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The competition between multiple pathways sampled during the energetic relaxation of excited molecules can be difficult
to experimentally decipher. The rare gas---dihalogen van der Waals complexes have remained key systems for exploring the
competition between relaxation pathways, such as intramolecular vibrational energy redistribution (IVR) and vibrational
predissociation (VP). As these mechanisms can yield the same products, the relaxation pathways traversed are often
deduced from the excitation spectra or product-state distributions. In addition to a brief perspective on IVR and VP in rare
gas---dihalogen complexes, we present new results obtained using time-of-flight velocity-map imaging (VMI) on T-shaped
Ar--12(B,v',n'=0) complexes that illustrate how contributions from these two pathways can be separated. The angular
anisotropies of the ion images collected for the I(B,v<v’) fragments indicate the products for certain Ar:-:15(B,v’,n'=0) levels
are weighted along the direction perpendicular to the laser-polarization axis. These distributions are consistent with prompt
dissociation of the T-shaped excited-state complexes, likely via direct VP. The distributions measured for other
Ar--12(B,v',n'=0) levels are preferentially along the laser-polarization axis. These initially prepared levels must undergo IVR
with nearly resonant Ar-I3(B,v<v/,n>0) intermolecular vibrational levels that sample linear Ar—I-| orientations during
dissociation.

visible spectral region of the dihalogens. Most of the energy-
1 Introduction transfer and dynamics experiments have been performed
following excitation of the complexes to the lowest-energy
levels, n'=0, bound within the Rg + XY (B,v") or Rg + X2(B,v’)
intermolecular potential energy surfaces (PESs) with varying
amounts of dihalogen vibrational excitation, v'. The geometries
of the complexes in these intermolecular levels are rigidly T-
shaped, or nearly T-shaped for the Rg---XY complexes, with the
Rg atom localized within a minimum of the PES at an orientation
that is orthogonal to the dihalogen bond between the two halogen
atoms.®13 Despite the general similarities of the different Rg +
XY(B,v) and Rg + X2(B,v') PESs, the strengths of the
interactions, the vibrational frequencies of the dihalogens, and
the densities of intermolecular states associated with them give
rise to contrasting relaxation mechanisms and dissociation
dynamics.

The prominent relaxation pathways that effectively compete
with fluorescence of the initially prepared intermolecular
vibrational levels of the Rg---XY(B,v,n'=0) and
Rg---X2(B,v',n"=0) complexes are vibrational predissociation
(\VP), intramolecular vibrational energy redistribution (IVR), and
electronic predissociation (EP).%'° The EP pathway results in
separate Rg + X + Y or Rg + X + X atomic products, and it can
o-Department of Chemistry, Washington University in St. Louis, One Brookings effectively compete with radiative relaxation or fluorescence
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The stabilization of weakly-bound van der Waals complexes and
the interrogation of the dynamics incurred following
photoexcitation offer valuable opportunities for investigating
energy transfer dynamics that often can be extended to more
complicated systems and environments. When the complexes are
simple enough and their spectroscopies are well characterized,
specific “bright” intermolecular vibrational levels can be
prepared in low-lying electronic states. The resultant dynamics,
which often include dissociation, represent half-collision events
originating from a limited range of impact parameters dictated
by the properties of that initially prepared state.

The three-atom, weakly-bound rare gas---dihalogen
complexes, including those with heteronuclear dihalogens, XY,
or homonuclear dihalogens, Xz, have proven valuable for gaining
insights into intermolecular interactions, energy-transfer
processes, and dynamics within and between small molecules
with limited degrees of freedom.1-1® These complexes are ideal
for study in part because of their structural simplicity and the
strong optical properties they exhibit in the B(Ilg,) — X(*Zgg)
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that can be detected in laser-induced fluorescence, fluorescence
excitation, or dispersed fluorescence measurements. As both VP
and IVR can result in the formation of the same product
channels, deciphering the contributions of these two channels
can be difficult, and an array of experimental and theoretical
work has focused on characterizing these channels for the n’ =0
T-shaped level of the Rg---XY(B,v') and Rg---X2(B,V)
complexes. Herein, we provide a brief overview of VP and IVR
in Rg---X2(B,v') complexes and focus on new results obtained
for the Ar---12(B,v',n'=0) complex. Specifically, data acquired in
ion time-of-flight velocity map imaging (VMI) experiments
indicate that complexes prepared in T-shaped Ar---12(B,v’,n'=0)
levels can yield distinctly different 12(B,v<v’) product angular
distributions. These differences are associated with the nature of
intermediate Ar---12(B,v<v’,n>0) levels sampled during IVR.
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These results on the dissociation dynamics of the three-atom,
Ar---12 system offer promise for deciphering the competing
pathways sampled during the prompt dissociation dynamics of
even larger systems.

2 Overview
2.1 Direct Vibrational Predissociation

Dissociation of weakly-bound, homonuclear Rg---X2(B,v’,n'=0)
van der Waals complexes has been observed to proceed via
different mechanisms and along parallel channels. An energy
schematic illustrating the PESs and levels summarizing the direct
VP mechanism is shown in Figs. 1(a) and (b). Direct VP involves
the coupling of the initially prepared, metastable n'=0
intermolecular vibrational level bound within the Rg + X2(B,v")

(a) (c)
Rg-X,(B,) 2P Rg + X,(B,v-1) Rg-X,(B.v'} YRy [Rg-X,(B.v—1)] 288y, Rg + X,(B,v'—1)
A A
Rg + X,(B,v,/=0)
== >
S S —_—
Q ]
c [ —
w w L TTTM YT CT TT T T e s rasmn s smmnssenan e nns ——
Rg + X;(B.v—1,) Rg + X,(B,v'—1.))
> >
Rg to X, Distance Rg to X, Distance
(b) (d)
Rg-%,B.v) P Rg+X,(B,V-2) Rg-X,B,v) YRy Rg--X,(B,v-1) Py Rg + X,(B.v-2)
A A
RS R ) I I N Rg *+ X(B.v'/=0)
R+ X(Bv-1=0)[ | VPAIVR i, Rg * X(B,v—1./=0)
e Ll BV _
o j=>]
0] o N
c _ =
L W]
Rg + X,(B,v—2.j) Rg + X,(B,v'-2 )
> >
Rg to X, Distance Rg to X, Distance

