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Abstract

We performed all-electron ab initio calculations of the first six states of I; and ICI™ using a multi-reference configuration
interaction method. Spin-orbit coupling is included via an empirical one-electron operator and has a large effect on the
dissociation energy. The ground state dissociation energies were in error by 20-30%, probably due to deficiencies in the
one electron basis sets. The electronic wavefunctions at the equilibrium geometry were used to calculate the electronic
absorption spectrum from the ground state, and good agreement was found with the experimental data.

1. Introduction

Many experiments have probed the dynamics of dis-
sociation and recombination in halogen molecule ions
[1-3]. While a primary focus of these experiments is
on the effects of solvation, a firm knowledge of the
electronic structure of the bare anions is often required
to interpret the results. In addition to the energetics of
the states involved, it is also necessary to know some-
thing about the wavefunction, and hence properties, of
the molecules as they dissociate and recombine, in or-
der to determine how the solvent interacts with these
states.

There is relatively little experimental information
about the ground and excited states of I; and ICI™.
The bond dissociation energy of the ground state is
known reasonably well for both molecules from recent
photodissociation measurements [4], althoughthere is
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considerable variation in the reported values estimated
from earlier charge-transfer data [5-8]. Absorption
spectra with absolute cross sections from photodisso-
ciation experiments have also been reported for the
band around 700 nm [ 1,4]. The only other gas phase
data available are from dissociative electron attach-
ment measurements [9,10], which yield information
about the anion curves near the neutral geometry.
For I, the electronic absorption spectrum and the
frequencies of several vibrational transitions have
been measured both in crystal matrices and solution
[11,12]. Chen and Wentworth [5] have combined
the experimental data for most of the diatomic halo-
gen anions to create semiempirical potential energy
curves for all of the states considered here. Recently,
Dojahn et al. [13] have improved these fits by in-
corporating newer data. It is important to point out,
however, that while these fits combine the available
experimental data, there are no direct experimental
measurements of most of the spectroscopic quantities
that are extracted from these curves. Only the transi-
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tion energies, the vertical electron affinities, the bond
dissociation energy of the ground electronic state, and
vibrational frequencies of the ground electronic state
have been measured directly. For example, the equi-
librium bond length of the ground electronic state was
estimated by summing the ionic and covalent radii of
iodine [13]. It is also unknown what effect matrices
or solutions have on the measurements to which the
curves were fit.

Less data is available for IC1~. The only electronic
absorption spectrum other than the single band cited
above was measured in solution by Shida et al. [12]
The observed peak positions are nearly identical to
those reported for I, in the same work, a result which
is inconsistent with the limited gas phase data [4] and
the present calculations.

There have also been few ab initio calculations per-
formed on either of these molecules, and none, to our
knowledge, include the effects of spin-orbit coupling.
The first calculations on both molecules were due to
Tasker et al. [ 14] with a valence bond method using
core potentials and a small basis consisting of only s
and p functions. This is the only calculation of IC1~
of which we are aware. The excited states were calcu-
lated and transition energies were reported, but with-
out the inclusion of spin-orbit coupling it is difficult
to assess the meaning of these energies. For example,
the 2115 /2 and 11, /2 states of these molecules, which
are degenerate in the absence of spin-orbit coupling,
are split by about 0.5 eV. Bowmaker et al. performed
calculations of I, at the SCF level [15]. More re-
cently, Danovich et al. used relativistic core potentials
to study the effects of different methods and basis sets
in calculations on I and several other iodo-containing
species [16]. They reported results for the ground
state, comparable to our results but omitting spin—orbit
coupling. While their dissociation energies show for-
tuitous agreement with experiment, our experience is
that inclusion of spin-orbit coupling reduces the cal-
culated dissociation energies by as much as 50%.

We have performed multireference configuration in-
teraction (MRCI) calculations of the ground and ex-
cited states of these ions and incorporated the effects
of spin-orbit coupling by adding an empirical one-
electron operator to the ab initio Hamiltonian. The re-
sults represent the most complete theoretical treatment
of these ions to date, and, when combined with the
experimental information currently available, should

provide improved semiempirical models. The outline
of this Letter is as follows. Section 2 describes the
methods used to obtain the electronic structure of the
ions. The method used for computing the electronic
absorption spectra is also described. Section 3 presents
the results of the calculations with comparisons to ex-
periments and previous calculations.

