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Abstract

We investigate theoretically the electronic structure of | - CO, and | - OCS van der Waals complexes including spin—orbit
interaction. For the T-shaped geometry of |- CO,, we caculate the potentials using a fully polyatomic treatment and
compare the results to the widely used pseudo-diatomic approximation. The latter becomes increasingly invalid at |-CO,
distances shorter than 4 A. We calculate the potentials of linear | - SCO and | - OCS, and analyze the zero-order electronic
structure of nonlinear | - OCS. We also discuss the validity of treating the spin—orbit interactionin | - CO, and | - OCS as an
atomic property of iodine and find this approximation justified at characteristic van der Waals distances. © 1999 Elsevier

Science B.V. All rights reserved.

1. Introduction

Studies of spectroscopy and dynamics of solvated
halide and dihalide anions have yielded a wealth of
information about intermolecular interactions involv-
ing both charged and neutral, open- and closed-shell
species. The interpretation of experimental results
and understanding of photochemistry of solvated
species relies on the modeling of intermolecular
interaction potentials. The neutral halogen clusters,
such as | - X (where X is a closed-shell solvent),
present special challenges to theoretical calculations
due to their open-shell electronic structure and strong
spin—orbit coupling that exceeds the van der Waals
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bonding. In this Letter, we explore aspects of the
| - CO, electronic structure that have not been ade-
quately addressed previously, and investigate for the
first time the electronic structure of | - OCS.

The | - CO, van der Waals complex has been the
subject of several experimental and theoretical stud-
ies [1-5]. Of particular interest is the T-shaped C,,
geometry of the complex, as it is this geometry that
is accessed in the photodetachment of the 1~ CO,
anion [1-3]. Previous theoretical studies of the C,,
complex relied on a pseudo-diatomic approximation
[3-5], explicitly treating CO, as a rare-gas atom.
This approximation reduces the complex to a ‘di-
atomic’ system analogous to many systems studied
previously, e.g., metal—rare-gas complexes [6—8] and
rare-gas halides [9-12]. In what follows, we explore
the limitations of the pseudo-diatomic approximation
by comparing the potentials cal culated using both the
pseudo-diatomic and truly polyatomic descriptions.
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In contrast to | - CO,, the electronic structure of
| - OCS has remained unexplored by both the experi-
ment and theory, and no photodetachment studies
have been reported for | ~- OCS. Our recent calcula-
tions showed that the global potential minimum of
the anion corresponds to a linear | - SCO charge-di-
pole-bound geometry with an 1-S distance of 3.6 A
and a dissociation energy of 220 meV [13]. The
linear 1~ - OCS configuration is repulsive, whereas a
shoulder on the potential energy surface of nonlinear
| ~- OCS corresponds to a roughly T-shaped charge-
quadrupole-bound geometry [13]. Here, we calculate
the electronic structure of linear | - OCS and | - SCO.
We aso analyze the zero-order electronic structure
of nonlinear | - OCS.

For the treatment of spin—orbit interactions, we
rely on the physica model of Dunning and Hay,
originaly developed for diatomic rare-gas halides
[9-12]. This model was applied previously to the
pseudo-diatomic treatment of |- CO, [1,3-5]; we
extend it to a truly polyatomic nonlinear case. The
spin—orbit interaction within the complex is treated
as an atomic property of iodine. We discuss the
validity of this treatment at various complex geome-
tries.

2. Method

For both | - CO, and | - OCS, we first calculate
zero-order electronic potentials neglecting the spin—
orbit interaction. In the case of | - CO,, the zero-order
potentials are calculated using both the pseudo-di-
atomic and polyatomic descriptions of the complex.
Then, we introduce the spin—orbit coupling, which is
treated as an atomic property of iodine so that the
corresponding part of the Hamiltonian is considered
independent of the complex geometry. While this
approximation is reasonable at the I-CO, and |-OCS
distances characteristic of van der Waals interac-
tions, it becomes invalid at shorter separations. We
analyze its breakdown by considering the spin den-
sity distributions.

