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The localized molecular orbitals of some related ten- and eighteen-electron 
systems have been studied. The transferability of the kinetic, self-interaction, 
Coulomb and exchange interaction energies on localized orbitals have been 
shown. The standard deviation of the kinetic and of the interaction energies 
(including exchange) are less than 2.5% except for lone pair orbitals of the 
oxygen atoms where the standard deviation is close to 4%. 
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1. Introduction 

The notion of transferability may be interpreted in several ways. One can use 
directly the localized orbitals of small molecules for constructing the wavefunction 
of related larger molecules without further optimization. The orbitals are considered 
transferable if the molecular properties calculated with and without additional 
optimization are close together [1]. Another way to interpret transferability is 
through the use of the properties of the individual orbitals [2]. In this case actually 
certain properties of orbitals of the same type but in different environments are 
compared. 

The transferability of certain molecular properties (bond energies, bond electric 
moments etc.) are considered as a long established fact in chemistry. For systems of 
certain types (e.g., aliphatic hydrocarbons) the bond energies are apparently trans- 
ferable to an accuracy exceeding by an order of magnitude the accuracy of the 
results obtained by the Hartree-Fock method [3]. 

In the framework of the independent particle model the one-electron properties of 
the system (including the total energy at equilibrium geometry) can be written as the 
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sum of contr ibut ions  from the individual  orbitals [4]. This means that the transfer- 
ability of the one-electron properties is implied by the transferabil i ty of the orbitals. 

As is well known,  canonical  molecular  orbitals are nontransferable  and even the 

localized molecular  orbitals penetrat ing each other considerably [5] and having 

delocalized " t a i l s "  [6] cannot  be considered as transferable in the strict sense. The 

transferabil i ty of localized orbitals is investigated in various papers [7-11]; the 

efforts in this direction are reviewed in [1]. 

In a series of papers we investigate the transferable property of quanti t ies connected 

with localized charge densities of some related ten- and eighteen-electron systems. 

The following compounds  have been studied: 

CH4, CH3CH3, CH3NH2, CH3OH 

NHa, NH2NH2, NH2OH 

H20,  H202 

These eighteen-electron systems have already been investigated by several authors 

[12-16]. Some of them have been the subject of  many  Har t ree -Fock  studies using 

different basis sets [17-20]. 

The purpose of the present study is to investigate the effects of the envi ronment  on 

Table 1. Geometries considered in the calculations ~ 

Bond lengths Bond angles 
(a.u.) (degree) 

CH4 CH = 2.066 HCH = tetr. 
CH3CH3 CH = 2.066 HCH = 109.7 

CC = 2.890 
CH3NH2 CH = 2.066 HCH = 109.5 

CN = 2.786 HNH = 105.8 
NH = 1.916 CNH = 112.2 

tilt = 3.5 
CH3OH CH = 2.069 HCH = 109.5 

CO = 2.699 COH = 109 
OH = 1.814 tilt = 3.3 

NH~ NH = 1.912 HNH = 106.69 
NH2NH2 NH = 1.931 HNH = 108 

NN = 2.738 HNN = 112 
torsion = 90 

NH2OH NH = 1.946 HNH = 107 
NO = 2.759 HON = 102 
OH = 1.833 HNO = 107 

H20 OH = 1.809 HOH = 104.52 
H202 OH = 1.833 HOO = 100 

OO = 2 .816  torsion = 111.5 

Interatomic Distances, Special Publications No. 11 
and No. 18. London: The Chemical Society 1958 
and 1965 
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Table 2. Total energies calculated for the studied systems (in 
hartree) 

149 

T o t a l  e n e r g y  

CH~  - 4 6 . 1 8 5 9 6  

C H a C H 3  - 79 .20462 

C H 3 N H 2  - 95.17883 

C H a O H  - 115.00856 

N H a  - 56.17065 

N H 2 N H 2  - 1 1 1 . 1 3 3 8 1  

N H 2 O H  - 130.95978 

H 2 0  - 76.01081 

H 2 0 2  - 150.76281 

the localized orbitals. In this paper the energy quantities are discussed. The follow- 
ing paper will deal with the first and second-order electric moments. 

