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The M–X distances, the charges on the M and X atoms and
the natural electron configurations in the hypothetical MX4

–

molecules, where M is a group 13 element and X = F, Cl,
Br, I, have been investigated by quantum calculations. The
computed distances are compared with the experimental
data, mostly in the Bu4N[MX4] salts. We found that: (1) down
group 13 both the experimental and calculated M–X dis-
tances, the charge on the M atom and the sum of the popula-
tions of the M valence orbitals show zigzag variations pro-
duced by the filled 3d and 4f shells and by the relativistic
effects in the 6s and 6p1/2 orbitals; (2) the experimental dis-
tances are shorter than the calculated values due, at least in
part, to libration of the MX4

– anions in the salts; (3) both the

Introduction

It has been known for a long time that changes in some
chemical properties are not uniform down the groups of p-
block elements. For instance, despite the general trend of
decreasing stability of the highest oxidation state AsCl5 is,
in contrast to SbCl5, highly unstable,[1] HBrO4 shows unex-
pectedly strong oxidizing properties and BrF7 is, in contrast
to IF7, not known. These and other non-uniform changes
in chemical properties, termed secondary periodicity or zig-
zag behaviour by Biron,[2] result from changes in the val-
ence orbitals. Figure 1 shows for the group 13 elements that
the ns and np orbital radii and the covalent radius do not
increase uniformly down the group but show an oscillatory,
saw-tooth or zigzag variation. The orbital radii shown in
Figure 1 are those calculated by Desclaux[3] and the coval-
ent radii were taken from the literature.[4] It has been pro-
posed by several authors[5] that the zigzag changes in orbital
radii, energies and ionisation potentials of p-block elements
result from incomplete shielding of the nuclear charge for
valence electrons by the filled 3d shell (the first anomaly at
row 4) and by the filled 4f shell (the second anomaly at row
6). Relativistic effects, which for the 6th row were found to
be as important as the lanthanide contraction,[5b,5c] ad-
ditionally shift Tl toward In.
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charge on M and the sum of the populations of M valence
orbitals point to a highly covalent character of the B–X bonds
(except for the B–F bond) and much less covalent character
of the M–X bonds formed by the heavier members of the
group. In the Al–Tl range the covalent character of the M–X
bonds oscillates, and it strongly decreases on passing from
the MCl4– to MF4

– complexes; (4) the M–X distances (X = Cl,
Br, I) are close to the sum of the respective covalent radii,
whereas the M–F distances are significantly shorter because
of considerable admixture of ionic bonding.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Figure 1. Expectation orbital radii in the atoms, �rnl�, M3+ ionic
radius, rion (CN = 4), and covalent radius, rcov, for the group 13
elements.

The zigzag changes in the radii of valence orbitals should
be more or less reproduced by changes in interatomic dis-
tances in compounds formed by the p-block elements.
Therefore, one can expect a significant increase in the M–
X interatomic distance for the group 13 elements when Al
is substituted for B, a decrease or small increase in M–X
between Al and Ga, a relatively large increase between Ga
and In and again a decrease or small increase between In
and Tl. However, such a pattern of changes would only be
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observed provided the M–X bonds are essentially covalent.
That is because the ionic radius, rion (CN = 4), in contrast
to the covalent radius, rcov, shows only a rudimental zigzag
behaviour (see Figure 1).

