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Abstract

We have investigated the ultraviolet photodissociation of IBr using core-sampled state-selective ion time-of-flight mass
spectrometry on the iodine and bromine atom products. The branching ratios and anisotropy parameters were determined for
the 1P ,) + Br(® P3/2) I(2P3/2)+ BrP, ,), and 1P, ,) + Br(*P, ,) channels at 248, 267, and 304 nm. We find no
evidence for the I(°P, 31 )+ Br(* P, ,,) channel at any wavelength. The results provide information on the relative transition
probabilities for the °I1,(2341), 3HO . (2341), and 11,(2341) excited states in the absorption band centered at 270 nm. We
have further evaluated the nonadiabatic curve crossing probability for the avoided crossing between the HO +(2341) and
320 . (2422) states over a range of wavelengths from 250 to 270 nm. The wavelength-dependent curve crossing probability
for the avoided crossing is modeled using one-dimensional Landau—Zener theory in order to estimate the location of the
avoided crossing and the splitting between adiabats. A comparison with recent work at 267 and 304 nm and analogous

interhalogen molecules is also provided. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The photodissociation of small molecules is an
important area of research that has permitted signifi-
cant insight into multiple electronic state dissociation
dynamics, the nature and strength of potential cou-
plings between states, and interference phenomena
[1]. Diatomics are particularly well suited for study-
ing these aspects of photoinitiated reactions and serve
as benchmarks for our understanding of more com-
plex systems. The electronic spectroscopy and pho-
todissociation of heteronuclear and homonuclear di-
atomic halogens have a rich history as models for
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characterizing subtle aspects of multistate dissocia-
tion. Recently, there has been a renewed experimen-
tal interest in these molecules using both photofrag-
ment imaging [2-7], in its various guises, and time-
domain experiments. The absorption spectrum of IBr
shows two broad peaks centered at 500 and 270 nm.
The photodissociation of IBr in the visible region has
been studied in great detail as an example of inter-
mediate coupling between the diabatic (weak cou-
pling) and adiabatic (strong coupling) limits [8—11].
The ground state of IBr has the configuration
(0)?(m)*(w )"0 *)° and the term symbol
'S, (2440), where the (ijkl) suffix corresponds to
an abbreviated notation for the configurations
(o)'(m)i(m*)(c*)". Photodissociation at wave-
lengths near 270 nm, however, is less well character-
ized. In this wavelength region there are four ener-
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getically allowed product channels, which include all
combinations of ground state (°P, ,») and spin—orbit
excited state P, ,2) aoms (hereafter referred to as
X and X *, respectively).

IBr - 1(°Py),) + Br(*P; ,). (1)
= 1(?Py ) +Br(*P, ). (2)
= 1(?Py,) +Br(*P; ). (3)
> 1(°Py;) +Br(*Py o). (4)

A schematic correlation diagram, restricted to ex-
cited states that are optically coupled to the ground
state, is shown in Fig. 1. Diabatic correlations are
shown as dashed lines and the adiabatic correlations,
resulting from potential coupling, are shown as solid
lines. The two lowest excited states corresponding to
(2431) configurations are not involved in the initia
photoexcitation at 260 nm but are important in the
subsequent dissociation dynamics.

There have been two recent experimental studies
of IBr photodissociation in the UV waveength re-
gion. Jung et a. have studied the photodissociation
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Fig. 1. Correlation diagram for the low-lying states of IBr. The

diabatic correlations and adiabatic correl ations are shown as dashed
lines and solid lines, respectively.

of IBr at 304 nm using state-selective ion time-of-
flight (TOF) spectroscopy [12]. They determined that
the primary dissociation channel was | + Br, result-
ing from excitation to both the °I1,(2341) and
*I1,, (2341) excited states. Very little of the | * +
Br* channel was observed. The | * + Br channel
was thought to result from initial excitation to the
*I1,, (2341) state followed by nonadiabatic curve
crossing to the °3 5, (2422) state, and the | + Br*
channel was attributed to excitation to the *T1,(2341)
state followed by adiabatic dynamics. Based on the
product channel branching ratios, the authors con-
cluded that the transition to the °I1,(2341) state
dominated the oscillator strength at this wavelength.
More recently, Kim et al., [13] using a center-stripe
analysis of conventional photofragment images at
267 nm, observed a marked decrease in the | + Br
channel compared to 304 nm and an increase in the
paralléel contribution to this channel. In addition, they
reported an increase in the relative excitation proba-
bilities for the higher energy 'I1,(2341) and
*I1,, (2341) states relative to the *I1,(2341) state.
The probability for the °3g, (2422) « °II,, (2341)
nonadiabatic curve crossing was estimated as 0.69—
1.00.

