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a b s t r a c t

The three-body dissociation of I�2 (CO2) following excitation of the I�2 chromophore to the repulsive A02Pg,1/2

and B2Rþg;1=2 electronic states at 1.72 and 3.21 eV has been investigated using fast beam photofragment
translational spectroscopy. The translational energy distributions for three-body dissociation provide a
direct measurement of the CO2 binding energy, yielding a value of 218 ± 10 meV. These distributions
are vibrationally resolved and show that some CO2 is produced with bend excitation. Dalitz plots show
that the dominant three-body decay mechanism is asynchronous–concerted decay, in which the two
bond cleavages are distinct but nearly simultaneous events.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The formation and cleavage of molecular bonds in chemical
reactions is one of the most fundamental concepts in all of science.
Scattering measurements such as crossed molecular beams exper-
iments probe this process in exquisite detail in bimolecular reac-
tive collisions [1]. Complementary information on unimolecular
dynamics is obtained from photodissociation experiments, in
which absorption of a single photon with well-defined energy
results in the rupturing of one or more chemical bonds, thereby
providing invaluable insights into the mechanism by which vibra-
tional or electronic excitation is coupled to molecular dissociation
[2,3]. The vast majority of these studies have focused on
two-body dissociation; photodissociation into three fragments re-
mains less explored largely owing to the difficulty of obtaining a
complete picture of these complex decay pathways [4,5]. However,
photofragmentation into three (or more) fragments has been
inferred in species such as H3 [6], COCl2 [4], and glyoxal [7];
three-body dissociation is also seen in collision-induced dissocia-
tion [8], dissociative photodetachment [9], and dissociative charge
exchange [10]. The mechanism by which these three-body dissoci-
ation reactions occur (concerted vs. sequential) is a topic of much
interest in reaction dynamics. It is particularly fruitful to study
these dynamics is using fast beam dissociation experiments that
are capable of making time and position sensitive measurement
of all coincident photofragments [6,10–12]. This methodology
offers a complete picture of the fragmentation and allows elucida-
tion of both energetic and mechanistic information.
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In this Letter, the three-body photodissociation of the
ion–molecule complex I�2 (CO2) is investigated. Photodissociation
of I�2 following excitation into the repulsive A02Pg,1/2 and B2Rþg;1=2

electronic states has been studied extensively, not only as an iso-
lated species in the gas phase [13,14], but also in charged clusters
with various solvating species [15–19] and in bulk solution [20,21].
As such, the ease of formation and mass selection of I�2 (CO2)n clus-
ters in the gas phase coupled with the energetic accessibility of the
three-body dissociation limit makes I�2 (CO2) an excellent model
system for the study of three-body decay. Prior to dissociation,
the I�2 chromophore is largely unperturbed by the presence of
CO2 [15], but the addition of just one solvent molecule can be suf-
ficient to alter the dissociation dynamics. For example, Lineberger
and co-workers [22,23] have shown that in the photodissociation
of a very similar system, IBr�(CO2), the CO2 molecule mediates a
long-range electron transfer between the separating halogens. This
interaction results in a small amount of Br� + I products upon exci-
tation of the A0 state of IBr�(CO2), whereas in the bare diatomic the
A0 state dissociates solely to I� + Br.

Anion photoelectron spectroscopy of I�2 (CO2) [24] reveals a
progression in the CO2 bending mode, indicating that the CO2 is
slightly bent in the anion. As part of that study, electronic structure
calculations and Franck–Condon analysis determined that the
ground-state geometry is of C2v symmetry in which the CO2 is
bound at the I�2 waist with an OCO bond angle of approximately
177.5�; the CO2 lies in a plane that perpendicularly bisects the I–I
internuclear axis. Population analysis showed some charge transfer
into the p⁄ LUMO of CO2, which would favor a bent geometry, but
the distortion can also result from electrostatic interactions
[25,26]. The strong charge-quadrupole interaction of the electro-
positive carbon and the negatively charged I�2 leads to relatively
large solvation energies in these clusters. Cluster calorimetry was
used to determine these energies over a range of cluster sizes
[27] and yielded a binding energy of 234 ± 21 meV for the first
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Figure 1. Translational energy distributions for the dissociation of both bare I�2 (red,
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CO2. In this method, the anion binding energy is extrapolated by
measuring the shift in vertical detachment energy of I�2 over a
range I�2 (CO2)n cluster sizes. Recent electronic calculations on the
microsolvation of I�2 (CO2)n clusters [26] are in substantial agree-
ment with the experimental binding energy, finding values of
224 and 232 meV at the MP2 and CCSD(T) level of theory,
respectively.

