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We present a theoretical study on the potential energy surface and vibrational bound states of the E
electronic excited state of the HeI2 van der Waals system. The interaction energies are computed us-
ing accurate ab initio methods and large basis sets. Relativistic small-core effective core potentials in
conjunction with a quintuple-zeta quality basis set are employed for the heavy iodine atoms in mul-
tireference configuration interaction calculations for the 3A′ and 3A′′ states. For the representation
of the potential energy surface we used a general interpolation technique for constructing poten-
tial surfaces from ab initio data based on the reproducing kernel Hilbert space method. The surface
presents global and local minima for T-shaped configurations with well-depths of 33.2 and 4.6 cm−1,
respectively. Vibrational energies and states are computed through variational quantum mechani-
cal calculations. We found that the binding energy of the HeI2(E) T-shaped isomer is 16.85 cm−1,
in excellent agreement with recent experimental measurements. In lieu of more experimental data
we also report our predictions on higher vibrational levels and we analyze the influence of the un-
derlying surface on them. This is the first attempt to represent the potential surface of such a highly
excited electronic state of a van der Waals complex, and it demonstrates the capability of the ab initio
technology to provide accurate results for carrying out reliable studies to model experimental data.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4733983]

I. INTRODUCTION

Research on van der Waals (vdW) complexes has a long
and rich history mainly due to their protagonist role in the
study of energy transfer mechanisms and weak intermolecular
forces.1 Progress in both experimental techniques and com-
putational methods during the last years has contributed to an
improved understanding of these “simple” molecular entities
(see Refs. 2–8 and references therein).

Rare gas (Rg) dihalogen systems (XY) represent an in-
teresting class of vdW complexes with the He–I2 system be-
ing the first to be studied experimentally by the Levy group
through laser excited fluorescence spectroscopy as early as
1976.9 At that time the He–I2(X1�+

g ) system was predicted
to have a C2v (T-shaped) configuration characterized by a
perpendicular distance R0 = 4.47 ± 0.13 Å (Ref. 10) and a
binding energy, D0, initially estimated at 18.8 ± 0.6 cm−1

(Ref. 11) but later revised to D0 = 17.6 ± 1.0 cm−1.12 The
most recent experimental binding energy, reported by the
Loomis group,13 amounts to 16.6 ± 0.6 cm−1 for the C2v

conformer and 16.3 ± 0.6 cm−1 for the linear conformer.
The double minimum topology of the potential energy sur-
face (PES), an interesting feature per se, was a known ex-
perimental fact from the studies on Ar–I2 (Refs. 14 and 15)
and Ne–I2 (Ref. 16) by the groups of Klemperer and Heaven.
From a theoretical perspective, ab initio high level calcula-
tions have also predicted the existence of a double-minimum

a)E-mail: kalemos@chem.uoa.gr.
b)E-mail: rita@iff.csic.es.

topology for such systems.17–21 In the light of the latest ex-
perimental data by the Loomis group,13 we recently revisited
the He–I2(X) vdW complex.22 Our estimates of 15.72 cm−1

(linear) and 15.51 cm−1 (T-shaped) for the binding energy are
very close to each other and to the most recent experimental
values.

In all these experimental studies10–13 electronic excited
states of the HeI2 are involved, such as the B(3�0+

u
) and

E(3�0+
g
) states, thus for any direct comparison between

theoretical simulations and experimental measurements the
knowledge of the underlying intermolecular interactions is
mandatory. Information on these excited electronic states of
such complexes based on ab initio computations is rather lim-
ited, and only recently calculations on the B state of some
vdW systems, such as HeCl2, HeBr2, NeCl2, and HeI2, have
been reported.23–26

Concerning the He–I2(B) system, we reported PES based
on high level variational and coupled-cluster (CC) calcula-
tions that incorporate scalar relativity, while the spin–orbit
(SO) coupling effects were considered indirectly by averaging
the 3A′ and 3A′′ surfaces.26 A C2v structure was found, bound
by 12.33 cm−1 with a vibrationally averaged R0 = 4.58 Å,
in excellent agreement with the corresponding experimental
findings of 12.8 ± 0.6 cm−1 and 4.79 ± 0.22 Å.13

Unfortunately, no theoretical results are available today
for higher excited electronic states of either HeI2 or any other
similar Rg-XY vdW complex. As we mentioned above the
E state of He–I2(E 0+

g ) vdW complex is involved in the ex-
perimental setup, although not experimentally studied until

0021-9606/2012/137(3)/034303/8/$30.00 © 2012 American Institute of Physics137, 034303-1
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recently (see Ref. 13). The Loomis’s group, using two-laser,
pump-probe spectroscopy, has accessed intermolecular vibra-
tional levels associated with He–I2(E 0+

g , v† = 0, 1) ion-pair
state.13 The available experimental data are condensed in a
T-shaped structure with the first vdW vibrational level lying
at −16.7 ± 0.6 cm−1 that enabled them to set the binding en-
ergy for the corresponding PES of the system.

