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The photodissociation of gas-phase I,Br~ was investigated using fast beam photofragment trans-
lational spectroscopy. Anions were photodissociated from 300 to 270 nm (4.13-4.59 eV) and the
recoiling photofragments were detected in coincidence by a time- and position-sensitive detector.
Both two- and three-body channels were observed throughout the energy range probed. Analysis of
the two-body dissociation showed evidence for four distinct channels: Br~ + I, I” + IBr, Br + 17,
and I+ IBr~. In three-body dissociation, Br(*P3;2) + 1(P32) + 17 and Br~ + 1 P30) + 1> P3)2)
were produced primarily from a concerted decay mechanism. A sequential decay mechanism was

also observed and attributed to Br~('S) + L(B*I1,

. INTRODUCTION

For many years, trihalide anions have attracted interest as
model systems for studying fundamental physical processes
in chemistry.! Their formation by the freezing of sea salt
components has been proposed as a possible source of ozone
depletion in polar atmospheres.>> The I3~ anion is the best
known of the trihalides. It readily produces I; upon photol-
ysis in solution-phase chemistry* and can be used as a re-
dox mediator in dye-sensitized solar cells.” It has served as
a benchmark for comparing dynamics in solution and in the
gas phase, with UV photodissociation experiments in the two
media showing vibrational coherences in the I; photoproduct
that indicated considerably more vibrational excitation in the
gas phase.?'? Gas phase experiments have also characterized
the energetics'!'? and primary photochemistry of I with em-
phasis on elucidating the branching ratios among the available
two- and three-body product channels.'3~'¢ In this paper, the
photodissociation dynamics of I,Br~, which is isovalent to
I but noncentrosymmetric, are investigated with the goal of
understanding how the two- and three-body dissociation dy-
namics of a trihalide change when its symmetry is broken.

Compared to I, the heteronuclear trihalides are rela-
tively unexplored. These species are linear, and the most
stable isomer has the least electronegative atom occupying
the center position in the molecule.!”!® Landrum et al.'
performed discrete Fourier transform (DFT) calculations on
I, X~ species and indeed found that linear structures with an
I atom in the center are more stable than other arrangements,
as more of the negative charge resides on the terminal atoms.
Ogawa et al.?” carried out electronic structure calculations to
determine structure and dissociation energies of heteronuclear
trihalides in the gas phase and in solution. Sanov et al.?' per-
formed DFT calculations at the mPW1PW level to determine
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the structure and dissociation energies of BrICI™ and IBr;,
finding that the isomers with the I atom in the center are fa-
vored by around 0.5 eV.

Solution-phase absorption spectra for various trihalides
have been analyzed,””?? as well as Raman and infrared
spectra.’* Popov et al.?* found two broad absorption maxima
for [ Br™ in acetonitrile at 351 and 280 nm, analogous to the
two bands in the I absorption spectrum at 360 and 290 nm.”
Later work by Eyal et al.>> measured the maximum of the up-
per band of I, Br™ to be 270 nm. In time-resolved experiments,
Gershgoren et al.’ found enhanced vibrational coherences in
the I; product from the photodissociation I,Br~ compared
to I3, an effect attributed to the noncentrosymmetic structure
of L,Br™.

In the gas phase, Sanov et al.>' performed femtosec-
ond pump-probe experiments to study the time-resolved pho-
todissociation dynamics of BrICl™ and IBr, around 400 nm
(3.0-3.5eV). For BrICl™, only IBr™ and ICl™ fragments were
detected, while only IBr~ fragments were detected for IBr, ,
suggesting that their ion source produced only the most stable
isomer in which the I atom occupies the center position. They
also detected vibrational coherences in the IBr~ and ICI1™
photofragments indicating higher average vibrational excita-
tion than in the I; formed from I3 .8 Mabbs et al.?® used fem-
tosecond anion photoelectron spectroscopy to investigate the
I~ channel in the 388 nm (3.2 eV) photodissociation of I,Br~,
observing the time-resolved evolution of the excess-electron
wave function from the I,Br~ molecular orbital to the atomic
orbital of I~. In addition, they established a lower bound of
4.0 eV for the electron affinity (EA) of neutral I,Br. Craw-
ford et al.?’ investigated the collision-induced dissociation of
I,Br~, finding approximately equal yields of I~ and Br~ over
a laboratory collision energy range of 20-50 eV.

In this paper, we report results on I,Br~ photodisso-
ciation from the upper absorption band using fast beam
photofragment translational spectroscopy. Our experiments
characterize both two-body and three-body dissociation
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channels. These experiments provide a basis for compari-
son of the photodissociation dynamics of the triiodide anion
and a noncentrosymmetric analog. Our two-body photofrag-
ment translational energy distributions suggest that I, I;, IBr,
and IBr~ are formed in highly vibrationally excited states,
in accordance with other trihalides.3~!0-13-16:21.28-33 We ob-
tain bond dissociation energies and the heat of formation of
I,Br™ from our three-body translational energy distributions,
and extract detailed information on the three-body dissocia-
tion mechanism by means of Dalitz plot analysis.>*

Il. EXPERIMENT

The photodissociation experiments were performed on
our fast beam photofragment translational spectrometer. This
apparatus has been described in detail previously.>=7 I,Br~
ions were produced by flowing 5% methyl bromide (Sigma,
95%) in Ar (~20 psi) over IBr crystals (Sigma, 98%) at room
temperature. The carrier gas with precursor was supersoni-
cally expanded through a piezoelectric pulsed valve operat-
ing at 60 Hz. The gas expansion occurred across a pulsed
discharge (~0.5 kV) and was intersected with a 1 keV elec-
tron beam generated by an electron gun. The resulting an-
ions were accelerated to a laboratory-frame beam energy of
8 keV and mass-selected using a Bakker time-of-flight mass
spectrometer.’®3° The two isotopes of bromine occur in ap-
proximately equal abundance and the I,””Br~ (333 amu) iso-
topolog was chosen for the experiments reported here.

