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I. ENERGY QUANTITIES 
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In a series of papers we investigate the localized orbital contributions at the molecular 
experimental and theoretical equilibrium geometries using various basis sets. The present 
study deals with some energy quantities obtained from loealized charge densities: the kinetie, 
the (effective) potential and the selfinteraction energies ate discussed. Several regula¡ 
were found for the systems considered, namely the molecules HF, H~O, NH 3 and CH4, re- 
speetively. 

1. Introduetion 

As the  s imples t  a n t i s y m m e t r i c  wave fune t ion  of a closed-shell  sys tem,  
a single d e t e r m i n a n t  of  one-par t ic le  funct ions  is i nva r i an t  unde r  any  un i t a ry  
t r ans fo rma t ion  [1], the  t r an fo rma t ions  could be chosen to ob ta in  new orbi tals  
localized as m u c h a s  possible [2]. Severa l  local izat ion procedures  have  been 
publ ished as well as m a n y  a d v a n t a g e s  of  using localized orbi ta ls  have  been 
po in ted  out  r ecen t ly  [3--7] .  In  a series of  papers  we also inves t iga ted  var ious  
proper t ies  of  localized charge densi t ies  for  some ten- and  e ighteen-eleet ron 
sys tems  [8- -11] .  

I t  is known  t h a t  in any  q u a n t u m - c h e m i c a l  calculat ion the  p rob lem arises 
whieh t ype  of basis  set  and  which g e o m e t r y  da t a  ate to  be used for the  s tudy  
of the  given molecu la r  sys tem.  As to  the  choice of  a su i tab le  basis  set,  there  
are usual ly  the  c o m p u t e r  t ime  and/or  size which m a k e  a l imi t  for the  n u m b e r  
of  basis funct ions .  I t  has been po in ted  out ,  e.g., t h a t  a t  leas t  one d funct ion on 
the  oxygen  is necessary  to t ake  for the  molecule H~O in order  to  obta in  an  ac- 
ceptable  va lue  for the  to t a l  energy  as well as for the electrie m o m e n t s  (more 
details on basis  set  dependence see in [12--14]) .  Ah exhaus t ive  analysis  of  the  
effect of basis set  va r i a t ion  on the  localized charge d is t r ibu t ion  of  H~O has also 
been done [1]. F r o m  the results i t  follows t h a t  in the  presence  of  polar iza t ion 
funct ions (at  leas t  one d- type  on the  oxygen)  the  energy  con t r ibu t ions  as well 
as the  e lee t ¡  m o m e n t  componen t s  p rov ide  regular  differences for bond  and 
lone pair  loeal ized orbitaIs .  The change of  energy c o n t ¡  paral lels  wi th  
t ha t  of  to ta l  ene rgy  and  s imilar ly  the  f i rs t  and second order  m o m e n t  com- 
ponents  (localized moment s )  wi th  t h a t  of  the  corresponding to t a l  molecular  
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values [10]. These resuhs confirm -- together with those obtained for the 
transferable property [11] -- that  the localized orbital energy contributions 
and the localized moments are suitable for characterizing even larger molecules. 

I t  is interesting to investigate how the choice of geometry data influence 
the values for the localized orbital energy and moment contributions. The 
molecules ate often investigated at their experimental equilibrium geometry 
(if available). In many cases -- for simplicity -- standard [15] of model [8] 
preferable, for the determination of harmonic force constants which geometry 
geometrical values ate taken for the calculations. I t  is known tha t  there ate 
not too many differences between the total molecular properties whether 
calculated at the experimental or theoretical (of nearby) geometries. In 
spite of this, many authors argue (see, e.g., [16] and referenee therein), 
which geometry data ate preferable for the dctermination of harmonie force 
constants. In this paper we summarize our resuhs obtained for HF,  H20 and 
NI-I d core, bond and lone pair localized orbitals and those obtained for CH 4 
core and bond pair localized orbitals. We investigated the localized eharge 
densities at the molecular experimental and calculated equilibrium geometries 
by the use of different basis sets. 