The experimental M–H, M–C and M–Cl distances in the
MXk molecules formed by the elements of groups 13–17
have been compiled and discussed by Haaland.[6] In the
above formula the subscript k is equal to one for group 17,
two for group 16, three for groups 13 and 15 and four for
group 14. The reported distances indeed show zigzag
changes, which become less and less conspicuous as one
moves from group 13 to group 17, and which seem to be
independent of the X atom. The only experimental data
which cover all elements of group 13 are those for the M–
C bonds in the M(CH3)3 molecules.[6] These data show a
large, very small, relatively large and again a small increase
in the M–C distance within the B–Al, Al–Ga, Ga–In and
In–Tl pairs, respectively (see Figure 2). Apart from experi-
mental studies on the M–C bond length, the M–X distances
in MH, MH3, MF and MF3 molecules formed by the group
13 elements have been computed by Schwerdtfeger et al.[7]

The computed distances in the MH3 and MF3 (also in MH
and MF) molecules repeat quite well the zigzag variation
found experimentally for the M–C distances (Figure 2).
However, in contrast to the M–H and M–C bonds, the M–
F bond length in MF3 (also in MF) increases significantly
between Al and Ga (see Figure 2), which may be due to a
more ionic character of the M–F bond. That the M–F bond
is distinctly more ionic than the M–H bond is shown by the
metal charge, qm, which in TlF3 is almost twice as large as
that in TlH3.[7] Up to now, variation in the M–X distances
down the groups of p-block elements has been studied only
for uncharged molecules. Therefore, it was interesting to
find out whether the M–X distances in the MX4

– ions,
where M is a group 13 element and X = F, Cl, Br, I, also
show a distinct zigzag variation. One could presume that in
the MX4

– ions the negative charge and the coordination

Figure 2. Experimental M–C[6] and calculated M–H and M–F[7]

distances in the M(CH3)3, MH3 and MF3 molecules formed by the
group 13 elements.
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number four would confer considerable ionic character on
the M–X bond. This would make the M–X distance depend
more on the ionic radius than on the radii of the outermost
s and p orbitals. If so, the M–X distance, like rion, would
show only a feeble zigzag variation (see Figure 1). More-
over, one can also presume that this variation would be
more distinct for the MI4

–, MBr4
– and MCl4– than for the

MF4
– complexes. This is because calculations show that the

metal charge, qm, is 0.67 in TlI3 (TlI3 is the hypothetical
D3h molecule), 1.08 in TlBr3, 1.06 in TlCl3 and 2.03 in
MF4

–,[7] and lower metal charge means less ionic character
of the M–X bond. One can expect a similar or even more
conspicuous dependence of qm on X in the MX4

– ions. In
order to check these presumptions we have carried out cal-
culations on the hypothetical gaseous MX4

– molecules
(M = B, Al, Ga, In, Tl and X = F, Cl, Br, I) and compared
the calculated M–X distances with the experimental data,
mostly in the tetrabutylammonium salts of the MX4

–

anions.

Results and Discussion

M–X Bond Lengths

The experimental M–X distances in the MX4
– complexes

and the computed distances in the hypothetical gaseous
MX4

– molecules (X = F, Cl, Br, I) formed by the group 13
elements are shown in Table 1 and Figure 3. The experi-
mental M–X distances in the tetrabutylammonium salts of
AlBr4

–, GaX4
– (X = Cl, Br, I), InI4

– and TlX4
– (X = Cl, Br)

are those reported in our previous papers.[8–10] The Al–I,
In–X (X = Cl, Br) and Tl–I distances in the tetrabutylam-
monium salts were taken from other papers.[11–13] Since we
have found no data on the Bu4N[BX4] and Bu4N[AlCl4]
salts, the B–Cl and the Al–Cl distances are those in HP(2-
methylphenyl)3[BCl4][14] and H2PMe2[AlCl4].[15] The B–F
distance is the average of the distances in Me4N[BF4],[16]

Me3PhN[BF4][17] and Pr4N[BF4],[18] whereas the Al–F dis-
tance is that in Ph4P[AlF4].[19] Comparison of the average
Tl–Cl distance in the tetramethylammonium salt[20] with
that in the tetrabutylammonium salt[8] (2.416 Å and
2.393 Å, respectively) and of the Al–Cl distance in the Li-
AlCl4 and CsAlCl4 salts[21] (2.137 Å and 2.119 Å) shows
that the effect of the cation on the M–X distance is within
about 0.02 Å. This makes it possible to study the secondary
periodicity in the M–X distance using the data from MX4

