = 0-14) < DI™ (v"
= 0) were calculated using the LEVEL16 program.’’ It was assumed
that the potential energy curves are isotope-invariant; that is, HI and
DI share the same potential energy curve. The generalized Morse
potential (see Ref. 71) was employed for the HI neutral. This poten-
tial has been utilized in UV spectroscopic studies of HL.”>*****’ For
the potential energy curve of the HI™ anion, a harmonic potential
was used. A harmonic potential has three parameters: the depth of
the well D, the force constant k., and the equilibrium bond length r..
The D. and k. were determined based on the electron affinity values
by a procedure described in Sec. ITI D. The r. was optimized so that
the F-C simulation reproduces the relative intensity distribution of
the vibrational progression in the experimental anion photoelectron
spectra.

The photodetachment cross section ¢ depends on the elec-
tron kinetic energy (EKE). In photodetachment from an atomic
anion, this relation is described by Wigner’s threshold law: ¢(EKE)
o< kZZ“, where k = 2me - EKE)”Z/FI is the magnitude of the linear
momentum of the photoelectron and [ is the angular momentum
of the outgoing electron.”” The corresponding relationship for a
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diatomic anion was formulated by Geltman as follows: ¢(EKE)
~ (const.)- vk™, where v is the photon frequency and m is an
integer determined by the molecular symmetry and the molecular-
axis component of the angular momentum of the molecular orbital
from which the electron was photodetached.”” We assumed that the
photodetached electrons in the 1064 and 532 nm aPES originated
from the o orbital of HI", based on the electronic configuration
of HI” (X =%, 16%26°17*30') used in a prior ab initio calcu-
lation® (see Fig. S2 in the supplementary material for the MO
diagram). For photodetachment from a o orbital of the heteronu-
clear diatomic anion, m = 1 is used.”” Therefore, the dependence of
the photodetachment cross section on EKE in this case is 6(EKE) »
(const.) - k < EKEY?, To incorporate this relationship into the simu-
lated spectra, the calculated F-C factors were multiplied by EKE"2,
The resultant stick spectra were broadened by Gaussian functions
to reproduce the experimental anion photoelectron spectra with a
typical FWHM of 40-80 meV.

lll. RESULTS

A. Formation of HI” and DI by Rydberg
electron transfer

Mass spectra of the anions formed by Rydberg electron transfer
to HI from K** at 8d, 10d, and 32d Rydberg states are shown in
Fig. 1(a). I" was observed by DEA of HI at all the Rydberg levels.
With K**(8d), the ion signal of HI™ (m/z = 128) was observed along
with that of I". The typical flight time of HI" in our TOF-MS was
~69 ps. As shown in Fig. 1(b), the ratio of HI” vs I ion intensity (as
determined by TOF peak area) decreased steadily with increasing
principal quantum numbers of the K** Rydberg level until 14d/15s.
This result is consistent with the observations of Compton et al.*’
Interestingly, the decrease of the HI"/I” ion intensity ratio was not
monotonic after K**(15d).

The mass spectrum obtained by adding DI(aq) to the pulse
valve and directing its vapor into the RET ion source at K**(8d) is
shown in Fig. 1(c). A peak for DI" (m/z = 129) was observed, along
with a peak for HI™ in the same mass spectrum. The latter was due to
residual HI in the gas line or to isotope exchange between the aque-
ous DI/D,O solution and H,O in the atmosphere while the solution
was exposed to the air.

B. Anion photoelectron spectra measured
by the magnetic bottle (MB) electron energy analyzer

The anion photoelectron spectra of HI" measured with 1064
and 532 nm photons using our magnetic bottle electron energy ana-
lyzer are shown in Fig. 2(a), and the electron binding energies of
all the observed peaks are summarized in Table I. Anion photoelec-
tron spectroscopy measures the energy from the initial anionic state
to the final neutral state. When the probed anion is cold—i.e., cooled
by supersonic expansion and in its electronic and vibrational ground
state—the recorded spectrum reflects the electronic and vibrational
energy levels of the corresponding neutral. Hereafter in this dis-
cussion, a transition from the anion in a v" vibrational state to
the neutral in a v vibrational state (' < v"/) is denoted as (v/,
v'"). The 1064 nm spectrum exhibited a vibrational peak progres-
sion corresponding to the transitions: (0, 0)-(3, 0), with the spac-
ings between the adjacent peaks being consistent with the known
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vibrational energy spacings of the HI ground state (X '2*).”> The
(4, 0) peak had been expected to appear at the high electron bind-
ing energy edge of the 1064 nm spectrum but was absent because of
the reduced electron transmission for low kinetic energy electrons
in the magnetic bottle electron energy analyzer. Transitions from
vibrationally excited anions (hot bands) were not observed. The
532 nm spectrum showed the same vibrational progression enve-
lope but over an extended binding energy range from (0, 0) through
(6, 0). The (3, 0) peak was hidden by an intense peak at 0.758 eV.
That peak originated from a two-photon process: photodissociation
of HI" to H™ + I by the 532 nm photon, followed by the photode-
tachment of H™. The electron binding energy of that peak agrees
with the EA value of the H atom (0.754 eV’°). Based on the relative
energies of the HECS) + 17(S) and the H™('S) + I(*P3)2) dissociation
limits shown in Fig. 3, a photon energy of at least EA(I) — EA(H)
= 2.305 eV is required to photodissociate HI™ to H™ + I. That is
consistent with the appearance of the H™ photoelectron peak in the

PUNRE well (re = 2.37 A) to HI/DI (X "=+, v/).

e
1.0 1.5 2.0
Electron Binding Energy (eV)

532 nm (hv = 2.331 eV) photoelectron spectrum and its absence
in the 1064 nm (hv = 1.165 eV) spectrum. Beyond the energy of
the (6, 0) peak at 1.544 eV, two peaks were observed at electron
binding energies corresponding to the (7, 0) and (8, 0) transitions.
Interpretation of these peaks will become clear below.

