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The binding energy shifts of the Is levels of nitrogen atoms in 15 different bonding situations 
are calculated by the self-consistent charge molecular orbital (SCC-MO) method employing an 
electrostatic potential model in the point charge approximation. The standard deviation of the 
obtained correlation is ~ 0.5 eV, which is substantially better than the earlier CNDO/2 GPM 
and RPM results. The scatter of the correlated values is diminished to roughly 1/3 of the previous 
CNDO/2 results. The merits and shortcommings of the electrostatic potential model are briefly 
discussed. It is concluded that the present approach provides a useful tool for studying ESCA 
shifts in large molecules of biochemical interest. 

1. Introduction 

XPS or ESCA spectroscopy is useful in discus-
sing the electronic structure of molecules in the 
gaseous and solid states [1, 2 ] , the properties of 
polymers [3] , chemi- and physisorption phenomena 
[4, 5] , homogenous catalysis [6] etc. The rigorous 
treatment of the photoionization process is rather 
advanced. It involves A SCF calculation for each 
ionized atom in a molecule, with inclusion of rel-
ativistie and correlation corrections. Thus it is 
necessarily confined to small systems. If larger 
compounds are to be studied, one has to resort to 
semiempirical theories of chemical bonding. It is 
gratifying that all valence-electron schemes at the 
EHT and CNDO/2 levels of approximation used in 
conjucation with the electrostatic model reproduce 
the major features of the ESCA chemical shifts [7, 
8 ] . However, the standard deviations of the emiri-
cal correlations obtained with these two methods are 
sometimes unsatisfactorily high. The ESCA shifts of 
nitrogen atoms in different chemical environment 
represent such a case [7, 9 ] . It is the aim of this 
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work to show that better results can be obtained if 
the self-consistent charge molucular orbital (SCC-
MO) method is employed. This is of some impor-
tance because the ability of the semiempirical 
methods to account for the changes in ESCA shifts 
was recently questioned on the grounds that the 
inner-shell electrons are not explicitly included in 
the computational procedures [10] . 

2. 3Iethod 

A discussion of the SCC-MO method was given 
previously [11] and is not to be repeated here. We 
have shown [12] that ESCA chemical shifts are 
related to the orbital populations of the host atom 
via the equation 

JBEa 4= kt ( fy +k 2 Qip 
+ k3T (ZB-2-QB)lRAB + k,, (1) 

B 

where the ionized atom in a molecule is denoted by 
A. The gross orbital population are given by 
Qt and Pa {a = x,y,z) with 

Q'tp = Qipx + Q'2pv + Q»vz • 

The adjustable parameters kt (i= 1 , 2 , 3 , 4 ) are 
determined by fitting the experimental inner-core 
energy level shifts using the least-squeres technique. 
The third term in (1) is called the Madelung 
potential in analogy with a similar expression ap-
pearing in solid state theory. In the following it 
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will be abreviated by M. Depending on the number 
of parameters and their interrelations one obtains 
four models which are denoted by Q, s + p, Q + M 
and s + p + M, the corresponding weighting factors 
being (Jc1 = k2, k3 = 0) , {kx 4= k.2 , k3 = 0) , (k t = k2, 
k3 #= 0) and (kx =(= k2 , k3 + 0) , respectively. Since the 
final formula involves only the ground-state orbital 
populations and (or) net atomic charges, the method 
belongs to the ground state potential (GPM) ap-
proach. It should be finally pointed out that all 
results correspond to molecules in the gaseous state. 
The computations are based on the best molecular 
geometries available in literature. 

3. Results and Discussion 

The chemical shifts of the nitrogen (Is) energy 
levels relative to the N2 molecule were calculated for 
15 different compounds. The results are displayed in 
Table 1. The experimental data span a range as 
large 12.3 eV. The largest N( l s ) binding energy 
was found in ONF3 . This is a consequence of the 
large electronegativity of fluorine and oxygen atoms. 
By comparing the relevant figures in Table 1 one 
notices the good quality of the SCC-MO results. The 
destabilizing effect of the methyl substitution on the 
N( ls ) level in NH3 is nicely reproduced. The bind-
ing energy is decreasing along the series N H 3 , 
CH3NH2 , (CH3)2NH and (CH3)3N due to the in-
creased negative charge of the nitrogen atom. The 

Table 1. Comparison between the correlated and experi-
mental Is energies for nitrogen atoms (relative to N2 
molecule)a. 

Molecule 
Method 

Q Q + M s + p s + p 
+ M 

Exp. 

