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Photodissociation dynamics of the triiodide anion „I3
À
…

Hyeon Choi,a) Ryan T. Bise, Alexandra A. Hoops, and Daniel M. Neumark
Department of Chemistry, University of California, Berkeley, California 94720
and Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

~Received 2 March 2000; accepted 10 May 2000!

The spectroscopy and dissociation dynamics of I3
2 were investigated using fast beam photofragment

translational spectroscopy. The photofragment yield of I3
2 from 420 to 240 nm was measured,

yielding two broadbands at the same energies as in the absorption spectrum of I3
2 in solution.

Photodissociation dynamics measurements performed with two-particle time-and-position sensitive
detection revealed two product mass channels having photofragment mass ratios of 1:2 and 1:1.
Both channels were seen at all photolysis wavelengths. Translational energy distributions show that
the 1:2 products are from a combination of I(2P3/2)1I2

2 and I* (2P1/2)1I2
2. The 1:1 mass channel

is from symmetric three-body dissociation to I212I. © 2000 American Institute of Physics.
@S0021-9606~00!00730-3#
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I. INTRODUCTION

The triiodide ion, I3
2, is a well known chemical specie

with unusual properties. It is a classic example of a molec
that violates the octet rule. It is also one of relatively fe
closed-shell negative ions that has excited electronic st
below its electron detachment threshold. During the last s
eral years, there has been considerable interest in the t
resolved photodissociation dynamics of I3

2. These experi-
ments have been performed in polar solvents and in the
phase, and yield markedly different results attributed to s
vent effects on the short-time reaction dynamics. In orde
better understand the differences between the two set
results, more information on the gas phase dynamics is
quired. In this paper, we present a frequency-domain st
of gas phase I3

2 photodissociation using fast beam photofra
ment translational spectroscopy.

The spectroscopy of triiodide ion (I3
2) has been exten

sively studied in the condensed phase. Its electronic abs
tion spectrum is dominated by two broadbands centere
290 and 360 nm,1 henceforth referred to as the upper a
lower bands. These bands are split approximately by
spin-orbit splitting of atomic I. While it is generally

accepted2 that theX̃ 1Sg
1 ground state of I3

2 has the molecu-
lar orbital configuration ¯(su)2(pu)4(sg)2(pg)4(pu* )4

(su* )0, assignment of the absorption spectrum has been
troversial. The lower and upper bands were originally
signed aspg→su* and sg→su* transitions with1Pu and
1Su

1 upper states, respectively, by Gabeset al.,3,4 while
Tasker5 proposed a similar assignment with the energy
dering reversed. Mizunoet al.6 pointed out that the lowe
band was too strong and had the wrong polarization dep
dence in crystalline CsI3 to be apg→su* transition. They
suggested that these two bands were fromsg→su* transi-
tions split by the spin-orbit coupling. This idea was cons
ered more quantitatively in a semiempirical calculation

a!Current address: Department of Chemistry and Biochemistry, Universit
California, Los Angeles, California 90095.
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cluding spin-orbit interaction by Okadaet al.,7 who assigned
the two upper states as admixtures of3P01u and 1S01u

states, both of which are 01 states in Hund case~c!; the
oscillator strength of both bands is due to the1S01u compo-
nent, while the3P01u component is mixed in by spin-orbi
coupling. This assignment was supported by the electro
and magnetic circular dichroism spectra~MCD! of triiodide
in solution by Isci and Mason.8

Early photodissociation studies of I3
2 in solution showed

that excitation into either band produces diiodide ions I2
2.9–11

The resonance Raman spectrum of I3
2 reveals a long progres

sion of the symmetric stretch, indicating that the initial m
tion on the excited state is along this coordinate.12–14Interest
in I3

2 has been re-kindled by a series of femtosecond tim
resolved transient absorption experiments used to study
photodissociation dynamics in solution. Baninet al.15–20 ex-
cited the upper I3

2 band at 308 nm and observed cohere

vibrational motion of I2
2 product anions in theirX̃ 2Su

1 state.
This coherent vibrational motion appears as early as 50
after the initial excitation, shows an average vibrational st
of ^v&512, and is irreversibly lost within 4 ps due to inte
action with the solvent molecules. Using a similar techniq
Kuhne et al.21–23 measured the vibrational distribution an
relative product yield of I2

2 at several wavelengths. The
reported the product yield of I2

2 to be 1.0 at 400 nm~lower
band! and 0.8 at 266 nm~blue edge of upper band!, with the
remainder assumed to beI -12I .

