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Semiempirical molecular orbital calculations were
performed for MF 3~ where M = Ti*, V3*, Cr3*, Fe3*
and Co3*, MnF ¢, MnF ¥, MnClg*, MnCl,>, MnCl,,
VClg> and VCl, using a modified semi-empirical
MWH method. The method of calculation is derived
from the HF-SCF equations using approximations
appropriate to the highly polar bonds in transition
metal halides. The final equations used also take ac-
count of the site potential present for the charged
molecular ion. This method is compared to other recent
semi-empirical computational methods including the
conventional MWH method. The computed atom
charges are in better agreement with experimentally
estimated atom charges than those of previous semi-
empirical calculations. The ligand field molecular orbital
coefficients are also in good agreement with coefficients
estimated from NMR and EPR spectroscopy. This
method of calculations also gives results that agree with
the trends shown by experimentally determined 10 Dq
values and charge transfer transition energies and are in
good numerical agreement with the experimental 10
Daq values.

Introduction

The Mulliken—Wolfsberg—Helmholz (MWH) meth-
od'? has been used extensively in recent years to
rationalize the electronic properties of transition metal
complexes. The theoretical foundations of these calcu-
lations, however, have been poorly understood. Addi-
tionally, recent estimates of the charges on the atoms
from x-ray emission spectral data* and ligand field
orbital coefficients from EPR and NMR spin densities’
indicate that the conventional MWH approach under-
estimates the ionicity of tranmsition metal halides. To
correct these deficiencies, a modified method of calcu-
lation was derived from Richerdson’s simplified SCF

* To whom correspondence should be addressed.

hamiltonian for transition metal complexes.5®® Prior
to the work of Boudreaux and Dutta—Ahmed®®® a
more simplified MWH approach was developed by
Harris and Boudreaux,” which differs in several respects
from the case reported here. A similar method has
been proposed and used by Hillier® for calculations on
transition metal carbonyl complexes. The m-MWH
method is applied here to transition metal fluorides
and chlorides. The results obtained are in better agree-
ment than previous semi-empirical calculations®:® not
only in regard to experimental estimates of the ground
state charge distribution but also with the experimen-
tally determined values of 10 Dq and the first charge
transfer transition energies of transition metal halides.
This improvement in the reliability of the m-MWH
method should be most useful in those cases where, at
present, reasonably accurate descriptions of the elec-
tronic structures of transition metal complexes are
necessary to interpret experimental results but are
difficult, if not impossible, to obtain from the more
rigorous methods of molecular orbital calculation.

Method of Calculation

A molecular orbital, ¥,, for a transition metal halide
complex, MX, %, can be written as

¥, =my, + 1,&;
N
¢i = ? Cijvij

where u; is a metal atomic orbital and the coefficients,
¢, symmetry adapt the atomic orbitals, vy, localized
on the j™ ligand to give the symmetry orbital, @;.
Richardson!® has shown that Roothaan’s formulation
of the HF equations for transition metal complexes
can be greatly simplified using Mulliken’s multicenter
integral approximation. Following Fenske’s® further
approximation to Richardson’s hamiltonian for the
highly polar transition metal fluorides, the diagonal
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element of the metal, HM, and the diagonal of the
ligand, Hy, with respect to @; can be written as

Hy = §,, (qm)Nagx <l/r |uju;> (H

Hy =[§,, (ax)-9x <Ury | vava>
—.Z; ax <Vrj|vvi>1X; (2)
i=

where £, is the orbital energy of the k™ atomic orbital,
qm and qx are the charges on the metal and ligand
and X; is a correction factor for ligand—ligand overlap.™
If a point charge electrostatic approximation in used
for the nuclear attraction integrals, these equations
reduce to®®

Hy =&, (am)-Ngx/R 3
Hx = [&y, (ax)—qm/Rx—(N-1)qx/Rxx]X; 4)

Where Ryx and Ry are the metal-ligand and ligand—
ligand internuclear distances, respectively.

