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The accuracy of a full core treatment of I” anion based on a zero-electron pseudo-potential
(ZEP) including core polarization pseudo-potential (CPP) is examined on reference compounds
LI~ and GBI™ considered as one-electron systems. The results are compared to ab initio CASPT?2
calculations involving 8 active electrons on iodine and 3 (respectively 9) on lithium (respectively
cesium). An original scheme is proposed to build a pseudo-potential describing the short-range
electron-1" interaction beyond the point charge approximation. The importance of the ZEP in
one-electron calculations is estimated for the mentioned anions.

I. INTRODUCTION

The quantum mechanical determination of electronic
properties of large molecules and sophisticated materials
has become one of the major challenges in the ab ini-
tio community of theoretical chemists. However, the use
of quantum chemical approaches has long been limited
to small systems due, in particular, to the number of
electrons which are to be taken into account. Therefore,
much effort was devoted to reduce the number of active
electrons in the calculations. It is known that chemi-
cal bonding as well as most chemical properties essen-
tially depend on the valence electrons. Such observa-
tion has lead theoreticians either to freeze the inner elec-
trons as in their mean-field description or to elaborate
so-called Model Potentials (M P), effective core poten-
tials (ECP) or pseudo-potentials (PP) theories. These
ideas date back to early pioneering works' 4 and have
been extensively developed in atomic physics and elec-
tronic collisions®™!, quantum chemistry'?>16 and solid
state physics calculations'” 2. It is noticeable that the
nowadays derivations of ECP’s and PP’s allow one to
reach quantitative accuracy for many systems in their
ground and excited states. Extensions of the PP theory
has made available the incorporation of scalar relativistic
effects leading to an accurate and still tractable treat-
ment of molecules including heavy atoms!'®-2!1:22,  Fur-
thermore, overpassing the strictly frozen scheme, tech-
niques have also been proposed to restore the core po-
larization and core-valence correlation in an operatorial

form?2?.

Beyond these standard and now routine determina-
tion and use of valence ECP’s, different strategies have
been developed to entirely replace inert atoms and ions,
and even more recently functional groups?*, by pseudo-
potentials. The former approach corresponds to zero-
electron pseudo-potentials (ZEP), with two main fields
of applications. The first one involves the treatment of
rare-gas atoms in molecules, clusters and even embed-
ding matrices. Rare-gas complexes are indeed of inter-
est as prototypes for solvatation models. In the con-

text of collisional or spectroscopic studies, many authors
have put much effort to derive model potentials (M P)
or pseudo-potentials for rare-gas atoms in alkali rare-
gas molecules. The early studies suggested empirical
or l-independent M P’s®#10  More recent versions in-
clude the I-dependency of the PP’s and were extracted
by fitting electron rare-gas elastic differential cross sec-
tions”27. Recent works have demonstrated the power
of these PP treatments since quasi-spectroscopic accu-
racy has been reached on alkali rare-gas and rare-earth
rare-gas diatomics2%26. The second class of applications
for atomic ZEP involves halogen negative ions (isoelec-
tronic to rare-gas atoms), met in essentially ionic materi-
als. These systems include condensed matter compounds
as well as ionic clusters for which local spectroscopy is
widely investigated?®. The description of inert ions in
periodic systems has attracted some theoretical interest
in the ab initio community. Indeed, ab initio spectro-
scopic techniques are limited to finite systems. There-
fore, embedded fragment models must be considered in
order to simultaneously restrict the quantum chemical
calculation to a small number of atoms and properly de-
scribe the fragment spectroscopy in its crystalline envi-
ronment. Few groups have tried to address the impor-
tant issue of surrounding effects modeling?®. Specific PP
techniques have been developed to account for the influ-
ence of the rest of the crystal on the fragment under
consideration?’. One main achievement is the so-called
Ab Initio Model Potential (AI M P) method suggested by
Seijo and Barandiaran in which material specific PP are
derived from periodic Hartree-Fock calculations®?. This
scheme is particularly interesting since it allows the treat-
ment of both anions and cations on the same footing with
equal effort. However, the main drawback is that the use
of the PP is constrained to the structural conditions in
which it has been extracted. Hence, applications in a
dynamical context or in situations for which the geom-
etry is a priori unknown, seem to be limited. Similarly,
such approach is not adapted to the study of surfaces,
nor clusters in which the local geometry may strongly
differ from the bulk situation. In the investigation of
structural and electronic properties of alkali halide clus-



