Chemical Physics 581 (2024) 112254

& CHEMICAL
PHYSICS

Contents lists available at ScienceDirect

Chemical Physics

journal homepage: www.elsevier.com/locate/chemphys

ELSEVIER

Check for

Ion core switching during photodissociation dynamics via the Rydberg | e
states of XeAr

Cailum M.K. Stienstra®, Alexander Haack *°, Arthur E. Lee?, W. Scott Hopkins *"

@ Department of Chemistry, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada
b Department of Sensors and Measurement Technology, Institute of Electrical Engineering and Measurement Technology, Leibniz University Hannover, 30167 Hannover,
Germany

ARTICLE INFO ABSTRACT

Keywords:
Photofragment imaging
Velocity map imaging
Rybderg states

The heterodimer, XeAr, is a classic example of a weakly bound van der Waals molecule, which has a variety of
accessible bound excited states that exhibit complex interactions. In this study, XeAr has been investigated in the
77,500-81,500 cm ! region using a combination of Resonance Enhanced Multi-Photon Ionization (REMPI)
e . spectroscopy and Velocity Map Imaging (VMI). By monitoring REMPI and photodissociative product channels
Dissociation dynamics A . . .
Ton core switching across the spectrum, several novel excited states, product channels, excited state symmetries and lifetimes, as
XeAr well as highly localized perturbations were observed and characterized, including the first VMI study of Ar*
ArXe dissociating from XeAr Rydberg states accessed by two-photon excitation. In this work we have analyzed 38
vibronic bands representing nine different electronic transitions, and we provide new assignments for two 0«
0" electronic transitions dissociating to the Xe* 5d [3/2]8 (ca. 80,323 cm 1) and Xe* 5d [7/2]8 (ca. 80,970 cm™ b
limits. Several new predissociation product channels were identified at the two- and three-photon levels,
including production of Xe* 5p[5/2]3, Xe* 6s°[1/2]%, Xe* 6p[1/2]1, Ar* 4p[1/2]0, Ar* 4p’[3/2]1, Ar* 4p’[1/2]4,
and Ar* 4p[5/2]3. Using the multidimensional analysis offered by VMI, we explore interesting photophysics
whereby a resonant state that is reached after absorbing two photons can predissociate to yield Xe*, but which
also can absorb a 3rd photon, yielding super-excited Ar*Xe that predissociates to Ar* limits. The ground state
dissociation energy for XeAr was determined to be Dy = 114.4 & 2.7 cm ™, in excellent agreement with previous
measurements.

1. Introduction Xenon and its derivatives have found practical uses since these

inaugural discoveries. Traditional applications include its use as a laser

Discovered in 1898 through the fractional distillation of its elemental
group homologue, krypton, xenon has a history that is fitting for its
etymological origin, deriving from the Greek word xenos, meaning
strange or foreign one.[1] For its first 30 years in the scientific corpus,
xenon was viewed as being largely unreactive until Pauling calculated
its ionization potential (12.1 eV) and determined that compounds such
as XeFg and Xeog’ should be chemically stable.[2,3] Although Pauling
was unable to synthesize these compounds, xenon’s chemical bonding
breakthrough came in 1962 when Bartlett et al. mixed PtFg with Xe to
produce a yellow solid they determined to be Xe'PtFs.[4] From this
point, xenon chemistry flourished in a cascade of discoveries in the form
of other xenon fluorides, oxides, and a variety of halides.[3,4] Xenon has
even been shown to form stable species with unreactive and exotic el-
ements in the creation of AuXezzﬁ. [5]
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gain medium,[6] in incandescent lamps,[7] in semiconductor silicon
etching,[8] and even in modern medicine.[9] Xenon’s high polariz-
ability (20x that of helium), endows it a preference for hydrophobic
cavities in protein crystallography[1] as well as even in anaesthetics.[9]
J. H. Lawrence discovered that xenon had narcotic properties in mice in
the 1940s [10] and it has since grown to be viewed as an ideal sedative
inhalation agent, with 325,000 L now being used in hospitals annually.
[9] Further still, radioactive xenon (133Xe) is used in nuclear medicine as
the cornerstone of pulmonary perfusion single-photon emission
computerized tomographic (SPECT) imaging.[11] Xenon is also
employed at the forefront of modern particle physics; liquid xenon de-
tectors were first imagined by Luis Alvarez at Berkeley to construct a
proportional counter for monitoring cosmic radiation.[12,13] Xenon’s
unique physicochemical properties improved the spatial resolution by
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several orders of magnitude, achieving a resolution of 10 pm in 1971.
[12] As of 2021, liquid xenon detectors are still used because of the
element’s density and high polarizability, most notably in the XENON
project, which aims to identify dark matter in the universe.[13].

Rare gas dimers are archetypes in the study of rare gas complexes.
Xenon’s dense electron cloud and polarizability allows it to form stable
physically-bound complexes. In 2016, atomic force microscopy of xenon
and other rare gases was used to directly measure the magnitude of the
van der Waals interaction scales of Xeo, XeKr and XeAr.[14] While XeAr
has been more practically studied as a laser gain medium,[6,15,16] its
key purpose in research to date is as an avenue to assess fundamental
physicochemical properties of xenon and argon (see, for example,
reference [17]). Experimental methods investigating the structure and
properties of XeAr, include Resonance Enhanced Multi-Photon Ioniza-
tion (REMPI),[18-24] fluorescence studies,[16,25] Pulsed Field Ioni-
zation Zero Kinetic Energy (PFI-ZEKE)[26-30] photoionization
spectroscopy,[31-33] and molecular/photo- emission spectroscopy.
[34-36] Several theoretical studies have also explored the structure and
properties of XeAr [37-39].