Herein, we report a kinematically complete study of the three-
body photodissociation of I�2 (CO2) by coincidence imaging of the
recoiling photofragments following dissociation of a fast beam of
parent ions. Results are presented for dissociation of I�2 (CO2) fol-
lowing excitation of the I�2 chromophore into the A02Pg,1/2 state
at 720 nm and theB2Rþg;1=2 state at 386 nm. The three-body transla-
tional energy distributions show resolved structure resulting from
vibrational excitation of the CO2 fragment and directly yield the
I�2 � �CO2 binding energy. Analysis using Dalitz plots probes the
detailed three-body decay mechanism. Differences in the CO2

vibrational distribution and Dalitz plots at the two wavelengths
are observed and discussed.
dotted line) and I�2 (CO2) (solid, black line) following the A02Pg,1/2 � X2Rþu;1=2

transition at Ehm = 1.722 eV. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Figure 2. Translational energy distributions for the dissociation of both bare I�2 (red,
dotted line) and I�2 (CO2) (solid, black line) following theB2Rþg;1=2 � X2Rþu;1=2 transition
at Ehm = 3.212 eV. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
2. Experimental

The current study was performed on our fast beam photofrag-
ment translational spectrometer that has been described in detail
elsewhere [28,29]. Briefly, I�2 (CO2) cluster ions are produced by
flowing a mixture of 10% CO2 seeded in O2 (25 psig) over iodine
crystals (neat O2 for bare I�2 ) and subsequently expanding this mix-
ture into a vacuum chamber through a pulsed piezoelectric valve
operating at 60 Hz. This free jet expansion is intersected down-
stream by a continuous 1 keV electron beam, and the resulting ions
are accelerated to a laboratory frame beam energy of 8 keV. Mass
selection is achieved by a Bakker time-of-flight mass spectrometer
[30,31] that imparts negligible kinetic energy spread to the ion
beam. The ion packet of interest is then intersected with a pulse
from a Lambda–Physik XeCl excimer-pumped dye laser system
(FL 3002 and Scanmate at 720 and 386 nm, respectively) polarized
in the plane of the detector. The recoiling photofragments are de-
tected 2.15 m downstream by a time and position sensitive (TPS)
detector, while undissociated parent ions are intercepted by a
5 mm diameter beam block.

The TPS detector comprises three 75 mm diameter microchan-
nel plates in a Z-stack and coupled to a phosphor screen. The image
from the phosphor screen is split by a dichroic beam splitter to a
photomultiplier tube and CCD camera for relative timing and posi-
tion information, respectively [32]. Analysis of this data yields the
photofragment masses, the center-of mass translational energy re-
lease ET, and the recoil angle with respect to the to the polarization
of the laser beam for two-body dissociation. In the case of the
three-body dissociation, the center of mass momenta of each frag-
ment are calculated providing additional mechanistic information
about the fragmentation through the use of Dalitz plot analysis
[33].
3. Results and discussion

3.1. Translational energy distributions

Figure 1 shows the photofragment translational energy dissoci-
ation for the two-body dissociation of I�2 and the three-body disso-
ciation of I�2 (CO2) following excitation of the A02Pg,1/2 � X2R+

u,1/2

transition of I�2 at 720 nm (1.722 eV). Figure 2 shows the analogous
results from excitation of the B 2R+

g,1/2 state at 386 nm (3.212 eV).
In both cases, the excited I�2 state is repulsive in the Franck–Condon
region [34]; the A02Pg,1/2 state correlates to I� + I(2P3/2) products,
while the B2R+

g,1/2 state correlates to I� + I⁄(2P1/2) products, lying
0.943 eV higher in energy. The two- and three-body distributions
are shown as dotted and solid lines, respectively, and the dashed
vertical lines indicate the peak position for each feature.

