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OPEN SHELL TETROXOANIONS: ELECTRONIC STRUCI’URE AND 

SPECTRA* 

G. DE MICHELIS, L. OLEARI, L. DI SIP10 AND E. TONDELLO 

Zsrituro di Chimlca GeneraZe, Universify of Padova (Italy) 

A. INTRODUCTION 

This communication is concerned with the interpretation of the electronic 
spectra of those tetrahedral oxyanions of the first series transition metals which 
present a so called “open shell” electronic structure. 

In Table 1 the known oxyanions of this group are listed according to their 
periodic classification and electronic structure; ions listed as do can be depicted 
formally as X’+ central atom ions having rare gas configurations coordinated to 
four oxide 0 ‘- ligands. Then d I, d2 and d3 ions formally present one, two, and 
three “outer” electrons, respectively, having d-character on the metal. These ions 
have one or more unpaired electrons and are said to have an “open shell” electronic 
structure. 

TABLE 1 

KNOWN TETiUHEDRAL OXYIONS OF THE FIRST TRANSmON URAL SERfIS 

For ions listed in parentheses there is uncertainty in identification 
-.- 
do vat- crol’- -- MnO,- - 

_.. 

d’ CrO*‘- MnO,‘- 
d’ MnO,‘- FeO*f- 
d’ (FeO.9 (COO,“-) 

As it is well established, these unpaired electrons are mainly localized on the 
central atom and, therefore, the electronic spectra of these ions will show, in 
addition to the charge transfer bands characteristic of chromate and permanganate. 
weak absorption bands corresponding to dd one electron transitions (“crystal 
field” bands). 

Moreover, all these open shell ions are much less stable than the correspond- 
ing “closed shell” ions and, therefore, the determination of their spectral properties 
is more difficult. As a consequence a theoretical study of the electronic structure 
of such ions would be extremely useful in order to interpret the experimental data. 
For this reason we have applied the same scheme of calculations, already used 

l This work has been supported by the Italian National Research Council (C.N.R.): Ccotro 
Naziooale di Cbimica dcllc Radiazioni e dci Radioclcmeoti, Scziooc di Padova. 
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for chromate and rmanganate”, to 

(Taken from ref, 3.). 

the ions [CrOrJ3-, [MnO,JZ~-, [MnOrJ3- 
and [FeOJ2 - - , i.e. to the four It’ tetr~x~~~i~ns id~nt~~d with ~~~i~t~. 

In Figs. 1 and 2 the experi tat ~bsur~t~~~ spectra for the ions ~~n~~]~-, 
d, while in ~~~~~ 2 the boot irn~o~~t data 

eover, the spectrum of the [Cr0,J3- ion are 
summarized. For this latter data arc the only ones reparted in the 
~~t~r~t~r~ and in f&e paper from which they are taken2 the c~rn~i~t~ spectrum is 

duced. It is only written tb~~ ‘“both b~~ds~ devoid of 
mely broad and thus the values recorde 
the peaks ore not a true rne~~ure of the 

For the other three ions, on the other hand, an examina 
allsws some useful and ~re~irnin~~ ~~siderati~~~: 

ental sp~t~rn of the man ate3 ion ~~0~s a quite intense 
ab lfo~~d by a corn~~~~tcd ba structure which ranges from 
20 ated s 
that mom than th one-electron transitions correspond to this complicated band 
structure* 

There is no evidence in the s 

wbicb we found in 
exi5t~~~ was a 
co-workers’ in their 

by ~~hoIrn and 
ent ~ar~ag~etism of 

nafee pr~~~~ a weak band ai 
at 15,000 cm-“. This fact was 

nsition 
which is ~yrnrne~~ f~rbjdden and the second one ta the corres 
allowed transition &? -+ 31, (3A, +- ‘TX). 

On the other hand Kingsley and co-worke 

peak, ed at 1~,7~ cm-” 
regard to the “cha 



hydroxide ion, WC- 

0 strongly fat ~~~ 
“I). A m&mum abs found at 46,300 crnWS with D molar oxtincrtion 

fkient (~p~rox~~ate reatly in ex~ss of aay values previously ob- 
fervid for cha -transfer bands of transitior -metals o~y~n~ons. 

similar to that of hyp~rn~n 

posed that the first observed band is a crystal field band. The 

field bands and the “charge-transfer” band system is quite complicated. 

r&t. C%m. l&w., 2 (1967) 53-63 
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gaoate, indeed, has a 2E ground state and, therefore, both 2E -+ ‘T2 and SE + ‘T, 
transitions are symmetry-allowed. 