From a theoretical point of view, the E 0+
g state of the

I2 species, traditionally described as an ion–pair state,27 was
practically unexplored until very recently.28 This state dis-
sociates adiabatically to I(5s25p5,2P) + I*(5s25p4(3P)6s1,4P),
a channel of mixed valence + Rydberg character. How-
ever, a severe avoided crossing at ∼25 Å with the ionic
curve changes its character to an ion-pair one, i.e., I−–I+

↔ I+–I− that is maintained up to ∼2.86 Å, where a second
avoided crossing with an incoming 3�g state confers a Ry-
dberg character and creates a second (local) minimum. The
existence of these two minima, a global featuring an ion-pair
nature located at re = 3.593 Å and with a well-depth of
29799 cm−1, and a local one of pure Rydberg character at
re = 2.589 Å with a De of 21720 cm−1 with respect to the
adiabatic I(2P) + I*(4P) dissociation limit, at the MRCI+Q
level of theory,28 is the most important characteristic of the I2

E 0+
g potential curve. Consequently, a He atom can approach

the I2 E state at both its equilibrium minima resulting to an
interesting polymorphic PES for the triatomic system. In this
account, we study the interaction resulting when a He atom
approaches I2 only to its well established ion-pair minimum.
To the best of our knowledge, this is the first ab initio re-
port on the He–I2(E) PES. Such potential surfaces are also
of primary interest in studying the dynamics of non-adiabatic
transitions in collisions of the I2(E) with He atoms.29, 30 Due
to the lack of ab initio PES, semiempirical models have been
developed and employed in the quantum scattering calcula-
tions, although in these studies the importance of the correct
description of the surface for the interpretation and modeling
of the collision mechanisms is clearly indicated.29–32

In the present work, we use multireference configuration
interaction (MRCI) methods, employing relativistic effective
core potentials for the I atoms and large basis sets to compute
the interaction energies and to provide an accurate descrip-
tion of the E ion-pair excited electronic state of the HeI2 clus-
ter. In Sec. II, we describe the methodological aspects of the
ab initio computations, along with the procedure employed
for the representation of the PES. As will be discussed below,
the spin-orbit coupling effects can be accurately accounted for
by averaging the 3A′ and 3A′′ interaction potentials, and quan-
tum vibrational bound-state calculations are carried out on
this averaged surface. Our results on the MRCI interaction en-
ergies, binding energies, and structures, as well as their com-
parison to the available experimental data are presented and
discussed in Sec. III. Final conclusions are given in Sec. IV.

II. COMPUTATIONAL DETAILS

A. Ab initio electronic structure calculations

The electronic configuration of the ground 2P state of the
I atom is [Ar]3d104s24p64d105s25p5. The [Ar+3d10] electrons

are described by the relativistic ECP28MDF effective core
potential,33 while for the 4s24p64d105s25p5 electrons the aug-
cc-pV5Z-PP basis set33 is employed generally contracted to
[8s8p6d4f3g2h]. The accuracy of small-core ECP and associ-
ated basis sets for the I2 states correlating to the I(2P) + I(2P),
I(2P) + I*(4P), I(2P) + I*(2P), and I+(3P) + I−(1S) asymp-
totes have been recently investigated.26, 28 For the He atom,
the aug-cc-pVQZ basis set is used generally contracted to
[5s4p3d2f].34 Overall, the description of the triatomic system
is achieved through 139×2 + 46 = 324 spherical Gaussian
functions.

The approach of the He (1S) atom to the I2(E 3�g) state
results in two PES of 3A′ and 3A′′ symmetry, the Renner–
Teller companions of the HeI2(3�) linear configuration. Ja-
cobi coordinates (r, R, θ ) are employed for the description of
the PES of the HeI2 complex, where R is the intermolecular
distance of the He atom from the center of mass of I2, r is the
bond length of iodine, and θ is the angle defined by the R and
r vectors. We constructed potential energy curves of both 3A′

and 3A′′ symmetry for θ angles ranging from θ = 0◦ (C∞v)
to θ = 90◦ (C2v) with a step of 10◦. At each θ value we cal-
culated the interaction energy at R distances ranging from 3
to 30 Å. The r(I–I) interatomic distance has been kept frozen
at its equilibrium re = 3.5931 Å value.28 The total grid in
r × R × θ (= re ×[3, 30 Å] × [0◦, 90◦]) consists in calculating
the interaction energy of � 1300 points in the configuration
space.