The zero-order ab initio calculations are carried
out with Gaussian 94 [14], using Becke's three-
parameter density-functional method [15] with unre-
stricted spin and the correlation functional of Lee,
Yang, and Parr [16] (B3LYP). For iodine, we use the

relativistic effective core potential (ECP) of Hay and
Wadt [17], combined with a double-zeta valence
basis set (LanL2DZ). We augment the basis with
uncontracted s and p diffuse functions (exponents
0.0569 and 0.0330, respectively) and d and f polar-
ization functions (exponents 0.292 and 0.441, respec-
tively) [18]. For C, O, and S, Dunning’ s aug-cc-pVDZ
all-electron basis sets [19-21] are used. In calcula
tions on neutral complexes, the CO, and OCS moi-
eties are kept frozen at the optimized linear geome-
tries of isolated molecules (Rep = 1.17 A in CO,;
Reo = 1.16 A and R.g=1.58 A in OCS). For ionic
species, full geometry optimizations are carried out.
The zero-point vibrational energies are not included.

3.1-CO, van der Waals complex

In this section, we compare the potential energy
curves of the | - CO, C,, complex obtained by the
polyatomic and pseudo-diatomic treatments. In both
approaches, we first calculate the zero-order elec-

Fig. 1. (a) Orientations of the three 5p orbitals of the | atom in the
C,, |- CO, complex, corresponding to the a;, b;, and b, molecu-
lar orbitals of the complex. (b) The | 5p orbitals in the |- OCS
complex, corresponding to three different positions of the | atom
relative to OCS.
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tronic potentials of the complex by neglecting the
spin—orbit interaction, then introduce the spin—orbit
coupling and rediagonalize the Hamiltonian matrix.

In the zero-order picture, five electrons occupy
the three 5p orbitals of the | atom [shown in Fig. 13,
corresponding to the a;, b;, and b, molecular or-
bitals of the C,, complex. Depending on which of
these orbitals is half-filled, there are three distinct
electronic states: °A,,°B;, and °B,,, respectively. In
the pseudo-diatomic approximation, the 2Al state
transforms into a °3 state, while the °B,, and °B,
states (non-degenerate in the polyatomic treatment)
both correspond to a degenerate ’11 state. As will be
shown shortly, this artificially imposed degeneracy
leads to nontrivial electronic structure effects.

Fig. 2a shows the ab initio potential energy curves
for the °A,,°B,, and °B, states. To evaluate the
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quality of these potentials, we compare the results of
similar calculations on the closed-shell |- CO, an-
ion to available experimental and theoretical data
[1-5]. In I7-CO,, the CO, moiety is bent. Our
calculations predict an equilibrium OCO angle of
174.3° and an |-C distance of 3.65 A, in agreement
with previous results (174.5° +1.5° and 3.77 A)
[1-5]. Excellent agreement with the experiment is
achieved in comparing the vertical electron detach-
ment energy (VDE) of 1~ CO, to the electron affin-
ity (EA) of the | atom. The VDE of I7-CO, is
calculated to exceed the EA of | by 175 meV,
compared to the observed 172 meV shift of the
photoelectron spectrum of |~ - CO, relative to that of
bare 1~ [1,2].

The hole in one of the iodine p orbitals is associ-
ated with a positive quadrupole moment aligned

Pseudo-diatomic model
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Fig. 2. Calculated potentials energy curves of the C,, |- CO, complex: (a) the C,, potentials corresponding to the A,, B;, and B,
zero-order electronic states; (b) the C,, potentials including spin—orbit interaction; (c) zero-order potentials calculated using the
pseudo-diatomic approximation; and (d) pseudo-diatomic potentials including spin—orbit coupling.
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along this orbital. Asin the pseudo-diatomic analysis
[4,5], the energetic order of the A, B,, and B, states
is determined by the interaction of this quadrupole
with CO,. The A, state is destabilized by interaction
of the hole with the dlightly positive charge on the
carbon atom. In the B, state, the positive quadrupole
associated with the hole leads to an attractive interac-
tion with the negative quadrupole moment of CO,,
whereas in the b,, out-of-plane orientation, the inter-
action of the hole with CO, is minimized. The
energetic order of the B,, B, and A ; states observed
in Fig. 2a at not too short distances agrees with this
qualitative analysis. At short |-C distances, the state
ordering changes because in the A , state thereis less
repulsion between the electrons on CO, and the
single electron in the a, orbital.

To account for the spin—orbit interaction, we
modify the physical model developed by Dunning
and Hay for diatomic rare-gas halides [9-12], ex-
tending it to nonlinear polyatomics. Following Dun-
ning and Hay [9-12], we treat the spin—orbit interac-
tion within the complex as an atomic property of
iodine. This approximation leads to the following
explicit assumptions: (1) the spin—orhit coupling ma-
trix elements are independent of the geometry of the
complex; (2) these elements are the same for each
pair of the zero-order electronic states; and (3) they
can be evaluated from the isolated I-atom limit.

