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Ab initio and diatomics in molecule potentials for I 2
À, I2, I3

À, and I3
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The electronic structure of the I3
2 molecular anion and its photoproducts I2

2 , I2 , and I3 were studied.
Ab initio calculations were carried out using the multireference configuration interaction~MRCI!
method for the valence electrons together with a relativistic effective core potential. Theab initio
wave functions were also used to compute some spin–orbit coupling matrix elements, as well as
approximate valence bond wave functions, used as guidelines in the construction of a 108-state
diatomics in molecule~DIM ! description of the electronic structure of I3

2 . In the DIM model,
spin–orbit coupling was introduced as a sum of atomic operators. For I2

2 theab initio and the DIM
ground-state potentials show excellent agreement with the experimental results. The results for I2

are also in very good agreement with experimental data. For I3
2 , the MRCI calculations give a very

good description of the spectroscopic constants and agree with the vertical excitation energies,
provided spin–orbit coupling is included. The DIM description fails both quantitively by leading to
erroneous spectroscopic constants, and qualitatively by not even reproducing the MRCI ordering of
the excited-states. The failure of the DIM is attributed to the omission of ionic states. The overall
qualitative picture of the excited-state potentials shows a maze of dense avoided crossings which
means that all energetically allowed photoproducts will be present in the experiment. The ground
electronic state of I3 was calculated to be a collinear and centrosymmetric2Pu,3/2. The collinear
state is stabilized by spin–orbit coupling relative to a bent configuration. Calculated vertical
transition energies from the ground to low-lying excited states of the radical are in excellent
agreement with the experimental data. The spin–orbit assignment of these states is provided.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1361248#
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I. INTRODUCTION

Insight in physical chemistry is typically obtained b
comprehensive studies of a particular molecular sys
where a close feedback is established between experim
and theory. The triodide molecular anion I3

2 is emerging as
one of these systems. Its strong optical absorption in the
ultraviolet~UV! makes it readily accessible to photochemic
studies. The photochemical products I2

2 absorb in a different
spectral region. This factor and the slow dynamics indu
by the heavy masses have enabled the photoreaction t
followed in real time from reactants to products.1–3 The ex-
perimental observations have stimulated the developmen
novel theoretical tools4 addressing the problem of dissipativ
quantum dynamics in solution. The present study is par
the large theoretical effort on the I3

2 system, addressing spe
cifically the electronic structure of the parent ion and t
routes to photofragments. Obtaining the ground- and exci
state potentials is a necessary condition for any compre
sive theoretical understanding of these processes.

The first experimental studies of the I3
2 ion were oriented

on dissociation kinetics in solution,5–7 electronic absorption
spectroscopy in the condensed phase,8–12 and thermo-
chemistry.13 The electronic spectrum of I3

2 in solution con-

a!Electronic mail: jeremy.harvey@bris.ac.uk
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sists in two distinct bands centered at about 290 and 360
After some controversy,9,14–16these two bands were assigne
to the spin–orbit-induced mixture of1S01u and 3P01u

states,11,12,17where the former state carries the transition
pole moment responsible for optical absorption.

More recently, Ruhman and co-workers have used fe
tosecond spectroscopy to investigate the properties and
namics of the I3

2 anion. This research covered seve
complementary viewpoints, investigating aspects such as
light-induced vibrational dynamics on the electronic grou
state,18,19 photodissociation,1,2,4,20 and geminate
recombination.21,22 These last studies revealed several d
tinct recombination time scales and the possibility of m
tiple potential-energy surfaces being involved in solution d
sociation dynamics. Another aspect of this experimen
corpus was devoted to the spectroscopy and relaxation
namics of the transient diiodide ion.23 A similar experimental
study of the photodissociation dynamics of I3

2 was recently
carried out by Vo¨hringer and coworkers.24–26

The triodide anion has also been investigated using
vanced frequency domain spectroscopical methods,27–29

which have brought considerable insight into the role of s
vent effects and the dynamical symmetry breaking of the3

2

molecule.
The gas-phase properties of the di- and tri-iodide ani
3 © 2001 American Institute of Physics
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have been extensively investigated by Neumark and
workers using ultrafast photoelectron spectroscopy.3 The
photodissociation of I2

2 was studied30–34with an emphasis on
the electronic structure, providing experimental potentials
the X̃ 2Su

1 ground state34 and theÃ8 2Pg,1/2 excited state.33

Photofragmentation experiments35–37 on I3
2 indicate that a

complicated set of electronic states with many curve cro
ings is involved in the dissociation process, in agreem
with the results of solution studies.21,22 Also, the neutral I3
radical has been recently characterized for the first time.38,39

This species, which is important in the iodine atom reco
bination reaction, has a ground state which is bound w
respect to I1I2 , and has a linear, essentially centrosymm
ric configuration.

The dynamics of triatomic species is sufficiently simp
to be described with very high accuracy by fully quantu
mechanical methods. It is, therefore, no surprise that the
perimental work on I3

2 has been accompanied by extens
theoretical work. However, dynamical computations a
critically dependent on obtaining accurate descriptions of
potential-energy surfaces involved, and of the coupling
tween them where relevant. All of the dynamical studies
far have used an empirical description of the excited s
corresponding to the blue band of the I3

2 electronic spectra
constructed in terms of the London–Eyring–Polanyi–S
~LEPS! potential.1,20 Because the surfaces have been roug
fitted to experimental properties, reasonable agreement
experiment has been obtained with respect to, e.g., the e
tronic spectra characteristics of I3

2 in solution,1,20 the time-
resolved photoelectron spectra, or the vibrational energy
tribution of the I2

2 photofragment in the gas-phas
experiment.35–37 However, the experimental and theoretic
work is full of indications that the surfaces used are ve
approximate at best. For instance, the first LEPS surf
used1,20 reproduces the upper energy band of the solut
electronic spectrum rather well, which is expected sinc
was constructed to do so. Less expectedly, it also reprod
the lower-energy band, providing the necessary shift in to
energy is introduced. However, it is not compatible with t
gas-phase experimental observations, so that a substan
modified LEPS surface36 has been used to account for th
results of photofragmentation. A more serious problem
that both the solution21,22 and the gas-phase experiments36,37

agree in predicting that the excited-state dynamics occur
multiple potential-energy surfaces.