Experiments on gas phase I3
2 have begun only recently

Do et al.24 measured the bond strength of I3
2 through

collision-induced dissociation in a tandem mass spectro
eter, obtaining a value of 1.3160.06 eV for dissociation to
I21I2. The photoelectron spectrum of I3

2 was taken by Tay-
lor et al.25 and the electron affinity of I3

2 was determined as
4.22660.013 eV. From these two experiments, one can c
struct the energy diagram for I3

2 photodissociation shown in
Fig. 1.

Recently, Zanniet al.26,27 studied the photodissociatio
of I3

2 in the gas phase using femtosecond photoelectron s
troscopy ~FPES!. In this study, I2

2 and I2 were found as
f

5 © 2000 American Institute of Physics
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photoproducts at 390 nm~lower band! with approximately
equal yields. In addition, coherent vibrational motion
I2
2(X̃) was observed and indicated much higher excitat

(^v&567) than in solution. To model the dynamics of th
reaction, they constructed a potential energy surface tha
produced the vibrational energy distribution in quantu
wave packet simulations. These calculations strongly imp
that I2 was produced by three-body dissociation to I212I
rather than the lower energy I21I2 channel ~see Fig. 1!.
Highly excited dihalide products have also been obser
from the photodissociation of IBr2

2 and BrICl2 in a recent
study by Sanovet al.,28 but no atomic halide product wa
seen.

A more complete study of I3
2 in the gas phase in neede

to better understand the significant differences between
gas phase and solution results. Here, we present results u
fast beam photofragment translational spectroscopy
probe several new aspects of the gas phase spectroscop
dynamics. We are particularly interested in the followin
First, the absorption spectrum of I3

2 in the gas phase ha
never been taken. Second, the photodissociation of gas p
I3
2 has not been studied at multiple photon energies. Th

experimental efforts on this reaction have been focused
detecting I2

2, with no information about the spin-orbit stat
of the I photoproduct. The spin-orbit distribution would b
very useful for understanding the correlation between
excited states of I3

2 and the photoproducts. Finally, while th
work by Zanniet al.26,27 provided indirect evidence that I2

production occurs via three-body dissociation, this mec
nism can be assessed directly in the fast beam experime

II. EXPERIMENT

Photodissociation of the triiodide anions (I3
2) was stud-

ied using our fast beam photofragment spectrometer.29–31

This instrument is generally used for neutral free radical d
sociation but can also be applied to negative ion photodis
ciation. To make I3

2, argon gas~3 psig! is flowed over iodine
crystals (I2) at room temperature. The resulting mixture s
personically expands through a pulsed valve into the sou

FIG. 1. Energetics of I3
2. Electronic band maxima of I3

2 are shown as dotted
lines.
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region of the apparatus. Anions are generated by crossing
free jet with a 1 keV electron beam just downstream of t
valve orifice. Rotational temperatures of 20–50 K are ty
cally attained in the course of the expansion.

The pulsed molecular beam passes through a skim
into a differentially pumped region. Negative ions in th
beam are accelerated to 8 keV and mass selected wi
collinear time-of-flight~TOF! mass spectrometer. The I3

2 ion
packet is intersected by a linearly polarized excimer-pum
pulsed dye laser beam and some I3

2 ions absorb a photon an
dissociate. The photofragments are detected by a multich
nel plate detector lying either 1 or 2 m downstream from the
dissociation region. A blocking strip across the center of
detector prevents parent molecules from reaching the de
tor, whereas photofragments with sufficient recoil ener
miss the beam block and strike the detector. These fragm
are generally detected with high efficiency~up to 50%! due
to their high laboratory kinetic energy.

Two types of experiments are performed to characte
the photodissociation of I3

2. First, the photofragment yield
~PFY! spectrum is obtained by collecting the total flux
fragments as a function of the photodissociation laser wa
length. To investigate the photodissociation dynamics a
fixed wavelength, two photofragments from a parent m
ecule are collected in coincidence using a time- and posit
sensitive detector. In this experiment, we measure the
tance R between the two fragments on the detector, th
arrival time differencet, and the individual displacement o
the two fragments,r 1 and r 2 , from the detector center fo
each dissociation event. From these we obtain the cente
mass translational energyET , the scattering angle with re
spect to laser polarization,u, and the photofragment mas
ratio m1 /m2 via

m1

m2
5

r 2

r 1
, ~1!

u5tan21S R

y0•t D , ~2!