2. Total energies and total kinetie energies 

F o r a  systematic s tudy a suitable basis set is necessary. u basis 
sets were chosen for the molecule H20 in order to investigate ir at the experi- 
mental  and the calculated equilibrium geometry. The resnhs ate given in Table I 
the values suggest that  the so-called 6-31G/d basis set seems to be the more 
convenient as the total energy is quite acceptable (the p-type polarization 
functions on hydrogens do not give large contributions to the total energy) 
and also the virial eoefficient is one of the best. The detailed description of 
the basis sets considered are given in the corresponding papers: STO-3G [17], 
4-31G [18], 6-31G [19] while 6-31G/d and 6-31G/d~-p [201. in  order t o  

investigate similar resuhs as well, for a comparison the values obtained by the 
so-called Dur~~ir~r basis sets ate also given [12]. From the values one can 
see tha t  the resuhing total  energy by basis 6-31G/d is better than any of 
(sp/s) type but worse than, e.g., Du~r~xr~r contracted Gaussians of [4s3pld/2s]. 
The calculations, however, ate rather effective, as pointed out in [18--2(1] 
with basis sets of split-valenee types. Therefore we made our geometry depen- 
dente s tudy by the use of basis 6-31G/al. F o r a  comparison the corresponding 
values whieh we obtained by using 6-31G basis ate also given. All calculations 
were performed on a CDC 3300 computer (Hungarian Academy of Sciences, 
Budapest). 

The experimental geometry data were taken as those used in ah earlier 
work [7]. The theoretically obtained values for basis 6-31G were as given in 
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Table I 

Total energies ealeulated for H~O (in hartree) 

335 

STO-3G 

4-31G 

6-31G 

6-31G/d 

6-31G/d r p 

[4s3p/2s] 

[4s3pld/2s] 

[4s3pld/2slp] 

Exp 
Cale 

Exp 
Cale 

Exp 
Cale 

Exp 
Cale 

Exp 
Cale 

Exp 

Exp 

Exp 
Cale 

Total kinetic 
Total energy energy 

--74.96381 
--74.96543 

--75.90847 
--75.90987 

--75.98480 
--75.98628 

--76.01205 
--76.01231 

--76.02318 
--76.02365 

--76.00209 

--76.02882 

--76.04172 
--76.04209 

74.53346 
74.46618 

75.87753 
75.89167 

75.91439 
75.93238 

75.76360 
75.80832 

75.74601 
75.80347 

75.98016 
76.02276 

Table H 

Total energies ealculated using basis 6-31G and 6-31G/d (in hartree) 

HF 

H20 

NH3 

CH~ 

HF 

H20 

NH3 

CH~ 

Exp 
Cale 

Exp 
Cale 

Exp 
Cale 

Exp 
Cale 

Exp 
Cale 

Exp 
Cale 

Exp 
Cale 

Exp 
Cale 

Basis 6-31G 

Total energy 

--99.98341 
--99.98343 

--75.98480 
--75.98628 

- 56.16146 
--56.16632 

--4O.18O35 
--40.18060 

Totalkinefic 
energy 

100.06277 
100.05384 

75.91439 
75.93238 

56.12776 
56.18475 

40.17622 
40.246O5 

Basis 6-31G/d 

Total energy 
Total kinetic 

energy 

--100.00326 
--100.00333 

- 76.O12O5 
--76.01231 

--56.18513 
--56.18536 

--40.19585 
- 40.19602 

99.84123 
99.85858 

75.76360 
75.80832 

56.01449 
56.06068 

40.10471 
40.14709 

Acta Physiea ~Ÿ Scie.'~iarum Hungaricae 46, J979 



336 E. K A P U Y  et  al. 

[19], excep t  for HF,  where the  R = 1.7403 a.u. was calculated (not  given in 
the  above  reference). As to  basis set 6-31G/d - -  even t h ey  have a l ready been 
calcula ted [21] --  we also were looking for the theore t iea l  equi l ibr ium geomet-  
ries. This  was necessary because in the  calculat ions (as repor ted  in [21]), ah 
average value of 0.8 was used for the exponent  of d- type funet ions,  while we 
per fo rmed  the caleulations b y  using opt imized exponents  for each compound  
(values t aken  from [20]). The  calculated equi l ibr ium geometry  da ta  (only 
s l ight ly  different  f rom those given in [21], are the  following: 

H F  R = 1.7183 a.u. 

