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Measurements of average magnetic susceptibility and magnetic anisotropy on the single crystals of FeTPP in the 4-300 
K temperature range are reported. These results together with the other existing evidence establish an S = 1 spin state 
for the iron(I1) ion in FeTPP. It is shown that the experimental principal susceptibilities cannot be explained over the 
entire temperature region by a spin Hamiltonian formalism for the S = 1 ground state. A detailed ligand field calculation 
is presented which gives a satisfactory explanation of the magnetic data. The ligand field calculation indicates a dZz orbital 
lying lowest with 3Az as the ground state followed by 3E and 3B, in ascending order of energy. The best fit to the data 
is obtained only in the region where three states come close together. 

Introduction 
Iron(I1) porphyrins are currently of much interest as they 

provide a model system to understand4he properties of heme 
proteim2 Until recently iron(I1) porphyrins were known to 
exist in either a low-spin (S = 0) or a high-spin (S = 2) state. 
No  definite evidence of an intermediate-spin state (S  = 1) was 
known among iron(I1) porphyrins, though there had been 
speculation on the existence of such an unusual spin state in 
certain heme  protein^.^ An intermediate-spin state is, however, 
definitely known to exist in the related iron(I1) phthalocyanine, 
F ~ P c . ~ J  

Magnetic moments of some iron(I1) porphyrins have been 
measured at  room temperature, but their high values 
(4.75-4.85 hB) have led earlier workers to ascribe them to a 
high-spin state.6-8 The first definite suggestion of an inter- 
mediate-spin state in iron(I1) porphyrins came from the work 
of Collman et al.9 on (5,10,15,20-tetraphenylporphyrin)iron- 
(11), FeTPP. They prepared FeTPP by the chromous re- 
duction of FeTPPCl, which gives a highly crystalline sample.'O 
On the basis of detailed molecular structure, room-temperature 
magnetic moment ( ~ 4 . 4  hB), and Mossbauer studies, they 
suggested an S = 1 spin state for FeTPP. The X-ray crystal 
structure of FeTPP shows a nearly square-planar geometry 
around the iron atom, as in FePc, with a very short Fe-N bond 
favoring strongly an S = 1 spin state." Two recent isotropic 
proton-shift s t u d i e ~ ' ~ J ~  also indicate an S = 1 spin state for 
FeTPP. 

0020-1669/79/1318-3585$01 .OO/O 

Although these studies indicate that the ground state of 
FeTPP is a spin triplet (S = l), our understanding of the 
electronic structure of ferrous ion in FeTPP that leads to this 
situation is still not clear. In particular the origin of the rather 
high magnetic moment associated with this spin state is still 
obscure. Speculations about the electron configuration cor- 
responding to the ground state have been made from a con- 
sideration of Mossbauer9 and isotropic proton contact shift1* 
measurements, but little information is available about the 
excited electronic states. Such information may be obtained 
from studies of the temperature dependence of the principal 
magnetic su~ceptibilities'~ of FeTPP. We have therefore 
measured the average magnetic susceptibility and paramag- 
netic anisotropy of single crystals of FeTPP between 4.2 and 
290 K. These results have been used to deduce the electronic 
structure of this iron(I1) complex. 

Experimental Section 
Preparation of FeTPP. FeTPP was prepared by the method of 

Collman et a1.9 All manipulations for the preparations were carried 
out in an inert atmosphere within a glovebox. Solvents used were 
deaerated. Crystals large enough for magnetic measurements were 
grown by seeding the small well-formed purple tetragonal crystals, 
obtained by the above method. The crystals were chemically analyzed. 
Anal. Calcd: C, 79.05; H, 4.2; N, 8.4. Found: C, 79.0; H, 4.1; N, 
8.7. Their identity was also established by a spectroscopic method 
and finally by matching the unit cell dimensions by an X-ray method 
using rotation and Weissenberg photographs. 

0 1979 American Chemical Society 
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Figure 1. Temperature dependence of the average magnetic sus- 
ceptibility of FeTPP. 
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Figure 2. Temperature dependence of the molecular anisotropy of 
FeTPP. 

