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An ab initio LCAO-MO-SCF Study of the Gauche, Staggered, and Eclipsed
Forms of Diphosphine

By JEAN-BERNARD ROBERT, HEINRICH MARSMANN, and JounN R. Van Wazer*
(Chemistry Depaviment, Vanderbilt University, Nashville, Tennessee 37203)

Summary Using three relatively small Gaussian basis sets,
nonempirical self-consistent-field calculations on three
conformations of diphosphine, P,H,, show that the
relative stability of the three forms is the following:
gauche >staggered >eclipsed.

Because of the current interest'~? in this molecule and
because ab initio results are needed for further improve-
ments in the semi-empirical methods of calculation for
phosphorus compounds, the wavefunction of the diphos-
phine molecule was investigated, using the reasonable
geometry suggested by Cowley and White! in which P-H
= 1-42, P-P = 2-21 A, / PPH = 100°, and / HPH = 92°.
The SCF calculations were carried out with uncontracted
sets of Gaussian-type orbitals using the program MOSES,
in which the initial eigenvectors were obtained from the
procedure developed® by our group for converting from
the usual chemists’ localized-orbital description into an
orthogonal, delocalized wavefunction. The program
ATOM-SCF® was used to obtain optimized exponents for
phosphorus on a (73) and (84) basis.] The exponent for
the d-orbital resulted from molecular optimization in the
phosphine molecule,” using the same s and p atom-opti-
mized exponents as for diphosphine.

The three molecular geometries (I), (II), and (III) for
which these calculations were carried out are shown in
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Newman projections about the P-P bond axis, with the
respective symmetry group being given for each conforma-
tion. The total SCF energies as well as the total electronic
and the internuclear-repulsion energies are shown in
Table 1. Table 2 gives the binding energies, negative
values of which are obtained by subtracting from the total
SCF energy of the molecule the sum of the atomic SCF
energies calculated from the same Gaussian basis set. The
range in experimental binding energy is due to the use of the
two values®® reported for the heat of formation of
diphosphine.

The calculated rotational barrier for going from the
gauche to the eclipsed form is 2-32, 2-57, and 2-17 kcal for
the (84/2), (731/2), and (73/2) basis sets, respectively.
Similarly, the calculated barrier for going from the gauche
to the staggered form is 0-51, 0-49, and 0-66 kcal for these
same three basis sets. Although for the phosphorus atom

in both the (73) and (84) bases, the total SCF energy is
considerably closer to the Hartree~Fock limiting energy
than is the case with the hydrogen in the (2) basis, the

TaBLE 1

Energies in a.u. for the votational conformations of diphosphine in
several atomic bases

Electronic Nuclear Total SCF
(73/2) Basis
Gauche —767-4209 +88-6686  —678-7523
Staggered —1767-3277 +88-5764  —678-7513
Eclipsed —1767-4373 - 88-6885 —678-7488
(731/2) Basis
Gauche —767-5855 -+ 88-6686 —678-9169
Staggered —1767-4926 +88-5764 —678-9162
Eclipsed —1767-6013 -+ 88-6885 —678-9128
(84/2) Basis
Gauche —1771-1536 -+ 88-6686 —682-4850
Staggered —1771-0606 - 88-5764 —682-4842
Eclipsed —771-1698 +88-6885  —682.4813
TaBLE 2

Binding-energy calculations for diphosphine

(73/2) (731/2) (84/2)

H atom in a.u. —0-4807 —0-4807 —0-4807
P atom in a.u. —338-1905 —338-2257a —340-0926
P,H, mol.ina.u. —678-7523 —678-9169 —682-4850
SCF binding

in a.u. 0-4485 0-5427 0-3670
SCF binding

in ev . 12-2 14-8 10-0
Exper. binding

in ev . 15-1 —15-3

8 The value for the energy of the phosphorus atom in the (731)
basis set is somewhat larger than in the (73) set because of the
way the d-orbitals are handled. Instead of using five spherically
harmonic d-orbitals in the molecular SCF calculations, we use
the following six: #2, y2, 2%, 4y, 52, and yz. This means that, upon
conversion into the usual representation in terms of five d-
orbitals, we have introduced an extra 3s-orbital. When this
3s-orbital was incorporated with the seven other s-orbitals and
the three p-orbitals (with the orbital exponents being held the
same as in the molecule) atom optimization of the coefficients
led to the small increase in the energy of the phosphorus for the
(731) as compared to the (73) basis.

