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The theoretical study of PuO™t (n=1,2,3) using a density functional method shows that PuOt (X®¥~) and
PuO?t (X°%~, 72—, 9%7) ions are stable, and the PuO3+ (1, ) ion is unstable. The analytic potential energy
functions of X8X~ for PuOt and X5%—, 72—, 95~ for PuO?* have been derived, and their force constants and

spectroscopic data have been calculated.
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I. INTRODUCTION

For almost all neutral and singly charged diatomic
molecules, the ground state has only one stationary
point, namely that at the minimum. The Murrell-

[1=7] is the most satisfactory theoret-

Sorbie function
ical method for accurately describing the behaviour
of these neutral diatoms and singly charged diatomic
ions.

However, doubly charged diatomic ions, e.g.,
molecule AB%*, have more competitive dissociation
channels, such as A?T + B or At + B*. The dis-
sociation limits of molecule AB?* are determined by
the relation between single- and double-adiabatic ion-
ization potentials, TP and I P>t respectively.[® For
ground-state species, for which:

1. IP?* (A or B) >IP* (A)+IP*(B), thus AB?**
might show either a metastable or a repulsive charac-
ter, the molecule constantly dissociates into AT+B™T;
otherwise

2. IP?* (A or B) <IP* (A)+IP*(B), thus AB?**
can be stable and the dissociation limit must be
A 4B.

The majority of the AB27 ions reported so far be-
long to group (1), with At+B* channel.'~) How-
ever, in this paper, study shows that the PuO?* ions
can be stable and their dissociation limit is Pu?*+O.
PuO3" ions can be unstable and their dissociation

limit is Pu?t+0O*.

II. DETAILS OF CALCULATION

Calculations were carried out using the popular
density functional: the “hybrid” B3LYP functional,
which is a three-parameter mixture of density func-
All cal-
culations employed the Gaussian 94 program. The

tional and “exact” Hartree-Fock exchange.

[3s3p2d2f] contracted basis sets and relativistic effec-
tive core potential (RECP) for Pu given in Ref.[12]
and the 6-311G* basis set for O atom were used. Thus,
for atom Pu, the three s orbital are expanded to five,
six and one Gaussian functions, respectively; the three
p orbital are expanded to four, five and one Gaussian
functions, respectively; the two d orbital are expanded
to one Gaussian functions, respectively; the two f or-
bital are expanded to two Gaussian functions, respec-
tively. There are four s orbital for atom O and they
are expanded to six, three, and one Gaussian func-
tions, respectively; the three p orbital are expanded to
three, one, and one Gaussian functions, respectively;
the d orbital is expanded to one Gaussian function.
For PuO™", we use 54 symmetrical basis func-
tions (234; 5As 13B; 13Bsy ).
basis functions are expanded by 111 primitive Gaus-

The 54 symmetrical

sian functions.
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. DISSOCIATION LIMIT AND ELECTR-

ONIC STATES

The dissociation channels given by ab initio cal-
culation of PuO™™" are

PuOt —Put+0, PuO?*t —=Pu?t+0

and PuO3t —Pu?t+0+.
The separated atomic group method!*®'7 is used to
derive the possible electronic states for PuO™*. The
ground states for Pu™, Pu**, O and O are 8F,, "F,
3Pg and S, respectively,'*~16) which are the compo-
nents of irreducible representation of the SU(n) group.
PuO™* belong to the Cws, group. The irreducible rep-
resentations of the SU(n) group can be resolved into
that of the Cu, group, that is, the possible electronic
states of PuO™* are given. Put(®F,) and O(®Py) are
resolved into the direct sum of Cy,, as follows:

SF, =5 @fa®Ad.
P, =30 @°IL

Their direct product and its reduction are

P Fe=(3S" @ IMa(®s” ol a A @)
=68,105+ 6.8, 10T 6:8.10 A gy. .. @6.8:10 [+ y[6:8:10%~]
@ SN
where, [©%1037] are the antisymmetric direct prod-
uct, all are the possible electronic states of PuO™.
Similarly, those of PuO?* are >79% =, %795+ 5791]
57T9A, ..., and those of PuO3t, 4%+ 6%+ ...

The electronic configuration of the ground state
for PuO™ is

aelectronscoconrmonwodd T O,

B electrons o o o wwo W o,
The ground state is 63 ~.

The electronic configuration of the ground state
for PuO?* is

aelectronscoonmooddPowm,

B electrons 0 0 o wwo oW,
The ground state is °X .

IV.POTENTIAL ENERGY FUNCTION AND
STABILITY
The potential energy curves of ab initio calcula-
tion are shown in Figs.1, 2, 3 and 4, where the solid
lines in Figs.2 and 3 are fitted by the Murrell-Sorbie

(M-S) potential energy function!”

V = —Do(1+ a1p+ azp® + azp’)exp(—aip), (1)

where p = R — R, R is the interatomic distance, and
R, is its equilibrium distance.
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Fig.1. Potential energy curves of PuO?+.
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Fig.2. Potential energy curve of PuO™.

