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Molecular Orbital Calculations on Transition Metal Complexes. Part 
VII1.t Potential Energy Curves for Some 3d6 Complexes and their 
Relation to Tanabe-Sugano Diagrams 

By Dennis W. Clack * and William Smith, Department of Inorganic Chemistry, University College Cardiff, 
Cathays Park, Cardiff CF1 1XL 

Potential energy curves for the ground and some low energy excited states of a number of complexes with a 
3d6 electronic configuration have been computed from INDO type MO calculations. The results agree extremely 
well with the known ground states of the complexes FeFB4-, CoFe3-, C O ( H ~ O > ~ ~ + ,  and NiFe2-, in particular the 
crossover from high to low spin being predicted for the fluoro- and aqua-complexes of cobalt(tti). In addition 
a successive decrease in metal-fluorine distance accompanied by a gradual increase in covalency for the series 
FeI' ---+ CoI'I ---t NiIV is indicated in harmony with crystallographic and spectroscopic data. The calculated 
contraction in metal-ligand distance on passing from the high spin to the low spin configuration is ca. 0-06 a 
for all complexes studied, in very good agreement with the value indicated by pressure dependent magnetic measure- 
ments. Differences in these potential energy curves give diagrams which essentially reproduce the main features 
of the crystal field Tanabe-Sugano diagrams. 

THE many different properties exhibited by complexes 
of the transition elements have been interpreted over the 
past twenty years by means of two separate theories, 
the crystal field theory1 and the molecular orbital 
method. The former method has been widely used in a 
semi-quantitative manner in the form of the Tanabe- 
Sugano diagrams to interpret the d-d electronic 
excitations within these complexes. For those octa- 
hedral complexes which possess the electronic con- 
figurations d4-d7 the ground state is not uniquely defined 
since there is the possibility of a high spin or a low spin 
arrangement depending on the strength of the ligand 
field. This crossover from high to low spin appears as a 
marked change in the Tanabe-Sugano diagram and is 
accompanied by a change in the magnetic and spectro- 
scopic properties of the complexes. Comparison of the 
crystal field and molecular orbital methods has not been 
attempted previously although Martin and White have 
discussed the general phenomenon of high spin-low 
spin crossover and potential energy curves in relation to 
magnetic properties of complexes which lie close to the 
crossover point. 

In the present paper we have used total molecular ion 
energies, calculated using a modified INDO m e t h ~ d , ~  to 
generate the potential energy curves for the ground and 
low energy excited states of some complexes with the 
3d6 electronic configuration. In particular the two 
curves which represent the high and low spin states of 
the complexes are obtained. These curves are then 
used to derive a Tanabe-Sugano type diagram which is 
quantitative within the level of the approximations of 
the method employed. 

In view of the computer time required we have chosen 
to confine extensive investigations to the hexafluoro- 
complexes of the ions NilV, CoIII, and Fe'I. The hexa- 
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fluoronickelate(1v) ion is known to possess a low spin 
(tZg6) lAlg ground state, and an analysis of its electronic 
spectrum using the Tanabe-Sugano matrices has yielded 
a Dq/B ratio of 3.9, considerably removed from the 
crossover value of 2. On the other hand the hexa- 
fluorocobaltate(II1) ion has a high spin (tz/eg2), 5T,, 
ground state with a Dq/B ratio very close to the crossover 
position.6 In fact for octahedral complexes of CoIII 
only the hexahalogeno-complexes are high spin and for 
this reason we have also included the hexa-aquacobalt (111) 
ion in our studies. This will provide a crucial test of the 
method to see whether it can satisfactorily account for 
the crossover from high to low spin on passing from a 
fluoro-complex to an aqua-ion. In addition calculations 
have also been made for the isoelectronic hexafluoro- 
ferrate(I1) ion, which is expected to be high spin. The 
complex fluoride KFeF, possesses the perovskite 
structure and can be considered to contain the above 
complex ion; in view of the fact that the absorption 
spectrum of this compound has not yet been fully 
characterised we have prepared and recorded the 
spectrum of KFeF, and fitted the observed bands to the 
Tanabe-Sugano matrices to obtain the crystal field A 
and B parameters. 