Fig. 1 Vibrational predissociation (VP) and intramolecular vibrational relaxation (IVR) relaxation mechanisms of electronically-excited rare
gas---dihalogen complexes, Rg---X2(B,v',n"). (a) VP occurs by the coupling of X vibrational excitation to the Rg---Xz intermolecular vibration
coordinate. If the X2(B,v’) vibrational spacing is larger than the Rg + X2(B,v’) binding energy, this occurs by preferential coupling to the continuum of
states and direct dissociation to the Rg + X2(B,v'—1,j) products. (b) If the X2(B,v’) vibrational spacing is smaller than the Rg + X2(B,v’) binding energy,
VP occurs by preferential coupling to the continuum of states and direct dissociation to the highest-energy product channel, in this case the Rg +
X2(B,v'-2,j) products. (c) When the X2(B,V') vibrational spacing is larger than the Rg + X2(B,Vv’) binding energy, IVR may occur via the coupling of the
initially prepared Rg---X2(B,v',n'=0) level to a metastable Rg---X2(B,v'-1,n) level (dashed lines) that dissociates into Rg + Xz(B,v'-1,j) products. (d)
When the X2(B,v’) vibrational spacing is smaller than the Rg + X2(B,Vv’) binding energy and the potentials are nested within each other, IVR may occur
via the coupling of the initially prepared Rg:--X2(B,v',n'=0) level to an isoenergetic level with intermolecular vibrational excitation bound within a lower-
lying potential, Rg---X2(B,v'-1,n). This Rg:--X2(B,v'-1,n) level may also undergo additional IVR, but VP will ultimately result in the formation of X2(B,v,j)

products with v < v/ — 2.
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PES to the continuum of states energetically lying above the Rg
+ Xz(B,v<v’) dissociation limit.%710111533  The complex
dissociates with the excess energy above the dissociation limit
partitioned into translational excitation of the Rg product and
both translational and rotational excitation of the X2(B,v,j)
products. The asymptotes of the Xz(B,v) product rotational
states, j, are illustrated to the right in Fig. 1(a). Direct VP for the
Av = -1 channel is typical for the He---X2(B,v’,n'=0) complexes
as their binding energy is often substantially less than the Xz
vibrational spacing, especially for low Vv'.

In the VP of the T-shaped Rg---X2(B,v’,n'=0) complexes,
the dominant X2(B,v) product is usually associated with the
highest energetically accessible vibrational quantum number v.
As described above, for He---X2 complexes, this usually
corresponds to the Av = —1 channel. However, oftentimes for
Rg---X2 complexes containing a heavier and more polarizable
Rg atom, such as Ne or Ar, the conservation of energy precludes
VP through the Av = —1 channel, and VP must occur via the loss
of two or more Xz vibrational quanta, as illustrated in Fig. 1(b).
In this case, the binding energies of the Rg---X2(B,v) complexes
are large enough that the PESs are nested inside one another.
Thus, the n’=0 metastable intermolecular vibrational level
bound within the Rg + X2(B,v") PES is lower in energy than the
asymptote of the Rg + X2(B,v'—1) PES. Consequently, the first
accessible product channel is the Av =-2 channel associated with
the Rg + X2(B,v'-2) PES. VP then occurs as complexes in the
initially prepared Rg---X2(B,v’,n'=0) level couple directly to the
continuum of states lying above the asymptote associated with
the Rg + Xz(B,v-2) PES, generating products with Rg
translational energy and X2(B,v'-2,j) translational and rotational
energy.

The examples presented in Fig. 1 are simplistic scenarios
illustrating the formation of the highest-energy VP product
channels. The VP mechanism can also form products associated
with lower energy asymptotes, such as the Av= -3 or -4
channels, as their continua of dissociative states can also be
accessed from the initially prepared level. Ultimately, the
conservation of energy, Franck-Condon factors of the dihalogen
and intermolecular levels, and momentum conservation all
contribute to the yields for the different channels.

2.2 Dissociation Involving IVR

In addition to dissociation of weakly-bound Rg---X2(B,v’,n'=0)
complexes via a direct VP mechanism, numerous studies have
concluded that dissociation can also occur through an IVR
mechanism.”9:26:33-49 A5 with direct VP, dissociation via IVR can
proceed either through the loss of a single vibrational quantum
of the Xz stretch, the Av = -1 channel, or through the loss of two
or more vibrational quanta of the Xz stretch. In the case of the
former, the PESs are not nested within one another, while in the
latter, they most often are. The IVR dissociation mechanisms
proceeding through these two scenarios are illustrated in Figs.
1(c) and (d), respectively.

Fig. 1(c) illustrates an IVR dissociation mechanism that
occurs predominantly through the Av = —1 channel. In this
pathway, the initially-prepared Rg---X2(B,v',n'=0) complex
couples to a state representing a resonance above the asymptote

This journal is © The Royal Society of Chemistry 2021
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associated with the Rg + X2(B,v'—1) PES, red dashed lines. The
difference between this dissociation mechanism and that shown
in Fig. 1(a) is that this resonance level likely has internal bending
or hindered-rotor character with the Rg atom delocalized about
the X2 moiety and is stabilized by a centrifugal barrier. The
coupling of a rigidly T-shaped n’ = 0 level in the Rg + X2(B,v")
PES to highly-excited Rg---X2(B,v<v’,n>0) levels represents an
energy redistribution involving both the X2(B,v) molecular and
the intermolecular van der Waals coordinates and, consequently,
an IVR process. Free rotor-type resonances, such as these, have
been spectroscopically identified by Darr, et al.>° After coupling
to a “dark” resonance level, the complex dissociates forming Rg
+ X2(B,v,j) products with translational and rotational energy.

IVR can also occur when forming Rg + X2(B,v) products
with the dihalogen losing more than a single quantum of
vibrational excitation, e.g. the Av = -2 channel. This IVR-
mediated, VP mechanism is shown in Fig. 1(d). In this case, the
intermolecular PESs associated with multiple X2(B,v)
vibrational states are usually nested in each other. Complexes in
the initially-prepared Rg---X2(B,v',n'=0) level couple with an
isoenergetic level or levels with significant intermolecular
vibrational excitation, n >0, that are bound within a Rg +
X2(B,v<Vv") PES. Again, since this mechanism involves a change
in v and n, it is referred to as an IVR mechanism. The accessed
Rg---X2(B,v<v’',n>0) level is also metastable, and it can undergo
additional IVR or undergo direct VP, coupling to the continuum
of states above the asymptote of the Rg + X2(B,v'—2) PES for this
schematic, forming Rg + X2(B,v'—2,j) products with translational
energy. As for direct VP, this last step can also access the
continua above the lower-energy asymptotes, and the Av = -3, —
4, or other I2(B,v) channels may be formed.

