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A new analytical potential function for doubly charged diatomic ions is proposed as
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where a,, a1 and C are parameters, and R is the nuclear distance. This function can be used to describe the poten-

tial curves for doubly charged diatomic ions with both potential minimum and maximum, or without any stationary

point. As examples, potential functions of this form for ground states of BH2T, He§+ and HF2t have been derived.
The calculations using the theoretical method QCISD with basis set 6-311++4+G™* have shown that the potential min-
imum of BH2tis at Rnin=0.147Tnm, the maximum at Rmax=0.185nm, and AE = Fmax — Fpjn=0.062 eV; for He§+

Rin=0.0736nm, Rmax=0.105nm, and AF = Enax —

Ein=0.71 eV. It is found that the potential curve for HF?* is

one with a singly repulsive branch. The force constants and spectroscopic data for BH?t and HegjL have also been

worked out.
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1. Introduction

Pauling! discovered a volcanic potential energy
curve for the He§+ system, which signals the begin-
ning of series of publications on the doubly charged
diatomics. The study of potential curves, dissociative
channels, vertical double-ionization potentials and
transition rates for small dications has received grow-
ing attention. Although the experimental and theo-
retical researches on this class of ions are rather inter-
esting, very few investigations on analytical potential
functions necessary for undertaking the molecular re-
action dynamics had been reported before Professor
Zhu et all?! reported their work. For almost all neu-
tral and singly charged diatomic molecules, the ground
state has only one stationary point, namely that at the
minimum. The extended Rydberg function®=6! is the

most satisfactory theoretical method for describing ac-

curately the behaviour of these neutral diatomics in
the equilibrium region. The Murrell-Sorbie function
has subsequently been extended successfully to repre-
sent singly charged diatomic ions.[”) However, the ex-
tended Rydberg function is not satisfactory for doubly
charged diatomic ions because this kind of molecules
possess some features that the potential curves may
have both potential minimum and maximum or singly
repulsive branch.8—1% In 2001, Borges Jr et allll]
reported a potential energy curve for A'Il state of
a CO molecule with potential maximum by employ-
ing the extended-Hartree—Fock approximate correla-
tion energy model for diatomics with inclusion of the
united-atom limit (EHFACE2U).[12]

To rationalize and relate the experimental and
theoretical numerical data, Professor Zhu et all?!

proposed an analytical potential function for doubly
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charged ions in 1997, which can be expressed as
ai as

— 1

p—a (p—a)? @)

where p = R — Ry; aq, ag, as, as are parameters, and

V(R) =

R is the nuclear distance.

Later, Huang and Zhu!'® proposed another
new analytical potential function, including an ionic
Coulomb repulsion term and a Murrell-Sorbie func-
tion term, as follows:

K 2 3
V(R) = E—D0(1+a1p+a2p +asp’)exp(—aip), (2)
where p = R — Ry, ay, ag, a3, Dy and R are param-
eters, and K is the coefficient of Coulomb potential.

Our recent work shows that neither Zhu’s function
nor Huang’s function could describe accurately the po-
tential energy curves of doubly charged diatomic ions
In the

present paper, we propose a new analytical potential

over the entire inter-atomic distance space.

function, including an ionic Coulomb repulsion term

[12] which can be used

and a Varandas potential term,
to describe the diatomic ions with both potential min-
imum and maximum or without any stationary point.
Based on ab initio calculations, the potential energy
function has been obtained in our proposed form for
the ground states for BH?T, He%"' and HF2*, and the
fitting is better than that by using either Zhu’s or

Huang’s function.
2.Analytical potential function

AB?*

molecule, have more competitive dissociation channels

Doubly charged diatomic ions, e.g.

than neutral or singly charged molecules, like A2+ + B
or AT + BT,

AB?*t are determined by the relation between single-

The dissociation limits of molecule

and double-adiabatic- ionization potentials (IPT and
IP2F, respectively). For the ground-state species, if:

(a) IP?* (A or B)>IP* (A)+IP*(B), thus AB**
might show either a metastable or a repulsive charac-
ter, constantly dissociating into At + BT or

(b) IP2* (A or B)<IP* (A)+IP*(B), thus AB**
can be stable and its dissociation limit must be A2% 4
B.

The majority of the AB2% ions reported so far
belongs to group (a), with several A* + B* channels
lying below A%t + B, because the former would be the
optimum energy process. Therefore, it is reasonably
assumed that there will be rather strong Coulomb re-
pulsion between A1t and BT, with the exception of
chemical bond force and nuclear repulsion. The dou-

bly charged diatomic ions will be unstable without any

stationary if the ionic Coulomb repulsion and nuclear
repulsion are always dominant, or stable with both
a potential minimum due to the balance of nuclear
repulsion and chemical bond forces and a potential
maximum caused by the balance of chemical bond
forces and ionic Coulomb repulsion. For the doubly
charged diatomic ions with both potential minimum
and maximum, there are two repulsive branches, and

an attractive branch.