ters with excess electrons®' (namely M,X,,, M alkali, X
halogen), the X~ ions were usually considered as simple
point charges®??3. Such approximations might be ques-
tionable for heavy halogen atoms. Indeed, one may think
that an extra pseudo-potential is required to account for
the electron-X~ short-range additional repulsion. Ab ini-
tio calculations using the perturbed ion model with cor-
relations contributions have been recently presented on
similar systems®*. However, this type of approach has a
very high computational cost.

The scope of the present work is to investigate the
reliability of a zero-electron treatment of the I~ ion.
As benchmark calculations, we consider the smallest
molecules which can be described as one-electron sys-
tems for which ab initio reference calculations can still
be achieved, namely the diatomic alkali halogen anions.
We have chosen the lil~ and (831~ diatomics, as exam-
ples of light-heavy and heavy-heavy compounds. We will
hereafter examine the reliability of one-electron calcula-
tions achieved within both the point-charge, and point
charge+extra short-range pseudo-potential approxima-
tions. For the latter, a zero-electron pseudo-potential
(ZEP) extraction scheme is suggested for the I~ ion.

While system-independent zero-electron cations
pseudo-potentials (ZEP) can easily be determined using
similar methods as those derived for standard ECP’s,
the situation is much less favorable for anions. Indeed,
the reference system including one extra electron does
not usually exist. One could think of using differential
electron-anion cross sections for this purpose. However,
those are most of the time not available as such, neither
experimentally nor theoretically, in contrast with the
situation for rare-gas atoms. In the scope of theoret-
ically understanding the chemistry of silver-bromide
surfaces®®, Flad et al. derived a pseudo-potential for
the Br~ anion. In order to stabilize the Br?~ species,
they embedded the anion in a gaussian-shaped auxiliary
potential.

Following a similar inspiration, we propose to stabilize
of the extra electron via a positively charged surrounding.
In addition to the repulsive PP, core polarization effects
will be included using the scheme developed by Miiller
et aP?. Section II is devoted to the PP extraction pro-
cedure and internal checks of its transferability. Section
IIT details the test calculations on alkali-iodine diatomic
neutrals and anions. The potential energy curves of neu-
trals are indeed required as core-core contributions in the
one-electron treatment of anions.

II. METHOD

The I~ zero-electron pseudo-potential will be con-
structed according to the I-dependent semi-local expres-
sion of Barthelat and Durand!?

- 1 ~
= P, 1
w T+zl:Wll (1)

with
Wi = Y Ce o pm (2)
i
and
m=l
b= ) |im><Iim| (3)

m=—I

P, is the projector on the usual spherical harmonics |Im).
It should be reminded that in the present study, the lo-
cal part is repulsive. The PP operator is expected to
mimic the interaction of extra electrons with the I~ ion.
Therefore, a reference system including at least one ex-
tra electron has to be considered. Quantum chemical
standard procedures for PP extractions are based on the
existence of atomic bound states of the reference system,
from which orbital energies, pseudo-orbitals and finally
pseudo-potentials can be determined. Here, the main is-
sue stems from the unstable character of 12~ species. We
therefore imposed an artificial constraint on the system
in order to stabilize the extra electron. This goal was
achieved by embedding the I>~ anion within a positively
charged cage of sodium cations. The choice of the cage is
obviously partly arbitrary. However, several criteria have
guided our choice. First, the wave function of the extra
electron must keep a non-vanishing density close to the I~
core. Second, the symmetry of the cage has been taken
octahedral so that it preserves the degeneracy of the p
orbitals, which correspond to the highest I components
of the PP considered in the present work. One should
note that the d orbitals of iodine split in such an octa-
hedral environment. A cage of higher symmetry should
be used to evaluate the pseudo-potentials d components.
The iodine-sodium distance R;_pn, was set to 6.0ag as
compared to the equilibrium distance 5.2a¢ in the Nal
diatomics®®. As long as the information from the wave-
function is transferable, this particular distance should
not be a critical parameter. This important issue is dis-
cussed later in the text. Thus, our procedure consists in
constructing a PP from an Hartree-Fock calculation for
an extra electron in the field of I~ (Na™)g. Usual valence
relativistic PP’s were used to describe both the iodine
anion®7 (8 active electrons) and sodium cations®® (1 ac-
tive electron per sodium) in order to avoid the collapse
of the extra electron on the surrounding ions.

