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Some 4 metal bonds have been studied by using the recently proposed
population analysis based on hybrid orbitals. The results show that the ¢
metal bonds are formed by overlap of the d-f hybrid orbitals of the metal
atoms and that the f orbitals play an important role in the 6 bonds. Under
the influence of the f orbitals on the d bonds, the densities of the é electrons
between the metal atoms increase and their mean kinetic energies decrease.
These are of importance to the stability in the é bonds.

INTRODUCTION

It has been proved that a metal-metal quadruple bond involves one é bond in ad-
dition to one o and two x bonds. Until now, all metal-metal quadruple bonds have
been discovered in some transition-metal compounds. It seems very apparent that the
J bonds between two metal atoms are yielded by the d orbitals or the linear combina-
tion of the d and f orbitals of the metal atoms. In the last decades, a great number of
compounds having the metal-metal quadruple bonds were synthesized and their che-
mical natures and structures studied, and a series of calculations were made on the
metal bonds, especially on the 8 metal bonds, by F. A. Cotton and other workers.!
In addition, the theory of hybrid orbitals was used by L. Pauling® to describe the
electronic configurations of the metal bonds. But so far, the investigations of § metal
bonds have basically been limited to d orbitals and researches into the role of f orbitals
in the 8 metal bonds have hardly been reported. In the present paper, calculations are
made on some J metal bonds using the EHMO program containing f orbitals.”? By
employing our proposed method of evaluating o, # and & hybrid orbitals®!° and inves-
tigating the changes of the J electronic densities and the mean kinetic energies betwe-
en two metal atoms, we shall show the influence of the f orbitals on the  metal bonds.

CALCULATION

The Slater-type orbitals are used in the present EHMO calculations. The s, p and
d orbitals exponents of the metal atoms used in the calculations are taken as the best
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atom values given by E. Clementi!! and their ionization potentials are taken from the
literature.!%!3 Since the EHMO parameters of the f orbitals are not easily determined
by experiments, their orbital exponents and ionization potentials have to be estimated
approximately.

Having analyzed the 4s, 4p, 4d and 4f orbital exponents given by E. Clementi, we
discovered that the ratios between the orbital exponents with the different azimuthal
quantum numbers, £/, increased linearly as the nuclear charges Z gradually in-
creased. As a result, linear regression equations can be used to describe these correla-
tions. The linear regression equations, the correlation coefficients r and the standard
errors s are given in Table I. It can be seen from Table I that it is a good approach
to employ the linear regression equations to describe the correlations between the or-
bital exponents. In the present calculations on orbital exponents, the correlation be-
tween the d and f orbital exponents is used to compute the 4f orbital exponents of the
Mo and Tc atoms. For the W and Re atoms, we assume their correlation between the
d and f orbital exponents to be the same as that of the Mo and Tc atoms since the
valence electrons of W and Re are equal to those of Mo and Tc, respectively. Thus,
the f orbital exponents of Mo, Tc, W and Re are 2.0561, 2.1558, 2.2130 and 2.3272,
respectively.

Since the ionization potentials of the f orbitals of the Mo, Tc, W and Re atoms
are not known, they have to be estimated approximately. Let us suppose that the inner

TABLE I

Linear regressions of the Clementi orbital exponents

Type Linear regression egn. r s

4p/4s Y=0.8587+0.00162 0.9247 0.0078
4d/4s Y=0.5342+0.0053Z 0.9662 0.0163
4f/4s Y=0.0637+0.0107Z 0.9859 0.0121
4d/4p Y=0.6471+0.0040Z 0.9670 0.0122
4f/4p Y=0.1032+0.0104Z 0.9862 0.0116
4f/4d Y=0.3039+0.0085Z 0.9793 0.0116

Figure 1. The structure of RezClg?".
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electron configuration of an atom does not change when an electron transits from d
orbitals to f orbitals. Then, the difference between the total atomic energy, E(d*-'f"),
of the excited state and that of the bound state E(d") is equal to that between the f
and d orbitals AE4¢, that is

AE,,, = E(d™! ') - E(d") 1

According to ref. 14, the E(d"-!f') and E(d") in the above equation can be evaluated
approximately by the use of screening constants and effective quantum numbers.
Therefore, if the ionization potentials of the d orbitals I; are given, those of the f or-
bitals I; can easily be estimated by employing the following equation

If = Id - AEd_,f (2)

The I3, AE4,¢ and I; of Mo, Tc, W and Re are listed in Table II.