In the case of triatomic systems, it is possible to perfo
enough accurateab initio computations~;103n2651000
points! to fully characterize the potential-energy surfac
Given the enormous experimental interest in the I3

2 system,
the attraction of determining its potential-energy surface
ing ab initio computations should be obvious. Howeve
there are also many problems for such an approach. Firs
all, the dynamics of I3

2 involves bond-breaking, so that non
dynamical correlation will be important in many areas of t
potential-energy surface which need to be described.
gether with the expected role of dynamical correlation
obtaining an accurate description of the potential, this me
that theab initio method used to describe the system w
need to be an expensive multireference method with so
Downloaded 30 Jul 2004 to 132.64.1.37. Redistribution subject to AIP 
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form of configuration interaction~CI! and large one-particle
basis sets. However, this problem is general when accu
global potential-energy surfaces are needed. The spe
problem with the present iodine-containing system is due
the very high atomic weight of iodine, which leads to ve
important relativistic effects on the wave functions, whi
cannot as yet be treated in a rigorous way, even for suc
‘‘small’’ system. Whilst scalar relativistic effects can be a
equately reproduced using effective core potentials to
scribe the innermost, ‘‘core’’ electrons, the treatment of t
nonscalar effects, which are mostly due to spin–orbit c
pling, is much less satisfactory. Although several stud
have used methods based on the Dirac equation to s
diatomic iodine species,40,41 application to I3

2 , especially at
the level of detail and accuracy needed for dynamical st
ies, is still quite distant.

In the present study, we present a first attempt to useab
initio computations to characterize the excited-state surfa
and dynamics of I3

2 , including the photoionization to neutra
I3 . Because the chemistry of these species is so intima
linked to that of diatomic I2 and I2

2 , we have also performed
computations on the latter. The level of theory used, mu
reference configuration interaction, with a large one-parti
basis set, should treat the correlation problem adequate
not perfectly. The use of a relativistic effective core potent
to treat the innermost electrons has the dual advantag
decreasing the computational expense and accounting
most of the scalar relativistic effects. To treat the spin–or
coupling, we have used two approaches both relying o
simplified one-electron operator. For certain important poi
on the potential-energy surfaces, we are able to comp
spin–orbit coupling matrix elements between a limited nu
ber of spin–orbit-freeab initio wave functions. To get a
more global picture of the effect of spin–orbit coupling, w
have constructed a diatomics in molecules~DIM ! model of
the valence electronic states of I3

2 , which includes spin–
orbit coupling within an atoms in moleculesansatz. Al-
though the results obtained are only of semiquantitative
curacy, they should already represent an improvement
previous semiempirical surfaces. Also, by giving for the fi
time a global, nonempirical description of the surfaces a
their interaction, the study should be a valuable guideline
future research in this area.

After describing the details of theab initio computations
and the Diatomics in Molecules model, we present the
sults below for each of the species separately, namely I2

2 , I2 ,
I3
2 , and I3 .

II. AB INITIO COMPUTATIONS

We have performed newab initio computations on I2 ,
I2
2 , I3

2 , and I3 . All calculations used theMOLPRO 98 and
2000 program packages.42 Three types of calculations wer
used to~a! reproduce the energy curves in the absence
spin–orbit coupling;~b! compute spin–orbit coupling matrix
elements between certain specified electronic states; an~c!
obtain approximate valence-bond wave functions for aid
the construction of and comparison with the DIM model.

The energy calculations were performed at the multir
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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erence singles and doubles configuration interaction le
~MRCISD, referred to as MRCI below!, with the added
Davidson correction to provide approximately siz
consistent results. The CI wave function was built on a co
plete active-space self-consistent field~SCF! reference, with
the active space comprising all the explicitly described el
trons, which for the triodide anion, for example, means
electrons in 12 orbitals. The spin–orbit coupling matrix e
ments were computed between CASSCF wave functi
computed with the same active space. The approximate
wave functions were constructed by first performing
CASSCF computation with a slightly smaller active space
which the 5s orbitals were constrained to be doubly occupi
in all configurations. The resulting orbitals were then loc
ized within the reduced-symmetryC2v point group, and the
orbital and CI coefficients of the wave function within th
orbital set examined. Localization was found to lead to
most entirely pure 5p-like orbitals, localized on the indi-
vidual iodine atoms.

In all these calculations, the same 46-electron relativi
ECP43 was used, in the form implemented inMOLPRO.42 The
valence 5s and 5p electrons were, however, described
different basis sets. In the energy calculations,
(7s7p2d1 f )/@3s3p2d1 f # basis associated with the ECP43

was used after decontracting the two most diffuse contra
s and p primitives, and replacing the standard polarizati
functions with a~loosely energy-optimized for neutral an
anionic iodine atom! set of 3 d (a51, 0.4, and 0.16!, 2 f
(a50.632, 0.252!, and 1g (a50.45) uncontracted primi-
tives, to yield a (7s7p3d2 f 1g)/@5s5p3d2 f 1g# basis. In
the spin–orbit coupling calculations, supplementary sp
orbit coupling parameters for the ECP were used, as do
mented in theMOLPRO manual,42,43 together with the stan
dard (7s7p2d1 f )/@3s3p2d1 f # basis set. Calculations with
this basis yield a2P3/2 to 2P1/2 splitting of 7601 cm21, in
excellent agreement with the experimental value of 76
cm21. The approximate valence bond~VB! computations
also used the standard basis set, but with thef functions
removed.

Gradients for geometry optimization and second deri
tives for frequencies were obtained by numerical differen
tion of the Davidson-corrected MRCI energies; note t
only the stretching frequencies were considered. Fully st
optimized orbitals were used throughout, except for com
tation of spin–orbit coupling matrix elements, excitatio
transition dipole moments, and second or higher roots wit
a given symmetry species, where state-averaged orb
were used. Bond dissociation energies were calculated
respect to the appropriate supermolecular asymptote.