The reference calculation of this system was achieved
as follows. First, we performed an Hartree-Fock calcula-
tion on I7. The resulting orbitals were left frozen, I~
being the reference core system. This procedure pre-
vents the core electrons from being polarized or delocal-
ized with the inclusion of the cage in the following step.
Then, the calculation of the full 1>~ (Na®)g system was
performed and the resulting orbitals and orbital energies
were taken as references. Third, for each [-manifold, the
standard methodology was used : i) determination of
the nodeless, normalized and shape-consistent pseudo-
orbitals, ii) inversion of the one-electron Schrédinger
equation and determination of the pseudo-potential.



Since the potential generated by the six Na™ cations does
not have a spherical symmetry, we were lead to use an
adapted least-square minimization procedure in order to
extract the PP. Within each symmetry, the calculated
norm I; in the least-square procedure reads

L = H (F+ Wl) o = 5l¢71H (4)

where ¢; is the reference pseudo-orbital in each symmetry
I. A rather large uncontracted basis set of Gaussian-
type orbitals (9s and 9p uncontracted primitives) was
used. The L; minimization with respect to Wl leads to
L; =~ 1072 a.u. The pseudo-potential parameters in semi-
local representation are listed in Table I.

l Qi Cii ny;

0 0.19022 0.15536| 1
11.92021 11.18667 |—1

1 0.13759 0.28112] 1

TABLE I: Zero-electron pseudo-potential parametrization for
I7. ay;, Ci; and ny; are defined in Eq. 2.

In order to roughly evaluate the zero-electron pseudo-
potential transferability, one can look into the La-
grangian L = ), L; variations under distortions of the
(Nat)g cage. The deviation from the reference value
L.y = 7.9 x 1072 enables to validate this important
criterion. Two types of deformations characterized by
the modification of the R;_ n, distances were considered,
either according to an homothetic expansion preserving
the Op symmetry, or to an axial Dy, distortion. The
results are presented in Table II. For the Dy, distortion
the four equatorial I — Na distances are set equal to the
original value 6.0 ag. One immediately sees that the vari-
ations of L are less than 20% of its nominal value, that
is an order of magnitude less than the error in the PP
extraction.

Rr—na (a.u.)]10% x L (a.u.)
On Dy
5.0 10 8.2
5.5 9.2 7.9
6.5 8.3 7.8
7.0 10 8.3

TABLE II: Variations of the Lagrangian under Op, and Day
deformations of the cage (Na*)g . The reference value is
Lyef =79x1077 .

The I ion being quite polarizable, it is necessary to
introduce a C'PP operator in order to recover the core po-
larization and core-valence correlation effects. It should
be emphasized that the previously mentioned freezing of
the I~ orbitals avoids the double counting of these contri-
butions. Following Miiller et al.22, the core polarization

potential Vopp (CPP) is incorporated as :
N 1
Verp = —Earflf fi- (5)

where a;- stands for the I~ polarizability and fj- is the
electric field produced by the single valence electron and
all other cores acting on I7. The electric field integrals
cutoff radius, p., has been taken as a step function, ac-
cordingly to the work of Foucrault et al.?°.

