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A bond valence—bond length relationship for bonds between sulfur and iron, where high-spin iron is coordinated by sulfur
only, has been derived using the method of Brown and Shannon. This relationship, ¥ = 1/33_(R;/2.515) 681, is constrained
so that the sum of the bond valences around iron is equal to its electrostatic valence, V. The calculated valence is especially
useful in structures where direct metal-metal interactions give rise to mobile electrons. The Mossbauer isomer shift, 8,
for iron tetrahedrally coordinated by sulfur has been related to the electrostatic valence by the equation § = 1.4 - 0.4V,
The predicted values for isomer shifts and magnetic moments are compared to the measured values for several metal~iron—sulfide
and organometallic compounds This approach interrelates the valence, Mossbauer isomer shift, effective magnetic moment,

and electrical conductivity in metal-Fe-S compounds.

Introduction

A series of Ba—Fe—S compounds has been synthesized in our
laboratories, and their physical properties have been studied.!=
The properties have been shown to depend on the oxidation
states of iron and these need not necessarily correspond to the
values expected on the basis of stoichiometry. Robin and Day$
have surveyed the mixed-valence chemistry and its influence
on the physical properties of a large number of compounds
but have excluded sulfides because the ease of electron de-
localization in such covalent metal-ligand bonds makes the
effects difficult to distinguish from those due to the presence
of mixed-valence states. We have developed a relationship
between bond valence—bond length and Mossbauer isomer shift
that permits the determination of the oxidation state of iron
in metal-Fe-S compounds.

A set of empirical bond valence-bond length functions was
derived by Brown and Shannon’ for several cations in oxides
based on the equation

CN .
V= So z (Ri/RQ)_A

where V is the valence, R; is the bond distance, and CN is the
coordination number. The constants sp, Rg, and N were
adjusted so that the equation will predict the valence of an
ion at a given site using only the observed bond distances. This
is of particular use in structures where the cation is in mixed
coordination and/or mixed valence states or the electrons are
mobile so that an average oxidation state exists in the crystal.

This approach is used in the metal-iron-sulfur system to
determine the oxidation state of the high-spin iron ion. These
valences are then used to predict various physical properties
Wthh are compared to the values observed in these materials,

., Mossbauer isomer shift (), magnetic moment (u),

room temperature electrical resistivity (o), and the valence
based on stoichiometry. The average Fe—-S distance is 2.370
A in compounds which contain Fe?* in tetrahedral coordi-
nation,28® and the average Fe-S distance is 2.233 Al0.!1 in
compounds which contain Fe3* in tetrahedral coordination.
These two average distances and oxidation states were used

in the Brown and Shannon formula to determine the arbitrary
constants Rg and N. The constant so was chosen as 1/3; i.e.,
the Rp thus calculated is a hypothetical value for Fe2" in an
octahedral environment, The resultant equation for the
iron-sulfur compounds is

V=1/52(R;[2.515) ¢
i

or

V=1782 §Ri'6-81 1

The Mossbauer isomer shift, 8, has been related to the
electrostatic valence of iron in many materials. Isomer shift
values of 0.60 and 0.20 m 4/ s are typical values for high-spin
Fe?* and Fe3+, respectively,* in metal-iron—sulfide compounds
when iron is tetrahedrally coordinated by sulfur. Intermediate
isomer shift values are interpreted to mean delocalization of
electrons and an averaged electrostatic valence. The isomer
shift may be written as

5=4 - C(0)P

where ¥(0) is the electronic wave function at a radius of zero,
i.e., in the vicinity of the atomic nucleus of the iron. Only s
wave functions are nonzero at the nucleus and thus affect the
isomer shift. An increase in s-electron density at the iron
nucleus on going from a 3dS to a 3d° configuration arises as
a consequence of the decrease in shielding of the 3s and 4s
electrons by the removal of the d electron. The change in the
valence, AV, in going from Fe?* to Fe* is one d electron which
would increase |[¥(0)]? and decrease 8. Thus as ¥ increases,
¥ (0)I2 increases, which can be written as