Magnetic Measurements. The average magnetic susceptibility of 
FeTPP was measured on an automatic Oxford Instruments Faraday 
m a g n e t ~ m e t e r . ’ ~  The system consists of a liquid helium Dewar with 
superconducting solenoids to provide the main and gradient fields, 
a variable-temperature insert for sample temperature control, and 
a Sartorious microbalance for the measurement of force on the sample. 
A main field of about 10 000 Oe  was employed, the gradient field 
being 1000 Oe/cm. The temperature of the sample was monitored 
by a carbon resistor and thermocouples; the details of their calibration 
are  described elsewhere.I5 

The magnetic anisotropy was measured by Krishnan’s critical couple 
m e t h ~ d ’ ~ ~ ’ ’  at field strengths between 850 and 4500 Oe. Quartz fibers 
approximately 20 pm thick were used and calibrated with respect to 
the magnetic anisotropy of 1,3,5-triphenylbenzene at room temper- 
ature.I8 An Oxford Instruments modular Dewar was used to obtain 
temperatures between 5 and 300 K. A chromal-Fe(Au) thermocouple 
was used to measure the temperature. The details of the control of 
temperature and calibration of the thermocouples are  described 
e1~ewhere. l~ 

For the measurement of the average magnetic susceptibility the 
polycrystalline sample was packed into an airtight previously calibrated 
gold bucket Kel-F threaded lid. All the operations of sample grinding 
and loading into the bucket were done in an inert atmosphere in the 
glovebox. Similar precautions, as far as practical, were taken during 
the single-crystal measurement. Measurements on a t  least three 
different polycrystalline and single-crystal samples were performed; 
the results in each case agreed to within i l % .  The single crystals 
of FeTPP belong to the tetragonal system9 and are isomorphous with 
CuTPP.I9 All the “planar” FeTPP molecules in the unit cell are 
parallel to the c axis of the crystal, and hence the crystal and molecular 
anisotropies of FeTPP are same. The experimental anisotropies must, 

Ib 40 do IbO I60 260 260 2AO 3;o 
Temp,  K 

Figure 3. Temperature dependence of the average magnetic moment 
of the polycrystalline samples of FeTPP, one exposed to air (---) and 
the other not exposed to air (or oxygen) (-). 

however, be corrected for the diamagnetic anisotropy of the porphyrin 
ring. The diamagnetic anisotropy of NiTPP, K ,  - Kll = 525 X lo4 
cm3/mol, was used for this correction.20,2’ The results of the magnetic 
measurements shown in Figures 1 and 2 are  the corrected values. 

The degree of sensitivity of FeTPP to aerial oxidation appears to 
depend on the method of preparation of FeTPP. Thus Kobayashi 
and Yanagawa6 observed that their preparation (which yields an almost 
amorphous form of FeTPP) is very sensitive to oxidation, a result which 
we confirm, while the highly crystalline form produced by Collman 
and Reed appears moderately inert. In solution, of course, FeTPP 
is very sensitive to oxidation from the air, the end product of this being 
the p-oxo dimer of iron(II1) tetraphenylprphyrin. To determine the 
effect (if any) of exposure to air on the magnetic properties of FeTPP, 
we measured the bulk magnetic susceptibility over the entire tem- 
perature range of a sample in the normal way, taking all precautions 
to prevent oxidation, and then removed the sample and ground it in 
air for several days. The bulk susceptibility of the sample was then 
remeasured. Figure 3 shows a plot of magnetic moment (p) for both 
the exposed and pure samples. It is evident that exposure to air in 
the solid state does not markedly affect the magnetic properties a t  
high temperatures. The slight increase in p a t  lower temperatures 
indicates that this exposure to air is not producing the p-oxo dimer 
of Fe”’TPP and that some small amount of a high-spin iron(I1) or 
iron(II1) species is being formed. 