III. DIM

The DIM model used is very similar to the one used
Naumkin44,45 to describe the Ar.I2 and Ar.I2

2 species. For a
general description of the DIM method and the common
proximations used in its construction, the reader is refer
to the literature.46–48 It should be pointed out that the DIM
model used here is considerablydifferent from other DIM
models which have been used to describe Xen.I2 ,49
Downloaded 30 Jul 2004 to 132.64.1.37. Redistribution subject to AIP 
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2 ,50 and the I3 radical.51,52 To be specific, these las

models rely on diatomic data for I2 and I2
2 in the V,v rep-

resentation, that is, Hund’s case~c! adiabatic potential-
energy curves including the effect of spin–orbit couplin
The advantage is that some of these curves, the lower-ly
ones in particular, are very well known from experiment, a
of course, therefore, incorporateexactlyall the effects such
as correlation, relativity, spin–orbit~SO! coupling, etc.,
which are hard to obtain from computation.

However, evaluating a DIM model for I3
2 constructed in

this way by comparing it to spin–orbit-freeab initio compu-
tations would be difficult. For this reason, we use instea
DIM model based onL,S-eigenstates of the diatomic spe
cies. Because these are not very realistic models of
potential-energy curves, we add a simple spin–orbit coup
operator to the DIM Hamiltonian~this is referred to below as
the DIM1SO model!. For comparison of the DIM mode
with computations, the simple spin–orbit free results can
used~referred to simply as DIM below!. Naumkin44 has ar-
gued that theL,S approach to DIM models for iodine
containing species is actually better than the other appro
~provided atomic spin–orbit coupling is included!, because
the construction of the diatomic Hamiltonian requires few
arbitrary assumptions.

The basis set for the DIM Hamiltonian is construct
from all the spin-singlet and~triply degenerate! spin-triplet
states which can be constructed from two iodine atoms
one iodide anion. This leads to a total of 27133275108
primitive states to be included in the calculation. The fitti
of the ab initio data to the DIM Hamiltonian is for the mos
part straightforward and follows an identical approach to t
of Naumkin.44 In particular, the correspondence Table b
tween molecular states and atomic configurations for I2 is
mostly taken from his work. We note, however, that o
assignment of thePg and Pu states is taken instead from
Ref. 53, and is thus reversed with respect to that of Ref.
which appears to be incorrect.

As in both these references, we assume that there i
mixing between the two1Sg

1 configurations or between th
two 3Su

2 configurations. This is based on the large ene
gap between the two configurations.44 To test the validity of
this assumption, we computed approximateab initio valence
bond wave functions at the I2 ground-state minimum. The
weight of atomic configurations such as PxPx in the X1Sg

1

wave function, and of the PzPz configuration in the II1Sg
1

wave function, are very small. These small, if nonze
weights justify the approximation used here.

Analytical functions fitted to theab initio data are used
for the diatomic curves. Curves with a significant minimu
~deeper than 0.001 Hartree! are fitted to an extended Mors
curve of the formD0$12exp(2b1(r2r0)2b2(r2r0)

22b3(r
2r0)

3)%2. The purely repulsive curves are fitted to extend
exponential curves of the formA exp(2ar2a8r2).54

The spin–orbit coupling is treated approximately as
sum of atomic operators, independent of molecular geo
etry, which is added to the normal DIM Hamiltonian. Th
form of the operator for one iodine atom in terms of thePx ,
Py , Pz basis set can be found in the literature.44 The ap-
proximation we use is valid when the atomic orbitals maki
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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up the molecular orbitals are not substantially distorted w
respect to the isolated atom orbitals, and comparison wi
few ab initio computed spin–orbit coupling matrix elemen
suggests that the approximation performs very well. In fa
the ab initio values computed withMOLPRO are also only
approximate, because they are not derived from the
Breit–Pauli spin–orbit coupling Hamiltonian~which in-
cludes one-electron and two-electron terms!, but from a sim-
plified one-electron operator. However, unlike the more dr
tic approximation used in the DIM approach, theab initio
computation accounts rigorously for orbital relaxation in t
different electronic states, so the agreement between the
suggests that both approaches are at least qualitatively
reliable.

IV. I2
À

The diiodide anion has been the subject of many pre
ous computational studies,55–60 including at least two which
have calculated all the states originating from the grou
state atoms, with and without including spin–orb
coupling.59,60 Our four MRCI curves are similar to previou
results, and are not shown here. The six DIM1SO curves are
shown in Fig. 1, and the spectroscopic constants of the
states displaying significant minima are included in Table

FIG. 1. DIM1SO potential-energy curves for I2
2 .

TABLE I. Ab initio and DIM1SO computed spectroscopic constants for2
2

and I2 . DIM1SO results for theP states listed here are identical to th
MRCI results.

Species State Method Re ~Å! De~eV! ve(cm21)

2Su
1 MRCI 3.192 1.226 115

I2
2 2Su,1/2

1 DIM1SO 3.216 0.984 109
2Su,1/2

1 exp.a 3.205 1.014 11062
2Pg,3/2 MRCI 3.984 0.130 97
1Sg

1 MRCI 2.659 1.978 221
I2 X̃ 0g

1 DIM1SO 2.672 1.444 213

X̃ 0g
1 exp.b 2.666 1.55 215

3Pu MRCI 3.060 0.414 81

aReference 34.
bReference 77.
Downloaded 30 Jul 2004 to 132.64.1.37. Redistribution subject to AIP 
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It is to be noted that within the simplified treatment of spin
orbit coupling included here, the2Pg,3/2 state is not affected
so that theab initio and DIM1SO constants are identical.