The anion photoelectron spectra of DI measured with 1064
and 532 nm photons using our magnetic bottle electron energy ana-
lyzer are shown in Fig. 2(b), and the electron binding energies of
their peaks are summarized in Table II. Similarly to the case of HI,
the 1064 nm photoelectron spectrum of DI” showed (0, 0)-(5, 0)
peaks consistent with the known vibrational energy spacings of the
neutral DI (X '=%).”° The 532 nm spectrum of DI" showed the
same vibrational series but over an extended range to include the
(0, 0)-(8, 0) transitions. The (4, 0) peak was obscured by an intense
peak due to D™. This was due to a two-photon process that resulted
in the photodissociation of DI, followed by the photodetachment
of D”. The narrower vibrational energy spacings of DI, compared
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TABLE . Electron binding energies of the peaks in the MB-measured photoelectron spectra and VMI-measured photoelectron
spectra of HI™ (both for 1064 and 532 nm), the fitted anisotropy parameters, j3, in the 1064 nm VMI-measured photoelectron

spectrum, and their coefficients of determination, R2. The values in parentheses in the 3 column show the standard deviations.

The electronic transition is HI (X T=*) < HI= (X 25+).

MB (eV) MB(eV) VMI(eV) VMI(eV) B R of B
HI™ well v,v’) 1064 nm 532 nm 1064 nm 532 nm 1064 nm 1064 nm
0.003
Inner (0, 0) 0.057 0.071 0.051 1.62(8) 0.87
Inner (1,0) 0.323 0.324 0.319 0.307 1.87(5) 0.95
Inner (2,0) 0.598 0.579 0.578 0.585 1.76(4) 0.97
Inner (3,0) 0.854 0.830 1.74(4) 0.96
Inner (4,0) 1.086 1.077 1.081 1.81(7) 0.91
Inner (5,0) 1.332 1.333
Inner, outer (6,0) 1.544 1.529
Outer (7,0) 1.750 1.752
Outer (8,0) 1.938 1.951
Outer (9,0) 2.14 2.15
Outer (10, 0) >2.304 >2.286
H™ 0.758 0.760
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FIG. 3. Potential energy curves of HI~/HI. The origin of the energy axis (0 eV) is the H(2S) + I=('S) dissociation limit. The ground state potential of HI was taken from
Ref. 71, and the excited state potentials of HI were taken from Ref. 22. The harmonic potentials of HI~ (red) and their vibrational ground state are based on the present study
and explained in Sec. |11 D. The orange-shaded area represents the Franck-Condon region of HI~ due to the inner well (re = 2.03 A), and the green-shaded area represents
that of HI~ due to the outer well (re = 2.37 A). The 266 nm anion photoelectron spectrum (aPES) shown on the leftis the same spectrum as in Fig. 5(b), and is plotted relative
to the vibrational ground state of HI~. The red dashed arrow represents the vertical transition of HI (a °I1;) < HI~ (X 22+, inner well), corresponding to the 3.64 eV feature

(purple-shaded) of the 266 nm spectrum.

to those of HI, enabled interpretation of the peaks at energies
beyond the first envelope of the (0, 0)-(8, 0) transitions. At electron
binding energies beyond the (8, 0) peak, a second vibrational enve-
lope appeared; these correspond to the transitions, (9, 0) through
(12, 0). The observation of two envelopes corresponding to the same
neutral DI (X '=*) final electronic state indicates that DI” exists

in two forms. One of these has a short bond length and is respon-
sible for the (0, 0)-(8, 0) envelope, while the other has a longer bond
length and is responsible for the (8, 0)-(12, 0), that is, the second
envelope. The fact that the first and the second envelopes shared the
(8, 0) peak indicates that the two forms of DI” are nearly isoener-
getic. Taking this interpretation of DI” back to HI™ in Fig. 2(a), the
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TABLE II. Electron binding energies of the peaks in the MB-measured photoelectron
spezctra of DI~ (1064 and 532 nm). The electronic transition is DI (X 'S*) « DI~
(XzH).

MB (eV) MB (eV)
DI™ well W, v) 1064 nm 532 nm
Inner (0,0) 0.028 0.059
Inner (1,0) 0.225 0.24
Inner (2,0) 0.426 0.42
Inner (3,0) 0.622 0.60
Inner (4,0)/D™ 0.805 0.78
Inner (5,0) 0.993 0.949
Inner (6,0) 1.108
Inner (7,0) 1.31
Inner, outer (8,0) 1.46
Outer 9,0) 1.597
Outer (10, 0) 1.774
Outer (11,0) 1.914
Outer (12,0) 2.054

(0, 0)-(6, 0) peaks in the first envelope of the HI" spectrum origi-
nated from the shorter form of HI™, while the (6, 0)-(9, 0) peaks in
the second envelope of the HI™ spectrum originated from the longer
form of HI".

This information provides a rough picture of the HI™ potential
energy curve and its relationship to that of HI (see Fig. 3). HI™ is
predicted to have a bound potential (X 23 leading to the HES)
+ I7('S) dissociation asymptote, as well as dissociative potentials
(1Q1/2, Q312) leading to the H™ (1 S) + I(2P3/2) dissociation limit.*>***’
The H™('S) + I(*P3) limit is located Do(HI) — EA(H) = 3.053 V"
— 0.754 eV’ = 2.299 eV above the vibrational ground state of the
neutral HI. Since the HI™ photoelectron spectra showed the vibra-
tional features of neutral HI starting from v =0, the v/ = 0 of
HI™ lies below v/ = 0 of the neutral HI. Therefore, the HI~ studied