By using the above EHMO parameters, some metal-metal quadruple bond compo-
unds with the Dy, symmetry MyL, (M=Mo, Tc, W and Re) are calculated. The metal
bond lengths are taken from ref. 15. The metal bond axis is taken as the X-axis and
its centre as the origin point (see Figure 1.). As for the calculations on the d-f hybrid
orbitals, because the method has been reported in our previous work (see refs. 9 and
10), it is not described in detail again. All the results are listed in Table III and IV.

TABLE II
Ionization potentials of the f orbitals of Mo, Tc, W and Re atoms

Atoms I, (eV) AE; ¢ (eV) I (eV)

Mo 10.5 6.56 3.94

Te 12.8 8.87 3.93

w 10.37 6.09 4.28

Re 12.66 8.25 4.41
TABLE II1

d-f hybrid orbitals forming J bonds and the normalized constants of J localized
molecular orbitals

Molecule Hybrid orbitals Nh Nd
MozCls*~ 0.9830p,, + 0.1836p; 0.6947 0.7043
Tc2Cla?- 0.9812¢,, + 0.1930p¢ 0.6964 0.7049
W2Clg*- 0.9316¢p, + 0.3635p;, 0.6787 0.7038
RezClg2- 0.9300p,, + 0.3676¢pg, 0.6819 0.7045
Moz(CH3)s*" 0.9991¢p, + 0.0424p¢ 0.7025 0.7043
Tez(CHs)s?" 0.962904, + 0.2699¢¢ 0.6945 0.7049
W2(CH3)s*" 0.9990¢, , + 0.0447p¢ 0.7015 0.7038
Re2(CH3)s?" 0.9568p,, + 0.2907¢p¢ 0.6881 0.7038
Mo2(02CCH3)4 0.9991p, + 0.0424p¢ 0.7029 0.7038
Tcz2(02CCH3)4Cly 0.9813p, . + 0.1925¢¢ 0.6948 0.7046
. W2(02CCHz3)4 0.9992¢, + 0.0400p¢ . 0.7021 0.7032
Rez2(02CCH3)4Cl2 0.9826p,., + 0.1857p¢ 0.6931 0.7042
Moz(S04)4*- 0.9989p,, + 0.0469¢¢ 0.7033 0.7040

" Re2(S04)4%~ 0.9868p,,, + 0.1619¢ 0.7042 0.7047
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TABLE IV

d overlap integrals and bond strengths and J electronic densities at the centres of metal bonds

Molecule Ph Pd Sh Sd BSh BSd
MozClg*~ 0.051 0.013 0.0360 0.0081 2.684 2.236
TezClg?~ 0.044 0.010 0.0308 0.0062 2.705 - 2.236
W2Clg?- 0.122 0.016 0.0855 0.0093 3.045 2.236
RezClg?- 0.109 0.013 0.0752 0.0073 3.052 2.236
Mo2(CH3)g*~ 0.020 0.013 0.0131 0.0081 2.346 2.236
Tc2(CH3)g?~ 0.064 0.010 0.0366 0.0062 2.867 2.236
W2(CHs)s*~ 0.024 0.016 0.0161 0.00¢3 2.352 2.236
Rea(CH3)s2" 0.099 0.017 0.0560 0.0095 2.909 2.236
Mo2(02CCH3)4 0.023 0.016 0.0121 0.0094 2.346 2.236
Tc2(02CCH3)4Cl2 0.050 0.012 0.0357 0.0072 2.704 2.236
W2(02CCH3)4 0.027 0.019 0.0143 0.0111 2.340 2.236
Re2(02CCH3)4Cl2 0.055 0.014 0.0408 0.0082 2.688 2.236
Mo2(S04)4- 0.023 0.015 0.0109 0.0087 2.358 2.236
Re2(S04)42~ 0.043 0.012 0.0082 0.0068 2.635 2.236