H~O R = 1.7876 a.u., ~ = 105 .5P  

NI-I 3 R = 1.8943 a.u., ~ = 107.13 ~ 

CH 4 R = 2.0512 a.u. (tetr .)  

The  results  obta ined for these  molecules ate given in Table  II .  The to t a l  ener- 
gies are r a the r  different  ob ta ined  by  basis 6-31G at  the exper imenta l  and  the 
calcula ted equil ibrium: the  largest  difference was found for N H  3 (~0 .0 0 5  a.u.), 
t h a t  for  H20 is about  0.0015 a.u. while for H F  and  CH is less than  0.0003 a.u. 
The  case is no t  the same for  the  to ta l  kinetic energies: the  larger differenees 
were found  for CH 4 and N H  3. As to  the results ob ta ined  b y  basis set 6-31G/d, 
t h e y  ate ra the r  elose to  each o ther  a t  the exper imen ta l  and the theore t iea l  
equi l ibr ium, bu t  only for the  to ta l  energy. The kinet ic  energy resul t  depends 
s t rongly  on the geometry :  the  differences ob ta ined  at  exper imenta l  and the  
cvlculated equil ibrium ate about  0.04--0.05 a.u. ,  except  for H F  (less t h an  
0.02 a.u.). The to ta l  energies and to ta l  kinet ic  energies obta ined for  these 
molecules suggest, t h a t  the  inclusion of d- type func t ion  on the h eav y  a t o m  is 
impor t an t .  Although the  use of  a basis (sp/s) t y p e  m a y  be sufficient  for  some 
cases, the  geometry  should then  be chosen v e ry  carefully.  

3. Energy eontributions of eore orbitals 

Several  quant i t ies  can be used for character iz ing loealized orbi ta l  densi- 
t ies (see, e.g., [7--9 ,  22]). In  the  present  paper  we invest igate  four quant i t ies  as 
energy  contr ibut ions  ob ta ined  f rom the indiv idual  localized orbitals.  There  
ate th ree  different  types  of  localized charge dis t r ibut ions for the  systems 
considered:  core, bond and lone pair  orbitals. The  energy  eontr ibut ions  s tudied 
ate  the  following: the kinet ic ,  the potent ia l ,  the  self-interaction,  and the  so- 
called effective potent ia l  energy quanti t ies.  F i rs t  the  core orbitals are inves- 
t iga ted .  

The  values obta ined ate  given in Table I I I .  In  order  to  avoid the  super- 
f luous enlargement  of the  paper  the resuhs  ob ta ined  only by  basis 6-31G/d 
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Table III 

Energy eontributions from eore loealized orbitals using basis 6-31G/d 
(in hartree) 

Kinetic energy Potential energy 

HF 

Hz0 

NH3 

CH~ 

HF 

H~O 

NH3 

CH4 

Exp 
Cale 
Exp 
Cale 
Exp 
Cale 
Exp 
Cale 

Exp 
Cale 
Exp 
Cale 
Exp 
Cale 
Exp 
Cale 

39.3595 I --79.9215 
39.3585 i --79.9255 
30.6572 I --63.4006 
30.6536 --63.4108 
23.0578 --48.8815 
23.0555 --48.8940 
16.5918 --36.3665 
16.5933 --36.3813 

