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A semi-quantitative method is presented for predicting the transition structure bond length and the kinetic energy released as a
diatomic dication dissociates into monocation fragments. OQur approach, which we term the ACDCP model, involves the intro-
duction of diabatic coupling and polarization effects to an avoided-crossing model previously described. Good agreement is found
between the predictions of the new ACDCP model, the results of accurate ab initio calculations and experimental results.

1. Introduction

Gas-phase dications have been objects of consid-
erable recent research interest and this has been due,
in large part, to advances in experimental design
which have enabled mass spectrometric studies of
these species to be performed routinely [1]. As a rule,
dications are unstable species which dissociate,
spontaneously and exothermically, into pairs of
monocations,

AB?* AT +BY (1)

but they are often experimentally observable because
significant barriers can inhibit their fragmentation.
The origin and determination of such barriers is a
challenging problem to theoreticians and it has been
proposed [2,3] that they may be viewed as arising
from an avoided crossing between the A*+B*
(purely repulsive) and A%t +B (weakly attractive)
diabatic potential curves of the AB** dication (fig.
1). This is a powerful qualitative model and may even
be guantitatively useful when the ionization energies
of A* and B are comparable, that is, when the 4 pa-
rameter [3] defined by

A=E(A?*)+E(B)—E(A*—E(B*) (2)

is small (less than 2-3 eV). However, in cases for
which 4 is not small, the diabatic coupling between
the curves may be significant near the crossing point

\ \ Diabatic
\ \\ Crossing Point
N

-
p—

oy

S

A—B Bond Length

!
:
'
H
i
1
'
'
H
i
I
i
I
I
i
£

-

min ht-]

Fig. 1. Schematic representation of the diabatic (dashed) and
adiabatic (solid) potential energy curves for the ground state of
a diatomic AB* dication. The kinetic energy release T is less
than 4 largely because of diabatic coupling and polarization
effects.

and the energy of the AB2* system at the transition
structure, while rigorously bounded above by the
energies of both diabatic curves, may be substan-
tially lower than either of them. We have previously
made the suggestion [4,5] that, if 4 is small, the ki-
netic energy release T (the difference in energy be-
tween the transition structurc and the separated
fragments) is approximately equal to 4 and that the
transition structure bond length ry is approximately
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equal to 1/4 (rrs and 4 in atomic units). However
it is clear that, when 4 is not small and the diabatic
coupling is large, T will be substantially smaller than
4 (fig. 1) and rs will be substantially larger than 1/4.

An extreme example of such overestimation is
provided by the recently observed [6] Hei" dica-
tion, a species for which 4 is particularly large. Al-
though the value of A4 is nearly 30 eV, the kinetic
energy release " (according to the very accurate cal-
culations of Yagisawa et al. [7]) is less than 10.2 eV.
Clearly, our proposal that 7~ 4 for systems with small
4 is a poor approximation for the He3* dication. In
this Letter however, we suggest a refined procedure
by which T may be estimated for the fragmentations
of diatomic dications, even if 4 is large, and which
requires only atomic data as input. This refined pro-
cedure also leads to improved estimates of the tran-
sition structure bond length.

2, Method and results

Using a modified version [8] of the GAUSSIAN
82 system of programs [9], standard ab initio cal-
culations [10] were carried out for most of the spe-
cies indicated in table 1 to obtain the geometry and
energy of the transition structure involved in each of
the fragmentations. ‘

The prototypical dihelium dication He3 ™, which
has only two electrons, has been studied by Yagisawa
et al. [7] using the very accurate James-Coolidge
approach and we have used their results to find an
“accurate” transition structure bond length rs and
kinetic energy release T (table 1) for this species.

The diberyllium dication Be3™ and the boron and
aluminium monohydride dications BH>* and AIH2*
also have only two valence electrons each and con-
sequently, within the frozen-core approximation,
their exact correlation energies (for a given basis set)
may be obtained from straightforward CISD calcu-
lations. Combining this approach to obtaining fro-
zen-core full CI with the triple-zeta-valence plus d,
p-polarization 6-311G(MC)** basis set [11] gives
the “accurate” rs and T values listed in table | for
these species.

The ground-state striplet hydrogen chloride dica-
tion HCI** is of interest to us as a member of the
series of triplet HX?** dications (X =halogen) which
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we considered briefly in ref. [3]. Because it has more
than two valence electrons, it is not practical to per-
form full CI calculations on this system. Nonethe-
less, by using fourth-order Meller-Plesset pertur-
bation theory in conjunction with the 6-
311G(MC)** basis set to find the transition struc-
ture bond length and the kinetic energy release (ta-
ble 1), we believe that we have obtained reliable
cstimates of these quantities.

