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A near Hartree Fock wave function for HCP has been calculated within the RHF approximation,
using a large STO basis set and this is compared with geometry optimisation calculations using a
polarised double zeta basis. The population analysis indicates a C=P bond, and various one electron
properties have been computed and compared with the limited experimental data.
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1. Introduction

Methinophosphide, the phosphorus analogue of hydrocyanic acid, was first
prepared in 1961 by Gier [1], and is the only isolated compound in which
phosphorus is bonded to only one neighbouring atom, presumably through a
carbon-phosphorus triple bond.

Although it is highly reactive at room temperature, the infrared [2] and micro-
wave [3,4] spectra were studied soon after it was prepared, showing that the
molecule was linear with bond lengths: R(HC)=1.067A (2.0163 bohr) and
R(CP)=1.542 A (2.914 bohr). The values of its dipole moment, (0.390 + 0.005 D)
is much smaller than the value of 3.00 D found for HCN. More recently, the u.v.
and ir. [5] absorption spectra of both HCP and DCP were studied, and the
force constants and thermodynamic properties calculated from this data [6]°.

Recent work by Flygare and co-workers using the molecular Zeeman effect
has resulted in much more detailed molecular information for a wide variety of
molecules [7], and for HCP and DCP, experimental values of the molecular
g-values, magnetic susceptibility anisotropies and the molecular quadrupole
moments have been obtained [8]. Finally, a very recent report of the photo-
electron spectrum has appeared [9].

There has only been one previous ab-initio calculation on HCP, in which
various moderately sized gaussian basis sets were used in LCAO-MO-SCF
calculations [10]. However, in the light of the recent experimental work [7-9],
it seemed worthwhile to investigate HCP using a large STO basis set, particularly .
since the earlier calculation gave a dipole moment seriously in error. We have

! Since this work was completed, more accurate values of R(HC) = 2.0207 bohr, R(CP)=2.9099
bohr have been obtained [19]. These are sufficiently close to the above values for the conclusions in
this paper to remain valid.
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therefore computed the equilibrium geometry and a variety of one-electron
properties for the ground state of HCP and discuss the bonding in this
interesting molecule.

2. Basis Set and Method of Calculation

Double zeta + polarization function (DZ + P) and Best Atom + polarization
function (BA + P) basis sets were used, with exponents taken from our earlier
calculations [11] or from the Clementi or McLean/Yoshimine tables [12]. The
polarization function exponents were not optimized and the same set was used
for both DZ and BA bases, these being taken from the work on HCN, PN [12]
or BCC [11].

The 2po, 2pn, 3do, and 3dn functions on H were taken from calculations on
HCN {12]. In the light of previous work [13—15], it is not expected that
polarization function optimization will affect the main conclusions reached in
this paper.

Finally, a variety of one electron properties were computed for the BA + P
wave function obtained for the experimental geometry. Calculations were carried
out with the ALCHEMY programme [16] on an IBM 370/195, in the single
configuration RHF approximation, for the ground state of the molecule.

3. Results of Energy and Wave Function Calculations
The ground state configuration of HCP is
(16)? (20)? (30)? (40)? (1n)* (50)* (60)* (T0)* 2m)* 127 .

The detailed results of the geometry optimization calculations are not given here
but are available on request from the author.

The computed minimum energy configuration for the DZ + P basis was for
R(CH)=2.005 bohr, R(CP)=2.85 bohr, with a total energy of —379.13039
hartree, and Virial Ratio = —2.00007. The computed bond lengths differ from
experiment by only 0.011 and 0.06 bohr respectively, and thus reliable bond
lengths can be computed with this smaller basis set, which should be useful for
larger molecules. The BA+ P calculations were carried out only for the
experimental geometry, leading to a total energy of —379.15740 hartree, a
lowering of 0.027 hartree over the lowest computed DZ+ P energy. The
difference between the calculated total energy and the Hartree-Fock energy of
the molecule is estimated to be ~0.005 hartree by comparison with several
previous calculations using BA + P basis sets [12]. The computed energy
obtained in this work is 0.48 hartree (~13eV) lower than the best energy in
Ref. [10] of —378.68 hartree, the difference in energy being very large by
chemical standards. However most of this difference is due to a poor description
of the inner shells, and the valence region is not necessarily badly described in the
earlier work. A comparison of the present wave function with the earlier work
is given in Section 4. Table 1 gives the valence orbital energies for the experimental
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Table 1. Valence orbital energies of HCP for different basis sets®