ARTICLE pubs.aip.org/aipl/jcp

here is on the X *Z* potential energy curve associated with the
H(S) + I"(*S) limit. The existence of isoenergetic HI” with two
different bond lengths means that HI™ (X 25") has a double-well
potential, with the vibrational wavefunction tunneling through the
barrier between the two wells. Such tunneling is well known, such as
the umbrella inversion of ammonia (barrier height ~0.22 ev).”7
It was also reported for some diatomic molecules, such as NakK,
where the vibrational wavefunctions with energy close to the bar-
rier height were delocalized over the two wells.””"' The overall shape
of the HI" potential curve, reflecting this interpretation, is shown
in Fig. 4(a). The energies of the vibrational ground states of the
HI™/DI” anions are based on the (0, 0) transitions in the anion pho-
toelectron spectra (these being the EA-determining peaks), while the
bond lengths at the two local minima of the double wells are based
on the Franck-Condon simulations elaborated in Sec. I1I D. In the
532 nm photoelectron spectra of HI” and DI (Fig. 2), the second
envelope covers a narrower energy range than the first envelope. Part
of the reason is the anharmonicity of the potential energy curve of
the HI neutral, as illustrated in Fig. 8. However, the F-C simulations,
which incorporate the anharmonicity of the HI neutral’s potential,
showed that the contribution from the anharmonicity is not enough
to reproduce the narrow energy range of the second envelope. This
fact indicates that the outer well of the HI™ potential has a higher
curvature (sharper) than the inner well; hence, the F-C region of
the outer well is narrower than that of the inner well, as illustrated in
Fig. 4(a). The specific shape of the curve and the height of the barrier
are not determined in the present study. However, on the assump-
tion that the potential barrier is below the H + I” dissociation limit,
the estimated barrier height is of the order of ~0.1 eV, which is small
enough for the vibrational wavefunction to tunnel. In a double-well
potential, the vibrational state could experience doublet splitting by
the even and odd combinations of the coupled vibrational wave-
functions of the two wells.”*”’ Thus, unresolved transitions may be
present in the photoelectron spectra.

The raw EA values determined from the (0, 0) transition peaks
were 0.057 £ 0.020 eV for HI and 0.028 + 0.020 eV for DI [see Fig. S3
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FIG. 4. (a) Potential energy curves of the HI/DI neutral and the HI=/DI~ anion, with the horizontal lines at their vibrational ground states. The origin of the energy axis (0 eV)
is the H(2S) + I=('S) dissociation limit. The vibrational wavefunctions are overlaid to show that they tunnel through the barrier of the double-well potential of the anion. The
vibrational ground states of the anions are based on the electron affinities determined by the photoelectron spectra, and the bond lengths of the anion at the two minima are
based on the Franck-Condon simulations. The energies of the two minima and the barrier height of the anion’s potential curve are not known. The potential of the neutral HI
was taken from Ref. 71. (b) Potential energy curves of the HI/DI neutral and the HI=/DI~ anion, and the relationships of the electron affinity (EA), zero-point energy (ZPE),
bond dissociation energy (Do), and depth of the well (De) of each species. The two curves of the anion are the harmonic potentials U(r) = (1/2) ke (r — re)? — De used in
the Franck—Condon simulations in Sec. [I| D.
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TABLE IlI. Electron binding energies of the peaks in the MB-measured photoelectron
spectra of HI™ (355 and 266 nm).

MB (eV) MB (eV)

355 nm 266 nm
1(Ps2) < 17 ('9) 3.03 3.109
HI (a°11;) <« HI” (X 2=*) 3.64
1CPp) < 17 ('S) 4,048

in the supplementary material for the enlarged spectra in the vicin-
ity of the (0, 0) peaks]. Further refinement of the EA values, which
will involve incorporating VMI photoelectron results, will be dis-
cussed in Sec. 111 C. The (0, 0) peak of HI™ in the 1064 nm spectrum
exhibited a left shoulder at an electron binding energy of 0.003 eV.
This peak is not due to the valence-bound HI™ because this bind-
ing energy does not satisfy the thermodynamic requirement that
the HI™ vibrational ground state lies below the H + I" dissociation
limit—i.e., EA(HI) > EA(I) — Do(HI) = 6 meV."" The assignment of
this peak will be discussed in Sec. IV B. This left-shoulder feature
at an extremely low electron binding energy was not evident in the
532 nm spectrum because of the lower resolution at higher electron
kinetic energies.

The anion photoelectron spectra of HI” and I, measured with
355 and 266 nm photons using our magnetic bottle analyzer, are
shown in Fig. 5. In Fig. 5(b), HI™ displayed two peaks at the elec-
tron binding energies of the ICPs) < I7(*S) and I(3Py1j2) < I°(}S)
transitions, separated by the spin-orbit splitting of I."*"" These were
due to the two-photon process by which I" was first formed by the
photodissociation of HI” and subsequently photodetached. Between
these two intense peaks, there is a small broad feature at ~3.64 eV.
This feature was assigned to the transition from the inner well of
HI™ to HI (4’I1;) based on our Franck-Condon simulation results
in Sec. I1I D. The electron binding energies of the observed peaks are
presented in Table III. As shown in the inset of Fig. 5(a), the peak
originating from the photodissociated H™ fragment appeared in the
355 nm photoelectron spectrum at 0.760 eV, as it had in the 532 nm
photoelectron spectrum.