The bond length and energy are in good agreement w
experimental values. The main effect of the spin–orbit co
pling on the ground state is to stabilize the atomic asymp
and thus decrease the bond energy. At the minimum,
though spin–orbit coupling of the2Su

1 state with the2Pu

states is still strong, the latter are so much higher in ene
that the effect on the ground-state energy is minimal, tha
it is lowered in energy with respect to the spin–orbit fr
species by only 0.074 eV. The bond length is slightly
creased, by 0.024 Å, and the harmonic frequency sligh
decreased. Overall, the agreement with experiment is ra
good, and this extends to the whole potential-energy cu
Fitting to the extended Morse curveDe@12exp$(i51

5

2biDri%#2 yields b parameters ~in Å 2 i) of 1.175 84,
20.012 335 8, 20.004 880 43, 20.000 263 595, and
0.000 192 631. Apart from the slight difference in bon
length and energy, this curve is almost superimposable
the experimental one.34

As a final note on the I2
2 species, we note that whilst th

present bond length and energy are in good agreement
experiment, this has not been the case in allab initio studies.
This is to be expected for the bond energy, which is stron
subject to correlation effects, but somewhat less so for
bond length, which can usually be well reproduced even w
fairly low levels of theory. We found the bond length to b
quite sensitive to basis set and correlation treatment, so
at the complete active space self-consistent field~CASSCF!
level with the same basis set, it is extended to 3.257
whereas at the MRCI level with a reduced spd basis, it is
much as 3.291 Å. This no doubt accounts for previou
noted discrepancies. Finally, test calculations suggest e
better agreement can be reached—for example, MRCI ca
lations using an added core-polarization potential~CPP!40,43

lead to a bond length of 3.164 Å and aDe of 1.259 eV.
Assuming the spin–orbit coupling correction to be the sa
as above leads to a prediction ofRe53.188 Å andDe

51.017 eV. Coupled-Cluster@CCSD~T!# calculations yield
almost identical results to MRCI computations with the sa
basis.

V. I2

The iodine molecule has been the object of innumera
investigations, both experimentally and computationa
only a few of which can be cited here.40,41,61,62Several stud-
ies have addressed all 12 spin–orbit free and 23 spin–o
coupled potential energy curves correlating to two grou
state iodine atoms.63,64Our spin–orbit free results are simila
to those found in these studies and are not shown here.
spin–orbit coupled curves are shown in Fig. 2. The co
puted spectroscopic constants for the ground and excite
states are shown in Table I for reference. The major discr
ancy concerns the ground-state bond energy, which
slightly too low, as expected from previous results whi
have shown it to converge only slowly with the size of t
one-particle basis set.40
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The spin–orbit coupling between the ground state a
the excited states is almost completely quenched at the m
mum, due to the large energy separation between them.
leads to the residual SOC stabilization at the minimum be
of only 0.095 eV, a value comparable to that obtained
previous studies.64

VI. I3
À

The triodide ion has been the subject of a number
previous computational studies. Many of these have focu
only on the electronic ground state, considering such asp
as its geometry, bond energy, and electronic~hypervalent!
structure.65–68 However, a number of studies have also a
dressed the vertical excitation energies11,55 and part of the
dissociation pathways.16

Unlike for the diatomic species, where the DIM mod
itself exactly reproduces theab initio data, for I3

2 , the DIM
results will not match the MRCI results, and the two sets
data will need to be considered separately and compare

The computed spectroscopic constants of I3
2 are com-

pared in Table II to available experimental data. As can
seen, the MRCI results are in excellent agreement with

FIG. 2. DIM1SO potential-energy curves for I2 . The ground1Sg
1 and

excited3Pu,0 states are shown in bold.

TABLE II. Spectroscopic constants of ground-state I3
2 .

Method Re ~Å! De ~eV! ve~sym! ve~asym!

MRCI 2.930 1.247 114 147
DIM 2.949 0.715 100 101
DIM1SO 2.966 0.729 95 104
Expt. 2.93a 1.3160.06b 11261c 145d

aIn crystals, see Ref. 14 and reference therein.
bReference 78.
cReference 32.
dIn solution, Ref. 8.
Downloaded 30 Jul 2004 to 132.64.1.37. Redistribution subject to AIP 
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periment, a fact which should not be badly affected by
omission of spin–orbit coupling, because this is a clos
shell species which also dissociates into closed-shell fr
ments. This can be verified by comparing the values obtai
with and without spin–orbit coupling with the DIM mode
As discussed below, theabsolutevalues at these levels ar
rather incorrect, but thedifferencebetween them should pro
vide a useful indication of the likely magnitude of spin–orb
effects in this species. As can be seen in the Table, nei
the bond length, the stretching frequencies, nor the bond
ergy are much changed. For the latter quantity, this refle
the fact that the residual stabilization by spin–orbit coupli
at the minimum, of 0.109 eV, is almost identical to that of2

at its minimum.
Turning to the DIM results, the immediate conclusion

be drawn from Table II is that whilst the bond length of th
ground-state I3

2 is well reproduced, neither the bond ener
nor the vibrational frequencies are correct. The sugges
reason for this poor agreement is discussed below.

Computed vertical excitation energies~up to ;5 eV! of
the lower-lying excited states, together with energies of
relevant dissociation asymptotes and of the I3 neutral, are
presented in Table III.

Starting with theab initio results, it can first of all be
seen that I3

2 supports a fairly large number of excited stat
which arebelow or close to the level of the neutral. How
ever, some of the states shown, including the important1Su

1

one, and all of the other computed states not shown h
because they lie at higher energy, are in formal terms re
nances and not stable states.69

Of the states shown, the lower one with1Su
1 symmetry

is important because it is the only one to have an appreci
excitation transition dipole moment, of 11.53 Debye, w
the ground state. Optical transitions to most of the ot
states are symmetry forbidden, and the transition momen

TABLE III. Energies~in eV! of selected states of I3
2 relative to the ground-

state minimum, at the MRCI and DIM levels.