After exiting the source region, the ion packet intersected
a laser pulse from a XeCl excimer-pumped (Lambda Physik
LPX 210, 308 nm) tunable dye laser (Lambda Physik FL
3002). The wavelengths used in this experiment ranged from
300 to 270 nm (4.13-4.59 eV). Recoiling photofragments
were detected 2.15 m downstream of the dissociation region
by a time- and position-sensitive coincidence imaging detec-
tor based on the design by Zajfman et al.* This detector con-
sisted of three 75 mm diameter imaging quality microchannel
plates (MCPs) arranged in a Z-stack configuration and cou-
pled to a phosphor screen. Spots appearing on the phosphor
screen corresponded to the impinging photofragments; the re-
sulting image was split by a dichroic beam splitter to a 4 x 4
multianode PMT array for timing information and a charge-
coupled device camera via an image intensifier for position
information. Undissociated parent ions and intact photode-
tached neutrals were blocked by a 5 mm diameter beam block
positioned before the detector. The current setup detects both
anions and neutral photofragments that have cleared the beam
block.

The coincidence arrival times and positions were used to
infer the masses and the center-of-mass (COM) translational
energy release of the photofragments for each photodisso-
ciation event. In two-body dissociation events, the angle of
recoil 6 was also obtained. In three-body events, the COM
momenta of all three fragments were determined. This infor-
mation was used to construct COM translational energy dis-
tributions and, for three-body events, Dalitz plots** describ-
ing the momentum partitioning among the fragments. Owing
to the presence of the beam block and the finite diameter of
the detector, detection efficiency was limited for events of cer-
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tain recoil geometries. These considerations were accounted
for by normalizing the raw distributions with a detector ac-
ceptance function (DAF) (Ref. 41) to obtain the P(Er) dis-
tributions. In the work presented here, only two-body events
were DAF-corrected; three-body events are presented as raw
N(ET) distributions. In the absence of a DAF, the three-body
distributions are expected to be biased toward high Er events.

lll. THEORETICAL METHODS

Ab initio calculations of dissociation energies of IIBr~
and IBrI™ were performed using coupled-cluster theory with
single and double excitations and treating triple excitations
perturbatively [CCSD(T)]. The aug-cc-PVnZ-PP bases were
used for n = 4, 5, and the computed values were extrapo-
lated to the complete basis limit.*> Further details on these
calculations are provided in the supplementary material. As a
benchmark system, calculations were initially performed on
the well-characterized I3 anion. The calculated dissociation
energy of 1.349 eV is in remarkable agreement with the ex-
perimental value of 1.31 eV.!! This methodology was then
applied to the two isomers of I[,Br~. For isomer 1 (IIBr7),
these calculations predict nearly identical values of 1.42 and
1.43 eV for dissociation into Br~ + I, and I~ 4 IBr, respec-
tively. Isomer 2, IBrI ™, was found to lie 0.35 eV above IIBr,
in accordance with the general rule for trihalide structures.
This energy difference was reflected in the lower dissocia-
tion energy of isomer 2 of approximately 1.08 eV. Additional
energetics are tabulated in the supplementary material.”® All
calculations were carried out using the MOLPRO 2009 suite of
programs.*?

From either Dy(I, — Br~) or Dy(BrI-17), one can de-
rive the energetics of all possible two- and three-body
dissociation channels from I,Br~. These are listed in
Table I. Note that the values in Table I for channel 1A,
Br('S) + Iy(X'=), and channel 2A, I7('S) + IBr(X'E+),
upon which all the other energies are based, are very close
to the calculated values of D, but were actually determined
from this experiment, as discussed in Sec. V. The other dis-
sociation energies were then determined by combining these
energies with previously established experimental values for
the spin—orbit coupling constants for iodine and bromine, the
dissociation energies of L% I % IBr,*® and IBr—,* the elec-
tron affinities of Br, I, and I,,*® and the term energies of the A
and B states of I, (Refs. 49 and 50) and IBr.>'->4

IV. EXPERIMENTAL RESULTS

The photodissociation of I;Br™ was investigated at pho-
ton energies between 4.13 and 4.59 eV (300—-270 nm), all of
which lie within its upper absorption band.>* Photofragment
mass ratios were determined to identify the product channels.
Figure 1(a) plots photofragment mass ratio distributions as
a function of photon energy and normalized by area. Three
mass ratios, 0.31:1, 0.62:1, and 1:1, were observed in the
two-body data, corresponding to three distinct two-body mass
channels. One three-body mass channel was also observed.
Figure 1(b) is a sample plot (hv = 4.28 eV) of the photofrag-
ment mass distribution for this channel, with a feature at
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TABLE I. List of product channels organized by fragment masses in amu. Dissociation energies for each channel
are given in electron volts (eV).

