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It is suggested that for some transition metal hexahalo complexes, the Eg-(alg + eg) vibronic 
coupling model is better suited than the classical T2g-(al g + eg) model. For the former, alterna
tive model, the potential constants in the analytical formula are evaluated from the numerical 
map of the adiabatic potential surface by using the linear regression method. The numerical 
values for 29 hexahalo complexes of the 1st row transition metals are obtained by the CNDOj2 
method. Some interesting trends of parameters of such Jahn-Teller-active systems are disclosed. 

The Jahn-Teller effect plays an important role in numerous branches of physics 
and chemistry. The commonly adopted formulation of the Jahn-Teller theorem l 

states that the nonlinear geometrical configuration of nuclei in an electronically 
degenerate state (except for the Kramers' and accidental degeneracy) is energetically 
unstable. From this it follows that at least one geometric configuration of nuclei 
in the electronically non-degenerate state exists that is energetically stable. This 
corresponds to the minimum on the adiabatic potential surface (APS). The shape 
of APS can be described by an analytical function of the total energy of the system, 
with coordinates of nuclei as parameters. The actual form of this function for com
plexes in which the Jahn-Teller effect appears may be predicted on the basis of the 
vibronic coupling theory. 

For octahedral MX6 complexes, vibronic coupling in the Oh symmetry group 
for the double or triple electron degeneracy is usually assumed. A systematic study 
of the octahedral hexahalo complexes of the 1st row transition metals has been the 
object of our preceding papers2 - 5. Based on the theory of succesive splitting of the 
electron terms associated with the gradual decrease in the entire system symmetry6,7 
due to the Jahn-Teller effect, it has been suggested that the vibronic coupling can 
be described in a lower symmetry group that still preserves the electron degeneracy4. 

It has been known for a long time that only three types of vibronic coupling 
exist4,8 (apart from the icosahedral and linear symmetry groups), viz.: 
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1) T -(at + e + t 2 ) vibronic coupling with the triply degenerate electron term 
- Oh type, 

2) E - (a l + b l + b2 ) vibronic coupling with the doubly degenerate electron 
term - D4h type, 

3) E - (a l + e) vibronic coupling with the doubly degenerate electron term 
- D3d typc. 

Confining oneself to centrosymmetrical deformations of the initial octahedron, 
described by changes in two axial (ra) and/or four equatorial (re) M-X distances, 
all the above-mentioned types of vibronic coupling can be described by the formula4 

W(QI' Qx) = s(Ax - ZaxQI) Qx + sBxxQ; + KaQl + !KaaQi + 
+ !KxxQ~ + TaaaQi + TaxxQ\Q; - TxxxQ! + WO , (1) 

where Ax, ZaX' Bxx are vibronic constants, Ka, Ka .. KxX' T.aa, TaxX' Txxx are vibrational 
constants, Qt and Qx are a l and x type coordinates, respectively, the subscript x 
stands for e for the 0h and D3d types and b l or b2 for the D4h type; WO is the energy 
of the system in the reference geometrical configuration of an ideal octahedron, 
s = + 1 or - 0·5 for the Oh type, s = + 1 or -1 for the D3d type and s = + 1 or 
-1, Txxx = 0, Bxx = 0 for the D411 type. The positive values of the s parameter 
refer to ra > re, the negative values to r. < re; the reverse convention, however, 
can be also adopted. 

It is evident from these data that in our case the D3d and D4h types differ only 
in the values of the Txxx and Bxx constants. For practical purposes (i.e., for assesing 
whether they can be neglected or not) it is sufficient to investigate the D3d type 
coupling model. 

CALCULA nONS 

In accordance with our previous studies 2 - s, the symmetrized coordinates to be in
serted in Eq. (1) can be defined as follows: 

QI = Jt(ra + 2re - 31'°) 

Qx = Q3 = Jt(ra - 1'.) , (2) 

where r. are (two) axial and r e ( four) equatorial distances between the central atom 
and the ligand and rO is this distance in the reference geometrical configuration 
of the ideal octahedron. 

If the analytical form (1) of the APS is known, the potential constant values can 
be determined from the points of the numerical map, Wt(Ql' Q3), obtained by 
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quantum-chemical calculations of the total energy of the system with fixed nuclear 
coordinates. The simple regression method can be used for this purpose. Fitting may 
be accomplished by using the weighted least-squares method 

(3) 

where Wt( Ql, Q3) are the approximate energies calculated for a trial set of potential 
constants of the analytical form of the APS (Eq. (1». The statistical metric weighing 
is defined by 

(4) 

where Ql and Q3 are the local coordinates of the i-th point of APS. 