As discussed in our previous work on Kry, there are several processes
by which photofragments are formed in velocity map imaging (VMI)
experiments of rare gas dimer systems.[40] It is important to note that
since the ionization threshold of argon (IEx, = 127,056 em™Y) is much
higher than that of xenon (IEx. = 97,833 em H[41], three-photon ex-
citations are possible for the XeAr heterodimer (and necessary to access
Ar* states). Hence, one should consider both sets of photoproducts in the
analysis of photofragmentation dynamics experiments. Important pro-
cess to consider are:

1. (2 + 1) REMPL

XeAr »— Xe*Ar — XeAr™ + ¢

2. (24 1+ 1) REMPI

XeAr —»— Xe*Ar— Ar¥Xe — XeAr' + e

3. Dissociative photoionization (DP)
XeAr —»— Xe*Ar —» Ar + Xe™ + ¢

XeAr »—— Ar¥Xe — Ar" + Xe + ¢

4. Predissociation followed by fragment ionization
XeAr »— Xe*Ar = Ar + Xe* - Ar + Xe™ + ¢
XeAr »—— ArfXe = Ar* + Xe » Ar' + Xe + ¢

Here — denotes photon absorption and = denotes dissociation.[42]
The asterisks indicate the center of photoexcitation. Note that for the
dissociative photoionization process, the second arrow indicates ab-
sorption followed by prompt dissociative photoionization. In the case of
(2 + 1 + 1) REMPI (process II), ion core switching at the three-photon
level transfers excitation from the Xe center to the Ar center. An anal-
ogous process has also been studied in the Rydberg states of the XeKr
system.[43]

Upon dissociation, concentric spheres of photofragments (known as
Newton spheres) are produced whose radius is proportional to the ki-
netic energy release (KER) associated with a given product channel.
These product channels manifest in photofragment images as a series of
rings from which exact kinetic energies can be calculated.[44] Photo-
fragment angular distributions result from the alignment of the molec-
ular transition dipole moment with the laser electric field vector of the
plane-polarized laser.[45] The anisotropies of these distributions
depend on the electronic symmetries of the intermediate electronic
states and their lifetimes. A more thorough discussion of VMI funda-
mentals can be found in reference 44. Two-photon excitation recoil
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anisotropies have been derived by Sander and Wilson[46] and Zare,[45]
which were then generalized by Dixon[47] for all possible recoil
anisotropy distributions for two and three-photon dissociation pro-
cesses. The angular intensity distribution from a photo-fragmentation
event can be modelled by:

(@)1 + ZﬂZszk(cosﬁ) (€]

k=1

where 6 is the angle between the fragment velocity vector and the laser
polarization vector, 3, are anisotropy fitting parameters and Py are the
even-order Legendre polynomials with degree 2 k.[48] This expression
can be expanded to n terms (summing only over even values) where n is
the number of photons involved in the fragmentation process. Without
considering any smearing or correlation effects, the bounds for anisot-
ropy parameters following one photon excitation are g, € [—1, 2], and
By €[22 8, € [-12,] for two photon excitation processes. [48]
For three-photon excitation, those bounds change to f, € [7% %],

Ba € [—31.3].8s € [—2,19]. [48] A more detailed description of theo-
retical background of photofragment anisotropy is available in Refs.
[48,49].

In this study, we explored the XeAr REMPI spectra and the photo-
fragment velocity map images for Xe" and Ar" (produced via ion-core
switching) generated via resonant excitation for 38 vibronic states
associated with 9 electronic transitions. For all photofragment images
associated with specific product channels, we fit angular distributions to
equation (1).

2. Experimental methods

The experimental apparatus has been previously discussed in detail
[40] and a schematic diagram can be found in Figure S1. The molecular
beam is produced by injecting the precursor gas mixture into a high
vacuum chamber using a pulsed solenoid valve. XeAr is formed using 7
% xenon (99.999 % pure) co-expanded in argon (99.999 % pure) from a
stagnation pressure of approximately 6 bar into a vacuum chamber at a
base pressure of ca. 107 bar. The molecular beam is skimmed 20 cm
downstream by a 1 mm diameter molecular beam skimmer (Beam Dy-
namics, Dallas, USA). The molecular beam then passes into the time-of-
flight (ToF) chamber (~1010 bar, length = 70 cm), where it is interro-
gated with the output of a frequency-doubled tunable, pulsed laser
system.

The laser apparatus consists of an optical parametric oscillator (OPO,
Continuum Horizon II, 10 Hz, A1 = 0.01 nm) pumped by the 3rd har-
monic of a frequency-tripled Nd:YAG laser (Continuum Powerlite). Prior
to entering the ToF chamber, the laser light is focused using a spherical
lens (Thorlabs, f = 15 mm) onto the center of the molecular beam. The
electric field vector of the laser is oriented parallel to the chevron MCP/
phosphor screen detector and perpendicular to the molecular beam. A
power meter (Gentec QE25LP/Maestro) located on the opposite side of
the ToF chamber was used to measure the excitant light. Laser power
varied from 1.8 to 2.3 mJ per pulse across the spectral region that was
studied.

With adjustable repeller (Vg) and extractor (Vg) voltages, the in-
strument supports ToF and VMI modes of operation. In ToF mode (Vg/
Vg = 1.06), we record all mass channels simultaneously and separate
species based on their flight times through the field-free drift region.
Optimal ToF resolution corresponds to a mass-to-charge (m/z) resolu-
tion of ca. 1 amu, but this resolution is reduced when operating in VMI
mode. Consequently, when operating in VMI mode, we are unable to
resolve the different isotopes of Xe and isotopologues of XeAr, but mo-
lecular species and atomic photofragments (i.e., Xet* and Ar™) are easily
resolved.

In VMI mode (Vg/Vg = 1.52), the photodissociation of XeAr and
subsequent ionization of the neutral atomic photoproducts results in the
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formation of concentric spheres of Xe™ and Ar". As the photofragments
transit the ToF chamber, the spheres expand until they are crushed onto
the 2D plane of multi-channel plate detector, which is coupled to a
phosphor screen (Photonis Advanced Performance Detector, d = 40
mm). The KER of the photodissociation process and the photofragment
drift time define the radius of the observed 2D images. Pulsing the front
plate of the MCP from 0 V to 600 V with an appropriately timed delay
enables mass-selection of the desired photoproduct. Experimental tim-
ings were synchronized using a BNC 575 delay generator.