Mass channel (amu) Product channel Dy (eV) Equation label

LBr~ 79 + 254 Brm('S) + L(X'5) 1.44 1A
Br(®Pyp) + I, (X2 %) 2.28 1B
Br*(*Pi ) + L (X?E)) 274 1C
Br=(1S) + L(A%M,) 2.79 1D
Br (1) + L(B*M1f,) 3.39 1E

Br(P3) + (X'S) + ¢~ 4.80 DPD1?
127 4 206 I-('S) + IBr(X' =) 1.47 2A
1CPs2) +IBr (X?Z}),) 2.02 2B
I=('S) + IBr(AATIy) 2.88 2C
ICPip) + IBr—(xzzjf/Q) 2.96 2D
I-('S) + IBr(A%T1)) 2.99 2E
I-(18) + IBr(B3T1) 3.47 2F

[7(CP32) + Br(X' =) + e 453 DPD2?
79 + 127 + 127 Br=(1$) +1CP32) + 12 P3)2) 2.98 3A
Br(CP30) +17('S) + 1 P32) 3.29 3B
Br*(Pi) +I7(18) + 1 P3)0) 3.74 3C
Br=('S) + T*CP1j2) + 1 P3y2) 3.92 3D

2DPD, dissociative photodetachment.

79 amu and one at 127 amu with about twice the intensity,
corresponding to one bromine and two iodine fragments, re-
spectively.

Figure 1 shows that four product mass channels result
from the dissociation of I,Br~: channel 1, with mass ratio
0.31:1, corresponding to Br™ + I, or Br 4 I, channel 2, with
mass ratio 0.62:1, corresponding to I~ + IBr or I+ IBr™,
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FIG. 1. (a) Photofragment mass ratio of two-fragment valid events following

excitation of [bBr~ at photon energies of 4.13-4.59 eV and (b) three-body
photofragment mass distribution following excitation at hv = 4.28 eV.

channel 3, corresponding to three-body dissociation as de-
termined by the coincident detection of three fragments, and
channel 4, corresponding to three-body dissociation where
two fragments with a 1:1 mass ratio are detected, suggesting
events in which the bromine fragment is blocked and two io-
dine fragments strike the detector. Note that “fragment” refers
universally to charged and neutral species; for example, “io-
dine fragment” indicates only a fragment of mass 127 amu,
regardless of charge.

Figures 2 and 3 show two-body photofragment P(Er) dis-
tributions for mass channels 1 and 2, respectively. In each
of these figures, the P(E7) distributions observed from all
five photon energies are presented. In Figs. 2 and 3(a), each
P(E7) distribution has been shifted to higher kinetic energy
by AE},, defined as the difference in energy between the dis-
sociation photon and a 4.59 eV photon (the highest energy
photon used). In this scheme, features corresponding to the
same fragment internal energy line up vertically, thereby fa-
cilitating peak assignment. The scaled energy axis in Fig. 3(b)
is discussed in Sec. V. Figures 2 and 3 also show brackets la-
beled with possible product channels that indicate the range
of Er possible for each channel, from EMM to ER, pmax
values are determined from the dissociation values given in
Table I. EX™ values are determined from the well depth of
the diatomic product, corresponding to the maximum possi-
ble internal excitation, beyond which three-body dissociation
occurs. In both figures, qualitative changes are evident in the
features of the P(E7) distributions as photon energy increases,
indicating that different product channels become populated.

We also extract anisotropy parameters,” [B(Er)], for
each two-body mass channel. These distributions are deter-
mined by fitting the DAF-corrected P(E7,0) distribution to the
equation

P(Er,0) = P(E7)[1+ B(Er)Py(cos0)], ey

where 6 is the angle between the electric field vector of the
laser pulse and the recoil vector of the photofragments and

Downloaded 06 Apr 2011 to 169.229.32.136. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



134306-4 Crider, Harrison, and Neumark
1A
R I —
2
=
,E' 4.20
3
;1?- 4.28
g
4.43
hv=4.59 eV
T T T T T T T T )
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

E,+AE, (eV)

FIG. 2. Photofragment translational energy distributions for two-body dis-
sociation of I;Br™ into 79 and 254 amu fragments. P(E7) distributions are
shifted to higher E7 by 4.59 eV (hv). The allowed translational energies for
channels 1A-1E are bracketed.

P>(cos8) is the second Legendre polynomial. S(E7) ranges
from —1, indicating a sin® 6 distribution, to 2 for a cos’ 6 dis-
tribution. The measured values of B(Er) for the major disso-
ciation pathways are reported in the supplemental material.”®

In Fig. 4, the raw (not DAF-corrected) N(Er) distri-
butions for three-body dissociation are presented. Because
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FIG. 3. (a) Photofragment translational energy distributions for two-body
dissociation of I;Br™ into 127 and 206 amu fragments. P(ET) distributions
are shifted to higher E7 by 4.59 eV (hv). The allowed translational energies
for channels 2A—2F are bracketed. (b) P(ET) distributions scaled by mass
ratio of IBr to IIBr (see text) and shifted by 4.59 eV (hv). The dotted line is
drawn at the expected E7 for channel 3B.
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I,Br™ is a triatomic molecule, all available energy must be
deposited in translation or electronic excitation. Indeed, we
observe sharp peaks at all five photon energies that appear
at successively higher E7 as the photon energy is increased,
reflecting the additional energy available for translation. The
peaks rise abruptly and then tail off toward higher kinetic en-
ergy, reflecting the internal energy distribution of the anions.

V. ANALYSIS

At every wavelength studied, both two-body mass chan-
nels are in evidence. The accessible energy ranges for the var-
ious product channels overlap as indicated by the brackets in
Figs. 2 and 3. As a result, assignments of features in the P(Er)
distributions to specific channels can be ambiguous. We gen-
erally favor assignments in which the feature in question falls
off sharply near either El"® or E™M" for a particular chan-
nel, especially if this falloff is observed at multiple photon
energies. In cases where a two-body channel falls off at £ 7“5““,
one expects to observe the corresponding three-body channel
from dissociation of the diatomic fragment, so the presence or
absence of a three-body channel can help assign the two-body
feature.