ET>E0•
m

M
•

~y0•t!21R2

l 2 . ~3!

Here E0 and y0 are the ion beam energy and velocit
respectively,m is the reduced mass, andl is the flight length

FIG. 2. Photofragment yield~PFY! spectrum of I3
2. Solid line and circles:

gas phase PFY spectrum. Dotted line: absorption spectrum of aqueous3
2.
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from the photodissociation region to the detector. Althou
the relative recoil distanceR is determined with high preci
sion (R/DR'100), the individual recoil distancer 1 and r 2

are less precisely determined due the finite size of the pa
beam, resulting in mass resolutionm/Dm'10. The energy
resolution (DET /ET) under the conditions in these studies
around 2%.

There are some issues is performing these experim
on I3

2 that are absent in our studies of neutral free rad
dissociation. The dynamics experiment requires that
fragments be detected in coincidence. The front of the de
tor is biased at a high negative potential, so only neu
fragments can be detected. This might seem problematic
I3
2 photodissociation, because one of the photoproducts

be an ion. However, the dissociation laser photon energ
always greater than the electron affinity of either I or2

~3.05932 and 2.524 eV,33 respectively!, so the dissociation
laser can detach I2 and I2

2 photoproducts, creating neutra
that are then detected. The possible role of three-body di
ciation is an additional complication, since the coinciden
detector can only process two events per laser shot. In
as discussed in more detail in Secs. III B and IV, the situat
often arises in which only two out of the three fragmen
reach the detector, so this channel can still be treated p
erly.

III. RESULTS AND ANALYSIS

A. Photofragment yield „PFY… spectrum

The PFY spectrum of I3 from 416 to 246 nm, shown a
the solid line with circles in Fig. 2, was acquired with a st
size of 5 nm. Each point was obtained at the same la
fluence~50 mJ/cm2! and the same parent ion density. T
spectrum is covered using 11 different laser dyes.
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The PFY spectrum shows two intense features aro
360 nm and 290 nm. These maxima agree well with
absorption spectrum of aqueous I3

2,7 shown as a dotted line
in Fig. 2, as does the band profile for the lower band. Ho
ever, the upper band in the PFY spectrum is noticeably n
rower than in the absorption spectrum. This difference mi
be caused by photodetachment of I3

2, energetically possible
below 293 nm,25 since this would deplete the PFY signal. O
the other hand, the upper band on the PFY spectrum is
rower to the red of the band maximum as well, indicating
real difference in peak widths in gas phase and solution.

B. Photodissociation dynamics of I 3
À

1. Photofragment mass ratio (m 1 Õm2)

Photodissociation dynamics experiments were p
formed at selected photon energies marked by arrows in
2. Data at 3.18 and 3.31 eV were taken at a flight length o
m, and all higher energy data were obtained with a flig
length of 1 m; these flight lengths were chosen to optim
collection of the low and high energy photofragments.

The first information we get from this experiment is th
ratio of the fragment masses, shown in Fig. 3 at 3.87 eV~320
nm!. It is immediately seen that there are two product ch
nels occurring at this photon energy with mass ratios of
and 1:1. The peaks are somewhat broader than expe
based on our typical photofragment mass resolut
(m/Dm'10), possibly reflecting some of the complicate
dissociation dynamics discussed below. At every photon
ergy we probed, a similar product mass ratio is obtained

As shown in Fig. 1, there are several product chann
that are thermodynamically feasible following UV excitatio
of I3

2:
I3
2~X̃!1hnphoton→I2~1S!1I2~X̃! D051.3160.06 eV ~channel 1!

I~2P3/2!1I2
2~X̃! 1.8560.06 eV ~channel 2!

I* ~2P1/2!1I2
2~X̃! 2.7960.06 eV ~channel 3!

I~2P3/2!1I~2P3/2!1I2~1S! 2.8560.06 eV ~channel 4!