VKW (0)F + constant

assuming a linear variation of |¥(0)|? with V. Rewriting the
equation for the isomer shift yields

5=4'-CV

The constants A" and €’ can be evaluated from typical values
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Table I. Results of Bond Valence Correlations
Vcalgda Vosbd» © caled:”  Sobsd” HMcaleds  Mobsds P, Fe-Fe,

Compd vul vu mm/s mm/s HB uB Q2 cm A Ref
Ba,Fe,S,, 2.43 2.25 0.43 0.47 5.3 5.6 1.0 2.8 3,4
Ba,FeS, 1.90 2.00 0.64 0.62 4.8 5.3 10° 4.3 3,4
BaFe,S, 2.64 2.00 0.34 041 55 49 0.5 27 3,4
Ba,Fe S, (1)* 2.59 0.36 0.36 2.8

(2) 2,56}(2.49) 2.33 0.38 0.36 54 5.3 10® 37 1,4
3) 2.32 0.47 0.52
Ba,FeS, 2.91 4.00 0.23 0.17 5.8 5.1 10° 6.3 5
Ba,,Fe,S,; (1) 2.76 0.29
2) 2.72 0.31
3) 2.98 0.21
“4) 2.84 ) (2.81) 2.86 0.27 0.22 5.7 5.8 108 2.7 5
5) 2.90 0.24 4.0
6) 2.64 0.34
(@) 2.80 0.28
Ba,Fe,S,, (1) 2.53 0.39
) 2.99 0.20 - 2.7
(3) 2.90%2.78) 2.89 0.24 5.7 1.0 2.9 20
@) 2.82 0.27
(5) 2.68 0.33
CuFeS, 2.79 3.00 0.28 0.22 5.7 39 ~0.1 ~3.5 4,11,21
Cu,FeSnS, 2.06 2.00 0.58 0.57 5.0 4,22
CuFe;S, 2.77 2.50 0.29 0.39 5.7 d 10 2.8 4,21,23
KFeS, 3.03 3.00 0.19 0.18 5.9 d 103 2.7 10, 24,25
RbFeS, 3.22 3.00 0.11 0.19 5.9 d 2.7 10,24
CsFeS, 3.07 3.00 0.17 0.18 59 d 2.6 10,24
NaFeS, e 3.00 0.36 d 10,24
FeCr,S, 2.18 2.00 0.53 0.60 5.1 4.2° 10 ~4 26
Feln,S, . 1.77 2.00 0.69 0.88 . ~3.8 4,27
Fe,SiS, (1) 1.99 } 196 2.00 0.60 28
2) 1.92 ' 0.64 3.6 .
Fe,GeS, (1) 1.9 (1.95 2.00 0.60 0.89 28,29
) 1917 0.64
Fe;S" (1) 2.52 0.39 0.60
¢ .
2 2Rean 220 322 0B 54 g 29 30,31
@) 2.46 0.41 0.62
Fe,S,’ (1) 2.47 0.41
2,3,49 2.68}(2.50) 2.00 0.33 54 d ~3.0 32

_(5,6,7 2.33 0.47
FeS/’ 2.27 2.00 0.49 0.77 52 . 4,9% 2.9 33-35
FeS¥ 3.03 2.00 0.19 0.35 59 4.9% 2 2.6 18
Fe,S,’ (1) 3.92 3.0 7 0.25 5.0 m 0.1 3.5 36, 37