The dipole polarizability has been previously cal-
culated to be 69a3 from time-dependent second-order
Msller-Plesset perturbation theory*®. Based on elec-
tronic excitations experiments of salt clusters®?, the po-
larization terms have been estimated to a rather differ-
ent value, 40 a3. In our study, the ab initio polarizability
value has been assumed. The cutoff radius p. was de-
termined to make contact between the ionization energy
of the embedded 12~ species and the one-electron energy
computed from the combined ZEP + C'PP approach.
Therefore, we first performed reference CASPT?2 calcu-
lations on I~ and I*~ in the (Na™); environment. Then,
a one-electron calculation including dynamical polariza-
tion effects by means of the CPP was adjusted to the
C ASPT? energies difference. The C'PP parametrization
and the energetic contribution of the C PP correction on
the ionization energy of embedded 12~ are given in Ta-
ble III.

Energetic contribution[IE (a.u.) for I~ [Parametrization
PP contribution .5886 8s,8p
CPP contribution .0011 a;—- =69
pe = 3.50

TABLE III: CPP parameters and energetic contributions to
the embedded 1>~ ionization energy (TE). All values are given
in atomic units.

III. CALCULATIONS WITHIN A ZEP
TREATMENT

Since transferability is a main concern in our study,
in this section we investigate the potential energy curves
of two model systems, namely LI~ and (SI~. Let us
remind that the ZEP was extracted in an octahedral en-
vironment. Within the (', symmetry, the degeneracy
of the p orbitals is obviously lifted. Thus, both the lo-
cal symmetry and the chemical environment are different
from the pseudo-potential extraction conditions.

Based on our ZEP + CPP parametrization, the
energy curves of I~ and (I~ were computed and
compared to reference ab initio calculations. In the
ZEP + CPP scheme the (MI)~ system is represented
by a one electron hamiltonian

- 1 1
h = —-A-
2 T p+

+ Wt + WG (6)



1 N ~ N
Wi+ WP 4 Ve - (R)
-

where R is the M — T distance, ry+ and r;- are the
electron-nuclei distances, Wj+ and W;- the mean-
field ZEP, and Wﬁﬁp and W,O,PP the core polarization

pseudo-potentials of MT and I, respectively. Vys+ /- (R)
is a classical potential representing the core-core rigid-
ion interaction between the M™ and I~ ions. Vy+7- (R)
models the interaction of the zero-electron (M*,I7) sys-
tem, excluding the ions polarization already accounted
for in the C' PP operator. The MI systems, from which
the core-core Vy;+ ;- (R) potentials were extracted, and
the reference anions MI~ were computed using a Com-
plete Active Space Self Consistent Field plus second order
perturbation theory (CASPT2, MOLCAS Version 5!).
The type of CI method was motivated by the multicon-
figurational character of the wave-function including at
least the ion pair and the covalent configurations. For
the sake of consistency, the same C'I treatment was ap-
plied to the molecular anions. The calculations were per-
formed using a 11s5p3d, 7s6pdd3f and 5s5p4d3f basis
sets for i, (8 and I, respectively. The iodine and ce-
sium core electrons were treated via relativistic effective
core potential with 7 valence electrons for iodine and 9
for cesium*2. Conversely, the 1s electrons of lithium were
explicitly considered in the calculations. The active space
consisted of 8 and 9 electrons in 8 orbitals for the neu-
tral and ionic compounds, respectively. Thus, the active
space includes the molecular orbitals (MO) derived from
the 5s and 5p atomic orbitals (AO’s) of iodine, those
correlated with the 6s (or 2s) AO of cesium (or lithium)
and the four next higher virtual MO’s. The inner MQO’s
(5s, 5p for cesium, 1s for lithium) were left inactive in
the active space, but were considered in the perturbative
procedure.

Let us note that a major part of the core-valence cor-
relation effects (last inner shell, valence) is treated at
the perturbative level. Under these conditions, the cal-
culated ionization potentials (IP’s) of Ti and (5 are 5.31
and 3.66 eV, to be compared with the experimental val-
ues 5.39 eV and 3.89 eV*3. The electron affinity (EA)
of I~ is calculated to be 3.15 eV, slightly overestimat-
ing the experimental value of 3.06 eV*%. Figure 1 dis-
plays the CASPT?2 potential energy curves of Iil, i1~
(Fig. 1a) and GsI, 8~ (Fig. 1b). The spectroscopic con-
stants of the neutrals potential energy curves are given
in Table IV. They are in fairly good agreement with the
experimental data (see Table IV).