State Erel ~MRCI! Erel ~DIM ! Expt.a

1Sg
1 0.000 0.000

1Su
1 4.496 2.003

1Pg 2.924 2.222
1Pu 3.620 2.455
II 1Pg 4.594 4.647
1Dg 5.736 4.653
3Su

1 2.582 1.726
3Pg 2.626 1.985
3Pu 3.517 2.277
II 3Pg 4.355 4.557
3Du 5.939 4.801
I21I2 1.247 0.715 1.3160.06
I2
21I3/2 2.090 1.467 1.8560.06

I1I1I2 3.209 2.693 2.8560.06
2P I3 4.414 4.22660.013

Spectral bands Erel ~MRCI1SO! Expt.b

0.84 1Su
110.16 3P 4.654 4.28

0.16 1Su
110.84 3P 3.661 3.44

aReferences 32 and 37.
bReference 9.
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6

en

du
ov
i-
,

ve
th
ly

o-
n
m

s
nl
on
’’

h

,
s,
tch
d

te

ic

a

ia
i-

m
its
s
te
ic

ge
, t
-
c
e
th
a
rio
ha
v

s:

lts
e
r,

m-
e
nd
e

l of
or-
l in

l
b-
om

of
uld

is
ix

pin–
i-

e

-

t
.
.654
pec-
ne
cel-

of
the
ix-

ical

al-
is
the

-
on.
nt
he
ng
y

er
th-

of
er
ial.
x-
,
o-
ys

7418 J. Chem. Phys., Vol. 114, No. 17, 1 May 2001 Vala, Kosloff, and Harvey
the allowed excitation to the1Pu state is very weak, at 0.1
Debye.

Turning to the DIM results, it can immediately be se
that the agreement of the spin–orbit free results with theab
initio data is extremely poor. Part of this disagreement is
to the poor description of the ground-state, discussed ab
which is the origin of energy in Table III. Had the dissoc
ated atom asymptote been chosen as a zero of energy
overall agreement would have been slightly better. Howe
this would not have altered the fact that the ordering of
states in the DIM method is qualitatively and quantitative
wrong. In terms of the photochemistry, it is particularly n
ticeable that the1Su

1 state is predicted to lie close to or eve
below the 3P states, and also well below the three-ato
dissociation limit.

Analysis of the DIM andab initio wave functions sug-
gests that the reason for the poor quality of the DIM result
the limited size of the DIM basis set. The latter contains o
those states derived from two neutral iodine atoms and
iodide anion. The true wave function also contains ‘‘ionic
states with two iodide anions and one cationic iodine, suc
I2
•••I1

•••I2. If one considers the ground1Sg
1 and excited

1Su
1 states, the extent to which this ‘‘ionic’’ configuration

which is strongly stabilized by Coulombic interaction
mixes into both of them can readily explain the misma
between theab initio results, which include this mixing, an
the DIM results, which do not. The ground state of I3

2 is best
described as an in-phase linear combination of I2I•••I2 and
I2
•••I2I, but symmetry allows othergeradeconfigurations

such as the ionic one above, to mix in as well. The exci
state is best described as thephase-reversedcombination of
these two covalent states, with the mixing-in of the ion
configuration indicated abovesymmetry forbidden. It is im-
portant to realize that the DIM method implicitly attributes
certain stabilizing effect of ionic configurations toall states
described in part by the diatomic ground-state potent
energy curve of I2 . This is because the corresponding d
atomic Hamiltonian matrix element is directly derived fro
the MRCI potential-energy curve, which owes part of
stability to an optimum mix of covalent and ionic state
Therefore, DIM predicts both the ground and excited sta
of triodide to be significantly stabilized by admixture of ion
states. In fact, the ground state ismore ionic than predicted
by DIM, because of the very favorable nature of the char
alternating structure described above. On the other hand
excited state is considerablyless ionic than predicted, be
cause the only symmetry allowed ionic configurations, su
as I2•••I2

•••I1, are highly destabilized. Therefore, th
ground state is more stable than predicted by DIM, and
excited state less, as can be seen in Table III. Approxim
valence-bond wave functions generated for iodine and t
dide are in full agreement with this analysis. Note also t
similar arguments can be used, e.g., to understand the o
estimated stability of the3Pu state.

The remedy for this poor behavior of DIM is obviou
Include ionic states in the basis.70 There is very little doubt
that, done properly, this would yield much better resu
although probably still not comparable in quality to th
MRCI data. Although the DIM Hamiltonian would be large
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it should still be manageable computationally, and the nu
ber of extraab initio diatomic curves required would not b
insuperable. The main problem would be the tedious a
arbitrary fitting work which would be needed to derive th
necessary Hamiltonian matrix elements for a global mode
good quality. It is essentially because of the unstraightf
ward nature of this task that we did not extend the mode
this way.

The overall effect of spin–orbit coupling is difficult to
discuss, because only the DIM1SO approach gives a globa
picture, yet is unreliable due to the underlying DIM pro
lems. However, a fairly accurate idea can be derived fr
the MRCI energies, and a limited number ofab initio calcu-
lations of individual matrix elements, as to what the effect
spin–orbit coupling is on the absorption spectrum. As co
be expected from symmetry considerations, the1Su

1 state
couples strongly only to3Pu states, and only one of these
at low enough energy to mix with it substantially. The matr
element with this state is computed to be of 1361 cm21. It is
to be noted that despite the poor energetics and simple s
orbit coupling operator, the DIM method gives a rather sim
lar result, of 1487 cm21.

