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The electron density and quadrupole coupling constants of molecules containing Sb are analysed. 
The NQCC for antimony, calculated using the extended basis 6-311G** are much lower than the 
experimental data, while the use of the small 3-21G* basis led to NQCC closer to the experimental 
ones. 

Key words: DFT; QCC; Isomeric Mössbauer Shifts; Antimony Compounds. 

Introduction 

Compounds of non-transition elements contain-
ing tin and antimony were studied by nuclear qua-
drupole resonance spectroscopy and Mössbauer ef-
fect [1 - 5]. The parametres like quadrupole splitting 
or quadrupole coupling constant (QCC) as well as 
Mössbauer isomeric shifts on nuclei 121Sb and 119Sn 
(6) were determined. The studies of the electronic 
density distribution in a molecule and environment 
of the central atom, i.e. non-transition element, were 
performed mainly on the basis of semiempirical cal-
culations. It is well known that such methods cannot 
be applied for a detailed analysis of bonding param-
eters or interpretation of the electronic structure of 
molecules. The correlations between the experimen-
tal and calculated Mössbauer isomeric shifts or QCC 
could also be significantly improved by the applica-
tion of non-empirical methods. It should be pointed 
out that these methods have been widely used for 
large molecular systems. The semiempirical meth-
ods of quantum chemistry do not give comprehensive 
information concerning electronic structure of com-
pounds of non-transition elements, for example those 
from group Kothekar [6] studied similar molecules 
by CNDO and obtained negative charges on central 
atoms (antimony and tin). 

The Townes-Dailey approximation, in which vari-
ous integrals are neglected and configuration interac-

tions are taken into account to a different degree [7], is 
widely used for the estimation of QCC and Mössbauer 
isomeric shifts. Köster [8] suggests that, if we con-
sider only one configuration for a ground state, it is 
equivalent to the assumption that each electron in an 
atom is in a field of the averaged central potential. The 
Coulomb repulsion between electrons is responsible 
for the mixing of various configurations of electrons 
in an atom. The magnitude of configuration interac-
tion is especially important for heavy atoms, where 
the Coulomb repulsion between electrons is relatively 
larger than attraction to nuclear charge. 

The main idea of the Townes-Dailey approxima-
tion [9] is that the main contribution to the electric 
field gradient comes from valence electrons of the 
atom considered. Therefore, we expected that the best 
QCC values (i. e. the closest to the experimental re-
sults) could be calculated using a nuclear core pseu-
dopotential. 

Non-empirical calculation performed by us for 
tin, antimony and iodine molecules, with the use of 
the extended 6-311G** basis set [10, 11] provided 
much lower QCC values than the experimental ones, 
whereas the NQR frequencies from chlorine atoms 
were well correlated with experimental values. 

Computational Details 

The calculations were performed within the Gaus-
sian 98 [ 12] package at the B3LYP level of the theory 
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Table 1. Geometrical and NQR parameters for some com-
plexes containing antimony. 

Table 1 (continued). 

G e o m e t r . and 
N Q R param. 

E x p e r i m e n t a l H o n d o [ 1 0 ] 
MP2/6-311G** 

G a u s s i a n 
B 3 L Y P / 3 - 2 1 G * 

D i m e r S b 2 C l 1 0 : 

Ä S b - C l e q ( A ] 
^ S b - C l a x [ A ] 
^ S b - C l b r 1 A ] 
Z C l b r S b C l b r 

[ M H z ] 
z / c l

a x [ M H z ] 

L C 1
b r [ M H z ] 

_2/-> Sb 

S b C l 5 : 

^ S b - C l e q [ A ] 

^ S b - C l a x 1 A 1 

2 . 3 4 6 

2 . 3 8 8 a 

2.620a 

9 8 . 8 a 

2 7 . 7 6 

3 0 . 1 8 

1 8 . 7 6 

[ M H z ] 1 8 0 (77 = 0 . 7 9 ) 

2 . 3 1 1 

2 . 3 2 2 

2 . 6 4 2 

102.6 

2 . 3 5 5 

2 . 3 6 5 

2 . 6 3 0 

101 .4 

"CI 
2 

^ [ M H z ] 
[ M H z ] 

2 . 2 7 7 
2 . 3 3 8 
3 0 . 1 8 
2 7 . 8 5 

Qqzz
3D [ M H z ] 8 4 . 5 4 (77 = 0 . 0 1 ) 

C o m p l e x S b C l 5 O P C l 3 : 