Electron Binding Energy (eV)

C. Anion photoelectron spectra measured
by the velocity map imaging (VMI) electron
energy analyzer

The use of our VMI analyzer, while recording the HI" pho-
toelectron spectrum, provided both higher energy resolution than
that provided by the MB analyzer and the measurement of the HI™
photoelectron angular distribution (PAD). The raw images and the
reconstructed images of HI™ recorded with 1064 and 532 nm pho-
tons are presented in Figs. 6(a) and 6(b). The photoelectron signals
appeared along the direction of the polarization of the photodetach-
ment laser. The photoelectron spectra obtained from these images
[Fig. 6(c)] are consistent with those obtained using the magnetic
bottle analyzer [Fig. 2(a)]. When utilizing the VMI analyzer, the (4,
0) peak was observed at an electron binding energy of 1.086 eV in
the 1064 nm (hv = 1.165 eV) photoelectron spectrum, while when
using the MB analyzer, it was not observed due to MB’s poor electron
transmission at low electron kinetic energies. The electron binding
energies of the observed peaks are summarized in Table I. The raw
EA value of HI based on the (0, 0) transition was 0.051 + 0.015 eV.
This is consistent with the EA value determined when using the MB
analyzer, with the 0.051 eV datapoint from the VMI measurement
falling between the highest 0.057 eV datapoint and the next high-
est 0.044 eV datapoint recorded with the MB analyzer, as shown
in Fig. S3 in the supplementary material. Since the VMI analyzer
provides better resolution and has smaller datapoint spacings, we
report 0.051 + 0.015 eV as the experimental EA value of HI. From
a previous computational study, the electronic ground state of the
anion is HI™ (X 2yt 16%20° 11'(4301), where the extra electron is
in the antibonding 30 orbital.** The transition from the electronic
ground state of the anion to its corresponding neutral ground state
is HI (X '2*) < HI” (X 2=7), and the orbital angular momentum
along the molecular axis is zero for both the anion and the neutral.
Therefore, the EA values of HI and DI do not require spin-orbit cor-
rection. The rotational corrections to the EA values will be discussed
in Sec. 111 D. The bond dissociation energies Dy of HI” and DI can
be calculated using EA(HI) = 0.051(15) eV and EA(DI) = 0.028(20)
eV, as determined from our photoelectron spectra, and the known
values of EA(I) = 3.059 038(10) eV,”” Do(HI) = 3.05274(37) eV,
ZPE(HI) = 0.141911 eV,” and ZPE(DI) = 0.101029 eV, by
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FIG. 6. (a) Raw velocity map images of HI~ photoelectrons recorded with 1064 nm (1.165 eV) photons (top) and 532 nm (2.331 eV) photons (bottom). The white arrows in
the images show the polarization direction of the photodetachment laser. The color scale represents the photoelectron counts. (b) Reconstructed velocity map images after
symmetrization and inverse Abel transformation. The photoelectron angular distributions obtained from the 1064 and 532 nm images are presented in Fig. 7(a) and Fig. S4
in the supplementary material, respectively. (c) The black lines are the experimental spectra, and the electron binding energies of each of the peaks are shown in Table |.
The orange curves show the results of Franck-Condon simulations for the transitions from HI~ (v = 0) in the inner well (re = 2.03 A) to HI (X 'S+, v/). The green curves
show the results of Franck-Condon simulations for the transitions from HI~ (v' = 0) in the outer well (re = 2.37 A) to HI (X "=+, V/).

TABLE IV. The electron affinity (EA) values of HI/DI and the bond dissociation energy
(Dg) values of HI~/DI~ determined by anion photoelectron spectra.

EA (eV) Do of HI'/DI™ (eV)
HI 0.051(15) 0.045(15)
DI 0.028(20) 0.063(20)

using the following energetic relationship [see Fig. 4(b) for visual
assistance]:

Dy(HI™) = Do(HI) + EA(HI) — EA(I) ~ 0.045(15) eV,
Dy(DI") = Do(DI) + EA(DI) — EA(T),
= [Do(HI) + ZPE(HI) — ZPE(DI)] + EA(DI) - EA(I),

~0.063(20) eV.

These results are summarized in Table I'V.

The photoelectron angular distribution (PAD) of each peak in
the 1064 nm VMI-collected photoelectron spectrum is shown in
Fig. 7(a). The observed PAD was fitted to the Cooper-Zare for-
mula: I(6) = a (1 + 8 P2(cos 0)), where 0 is the angle between the
direction of the ejected electron and the polarization of the incident
light, I(0) is the photoelectron intensity, a is the constant propor-
tional to the total photodetachment cross section, f is the anisotropy
parameter ranging from —1 to +2, and P»(cos 0) is the second-order
Legendre polynomial [P(cos 8) = (1/2) (3 cos® 6 — 1)].%* The 8 val-
ues obtained by least-squares fitting are presented in Table I and

are plotted against electron kinetic energy (EKE) in Fig. 7(b). Since
the five peaks in the 1064 nm spectrum originated from the same
electronic transition—i.e., HI (X 'X*) « HI™ (X ?Z")—the S depen-
dences reflect the partial-wave channels of electron detachment at a
given EKE.”"*" Overall, B being in the realm of 2 (p wave) over the
entire observed EKE range indicates that the electrons are detached
from a molecular orbital having s-character.®” As shown in Fig. $4 in
the supplementary material, the photoelectron counts in the 532 nm
VMI-measured photoelectron spectrum were not reliable enough to
achieve credible fittings of f.

D. Franck-Condon simulation

Franck-Condon (F-C) simulations were performed to deter-
mine the bond lengths at the two minima in the double-well poten-
tial of HI". The potential energy curves of the anion and the neutral
are needed to calculate the F-C factors using the LEVEL16 program.
The generalized Morse potential from Ref. 71 was used for the HI
neutral. For the potential energy curve of the anion, our photoelec-
tron spectra implied that it has a double-well potential. However,
quantum chemical calculations would be needed to map the shape
of this curve accurately. Instead, we have modeled it using simple
harmonic oscillator potentials, U(r) = (1/2) ke (r — re)? — De, where
the origin, 0 eV, was set at the HECS) + I7(*S) dissociation limit for
the anion. We then optimized the center of the harmonic well, e,
to reproduce each of the two envelopes in the experimental anion
photoelectron spectra. The force constant k. (the curvature of the
well) and the depth of the well D. utilized in this simulation were
determined as described below, using the harmonic approximation
and the EA values of HI/DI. Since k. does not affect the binding
energy center of the envelope, the same value was used for the two
harmonic wells of the anion, for simplicity of the simulation. In the
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harmonic potential of a diatomic molecule, the zero-point energy
(ZPE), the vibrational constant, we., the force constant, k., and the
reduced mass, g, have the following relationship:

1 1 [ ke
ZPE = Eh(l)e = Eh g (1)

Therefore, ZPE(DI ") can be expressed in terms of ZPE(HI™) by the
following equation:

ZPE(HI")

LA ) [E
ZPE(DI") pmr’
. - - faas!!
- ZPE(DI") = ZPE(HI"), /&=
(or') - zes(ur), /2" ®

Using Eq. (2) and ZPE(HI") — ZPE(DI") = Do(DI") — Do(HI")
= 0.063-0.045 eV = 0.018 eV [see Fig. 4(b) for visual assistance],
ZPE(HI™) can be determined as follows:

ZPE(HI") - ZPE(DI”) = ZPE(HI") — ZPE(HI™), /22,

Upb1
- 23314
= ZPE(HI")-(1- ,
e (1)
ZPE(HI) - ZPE(HI™) - fHII)E(DI_)’
VAT
~0.062 eV.

Note that these values have uncertainties too large to be used as
spectroscopic constants. They are used here only for convenience
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in determining the parameters of the harmonic potential for the
F-C simulations. For example, the uncertainty in the values shown
here is ZPE(HI™) — ZPE(DI") = 0.018 + 0.025 eV and ZPE(HI")
= 0.062 + 0.086 eV. Using ZPE(HI") = 0.062 eV and Eq. (2),
ZPE(DI") ~ 0.044 eV. From the energetic relationships shown in
Fig. 4(b),

D.(HI"/DI") = Do(HI" ) + ZPE(HI ) ~ 0.106 €V,

we(HI") =2 ZPE(HI") =995 cm™",

we(DI") =2 ZPE(DI") =707 cm™".

The force constant k. can be calculated using Eq. (1):
\\2
ZPE(HI
ke(HI™/DI") = 4pyy- ((h)) =583 Nm ..

In the harmonic potential of the anion, U(r) = (1/2) ke (r — re)?
— De, with ke = 58.3 Nm ™! and D. = 0.106 eV, the only remaining
parameter, re, was optimized to reproduce the experimental anion
photoelectron spectra. The first envelope in the photoelectron spec-
tra was reproduced with an anionic bond length of r. = 2.03 A, and
the second envelope was reproduced with r. = 2.37 A. The simu-
lated spectra are shown as the orange and green curves, respectively,
in Figs. 2 and 6(c); the harmonic potentials used in the simulations
are indicated in Figs. 3, 4(b), and 8, albeit on different scales; and
the calculated F-C factors and the transition energy of each o, v’

peak are summarized in Tables S1-S4 in the supplementary material.
Based on the observation of I" formation, previous experimental
DEA studies on HI concluded that the potential energy curve of HI
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FIG. 8. (a) The extended Morse potential of HI (black, taken from Ref. 71) and the two harmonic potentials of HI~ (red) used for our Franck—Condon (F-C) simulations. The
vibrational levels of HI were taken from Ref. 75. The vibrational ground state of HI~ is based on the EA(HI) determined in this study. The orange-shaded area represents
the F-C region of the inner well of HI=(re = 2.03 A), and the green-shaded area represents that of the outer well (re = 2.37 A). The origin of the energy axis is the H(%S)
+ I=('S) dissociation limit. The 532 nm experimental anion photoelectron spectrum (black), the F~C simulation result for HI~ in the inner well (orange), and that for HI~
in the outer well (green) are the same as Fig. 2 and are plotted based on the vibrational ground state of HI~. (b) The corresponding potential energy diagram and anion

photoelectron spectrum of DI~/DI.

crosses that of HI™ at thermal energies (<0.1 eV). " The rough
picture of the potential energy curve in Fig. 4 shows that all the bar-
riers are <0.1 eV between the vibrational ground state of neutral HI
and the vibrational ground state of HI".

Figure 3 shows the 266 nm photoelectron spectrum of HI™ [the
same spectrum as in the top panel of Fig. 5(b)] laid on its side on the
potential energy diagram. It shows that the broad feature at ~3.64 eV
in that photoelectron spectrum corresponds to the transition from
HI™ in its inner well (re = 2.03 A) to the excited electronic state of
HI (a *I1,). Dissociative photodetachment often forms broad peaks
in anion photoelectron spectra, as shown in Refs. 86 and 87 for O4~
+hv—20; +e andinRef. 88 for HOCO™ + hv > H+ CO; +e” or
OH + CO + ¢ . Thus, the broad feature at ~3.64 eV is consistent with
the assignment whereby HI™ (in its inner well) undergoes dissocia-
tive photodetachment through the HI (a *TI;) repulsive potential
energy curve to yield H(CS) + I(3P32) + €. As shown in Fig. S2 in
the supplementary material, the electronic configurations of both HI
(X '=%, 16%2206%17*) and HI (a ’I1;, 16°20%17°36")*? are accessible
from HI™ (X *2*, 16°26°1n*30')** by photodetaching the 30 and
the 1 electron, respectively. In a previous photodissociation study,
neutral HI was excited to its v = 2 vibrational level to widen the
F-C region so as to probe the excited electronic states over a wider
geometrical range.”* The anion photoelectron spectrum of HI™
obtained here mapped the excited state of HI at r = 2.03 A, which
is much longer than the bond length of the ground-state neutral HI
(re=1.60916 A7).