The effect of the potential of the site that the com-
plex occupies should be incorporated into the compu-
tations. The effect can be approximated in a manner
consistent with the level of the other approximations,
by assuming that the stabilizing potential at the site
of the complex, MX\ 2, is uniformly distributed within
a sphere of radius R, upon whose surface resides a
quantity of positive charge, Q. Thus this model is even
a simpler one than that proposed previously.®® Since
the complex is in a potential well of depth, —Q/R,
equations (3) and (4) become

Hy =&, (am)-Nax/Rux—(N-T)qx/Rux (5)
Hy ={&, (a0 + [N/Ryx—(N-1)/Rxx]ax}X;  (6)
Application of the same approximations used for the

diagonal element leads to the following expression for
the off-diagonal elements’

Hypy = G(L’;’i)_{HM + Hy/X B [l
]/RMx—qz—M[<1/r>M—l/RMx]} Q)

where <1/r>y and <l/r>), are the expections values of
the ligand and metal functions.
Alternatively, if the Rudenberg approximation!?

T(u;,vy) = kS(u;,vy) | S(u;vi) [{T(uu) + T(vip,va)}

for two center kinetic energy integrals such as, T(u,,v;),
is used, we obtain the expression

Hux = (2| S(u;,vyy) [YG(u;,®;)(Hy + Hy)/2 (3

where G(u;,®;) is the group overlap integral between
the metal and ligand symmetry adapted orbital and k
is a correction factor for the kinetic energy terms.
analogous expressions may be developed for the ligand-
ligand off-diagonal elements.
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Equations (5), (6) and (8) were used in these cal-
culations. It can easily be shown that these equations
hold for basis sets having more than one atomic orbital
basis set chosen included the 4s, 4p and 3d metal or-
bitals and the 2s and 2p ligand orbitals. The orbital
energies, £(q)’'s, were evaluated from the VOIE’s of
Basch et al. The orbital populations and atom charges
were obtained from a population analysis of the Lowdin
orbitals.%»'* This method of population analysis as
opposed to the conventional Mulliken population ana-
lysis’S avoids the occurrence of negative populations
and is in better accord with experiment in the calcula-
tion of atomic charges and dipole moments.5®7-16:17
The overlap integrals were calculated by numerical
(16 point Gaussian) integration using the metal, +1,
functions of Richardson et al.'® and the fluoride and
chloride functions of Clementi.'® The calculations were
iterated using a damping scheme?® until both charges
and populations were self-consistent to within + 0.01.

Thus the equations used in the limit of zero charge
separation are the same as the conventional MWH
equations using the Wolfsberg--Helmholz approxi-
mation

H,; = F(H; + Hy)/2 (9)

for the off diagonal elements with F given by the
Cusachs approximation®!

F = 2-/S,/

However, the derivation of these equations from the
HF-SCF hamiltonian leads to additional charge de-
pendent terms (excluding the site potential).® The
necessity of these terms had previously been only in-
tuitively justified.?® These additional charge dependent
terms are important since their magnitude can be larger
than the orbital energies in the metal atom diagonal
elements of highly ionic species such as TiF¢*". In the
case of highly covalent molecules, the neglect of these
terms may not be important since the charges on the
atoms are usually much smaller. These terms take into
account the interatomic coulombic energy, that is the
energy due to the effect that the charge on one atom
has on another.