Discussion 
The magnetic moment of FeTPP at room temperature is 

about 4.2 kB, which is close to the value reported by Collman 
et al. This value is only slightly higher than that reported for 
the S = 1 FePc (p = 3.9 kB).4 The present value for FeTPP 
is, however, quite different from that reported by Kobayashi 
and Yanagawa6 (p = 4.75 pB) and Husain and Jones7 ( p  = 
4.85 lug). The latter two groups have prepared FeTPP by 
methods different from that of Collman and Reed. W e  have 
also studied the magnetic properties of the FeTPP sample as 
prepared by the method of Kobayashi and Yanagawa and 
confirm the above difference in the room temperature value, 
though temperature dependence in both cases is similar.’* It 
is not, however, clear at this stage what this difference in the 
magnetic moment between various methods of preparation 
represents, as the structure of the Kobayashi preparation is 
unknown. 

The temperature variation of the average magnetic moment 
of FeTPP bears a close resemblance to that of FePc. The 
magnetic moment is almost independent of temperature from 
300 to 100 K and then decreases, first rather slowly and then 
sharply, as the temperature decreases further (Figure 3). More 
characteristic is the near-constant value of below about 10 
K (Figure 1). These results are indicative of a large zero-field 
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splitting of the ground state with a nonmagnetic level lying 
lowest. 

The molecular anisotropy data of FeTPP in Figure 2 show 
that, as in FePc, K, > Kll throughout the temperature range. 
The parallel and perpendicular subscripts here denote the 
quantities parallel and perpendicular to the c axis of the crystal 
(Le., the symmetry axis of the molecule). Like x, the molecular 
anisotropy becomes nearly independent of temperature below 
about 10 K. Recent  measurement^^^ on FePc show a similar 
behavior for the molecular anisotropy at very low temperatures. 
There is close agreement between the value of molecular an- 
isotropy of FeTPP as deduced by Goff et a1.12 from the iso- 
tropic proton shift measurement in solution and our directly 
determined value for the single crystal. The agreement is 
somewhat unexpected considering that the measurements were 
performed in the solid state and in solution where the structure 
of the molecule may be expected to be slightly different, 
leading to changes in the magnetic anisotropy of FeTPP. 

The results presented above together with the information 
available from molecular structure, Mossbauer, and isotropic 
proton shift studies confirm that FeTPP is indeed an unusual 
example of an S = 1 spin state. Our magnetic measurements 
on a number of other iron(I1) porphyrins (e.g., (octaethyl- 
porphyrin)iron(II), (deuteroporphyrin dimethyl ester)iron(II)) 
also indicate an S = 1 spin state.22 There must be a very large 
orbital contribution to the magnetic moment in the iron(I1) 
porphyrins to raise the magnetic moment to, say, 4.2 pB for 
FeTPP from the spin-only value of 2.83 pug. The origin of such 
a large orbital' contribution to the magnetic moment in S = 
1 iron(I1) systems has been in the past quite enigma ti^,^^-^^ 
and no satisfactory explanation has been available. This 
problem is discussed below during the course of a quantitative 
analysis of the results on FeTPP, and we attempt an expla- 
nation on the basis of the electronic structure of the ferrous 
ion in a square-planar environment of D4 symmetry. 

Quantitative Analysis. The normal method of analyzing data 
such as that for FeTPP is based on the spin Hamiltonian (SH) 
formalism where the ground-state properties are described in 
terms of the properties of an S = 1 state with (in this case 
axial) zero-field splitting arising from mixing of this state with 
higher excited states. 

This theoretical model has been used in the past for the FePc 
and other S = 1 iron(I1) and cobalt(II1) c o m p o ~ n d s . ~ ~ ~ ~ ~ ~ ~ ~ ~  
Following the SH formalism, it is assumed that the ground 
state of the ferrous ion in FeTPP is an orbitally nondegenerate 
spin triplet with no close-lying excited states. Spin-orbit 
coupling partly lifts the spin degeneracy of the ground state 
into Ms = 0 and Ms = f l  with a separation D, the zero- 
field-splitting (ZFS) parameter. Experimental data show that 
Ms = 0 lies below Ms = f l .  