Upon diagonalizing a model Hamiltonian with th
MRCI energies as diagonal elements, and theS/P andP/P
~52428 cm21) SOC matrix elements in the off-diagonal po
sitions, one obtains one pureP state and two mixed3Pu /
1Su

1 states. The lower of these lies 3.661 eV above the~as-
sumed to be unperturbed! ground state, and is 0.84 by weigh
3P in nature, with the1S contributing 0.16 to the weight
The upper state has the reverse composition and lies 4
eV above the ground state. This leads to a predicted s
trum containing one low-energy, low-intensity band, and o
high-energy, high-intensity band. These results are in ex
lent agreement with the experimental spectrum11,37 peaked
around 3.44 eV~360 nm! and 4.28 eV~290 nm!. The pre-
dicted ratio of the intensities is also of the correct order
magnitude. This suggests that the essential physics of
absorption process is contained by considering only the m
ing between the two states. It is to be noted that an ident
assignment was suggested already by Okada,11 based on
Hückel calculations with added spin–orbit coupling; our c
culations provide a much firmer theoretical footing to th
conclusion. The same assignment was also derived in
context of an experimental study17 of the electronic absorp
tion spectroscopy and magnetic circular dichroism of the i

Turning now to the dissociation behavior of the differe
states, we first show in Fig. 3 the MRCI potential along t
symmetric stretch coordinate for several of the lower-lyi
states of I3

2 . Both the1Su
1 and3Pu states are quite strongl

repulsive at the ground-state minimum. However, the form
state barely displays a minimum along the dissociation pa
way, whereas theP state has a rather deep minimum,
;0.8 eV, at a bond length close to 3.5 Å. This is rath
similar to the behavior of the LEPS excited-state potent
During photodissociation, such a minimum might be e
pected to~partly! ‘‘focus’’ the dissociating wave packet
whose momentum is initially directed almost entirely t
wards the three-body asymptote, into the two-body valle
instead. If this is the case, photodissociationvia the lower of
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the two absorption bands would be expected to lead to so
what less intensity in the three-body channel than thatvia the
upper band, which is mainly1Su

1 in nature. This rather sim
plistic dynamical prediction ignores, however, the expec
strong effect of spin–orbit coupling.

As expected from the poor prediction of vertical ene
gies, the corresponding diagonal curves computed with
spin–orbit free DIM model are in medium to poor agreem
with the MRCI results. They are, therefore, not shown he
However, the curves computed using the DIM1SO model
are of some interest because they should give a qualita
idea of the ‘‘real’’ potential-energy curves. The 63 nond
generate curves are displayed in Fig. 4. As can be seen
state with maximum1Su

1 character is very different from th
MRCI-computed curve in that it has a deep minimum n
3.3 Å. This is mainly due to the incorrect underlying spin
orbit-free DIM description, which also leads to a deep mi
mum, so that no real conclusions can be drawn from
observation. Whatis more significant is that the second 0u

1

state, which is mainly3Pu in nature, can be seen to dissoc
ate to the first excited asymptote (I21I1I* !. It thereby un-
dergoes a weakly avoided crossing with a1Su

1 state, whose
underlying electronic structure is that of a phase-rever
combination of the diatomic II1Sg

1 states of I2 . The weak
nature of the avoided crossing can, therefore, be traced
to the weak interaction between the diatomic X1Sg

1 and II
1Sg

1 states.~In the DIM model, these states areassumednot
to mix at all, directly, but they do mix a bitindirectly due to
the spin–orbit coupling; this should roughly match the r
coupling, which is expected to be weak, as discussed in
DIM section.! In the real potentials, it is likely that either th
1Su

1 excited state or the1Pu , or both, undergo weakly
avoided crossings of this type. This could explain t

FIG. 3. MRCI computed potential energy curves along the symme
stretch dissociation curve, for I3

2 . Shown in bold are the X1Sg
1 , 3Pu , and

1Su
1 states.
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experimental observation37 that photodissociationvia either
of the bands always leads both to ground and excited iod
atoms.

Overall, Fig. 4 highlights just how many states a
present in the energy re´gime at which dissociation take
place. This shows that nonadiabatic behavior is almost
tain to occur, as is observed experimentally, so that the s
cess of previous modeling studies based on single surfac
probably due, at least in part, to a fortunate averaging ou
the multistate dynamics. It is also possible, of course, that
DIM1SO surfaces are so incorrect that they also exagge
the density of states in the excitation and dissociation w
dows, and thereby also exaggerate the complexity of the
pected dynamics.

The final element of the triodide potential-energy su
faces that we shall consider is the nonsymmetrical, two b
dissociation pathway leading either to I21I2 or to I2

21I. The
DIM1SO potential-energy curves are plotted in Fig. 5 a
function of one I–I bond length, and for two different value
of the other, fixed, bond length. In Fig. 5~a!, one bond is
fixed at the equilibrium value in ground-state triodide~2.95
Å!, while in Fig. 5~b!, the fixed bond has the extended leng
of 3.3 Å. This should give a better picture of the potent
experienced during photodissociation, because the exc
state potentials are initially very repulsive along the symm
ric stretch coordinate, so that a substantial extension of b
I–I bonds will occur initially whatever the excited state an
the details of the potential.

In Fig. 5~a!, the energy ordering of the two lowest dis
sociation asymptotes is as expected: I21I2 lies below I2

21I.
These latter, excited products, are formed adiabatically fr

c

FIG. 4. DIM potential energy curves along the symmetric stretch disso
tion curve, for I3

2 . Shown in bold are the ground1Sg
1 state, and all 0u

1 states
which are of same Hund’s case~c! symmetry as the1Su

1 state which has a
strong transition dipole moment with the ground state.
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 5. DIM1SO potential-energy curves along the nonsymmetric dissociation coordinate, for I3
2 . One of the bond lengths is set equal to 2.95 Å~a! or 3.30

Å ~b!. The curves of states of 01 symmetry are shown with bold lines. The nature of the two lowest dissociation asymptotes is shown in both case
in
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dissociation of the I3
2 excited states. However, in Fig. 5~b!,

corresponding to the case where the diatomic iodine–iod
distance is extended, the energy ordering of the asympt
is reversed: The I2

21I products actually lie lowest in energy
This conclusion concerning the diatomic asymptotes is a
ally true despite the severe shortcomings of the DIM meth
in the triatomic region. This is because the potentials towa
the right-hand side of Fig. 5 are essentiallydiatomic. The
reversal in order of the states is due to the fact that ar
53.3 Å, the neutral I2 bond is strongly extended, whereas2

2

is near its minimum, thereby compensating for the grea
intrinsic stability of the former state. From Fig. 5~b!, it is
apparent that there must be a quite strongly avoided cros
between the two states along the dissociation pathway,
this is indeed clearly so from an analysis of the DIM wa
functions.