–

salts of different cations. We have also found no experimen-
tal data on the B–X distances in the BX4

– complexes (X =
Br, I) and we failed to synthesise the corresponding tetrabu-
tylammonium salts. However, comparison of the data for
the Bu4N[MX4] salts shows that in the Al–Tl range the dif-
ferences in the distances |M–Br| – |M–Cl| and |M–I| – |M–
Cl|, are independent of M within about 0.015 Å. This al-
lowed us to estimate the B–Br and B–I distances from the
experimental B–Cl distance. Since each MX4

– anion in the
Bu4N[MX4] salts is surrounded by five Bu4N+ cations,
which form a highly distorted trigonal bipyramid, the
anions are also distorted and show either two pairs of M–
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X distances (orthorhombic system) or four different M–X
distances (monoclinic system),[8] with the difference be-
tween the longest and shortest M–X distance being about
0.015 Å. In the salts of cations other than the Bu4N+ cation
the MX4

– tetrahedra are also distorted. Therefore, the ex-
perimental M–X distances collected in Table 1 and the ex-
perimental distances in Figures 3, 6 and 7 are average val-
ues. Since the hypothetical gaseous tetrahedral MX4

– mole-
cules are free from any external influence they show only
one M–X distance.

Table 1. Experimental and calculated M–X distances [Å] in the
MX4

– complexes.

M–F M–Cl M–Br M–I
exp. calcd. exp. calcd. exp. calcd. exp. calcd.

B 1.346 1.410 1.856 1.868 1.99[a] 2.037 2.23[a] 2.271
Al 1.647 1.720 2.127 2.166 2.27 2.336 2.522 2.574
Ga 1.822 2.169 2.233 2.307 2.389 2.545 2.617
In 1.966 2.350 2.375 2.479 2.531 2.702 2.758
Tl 2.021 2.393 2.443 2.534 2.606 2.759 2.825

[a] Estimated.

Figure 3. Experimental (filled symbols) and calculated (open sym-
bols) M–X distances in the MX4

– anions formed by the group 13
elements (X = F, Cl, Br, I).

It follows from the data in Table 1 and Figure 3 that the
M–X distances calculated by the MP2/MBW method with
the 2d polarisation function are longer than the experimen-
tal distances by about 0.05 Å on average. The B–X, Al–X
and Ga–X distances (X = F, Cl, Br) calculated by the MP2/
6-311+G* method and the M–Cl distance (M = Al, Ga, In,
Tl) calculated by the MP2/MBW method with the 2s/2p/1d
basis set are also longer than the experimental value by
about 0.04 Å. Irrespective of the method, the biggest differ-
ences for each X are observed for gallium and thallium.
This is because large-core pseudopotential calculations
without including core-polarisation effects overestimate the
Ga–X and Tl–X distances in particular. Three major fac-
tors may be responsible for the difference between the ex-
perimental and calculated M–X distances. The first is li-
bration of the MX4

– anion in the salt, which makes the
experimental M–X distance shorter than that in the free

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 3850–38563852

MX4
– molecule[22] that is the subject of the calculations.

The second factor is electrostatic interaction in the salt be-
tween the MX4

– anion and the “infinite” number of consec-
utive coordination shells containing alternately the Bu4N+