2) 2.23 2.5 0.51 0.54 5.1
Vealeds Vobsd>  Scaleds 8obsd>  Mcaled> Mobsd» Fe-Fe,

Compd vu vu mm/s mm/s uUB uUB A Ref
[(n-Bu),N1,{FeS,(CH;),1, 3.27 3.00 0.09 5.7 3.4 38
(n-Bu) ,NFe[S,C,(CN), ], 3.46 3.00 0.04 0.23 5.8 d 3.1 39, 40
[Ph,As],Fe[S,C,(CN),], 4.09 4.00 7 4.9 2.8 41
Fe(S,CN(1-Bu),), 2.62 3.00 0.35 5.5 5.3 42
Fe[S,CN(CH,). 1, 2.71 3.00 0.32 5.6 59 43
Fe{[SP(CH,),],N}, 2.06 2.00 0.58 0.67 5.0 5.3 4,44
{Ph,As],Fe,S,{S,C,(CF,),], (1) 4.00

@ ihraos  3s0 5 014 49 26 45
(C)) 3.80
(Et,N),Fe,S,(SCH,Ph), (1) 2.61 0.36
2 2620064  >250 o33 033 55 10 27 46
@) 2.63 0.35

2 Isomer shifts are relative to a-Fe. ? From neutron diffraction. ¢ Error in reported distances. d Antiferromagnetic. € No crystal

structure.
! Trigonal; pyrrhotite. 7’ Troilite.

of 6 mentioned above. The result is
§=14-04V

in units of mm/s with respect to metallic iron.

This last equation can only be used to correlate isomer shift
of high-spin iron when tetrahedrally coordinated by sulfur.
When the coordination is octahedral, the isomer shift should
be larger than that estimated by the above equation. This
variation of isomer shift with coordination number has been
observed in other compounds.!? None of the above equations

@

Equation for isomer shift does not hold for calculated valences above 3+. # Valence units. k Monoclinic; pyrrhotite.
Mackinawite. lGreigite. ™ Ferrimagnetic. ™ Fe site number.

holds for low-spin iron where iron—sulfur distances are ap-
proximately 0.1 A shorter.!> The isomer shift for low-spin iron
is approximately 0.30 mm/s and changes very little with
oxidation state.!4 Low-spin iron in tetrahedral coordination
has not been observed; therefore, the above equations can be
used with confidence.

Discussion

A literature survey was made of inorganic and organo-
metallic compounds in which iron is in the high-spin state and
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coordinated by sulfur only. The results are summarized in
Table I, and the calculated values are compared with the
experimentally determined values. The calculated valences
were obtained from eq 1, and the observed values are based
on the stoichiometry; the calculated isomer shift is obtained
from eq 2. Interatomic Fe-Fe distances in the respective
compounds are listed in column 9.

Generally the agreement between observed and calculated
values and correlation with physical properties are good.
Whenever the Fe—Fe distances are 3 A or less, direct inter-
actions are possible and the isomer shift has a value between
0.6 and 0.2 mm/s. A low value of the resistivity is also
observed. This is especially noteworthy in BaFe;S3 where on
the basis of stoichiometry divalent iron is expected. On the
other hand Ba,FeSj has a high resistivity as expected from
the isomer shift value and the Fe-Fe distance. However, this
type of correlation is not the only result to emerge from this
approach. In BajFesSi4 the FeSg tetrahedra form an infinite
zigzag chain in which a trinuclear unit formed by a central
tetrahedron sharing opposite edges articulates by corner
sharing with the next.unit. The isomer shifts indicate that
within the trinuclear unit the electrons are delocalized and a
resonating structure exists with a lifetime less than 1077 s,
However, the resistivity is high because the Fe-Fe distances
across the corner-shared tetrahedra are 3.7 A

A similar trinuclear unit is present in Ba;sFe7S25 except the
central tetrahedron shares one edge and one corner, and, most
importantly, they are isolated. The isomer shifts are again
intermediate in value so that the electrons are mobile within
the edge-sharing unit; the electrical resistivity is high because
the short Fe—Fe distances are not continuous.