Sdf-iatr162 Effe~ive potr 

5.48787 
5.48780 
4.84412 
4.84384 
4.20048 
4.20024 
3.56153 
3.56160 

--65.1388 
--65.1378 
--50.8877 
--50.8820 
--38.3918 
--38.3860 
--27.6859 
--27.6829 
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are presented.  The kinetic energy eont r ibut ions  do not  differ mueh whether  
obta ined  at  the  exper imenta l  of a t  the  calculated equi l ibr ium geometry.  
(They differ less f rom each other  t h a n  the  corresponding to t a l  kinetic energy 
values for all compounds  studied). As the potent ia l  energy contr ibut ions  do 
not  involve the  whole ("ef fec t ive")  po ten t ia l  energy for a given loealized 
orbital ,  we ealculated the effeetive ones for each type  of  localized orbi ta l  den- 
sities by  the  following equat ion:  

V~,f = V / +  ~ . ( 2  ( i i t j j>  - -  ( i j l i j > ) ,  

where V i = po ten t ia l  energy eon t r ibu t ion  of  the i - th  localized orbital ,  the  
expression in parentheses  represents  the  in terae t ion  energy  be tween the  i- th 
and j - t h  loealized orbi ta l  and so V/ff is the  result ing effeetive poten t ia l  energy 
cont r ibu t ion  for the  given i - th  orbital .  Bo th  V i and V~f~ are given in Table  I I I  
for the  eore orbitals .  The  results suggest  t h a t  as the Vien potent ia ls  show smaI- 
ler differenees be tween  the exper imenta l  and the  ealeulated equi l ibr ium geo- 
metries,  these eont r ibut ions  m a y  be used as t ransferable  quant i t ies  (similarly 
to the kinet ie  ones [23]) in a s tudy  of  re la ted  large moleeules. 
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The  self-interaction energy  contr ibut ions  do no t  change much e i ther  as 
going f rom the exper imenta l  to  the caleulated equi l ibr ium position of nuelei.  
I t  is r emarkab le  tha t  the  signs of these changes paral lel  wi th  those found  for 
the  kinet ic  energy con t ¡  (see Table I I I ) .  I t  generally holds t h a t  all 
deviat ions  calculated for the  core orbitals be tween the  ex p e ¡  and the 
theore t iea l ly  de termined equi l ibr ium geometries a te  r a the r  small, smaller  
t h a n  0.05~ in any cases. 

4. Energy contdbut ions  obtained for bond and lone pair orbitals 

The  quanti t ies  discussed for core orbitals  are given also for  the  bond 
orbitals:  t he y  are given in Table  IV. The most  remarkab le  results show t h a t  all 
cluantities ate larger a t  the  calculated than  at  the  exper imenta l  geometries.  
This m a y  cer ta inly  be due to  the shorter  bond  length  at  the theore t ica l ly  

Table IV 

Energy contributions from bond pair localized orbitals using basis 6-31G/d;(in hartree) 

HF 

H~O 

7i�9 

CH4 

HF 

HzO 

1NH s 

CH4 

Exp 
Cale 
Exp 
Calc 
Exp 
Cale 
Exp 
Cale 

Exp 
Cale 
Exp 
Cale 
Exp 
Cale 
Exp 
Calc 

Self-interaction Effective potential 

2.20646 
2.21469 
1.62373 
1.63501 
1.19079 
1.19847 
0.86508 
0.87018 

--10.4503 
--10.4828 
--8.65182 
--8.70041 
--7.16050 
--7.19583 
--5.87136 
--5.89695 