Due to the multireference equilibrium character of the
I2 E state28 we have employed a complete active space self-
consistent field (CASSCF) zeroth order wavefunction that de-
scribes properly the triatomic system at every point of its con-
figuration space. Dynamical correlation was extracted by sin-
gle and double replacements out of the reference wavefunc-
tion (CASSCF+1+2 = MRCI), while the internally contrac-
tion scheme as implemented in the MOLPRO 2006 package35

was used in order to keep the CI spaces at manageable levels.
The He–I2(E) 3A′ corresponds to the 6th root of the MRCI
matrix, while the 3A′′ one to its 5th root. This is due to the
fact that there are six lower lying molecular states resulting
from the interaction of He with I2 states of triplet spin charac-
ter originating from the ground state atomic I fragments, i.e.,
3(�+

u
2,�−

g ,�g,�g,�u), that under Cs symmetry split into five
3A′ and four 3A′′ states. Size non-extensivity errors were ac-
counted for by the multireference analog of the Davidson cor-
rection, denoted as +Q in what follows.36 The active space
of our zeroth order wavefunction contains, in addition to the
plain valence shell, four orbitals of Rydberg character. The
resulting MRCI space contains 23.7× 109 configuration func-
tions (CF) internally contracted to ≈ 136 × 106 CF under Cs

symmetry restrictions. Size non-extensivity errors amount to
35(2) mEh at the MRCI(+Q) level of theory.

In the presence of SO coupling, the two 3A′ and 3A′′

states of He–I2(E) are mixed. The SO splitting of the three
I2(E3�g) states, namely, 3�0+

g
, 3�1g

, and 3�2g
, is 3–4 or-

ders of magnitude larger than the minute difference of the 3A′

and 3A′′ states. Thus, when these states are interacting with
a He atom the SO coupling effect can be approximated by
the semi-sum of the adiabatic 3A′ and 3A′′ potentials, their
difference being negligible. Although no explicit SO calcu-
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lations have been performed here for He–I2(E), one can see
based on MRCI and MRCI+SO results of the diatomic I2

and He–I2(B) molecules,26, 28 as well as on previous studies of
similar triatomic complexes,23, 37–41 that this is indeed an ex-
cellent approximation. Therefore, the interaction potential for
the E3�0+

g
state approximately modified by spin–orbit cou-

pling is given by the average of the 3A′ and 3A′′ potentials,
VE = V3A′ +V3A′′

2 .

B. Representation of the potential energy surface

For the representation of the PES, we used an interpo-
lation process within the reproducing kernel space (RKHS)
method by Ho and Rabitz.42 It consists in expressing the in-
teraction energy as

VE(R, θ ; re) =
NR∑
i=1

Nθ∑
j=1

vij q
2,5
1 (Ri, R)q2(yj , y), (1)

where y = cos θ , NR and Nθ is the number of the calculated ab
initio points in R and θ coordinates, respectively. The q

n,m
1 and

q2 are the one-dimensional reproducing kernel functions for
the distance-like, R, and angle-like, θ , variables, respectively,
given42 by

q
n,m
1 (x, x ′) = n2x−(m+1)

> B(m + 1, n)

× 2F 1

(
− n + 1,m + 1; n + m + 1;

x<

x>

)
, (2)

q2(y, y ′) =
∑

l

(2l + 1)

2
Pl(y)Pl(y

′) (3)

with, x> and x< are the largest and smallest value of the x
and x′, respectively. The superscripts n and m refer to the or-
der of smoothness of the function, and its asymptotic behav-
ior at large distances, B is the beta function, 2F1 is the Gauss
hyper-geometric function. The Pl are the Legendre polynomi-
als with l = 0, 2, 4, 6, 8, 10, 12, 14, 16, and 18 in the present
case. The linear coefficients, vij , are obtained as solutions of
Eq. (1), where V(Ri, θ j; re) is the average value of the calcu-
lated MRCI+Q interaction energies of 3A′ and 3A′′ symmetry
at the (Ri, θ j; re) grid point, with i = 1–NR and j = 1–Nθ .