The delocalization of an electron within a FeSs~ tetra-
hedron is observed in Ba3FeSs. The stoichiometric valence
is 4+, but the calculated value is 3+. The observed and
calculated isomer shifts indicate the presence of Fe3*. The
presence of tetravalent iron in a sulfide is not very likely, and
indeed it appears that an electron is effectively back-donated
to the iron ion, thus reducmg its charge. In other words, upon
going from Fe2t to Fe®t, ie., from FeS;6~ to FeSs5~, the
electron will be removed from a mainly Fe orbital;!® hence
a change in isomer shift will be observed. However with
further oxidation to FeS44~ the electron will come from an
orbital having about 80% sulfur character.!® This electron
would have little effect on the iron nucleus so a typically Fe**
Mossbauer isomer shift is observed.

The structures of KFeS,;, RbFeS;, and CsFeS; display
infinite chains of edge-sharing FeS, tetrahedra, although they
are not isostructural. It is noteworthy that even though the
Fe-Fe distances are 2.7 A, the isomer shift indicates that the
electrons are localized and the calculated valence sum is 3+,
The resistivity is relatively high. These compounds probably
illustrate the remark by Robin and Day® that in sulfides a
relatively small expenditure of energy is required to delocalize
an electron and this is probably the cause of the intermediate
resistivity value; it is not due to the presence of a mixed
oxidation state. No structural information is available for
NaFeS;, but the reported isomer shift indicates an electronic
delocalization. A knowledge of the Fe—Fe distances is essential
in order to predict the electrical properties.

An apparent anomaly exists in the data correlation for
CuFeS,, chalcopyrite. The structure is a superlattice of zinc
blende. The authors!! found longer than normal Fe-S dis-
tances and attributed this to a resonating Fe3tCut =
Fe2+Cu?* structure. We suggest, on the basis of the observed
isomer shift, that this resonance does not occur, but instead
a static disorder exists in which about 5-10% of the tetrahedral
sites are randomly occupied by Fe3* and Cu*, We predict
that this should be a high-resistivity material at room tem-
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perature. The electrical conductivity data show that the
observed behavior to a temperature of about 300 °C reflects
the contribution of impurities to conduction.!” The extrap-
olation of the intrinsic portion of the conductivity curve to room
temperature indicates that CuFeS; would have a resistivity
of about 10%-10° @ ¢cm. In cubanite, CuFe;S3 electron de-
localization is present, and the data fit the theory.

The correlations which we have discussed are based on the
tetrahedral coordination of iron. Its presence in an octahedral
environment should severely modify or, even, negate these
correlations. In the normal spinel FeCr,Sy4 the data show that
Fe2* is, indeed, in the tetrahedral position, and its electrons
are localized. The low resistivity must be due to the inter-
actions among the octahedral chromium ions. FelnsSy is an
inverse spinel with iron and indium in the octahedral sites;
therefore, calculated and observed valences do not agree. Since
the isomer shift is larger for octahedral than for tetrahedral
coordination,!? the observed value of 0.88 mm/s confirms the
structural result that this is an inverse spinel. Approximately
the same value of the isomer shift is also observed for octa-
hedral Fe2* in Fe;GeSs. It appears that a shift of about 0.9
mm/s is diagnostic for Fe?* in octahedral coordination with
sulfur. This value of the isomer shift should be observed in
Fe,SiS4.

There have been at least five compounds identified with the
formula Fe;—,S (0 < x <0.15) which are stable at room
temperature. Most are distortions from the ideal NiAs
structure so that iron atoms are octahedrally coordinated by
the sulfur atoms, and the Fe~Fe distances are about 3.0 A or
less. As expected, calculated and experimental values show
no agreement. Mackinawite which has an anti~PbO structure
is the exception to the octahedral coordination, and iron in this
compound is tetrahedral. The calculated valence is ap-
proximately 3.0 compared to 2.0 based on the formula FeS.
The Mossbauer spectrum shows no magnetic ordering down
to 1.7 K181 which is surprising since the Fe-Fe separation
is 2.6 A. No magnetic susceptibility measurements are re-
ported due to the presence of impurities. Bertaut et al. reported
an isomer shift at 4.2 K of about 0.49 mm/s. This is ap-
proximately 0.3 mm/s larger than that reported at the same
temperature by Vaughan et al. The latter paper did not report
an isomer shift at room temperature. The electrical resistance
in this compound indicates semiconductor behavior, and
neutron diffraction results showed a spin of 2.1 The reported
small, unresolved, quadrupole splitting is characteristic of the
symmetric d3 electronic configuration. These results seem to
indicate that the oxidation state of the compound is slightly
less than 3.0, which is much larger than indicated by the
stoichiometry. The reported isomer shift data differ signif-
icantly so no definite conclusion can be based on them, but
they seem to indicate trivalent character. This case appears
to be similar to the compound BaFe;Sa.