2.3 IVR Regimes

The efficiency for IVR from the bright Rg---X2(B,v',n'=0) level
to dark Rg---X2(B,v<v’,n>0) levels depends on the density of the
dark states, the coupling strengths between the bright and dark
states, and the energetic overlap of the these states.4%485152 The
coupling strength gives rise to a homogeneous broadening of
each resonance, T', that can blend together the dark states, which
are energetically separated by A. In the sparse VR regime, either
Ais large (a small density of dark states) or T" is small, and T" <
A. Here, the n’ = 0 bright state comes into and out of resonance
with the dark states with increasing v'.3%4147 Since the efficiency
for VP typically increases smoothly with v’, IVR in the sparse
regime would result in varying or oscillatory lifetimes with
v'.947.53 Furthermore, the specific nature of the dark states
accessed would likely yield rotational-state distributions of the
X2(B,v) products that are characteristic of that dark state.*®

In contrast, if the coupling strength for IVR is large or if the
density of states is large then T'> A, and there is a near-
continuum of coupling states and a small dependence of the
efficiency for IVR on v'.*! In this statistical regime, the lifetimes
of the excited-state complexes decrease monotonically with v'.
Furthermore, the nature of the different dark states is lost as they
energetically overlap each other due to large T" or small A. As a
result, the rotational-state distributions of the X2(B,v) products

Phys. Chem. Chem. Phys., 2021, 00, 1-11 | 3
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should be statistical, and they are not expected to change
significantly with v’ .46

2.4 Evidence for IVR-Mediated Dissociation

Contributions from IVR-mediated dissociation in weakly-bound
Rg---X2(B,v',n'=0) van der Waals complexes have been inferred
from results obtained using different experimental techniques.
The fluorescence quantum yields were measured for excitation
of the He---Brz and Ne---Brz2 complexes to the T-shaped, n’ =0
levels with varying Brz(B,v') vibrational excitation.>* The
variations in the quantum vyields for those complexes were
attributed to the irregular contributions from I'VR to the excited-
state dynamics. Frequency-resolved laser spectroscopy was used
to measure linewidths of the vibronic features associated with
transitions to the different Rg---X2(B,v’,n"'=0) levels in the X2 B—
X, v'-0 region. For several systems, He---12,11617.55 Ne...|,!
He---Br2,305657 Ne---Brz,22 and Ar---Cl2,2658 the linewidths of
the features oscillate with v’, and thus the excited-state lifetimes
of the complexes were observed to correspondingly vary when
accessing states where the Rg + X2(B,v'—1) product channel was
energetically closed due to the anharmonicity of the X2(B,v)
potential. The dissociation mechanism for these systems was
associated with IVR as shown in Fig. 1(d) with the bright
Rg---X2(B,v',n'=0) levels coming in and out of resonance with
dark Rg---X2(B,v<v’,n) levels in the sparse IVR regime.

Additional evidence for IVR-mediated dissociation in
weakly-bound Rg---X2 van der Waals complexes has been
observed in the rotational-state distributions of the Xz(B,V'j)
products.“6 Based upon a direct VP mechanism, most rotational-
state distributions are expected to follow a half-collision model
of dissociation. However, some Rg---Xz van der Waals
complexes were found to have highly erratic or bimodal
X2(B,v',j) product rotational-state distributions.*® These non-
smoothly varying distributions were interpreted as representing
coupling through an intermediate dark or “doorway” state as
illustrated in Figs. 1(c) and (d).

Perhaps the most definitive evidence for IVR in the
dissociation of Rg---Xz2(B,v',n'=0) levels was reported by
Cabrera, et al.5® They examined both the decay of signals
associated with complexes in the initially prepared
Ne---Brz(B,v’',n'=0) levels and the rise of signals associated with
the Brz(B,v<v’) products using time-resolved, pump-probe
spectroscopy. They determined the timescales for the
disappearance of the Ne---Brz2(B,v’,n'’=0) complexes was notably
faster than those for the appearance of the Brz(B,v<v’) products.
These authors convincingly argued that intermediate
Ne---Brz(B,v<v’,n>0) “doorway” states must be accessed. They
invoke a picture similar to Fig. 1(c) for low and mid-range V',
and a mechanism more like that depicted in Fig. 1(d) for high v'.

2.5 VR in Ar---12(B,v")

IVR has been extensively studied in the Ar---12(B,v',n'=0)
system, likely more than any of the other Rg---X2(B,v',n'=0)
complexes. Complexes with heavier, more polarizable rare gas
atoms tend to have larger binding energies, Do’, and the Rg +
X2(B,v) PESs become nested within each other when Do’ is
larger than the energetic spacing between the X2(B,v’) and

4 | Phys. Chem. Chem. Phys., 2021, 00, 1-11

X2(B,v'-1) levels. For example, Ar--I2 complexes in the B-state
have binding energies of ~227 cm™, and three quanta of iodine
vibrational energy is necessary for dissociation of complexes
prepared in the lowest-energy, T-shaped, n’=0 level bound
within the Ar + I2(B,v'<29) PESs.26° Due to the anharmonicity
of the vibrational motion in the B electronic state, the Av = -3
product channel closes at v'>29 for the T-shaped
Ar--I2(B,v',n'=0) complexes, and at least four quanta of Iz
vibrational energy are required for dissociation (Av < —4).

Due to the large binding energy of the Ar-12(B,V)
complexes, the nesting of their PESs within each other, and the
resultant high density of dark states, the Ar-12(B,v',n'=0)
complexes have been proposed to dissociate via IVR.
Furthermore, the smooth, monotonic decrease of the complex
lifetimes with increasing v’ and the lack of pronounced structure
in the rotational-state distributions of the 12(B,v<v’) products
suggest that VR occurs in the statistical regime.”-344446 These
experimental results, however, contradict calculations that
indicate there are only a few Ar-I2 states that lie close in energy
to the initially prepared level and that can couple and enable IVR
to occur.3%4243 More recent spectroscopy experiments identified
highly-excited Ar--I2(B,v,n'>0) intermolecular vibrational
levels, and it was determined the density of states is more
accurately described as being in the sparse regime for IVR.5?