Expressions 1 and 2 for the principal magnetic susceptibility 
Kll = (2Np2/kT)gIl2(ed + 2)-l 

K, = (2Np2/D)gL2[(ed - l) /(ed + 2)] 

(1) 

(2) 
can then be obtained where d = D/kT.  As T - 0, Kll - 0, 
and eq 2 becomes 

K, = (2NP2/DkL2 

XT-0 = (4NP2/3D)gL2 = 73(K, - KI,) 

Hence, 

(3) 

gL2  = 0.11390 (4) 

From the x and K, - KII data below 10 K, we get 

Substituting for gL2 in eq 2 we get 
K ,  = 2Np2 X 0.1139[(eDIkT- l)/(eDIkT + 2)] (5) 

Equation 5 has only one parameter, D, and can be tested 

41- 7- 
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Figure 4. Fit of the average magnetic moment (p) of FeTPP to the 
spin Hamiltonian formalism. 

against the experimental results of K ,  obtained by combining 
the K, - KII and x data. The result of such a test is given 
below: 

T,  K D, cm-' T,  K D, cm-' 

10 65.0 90  90.4 
20 64.9 200 97.3 
30 66.0 270 98.4 
4 0  70.5 

It is obvious that the normal SH model is unable to fit the 
principal susceptibility data and the paramagnetic anisotropy 
of FeTPP over the entire temperature range. It is interesting 
to note here that, when the above model was used to fit the 
average magnetic moment alone, an excellent fit was found 
(Figure 4) for D = 70 cm-' and gll = g ,  = 2.94. This for- 
tuitous agreement essentially reflects the insensitive nature of 
the average data to theoretical models and cautions against 
the use of the average magnetic data alone, as is often the 
p r a c t i ~ e . ~ ' , ~ ~  The principal susceptibilities or magnetic ari- 
isotropy provides a very sensitive test for this purpose, as in 
FeTPP, and has been noted before in a number of cases.14,2%31 

The failure of the S H  model to account for the magnetic 
data, especially of the principal susceptibility, in FeTPP 
suggests that there may be one or more low-lying excited states, 
and the electronic structure of the ferrous ion in FeTPP may 
be rather complicated. As will be seen, the complete spin 
Hamiltonian to describe the true electronic ground state of 
the molecule would have to include a 3A, 3E, and 3B term 
leading to a considerable number of spin Hamiltonian pa- 
rameters. A more satisfying approach would, then, be to use 
a ligand field model to describe the electronic structure and 
magnetic properties of the molecule. 

Ligand Field Theory. The electronic structure of iron(I1) 
complexes in lower than octahedral symmetry has been studied 
with the ligand field model only recently. Konig and 
S ~ h n a k i g ~ ~  and Kobayashi and Yanagawa6 have reported some 
ligand field calculations for d6 complexes investigating limited 
areas of ligand field space for potential ground states.33 
However, a detailed investigation of the ground state possible 
for d6 complexes in square-planar or five-coordinate geometries 
is still not available. The introduction of spin-orbit coupling 
into this model causes extensive mixing of states especially in 
the "crossover" regions where there may be several close-lying 
states. 

In D4 symmetry the high-spin (S = 2) ground state is 
formed for the general electronic configuration ( ~ y ) ~ ( ' y z ) l -  
(xz)'(z2)'(x2 - y2)' (where no specific orbital energy order is 
implied). Upon removal of the x2 - y2 orbital to higher order 
energies the changing electron configurations can give rise to 
a variety of triplet ground states.32 An investigation of the 
possible ground states for various electron configurations was 
made and the consequent magnetic properties for each of these 
ground state were calculated by using following LF model. 
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LF Model. Ligand field calculations were performed by 
following a previously described procedure whereby ligand field 
parameters are related to an effective operator which acts upon 
the d-electron wave function.34 The parameterization used 
was in terms of the one-electron energies of the real d orbitals. 
Thus for a system of D4 symmetry there are three parameters 
representing the relative energies of the a1(z2), b2(xy), and 
bl(x2 - y2) orbitals to the e(xy,yz) set. We choose to represent 
our effective operator in terms of sums of normalized spherical 
harmonics.35 Only three coefficients are required for d elec- 
trons in D4 symmetry, the operator having the form36 

6 = c20Y2° + C4OY4O f c44(Y44 f Y4-4) 

Evaluation of the coefficients C20, C40, and C4, is possible by 
using the relations given in Table I1 of ref 34. 