At both wavelengths, dissociation of I�2 produces a single peak
whose translational energy is determined by

ET ¼ hm� D0ðI�2 Þ ð1Þ

where D0(I�2 ) is the bond dissociation energy for the relevant disso-
ciation channel: 1.007 ± 0.005 and 1.950 ± 0.005 eV for production
of I(2P3/2) and I⁄(2P1/2), respectively [35]. The experimental peak
positions at the two wavelengths, ET = 0.72 eV (720 nm) and
1.26 eV (386 nm), conform to the expected values. The full-width-
at-half-maximum peak widths of �50 meV and the tail toward
higher ET reflect the internal energy of the parent I�2 anion.

The three-body distributions for I�2 (CO2) at both wavelengths
are shifted toward lower ET, and each distribution comprises two
peaks. The dominant peaks are at 0.51 and 1.05 eV at 720 and
386 nm, respectively, so each lies �0.21 eV below the correspond-
ing I�2 peak. At each wavelength, the smaller peak is shifted to
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lower ET by 80 meV with respect to the larger peak, an energy
interval equal to the fundamental bending vibrational frequency
in CO2 (667 cm�1). Based on the peak heights, the relative intensity
of the smaller peak with the respect to the higher energy peak is
approximately 16% at 720 nm and 59% at 386 nm.

3.2. Dalitz plot analysis

To gain further insight into the three-body dissociation dynam-
ics, the momentum partitioning among the photofragments in the
decay process, fi ¼ p2

i =Rp2
j , can be represented in a Dalitz plot [33]

as shown in Figure 3. Conservation of energy requires that all
points representing a three-body dissociation event lie within the
triangle, while conservation of momentum further requires all
points to lie within the inscribed circle [8]. With unit triangle
height, the radius of the inscribed circle is 1=3 with its center at
(1=3, 1=3, 1=3). Points along the edge of this circle correspond to events
in which the three momentum vectors are collinear, while points
near the center originate from more symmetric, non-collinear frag-
mentation [6]. Given that the iodine atoms are indistinguishable in
terms of their mass, these plots are twofold symmetric for this sys-
tem about the line AB (equal iodine momenta) indicated in Figure
3. To take advantage of this symmetry, we apply a convention of
plotting the iodine fragments receiving more (less) of the center
of mass momentum on one axis labeled Ifast (Islow). This convention
allows the Dalitz plot to be ‘folded over’ with all points now con-
fined to half of the inscribed circle [8].

Dalitz plots for dissociation from excitation to the A0 and B
states are shown in Figure 3a and b, respectively. These plots are
similar in appearance with pronounced intensity in the region cor-
responding to low CO2 momentum (fCO2 6 0:1), indicating that
most of the available momentum is taken up by the recoiling I
atoms. The points are noticeably more confined near the radius
of the inscribed circle in Figure 3b. These plots are discussed in
more detail in Section 3.4.

3.3. Dissociation energies

In the three-body dissociation of I�2 (CO2), the translational en-
ergy for a photodissociation event will be

ET ¼ hmþ Eint I�2 ðCO2Þ
� �

� D0ðI�2 Þ þ D0ðI�2 � �CO2Þ þ EintðCO2Þ
� �

; ð2Þ

where Eint refers to vibrational and rotational energy of either the
parent ion or CO2 fragment, and D0ðI�2 � �CO2Þ is the binding energy
of CO2 to I�2 . By comparison to Eq. (1), if the parent ion and CO2 frag-
ment have no internal energy, then the shift of the three-body peaks
Figure 3. Dalitz plots of momentum partitioning (fi ¼ p2
i =Rp2

j ) between the fragments in
state. ⁄The line AB corresponds to equal iodine momenta.
in Figures 1 and 2 compared to the two-body peaks directly yields
the CO2 binding energy.

Given that the two three-body peaks at each wavelength are
separated by the CO2 bending frequency, we assign the
dominant peak to I� + I + CO2(m2 = 0), and the smaller peak to
I� + I + CO2(m2 = 1), with the I atom in its 2P3/2 or 2P1/2 state
depending on the excitation wavelength. The peak widths for the
three-body features in Figures 1 and 2 are similar to those for
the two-body features, indicating that the contribution from addi-
tional degrees of freedom such as CO2 rotational energy to the
three-body widths is negligible. Since the peak maxima in the
two-body features give the correct I�2 bond dissociation energy, it
is reasonable to attribute the maximum of the I� + I + CO2 (m2 = 0)
peak to dissociation from ground state parent ions to ground state
products. Hence, the difference between the maximum of this
feature and that of the two-body feature is an appropriate measure
of the CO2 binding energy. Averaging this difference from data
taken at both excitation energies, we obtain an average value for
the binding energy of 218 ± 10 meV.