The rotational constants, Be = k*/ (Z,ure2 ), of HI” and DI" at the
two bond lengths (r. = 2.03 and 2.37 A) identified by the F-C simu-
lations are shown in Table V. The corrections to the EA values due
to the unresolved rotational manifolds in the photoelectron peaks
can be estimated using these rotational constants and the estimated
rotational temperature of the anion. Our RET anion source is simi-
lar to that of Compton et al.*! In their REMPI measurements, the HI
molecular beam formed by supersonic expansion had a rotational
temperature of ~20 (+10) K and appreciably occupied only states
with J < 3, these having an average rotational energy of ~1.4 meV.
Although we do not know the rotational distribution of the HI" /DI~
anions after Rydberg electron transfer from K**(8d), we estimated
the rotational corrections to the EA values using a rotational temper-
ature of 20 K. The electron kinetic energy (EKE) band shift due to an
unresolved rotational manifold for a linear molecule is expressed by
the following formula: Ao ~ kg T(B'/B” - 1) + (1/3) (B” - B).#%
Using the estimated rotational temperature T = 20 K, the anion
rotational constants B derived here, and the known neutral rota-
tional constants B’ (6.4263650 cm ™! for HI and 3.2534872 cm™!
for DI’°), the rotational corrections to the EA values of HI and DI
were obtained and are listed in Table V. For the EA values of HI
and DI, that is, EA(HI) = 51 + 15 meV and EA(DI) = 28 + 20 meV,
as determined from the (0, 0) photoelectron peaks originating from
their inner wells, the rotational corrections were —0.89 meV for HI
and —0.94 meV for DI. These are much smaller than our energy
resolution and are practically negligible.

TABLE V. Rotational constants B of HI/DI~ and rotational corrections to the EAs of HI/DI.

Inner well (r. = 2.03 A)

Outer well (re = 2.37 A)

HI™ DI HI™ DI
Rotational constant Be 4.09 cm™ 2.06 cm™! 3.00 cm™! 1.51 cm™
Rotational correction to EA —0.89 meV -0.94 meV —-1.8 meV -1.9 meV
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IV. DISCUSSION
A. Comparison with previous studies of HI~

In this section, we examine the consistency of our results with
those from previous observations of HI™. In the first report of the
experimental observation of HI™ using a Penning discharge ion
source by Chupka et al., their assumption of HI™ to be a stable
anion set the lower limit for the EA value to be EA(HI) > EA(I)
— Do(HI) = 6 meV,* using the currently accepted values of EA(I)
= 3.059038(10) eV’” and Do(HI) = 3.05274(37) eV.*> The EA(HI)
=51 + 15 meV obtained by our work satisfies this requirement.

Compton et al. formed HI” via Rydberg electron transfer using
several alkali metals M** (M = Na, Rb, and Cs)."' They set the
lower limit for EA(HI) by the energetic requirement that the HI
+M™* collision energy, Ecoliision, needed to be high enough to enable
electron transfer from M** to HI: E.gjiision > BE(MM™**) — EA(HI),
where BE(M™**) is the binding energy of the Rydberg electron in
M**.%" Out of the excited alkali atoms, M** that they utilized to
produce HI™, the one with the largest BE was Rb**(9s), with BE
=0.39 eV. The collision energy was Eoliision < 0.26 €V in their exper-
imental conditions. These values lead to a lower limit for EA(HI)
to be EA(HI) > BE(Rb**) — E_opiision = 0.13 eV. Here, we reexam-
ine this energetic requirement using the values from the present
HI + K** experiments. In our experiments, the Rydberg level of
K** with the largest BE was 8d (BE = 0.227 eV’*""). With EA(HI)
= 0.051 eV, the requirement for the collision energy is Ecoliision
> BE(K**) — EA(HI) = 0.176 eV. Under our experimental con-
ditions, all of the HI + K** collisions satisfy this requirement.
The evaluation of the collision energy in our experimental setup is
detailed in the supplementary material. Therefore, the experimen-
tal results presented here are consistent with the observations by
Compton et al.”!

Next, we compare our experimental results with the ab initio
calculations on HI™ by Chapman et al.*’ In the RCA and SOCI calcu-
lations, the potential well of HI™ (X 23") was predicted to be around
fe = 2.65 A with a vibrational constant of w. = 352 cm™~" and a well
depth of D. = 0.10-0.16 eV. The bond lengths we obtained in the
present study (r. = 2.03 A for the inner well, 7. = 2.37 A for the outer
well) were much shorter than their prediction. In the SOCI calcula-
tion with the diffuse H atom basis, the potential energy curve of HI™
was predicted to have a small well around 1.6 A, which is close to the
bond length of the HI neutral.*’ Perhaps this might be a reflection of
the double-well nature of the HI™ potential energy curve. In any case,
we believe that our work provides a more accurate determination of
the pertinent bond lengths.

Later, theoretical studies using the nonlocal resonance model
were conducted”’ ™ based on the available ab initio computational
results’’ and the experimental DEA HI results using low-energy
electrons (0-170 meV).*” That work predicted the resonance poten-
tial of HI” to have a double well, although the energies and the
bond lengths at its two minima are different from our results, likely
due to the availability of only limited experimental information at
the time. That work showed that the resonance potential for HI™
has a bound state at bond length >1.7 A and merges with that of
neutral HI around r = 1.74 A, which is consistent with our obser-
vations as shown in Fig. 4. They predicted the HI™ potential as to
have a barrier around 2.1 A and an outer well that is wider than the
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inner well. This was partly the case, because they fit their model to
reproduce the wide well around r. = 2.65 A, which had been pre-
dicted by the ab initio calculation.”” Nevertheless, the overall picture
of a double-well potential for HI", based on the nonlocal resonance
model’’ " and on DEA experiments,”’ is consistent with our exper-
imental results. This analysis should be revisited to incorporate the
present anion photoelectron results.

Furthermore, another theoretical study of HCI™ and HBr~
predicted that these systems should have double-well potentials sep-
arated by barriers formed by avoided crossings between their H
+ X potential and the HX + e continuum.”’

