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of the metal d orbitals. Thus, the accidentally degenerate HOMOs 
in this species contain two unpaired electrons that can be removed 
without rupturing the complex. 

Cyclic voltammetric and EPR studies of 1 clearly indicate the 
presence of two one-electron reduction processes that strictly are 
quasi-reversible. Quasi-reversibility most often is an indication 
of slow electron transfer, which can be caused by geometrical or 
conformational changes in the molecule before, during, or after 
electron transfer.52 Fenske-Hall calculations were performed 
on the anions of 1. The reduction of 1 to its monoanion results 
in an electron being added to the LUMO, which is primarily 
metal-based (84%) with some Cp (14%) and C2S4 (2%) character. 
This metal-based orbital is not strongly antibonding and could 
accommodate an extra electron. 

(52) For an extensive discussion of conformation changes, isomerism, and 
electron transfer see: Evans, D. H.; McConnell, K. M. Electroanal, Chem. 
1986, 14, 113-207. 

Introduction 
The structure of the elements is a fundamentally important issue 

in solid-state chemistry and physics.1 For this reason theoretical 
methods have been developed which quite accurately account for 
these structures. One particular theoretical triumph has been the 
use of pseudopotential methods.2 Pseudopotential calculations 
are able to accurately predict the elemental phase transitions 
caused by increasing pressure. It has been found that pressure 
often induces elements to adopt the structure type of a heavier 
element which belongs to the same column of the periodic table. 
For example Si under pressure first adopts the white-Sn (w-Sn) 
structure and later under very high pressure adopts the fee 
structure of Pb.3 Therefore, pseudopotential calculations have 
generally been used in comparing elemental structure types which 
are found in a given column in the periodic table. 

Much less work has been carried out in comparing the structure 
types found in a given row of the periodic table. One more recent 
exception to this is to be found in the work of Pettifor.4 Pettifor 

(l)See: Donohue, J. The Structure of the Elements; Wiley: New York, 
1974. 

(2) (a) Heine, V.; Weaire, D. Solid State Phys. 1970, 24, 247. (b) Yin, 
M. T.; Cohen, M. L. Phys. Rev. UU. 1980, 45, 1004. (c) Yin, M. T.; Cohen, 
M. L. Phys. Rev. B 1981, 24, 6121; 1982, 26, 5668. 

(3) (a) Olijnyk, H.; Sikka, S. K.; Holzapfel, W. B. Phys. Lett. 1984, 103A, 
137. (b) Hu, J. Z.; Spain, I. L. Solid State Commun. 1984, 51, 263. (c) 
Duclos, S. J.; Vohra, Y. K.; Ruoff, A. L. Phys. Rev. Utt. 1987, 58, 775. (d) 
Vohra, Y. K.; Brister, K. E.; Desgreniers, S.; Ruoff, A. L.; Chang, K. J.; 
Cohen, M. L. Phys. Rev. Utt. 1986, 56, 1944; Fahy, S. G.; Louie, S. G. Phys. 
Rev. B 1987, 36, 3373. 

(4) (a) Pettifor, D. G. Calaphad Comput. Coupling Phase Diagrams 
Thermochem. 1977, /, 305. (b) Pettifor, D. G. J. Phys. C 1970, 2, 366. (c) 
Duthie, J.; Pettifor, D. G. Phys. Rev. Utt. 1977, 38, 564. (d) Burdett, J. K. 
J. Phys. Chem. 1983, 57, 4368. 

