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Molecular orbital calculations are made on six iron complexes, using iterative Hiickel methods
and, where required for proper description of spin states, a spin-projected semi-empirical configuration
interaction (CI). Many integrals are avoided in the CI studies by making direct calculation of energy
differences between states. From the calculations are obtained charge and spin bond order matrices,
dipole moments, and atomic orbital charges. These quantities are used to calculate charge densities
at the Fe nucleus, nuclear quadrupole splittings, and spin populations. From calculations of all six
complexes we estimate an Fe®’” Mdssbauer isomer-shift calibration a=A48/49(0)= —0.31 to
~-0.384a3 mm/sec.

Mit Hilfe iterativer Hiickel-Methoden werden MO-Rechnungen fiir sechs Eisenkomplexe durch-
gefiihrt. Wo es fiir die Beschreibung der Spinzustdnde notwendig ist, wird nach einem CI-Verfahren
mit Spinprojektion gearbeitet. Durch direkte Berechnung von Energiedifferenzen zwischen den
einzelnen Zustinden werden viele Integrale in den CI-Berechnungen vermieden. Aus den Rechnungen
erhdlt man die Matrizen der Ladungs- und Spin-Bindungsordnungen, Dipolmomente und AO-
Ladungsverteilungen. Diese GroBen werden zur Berechnung der Ladungsdichte am Fe-Kern, der
Kerngunadrupolaufspaltung und der Spinpopulation verwendet. Aufgrund der Berechnungen aller
sechs Komplexe wird die Fe’’-MbBbauer-Isomerieverschiebung auf o= 46/4¢(0)= —0,31 bis
—0,3843 mm/sec geschiitzt.

Introduction

The essential role of iron complexes in biological processes makes par-
ticularly interesting and important a good understanding of the electronic
structures of such complexes. This understanding can to some extent be obtained
experimentally, but there remain many questions which theoretical studies
might resolve. Since the complexes involve to varying extents covalent binding
between iron and ligands and charge rearrangements within the ligand structure,
a theoretical description cannot justifiably be limited to an iron atom and its
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immediate neighbors. Moreover, the three-dimensional structure of the com-
plexes contraindicates approximations which do not include all relevant valence
electrons.

Rigorous all-valence-electron treatments of systems as large as typical iron
complexes are prohibitive in cost, even at the self-consistent-field (SCF) level of
approximation. It is even extremely costly to pursue semi-empirical anti-
symmetrized molecular orbital theory or approximations based on neglect of
differential overlap, such as the CNDO/2 method. The key simplification
appearing to permit calculation at reasonable cost is the avoidance of con-
structing an explicit antisymmetrized many-electron wavefunction; methods in
this category include those of the Hiickel type and the “multiple-scattering
Xa method” of Johnson er al. [1]. The present paper describes theoretical
studies based on an iterative extended Hiickel method previously described by
one of the authors [2]. The iterative feature gives the method SCF character,
and “extended” indicates the application to all valence electrons.

The Hiickel model is inadequate to distinguish spin eigenstates and to calcu-
late energy differences between them, and many iron complexes exist in “high-spin”
states necessitating the use of singly-occupied molecular orbitals (MO’s). For
such problems we supplemented the Hiickel calculations by proceeding to a
limited configuration interaction (CI), simplifying the computations by using the
Hiickel SCF MO’s to construct configurations, by calculating only energy
differences, and by using approximate integrals.

In semi-empirical studies such as that reported here, the success of the
description should rest on the capability for inter-relating a variety of data on
a variety of systems. We show here the extent to which our studies agree with
conventional spectral data, such as ligand field splittings, and also with Moss-
bauer data, such as isomer shifts and quadrupole splittings. By comparing calcu-
lations for six different complexes, we are able to obtain information regarding
the calibration constant relating the Mossbauer isomer shift to the charge density
at the iron nucleus.

Hiickel Calculations

Iterative extended Hiickel calculations were carried out by methods described
in detail previously [2]. The Hiickel one-electron Hamiltonian H was assumed
to have diagonal elements H,, = —a, — g, A0, where ¢, is the “a” parameter for
atomic orbital a (of real form) in a neutral atom, g, is the net charge of the atom
at which orbital a is centered, and Aa, is an additional parameter controlling
the variation of H,, with net atomic charge. The off-diagonal elements H,,
were determined from H,, and H,, by the Cusachs approximation [3]
H,,=S,(1 —4|S,,)) (H,,+ H,,). Here S, is the overlap integral of atomic
orbitals a and b, calculated assuming Slater-type orbitals (STO’s). In evaluating
H,,, all operations are performed in a coordinate system passing through the
orbital centers so as to retain full invariance with respect to rotation of the
molecule in the coordinate system.