cations and the MX4
– anions. This interaction may either

expand or shrink the MX4
– anion, depending on the

number of cations and anions in each shell and on the shell
radius. Obviously, the first shell, which contains cations, in-
creases the M–X distance because there is a positive charge
on the M atom and a negative charge on the X atom. The
following shells alternately decrease and increase the M–X
distance. However, because of the complex geometry of the
system and the great number of shells that must be taken
into account, calculation of the final outcome is unfeasible.
The third factor may be a systematic error in the M–X dis-
tances calculated by the MP2/MBW method. Indeed, a
comparison of calculated[7] and experimental[23] distances
in the gaseous MH and MF molecules, where M = B, Al
and In, shows that the calculated distances are longer than
the experimental by about 0.015 Å on average. However, it
is important to note that both the experimental and com-
puted distances show a similar zigzag variation down the
group, although it is slightly less conspicuous in the calcu-
lated distances. This is because, as pointed out above, calcu-
lations overestimate the Ga–X and Tl–X distances in par-
ticular. In the range from Cl to I the zigzag variation in the
M–X bond length seems to be almost independent of the
halogen atom and resembles that observed for the MH3,
M(CH3)3 and MF3 molecules, (see Figure 2). This similarity
shows that the electronegativity of the ligand atom, the
number of ligands and the charge on the molecule do not
substantially affect the zigzag variation in the M–X dis-
tances. However, more detailed examination of changes in
the calculated M–X distances (see Table 1 and Figure 3)
shows that the zigzag variation in MF4

– is less conspicuous
than in the remaining MX4

– molecules, which suggests a
more ionic character of the M–F bond.

Charges on the Atoms and Natural Electron Configurations

Table 2 shows the calculated atomic charges on the M
and X atoms in the MX4

– molecules, and Figure 4 is a plot
of the charge on the metal atom as a function of the row
number. The atomic charges were calculated using the
B3LYP method with the LANL2DZ basis set. The charge
on M and the charge on X, the latter multiplied by four,
add almost exactly to –1. Figure 4 shows that the charge
on the metal atom, qm, in each complex increases strongly
between B and Al, whereas in the range from Al to Tl it
only shows large oscillations. Except for the BCl4–/BBr4

–

pair, qm increases when Br is substituted for I, Cl for Br
and F for Cl. The increase in qm between MCl4– and MF4

–

is more than twice as large as that between MI4
– and

MCl4–, which points to the singular properties of the fluor-
ine complexes. Table 3 shows the natural electron configura-
tions of the M and X atoms in the MX4

– molecules; the
sum of the populations of the s and p valence orbitals in
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the M atoms, calculated from the electron configurations, is
plotted as a function of the row number in Figure 5. Except
for boron, the (n + 1)s orbitals are practically not occupied
and the population of the (n + 1)p orbitals is, on average,
smaller than 0.03. It is important to note that both qm and
the sum of populations (the latter reflected in the x-axis)
show a zigzag variation similar to that in the M–X distance,
although it is much more conspicuous. Since both the low
value of qm and the high population of the valence orbitals
of the metal atom mean more covalent character of the M–
X bonds we conclude that: (1) the B–X bonds are highly
covalent, except for the B–F bond, which is significantly
less covalent; (2) bonding becomes much less covalent in
the Al–Tl range, where the bond character shows strong
oscillations. These oscillations are generated by the filled 3d
shell (bonding becomes more covalent for Ga than for Al)
and by the joint effect of the filled 4f shell and relativistic
effects in the 6s and 6p1/2 orbitals (bonding becomes more
covalent for Tl than for In); (3) for each M bonding be-
comes less covalent on passing from the MI4

– to MCl4–

complexes and much less covalent on passing from the
MCl4– to MF4

– complexes.

Table 2. Charges on the M (qm) and X (qx) atoms in the MX4
–

molecules.

MF4
– MCl4– MBr4

– MI4
–

qm qx qm qx qm qx qm qx

B 0.413 –0.353 –0.238 –0.191 –0.154 –0.211 –0.400 –0.150
Al 1.621 –0.655 0.842 –0.460 0.730 –0.432 0.504 –0.376
Ga 1.494 –0.624 0.701 –0.425 0.569 –0.392 0.346 –0.336
In 1.629 –0.657 0.885 –0.471 0.733 –0.433 0.518 –0.379
Tl 1.502 –0.626 0.845 –0.461 0.716 –0.429 0.544 –0.386

Figure 4. The charge on the group 13 metal atom, qm, in the MF4
–,

MCl4–, MBr4
– and MI4

– molecules.

