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ABSTRACT: The vibrational predissociation dynamics of H,/D,-I**Cl- ortho-D,(j=0)---ICI(B,v'=3)
(B,v'=3) complexes containing both para- and ortho-hydrogen prepared in

different intermolecular vibrational levels were investigated. The Av = —1

I**CI(B,v = 2,j) rotational product-state distributions measured for excitation
to the lowest-energy T-shaped levels of these complexes are mostly bimodal.
The rotational distributions measured for excitation of the H,---I**CI(B,»'=3)
complexes are colder than those of the D, I**CI(B,v'=3) complexes, and ortho-D,j=0) ortho-D(j=2)
there are only slight differences between those measured for the para- and + |C|(B,|z/=2,j) + ICI(B,\2/=1J)
ortho-hydrogen containing complexes. Excitation of the delocalized bending

levels results in slightly colder rotational product-state distributions. The distributions suggest the dynamics result from more than
impulsive dissociation off of the inner repulsive wall of the lower-energy H,/D, + I**CI(B,v = 2) potential surfaces of the products.
The depths of these potentials and the energies available to these products also contribute to the dynamics. The formation of the Av
= =2, I**CI(B,v = 1) product channel was only identified for excitation of levels within the ortho(j = 0)-D, + I**CI(B,v’'=3) potential.
The formation of this channel occurs via I**CI(B,v'=3) vibrational to D, rotational energy transfer forming the ortho(j = 2)-D, +
I’CI(B,v = 1,j) products.

Energy

H INTRODUCTION homonuclear Rg+X, complexes,® the ICI(A,v,j) and ICI(B,v,)
rotational product-state distributions were found to be bimodal
with two distinct maxima, referred to as rotational rainbows.”
These rotational distributions were attributed to contrasting
impulsive, half-collision intermolecular forces between the Rg
atom and ICl molecule experienced along varying angular
regions of the anisotropic repulsive region of the lower-energy
potential energy surface (PES). We previously extended these
Rg---XY VP investigations using transitions of the T-shaped and
linear, ground-state He-ICI(X,v"=0) conformers to access
He:-ICI(B,v',n) intermolecular vibrational levels with varying
amounts of intermolecular bending excitation, which sample
wider angular regions of the intermolecular PES.”'® The
rotational product-state distributions measured for these
bending levels were slightly colder, and the dynamics were
associated with impulsive scattering from the inner repulsive

Rare gas-dihalogen (Rg--XY) van der Waals complexes have
been extensively studied over the last 45 years as a means to
investigate unimolecular reaction dynamics, energy transfer
mechanisms, and intermolecular forces.' ™ In part because of
their strong absorption throughout the visible and ultraviolet
regions and the relative simplicity of these three-atom systems,
the Rg-+-XY complexes are well suited for both experimental and
theoretical efforts, and accurate depictions of the chemical
physics continue to be established. The vibrational predis-
sociation (VP) dynamics of Rg--XY complexes, in particular,
have been utilized to investigate vibrational to rotational energy
transfer dynamics. Following vibronic photoexcitation of the XY
moiety, XY vibrational energy is transferred to the intermo-
lecular coordinate, and the complex dissociates into separate Rg
and XY products, where the electronically excited XY molecule
has less vibrational excitation and varying amounts of rotational

excitation. Received: August 13, 2022
Lester and co-workers performed some of the seminal work in Revised: ~ October 10, 2022
these efforts, measuring the ICI(A,v,j) and ICI(B,v,j) rotational Published: October 25, 2022

product-state distributions formed via VP of the T-shaped Ne---
ICI(Av'), He-ICI(B,v"), and Ne-ICI(B,v’) heteronuclear
dihalogen complexes.*”” Unlike those measured for some
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wall of the He + ICI(B,v'—1) PES and little interaction with the
attractive well of that PES.

We previously reported on the spectroscopy, intermolecular
interactions, and energetics of the four-atom, H,/D,-ICl and
H,/D,---I, dihalogen systems includin§ the para- and ortho-
hydrogen and deuterium molecules."" ~"* Unless otherwise
indicated, para-H, and ortho-H, are the j = 0 and j = 1 H,
rotational states without vibrational or electronic excitation, and
they are abbreviated as p-H, and 0-H,, respectively. Similarly,
the j = 0 and j = 1 rotational states of D, are abbreviated as 0-D,
and p-D,, respectively. In that work,"' ™" we found there are at
least two distinct ground-state p,0-H,/D,--XY(X,v"=0) con-
formers, one with the H,/D, moiety localized along the
dihalogen bond axis, which is labeled the linear complex, and
one with the H,/D, subunit positioned perpendicularly to the
dihalogen bond axis, which is termed the T-shaped complex.
This is analogous to the ground-state linear and T-shaped
conformers, respectively, that were reported for several Rg---XY
van der Waals complexes.'”"*~"* The p,0-H,/D,--XY(B,v',n")
excited-state levels accessed by the transitions of the different
p,0-H,/D,XY(X,v"=0) conformers'' ™2 are analogous to the
Rg--XY complexes. The prominent spectral feature of the T-
shaped conformer for each complex was assigned as accessing
the n” = 0 lowest-energy intermolecular vibrational level in the
excited state, which also has a T-shaped geometry. Multiple
features of the linear conformer were also observed. A series of
lower-energy transitions was assigned as accessing bending
levels with the H,/D, moiety delocalized along the angular
coordinate. Transitions at even higher energies were assigned
through comparison with theory as accessing levels with both
intermolecular stretching and bending excitation.'' ™'