The site potential, although crudely approximated
here, is a physically real effect. Its inclusion was found
to be necessary to obtain results in accord with experi-
ment.*™7 In the absence of this term, the metal diago-
nal elements become very positive while the ligand
diagonal elements remain negative. Consequently this
large numerical discrepancy between the diagonal ele-
ments may cause the vital Mulliken multicenter integral
approximation to fail. Thus, an important function of
the site potential, over and above its representation of
the influence of the environment on the complex, may
be to allow the numerical values of the diagonal ele-
ment to fall within a range where the Mulliken approxi-
mation is valid.
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TABLE 1. Self-consistent Atom Charges and Orbital Populations of Transition Metal Halides.®

Complex Om M(4s) M(4p) M(3d) Qv X(2s) R(9

TiF¢*-(d") 1.65 0.20 0.35 1.90 -0.77 1.93 1.97°
VF > (d?) 1.51 0.22 0.38 2.91 -0.75 1.91 1.94°
CrF3-(d%) 1.47 0.24 0.48 391 -0.75 1.91 1.93°
FeFg* (d%) 1.24 0.29 0.46 6.03 -0.70 1.90 1.92°
CoF¢*(d%) 1.17 0.30 0.46 7.06 —-0.70 1.90 1.89°
MnF¢*(d%) 0.82 0.25 0.41 5.50 -0.80 1.92 2.12°
MnF¢*(d?%) 1.81 0.24 0.35 4.60 -0.63 1.90 1.74°
MnCl*(d%) 0.20 0.43 0.77 5.61 -0.70 1.89 2.51¢
MnCl, 2~ (d%) 0.46 0.42 0.44 5.69 -0.62 1.89 2.33°
MnCl, (d%) 0.83 0.72 0.52 8.93 -041 1.75 2.09¢
VClg-(dY) 0.81 0.40 0.72 3.07 -0.46 1.85 2.304
VCl, (dY) 0.67 0.33 0.75 325 -0.17 1.79 2.03°

2 A complete listing of the eigenvalues and eigenvectors is available from the authors upon request. ® Taken from ref. 8.
¢ Taken from «Tables of Interatomic Distances and Configurations in Molecules and Ions», Special Publications, No. 11,

Chemical Society, London, 1958. ¢ Estimated.

Some justification for the use of an electrostatic
approximation for the nuclear attraction integrals has
already been given elsewhere.®?

Results and Discussion

The atom charges and orbital populations calculated
by this method are given in Table I. The charge on
the ligand, qx, can be used as a measure of the ionicity
of the complex, which shows an apparent decrease
both with atomic number across the transition metal
series and with the oxidation number of the metal ion,
but increases with the number of ligands attached to
the metal ion and with the electronegativity of the
ligand expected. These trends are all chemically rea-
sonable. The magnitude of the computed charges and
orbital populations are compared to values estimated
from x-ray emission spectroscopy? in Table II. Both
in CrF¢®~ and FeF¢> the charges computed by the
method are in better agreement with experiment than
those obtained from either the SCCC calculations of
Basch et al.? or the calculations of Fenske ef al. The
SCCC calculations of Basch et al. are of the conven-
tional MWH variety using equation 9 for the off-
diagonal elements and with the ligand diagonal ele-
ments held fixed. The method of Fenske er al.® utilizes
equations (1) and (2) with Xi (set to one) and a
comparable equation for the off-diagonal elements. In
their method the nuclear attraction integrals (even the
three centered nuclear attraction integrals) are evalu-
ated by numeric integration. The m-MWH method of
calculation gives metal atom charges intermediate be-
tween those of Basch e al. and Fenske et al. and in
agreement with the metal atom charges estimated from
x-ray emission data.*

Besides the estimation of charge distribution given
by the x-ray emision data, the unpaired spin density
in the ligand orbitals can be obtained from NMR and
EPR spectra. The actual coefficients in the pertinent
molecular orbitals, for a half-filled shell in octahedral
symmetry, are related to the experimentally determined
spin density, f;, in the i'" atomic orbital by the equa-
tions®®

f =12/,
ot = /5 L?/s

where I and |, are the coefficients of the ligand 2s and
2po symmetry adapted orbitals in the 3eg molecular
orbital, and |, is the coefficient of the ligand 2pm sym-
metry adapted orbital in the 2t,, molecular orbital.