In the efforts reported here, time-of-flight velocity-map
imaging (VMI) was used to characterize the angular distribution
of I2(B,v<v’) fragments following dissociation of
Ar-I2(B,v',n'=0) levels, where v'=16-39. The angular
distributions of the 12(B,v<v’) fragments provide direct
experimental evidence of IVR occurring from Ar---12(B,v’,n'=0)
levels. Furthermore, this information along with the spectral
assignments of the Ar--I2 transitions in the 12 B—X, v'-0 region®?
and the intermolecular vibrational level wavefunctions
calculated by Roncero, et al,®? allow us to propose intermolecular
vibrational levels that may be involved in the IVR. More
generally, these results demonstrate VMI as a promising and
direct means to observe energy redistribution in photo-excited
van der Waals complexes where competing pathways leading to
the same product channels, such as VP and IVR, are present.

3 Experimental

Details of the apparatus have been previously described.®® The
ground-state Ar---12(X,v"=0) complexes were stabilized in a
pulsed supersonic expansion by passing a 5% Ar in He carrier
gas mixture (8500-11000 Torr) over a vessel containing room-
temperature iodine crystals. A pulsed valve (800 um diameter
opening) operating at 15 Hz was used to expand the sample into
the source chamber, which was kept at an average pressure of
7.5 x 107 Torr during operation of the valve. The laser pulses
were generated by two dye lasers, each pumped by the 355 nm
output of a separate pulsed Nd:YAG laser.

The pulsed supersonic expansion was intersected
orthogonally by the laser-pulse axis ~60 mm downstream from
the nozzle. LIF spectra were recorded to identify transitions of
the T-shaped Ar--I2(X,v"=0) complex in the different I2 B—X,
v'—0 spectral regions. To collect these spectra, the excitation laser

This journal is © The Royal Society of Chemistry 2021

Page 4 of 11



Page 5 of 11

was scanned throughout various I2 B—X, v'—0 spectral regions,
and the resultant fluorescence was imaged onto a photomultiplier
tube (PMT) using an optical telescope assembly. A 600 nm long
wave pass filter was used to preferentially collect fluorescence
from the 12(B) electronic state. The supersonic expansion was
passed through a 2 mm skimmer mounted 110 mm from the
pulsed valve. The skimmer was used to collimate the expansion
before entering the ionization region of the chamber and to
provide differential pumping between the source chamber and
the ionization region of the apparatus. The ionization region was
evacuated with a turbomolecular pump to a pressure of <4 x
10-8 Torr during an experiment.

In the VMI experiments, the wavenumber of the excitation
laser, E1, was fixed on a transition of the ground-state T-shaped
Ar--I2(X,v"=0) complex to the rigidly T-shaped, n’ =0 lowest-
energy intermolecular vibrational level bound within the Ar +
I2(B,v") PES.%* The second laser, E2, was used to ionize the
resulting 12(B,v) products via (1+1) resonantly-enhanced
multiphoton ionization (REMPI) through vibrational levels in
the E(®Iog*) ion-pair state.5® The probe laser pulses, focused by
a 100 cm focal length lens, were delayed 50 ns from the
excitation laser pulses. Both lasers were linearly polarized and
oriented parallel to the ion detector face (vertical on the camera).
The I2* cations were then accelerated through a time-of-flight
(TOF) tube, with a length of 1.57 m and a pressure of ~1 x 108
Torr, using an ion optics set-up following the design of Eppink
and Parker,® with the repeller electrode placed 52 mm
downstream from the skimmer. The cations were directed onto a
chevron-type multi-channel plate (MCP) detector with a P20
phosphor screen. The MCP was time-gated for the arrival of I2*
cations. Because of the low kinetic energy of the 12(B,v) products
and the corresponding 12* cations along the flight tube region,
repulsion between the ions often lead to elongation of the images.
In order to avoid this, the laser pulse energy fluences were
lowered to reduce the ion density. The excitation and probe laser
pulse energies were kept between 0.5-1.0 mJ and 0.2-0.4 mJ,
respectively. The excitation and ionization laser beams were ~2
mm and ~2.2 mm in diameter yielding typical laser fluences of
~6 and ~2 mJ cm2, respectively. The number of ions detected
per laser shot was 3—7. The ion images were acquired using a
charge-coupled device (CCD) camera and accumulated over at
least 100,000 laser pulses for each image.

lon-yield spectra were recorded in order to gain information
about the 12(B,v,j) product rotational-state distributions and the
dissociation mechanisms for forming the different states. These
distributions were collected by fixing the wavenumber of the
excitation laser, E1, on a particular T-shaped Ar---I2 transition in
the 12 B-X, v'—0 region, as with the VMI experiments, and
scanning the probe laser, Ez, near an Iz (1+1) REMPI transition.
Instead of using a CCD camera to image the ions on the phosphor
screen, a PMT was used to collect the total intensity from the
phosphor screen as each ion was detected. The integrated
intensity of the ion signals recorded as a function of the probe
transition wavenumber, Ez, provided each ion-yield spectrum.

4 Results and Discussion

This journal is © The Royal Society of Chemistry 2021
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LIF spectra were recorded in the same manner as reported
previously to identify the transitions of the T-shaped complexes
that were used in the dissociation dynamics experiments.®® Fig. 2
includes an LIF spectrum collected by scanning Ei through the
I2 B—X, 38—0 spectral region. The T-shaped Ar---12 B—X, 38—0
transition is observed near 19213 cm along with the broad
continuum fluorescence signals associated with bound-free
transitions of the linear  Ar---12(X,v’=0) conformer.
Spectroscopic assignments of the transitions of both the T-
shaped and linear conformers were identified previously using
action spectroscopy, as they are not easily identified in LIF
spectra.®! The six lowest-energy features in each spectral region
are localized in the T-shaped region, and 11 features to higher
energies spanning up to the dissociation limit are associated with
transitions of the linear conformer to delocalized intermolecular
vibrational levels. Although the densities of states are
sufficiently high that a T-shaped level in an Ar + 12(B,v') PES
may be isoenergetic with a high-lying level in a lower Ar +
12(B,v<V’) PES, the different ground-state binding energies of the
ground-state conformers result in no accidental degeneracies of
the T-shaped transitions with linear transitions in the spectral
regions explored in the work presented herein. The arrows in Fig.
2 indicate the transitions used to excite the T-shaped complex
and the continuum in the VMI experiments, which were chosen
to avoid discrete linear transitions.