B. Non-valence-bound HI™ anion with an extremely
low electron binding energy

As shown in Fig. 2(a) and Fig. S3(a) in the supplementary
material, the (0, 0) peak in the 1064 nm MB-photoelectron spec-
trum of HI™ exhibited a weak but persistent shoulder-like feature
at an electron binding energy of ~0.003 eV. This is essentially 0 eV
at our resolution. This spectral feature was reproduced in repeated
measurements on separate days. Its presence raises the possibil-
ity that HI" may exist not only as the valence-bound anion as
discussed above, but also as a non-valence-bound anion. Note in
Fig. 2(b) and Fig. S3(b) in the supplementary material that the low
electron binding energy side of the (0, 0) peak in the 1064 nm MB-
photoelectron spectrum of DI” may also be exhibiting the same
feature, just less clearly and with broadening. Two major classes of
non-valence-bound anions are dipole-bound anions (DBA)™"**"
and quadrupole-bound anions (QBA).””?*% For the former, the
critical dipole moment required to capture an electron is 1.625 D*° as
computed theoretically and ~2.5 D as estimated experimentally.”””*
Since the dipole moment of HI is 0.4477 D,”” and since it monoton-
ically decreases as the bond length is elongated toward the anion’s
geometry,'”’"'"* HI cannot form a DBA in either its neutral or its
anion geometries. On the other hand, the quadrupole moment of HI
increases as it is elongated from its neutral bond length (3.3 eao” at
fe = 1.6092 A) to a maximum of 4.4 eao2 atr ~ 2.4 A.'92 Thus, HI in
its anion geometries has a larger quadrupole moment than it does in
its neutral geometry. Based on the quadrupole moment function in
Ref. 102, neutral HI should have a quadrupole moment of 4.1 eag” at
r = 2.03 A (the bond length of the anion’s inner well) and 4.4 eay’
at 2.37 A (the bond length of the anion’s outer well). It is worth
noting that the quadrupole moment of HI reaches its maximum
around the bond length of the anion’s outer well. Unfortunately,
there is no widely known critical quadrupole moment criterion for
capturing an electron. If the ~0.003 eV peak that arises on the low
EBE side of the (0, 0) peak originates from a quadrupole-bound
HI™, then there are at least two possible explanations for its forma-
tion. One is for a neutral HI molecule to capture an excess electron
while its H-I bond is elongated during vibration, forming a nascent
HI™ quadrupole-bound anion (QBA) that then acts as a “doorway”
or “stepping stone” state, leading to the valence-bound anion.'” Tt
sometimes occurs that both a multipole-bound anion and a valence-
bound anion of the same molecule are observed in the same anion
photoelectron spectrum.'’® Another possibility is that the HI” QBA
is formed when a valence-bound HI™ in the outer well loses its extra
electron to the continuum. In that case, the leaving electron may be
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recaptured by the maximal quadrupole moment of HI to form the
QBA. Examination of whether these scenarios are possible is within
the reach of theory.""*'"”

While the non-valence-bound anion peak appeared in the
1064 nm MB-anion photoelectron spectrum, it was not observed
in the 1064 nm VMI-photoelectron spectrum [Fig. 6(c) and Fig.
S3(a) in the supplementary material] despite its better energy reso-
lution. For anions with such low electron binding energies, the effect
of background blackbody radiation from the walls of the apparatus
cannot be ignored. For example, Dunning et al. reported that the
lifetime of the acetonitrile DBA (EA ~22 meV’>"") was limited to
70-85 ps due to photodetachment induced by the blackbody radia-
tion at 300 K. Although the photon number density in an ideal
blackbody cavity depends only on the temperature, the radiation
field in the actual apparatus is not uniform due to temperature gra-
dients. Here, we consider the effect of the radiation field of an ideal
blackbody cavity at 300 K (room temperature) for simplicity. The
photon number density distribution as a function of photon energy
was derived and is shown in Fig. S7 in the supplementary material.
Almost 100% (>99.7%) of the photons from blackbody radiation
have energy higher than 3 meV, and 60% of them have energy higher
than 51 meV. Therefore, while both the non-valence-bound HI” (BE
3 meV) and the valence-bound HI™ (BE 51 meV) are photodetached
over time by the blackbody radiation from the apparatus, the decay
rate of the non-valence-bound HI™ is ~1.7 times higher than that of
the valence-bound HI™. In our apparatus, along the TOF-MS flight
tube, the photodetachment region of the VMI analyzer is located
downstream of the MB-analyzer. In our experiments, it took ~14 pus
for HI” with a kinetic energy of 1500 eV (defined by the TOF-MS
extraction voltage) to fly from the photodetachment region of the
MB analyzer to the VMI analyzer. The longer flight time to the VMI
analyzer led to the reduced intensity of non-valence-bound HI™
anions because blackbody radiation depletes the non-valence-bound
HI™ more rapidly than the valence-bound HI". This may be the rea-
son the 0.003 eV peak was observed only in the MB-photoelectron
spectrum, while it was not observed in the VMI-photoelectron spec-
trum. As a note, when the anion intensity is strong enough, our
VMI analyzer can record the spectra of weakly bound anions such as
the acetonitrile DBA;’* that is, it can accept the ion intensity losses.
Thus, with the strong ion intensity of HI” in the mass spectrum, it is
not surprising that the VMI-photoelectron spectrum of the valence-
bound HI™ was recorded despite its BE of 51 meV falling within the
range of blackbody radiation anion depletion.

(a)

AT

' T # ) — -H'-TIH— 5p
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C. Comparison with alkali halide anions, MX~

Comparison of the anion photoelectron spectra of HI™ with
those of alkali halide anions, MX™ (M = Li, Na, K, Rb, Cs; X = F, Cl,
Br, I),W‘1 10 provides insight into its bonding nature. These are qual-
itatively analogous systems. In the discussion below, we use KI™ as
an example of MX™, because photodetached electrons from both the
SOMO and SOMO-1 were observed in anion photoelectron spectra
by Lineberger et al.'”” and Smalley ef al.''’ The same discussion can
be applied to other MX™ species.