Calculations on the dianion indicate that a geometrical ar
rangement may be occurring in the molecule. We are continuing 
to investigate the intriguing reduction chemistry of the C2S4-
bridged titanium dimer with hope of isolating these anions for 
structural investigation. 
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has shown the tightbinding (or Huckel) method can resolve the 
structural preferences of the transition-metal series (from group 
3 to group 10). One especial advantage of these Huckel calcu
lations is that due to their calculational simplicity it is possible 
to determine the geometric origins of Huckel energetic effects.5 

However, the Huckel method has not been very widely applied 
to main group elemental structures. The principal difficulty is 
associated with coordination number (i.e., the number of near 
neighbors an atom possesses). The three main transition metal 
structure types (fee, hep, and bcc) all have uniformly high co
ordination numbers. This changes upon leaving the transition-
metal block. For instance, while Cu and Zn are 12 coordinate, 
their neighbors Ga, Ge, and As are respectively 7, 4, and 3 co
ordinate. The problem is that in Huckel theory, coordination 
number is approximately proportional to Huckel band width, and 
band width directly affects Huckel energies. The results of a direct 
comparison of the Huckel energies of the Cu, Zn, Ga, Ge, and 
As structures would therefore be senseless. 

Scaling Hypothesis 
These difficulties in Huckel theory can be directly traced to the ab

sence of repulsive terms in the Huckel Hamiltonian. As there are no 
repulsive energy terms, there are no forces in Huckel theory which keep 
the atoms away from one another. Unfortunately accurate calculation 
of repulsive interactions between the electrons in a system requires the 
use of multideterminental wave functions.6 It is therefore difficult to 
devise a method which accurately calculates the effects of these inter-

(5) (a) Ducastelle, F.; Cyrot-Lackman, F. J. Phys. Chem. Solids 1970, 31, 
1295; 1971, 32, 285. (b) Gaspard, J. P.; Cyrot-Lackmann, F. J. Phys. C1973, 
6, 3077. (c) Burdett, J. K.; Lee, S. /. Am. Chem. Soc. 1985,107, 3050, 3063. 

(6) For a discussion of these techniques see: Szabo, A.; Ostlund, N. S. 
Modern Quantum Chemistry; Macmillan: New York, 1982. 
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Table I. Main Group Elemental Structures and Their Rings' 

element 
structure types 
geometric features 

element 
structure type 
geometric features 

element 
structure type 
geometric features 

Cu 
fee 
tetrahedra 

Ag 
fee 
tetrahedra 

Zn 
hep 
tetrahedra 

Cd 
hep 
tetrahedra 

Ga 
Ga 
triangles 

In 
In 
tetrahedra 

Tl 
hep 
tetrahedra 

actions and at the same time maintains the simple form of Huckel theory. 
A number of years ago a suggestion was made in work by Podloucky 

and Pettifor and independently in work of Burdett and myself.7 We 
suggested that one should keep the variance at a fixed value. Variance 
follows the formula 

1 " 
variance = - £ (£, - Em.)2 

where n is the number of molecular orbitals, E1 are the individual mo
lecular orbital energies, and £avg is the average of all the £,'s. By keeping 
the variance constant one keeps the atoms at an average fixed distance 
apart from one another. We therefore avoid the fictitious correlation 
which Huckel theory places between bond length and total energy. We 
have recently shown that this hypothesis can be used to rationalize the 
structure of both intermetallic and alloy structures.7 In this paper we 
show that this same method can be applied to the main group structures 
of the heavier elements. In practice we use our scaling hypothesis in the 
following manner. We compare the total electronic energies of several 
different structure types. We fix the second moment, ^2 (M2 = 

£,l.\Ei2), to a single fixed value. This is equivalent to fixing the variance 
to a fixed value (see formula above) as the average molecular orbital 
energy, £avg, is a constant in Huckel theory for a given atom type. We 
generally choose a second moment which corresponds to that calculated 
for one specific compound. We then scale the overall density, leaving all 
bond angles unchanged, so that all the structure types under consideration 
have the same second moment. 

Other than this change due to the scaling hypothesis, we use standard 
Huckel theory in our band calculations. These methods are well re
viewed.8 We use the Wolfsberg-Helmholz approximation9 for our 
off-diagonal elements of the Hamiltonian, H11, H11 = KS1J(Hu + H11) 
where S1J are the overlap integrals, H11 and H11 are the Coulombic inte
grals for the /th and yth atomic orbitals, and AT is a proportionality 
constant. We use Huckel theory and not extended Huckel theory.10 In 
other words we solve the equation H\p = E^ and not H\j/ = EStp. Finally 
we use Slater-type orbitals and in general a set of atomic parameters 
which were originally developed by Hoffmann and his co-workers.'0 Only 
in the case of contracted orbitals do we have to alter the extended Huckel 
parameters for our Huckel calculations. 