RESULTS AND DISCUSSION 

The values of the potential constants (Ka, Kaa , KxX' T..aa, T..xx, Txxx, Ax, Bxx, Zax) 
were evaluated for 29 complexes of the m[MX6]Q type (X = F, CI, Br), listed in 
Table 1. The two-dimensional maps, WC(Ql' Q3)' (33 to 42 points for each system) 
were obtained by the semiempirical CNDOj2 method in the UHF version for transi
tion metals9 - 11 • The energy was calculated with an accuracy of 10- 5 eV. The points 
of APS extremes (Q~, Q;) and the Jahn-Teller stabilization energies 

(5) 

were determined from the calculated potential constants values. The reliability of the 
results obtained was assessed via statistical characteristics such as the standard 
deviat:ons of the individual constants, the correlation coefficient, and the scattering 
R-factor. 

TABLE I 

Some characteristics of the MX6 systems under study (X = F, Cl, Br) 

Electron 
configuration 

Symmetry descent4 

Yes 

3[CrX614-,3[MnX613-

2[MnF614-,2[MnCI614-

5[FeX614 -, 5[CoX613-

4[CoX6 14 -

No 

1[CrX6t-,1[MnX613-

2[MnBr614-, 2[FeX6 13-
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Table II summarizes the calculated potential constant values, given to the full 
number of valid digits (the order of the last digit is equal to the order of the standard 
deviation). The characteristics of the extreme points of the APS are similarly given 
in Table III. 

Our results indicate some trends, applying to the classical T2g - (a 19 + eg) 

vibronic coupling model3 ,5 as well as to systems with double electron degeneracy2: 

1) For the harmonic potential constants we have Kaa > Kw so that the non-sym
metrical Q3 vibration can be considered as a "soft" mode, energetically more fa
vourable than the symmetric stretching. 

2) The two-mode quadratic vibronic constant Zax attains a significantly high value 
as compared to the single-mode Bxx constant, which documents its importance. 
The anharmonic effects also cannot be neglected, as demonstrated by the values of 
the Taoa, Taa .. and Txxx constants. 

3) The values of the Kaa and Kxx constants are higher for the M(llI) complexes 
than for the M(II) complexes; the linear vibronic constant Ax also attains more 
negative values for the higher oxidation state of M than for the lower oxidation 
state. From this it also follows that the En values will be higher for the M(lIl) 
complexes than for the M(II) complexes. 

4) The value of the Kaa constant increases with increasing proton number of the 
central atom. 

Some other trends observed are only partly analogous to our previous results2 - s: 

5) In the case of the Cr(II) and Mn(II1) complexes the effect of spin multiplicity 
can be observed: the higher number of unpaired electrons is associated with a de
crease in the Ax values and with more negative values of the Bxx constants. For 
KxX' Zax and En, however, such trends are not observed. 

6) Except for the cobalt complexes, the En values depend on the metal-ligand 
bond polarity: for the M(n) complexes these values increase in the ligand order 
F - CI - Br, whereas for the M(III) complexes they increase in the reverse order. 

The results obtained in this study also reveal some new facts: 

7) For all ligands, the type of distortion (elongation or compression of the octa
hedron) depends on the oxidation and spin state of the central atom. 

8) The values of the Ka., Kw and Ax constants, the EJT values and the magnitUde 
of the distortion differ only slightly for the two (classical and alternative) vibronic 
coupling models. 

In conclusion it should be stressed that the differences between the measurable 
quantities in the two models are small and are not amenable to observation in real 
systems. The CNDOj2 method also has intrinsic quantitative limitations bringing 
about over- or underestimation of some constants and thereby, of the distortions 
and stabilization energies. Nevertheless, our experience warrants the assumption 
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1140 Breza, Pelikan 

that the trends of the calculated quantities are correct within the framework of the 
model adopted. It should be, however, borne in mind that the higher distortions 
and stabilization energies observed in real systems are to a high extent contributed 
to by solid state effects, which can predominate substantially over the Jahn-Teller 
effect as would manifest itself in isolated systems. 
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