The equilibrium distances absolute errors are smaller
than 0.05 a9, whereas the dissociation energies, deter-
mined relatively to the ions pairs MT + I~ are under-
estimated by ~ -1700 and = -2100 cm ™! for LiT and GsI,
respectively. One should point out that the adiabatic
dissociation yields to the neutral fragments M + X. The
spectroscopic constants w, are also very close to the ex-
perimental data (490 versus 498 cm ! for [il, 115 versus
119 cm~! for GsI). CCSD(T) calculations on Iil have
been recently reported*”, exhibiting an equilibrium dis-

systems| source |Re(ag)|D. (cm™ ")[we (cm™ ) [EA(eV)
LI expt. 4.52¢ 48390° 498 0.75°
CASPT2| 4.56 46620 490| 0.65
Coulomb 0.82
ZEP 0.76
Gl expt. | 6.25° 35490° 119°| 0.62°
CASPT2| 6.30 33360 115 0.55
Coulomb 0.54
ZEP 0.58
LI CASPT2| 4.84 10100 370
Coulomb| 4.95 10450 367
ZEP 4.91 9950 361
expt. 10960
GI™ CASPT2| 6.77 7380 86.3
Coulomb| 6.89 6870 79.3
ZEP 6.91 6700 78.2
expt. 9110

TABLE 1V: Spectroscopic analysis of Lil, Til™, (I and
GsI™."Ref. 43. "Ref. 44.°Ref. 47.

tance R, —4.57 ag almost identical to our CASPT2 value.

Those potential energy curves have been fitted using
an expression including the Born-Mayer repulsion (expo-
nential form), the electrostatic and polarization contri-
butions

’ ar- + o+
E]?/‘,/_?_%IETZ = VM+[7 (R) - 27}24
1 ar- + apr+
= Aexp(—aR) — i SR (7
-2.5
> 35
>
> _45
(O]
c
® _55
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S
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>
>
(]
c
()]

FIG. 1: Potential energy curves of a) liland i1~ ; b) (&I and
(RI7. The zero energy corresponds to the dissociated pairs
M +17.



where Vjy;+7- (R) is the rigid-ion energy defined above,
whereas the C AS PT'2 obviously includes the polarization
effects on each ion, due to the presence of the other one.
The Born-Mayer parameters in atomic units are given
in Table V. Since the dissociation energies of the ions
pairs are underestimated with respect to experiment (see
above), we have also determined “experimental” Born-
Mayer parameters in order to avoid the propagation of
such error in the core-core contribution of the MX~ an-
ions in the ZE P approach.

LI Gl
A =91.526/89.714 | A = 140.450/134.047
a =1.5994/1.5788 | a = 1.3292/1.3126

TABLE V: Born-Mayer parameters in atomic units. The first
data refer to the fit of the CASPT?2 values, the second to
experimental dissociation energies®*3(Eq. 7).

The CASPT?2 potential energy curves for the anions
are also displayed in Fig. 1 and the calculated spectro-
scopic constants given in Table IV. Partial experimen-
tal data can be extracted from the above MX experi-
mental spectroscopic data, the molecular electron affini-
ties*® (0.62 eV for Til, 0.75 eV for (sI), and the ioniza-
tion potential of M. Estimated experimental values are
D.— 10960 and 9110 cm~! for Iil~ and GI~, respec-
tively. The CASPT2 D, values are found to be 10100
and 7380 cm~!. The discrepancy with experiment seems
to be much larger for the G5~ anion (~ -1600 ¢cm™')
than for L1~ (~ -800 cm™1).

We now turn to the single electron description using
the combined ZEP + CPP + core — core scheme.
The anions lil~, I~ potential energy curves are read-
ily determined by the diagonalization of the one-electron
hamiltonian, complemented by the Born-Mayer term (us-
ing the “experimental” parameters in Table V).

E((M])i) = VM+[7(R)+E (8)

where ¢ is the single-electron energy of MI ™.