Elemental Structures 

In Table I we list the elemental structures for the last three 
rows of groups 11 through 16. We include groups 11 and 12 for 
three reasons. First, this corresponds to the electron counting 
scheme of the Hume-Rothery rules;" second, Pettifor's transi-

(7) Early applications of the second moment scaling hypothesis (a) for AB 
(main group and transition metal) phases are given by Pettifor and Podloucky 
(Pettifor, D. G.; Podloucky, R. Phys. Rev. Lett. 1984, 53, 1080) and (b) for 
the Peierls distortion by Burdett and Lee (Burdett, J. K.; Lee, S. J. Am. Chem. 
Soc. 1985, 107, 3063). More recent work includes: (c) Cressoni, J. C; 
Pettifor, D. G. J. Phys. Cond. Matter, submitted for publication, (d) Lee, 
S. J. Am. Chem. Soc. 1991, 113, 101. (e) Recent work for alloy structures: 
Hoistad, L.; Lee, S. J. Am. Chem. Soc, in press. 

(8) (a) Hoffmann, R. Solids and Surfaces: A Chemist's View of Bonding 
in Extended Structures; VCH Publishers: New York, 1988. (b) Burdett, J. 
K. Prog. Solid State Chem. 1984, 15, 173. (c) Whangbo, M.-H. In Crystal 
Chemistry and Properties of Materials with Quasi-One Dimensional Struc
ture; Rouxel, J., Ed.; Reidel: Dordrecht, 1986; p 27. 

(9) Wolfsberg, M.; Helmholz, L. J. Chem. Phys. 1952, 20, 837. 
(10) Many important atomic parameters are reported in: (a) Hoffmann, 

R. J. Chem. Phys. 1963, 39, 1397. (b) Hoffmann, R.; Anderson, A. B. J. 
Chem. Phys. 1974, 60, 4271. (c) Hoffmann, R.; Rossi, A. R. Inorg. Chem. 
1975, 14, 365. (d) Hay, P. J.; Thibeault, J. C; Hoffmann, R. J. Am. Chem. 
Soc. 1975, 97, 4884. (e) Hoffmann, R.; Elian, M. Inorg. Chem. 1975, 14, 
1058. (f) Hoffmann, R.; Summerville, R. H. J. Am. Chem. Soc. 1976, 98, 
7240. (g) Komiya, S.; Albright, T. A.; Hoffmann, R.; Kochi, J. K. J. Am. 
Chem. Soc. 1977, 99, 8440. (h) Thorn, D. L.; Hoffmann, R. Inorg. Chem. 
1978, 17, 126, 
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Ge As Se 
diamond As Se 
hexagons hexagons, squares chains, squares 

Sn Sb Te 
w-Sn, diamond As Se 
hexagons, squares, hexagons hexagons, squares chains, squares 

Pb Bi Po 
fee As simple cubic 
tetrahedra hexagons, squares squares 

Figure 1. The crystal structure of (a) Ga, (b) In, (c) Ge and g-Sn, (d) 
w-Sn, (e) Bi (As structure type), and (0 Te. Thick lines indicate shorter 
bonds; thin lines longer bonds. In (d) and (e) open and filled circles have 
been used to emphasize the hexagonal chair sheets present in these 
structures. In the In structure short bonds are 3.25 A while the long 
bonds are 3.38 A. Note that both (e) and (!) are distortions of the simple 
cubic structure. 