Kinetic energy Potentia[ energy 

o.91894 
0.92292 
0.83325 
o.839o7 
0.75750 
0.76160 
0.68737 
0.69001 

-3.31001 
-3.32581 
-2.57031 
-2.59100 
-2.00023 
-2.01317 
-1.53839 
-1.54592 

ob ta ined  to ta l  energy minima.  As i t  is well known the  shor ter  the bond dis tanee 
the larger  the nuclear potent ia l ,  so the e leet ron densi ty  becomes also more  
compae t  [24]. This fac t  is ref lec ted  even in the  energy contr ibut ions  ob ta ined  
for bond  pair  localized orbitals.  
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As to  the values of  energy cont r ibut ions  result ing for lone pair  orbitals 
(HF,  H20 and  NH3) , similar conclusion could be found for the  kinet ic  energy 
eontr ibut ions .  The  self-interaetions,  however ,  are always larger  at  the experi- 
menta l  t h a n  at  the  calculated equi l ibr ium geomet ry  of  nuclei  (see Table  V). 
The effective po ten t ia l  values do not  ehange in the  same direet ion for the  studied 
systems. The  general  conclusion can be made  t ha t  there  are the  kinet ic  energy 
te rms whieh ref lec t  the most  su i tab ly  (i.e. for all of  different  types  of localized 
orbitals) the  increasing electron dens i ty  as going f rom the  exper imenta l  to 
the  caleulated equi l ibr ium geometries.  This  result  m a y  well be used if  the 
to ta l  energy of  re la ted  larger  sys tems is cons t ructed  by  the  use of the  kinetie 
energy cont r ibut ions  of loealized orbi tals  de termined at  the caleulated equilib- 
r ium geomet ry  of  a small molecule.  

5 .  C o n e l u s i o n  

Several  energy  quant i t ies  have been  diseussed using the localized decompo- 
sit ion of the  t o t a l  charge dis t r ibut ion for some small molecules.  I t  can be seen 
t h a t  the kinetie ,  the  self- interact ion and  the  effective po ten t i a l  energy contri- 
but ions  eharac ter ize  sui tably  the  main  differences for the  var ious types  of 
localized orbitals .  There  is an in teres t ing  question, however ,  to be fur ther  
analyzed.  I t  is a longstanding goal in the  s tudy  of loealized charge densities, 
to  be able to  de te rmine  whether  a bond  of a lone pair  d is t r ibut ion  is " l a rge r "  
or " g r e a t e r "  in a given system [25]. There  are the self- interact ion energy eong 

Table V 

Energy contributions from lone pair localized orbitals using basis 6-31G/d (in hartree) 

HF 

H20 

~qH 3 

HF 

I-IzO 

NH3 

Exp 
Calc 
Exp 
Calc 
Exp 
Calc 

Exp 
Cale 
Exp 
Calc 
Exp 
Cale 

Self-interaction Effective potential 

2.78488 
2.78536 
1.98861 
1.99026 
1.37712 
1.37946 

--11.6279 
--11.6310 
--9.34880 
--9.35482 
--7.43426 
--7.43999 

Kinetic energy Poten• energy 

1.03012 
1.02991 
0.87860 
0.87753 
0.73644 
0.73485 

--3.77782 
--3.77834 
--2.76981 
--2.76867 
--1.97108 
--1.96911 
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t r ibut ions  which could be related to the " e x t e n t "  of  an individual  charge den- 

sity.  As one can see f rom the results (Table IV and Table V), there  ate the 
lone pair  orbital  self-interaetion energies which ate  larger than  the bond  pair 

ones by  about  10% (for HF)  and 5% I-I(zO), bu t  the opposite re lat ion holds 
(bond pairs ate larger t h a n  the  lone pair  one) for moleeule NHa (approx.  b y  3 %). 

These results affirm t h a t  there is no reason to  expect  a larger ex tent  for a 
bond  of a lone pair localized charge dis tr ibut ion.  These quanti t ies  do not  

depend only on the enlargement  of  the basis set bu t  also, e.g., on  the  num- 

ber of  different types  of  loealized orbitals (i.e. on the system) as well. I t  can 

also be noted tha t  the effective potent ia l  energy contr ibut ions  do show similar 
regularit ies for the s tudied moleeules. 

In  the next  paper  of  this series other types  of  energy quanti t ies  will be 

discussed: the interact ion energy contr ibut ions between the localized orbitals. 
Af ter  t ha t  paper  an analysis of the first and second order electric moments  

of  localized charge dis tr ibut ions will follow. I t  is planned to publish a s tudy  

on the  geometry  and basis set dependence of  the localized moment  characteris-  
ties as well. 
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