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Slater orbitals have been applied to the building up of a trial wave function of the 1s
ground state of a H atom being at a distance of 2 a.n. from the midpoint. If the angular
part is a combination of the orbitals s, p corresponding to a sp? hybrid enlarging the radial part
re~yr by further terms rni—! ¢~vir only an irrelevant improvement appears in the energy (about
0,01 a.u.) Combining the simple radial part re—»r with angular parts p, d, f an improvement
of about 0,14 a.u. may be attained in the energy.

1. Introduction

The application of the one-center wave function approach to tetrahedral
symmetric hydrid molecules (particularly to methane) has been investigated
by several authors [1, 2, 3, 4, 5, 6, 7]. According to the MO method the valence
shell may be simply described by the electron configuration (ns)? (np)® 1S,
(spherically symmetric approximation) and the radial part of the atomic
orbitals the center of which is in the midpoint of the molecule may be determi-
ned by the variational method. (The orbitals may be Slater or hydrogen-like,
etc. atomic orbitals, the radial part of which contains variational parameters.)
The binding of the molecule cannot be interpreted by this model and the
electronic density is too diffuse in the external regions (this manifests itself
in the computed value of the diamagnetic susceptibility, which is — even after
taking into account the high-frequency paramagnetism — higher than the
empirical value). These insufficiencies can be eliminated within the framework
of the MO method taking into account the configurational interaction [4]
(for instance adding to the molecular orbitals apart from the atomic orbitals
s, p also the atomic orbitals d, f etc.).* The one-center wave functions can be
built up also according to the VB method, by expanding the orbitals of the
four H atoms in a suitable set of functions (for instance the Slater atomic
orbitals with center in the midpoint of the molecule) [6]. If in the expansion
only terms provided with angular parts s and p are taken into account and
moreover in such a proportion which corresponds to the orthogonal hybrid

* Such a compnutation for methane has been promised in [8].
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orbitals sp3, the diagonal part of the first order density matrix will be spheri-
cally symmetric (this means a considerable simplification in the computation).
Applying to the 4 hydrogen orbitals a simple radial part re~”" the energy im-
proves to a slight extent only (about 1,6 eV, but the bond cannot be interpreted
by the model), whereas the electronic density is flattened [7]. A value of cor-
rect sign is obtained for the binding energy

Egﬂ‘:ECﬁ‘ '—EC —_ 4EH’

which in order of magnitude equals the experimental one if the energy values
E and Egare computed by a similar method as the E¢y . This means that the
energy of the H atom has to be computed with the orbital Nre=*" (1 + 3 cos #).
Thus E5 = 0,26603 a.u. is obtained, whereas the empirical value is —0,50000
a.u. For the four H atoms the sum of the difference is about 0,93 a.u., whereas
the difference between the computed and empirical value of E¢y is about 1,1
a.u. (Thus in the approximation applied above the main insufficiency of the
one-center wave function is that the orbitals of the 4 H atoms are approxi-
mated badly. It should be emphasized, however, that it is not the good approxi-
mation of the unperturbed atomic orbitals of the H atoms which is important
but rather the chosen trial function has to be flexible enough for the descrip-
tion of the atomic orbitals of H contributing to the bond.

The orbital 1s of the unperturbed H atom is spherically symmetric, it
has a peak at the H nucleus and falls down exponentially further away from
it [6]. The orbitals of the H atoms in a tetrahedral symmetric molecule are
subjected to the following variations :

a) One of the atomic orbitals of H is overlapped by one of the hybrid
orbitals sp® of the central atom directed to it, on the other hand orbitals of
the H atoms are polarized by the electrostatic field of the central atom. These
together are causing a deformation directed towards the bonds, owing to which
the electronic density increases in the region between the central atom and the
H nucleus, whereas it decreases in the region outside the H nucleus (if it is
allowed by the Pauli principle). The binding is actually brought about by this.
By these effects only a cylindrically symmetric deformation is caused.

b) Due to the polarization effect of the other three bonds and protons
the cylindrical symmetry ceases : each bond has a symmetry axis C,.

c¢) Owing to the electron correlation the electrons are not moving indepen-
dently from each other: the probability of finding an electron in a given
point depends on the position of the other electrons.