Photofragment images were captured using a 1280 x 960 CCD
camera (Manta G-125B) mounted behind the phosphor screen.
Depending on the intensity of the transition, 1000 — 8000 images were
obtained for each transition on multiple different days to ensure
reproducibility. Images were summed using a Python script and were
subsequently processed using the Polar Onion Peeling (POP) code of
Roberts et al.[49] We further analyzed photofragment images using a
customized version of the PyAbel package[50] (radial integration,
anisotropy analysis, Total Kinetic Energy Release (TKER) calculation,
etc.). A low-pass Fourier filter was implemented to reduce high-
frequency noise. Tests showed that Fourier filtering had no effect on
the extracted anisotropy terms (cf. Eq. (1)).

3. Results and discussion
3.1. XeAr electronic structure

Heavy rare gas diatomic molecules are categorized by Hund’s case C
coupling, whereby the interaction between the orbital angular mo-
mentum (L) and spin angular momentum (S) is stronger than their
coupling with the internuclear axis. As a result, ¥ and A are not well-
defined, but Q, the projection of the total angular momentum (J) onto
the internuclear axis is relevant. Two-photon transitions in XeAr arise
from photo-excitation of the X 0" electronic ground state and are gov-
erned by electronic dipole selection rules: |AQ| <1,|AJ| <2, and +

A
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< 4+ . [51] Thus, only the 0T, 1, and 2 excited electronic states are
accessible from the ground state for two-photon transitions of XeAr. The
potential energy curves (PECs) of XeAr pertinent to this study (derived
from all available literature data [20,23-25,33]) are depicted in Fig. 1A.
In this figure, we present excited states of Xe*Ar that dissociate to known
Xe* (6s, 6p, 5d) Rydberg state limits (ca. 77,000 — 82,000 cm’l), low-
lying excited ionic states (e.g., XeArt" A; 2 II 3/5) that dissociate to
Xe™ limits (ca. 96,000 em ! - 110,000 cm’l), as well as Ar* (4p) states
(ca. 105,000 — 110,000 em™!) that lie above the xenon ionization
threshold.

To garner qualitative insights into the electronic structure and nature
of the excited states of XeAr, we conducted Hartree-Fock (HF) calcula-
tions applying the relativistic Douglas-Kroll Hamiltonian (DKH)[52] for
the ground (singlet) states of isolated Xe and Ar as well as the bound
XeAr at a bond distance of 4.09 A, which is the ground state equilibrium
bond length.[39] We applied the Sapporo-QZP-2012 basis[53] set for Ar
and, to account for relativistic effects of the heavy Xe nucleus, the
Sapporo-DKH3-QZP-2012 basis set.[54] In this way, we obtained
occupied and virtual orbitals for the three systems (Ar, Xe, XeAr). By
performing Lowdin population analysis[55] on the XeAr wavefunction,
we were able to determine the contributions of the atomic orbitals (AOs)
to the obtained molecular orbitals (MOs), yielding the MO diagram
shown in Fig. 1B. Calculations were performed with the ORCA 5.0.4
program suite.[56,57] These MO calculations provide a qualitative
picture of the excited states; more accurate calculations of excitation
energies or transition probabilities would require more sophisticated
methods like those used in reference 40.

As is evident by the MO diagram (Fig. 1B), the six highest occupied
molecular orbitals (HOMOs), i.e., four n-type and two o-type orbitals,
consist of the almost unchanged 3p and 5p AOs of Ar and Xe, respec-
tively. The lack of orbital interaction can be explained by the large en-
ergy gap between them. The lowest unoccupied molecular orbital
(LUMO) is of ¢ symmetry and consists of the 6s AO of Xe, again not
showing significant mixing with other orbitals. At higher energy,

Ar Ar-IXe Xe

Fig. 1. (A) Potential Energy Curves (PECs) for XeAr in the Xe* 5d/6p/6s region alongside the low-lying XeAr" excited states and XeAr in the Ar* 4p region. PECs are
derived from Morse potential parameters reported in the literature, with bond lengths slightly adjusted to yield Franck-Condon envelopes consistent with observed
spectral intensity profiles [20,23-25,34]. (B) MO diagram of XeAr derived from a Hartree-Fock calculation using the relativistic Douglas-Kroll Hamiltonian (HF-DKH)
and the Sapporo-QZP-2012 basis set for Ar, the Sapporo-DKH3-QZP-2012 basis set for Xe, and an interatomic distance of r = 4.09 A.
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however, the 4s and 4p Aos of Ar mix with the 6p Aos of Xe to form MOs
of ¢ and = type. Small contributions from the 5d orbitals of Xe are also
observed in calculations.

The atomic excited states depicted in Fig. 1A (ie., separated atom
limits on the righthand side) can be understood as excitations from
states corresponding to the highest occupied atomic orbitals of the iso-
lated atoms to their respective lowest unoccupied atomic orbital e.g., an
excitation from 3p into 4p for Ar or from 5p into 6s of Xe. For example,
two-photon excitation of XeAr promotes electrons occupying the HOMO
(corresponding to the Xe 5p AO valence electrons) to the virtual MOs
where the excitation is localized on the xenon atom, which we denote
Xe*Ar. If dissociation occurs at this point, a Xe* Rydberg state and Ar [1]
Sp are produced. Alternatively, the Xe*Ar molecule can absorb a third
photon, resulting in photo-ionization to yield XeAr" via a (2 + 1) REMPI
process. A schematic illustration of this effect can be observed in figure
S2. In our experiments, we also observe Ar'" photoproducts (see below).
Ion core switching to create a super-excited neutral state (i.e., a neutral
state existing above the ionization threshold) is a possible explanation
for this behaviour.[42] At the three-photon level, there exist neutral
states associated with excitation of the Ar atom above the lowest lying
ionization thresholds. Accessing these via the bound Xe*Ar states at the
two-photon level effectively occurs via promotion of an electron from
one of the localized 3p Ar MOs to an MO corresponding to the Xe 5p AOs.
We refer to these super-excited states in the text as Ar*Xe, where the
excitation is localized on the argon moiety. Upon dissociation of Ar*Xe,
the Rydberg electron converges to the argon 4p orbitals and instead Ar*
+ Xe 1Sy is produced. This phenomenon has been previously docu-
mented in the photofragment spectrum of ArKr,[42] as well as in cases of
bimolecular collisions between rare gas molecules[58] and other spe-
cies.[59,60] At the time of writing this manuscript, Fukuda et al. re-
ported a study of the analogous KrXe system, where ion-core switching
to yield Kr* was observed.[43].
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Since the Xe 5p AOs (corresponding to the HOMO) lie higher in en-
ergy than the Ar 3p AOs, it takes less energy to excite the Xe electrons
into the molecular LUMOs than it does the Ar electrons. For example,
excitations from the MOs corresponding to the Xe 5p AOs into the lowest
© MOs occur in the 77 000 — 82,000 cm! region, whereas excitations
from the MOs corresponding to the Ar 3p AOs (to the same excited n
Mos) occur in the 105,000 — 115,000 em! region (see Fig. 1A). These
Ar*Xe states lie above the first ionization threshold of XeAr (IExear =
96,545 em™1). [26,28,30].