C. Bound state calculations

As it has been already stated the 3A′ and 3A′′ states are
coupled via the SO coupling operator, and an effective Hamil-
tonian including the SO term should have been employed
(see Refs. 37–39) for dynamics calculations. However, in the
atom-diatom case, and following the formalism described in
Refs. 37 and 38 for a diatom in the 3�0 state, the matrix el-
ements of the interaction potential can be represented by the
semi-sum of the adiabatic potentials, and a spin-free closed-
shell-type rovibrational Hamiltonian is employed here, as in
previous studies of such systems,13, 23, 26, 40 to study the nu-
clear dynamics. The two-dimensional operator in the Jacobi

coordinate system reads

Ĥ = − ¯
2

2μ1

∂2

∂R2
+ l̂2

2μ1R2
+ ĵ 2

2μ2r2
e

+ VE(R, θ ; re),

(4)
where, l̂ and ĵ are the angular momentum operators as-
sociated with the vectors R and r, respectively, leading to
a total angular momentum Ĵ = l̂ + ĵ , 1

μ1
= 1

mHe
+ 1

2mI
, 1

μ2

= 1
mI

+ 1
mI

, mHe = 4.00260 amu, mI = 126.904473 amu, and
VE(R, θ ; re) is given by Eq. (1). The r(I–I) interatomic dis-
tance is fixed at the equilibrium value of re = 3.5931 Å.
The bound vdW levels and corresponding wavefunctions are
calculated variationally by diagonalizing the two-dimensional
Hamiltonian matrix.

As previously done in similar vdW systems,22, 43, 44 the
corresponding Hamiltonian (see Eq. (4)) is represented in a
space composed of products of radial and angular basis func-
tions. For the R coordinate, a basis set of 160 discrete vari-
able representation functions over the range 3 ≤ R ≤ 15 Å,
is used based on the particle in a box eigenfunctions,45 while
for the θ coordinate the orthonormalized Legendre polyno-
mials Pj(cos θ ) with j values ranging from 0 to 79, for the
diatomic rotation are employed. In this way, a convergence of
0.001 cm−1 is achieved in bound state calculations for the ten
lowest vdW vibrational (J = 0) levels of He–I2(E).

III. RESULTS AND DISCUSSION

In Table I, we list total energies, equilibrium distances,
well-depths with respect to the corresponding dissociation
channels and adiabatic excitation energies for the ground X,
valence B and ion-pair E states. At the MRCI+Q level of the-
ory, the E state is located at 44482 cm−1 above the global
potential minimum of the ground X state (as calculated at the
CCSD(T) level). By comparing the TE

e of HeI2 with the one
of I2 at 41457 cm−1,28 we obtain a difference of 3025 cm−1

due to the different (CCSD(T) and MRCI+Q) methods em-
ployed here for the X and E states. Also from CCSD(T) cal-
culations we estimated the excitation energy of the B state,
TB

e = 12534 cm−1. These values do not include the SO

TABLE I. Total energies Ee (in a.u.), equilibrium distances Re (in Å), disso-
ciation energies De (in cm−1), and energy gaps Te (in cm−1) for the indicated
electronic states of the HeI2 vdW complex. These values are obtained by
CCSD(T), for the ground X and excited valence B states, and MRCI+Q, for
the E state, calculations using the ECP28MDF/AV5Z-PP/AVQZ basis sets.
For the B and E states we used the averaged value of the 3A′ and 3A′′ states.
Comparison with previous calculations (in parenthesis) is also presented.

X state
Bstate Estate

Config. Linear T-shaped T-shaped T-shaped

Ee −592.61674 −596.61670 −592.55963 −592.41406
Re 4.88 (4.83a) 3.83 (3.82a) 3.97 (3.96b) 4.13
De 45.21 (44.28a) 37.75 (38.92a) 29.63 (29.48b) 33.14
Te 0 . . . 12534 44482

aFrom RCCSD(T)/ECP28MDF/AV(Q/5)Z-PP/AV(Q/5)Z calculations extrapolated at
the CBS[Q5] limit, see Ref. 22.
bFrom UCCSD(T)/ECP28MDF/AV5Z-PP/AV(Q/5)Z calculations, see Ref. 26.
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FIG. 1. MRCI+Q interaction energies of the 3A′ (dashed lines) and 3A′′ (solid lines) states as a function of R at the indicated θ angles (left panel), and MRCI+Q
minimum energy path of 3A′, 3A′′ and their averaged values as a function of θ (right panel).

effects, of about 3065 cm−1 from previous MRCI+SO cal-
culations of the B state.26

Figure 1 shows the interaction potentials of 3A′ and 3A′′

symmetries at the MRCI+Q level of theory, as a function of
R for four selected θ values, θ = 0◦ (C∞v), 30◦, 60◦, and θ

= 90◦ (C2v) (see left panel). In the right panel of Fig. 1, we
display the minimum energy path for both 3A′ and 3A′′ po-
tentials as a function of θ by optimizing at each angle the R
coordinate.