TABLE II. Comparison of Experimental and Theoretical
Atomic Charges and Orbital Populations of Transition Metal
Halides.

CrFg* M(3d) M(4s) QM

Obs.2 4.404 0.07 1.53
This Work 4.39 0.24 1.47
SCCCP 4.76 0.52 0.97
Fenske et al.© 4.09 - 1.92
FeF¢~ M(3d) M(4s) qm

Obs.2 6.304 0.37 1.33
This Work 6.49 0.29 1.24
SCCCP 6.76 0.48 0.86
Fenske et ql.© 6.01 - 1.96

2 Taken from ref. 4. ® Taken from ref. 8. < Taken from ref. 5.
4The observed 3d population is really a combination of the
3d and 4p populations.
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Thus, the extent of agreement between the calculated
and measured spin density is a sensitive test of the
correctness of the calculated coefficients in the ground
state molecular orbitals. As is shown in Table III, the
calculated and measured spin densities are indeed in
good agreement.

Thus, our method gives reasonable results for the
ground state charge distribution of these complexes.
Although the primary objective was to obtain good
ground state properties, correlations were also made
to properties involving excited electronic states. In con-
ventional MWH calculations such as those of Basch
et al.,® the F factor in the off-diagonal element expres-
sion given by equation 9 must be adjusted for each
complex to obtain a good match between the orbital
energy difference of the 2t,, and 3e, molecular orbit-
als a and experimentally determined value of 10 Dq.
Basch et al. found that with E, set at 2.10, the 10 Dq
values of many octahedral and tetrahedral halide com-
plexes of transition metals were exactly matched by
varying Fo according to the equation

L. E. Harris and E. A. Boudreaux
Fo = 0.0275 + 1.546 = 0.02

where for Ti,n = 0, for V,n = 1, .. .etc. In the calcula-
tions of Fenske et al.® a factor, R, in the off-diagonal
element approximation was adjusted such that the dif-
ference of the 2t,, and 3e, orbital energy agreed with
the experimental value of 10 Dq in Ti F¢*~. Calcula-
tions on the other halide complexes are then performed
without further adjustment. In the m-MWH calcula-
tions, the 10 Dq values obtained as orbital energy
differences from calculations with k set to one in equa-
tion 8 are listed under Calculation I in Table IV. As
is shown in Table IV, these computed 10 Dq values,
while they are larger than the experimental values, in
all cases exhibit the same trend as experimental values.

In the m-MWH calculations, as in those of Fenske
et al., which are based on derivations from the HF-SCF
hamiltonian, the difference between the 2t,, and 3e,
orbital energy would be expected to be larger than the
experimental values of 10 Dq since the appropriate
electron repulsion integrals should be subtracted from

TABLE III. Comparison of Experimental and Theoretical Spin Densities in Transition Metal Halides.

Complex (%) £ (%)
Obs. Calc. Obs. Calc.
CrF¢(d%) -0.02£0.01%° 0.00 —4.9+0.82 -3.07
—-6.0+1.0°
FeF¢* (d%) 08 £0.1¢ 0.77 34+£1.0° 280
MnF*(d%) 0.4 +£0.04¢ 0.41 1.6 £0.8° 1.82
MnClg*(d%) 0.4 +0.044 0.56 3.9+£0.44 3.42

2R. G. Shulman and K. Knox, Phys. Rev. Letters, 4, 603 (1960). ®L. Helmholz, A. V. Guzzo, and R. N. Sanders,
J. Chem. Phys., 35, 1349 (1961). °L. Helmholz, J. Chem. Phys., 31, 172 (1959). 9F. Tsay and L. Helmholz, J. Chem.

Phys., 50, 2642 (1969).

TABLE IV. Comparison of Experimental and Theoretical 10 Dq Values and Charge Transfer Transition Energies (eV).