In this one-electron picture, we used rather large basis
sets, namely 6s4p3d, 5s5pdd and 8s8p7d for Ii, (5 and
I, respectively. Figure 2 reports the reference CASPT?2
potential energy curves, the ZEP + CPP calculations
and those assuming MI™ being a one-electron systems
without the Wj- pseudo-potential. In this particular
approach, the electron-I~ repulsion is only described by
the 1/r;— term. The calculated spectroscopic constants
are summarized in Table IV. In both systems, the in-
crease of the equilibrium distances with respect to the
MX systems exhibited by the CASPT'?2 results, is fairly
reproduced in the one-electron approaches. In the case
of Til™, the dissociation energies with and without the
short range PP operator (coulombic repulsion only) are
9950 and 10450 cm ™', respectively. Both values are
smaller than the experimental estimations (~ 1.36 eV

-0.35 |
< 055
)
= 075
o
& -0095 I
o
-1.15 |
~1.35 | e | | |
0.0
02
S
2 o4
)
T -06
c
® o8

-1.0 I I I I I I I

FIG. 2: Potential energy curves of a) Lil~; b) GI~. Solid lines
are the C ASPT?2 reference; dashed lines the purely coulombic
calculations, and dotted lines the ZEP + CPP. The zero
energy corresponds to the dissociated pairs M + 1.

or 10960 cm~'). However, the total ZEP result occurs
to be in good agreement with the CASPT2 reference
value. The effect of the short-range pseudo-potential is
to reduce D, by ~ 500 cm™!. On the other hand, the
results are slightly less accurate for (s8I, since the en-
ergies with and without short range PP are 6700 and
6870 cm !, respectively. The effect of the PP is smaller
than in [i I~ since the equilibrium distance is significantly
larger, reducing the role of the I™-centered PP. An over-
all 600-800 cm ™! underestimation of D, with respect to
the CASPT?2 result is observed. However, the three the-
oretical calculations provide smaller dissociation energies
than the experimental estimation. This discrepancy re-
mains to be clarified. Finally, let us note that in (81, the
PP correction is smaller than the residual errors in all
calculations.

IV. CONCLUSION

In this paper, we have developed an original strategy
to parametrize a zero-electron pseudo-potential (ZEP)
for an anionic species. As long as core-valence correla-
tion (CPP) and core-core interaction effects are intro-
duced, a very satisfactory level of accuracy is reached
within this ZEP formalism for iI~. The effect of the
short range PP is to decrease the dissociation energy by
~ 500 cm~! with respect to a pure coulombic treatment
of the halogen. The effect is only ~ 200 cm ™! for GsI™.
The results are slightly less satisfactory since the one-
electron dissociation energies are in error by roughly 10%



with respect to the ab initio CASPT?2 reference calcula-
tion. Obviously, monitoring the cut-off radius to adjust
the C ASPT'2 result could be done. However, such proce-
dure would hinder the ab initio extraction philosophy and
would require tranferability controls on larger systems.
The CASPT?2 dissociation energy value might be im-
proved by increasing the already large basis set and per-
forming CI calculations. Nevertheless, the one-electron
results on both systems turn out to be fairly consistent
with the ab initio CASPT?2 references. The computa-
tional cost in ZEP calculations is obviously much re-
duced with respect to a standard approach relying on a
seven-electron description of iodine. Since the chemical
environments of the diatomic systems we considered are
very different from the extraction situation, we believe
that transferability, a major concern, is achieved. There-
fore, such a formalism might be extremely useful to re-

duce the number of active electrons without any tremen-
dous lost of accuracy. In this respect, the limit on the
number of electrons in large systems such as ionic clus-
ters is significantly moved. It might also be worth com-
paring the present PP extraction strategy with previous
parametrization of electron-Ar pseudo-potentials relying
on scattering properties 27. A very similar approach is
now being carried on for counter-ions (A~ and Br~ which
are frequently met in crystal structures of solid state com-
pounds. Finally, one should mention that similar ZEP’s
could be extracted within the DFT framework exten-
sively used to investigate large systems. Their efficiency
should however be checked consistently with the ability
of various functionals. Besides, the implementation of
C PP’s for several valence electrons within density-based
formalism remains to be developped.
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