In Table III, Nd and Nh represent the normalized constants of the & localized
molecular orbitals which are formed by the d orbitals and the d-f hybrid orbitals of
the metal atoms, respectively. In the calculation on both Nd and Nh, it has been as-
sumed that the § metal bonds can be well localized. In Table IV, Sd and Sh represent
the J overlap integrals of the d orbitals and the d-f hybrid orbitals of the metal atoms,
the BSd and BSh their bond strengths!® (d: V5, f: vV7) and the Pd and Ph their S elec-
tronic densities in the planes perpendicular to the metal bonds and involving their
centres, respectively.

DISCUSSION

The o and J overlap populations, M, and Mg, of the metal-metal bonds obtained
by the EHMO method and the ratios, M,/M;, between them are listed in Table V. It
is known that overlap populations can be used to describe chemical bonds. It is, there-
fore, shown by the data in Table V that the metal bonds in the metal-metal quadruple
bonds compounds with the Dy, symmetry are proved to have the  nominal bonds al-
though the EHMO approach without introduction of configuration interaction has
been imployed. In addition, we also make calculations on the staggered configurations
on these compounds. The results indicate that the 8 overlap populations of their metal-
metal bonds are about zero. Therefore, they do not have the 8 metal bonds. This con-
clusion is in accord with our previous work.!?

It can be seen from Table III that the  metal-metal bonds are formed partly by
overlap of the f orbitals although the d characters in the d bonds are larger than the
f characters. Consequently, the 8 bonds are yielded by the d-f hybrid orbitals of the
metal atoms. In what follows, we shall show that the f orbitals play an important part
in the d metal-metal bonds.

Because of the influence of the f orbitals on the & bonds, first of all, the & elec-
tronic densities between the metal atoms are larger than those without the f orbitals
involved in the & bonds. Let the & localized molecular orbitals be W5 = N(pa + pv)
where the p, and g, are the d orbitals or the d-f hybrid orbitals of the A and B metal
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TABLE V

oand J overlap populations and ratios between them

Molecule Mo Mé Mé /Mo
Mo2Cls?- 0.226 0.016 0.071
TeaClg2- 0.198 0.011 0.056
W2 Clgt- 0.259 0.017 0.066
ReaClg2- 0.230 0.012 0.052
Moz2(CH3)s*~ 0.227 0.023 0.101
Tc2(CHs)s?~ 0.202 0.017 0.084
W2(CHs)s%- 0.248 0.023 0.093
Rea(CHgz)g2" 0.227 0.013 0.057
Mo2(02CCH3)4 0.242 0.019 0.079
Te2(02CCH3)4Cla 0.120 0.011 0.092
W2(02CCHs)4 0.273 0.022 0.081
Re2(02CCH3)4Cl2 0.173 0.015 0.087
Mo2(SO4)4- 0.233 0.020 0.086
Re2(S04)42- 0.210 0.015 0.071

atoms, respectively. Thus, the distribution functions, P(x), of the J electronic densities
along the X-axis (the metal bond axis) are given by

+00 +00
P(x) =2 [ [|W;|? dydz = 2N?[ [ (p, + ,)? dydz (3)

