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The present publication reports variational calculations of the vibrational energy levels for Hj. 
Dj, 6Lij, and 7Lij, starting from potential energy surfaces generated by the DIM scheme. 
The vibrational energies obtained agree semiquantitatively with those based on the best ab initio 
potentials available. The results seem to indicate that an analogous approach might be useful 
in describing the vibrational motion of heavier alkali cluster cations Aj. 

In recent publications 1,2, the rotation-vibration Hamiltonians for equilateral X3 
and X2 Y molecules have been derived in terms of the three stretching vibrational 
coordinates Llri (Llri = ri - r.) and expanded as power series in the variables 
Yi = 1 - exp { -a(Llri)}' where a is a molecular parameter, ri is an actual (X--X)i 
bond length and re is its equilibrium value. By using the Yi variables a rapidly con
verging parametrization of the stretching potentials has been obtained as well as 
Hamiltonians which are eminently suited for diagonalization in a basis of Morse 
oscillator eigenfunctions. 

Using these Hamiltonians, the rotation-vibration energies of Ht, Dt, H 2 D+, and 
D2 H+ have been calculated variationally from published ab initio potential energy 
surfaces. Despite a very large anharmonicity of the Ht molecules, satisfactorily 
converged energies were obtained with relatively small basis sets. 

From a numerical point of view. the application of the Hamiltonians does not pose 
any particular problem. Hence, it appears tempting to use them to predict the rota
tion-vitration energies of other equilateral Xj molecules for which no experimental 
spectra are presently known. The case of the alkali cluster cations At (A = Li, Na. 
K, ... ; see, e.g. ref. 3 ) appears especially interesting. However, as these systems 
contain a much greater number of electrons than Ht, a sufficient amount of a high 
quality ab initio information about the potential energy surfaces is not available at 
present, and presumably such high precision calculations will not be carried out in 
the near future. 

Fortunately, the molecules mentioned above represent a class of systems for 
which physically reasonable information about the relevant portions of the potential 
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energy surfaces can be generated using the semiempirical VB technique of "diatomics
-in-molecules" (DIMt-7 which has turned out to be quite successful in calculation 
of potential energy surfaces for use in the theoretical interpretation of gas-phase 
reactions7- 9, the simplest molecular Penning ionization processes10 - 12 and ad
sorbate-cluster interactions 13 - 1 S • It is to be emphasized that if the necessary diatomic 
fragment input data are available, the DIM models of potential energy surfaces for 
triatomic collision systems are very simple; in many cases they are so simple that they 
can be used directly in the dynamical calculations. An example of a successful appli
cation of DIM in this fashion is the classical trajectory study of the collision systems 
H+ + H2 -+ H + Hi and their isotopic variants16 - 18 in which the potentials, 
gradients and nondiabatic coupling between the Born-Oppenheimer electronic states 
were all calculated by DIM. 

This successful application, together with previous experience with the DIM 
method8,9 suggests that analogous DIM models could be adequate for the descrip
tion of the collision systems corresponding to the positively charged triatomics At 
mentioned above and, hopefully, for a reasonable description of the vibrational 
motion in these molecules. 

Nevertheless the region of the configuration space near the most stable molecular 
geometries need not be the most important for the theoretical description of collision 
processes. Further, as already noted, the experimental spectra of these systems are 
not known. Therefore, it appears desirable to gain first some indirect information 
about the performance one can expect from the DIM model for the At systems 
in the region of the configuration space essential for a theoretical prediction of their 
lowest vibrational levels. 

The present communication serves this purpose. Starting from the DIM models 
for Ht and Lit, we calculate vibrational energies for Hj, D;, 6Li;, and 7Li; and 
compare them with those based on the potential surfaces corresponding to ab initio 
wavefunctions. 