To further model the ion core switching mechanism using ab initio
methods, more advanced methods like those employed in reference 40
would be needed to explicitly determine the excited state (e.g., Xe*Ar,
Ar*Xe) PECs. The dipole overlap of electronic/vibrational wave-
functions can then be used to calculate likely transition probabilities.
However, owing to the limitations of the Born-Oppenheimer approxi-
mation (e.g, in treating avoided crossings), these calculations cannot
approach experimental precision and, ultimately, measurement is still
required to garner an accurate picture of these excited state interactions.

3.2. REMPI and UVPD spectra

Fig. 2 shows the experimental REMPI spectrum of XeAr in the 77,500
- 81,500 cm™! region, along with the UltraViolet PhotoDissociation
(UVPD) spectrum obtained by monitoring the Xe' and Ar" product
channels. Wavenumber values at the two-photon level and have been
calibrated to align with atomic transitions reported by NIST.[61] We
expect that the REMPI spectrum shown in Fig. 2 is associated with a (2 +
1) resonant photo-ionization process because the observed band systems
are associated with known XeAr transitions at the two-photon level.
However, observation of Ar' photofragments indicates that (2 + 1 + 1)
photoexcitation, whereby resonant states exist at the two- and three-
photon levels, is also possible. The vibronic band assignments are

T 1 T ] T T T T T T I I . . .
1| A XeAr* Channel
- Region Il Region IV -
2 «—« 0
2 0=v'
n 2 |
Region | .
b Region Il
.(7) B Xez og < og 1w o+ 1 (7(70*‘ i
# i —
€0
— M | M ] y | 2 ] 2 ] 2 1 N 1 .
G>J ' T T T T T ' 1 3 } } ! : | .
= B Xe* Channel - . . .
Y - Ar* Channel g 5 § |
(O) 3 2 2
2 - : 3
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Fig. 2. Overview of the XeAr (N + M) REMPI Spectrum in the vicinity of the 6p and 5d Xe* atomic limits. Literature assignments are taken from Refs. [22-24,32-33]
and atomic line positions are taken from reference 56. Xe* atomic lines are observed in both the Xe* and XeAr" channels due to detector saturation. Xe, transitions
are labelled in purple font. New XeAr band assignments are shown in teal font. Xe™ and Ar" spectra represent photoproducts generated from ultraviolet photo-
dissociation (UVPD).
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made in accordance with those reported in Refs. [21,23,25,32]. Band
assignments are discussed in pertinent sub-sections below. Rotational
features within a vibrational band were not resolved because the rota-
tional constant of the ground state molecule is several orders of
magnitude smaller than the resolution of our laser system.[27] In our
analysis, we considered only the 131Xe4°Ar+, 131Xe*, and “°Ar" mass
channels; '3!Xe is the centre of the Xe isotopic distribution and Ar is
99.5 % naturally abundant as *°Ar. When exciting each of the XeAr
vibronic bands observed, Xe™ and Ar" photofragments were produced
and analyzed via VMI. We divide the spectrum into four regions (I, IL, III,
and IV) based on the observed Xe atomic transitions to streamline our
discussion (see Fig. 2). A full list of transition frequencies, band as-
signments, and product channel assignments is available in the sup-
porting information.

3.3. Region I: 81,200 - 80,250 em™!

At the high-wavenumber end of the spectrum (Region I), we observe
a well-resolved band system starting at ca. 80,500 cm ™. These transi-
tions, which are associated with the xenon dimer, agree well with the
0; <0 band positions and intensities obtained by Hu et al. in their
REMPI study of Xey.[62] While our instrument is capable of 1 amu
resolution, the very intense Xe" signal generated via photodissociation
of Xe, in this region saturates our detector and leaks over into the XeAr*
mass channel. Hu proposed that the perturbation observed in the
vibrational levels is due to an avoided crossing in this region, giving rise
to predissociation.[62] Consequently, we also observe this band system
in the Xe™ product channel (see Fig. 2B). When imaging the Xe™ frag-
ments that are produced via these known Xey vibronic bands, we
observe products of predissociation to the Xe* 6p[1/2]y + Xe S,
threshold (See Fig. 3). Energy balance calculations yield a ground state
dissociation energy of ~ 200 cm !, which agrees well with the literature
value of Dy’ (Xe2) = 196.1 em™ L. [63].