The prominent dissociation mechanism of the p,0-H,/D,-
ICI(B,v'=3) complexes is VP, as was shown for numerous Rg---
ICI(B,v'=2,3) complexes.”">*° The crossing of multiple
repulsive curves near the ICI(B,v'=3) molecular level results in
the excited-state lifetimes shortening from ~5 us for the
ICI(B,v'=1,2) levels down to <200 ps due to electronic
predissociation.u_23 Despite this, spectral features are observed
in laser-induced fluorescence (LIF) spectra because of the high
efficiency for VP of the Rg-ICI(B,v'=3) and p,0-H,/D,"
ICI(B,v'=3) complexes, and the formation of ICI(B,v < 3)
products that then relax via spontaneous emission. Intra-
molecular vibrational energy redistribution (IVR) does not
occur for the p,0-H,/D,-I**CI(B,v’) complexes as their binding
energies are not large enough to couple with levels bound within
the lower-lying PESs.

The VP dynamics of the p,0-H,/D,ICI(B,v'=3) systems
offer multiple interactions that warrant the investigation of their
inelastic half-collision dissociation dynamics, and we describe
those in this paper. The numerous intermolecular vibrational
levels bound within the p,0-H,/D, + ICI(B,v’=3) PES permit
complexes with different available energies and that sample
varying regions of that PES to be investigated. The H, and D,
moieties have para and ortho states, and the complexes
containing each have contrasting binding energies. The results
obtained from the 0,p-D,--ICl complexes can be compared with
the published results on the isobaric He:ICl complex,” which
has a smaller binding energy, to probe the role of available
energy and the well depth of the lower-energy PES of the
products on the dissociation dynamics. Finally, the four-atom
p,0-H,/D,-ICl systems offer the pathway of ICI vibrational
energy to H,/D, rotational energy transfer, which the three-
atom Rg-+-XY systems do not have.
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B EXPERIMENTAL SECTION

The stabilization of the ground-state p,0-H,/D,--I**CI(X,v"=0)
complexes was performed in the same manner described
previously.”’12 A 5—10% H, in He or D, in He carrier gas
was passed through a vessel containing solid ICl at 274 K. The
gas mixture was pressurized to 5930 Torr and expanded through
a pulsed valve with an 0.89 mm diameter orifice into a vacuum
chamber held at pressures < 20 mTorr. The dissociation
dynamics experiments were performed using frequency-resolved
two-color, pump—probe spectroscopy in the same manner as
described for the He:-I**Cl(B,v'=3,n") studies.” The photon
energy of a nanosecond dye laser was fixed on the most intense
peak within the feature associated with transitions from the
ground-state T-shaped or linear p,0-H,/D, - I**Cl(X,v”"=0)
conformers to a specific p,0-H,/D,I**CI(B,v'=3,n") excited-
state level. These transition energies, the excited-state
intermolecular vibrational level, ', assigned for each transition,
which was largely based on comparison with theory, and the
binding energies of the levels below the dissociation asymptote
were reported previously'"'> and are summarized in Table 1.
Data for the He-I**Cl complex”** are also included as
comparisons will be made to the distributions measured for
those levels.

Table 1. Summary of the Complexes, the n’ Levels Accessed,
Their Binding Energies (in cm™") within the p,0-H,/D, +
*3CI(B,v’'=3) and He + I**CI(B,v'=3) PESs, the Pump
Transition Energies (in cm ™), and the Ground-State H,/D,/
He*I3°CI(X,v”=0) Conformers Used in These

Transitions”' '>**

complex n' binding energy  transition energy  conformer
p-H,ICl 0 59.4-67.3 17 8382 T-shaped
0-H,-1*Cl 0 69.5-76.3 17 841.1 T-shaped
p-H,1°Cl 3 43.3(1.3) 17 941.0 Linear
0-H,-1¥*Cl 3 46.1(3) 17 967.8 Linear
0-H,-ICl ~10 7.9(3) 18 006.0 Linear
0-D,+I*Cl 0 75.3—82.8 17 839.9 T-shaped
p-D,I35Cl 0 80.7—87.3 17 844.1 T-shaped
0-D,+I3Cl 3 53(2) 17 976.4 Linear
p-D,+I5Cl 3 56.0(2.4) 17 995.4 Linear
He-I**Cl 0 13.3(3) 17 830.80 T-shaped
He--I**Cl 2 7.6(2) 17 841.73 Linear
He--I*Cl 3 6.4(2) 17 842.87 Linear