2. Methods

The ab initio calculations were performed with
the MOLPRO program [17], using the internally
contracted multi-reference CISD method developed
by Knowles and Werner [18,19]. The orbitals and
reference configurations were obtained from state-
averaged complete active space (CASSCF) calcula-
tions [20,21] including the lowest two X states, the
lowest two II, states, and the lowest two II, states.
The six states arise from the 2P states of the neutral
halogen and the 'S state of the halogen ion. All six
states were assigned equal weight during the orbital
optimization.

Effective core potentials were avoided in fa-
vor of all-electron basis sets, largely because of
doubts about the accuracy of the available core
potentials for iodine. The medium-sized polar-
ized basis sets of Sadlej [22,23] were used in all
of the calculations. The suggested additional po-
larization functions have also been included so
that the basis sets are (13s10p4d)/[7s5p2d] and
(19s15p12d4f) /[ 11s9p6d2f] for Cl and I respec-
tively. In order to roughly equalize the error in the
CISD electron affinities of Cl and 1, the orbital expo-
nents of chlorine’s first contracted d function (0.9528
and 0.3580) have been scaled by 0.9195. The result-
ing exponents are 0.8761 and 0.3292.

To reduce the cost of the CASSCF calculations,
the inner orbitals of the dihalides were optimized via
a single-reference all-electron SCF calculation, and
then frozen during the CASSCF calculation. During
the CISD calculation, only the six valence p orbitals
were correlated. Including the valence s orbitals in the
correlation space had only a small effect, decreasing
the well depth for the ground state of I;” by 18 meV, or
2%. We opted to exclude the valence s orbitals from
the correlation space because basis set superposition
error rises very rapidly with the number of correlated
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Table 1
Number of active orbitals belonging to each irrep. of the Cs, point
group for ICI™ and I

Molecule Method Aj B B, Az

IC1— SCF 18 8 8 2
CASSCF 3 4 4 |
CISD 2 2 2

1y SCF 26 12 12 4
CASSCF 18 8 8 2
CISD 2 2 2 0

electrons, and is especially problematic for weakly
bound homonuclear molecules.

Table 1 contains the number of active orbitals in
the SCF, CASSCF and CISD calculations. Size con-
sistency errors inherent in the CISD energy were ame-
liorated by adding an approximate cluster correction
due to Pople. The charge distributions of the wave-
functions were obtained using the distributed multi-
pole analysis (DMA) developed by Stone [24].

The ab initio calculations leave out spin-orbit cou-
pling. To include spin-orbit effects, we set up and di-
agonalize an effective Hamiltonian matrix
Herr = H, + Hig, (1)
where H, is the ab initio Hamiltonian and H3Y is
a semiempirical Hamiltonian described below. Since
spin must be considered, the basis for this Hamiltonian
consists of a direct product of the six spatial wavefunc-
tions obtained from the ab initio calculation with the
doublet spin functions « and B, resulting in 12 basis
states. H, is thus a diagonal 12 x 12 matrix with the
ab initio energies in degenerate pairs on the diagonal.

The spin-orbit coupling between these basis states
is approximated by the one electron Hamiltonian [25]

a [ Z Z
HE,»?=Z— (;3_AIEA+_3EIIB> * Sis (2)

2 iA rip

where Iy is the orbital angular momentum of electron
{ about nucleus N, etc. In principle, the matrix ele-
ments of this operator could be evaluated exactly from
the ab initio wavefunctions and the spin components.
Such a procedure would, however, be very unlikely
to give the correct asymptotic spin-orbit splittings for
the atoms. We chose instead to approximate the Z/r>

operators with the experimental values for the appro-
priate atomic spin—orbit coupling constants, ¢, so that

2
a
HEP ~ Z 5 (¢alia + CBlip) - si

i

Evaluating this operator involves matrix elements of
the spin angular momentum operator, which are just
the components of the 2 x 2 Pauli spin matrices, to-
gether with matrix elements of the orbital angular mo-
mentum operator, which were evaluated exactly using
the ab initio wavefunctions. Because the radial oper-
ator Z/r* decays rapidly as the electron moves away
from the nucleus, matrix elements of the spatial part
of the spin-orbit operator connecting atomic orbitals
on different nuclei were set to zero. In practice two-
center integrals were excluded by setting to zero the
two-center contributions to the ab initio one particle
density matrices.