The electronic Hamiltonian matrix, including
spin—orbit coupling, is expressed as:

A(r) A A
H(r)y=| A B,(r) A, (1)
A A B,(r)

where r is the I-C distance; A(r), B(r), B ,(r)
are the °A,,”B,, and *B, zero-order electronic po-
tentials shown in Fig. 2a; and A is a coupling
constant (A = £/2, where ¢ is the usual spin—orbit
coupling parameter). Diagonalizing H(r) at each r
gives the potential energy curves for the three elec-
tronic states of |- CO, including spin—orbit cou-
pling. To quantify A, we rely on the assumption (3)
above and diagonaize H(r) in the limit of r — o,
that is with A((r) = B,(r) = B,(r) = 0. The eigen-
values (E;, = —A and E; = 2)) correspond to the
energy levels of isolated I(2P1/213/2). From the
known spin—orbit splitting in iodine (0.943 eV), we

determine A = 0.314 eV. We then diagonalize H(r)
in Eqg. (1) with this value of A and obtain the | - CO,
potentials shown in Fig. 2b. Note that (2, the projec-
tion of the electronic angular momentum on the
molecular axis, used to label the electronic states of
|- CO, in the pseudo-diatomic approximation [1—
5,9-12], is not a good quantum number in the truly
polyatomic description. In the absence of good quan-
tum numbers, we label the states as I, I, and I1I.

To determine the significance of the C,, descrip-
tion of the complex, we compare the potentials in
Fig. 2b to those obtained in the pseudo-diatomic
approximation. In that approximation, the non-de-
generate B, and B, zero-order states merge into a
degenerate I state, whereas the A, state correlates
to a X state. The corresponding pseudo-diatomic
potentials are shown in Fig. 2c, where the Il state
potential [11(r)] is obtained by averaging the B,(r)
and B,(r) curvesin Fig. 2a, and 3(r)=A(r).

The pseudo-diatomic Hamiltonian including
spin—orbit coupling is obtained by substituting 3(r)
for A((r) and II(r) for both B,(r)and B,(r) in Eq.
(1). The resulting Hamiltonian matrix can be directly
diagonalized; however, it is instructive to follow the
equivalent approach discussed by Hay and Dunning
[9-12], and block-diagonalize it first. This procedure
separates the states with different values of 2 (with
I-C as a quantization axis), yielding a 2 X 2 matrix
corresponding to two 2 =1/2 states (labeled 11/2
and 111/2), and a single eigenvalue corresponding
to the 2=3/2(13/2) state:

0=1/2
3(r) —V2 A 0
HO=1_ 5o m(y+a 0
0 0 m(r)-2a
0=3/2. (2)

The | 3/2 state corresponds to the Hund's case (a)
’I,,, state, whereas the 11/2 and 11 1/2 states
result from mixing of the Hund's case (a) 2H1/2 and
?3 states[1-5].

The | 3/2 state energy, as per Eq. (2), is II(r) —
A.Thel1l/2and Il 1/2 state eigenvalues are deter-
mined by diagonalizing the 2 =1/2 block at each
value of r. The resulting pseudo-diatomic potentials
of 1-CO, are shown in Fig. 2d. Overal, these



816 A. Sanov et al. / Chemical Physics Letters 313 (1999) 812—819

potentials are similar to the C,, potentialsin Fig. 2b.
However, a significant difference is observed for
r<4 A:thel and Il C,, potentials never cross,
whereasthe | 3/2 and | 1,/2 pseudo-diatomic curves
intersect at r = 3.04 A. Thisis clearly seen in Fig. 3
showing the (Il — 1) and (I 3/2— 1 1/2) difference
potentials.

At short 1-C distances, where the difference be-
tween the two models is observed, the spin—orbit
coupling becomes increasingly a molecular property
of the | - CO, complex. Therefore, we must examine
the validity of treating the spin—orbit coupling as an
atomic property of iodine. Table 1 lists I-atom spin
densities for different zero-order (C,,) €lectronic
states of |- CO, at selected C—I distances. It is
instructive that the A, state is most susceptible to
spin delocalization, whereas in the °B, state the spin
remains more than 99% localized on I even at very
short C—I distances (e.g., r = 2.6 A). Attenuatlon of
the spin by CO, is maximized in the state with the
greatest overlap of the half-filled | orbital with CO,
(the A state), and minimized in the state with the
smalleat overlap (B,). However, at distances relevant
to our caculations (r >3 A), at least 0.97 of the
total spin density is localized on the | atom. There-
fore, our explicit assumption about the atomic nature
of spin—orbit coupling in | - CO, is sound.