Orbital BA+P DZ + P (951/52/3)[10]
50 —0.9668 -09592 —0.9482

6o —0.7305 ~0.7277 —0.7056

To —0.4952 —0.4828 —0459%4

2w —0.3835 —0.3710 —0.3491

3nt +0.0818 +0.1084 —

2 Computed at the experimental geometry.
® Virtual orbital.

geometry for the DZ + P, BA + P bases and also for the Gaussian (951/52/3) basis
of Ref. [10]. The orbital energies of the valence orbitals are lowered only slightly
with respect to the smaller basis set calculations. The first ionization potential
measured by PES is 10.79 eV, in good agreement with the present calculations.
However, the calculations in Ref. [10] give a value more than 1 eV too low. The
second LP. is also in reasonable agreement with experiment. The calculated
dissociation energy [15] is 0.254 hartree (6.92¢V) for the DZ + P calculation
and 0.250 hartree (6.81¢eV) for the BA + P. The agreement between the two
calculations is encouraging, despite the significant difference in the total energy.
It is likely that the computed value is within ~0.1 eV of the Hartree-Fock value
which, however, does not include any correlation contributions to the true
dissociation energy. HCP is isoelectronic with PN, SiO, and AIF, and the
Molecular Extra Correlation energy for this series of molecules has been
estimated as 4.6, 3.0, and 1.4 eV respectively. However, it is not a simple matter
to estimate this quantity for HCP, but it is likely to be closest to the value
for PN. If we assume it tobe ~5¢V(~0.2 hartree), we can estimate the atomization
energy of HCP to be ~0.45 hartree or ~11—12 eV. Note that the MECE is about
the same magnitude as the Hartree-Fock contribution. It is, however, to be noted
that for 2nd row atoms, the relativistic contribution to the total energy is large:
for P it is 0.79 hartree [ 17]. However, it is likely that it is comparable in the atom
and in the molecule and thus cancels in the calculations of the dissociation
energy.

4. Population Analysis

The gross atomic population for the two basis sets and the work of Ref. [10]
are compared in Table 2. There are large differences between the small GTO
basis and the larger STO basis which once again emphasis the unreliability of
population analyses with basis sets of less than DZ + P quality [11, 13, 14]. The
differences between the DZ + P and BA + P results are small, the largest basis
predicting very nearly the same charge on phosphorus, but a small transfer of
electron density from H to C. Rather surprisingly, this makes a considerable
difference to the dipole moment whose computed value of 0.353D for the
BA + P basis is in good agreement with the experimental value of 0.39 D. It is
apparent from an analysis of the contributions to u that this decrease is
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Table 2. Gross atomic populations G; in HCP and dipole moment p at experimental geometry for
different basis sets

BA +P DZ+P (951/52/3) [10]
Gy 0.925 0.805 0.774
G, 6313 6.442 6307
Gp 14.761 14.753 14919
1t (Debye) — 0353 — 0998 ~ 0.t

attributable to a different composition of the 7o orbital which has a significantly
lower population on H in the BA + P case.

Examination of the contributions to the various orbitals from the basis
functions gives the following description of the valence orbitals. The 3¢ orbital
is predominantly a localised (2s)* electron pair on P, and the 4o orbital cor-
responds to a (2p,)? lone pair on P. The 5¢ orbital corresponds to the C—P o-bond
although it is, of course, not completely localised. 65 is a combination of 1s(H),
2p.(C), and 3s(P), and can be roughly ascribed to the H-C bond. The 7¢ orbital,
however, corresponds to essentially a lone pair (3ps)? on phosphorus and the
bonding is completed by the delocalised 27 orbital, mainly concentrated between
C and P. Hence the structure is very like that of H-C=N; ie. H-C=P with
triply bonded phosphorus. Comparison with the small basis set GTO
calculations, shows that in the latter, the charge on H and P is the opposite way
round.

5. One Electron Properties

Recent experimental work has yielded values for some one-electron properties
[4-97], and Table 3 gives the computed values for the experimental geometry and
the BA + P wave function.

The coordinate origin is the centre of mass of the molecule. We have used the
symbols and definitions given by Schaefer [17], following earlier work by
McLean and Yoshimine [18].

The BA + P dipole moment is close to the experimental value as expected
[15], whereas the smaller basis sets give large errors in y. The expectation values
of {1/r> are proportional to the diamagnetic shielding of each nucleus, and
these are relatively insensitive to the basis set. The values obtained are
predictions, since no experimental values are available.

The molecular quadrupole moment # is in good agreement with the
experimental value measured recently by Flygare and co-workers [8]. & and &,
are computed lower and upper reference values for the magnetic susceptibility
[18]. The values of &, and & are obtained using the experimental value of
¢, — ¢ The computed values seem reasonable for these quantities.

The molecular g-factors are also related to ¢, — & and were measured by
Flygare et al. [8]. The computed value of g, using the observed &, —¢, is
—0.039 which is in good agreement with the observed value of —0.041. The
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Table 3. Computed one electron properties of HCP using BA + P basis and experimental geometry

Property Calculated value Experiment

Diamagnetic shielding

o (ppm) 125 —
¢ (ppm) 36 —
o (ppm) 1001 —

Molecular quadrupole moment
6(107 %% esu - cm?) 481 44

Magnetic susceptibility
(erg/gauss? - mole)

& —7.465x 1073 —
&, —1.192x 1073 —
& ~3.57 x1073 —
N —273 x 10732 —
Molecular g value —0.039 —0.041
Field gradients

q(H) 1.021 —
(@) 0.467 —
q(P) —0.537 —
Deuteron quadrupole coupling

constant (kHz)

q0 656 233440

® Using observed value of &, — & =8.4 x 107 erg/gauss® mole.

electric field gradients are very sensitive to the basis set, as noted previously and
our values may not be very reliable. The computed value of the deuteron
quadrupole coupling constant is 656 kHz, which is about twice the value
observed in DCP of 233 +40kHz [8] which again indicates the difficulty of
calculating this sensitive property.

In summary, these calculations give good agreement with experiment for the
dipole moment, ionization potential, molecular quadrupole moment and
molecular g-value for this interesting molecule. It is hoped that the calculations
will stimulate further experimental work on this and similar intermediates.
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