Correlation Between the M–X Distance and the Covalent
Radius

Since in the Al–Tl range the ionic radius, rion (CN = 4),
shows only a weak zigzag variation (see Figure 1), one can-
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Table 3. Natural electron configurations of the M and X atoms in
the MX4

– molecules.

MF4
– MCl4– MBr4

– MI4
–

B 2s0.41 2p1.19 B 2s0.78 2p1.85 B 2s0.92 2p2.09 B 2s1.112p2.42

F 3s1.89 3p5.69 Cl 3s1.83 3p5.49 Br 4s1.82 4p5.40 I 5s1.82 5p5.27

Al 3s0.32 3p0.57 Al 3s0.60 3p1.07 Al 3s0.71 3p1.24 Al 3s0.88 3p1.49

F 3s1.94 3p5.82 Cl 3s1.90 3p5.68 Br 4s1.88 3p5.62 I 5s1.87 5p5.52

Ga 4s0.41 4p0.57 Ga 4s0.74 4p1.03 Ga 4s0.86 4p1.20 Ga 4s1.01 4p1.44

F 3s1.95 3p5.80 Cl 3s1.913p5.64 Br 4s1.89 4p5.58 I 5s1.89 5p5.49

In 5s0.40 5p0.49 In 5s0.69 5p0.90 In 5s0.80 5p1.02 In 5s0.95 5p1.20

F 3s1.96 3p5.81 Cl 3s1.93 3p5.67 Br 4s192 4p5.62 I 5s1.91 5p5.55

Tl 6s0.55 6p0.43 Tl 6s0.89 6p0.75 Tl 6s1.01 6p0.84 Tl 6s1.15 6p0.99

F 3s1.97 3p5.78 Cl 3s1.94 3p5.65 Br 4s1.93 4p5.60 I 5s1.92 5p5.54

Figure 5. The sum of the populations of metal s and p valence
orbitals in the MF4

–, MCl4–, MBr4
– and MI4

– molecules of the
group 13 elements.

not expect the experimental M–X distance to depend lin-
early on rion, as documented in Figure 6. On the other
hand, a comparison of the data in Figures 1 and 4 shows
that the covalent radius and the average M–X distance in
the MX4

– ions change in a very similar way down group
13, so that a linear correlation between the two can be ex-
pected. Figure 7 shows the experimental M–X distance in
the MX4

– complexes as a function of the sum of the coval-
ent radii of the M and X atoms [rcov(M) + rcov(X)]. We can
see from Figure 7 that for X = Cl, Br, I the experimental
M–X distance depends linearly on the sum of the covalent
radii. Moreover, the M–X distance is very close to the sum
of the respective covalent radii. On the other hand, the ex-
perimental B–F and Al–F distances suggest a separate
downward-shifted linear plot for the MF4

– complexes. In
order to show that all M–F distances form a separate lower-
lying linear branch we have additionally plotted the calcu-
lated M–F distances in Figure 7. Since these are greater
than the experimental values (as are the calculated M–Cl,
M–Br and M–I distances), their position clearly shows that
all experimental M–F distances would form a separate
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lower-lying branch. It is worthy to note that the M–C and
M–H distances in the M(CH3)3 and MH3 molecules[6,7] also
form a common linear plot, with the M–X distance close
to the sum of the respective covalent radii, whereas the M–
F distances in the MF3 molecules[7] belong to a separate
lower-lying branch (see Figure 8). That the length of the
M–F bond is considerably shorter than that expected from
the sum of the covalent radii results from a significant ad-
mixture of ionic bonding. Using somewhat outdated but
visual language, one can say that the decrease in the M–F
bond length results from the resonance between the coval-
ent and ionic structures.

Figure 6. The experimental M–X distance in the MX4
– anions as a

function of the ionic radius, rion (CN = 4). M is a group 13 element
and X = F, Cl, Br, I.