This procedure gives the exact asymptotic values
for the atomic spin-orbit splittings, because the angu-
lar integrals attain their correct values at large internu-
clear separations through symmetry. As the atoms are
brought together the spin-orbit coupling varies only
because (1) the energy separations between the basis
states change, and (2) the atomic angular momenta
14 and Ip change. The radial components {4 and {3
are held fixed at the atomic values.

Electronic absorption spectra from the ground elec-
tronic and vibrational states are computed from the
calculated curves and transition moments using a
slightly modified form of the reflection approxima-
tion[26] described by Heller [27]. The total absorp-
tion cross section at frequency @ from the initial state
i to the final state f is given by

, -
oif(w) =477'20’a(2)w(vf(€h‘)r l,uif(QT)lﬂi(QT)lz,
(3)

where V; is the upper state potential, gr is the classi-
cal turning point on the upper state, and u;r and i are
the transition moments and ground state vibrational
wavefunctions respectively. For a given w and initial
state energy Ej, the classical turning point is defined by
hew = Vi(gr) — E;. We have approximated the ground
vibrational state by a harmonic oscillator of frequency
we, determined from the calculated ground state curve,
a minor approximation given the small anharmonici-
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ties of the ground states (see Section 3). This method
is convenient, and, though approximate, should give
good results for our application. As a test, we have
computed the absorption spectrum of IC1~ using an
exact time-dependent quantum method and found de-
viations much smaller than the expected accuracy of
the electronic structure calculations.

3. Results and discussion

The calculated ab initio potential curves for the low-
est six electronic states of I, and ICI™ are shown in
Fig. 1. The curves in part (a) of the figure repre-
sent the raw data from the ab initio calculation, which
does not include spin-orbit coupling. These Hund’s
case (a) basis states are used to construct the effec-
tive spin—orbit Hamiltonian described in Section 2. All
of the states considered here correspond to a hole in
a p atomic orbital on either I or Cl. In the bonding
region, this correlates to a hole in either a o* or 7*
anti-bonding orbital, giving rise to the bonding % and
IT states respectively, or to a hole in o or 7 bonding
orbitals, giving rise to the 2* and IT* states. In I the
Hund’s case (a) basis states are degenerate at infinite
separation, corresponding to I~ + I (?P). In IC1~ the
asymptotic energies correspond to C1~ + I (?P) and
I~ + CI (*P), and they are split by the electron affin-
ity difference between I and Cl. The calculated value
of this difference, 0.596 eV, compares reasonably well
with the experimental value of 0.553 eV [28], though
it should be noted that the basis set was adjusted to
minimize the discrepancy.

The Hund’s case (a) curves illustrate several im-
portant points. First, there is a strong attractive interac-
tion in the Z, bonding state, while the remaining curves
are repulsive or only slightly attractive. Second, the
2> anti-bonding state lies above the I1* anti-bonding
state at the equilibrium bond length, R., which will
strongly influence the character of the spin-orbit cou-
pled excited states, as discussed below. Finally, there
is a crossing between the X* and I1* states at interme-
diate bondlengths which is due to the interaction be-
tween the positive quadrupole moment of the neutral
atom and negative charge of the ion. This interaction
is attractive for the X states, and repulsive for the II
states.