A. Two-body dissociation: Br + I fragments

In Fig. 2, the P(E7) distributions for mass channel 1
(Br™ + L, or Br+1;) are plotted against Er + AE,. Be-
ginning at 4.13 eV, two broad features are apparent. The
most prominent feature extends from ~1.25 to ~1.60 eV.
This feature lies within the energetic limits of channels
1B, Br(®P30) + I, (X?%.)), and 1C, Br*(C Py o) + 15 (X22)).
However, since it drops off abruptly below E™ for channel
1B, we favor its assignment to this channel, indicating that
I; is produced in highly vibrationally excited states extend-
ing up to its dissociation asymptote. A similar feature is ob-
served at each photon energy, though it is diminished at 4.43
and 4.59 eV.

Moving to the P(E7) distribution at 4.28 eV, a feature is
evident between 1.00 and 1.25 eV. A similar feature is ob-
served with greater intensity at 4.43 and 4.59 eV. This fea-
ture falls within the energy ranges of channels 1C and 1E
and occurs just below ET*of channel 1E, Br™+I,(B 31'[(’;”).
While both pathways may contribute, the sharp decrease in
intensity above E7** for channel 1E suggests assignment to
that channel. This assignment is corroborated by evidence for
predissociation of 12(331'15;) presented below in our discus-
sion of three-body dynamics. Peaking near E7* indicates the
electronically excited I,(B) fragments are produced with lit-
tle internal excitation, in contrast to the vibrationally excited
diatomic fragments associated with the other features. An-
other feature appears in the 4.28 eV P(E7) distribution near Er
+ AE,, =~ 1.8 eV and becomes more intense at 4.43 eV. This
feature falls well within the energy limits of channels 1A and
1B; given its falloff near E 7“31“ for channel 1A, we assign it to
this pathway, leading again to vibrationally excited diatomic
fragments.
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FIG. 4. Photofragment translational energy distributions for three-body dissociation of I Br~ upon excitation by photon energies of 4.13-4.59 eV. The expected

kinetic energy release for channels 3A-3D is indicated by dashed lines.

The final feature to consider in Fig. 2 is the broad, low en-
ergy feature present at all dissociation energies. Assignment
of this feature is problematic. Unlike all the other features
in Fig. 2, it shifts toward lower Er + AE}, with increasing
photon energy, and in fact remains at constant energy when
plotted as a function of Er. This dependence could indicate
dissociative photodetachment (DPD1) to Br + I, + e~, with
the excess photon energy going into electron kinetic energy,
but as shown in Table I, the threshold for DPD1 is too high for
such an assignment. Considering other two body-channels,
this feature could be a combination of channels 1C and 1E
from 4.13 to 4.28 eV, with the I, and I,, respectively, highly
excited in both channels.

The feature in question clearly lies beyond channel 1E
at 4.43 and 4.59 eV. Some signal at these higher energies
could be from Brand I, ¢ I, 1/2), which should fall around E
+ AE,, > 0.36 eV. However, this state of I, is calculated
to be very weakly bound (0.08 —0.19 eV);>*-% it would have
been bound by at least 0.3 eV to account for the energy range
of this feature at 4.43 and 4.59 eV. Other possible excited
states of neutral I, are unlikely given that the minimum en-
ergy asymptote for channel 1E represents the formation of
I + I*, for which E?i“ is already too high. Therefore, this
feature would have to originate from a state that not only
correlates to I* + I* but also has a sufficiently deep well to

access the observed translational energies (AEgo of iodine is
0.943 eV); to our knowledge no such state is known for I,.

B. Two-body dissociation: | + IBr fragments

P(E7) distributions for mass channel 2, I + IBr frag-
ments, are presented in Fig. 3(a). The distributions are plotted
against Ey + AE}, as in Fig. 2. At 4.13 eV, there is a sharp
feature near 1.3 eV. This feature occurs near E?i“ for chan-
nels 2A, 2C, and 2E, corresponding to I-('S) and IBr in its
ground electronic state (X' %) or its first two excited states.
This feature diminishes significantly at higher photon ener-
gies. We thus assign it to dissociation via one or more of these
three channels, with the IBr fragment highly vibrationally ex-
cited regardless of its electronic state.

Also at 4.13 eV, a feature appears around E; + AE},
~ 1.15 eV, overlapping the other feature. This feature falls
within the limits of channel 2D, I*(? P, ,2) +IBr (X 22;*/2). It
peaks near 50% of EM", indicating IBr~ fragments are pro-
duced in a range of vibrational levels. A similar feature is also
apparent at Ej,, = 4.20 eV, though diminished, and no evi-
dence for this channel is observed at higher photon energies.

At all photon energies > 4.20 eV, the most intense fea-
ture in the P(E7) distributions is a sharp peak near E7 + AE},

Downloaded 06 Apr 2011 to 169.229.32.136. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



134306-6 Crider, Harrison, and Neumark

~ 1.65 eV, this peak is not seen at all at 4.13 eV. While it ap-
pears within the energetic limits of channel 2A and arguably
2C, this feature drops to nearly zero intensity below E]“ﬁ“ of
channel 2B, I(? P3p) + IBr_(XZET/Z), leading us to assign it
to this channel. The close alignment with £ ?i“ once again in-
dicates the diatomic fragment is produced near its dissociation
asymptote.

At 4.43 and 4.59 eV, a small feature is evident at Er
+ AE, =~ 0.85 eV. This feature falls within the relatively
small energy range corresponding to channel 2F, 17('S)
+ IBr(B31'I3' ). There is a low intensity feature observed at
each dissociation wavelength around E7 + AEp, =~ 2.35 eV,
which appears to be low internal energy photoproducts from
either channel 2A or 2B. Finally, at 4.59 eV, the small feature
below E7 = 0.1 is attributed to dissociative photodetachment.