From the energetical point of view in general the effect a) is the most
important one.

Let us examine now the case of the trial atomic orbital of H: Nre—*" (1 +
+ 3 cos #). The electron density corresponding to it has a higher flat maximum
in the region between the center and the H nucleus (closer to the H nucleus)
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and a smaller maximum at the other side of the center. Therefore the electron
distribution is not concentrated near the H nucleus and thus the value of the
kinetic as well as of the potential energy is smaller than the exact value (in
absolute value), However, the advantage of that trial orbital is that the displace-
ment of the electron density into the direction of the central nucleus can be
carried out easily with the decreasing of the parameter y.

The aim of this paper is to investigate in case of a H atom being at a
distance R = 2,00 a.u. from the center:

a) the effect produced by theradial part on the energy obtained variation-
ally with an angular part (1 + 3 cos 9);

b) the effect of the angular part with a given radial part re="".

2. Analytical computation

Let the nucleus of the H atom be at a distance R a.u. from the origin
of the coordinate system on the Z axis. Thus with the usual denotations the
Hamilton operator of the H atom in atomic units is

v
2 V2 + R? — 2Rr cos &~

The trial wave function of the H atom is built up from the following

normalized Slater atomic orbitals :

2m+ 1
;=R Y, = V(zé’;m =1 g—vir Vzl + lP” (cos B).
)

The parameters y, are varied, whereas for the n, the integers 2, 3, 4
are taken,
With these denotations

2'}11.)2”4"1‘1 (2'}’ )2nj+1 (n, + n )!
s —_—J dr=4 V ( ] )
i PPy 1t (2n)! (271/)! &, +yj)n¢+n;+1

The expression of the kinetic energy will be

1
8(m; +n)?—4(n;+n)

1
K, = —?J¢14¢jdf= Sy [27171"1 n;—

— vhny(n,— 1) — i, — 1) + L (1) (y,+y,)=].
1
— 2Rrcos

is expanded

For the computation of the potential energy Ty
[9]:
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The trial ¢y function is taken in the following form :
v=2c7
The variation of the energy expression

.
Ezftthpdt
§wpdr

with respect to the ¢; leads to the system of equations
%‘ci (H;,—ES;)=0, H;,=K;+V,,
the corresponding values of E and parameters ¢; can be determined from the
gecular equation [9]:
det [(H; — ES,))]=0.
The energy is depending not only on the ¢; but also on the parameters y;,

therefore secular equation has to be solved separately in case of several
different values of y; in order to obtain the energy minimum.

3. Results
a) As demonstrated in [7] with the use of the trial function
vi =R, (Yoo + V§ Y50)

in case of n; = 2 and R = 2,000 a.u. ER — —0,26603 a.u. is obtained for
the energy. At the energy minimum y, = 0,72. The trial function

¥R = ( Ry + ¢ Rg) (Yoo + V3 Y )
gives Ef = —0,272 a.u. if n; = 2, ny = 3. At the energy minimum : y, = 0,72,
ys = 1,4, ¢, = 0,731, ¢, = 0,294. Completing the radial part of y§ by a term
¢sR; (ny = 4) the lowering of the energy with respect to Ef can be estimated
to be maximally 0,003 a.u.

b) For the examination of the effect of the angular part the following
trial functions bave been applied :

1p"llqul Yoo

v2 = Ry (¢; Yoo + €3 Yy) »

ve =Ry (c; Yoo+ €3 Yoo+ 63 Yyp)

98 =Ry (¢ Yoo+ €3 Yo+ €5 Yoo + €4 Yyq)
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The y, and the coefficients ¢, have been varied. Energy minima and the cor-
responding values of y, and ¢; for the case R = 2,00 are shown in the
following Table.