In Figure 2, we present a valence bond diagram of the
ion-pair E I2(3�g) state interacting with the He atom at Cs

symmetry. As the He atom approaches the I2 molecule, the
system lowers its symmetry from D∞h to Cs, and conse-
quently the electronic wavefunction does not display the g
symmetry anymore but at θ = 90◦ (C2v) the two I atoms are
identical. At linear configurations the two states are degener-
ate. When θ 	= 90◦ a charge asymmetry shows up between
the two I atoms with the positive end located on the I atom
that is closer to He. This leads to a more attractive interac-
tion when the symmetry defining electron is perpendicular to
the molecular plane, i.e., at 3A′′ symmetry and θ ∼70◦ (see
Fig. 1). As we move on at smaller angle values the interaction
energy drops to ∼10 cm−1. In all cases, the interaction energy
for the 3A′′ symmetry is larger than that for the 3A′ one, since
the symmetry defining electron is off the way of the He atom

I ( P; M =1)+ 3

L I ( S)− 1

+

I ( P; M =1)+ 3

LI ( S)− 1

He ( S)1

C2v

y

z

FIG. 2. Schematic valence bond description of the He. . . I2(E3�g) system.

(see Fig. 1). In general, the two states show distinct topolo-
gies. For example, the 3A′ has a minimum for the T-shaped
configuration with a well-depth of 33.4 cm−1, and two shal-
low ones around 25◦ and 155◦, respectively, at an energy of
−12.9 cm−1, while the 3A′′ one has a symmetric double min-
imum at 70◦ and 110◦ with well-depths of 42.0 cm−1, while
the T-shaped structure at −32.9 cm−1 corresponds to a saddle
point connecting them. A common feature of both states is
the presence of a local minimum at all angles and at large R
distances (see Fig. 1, right panel). The computed MRCI and
MRCI+Q interaction energies for the 3A′ and 3A′′ states of
the HeI2(E) for each θ and R values are listed in the supple-
mentary material.46 In Fig. 1 (see right panel), we also plot
the minimum energy path of their averaged value,

3A′+3A′′
2 .

One can see that the T-shaped configuration is the global min-
imum with De = 33.2 cm−1, while the linear one at energy
of −11.2 cm−1 is a saddle point. Further, we should mention
a rather wide plateau for angles between 25◦ and 60◦ that re-
flects the region of major differences between the two states.

Given the complicated topology, with the presence of
multiple minima along the R coordinate, the representation
of the PES using an analytical form, such as in the previ-
ous studies of similar vdW clusters, is not a straightforward
task. Therefore, we consider that a more efficient way for con-
structing a smooth potential surface from the ab initio data
could be to employ the general interpolation method based
on the RKHS and the inverse problem theory,42 as described
above (see Sec. II B).

In Figure 3, we present a three-dimensional plot of the
RKHS PES, Eq. (1), V(R, θ ; re = 3.5931 Å) in the (θ , R)
plane, while in Figs. 4 and 5 we display the minimum en-
ergy path along the θ coordinate, and the potential curves
at the indicated θ values as a function of the distance R, re-
spectively. In Table II, we list the main characteristics of the
present surface, and we compare them with the ones available
from the DIM-PT1 (diatomics-in-molecule first-order pertur-
bation theory) approach.32 The MRCI+Q/RKHS PES pre-
dicts the global minimum at an energy of −33.18 cm−1 with
R = 4.10 Å and θ = 90◦. One can see that both MRCI+Q
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surface of Eq. (1) of the E HeI2 state. The I2(E) is fixed at its equilibrium dis-
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and DIM-PT1 surfaces predict the global minimum at a T-
shaped configuration, with the linear geometry corresponding
to a saddle point. However, the DIM-PT1 PES clearly overes-
timates the well-depth of the global minimum by ∼20 cm−1,
while the energy of the linear saddle point differences by only
3 cm−1.