Figure 3(a) also shows a feature that shifts smoothly from
Er 4+ AE,, = 1.85eV at4.13-2.10 eV by 4.59 eV, appearing
as a distinct, sharp peak at photon energies >4.20 eV. While
this feature falls well within the energetic bounds of several
dissociation pathways, such as channel 2B, there is no clear
correspondence to any one channel. Furthermore, it is surpris-
ing that the diatomic products would be produced with less
internal energy as the photon energy increases. We resolve
this riddle by considering the possible presence of three-body
dissociation from IIBr™ in which only the two terminal atoms
are detected and the central I atom hits the beam block, giving
a mass ratio of 79:127 = 0.622. This mass ratio is coinciden-
tally nearly identical to mass channel 2 (127:206 = 0.617),
and would thus lead to two-body signal in Fig. 3.

Since the mass of the parent anion is assumed in our anal-
ysis, three-body dissociation events with only two detected
fragments will be treated as having a higher (and incorrect) re-
duced mass, leading to P(E7) distributions artificially shifted
to higher kinetic energy. This effect can be corrected by scal-
ing the apparent two-fragment energy Ejg,g to the ratio of
masses,

M 3body

E3b0dy = E2frag = 0-619E2frag, (2

M2frag

where M3body = MBr + my, Mafrag = MBr + 2]’)’[], and E3b0dy
is the corrected three-body translational energy. Figure 3(b)
shows the same distributions as in Fig. 3(a) plotted against
the scaled energy 0.619 (Er + Ej,). The features in ques-
tion all line up in this plot at a scaled energy of 1.306 eV,
which corresponds to the expected kinetic energy release from
channel 3B at 4.59 eV photon energy, as discussed further
in Sec. V C.

C. Three-body dissociation

In the three-body photofragment N(Er) distributions
presented in Fig. 4, the peaks can be readily assigned by com-
paring the peak spacings to the energetics of channels 3A-3D
listed in Table I. At each wavelength, the dominant three-
body channel is 3B, dissociation to Br 4+ 14 1". Also present
in each panel of Fig. 4 is a feature from the lower energy
channel 3A, Br~ + I 4 1. In the N(E7) distributions at 4.28 eV
and higher, a small feature from channel 3C is in evidence,
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corresponding to dissociation into spin—orbit excited
Br*(’P, ,2) and I5. There is some evidence for channel 3D,
leading to Br~ 4+ 1+ I*, at 4.59 eV. The vertical lines in all
four three-body channels in Fig. 4 are drawn assuming the
maximum in the peak assigned to channel 3B corresponds
to the translational energy release from photodissociation of
ground state anions. This value is used in Sec. V D to extract
the bond dissociation energy of I,Br~. We attribute the high
kinetic energy tails on the peaks in Fig. 4 to internally excited
anions in the molecular beam, from which we estimate the
internal energy to be 50—100 meV.

Additional insight into the three-body dissociation dy-
namics is provided by the Dalitz plots**3%% in Figs. 5 and 6
that show momentum partitioning among the three fragments
for peaks 3A and 3B, respectively. Each side of the trian-
gle is an axis corresponding to the fraction of the square of
the momentum, f; = p7/Xp3, of one fragment. Each point
corresponds to a three-body event and is constrained by con-
servation of energy to fall within the equilateral triangle and
by conservation of momentum to fall within an inscribed cir-
cle. Points at the periphery of this circle correspond to events
in which the three momentum vectors are collinear, while
those closer to the center correspond to progressively more
noncollinear momenta. In each plot, the lower axis corre-
sponds to the squared-momentum contribution of the bromine
fragment, and the other two axes correspond to the iodine
fragments. Because the two iodine fragments are indistin-
guishable in our detection scheme, the momentum partition-
ing exhibits twofold symmetry and can thus be plotted in half
the area of the inscribed circle.”® As the events are plotted
here, I and I’ correspond to the faster and slower iodine frag-
ments, respectively.

All of the Dalitz plots in Figs. 5 and 6 show significant in-
tensity near the periphery of the inscribed circle, and the plots
in Fig. 5 from 4.20 to 4.59 eV show a line segment along fg;
~ (0.37. The signal at the periphery is most intense at the one
o’clock position. This position corresponds to events where
one iodine fragment receives little momentum (f; < 0.10) and
the other iodine fragment receives the bulk of the momentum
balance (fi’ > 0.45). This cluster of points is therefore consis-
tent with concerted dissociation from a nearly linear configu-
ration of IIBr~, in which both bonds break on the time scale
of vibrational motion in the anion.®! This mechanism appears
to hold for channels 3A and 3B.

Several of the Dalitz plots in Figs. 5 and 6 also show en-
hanced intensity along the periphery near ten o’clock. This
position corresponds to events where the bromine fragment
receives very little momentum (fg, < 0.05) and the iodine
fragments split the momentum balance roughly equally, as
would be expected from dissociation of IBrI~. However, all
of the I 4 IBr features in Fig. 3 can be assigned to photodis-
sociation of IIBr~. Moreover, assuming our calculated ener-
getics (Sec. III) are approximately correct, three-body dis-
sociation of IBrI~ would yield additional peaks at 0.35 eV
higher energy than 3A and 3B in Fig. 4. There is clearly no
such feature to the high energy side of 3A, although a peak
shifted by 0.35 eV from 3B might be difficult to distinguish
from 3A. It is therefore possible that there is a contribution
to the ten o’clock feature in Fig. 5 (nominally channel 3A
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FIG. 5. Dalitz plots of momentum partitioning among the three fragments in the three-body dissociation of I Br~ upon excitation by photon energies of 4.13—
4.59 eV. Points correspond to the 3A feature in the three-body N(E7). The red line in the plots for 4.28-4.59 eV is result of a simulation for sequential decay

(see text).

from IIBr™) from IBrI~ dissociation via channel 3B. But the
corresponding feature in Fig. 6, seen most prominently at
4.13 and 4.20 eV, cannot arise from this mechanism; there
is no IBrI™ three-body channel that overlaps 3B from IIBr—.
Hence, there must be another dissociation mechanism lead-
ing to signal in this region of the Dalitz plot. We speculate that
these events arise from isomerization or large amplitude bend-
ing motion in the anion excited states prior to dissociation.
Note that the calculations of Landrum et al.'® showed that the
60 LUMO is lower in energy for IBrI™ than for IIBr~, so
population of this orbital upon excitation could play a role in
isomerization.