(CH3)3N — 5.0 — 4.8 - 4 . 9 - 4.7 - 5.2 
(CH3)2NH — 4.3 — 4.0 - 4 . 2 - 4 . 3 - 5.0 
CH3NH2 — 4.6 — 4.5 - 4 . 7 - 4.7 - 4 . 8 
NH3 — 4.3 — 4.1 - 4 . 5 - 4.6 - 4 . 3 
N2H4 — 3.7 — - 3.5 - 3.7 - 3 . 7 - 3.8 
HCN — 3.7 — 3.6 - 3 . 2 - 3 . 1 - 3.1 
(CN)2C2(CN)2 — 3.9 — 3.8 - 3.4 - 3 . 4 - 2.8 
N*NO — 1.3 — 1.2 - 0 . 8 — 1.1 - 1.3 
N2 — 1.4 — 1.3 - 0 . 8 - 0 . 8 0 
C6H5NO2 1.9 2.1 1.8 1.9 1.75 
CH3NO2 2.3 2.4 2.2 2.2 2.18 
N2F4 2.5 2.6 3.2 3.2 2.4 
NN*0 2.1 2.2 1.7 1.8 2.6 
NF3 4.5 4.6 5.0 5.1 4.3 
ONF3 7.2 7.3 7.1 7.1 7.1 

a in eV units. 

nonequivalent nitrogen atoms in NNO are clearly 
distinguished. The correlated chemical shift for 
ONF3 is in good agreement with experiment. The 
relatively large deviation found for the reference 
molecule is somewhat disturbing, but this compound 
is clearly different from the rest of the studied 
substances. Although the core hole is localized on 
one nitrogen atom [13] like in other molecules, a 
quite different reorganization energy could be anti-
cipated for a diatomic molecule compared with 
other polyatomic compounds. Other empirical or 
semiempirical calculations failed to predict N ( l s ) 
chemical shifts in a satisfactory manner. Jolly et al. 
[9] have studied N( ls ) binding energies for the 
same series of molecules as we did. The formal 
atomic charges calculated by Pauling's electro-
negativity method [14] gave a large scatter with 
standard deviation of 2.02 eV. This is unacceptably 
high and it seems that the Pauling atomic charges 
are not accurate enough for quantitative estimates 
of ESCA chemical shifts. The CNDO/2 results given 
within the framework of the GPM approach ex-
hibit also a large standard deviation of 1.65 eV, 
which is somewhat diminished by inclusion of the 
Madelung term. However, the present SCC-MO 
results are substantially better as evidenced by the 
standard deviations of 0.58, 0.60, 0.50 and 0.49 (in 
eV) for the Q, Q + M, s + p, s + p + M models, 
respectively. Furthermore, the CNDO/2 method 
predicts a slight increase in the N( ls ) binding 
energies along the series N H 3 — ( C H 3 ) 3 N , contrary 
to the experimental observations and SCC-MO 
results. It is interesting to mention that we did not 
get any significant improvement in N( l s ) shifts by 
taking into account the Madelung term. In fact, we 
found a good linear relation between SCC-MO 
net charges of the host nitrogen atoms and the cor-
responding Madelung potentials. This finding ex-
plains the good performance of the simple Q model. 
Thus the increased accuracy is a consequence of 
better estimates of effective ground state atomic 
charges and is not due to the use of a larger set of 
flexible parameters. The EHT method exhibits ap-
preciable standard deviations for N( l s ) shifts too 
[8, 15]. To summarize, we can say that the scatter 
of the correlated inner-core N( ls ) energy levels is 
diminished to roughly 1/3 if the SCC-MO method 
is applied. 

The question arises whether the better perfor-
mance of the SCC-MO method for N( l s ) shifts is 
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Table 2. Standard deviations of the various electrostatic potential methods (in eV units). 

Family of compounds Standard deviations 

CNDO/2 Method SCC-MO Method 
GPM RPM Q Q + M s + p s + p + M 

C (Is) shifts 
fluoromethanes 
fluoroethanes 
fluoroethylenes 

F (Is) shifts 
fluoromethanes 
fluoroethanes 
fluoroethylenes 

total of 11 different boron nuclei 
total of 31 different carbon nuclei 
total of 11 different nitrogen nuclei 
total of 10 different oxygen nuclei 
total of 11 different fluorine nuclei 

0.3a 0.7a 0.3 
0.6 0.3 0.5 
0.7 0.6 1.1 

0.2 - 0.4 
0.4 — 0.5 
0.3 - 0.3 
1.0b 0.5b 0.4 
1.1® 0.7a 0.8 
2.9a 2.3a 0.5 
2.4a 1.2 0.6 
0.2c - 0.3 