We have re-investigated the ultraviolet dissocia-
tion of IBr at 267 nm, probing both the bromine and
iodine photofragments, which provides a greater con-
fidence in the measured anisotropy parameters. Fur-
thermore, we are able to precisely determine the
branching ratios for al four energetically allowed
channels without reliance on independent measure-
ments to determine relative ionization probabilities.
We have also extended measurements to other wave-
lengths, ranging from 304 to 248 nm to understand
the nonadiabatic coupling between the °I1,, (2341)
and °3;,(2422) excited states. At 267 nm, our
results agree qualitatively with the work done by
Kim et al., but we note some important differences.
Most importantly, we find no significant decrease in
the anisotropy parameter for the |* + Br channel
from 304 to 267 nm and consequently find it unnec-
essary to identify an avoided crossing between the
®35, (1411) and 'T1,(2341) states. Our results have
aso permitted a deconvolution of the ultraviolet
absorption band into individual contributions from
the '11,(2341), °I1,(2341), and °I1,, (2341) excited
states.
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2. Experimental

The time-of-flight apparatus has been described in
detail elsewhere, and only the salient features and
modifications to the previous set-up are reported
here [14]. The instrument consists of a differentially
pumped chamber with separate source and ionization
regions. The molecular beam of 0.5% IBr in helium
was generated by a solenoid pulsed valve (Genera
Vave) with a 0.8 mm nozzle located ~ 7 cm from
the interaction region. The beam was collimated with
a 1.9 mm conical skimmer located 2 cm from the
nozzle. Detection of the bromine and iodine
photofragments was accomplished using 2 + 1 reso-
nance-enhanced multiphoton ionization (REMPI)
[15,16]. Laser pulses were generated by a pulsed dye
laser (LAS) using Coumarin 500 (500-540 nm) or
Rhodamine 640 (600—645 nm) pumped by the third
harmonic (355 nm) or second harmonic (532 nm),
respectively, of a Nd:YAG laser (Spectra-Physics)
operating at 10 Hz. The dye laser fundamental was
doubled in BBO, resulting in wavelengths of 250—
270 or 300-322.5 nm. The doubled light was sepa-
rated from the fundamental using two Pellin-Broca
prisms and then passed through a double Fresnel
rhomb and Glan-Taylor polarizer to alow precise
alignment of the laser polarization. The light was
focused into the interaction region with a f= 300
mm lens to a spot size of ~ 50-200 wm. For the
248 nm experiments, the output of a KrF excimer
laser was counterpropagated with the dye laser probe
beam and focused with a f = 500 mm lens. The laser
power was monitored using a Molectron power me-
ter as the light exited the chamber. Typical laser
powers were 50-100 p.J/pulse for the dye laser and
2 mJ/pulse for the excimer laser.

A two-stage Wiley—McLaren time-of-flight mass
spectrometer was used to detect the ionized
photofragments [17]. The extraction region was typi-
caly held at ~20 V /cm, and the acceleration re-
gion a 245 V/cm. Two sets of deflector plates
placed above the acceleration regions were used to
tranglate the ion packet in the plane perpendicular to
the detector axis. A copper plate with a 3.0 mm
pinhole was placed ~ 29 cm from the interaction
region, allowing only a ‘core’ of the ion packet to
strike the detector. The ions were detected by a set of
dual-chevron microchannel plates (Galileo) located

51 cm from the interaction region. The signa was
averaged using a multi-channel scaler (Stanford Re-
search Systems, SR430) with a 5 ns bin size.

The IBr (98%) sample was purchased from
Aldrich and underwent several freeze—pump-thaw
cycles to remove high vapor pressure contaminants
prior to use.

3. Resaults and analysis

The velocity distribution of the photofragments
aong the detector axis, z, in the absence of core
sampling is given by the following expression [18]:

(0,7 x) =fxw[l+BP2(cosx)Pz(%”du,

lo,| 2v
(5)

where B is the spatial anisotropy parameter, P,(x)
is the second Legendre polynomial, g(v) is the
distribution of speeds, and cos y = ¢ - Z is the projec-
tion of the laser electric field on the detector axis.
Core sampling selects only those fragments with
small velocity projections perpendicular to the detec-
tor axis, and under these conditions Eq. (5) is modi-
fied to include only speeds in the range v"" to o™
where