A second nanosecond dye laser was delayed by ~15 ns from
the pump laser and intersected the expansion at the same
position as the pump laser, ~10 mm downstream from the exit of
the pulsed valve. Most of the I**CI(B,v = 2,j) rotational product
spectra were recorded by scanning the wavenumber of the probe
laser across the I**Cl E=B, 10—2 or 11—2 bands. Fluorescence
from the **CI(E,v") ion-pair state was preferentially collected
using a UG-1 filter and imaged onto a UV-sensitive PMT. The
short-lived ICl ion-pair state fluorescence was collected with a
boxcar integrator (~40 ns gate width). Several product spectra
were recorded consecutively under identical conditions, and
these were averaged and calibrated using known spectroscopic
parameters for I°°CL>*™%7

The probe spectra of the I**CI(B,v) products were overlapped
by known I**Cl f—A, v —v transitions.”**° As shown for several
Rg--XY complexes,"' ™' >'#1%273! excitation of the linear H,/
D, I*CI(X,v"=0) or He:-I**CI(X,v"=0) complexes to the
continuum of states lying above the asymptotes of the H,/D, +

https://doi.org/10.1021/acs.jpca.2c05817
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I*CI(Aw") or He + I*CI(Av") intermolecular PESs results in a) 7 T-shaped H,I**CI
prompt direct dissociation and the formation of H,/D, or He + =
I**CI(A,v") products. Some of the I**CI(B,v") product spectra oo ortho(j” = 1) 15
were weak, and the overlapping I*°Cl fi—A, v'—v’ spectra § 7 : T
prohibited a straightforward determination of the I**CI(B,v,j) JperevZ9
rotational product-state distribution. In these circumstances, an 45 10 5 0
I°Cl f—A, vi—v background probe spectrum was collected by b)  Delocalized H,*°CI
tuning the pump laser just off of the transition to the desired p,o- = 5
H,/D,-~I*CI(B,v'=3,n") intermolecular level to where only the = - 10
continuum transitions are present. This I**Cl f—A, v'—v’ u_g_ J ortho= 1) LIS
background spectrum was then subtracted from the spectrum 1 parai”=0)
collected by exciting the p,0-H,/D,--I**CI(B,v'=3,n") intermo- I B T H
lecular vibrational level to yield the product spectrum of interest.
An example of this background spectrum subtraction is provided ¢) °| T-shaped D,CI
in Figure SI in Supporting Information. E 4 parag=1)

The analyses of the I**CI(B,v = 2,j) rotational product-state 8 ]
distributions were performed in the same manner as described & ] orthoy =0
for the He-~ICl investigations.” The I**CI(B,v = 2,j) product- e M Y .
state spectrum was fit using a Lorentzian line shape for each -15 -10 5 0
transition within the rotational contour to obtain the rotational- d) 7| Delocalized D,--I*°CI
product state distribution, see Figure S2 in the Supporting = ]
Information for an example fit. Appropriate checks were 5 | paraGr=1
performed to ensure each spectrum was not affected by Z )

. . . . ortho(j” = 0)

saturation or rotational-energy transfer associated with ]

collisions. To prevent the former, probe pulse energies <50 y]J
were used. Contributions from collisional effects were found to
be negligible and certainly less than the error bars of the
populations.

B RESULTS AND DISCUSSION

The p,0-H,-~I**CI(B,v'=3,n’) intermolecular vibrational levels
accessed throughout the ICI B—X, 3—0 spectral region undergo
VP to form p,0-H, + I**CI(B,v = 2,j) Av = —1 products, as
reported previously.'' In order to better characterize the
contrasting VP dynamics incurred from the different p,0-H,/
D,--I3CI(B,v'=3,n") intermolecular vibrational levels and the
regions of the excited-state PES sampled, we present herein the
I**CI(By = 2,j) VP product spectra recorded following
excitation to each level; illustrative I**CI(B,v = 2,j) product
spectra are presented in Figure 1. Each spectrum contains
overlapping P(j) and R(j) spectral lines with a maximum
intensity at the R-bandhead, followed by a weak secondary
maximum and a gradual decay in intensity of the rotational lines
extending to lower wavenumbers. The product spectra
measured when exciting the p- and o-containing complexes for
each system are quite similar. The product spectra for the o,p-
D, I**CI(B,v'=3) complexes appear to be slightly warmer than
measured for the p,0-H, -~ I**CI(B,v'=3) complexes. The product
spectra recorded with excitation to the n’ = 3 delocalized
bending levels within the p,0-H, + I**CI(B,v'=3) and 0,p-D, +
I**CI(B,»'=3) PESs, Figures 1b, d, are appreciably colder than
measured for excitation of the T-shaped n’ = 0 levels, Figure 1a,
c.