METHOD 

The INDO-SCF-MO methods is a refinement of the 
CNDO scheme where the one-centre exchange integrals 
(pv/pv) are included. This enables the different electronic 
levels arising from a given orbital occupancy to be distin- 
guished and in addition provides for a better description of 
spin delocalisation. Valence orbitals considered are 3d, 4s, 
and 4p  for the transition element, 2s/2p for the first row 
elements, and 1s for hydrogen. The parametrisation of the 
method has already been given.4 Gouterman exponents l1 
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liave been used for the transition-metal orbitals ant1 Slater 
exponents for first-row atoms. The empirical Slater- 
Condon parameters froin Oleari’s paper l3 have been 
adopted for the transition elements. Hamiltonian matrix 
elements for the transition elements will be published else- 
w11ere.~ Programs have been written in FORTRAN and a 
calculation for a hesafluorometallate ion involving 33 
orbitals, making use of two-fold symmetry, required 1 rnin 
execution time, The hexafluoro-complexes were treated as 
being regularly octahedral in all the electronic configurations 
exaiiiined. An octahedral co-ordination of oxygens around 
the central metal, with a tetrahedral disposition about the 
0x1-gens was assumed for the aqua-complex 

EXPERIMENTAL 

KFeF, Was prepared according to the nietliod of Suka.la 
An aqueous solution of ferrous chloride (1 mol equiv.) was 
added to a boiling aqueous solution of potassium fluoride 
( 3  niol equiv.), slightly acidified with hydrofluoric acid. 
The resulting solution was boiled and the precipitated 
product filtered, washed with a dilute solution of HF, 
followed by alcohol, and then dried in vwcuo. The reflect- 
ance spectrum was recorded on a Beckmann DK2A spectro- 
meter. 

RESULTS AND DISCUSSTOX 

C~E’,~-.--Figure 1 shows the dependence of the total 
energy of the complex ion CoFG3- on the internuclear 
Co-F separation for a number of different orbital 
occupancies : Curves A and C thus represent the high and 
low spin configurations respectively, the high spin state 
being slightly more stable than the low spin one in 
agreement with spectroscopic and magnetic data.15 
The difference in the calculated equilibrium energies of 
the high and low spin configurations is 0-27 eV. The 
calculated equilibrium internuclear Co-F separation is 
ca. 0.1 larger than the crystallographic value (1 439 A) .16 
Curve B represents an excited state of the same spin as 
the ground state and is formed by promotion of an 
electron from the t,, level to the eg orbital. Curves 
C-E correspond to levels of different spin multiplicity 
to the ground state. The curves show that for all Co-F 
distances larger than the equilibrium value the ground 
state is high spin. Decrease of the metal-ligand 
distance below that of the equilibrium value results in a 
crossing of the high and low spin curves so that for Co-F 
distances (1.97 the ground state is given by curve C, 
the low spin state. The triplet state (t,,%e,l) never 
constitutes the ground state as has been shown by 
Crriffithl’ using ligand field arguments. It is to be 
noted that the high spin t,,4eg2 configuration (curve A) 
identifies the 5T, spectroscopic state, while the low 
spin, t296, curve C represents the lA,, state. The excited 
quintet t2,3e,3 (curve B) gives the 5E, state and the 
triplet curve D is an average of the 3T1, and 3T,, levels. 
Curve E denotes an average of the terms 3A2g, 3T1,, 
3T,,, and 3E, derived from the t2$eg2 configuration. 
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Spectroscopists are especially interested in energy 
differences measured with respect to the ground state, 
and moreover those involved with electronic spectra are 
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FIGURE 1 Variation in total molecular ion energy with inter- 
nuclear metal-ligand separation for a number of strong field 
configurations of the hexafluorocobaltate(i11) ion : A, quintet 
(tW4eL2); B, quintet (t2,3e,3); C, singlet ( tZg6);  D, triplet 
(t,,segl) ; E, triplet (t2,*eU2) 