A few of the VMI images obtained for the I2(B,v<v'—3)
products collected after excitation in different 12 B—X, v'-0
spectral regions are included in Fig. 3. The images in the first
row, (a), (e), and (i), were obtained with E1 fixed on transitions
to the indicated T-shaped Ar---12(B,Vv’) levels and E: fixed on the
rotational bandhead, and thus low rotational states, of the (1+1)
REMPI transitions using the indicated product level in the Iz
E-B, vf-v spectral region. When exciting the T-shaped
transitions, however, bound-free transitions of the linear
Ar---12(X,v"=0) conformer are also induced since the T-shaped
features are superimposed on the linear continuum fluorescence
signals. In order to characterize the dynamics of only the 12(B,v)
products formed from VP of the T-shaped complexes, it was
necessary to remove the contributions from the linear bound-free
excitation. To correct for this, images included in the second row
of Fig. 3, (b), (f), and (j), were collected with E: fixed just 2.5

I,(B-X, 38-0)
x40
>
T-shaped
T-shaped Ar--l,
He--, continuum

+ 1

LN B N B I B B B B BN B B B B NN B B N R E R R R

el
19190 19195 19200 19205 19210 19215
Excitation Energy (cm™)

Fig. 2 LIF spectrum recorded in the Iz B-X, 38-0 spectral region. Features
from transitions of the ground-state T-shaped complexes are labelled, as is the
continuum fluorescence signal due to bound-free transitions of the ground-
state linear complexes. The vertical arrows indicate the transition
wavenumbers used to excite the T-shaped complex and continuum.

continuum from linear He/Ar--1,
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Fig. 3 Velocity-map images of I2(B,v) fragments following dissociation of the
n’ =0, T-shaped Ar--I2(B,v'=39) (first column), Ar-I2(B,v'=35), (second
column), and Ar---I2(B,v'=16) (third column) complexes. The images in each
column were obtained with the (1+1) REMPI laser fixed on the |2 E-B,
71-34, 71-31, and 54-13 transitions, respectively. The first row includes
the raw images collected with the excitation laser fixed on the peak of the
T-shaped bands. The second row includes the images of the background
ions collected with the excitation laser fixed 2.5 cm™ higher in energy than
the T-shaped bands. The third row includes the background-subtracted
images of the 12(B,v) products formed by the dissociation of the T-shaped
Ar---12(B,v) complexes, and the inverse Abel transform of these images yield
the two-dimensional slices of the product momentum distributions, included
in the fourth row. The intensity scales in the first three rows remain constant,
but the intensity scales for the transformed images are adjusted for clarity.

cm™ higher than the T-shaped transitions so that the kinetic
energy distribution for the background, continuum signals are
nearly the same as those of the T-shaped transition. E2 was fixed
on the same REMPI transitions of the 1. E-B, vi—v rotational
bandheads. The resulting images included only the fragments
that were produced from the bound-free transitions of the linear
complex. In order to remove these contributions from the first
image, the images in the second row were subtracted from the
images in the first row, and the continuum-corrected images are
included in the third row, panels (c), (g), and (K).

Each velocity-map image is a projection of the 3-
dimensional velocity distribution of the products onto the
detector surface. An inverse Abel transform was performed on
each of these images using the BASEX program.%® The fourth
row in Fig. 3, panels (d), (h), and (1), includes the inverse Abel
transformation of the background-subtracted image of the 12(B,v)
products. Particular attention was paid to characterizing the

6 | Phys. Chem. Chem. Phys., 2021, 00, 1-11

angular distributions or I2* product image anisotropies. The
photofragment angular distribution is expressed by 6¢

1(0) = - (1+ f - Po(cos0)) , ()
where 0 is defined as the angle between the laser polarization
axis (vertical) and the momentum vector of the fragments.
P2(cos0) is the second Legendre polynomial, and g is the
anisotropy parameter. It follows that the limiting values of S are
+2 for fragments dissociating parallel to the polarization axis and
p=-1 for fragments dissociating perpendicular to the
polarization axis.%® Table 1 lists a summary of the anisotropy of
the 12(B,v") fragment data collected.

The use of polarized excitation light defines the initial
alignment of the molecules upon excitation. The transition
moment of the Ar---12 molecule is along the I-T bond axis, and
the 12 B(I1,)—X(*Zg,) transition is a parallel transition. When
exciting transitions of the T-shaped complexes to the lowest
levels in the Ar + 12(B,v") PESs, which also have rigid T-shaped
geometries, those complexes whose I-T axis is oriented along the
laser polarization axis will preferentially be excited, as illustrated
in Fig. 4. If the T-shaped Ar---12(B,v') complexes dissociate
promptly via VP, the trajectory of l. fragments will be
perpendicular to the laser polarization axis and will have a sin?0
fragment angular distribution, as indicated in Fig. 4(a). This
gives an anisotropy parameter approaching g = —1.

The first column in Fig. 3 includes ion image data obtained
with promotion of the complexes to the T-shaped
Ar---12(B,v'=39,n'=0) level, E1 = 19267.11 cm™, and detection
of the rotationally cold 12(B,v=34) products with E2 = 28633.7
cm™. The I2(B,v=34) fragments have a noticeable anisotropy
with g =—-0.58(1), which is consistent with dissociation from a
T-shaped geometry. Products with 2 < 0 could be produced via
direct VP from the initial state or IVR through a dark
intermolecular level localized within the T-shaped well region of
any of the Ar + I2(B,v=35-38) PESs. The product images

Table 1 Anisotropy parameters and proposed intermediate
levels involved in the IVR of the initially prepared Ar--15(B,v")
level when forming the Ar + Ix(B,v) fragments.

v v Av B Proposed IVR

Coupling
16 13 -3 -0.08(2) -
21 18 -3 +0.22(2) Av=-2
23 20 -3 +0.18(1) Av=-2
26 23 -3 +0.30(1) Av=-2
27 23 -4 -0.03(5) Av=-1/Av=-2
29 26 -3 -0.03(2) -
25 -4 -0.39(1) Av=-1
24 -5 -0.39(1) Av=-
23 -6 -0.16(3) Av=-
33 28 -5 +0.03(2) -
35 31 -4 +0.67(2) Av=-3
30 -5 +0.64(2)
36 32 -4 +0.67(2) Av=-3
31 -5 +0.66(3)
30 -6 +0.79(6)
37 32 -5 +0.07(1) Av=-1/Av=-3
38 34 -4 -0.2502) Av=-1
33 -5 -0.67(1)
32 -6 -0.80(2)
31 -7 -0.80(2)
39 34 -5 -058(1) Av=-1
33 -6 -0.33(1)
32 -7 -0.02(2)
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(a)

Rg--X,(B,v) Rg--X,(B,v=v") Rg + X,(B,v<v')

Fig. 4 Schematic depictions of how dissociation could result in X2(B,v)

products preferentially along the horizontal, = 90°, or vertical, &= 0°

and 180°, directions. In these experiments, the vertical polarization of

the excitation laser, Ei, preferentially excites complexes with the |-

bond axis also along the vertical direction. (a) Prompt VP of the initially

prepared T-shaped Rg---X2(B,v') level would form products along
0=90°. (b) Dissociation that occurs via IVR and then VP could result

in Xz(B,v) products along any angular coordinate dictated by the

intermediate level accessed.
collected for the T-shaped Ar---12(B,v'=29) and Ar---12(B,v'=38)
levels also had similar angular distributions.