For the calculations a rather large uniform basis set, a (13s7p/4s) Gaussian con- 
tracted to [4s2p/2s], is used (more details see in [21-23].) Except for CHaOH the 
calculations have been carried out at the experimental geometries at which the 
properties studied are actually measured. The applied geometries are given in 
Table 1. The total energies obtained for the ten- and eighteen-electron systems are 
summarized in Table 2. All calculations were performed on an IBM 370/165 com- 
puter (CNRS, Orsay, France). 

Recent investigations show that the inclusion of polarization functions is essential 
if we want to calculate the total electric moments or the equilibrium geometries to a 
good approximation [24]. The influence of polarization functions on the localized 
charge distributions of H20 has been analyzed [25]. The results have shown that 
the presence of polarization functions cause systematic changes in the form of the 
bond and lone pair localized orbitals. It seems, however, to be highly improbable 
that the overall transferability of properties discussed in this paper would be affected 
by the inclusion of polarization functions or enlargement of the basis set. 

2. One-Orbital Contribution 

The canonical orbitals were transformed into the localized orbitals using the 
Edmiston-Ruedenberg method [26]. Let us denote the canonical orbitals by {cp~}~= 1, 
the localized ones by {cp~}~=l (N = number of occupied orbitals). In the total 
electron-interaction energy expression 

t J i j 

the first part represents the Coulomb, the second one the exchange interactions. 
The diagonal terms 

i 

occur in both parts. The unitary transformations can be chosen so that the 
D(~o) terms (self-repulsions) have their maximum value. According to the 
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E d m i s t o n - R u e d e n b e r g  p rocedure  the remainder  of  (1) will have a min imum when 

the desired t r ans fo rmat ion  is found:  

E I  -- ~ ~ [2(~PI~P) - (r  + ~ (~?PI~P). (3) 

min max 

In the present  paper  we discuss the kinetic,  the self- interaction,  the Cou lomb  and 
the exchange in terac t ion  energies between electrons on localized orbitals .  The  self- 

in terac t ion  energies of  electrons connected  with localized orbi ta ls  for small  mole-  
cules have a l ready been s tudied in some recent  works  [25, 27]. N o  invest igat ions 
have yet been repor ted ,  however ,  on the  kinetic energy cont r ibu t ions  obta ined  f rom 
localized orbi tals .  

As is well known [28], the to ta l  energy E o f  a system equals the negative of  the 

kinetic energy, T, if  the simple form of  the virial  theorem 

- V / T  = 2 ( 4 )  

is satisfied. 

Table 3a. Kinetic energies of electrons on localized orbitals 

Core C Bond CH 

CH4 16.6363 0.86654 
CHaCHa 16.6377 0.88013 
CHaNH2 (1) 16.6349 0.89079 

(2) - -  0.89532 
CHaOH (1) 16.6360 0.89844 

(2) - -  0.90917 

Mean value 16.6362 0.89007 
St. dev. (N~) 0.01 1.53 

Core N Bond NH Lone p.N 

NHa 23.1416 1.18132 1.45407 
NH2NH2 (1) 23.1295 1.20114 1.52250 

(2) - -  1.21282 - -  
CHaNH2 23.1293 1.19252 1.49183 
NH2OH 23.1624 1.22482 1.50970 

Mean value 23.1407 1.20252 1.49453 
St. dev. (NToo) 0.01 1.26 1.72 

Core O Bond OH Lone p.O 

H20 30.7732 1.60487 2.04794 
H202 (1) 30.8447 1.67264 2.11198 

(2) - -  - -  2.09702 
CHaOH 30.7751 1.61729 2.07010 
NH2OH 30.8080 1.65632 2.08581 

Mean value 30.8003 1.60487 2.08257 
St. dev. (N~) 0.09 1.69 1.06 
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Table 3b. Self-interaction energies of electrons on localized orbitals for 
the studied systems 

Core C Bond CH 

CH4 3.56701 0.67003 
CHaCHa 3.56708 0.67669 
CHaNH2 (1) 3.56693 0.68095 

(2) - -  0.68188 
CHaOH (1) 3.56711 0.68340 

(2) - -  0.68559 
Mean value 3.56703 0.67977 
St. dev. (N~) 0.00 0.76 

Core N Bond NH Lone p.N 

NHa 4.20829 0.74202 0.77969 
NH2NH2 (1) 4.20731 0.74770 0.79081 

(2) - -  0.75250 - -  
CHaNH2 4.2071 t 0.74584 0.77991 
NH2OH 4.21013 0.75431 0.80351 

Mean value 4.20820 0.74846 0.78848 
St. dev. (N~) 0.03 0.60 1.24 

Core O Bond OH Lone p.O 

H20 4.85250 0.81276 0.90471 
H202 (1) 4.84777 0.83235 0.93558 

(2) - -  - -  0.93072 
CHaOH 4.85261 0.81649 0.90640 
NH2OH 4.84552 0.82690 0.92147 

Mean value 4.84960 0.82215 0.91978 
St. dev. (N~)  0.06 0.96 1.36 

In the  s ingle-determinant  app rox ima t ion  we have 

N 

e = - r  - ( ,lzxlr,>. (5)  
~,=J. 