At photon energies >4.20 eV in Fig. 5, the Dalitz plots
show a line of points that correspond to constant bromine
momentum partitioning (fs; ~ 0.37) and randomized iodine
fragment momenta. This line becomes more prominent in the
plots at the three highest photon energies. This feature is a
characteristic of a sequential dissociation, where the momen-
tum of one fragment is determined independently of the other
two fragment momenta.®>%3

The kinematics of sequential dissociation can be de-
scribed by a model adapted from Matsuda et al.> who used
it to describe sequential fragmentation from Coulomb ex-
plosion of the benzene trication. The relevant equations are
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FIG. 6. Dalitz plots of momentum partitioning among the three fragments in the three-body dissociation of IBr~ upon excitation by photon energies of

4.13-4.59 eV associated with the 3B feature in the three-body N(ET).

presented in the supplementary material.”® Because the to-

tal Er is well defined for each three-body decay event, it can
be partitioned between the translational energy release in the
first dissociation step, £y, and that of the second dissociation
step, E,, with a single parameter €, so that E| = ¢ Er and
E, = (1 — £)E7.9 The results of plotting momenta over all
decay angles in the Dalitz plot and adjusting € to fit our ex-
perimental results are shown in red in Fig. 5 for 4.28-4.59 eV,
where the constant fg, feature was clearly present. The re-
sulting values of E; and ¢ for each photon energy are shown
in Table II. We find that as the photon energy increases, E;
increases as a fraction of total E7. This is consistent with a se-
quential mechanism where the first dissociation step is imme-

diate, and produces an atomic Br fragment and a metastable
I, diatomic fragment which dissociates prior to detection
~30 us after interaction with the photodissociation laser.

If some of the metastable I, did not dissociate on this
time scale, one would expect to see a correlation between
E; and some feature in the two-body P(Er) distribution for
mass channel 1. Comparing the E;, + AE}, values given in
Table II, all of which are ~1.1 eV, to the P(E7) distribu-
tions in Fig. 2, we find a clear correspondence to the feature
assigned to channel 1E, Br ('S) + L(B*I,), with val-
ues close to EF*™. We thus propose the following sequen-
tial dissociation mechanism for IIBr™: upon absorption (hv
> 420 eV), IIBr~ is excited to an electronic surface
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TABLE II. Numbers relevant for sequential dissociation for photon ener-
gies of 4.28-4.59 eV. Er is the total energy deposited in translation. € is
a parameter describing the partitioning of E7 between the two dissociation
steps (see text). Ej is translational energy imparted in the first dissociation
step. E1 + AEp, adjusts for the difference between photon energies.

hv Er E E, E| + AEp,
4.28 1.28 0.63 0.81 1.13
4.43 1.43 0.66 0.94 1.10
4.59 1.6 0.69 1.10 1.10

correlating to Br™('S) + L,(B*I1{, ) products; some fraction
of the metastable 12(B31'13’u) fragments then undergoes elec-
tronic predissociation via repulsive surfaces correlating to
ground state I atoms.

D. Thermodynamic quantities

The dissociation energy of [, Br™ can be directly obtained
from the three-body N(E7) distributions in Fig. 4, taking the
peak of the sharp 3B feature, E %‘?peak, as our reference point.
Do(I” — IBr) is then obtained by

Do(I” — IBr) = hv — E3B

T,peak — Dy(I — Br), 3)

where Dy(I — Br) = 1.8181 + 0.0001 eV, taken from the
literature.%*% We find Dy(I~ — IBr) to be 1.469 + 0.01 eV,
in good agreement with our calculated value of D, = 1.44 eV.
Similarly, using the known electron affinities*® of I and Br,
we report Do(Br~ — I) = 1.442 4+ 0.01 eV, which is compa-
rable to our calculated value of 1.42 eV. These results, both
experimental and theoretical, differ by less than 0.2 eV from
the bond energies calculated by Ogawa et al.’® who found
Dy(Br~ —1I,) = Dy(I" — IBr) = 1.30 eV and those of Lan-
drum et al.' who calculated a bond energy of Do(I~ — IBr)
=1.59eV.

With our bond dissociation energies, the 0 K heat of for-
mation, Ay H (IzBr(_g)) can be determined by (4),

AfH(IzBl"(_g)) = AfH(Iz(g)) + AfH(BI'(;)) - D()(Bl‘i — 12),
“)

where A H(Iyg)) = 65.50 &= 0.08 kImol~! (Ref. 66) and
ArH (Br(_g)) = —206.60 £+ 0.12 kJmol~' were determined
from A;H(Bre)) = 117.93 £ 0.12 kJ mol~! (Ref. 66) and
its EA.*® We find AyH(I,Br,) to be -2.90 + 0.01 eV, or
—280.2 + 1 kJmol~!.