The major new feature of the MRCI+Q PES (see Fig. 4),
as compared to the previous ab initio PESs of the X and B
HeI2 states,21, 22, 26 is the existence of local minima at 7.7 Å
(θ = 90◦) and at 9.3 Å (θ = 0◦) at −4.6 cm−1 and −3.7 cm−1,
respectively. The barrier between the global and local minima
are at R = 6.6 Å and energy of −3.9 cm−1, and R = 7.8 Å
and energy of −2.3 cm−1 for the T-shaped and linear con-
figurations, respectively. We should mention that this shallow
minimum at large R values, between 8.0 and 9.5 Å with ener-
gies ranging from −5.5 to −3.5 cm−1, is present at all θ val-
ues for both 3A′ and 3A′′ symmetries (see Fig. 1). Its existence
should be due to the electronic ion-pair character of the I2 E
state since it is absent in both the X and B PES of the He–I2

vdW complex. As it can be seen in Figs. 3 and 4, the surface
presents a plateau for angles between 30◦ and 60◦, showing
a larger anisotropy around the T-shaped well as compared to
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obtained from the RKHS interpolation (see Eq. (1)). The energies and angular
probability distributions of the lowest ten bound intermolecular vdW levels
for J = 0 are also displayed. The zero probability for each eigenstate is shifted
to its eigenenergy (see Table IV).
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probability distributions of the indicated n† bound intermolecular vdW lev-
els for J = 0 are also displayed. The zero probability for each eigenstate is
shifted to its eigenenergy (see Table IV).

the PESs of the X and B states of this complex.21, 22, 26 The
accuracy of the RKHS interpolation is checked by comparing
with additional MRCI+Q ab initio points not included in the
interpolation scheme. In Table III, we list for some selected
configurations of them along the minimum energy path, the
RKHS potential value, together with the MRCI+Q interac-
tion energy and the difference between them. In total, we ob-
tained an averaged deviation of 0.1 cm−1 for the RKHS PES
with respect to the MRCI+Q energies.

Using the RKHS PES, we performed nuclear bound state
calculations, as described in Sec. II C. The energies of the ten
lowest vibrational levels of He–I2(E) vdW complex are listed
in Table IV, while their corresponding angular and radial dis-
tributions are displayed in Figs. 4 and 5, respectively. Our cal-
culations predict these states at energies of −16.85 (even),
−10.68 (odd), −7.74 (even), −6.46 (odd), −5.05 (even),
−3.56 (odd), −2.78 (even), −2.23 (even), −1.71 (odd), and
−1.40 (even) cm−1, with even/odd symmetry with respect
to the diatomic j† rotation. As can be seen in Fig. 4 the n†

= 0 is strictly localized at a θ = 90◦ configuration, while
the n† = 6 vdW level presents its maximum probability
also at C2v structure with some delocalization at near lin-
ear geometries. The first excited vibrational level is local-
ized around θ = 70◦ and 110◦, while the n† = 2, 3, 4, and
5 vibrational levels present an “interesting” oscillating pat-
tern, spreading over the whole range of θ , and with their
corresponding probability maxima located at ∼55◦, 40◦, 30◦,
and 20◦ θ values, respectively, while their secondary max-
ima converge towards T-shaped nuclear arrangements. The
two most excited vibrational levels, n† = 8 and 9, present a
highly fluxional behavior rendering a floppy character to the
corresponding states. The radial distributions provide also in-
teresting comments (see Fig. 5). The ground vdW level is
located at R0 = 4.4 Å , while the corresponding values of
the n† = 1–5 levels increase monotonically up to ∼6 Å (n†

= 5). As we move on to higher energies the radial distribu-
tions acquire double maxima at both small and large R values
due to the double minima character of the underlying PES.
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TABLE II. Well-depths, and equilibrium distances for the He–I2(E) complex at the indicated orientations. Its
binding energy, D0, is also given.

θ = 90◦ θ = 0◦

Global (Local) minimum Saddle points

He–I2(E) De D0 Re De
a Re

a

This work 33.178 (4.62) 16.85 4.10 (7.67) 11.17 (3.69) 6.11 (9.32)
DIM-PT1 value32 52.7 . . . 3.62/– 14.3 6.39
Experimental value13 . . . 16.7±0.6 . . . . . . . . .

aLinear saddle points energies and geometries.

This is more pronounced for the n† = 8 and n† = 9 levels.
The n† = 6 level has also a highly irregular R distribution,
since it is mostly located in the shallow well at large R for
θ = 90◦, as we can see from its angular distribution.

The only available experimental results on the He–I2 E
state was published by the Loomis group13 and are limited
to the binding energies of the three lowest levels n† = 0, 1,
and 2 of the He–I2(E, v† = 1) at 16.7 ± 0.6, 14.1 ± 0.6, and
10.7 ± 0.6 cm−1, respectively (see Table IV). Moreover, the
experiment predicts a T-shaped isomer for the E state of the
HeI2, and as we can see its calculated structure and binding
energy are in excellent accord with the experimental mea-
surements. However, for the next two, n† = 1 and 2, vibra-
tional levels we find (see Table IV) differences of 3.4 and
3.0 cm−1, respectively, compared with the ones obtained from
the RKHS PES. At a first glance, these deviations can be at-
tributed to the errors in the ab initio calculations, approxi-
mations for including the spin-orbit effects, and thus in the
construction of the PES, which was not able to reproduce cor-
rectly the anharmonicity of the potential well. We can also

TABLE III. The MRCI+Q (
3A′+3A′′

2 ) interaction energies in comparison
with the RKHS potential values at the indicated (θ , R) points along the mini-
mum energy path of the E HeI2 state.