Figure 2. Tl J difference in energy between the Cu, Zn, Ga, Ge, As, and 
Se structures as a function of electron count. The difference in binding 
energy between a given structure and the Ge structure is plotted. Thus 
Ga is the most stable structure from 2.5 to 3.25 e"/atom. The energy 
plotted is in eV/atom. For the band calculations, fc-point (kp) meshes 
based on the primitive cubic, hexagonal, and orthorhombic cells were 
used. For the cubic cells 165 kp were used, for hexagonal cells 252 kp 
(Zn, Se) and 90 kp (As) were used, and for orthorhombic cells 27 kp 
(Ga) were used. 

tion-metal calculations were unsuccessful in treating the group 
11 structure types;4 third, this corresponds to the elements used 
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Figure 3. The difference in energy between the fee, Cd, In, w-Sn, Sb, 
and Te structures as a function of electron count. Differences were 
plotted between a given structure and that of w-Sn. To the resolution 
of this figure, there is nearly no difference between the fee and In curves. 
Therefore, only the fee curve is shown. See Figure 2 for figure conven
tions and &-point meshes. In addition, for the tetragonal In and w-Sn 
structures a primitive cell, 126 kp mesh was used. In (a) H11(Ai) = 16.0 
eV, f(4s) = 2.16; H11(Ap) = -9.0 eV, f(4p) = 1.85. In (b) 4s parameters 
were changed. //,,(4s) = -23.0 eV, f(4s) = 3.00. The volumes were 
adjusted to give the same second moment as Ge. 

in our previous work.7 It may be seen in Table I that for the 16 
elements, 9 different structure types are normally adopted.1 In 
this paper, for reasons that will be made clear, we will not discuss 
the Au and Hg structures. In Figure 1 we illustrate the Ga, As, 
Se, In, and w-Sn structure types. From the perspective of the 
moments method5 we consider the smallest size rings of bonded 
atoms present in these structures. These are displayed in Table 
I. In the case of triangles we have divided the structures into two 
categories: those which contain tetrahedra and those which do 
not. The general rule is that the more triangles a system contains, 
the greater is the tail in the DOS.50,12 The energetic effects of 
this have previously been discussed. For us, all we need recall 
is that tetrahedral systems are stable at a lower electron count 
than systems with fewer triangles. 

Calculations on the Third Row 
It may be seen that in the third row, the structure types proceed 

in an order which corresponds to that predicted by a moment 
method ring analysis. In Figure 2 we show the results of a Huckel 
band calculation on these six structure types. In this calculation, 
we have adjusted the density of all six structures so that their 
calculated DOS have a second moment equal to that of experi
mentally determined Ge.1 Ge literature parameters10h were used 
in the band calculations for all six structure types. It may be seen 
that agreement between Figure 2 and Table I is excellent. Only 
in the case of Ge vs As is there a perceptible error. It would appear 
that the As curve is energetically lower than it ought to be. 

Heavier Main Group Elements 
It is well-known that the fourth and fifth row main group atoms 

exhibit different chemical behavior than the lighter elements. 
Generally, the elements behave as if they have one pair less of 
valence electrons. It has been demonstrated that this inert pair 
effect is due to relativistic contraction of the s orbital.13 The 5s 
and 6s orbitals have shrunk in size and therefore exert less ste
reochemical control. For example, the bond angles in Bi and Po 
are respectively nearly 90° and exactly 90°.' These are the bond 
angles one would expect in an element whose only valence electrons 
are p electrons. We therefore study the six structure types found 
in the fourth row: Ag(fcc), Cd, In w-Sn, Sb, and Te. In Figure 
3a, we compare these six structure types using the sample pa
rameters as were used in Figure 2. It may be seen that agreement 
between Figure 3a and Table I is not good. The In structure, 

(11) Hume-Rothery, W. The Structure of Metals and Alloys, 4th ed.; 
Institute of Metals: London, 1962. 