U?in=VU2_Uczore’ (6)

and v, is the maximum speed not discriminated by
the coring aperture [19-21]. In general, either the
forward convolution method or direct inversion can
be employed to determine the speed distribution.
However, for a diatomic molecule the partitioning of
the available energy is trivial, involving only elec-
tronic excitation of the photofragments. The total
translational energy, E;, is thus given by

Er = E,, — Dg(I-Br) — Eso + EITF™, (7)

where E,, is the energy of the dissociation photon,
DJ(1-Br) is the bond dissociation energy of IBr, Eg,
is the total spin—orbit energy of the iodine and/or
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bromine atoms, and EP™" is the internal energy of
the parent molecule prior to dissociation. Spectro-
scopic studies using 2 + 1 REMPI of jet-cooled 1Br
have demonstrated rotational temperatures of 15 K
and vibrational temperatures of 300 K from a heated
nozzle under comparable expansion conditions to
those of this study [22] and therefore, we neglect the
internal energy of the parent (< 300 cm™1). Using
Eqg. (7), we can precisely determine the velocity of
each fragment for a given photon energy and dissoci-
ation channel. The experimental velocities are de-
rived from TOF spectra by transforming to velocity
space using the linear relation, v, = qV,, t/m, where
g is the charge of the fragment ion, m is the mass of
the fragment, t is the time offset from the center of
the profile, and V,, is the strength of the electric
field in the extraction region [21]. We find that the
measured velocities correspond to within +10 m/s
of the theoretical values. Further analysis of the TOF
spectra only requires that the channels be sufficiently
resolved to permit unambiguous integration.
Representative TOF spectra are shown in Figs. 2
and 3 for the bromine and iodine products, respec-
tively, from I Br photodissociation near 267 nm. There
are severa factors that produce the finite width of
each TOF peak. The first is the finite size of the
core, which results in different values of )" and
vM" and is a minor effect in the present case,
contributing 10 ns to the width. The laser pulse
length, represented by a Gaussian with a FWHM of
10 ns, aso broadens the peaks. Findly, the tail
which extends toward slower velocities for each
peak is due to the finite ionization volume from the
focused laser, which results in a superposition of ion
packets which are displaced relative to the center of
the pinhole. Forward convolution simulations quanti-
tatively reproduce the experimental observations, and
the broadening effects do not significantly alter the
analysis described below. The Br spectrum, shown in
the top panel of Fig. 2, shows two sets of four peaks.
The four peaks are due to the formation of coinci-
dent | and | *, and each set corresponds to a given
isotope of bromine, “Br and ®'Br. The outer set of
peaks corresponds to the | + Br channel, and the
inner set of peaks correspondsto | * + Br. The TOF
spectrum of Br ™, shown in the lower panel of Fig. 2,
corresponds to a single channel, | + Br*. No | * +
Br* signal was observed. Similar data are shown in
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Fig. 2. Core-sampled time-of-flight spectra for Br (top panel) and
Br* (bottom panel) arising from IBr photodissociation near 267
nm. The asterisks indicate the peaks corresponding to the By
isotopes. The angle between the electric field vector of the
dissociation laser and the flight axis, y, is indicated.

Fig. 3 for the detection of | and 1*, which corre-
sponds to a single isotope, *'1.
The anisotropy parameter, B, is given by:

1(x=0) ~1( x =90
T I(x=0) +1(x=90) "’ (8)

where I( ) are the intensities of the TOF peaks for
the pardlel ( y=0°) and perpendicular ( y =90°)
detection geometries. The application of Eg. (8)
using point-by-point differences has been used previ-
ously to measure velocity-dependent anisotropy pa-
rameters [12,19,23]. This procedure is extremely
noisy and can lead to an apparent velocity depen-
dence of the anisotropy parameter even for a single
speed, which is especialy strong at low values of v,.
However, integration of the individual peaks allows
a direct determination of the anisotropy parameter,
provided a correction for the finite coring aperture is
applied. Substitution of a finite integral of Eq. (5)
from oM to v for a single speed into Eq. (8)
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Fig. 3. Core-sampled time-of-flight spectra for | (top panel) and
I * (bottom panel) arising from IBr photodissociation near 267
nm. The angle between the electric field vector of the dissociation
laser and the flight axis, y, is indicated.

yields a correction factor for the finite core size. The
corrected anisotropy parameter, B, IS then