Figure 7. Experimental and calculated M–X distances in the MX4
–

molecules as a function of the sum of the covalent radii [rcov(M) +
rcov(X)]. M is a group 13 element and X = F, Cl, Br, I.

Changes in the Unit Cell Volumes

The Bu4N[MX4] salts of the group 13 elements studied
till now crystallise for each M either in the Pnna (X = Cl,
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Figure 8. Experimental and calculated M–X distances in the MX3

molecules[6,7] as a function of the sum of the covalent radii [rcov(M)
+ rcov(X)]. M is a group 13 element and X = H, C, F.

Br) or in the P21/n (X = I) space groups.[8] Therefore, for a
given X the zigzag variation in the M–X distance, i.e. in the
volume of the MX4

– anion, results in a similar variation in
the unit cell volume (Figure 9). Because of the interaction
between the MX4

– anion and the five Bu4N+ cations from
the nearest coordination shell, the zigzag variation in the
volume of the anion generates zigzag variation in the anion-
to-cation distance, i.e. in the M–N distance. For example,
according to the data for the Bu4N[MI4] salts,[8] the average
M–N distance is equal to 6.584, 6.581, 6.630 and 6.622 Å,
for Al, Ga, In and Tl, respectively. Since there is a decrease,
an increase and again a decrease in the M–N distance for
the consecutive pairs of elements, these data indeed show a
distinct zigzag variation in the M–N distance. However, it
should be noticed that the overall increase in the M–X dis-
tance in the Bu4N[MX4] salts between Al and Tl is equal
to 0.237 Å, whereas the respective increase in the M–N dis-
tance is equal to only 0.037 Å This is because the X atoms
are located near the end-atoms of the butyl chains, where

Figure 9. Unit cell volumes of the Bu4N[MX4] salts as a function
of the row number. M is a group 13 element and X = Cl, Br, I.
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there is enough space for the X atom to change its position
without significantly moving the whole Bu4N+ cation.

Conclusions
We can draw the following conclusions from our calcula-

tions and from the available experimental data.
(1) In group 13 both the experimental M–X distances in
the MX4

– salts (mainly tetrabutylammonium salts) and the
computed M–X distances in the hypothetical gaseous MX4

–

molecules (X = F, Cl, Br, I) show almost the same zigzag
variation down the group, although slightly less conspicu-
ous in the calculated values. This is because large-core pseu-
dopotential calculations without including core-polarisa-
tion effects overestimate the Ga–X and Tl–X distances in
particular. The variation in both the experimental and cal-
culated bond length in the MX4

– ions is similar to those in
the MH3, M(CH3)3, MF3, MH and MF molecules. This
means that the general pattern of changes in the metal-to-
ligand distance down the group 13 is not substantially affec-
ted by the electronegativity of the ligand atom, the coordi-
nation number of the M atom or the charge on the mole-
cule. However, a comparison of the calculated M–X dis-
tances in the MX4

– molecules shows a less distinct zigzag
variation in the M–F distance, which points to a more ionic
character of the M–F bonds.
(2) The experimental M–X distances are shorter (on average
by about 0.05 Å) than the calculated values. The main
reason seems to be libration of the MX4

– anions in the salts,
which is absent in the hypothetical gaseous MX4

– mole-
cules. Moreover, the MP2/MBW method may slightly over-
estimate the calculated M–X distances. On the other hand,
interaction of the MX4

– anion with a large number of the
coordination shells containing alternately cations and
anions may either increase or decrease the experimental M–
X distance, i.e. either decrease or increase the difference be-
tween the calculated and experimental M–X distances.
However, the final outcome for many shells is difficult to
calculate.
(3) Both the charge on the M atom, qm, and the sum of the
populations of M valence orbitals show very distinct zigzag
variations down group 13, which points to the highly coval-
ent character of the M–X bond formed by boron (except for
the B–F bond) and distinctly less covalent for the heavier
members of the group. The bond character oscillates
strongly in the range from Al to Tl due to the filled 3d shell
and to the joint effect of the filled 4f shell and relativistic
effects in the 6s and 6p1/2 orbitals. The covalent character
of the bond decreases between the MI4