The inclusion of spin-orbit coupling splits the four

Hund’s case (a) levels into six, and lifts the degener-
acy of the atomic *Py, and 2P, , states, giving rise to
two asymptotes in I, and four asymptotes in ICI~, as
illustrated in Fig. 1b. Although the Hund’s case (a)
labels are still used to describe the curves, only Q, the
projection of the total electronic angular momentum
onto the internuclear axis, remains valid. In I the g
and u parity labels also remain valid. The mixing of
the 2 and II states by spin-orbit coupling has an im-
portant experimental manifestation in that it provides
oscillator strength to electronic transitions that would
otherwise be expected to be very weak. The extent of
this mixing at different bondlengths is discussed be-
low.

Tables 2 and 3 present the spectroscopic constants
extracted from the potential curves and also a compari-
son with previous experimental and theoretical results.
‘We have not presented the vertical electron affinities of
I, or ICI, because the ab initio calculations do not con-
verge well for bondlengths much shorter than R.. As
can be seen from Fig. 1, the equilibrium bondlength of
the neutral is in both cases considerably shorter than
that of the ion.

Comparison of calculated and measured bond dis-
sociation energies in the ground state shows that the
calculated D, is in error by about 20-30%. This short-
fall is probably due to inadequacies in the one electron
basis sets. Teichteil and Pelissier [29] have reported
similar problems in obtaining accurate results for D,
in I. There is somewhat less discrepancy in the val-
ues of w, for I, but direct comparison is hindered by
the fact that the experimental values are from the con-
densed phase [30]. There is good agreement between
the current results without spin—orbit coupling and the
best previous calculation [16], but the good agree-
ment between the results neglecting spin-orbit cou-
pling and experiment is fortuitous. Neglecting spin—
orbit coupling raises the energy of the asymptote with
respect to the well because the mixing is much stronger
at long bondlengths where the Hund’s case (a) states
are degenerate. There is reasonable agreement in the
calculated and estimated values of R, for Iy [13],
but the actual values of R, are unknown. Danovich et
al. [16] reported a slightly shorter bondlength, which
may be due to their use of effective core potentials, or
to our neglect of other relativistic effects.

The excited state curves are all unbound or very
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Fig. 1. Ab initio potential curves for ICI~ and 15" . (a) Without spin-orbit coupling. (b) Including spin~orbit coupling. The Hund’s case
(a) labels used in (b) are approximately valid near R, but become inappropriate as the bond dissociates (see Tables S and 6). Parameters
for the neutral curves were taken from Ref. {31].
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Table 2
Spectroscopic constants for 15

State T R De we
(ev) (A (eV) (em™!)
SN current cale. 0.0 333 0.905 99.92
w/o spin-orbit coupling 0.0 335 INBE! 105.9
prev. calc. w/o s.o.c.P 0.0 323 1111 112.6
semi-empirical ¢ 0.0 3.39 1.055 115
exp. 0.0 - 1.18¢ 115¢
My current calc. 117 4.18 0.11 38
semi-empirical ¢ 1.08 4.10 0.22 44
Myip current calc. 171 unbound
semi-empirical © 1.53 4.63 0.08 24
2Hu.3/3 current calc. 1.96 unbound
semi-empirical © 1.55 4.63 0.10 30
My current calc. 2.66 4.79 0.08 25
semi-empirical © 2.12 4.11 0.19 46
22;]/,2 current calc. 3.14 5.40 0.025 12
semi-empirical ¢ 3.10 541 0.10 22

b Ref. |16]. QCISD using relativistic effective core potentials.
¢ Ref. [13]. ¢ Ref. [4].
¢ Ref. |30}. Measured in solution. wexe = 0.45 cm™'.

Table 3
Spectroscopic constants for IC1~

State T R: Dq we
(eV) (A) (eV) (em=h)

=, current calc. 0.0 2.93 0.831 179.5°
w/o spin-orbit coupling 0.0 292 1.068 184.1
prev. cale. w/o s.0.c.” 0.0 3.07 0.73 159¢
exp. 0.0 - 1.o149 -

My current calc. 1.39 unbound

M current calc. 1.88 4.34 0.14 33

2 2H3/2 current calc. 2.67 unbound

221, current calc, 291 4.88 0.028 31

2 ZET/Z current calc. 3.62 unbound

2 mexe =090 cm™'.