primarily concerned with such differences occurring a t  a 
fixed internuclear configuration. With this in mind i t  
is instructive to plot the energy curves of Figure 1 in 
an alternative way where the ground state is placed at 
zero energy with all other curves shown relative to this 
new zero. A4 diagram of this nature is shown in Figure 2. 
In  view of the fact that  the crystal field parameter, A, is 
inversely dependent on R, the metal-ligand distance, a 
decrease in R might be expected to produce an increase 
in A. For this reason the abscissa scale in Figure 2 is 
reversed to that in Figure 1 so that positive x in Figure 2 
represents increasing A. Since curve A represents the 
ground state for R~,-F distances >1.97 A while the 
abscissa is given by curve C for distances <1.97 A, a 
discontinuity which depicts the crossover from high to 
low spin occurs a t  the Co-I; separation of 1.97 A. This 
figure closely resembles the familiar Tanabe-Sugano 
diagram for the d6 configuration, although Figure 2 
obtains from molecular orbital calculations whereas the 
Tanabe-Sugano diagram results from crystal field 
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considerations. The discontinuity in Figure 2 clearly 
arises through a crossing of the high and low spin 
potential energy curves in Figure 1. 

The difference between Figure 2 and the Tanabe- 
Sugano diagram is that the latter is only semi-quanti- 
tative but applicable to all d6 complexes with the 
appropriate choice of parameters, whereas Figure 2 is 
specific for the COF,~- ion and is quantitative to within 
the INDO approximations. The Tanabe-Sugano dia- 
gram, while admirably accounting for electronic energy 
levels a t  a fixed internuclear separation, gives no inform- 
ation about the equilibrium energies of the various 
states. The Tanabe-Sugano fit to the electronic 
spectrum of C O F , ~ -  yields a DqlB ratio of 1 ~ 8 4 , ~  which is 
very close to the crossover value of 2.00. The potential 
energy curves of Figure 1 are also a clear illustration of 
just how c.lose the ion is to the crossover point. 
Tlie vertical excitation energies through the minimum 
of the ground state curve to either pure states or to 
average o f  states are given in Table 1 and compare 
tolerably well with the observed values. I t  is clear that 
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FIGURE 2 Incrgy dificrenccs betwecn curves of Figure 1 
Thc labelling is the plottcd with respect to the ground state. 

sa~nc as in Figure 1 

at the present level of NO calculations the Tanabe- 
Sugano curves afford a more complete if not more exact 
interpretation of tlie excited levels within the complex 
ion. 

I t  is evident from the several curves of Figure 1 that 

lh  X. S. I Iush  and M. H. L. f'ryce, J .  Chew. Phys., 1957, 26, 
143. 

the equilibrium Co-F internuclear separation is governed 
by the specific electron occupancy within the d manifold. 
For example curve C (tw6) has the smallest equilibrium 

TABLE 1 

Vertical transition eiiergies ( cni-l) for ('OF,:' n-itliout 
configurational interaction 

Cal c. Obser\.ed 

__+ t , ,3~,3(51ig) 11.4 11.8, l(j-40 
t ,g4e,2(5T,g)  __t t,,"(lA 4.3 (2.7) b 

(14.5) 
+ t2,5cg1(T1P,3T2g) 12.3 5.5 (7.0. 

114) b 

__t t , ,4eg~(3A2g,3~'2g,3~1,,32'2g) 32.4 19.6 - 30.3 
0 Jahn-Tcllcr split. 'J'anal~-Sugano fit 

separation while curve B (t2,3e,3) shows the largest. 
The complete ordering is C ( t 2 2 )  < D(t2,5~p,:) < A - 
E(t2g4e,2) < B(t22es3) and the sequence from left to right 
corresponds to a decreasing occupancy witlii11 the f,, 
level and increasing numbers of electrons in the c9 l m d .  
This contraction can be closely related to the double 
minimum phenomenon observed for the ' ionic radii ' of 
high spin complexes across a transition series,18 whicli 
can be viewed in terms of either a shielding effect or a 
crystal field stabilisation energy contribution.g0 The 
former acknowledges that repulsions between metal cg 
electrons and ligand electrons are greater than those 
between metal t,, and ligand electrons; thus eg electron 
density- presents a greater shielding effect than does tt, 
density. The latter considers the effect of the CFSE 
term in addition to the Madelung term on R,, tlie 
equilibrium internuclear distance. The present calcu- 
lations, as in most other approximate &I0 methods, use 
two-centre electron repulsion integrals wliicli are 
averaged either over atoms or over a valence shell so that 
the coulomb repulsion integral ( d , ~  - yz &__ 1,~*11Ctu1]$x~,li9 
is put equal to the integral (dlydryll letRIIp~pP~>. On this 
basis the shielding effect is not explicitly taken into 
account. 
is considerably larger than the corresponding terni 
between x-type functions ~ ? , ~ g d ~ ~ ,  the respective values 
for Co-F distance of 2.0 A being 0.0555 and 0.0183 a.u. 
This will lead to a larger bonding-antibonding separation 
for the cg levels than for the t2, orbitals. It therefore 
follows that the transfer of an electron from eg* to tw4: 
reduces the amount of antibonding density within the 
complex and for this reason there is a gradual shortening 
of tlie Co-F distance for the sequence (1).  The strongly 