With the alkali metals being hydrogen-like atoms, the transi-
tion between the ground electronic states of the anions and those of
their corresponding neutrals can be represented as X '=* « X *z*
for both HI" and KI". As shown in Fig. 9, the SOMO of the anion
would be the 6™ orbital, consisting of the p orbital of the I atom and
the s orbital of the H/K atom. Photodetachment from this orbital
gives rise to the EA-determining peaks in the anion photoelectron
spectra of HI™ at 0.051 eV and of KI™ at 0.728 eV.'"” The SOMO-1
is the  orbital originating from the p orbital of the I atom. Photode-
tachment from this orbital appeared in the photoelectron spectrum
of HI” at 3.64 eV and in the spectrum of KI™ at 4.3 eV.!!” Despite the
similarity between HI™ and KI™, the EA value of HI (0.051 eV) deter-
mined here is much smaller than the EA values of MX (0.4-0.9 eV).
Also, HI” does not follow the linear relationship between the EA
and am/rvx> (am: polarizability of M, ryx: bond length of MX) that
is seen for alkali halides.'” This can be explained by the different
nature of the 6* SOMO in HI~ compared to that in KI". In the case
of KI™, the ¢* orbital is localized on the K atom because it has a
much larger contribution from the s orbital of the K atom than from
the p orbital of the I atom [Fig. 9(b)]. In addition, the K atom has
a large polarizability (42.9 A*!'') and a much smaller electronega-
tivity (0.82 on Pauling’s scale''?) than the I atom (2.66''?). These
properties of KI™ are largely consistent with an electrostatic model
of (e"K*) I, where the SOMO electron on the K atom, thatis, e”. ..
K*, is highly polarized away from I7.'%” In this model, the I” is stabi-
lized by its Coulomb attraction with (e™... K*).!'? This stabilization
effect can be quantified using the binding energies of the p electrons
in I". These binding energies are 4.3 eV for KI",'"” and 3.059 eV
(EA of I) for I".”7 Therefore, in KI~, the Coulomb stabilization effect
on the I" part is 4.3-3.059 eV = 1.2 eV. In the case of HI", the s
orbital of the H atom and the p orbital of the I atom are located
at comparable energies, and the o* orbital has contributions from
both atomic orbitals [Fig. 9(a)]. Therefore, the o* orbital of HI™ has
covalent character and is delocalized over the molecule, compared to

(b)

\ IE(1)=10.451 eV

\# e
5, 'H‘ 6
o (>4

o

FIG. 9. LCAO-MO diagrams for (a) HI and (b) KI. The sizes of the s and p atomic orbitals qualitatively show their contributions to the molecular orbitals. The ionization

energies (IEs) are based on the NIST database.’®
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that of KI™, which has ionic character and is localized on the K atom.
The electron binding energy of the ™ electron in HI™ does not fol-
low the linear relationship with am/ rmx> as in MX ™, because of the
fundamental difference in their bonding characters. In addition, the
polarizability of the H atom (0.668 A3117) is two orders of magnitude
smaller than that of the K atom (42.9 A*!!!), and the electronegativ-
ity of the H atom (2.2 in Pauling’s scale''?) is comparable to that of
the I atom (2.66''?). Therefore, the H atom in HI™ is not as polar-
ized as the K atom in KI™, and the bonding picture of HI™ is thus
covalent, [H-1]7, rather than ionic, (e”"H™) I". The electron binding
energy shift, i.e., stabilization, for photoelectrons from the p orbital
of I” in HI™ is 3.64 eV — EA(I) = 0.6 eV. The Coulomb stabilization
effect of I” in HI™ is much smaller than the stabilization effect of I™
in KI™, because the H atom in HI™ is not as polarized as the K atom
in KI™.

In summary, the 0% SOMO of HI™ has covalent character as
opposed to the ionic character of the alkali halide anion, MX ™. The
1t SOMO-1 orbitals of HI” and MX™ have similar character, with
dominant contributions from the p orbital of the halogen atom.

V. CONCLUSIONS

The properties of HI™ and DI” were probed by anion photo-
electron spectroscopy. The measured electron affinities were EA(HI)
=0.051 + 0.015 eV and EA(DI) = 0.028 + 0.020 V. Using these val-
ues, the bond dissociation energies were determined to be Dy(HI™)
= 0.045 £ 0.015 eV and Do(DI") = 0.063 + 0.020 eV. HI" has
a double-well potential with two minima at the bond lengths, r.
=2.03 A and re = 2.37 A, and with its vibrational wavefunction rang-
ing over the two wells by tunneling through the barrier. This is the
first spectroscopic study performed on HI"/DI” anions. Previous
theoretical studies”™" *” and interpretations of DEA experimental
results'' ™ faced challenges due to the lack of such spectroscopic
data. In addition to HI /DI~ valence-bound anions, the observation
of extremely low-binding-energy peaks indicated the formation of
non-valence-bound anions, perhaps as quadrupole-bound anions.
Comparison of the anion photoelectron spectra of HI™ with those
of the alkali halides, MX™, emphasized the covalent character of the
H-Ibond.

SUPPLEMENTARY MATERIAL

See the supplementary material for anion photoelectron spec-
tra (MB and VMI) of calibrants at 1064 nm photon energy (Fig. S1);
molecular orbital diagrams of HI"/HI/HI* (Fig. S2); the 1064 nm
aPES of HI” (MB and VMI) and DI” (MB) magnified around the (0,
0) peaks (Fig. S3); photoelectron angular distributions in the 532 nm
VMI-aPES of HI™ (Fig. S4); experimental results using HCl and HBr
instead of HI (Fig. S5); evaluation of the requirement for the HI
+ K** collision energy (Fig. S6); evaluation of the blackbody
radiation from the walls of the apparatus (Fig. S7); and the
Franck-Condon factors and the anion-to-neutral transition energies
output by the LEVEL16 program (Tables S1-S4).
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