¥l ¥o ¥3 Vf
€1 1,000 0,862 0,803 0,787
e — 0,508 0,552 0,564
o — — 0,225 0,240
c, — —_— — 0,076
E; —0,245 —0,334 0,373 —40,387
Y1 0,85 0,86 0,86 0,86

4. Conclusions

a) No considerable improvement is obtained by the trial function uf
provided with the angular part (Y, + }/3 Y, ) in an increase of the number
of the R,. The expression of the form r™~' e~ 7 is not flexible enough to con-
centrate the electrons near the H nucleus. Some improvement may be expected
as is shown by the computation carried out by Joy and Pagrr for the H,
molecule when varying also the exponents n; [8]. It should perhaps be exa-
mined whether by special expressions more suitable to the nature of the
problem greater lowering of the energy is obtained than by Slater and hydrogen-
like atomic orbitals.

 b) Increasing of the number of terms with different angular parts seems
to be effective. It is worth while to note that for 3 cy/c, = 0,589 and y, =
= 0,85, which differ considerably from the values cofe; = ]/§ and y; = 0,72
taken up in the case of ypf. The improvement of about 0,06 a.u. is due to the
fact that the ratio ¢y/c, has been varied and hasnot been equated to }/3. A con-
siderable improvement is attained by the angular parts of character d, f,
also increasing the electronic density near the H nucleus. This is in accordance
with GAspARr’s calculations carried out for Hy [11] who found that also the
contribution of the term provided with angular part g is considerable.

In case calculations are to be carried out for CH, (or NHJ') it is advisable
to use } possibly completed with an angular part of character g, because
probably a considerable contribution is given also by this). A further improve-
ment may be attained by providing each term of y§ with a different radial
part and separately varying their parameters y, and possibly also the exponents
n;. The deviation from the cylindrical symmetry of the bonds may be taken
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into consideration by building into the pj and hybrid orbitals sp3 of the central
atom terms provided with suitable Pj,. Building up the wave function of
the molecule according to the VB method (considering possibly also the so-
called ionic homopolar resonance) also part of the correlation energy of the
valence electrons is obtained.

The author is greatly indebted to Professor P. GomBAs for his interest
in the work and for his help as well as to his colleagues Irén Anvos, Epit
MAfcori, Zsuzsa Ozoréczy and Juria Vaczé for having carried out the
numerical computations.
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OB NO D w e

NPUMEHEHUE OOHOUEHTPOBbLIX ATOMHBIX OPBUT Ui TIOCTPOEHHUA
BOJOPOIHLIX OPBUT B MOJIEKYJIAX T[UOPHOOB C TETPA3IPHYECKON
CUMMETPUEHN

3. KAMYH
Peswme

Jisi IOCTPOEHHST ANMPOKCHMUPYomeH BOTHOBOH (QVHKUMH OCHOBHOIO COCTOSTHHS ls
aToma H, HaxoasI1Ierocsi Ha PaCcCTOSTHHH B 2 a.€. OT LleHTpa, ObinH NpuMeHeHnl 0pOHTH CriaTepa.
Ecid 3aBHCAINAst OT YIyla YacTh SIBIsieTcsl KOMOMHalHMel s, p, cootBeTcTBYIOIER rHOPHAHOR
opbure sp3, TO B CJyuyae JOMOJHEHHMsI MCXOQHOM pafHalbHOR YACTH re 71 MOCKeLYIOMHMMH
yjleHaMH rii—1e—vir B 9HEPruH 0GHAPY>KMBAIOTCS ML He3HAYHTE LHBIE YayJlueHHs (npub.
0,01 a.e). INpu KoMGHHALIMH NPOCTOH PafHaNBbHOH YACTH re—¥«/ € 3ABHCALUMMH OT YTJ1a YaCTAMH
xapakrtepa p, d, f B 9HeprHH MOKHO 106HTBCST yaydutenus B 0,14 a. e.