By iterating a system of normal equations based
on a least-squares fit, the parameters a1, as and ag
of Eq.(1) have been calculated for PuO* and PuO?*
ions and listed in table 1. From these it is easy to
derive fo, f3 and fy, and then calculate spectroscopic
data we, WeXe, Be, @ using Eqgs.(2)—(7) (see Table 2).
The corresponding formulae are

f2 = De(a)® — 2as), (2)

fs = —6Dc(as — ajaz + a,*/3), (3)

f1 = De(3a,* — 12a,%ay + 24a1a3), (4)
h

Be = 8repR2’ 5)

_ 6B§ fBRc
ae_—%(ghu), (6)

2 2
WeXe = %<— ff‘fR° + 15(1+ “’°O‘°) ) (7)
2
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Table 1. Parameters of the analytical potential function (1).

Dissociation limits Re/nm a1 /nm~1 az/nm~2 az/nm~3
PuOt (X927 )—Put (®Fz)+0(3Py) 0.1875 23.091 ~82.60 943.2
PuO?+(X587)—=Pu?t(7)+0(?) 0.196 40.955 494.94 2540.7
PuO?t (927 )—Pu?t ("Fg)+O(3Fg) 0.29 33.799 246.36 6009.9
PuO?* ("L )—Pu?t(7)+0(?) 0.2 60.159 917.21 4486.5
Table 2. Derived force constants and spectroscopic data.
Electronic state fz/fJ.nm’2 f3/fJ.nm*3 f4/fJ.nm’4 we/cm’1 weXe/cm*1 Be/cm*1 ae/cm’1
PuOt(X%%7) 0.376 —22.4560 1024.714 652.311 4.530 0.3198 0.00253
PuO?*+(X5%7) 0.244 -11.0015 346.034 525.447 2.773 0.2927 0.00191
PuO?+(°27) 0.0198 -1.9266 164.692 149.5921 10.544 0.1337 0.00604
PuO?+(7£7) 0.227 —-16.7086 755.648 507.0829 8.0017 0.2811 0.00365

The potential energy curves in Figs.1, 2 and 3
show the minimum corresponding to the stable equi-
librium structure of states for PuO* and PuO?* ions,
and Fig.4 shows that states X+ and 5%+ of PuO3*
ion are the repulsive states.
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Fig.3. Potential energy curves of PuO2+.
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Fig.4. Potential energy curve of PuO3+.

The stability of PuOt, PuO?* and PuO37 is re-

lated to the dissociation channels. The dissociation

channel for PuOt and PuO?t are Pu® + O and
Pu?t + O, respectively. There are chemical bond
and nuclear repulsive forces between the two atoms,
and there exist, as usual, one minimum correspond-
ing to the stable state on the potential energy curves.
However, the dissociation channel for PuO37 is Pu?*
+ O™, hence, there will be considerable Coulomb re-
pulsive force between positive Pu?t and O¥, besides
the chemical bond and nuclear repulsive forces. If
Coulomb repulsive and nuclear repulsive forces dom-
inate over the others, the potential energy curve is
repulsive completely without minimum, such as the
cases of HF?+ HCI*t, HCI?~ ions!”) and PuH3+, 17
PuO3t jons. 14

bond force and the nuclear repulsive force will cause an

Equilibrium between the chemical

energy minimum and equilibrium between the chemi-
cal bond force and Coulomb repulsive force will result
in an energy maximum, such as the cases of HCI?t,
HBr2t, HI?T ions!®! and BH2*, CH2*, NH2* ions.['!]

It is well known that there are three differ-
ent types of potential energy maximum for diatomic
molecules or ions, i.e. the potential energy maximum
resulting from predissociation, or van der Waals inter-
action, or the non-crossing of potential curves of two
electronic states with the same irreducible representa-
tion for a given molecular group. A fourth is due to
Coulomb repulsion between the ionic pair of diatom.
The Coulomb repulsive potential is closely related to
interionic distance and proportional to the product of
ionic charges, therefore, highly charged molecular ions
would always be unstable.

The present work further confirms the maximum
caused by Coulomb repulsion. The energy maximum
does not appear in the ground state X°X~ and two
exited states "X, 9%~ although PuO?* belongs to
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the doubly charged ion. The first ionization potentials
of lanthanides are considerably low and not much at
variance in this series. The first, second and third
ionization potentials for U are 4.96, 11.07 and 17.74
eV, respectively, and those for O are 13.58, 35.15 and
55.13 eV, respectively. So, the positive charge distri-

bution for PuO?* will not be possible as Put and O,
but Pu?* and O. Therefore, the potential energy max-
imum does not appear. Similarly, there is no potential
energy maximum in PuO™ ion. Thus, the PuO>* ion
cannot exist stably because of the strong Coulomb re-
pulsion between positive charged ions Pu?* and O*.
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