XeAr exhibits two-photon electronic transitions in the 78,000 —
81,000 cm™! region, analogous to those of Xey, but involving states that
correlate with the nearby Xe* + Ar 'S, separated atom limits. Photo-
fragment imaging across this spectral region shows dissociation to
generate high- and low- TKER Xe" photoproducts, as well as Ar'. In
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Fig. 3. Xe" photofragment TKER regression across the spectrum for (A) high
TKER dissociative ionization channels as well as (B) two-photon low TKER-
predissociation Xe* limits[61] with theoretically calculated predissociative
channels (green lines). TKER errors were determined by fitting TKER peaks to
Gaussian curves and are reported as +1 o.
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Region I, the XeAr transitions are most apparent in the Ar" product
channel (see Fig. 2B), which exhibits two poorly resolved band systems
that were previously reported by Khodorkovskii.[23] Between 80,600 —
80,700 cm ™, they observed a short vibrational progression involving an
excited state that they conclude correlates to the Xe* 5d [3/2]2 + Ar
ISgseparated atom limit, and they reported a longer progression be-
tween 80,800 cm ™! — 81,000 cm ™! for which the excited state correlates
to the Xe* 5d [7/219 + Ar 'S, separated atom limit. The study by Kho-
dorkovskii was unable to offer comment on the symmetries of these
excited states, but we offer some insights below. Images of Xe™ indicate
that predissociation of XeAr occurs at the two-photon level to access the
Xe* 6p [3/2]5 + Ar 'S product channel (see Fig. 3). The Xe' angular
distributions measured across Region I are weakly anisotropic. The
transition at ca. 80,690 em™! yields f,, 4,86 = 0.31, -0.05, —0.03,
respectively, and a slight increase is observed for the fy term with
increasing vibrational number (e.g., the transition at ca. 80,773 cm ™
yields f3,, B4, B = 0.48, —0.06, —0.02, respectively). This trend in image
anisotropy suggests that exited states are somewhat shorter-lived at
higher energy.

Images of Ar™ photofragments in this spectral region yield TKERs on
the order of 10,000 cm™!. Regression of the TKER for the observed Ar*
products as a function of three-photon excitation wavenumber indicates
that predissociation occurs at the three-photon level. Energy balance
calculations indicate that this predissociation accesses the Ar* 4p [1/2]g
+ Xe 1Sy product channel (see Fig. 4). All product channels discussed in
this work with associated labels and photodissociation processes are
available in Table S1. The Ar' product angular distributions are strongly
anisotropic and may be described by a single anisotropy parameter of f,
~ 1.25; higher-order contributions of g, and g are both less than 0.2.
These anisotropies indicate fast predissociation following absorption of
the third photon, where correlation of center of mass velocity (4) and
tangential velocity (v) results in effective cancellation of the higher
order terms.[42,64].

The observed photoexcitation and photodissociation behaviour
suggests that ion core switching is occurring at the three-photon level, as
was discussed earlier when referring to the molecular orbital diagram
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Fig. 4. TKER Analysis of Ar" photofragments across the spectral region at the
three-photon level with associated regression assignments. Assignments were
made using regression of the raw data. Plotted trendlines and reported fit pa-
rameters represent least squares regression completed with an intercept fixed at
the assigned literature x-intercept value. TKER errors were determined analo-
gously to Xe™ photofragments.
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shown in Fig. 1B. This phenomenon is notable because, at the two-
photon level, the electronic excitation is localized on the xenon moi-
ety (ie, Xe*Ar, with predissociation yielding neutral Xe*), but upon
absorption of a third photon, charge transfer occurs, and the electronic
excitation becomes localized on the Ar moiety. This process yields a
neutral super-excited Ar*Xe state that exists above the lowest ionization
threshold. Thus, we observe an interesting competition arising between
several different product channels. At the two-photon level, Xe*Ar either
predissociates to produce Xe* or absorbs a third photon, which either
ionizes the parent molecule or induces charge transfer to yield Ar*Xe.
The super-excited Ar*Xe molecule can either undergo detachment to
yield the molecular ion (by coupling to ionic XeAr™ states that correlate
with Xe™ states near the ionization threshold), photoionization via (2 +
1 + 1) REMPI, or predissociation to yield Ar* 4p [1/2]o, which is sub-
sequently ionized with a 4th photon. In other regions (see below), Ar™
photofragments are observed with g, > 2, which indicates that Ar*Xe
formation occurs as a three-photon excitation. As such, it seems that
these Ar" predissociation processes should be thought of as arising from
continuous three photon excitation, rather than as two-step process
involving a long-lived intermediate state.

Nevertheless, the relatively isotropic Xe' angular distributions
indicate that the resonant state at the two-photon level is relatively long-
lived on the molecular rotation timescale. Moreover, the Xe' angular
distributions in this region are slightly more anisotropic than those in
other regions (vide infra), and we observe slightly lower Ar" signal in this
region compared to those other regions, suggesting that the lifetime of
the Xe*Ar states at the two-photon level does impact the probability of
accessing super-excited states at the three-photon level.

Based on the theory outlined by Dixon, the only possible three-
photon XeAr photodissociation processes that can possess a large, pos-
itive value of j3, for the Ar* photofragment are of the form 0" ———0" or
0*—>——1. Given the relatively large, positive values of the p, parameter
for the Ar" images, and the fact that the excited molecular state corre-
sponding to the Ar* 4p [1/2] limit only can have a symmetry of 0", we
expect that the electronic transition occurs via 0" ———0" excitation.
[47] Since the excited electronic states observed by Khodorvskii at the
two-photon level (correlating to the Xe* 5d [3/2]8 and 5d [7/2]8 limits)
access the Ar* 4p [1/2]¢ 0" state at the three photon level, and because
the observed Ar" angular distributions indicate prompt dissociation via
parallel excitation to a 0" state, we favour 0+ symmetries for both of the
states at the two-photon level.

It is noteworthy that the Xe' photofragments across this spectral
region also exhibit a series of high-TKER (~60,000 cm’l) product
channels observed at the limit of our MCP detector (see Fig. 3).
Regression of the high-TKER product channel at the two-photon level
yielded an asymptotic limit below any accessible neutral Xe* states, and
at the three-photon level produced no clear asymptotic limit to known
atomic states. Similar high-TKER Xe' products are observed in other
spectral regions (see Fig. 3A). Interestingly, the angular anisotropy
distributions of these high TKER photofragments are well described by a
single-photon process involving prompt dissociation following a parallel
transition.