The I**CI(B,v = 2,j) rotational product-state distributions
obtained with excitation of the T-shaped p,o-H,-I**Cl-
(B,v'=3,n"=0) levels, Figure 2a, b, are remarkably similar.
These distributions are bimodal with a global maximum at j = 3
and a secondary local maximum at j = 11 in each, and population
is observed up to j.. = 20 and 19. The distribution for the p-
H,I**CI(B,v'=3,n'=3) level is plotted in Figure 2c. This level is
16—24 cm™" above the T-shaped n’ = 0 level, and the p-H,
moiety is calculated to be delocalized along the angular
coordinate about the ICl molecule.'' The measured distribution
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Figure 1. Product-state spectra of the Av = —1 I**CI(B,v = 2) channel
recorded with excitation of the p,0-H,-I**Cl and o,p-D,-I*°Cl
complexes in the IC] B—X, 3—0 region to different intermolecular
vibrational levels. The energy axis is relative to the R(j) bandhead in
each spectrum. The rotational quantum numbers, j, of several P(j) lines
are labeled above the corresponding lines.

is significantly colder than measured for the T-shaped levels with
a quick rise and prompt decay in population with j .. = 12, and
there is no obvious secondary maximum. In contrast, the
distribution for excitation of the delocalized o-H,---I**Cl-
(B,v'=3,n"=3) level, which is 24—30 cm™' above the n’ = 0
level, solid blue data in Figure 2d, is similar to that measured for
the T-shaped n’ = 0 level though slightly colder. The I**CI(B,v =
2,j) product-state distribution for an even higher-energy
delocalized o-H,-I**CI(B,v'=3) level was also measured. This
level was accessed with a pump photon energy of 18 006 cm™,
lying 62—68 cm™" above the n’ = 0 level, and it was tentatively
assigned as accessing the n’ = 10 delocalized bending level that
also has one quantum of intermolecular stretching excitation.''
The distribution for this level, open circles in Figure 2d, is nearly
identical to that of the lower-energy o-H,---I**CI(B,v'=3,n'=3)
bending level. Overall, the Av = —1 I**CI(B,v=2) rotational
product-state distributions that result from the VP of the p,o-
H,I*CI(B,v'=3,n") levels are quite similar, with that measured
for the delocalized p-H,I**Cl(B,v'=3,n'=3) level lacking a
definitive bimodal structure.

The Av = —1 I¥CI(B,y = 2,j) rotational product-state
distributions were used to calculate the average amount of
rotational excitation in the I**Cl products, (E,,), and these are
included in Table 2. The energies of the n’ intermolecular
vibrational levels above the Av = —1 p,0-H, + I**CI(B,v = 2,j = 0)
asymptotes are the amounts of energy available for rotational
excitation, E,_;, and these were used to calculate the percent of
the (E,,) out of the energy available, (E,)/E,.;. The energy of
the highest-energy occupied I**CI(B,v = 2,j) rotational product
state, E ., and the percent of this rotational excitation out of the

https://doi.org/10.1021/acs.jpca.2c05817
J. Phys. Chem. A 2022, 126, 7916—7923
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Figure 2. Av = —1, I**CI(B,v = 2,j) rotational product-state distributions measured following excitation to numerous p,0-H,I**CI(B,v'=3) and o,p-
D, I**CI(B,v'=3) intermolecular vibrational levels, shown as solid squares. The distributions measured for excitation of several He:-I**CI(B,v'=3)
levels’ are included in (e)—(h) as open squares. Descriptors of the levels accessed and the transition energies are included.

Table 2. Rotational Energy in the Av = —1 I**CI(B,v = 2) Products Formed by the Dissociation of H,/D,*I**CI(B,v'=3,n") and

He1>*CI(B,v'=3,n")° Intermolecular Vibrational Levels”

complex n' Eqa (cm™) (Eror) (em™) (Exot)/Euvat (%) Eppay (em™) Emmax/ Eavait (%)
p-H,I3Cl 0 96.1-104.3 6.7(3) 6.4-7.0 34.8 33-36
0-H,-13°Cl 0 82.9-89.7 6.9(1) 7.7-8.3 31.8 35-38
p-Hy-1%Cl 3 120.1 2.7(5) 2.3 12.9 11
0-H,-I¥Cl 3 117.3 4.4(2) 3.8 25.4 22
o-H,-1%Cl ~10 155.5 5.58(2) 3.6 254 16
0-D,--I3°Cl 0 80.1-87.6 10.7(4) 12-13 38.3 44—48
p-DyICl 0 75.6—82.2 9.4(3) 11-12 38.3 47-51
0-D,--I*Cl 3 107.4 4.9(3) 4.5 284 26
p-D,1*Cl 3 110. 5.7(4) 5.1 31.5 29
He--I**Cl 0 150.1 8.4(3) 5.6 38.3 26
He--I*°Cl 2 156.1 5.7(5) 3.7 38.3 25
He--I**Cl 3 157.5 5.5(3) 3.5 38.3 24

“The available energy, E,,;, is the energy from the n’ level above the H,/D,/He + I**CI(B,v-2,j = 0) asymptotes. The average amount of rotational
excitation, (E,o), (E;or)/Eqa the maximum rotational energy, E,.,, and E,../E,.; are included.

maximum energy available for the I**CI(B,v = 2) products, E, .,/
E,..iv are also included.