0.10 A
Polyatomic model
/

0.05 A

0.00 -

Difference potential (eV)

Pseudo-diatomic model
-0.05 A

-0.10 T T T T T
3 4 5 6 7
C-I distance (A)

Fig. 3. The (11 — I) and (1 1/2-1 3/2) difference potentials calcu-
lated for the polyatomic (I, I1) and pseudo-diatomic (11/2,
13/2) potentials of T-shaped I-CO, shown in Fig. 2b and d,
respectively.

Table 1
Mulliken spin density on the | atom in different zero-order (C,,)
electronic states of |-CO, at selected C—I distances

CI distance A, B, ’B,
A)

7.0 1.000 1.000 1.000
6.0 0.999 1.000 1.000
5.0 0.998 1.000 1.001
4.0 0.996 1.000 1.001
36 0.991 1.000 1.002
33 0.982 1.000 1.001
30 0.968 0.999 0.997
28 0.953 0.996 0.989
26 0.930 0.991 0.976

Moreover, the atomic nature of spin—orbit cou-
pling is assumed in both the C,, and pseudo-di-
atomic models. Thus, the discrepancy between the
two models is not due to this assumption and must
result from the breakdown of the pseudo-diatomic
approximation itself. The two difference potentialsin
Fig. 3 are nearly equal at r = 3.65 A, corresponding
to the calculated equilibrium distance in 1~ CO,,
which explains why the pseudo-diatomic model is
successful in describing the photoelectron spectrum
[3-5]. At shorter 1-C distances, relevant in even
moderately energetic collisions, the pseudo-diatomic
approximation becomes increasingly inadequate.

4.1 -0OCSvan der Waals complex

In this section, we consider the electronic struc-
ture of 1-OCS and | - SCO linear complexes, and
analyze the zero-order electronic structure of nonlin-
ear | - OCS. Fig. 1b shows possible orientations of
the three 5p orbitals of the | atom relative to OCS. In
the zero-order picture, both the | - SCO and | - OCS
linear geometries correspond to either the 23 or
degenerate %I1 electronic states. In the nonlinear
geometry, the linear 3 state correlates with an A
state [denoted A'(o)], while the II state gives rise to
two distinct A’ [denoted A'(w)] and A" states.

Fig. 4a and c shows the zero-order potentials of
linear | - SCO and | - OCS, respectively. Given the
calcylated equilibrium |-S distance in 17+ SCO of
3.6 A [13], photodetachment of the anion places the
neutral complex on the repulsive parts of both the 3
and II potentials. Asin | - CO,, the ordering of the
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Fig. 4. (&) The X and II zero-order electronic potentials of the linear | - SCO complex. (b) Linear | - SCO potentials including spin-orbit
coupling. (c) The X and II zero-order electronic potentials of the linear | - OCS complex. (d) Linear | - OCS potentials including spin—orhbit

coupling.

zero-order |- SCO and |- OCS states can be ex-
plained by considering the positive quadrupole mo-
ment associated with the hole on the | atom. In
dipolar OCS, the S-end is slightly positive, while the
O-end is negative. Therefore, a o hole leads to
repulsive interaction in | - SCO, and attractive inter-
action in |- OCS. On the other hand, a = hole
implies that the o orbital is occupied by two elec-
trons, which interact attractively with the positive
Send of OCS and repulsively with the negative
O-end. Thus, at moderate separations, the I1 state of
| - SCO is lower in energy than the X state, with the
order reversed for | - OCS. Similar to | - CO,, the 3,
state, in which the half-filled I-atom orbital is point-
ing towards OCS, is less repulsive at short 1-S or
|-O distances than the 11 state. Because state order-
ing is sensitive to the electrostatic properties of the

solvent, the order of states is different in different
van der Waals complexes, for example, | - Ar and
|- CO, (C,,) [4,22].