In order to describe the potential curves for di-
atomic ions with both potential minimum and max-
imum or without any stationary point, we propose a

new function as follows:
V= VVar + VCoula (3)

where Vi, is the Varandas potential term, a spe-
cial case of the extended-Hartree-Fock approximate
correlation energy model for diatomics suggested by
Varandas,[12] and Voy is the Coulomb potential term.

They can be written as

C
VCoul - E (3&)

and

k
VVar = < Z aan1> exp(_ak+1R)7 (3b)
n=0

where a,, ary1 and C are parameters to be deter-
mined, and R refers to the nuclear distance. In this
paper, k=3.

This potential energy function has the correct
physical significance. When the bond distance R is
large enough, V =~ V,u because the Varandas po-
tential term converges much more rapidly than the
This

function also has the correct dissociation limit for

Coulomb potential term Voo, as R increases.

V' — 0, as R approaches infinity; and V tends to in-
finity as R — 0.
The quadratic, cubic and quartic force constants

fol fn = %,n = 2,3,4> could be derived from

Eqgs.(3) at their minima

3
fo=Y an[(n—1)(n—-2)R"?
n=0
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The expressions relating the force constants f,,

with the spectroscopic constants we, WeXe, Be, @ and

R. = R, for diatomic molecules may be found as

follows:[14:15]
f2 247T2LLAW§02, (7)
3f2 QeWe
= — 1
T U] (¥
_ f2 AeWe 2 8"‘)eXe

where c is the velocity of light, u 4 is the reduced mass

for individual atoms, and B, is given by
h h

- 8m2cu R? - 8m2el,’

min

e (10)

Based on the description by Murrell et all* one
can learn about the potential energy surface either by
analysing some experimental data (e.g., spectroscopy,
molecular-beam scattering and reaction kinetics), or
calculate the potential energy by the first principles
from Schrodinger equation. The former of these ap-
proaches runs into what is generally called the inver-
sion problem, and the latter, based on the first princi-
ples, is called the forward procedure. The theoretical

derivation is quite accurate for small atomic systems.
3. Application

In the present paper, we take BH2T, He§+
and HF?* as examples, and calculate their potential
curves, i.e. V(R), and then make the least-squares fit
to Egs.(3) to find parameters a,,, ar+; and C. Force
constants fs, f3 and f4 can be worked out from Eqgs.(3)
in terms of the values of a,,, a1 and C. It is straight-
forward to calculate we, WeXe, @e and B, from Eqs.(7)-
(10).

For the calculation and description of full poten-
tial curves for diatomic molecules or ions, first and
foremost we must determine the reasonable dissocia-

tion limits.[1%17 So, we derive the dissociation limits

of BH?*, He2t and HF?* first. For BH2*, the op-
timum energy dissociation will be BH*t* — Bt+HT.
If Bt and H" are in their ground states 'S,, then
the representation 'S, of the atomic group is resolved
into that of D, (BH2T), i.e. Z+, its direct product
Z+ ® Z+ = Z+. Therefore, the dissociation limit of
BH?* is

BH?**(X'ST) — BT(*Sy) + HT(!Sy).
Following the same theoretical method, we have
Hed*(X'S]) — 2He™ (%S,)
and
HF*T(X®E7) —» HT('Sy) + FT(*Py).

In the present work, the theoretical method
QCISD['®! with basis set denoted as 6-311+G* has
been used to calculate the ground states of BH2t,
Heg"' and HF?T. This method takes a quadratic CI
(configuration interaction) calculation including single
and double substitutions with a triples contribution to
the energy added. The potential minimum of BH2* is
at Rnin=0.147nm, the maximum at R,,,,=0.185nm,
and AE = Eax —
rable to those reported in Ref.[19] The potential min-

Fin=0.062eV, which are compa-

imum of He§+ is at Rp,in=0.0736nm, the maximum
at Rpax=0.105nm, and AFE = FEyax — Fmin=0.71eV.
Nicolaides and Valtazanos??! showed that the poten-
tial minimum of He§+ is at Rynin=0.0705nm, the max-
imum at R,,,,=0.115nm. Our calculation indicates
that the potential energy curve of HF?T is repulsive.
All the calculated results are summarized in Table 1.

By iterating a system of normal equations based
on the least-squares fit, the parameters a,, a1 and C
of function (3) have been worked out for He3t, BH*+
and HF?* (Table 2); from these it is easy to derive fo,
fs and f4, and then calculate spectroscopic data we,
WeXe, Be and a, using equations (7)—(10), see Tables
3 and 4 respectively. The calculated and reproduced
potential curves for BH2™, He§+ and HF?* are shown
in Fig.1. The dots in Fig.1 refer to the results of ab
initio calculations, and the curves are the fitted re-
sults. One can see that our curves agree well with the

results of ab initio calculations.
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Table 1. The calculated potential minima and maxima for the ground state of HegjL and BH2T molecules.