However, the two-centre core term - 8 2 p 3 & 9  - 

t2: < tw5c$ < tm4c,% < t,,3e,3 (1) 

bonding r9 levels remain filled irrespective of the ty*' or 
P,* occupation. 

This shortening of the Co-17 distance on passing from 
the high spin arrangement, through the intermediate 
triplet state, to the low spin case may be viewed in 
terms of the covalency wliicli changes through the series 
(1). An estimate of tlie extent of covalency may be 

I?. A. Cotton and G. \t-ilkinson, '*\dvanced Inorganic 
Chcniistrv,' I nterscience, New York, 1966. 
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obtained by examining the amount of d electron density 
on the metal, values of which for the various states of 
the complexes studied are shown in Table 2. The d 

TABLE 2 
d Electron densities for different strong-field configurations 

of NiFG2-, COF,~-, and FeF,4- 
FeF,4- COF,~- KiF,2- 

t2, e, t 2 ,  e!l t,, e, 
Singlet (t,,,) 6.000 0.132 6.000 0.555 6.000 1-338 
Triplet (t2g5e,l) 5.002 1.103 5.014 1.480 5.050 2.211 
Triplet (t2,4eg2) 4-007 2.061 4.024 2.465 4.221 2.988 
Quintet (t2g4e,2) 4.005 2-057 4-028 2-325 4.121 3.020 
Quintet (t2,3e,3) 3.007 3.031 3.049 3.236 3.345 3.634 

electron density over and above that of integral occu- 
pation arises through metal participation in the bonding 
' mainly ligand ' orbitals, and the greater the involve- 
ment of the metal d orbitals in these orbitals the larger 
is the d electron density on the metal. The d electron 
density, and therefore the covalency, is seen to decrease 
in the order (1) above. The overall bonding density 
theref ore increases as successive electrons are removed 
from the e,* orbital and placed in the t2g* level and 
because of this the fluorines are drawn in closer to the 
metal ion. 

Although i t  is not possible to measure experimentally 
the equilibrium metal-ligand separations for both the 
high and the low spin configurations, estimates may be 
made for some systems which lie close to the high 
spin-low spin crossover point. For these systems the 
magnetic susceptibility is pressure dependent and 
measurements of this kind for some iron(111) dithio- 
carbamates 21 have indicated that there is a decrease in 
molar volume on passing from the high spin to the low 
spin arrangements, and that the change in the metal- 
ligand separation is ca. 0.07 A. The calculated differ- 
ence in the equilibrium internuclear distances for the 
high and low spin curves of CoF,3- is 0-06 A, which 
compares extremely well in magnitude to the experi- 
mentally derived value for the iron complexes. 

Co ( H20),3f.-The three potential energy curves 
corresponding to the low spin A, the high spin B, and the 
intermediate triplet state C of C O ( H ~ O ) ~ ~ ~  are shown in 
Figure 3. A more extensive study of other states was 
not possible due to time limitations. The singlet state is 
calculated to lie lowest in energy in agreement with 
spectroscopic 22 data for this complex ion, which can be 
interpreted in terms of a low spin t2,6 configuration. 
The minimum position of the low spin curve is more 
stable than that of the high spin curve by 2.31 eV, thus 
this complex is considerably removed from the crossover 
point. This accords with the much higher value of 
Dq/B (2.7) compared with that of COF,~-, the crossover 
value being 2-0. As was previously noted for CoF,3-, a t  
no point does the intermediate triplet state C lie lower 
than both the singlet and quintet levels. The calcu- 
lations therefore satisfactorily account for the crossover 

J.C.S. Dalton 

from high to low spin for the hexafluoro- and hexa- 
aqua-complexes of cobalt(II1). 