2
Beorr = Buncorr( W) ) (9)
where
UZ - U2
o= core (10)

v

is the correction for a finite core size and B¢ IS
the anisotropy parameter determined by using inte-
grated peak intensities in Eq. (8). In the limit of an
infinitessimally small core, ¢ reducesto 1.0. A signif-
icant advantage to probing both fragments from each
dissociation channel is that it provides a consistency
check on the determined anisotropy parameter and a
measure of alignment effects. We find that the ob-
served anisotropy parameters obtained for each chan-
nel are internally consistent to within the stated error
bars except for the | * + Br channel. The anisotropy
parameter for the | © atom from this channel is 1.90

at 267 nm while the anisotropy parameter measured
for the Br atom was ~ 1.4, similar to the results of
Kim et a. Alignment of atomic angular momentum
from diatomic photodissociation has been reported
previously [6,24—26]. In the presence of product
alignment, the 8 parameter in Eg. (5) is a function
of both the spatial anisotropy parameter and the
|aboratory-frame quadrupole alignment. Although no
atomic alignment is possible when the angular mo-
mentum is J=1/2 as in I *(*P,,), there can be
alignment of the Br(*P, /) atom, particularly in the
case of excitation to an 2=0" state (vide infra)
which possesses no net angular momentum projec-
tion on the internuclear axis. Conservation of angular
momentum requires that the Br atoms can populate
only m;= +1/2, resulting in less than limiting
values of B [25]. We, therefore, assign the anisotro-
py parameters for this channel based on the 1*
results for all wavelengths studied.

The determination of the branching ratios requires
adding the vertical ( y=0°) TOF and horizontal
(x=90°) TOF spectra in a 1.2 ratio to remove the
gpatia anisotropy. The ratio of the integrated peak
intensities for each channel in these coadded spectra
determines the relative branching ratio between
channels that contained the detected photofragment
after the ratio of the integrated pesak intensities is
scaled by a velocity factor:

N(X™)  1(X™) vy-
N 1(X) oy

(11)

where X =Br or | is the counterfragment to the
detected atom. The application of Eq. (11) to all of
the spectra taken near 267 nm results in a system of
equations describing the branching ratio between
each of the possible dissociation channels. Since the
2+ 1 REMPI lines used for detection were in very
close spectral proximity no correction for the I1Br
absorption cross-section was necessary. Solving this
system of equations and normalizing the result, we
find the overall branching ratio for each channel.
This method is inherently more sensitive than the
determination of branching ratios by correcting for
the difference in ionization cross-sections based on a
calibration compounds. We have also determined
anisotropy parameters and branching ratios at 248
and 304 nm. The 304 nm branching ratios were
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Table 1

Anisotropy parameters and product branching ratios for |Br photodissociation at 248, 267, and 304 nm

Dissociation channel 248 nm 267 nm 304 nm 304 nm?

branching ratio B branching ratio B branching ratio B branching ratio
ICP;,5) + BrCPy,,) <001 190 0.13+0.03 094+0.1 0674003 -005 061 0.0
ICP;,) +BrCP ;)  083+006 —097 060+003 —085+01 0264003 -064 029 -07
ICP,,,) +BrPy,,)  016+006 200 0274003 190+ 0.2 007 +0.03 200 010 18
ICP,,,) +BrCP ;) 0.00 0.00 0.00 <001

2Data from Ref. [12].

determined using the ratio of ionization probabilities,
[1*1/01]1 = 0.769, reported by Jung et a. [12] Table 1
gives the branching ratios and anisotropy parameters
for the four possible channels at each wavelength.
Also shown in Table 1 are the results from the
previous study performed by Jung et al. at 304 nm.
We have reanalyzed the branching ratios from the
results of the previous study to correctly quantify the
paralel and perpendicular contributions to each
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Fig. 4. Core-sampled time-of-flight spectra for Br at 260 nm (top
panel) and Br* a 262 nm (bottom panel) arising from IBr
photodissociation. The asterisks indicate the peaks corresponding
to the ® Br isotopes. The angle between the electric field vector of
the dissociation laser and the flight axis, y, is indicated.

channel. We find that the observed branching ratios
and anisotropy parameters at 304 nm are consistent
with the results of Jung et al. We note, however,
some important differences between our results and
the recent results of Kim et d. at 267 nm [13]. We
find a more negative anisotropy parameter for the
| + Br* channel (—0.85 vs. —0.75), which indi-
cates a near-limiting perpendicular transition. In ad-
dition, the anisotropy parameter at 267 nm observed
in this study for the | * 4+ Br channel is 1.90, indicat-
ing a strongly parallel transition and which is signifi-
cantly higher than the 1.30 determined by Kim et al.