CALCULATIONS AND CONCLUSIONS 

The DIM models used for both H; and Li; are based on the minimum basis which 
arises by including the 2S ground state and the ionized A +(1S) state on each nu
cleus20 .21 . The resulting VB structures lead to three spin adapted singlet polyatomic 
basis functions. For the evaluation of the diatomic fragment contributions to the 
polyatomic Hamiltonian matrix, the 1 r,: potential energy function of A2 (A = H, Li) 
and the 2r,: and 2r,; potential curves of Ai were needed. These were taken from the 
work of Pedersen and Porter21 for A = H. In the A = Li case, the analytic functions 
of Pickup22 were employed. The DIM approximation to the true potential energy 
surface for the At system was obtained as the lowest eigenvalue of the resulting 
3 x 3 DIM polyatomic Hamiltonian matrix. 
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For each of the cations about 250 points on the ground electronic state potential 
energy surface have been computed by the DIM approach over a wide range of values 
for the vibrational coordinates. In accordance with the previous nonempirical cal
culations (see, e.g., refs23 - 2S), the surfaces exhibit D3h symmetry and possess rela
tively deep minima. Consequently, the corresponding low lying rotation-vibration 
energies can be calculated by means of the rotation-vibration Hamiltonians1 •2 

mentioned above. As a first step in this calculation it is necessary to determine the 
appropriate potential energy functions in the following form 

(1) 

where the force constants F ij , F ijk , ••• etc. are free parameters and the variables Yi 

are those introduced above. In this study we have obtained V in the desired form 
by a least squares adjustment of the force constants and parameters r. and a to the 
regions of the DIM surfaces with energies lower than a chosen limit (see Table I). 
The results of the fitting are shown in Table I. The selected DIM points are reproduced 
very well by the analytical expression of Eq. (l), the deviations are typically of the 
order of magnitude of 0.2% of the fitted values. This means that the expansion to 
quartic terms in the Yi is adequate for representing the potential energy function. 
However, if we compare the potential energy function obtained from the DIM points 
with function determined with ab initio methods that are more costly and therefore 
more precise, we find the agreement to be less satisfactory. In order to illustrate this 

TABLE II 

The calculated" vibrational energies for the Ht and Lit molecules (in cm -1) 

lHj Dj 6 Lij 7Lij 
Symmetry 

Ref.l DIM Ref. 1 DIM DIM Ref. 25 Ref. 26 DIM 

Ai 0,0 0,0 0'0 0·0 0'0 0,0 0,0 0·0 

E' 2525'5 2272,7 1 834,7 1 641-6 263,8 253 240 244'5 

Ai 3 191,3 3313-4 2310'0 2391'3 380'5 316 307 352-8 

Ai 4811·2 4319'5 3541·1 3 163-5 522·4 484·7 

E' 5006·7 4554'2 3650·7 3291'9 527,8 489'3 

E' 5573·1 5452'6 4070,3 3965·8 639,9 593-6 

A2 7494'2 6903,2 5466,0 4971,1 792,3 734'5 

a Calculated using 120 basis functions: for details see end of Section IV of ref. 1 • 
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we compare in Table I the DIM re values for Hj and Lij with the Hj value determi
ned in ref. 1 from the ab initio potential energy surface by Carney and Porter24 and 
the Lij obtained by Gole and coworkers25 . We see that there is a considerable dis
crepancy. In view of this, we have not found it worthwhile to calculate the corres
ponding rotational energies. 

Nevertheless, the quality of the DIM potentials appears to be adequate for a realis
tic estimation of the vibrational energies. To get these, we have diagonalized the 
following vibrational Hamiltonian 

H = t L PiGij Pj + 1Pzpzz pz + V 
jj 

(2) 

using as a basis symmetry adapted combinations of products of three Morse oscillator 
functions (one for each X-X bond). In (2), P j = - iii a/a Llr j and the vibrational 
angular momentum pz is given by 

pz = ! L {PjGijXj + GijXj Pj] , 
jj 

(3) 

where Jl", Gij and Xj are known power series in the coordinate Lirj (see the appendix 
of ref. I ). As in refs 1 •2 the Watson pseudopotential V was neglected. 

The resulting vibrational energy leves are collected in Table II together with the 
energies based on the previously published potentials. It is seen from this table that 
for the Hj molecule, the present energies are in reasonable agreement with those cal
culated from a highly precise ab initio potential, the magnitude of the relevant diffe
rences practically not exceeding 10%. 

A similar degree of accuracy seems to have been achieved for the Lij molecule. 
A bigger disagreement for the excited A~ energies appears to be due to the approxi
mate character of the potentials used in refs25 ,26 and the fact that their calculations 
of the lowest vibrational energies were performed within the harmonic approximation. 

Summarizing, the DIM models for alkali cluster cations do not seem to be capable 
of providing potentials which could lead to straightforward spectral identifications. 
On the other hand, the models appear to lead to semiquantitatively correct predictions 
which could be helpful in the experimental search for these cations as well as in orga
nizing more sophisticated ab initio calculations. 
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