NiF62-.-The sets of curves for the two cobalt corn- 
plexes above indicate that the method is able to account 
for the relative positions of the fluoro- and aqua-co- 
ordinators in the spectrochemical ligand series and in 
view of this it is useful to examine the effect of the 
central metal ion oxidation state on the computed 
ground state. AnalSrsis of the electronic spectrum of the 
isoelectronic SiF62- ion, which contains nickel in the 
oxidation state of four, yields a low spin t,6 ground 
state and the computed potential energy curves for this 
ion (Figure 4) substantiate this finding. The low spin 
state is calculated to lie 3.10 eV lower than the minimum 
energy of the high spin state. It can be seen from the 
table of d electron densities that  the NiTV complex is 
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FIGURE 3 Potential energy curves for the hexa-aquacobalt(r~r) 
ion: -4, singlet (t2,6) ; B, quintet (t2,*eg2) : C, triplet (t2,5eg1) 

considerably more covalent than the isoelectronic CoFG3- 
ion. In  addition the calculated equilibrium metal- 
ligand distance of the low spin curve of NiFs2- is 1.8 A 
(experimental distance 1.7 A) 23 so that the calculations 
predict extremely accurately the contraction of 0.2 A in 
the M-F distance on going from CoIII to N P .  

Convergence problems were encountered for some of 
the states of XiIVF,2- using a Ni-F distance of 2-0 and 

2 2  C. K. Terrrrensen. 'Absorption Spectra and Chemical Bonding * "  
21 A. M. Ewald, R. L. Martin, I. G. Ross, and A. H. White, in Complexes,' Perga'mon. Okford, i962. 

Proc. Roy. SOC., 1964, A280, 235. 23 H. Bode and E. Vose, 2. anorg. Chem., 1956,286, 136. 
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for this reason the full curves of these states are not 
shown. I t  is believed that this difficulty arose through 
the choice of a neutral nickel atom (3ds49) configuration 
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Potential energy curves for the hexafluoronickelate- 
(IV) ion: .4, singlet ( t2g6);  B, triplet (t2g5e,1); C, quintet 

FIGURE 4 

(t,g4eg2) 

for selecting the core terms, and for large distances this 
assumption is not valid because the covalency within the 
complex is insufficient to reduce the positive charge on 
the metal to anywhere near a neutral species. 

FeFt-.-The high spin state of COIIIF,~- was calcu- 
lated to be only slightly more stable than the low spin 
state. Replacement of the central CoIII by FelI should 

TABLE 3 
Reflectance spectrum of KFeF, 

Observed 
band 

position Intensity Calculated 
10-3 cm-l F R  Assignment energy a 

7.9 0.56 5Tw __t 5E, 9-1 
10.3 0.51 
13-3 0.24 3T1, 13.1 
16.9 0.17 ---+ 3Tzg 16.8 
19.7 0.24 __+ 3T1, 19.5 
21.3 0.21 __t 3T2, 21.1 

28-29 0.28 __t 3Tw 27.3 
__t 3T1g 28.0 - 3E, 28.2 

-> 3T2, 26.0 

35 0.88 ? 
44 1.25 ? 

a After Tanabe and Sugano with Dq = 910 cm-l, B = 965 
ern-', and C I B  = 4.41. 

further increase the stability of the high spin configur- 
ation with respect to the low spin state. The only 

24 G .  D. Jones, Phys. Rev., 1967, 155, 259. 
25 G. C. Allen and K. D. Warren, Structure and Bonding, 1971, 

9, 49. 

previous spectroscopic study of KFeF, was carried out 
by Jones,24 but the range covered extended between 
7000 and 13,000 cm-l where only the spin allowed 
transition could be observed and therefore no estimate 
of the covalency could be made. Table 3 gives the 
observed band energies and intensities together with 
the corresponding assignments of the bands. The 
spectrum consists of a rather broad asymmetric band 
which splits into two components a t  liquid nitrogen 
temperature representing transitions from the quintet 
ground state to the Jahn-Teller split 5E, excited state 
(cj .  COF,~-).* ,4 number of spin forbidden bands are 
observed, in particular a sharp band at 19,700 cm-l can 
be assigned to the intra-shell transition 5T,,(t2,4e,2) ---+ 
3T,,(tB4eg2). Following Tanabe and Sugano with C/B = 
4.41, Dq = 910 cm-l, and B = 965 cm- la11 the observed 
bands can be fitted reasonably well. The nature of the 
absorption bands a t  35,000 and 44,000 cm-l is uncertain. 
They are neither due to charge-transfer transitions since 
these lie much higher in energy,25 nor to FelI1 im- 
purities6 It is possible that they arise through some 
metal-metal interaction similar to that observed for 
some binuclear copper(I1) complexes.26 