(12) Lee, S. J. Am. Chem. Soc. 1988, 110, 8000. 
(13) (a) Pitzer, K. S. Ace. Chem. Res. 1979, 12, 271. (b) Pykko, P.; 

Desclaux, J.-P. Ace. Chem. Res. 1979, 12, 276. (c) Lohr, L. L.; Jr.; Pykko, 
P. Chem. Phys. Lett. 1979, 62, 333. 

evb 

Figure 4. The difference in energy between the In, g-Sn, Sb, and Te 
structure as a function of electron count. The same parameters as those 
of Figure 3b were used. Differences in energy between a given structure 
and g-Sn are plotted. See the captions of Figure 2 for calculational 
details and figure conventions. 

which energetically is almost identical with the fee structure, is 
not favored at 3 e'/atom by 1.3 eV/atom. Similarly, w-Sn is not 
the preferred structure at 4 e"/atom by 0.8 eV/atom. These are 
sizable errors. In Figure 3b, we use our chemical understanding 
of the inert pair effect and artificially contract the 4s orbital. This 
contraction corresponds to what we believe takes place in 5s 
orbitals. In Figure 3b, the 4s orbital Hn (Coulombic value) has 
been lowered to -23.0 eV and the Slater-type orbital exponent 
was set so that f = 3.0. It may be seen that several dramatic 
changes occur. The sequence of structures is now fee, Cd, fee, 
w-Sn, Sb, and finally Te. We note the fee curve is always within 
0.02 eV/atom of the curve for the In structure type. Therefore, 
to the level of accuracy of our calculations we cannot distinguish 
between the fee and In structure types. We therefore see that 
the observed sequence of structure types (fee, Cd, In, w-Sn, Sb, 
Te) is quite accurately portrayed in our calculation. In Figure 
4 we compare the In, g-Sn (grey tin or diamond), Sb, and Te 
structures. Here, we see that there is one error. The Sb structure 
is 0.4 eV/atom less stable than the g-Sn structure. This error 
may be attributed to two factors. First, by contracting the s orbital, 
the valence band becomes increasingly of p only character. In 
the limit of complete s-orbital contraction, the half-filled band 
is found at 5 e~/atom. Hence, the zone of stability of the diamond 
structure shifts to the right. Second, there appears to be a sys
tematic error in our calculation of the energy differences between 
the diamond and As structure types. This may be seen in both 
Figures 2 and 4. Finally, we note two points of interest. Grey 
tin is found to be of lower energy than white tin by 1.7 eV/atom. 
Although grey tin is more stable (at 0 K) than white tin,14 this 
difference in energy is overestimated. This shows that the Huckel 
method does not produce reliable results when comparing structure 
types which belong to the same column of the periodic table. In 
other words, Huckel theory works best in rationalizing structure 
features which depend on the number of valence electrons. Second, 
it should be noted that the hep and fee curves in Figure 3b are 
bimodal, whereas the hep and fee curves in Figure 3a have only 
one mode. The second and smaller mode occurs at an electron 
count where the hep and fee structures would be more stable were 
the s orbitals to be entirely contracted. 

We now turn to the bottom row of the main group atoms. We 
contract the s orbital even further and compare the energies of 
the hep, fee, Bi, and Po structures in Figure 5. The energetic 
pattern corresponds to results we have previously published in 
which the s orbital is entirely excluded.50 As we noted before, 
the agreement between experiment and theory is excellent. We 
must however exclude Au and Hg from our calculation as it is 
not clear what electrons should be used in our model. 

(14) Lumsden, J. Thermodynamics of Alloys; Institute of Metals; London, 
1952. 
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Figure 5. The difference in energy between the Tl, Pb, bi, and Po 
structures as a function of electron count. Parameters used were //,,(4s) 
= -30.0 eV, f(4s) = 3.5; /Z„(4p) = -9.0 eV, f(4p) = 1.85. Differences 
in energy between a given structure and the Bi structure are plotted. See 
Figures 2 and 3 for figure conventions and calculational details. 