In the light of eqn. (3), the P(x) of the J metal bonds yielded by the d orbitals
and the d-f hybrid orbitals of the metal atoms are calculated at the centres of the metal
bonds (see Pd and Ph in Table IV). As seen, when there are the f characters in the 8
bonds, the d electronic densities increase. Further, let us observe the distributions of
the J electronic densities between the metal atoms. For example, for Re,Clg?-, the P(x)
are given by the following data

x(auw) -36 -28 -21 -18 -15 -0.8 0.0 08 1.5 1.8 21 28 36
P(x)q 0.04 037 065 058 038 008 001 0.08 038 058 065 0.37 0.04
P(x)ss 000 015 053 062 054 025 011 025 0.54 062 053 0.15 0.00

where P(x); and P(x)y are the P(x) of the & bonds formed by overlap of the d orbitals
and the d-f hybrid orbitals of the Re atoms, respectively. Figure 2 represents the dis-
tribution curves of P(x); and P(x),

It is demonstrated by the above data and Figure 2 that, compared with that of the
4 bond yielded by their d orbitals, the electronic density of the & bond yielded by the
d-f hybrid orbitals of the Re atoms is large between the Re atoms.

Now let us observe the change of the mean kinetic energy, T}, of an electron along
the x-axis. The T has the following form

+ o
’I‘l=1/2[!|?—;%|2dydz _ @
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Figure 2. The distribution curves of the § electronic density, P(x), of Re2Cls*" along the Re-Re
bond. Curves I and II represent, respectively, the electronic density distributions of the é bonds
formed by the d orbitals and the d-f hybrid orbitals of Re.
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2.00
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1.00

Re 0 Re

Figure 3. The distribution curves of the mean kinetic energy, T«, of the 8 electron of RezCls?"
between the Re atoms. Curves I and II represent the mean kinetic energy distributions of the

electrons occupying the 8 MO yielded by the d orbitals and the d-f hybrid orbitals of Re, respec-
tively.

For the Re-Re bond of Re,Clg?, the T‘x between the Re atoms are

x(a.w.) -21 -1.7 -13 -1.1 -06 0.0 06 1.1 1.3 1.7 21
Tya 000 117 213 179 066 0.00 0.66 179 2.i3 117 0.00
Tyat 084 020 123 134 070 0.00 0.70 1.34 1.23 020 0.84

where T, are given in terms of eV.

Figure 3 is the distribution graph of the Tx,d and _fx,d_f. Obviously, under the in-
fluence of the f orbitals of Re on the d metal bond, the mean kinetic energy of the &
electron decreases. Because of this, the probability of the J electrons discovered be-
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tween the Re atoms increases. It seems that the J electrons form an electronic bridge
between two Re atoms which makes the Re-Re bond more stable.

In addition, since the f orbitals have an effect on the § metal bonds, the & overlap

integrals and the bond strengths of the d-f hybrid orbitals of the metal atoms are all
larger than those of their d orbitals.

Finally, it must be pointed out that the electronic spectra (cm™') evaluated by us
using the EHMO method, when a d electron transits from a 8 bonding MO to a é an-
tibonding MO, are smaller than the experiments because the EHMO results depend
mostly on the EHMO parameters, especially on the d orbital exponents of transition
metal atoms. Nevertheless, the results calculated by employing the 8 MO formed by
the d-f hybrid orbitals of the metal atoms instead of their d orbitals are better. This
is because addition of the f orbitals to the basis set results in a decrease in the energies
of the d bonding molecular orbitals, compared with the results for a basis set having
only s, p and d atomic orbitals. For example, for Mo,Clg*~, E.~E4=0.027 eV and, for
RezCng", Ed—Edf=0.03 ev.

As before, under the influence of f orbitals, the densities of the d electrons between
two metal atoms increase and their mean kinetic energies decrease although the f or-

bitals in the & bonds are small in character. These are of importance to the stability
in the J bonds.
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SAZETAK
Utjecaj f-orbitala na § veze metala
Li Ming i Shan Zian
Pokazano je da d-f hibridi igraju vaznu ulogu u ostvarivanju é-veza metalnih atoma. Prim-

Jesa f-orbitala povecava elektronsku gustoéu izmedu atoma metala i smanjuje prosje¢nu kinetié-
ku energiju elektrona.
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