E. Branching fractions

Branching fractions between two- and three-body disso-
ciation were obtained at all dissociation energies. However,
owing to less than unit detection efficiency of an impinging
particle on the MCP detector, the measured branching frac-
tions are biased toward “two-fragment” events as these events
are detected with a higher probability than “three-fragment”
ones. Approximating the particle detection efficiency of the
incident MCP as 0.5.,%7 the measured branching ratios were
appropriately corrected,’® and these values are shown in

J. Chem. Phys. 134, 134306 (2011)

TABLE III. Branching fractions for two- and three-body dissociation
of [LBr~.

Photon energy (eV) Two body Three body
4.13 0.62 0.38
4.20 0.58 0.42
4.28 0.65 0.35
4.43 0.62 0.38
4.59 0.65 0.35

Table III. The three-body branching ratio includes both two-
and three-fragment events that were assigned to three-body
dissociation with the appropriate scaling. Three-body dissoci-
ation constitutes ~35%—42% of the total fragmentations, and
this fraction does not show much dependence on wavelength.

In addition, we attempted to quantify the disposal of the
excess electron between the possible atomic and molecular
fragments at each dissociation energy, however due to the
spectral overlap of the many possible dissociation pathways
for this molecule, it is very difficult to accurately determine
these values. See the supplementary material for a complete
tabulation of these results.”® This analysis indicates that the
most prevalent anion produced from the sum of the two-
and three-body channels is I~, similar to the observations of
Mabbs et al.?® following excitation to the lower energy band
(3.2 eV). All possible anion products are produced at each
photon energy, though I, becomes a more minor channel at
the highest photon energies.

VI. DISCUSSION

These experiments demonstrate the rich photodissoci-
ation dynamics of I,Br~ from the upper absorption band,
which involve multiple two- and three-body channels. These
translational energy distributions are similar to those from
the lower absorption band of I3, where the two-body chan-
nels blended seamlessly into the corresponding three-body
channels,'* and suggest that two- and three-body dissocia-
tion occur via the same dynamical process. Specifically, at
4.13 eV, the Br(*P32) + I, (X*E}) and I"('S) + IBr chan-
nels (1B, 2A, 2B, and 2C) all correlate to channel 3B in the
limit of maximum internal excitation of the diatomic frag-
ment, and the two-body P(Er) distributions all feature sharp
falloffs at £, In this dynamical picture, IIBr~ is excited to
a manifold of electronic excited states, and dissociation oc-
curs along a repulsive surface via the stretching coordinate,
resulting in three-body dissociation or an atom and a vibra-
tionally excited diatomic when one bond fails to cleave. This
mechanism is consistent with the Dalitz plot of channel 3B
in Fig. 6, which indicates that dissociation proceeds primarily
by a concerted mechanism where both bonds break before the
diatomic product has a chance to rotate, resulting mainly in
collinear dissociation events at the perimeter of the inscribed
circle.

The high degree of vibrational excitation in the pho-
toproducts is consistent with the large differences in bond
lengths between the ground state anions and the diatomic
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products. For example, our calculated value for the ground
state anion bond length, Req(Il — Br™) = 2.748 A, is signif-
icantly longer than that of ground state IBr (2.469 A).0+65
A simple Franck—-Condon picture® of the photodissociation
dynamics would predict high vibrational excitation of the
IBr fragment, in agreement with our observations. Similarly,
Roq(Brl —17) = 2.936 A differs significantly from the I-I
bond length in both ground state I (3.205 A; Ref. 45) and
neutral I, (2.666 A).”

However, in contrast to the other two-body dissociation
pathways, both the two-body P(Er) distributions and the se-
quential three-body decay suggest that I,(B) formed in disso-
ciation has little vibrational excitation, as this feature peaks
near E7* in the two-body translational energy distributions
and predissociation of I,(B) occurs more efficiently in lower
vibrational energy levels. Also, as the photon energy in-
creases, the additional energy is almost entirely funneled into
kinetic energy release in the primary dissociation, E;. This
observation can again be reconciled with the aid of a simple
Franck—Condon picture noting that the equilibrium I-I bond
length in the trihalide (~2.94 A) is very close to that of the
B-state of I, (~3.02 A). It is also possible that the initial dis-
sociation occurs following promotion to a directly repulsive
surface such that nearly all of the energy is converted into
translation with little vibrational energy deposition in the di-
atomic fragment.

Upon absorption at 4.13 eV, dissociation preferentially
proceeds along channels producing I, (X?%;) or I", with
some contribution from channels 1A or 1D, producing Br™.
In each case, the P(Er) distribution includes events at the
edge of E%ﬂn, reflecting maximum internal excitation of
the diatomic fragment. Upon dissociation into three atoms,
the excess electron is most likely to leave with an I atom. This
is also true at 4.20 eV, but excitation at 4.20 eV produces dif-
ferent two-body dynamics in mass channel 2. The two-body
pathway producing I~ (' S) + IBr products (from channels 2A,
2C, or 2E) has diminished and a feature corresponding to
three-body dissociation where only an iodine and a bromine
are detected has grown in intensity in Fig. 3(b). Three-body
dissociation of IIBr~ where only the terminal atoms are de-
tected must come from events where the central iodine atom
has struck the beam block in front of the detector. Given the
asymmetry of the molecule, a concerted three-body dissoci-
ation would impart nonzero momentum to the central atom,
allowing it to pass by the beam block. For a central I frag-
ment to strike the beam block, some events corresponding
to very little or zero iodine momentum must occur. Similar
events, where all three fragments are detected, should be ob-
servable in the Dalitz plots in Fig. 6. Such events are evident
at f =0.