Complex 10Dq First Allowed LM
Charge Transfer:
Obs Calc 3t — 21y,
Calcl Calc 1I Other Work"  Obss Calc II
Tifg>~ (d?) 2.2» 43 20 2.0 >6.2¢ 8.9
VF3(d?) 2.0° 3.8 2.1 20 >5.08 7.8
CrF(d%) 1.9¢ 3.6 2.1 2.1 >4.68 6.8
FeF¢* (d%) 1.74 27 2.0 2.0 >3.7¢ 4.1
CoFg*(d®) 1.6%¢ 2.6 2.1 2.0 - 33
MnF 4> (d%) 2.74 7.2 27 - >3.5 5.5
MnF¢*(d%) 1.09 22 1.8 - >5.3¢ 6.7

2H. Bedon, S. M. Horner, and S. Y. Typree, Jr., Inorg. Chem., 3, 647 (1964). ® C. J. Ballhausen and F. Winter, Acta
Chem. Scand., 13, 1729 (1959). ' W. Low, Phys. Rev. 109, 247,256 (1959). 4C. K. Jgrgensen, “Absorption Spectra
and Chemical Bonding in Complexes”, Addison-Wesley, Reading, Massachusetts, 1962, pp. 110-111 and pp. 284-289.
°C. K. Jgrgensen, Advan. Chem. Phys. 5, 62, 85 (1962). { Taken from Ref. 5. # Taken from Ref. 8.
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the orbital energy difference to correctly compute the
value of 10 Dq.?* Calculations are underway to cor-
rect the 10 Dq values given by Calculation I with the
appropriate electron repulsion integrals.'® However,
to directly compare these calculations to both those of
Fenske et al. and those performed in the conventional
MWH manner, further calculations were performed in
which the off-diagonal elements were adjusted to ob-
tain an orbital energy of the ligand field orbital that
matched the experimental value of 10 Dq. Blyholder
and Coulson? have found that the necessity of an F
factor in conventional MWH formulations of the off-
diagonal elements arises from the kinetic energy of the
hamiltonian. Equation 8 was derived such that the
kinetic energy is separated from the potential energy.
Therefore, only the kinetic energy terms that depend
on the overlap squared are adjusted by making use of
the parameter, k, in equation 8. Additionally, Carroll
and McGlynn?® have shown that the value of k neces-
sary to match SCF off-diagonal elements in a series of
test calculation is, on the average equal to one; how-
ever, any individual k factor may be very different from
one. Consequently, k was set equal to one except in
the e, matrix, where it was determined through a series
of test calculations on TiF¢®~ by allowing it to vary
until the orbital energy difference of the ligand field
orbitals equaled the experimental value of 10 Dq in
TiFs*". The value of k = 3.5 in the e, matrix, deter-
mined in the test calculations on TiF*~ was used in
subsequent calculations for the transition metal fluo-
rides, which are listed under Calculation II in Table IV,
and chlorides, which are listed in Table V. It is em-
phasized that the difference between the calculations
performed with k = 1 and k = 3.5 are not consequen-
tial except for the calculation of 10 Dq. Thus, the atom
charges are not significantly different and the spin
densities are in agreement with experiment in the cal-
culations performed both with k-1 and 3.5. The com-

TABLE V. Comparison of Experimental and Theoretical
Value of 10 Dq and Charge Transfer Transitions (eV).

Complex 10 Dq First Allowed
L->M
Obs. Calc Charge Transfer
This Other  Obs. Calc.
Work  Work
MnCl*- 1.0* 13 - - 42
MnCl,>- 0.5° 0.5 0.5 3.8° 4.0
VClg*- ~2 2.7 - - 31
v, 1.1¢ 04 1.0 3.0¢ 4.5

2J, W. Stout, J. Chem. Phys., 33, 303 (1960). ®°F. A. Cotton,
D.M. L. Goodgame and M. Goodgame,J. Am. Chem. Soc., 84,
167 (1962). ©C. J. Ballhausen, “Introduction to Ligand Field
Theory,” McGraw-Hill, New York, N.Y., 1962, p. 228.
4 C. Dyikgnaaf, Spectrochim. Acta, 21, 769 (1965).
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puted quantities listed in Tables I-IV are for k = 3.5,
in Table IV and V the values listed under calculation
II are fork = 3.5.