I~2P3/2!1I* ~2P1/2!1I2~1S! 3.8060.06 eV ~channel 5!.
els.

so-
s the
tion
that
nal
ass
o-
e

me.
par-
The energetics are based on the bond strength (
60.06 eV) of I3

2 from the collision-induced dissociation ex
periment by Doet al.,24 the spin-orbit coupling constant fo
the I atom ~0.943 eV!, and the dissociation energies
I2(1.542 eV)34 and I2

2(1.007 eV).33 In addition to the above

channels, the low-lying excited states of I2 ~Ã8 3P2u and

Ã 3P1u!35 and I2
2 ~Ã or Ã8 2Pg!36,37 are also accessible a

excitation energies used here. However, we cannot dis
guish these I2 and I2

2 states from vibrationally excited I2
2 in

the X̃ state.
Channels 1–3 are two-body dissociation channels

are possible candidates for the products with 1:2 mass ra
31

n-

at
s,

while channels 4–5 are three-body dissociation chann
Three-body dissociation of I3

2 can occur within two limits:
symmetric and asymmetric dissociation. In symmetric dis
ciation, the two bond lengths increase at the same rate a
dissociation proceeds, whereas in asymmetric dissocia
the two bond cleavage events are distinct, in the sense
the diatomic fragment persists for at least one vibratio
period. Our observation of photofragments with a 1:1 m
ratio is a strong indication for symmetric three-body diss
ciation. In this limit, the two end atoms fly apart and th
central atom remains stationary in the center-of-mass fra
Thus the central atom follows the same trajectory as the
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ent molecule and hits the beam block in front of detect
whereas the two end atoms are detected with equal disp
ment from the center of the detector@i.e., r 15r 2 in Eq. ~1!#.

2. Energy and angular distributions

For each channel, the joint translational energy and
gular distribution is given by

P~ET ,u!5P~ET!•~11b~ET!•P2~cos~u!!!, ~4!

in which b(ET) is the anisotropy parameter. For the chan
with the 1:1 mass ratio,m51/2•mI (mI5mass of I atom) is
used in Eq.~3!.

The limiting cases of sin2 u and cos2 u angular distribu-
tions are given byb521 and12, respectively. Generally
speaking, a parallel transition shows a positiveb parameter
while b,0 for a perpendicular transition. Both mass cha
nels show a positiveb parameter in agreement with the o
servation of a parallel transition in (xanthotoxin)•KI3 crystal
by Mizuno et al.6 However, accurate measurement of theb
parameter is hampered because the beam block allows d
tion over a very restricted angular range.

P(ET) distributions for the 1:2 mass channel from3
2

dissociation are shown in Fig. 4. Distributions associa
with transitions to the lower and the upper bands are sho
on the left and right sides of Fig. 4, respectively. TheP(ET)
distributions show two main features at every photon ene
labeled as A and B in Fig. 4. Both features move towa
higherET with increasing photon energy.

Channels 1–3 all correspond to products with a m
ratio of 1:2. With our detection scheme, we cannot dist
guish between I21I2 and I1I2

2 products. However, at al
excitation energies studied here, no products are seen a
ergies above the maximum allowed for channel 2~rightmost
arrows in Fig. 4!. We therefore attribute all products in Fig
4 to channels 2(I1I2

2) and 3(I*1I2
2). The two brackets in

each plot show the maximum and minimum translational
ergy for the two channels; at energies below the minimu
the I2

2 internal energy would exceed its bond dissociat
energy and it would dissociate long before reaching the
tector. Features A and B always fall within the allowed ran
for channels 2 and 3, respectively, so feature A is assigne
channel 2 and feature B to channel 3. For all excitation

FIG. 3. Photofragment mass ratio (m1 /m2) of I3
2 at photon energy 3.64 eV

~341 nm!.
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ergies in the lower band, feature A drops abruptly
the translational energy corresponding to the opening
channel 3.

With these assignments, average internal excitation
ergies of the I2

2 product for both channels (^Eint&) are ob-
tained by

^Eint&5hnphoton2D02^ET&, ~5!

where hnphoton and D0 are photon energy and dissociatio
energy for each channel. The average translational en
(^ET&) for each channel is obtained by averaging theP(ET)
over the allowed translational energy range~i.e., within the
brackets in Fig. 4!. Values of̂ Eint& at each photolysis energ
are given in Table I.

The internal energy of the I2
2 can be partitioned betwee

vibration and rotation. Since I3
2 is linear in its ground and

excited states, we expect relatively little product rotation
energy.̂ Eint& can then be converted into a reasonably ac
rate upper bound on̂v& for the I2

2 product through:

^Eint&5vc•^v&2vexe•~^v&1 1
2!

21 1
4•vexe . ~6!

FIG. 4. Translational energyP(ET) distributions of I3
2 with 1:2 mass ratio at

selected photon energies. Brackets indicate maximum and minimum tr
lational energies for channels 2 and 3~see text!.