It is convenient to initially express the many-electron wave 
functions in terms of the IJ M J )  quantization. Here the 
evaluation of matrix elements with respect to the interelectronic 
repulsion, spin-orbit coupling, and magnetic moment operators 
is straightforward. For the normalized spherical harmonic 
operators Y?, Y:, Y:, Y4-4 the use of well-established tensor 
algebra is required and is readily programmed. All reduced 
matrix elements required in the calculations are given by 
Neilson and K ~ s t e r . ~ ~  

A complete d6 basis set requires the diagonalization of a 210 
X 210 matrix and is too large for routine computation. Ex- 
clusion of the singlet states is possible in the region of magnetic 
interest of this work and reduces the basis set to 160. More 
useful is the symmetry adaption of the basis set which converts 
the matrix to be diagonalized into five independent blocks 
corresponding to the irreducible representations of the D4 
group. Here equations similar in form to those given by 
Griffith38 for the group O* must be applied.39 Such a sym- 
metry-adapted basis set was used in the calculation of magnetic 
moments4 It consists of subblocks of lengths 23 (Al), 19 (A2), 
20 (Bl), 20 (B2), and 39 (E). For the ground-state-configu- 
ration calculation, where spin-orbit coupling was not included 
but the complete basis set was used, ILSMLMs) quantization 
is more appropriate. Accordingly, the basis set was recoupled 
and L values were symmetry adapted. Only one spin value 
need be retained per L value. Such a procedure generates the 
subblocks (no occurs). 

Figure 5 shows several plots of the ground-state energy 
boundaries as a function of the three energy separations. In 
this case the parameters for each diagram are the energies of 
the a l  and b2 orbitals with respect to the e orbitals for different 
energies of the b, orbital. The interelectronic repulsion pa- 
rameters F2 and F4 have been set to 1000 and 100 cm-’, 
respectively. Small variations in F2 and F4 do not significantly 
change the form of the ground-state energy diagrams shown 
in Figure 5 and accordingly we have used these values in all 
our calculations. 

I t  can be seen (cf. Figure 5a) that for low values of Ed,2.,2 
three spin quintets are possible: 5A,,  5E, and 5B2. As the b l  
orbital moves to higher energy, several triplet states are possible 
(cf. Figure 5b,c). Of particular interest is the “crossover” 
region in Figure 5b,c where four and three states, respectively, 
are nearly coincident, namely, 3A2, 3B2, and 3E (shown 
in b) or 3B2, 3A2, and 3E (shown in c); the latter coincidence 
is maintained to high energy values of bl. Magnetic suscep- 
tibilities (calculated by using the van Vleck equation3*) in the 
various regions of ligand field parameter space showed that 
triplet states well isolated from other states such as 3A2, 3B2, 
or 3E could not give rise to sufficiently high magnetic moments 
or the correct magnitude for the magnetic anisotropy and in 
some cases even the correct sign of the anisotropy. But it was 
found that in the near-“coincidence” region as marked in 
Figure 5c it was possible to get an increased magnetic moment 
and correct anisotropies. Figure 6 shows a plot of the low-lying 
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Figure 5. Regions of parameter space defining the different ground 
states for a d6 electron configuration in D4 symmetry: (a) E(x2 - y 2 )  
= 15 000 cm-I, E(xz ,  y z )  = 0, F2 = 1000 cm-’, F4 = 100 cm-l; (b) 
E(x2 - y 2 )  = 25 000 cm-I, E(xz ,  y z )  = 0, F2 = 1000 cm-l, F4 = 100 
cm-’; (c) E ( x 2  - y 2 )  = 35 000 cm-I, E ( x z ,  y z )  = 0,  F2 = 1000 cm-l, 
F4 = 100 cm-’. 

states in a section across Figure 5c for Edxy = 4000 cm-’. I t  
can be seen that as we change from 3A2 to 3B2 through the 
3E region, these three states become very close together. Figure 
7 shows the variation of average magnetic moment (p) at 300 
K with the energies of dZ2 orbital for various values of Edry, 
The plot spans the region of near “coincidence”; it can be seen 
that it is only in this region that the high values of magnetic 
moments are observed. In other regions the magnetic moments 
are much too low compared to the experimentally observed 
value. Of particular relevance is the observation that a 
magnetic moment as high as 4.9 pB a t  300 K can be theo- 
retically obtained for a ground-state triplet (S = l), since such 
high magnetic moments have previously been taken as diag- 
nostic of an S = 2 spin states6$’ Figure 8 shows a similar plot 
for pincipal magnetic moments. 