The computed values of 10 Dq for the transition
metal fluorides listed under Calculation II in Table IV
are in the correct order and in most cases the agree-
ment with experiment is quite food. The 10 Dq values
calculated by Fenske ef al. are also given in Table IV,
In all cases, the 10 Dq values given by our method are
very close to and in as good agreement with experiment
as those of Fenske et al. The computed values of 10 Dq
for the transition metal chlorides are given in Table V.
These results were obtained using the same param-
eters that were used for the transition metal fluorides.
The results, except for those obtained for VCl,, are in
good agreement with experiment and for MnCl,>" in
good agreement with the results of Fenske and Radtke.?$
Since VCl, and MnCl* are according to the results
the most covalent of the complexes, it is not surprising
that the largest discrepancy with experiment occurs in
these complexes since many of the point charge ap-
proximations made are in the Zeroth-order approxi-
mation and are probably least valid for these com-
plexes. Furthermore, in these two cases, it should be
expected that another value of k would be necessary
to successfully calculate 10 Dq by scaling the off-
diagonal elements. The calculated spin densities and
10 Dq for both of these complexes are so close to
those obtained by Fenske et al.5 that they argue against
the contention® that reasonable results cannot be ob-
tained for transition metal complexes using the Wolfs-
berg-Helmholz off-diagonal element approximation.

Moreover, the m-MWH calculations performed here
allow interpretation of charge transfer spectra whereas
those of Fenske et al. do not. The calculated energies
for the first X— M charge transfer transitions are com-
pared to experiment in Table IV for the fluorides, and
in Table V for the chlorides. The experimental data
for the first charge transfer transitions are based on
results obtained from the band onset of the maxima
and are not very precise. The first two allowed ligand
to metal charge transfers transitions in the octahedral
complexes, 2t,, « 3t;, and 2t,, «t,,, are computed to
have nearly the same energy but the 2t,, < 3t,, always
is at slightly lower energy. Consequently, the experi-
mental band onsets are assigned to the 2t,,<3t,,
transition. However, the intensity of the charge transfer
transition is probably derived from the 2t,, «t,, transi-
tion. The charge transfer transitions occurring in the
two tetrahedral complexes are assigned to the 2e«t,
transition. The computed transitions energies are in all
cases, correctly larger than the observed band onsets,
and also are consistent with the trends in the experi-
mental data. These transitions energies could, presum-
ably, be brought into closer numerical agreement with
experiment by the inclusion of configuration inter-
action.
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A recent application of the m-NWH method has
been made in comparing the calculated effective atomic
charges and population in FeF¢®~ and CrF¢3~ with
those obtained by x-ray emission data.’” The agree-
ment between the calculated and observed data was
found to be very good indeed.

The m-MWH method of calculation provides some
insight into previous MWH calculations. The form of
what would correspond to an F factor in the off-diago-
nal elements that we have used is very similar to that
used for the F, factor in the calculations of Basch et
al.® Moreover, the value of the parameter k in the
€, matrix brings the values calculated by the expression
corresponding to the F factor in our calculation very
close to the value given by the empirical expression of
Basch et al. for F,. In many previous MWH calcula-
tions® on transition metal complexes, reasonable re-
sults were obtainable only if the ligand diagonal ele-
ments were arbitrarily set to a value close to the VOIP
of the neutral atoms. The effect of the terms added to
the orbital energy in equation 6 is largely to cancel out
the charge dependence of the ligand VOIP. Thus, the
additional terms in equation 6 obtained from a syste-
matic derivation justify the previous practice of arbi-
trarily setting the ligands at their neutral atom value.
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