Moreover, the presence of the unpaired electron in the 2e MO’s removes the 
accidental degeneracy of the energies of both pairs of transitions: 

1, + 2e 

21 + 3, 
and ‘2:: 2 :y 

2 

a degeneracy, which we found for the permanganate ion’. 
Finally, it must be pointed out that the clear energetic separation between 

the two excited states ‘T, (rl + 2e) and 2T, (1, + 2) is derived from the fact, 
that, for symmetry reasons, in the first case the excited electron jumps into an 
empty 2e MO and in the second, into a singly-occupied one. 

In this way we explain the energetic diffcrencc between the first cxperimcntal 
charge-transfer band and the subse’quent complicated band system. 

With regard to the d-d transition, our results confirm the hypotheses that 
it must correspond, in the experimental spectrum, to a very weak absorption band 
with an energy lower than that of the first charge-transfer band; i.e., the band at 
2.05 eV. In this way we are led to accept the existence of the 1.49 eV band observed 
by Carrington*. 

The experimental data are inadequate for a proper interpretation of the 
spectral properties of hypochromate: only a few considerations are possible on 
the basis of the analogy of electronic structure with manganate. Very likely, the 
first of the two observed maxima corresponds to a d-d transition, while the second 
one represents the first band of the system, originated by the eight symmetry- 
allowed charge-transfer bands. In this way we correctly conclude that the charge- 
transfer bands have a higher energy for hypochromate, than for manganate. 

Our interpretation of the experimental spectrum of the [MnO,]‘- ion is 
reported in Table 5 and again the quantitative agreement is good. We confirm 
the assignment of most other authors of the band at 1.83 eV to a d-d transition 
and, moreover, on ‘rhc basis of our calculations, we can afford an explanation for 

TABLE 5 

[MnO,]‘-: OBSERVED AND CALCULATED TRAN~ON ENERGIES 
-..---_ -.-- _. -.-. - 

Observed bond Calculated transition Assignmenrs 
marima (eVI energies Ir VJ 
_-. ._ _-- _~._ _-.. 

(1.36) 0 ‘T,(Zc + 3rd 
1.83 1.64 aT,(2e + 313 

3.78 ST,(t, --• 2e) 
3.82 4.14 JT,(r, + 3rd 

4.56 aT,(2/, 4 2e) 
>4.5 4.92 ‘T,(2r, -* 3rd 

a WC evnluntcd only the values of the symmetry allowed transitions. 

Coordin. Chem. Rev.. 2 (1967) 53-63 
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Fig. 5. Experimental band me&as for tetroxo ns 31s a function of the number of “outer” 
ens. (X0 denotes maxima for the d-d ba ; X1. X”, etc. denote maxima for the first, 
d, etc. ~~~-t~nsfer bands). 

a Hypothetical value. 

intensity of this band. Actually, hypomanganate is the ian, among those 
have investigated in which the 31, MO’s has the highest character. 

With regard to the charge- fet band at 3.82 eV we postulate, as for the 
permanganatc ion, an energetic neracy of two charge-transfer one-electron 
transitions. This could find experimental support in the resolution into two maxima 
of the experimental peak obtained by Carrington and co-workersp. 

TABLE 6 

IFCO,ls-: OFSEJIVED AND ChL-TED -I-FbtHmON ENERCXES 

Observed bond 
maxfma (elf) 

1.59 
2.20 (sh) 
2.43 

>5.9 
___I__ 

Cedculured ? rioon Ass~gnmFnts 
energie?s (c V) 

0.32 ST,(2e -* 3rd 
0.61 JT,(tI -* 2e) 
1.53 “T&, --c 3rd 
3.54 ‘T,(2r, + 2e) 
4.17 “T,(Zr, --, 3rd 

FinatIy, let us consider the FeOJ2- ion (Table 6). As can be seen, the 
assignments are analogous to those of the hypoman nate ion, as cx ted, eon- 
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sidering the similar electronic structure of the two ions. In this case, however, the 
experimental evidence (a shoulder at 2.20 eV) of the overlapping of two charge- 
transfer transitions is much clearer. On the other hand, the agreement. ‘between 
experimental and calculated values is unsatisfactory: in fact the calculation has 
been carried out only usin one-centre atomic int ra& correspondi 

dation state + 1 of Fe. Therefore, in order to approach the actual situation of the 
molecule, it would be necessary to carry out a second calculation with the integrals 
corresponding to an oxidation state 0 and to interpolate the results of both cal- 
culations. 