In  our  case (4) is not  satisfied exactly, and  thus equal i ty  (5) does not  ho ld ;  the dif- 
ference o f  the  quanti t ies  E and - T is, however,  always less than  0.2 a.u. 

The kinetic energy cont r ibu t ions  f rom the localized orbi ta ls  of  the systems con- 
s idered can be found in Table  3a. The  s tandard  deviat ions (in ~ )  o f  quanti t ies  
ca lcula ted with local ized orbi ta ls  o f  the  same type  are also given. The  s tandard  

devia t ions  are  smallest  for cores, larger  for bonds  and largest  for lone pa i r  orbi ta ls  
in the  case o f  molecules conta in ing ni trogen.  As to  the compounds  with the oxygen 
a toms,  the s tandard  devia t ions  for bonds  are  larger  than  for the lone-pair  orbi tals .  
None  o f  the s t andard  devia t ions  exceed 1.8~.  
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The results obtained for the self-interactions have shown that they describe clearly 
the characteristics of the corresponding orbitals (core, bond-pair and lone-pair 
orbitals), and vary systematically with the heavy atom charge [22]. In Table 3b we 
summarized (given in atomic units) the self-interaction energies of electrons on 
localized orbitals for some ten- and eighteen-electron molecules. The standard 
deviation of the former quantities is increasing as going from core orbitals through 
bond-pair orbitals to lone-pair orbitals. It is remarkable that the standard devia- 
tions for the self-interactions of core orbitals are smaller than thos.e for the other 
type of localized orbitals. This is in agreement with the results obtained for the 
kinetic energy contributions as well as with the fact that the " c o r e "  (inner-shell) 
orbitals are not much affected by the molecular environment. The standard devia- 
tion for core orbitals for the C, N, and O containing systems is less than 0.1%. The 
self-repulsions for bond orbitals are smaller than those for the core orbitals. The 
standard deviations for the bonds CH, NH and OH studied are, however, about 
0.6-1.0%. Most sensitive to the molecular environment are the lone pair orbitals: 
their standard deviations are largest (about 1.2-1.4% for the N and O containing 
compounds). 

3. Two-Orbital Contributions 

The interaction energies of electrons on localized orbitals are grouped with respect 
to the nuclear charge of the heavy atom. In Table 4 we present (in atomic units) the 
interactions of electrons on core and bond orbitals and those on two bond orbitals 

Table 4. Interaction energies for C-containing 
molecules 

Coulomb Exchange 

Core C/Bond CH 

CH4 0.64405 0.00857 
CH3CHz 0.64610 0.00861 
CH3NH2 (1) 0.64613 0.00872 

(2) 0.65157 0.00887 
CH3OH (1) 0.65025 0.00888 

(2) 0.65511 0.00909 

Mean value 0.64887 0.00880 
St. dev. (N%) 0.58 2.08 

Bond CH/Bond CH 

CH~ 0.40469 0.01897 
CHaCHa 0.40550 0.01877 
CH3NH2 (1) 0.40631 0.01845 

(2) 0.40738 0.01873 
CH3OH (1) 0.40732 0.01838 

(2) 0.40964 0.01884 

Mean value 0.40681 0.01869 
St. dev. (N~) 0.39 1.12 
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for the carbon-containing compounds. In all cases the interactions of  electrons on 
joint localized orbitals are investigated in order to study the same type of inter- 
action for the ten- and eighteen-electron systems. Several regularities can be found 
from the results. 