Curtiss et al. [12] and Koch et al. [13] have re-
cently measured the kinetic energy releases in the
CF**" and CCI**" dications and SiH?*" dication, re-
spectively, using mass-analysed ion kinetic energy
spectrometry and we have also included these ex-
perimental data in table 1.

For comparison, the transition structure bond
lengths and kinetic energy releases were calculated
for all of the species in table 1 using a simple diabatic
coupling plus polarization model which we describe
below.

3. Discussion

As two ionized atoms, At and B*, approach each
other, they initially experience a strong Coulombic
repulsion. However, at bonding distances, this is
often overcome by even stronger attractive interac-
tions, leading to the appearance of a local minimum
on the potential curve. These attractive forces may
be traced to a combination of two, quite distinct,
electronic effects. The first of these is that the A2+ +B
diabatic curve falls as the A-B bond length r is de-
creased (fig. 1) because of the enhanced attractive
charge-induced-dipole interaction (which increases
as r—*). This polarization attraction is electrostatic,
and therefore purely classical, in nature which dis-
tinguishes it from the second effect — diabatic cou-
pling. The diabatic potential curves “repel” one
another to an extent determined by a coupling in-
tegral H,, which (as we shall see below) decays ex-
ponentially with r. Unlike the electrostatic attraction,
diabatic coupling is a quantum phenomenon. One
consequence of these two effects is that, as r de-
creases from infinity, the ground-state potential
curve, which initially rises with the repulsive A* +B*
diabatic curve, may subsequently fall as electrostatic
and diabatic coupling effects begin to grow rapidly.
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Transition structure bond lengths (rys (A)), kinetic energy releases (T (¢V)) and 4 parameters (eV ) for dissociating dicationic systems

AC® model ACDC® model ACDCP ¢ model Accurate calculations ¢
or experimental values

49 1/47 T I1s T Irs T Frs yrn
H-Si?* 2.7 5.2 2.7 4.95 2.7 5.26 249 - 6.0
H-AI>* 5.2 2.8 47 2.82 45 2.94 3.8 3.248 38
C-F* 7.0 2.1 6.2 2.10 5.9 2.29 502 - 29
Be-Be** 8.9 1.6 3.8 3.28 3.8 3.29 3.5 3.470 4.1
H-CI?+ 10.2 1.4 6.0 2.10 5.9 2,14 5.0 2.280 29
C-CP+ 114 1.3 54 2.33 54 2.37 5.18 - 2.8
H-B** 11.5 1.2 5.7 2.17 5.7 2.18 5.9 1.801 24
He-He** 29.8 0.5 9.1 1.32 9.2 1,30 10.2 1,151 1.4

a) “Avoided crossing”. * “Avoided crossing with diabatic coupling”.

¢ “Avoided crossing with diabatic coupling and polarization”.

9 High-level ab initio results unless otherwise noted, see text. <’ From experimental atomic ionization energies.
" Evaluated in atomic units and converted to A. # Experimental values, see refs. [12,13].

This is the origin of dicationic stability.

The depth of the well in which a dication resides
depends on the magnitudes of both the electrostatic
and coupling effects and neither of these may gen-
erally be neglected. For example, of the 145 kJ mol~!
well depth in H}*, approximately 79 kJ mol~' is due
to polarization and 66 kJ mol~' to diabatic coupling
{14]. 1t is of interest, therefore, to assess the relative
importance of these effects in the description of the
dissociative region of the fragmentation process, that
is, at the transition structure and beyond. Calcula-
tion of the transition structure bond length and of
the kinetic energy released during fragmentation
should provide a useful basis for such an assessment.

We propose that the electrostatic charge-induced-
dipole interaction be given approximately by the
classical expression

Epolz—zaB/r4a (3)

where « is the static electric dipole polarizability of
atom B. We proceed now to describe our approach
for estimating the magnitude of the diabatic coupling.

We assume that the A* and B* ions are held to-
gether by a single, two-electron bond in the AB** di-
cation and we focus our attention on formulating a
qualitatively correct description of these two elec-
trons because the feature which distinguishes the
diabatic A*+B* and A®* +B curves is, primarily,
the distribution of these two electrons. Along one
curve, the electrons are localized on the same atom

while, on the other curve, they are covalently shared
between both atoms. Suppose that the relevant (nor-
malized) atomic orbitals on A and B arc ¢; and ¢,
(although not necessarily respectively). Then the
simplest qualitatively correct diabatic spatial wave-
functions for the two electrons on the two diabatic
curves are

yi(1,2)=0,(1) 94(2), (4)

(1) 9,(2) +9:(2) (1)
[2(1+83)1'% 7

where S, 5 is the overlap between ¢; and ¢,. We note
that, although (4) is not the only simple choice
available in the special case of a homonuclear system
(i.e. A=B), the use of (4) in all cases ensures that
our treatment of homonuclear and heteronuclear
diatomics is continuous.