The VMI data collected when exciting a few T-shaped
Ar-I2(B,v',n'=0) levels revealed l. fragment images with
positive anisotropy parameters, as indicated in Table 1. The
images collected when exciting the T-shaped
Ar--12(B,v'=35,n'=0) level with E1 = 19043.1 cm™! and probing
Av = -4, 12(B,v=31) fragments with E: fixed on the rotational
bandhead of the 12 E-B, 71—31 transition at 28828.6 cm is an
example of these distributions, middle column of Fig. 3.
Analysis of the continuum-corrected and inverse-Abel
transformed image, Fig. 3(h) determined g=+0.67(2). Thus,
despite the cos?(6) distribution of the 1-1 bonds within the rigid
T-shaped Ar-12(B,v'=35) complexes and a corresponding
sin?( @) distribution of the Ar—I2 intermolecular bond axis relative
to the vertical, laser polarization axis, the Ar + I2(B,v=31)
fragments are formed with velocity components preferentially
along the vertical polarization axis. This cannot occur from the
initially prepared intermolecular vibrational level. Instead, the
initially prepared level must couple with another intermolecular
vibrational level that has the Ar—I2 intermolecular bond axis
preferentially along the polarization axis. We conclude the
initially prepared in the Ar--I2(B,v'=35,n"=0)
intermolecular  vibrational level undergo IVR into
Ar--I2(B,v,n>0) levels with intermolecular vibrational excitation
that are bound in lower lying Ar + 12(B,v=32-34) PESs. These
levels accessed via IVR are likely high-lying bending or hindered
internal-rotor levels where the Ar is somewhat delocalized about
the I-1 bond axes, sampling the linear geometry. A cartoon of
this proposed IVR mechanism is included in Fig. 4(b).

The 12(B,v=13) products imaged after preparation of the T-
shaped Ar-12(B,v'=16,n"=0) level with E1=17527 ¢cm™ and
E2 =29051.7 cm™! have a nearly isotropic angular distribution,
£ =-0.08(2). For Ar-I2(B,v',n'=0) levels with low V', an

complexes

This journal is © The Royal Society of Chemistry 2021
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isotropic distribution may be the result of dissociation of an
excited-state complex that is long lived in comparison to the
rotational period of the complex. Complexes prepared in the
Ar-12(B,v'=16,n'=0) level were estimated to have a lifetime of
~150 ps, which is on the order of the rotational period of the
complex.?®39

The numerous intermolecular vibrational levels bound
within the Ar + 12(B,v") PESs, which were recently identified in
action spectroscopy experiments, provide insights into those
levels that may be accessed in the IVR mechanism.f! These
levels are illustrated schematically in Fig. 5(a). The blue levels,
labelled a through f, are localized in the T-shaped well, and the
higher-energy red levels, labelled g through g, are delocalized in
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Fig. 5 (a) Identified intermolecular vibrational levels in the Ar + I(B,V)
PES.®* Panels (b) and (c) include the intermolecular levels bound
within the v=31-35 and v =34-39 manifolds that the T-shaped
Ar---13(B,v',n'=0) complexes with v' = 35 and v' = 39 may couple with
via IVR. The green vertical arrows indicate excitation to the initial
Ar-1y(B,v',n'=0) level with an energy indicated by the gray, horizontal
line. Red lines represent intermolecular vibrational levels that are
delocalized in the angular coordinate, sampling the linear geometry.
Blue lines represent levels that are localized in the T-shaped region
of the intermolecular PES. Only those levels with wave functions
having even symmetry about the C,, axis are included. The black
curved arrows indicate the proposed level involved in IVR.
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the angular coordinate and sample the linear geometry. The blue
dashed line, labelled I, is an intermolecular level in the Ar +
12(B,v") PES that is accessed by both the ground-state linear and
T-shaped Ar-I2(X,v"=0) conformers. Not all of the
intermolecular levels could be identified in the action
spectroscopy experiments since transitions of the T-shaped
Ar-I2(X,v"=0) ground-state conformer can only access excited-
state levels that have symmetric intermolecular wave functions
about the Cay axis.®! The spectroscopy experiments specifically
identified those levels bound within the Ar + 12(B,v') PESs with
v/ =20-23, but the energies of the levels relative to the
dissociation limit for each PES do not change significantly with
V'. We approximate the energies of the intermolecular vibrational
levels bound within all of the Ar + 12(B,v") PESs involved in the
dynamics experiments investigated here using those of the
V' = 20-23 PESs. Due to the anharmonicity of the 12(B) potential,
those intermolecular vibrational levels that may be in energetic
resonance with each of the prepared T-shaped Ar---12(B,v’)
levels will depend on v'.

A schematic of those intermolecular vibrational levels that
may participate in the IVR of the initially prepared
Ar---12(B,v'=35,n'=0) level is presented in Fig. 5(b). The T-
shaped Ar---12(B,v'=35) complex could couple with excited
intermolecular levels bound within the Ar + 12(B,v=32-34) PESs,
since the Av=-4, Ar + I2(B,v=31) channel is the first
energetically accessible dissociation channel. Based on the
energy-level schematic, the d level within the Ar + 12(B,v=34)
PES lies close in energy to the initially prepared
Ar---12(B,v'=35,n"=0) level. This level, however, remains within
the T-shaped well, and it likely does not access the linear
orientation indicated by the image anisotropy. Instead, level i
bound within the Ar + 12(B,v'=32) PES represents a high-lying,
bending or hindered-rotor level that samples the linear geometry.
After coupling with level i, the next step in the dissociation
mechanism would be VP to the continuum of states above the Ar
+ 12(B,v'=31) product channel, yielding the observed positive
anisotropy parameter.

Those levels that produce fragments with positive
anisotropy parameters provide direct evidence of VR, whether
it occurs from IVR to a metastable level, as indicated in Fig. 1(c),
or from IVR followed by VP as indicated in Fig. 1(d). This is in
agreement with the quantum dynamics calculations performed
by Roncero and Gray,%® which determined that the density of
states in the Ar + I2(B,v') PESs is such that VP is always
mediated by IVR and direct VP of the complex is unlikely.