As a result of this, the observed production of I2
21I

during gas-phase and solution photodissociation experim
becomes at once easier and more difficult to understand
the one hand, Fig. 5 is suggestive in explaining why
solution experiments do not lead to the ‘‘ground-state’’ pro
ucts, namely molecular iodine and the iodide molecule,
spite the expected collisions with the solvent. This appear
be because the nature of the dynamics means that the sy
only visits regions of the potential-energy surface where
‘‘excited’’ products are actually more stable. On the oth
hand, though, the gas-phase experiments must inv
surface-hopping to the lower state if ground-state I2

2 and I
are formed, as is the case at least part of the time. The e
dynamics describing this crossing are however hard to
dict at present given the poor accuracy of the DIM poten
in the Franck–Condon region. However, the theoretical c
clusions are in qualitative accord with the inferred existen
Downloaded 30 Jul 2004 to 132.64.1.37. Redistribution subject to AIP 
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of complicated photodissociation pathways as obtained
recent experimental observations in solution21,22 and the gas
phase.32,37

VII. I3

The triodide radical has been the object of extremely f
computational investigations, with none of the published
sults being at a particularly reliable level of theory. Viste71

studied the I1I2 system using relativistically parametrize
extended-Hu¨ckel calculations, and found a linear transitio
state at aboutr e53.2 Å on the lowest-lying potential-energ
surface, which was assigned a2G3/2 symmetry within the
C`v point group. A DIM model for the ground state of th
radical has been proposed,51,52 which has assumed that th
state has a2S symmetry (J51/2), and some extende
Hückel computations have been reported.72 In a recent ex-
perimental study,39 unpublished higher-level computation
are cited which seem to agree with our conclusion, belo
that the triodine radical has a bent symmetric structure in
absence of spin–orbit coupling.

We have optimized the structure of I3 within the D̀ h ,
C`v , and ~bent! C2v point groups. Starting from a linea
structure with two different bond lengths, convergence to
symmetric geometry is observed, withr e52.836 Å and a
2Pu electronic state. This state lies just 0.019 eV below
I21I dissociation asymptote, and has vibrational stretch
frequencies of 122~sym! and 209~asym! cm21. The former
value is in fair agreement with the tentatively assigned
perimental value of 11565 cm21. The next highest state
within the D̀ h point group is a2Sg

1 state, withr e52.860 Å,
but this lies 0.150 eVabovethe asymptote. At the minimum
of the2Pu state,2Pg and2Su

1 excited states are found to li
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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at high energy, respectively, 0.731 and 2.942 eV above
dissociated asymptote.

As in the case of the Br3 radical,73 however, the lowest
energy is found for thebentstructure, due to Renner–Telle
coupling which splits the two components of the2Pu state to
form 2A1 and2B1 states. The former of these, with anr e of
2.808 Å, and an angle of 145.4° is found to lie 0.272
below the asymptote.

These results are all obtainedwithout spin–orbit cou-
pling, which, as in the other species studied here, is expe
to have major effects on the relative energies of differ
states. To assess this effect, we have computed the s
orbit coupling elements between the lowest2Sg,u and2Pg,u

states at the linear2Pu minimum, and diagonalized the re
sulting matrix ~with the MRCI energies as diagonal el
ments!. We obtain six eigenvalues, the lowest of which co
responds to the2Pu,3/2 component of the spin–orbit fre
ground state, and is stabilized by the value of the coup
between the two components, i.e., by 2703 cm21 or 0.335
eV. A similar limited SOC calculation for the I21I asymp-
tote would lower it by roughly 0.314 eV~due to the atomic
coupling, neglecting the effect on I2). This leaves theP state
overall at 0.040 eV below the asymptote, in moderate ag
ment with the experimental value of 0.143 eV.38 The adia-
batic electron affinity of I3 can be derived from theab initio
total energies of the anion and neutral minima~234.283 42
and234.123 18 a.u., respectively! and the approximate SOC
stabilization of the neutral~0.335 eV!. This gives a value for
Ea(I3) of 4.025 eV, in similar agreement with the expe
mental value of 4.22660.013 eV.38 The diagonalized SOC
matrix also leads to predictions for the energies of the
cited states of the neutral, which are shown in Table IV.
can be seen, the relative energies of the four lowest le
~0.00, 0.28, 0.61, and 0.77 eV! are in excellent agreemen
with the experimental observation of states lying at 0.2
0.615, and 0.679 eV. These results are summarized
Table V.

TABLE IV. The ground and low-lying excited states of I3 .

State Erel(MRCI1SO! Expt.a

2Pu,3/2 0.000 0.000
2Sg,1/2 0.276 0.279
2Pu,1/2 0.605 0.615
2Pg,3/2 0.775 0.679
2Pg,1/2 1.624
2Su,1/2 3.356

aReference 30.

TABLE V. Spectroscopic constants of ground-state I3
2Pu.

Method Re ~Å! De ~eV! ve(sym) ve~asym!

MRCI 2.836 0.019~0.040a! 122 209
Expt.b 0.143 11565

aThe number in brackets refers to the bond energy of the2Pu,3/2 state when
spin–orbit effects are approximately included.

bReference 38.
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A similar simple model for the spin–orbit coupling ca
be used for thebent structures. The2A1 component of the
2Pu state lies 0.253 eV below the linear minimum at a ben
ing angle of 145.4 degrees, whereas the2B1 component lies
0.470 eVhigher in energy at the2A1 minimum, where the
two states are thus split by 0.724 eV. As well as this stro
splitting, the spin–orbit coupling between the two states
creases drastically, to be of only 930 cm21. This leads to a
much smaller spin–orbit stabilization, of only 0.018 eV,
the 2A1 minimum, compared to the 0.335 effect for the2Pu

linear state. This leads to a reversal of the order of stab
of the linear and bent minima upon including spin–orbit co
pling, with the linear state lying some 0.06 eV lower. This
in agreement with experimental results38 which suggest that
the I3 radical is a linear centrosymmetric species. Simi
conclusions were reached for the Cl3 species,74 which is also
predicted to be linear~but not centrosymmetric! due to spin–
orbit coupling, despite the overall spin–orbit free minimu
corresponding to a bent configuration.