* S b - a e q [ A ] 2 . 3 2 , 2 . 3 3 , 2 . 3 5 

2 . 3 3 

1 .47 

1.95 

145 

2 . 1 7 

2 4 . 3 9 9 (77 = 0 . 1 1 3 ) -

2 5 . 8 2 1 (77 = 0 . 0 2 5 ) 

2 6 . 1 1 9 ( 7 7 = 0 . 0 4 7 ) 

2 7 . 3 1 4 (77 = 0 . 0 4 9 ) -

t / a ( P C l 3 ) [ M H z ] 3 0 . 5 6 5 (77 = 0 . 0 2 6 ) -

3 0 . 6 3 2 (77 = 0 . 0 2 9 ) 

e2Qqzz
Sb [ M H z ] 2 0 4 . 4 (77 = 0 . 3 0 ) -

C o m p l e x S b C l 5 - N C C l : 

^Sb—Cleq [ A ] 2 . 3 6 b 

^ S b - C l a x 1 A 1 

RO-P [Ä] 
K p - C l [ A ] 
Z S b O P [ ° ] 

* S b - 0 [ A l 
I / Q ^ [ M H z ] 

i /C l 2 * [ M H z ] 

2 8 . 7 8 (77 = 0 . 0 9 2 ) 2 6 . 3 6 (77 = 0 . 1 0 ) 

3 1 . 7 8 (77 = 0 . 0 0 2 ) 2 8 . 1 0 (77 = 0 . 0 1 8 ) 

2 0 . 3 6 ( 7 7 = 0 . 6 7 ) 2 0 . 1 8 (77 = 0 . 6 3 ) 

2 . 4 (77 = 0 . 6 0 ) 135 .0 ( 7 7 = 0 . 7 6 ) 

2 . 2 9 2 2 . 3 5 7 

2 . 3 5 0 2 . 3 8 2 

3 0 . 5 0 (77 = 0 . 2 3 ) 2 7 . 0 5 (77 = 0 . 2 4 ) 

2 7 . 6 0 (7? = 0 ) 2 5 . 7 4 (77 = 0 ) 

1.9 (77 = 0 ) 7 4 . 9 0 ( 7 7 = 0 ) 

2 . 3 6 , 2 . 3 9 

2 . 3 8 , 2 . 4 0 

1 .50 

1 .99 

1 5 2 

2.21 

2 5 . 2 3 (77 = 0 . 0 7 6 ) 

2 . 3 5 " 

8 4 . 9 b 

2 . 2 3 b 

2 6 . 3 9 2 , 2 6 . 8 9 5 
2 5 . 4 2 5 

^ S b - C l a x [ A ] 
Z S b O N [ ° ] 

* S b - N [ Ä ] 

[ M H z ] 

i / c l
a x [ M H z ] 

i / C i ( N C I ) [ M H z ] 4 2 . 0 0 5 

e 2 Q < 7 z z N [ M H z ] -

e2Qqzz
Sb [ M H z ] 2 3 6 . 4 (77 = 0 ) 

C o m p l e x SbCl v C 6 H 5 N H 2 : 

K s b - C l [ Ä ] 2 . 3 2 3 , 2 . 3 3 5 , 

Z C l S b C l [ ° ] 

Z C l S b N [ ° ] 

« S b - N [ A ] 
[ M H z ] 

2 . 5 1 6 
9 6 . 1 
8 3 . 2 
2 . 5 2 5 
1 9 . 3 6 
2 0 . 3 9 
13 .95 i / c l

J * [ M H z ] 
«/N [ M H z ] 

e2Qqzz
Sb [ M H z ] 2 2 6 . 2 (77 = 0 . 0 3 ) 

C o m p l e x S b C l 3 C 6 H 6
c : 

R S b _ a [ Ä ] 2 . 3 4 7 , 2 . 3 4 8 
2 . 3 6 7 

2 5 . 7 6 ( 7 7 = 0 . 0 6 6 ) 
2 8 . 8 2 (77 = 0 . 0 1 1 ) 
2 8 . 8 6 (77 = 0 . 0 1 0 ) 
199 .3 (77 = 0 . 0 5 ) 

2 . 3 9 

2 . 3 6 

8 3 . 4 

2 . 3 4 

2 5 . 4 2 (77 = 0 . 0 9 1 ) 
2 5 . 3 7 (77 = 0 . 0 0 0 8 ) 
3 9 . 8 4 (77 = 0 ) 
1.25 (77 = 0) 
183.8 (77 = 0 . 0 0 1 ) 

2 . 4 2 9 , 2 . 4 3 5 , 
2 . 4 4 4 
9 2 . 9 
7 8 . 1 
2 . 5 6 2 
19 .40 ( 7 7 = 0 . 0 8 7 ) 
19.54 (77=0.1) 
1 6 . 7 4 (77 = 0 . 0 7 ) 
3 . 3 0 ( r j = 0 . 2 1 ) 
2 6 1 . 6 ( 7 7 = 0 . 1 ) 

2 . 4 1 3 

using the 3-21G* basis set with full geometry-opti-
misation. Relativistic effects were not taken into ac-
count. 