Some of the ion images collected when preparing T-shaped
Ar-12(B,v',n'=0) levels reveal |2 fragments images with negative
anisotropy parameters, as indicated in Table 1. The ion images
collected when exciting the Ar---12(B,v'=39,n’=0) level with E1 =
19627.1 cm™! and probing Av=-5 fragments in the Ar +
12(B,v=34) product with E2 = 28633.7 cm~! channel are examples
of these distributions, and these are included in the first column
of Fig. 3. The continuum-corrected image in Panel (c) and its
inverse Abel transform, Panel (d), give a negative anisotropy
parameter of —0.58(1), which indicates prompt dissociation
perpendicular to the polarization axis.

8 | Phys. Chem. Chem. Phys., 2021, 00, 1-11

While negative anisotropy parameters are indicative of
dissociation from a T-shaped geometry, they do not exclude the
possibility of IVR. Fig. 5(c) includes a schematic of those
intermolecular vibrational levels that may be involved in the IVR
of Ar---12(B,v'=39,n'=0). The Av = -5 channel corresponding to
Ar + 12(B,v=34) products is the first energetically available
dissociation channel. As a result, the prepared T-shaped
Ar-I2(B,v'=39,n'=0) level could couple with excited
intermolecular levels bound within the Ar + 12(B,v=35-38) PESs.
The prepared Ar--12(B,v'=39,n'=0) level is close in energy with
the d level in the Ar + 12(B,v=38) PES that is localized in the T-
shaped region of the intermolecular PES. It is quite possible that
this level is not the only level involved in the IVVR process, and
this intermediate level can undergo IVR again, perhaps involving
the f level in the Ar + 12(B,v=37) PES. The last step in this
dissociation pathway is VP from one of these intermediate levels
to the continuum of states above the Ar + I2(B,v=34) product
channel. For the case where the accessible intermediate levels
and the initially prepared level are localized in the T-shaped
regions of the intermolecular PESs, dissociation would result in
an 12(B,v) VMI image with a negative anisotropy parameter. This
would make I2(B,v) fragments that dissociated from the
intermediate doorway levels indistinguishable from fragments
produced via direct VP into the Ar + I2(B,v) dissociative
continuum. For this reason, direct VP cannot be conclusively
identified as the primary dissociation mechanism for these v’
levels, even though the images have B<0. Ultimately, the
positive anisotropy parameters measured for the products of
some of the Ar--12(B,v’,n'=0) levels included in Table 1, suggest
that IVR-mediated VP does occur for those levels, and it could
occur for the other levels.

We postulate that when multiple product channels are
formed and the anisotropy of the l2 product VMI images
associated with these channels have noticeably different
anisotropy parameters, the Ar + 12(B,v) products are formed from
different pathways via IVR. Table 1 lists a few Ar--12(B,v’,n'=0)
levels for which the different Av products have contrasting
anisotropy parameters. For the case of Ar---12(B,v'=39,n'=0),
dissociation via the Av =-5, —6, and —7 channels, the 12(B,v)
product images have anisotropy parameters of -0.58(1),
-0.33(1), and -0.02(2), respectively. As mentioned, the
Ar---12(B,v'=39,n'=0) level is close in energy to levels d and f in
the Ar + 12(B,v=38) and Ar + 12(B,v=37) PESs, respectively, and
these have T-shaped geometries. The Ar---12(B,v'=39,n'=0) level
is also close in energy and could couple to the g and o delocalized
levels bound within the Ar + I12(B,v=36) and Ar + I2(B,v=35)
PESs, respectively. All of these dark levels, d, f, g, and o, can
then couple to different Ar + 12(B,v) dissociative continua,
resulting in contributions from 12(B,v) products with different
anisotropy parameters.

There is a trend of the anisotropy parameter approaching
zero with increasing kinetic energy release and larger change in
v for the dissociation products of the Ar---12(B,v'=39,n’=0) level.
This is not the norm, however, for the levels investigated. The
I2(B,v) product images recorded for dissociation of the
Ar---12(B,v'=38,n'=0) level into the Av=-4, -5, -6, and —7
channels have anisotropy parameters that tend to increase,
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B =-0.25(2), -0.67(1), —0.80(2), and —0.80(2), respectively. As
both the Ar + 12(B,v'=39) and Ar + I2(B,v'=38) PESs are nested
within multiple PESs, IVR can occur with levels in any of these
wells if there is sufficient energetic and wavefunction overlap
between the initial bright and intermediate dark levels. The
varying anisotropy parameters for each of the I2(B,v) product
images and different Av product channels support the possibility
that even for those levels and product channels with negative
anisotropy parameters, I1\VVR could be involved.

Table 1 also lists a few Ar-12(B,v’,n'=0) levels for which
V' > 16, yet the Av product channels give 12(B,v) fragments with
isotropic angular distributions, 8 ~ 0. If IVR via levels in the
lower Ar + 12(B,v<v’) PESs is occurring, there are several factors
that can lead to isotropic angular distributions, even for T-shaped
Ar--12(B,v',n'=0) levels that dissociate promptly. As mentioned,
those levels indicated by the red lines in Fig. 5 have delocalized
wavefunctions that sample linear geometries. With increasing
intermolecular vibrational excitation, the position of the Ar atom
about the l2 molecule becomes more delocalized and the
wavefunctions can be described as hindered- or free-rotor states.
If, prior to undergoing VP, the initial T-shaped level couples via
IVR to any of these highly delocalized levels in which the Ar
atom has amplitude over a wide range of angles, dissociation
would occur from a broad range of angles, and the I2(B,v)
product images would be highly isotropic with g = 0.

12(B,v) images with isotropic angular distributions could
also result from parallel IVR pathways that sample multiple
intermolecular vibrational levels in the Ar + 12(B,v<v’) PESs and
form the same Ar + 12(B,v) products. Consider the extreme case
where one IVR pathway forms an 12(B,v) product image with
B=+2, or a cos?@ distribution, and a second pathway results in
an image with B=-1, or a sin?@ distribution for that same
product. The resultant image in this case would be a sum of the
two product images, which would be isotropic, or g=0, if the
contributions from the two pathways are the same.