b Ref. | 14]. Valence bond using small basis set and nonrelativistic core potentials.
¢ wexe =09 cm™!. 9 Ref. [4].
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Table 4

Calculated absorption spectra from the ground electronic state compared with various experimental results

Excited state Peak position Peak cross section FHWM Integrated intensity
(eV) (nm) (A2) (eV) (relative units)
iy My calc. 1.16 1070 0.0016 0.16 1/280
matrix * 1.08 1150 0.19 1/56
solution 1.20 1030
My cale. 1.69 736 0.43 0.18 1.0
matrix * 1.55 800 0.22 1.0
solution P 1.68 737
direct© 1.65 750 0.5 0.18
22;]/2 cale. 312 397 13 035 56
matrix * 3.10 400 0.55 6.1
solution 3.13 395
(ol My, calc. 1.36 914 0.00015 0.24 1771
solution® 1.20 1030
ey calc. 1.83 676 0.039 025 1
solution® 1.68 737
direct ¢ 1.77 700 0.039 023
2203, cale. 2.66 467 0.00097 0.46 1/22
2211 calc. 2.83 438 0.068 0.44 3.0
2257, calc. 3.59 346 0.63 0.56 36
I solution " 322 385
4 Ref. [11]. P Ref. [12]. ¢ Ref. [1]. 9 Ref. [4].

weakly bound in comparison with the ground state,
as one would expect from simple molecular orbital
considerations. Through comparison with the known
bond dissociation energies of Xe;, Dojahn et al. [ 13]
have suggested that all of the excited states of I, are
slightly bound. Given the limits of the current calcu-
lations, we do not expect these wells to be accurately
reproduced, and there is considerable discrepancy be-
tween our calculated values and the semiempirical fits.

There is considerably better agreement in the values
of the electronic transition energies from the ground
state (7). Direct comparison of the simulated spectra
with experimental data is shown in Table 4. For the
three optically allowed transitions of I, the agreement
is quite good. Particularly encouraging is the agree-
ment with the positions, widths, and absolute cross
sections of the °I1, /2 absorption bands observed by
gas phase photodissociation [ 1,4]. Because the & —
IT transition moment is very small, almost all the os-
cillator strength of this band is derived from Il « %*
mixing induced by the spin-orbit coupling. The ab-
solute cross section should thus be quite sensitive to

the extent of this mixing, and the good agreement, to
within the reported experimental error, suggests that
this mixing is about right at R.. The calculated extent
of this mixing 1s shown at several bondlengths in Ta-
bles 5 and 6. The fact that this mixing 1s much smaller
in IC1™ mostly accounts for the order of magnitude
reduction in both the calculated and observed cross
sections.

There is more significant disagreement in the exci-
tation energies to the two excited states of I1, symme-
try in I; . This transition is dipole forbidden, so its ap-
pearance at 585 nm (2.12 eV) in the matrix absorption
spectra means that the crystal field must be causing
significant mixing with states of g symmetry. It is not
known whether this mixing shifts the energy of the I1,
state significantly, or whether the state involved is the
I,3/2 or the IT,, | /. Chen and Wentworth [ 5,13] have
assigned the 585 nm transition to the I1, |/, state, but
if the assignment were changed to T1, 3,3, the agree-
ment with our calculations would be considerably bet-
ter. There is evidence from the solution data [12] for
an additional absorption band around 480 nm (2.58
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Table 5
Case (a) composition of the spin-orbit coupled states of 1, as a function of the bondlength