As to the interaction energies corresponding to the core of  carbon and the CH 
bond, the Coulombic parts differ less in the studied molecules than the exchange 
parts. A similar conclusion holds for the interactions of  electrons on two joint CH 
bonds. It is also remarkable that the interactions between the electrons on the core 
and on the CH bonds, respectively, have a standard deviation larger than those on 
two joint CH bonds both for the Coulomb and the exchange parts. The differences 
between the Coulomb or the exchange interaction energies corresponding to the 
same localized orbital in different molecules are in general not larger than those in 
the same molecule corresponding to two similar orbitals (see, e.g., CHaNH2(1) and 
CH3NH2(2) in comparison with CHaOH(1) and CHaOH(2) in Table 4). 

The results obtained for the interactions of  electrons on localized orbitals in 
nitrogen-containing molecules are given in Table 5 (in atomic units). The regulari- 
ties are similar to those found for the carbon series. The core and valence shell 
interactions differ more from each other in the series than the interactions of  elec- 
trons on the valence shell orbitals. This fact may be due to the different magnitude 
of overlap of localized orbitals [5, 29]. It is to be noted that - in contrast to the 
case of  self-repulsions - the sensitivity of  interactions for lone-pair orbitals is close 
to that for bond orbitals (see the standard deviations in Table 5). 

The above regularities are valid even for the series of  molecules presented in Table 6 
(given in atomic units). In this table the H20 and some related eighteen-electron 
systems are shown, in order to see how similar the interaction energies of  electrons 

Table 5. Interaction energies for N-containing molecules 

Coulomb Exchange Coulomb Exchange 

Core N/Bond NH Bond NH/Lone p.N 

NHa 0.76128 0.01127 0.52304 0.03541 
NH2NH2 (1) 0.76426 0.01144 0.52851 0,03589 

(2) 0.77258 0.01170 0.53141 0.03620 
CH3NH2 0.76332 0.01131 0.52605 0.03586 
NHzOH 0.77445 0.01184 0.52784 0.03453 

Mean value 0.76718 0.01150 0.52737 0.03558 
St. dev. (N~) 0.69 1.82 0.53 1.64 

Core N/Lone p.N Bond NH]Bond NH 

NHa 0.89687 0.01619 0.48097 0.02647 
NH2NH2 0.91024 0.01715 0.48323 0.02675 
CHaNH2 0.90074 0.01669 0.48183 0.02629 
NH2OH 0,91391 0.01677 0.48716 0.02731 

Mean value 0.90543 0.01670 0.48330 0.02671 
St. dev. (N~) 0.76 1.94 0.49 1.44 
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Table 6. Interaction energies for O-containing molecules 

E. Kapuy et al. 

Coulomb Exchange Coulomb Exchange 

Core O/Bond OH Lone p.O/Lone p.O 

H20 0.88756 0.01471 0.67668 0.05674 
H202 0.90798 0.01548 0.67819 0.05194 
CH3OH 0.89031 0.01475 0.67826 0.05740 
NH2OH 0.90250 0.01528 0.67820 0.05467 

Mean value 0.89710 0.01508 0.67783 0.05518 
St. dev. (N~) 0.94 2.22 0.98 3.86 

Core O/Lone p.O Bond OH/Lone p.O 

H20 1.05432 0.02085 0.61430 0.04550 
H202 (1) 1.07117 0.02126 0.62206 0.04560 

(2) 1.07570 0.02141 0.62354 0.04581 
CH3OH 1.05672 0.02101 0.61503 0.04540 
NH2OH 1.06528 0.02114 0.62005 0.04567 

Mean value 1.06464 0.02214 0.61900 0.04560 
St. dev. (N~) 0.77 1.01 0.56 0.31 

on their localized orbitals are. From the results it follows that the extent of  transfer- 
ability does not seem to be dependent on the heavy atom nuclear charge, as similar 
regularities were found for all of  the three series. The standard deviation for the 
exchange part for the lone pair orbital interactions- occurring only in the oxygen- 
containing series-is  the largest, 3.8~. These deviations for the lone pair/lone pair 
interactions may certainly be due to the relatively large absolute and density over- 
lap of these orbitals [5, 29]. 

4. Characterization of the Heavy Atom Bonds 

In order to have a systematic study of all types of  localized orbitals investigated, 
we present the results obtained for the heavy atom bonds as well. These are given 
in atomic units in Table 7. In addition to the self-interactions, the interactions of  
electrons on the heavy atom bonds and on the localized orbitals connected with 
only one of the heavy atom (core, hydrogen-containing bonds, lone pairs) have been 
studied. 