To examine the wavelength dependence of the
anisotropy parameter for each product channel, TOF
spectra were taken at several other 2+ 1 REMPI
transitions. Br* was probed at 262.5 nm, and Br was
probed at 250.3, 250.9, and 260.6 nm. TOF spectra
for Br at 260.6 nm and Br* at 262.5 nm are shown
in Fig. 4. Table 2 lists the anisotropy parameters and
product channel branching ratios for each wave-
length. For all three observed channels, the anisotro-

Table 2
Anisotropy parameters and product branching ratios for IBr pho-
todissociation probed using 2+1 REMPI on the Br or Br*
products

Channel Wavelength B Branching ratio
(nm)

| +Br 250.3 20+01 0.05+0.04

I +Br 19401 0954004

| +Br 250.9 20+01 017+0.04

" +Br 20401 0831004

I +Br 260.6 0.86+0.1 0.1940.04

" +Br 19401 081+004
I+Br* 262.5 -0.744+01 1.0

I +Br” 0.0
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py parameters become more limiting with decreasing
wavelength. No evidence for the | * + Br* channel
was observed for any of the wavelengths studied.

4. Discussion
4.1. Transition probabilities

The branching ratios and anisotropy parameters
for each channel provide a means to determine the
individual transition probabilities for the °II,,
(2341), 'T1,(2341), and *11,(2341) excited states. We
believe that excitation occurs to only these states in
the Franck—Condon region. States in the (2431) band
are expected to contribute to absorption near 500 nm
and will not play arole in the ultraviolet absorption
band [9]. Furthermore, the transition dipole moment
is expected to be extremely small for two-electron
excitation, decreasing the possibility for absorption
to states in the (2422) band and above. The term
symbols for IBr according to spin—orbit coupling are
characterized by (2, the projection of the total angu-
lar momentum along the internuclear axis. A parallel
transition occurs when A 2 = 0, and a perpendicular
transition occurs when A (2= + 1. Dissociation from
a parallel transition results in an angular distribution
described by an anisotropy parameter of 2.0, and
dissociation from a perpendicular state results in an
anisotropy parameter of —1.0. Since the ground
state of IBr is 2 =0, transitions to the *II, (2341)
state are parallel, and transitions to the *I1,(2341)
and '11,(2341) states are perpendicular. Since coher-
ent effects influence only the rotational polariza-tion
and not the velocity anisotropy [27,28], the observed
anisotropy parameter, B, May be considered a
linear combination of the limiting values for parallel
(B™=20) and perpendicular (B'™ = —1.0) tran-
sitions:

Bobs = g B\:im t+a, :Blim . (12)

The coefficients a, and a, of this linear combina
tion give the relative contribution of states corre-
sponding to parallel and perpendicular symmetries,
respectively. With the fraction of parallel and per-
pendicular character for each state known, the total
transition probabilities for each state can be deter-
mined.

Both the '11,(2341) and *I1,, (2341) states lead
adiabatically to | + Br* products. The *II,, (2341)
state forms two avoided crossings with additional 0*
curves. The first avoided crossing involves the
high-lying ®3.5, (2422) state and the second involves
the lower °TI,,(2431) state. Since only the
'1,(2341) and °II,, (2341) states correlate to | +
Br* products in this wavelength region, the observa-
tion of this channel must be a result of adiabatic
dynamics in the dissociation. The measured anisotro-
py parameter for the | + Br* channel at 267 nm is
—0.85+ 0.1, corresponding to a strongly perpendic-
ular transition (0.95). The branching ratio for the
| + Br* channel is 0.60 &+ 0.03 and, therefore, the
probability of excitation to the °II,, (2341) state
followed by adiabatic dissociation to give | + Br* is
0.03. The °I1,, (2341) state can also yield the | * +
Br and | + Br product channels via nonadiabatic
curve crossing. The total transition probability for
the °I1,, (2341) state is determined by the sum of
the paralel contributions to these additional chan-
nels. The total transition probabilities for the other
states are obtained in a similar fashion. Table 3
shows the derived transition probability for each
excited state at 248, 267, and 304 nm.

4.2. Nonadiabatic dynamics

The two well-documented avoided crossings in
IBr dissociation are shown in Fig. 1. The lower
crossing, °I1,, (2430) « *3 7, (2422), has been the
subject of considerable study but has only modest
influence on the dynamics at these wavelengths.
Child has studied the dynamics of IBr dissociation
for excitation energies near the lower avoided cross-
ing using a one-dimensional Landau—Zener anaysis
[9]. The author calculated a splitting between adia-
bats, V,, = 170 cm™?, and the location of the avoided

Table 3
Excited state transition probabilities for IBr using the data in
Table 1 (see text for details)

Excited state 248 nm 266 nm 304 nm 304 nm?