As mentioned before, a DIM model for I3 has been sug-
gested, and assumes that the ground state is linear and
value of 1/2 for the projection of the total angular mome
tum onto the molecular axis. In terms of Hund’s case~a!
states, this would mean the ground state is mostly2S in
nature. This would be in stark contrast with the situation
both Cl3

74–76 and Br3 ,73 which both have ground states co
responding to2P states. The computations described he
allow an unambiguous assignment of the ground state
being primarily2Pu,3/2 in nature. This is because this state
the lowest in energy in the spin–orbit freeab initio compu-
tations, and it is the only one which is strongly stabilized
spin–orbit coupling. The2Sg

1 state does not lie much highe
in energy, but is only coupled to very high-lying2Pg states,
and so will not be greatly stabilized by spin–orbit couplin

It is unclear at this stage whether the disagreement w
the DIM model is due entirely to theassumptionmade in that
model that the ground state is2S in nature, or whether there
are similar intrinsic problems with the DIM methodolog
applied to I3 to those we found to occur for I3

2 . The con-
struction of a DIM model based on L,S atoms with add
spin–orbit coupling, as done here for I3

2 , would be relatively
trivial ~although the basis set constructed from all states c
relating to 32P iodine atoms would be somewhat larger, w
216 states!, but was not attempted here.

VIII. CONCLUSIONS

A theoretical understanding of the photoreactions of3
2

requires a detailed knowledge of the potential-energy s
faces involved. The very large nuclear charge of iodine p
cludes the use of all electron methods, and leads to v
important scalar relativistic and spin–orbit coupling effec
of the same order of magnitude as the binding energy
many of the species studied here. Due to these difficul
any electronic structure description has to be a comprom

The main computational approach employed here
multireference configuration interaction~MRCI! using a
large one-particle basis set and a relativistic effective c
potential~ECP!. Within this framework the spin–orbit cou
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



c
tie
di
en

e
t
re
th
I
o

l
ry

b
be
in
ir
ee
ll-
th
u

th
to

tl
i

ity
th

ak

te
in
-
th
e

c
s

te
f

s

u
l o
az
,
fa
o

di
-
o
m

le
a

ue

the
t

is
the

ss-
c-
is
n is
c-

be
ts.

n-
lu-
in-

ntal
nce
ce.
ell-

99.
dv.

S.

rk,

.

H.

7422 J. Chem. Phys., Vol. 114, No. 17, 1 May 2001 Vala, Kosloff, and Harvey
pling has been added empirically. The MRCI approa
yields extremely good results for the ground-state proper
of all species studied. The results are found to have pre
tive value in assigning vibrational frequencies to experim
tal results. Also, the computed geometries agree extrem
well with the available experimental data. It is noted tha
correct prediction of the bond energy and bond length
quires an accurate treatment of correlation effects toge
with rather large basis sets and an ECP. In the case of2

2 ,
this treatment leads to a significantly improved prediction
both molecular descriptors compared to previousab initio
studies~for a summary see Ref. 36, for instance!. In particu-
lar, our results describe the whole ground-state potentia
this ion equally well, including the parts sampled by ve
highly excited vibrational states.

For the excited states, the involvement of spin–or
coupling is much more crucial. Due to the very large num
of states it was not realistic to treat the spin–orbit coupl
between all of them at a rigorous level. However, an emp
cal treatment of the spin–orbit coupling yields good agr
ment with experiment for the potentials of the fairly we
known diatomic species. For the triatomic species,
identification and computation of a few key spin–orbit co
pling matrix elements allows us to rationalize some of
experimental data concerning these far less well unders
species. Thus, the two bands in the absorption spectrum
the anion are explained in terms of a higher-lying, mos
1Su

1 state, to which optical transition from the ground state
strongly allowed, and a lower-lying3Pu state, to which tran-
sitions are formally forbidden, but which gains intens
from its substantial spin–orbit coupling-induced mixing wi
the 1Su

1 state. For neutral I3 , a simple model of the SOC
leads to the ground state being predicted to be a we
bound, centrosymmetric and linear2Pu,3/2 state, despite the
overall MRCI minimum being a bent structure, due to bet
spin–orbit stabilization at the linear geometry. This is
agreement with experiment.38 The energies of the lowest
lying excited electronic states are also predicted using
simple SOC model, and are found to be in excellent agr
ment with experiment.39

The diatomics in molecules model for electronic stru
ture has gained considerable popularity. Since it supplie
wave functionlike description of both the ground and exci
potential-energy surfaces, it has been used extensively
simulating nonadiabatic dynamics in clusters and conden
phases. In the development of the DIM model for I3

2 we had
two goals. The first was to account for the spin–orbit co
pling between all electronic states, thus having a mode
the excited states which would enable us to follow the m
of potentials leading from I3

2 to its photoproducts. Second
once a DIM model was established, it could be used as a
interpolation scheme to obtain potential-energy surfaces
which to run the dynamics of the photoreaction. An ad
tional benefit of the DIM model would be the ability to in
clude in the model solvation effects. However, comparis
with MRCI computations shows the DIM method to perfor
fairly poorly in this case. This suggests thatany empirical
DIM model for this system is likely to be of questionab
quality. This failure seems to be due to the inability to tre
Downloaded 30 Jul 2004 to 132.64.1.37. Redistribution subject to AIP 
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the mixing of ionic and covalent states in a flexible way, d
to the absence of ionic basis states in the DIM model.

Nevertheless, the qualitative appearance of
DIM1SO excited-state potentials for I3

2 does have importan
implications for the molecular dynamics. Once the system
promoted to the excited states, the mazelike nature of
potentials, with their numerous closely lying avoided cro
ings, will mean that the amplitude of the excited wave fun
tion will be distributed onto many different states. Th
means that the simple picture whereby the photoreactio
modeled by following a single potential surface from rea
tants to products is misleading. Instead, the DIM1SO model
predicts that all energetically allowed photofragments will
produced, which is in accordance with existing experimen
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