State R (A) % Basis function character
S E; ng Iy
i Re 95.9 00 00 4.1
53 77.7 0.0 0.0 223
00 66.7 0.0 0.0 333
My Re 0.0 0.0 100.0 0.0
53 0.0 0.0 100.0 0.0
o0 0.0 0.0 100.0 0.0
My Re 0.0 9.8 90.2 0.0
5.3 0.0 634 36.6 0.0
00 0.0 66.7 333 0.0
M,z R. 0.0 0.0 0.0 100.0
53 0.0 0.0 0.0 100.0
o0 0.0 0.0 0.0 100.0
My Re 4.1 0.0 0.0 95.9
5.3 223 0.0 0.0 717
o0 333 0.0 0.0 66.7
RN R. 00 90.2 9.8 0.0
5.3 0.0 36.6 63.4 0.0
00 0.0 333 66.7 0.0
Table 6
Case (a) composition of the spin-orbit coupled states of ICI™ as a function of the bondlength
State R (A) % Basis function character
h> b II m*
1 R 96.6 0.0 238 0.6
53 68.6 39 257 1.8
00 66.7 0.0 333 0.0
My Re 0.0 0.0 99.0 1.0
53 0.0 0.0 96.9 3.1
o'} 0.0 0.0 100.0 0.0
My, Re 24 16 94.0 2.1
53 17.0 473 24 .4 [1.4
fore} 0.0 66.7 0.0 333
22015, R. 0.0 0.0 1.0 99.0
53 0.0 0.0 3.1 96.9
00 0.0 0.0 0.0 100.0
22H[/2 Re 1.0 3.6 1.1 94.3
53 0.1 28.6 7.6 63.0
[e ] 0.0 333 0.0 66.7
2’50, R 0.1 94.8 2.1 3.0
5.3 137 202 424 23.8
oo 333 0.0 66.7 0.0
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eV), which supports this alteration in the assignment.

There is also some disagreement between the calcu-
lated absorption spectrum for ICI~ and the spectrum
measured in solution [12]. The solution data show
almost no shift in the spectra between I, and ICI™,
which disagrees qualitatively with the current calcula-
tions. The origin of this discrepancy is unknown, but
the good results for I; combined with the good agree-
ment for the Tl /, absorption of IC1~ measured by
photodissociation provide some weight for the valid-
ity of the current calculations.

It is interesting to examine the extent of the mixing
induced by spin-orbit coupling. While this coupling
has a large effect on the energies of the curves at all
bondlengths studied, the basic Hund’s case (a) char-
acter of the states is retained at R., as can been seen
from Tables 5 and 6. Mixing increases rapidly as the
bond is stretched. In all the states which are substan-
tially mixed by spin-orbit coupling, the mixing has
become large by 5.3 A (10 bohr). The effect is par-
ticularly strong for the experimentally relevant 211, /2
states, which undergo a complete alteration of charac-
ter from predominately IT at R, to predominately % *
at infinite separation. The extent of this mixing will
be strongly influenced by solvent effects and may be
expected to play an important role in the dynamics of
photodissociation. These effects will be the focus of
upcoming investigations.

One final point of contention arises from the as-
signment of the Hund’s case (a) labels in dissociative
electron attachment experiments [9,10]. In these ex-
periments, the fragment angular distributions show no
evidence of mixing of different A states by spin-orbit
coupling. This result is consistent with our observation
that the Hund’s case (a) character becomes dominant
as the bond is shortened. In both studies, however, the
highest energy peak has been assigned to a state of I1
symmetry, in direct contradiction with the current cal-
culations and other assignments based on the absorp-
tion spectra [5,11,13]. A crossing of the * and IT*
states cross at bondlengths shorter than R. could ac-
count for this observation, but there is no evidence of
such a crossing in the current calculations. Neverthe-
less, the absorption data and the current calculations
strongly support the assignment of the highest elec-
tronic state as predominantly % in character at R..

4. Concluding remarks

We have carried out high-level calculations of the
clectronic states of I, and ICI~ using an effective
Hamiltonian to treat the strong effects of spin-orbit
coupling. The results for both the transition frequen-
cies and the extent of mixing due to spin-orbit ef-
fects appear to be in good agreement with experiments
near the equilibrium geometry of the ground electronic
state. The well depth for the ground electronic state is
in error for both anions by about 20-30%, probably
due to inadequacies in the basis sets used. Analysis
of the wavefunctions reveals that the Hund’s case (a)
character of the wavefunctions is strong (> 90%) at
R. but rapidly decreases as the bondlength increases.
The details of this mixing as the bond dissociates are
likely to be important in understanding photodissoci-
ation dynamics in clusters and the condensed phase.
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