To introduce diabatic coupling, we now allow the
(non-orthogonal) diabatic wavefunctions (4) and
(5) to mix together via a 2 2 CI. The diagonal ele-
ments (H,, and H,,) of the CI matrix are simply the
energies of the diabatic curves which, if we choose
henceforth to measure all energies relative to
E(A*)+E(B*), are 4—2ag/r* and 1/r [3]. The
off-diagonal element (H),) of the CI matrix is the
coupling integral and we propose that the Wolfs-
berg-Helmholtz approximation [15] be used to es-
timate it, i.e.

H,=1KS;;(Hy +Hy) . ’ (6)

ya2(1,2)= (5)
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In (6), K is some empirical proportionality constant
and §,, is the overlap between the diabatic wave-
functions (4) and (5). Thus,

Se= [ 01 042)

9i(1) ¢,(2) +9:(2) ¢;(1)
RS
o 25w
RS ] 7
whence
_ KSsp(4=2ap/r*+1/r)
S TIE A ®)
Finally, diagonalizing the CI matrix gives
(1-S%)E>+ (28,H,, —4+2a/r* -1 /r)E
+{4/r—2ag/r’-H?,)=0. 9)

Solving the quadratic equation (9) gives E(r), the
energy of AB?* (with inclusion of diabatic coupling
and polarization effects) relative to E(A™ ) +E(B*).
Using (7) and (8) to evaluate E(r) numerically re-
quires that the quantities K, ag, Sag(r) and 4 be
known.

We use the value K=1.75 suggested, in the context
of extended Hiickel theory, by Hoffmann [16]. This
choice appears to lead to satisfactory agreement with
high-level ab initio calculations (vide infra). The
static polarizabilities (a values) of all of the main-
group clements arc known rather accurately ( £2%)
and are readily available [17]. To evaluate Sxs(7),
the overlap integral between atomic orbitals, we as-
sume that each orbital is approximated well by a sin-
gle Slater-type p function (s functions for hydrogen
and helium) oriented along the A-B bond. (Al-
though the use of an s function for group I and II
metals (e.g. Li and Be) is a more obvious choice, we
have found that this is an unnecessary complication
which, in any case, scarcely affects the final results. )
The overlap integral S,s(7) may then be found by
straightforward application of the familiar formulae
of Mulliken et al. [18] using standard molecul¢-op-
timized atomic ¢ values [19]. Finally, 4 may be
computed using experimental atomic ionization
energies [17].

Given these quantities, £(r) may then be maxi-
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mized with respect to r to obtain the A-B bond length
(rrs) and the energy ( E1s) at the transition struc-
ture and the latter quantity may then be equated to
the kinetic energy release 7. In this way, we have ob-
tained the ACDCP (avoided crossing with diabatic
coupling and polarization) model results given in ta-
ble 1 #'.

The addition of both diabatic coupling (DC) and
polarization (P) corrections to the avoided-crossing
(AC) model leads to the ACDCP scheme. Avoided-
crossing models of intermediate sophistication, in-
corporating only diabatic coupling (leading to the
ACDC model) or polarization (leading to the ACP
model), may also readily be generated. From the
comparison of the ACDC results with the corre-
sponding AC and ACDCP values for the eight dia-
tomic dications in table 1, it appears that the
polarization correction is much less important (at
least, for diatomics) than the correction for diabatic
coupling. In turn, this implies that most of the dif-
ference between 4 and T'is due to diabatic coupling
and, therefore, that the diabatic A>* +B curve is al-
most flat beyond the transition structure (fig. 1). This
is probably less true for polyatomic dications (where
the principal electrostatic interaction decays as r ~2)
and for multiply charged cations.