To test eq 1 and 2, the available data for organometallic
compounds were examined and are listed with the calculated
values in Table I. The iron coordination polyhedra vary from
four to six near neighbors and can be described by tetrahedra,
distorted trigonal bipyramids, and distorted octahedra.
Nevertheless, fair agreement exists among the calculated and
stoichiometric valences and for the Mossbauer isomer shift
in the tetrahedral cases.

Conclusion

A strong correlation between bond length and bond valence
is observed in iron-sulfur compounds. We also show a cor-
relation between the Mossbauer isomer shift, electrostatic
valence, and bond distances. Using these concepts eq 1 and
2 were derived to interrelate the physical and crystal chemical
propertles of a large number of iron sulfides in which high-spin
iron is present. The Mossbauer calculations hold only for
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tetrahedrally coordinated Fe. The Mossbauer shift for oc-
tahedral Fe2* appears to be 0.90 mm/s. Knowledge of isomer
shifts for the compounds Fe[S2CN(n-Bu)z]3 and Fe[S>C-
N(CH3)4]3, in which iron atoms are in the trivalent oxidation
state, would be extremely valuable in order to establish its
variation with valence in octahedrally coordinated iron
compounds.
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Molecular Stereochemistry of Two Intermediate-Spin Complexes.
Iron(II) Phthalocyanine and Manganese(II) Phthalocyanine
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The molecular stereochemistry of iron(II) phthalocyanine and manganese(II) phthalocyanine has been determined by x-ray
diffraction methods. The phthalocyanine ligand constrains the metal ion to effectively square-planar coordination and
to an intermediate spin state. The Fe!l-N bond distance of 1.926 (1) A and the MnII-N bond length of 1.938 (3) A are
wholly consistent with the assignment of an intermediate-spin ground state, Both complexes crystallize as the 8 polymorph.
Crystal data are as follows: for FePc, space group P21/a,a = 19.392 (5) A, b = 4.786 (2) A, ¢ = 14.604 (4) A, § = 120.85
(1)°, pexptt = 1.61 g/cm?, peated = 1.623 g/cm?3 for Z = 2, required molecular symmetry I; for MnPc, space group P2;/a,
a=19400 (4) A, b=4.761 (2) A, c = 14.613 (3) A, 8 = 120.74 (1)°, pexptt = 1.61 g/cm?, peatea = 1.625 g/cm? for Z
= 2, required molecular symmetry 1. Intensity data were measured by 626 scanning on a Syntex P1 automated diffractometer
using graphite-monochromated Mo K« radiation. For FePc, the intensities of 3949 reflections with (sin 8)/A < 0.817 A-!
were used in the refinement of the 187 structural parameters and for MnPc the intensities of 2158 reflections having (sin
8)/X < 0.69 A1 were employed. Final discrepancy indices are as follows: FePc, R; = 0.045, R; = 0.057; MnPc, R =

0.066, Ry = 0.066.

Iron(IT) and manganese(II) phthalocyanine have been
recognized as examples of a rare type of coordination com-
pound in which the metal ion has an intermediate-spin ground
state (Fe, S = 1; Mn, S = 3/,).] The basic stereochemistry

of four-coordinate phthalocyanines has been known for some
time,23 but surprisingly the quantitative stereochemistry of
the much studied iron(II) and manganese(II) derivatives has
not been determined. We report herein the structures of



