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Slater orbitals ]lave been applied to the building up of a trial wave function of the ls  
ground state  of a H atom being at  a distance of 2 a.u. from the midpoint_ Ir  the angular 
par t i a  a combination of the orbitalt  s, p corresponding to a s p  t hybrid enlarging the radial par t  
r s - y r  by further  terms rn~ -1 e - y ~  r only an i r rdevan t  improvement  appears in the energy (about 
0,01 a.u.) Comb~n~nff the  simple radial par t  rs-~" with angular par ts  p ,  d, f ma improvement  
of about 0,14 a.u. may  be at tained in the energy. 

1. Introduction 

The application of the one-center wave function approach to tetrahedral 
symmetric hydxid 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) 2 (np)  6 ~S o 

(sphericany 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 
toking 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 
ouly t e t a s  provided with angular parts s and p ate taken into account and 
moreover in such a proportion which corresponds to the orthogonal hybrid 

* Such a eomputat ion for methane has been promised in [8]. 

8 A~,JL ~y~toR X/2. 
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orbitals sp  8, 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 -7" 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 

EcBn, = Eco,  - -  Ec  - -  4 EH, 

which in order of magnitude equals the experimental one if the energy values 
E c and E n ate computed by a similar method as the EcH ,. This means that  the 
energy of the H atom has to be computed with the orbital Nre  -~" (1 q- 3 cos ~). 
Thus E n = 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 Ecn ' 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 ate approxi- 
mated badly. I t  should be emphasized, however, that  it is not the good approxi- 
mation of the unperturbed atomic orbitals of the H atoms whieh is important 
but rather the chosen trial function has to be flexible enough for the desc¡ 
tion of the atomic orbitals of H contributing to the bond. 

The orbital ls 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  3 of the central atom directed to it, on the other hand orbitals of 
the H atoms ate polarized by the electrostatic field of the central atom. These 
together ate 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 pri~nciple). 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 a. 

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 o fH  : N r e  -~" (1 q- 
-~ 3 cos #). The e]ectron density corresponding to it has a higher flat maximum 
in the region between the center and the H nucleus (eloser to the H nucleus) 
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a n d a  smaller m a x i m u m  at  the other  side of the  center.  Therefore  the  electron 
distr ibution is not  concent ra ted  near  the H nucleus and thus  the va lue  of the  
kinet ic  as well as of the  potent ia l  energy is smaller t han  the  exact  value (in 
absolute value). However ,  the advantage  of t h a t  tr ial  orbital  is t h a t  the  displace- 
men t  of the  electron densi ty  into the direct ion of the central  nucleus can be 
carr ied out  easily with the  decreasing of the pa ramete r  7. 

The airo of this paper  is to invest igate  in case of a H a tom being a t a  
distance R = 2,00 a.u. f rom the center  : 

a) the effect p roduced  b y t h e  radial  pa r t  on the  energy obta ined var ia t ion-  
ally with an angular  pa r t  (1 + 3 cos ~); 

b) the effect of the  angular  pa r t  with a given radial  par t  re -~.  

2. Analytical computat ion 

Let  the nucleus of the  H a tom be at  a distance R a.u. f rom the  origin 
of the  coordinate sys tem on the Z axis. Thus  with the usual  denota t ions  the  
Hami l ton  operator  of the  H a tom in atomic units  is 

1 1 
- - - - A  

2 V r2 -~ R z - -  2Rr cos �91 

The tr ial  wave funct ion of the H a tom is buil t  up f rom the following 
normalized Slater a tomic orbitals : 

cf i=.RlY, io=V (2"`)2~+1 V % ] - P l t ( c o s  (2nt) ! rm le-v, r 0). 

The parameters  7'i are varied,  whereas for the  n i the  integers  2, 3, 4 
ate taken.  

With  these denota t ions  

St] = f cfi cfj dv = ~la] ]/(2~')2m+1 (2~'j)2ny+ 1 (nt -~- ny)! 
V ~ (2nj) I (~, +~~)~,+~,+~" 

The expression of the  kinetic energy will be 

K,j_ I ; 1 [271Tjninj_ 
2 q t A ~ j d v =  Si /8(n~ +nj )2- -4 (n l+nj )  

- ~ ~ n : ( n j  - i )  - ~,yn, ( , , , -  i )  + Ir (l, + I) (~,+ ~:)~]. 
J 

1 
For  the computa t ion  of the  potent ia l  energy . V~ + R 2 --  2 Rr  cos �91 is exTanded 

[9]: 

8* 
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The tr ia l  ~ func t ion  is t aken  in the  following forro : 

= Z cl qi- 
i 

The va r i a t ion  of  the  energy express ion 

E --  ~ tpH~vdT: 
yt? d~ 

with respect  to the  ci leads to the  sys t em of equat ions 

Y~ c t (H~j --  EStj  ) = O, Htj = K~j + Vi j ,  
1 

the  corresponding values  of E and p a r a m e t e r s  ct can be de t e rmined  f rom the  
secular equat ion  [9]: 

det  [ ( H t j -  ESlj)] = O. 

The energy is depending not  only on the  c I bu t  also on the  p a r a m e t e r s  ?l, 
therefore  secular equa t ion  has to be  solved separa te ly  in case of several  
different values  of  Yi in order to ob ta in  the  energy w i n i m u m .  