One general trend is clear. In the case of two or three types 
of electrons (s, p, or d) the energetically lowest band exerts 
relatively little stereochemical control. For example, were Pettifor 
to have contracted the d orbitals in his calculation on the later 
transition elements, he would have found that Cu should indeed 
be in the fee structure type as is known to be experimentally 
correct. Similarly, we have contracted the s orbitals more than 
standard literature values would lead us to believe in the case of 
the heavier main group atoms.13 

This difference can be traced to the use of Hiickel and not 
extended Hiickel theory. In the Hiickel theory of extended solids 
the most bonding molecular orbital is calculated to be at an 

unrealistically low energy. As we wish to place the s band near 
the bottom of the p band we must therefore place the H11 Cou-
lombic value of the s orbitals at a rather low energy. This choice 
of a low energy for the //,-,- value of the s orbital in turn has an 
effect on the overall size of the s orbital. This is so as we use the 
Wolfsberg-Helmholz approximation for the off-diagonal Hy el
ements. In this approximation an increase in the magnitude of 
Ha directly increases the value of H11 (see preceding section). As 
we have used unrealistically low Hu values to compensate for the 
deficiencies of Hiickel theory, we must therefore rely on small 
overlap integrals, StJ, so that the overall magnitude of the off-
diagonal elements H,j is correct. In order to have small Sy values 
we use overly contracted Slater exponents, f, in describing our 
Slater-type orbitals. 

In our work we have used an average set of atomic parameters 
to resolve the trends that occur within a given row of the periodic 
table. One drawback of this method is that we are unable to 
introduce element-specific features into our calculations. However, 
it has been previously shown that several element-specific dis
tortions are found in structures such as Zn, Cd, Ga, and In. As 
such distortions do not greatly change the ring structures of the 
systems it is generally not possible for our generic elemental model 
to resolve these distortions. For example, we were unable to 
explain why In has distorted from the fee structure. 

Finally, it should be noted that the energetic results of a Hiickel 
calculation are unable to explain the stability of the P4 or As4 

tetrahedron. See ref 5 for a discussion of this problem. 
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Abstract: A quantum chemical study of the electronic structure and spectra of four compound II iron porphyrin complexes 
with varying axial ligands, Cl" (Hemin), pyridine, imidazole, and imidazolate (model peroxidase), has been carried out using 
the INDO/S method. These calculations confirm the nature of the triplet ground state as one in which the two unpaired electrons 
occupy the Fe-O TT* orbitals that are primarily Fe(IV) 3d„ and 3d>2. About 20% of the unpaired spin density is calculated 
to be on the oxygen atom, in agreement with the experimental estimate of about 25%. The calculated spectra show that 
charge-transfer (CT) transitions exist for all compound II complexes. The excitation energies for these CT transitions are 
estimated to be between the Q and B (Soret) bands and to have moderate oscillator strengths. Although a description of the 
CT excited state for each of the model systems is complex, an electron transition from the porphyrin tr orbitals to the Fe-O 
TT* orbitals is a common component. For Hemin-II, an additional component of the CT transition wave function is an excitation 
from the Cl 3p2 orbital to the porphyrin 4eg orbitals. For the pyridine and imidazole complexes, there is a mixing in the CT 
of an excitation from the porphyrin ir to a ligand x* orbital. For the complex with an imidazolate ligand, mixing of porphyrin 
TT —• TT* excitations was found. The fact that the model compound II complexes with both a neutral imidazole and a deprotonated 
imidazolate ligand have CT transitions between Q and B does not allow us to use spectral properties to predict the actual 
form of this intermediate in the reaction mechanism of protein. 

Introduction 
Iron-oxo compounds are proposed to participate in the bio

chemical cycles of several different kinds of heme enzymes to 
1MoIeCuIaF Research Institute. 
'University of Florida. 
' Permanent address: Department de Fysica, Universidade de Pernambuco, 

Recife, Brazil. 

perform essential oxidations in various biochemical pathways.1 5 

For instance, cytochrome c peroxidase (CCP), horseradish per-

(1) Poulos, T. L. Adv. lnorg. Biochem. 1988, 7, 1. 
(2) Poulos, T. L.; Finzel, B. C. In Peptide and Protein Reviews; Hearn, 

M. T. W., Ed.; Marcel Dekker: New York, 1984; Vol. 4, p 115. 
(3) Ortiz de Montellano, P. R. Ace. Chem. Res. 1987, 20, 289. 

0002-7863/91/1513-8614S02.50/0 © 1991 American Chemical Society 