This value lies within the error of the previous cluster calorim-
etry measurement of 234 ± 21 meV [27]. However, the calorimetry
method only measures the shift in electron affinity as a function of
cluster size, providing the energy gap between the neutral and an-
ionic cluster rather than the anion solvent binding energies. Thus,
that value requires an estimate of the neutral binding energy,
whereas the method described herein does not. Fitting the calorim
etry data over a range of cluster sizes yielded a value of 95(±16)
meV for the neutral binding energy. With the I�2 (CO2) binding en-
ergy obtained here (Sð�Þ1 ) and the previous measurement of the in-
creased electron affinity of I�2 (CO2) with respect to bare I�2 ,
DEa = 139 meV [24], the neutral binding energy is given by

Sð0Þ1 ¼ Sð�Þ1 � DEað1Þ ð3Þ

and found to be 80 ± 15 meV for I2(CO2).

3.4. Three-body dissociation dynamics

From fitting and integrating the two peaks in each three-body
distribution, we find that dissociation from the B state produces
vibrationally excited CO2 in approximately 34% of the three-body
dissociation events as opposed to only 13% from A0 state dissocia-
tion. This dependence upon excitation energy deviates from a
strictly Franck–Condon (FC) model of photodissociation [36], in
which the CO2 vibrational distribution is determined by the projec-
tion of the distorted, anion-bound CO2 geometry onto the vibra-
tional states of linear, isolated CO2, yielding the same vibrational
three-body dissociation of I�2 (CO2) for both transitions studied. (a) A0-state and (b) B-
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distribution for dissociation from either the A0 or B state. Hence, it
appears that final state interactions as the CO2 separates from the
dissociating I�2 differ for excitation into the two I�2 states. One can
attribute these differences at least in part to the greater transla-
tional energy available to the fragments upon excitation to the B
state, about 1 vs. 0.5 eV, as shown in Figures 1 and 2, but additional
insights into the mechanistic origin of this effect can be gleaned
from comparison with other data.

For example, the photoelectron spectrum [24] of I�2 (CO2) shows
bend excitation in the CO2 moiety of the neutral complex compa-
rable to that seen here in the CO2 fragment upon excitation to
the A0 state. As the extent of vibrational excitation in the photoelec-
tron spectrum is determined by the FC overlap of the bent CO2 in
I�2 (CO2) with the linear CO2 in neutral I2(CO2), it appears that the
simple FC picture does apply to photodissociation of I�2 (CO2) via
the A0 state. In contrast, the CO2 distribution from excitation of
the B state is closer to the extent of bend excitation seen in the
photoelectron spectrum of I�(CO2), [25] where the CO2 is more
strongly bent than in I�2 (CO2). These comparisons suggest that
the CO2 from A0 state excitation is leaving from an approximately
intact I�2 moiety, while the CO2 vibrational distribution from B state
dissociation is determined more by the I�(CO2) interaction than by
the I�2 (CO2) interaction. Such a result might indicate sequential
three-body decay upon B state excitation in which the iodine bond
breaks first, followed by dissociation of the I�(CO2) fragment.

These somewhat speculative arguments can be tested by exam-
ining the Dalitz plots in Figure 3. The limiting three-body decay
mechanisms inferred from these plots, which have been discussed
in detail previously [4,5], can be summarized as follows. Points
along the line AB represent events in which the I atoms recoil with
equal and opposite momentum, with the remainder appearing as
CO2 recoil. Events at point A represent those in which zero momen-
tum is imparted to the CO2 fragment, which essentially acts as a
spectator. As one moves away from point A along AB, there is
increasing momentum taken up by the CO2, with the three
momentum vectors forming a ‘T’ with C2v symmetry. Events along
this line correspond to synchronous–concerted dissociation, in
which the I–I and I2–CO2 bonds break simultaneously.