The computed potential energy curves for this 
complex are given in Figure 5 and compared with the 
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FIGURE 5 Potential energy curves for the hexafluoroferrate(I1) 

ion: A, quintet ( tW4eg2);  B, quintet (t,,3eg3); C ,  singlet ( t Z q 6 ) ;  
D, triplet (t2,5e,1) ; E, triplet (t2g4eg2) 

CoFG3- ion the high spin configuration is now con- 
siderably more stable than the spin paired low spin 

26 M. L. Tonnet, S. Tamada, and I. G. Ross, Trans. Faraduy 
SOC.,  1964,60, 840. 
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arrangement in harmony with the low Dq/B value of 
0.94 derived from the electronic spectrum. The changes 
in the vertical excitation energies from CoFG3- to 
FeFG4- are in the same direction as indicated by the 
spectra of these two complexes, with the triplet (tzs5ee,l) 
moving to higher energy and the quintet (tZg3eg3) occurring 
at  lower energy. 

The preceding total energy curves illustrate quanti- 
tatively a number of features which have previously been 
assumed to be true from qualitative arguments. Thus 
the equilibrium metal-fluorine distances are seen to 
decrease in the order X I V  < CoIIL < FelI although each 
distance is calculated to be ca. 0-1 A longer than the 
observed value. This contraction in the M-1; separation 
is closely related to the covalency within each complex 
as given by the d orbital participation in the bonding 
molecular orbitals ; the computed d electron densi- 
ties parallel the nephelauxetic p parameters derived 
from the optical spectra. Moreover the anticipated 
shortening of the metal-ligand bond length as 
electrons are transferred from the metal eg orbital to 
the t ,  level is quantitatively predicted. One of the 
most satisfying results of the calculations is the pre- 
diction of the correct ground states and the crossover 
from high to low spin for changes in both ligands and 
metal oxidation state. It is also gratifying that MO 
calculations can lead to a description of excited energy 
levels which vary with distance (or A) in essentially the 
same way as described by the Tanabe-Sugano diagrams. 
In  view of the fact that all the curves have more or less 
the same shape the fundamental reason for curve cross- 
ing lies in the different equilibrium distances for the 
various states. In addition since the curves for states 
derived from the same orbital occupation (curves A and 
E for CoF?-) have the same equilibrium separation, the 
excited state (E) does not cross curve X but lies parallel 
to it. Although the energies given by- the present 
results refer in some cases to an average of states arising 
from a given strong field configuration the vertical 
excitation energies for all complexes examined are of 
similar magnitude to those observed spectroscopically. 

Finally these 310 calculations give an indication as to 
the difference in equilibrizrwz energies of the high and low 

spin forms, a quantity which cannot be provided by the 
Tanabe-Sugano diagrams because these give energy 
differences at  a fixed metal-ligand distance. In fact it 
should be remembered that the crossover point on the 
Tanabe-Sugano diagram refers not only to a change irr 
the spin state but also to a change in the rnetal-ligand 
distance, thus there is no situation when the vertical 
excitation energy from the minimum of the high spin 
5T20 ground state to the excited spin paired lA,, con- 
figuration (or vice versa) becomes zero. The equilibrium 
energy separations should however relate to the crystal 
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FIGURE 6 

field energy A since the larger the separation between the 
potential energy curves the further apart are the vertical 
excitation energies. A plot of the differences between 
the equilibrium energies of the high and low spin con- 
figurations against A / B  derived from the electronic 
spectrum is given in Figure 6, and a fairly good linear 
correlation is obtained for the four complexes including 
the hexa-aqua-ion. The graph also shows that a t  the 
crossover point (Dq/lJ: = 2) the high and low spin states 
have identical eqzd ibv imz  energies. If a correlation oE 
this sort can be expected to hold for all d6 complexes 
Figure 6 provides a means of obtaining the equilibrium 
energy difference from the absorption spectrum of a 
complex. 
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