(θ , R) E(MRCI+Q) VE(R, θ ; re) E(MRCI+Q)-VE

(0,6.0974) −11.26 −11.17 − 0.082
(4,6.0874) −11.37 −11.34 − 0.115
(8,6.0473) −11.78 −11.84 0.062
(10,6.0272) −12.20 −12.23 0.031
(14,5.9771) −13.34 −13.26 − 0.083
(18,5.9069) −14.63 −14.51 − 0.122
(20,5.8668) −15.24 −15.17 − 0.078
(26,5.7464) −16.99 −16.95 − 0.040
(30,5.6562) −17.88 −17.79 − 0.088
(34,5.5458) −18.68 −18.51 − 0.170
(40,5.3954) −19.36 −19.30 − 0.062
(45,5.2249) −19.88 −19.90 0.025
(50,5.0745) −20.36 −20.25 − 0.113
(52,4.9842) −20.64 −20.56 − 0.079
(60,4.7034) −22.53 −22.51 − 0.019
(62,4.6132) −23.40 −23.25 − 0.155
(67,4.4327) −26.43 −26.57 0.137
(70,4.3424) −28.28 −28.19 − 0.093
(75,4.2321) −30.49 −30.16 0.330
(80,4.1519) −31.29 −31.17 − 0.124
(90,4.1017) −33.16 −33.18 0.014

see that the n† = 1 level is predicted by the RKHS PES to
be at almost the same energy, just a difference of 0.02 cm−1,
with the n† = 2 level of the experimental observations. Thus,
we should further analyze the experimental conditions and the
corresponding assignment in order to gain some insights into
the underlying dynamics and possible reasoning for the dis-
agreement obtained with the data of the present intermolec-
ular PES. The recorded two-color, pump-probe spectra show
three features (see Fig. 4 in Ref. 13) at total excitation energies
of around 41456, 41458.5, and 41463.5 cm−1, respectively.
The pump laser was fixed in the n′ = 0, and 3 features of
the I2 B–X, 23–0 region, the probe laser scanned the I2 E–B,
1–23 region, and these peaks have been assigned13 to transi-
tions from the n′ = 0 or 3 levels of the He–I2(B, v′ = 23)
→ He–I2(E, v† = 1) with n† = 0, 1, and 2 (see Table IV).
In Figure 6, we show the angular distributions and energies
of the involved vibrational levels for each electronic state
as they are predicted in the present and previous theoretical
studies,22, 26 together with the experimentally assigned transi-
tions.

Based on theoretical calculations of the vibrational levels
for each electronic state, and taking into account the Franck-
Condon factors, one can see that the transition from the n′ = 0
→ n† = 0 corresponds to the highest relative intensity feature,
in agreement with the experiment. It turns out, that a possible
proposed scenario, based on the available theoretical informa-
tion for the next two observed features, could attribute them
to transitions from the n′ = 1 → n† = 1 and n′ = 0 → n† = 1
states, which are shifted in energy by 2.09 and 6.17 cm−1, re-
spectively. These values are in excellent accord (see Table IV)
with the experimental reported energy shifts;13 however, we
should stress that in the experimental setup only the n′ = 0
or 3 states are involved, and thus the theoretical assignment
of the second peak is rather questionable. Further, we should
mention that the n′ = 1 state was the only vibrational level
of the B state that has not been detected from the experiment,
while all the other vibrational states have been obtained,13 and
this might be an argument for further investigation. Also, as
we pointed out above, in the experimental setup the X, B, and
E states of the HeI2 are involved, and one can see that for the
X state the linear and T-shaped n′′ = 0, 1, and 2 states are very
close in energy (see Fig. 6), with a difference of 0.3 (in reverse
ordering) and 0.2 cm−1 based on the experimental and theo-
retical predictions,13, 22 respectively. In any case, we should
say that the present theoretical estimates are for zero temper-
ature, while experimental measurements have been recorded
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TABLE IV. Theoretical and experimental energies (in cm−1) for the bound vibrational vdW levels of HeI2(E),
together with theoretical and experimental values for the energy shifts of the indicated E ← B transitions.

This work/Expt.