°M,, (2341) 0194008 0384004 0.32+0.04 0.33
'11,(2341) 0814008 0.57+005 0.22+0.04 026
*I1,(2341) 0.00+0.08 0.05+0.04 0.46+0.04 0.41

3Data from Ref. [12].
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crossing, E = 16915 cm™! at 3.220 A. Adopting the
parameters of Child at the available energies relevant
to this study, we find that the nonadiabatic transition
probability is near unity and, therefore, have as-
sumed that the dissociation proceeds diabatically
through this lower avoided crossing. The avoided
crossing between the °I1,, (2341) and °3, (2422)
excited states is less well studied and plays a promi-
nent role in the dissociation at shorter wavelengths.
Recently, Tonokura et a. [3] calculated the splitting
between these adiabatic curves in ICl as V,;, = 294
cm™ 1. Though the magnitudes of the splittings differ
for the lower avoided crossing between ICI and IBr
[10], the difference is not large, and a comparable
difference would be expected for the upper crossing.

Since we do not consider excitation to the
%35, (2422) state to be important, the observation of
a near-limiting parallel anisotropy parameter associ-
ated with the 1" + Br channel requires that these
products arise from a nonadiabatic curve crossing.
Adiabatically, the °II,, (2341) state correlates to
| + Br*. However, the °TI,, (2431) « 33, (2422)
avoided crossing allows essentially complete curve
crossing at the wavelengths in this study. Therefore,
trajectories which remain on the lower adiabat
through the higher-energy crossing will give | + Br
products. The only possible parallel contribution to
the | +Br and |* + Br channels is from the
*11,, (2341) state. Therefore, a measure of the rela-
tive parallel contributions to the | * + Br and | + Br
channels provides a direct measure of the nonadia
batic curve crossing probability. Using this analysis,
the crossing probability can then be determined at
wavelengths down to 250 nm for any Br 2+1
REMPI transition. Other formulations exist to deter-
mine the nonadiabatic crossing probability using the
relative branching ratio and relative excitation proba-
bilities when absorption occurs to both states [5,13].
However, we neglect excitation to the 335, (2422)
excited state, so the more direct method described
above may be used to determine the crossing proba-
bility.

An additional avoided crossing between =1
states, °3.; (1411) « 'I1,(2341), has been suggested
by Kim et a. which alows the '1,(2341) state to
make a perpendicular contribution to the 1* + Br
channel. The presence of this crossing was invoked
to explain the observed decrease in the anisotropy

parameter of the | * + Br channel when the excita-
tion energy was increased from 304 to 266 nm.
However, we observe no significant change in the
anisotropy parameter for this channel between 304
and 266 nm. Furthermore, the presence of this cross-
ing would result in larger perpendicular contributions
at shorter excitation wavelengths because the nonadi-
abatic crossing probability should increase with in-
creasing radial velocity. Since we observe near-limit-
ing parallel anisotropy parameters for this channel at
wavelengths down to 250 nm, we do not find com-
pelling evidence for this avoided crossing.

Nonadiabatic curve crossing probabilities may be
estimated using one-dimensional Landau—Zener the-
ory. The probability, P, of a nonadiabatic curve
crossing is given by

P=ex _ 2V (13)
P\~ %olar] )

where 2 - V,, is the splitting between adiabats at the
avoided crossing, v is the radia velocity of the
photofragments at the crossing point, and |[AF| is the
difference in slopes. The curve crossing probability
as a function of wavelength is shown in Fig. 5. A
clear increase in the probability of nonadiabatic curve
crossing with decreasing wavelength is observed,
ranging from 0.24 a 304 nm to 0.92 at 250 nm.

Crossing Probability
o o o
S (o] @

e
(M)

0.0 1 | |
240 260 280 300 320

Wavelength (nm)

Fig. 5. Nonadiabatic curve crossing probability as a function of
wavelength for the %3, (2422) « °I1,, (2341) transition. The
circles represent the crossing probabilities determined in this
study, and the triangle is the crossing probability evaluated from
the results of Ref. [12]. The solid line is a best fit to the
experimental data.
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Using Eq. (12), the wavelength dependence of the
crossing probability can be modeled in order to
extract both the energy of the crossing point, which
determines the radial velocity, and a factor, c=
2wV5/h|AF|. The energy of the avoided crossing
using this analysis is 32830 cm™?, and the factor
¢ =52 m/s. We find that this value of c is consis-
tent to estimates determined by using the reported
splittings of similar adiabats [8,9]. The energy of the
avoided crossing is very close to the energy from
304 nm excitation, which is consistent with the small
nonadiabatic crossing probability observed at this
wavelength and the dramatic increase in the proba-
bility with wavelengths decreasing from 304 nm.
Even at wavelengths as long as 267 nm, the nonadia-
batic curve crossing probability is greater than 0.90
for this avoided crossing. Therefore, for wavelengths
shorter than 267 nm, only a small ground state
product channel would be expected.