3. Results  

a) As d e m o n s t r a t e d  in [7] wi th  the  use of  the t ¡  func t ion  

~PŸ = R1 (Yo0 A- 1/3 Y1o) 

in case of n i = 2 and  R = 2,000 a.u. E l  R = --0,26603 a.u. la ob ta ined  for 
the  energy.  At  the  energy  m i n i m u m  71 = 0,72. The t r ia l  fune t ion  

~r = (cl R1 + c , ~ )  (Y~ + ~ Y10) 

gives E~ = - -0 ,272 a.u. i f n  1 = 2, n, = 3. At  the  energy m Ÿ  : 71 = 0,72, 
Y2 = 1,4, c 1 = 0,731, c2 = 0,294. Complet ing the radial  p a r t  of  ~p~ b y  a t e r m  
caR 3 (n a = 4) the  lowering of the  energy  wi th  respect  to E~ can  be ea t imated  
to  be m a x i m a l l y  0,003 a.u. 

b) For  the  examina t ion  of  the  effect  of  the  angu la r  p a r t  the  following 
t ¡  funct ions have  been applied : 

~,~ = R1 Y~ ,  

~~ = R1 ( q  Yoo -4- ca Yxo) , 

~~ = Rx (~~ Y~ + c~ Y10 + c~ Y~) ,  
A ~~ = R~ (~1 Y~ + c, Y~0 + c~ Y~ + c, Y~) .  
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The ~1 and the coefficients ct have becn varied. Energy minima and the cor- 
responding values of 71 and ci for the case R = 2,00 are shown in the 
following Table. 

Cl 

Cl 

cs 

C, 

1,000 0,862 

0,508 
0,803 

0,552 
0,225 

0,787 
0,564 
0,240 
0,076 

Es ----0,245 ---0,334 0,373 ---0,387 

~'1 0,85 0,86 0,86 0,86 

4. Conchsions 

a) No considerable improvement is obtained by the trial function ~V~ 
provided with the angular part (Y00 + ~ Y10) in an inerease of the number 
of the R I. The expression of the forro r "~-l e -y~ 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 PAR~ for the H~ 
molecule when varying also the exponents n~ [8]. I t  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. I t  is worth while to note that  for ~z A c~c 1 = 0,589 and Yl = 
= 0,85, which differ considerably from the values cs/c 1 = ~/3 and 71 = 0,72 
taken up in the case of ~~. The improvement of about 0,06 a.u. is due to the 
fact that  the ratio cz/c I has been varied and has not been equated to V ~. 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 GXsPXR's calculations carried out for H + [11] who found that  also the 
contribution of the term provided with angular part g is considerable. 

In case calculations ate to be carried out for CH~ (or NH~) it is advisable 
to use ~~ possibly completed with ah 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 terna of ~v~ with a different radial 
part  and separately varying their parameters 7t and possibly also the exponents 
ni. The deviation from the cylindrical symmetry of the bonds may be taken 
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i n t o  c o n s i d e r a t i o n  b y  b u i l d i n g  i n t o  t h e  ~o A a n d  h y b r i d  o r b i t a l s  s p  ~ of  t he  c e n t r a l  

a t o m  t e r m s  p r o v i d e d  w i t h  s u i t a b l e  Pun. B u i l d i n g  up  t h e  w a v e  f u n c t i o n  o f  

t h e  m o l e c u l e  a c c o r d i n g  to  t h e  VB m e t h o d  ( c o n s i d e r i n g  p o s s i b l y  also t h e  so- 

ca l l ed  ion ic  h o m o p o l a r  r e sonance )  a lso  p a r t  o f  t h e  c o r r e l a t i o n  e n e r g y  of  t h e  

v a l e n c e  e l ec t rons  is o b t a i n e d .  

The  a u t h o r  is g r e a t l y  i n d e b t e d  to  P r o f e s s o r  P .  GOMBXS for  his  i n t e r e s t  

in  t h e  w o r k  a n d  fo r  b is  he lp  as wel l  as to  his  co l l eagues  IR• /~2qYOS, EDIT 

MXGon~, Z s v z s x  O z o a £  a n d  JULIA VAcz‰ for h a v i n g  c a r r i e d  o u t  t h e  

n u m e r i c a l  c o m p u t a t i o n s .  
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YIPtlMEHEHHE O~HOIAEHTPOBblX ATOMHblX OPBHT }Ii/f/ FIOCTPOEHVIIŸ 
BO~OPOfl~HblX OPBHT B MO5IEI~YJ-IAX FH~PI4~OB C TETPA3~PHqECI~OlPf 

CHMMETPHEITI 

3. ~ A n Y H  

P e 3 m M e  

~]2Lq l]0c'rpoeHH.q annpoKc~pyroulef i  B0sm0B0i~ O VUKtlm~ OCHOBH0r0 cocT0atma ls 
aroma H, Haxozr Ha paccToarmH B 2 a.e. of tterrrpa, 6 ~ H  np~ts~eHettM op6m]~ CJ~3Tepa. 
Ecza aaB.c~ma~ Gr yr~a qaca~ ~ ~ a e r c a  ~o~6~mauuei~ s, p, coovBercTBy~omell rn6prta~oiŸ 
0p6HTe sp ' ,  TO B czyqae ]~0H03HOHH~ HCX0~H0~ pa~Ha3bH0~t qflC774 ro--~'tr nocae;~ymmv~a 
~eHaMH rm--1 e--7~r B 3HeprH~l o6Hapy~maamTc~ ~rrmb He3Haqrrmsmn~e yay~meHH~ (npH6a. 
0,01 a.e). Ylpn KOM@Haun, np0CTOfi pa~IHa~bnot~ qaCT, re--~,r C 3aBI4C~III/J4MH 0T yraa qaCTaMa 
xapaKTepa p, d, f B 3HeprH~ M0>KH0 JI06HTbC~ yayqmeHHa ~ 0,14 a. e. 