This work (2D) Expt. 13 (E,r = re) ← (B,v′ = 20)/(E,v† = 1) ← (B,v′ = 23)
n† RKHS PES He + I2(E, v† = 1) (n†, Jp†, j†) ← (n′, Jp ′, j′)/n† ← n′ Energy shift

0 − 16.85 −16.7 ± 0.6 (0,0+,e) ← (0,1−,o)/0 ← 0 or 3 0.0/0.0
1 − 10.68 −14.1 ± 0.6 (1,0+,o) ← (1,1−,e)/1 ← 0 or 3 2.09/2.6 ± 0.6
2 − 7.74 −10.7 ± 0.6 (1,0+,o) ← (0,1−,e)/2 ← 0 or 3 6.17/6 ± 0.6
3 − 6.46 . . . . . . . . .
4 − 5.05 . . . . . . . . .
5 − 3.56 . . . . . . . . .
6 − 2.78 . . . . . . . . .
7 − 2.23 . . . . . . . . .
8 − 1.71 . . . . . . . . .
9 − 1.40 . . . . . . . . .

at a low temperature regime (T ≤ 1 K), where rovibrational
states with J′′ < 9 were significantly populated,13 and does
not facilitate detailed comparisons.

Unfortunately, no more experimental and/or theoretical
data are up to now available in order to justify our assertion,
and thus to further evaluate the present surface.
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FIG. 6. Vibrational energies and corresponding angular distributions for the
three electronic states, ground X, valence B, and ion-pair E, as calculated
in the present and previous theoretical studies22, 26 being involved in the ex-
perimental spectra13 of the HeI2 molecule. The inter y axes correspond to
the interaction potential energies for each state, while the outer y axis indi-
cates the total excitation energy. TB

e and TE
e indicate the adiabatic excitation

energies for the B and E states, respectively, (see Table I). Transitions corre-
sponding to the experimental and theoretical assignments are also shown (see
Table IV).

IV. CONCLUSIONS

We present for the first time high level ab initio results
on the electronic excited E state of the HeI2 vdW system
based on large MRCI+Q calculations in conjunction with
ECP and large basis sets. Interaction energies were calcu-
lated at a frozen r = re distance for the I2 moiety for a grid
of several points in the R and θ coordinates for values be-
tween 3.0 and 30.0 Å and 0◦ and 90◦, respectively, for the 3A′

and 3A′′ states which correlate with the 3�g ion-pair state of
I2. The surface is approximated by the semi-sum of the spin-
free 3A′ and 3A′′ interaction potentials. Given the complicated
morphology of this ion-pair character PES, an interpolation
scheme based on the RKHS method has been adopted for
its representation. The surface presents a global minimum for
the T-shaped configuration with a well-depth of 33.18 cm−1,
a local one at energy of −4.62 cm−1, saddle points for lin-
ear structures and a wide plateau for intermediate bending
geometries.

Variational bound state calculations were performed for
the RKHS PES and the lowest ten bound vibrational states
of the HeI2(E) cluster were determined. The binding energy,
D0, is calculated to be 16.85 cm−1, with the correspond-
ing wavefunction being located at the T-shaped structure.
These findings are in excellent agreement with the available
experimental data on the n† = 0 level of the He..I2(E, v†

= 1) from a two-color, pump-probe spectra recorder in the I2

B–X, 23–0, and E–B, 1–23 regions. The next two vibrational
levels are calculated at energies of −10.68 and −7.74 cm−1,
while the experimental ones have been set to −14.1 ± 0.6
and −10.7 ± 0.6, respectively. Higher vibrational states are
also obtained, and we found that their probability distri-
butions clearly reflect the large anisotropy of the underly-
ing PES. Based on the theoretical predictions for all three
(X, B, and E) involved electronic states of HeI2, we discussed
different possible scenaria in order to analyze our results in
comparison with the experimental assignments for these en-
ergy levels aiming in this way to understand the source of the
disagreement. We may conclude that both experimental con-
ditions and theoretical treatments do not facilitate a detailed
comparison, so additional observations and calculations are in
order.
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The study of electronically excited vdW systems presents
a challenge for the theory of intermolecular interactions, and
here we demonstrate to what extent ab initio computations
can reach. We found that highly electronic excited interaction
energies for such vdW systems can be determined, providing
a reliable and accurate description for the E state PES of the
HeI2, that in combination with the ground X and electronic
excited B state of the complex, is useful to model experimen-
tal data related to potential minima and also predict higher vi-
brational vdW states. However, for a further evaluation of the
surface it is clear that more experimental data are required,
together with the corresponding theoretical simulations.
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