To deduce the origin of the high-TKER Xe " photofragments, we must
consider the low-lying dissociative thresholds of the molecular cation. In
1985, Pratt et al. first studied XeAr" using REMPI photoelectron spec-
troscopy (REMPI-PES) and reported on the X 25,5, A1 2I32, Az %Il )2
states, which correlate with the Xe™ 2P3/2 + Ar 1Sy and the Xet 2P, 2+
Ar 180 thresholds.[32] A more recent experimental work on XeAr' was
completed by Piticco et al. who used rotationally resolved pulsed-field-
ionization zero-kinetic-energy photoelectron spectroscopy (PFI-ZEKE)
to perform high-resolution rovibronic studies on the low-lying states
between 90,000 — 120,000 cm ™ 1.[26,28-30].In these studies, XeAr" was
produced via (1 + 1') REMPI of the neutral XeAr molecule. The molec-
ular constants determined in these works were employed to calculate the
potential energy curves shown in Fig. 1. Given that the XeAr'
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dissociation thresholds that produce Xe™ occur at ca. 100,000 cm™!

above the neutral ground state,[27,32] and that we observe photo-
excitation processes up to the 4-photon level, it is likely that the high-
TKER Xe" products are formed via dissociative photoionization at 4hv
~ 160,000 cm ™ to yield Xe 2P, 5 or Xe™ 2P3,, with TKER ~ 60,000
cm ™. However, because we are unable to detect the correlated photo-
electron, which will also carry some amount of kinetic energy and
exhibit some degree of angular anisotropy, we cannot report a definitive
assignment. Similar observations and interpretation were reported for
Xes.[63] The TKERs of the high energy Xe photoproducts are provided in
the SI. Given the ambiguities in product assignments, we have chosen
not to provide definitive assignments here.

3.4. Region II: 80,300 — 79,200 cm ™!

Transitions between 80,300 cm - 79,500 em L. Fig. 5 shows the
REMPI and UVPD spectra observed in the vicinity of the Xe* 6p [1/2]p -
15, atomic transition at 80,109 cm™!. This band system is associated
with the 0" ——0" transition correlating to the Xe* 6p [1/2]o + Ar 1Sy
separated atom limit.[20,24] Xe™ photofragment images indicate that
predissociation occurs to access two product channels (see Fig. 3). The
first product channel is associated with predissociation to Xe* 6p [3/2]5
+ Ar 1S as was observed in the spectral region to higher energy. We also
observe photofragments to higher TKER that we tentatively assign to the
Xe* 6p [3/2]; predissociation channel (Fig. 3, pink). All low TKER Xe™
photoproducts exhibit relatively isotropic angular distributions
(B2, B4, Ps < 0.3).

Relatively intense Ar" signal is observed when exciting via the 0" —
—0" transition in this region. Analysis of the associated Ar" images
indicates that dissociation accesses the Ar* 4p [1/2], + Xe 1S, and Ar*
4p’ [3/2]1 + Xe 180 thresholds at the three-photon level (see Fig. 4).
Thus, as was discussed above for the Ar' signal observed via photo-
excitation in Region I, the 0*——0" band system at ca. 80,000 cm™!
is acting as an intermediate state via which a third photon can be
absorbed to access a super-excited Ar*Xe state that subsequently
predissociates.
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Fig. 5. (A) XeAr REMPI spectrum and (B) UVPD spectrum in the vicinity of the
Xe* 6p [1/2]p atomic transition (Region II; Fig. 2). Select photofragment images
(C-G) (Xe™: blue, Ar*: red) are displayed alongside the transition via which they
were acquired.
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The angular distributions observed for the Xe™ images recorded via
the 0" —>—0" band system are significantly more isotropic in Region II
(B3¢ ~ 0.0) than they are in Region I (B3¢ ~ 0.3). Considered together
with the fact that the Ar™" signal is comparatively more intense in Region
II, it seems likely that the lifetime of the 0" state in Region II is signif-
icantly longer than those of the two 07 states accessed in Region I. This
interpretation is further supported by the fact that the lower energy
vibronic bands for the 07 ——07 electronic transition at ca. 80,000 cm ™!
(ie., the vV =mto v’ = m + 3 bands; see Fig. 5) are observed only in the
XeAr™ and Ar" channels; absorption of a third photon outcompetes
predissociation at the two-photon level. In their ab initio study, Hickman
et al. reported evidence of “strong nonadiabatic interaction” between the
0" state correlating with Xe* 6p [1/2]p products and the 0" state
correlating with Xe* 5d [1/2]‘1) products at 3.7 A. [39] Given our
experimental observations, it seems likely that this interaction becomes
significant near the (m + 3, 0) band, at energies above which Xe* pre-
dissociation products are observed.

Angular distributions of Ar™" in this region are similarly anisotropic
to those observed at higher wavenumber. In general, we measure large,
positive values of 8, and small, negative contributions from higher order
terms (e.g., at 79,813 cm_l, V' =, fy,p4,Ps = 1.74, —0.37, —0.24).
These values most closely align with the limiting values of 3, —38, and
—39 reported by Dixon for a 0"—0"—0"—1 photoexcitation process.
This is in good agreement with Dimov et al.[20] and Khorodosvskii et al.
[24], who report assignments of 0" ——0" for the two-photon transition.

Transitions between 79,500 cm™! — 79,200 cm™1. Two overlapping
electronic band systems are observed in the 79,500 cm ™! - 79,200 cm ™
region (see Fig. 6). These band systems have previously been assigned to
the 0" —>—1 and 0" —>—2 electronic transitions correlating to the Xe* 6p
[3/2]2 + Ar 1So separated atom limit.[24] Xe™ images acquired via the
bands at the high-wavenumber end of the system show predissociation
to form Xe* 6p [5/2]3 + Ar 1, (Fig. 3), but this channel abruptly closes
at ca. 79,400 em ! [Q e., the (4, 0) band] and predissociation occurs
exclusively to yield isotropically-distributed Xe* 6p [1/2]; + Ar 'Sg
products at lower energies (see Fig. 4). This abrupt change in product
branching ratios indicates the presence of a local perturbation in the
vibronic structure of XeAr. Precedent for such a perturbation is provided
by Hickman et al., whose calculations indicate an avoided crossing be-
tween the Q* = 2 Xe* 6p [3/2], and the Q* = 2 Xe* 6s’ [1/2]9 potential
energy curves at 3.2 A. [39].