Molecules Rmin/nm Rmax/nm AFE = Fmax — Emin/ €V

BH2+(X!2+) — BT(1Sg)+HT(1Sg) 0.147 0.185 0.062

0.148[19] 0.182[17] 0.044[19]
Helt (X'2F) —2Het (2Sy) 0.0736 0.105 0.71
0.0705[20] 0.115[18!
Table 2. The parameters of the analytic potential function (3).

Molecules ap/eV-nm ai/eV as/eV-nm~?! as/eV-nm~2 as/nm™! C'/eV-nm
BH2H(X1xt) 10.47 -265.10 4418.53 -50419.73 35.08 1.42
He2t(X'x]) 397.62 -23774.89 500616.21 -3988859.01 78.77 1.44
HF?2+(X3%7) 9.33 ~244.05 1447.58 -3208.98 23.37 1.42

Table 3. The derived force constants for BH2T and He§+.
Molecules f2/eV-nm—2 —f3/eV-nm—3 fa/eV-anm—4

BH2H(X!S+) — BtT(1Sg)+HT(1Sg) 356.02 32711.70 1552885.20

Hel T (X15F) —2He ™ (2S,) 4361.56 637182.25 60614764.16
Table 4. The derived spectroscopic data for BH2+ and He§+.

Molecules we/cm ™1 WeXe/cm ™t Be/cm™1! ae/cm~!
BH?2T(X1xt) 1025 221.8 8.465 1.469
HeZt(x'x2f) 2434.492 228.165 15.546 1.539
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Fig.1. The potentials for (a) BH2+t(X!X1), (b) He§+(X12g) and (c) HF?+(X3%7).
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Figures 2(a) and 2(b) are the fitted potential
curves for the ground state of He§+ by using Zhu’s
model and Huang’s model, respectively. As in Fig.1,
the dots in Fig.2 refer to the results of ab initio cal-
culations, and the curves are the fitted results. One
can see that the fitted curve either by employing Zhu’s

function or Huang’s function deviates from the calcu-

V(R)/eV

0.04 0.08 0.12 0.16
R/nm

lated points obviously. In particular, the Zhu-model
curve could not provide a reliable extension of the data
beyond the fitting region. Although the number of
fitting parameters in function (3) and the number of
those in Huang’s model are identical, the fitting by us-
ing function (3) is better than that by using Huang’s
model.

1471
13t
12}
117
10

V(R)/eV
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Fig.2. The potential curves for He§+: (a) Zhu’s model; (b) Huang’s model.

4. Discussion

It is well known that there are three different
types of potential maximum for diatomic molecules
or ions: i.e., the potential maximum results from
pre-dissociation, the van der Waals interaction, and
the non-crossing of potential curves of two electronic
states with the same irreducible representation for a
given molecular group. The present work gives an
eloquent proof that the fourth type of potential max-
imum exists as well, which is due to the Coulomb re-
pulsion between an ionic pair with the same charge.?!
The Coulomb repulsive potential is related closely to
inter-ionic distance and is proportional to the product
of ionic charges.

In consideration of the point charge approxima-
tion, the coefficient of Coulomb potential can be writ-
ten as

K — 9498
4re
where g4 and gp are the charges of ions AT and BT,
respectively. g is the dielectric coefficient in vacuum.
A doubly charged diatomic molecule could be disso-
ciated into two singly charged ions, then g4 = g =
e = 1.602 x 1072 Coulomb, K = 1.4399¢V-nm. From
Table 2 one can see that C for He§+, HF?* and BH?*t

is very close to this value.

5. Conclusion

The present method for expressing the analytic
potential function is not only reasonable to establish
either one (for repulsive state) or three (for metastable
state) different inter-atomic distances for a given po-
tential energy, but also quite flexible for application.
If one has derived a potential curve by ab initio cal-
culations, it is easy to obtain the parameters ay, agy1
and C by a least-squares fit, and then derive fs, f3 and
fa from function (3) and the spectroscopic constants
from Eqgs.(7)—(10).

Based on the ab initio calculations, the poten-
tial energy functions have been fitted to our proposed
form for He%"', BH?* and HF?*. The force constants
and spectroscopic data for BH?T and He%"' have also
been worked out. The fitted parameters C are approx-
imately equal to those in the point approximation,
indicating that the function proposed in this paper
is reasonable. We believe that the present analytical
potential energy function of these doubly charged di-
atomic ions will be helpful to our understanding of

their structure, spectroscopy and reaction dynamics.
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