Consistent with the above observations, it was found that 
the magnetic susceptibility and anisotropy could be simulta- 
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Figure 6. Energy level diagram of low-lying states for a d6 electron 
configuration in D4 symmetry as a function of E(z2)  = E ( x z ,  y z )  = 
0, E(xy) = 4000, E(x2 - y 2 )  = 40 000, F2 = 1000, and F4 = 100 cm-I. 
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Figure 7. Dependence of the average magnetic moment at 300 K on 
E(z2) for various values of E(xy) .  { = 380 cm-', E(xz,  yz )  = 0, E(x2 
- y 2 )  = 40000 cm-I. 
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Figure 8. Dependence of principal magnetic moments at 300 K on 
E(z2)  for different values of E(x ,  y) .  E(x2 - y 2 )  = 40000 cm-l, { 
= 380 cm-'. 

neously fitted by using the ligand field model only in the region 
of near "coincidence". Figures 9 and 1 0  show the calculated 

4 
Y [ X Y ]  = 1000 cm-' - 30- 

4 = -2000cm-' 
20 - 

IO - 
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Figure 9. Fit of the molecular anisotropy of FeTPP to the ligand field 
model. E(x2 - y 2 )  = 40000 cm-l, E ( x y )  = 1000 cm-', E(xz ,  y z )  = 
0, { = 380 cm-'. The effect of the change in E(z2) on the fit is shown. 
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Figure 10. Fit of the average magnetic susceptibility of FeTPP to 
the ligand field model. The values of E(x2 - y 2 ) ,  E ( x y ) ,  and E(xz ,  
y z )  are same as in Figure 9. E ( z 2 )  = 1425 cm-* gives the best fit 
to the molecular anisotropy (viz. Figure 9). x is insensitive to small 
changes in E ( z 2 ) ,  unlike the case for molecular anisotropy. 

curves for the best fit to the molecular anisotropy and bulk 
susceptibility together with calculated curves for slight vari- 
ations of the one-electron energy levels. A value of f = 380 
cm-' was used in the calculation. The fit is quite good, es- 
pecially for the molecular anisotropy which is quite sensitive 
to small variations in the ligand field parameters. Parts a and 
b of Figure 11 summarize the resulting ordering and schemes 
for the one-electron energy levels and ground and low-lying 
states (before spin-orbit coupling), while Figure 1 IC shows 
some low-lying spin states of the ferrous ion in FeTPP, as 
deduced from the present investigation. The important point 
to note is the considerable mixing of the 3A2, 3E, and 3B, states 
in the presence of spin-orbit coupling. The ground state is 
mainly 3A2 and is split by 90 cm-' (cf. SH model), and there 
are a number of low-lying excited states. The 3A2 state arises 
from the electron configuration bz2al2eZ and is the configu- 
ration favored previously by the Mossbauer and contact shift 
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Figure 12. Comparison of oneelectron energy level schemes for FeTPP 
and CoTPP. 

ground-state configuration of FeTPP and FePc (in solution) 
are the same. 

Finally, we point out the sensitivity of the magnetic prop- 
erties to the position of the a l  orbital. Clearly, if even small 
axial perturbations are made, the magnetic moment and an- 
isotropy are affected significantly. We shall consider this 
problem later on with regard to other iron(I1) porphyrins which 
we are currently studying. 