– and MCl4– com-
plexes for all the group 13 elements and decreases signifi-
cantly on passing from the MCl4– to MF4

– complexes.
(4) The M–X bond length (X = Cl, Br, I) is close to the
sum of the covalent radii. The much greater ionic character
of the M–F bond, documented by the high value of qm, low
population of metal valence orbitals and less-conspicuous
zigzag variation in the calculated M–F distances, makes the
M–F bond length significantly shorter than the sum of the
covalent radii.
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(5) The M–X distances in the simple MXk molecules (X =
H, CH3, Cl) formed by the group 14–17 elements show a
zigzag variation[6] down each group similar to that in the
MX4

– complexes discussed in this paper. Since we have
shown that the zigzag variation in the M–X distance for the
MX4

– complexes correlates with changes in the charge on
the central atom and with changes in the population of its
valence orbitals, we presume that the contribution from co-
valent bonding in the MXk molecules of groups 14–17
changes in a way similar to that found for the MX4

– com-
plexes of the group 13 elements.

Calculations
In quantum calculations we used the nonrelativistic Hartree–Fock
(NRHF) method[24] as well as the Kohn–Sham Density Functional
Theory (DFT),[25] and methods which take into account relativistic
effects through the use of a relativistic effective core potential
(RECP). Calculations carried out in the frame of the NRHF
method include electron correlation by Møller–Plesset (MP2)[26] for
the 6-311+G* basis set.[27] To take into account relativistic effects
we used the Stuttgart/Dresden basis sets and pseudopotentials ad-
justed to Wood–Boring data (MBW).[28] In the DFT method we
chose a hybrid potential of the type B3LYP[29] and carried out cal-
culations for all atoms using the LANL2DZ basis set.[30] Addition-
ally, for all elements we introduced two polarisation functions of
the d type whose orbital exponents are given by Huzinaga.[31] In
the frame of the methods with pseudopotential we assumed that
electrons in the closed shells enter into the core, thereby designating
its effective potential. Using the MP2/MBW method with the 2d
polarisation function we determined the global optimum geometry
with regard to distances and angles for all the MX4

– molecules,
where M = B, Al, Ga, In, Tl and X = F, Cl, Br, I. In order to
compare the geometries obtained in this way we carried out calcu-
lations using the MP2/6-311+G* method with the basis set which
takes into account polarisation and dispersive effects to the greatest
possible extent. Because of problems with availability of the 6-
311+G* basis sets for heavier atoms, the optimum geometry in this
method could only be obtained for the MX4

– molecules, where M
= B, Al, Ga and X = F, Cl, Br. For M = B, Al, Ga, In, Tl and X
= Cl we also carried out calculations using the MP2/MBW method
and the Stuttgart/Dresden basis sets complemented by the 2s/2p/
1d set with one polarisation function of the d type, for which the
orbital exponent is given by Huzinaga.[31] Using this method we
obtained somewhat better agreement between the calculated and
experimental distances in comparison with those obtained by the
MP2/MBW method with the 2d polarisation function. However,
because of problems with availability of the basis sets we were only
able to carry out calculations for the MCl4– molecules. For the
optimised geometry we calculated the charges on the atoms in the
studied molecules by the B3LYP/LANL2DZ method. This method,
in contrast to the MP2/MBW method, gives charges on the atoms,
which are compatible with changes in the M–X distance and in the
occupation of metal valence orbitals. We determined the natural
electron configurations of the M and X atoms based on the pro-
cedure of natural orbital analysis.[32] The calculations were carried
out with the Gaussian 98 package.[33]
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