Images of the Ar" photofragments produced via the 0*——1 and
0" —>—2 electronic transitions in this region all show formation of Ar*
4p’ [3/2]; + Xe So. Angular distributions are all strongly anisotropic,
with large, positive f, parameters and minor, negative contributions
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Fig. 6. XeAr" (2 + 1) REMPI spectrum in the vicinity of Xe* 6p[3/2], atomic
transition with accompanying Xe'/Ar" dissociation channels. Select photo-
fragment images are displayed alongside their vibrational level.
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from the higher order terms (e.g., at 79,273 em™} Pa, Ps, P = 1.43,
-0.32, -0.12). All Xe" photofragments imaged via these band systems
are isotropic. It is possible that because the two-photon Xe*Ar inter-
mediate is long lived, a third photon can excite the molecule and induce
ion-core switching to yield Ar*Xe, which dissociates to produce Ar*.
Based on the work of Dixon, and given the observed Ar' anisotropies, it
is likely that the three-photon process giving rise to Ar* is0"—>0"—>1-1
or 0"—>1-1-1. [18,64].

3.5. Region III: 79,200 — 78,600 cm ™

3.5.1. Transitions between 79,200 em™ - 79,000 cm ™!

To lower wavenumber of the Xe* 6p [3/2], atomic transition there
exist two XeAr transitions observed by Khodorokovskii.[24] The first, at
approximately 79,100 cm ™, was assigned as the 0*—»—0" transition
correlating to Xe* 6p [3/2]; + Ar 150 limit.[24] Following excitation of
this band system, Xe* 6p [1/2]; photoproducts are observed with
essentially isotropic angular distributions.

Images of Ar* photofragments generated via this band system reveal
highly anisotropic product angular distributions (e.g., Ar* via v’ = 2, f,,
Pa, B = 2.31, 0.39, -0.12). Energy balance calculations indicate that
predissociation occurs to the Ar* 4p’ [3/2]; + Xe 180 threshold.
Comparing with the limiting cases reported by Dixon, we favour a 0" —
0"—0%—1 photoexcitation scheme.

3.5.2. Transitions between 79,000 cm™' — 78,600 cm™’

The lowest energy transition in this region, occurring from 79,000 —
78,600 cm ! has been previously assigned as the 0t ——1 transition
dissociating to the Xe* 6p [3/2]; separated atom limit.[24] This tran-
sition is allowed by parity but not by the AJ selection rule, which is why
it is an order of magnitude weaker in intensity than the bands associated
with the Xe* 6p [3/2]; limit.[24] Interestingly, this band is quasi-bound,
meaning that some of the vibrational members will be metastable due to
a barrier to dissociation. This behavior is also observed in the calcula-
tions of Hickman, (curve 2p; as designated by the paper’s internal no-
tation scheme)[39] and exhibits different spectroscopic behavior due to
the barrier. This region has the richest variance in dissociation channels
observed in the entire study.

For low TKER Xe ™" photofragments, the dissociation channels for this
band are markedly different from the neighboring transitions. For v’ =8
and 7 (ca. 79,009 cm’l), we see dissociation into the Xe* 6p[1/2];
channel. These excited vibrational levels are located above the asymp-
totic limit and enable tunneling through the potential barrier. For
transitions to vibronic levels below the Xe* 6p [3/2]; asymptotic limit
(ca. 78,956 cm™1), we observe the opening of the Xe* 6s [1/2]9 disso-
ciation channel.

The Xe* 6p[1/2]; dissociation channel stays open until 78,745 em !
at which point we also see the opening of the Xe* 6p[5/2]3 channel. At
this wavenumber, we observe two transitions that are notable because
they access three distinct low TKER xenon dissociation pathways. Two
of these low TKER product channels are associated with formation of
Xe* 6p[1/2]; and Xe* 6p[3/2]; (discussed above for dissociation in
Region II). The third, which exhibits TKER ~ 3,300 cm ™! and aniso-
tropic Xe™ distributions (8, = 0.97, 8, = -0.67, f; = —0.30; see Fig. 7A),
must correspond with rapid dissociation following 0*—-0*—1 or 0" —
1-1 excitation processes.[47] Unfortunately, there were too few tran-
sitions accessing this dissociation channel to make a confident assign-
ment of the product channel and parent molecule. Based on the
magnitude of the TKER values, it is likely that this transition is accessing
one of the low lying 6s xenon Rydberg states (ca. 68,000 cm™ 1), how-
ever, these observations could also be explained by Xe; predissociation
to the Xe* 6p [5/2], or 6p [5/2]3 states.

Photofragmentation to yield Ar" in this region exhibits dissociation
to four different channels, with dramatic variation between branching
ratios for different excited vibrational states. At v’ = 7,8 we observe the
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production of Ar*4p’[3/2];. This channel closes in favor of Ar* 4p’[3/
2]y production at v’=6. At v’ = 5 and v’=4, we observe only the
Ar*4p’[3/2]; and Ar*4p[1/2]p product channels, respectively, which
then close in favor of the Ar*4p’[3/2], channel for v’ = 3. For v =0 -2,
we observe products corresponding to the Ar* 4p [1/2]; dissociation
limit. As was the case in other regions, anisotropy analysis of Ar" pho-
tofragments yields large positive f, with minor negative contributions
from the higher order parameters.

Different dissociation channels yielding Ar* exhibit significant dif-
ferences in anisotropy parameter, allowing for distinction of dissociation
pathways. For example, dissociation via v’ = 4 to produce Ar*4p[1/2],
exhibits anisotropy parameters of f,, f,, fg = 0.99, —0.29, —0.16,
whereas dissociation via v’ = 0 to Ar*4p[1/2]; exhibits f,,5,,6s = 1.76,
—0.24, —0.21. States exhibiting smaller values of j, likely predissociate
more slowly than those with larger values. Based on the product
assignment and observed anisotropies, we can conclude that this tran-
sition occurs via either a 0*-0"—1-1 or 0" >1-1-1 pathway.
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3.6. Region IV: 78,600 - 77,800 cm™?
3.6.1. Transitions between 78,600 em™! - 78,100 em™!