0.3 0.5 0.5 
0.4 0.6 0.6 
0.8 1.0 0.7 

0.3 0.2 0.2 
0.3 0.4 0.4 
0.4 0.2 0.3 
0.3 0.4 0.3 
0.7 0.7 0.6 
0.5 0.4 0.4 
0.5 0.5 0.6 
0.3 0.2 0.2 

a CNDO/2 ground state potential (GPM) and relaxation potential (RPM) calculations, see [7]. 
b CNDO/2 transition potential calculations, see [18]. 
c CNDO/2 ground state potential calculations, see [17]. 

fortuitous or gives generally more reliable electron 
charge distributions in molecules than the two 
aforementioned semiempirical schemes. For this 
purpose we made an analysis which is presented in 
Table 2. The standard deviations of our present and 
previous SCC-MO results [12, 16] are compared 
with the corresponding entities obtained by the 
CNDO/2 studies of ESCA shifts. The available 
CNDO/2 results were obtained in the GPM ap-
proximation [7, 17] and the relaxation potential 
model (RPM), which takes into account explicitly 
the reorganization energy [7] . For the set of 11 
boron nuclei we used the results of the GPM and 
transition potential model (TPM) CNDO/2 calcula-
tions of Goscinski et al. [18] . Perusal of the 
relevant data shows that the SCC-MO method 
provides correlations with smaller standard devia-
tions. This conclusion holds with very few excep-
tions. In fact, only wrhen particular families of 
molecules are considered the CNDO/2 approach 
yields better results. For example, the CNDO/2 
GPM model is more succesful in fluoromethanes 
while the CNDO/2 RPM method yields lower stan-
dard deviations in fluoroethanes. However, the 
SCC-MO calculations provide a better overall picture 
being substantially more reliable for nitrogen and 
oxigen nuclei. There are several reasons for the good 
performance of the method adopted in this paper. 
Firstly, the rather complicated inner-shell photo-
ionization phenomenon can fortunately be reduced 

to Coulomb interactions described by the electro-
static potential without significant loss of informa-
tion. Secondly, expectation values of the 1/r 
operator are not exceedingly sensitive on the finer 
details of molecular wavefunctions. This conclusion 
is supported by the results of several ab initio 
calculations, which show that (0 j 1/r | 0) values are 
little affected by the changes of the basis sets or by 
the inclusion of massive CI [19] . In other words, 
relatively accurate values of the 1/r operator can be 
obtained by using approximate wavefunctions. It 
seems that the point charge approach is quite satis-
factory in this respect, although 1/r is strictly 
speaking a one-electron operator. Similar insensi-
tivity was observed for second moments and the 
related diamagnetic part of the magnetic susceptibil-
ity which can also be calculated in the point charge 
approximation [20, 21] , Finally, it appears that 
SCC-MO wavefunctions reproduce fairly well gross 
features of the charge redistribution accompanying 
formation of chemical bonds as evidenced by the 
numerous calculations of molecular quadrupole 
moments [11] . One concludes that the SCC-MO 
procedure yields better results for one-electron 
properties than the semiempirical methods based on 
the ZDO approximation, indicating that the overlap 
integrals play an important role in the theory of 
chemical bonding. 

A comment on the relaxation energy is in place 
here. It has appreciable values which sometimes 
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exceed the range of the ESCA chemical shifts. How-
ever, the present results and the earlier calculations 
[12, 16] provide conclusive evidence that a large 
portion of the relaxation energy is absorbed in 
adjustable parameters kt ( i = 1, 2, 3, 4) for the first 
row atoms. Thus it appears that the effect of the 
final state can in most cases be incorporated in the 
charge distribution of the ground state. Indeed, 
SCC-MO equivalent core and transition potential 
calculations for nitrogen yield virtually the same 
standard deviations ( ~ 0 . 5 ) , which means that on 
average there is no improvement. In other words, 
it is generally more important to use a method which 
provides reliable ground state atomic charges than 
to include the effect of electron reorganization. It is, 
however, important to stress that the latter should 
be explicitly taken into account if molecules with 
special structural characteristics are considered. 
Consequently, the improvement which is occasional-
ly obtained by the inclusion of the transition poten-
tial in CNDO/2 calculations reflects more remedy of 
some of the internal inconsistencies involved in the 
applied semiempirical scheme than the influence of 
the final ionic state. This is concomitant with our 
conclusion reached by the calculations of molecular 
quadrupole moments [11] . The unsatisfactory 
performance of the CNDO/2 approach is actually 
not surprising because it is known that this scheme 
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