Geometr . and Exper imenta l H o n d o [ 1 0 ] G a u s s i a n 
N Q R param. M P 2 / 6 - 3 1 1 G * * B 3 L Y P / 3 - 2 1 G * 

Z C l S b C l [ ° ] 9 1 . 6 , 9 4 . 4 , 9 4 . 7 - 9 6 . 4 , 9 6 . 8 , 9 7 . 0 

^ S b - r i n g t A ] 3 . 3 0 - 2 . 4 5 

v a [ M H z ] 18 .87 - 1 8 . 7 0 ( 7 7 = 0 . 0 5 ) 
2 0 . 3 3 19 .38 ( 7 7 = 0 . 0 5 ) 

e2Qqzz
Sh [MHz] 3 9 0 . 2 (77 = 0 . 1 ) - 3 1 3 . 0 ( 7 7 = 0 . 1 ) 

a Exper imental geometr i ca l parameters w e r e taken for S b 2 C l 6 P h 4 . E x -

perimental g e o m e t r i c a l parameters w e r e taken for SbCl^ N C C H ^ c o m p l e x . 
c Exper imental g e o m e t r i c a l parameters w e r e taken for 2 S b C l y C f ) H 6 c o m -

plex . 

Results 

In the paper [13] we applied the density func-
tional theory (DFT) to obtain reliable values of QCC 
and Mössbauer isomeric shifts for halogen containing 
compounds. 

In this paper we apply the same method, i.e. 
B3LYP/3-21G*, which allows us to take into account 
all the electrons of the atoms in a molecule. The QCC 
values were calculated from the components of the 
electric field gradient tensor in the principal axes. 

The studied systems were simple compounds of 
Sb111 and Sbv as well as their complexes, for which 
the QCC from NQR and Mössbauer isomer shifts 
have been reliably determined. 

The experimental [14 - 17] and calculated geo-
metrical parameters as well as NQR parameters for 
some SbCl5 and SbCl3 complexes are presented in 
Table 1. 

The B3LYP/3-21G* overestimates bond lengths 
whereas the valency angles are reproduced correctly. 

e Qq (exp.) [MHz] 
Fig. 1. The correlation between the calculated and exper-
imental e2Qqzzh~l values for the compounds containing 
antimony atoms. 
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The same tendency has been observed in the results 
for halogen compounds [13]. 

The correlation between the experimental and cal-
culated bond lengths obtained from Fig. 1. is 

Table 2. The experimental and calculated NQR and 
Mössbauer parameters for Sb compounds. 

*sb-xcal = 0.093 + 0.981 /?Sb_x
exp-

(r = 0.996; 5 = 0.02; n = 15). 
(1) 

Here, similarly as in the case of halogen-halogen 
bonds [13], the factor preceding fiSb-xexp'' being 
close to unity, indicated the high reliability of the 
calculations, despite of the presence of coordinating 
antimony-ligand bonds. 

These bonds are usually reproduced with large er-
ror, and the bond lengths calculated from full optimi-
sation are much larger then the values measured (see 
for example the complexes of SbCl5, SnCl4 andTiCl4 
with hydrogen sulfide [10]). 

The geometries of the monomer and dimer forms 
of SbCl5 are compared in Table 1. The results of the 
calculations obtained with the use of the extended 
basis set 6-311G** taken from [10] are compared 
with those obtained with the 3-21G* basis set. The 
geometrical parameters for dimer agree well with the 
X-Ray data for a molecule Sb2Cl6Ph4 [18], in which 
the lengths of axial bonds were found greater than the 
equatorial ones. 

Although the relation between bond lengths and 
NQR frequencies of chlorine atoms for the complexes 
with Sb-Cl [ 19] and Sn-Cl [20] bonds are well known, 
we cannot say that there is a correlation, it is only a 
trend. 

The NQR frequency depends on the electric field 
gradient at the site of the resonating nuclei and there-
fore to a larger degree reflects the influence of the 
magnitude of the charge in the atom containing this 
nucleus than that of the chemical bond length includ-
ing the same atom. This confirms that in our previous 
paper [21] the NQR frequencies were adequately as-
cribed for the axial and equatorial chlorine atoms. 
Moreover, it should be pointed out that the assign-
ment based on NQR frequency ratios for a monomer 
and dimer (Table 1) given in this work is correct, in 
contrast to the results concerning dimer Sb2Cl10 from 
[22] as well as in [23]. 