At4.28 eV, 1(* Py5) + IBr (X*£),) is a dominant chan-
nel (2B). As IBr= (X 221“72) correlates to Br~ and ground state
I P; /2), the feature assigned to channel 2B in the P(Er) dis-
tribution also extends through E'™ into the three-body P(ET)
distribution for channel 3A. This reflects concerted dissocia-
tion similar to the case of channel 3B discussed above. Neu-
tral I, is also observed, in its ground electronic state as well
as in the (B3l'[a”u) state. As hv is increased from 4.28 to 4.43
eV and further to 4.59 eV, signal from Br(> P; )+ 1L (X 2 =5

J. Chem. Phys. 134, 134306 (2011)

(channel 1B) diminishes while signal from channel 1E in-
creases. This increase in intensity correlates with a stronger
line of constant fg, in the Dalitz plots in Fig. 5, consistent
with an increasing population of predissociating I,(B>TI, ).
In addition to the growing contribution from channel 1E, ex-
citation by higher energy photons results in the population of
several minor channels, reflecting a greater number of elec-
tronic excited states being accessed. Channel 2F, producing
I-('S) and IBr(B3H3') fragments, appears at hv > 4.28 eV,
this coincides with the appearance of channel 3C, producing
Br* (2 P 1 /2).

The three-body photodissociation dynamics of 4.28—
4.59 eV are of particular interest, specifically the line of
constant fg, hinted in the 4.20 eV Dalitz plot for channel 3A
and clearly present at the three highest photon energies. As
discussed in Sec. V C, this line indicates a sequential three-
body decay, where the first bond breaks, leaving a metastable
fragment, 12(331"1&) in this case, destined later to undergo
a second dissociation step. 12(331'[3’”) is known to electroni-
cally predissociate via coupling to the I,(B//'I1;,) repulsive
curve, leading to ground state iodine atoms.”!~’* The predis-
sociation occurs on the order of microsecond (Ref. 75) and is
dependent on the (v, J) levels populated, with Franck—Condon
density (FCD) maxima occurring at v = 5 and v = 25, and a
minimum at v = 14. Fluorescence from the B-X transition
also occurs to some extent at all vibrational levels, with max-
ima around v < 5 and v = 25 and a global minimum near the
dissociation asymptote.” The ratio of the rate of predissocia-
tion to that of fluorescence has a minimum at v = 14.”* The
average E; of 1.11 eV (Table II) corresponds to I(B) with
v & 6, which is close to the FCD maximum of v = 5. Both
radiative decay and predissociation are possible at the low v
levels observed in our experiment. The two-body events pro-
ducing I,(B) fragments have likely undergone radiative decay,
which occurs on a similar timescale of 0.4—7 us,” consistent
with our detection ~30 us after absorption.

It is interesting that no evidence for similar sequential
three-body dissociation has been observed in I3, either in
our group'*'* or others.!> ' While we only tentatively as-
signed an I7('S) + I(B>I1,) product channel, Nakanishi'®
assigned the channel at nearly the same photon energy (4.28
and 4.27 eV, respectively) with a branching fraction of 0.11.
Although Br('S) + L,(B>T1{, ) in the present study is a more
significant channel than I7('S) + I(B°TI{) in the I sys-
tem, evidence for sequential dissociation is quite distinctive
in the Dalitz analysis used by us for both ions. We infer from
this that any I,(B3T1{, ) fragments produced in the photodis-
sociation of I do not later undergo electronic predissocia-
tion. As there is significant overlap in the energetics of the
I-('S) + (B} ) channel and I* Py o) + I (X2Z}), it is
difficult to infer the vibrational distribution of I,(B) in the
two-body P(Er) distributions. It is possible that any I,(B)
fragments detected in those experiments were produced in vi-
brational levels around v = 14 or significantly higher than
v = 25 (the second predissociation peak).”” These I,(B) frag-
ments likely undergo fluorescence before detection, as fluo-
rescence at any vibrational level is on the order of a few us
and thus consistent with our detection timeline (>30 us in the
I3 experiment).
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VIl. CONCLUSIONS

We have investigated the photodissociation dynamics of
[IBr~ using a fast beam photofragment translational spec-
trometer. The anions were photodissociated at five energies
between 4.13 and 4.59 eV. Fragments from both two- and
three-body events were collected and analyzed using a time-
and position-coincidence imaging detector. At each dissocia-
tion wavelength, photofragment mass ratios and translational
energy distributions were measured and three-body Dalitz
plots were constructed.

Both two- and three-body dissociation channels were de-
tected at each wavelength employed, with three-body dissoci-
ation from IIBr™ constituting about a third of events detected
at each photon energy. Some shifts in [IBr~ photodissociation
dynamics are observed between 4.13 and 4.28-4.59 eV. While
two-body channels producing I, (X?E;) and IBr(X'EZ™)
channels dominate at the lowest photon energy, both channels
diminish at the higher excitation energies and are eclipsed by
Br (!S) + LL(B? l'[a”u) and I(2P3/2) +IBr (X% T/z) pathways.
The two-body I~ (' S) channel appears to be replaced by three-
body dissociation upon higher excitation.

Among the three-body channels, I"('S)+1(P;))
+Br(’P; 12) was the preferred pathway at every wavelength,
although I( P3p) + I P3p) + Br=('S) was always present.
Analysis of momentum disposal in three-body events using
Dalitz plots shows both channels occur by concerted bond
cleavage, under some influence of bending motions. In addi-
tion, the Dalitz plots reveal that I(> P3) + I P 2) + Br= (')
also occurs by sequential dissociation via primary generation
of Br~('S) and metastable I,(B> Ha'u), which subsequently
predissociates via coupling to a repulsive curve correlating to
ground state products. Interestingly, there is no evidence for
such sequential decay in the photodissociation of I3 in similar
wavelength ranges.
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