Since the energetic ordering of the X and II
states of linear |-SCO and |- OCS is different,
several potential crossings occur at nonlinear geome-
tries. Fig. 5 shows a correlation diagram, based on
results of exploratory calculations in C, symmetry,
which reflects changes in the state order as a func-
tion of the I-OCS angle along the minimum energy
path. The global zero-order potential minimum of
| - OCS corresponds to the A(m) state. The equilib-
rium geometry is given by = 110° and r = 3.6 A,
where r is the distance from the OCS center of mass
to the | atom, and 6 is the angle between the r
vector and the SCO axis (e.g., = 0 and 180° corre-
spond to the linear | - OCS and | - SCO geometries,
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respectively). At this minimum, the electronic disso-
ciation energy of the complex is calculated to be 63
meV. A shallower minimum (dissociation energy 24
meV) exists on the A(c) surface, at 6=30° and
r=4.8 A, while the A’ surface has its minimum at
the linear | - SCO geometry.

For the linear | - SCO and | - OCS geometries, we
take into account the spin—orbit interaction by fol-
lowing the linear-molecule treatment of Hay and
Dunning [9-12] discussed in Section 3. By diagonal-
izing the Hamiltonian matrix given by Eq. (2) with
the zero-order %, and II potentials shown in Fig. 4a
and c, we obtain the | - SCO and | - OCS potentials
shown in Fig. 4b and d, respectively. As seen in Fig.
4b, the 1 3/2 and 11/2 1 - SCO potentials intersect
at an S-I distance of 3.55 A — approximately the
same as the calculated equilibrium S—I~ separation
in I~ SCO [13]. Therefore, we predict that the con-
tributions of the neutral 13/2 and | 1/2 states to
the photoelectron spectrum of the anion are over-
lapped.

Finally, we analyze the validity of treating the
spin—orbit coupling in | - OCS as an atomic property
of iodine. Table 2 lists I-atom spin densities for the
3 and IT zero-order states of linear 1-SCO and
| - OCS at selected S-I and O—I distances, respec-
tively. Asin | - CO,, we find that the I-atom spin-
density in the 3, state is more affected by the OCS
than in the II state, because of a greater overlap of

Fig. 5. A diagram connecting different zero-order electronic states
of 1-OCS at both linear and nonlinear geometries aong the
minimum energy path from |- SCO to | - OCS. The diagram, based
on the result of exploratory calculations in Cg symmetry, illus-
trates state ordering and potential crossings. See the text for
details.

Table 2

Mulliken spin density on the | atom in different zero-order
electronic states of linear |- SCO and |- OCS at selected S—I and
O-I distances, respectively

| - SCO linear complex |- OCS linear complex

S-l distance X II O-l distance X II
A) A)

7.0 1.000 1000 7.0 1.000 1.000
6.0 0999 1000 6.0 1.000 1.000
5.0 0998 1.000 5.0 0.999 1.000
4.0 0996 0999 4.0 1.000 1.002
3.6 0989 0996 3.6 1.002 1.002
3.3 0975 0989 33 1.005 1.002
3.0 0.947 0968 3.0 1.009 1.000
2.8 0918 0936 28 1.009 0.997

the corresponding half-filled orbital with OCS. We
aso find that spin delocalization is small at charac-
teristic van der Waals distances. Therefore, the as-
sumption about the atomic nature of spin—orbit cou-
pling in|-OCS and | - SCO is sound.

5. Summary and conclusions

We have investigated theoretically the electronic
structure of | - CO, and | - OCS van der Waals com-
plexes including spin—orbit interaction. For | - CO,,
we emphasized one structural aspect that had not
received adequate consideration in previous studies,
i.e., the robustness of the pseudo-diatomic approxi-
mation in describing the T-shaped geometry of the
complex. We compared the potentials calculated us-
ing both the pseudo-diatomic and truly polyatomic
descriptions. At large 1-CO, distances (>4 A) the
difference between the two models is negligible. At
separations shorter than 4 A, the pseudo-diatomic
approximation becomes increasingly invalid.

We calculated the potentials (including spin—orbit
coupling) of linear |- SCO and | - OCS, and ana
lyzed the zero-order electronic structure of nonlinear
| - OCS. We find that photodetachment of |1~ SCO
results in formation of the neutral complex on the
repulsive parts of al neutral potentials, i.e., photode-
tachment is dissociative. We note that the photo-
electron spectrum of 1~ SCO is yet to be recorded.

Finally, we analyzed the validity of treating the
spin—orbit interaction in 1 - CO, and | - OCS as an
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atomic property of iodine. We find this approxima-
tion justified at characteristic van der Waals separa-
tions, and more robust than the pseudo-diatomic
approximation.
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