4.3. Nature of the UV band

For purely repulsive potentials and an initial
Gaussian wavepacket in the ground electronic state,
the absorption band for a specific excited state may
be approximated by a Gaussian function [29]. The
width of the Gaussian is related to the slope of the
electronic potential energy surface in the Franck—
Condon region, and the center of the peak may be
taken to first order as the vertical excitation energy.
The reported ultraviolet absorption spectrum [30] for

T | I
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Fig. 6. Decomposition of the literature absorption spectrum (Ref.
[30]) of IBr into contributions from transitions to the *I1,(2341),
%11, (2341), and °I1,(2341) excited states.

Table 4
Gaussian parameters for the decomposition of the UV absorption
spectrum based on the model presented in the text

1,(2341) 311,(234D) 311,(2341)
N 0.670 0.374 0.143
E (cm™ 1) 38306 36369 34069
& (em™h 3470.0 2943.1 3055.6
Slopein 48553 41241 42755
FC region
(cm 1A~

IBr was fitted by three Gaussian functions of the

form
E-RY 14
=] (19

corresponding to the °I1,(2341), °II,, (2341), and
'11,(2341) excited states. The fit was additionally
constrained to reproduce the relative transition prob-
abilities at 248, 267, and 304 nm determined in the
present experiment. Based on the one-dimensional
reflection principle [29], an estimate of the sope of
the potential energy surface in the Franck—Condon
region may be obtained from the ratio of the full
width at half maximum (FWHM) of the Gaussian
absorption spectrum to the FWHM of the ground
vibrational state probability distribution (0.12 A) *.
The resulting decomposition of the UV absorption
band is shown in Fig. 6, and the Gaussian parameters
are listed in Table 4, along with vertical excitation
probabilities and the slopes of the potential energy
surfaces. Contributions from all three opticaly al-
lowed excited states in the (2341) band are signifi-
cant in the absorption spectrum. To our knowledge,
this represents the first complete decomposition of
the ultraviolet absorption spectrum for interhalogen
diatomic molecules reported in the literature.

o(E)= ) Aexp

4.4, Comparison to other interhalogen diatomic
molecules

The ultraviolet dynamics of interhalogen diatomic
molecules has recently been the focus of experimen-

! The effect of hot-bands has been neglected in our treatment.
However, we note that at 300 K the fraction of molecules in the
vibrational ground state is 0.72 and that this approximation is not
severe.
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tal and theoretical investigation. Despite this atten-
tion, there remain conflicting opinions as to the
nature of the absorption band. Severa studies have
assigned the UV band exclusively to a 2= 0" state
[31-33], athough the observation of non-limiting
parallel anisotropy suggeststhat a 2 = 1 state isalso
involved. In BrCl, Cooper et al. [5] have assigned the
parallel component to the *3;, (2422) excited state
and the perpendicular component to the *3; (2422)
state. However, in ICl, the perpendicular component
has been assigned to the '11,(2341) state [3], and the
parallel component both to the °I1,, (2341) state [3]
and the ®3 5, (2422) state [2]. In the present study we
suggest that the *II,, (2341) and 'I1,(2341) states
make the major contributions to the UV spectrum of
IBr. Given the apparent similarity between these
molecules, such dramatic differences would be unex-
pected. In order to characterize the ultraviolet ab-
sorption spectrum of each molecule fully, a quantite-
tive, wavelength-dependent determination of the ani-
sotropy parameters and product branching ratios must
be performed. However, the deconvolution of the
UV absorption band of IBr (Fig. 6) may provide
insight into the nature of the electronic excited states
of other diatomic halogens.