First the self-interaction energies of  the heavy atom bonds are investigated. It can 
be seen that the self-repulsions are increasing as going from CC through CN to CO 
bond (and similarly in the series CN, NN, NO or OO, NO and CO). This regularity 
is due to the systematic change of nuclear charge. In spite of the different orbitals, 
e.g. for the interactions between electrons on the heavy atom bonds and the core 
orbitals, the differences between the Coulombic parts are not too large: the devia- 
tions are less than 3 ~  for core C, 6 ~  for core N and 8 ~  for core O orbitals. The 
deviations for the exchange interactions are about 10-15~ for the several heavy 
atom bonds and core orbitals. 
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Table 7. Interaction energies of electrons on localized 
orbitals. Heavy atom bonds 

Heavy atom bond/ 
other orbital Coulomb Exchange 

CC 0.65489 - -  
CN 0.70536 - -  
CO 0.76453 - -  
NN 0.71209 - -  
NO 0.72397 - -  
OO 0.70611 - -  

CC/Core C 0.62975 0.00814 
CN/Core C 0.61242 0.00730 
CO/Core C 0.59857 0.00658 
CN/Core N 0.73855 0.01060 
NN/Core N 0.69745 0.00926 
NO/Core N 0.65435 0.00792 
CO/Core O 0.86047 0.01396 
NO/Core O 0.79329 0.01205 
OO/Core O 0.73540 0.01040 

CC/Bond CH 0.39896 0.01777 
CN/Bond CH (1) 0.39063 0.01452 

(2) 0.39240 0.01474 
CO/Bond CH (1) 0.38599 0.01285 

(2) 0.38759 0.01240 

NN/Bond NH 0.45339 0.02262 
CN/Bond NH 0.47009 0.02616 
NO/Bond NH 0.44177 0.02016 

OO/Bond OH 0.50543 0.02737 
CO/Bond OH 0.54960 0.03479 
NO/Bond OH 0.52707 0.03068 

NN/Lone p.N 0.49908 0.03054 
CN/Lone p.N 0.51507 0.03528 
NO/Lone p.N 0.47851 0.02635 

OO/Lone p.O (1) 0.54735 0.03670 
(2) 0.54714 0.03682 

CO/Lone p.O 0.60218 0.04528 
NO/Lone p.O 0.57325 0.04049 

As to the  Cou lomb  interact ions of  electrons on the var ious  heavy a tom bonds  and 
the bond  orbi ta ls  jo in t  to a hydrogen,  the fol lowing result was obtained.  The  smal ler  
the nuclear  charge  o f  the heavy a tom is, the smaller  is the s tandard  devia t ion :  abou t  
2 ~  for  the  C H  bonds,  larger  for the N H  bonds  (about  3 ~ )  and largest  for  the  O H  
bonds  (about  5~) .  This fact may  be due to the increasing number  o f  lone pair  
orbi ta ls  on the  individual  heavy a tom.  Similar  regular i ty  holds for the exchange 
interact ions  (see Table  7). 
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From the above results it follows that the differences for the Coulomb interactions 
between electrons on heavy atom bonds and on lone pair localized orbitals might 
be still larger. The values given in Table 7 show that the deviation for the nitrogen 
lone-pair orbitals is larger than 4% while that for the oxygen lone-pair orbitals is 
about 6%. The corresponding deviations for the exchange interactions are about 

14%. 

5. Conclusion 

Some regularities have been found on comparing the corresponding quantities for 
ten- and eighteen-electron systems. The kinetic and the Coulomb interaction ener- 
gies are transferable to a fairly good approximation; the standard deviations never 
exceed the value of 2%. This means that these quantities are not very sensitive to 

any changes in the vicinal groups. 

The exchange interactions of electrons on localized orbitals differ always more from 
each other in any series than the Coulomb interactions. Even the largest standard 
deviation, for the lone-pair orbitals of oxygen, however, does not exceed 4%. 

The differences between the sensitivity of the exchange and Coulombic parts can 
be interpreted in the following way. The localized orbitals are not completely local- 
ized, they contain the basis functions of atoms in vicinal position with coefficients 
of  appreciable magnitude. These " tai ls"  are characteristic of the vicinal groups 
(see next paper in this series). The exchange interactions are more sensitive to the 
changes in the " ta i l s" ;  the larger standard deviations can be attributed to this 

greater sensitivity. 

A study of transferability of several other quantities related to localized molecular 

orbitals will be the subject of our next paper. 
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