TABLE I. Summary for 1:2 mass channel.

hnphoton

^Eint& ~eV! ^v& Branching ratio

Channel 2 Channel 3 Channel 2 Channel 3 Channel 2

3.18 eV 0.79 0.19 79 15 2.62
3.31 eV 0.81 0.33 83 27 0.97
3.44 eV 0.80 0.39 81 32 0.37
3.64 eV 0.82 0.53 84 46 0.72
3.87 eV 0.69 0.53 65 46 0.37
4.15 eV 0.58 0.68 52 64 0.33
4.28 eV 0.58 0.69 52 65 0.41
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In Eq. ~6!, the vibrational frequency (ve) and anharmonicity
(vexe) of I2

2 are 110 and 0.370 cm21, respectively, as deter
mined from the photoelectron spectra of Zanniet al.33 The
values^v& at each photolysis energy are also summarized
Table I. In addition, we calculate the branching ratio, cha
nel 2/3, in Table I by integrating features A and B in ea
P(ET) distribution. The very small energy overlap betwe
these features will not affect this calculation significant
However, the I2

2 ions must be photodetached prior to t
detector, as discussed in Sec. II, and we assume the ph
detachment efficiency of the I2

2 product is independent of it
excitation energy. Under this assumption, the population
highly vibrationally excited I2

2(v.80) is underestimated du
to the poor Franck–Condon overlap between those states
the bound states of I2. Although this correction can be ca
culated for each vibrational state, we have not done so s
individual product vibrational levels are not resolved.

Table I indicates the trends in^v& as a function of photon
energy. For channel 3,̂v& increases withhn over the full
range of excitation energies, indicating that energy conse
tion is controlling the extent of I2

2 vibrational excitation. For
channel 2, ^v& is approximately constant throughout th
lower band and drops once the upper band is accessed
branching ratio~channel 2:3! decreases with increasinghn
throughout the lower absorption band except at 3.64
while it remains around 0.3–0.4 throughout the upper ba

P(ET) distributions for the 1:1 mass channel are sho
in Fig. 5. These distributions are dominated by one or~at
hn54.28 eV! two sharp peaks, and also show broader, g
erally less intense features at lowerET than the sharp peaks
As discussed in Sec. III B, the observation of a 1:1 prod
mass channel strongly suggests symmetric three-body d

FIG. 5. Translational energyP(ET) distributions of I3
2 with 1:1 mass ratio at

selected photon energies. Arrows indicate expected translational energ
symmetric three-body dissociation.
in
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ciation to I1I1I2. In the symmetric limit, the central atom i
stationary, and the relative translational energy of the t
end atoms is fixed atET5hn2D0 , whereD0 is the thresh-
old energy for channel 4 or 5. The arrows in Fig. 5 sho
these values ofET , and in all cases the arrows match th
positions of the sharp peaks in theP(ET) distributions, con-
firming that these features are from symmetric three-bo
dissociation. All peaks correspond to I1I1I2 except for the
peak at lowerET at hn54.28 eV, which corresponds t
I1I*1I2. The latter channel is accessible athn54.15 eV
but is not observed at that energy.

While the sharp peaks in Fig. 5 correspond to the app
priate kinetic energies for symmetric three-body dissociati
we note that~a! the peaks are considerably broader than
experimental kinetic energy resolution,;150 meV vs;20
meV, and~b! there are broad features in addition to the sh
peaks. The origin of these two aspects of theP(ET) distri-
butions is considered in the next section.

Finally, we analyze the branching ratio of two-body ve
sus three-body dissociation in Table II by integrating t
P(ET) distributions in Figs. 4 and 5. Three-body dissociati
decreases in the lower band with increasinghn except at
3.64 eV, following the same trend as the channel 2/3 bran
ing ratio. In the upper band, the three-body channels bec
more intense with increasinghn.