The anisotropy parameters of the I2(B,v) product images
measured when exciting the T-shaped, n’=0 level in the PESs
with v’ =27 and 37 are approximately zero, and these may be
examples of the prepared level undergoing parallel, competing
dissociation pathways to the same product channel. The product
image of the Av=-4 channel for the dissociation of the
Ar--12(B,v'=27,n'=0) level was determined to have g =-0.03(5).
Based on the spectral assignments of the intermolecular
vibrational levels in the B-state PESs,5! the Ar--I2(B,v'=27,n'=0)
level is nearly resonant with at least two levels in different Ar +
12(B,v<v") PESs; one level is localized in the T-shaped well in the
Ar + 12(B,v=26) PES, and the other is a delocalized level in the
next lower Ar + I2(B,v=25) PES. Similarly, the product image of
the Av =-5 channel for the Ar--I2(B,v'=37,n'=0) level has a
slightly positive anisotropy parameter, g = +0.07(1). This bright
level may be resonant with one dark T-shaped level in the Ar +
12(B,v=36) PES and one delocalized level in the Ar + 12(B,v=34)
PES.

The significant density of states within each Ar + 12(B,V')
PES, especially near the dissociation limit, and the nesting of
numerous PESs nested within each other suggest multiple dark
levels may be sampled during dissociation, even when the
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product image does not have an isotropic angular distribution. As
already mentioned, the 12(B,v,j) rotational distributions can
provide information about the nature of the dark intermediate
level sampled during dissociation.”3444-46  Additional VMI
experiments were performed to explore whether the product
images measured as a function of 12(B,v,j) product rotational
excitation would reveal possible contributions from the dark
levels accessed during the dissociation of the T-shaped
Ar---12(B,v',n'=0) levels.

lon-yield spectra recorded with excitation of the T-shaped
Ar---12(B,v'=29,n'=0) level and probing the Av=-5 and -4
12(B,v) products are included in Figs. 6(a) and (b). These spectra
were collected using E1 = 18462.27 cm™! and scanning E2
through the 12 E-B, 70-24 and 59-25 spectral regions,
respectively. lon counts from the background linear signals were
subtracted from the ion-yield spectra so that only contributions
from excitation of the T-shaped Ar---12(B,v'=29,n'=0) level were
obtained. These ion-yield spectra reveal the rotational state
distributions for these product channels. Both spectra include a

(@] Ar.1,(B,v=20,7=0) > Ar + 1,(B.v=24)

signal

+
2

29470 29475

E, (em™)

(B)[ Ar--1,(B,v=29,m=0) - Ar + 1,(B,v=25)

signal

+
2

p=+0.11(2)

I 1 I
29365 29370 29375

29360 29380
E,(cm™)
Fig. 6 lon-yield spectra for dissociation of T-shaped

Ar-15(B,v'=29,n'=0) to (a) Ar + I(B,v=24) and (b) Ar + 1,(B,v=25)
fragments. The spectra have been corrected for linear, background
signals. For clarity, the lower (higher) rotational states contribute to
the higher (lower) energy regions of the spectrum. The arrows
indicate the probe transitions used to collect the included I, images.
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tail extending to lower energies or to high I2(B,v,j) product
rotational states. Using known rotational constants for the I12(E)
and 12(B) states,®? the rotational distribution was simulated. The
12(B,v,j) fragments from both the Av =—-5 and Av =—4 product
channels have rotational excitation up to j ~ 14.

Multiple 12(B,v,j) product images were recorded with E2
fixed at varying energies within the breadth of the ion-yield
spectra, indicated with arrows in Fig. 6. Probing the cold (low j)
fragments at higher E: resulted in ion images with negative
anisotropy parameters. In contrast, the product images obtained
when probing the rotationally excited fragments have positive
anisotropy parameters, which suggest dissociation from a linear
geometry. These results indicate the Ar---12(B,v'=29,n'=0) level
dissociates into a given Av Ar + I2(B,v) product channel via
different competing pathways, and these different pathways
yield products with contrasting amounts of rotational excitation.

Conclusions

In this perspective, we provided a brief overview of different
types of dissociation mechanisms that can occur within weakly-
bound, photoexcited rare gas--dihalogen van der Waals
complexes, Rg---Xo. Particular attention was given to direct VP
and IVR mechanisms since their contributions can be
challenging to untangle. The results of many previous
experiments suggested preferences of VP over IVR for certain
Rg---X2 complexes and dihalogen vibrational excitation, and
vice versa. Theory has supported many of these conclusions. The
dynamics and product channels formed depend in complicated
ways on the relative energetics of the dissociation channels, the
binding energy of the complex, and the densities of states that
may couple with the initially prepared intermolecular vibrational
level.

In order to help shed light on the competition between VP
and IVR, we presented results on the Ar---12 complex obtained
using VMI experiments. Many of the 12(B,v) product angular
distributions measured following photoexcitation to a T-shaped
Ar--I2(B,v',n'=0) level reveal the geometry of the complex
sampled in the final step of the dissociation. The angular
anisotropies of the I2(B,v) product images indicate dissociation
does not always occur from a rigid T-shaped geometry. Instead,
dissociation sometimes occurs from a preferential linear
intermolecular geometry. The change in geometry that occurs
between photoexcitation and dissociation is associated with IVR
and the nature of the excited intermolecular levels in the lower
Ar + 12(B,v) PESs that are accessed. The energetic overlap of the
initially prepared Ar-12(B,v',;n'=0) level and the excited
Ar-12(B,v<v’,n">0) intermolecular levels were estimated using
spectroscopic assignments of the complexes in the 12 B—X, v'-0
region! to propose the Ar-I2(B,v) levels that may be
participating in the IVR. The anisotropies of the I2(B,v) product
images were found to vary strongly with the I2 vibrational
excitation of the Ar--I2(B,v’,n'=0) level initially prepared and on
the Av product channel. These results indicate that IVR occurs in
the sparse density regime for Ar---l2, and the Ar + I2(B,v)
products are formed via different dissociation pathways.
Furthermore, even within a single Ar + I2(B,v) product channel,
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the angular anisotropy of the product images depend on the
rotational excitation of the product. In summary, the results of
these VMI experiments demonstrate that complexes prepared in
many of the T-shaped Ar--12(B,v',n’=0) levels undergo IVR-
mediated VP and not direct VP from the initially prepared level.

In terms of broader impacts beyond the investigation of the
dynamics in Rg---X2 complexes, these experiments further
illustrate the utility of combining vibronic laser spectroscopy
with VMI for disentangling complicated and competing reaction
dynamics. In addition to directly probing the angular
distributions of specific vibrational product channels, it can also
be informative to do experiments as a function of rotational
excitation of the products. It would be straightforward to expand
these types of measurements to probing the photodissociation of
other weakly-bound complexes or even large molecules with
internal degrees of freedom.
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