Recent experiments have shown that both 1Cl and
BrCl exhibit similar dissociation dynamics to IBr.
Initially, ICl was believed to dissociate through three
channels in the ultraviolet region, | +Cl, | +Cl*,
and | * + Cl [3]. Tonokura et a. calculated the rela
tive transition probabilities for the electronic excited
states in the ultraviolet band and found that excita-
tion primarily occurred to the °Il,, (2341) and
'11,(2341) states. The calculations revealed a small
contribution from the °35, (2422) state, but the os-
cillator strength was much smaller than for the one-
electron excitations. Since the nonadiabatic transition
probability between the ®3 g, (2422) and °11,, (2431)
states is near unity, excitation to the °II,, (2341)
state would be expected to give ground state prod-
ucts, provided the trgjectory followed an adiabatic
path through the upper avoided crossing. However,
subsequent ion imaging experiments by Rogers et al.
[2] found no evidence for the | + Cl channel. As a
result, the parallel component of the | * + Cl channel
was assigned to the state. In IBr, the nonadiabatic
transition probability at the upper crossing increases
quickly at increasing excitation energies (Fig. 5).

The calculations by Tonokura et a. on ICl find a
splitting between adiabats of only 292 cm™?!. Since
the splitting would not be expected to be largely
different for IBr, a similar increase in the crossing
probability for decreasing wavelengths would be ex-
pected in ICl depending on the location of the cross-
ing point. Therefore, excitation to the *II,, (2341)
state of ICl could result in a strongly parallel anisot-
ropy parameter for the | * + Cl channel and only a
minor yield of the ground state product channel. This
observation would be consistent with the experimen-
tal results of Rogers et a. and the calculations of
Tonokura et a., which show preferential excitation
to the °II,, (2341).

The UV photodissociation of BrCl is similar to
IBr and ICl and results in only two channels, Br +
Cl* and Br* + CI [5]. The parallel excitation leading
to the Br* + Cl channel was assigned to the
%35(2422) state, and the perpendicular excitation
leading to the Br + Cl* channel was attributed to the
°37(2422) state. As in ICl, excitation to the
*I1,, (2341) state was discounted because the Br +
Cl channel was not observed. However, if excitation
occurs to the *I1,, (2341) state, a sharp increase in
the nonadiabatic crossing probability with increasing
excitation energy would also result in the lack of a
ground state product channel for the wavelengths
used by Cooper et al. Furthermore, excitation to a
two-electron state, considered a minor contribution
to the UV band in ICl, is not required. The assign-
ment of the perpendicular component of the absorp-
tion spectrum to the >3.; (2422) state is not absolute,
since excitation to the 'I1,(2341) state is consistent
with the observation of the Br + Cl* channel. The
assignment of the perpendicular component to the
'11,(2341) also appears more reasonable because the
expected transition probability for a one-electron
transition is expected to be substantially higher than
for a two-electron transition. Furthermore, the
1111(2341) state is assigned as the major perpendicu-
lar contribution to the absorption spectrum in both
IBr and ICl. Therefore, ultraviolet excitation would
be expected to occur primarily to the 3H0+(2341)
and '11,(2341) excited states of BrCl.

The photodissociation dynamics of BrCl and ICl
show a remarkable similarity to those of IBr. Al-
though the absorption spectra of both BrCl and ICl
are now known to consist of both paralel and per-
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pendicular components, the assignment of these tran-
sitions continues to be subject of conflicting reports.
Our decomposition of the absorption spectrum of 1Br
into individual excited state components based on
the wavelength appears to be consistent with previ-
ous experimental observations other diatomic inter-
halogens. We believe that the UV absorption spectra
of both BrCl and ICI may consist primarily of
'11,(2341) and °I1,, (2341) components with a mi-
nor contribution from the *I1,(2341) state in analogy
IBr.

5. Summary

The ultraviolet photodissociation of IBr has been
examined using resonance enhanced multiphoton
ionization (REMPI) with core-sampled time-of-flight
mass spectrometry at wavelengths ranging from 248
to 304 nm. Anisotropy parameters, product branch-
ing ratios, and relative transition probabilities have
been determined at 248, 267, and 304 nm. Further-
more, nonadiabatic curve crossing probabilities have
been determined for severa wavelengths between
250 and 270 nm. The location of the avoided cross-
ing was also estimated by modeling the wavelength
dependence of the nonadiabatic curve crossing prob-
ability using Landau—Zener theory. We find that the
dissociation dynamics become increasingly nonadia-
batic at shorter wavelengths. The ultraviolet absorp-
tion spectrum for 1Br has also been decomposed into
three components, corresponding to the °I1,, (2341),
'11,(2341), and *I1,(2341) excited states. The pro-
posed decomposition is consistent with the current
literature for ICl and BrCl, and the absorption spec-
tra of these molecules probably consist of large
*11,, (2341) and "I1,(2341) contributions with a mi-
nor contribution from the °I1,(2341) state. Further
measurements on the wavelength-dependent anisot-
ro-py and branching ratios are necessary to confirm
this correspondence.
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