The following correlation between the calculated 
and experimental [1, 19, 23 - 26] QCC on antimony 
atoms (Table 2) was found (Figure 1): 

2ßg„Sb(cal.) = 31.9 + 0.68 e2QqJb(exp.) (2) 
(r = 0.967; 5 = 25 ;«= 15) 

Compound e2Qqzz
Sb 

(exp.) 
[MHz] 

e2Qqzz
Sb 

(cal.) 
[MHz] 

6, mm/s, 
relative to 
CaSnO, 

Ns
Sb N Sh 

P 

SbH, 459 343 _ _ _ 
SbR, 537 387 -14.9 1.676 1.871 
SbCl, 384 283 -14.4 1.460 2.081 
SbBr, 
Sbl, 

316 286 -14.42 1.465 2.283 SbBr, 
Sbl, 85 211 -15.84 1.489 2.503 
Sb2Cl10 180 135 -3.1 0.771 1.976 
SbCls OPCL, 
SbCl sNCCl 
SbCl v C 6 H,NH 2 

204 199 -2.67 0.744 1.907 SbCls OPCL, 
SbCl sNCCl 
SbCl v C 6 H,NH 2 

236 184 -2.87 0.761 1.919 
SbCls OPCL, 
SbCl sNCCl 
SbCl v C 6 H,NH 2 326 262 -14.8 1.467 2.002 
SbClvC6H6 390 213 -14.2 1.482 2.022 
SbSBr 336 279 - - -

SbSI 312 285 - - -

SbF 4 - 467 310 - - -

SbCl4- 267 123 -16.0 1.501 1.943 
SbBr4~ 138 93 -16.6 1.534 2.164 
sbi4- 99 26 -15.9 1.551 2.312 
SbCl f i- 0 0 -2.74 0.708 1.874 
SbCl,Br~ 
SbMe, 

- 10 -2.94 0.715 1.893 SbCl,Br~ 
SbMe, 495 360 - - -

SbMe^Cl, 663 202 -6.0 1.010 2.126 

The correlation coefficient is not very high, but the 
standard curve fit error does not exceed 10%. Some 
of the compounds, i.e. Sbl3, Sbl4~, SbCl4~ and 
SbMe3Cl2, fall out of this relation due to the rather 
strong coordination interactions in solid state. For ex-
ample the QCC on the antimony atom in antimony io-
dide [1] is much modified because the intramolecular 
interactions are of the same order as the intermolecu-
lar ones. 

Table 2 presents the experimental values of the 
Mössbauer isomer shifts [5, 6, 27 - 30] and the cal-
culated populations of the 5s- and 5p-orbitals of anti-
mony atom. 

Literature gives the Mössbauer isomeric shifts rel-
ative to InSb, CaSn03 or BaSn03 For the sake of 
comparison, the Mössbauer isomeric shifts presented 
in Table 2 were recalculated and values for all anti-
mony compounds are listed relative to CaSn03. The 
Mössbauer isomeric shift for InSb relative to CaSn03 
(or BaSn03) is -8,5 mm-s - 1 [4], The QCC values 
obtained from NQR frequencies are reliable enough, 
whereas those obtained from the Mössbauer isomeric 
shifts for the antimony compounds have a consider-
able scatter. Let us consider for example SbCl3. For 
this compound the Mössbauer isomeric shifts change 
from -5,24 up to -6,94 mm-s - 1 relative to InSb [27]. 
Disregarding this fact, we have selected the most 
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Table 3. Changes in the effective atomic charges* (in e) 
upon complex formation. 

Fig. 2. The correlation between the experimental Mössbauer 
isomeric shift (6) and the calculated population of the 5s-
orbital (Ns

Sb) of antimony atom. 

probable b values and listed them in Table 2. For an-
timony pentachloride the data were calculated for the 
dimer form because the measurement of Mössbauer 
isomeric shifts was carried out at 77 K [30], i. e. at the 
temperature in which SbCl5 is a dimer. 