On the whole, the bond lengths and kinetic energy
releases predicted by the ACDCP model are in good
agreement with the accurate ab initio and experi-
mental results. The mean absolute error in the pre-
dicted T values for the eight fragmentations is roughly
0.5 eV which, considering the simplicity of the model
used, is very encouraging. In contrast, the mean ab-
solute error incurred by using 4 as an estimator of T’
[3,4] is nearly 6 eV - an order of magnitude larger!
Again, the mean absolute error in the values of rig
predicted by the ACDCP model is less than 0.25 A
compared with an error of almost 1 A from the 1/4
approximation. We should emphasize that the sim-
ple AC model (without diabatic coupling and po-
larization) is useful only when 4 is less than ~2-3
eV, The large mean errors obtained with that model
in the present paper arise because in only one of the

#1 A listing of the complete FORTRAN program (approxinately
300 lines) which was used may be obtained from the authors
upon request.
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systems examined (SiH2*") is 4 within the required
range.

A formula routinely used by mass spectrometrists
[20] to estimate the transition structure bond length
in a fragmenting dication from measured values of
the kinetic energy release is

rsx1/T. (10)

This gives substantially better results than the 1/4
estimates (table 1) when 4 is not small. However,
because of the effects of diabatic coupling (fig. 1),
we believe that the values of rrg derived from (10)
using accurate values of T will be consistently too
high. Indeed, the mean absolute error (0.5 A) which
results from the application of (10) to the five spe-
cies in table 1 for which accurate rg values are known
is roughly twice that of the ACDCP estimates of ryg
(0.25A).

The success of the ACDCP model in estimating
rrs and T and, in particular, the fact that it appears
to yield better rrs values than the 1/7 approxima-
tion has prompted us to make ACDCP predictions
for the sets of AH>* and AHe?* dications (A=Be
to Ne, Mg to Ar). The values of s and T obtained
in this manner are listed in table 2 for comparison
with existing and prospective experimental data. We
stress that these predictions come at virtually no
computational cost and require a$ input only atomic
data.

The data in table 2 not only provide quantitative
estimates of rrs and T for systems for which the frag-
mentation curves have the qualitative form of that
in fig. 1 but also serve to indicate whether a partic-
ular dication may not exist or, on the other hand,
whether it might be thermodynamically stable. Thus,
although the ACDCP model will always yield a value
of rys, small values of rrs should be interpreted as
suggesting a small, or nonexistent, potential well. In
addition, a negative value of 4 indicates that the
A?* +B diabatic curve always lies below the At +B™*
diabatic curve and, therefore, that the AB2* dication
is thermodynamically stable.

In summary, the use of the avoided-crossing model
without diabatic coupling or polarization [2,3] leads
to the approximations [3-5]

rs~1/4, (11a)
Ted. (11b)
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Table 2

Calculated transition structure bond lengths (rrs (A)) and ki-
netic cnergy releases (7 (eV)) from the ACDCP 2’ model for
ground state AH>* and AHe?* dications

A AH?* systems AHe?* systems

rst) T Ac) I'Tgh) T Ac)
Be 3.2 4.1 4.6 - - d)
B 2.2 5.7 11.5 25.7 0.6 0.6
C 2.0 6.2 10.8 - - d)
N 1.8 6.9 16.0 29 49 5.0
O 1.5 7.6 21.5 1.7 7.8 10.5
F 1.4 8.5 21.4 1.6 8.1 10.4
Ne 1.2 9.6 27.4 1.3 9.7 16.4
Mg 10.0 1.4 1.4 - - d)
Al 2.9 4.5 5.2 - - d)
Si 5.3 2.7 2.7 - - d)
P 2.6 5.0 6.1 - - d)
s 22 58 97 - - d)
Cl 2.1 5.9 10.2 - - d)
Ar 1.9 6.5 14.0 4.7 30 3.0

@) *Avoided crossing with diabatic coupling and polarization”.

©' A small predicted value of rs suggests that the species may not
be experimentally observable (see text).

) From experimental atomic ionization energies.

4} The 4 parameter is negative implying that there is no transi-
tion structure for the fragmentation of this (thermodynami-
cally stable) dication, i.e. there is no reverse activation energy.

These are both useful when 4 is small. By introduc-
ing diabatic coupling and polarization (leading to
the ACDCP model) we have shown how improved
estimates of rrs and 7' may be obtained. The refined
model is essential when 4 is large.

4, Conclusion

In this Letter, we have proposed a refinement of
the avoided-crossing model for the fragmentation of
diatomic dications which enables reasonable a priori
predictions of the associated kinetic energy release
and transition structure bond length to be made re-
gardless of the size of the A parameter. This new
ACDCP model requires only that the first and sec-
ond ionization energies and the static polarizabilities
of the relevant atoms be known. The procedure works
remarkably well and, since kinetic energy releases are
comparatively easy to measure, it should be of value
to experimental, as well as computational, chemists.
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