opposite is true for the deviations of the valence-orbital
energies from their Hartree~Foch values. Since the basis
set used for the hydrogen gives better valence-orbital
energies than do either of the basis sets used for the phos-
phorus, we speculate that the error in this calculation of the
rotational barriers for diphosphine will be due more to the
limitations in the mathematical description of the phos-
phorus atoms than of the hydrogen atoms. Thus, we

t This program was written by L. M. Sach and M. Geller and W‘.E'I,S modified by N. Winter, J. H. Letcher, L. C. Groenweghe, and H.
Marsmann for use on a CDC computer (with d-orbitals being allowed).
} We have adapted the standard notation with (abc/ef) representing a s-orbitals, b p-orbitals, ¢ d-orbitals, efc., on the phosphorus

atoms, and e s-orbitals, f p-orbitals, efc., on the hydrogen atoms.
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believe that varying the size of only the phosphorus basis
set was a proper operation and that the gauche form is the
most stable one of the three forms studied, with the
staggered and eclipsed forms lying about 0-5 and 2-4 kcal
above it in energy. A study® of the rotational conforma-
tions of the nitrogen analogue of diphosphine (hydrazine)
in a small Gaussian basis set (52/2) gave energy barriers
and the geometry of the stable conformation which agreed
well with the values obtained from a (95/3) set of calcula-
tions. 1

Using semi-empirical SCF approximations, two previous
studies!? have been made of the relative stabilities of the
conformations of diphosphine. In one of these calcula-
tions,? using highly unrealistic geometry, it appeared that
the eclipsed (¢is) conformation is more stable than the
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staggered (frans). In the other paper! the calculations
suggested that the order of conformatiomal stability is
gauche > eclipsed (cis) > staggered (frams), using exactly
the same molecular geometries as were employed in our
work. As indicated above, our calculations led to the
stability sequence of gauche > staggered > eclipsed. This
sequence is the same as was obtained for hydrazine, and the
gauche form appears to be the more stable one from vibra-
tional spectroscopy.l2:13

Further details of these calculations, with emphasis on
the electronic structure of the P-P bond and the lone-pair
electrons, will be published shortly.

Financial support by the U.S. National Science Founda-
tion is acknowledged.

(Received, December 22nd, 1969; Com. 1926.)

A, H. Cowley, W. D. White, and M. Cristina Damasco, J. Amer. Chem. Soc., 1969, 91, 1922.

2 I{. Issleib and W. Grundler, Theor. Chim. Acta, 1968, 11, 107.

3 A. H. Cowley and W. D. White, J. Amer. Chem. Soc., 1969, 91, 1917.

4 J. H. Letcher and T. H. Dunning, J. Chem. Phys., 1968, 48, 4538; see also J. H. Letcher and J. R. Van Wazer, ‘3P Nuclear
Magnetic Resonance” in ‘“Topics in Phosphorus Chemistry,” ed. M. Grayson and E. J. Griffith, Wiley, New York, 1967, vol. 5, ch. 2.

5M. L. Unland, T. H. Dunning, and J. R. Van Wazer, J. Chem. Phys., 1969, 8, 3208.

8 B. Roos, C. Salez, A. Viellard, and E. Clementi, ‘“A General Program for Calculation of Atomic SCF Orbitals by the Expansion

Method,”” IBM Research Laboratory, San José, California, 95114.

? H. Marsmann, J.-B. Robert, L. J. Schaad, and J. R. Van Wazer, manuscript in preparation.

8 F. E. Saalfeld and H. J. Svec, J. Inorg. Chem., 1963, 2, 50.
?S. R. Gunn and L. G. Green, J. Phys. Chem., 1961, 65, 779.

10 L. Pedersen and K. Morokuma, J. Ckem. Phys., 1967, 46, 3941.

11 A, Viellard, Theor. Chim. Acta, 1966, 5, 413.
12 E. R. Nixon, J. Phys. Chem., 1956, 60, 1054.
3 M. Baudler and L. Schmidt, Z. anorg. Chem., 1957, 289, 219.