The amounts of (E,) formed by the VP of the rigidly T-
shaped p-H,:-I**CI(B,v'=3,n'=0) and 0-H,- I**CI(B,v'=3,n"=0)
levels are 6.7 and 6.9 cm™, which represent (E,,)/E 1 = 6.4—
7.0% and 7.7—8.3%, respectively. The excitation to the n" = 3,
higher-energy intermolecular vibrational level with the H,
moiety more delocalized about the I**Cl molecule results in
rotationally colder I**CI(B,v = 2,j) distributions with (E,,) = 2.7
and 4.4 cm™" and just (E, o) /E,q = 2.3% and 3.8% for the p-H, -
PCI(B,v'=3,n'=3) and o-H,T**CI(B,v'=3,n'=3) complexes,
respectively. The (E,,) increases slightly although (E,.)/E, ..
decreases slightly, 5.58 cm™! and 3.6%, when exciting the o-H,-+
I**CI(B,v'=3,n" ~ 10) level, which is predicted to have both
intermolecular bending and stretching excitation and is 38.2
cm™" to higher energy than the n’ = 3 level.

The larger mass of D, versus H, results in lower zero-point
energies for the op-D,I*CI(B,v’=3) complexes. Conse-
quently, the amount of E,; for the Av = —1 VP products is

avail
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lower for the D, complexes than for the H, complexes. The Av =
—1 IPCI(By = 2,j) rotational product-state distributions
measured following excitation of the T-shaped o,p-D,-I**Cl-
(B,v'=3,n'=0) levels, Figure 2e, f, are quite similar, and they are
slightly bimodal with maxima near j = 8 and 14. These
distributions are warmer, with (E,,) = 10.7 and 9.4 cm™" and
(Erot)/Eqpal = 12—13% and 11—12%, respectively, than those
measured for excitation of the p,0-H,-- I**CI(B,v'=3,1'=0) levels.
The distributions obtained when exciting the o,p-D,-I**Cl-
(B,v'=3,n"=3) levels with intermolecular bending excitation
sufficient for sampling the linear regions of the intermolecular
PES, shown in Figure 2g, h, are rotationally colder than the n’ =0
distributions with (E,,) = 4.9 and 5.7 cm™ and (E,,,)/E a1 =
4.5% and 5.1%, respectively. Just as with excitation of the T-
shaped levels, the distributions for exciting the o,p-D,-
I**CI(B,v'=3,n"=3) bending levels are warmer than those
measured for the p,0-H,I*CI(B,v'=3,n'=3) bending levels.
Calculations of the excitation spectra and the nature of the
excited-state intermolecular vibrational levels accessed were
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performed on numerous systems, including He---ICI(B,v") 2032
He--Br,(Bv'),'* He--L(By'),"® H,/D,~L(By'),"”> H,-ICl-
(Bp'),"" and D,-ICI(B,')."” The calculations indicate the
rovibronic spectra are not very sensitive to the details of the PES
as long as the potential minimum and the barriers to internal
rotation are approximately correct. The agreement may also
indicate the anisotropies of these PESs are rather similar, being
dictated by the dihalogen moiety. Furthermore, it was found in
the four-atom systems that near quantitative agreement with the
experimental spectra could be achieved treating the p-H, and o-
D, molecules as spheres with the appropriate masses."' ™'
These reports led us to compare the I**CI(B,v = 2,j) rotational
product-state distributions measured for excitation to the T-
shaped and delocalized levels bound within the op-D, +
I*CI(B,v'=3) and the isobaric He + I**CI(B,v'=3) PES. The goal
here was to identify contributions from E,,; and the attractive
regions of the lower-energy o,p-D,/He + I**CI(B,v=2) PESs of
the products on the VP dynamics.

The I**CI(B,v,j) rotational product-state distributions meas-
ured with excitation of numerous levels bound within the He +
*SCI(B,v'=2,3) PESs were published previously.” The rotational
product-state distribution measured with excitation of the rigidly
T-shaped He--I**CI(B,v'=3,n'=0) level, open squares in Figures
2e, is slightly different than measured for the o-D,--I**Cl-
(B,v'=3,n'=0) level with a less-obvious bimodal structure and a
lower value of (E..), 8.4 cm ' versus 10.7 cm™'. The
significantly smaller binding energy for the T-shaped He--
I*>CI(B,v'=3,n"=0) complex also results in (E,,)/E,,; being
more than 2X smaller for the He complex than for the 0-D,-
I**CI(B,v'=3,n'=0) complex, 5.6% versus 12—13%. The
distributions for excitation of the T-shaped He--I**Cl-
(B,v'=3,1'=0) and p-D,-I**CI(B,v'=3,n'=0) levels are nearly
the same, as indicated in Figure 2f, with the distribution of the
four-atom complex being only slightly warmer. The product
distributions for the o,p-D,:+I**CI(B,v'=3,n'=3) bending levels
are quite similar to those of the n’ =2 and n" = 3 bending levels of
the He-I**CI(B,v'=3) complexes although quantitative com-
parison is difficult due to the uncertainties in the populations
measured for the four-atom complexes. Some of the subtle
differences could be due to the specific rotational states of the
excited-state complexes that are accessed; these experiments
were conducted with excitation of the most intense peak of each
complex feature, and the excitation of slightly different rotational
states likely results in contrasting rotational product-state
distributions.’