IV. CLASSICAL TRAJECTORY CALCULATIONS

To gain further insight into the three-body dissociati
dynamics, classical trajectory calculations were perform
on a collinear model LEPS excited state potential ene
surface for I3

2. This potential energy surface, the paramet
of which are given in Table III, was previously used fo
wave packet simulations by Zanniet al.27 and is plotted in
Fig. 6. ~Note that some of the previously published para
eters were not labeled correctly.27! It differs from a previ-
ously published LEPS surface by Benjaminet al.38 in that it
has a shallow well in the transition state region; this w
found necessary to reproduce the I2

2 vibrational energy dis-
tribution seen by Zanniet al. Trajectories were computed b
standard methods.39,40 Numerical integration of Hamilton’s
equations was performed using the sixth-order Gear met
with variable step size. Initial conditions were selected
projecting the zero-point symmetric and asymmetric stret
ing motion of I3

2 onto the excited state surface. We are the

for

TABLE II. Branching ratios I3
2 photodissociation into the two mass cha

nels ~unit: %!.

hnphoton 1:2 mass channel 1:1 mass channel

3.18 eV 47 53
3.31 eV 57 43
3.44 eV 67 33
3.64 eV 55 45
3.87 eV 59 41
4.15 eV 52 48
4.28 eV 45 55
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TABLE III. Parameters for the potential energy surface (I r abI r bcI ).

Ground state potential surface for I3
2

Vg(Q1 ,Q3)5
1
2m1v1

2(Q12Qeq)
21

1
2m2v2

2Q3
2

Q15r ab1r bc Q35r ab2r bc

v1
a5112 cm21 v2

b5145 cm21 Qeq55.358 Å m1563.5 amu m3521.2 amu

Excited state potential surface for I3
2

Ve(r ab ,r bc ,r ac)5DE01Qab1Qbc1Qca2(Jab
2 1Jbc

2 1Jca
2 2JabJbc2JbcJca2JcaJab)

1/2

Qab5
@~11Sab!1E~rab!1~12Sab!3E~rab!#

2~11Sab!
1E~rab!5Dab@12e2bab~rab2rab

eq
!#22Dab

Jab5
@~11Sab!1E~rab!2~12Sab!3E~rab!#

2~11Sab!
3E~rab!5$Dab@11e2bab~rab2rab

eq
!#22Dab%/2

r ab
eq5r bc

eq53.205 Å Dab5Dbc51.014 eV bab5bbc51.181 Å21 Sab5Sbc50.50
r ca

eq52.983 Å Dcu51.010 eV bca51.000 Å21 Sca50.00
DE052.890 eV
b
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fore sampling a range of excitation energies determined
the Franck–Condon overlap between the ground and exc
state surfaces.

A total of 1764 trajectories were run, of which 70 pr
duced three-body dissociation. Several sample trajecto
leading to three-body dissociation are shown in Fig. 6. In
of these, the trajectories follow the symmetric stretch qu
closely until adjacent I atoms are separated by;6 Å, after
which they begin to spread along the antisymmetric stre
coordinate. No trajectories which reach the repulsive wall
the I2

2 product valleys lead to three-body dissociation in t
calculation. Trajectories of this type would represent asy
metric three-body dissociation, so it appears that this proc
does not occur.

We next consider how the products from the trajector
in Fig. 6 map onto the two-particle position-sensing detec
in our experiment. The positions of the three atoms at
detector are obtained from the asymptotic velocities of
three I atoms and the flight time~;31 ms! to the detector at
an ion beam energy of 8 keV and flight length of 2 m. F
each trajectory, all initial orientations of the molecular ax

FIG. 6. Classical trajectories leading to symmetric three-body dissocia
of I3

2 on potential energy surface. See text for explanation of solid
dotted lines.
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relative to the ion beam axis are considered. We find t
classes of trajectories, shown with solid and dotted lines
Fig. 6. For the solid trajectories, the central atom is block
by the beam block~8 mm wide! and the two end atoms ar
detected. These trajectories are detected as products w
1:1 mass ratio and correspond to the sharp peaks seen i
experimentalP(ET) distributions. However, even these tr
jectories show some displacement along the antisymme
stretch coordinate, resulting in a slight energy broadening
the peaks, and this agrees with what is seen experiment

For the trajectories shown with dotted lines, there are
least some initial orientations for which the central atom w
miss the beam block, resulting in three atoms hitting
detector. Simulations of the detector output under these c
ditions suggest that these types of trajectories are respon
for the broad features at lowET seen in Fig. 5.