Recent Mossbauer studies of FeTPP led to a similar con- 
clusion concerning the order of states in this molecule.46 
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The electronic structures and the singlet transition energies of the title compounds are studied by using semiempirical INDO-type 
ASMO-SCF calculations. Localized MOs of each species evaluated from the canonical MOs are also examined. According 
to the results, these species are all of 6a Huckel systems, and their characteristic absorptions at  the visible region can be 
assigned as the highest occupied MO (a) - the lowest unoccupied MO (a*) transitions. The electronic structures of Te?+ 
are rather different from those of S:+ and Sed2+ because of the degrees of the contributions from s AOs to the interatomic 
bonds. 

Introduction 
Recent progress in chemistry and physics of the molecular 

aggregates including chalcogen atoms has had incessant im- 
pacts in the field of solid-state science. For instance, polymeric 
sulfur nitride (SN), is a low-dimensional metallic conductor’ 
and even becomes a superconductor at 0.3 K,z while amorp- 
hous chalcogenide glasses consisting of As$, or As2Se3 have 
prominent electronic functions available for switching, mem- 
ory, and imaging devices., Along with the developments of 
the experimental works, the molecular orbital (MO) theoretical 
investigations of the electronic structures of these compounds 
have also been accumulated to reveal their  characteristic^.^^^ 

Meanwhile, the nature of the chalcogen molecules has 
gradually become one of the foci of current interest of elec- 
tronic materials. For example, cyclo-octasulfur s8 and cy- 
do-octaselenium Se8 being of crown-shaped rings6 have been 
studied by UV and X-ray photoemission spectroscopies and 
compared with the results of the extended-Huckel and the 
CNDO/S M O   treatment^.^ Sulfur-nitrogen compounds also 
belong to this group, and disulfur dinitride, S2N2, and tetra- 
sulfur tetranitride, S4N4, which are the precursors of (SN),, 
have been extensively studied from both experimental8 and 
theoretical  viewpoint^.^ 

On the other hand, over these 150 years, it has been known 
that the elements sulfur, selenium, and tellurium give various 
intensely colored solutions in strong acids such as sulfuric acid 
oleum.10 A series of recent experimental works has succeeded 
in determining the nature of these colored species.” Namely, 
they are all polyatomic cations of general formula X,2+ (S:+, 
S;+, S12+, Se?+, Seg2+, Te:+, and so on), whose characteristic 
absorption spectra in the near-UV and the visible regions have 

all been measured.” The geometric structures of these species 
have been determined by single-crystal X-ray diffraction data 
of S8z+(AsF6-)z,1z Se42+(HS207-)z,’3 Se82+(A1C14-)2,~~ 
Te:+(AlC14-)2, and Te42+(A12C17-)2.15 The structure of S4 
has recently been determined from the force constant analy- 
sis.I6 No structural data of S12+ are available at present. The 
homonuclear groupings of the transition metals are well-known 
in the “cluster” compounds having ligands attached to the 
metal cluster, for instance, [Mo6Cls14+. In the nonmetal 
cations like the present X,2+, lone pairs of electrons take the 
place of ligands, which suggests an interesting association with 
the role of the lone pairs in chalcogenide  material^.'^-^^ The 
structures of XS2+ (X = S or Se) cations are those of folded 
rings with C, syrnmetry,12J4 and their electronic structures have 
been investigated on the basis of the MO theoretical treatment 
by the present authors’ group.I7 The geometries of X42+ (X 
= S, Se, or Te), however, are all of planar four-membered 
rings,13,15,16 like S2N2I8 as shown in Figure 1. As to the M O  
theoretical studies on X42+, there have been only a preliminary 
work about Se42+ on the basis of the Huckel M O  methodI9 
and discussions on the geometric structural differences of S4*+, 
S4, and S42- and on the singlet transition energy of S42+ with 
the use of the SCF-Xa-SW methodz0 up to now. However, 
this SCF-Xa-SW calculation has given a rather poor result, 
namely, too small transition energy compared with the ob- 
served value,” which is reminiscent of an underestimation of 
the interelectron repulsions in the framework of this calcula- 
tion. In the present paper, we study the electronic structures 
of S42+, Se t+ ,  and Te4*+ systematically on the basis of the MO 
theoretical treatment. The localized MO’s (LMO’s) of the 
species are also probed in order to obtain a quantitative de- 
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