The I**CI(B,v = 2,j) rotational product-state distributions
measured after exciting the rigidly T-shaped n" = 0 levels are the
coldest for p,0-H,-I**CI(B,v'=3) and the warmest for 0,p-D,--
I*CI(B,v'=3), as indicated in Table 2. The simplistic
calculations of the excited-state PESs,'"'*3% and the agreement
of the calculated excitation spectra with the experimental spectra
of these complexes suggest the anisotropies of these surfaces are
likely quite similar. The calculated probability amplitudes for the
rigidly, T-shaped n’ = 0 and the low-lying bending n" = 3 levels
for all of these complexes sample nearly the same regions of their
intermolecular PESs.'"'*** Ultimately, the anisotropies of the
PESs sampled immediately following VP and the impulsive
dissociation off of the steep, repulsive potential wall at small
internuclear separations, R, likely contribute to the bimodal
nature of the Av = —1 I**CI(B,v = 2,j) rotational product-state
distributions. But, we propose there are two additional
contributions to the VP dynamics incurred and the product-
state distributions measured: the amount of E,,; in comparison
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to the well depth of the Av = —1 intermolecular PES and the
masses of the constituents within each complex.

The first contribution was presented by Nejad-Sattari and
Stephenson in interpreting the VP dynamics of Ne-Br,.*
Specifically, they concluded that when E, is small relative to
the well depth, D, of the lower-energy PES of the products, the
more anisotropic, attractive well region of that PES will largely
dictate the dynamics of the products out the exit channel. The
binding energies of the T-shaped o,p-D,-I**CI(B,v'=3,1'=0)
levels are larger than those of the p,o-H,--I**CI(B,v'=3,n'=0)
levels, and these are significantly larger than those of the three-
atom T-shaped He---I**CI(B,v'=3,n'=0) complexes, as indicated
in Table 1. All of these complexes undergo VP on fast time scales
accessing the inner repulsive walls of the lower-energy PESs
associated with the I**CI(B,v = 2,j) products. The amounts of
E,i for the dissociating products are determined by the binding
energies of the n’ = 0 levels, and the o,p-D, + I**CI(B,v = 2,j)
product pairs have the smallest E,,;, ~ 84 cm™" and ~79 cm™!
for the 0-D,- and p-D,-containing complexes, and the He +
I**CI(B,v = 2,j) products have the largest E, 5, ~ 150 cm™".

The contrasting energetics of the o-D,-I**CI(B,v'=3,1'=0)
and He--I**CI(B,»'=3,1'=0) complexes are illustrated in Figure
3. The smaller amount of E_,; for the complexes prepared in the

X + 135CI(B,v'=3) [

4 L —

17800 - -
A

e ]

S

>, 17700 - -
o

] 1 X + 1%5CI(B,v=2) [

w L

17600 - -

R(A)

Figure 3. Energetics of the VP of the X---I**CI(B,v'=3) complexes to the
Av = —1 channel with X = 0-D, (blue) and X = He (black). The
potentials were reported previously.'>** The initially prepared T-
shaped n’ = 0 X~ I**CI(B,v'=3) levels are included in the higher-energy
wells, and the amounts of E,, 5 are shown with arrows. The well depths
for the T-shaped orientation, D,, of the lower-energy potentials are also
indicated with arrows.

0-D,--I**CI(B,v'=3,n'=0) level results in the dissociating
products being closer in energy to the deep well of the lower-
energy o-D, + I**CI(B,v = 2) PES, which has a well depth, D,, of
~130 cm™! along the T-shaped geometry.'” Therefore, the
dissociating 0-D,(j) + I**CI(B,v = 2,j) fragments will be affected
more by the anisotropy in the well region of that PES as they
traverse energetically above it to larger R. In contrast, the T-
shaped He:-I**CI(B,v'=3,n"=0) complexes have the highest
E, a1y and the He + I**CI(B,v = 2,j) VP products exit well above
the shallowest of the lower-energy PESs, D, ~ 32 cm™.*? Thus,
for He--I**CI(B,v'=3), the anisotropy of the repulsive region of
the PES contributes more to the rotational excitation of the VP
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products, and the attributes of the attractive region of the He +
I**CI(B,v = 2) PES contribute less to the rotational excitation.