V. DISCUSSION

A. PFY spectrum

The PFY spectrum in Fig. 2 is equivalent to the g
phase absorption spectrum of I3

2 in the limit that the quantum
yield for photodissociation is unity. This limit should hol
for wavelengths above 293 nm; at lower wavelengths, p
todetachment as well as photodissociation can occur.
competition between the two processes cannot be assess
our experiment. However, the I3

2 photoelectron spectrum
shows a much stronger photodetachment transition to a l
lying excited state of I3 lying about 0.26 eV above the
ground state.25 Detachment to this excited state is accessi
at wavelengths below 280 nm, which coincides with the ve
abrupt drop in the PFY intensity in Fig. 2, so it is likely th
photodetachment competes effectively with photodisso
tion at least below 280 nm.

Both bands in the gas phase PFY spectrum show a p
tive value ofb, the photofragment anisotropy parameter,
dicating they are parallel transitions. This is consistent w
consistent with their assignment7,8 to transitions to spin-orbit
induced admixtures of the1S01u and3P01u states, with the
oscillator strength coming from the1S01u component. The
upper band is clearly narrower than the lower band, e

n
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taking into account the possibility of photodetachment co
peting with photodissociation below 293 nm, because
upper band is narrower on both sides of its maximum at
nm. The two band maxima in the gas phase PFY spe
agree with the absorption maxima in solution. While t
width of the lower band is the same in gas phase and s
tion, the upper band is narrower in the gas phase PFY s
trum. This difference between the bands is most likely no
temperature effect; recent work in ethanol solution41 shows
that both bands narrow slightly as the temperature is lowe
from 300 to 135 K.

The narrower upper band in the gas phase spect
could simply arise from Franck–Condon effects, such a
lesser slope along the symmetric stretch coordinate in
Franck–Condon region for the excited state potential ene
surface. On the other hand, it is possible that the lower b
is composed of two overlapping electronic transition
Analysis of the magnetic circular dichroism spectrum of I
and Mason8 indicates there is a state with predominantly1Pu

character at 343 nm~3.61 eV!. A transition to this state is
symmetry allowed but expected to be weak. While there
no direct evidence from our spectra for this state, we n
that the two-body and three-bodyP(ET) distributions at 3.64
eV are quite different from those slightly higher and lower
energy; feature A~i.e., channel 2! is unusually large in the
two-body distribution, and the sharp peak in the three-bo
distribution is particularly distinct. Both of these effects su
gest some dissociation occurs on a different upper state
face than at neighboring excitation energies.

B. Photodissociation dynamics of I 3
À

The separation of the two electronic bands of I3
2 is close

to the spin-orbit splitting in atomic iodine. Based on this,
was suggested that the excited states responsible for
lower and upper bands correlate to the asymptotic chan
I2
21I( 2P3/2) and I2

21I* (2P1/2), respectively.42,43 This corre-
lation has also been implicit in quantum dynamical simu
tions of I3

2 photodissociation, in which dissociation was a
sumed to occur on a single surface correlation to one of th
asymptotes.17,22,27,38Our results clearly show this to be a
oversimplification; theP(ET) distributions in Fig. 4 show
that both channels are populated regardless of which e
tronic band is excited. Tasker5 proposed that the lower ban
was a1Su state correlating to I2

21I* (2P1/2), and the upper
band a1Pu state correlating to I2

2(2Pg)1I( 2P3/2). This as-
signment of the upper states is at variance with the acce
assignment discussed in the Introduction and the prev
section, and the proposed atomic iodine correlations do
agree with the experimental results. In addition, since
I2
2(2Pg) excited states are very weakly bound,44,45 one

would expect significant asymmetric three-body dissociat
on a potential energy surface correlating to I2

2(2Pg)
1I( 2P3/2). We observe about the same degree of three-b
dissociation from both electronic bands, and this process
pears to be symmetric rather than asymmetric.

The presence of both two-body channels~channels 2 and
3! as well as three-body dissociation at all waveleng
strongly suggests that the dissociation dynamics are nona
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batic and involve curve crossings between the upper st
responsible for the I3

2 absorption spectrum. Nonetheless, t
data for the lower band~for hn,3.64 eV! show an interest-
ing correlation that provides some insight into the dissoc
tion dynamics. As the photon energy is increased from 3
to 3.44 eV, production of I2

21I* increases at the expense
I2
21I and three-body dissociation~see Tables I and II!. Thus

in this energy range, channels 2 and 4 track one anot
suggesting that they result from dissociation on the sa
potential energy surface, while dissociation on a differe
surface correlating to channel 3 becomes favored as the
ton energy is raised.