Points along the circumference of the inscribed circle corre-
spond to collinear events in which all three momentum vectors
are parallel; moving away from point A along the circumference
corresponds to increasingly asymmetric partitioning of the
momentum between the two I atoms, with the CO2 making up
the difference. This partitioning indicates an asynchronous–con-
certed decay mechanism, in which the second bond breaking event
occurs within a vibrational period of the first. This type of decay
confines both bonds to break within the original plane of the par-
ent molecule that contains the two dissociating bonds and results
in intensity along the edge of the allowed circular region. Asyn-
chronous concerted decay is distinct from asynchronous sequential
decay, in which the intermediate formed after the first bond cleav-
age lives on the order of a rotational period prior to dissociation.
Asynchronous sequential decay leads to a constant fraction of the
momentum in one fragment, as evidenced by a line segment paral-
lel to one side of the triangle in the Dalitz plots [12,37].

In a previous study of I�2 (Ar) on our instrument [29], the domi-
nant mechanism was synchronous–concerted dissociation with
nearly zero momentum imparted to the Ar atom, i.e. events clus-
tered around point A on the Dalitz plot. While the Dalitz plots for
I�2 (CO2) do show contributions at point A and along AB, there are
considerably more dissociation events with unequal partitioning
of the momenta between the iodine atoms and non-zero CO2

momentum at both excitation energies. As with I�2 (Ar), deviations
in the initial cluster geometry from strict C2v symmetry owing to
large amplitude vibrational motion can also result in a small num-
ber of dissociation events with unequal iodine momenta even
though the dissociation remains synchronous. This mechanism
should contribute to some of points lying off the line AB in the Da-
litz plots for I�2 (CO2). However, compared to I�2 (Ar), most of the sig-
nal lies well away from the AB line and there is significantly more
intensity along the edge of the inscribed circle, the signature of
asynchronous–concerted decay. There is no evidence for asynchro-
nous–sequential decay.

Comparing the plots at the two wavelengths, the dissociation
events from B state excitation are more confined to the diameter
of the inscribed circle than those from A0 state excitation. Hence,
while both wavelengths are dominated by asynchronous rather
than synchronous decay, the B state represents a purer case of
the asynchronous–concerted mechanism, in which a short-lived
I�(CO2) fragment promptly dissociates following the initial I–I
bond cleavage. This distinction may reflect the more repulsive
interaction between the two I atoms in the B state than in the A0

state; in the B state, the two I atoms separate rapidly, leaving the
CO2 attached to the I� fragment, whereas in the A0 state, the sepa-
ration between the two bond cleavages is not as clean.

It thus appears that the distinction between the Dalitz plots at
the two wavelengths is consistent with the origin of the differing
CO2 vibrational distributions that was suggested at the beginning
of this section. Upon excitation of the A0 state, the departing CO2

is interacting with a dissociating I�2 moiety, whereas B state disso-
ciation involves a more distinct passage through a short-lived
I�(CO2) intermediate. Based on the Franck–Condon picture out-
lined above, these dynamics would result in more bend excitation
in the CO2 fragment from B state dissociation, consistent with the
results seen in Figures 1 and 2. It would certainly be of interest to
perform molecular dynamics calculations on the two excited states
of the cluster to test these ideas more rigorously.

4. Conclusions

The three-body photodissociation of I�2 (CO2) has been studied
following excitation to both the A02Pg,1/2 state at 720 nm and the
B2Rþg;1=2 state at 386 nm of the I�2 chromophore. The three-body
translational energy distributions directly yield D0ðI�2 � CO2Þ =
218 ± 10 meV. These distributions are vibrationally resolved and
show short progressions in the CO2 bending mode, with more bend
excitation resulting from excitation of the B state. Dalitz plots of
the three-body events indicate that dissociation at both wave-
lengths is primarily asynchronous–concerted, although the results
for the B state conform to this limit more than those for the A0 state,
suggesting the formation of a transient I�(CO2) intermediate at
386 nm excitation. These differences in mechanism are proposed
as the origin of the differing vibrational distributions at the two
wavelengths, since the formation and dissociation of such an inter-
mediate is likely to result in more CO2 bend excitation than a less
asynchronous mechanism.
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