Region IV is characterized by the presence of the Xe* 6p [5/2];
atomic transition at 78,071 cm ™' and spans from 78,600 — 77,800 cm !
as is depicted in Fig. 8A. Between 78,400 cm * and the atomic transi-
tion, we observe an XeAr band system assigned as the 0t ——1 transition

dissociating to the Xe* 6p [5/2]3 limit. [24] This band system exhibits
relatively low intensity because it is associated with an atomic transition
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Fig. 8. (A) REMPI (black trace) and UVPD spectra (blue trace, Xe™; red trace,
Ar") in the vicinity of the Xe* 6p [5/2], atomic transition. Associated photo-
fragment images are overlayed. (B) TKER spectra observed via the 2 «
07 vibronic bands.
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forbidden by the AJ selection rule. Throughout the entire spectral range,
the only low TKER channel observed experimentally is the Xe* 6s’ [1/
219 limit. All low TKER Xe™ photofragments are isotropic.

Three-photon dissociation to yield Art produces Ar*4p’[3/2], via
the v’ = (m + 6) — (m + 3) bands at approximately 78,280 cm‘l, and
Ar*4p’[1/2]; for the rest of the band system. Khodorokovskii reports an
additional weak band system observed in the two- and three-photon
channels from 78,260 — 77,974 cm™', which coincides with the
change that we observe in Ar" products. Khodorokovskii tentatively
assigned this transition to be associated with the Xe* 6p [5/2]3 sepa-
rated atom limit and concluded that this transition was either the 0" —
—3 or 0"—>—2 transition dissociating to Xe* 6p[5/2]3.[24] Angular
distributions for all Ar" photofragments in this region are similar; large
B, with small contributions from the higher order terms. As such, we can
offer no further clarification as to which excited state is accessed in this
region.

3.6.2. Transitions below 78,100 em !

The lowest energy transition observed occurs as a short vibrational
progression in the 77,800 — 78,100 cm ™! region to the red of the Xe* 6p
[5/2]5 atomic line. This band has been assigned as the 0" ——2 transi-
tion dissociating to Xe* 6p [5/2]5 products.[24] As shown in Fig. 8, this
transition exhibits strong signals in the Xe* 6s’ [1/. 2](1) channel and
Ar*4p’[1/2]; product channels. Another Xe™ signal is observed at TKER
~ 28,000 cm !, but we are not able to definitively assign the associated
product channel (see Fig. 8B). Low TKER Xe' photofragments are
isotropic.

Ar" photoproducts for this band system exhibit a cos?d angular dis-
tribution (8, ~ 2). This implies either a 0" ->0"—-0*->1, 0" >0"—>1-1
or 0"—>1-1-1 excitation. Given the band assignments of Khodor-
okovskii, and the fact that the 0t ——1 transition to higher wavenumber
could extend to (but is not observed in) the region of the 0" ——2
transition, it is possible that mixing of the excited states gives rise to the
observed Ar" angular distributions.

4. Conclusions

This work presents an in-depth analysis of the dissociation dynamics
of XeAr in the 77,500 — 81,000 cm ™! region. Photofragment images were
recorded via 38 vibronic bands associated with at least nine different
electronic transitions. The complex electronic structure of XeAr in this
region gives rise to both Xe' and Ar" photofragments, and highly
localized perturbations (e.g, Xe* 5d [1/2]‘1), ca. 78,956 cm’l) as
observed in dramatically varying product branching ratios and angular
distributions. A global analysis of the observed product channels enables
calculation of Dy = 114.4 + 2.7 ecm™!, which is in accordance with the
previous measurement of 117.8 cm ! (See Table $2).[21] Notably, we
observe two previously unreported vibronic band systems which we
assign as the 0" —>—0" electronic transitions, dissociating to the Xe* 5d
[3/219 (ca. 80,323 cm™') and Xe* 5d [7/2]% (ca. 80,970 cm™') limits.

By monitoring Xe* photoproducts as a function of laser frequency,
we could unambiguously assign product channels to specific dissocia-
tion pathways. In performing regression on these channels, neutral
products had a slope of one at the two-photon level and an intercept that
corresponds to the sum of the dissociation threshold and the ground
state dissociation energy of neutral XeAr. Product channel assignments
highlighted several vibronic bands and local perturbations that were
previously undocumented (see Table S1 for details).

Similar analysis that was conducted for the Ar* photofragments
revealed dissociation at the three-photon level. Our results indicate that
this must occur via ion-core switching and dissociation of a superexcited
Ar*Xe state. To the best of our knowledge, this is the first observation of
Ar* photofragments generated via ion core switching to access an Ar*Xe
superexcited state using the VMI technique. Recoil anisotropy analysis
of the photoproducts allowed us to further understand the symmetry of
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the intermediate states (i.e., 0" —0"—=0"—1) and their relative lifetimes.

We also successfully documented high TKER (ca. 60,000 cm ™) Xe™
channels characteristic of dissociative photoionization. These product
channels likely represent a type of (2 + 2) excitation followed by
dissociation from the inner turning point of an excited XeAr' curve
(most likely one of the X 25, and A; 2Il/, curves). This behavior is
similar to the process that what was observed for the xenon dimer.[63].

This work underscores the utility of employing action spectroscopy
and velocity map imaging concurrently. Application of these techniques
have enabled new insights into the complex electronic structure asso-
ciated with the Ryberg states of XeAr. While theoretical calculations
capture much of the excited state structure, several gaps persist in the
understanding of experimentally observed product channels and how
excited states couple (e.g., there is no current set of known Ar*Xe
curves). In that regard, theoretical studies of vibronic coupling between
Xe*Ar exited states and calculation of Ar*Xe excited states is needed for
a more complete understanding of XeAr photophysical processes.
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