Regardless of which two-body channel is formed, su
stantial I2

2 vibrational excitation is generally observed, whic
is by and large consistent with our previous gas phase f
tosecond photoelectron spectroscopy study.27 In that work,
excitation at 390 nm resulted in coherently vibrating I2

2 pho-
toproducts with^v&567, or 0.70 eV of vibrational energy
Our results at 390 nm~3.18 eV! yield an upper bound of
^v&579, or 0.79 eV vibrational energy for channel 2. F
channel 3, the degree of I2

2 vibrational excitation is much
less at this photon energy~^v&515 is the upper bound! re-
flecting conservation of total energy. The FPES experim
showed no evidence for I2

2 with low vibrational energy. The
source of this discrepancy could be that channel 3 is r
tively minor at 3.18 eV.

In contrast to the gas phase work, transient absorp
spectroscopy studies on I3

2 photodissociation in solution
show evidence for much less I2

2 vibrational excitation even
at the shortest observation times~300–500 fs!. For example,
photodissociation of I3

2 in ethanol at 400 nm21 resulted in an
I2
2 vibrational distribution witĥ v&514 at the earliest obser

vation times. The earlier work by Ruhman and co-worker16

at 308 nm~upper band, 4.03 eV! yielded a similarly low
value, ^v&512. Our P(ET) distribution at 4.15 eV shows
that channel 3 dominates in the gas phase, and that^v& for
channels 3 and 2 is significantly higher than the solut
result ~upper bounds of 64 and 52, respectively!. Hence, the
observation of considerably greater I2

2 vibrational excitation
in the gas phase experiments appears to be independe
photon energy. In addition, while we observe substan
three-body dissociation at all wavelengths, no I2 production
occurs in solution except as a minor channel at 266 nm22

Overall, the influence of solvent effects on the I3
2 photodis-

sociation dynamics is prominent throughout the entire U
absorption spectrum; possible origins of these effects h
been discussed elsewhere.27

We close by considering the three-body dissociat
channels in more detail. The lowest energy three-body ch
nel ~channel 4! is observed at all photon energies inves
gated here. Channel 5 (I1I*1I2) is not seen until 4.28 eV
even though it becomes open at 3.80 eV. The sharp pea
the P(ET) distribution shows that channel 5 is also a sy
metric three-body channel, presumably formed by trajec
ries similar to those shown in Fig. 6 but on a higher ene
potential energy surface. The displaced energetic onse
this channel may result from a barrier along the react
path. Alternatively, it may be a purely dynamical effect,
the sense that trajectories with just enough energy to re
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the three-body limit could have a higher propensity to dr
into one of the I1I2 wells if they deviate at all from the
symmetric stretch coordinate.

An interesting question raised by the observation
these channels is the distribution of charge and spin-o
excitation when three atoms are formed. For channel 4
we can say is that the probability distribution for the char
must be symmetric, i.e., ifP1 is the probability that the cen
tral atom is charged, then (12P1)/2 is the probability that
the charge will be on a particular end atom. For channe
the probability distribution for spin-orbit excitation must als
be symmetric, withP2 and (12P2)/2 the probabilities that
the central atom and a particular end atom will be excit
respectively. In addition, the constraint that the charge
spin-orbit excitation cannot be on the same atom means
P11P2<1. With our current experimental arrangement,
do not distinguish between charged and neutral photof
ments because the charged fragments must be detach
order to be detected, so we cannot determineP1 . However,
it should be possible to determineP1 with other coincidence
detector configurations, such as that used by Continetti,46 and
thereby learn more about the three-body dissociation me
nism.

VI. CONCLUSIONS

The work presented here represents the first system
study of the photodissociation of gas phase I3

2 at multiple
dissociation wavelengths. We measured the photofragm
yield spectrum of I3

2 and found its maxima at 360 and 29
nm to agree with the two absorption band maxima of I3

2 in
solution. Photodissociation dynamics experiments show
I2
21I, I2

21I* , and I212I are produced at all wavelength
investigated here, and that I2 production occurs via symmet
ric three-body dissociation.

We hope that these results will stimulate further theor
ical work on the I3

2 excited state potential energy surface
The observation of I2

21I and I2
21I* throughout the PFY

spectrum indicates that excitation of either the lower or
per band does not result in adiabatic dissociation to a sin
asymptote, but instead that complex curve-crossing
nonadiabatic dynamics are present. Our results also s
that the differences between the gas phase and short-
solution phase dynamics of I3

2 dissociation exist throughou
the absorption bands, not just at the single wavelength~390
nm! investigated previously.
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