The relative masses of the complex partners and the
conservation of momentum also contribute to the repulsive
forces between the two products as they separate from the inner
repulsive wall of the lower-energy PES and out the exit channel
during the VP of the excited-state complexes. The identical
masses of the He and D, moieties within the corresponding
complexes give rise to the same contributions associated with
the conservation of momentum to the product-state distribu-
tions. Thus, the warmer I**CI(B,v = 2,j) rotational product-state
distributions for the D,-containing complexes in comparison to
the He complex are associated with E_,;, the well depths, and
the anisotropies of the attractive region of the lower-energy PESs
sampled during VP. The most likely contributor to the measured
differences in the I**CI(By = 2,j) product rotational-state
distributions for excitation of the p,o-H,--I**CI(B,v'=3,n") and
0,p-D,-~I*CI(B,v'=3,n") complexes is the contrasting masses of
the H, and D, constituents. The lighter mass of the H, moiety
results in smaller impulsive forces and torque on the I**CI(B,v =
2,j) fragment as they separate outward toward larger R in
comparison to that experienced by the heavier D, moiety. This is
consistent with the I**CI(By = 2,j) (E,,) measured for
excitation of the p,o-H,-I**CI(B,v'=3,n") levels being signifi-
cantly lower than those of the 0,p-D,--I**CI(B,v'=3,n") levels
and even the He---I**CI(B,v'=3,n") levels.

The results presented thus far are associated with the Av=—1
I*CI(B,y = 2,j) VP product rotational-state distributions.
Products in the Av = =2 I**CI(B,v = 1,j) channel were only
identified for excitation of the o-D,-I**CI(B,v'=3,n") levels.
Excitation spectra collected in the low-energy region of the ICI
B—X, 3—0 transition using an expansion of normal-D,, including
both 0-D, and p-D, with a natural 2:1 abundance, in He are
included in Figure 4. The LIF spectrum, Figure 4-top, contains
features associated with transitions to the T-shaped o-D,-
I**CI(B,v'=3,n"=0) and p-D,--I**CI(B,v'=3,1'=0) levels near
17840 and 17844 cm™’, respectively. A much weaker feature
associated with the transition to the next higher o0-D,-
I*CI(B,v'=3,n'=1) level is also observed near 17851 cm™'.
The Av = —1 action spectrum collected with the excitation laser

M " 1 "
0-D,+-I¥5Cl(n'=0)

p-Dy++I35CI(n'=0)

Fluorescence Int. (arb. units)

17840 17844 17848 17852
Excitation Energy (cm™")

Figure 4. Spectra of the T-shaped conformers of 0,p-D,-~I**Cl in the
ICI1 B—X, 3—0 region. The upper trace is the laser-induced fluorescence
spectrum, the middle and bottom spectra are action spectra recorded by
probing the I**Cl E-B, 11—2 and 10—1 transitions. The feature near
17851 cm™' is associated with the 0-D,I**Cl complex with one
quantum of intermolecular bending excitation, n'=1. The feature
marked with an * is associated with a transition of the linear 0-D,-1**Cl
conformer to a delocalized level within the o-D, + I**CI(B,v'=2)
potential.
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scanning through this same spectral region and collecting I**Cl
E—X emission induced by the probe laser fixed on the rotational
bandhead of the I**Cl E—B, 11—2 transition is included in Figure
4-middle. The same spectral features are present in this action
spectrum as in the LIF spectrum, albeit with different relative
intensities, thereby indicating VP products are formed in the Av
= —1D, + I*CI(B,v = 2,j) channel.

The Av = —2 action spectrum collected with the probe laser
fixed on the bandhead of the I**Cl E—B, 10—1 transition, Figure
4-bottom, only contains features associated with transitions to
the 0-D,-I**CI(B,v'=3,n"=0,1) levels and not to the p-D,-
I**CI(B,v'=3,n'=0) level. We attempted to measure the I*>CI(B,v
= 1,§) rotational product-state distribution formed following VP
of the 0-D,--I**CI(B,v'=3,1n'=0) level. Unfortunately, the I>*CI
E—B, v'—1 transitions are about an order of magnitude weaker
than both the I**Cl E—B, v'—2 transitions and the I***’Cl —A,
v'—v transitions, which are also present throughout this spectral
region. This spectral congestion, as illustrated in Figure S3 in
Supporting Information, prohibited the fitting of the I*Cl E—-B,
v'—1 features and characterization of the Av = —2 I**CI(B,v =
1,j) rotational product-state distributions.

The energy-level diagram for the T-shaped p,0-H,--I**Cl-
(B,y'=3,n'=0) and o,p-D,-I**CI(B,v'=3,n"=0) levels and the
energetically accessible product channels, included in Figure S,

a) R
17800 paraj=3
' ]
5 177004
5 ] orthoj=2"
@ 17600
w 1 —
17500 paraj=1
L ortho j=0
D,(j)--1*5Cl D,(j) + I*5CI D,(j) + I*CI
(B,v'=3) (B,v=2) (B,v=1)
b) 17900
orthoj=1 —
17800 ! paraj=2
1 .
= ry orthoj=1
S 47700 Parai=0
>
2 paraj=0
[0}
&5 17600 orthoj =1
17500
paraj=0
Hz(j)"'|350| H,(j) + 135¢l1 H,(j) + 135¢1
(B,v'=3) (B,v=2) (B,v=1)

Figure 5. Energy-level diagram of the T-shaped o,p-D,I*Cl-
(B,v'=3,n'=0) and p,0-H,--I*CI(B,v'=3,n'=0) levels initially prepared
(bold lines) and nearby o,p-D, + I**CI(B,vj = 0) and p,o-H, +
I*CI(B,v,j = 0) product channels are plotted in (a) and (b). The arrows
indicate product channels identified. The dashed o-D,(j = 2) +
I*CI(B,v = 1) channel is formed via VP with I**CI(B,v’'=3) vibrational
energy to D,(j) rotational energy transfer.