Summarizing, we point out two considerations in support of our interprc- 
tations: 

(a) The same calculation procedure and the use of identical one-ccntre 
atomic inte Is for id~nti~l central atoms have ven an intc~r~tion of the 
spectral properties of six different te~~xoions (including chromate and perman- 
ganate), a rather satisfactory situation both from a quantitative and a qualitative 
point of view. 

(b) On the basis of our interpretations it is possible to find regular trends 
in the one-electron tr~~sitian energies with regard both to the atomic number of 

the central atom and to the charge of the ions. This fact was not possible on the 
basis of previous interpretations. 

The latter consideration is brought up in Fig. 5 where the energies of the 
experimental band maxima arc reported as a functian of the number of “outer” 
electrans. As you can see, the followin conclusions are evident: 

(i) The -energy of the d-d and ~~r~~-t~nsf~r bands dccrea with the 
atomic number, if we consider isoelectronic sequences of ions. 

(ii) The energy of the d-d and cha -transfer bands increases regularly, for 
a given central atom, with the ncgativ hargc of the ion; i.e., with decreasing 

forma1 positive charge of the central atom. 
In such a way ions, ccd by C~~i~~ton and S~ons~’ while 

discussing a similar n the of their int~rp~tations, are avoided. 
These trends confirm the conclusions of other authors” with regard to the 

charge-transfer bands, while they are completely different from the trends, up until 
now accepted, of the d-d transitions. 

Till now, the d-d bands have rpreted on the basis of the “crystal- 
field’” theory and, therefore, they n discussed with the aid of the CF 
parameter, known as A. 

Now in the complexes (r_lostly oetshcdral) successfully investigated with the 
aid of the CF theory, we can see that the values of A increase with the formal 
positjve charge of the ceutral atom”“. 
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On this basis, Basch, Viste aud Gray I9 have reached the eral concfu+n 
that “for metal complexes, which do not have appreciable a acceptor ability, &s 
known to increase as the formal positive charge on the ion increases”, and, con- 
sequentIy, Viste and Grayx3 have based their i~te~re~tio~ of the spectra of 
te~ox~io~, and in particular the ~i~rnent of the 2e + 3t, transition, on the 
assumption that the A value should increase from [MnOJ3” to ]MnOJ_ 

In our opinion, however, it is not possible to attribute an observation based 

on the CF theory to complexes, such as tetroxo-anions, in which there is some 
covalent character4in the bonding. 

In fact in th must the MO ption. w uch a scheme 

one can define a ter A the diffe betwe2.m 

3f2 and 2e MO’s in the fieId of the effective core and of the valence electrons 
occupy the “closed shell” MO%. 

Xt must be pointed out that for d’ metal ion complexes such a A is different 
from the A which can be obtained from the ex rimentd data on the basis of the 
CF theory. 

Therefore, we rn9&t not expect the same trend observed in octahedral com- 

According to the above MO A definition, we have obtained (Table 7) a 

TABLE 7 

THE CMCULATED VALW OF THE MOLECULAR ORBiTAL PA 
~________~~ 

Cr Mn Fe 
I____ 

dl 1.4 1.2 - 

d= - 2.2 0.9 

set of values, very close to the ene es of the d-d t~nsitio~. As you can 
these values present the same trends as the d-d band maxima, both with 
atomic number and the formal oxidation number of the central atoms. 

Considering the explicit expressions which can be derived for A, these 
can be understood by taking into account the variations, from the do to the d’ 
ions, in the field of xi ds, due to the increasiag ~~~tiv~ char on the oxy~~ns, 
and in the inter-electronic repulsion integrals, due to the different expansion of the 
2e and 34 MO%. 

In conclusion, in our opinion, it is evident, within the framework of the 
MO model that the values of A strongly depend upon the bonding situation. 

1 L. OLEAIU. D. Da Mtwrn AND L. Dr SIPIO. Mol. Pt~ys., 10 (1966) 111; Coortfi~~ Chctn. 
Raw., I (1966) 18. 

2 N. BAUEY AND M. c, R. Syblo~t& 1. Chem. SC.. (1957) 203, 
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