The multiparameter dependence between the Möss-
bauer isomeric shifts and the 5s- and 5p- populations 
of antimony atom is characteristic of this class of 
compounds and both one-parameter as well as multi-
parameter dependencies were investigated in previous 
papers [2 -4 ] . On the basis of the results of our cal-
culations we can point out the existence of various 
dependencies i.e.: 

<5 = 9 . 6 - 16.6 Ns
Sb (r = 0.995; s = 0.62; n = 14), (3) 

<5 = -16.6yVs
 Sb + 0.16Np

Sb +9 .3 (4) 
(r = 0.991; 5 = 0 .64 ;«= 14), 

6 = 6.12 Ns
Sb - 0.08 Np

Sb - 10.0 (Ns
Sb)2 

- 0 . 1 1 Ns
SbNp

Sb- 1.63 (5) 

(r = 0.995; s = 0.51; n = 14). 

The relation between the Mössbauer isomeric shifts 
(6) and 5s-orbital populations of antimony atom 
(jVs

Sb) are shown in Figure 2. The slope in (3) is 
chracteristic of antimony compounds and could be 
explained in terms of the negativity of AR/R. The 
two- or four-parameter dependencies can be used for 
the explanation of the Mössbauer isomeric shifts in a 
series of compounds. However, the last one is prefer-
able because of its higher correlation coefficient. The 
factors at the population coefficients characterise di-
rect influence of 5s-electrons and screening effects 
on the electronic density at the site of the antimony 

Compound A(?sb A<?ci A(?o N s Aclp A P a ' e V 

SbCl5 OPCL, 
SbCl5SPCl3 

SbCl5-NCCi 

-0,183 0,437 0,095 -0,079 -0.274 -0,254 
-0,084 0,324 0,015 -0,018 -0.078 -0,240 
-0,161 0,439 -0,042 - - -0,278 

SbCl3 NH2C6H5 -0,048 0,258 -0,048 - - -0,210 
SbCL CAH 6**6 -0,036 0,120 -0,084 

nucleus. A similar dependence was found earlier on 
the basis of simple semiempirical calculations for tin 
complexes [31 ]. It seems very important that the pop-
ulation of the 5s-orbital mainly determines the Möss-
bauer isomeric shifts and the screening effects play 
only a minor role. The same conclusion was drawn 
for tin complexes [31]. Taking into account that sim-
ilar results were obtained for iodine containing com-
pounds [13], it is possible to infer that a similar sit-
uation is typical of all compounds containing non-
transition elements. 

An interesting feature seems to be the electron den-
sity distribution on atoms in the complexes of anti-
mony halogenides. Changes in the electronic density 
distribution upon complexation (i.e. due to the co-
ordination of acceptors by ligands) calculated on the 
basis of Mulliken populations of atomic orbitals are 
listed in Table 3. 

Most important seems to be the increase of the 
positive charge on antimony atom upon complex for-
mation. This conclusion was confirmed by X-Ray 
Electron and Fluorescence spectra [32, 19] and is in 
contradiction to our earlier results. The calculations 
performed by HONDO [ 10] suggested a decrease of 
the positive charge on antimony and tin atoms upon 
complex formation. 

Thus, the electronic density increases on chlo-
rine atoms and decreases on the acceptor central 
atom, which is characteristic of weaker complexes 
of antimony (III) chloride. The magnitude of the 
transferred electronic density is quite reasonable and 
in a good agreement with Gutmann's donor num-
bers [33]. A small AqL for the complex with ben-
zene can be explained in terms of the interaction be-
tween 7r-electrons coming from the ring and antimony 
atom. 

From the position of the ligand the following image 
of the complex behaviour can be drawn. While the 
coordinating oxygen and sulfur atoms become a pump 
of the electron density from the other atoms of the 
ligand, the nitrogen atom transfers the electron density 
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directly to the acceptor. This could be explained by the 
different electron properties, i.e. for 0(-1.5), S(—2.1) 
and N(0.1) (all values in eV). 

This qualitative analysis suggests that oxygen and 
sulphur atoms can easily accept additional electronic 
density, whereas the nitrogen atom will pass it to the 
acceptor. A consequence of the increase of the positive 
charge on the phosphorus atom upon complex forma-
tion is the increase of APKo shifts in SbCl5 0PC13 and 
SbCl5 SPCl3 complexes determined in X-Ray emis-
sion spectra [19]. This conclusion agrees well with 
the results of calculations listed in Table 3. 

Conclusions 

The application of the Gaussian 98 program and 
the use of the hybrid functional B3LYP (i. e. taking 

into account all atom electrons) leads to very reliable 
QCC values. 

On the basis of the obtained correlation between 
Mössbauer isomeric shifts and orbital populations of 
antimony atoms, the contributions of the 5s- and 5p-
orbital populations in 6 could be estimated. The re-
distribution of the electron density on atoms upon 
complex formation suggested by the results of the 
calculations are in a good agreement with the con-
clusions drawn from the X-Ray Electron and X-Ray 
Emission spectra. 
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