provides insights into the pathway for VP of the o0-D,-
ICI(B,v'=3,n'=0,1) levels forming the Av = -2 I*CI(Byy = Lj)
products. Since the nuclear spins of the H,/D, molecules cannot
change during VP, the p-H,/D, and o0-H,/D, moieties must
remain as para- and ortho-, respectively; in other words, any
change in the rotational excitation of the H,/D, products must
follow Aj = 0, + 2, + 4, ... The Av = —1 I**CI(B,v = 2,j = 0)
product channels that maintain rotational excitation of the H,/
D, moieties, Aj = 0, plotted in Figure 5-center, are the dominant
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VP product channels, and they lie just 80 to 100 cm ™" below the
p,0-H, /D, >Cl(B,v'=3,n'=0) levels, left column.

The Av = =2 I**CI(B,v = 1,j = 0) products that also maintain
H,/D, rotational excitation, Figure 5-right, lie much lower in
energy, and these are likely not accessed due to energy-gap
preferences. The H, Aj = +2 channels are not energetically
accessible for excitation the p,0-H,-I**CI(B,v'=3,n") levels with
low n’, Figure Sb. The sole H,/D, Aj = +2 channel that is
energetically open is the 0-D,(j = 2) + I’*CI(B,v = 1,j) channel,
designated by the blue dashed level in Figure Sa-right, and it is
nearly isoenergetic with the o-D,(j = 0) + I**CI(By = 2,)
channel. We conclude the Av = —2 products observed in the
action spectrum, Figure 4-bottom, are associated with the 0-D,---
I**CI(B,v'=3,n"=0,1) — 0-D,(j = 2) + I**CI(B,v = 1) channel
with two quanta of ICl vibrational energy largely converted into
the 179.01 cm™" of D, rotational energy.34 Angular momentum
must also be conserved in this process, but that requires
excitation of only a few quanta of I**CI(B,v = 1,j) rotational
excitation since the I>*CI molecular mass is so much larger than
the D, mass. Rotational excitation up to at least the I>*CI(B,v =
1,j = 7) state is identified in the probe spectrum, Figure S3 in the
Supporting Information.

B CONCLUSIONS

The VP of p,0-H,/D,I*CI(B,v'=3,n") intermolecular levels
results in similar I**CI(B,v = 2,j) rotational product-state
distributions, and these resemble those measured for excitation
of HeI**CI(B,v'=3,n") levels.” Even though all of the n' = 0
intermolecular vibrational levels are rigidly T-shaped and the
excited-state PESs are believed to have comparable anisotropies,
there are subtle differences in the Av = —1 I**CI(B,y = 2,)
rotational product-state distributions. Of the distributions
measured for excitation of the lowest-energy, T-shaped n'=0
level, the p,0-H,-I**CI(B,v'=3) complexes are the coldest and
the o,p-D,I**CI(B,v'=3) complexes are the warmest. Two
competing factors are concluded to yield these trends. The o,p-
D, I**CI(B,v'=3,n'=0) level is energetically closest to the
lower-energy o,p-D, + I**CI(B,v'=2) PES, which has the deepest
well of these systems. The departing VP products experience the
anisotropy of this well, and the I**CI(B,v'=2,j) products have
higher rotational excitation. The small mass of the H, moiety in
the p,0-H,--I**CI(B,v'=3,n") levels results in less momentum
transfer to the I**Cl molecule and a colder distribution in
comparison to the o,p-D,I**CI(B,v'=3,n") levels. The prep-
aration of levels with intermolecular bending excitation that
sample the linear regions of the PES yields colder Av = —1
rotational product-state distributions for all of the complexes.
There are no identifiable trends in the distributions that can be
associated with the different hydrogen rotational excitation,
para- versus ortho-hydrogen, within the excited-state complexes.
This suggests the stronger intermolecular interactions and
higher binding energies for the j = 1 hydrogen state than the j =0
state with ICI do not play significant roles in VP as the repulsive
regions of the PESs accessed are well above the well of the lower-
energy surface. Comparisons of the Av = —1 product-state
distributions obtained for excitation of the D,--I**CI(B,»'=3,1")
and He--I**CI(B,v'=3,n") levels permit the roles of the mass of
the complex partners, and the well depths, of the lower-lying
PESs to be separated. As the masses of the complex partners are
the same for these two systems, the slightly warmer I**CI(B,v =
2,j) rotational product-state distributions measured for the
deuterium complexes are associated with their significantly
smaller amount of E_,; and the resultant sensitivity to the
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attractive well of the lower-lying PES. Lastly, the o-D,-
IP3CI(B,v'=3,n'=0,1) levels are observed to undergo VP with
efficient ICl vibrational to D, rotational-energy transfer with
almost 70% of the available energy being imparted to the D,
rotation.
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