Iterations were carried out until the occupied-orbital solutions of the matrix
equation (H— E;S)¢;=0 were consistent with the net atomic charges used in
calculating H. Here E; is the orbital energy of the molecular orbital whose
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atomic-orbital coefficients are represented by the vector ¢;. The overlap matrix S
is built from the S, as already defined. The iterative process must be sophisticated
enough to overcome the strong nonlinearity of the theory; we use a combination
of damping and second-order extrapolations and thereby ordinarily achieve
convergence to +0.01 units in atomic charge in five to ten iterations. The net
atomic charges are obtained by apportioning exactly-computed overlap charges
among the atoms involved, in a fashion which preserves the projection of the
charge centroid on the intercenter line. This causes the atomic charges to be
approximately consistent with computed dipole moments and to reflect the
actual charge distribution far better than would an equal division of overlap
charge.

The Hiickel-method output includes orbital energies and corresponding
MO’s, the bond-order matrix, net atomic and orbital charges, and the molecular
dipole moment. All programming is in FORTRAN, and is set up for a Univac
1108 system. The Hiickel program, the CI program described in the next section,
and all data storage for calculations involving a maximum of 60 atomic orbitals
fit into approximately 50,000 words of core and run without the use of peripheral
equipment for intermediate storage. Typical SCF computation times for the iron

Table 1. Approximate molecular-orbital calculations of small fluorine compounds

Molecule® Method ® Energy sequence® Dipole ILonization
(valence orbitals) moment (D)4 potential (eV)
FH CNDO/2 o?a’n* 1.86 15.77
INDO 1.98 21.14
IEHT 2.36 14.61
expt. 1.82 19.96
F, CNDO/2 OLoL T oo Ty 0 157
INDO 0 19.19
IEHT 0 17.68
expt. 0 18.32
CF, CNDO/2 albialblalb? akbla} 0.53 —
INDO bg a2 bz 0.26 —
IEHT bt a? b3 0.75 14.21
NF, CNDO/2 aibjaiblalbiasbialh, —-0.12 —
INDO biaib3 —0.38 —
IEHT bibial —021 13.03
OF, CNDO/2 a2b3a}balbiaibia b} -0.21 —
INDO bIatb3 —0.40 —
IEHT biaib; —0.61 15.32
expt. +0.30 —
FH, CNDO ol0Ta, 0 —
INDO 0 —
IEHT 0 1.89

* Geometries: HF, R=0.917A; F,, R=1435A; CF,, Rep = 1.32 A, % pop = 104°; NF,, Ry = 1.35 A,
Fpne=104°; OF, Rop = 1.41 A, 2 pp = 104°; FH,, R=092 A, 3,55 = 180°.

® CNDO/2 and INDOQ calculations and experimental data as reported by Pople and Beveridge
(Ref. [4]); IEHT are iterative extended Hiickel calculations of this work.

¢ Energy sequences agree for all methods except where underlined portions are repeated.

¢ Dipole moment of AB or AB, molecules is + in the direction A"B* or A™BJ.
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Table 2. Orbital parameters for Hiickel and CI calculations: {=STO screening parameters;
a, Ao = Hiickel energy parameters; h = atomic core energy; y = single-center repulsion energy

4 o Ao h 7
Fe 3d 2.87 7.0 8 135 235
4s 1.40 7.5 8 56 6.0
4p 1.40 6.5 . 8 64 8.0
F 2s 2.60 34.0 18 130 16.0
2p 2.60 18.5 15 115 14.0
O 2s 2.275 33.0 15
2p 2275 14.0 15
N 2s 1.95 30.0 12
2p 1.95 115 12
C 2s 1.625 25.0 11
2p 1.625 10.0 11
H s 1.20 11.6 14

Table 3. Geometries used for iron complexes. Principal symmetry axis taken in z direction;
octahedral ligands also in +z and + y directions

Fe(CN)sNO~? Symmetry C,,, data based on Na,Fe(CN);NO -2H,0*
Cartesian coordinates (A): Fe(0, 0, 0), N, (0, 0, 1.63), 0(0, 0, 2.76), C,(0, 0, — 1.91),
N(0, 0, —3.07), C(£1.90,0, —0.20), C(0, +1.90, —0.20), N(=£3.05,0, —0.32),
N(0, £3.05, —-0.32)

Fe(CO)5® Symmetry D;,
Rp,c=1.84+003A; Rc o =115+0.04A
All Rg.. ¢ equal; all R._o equal. Trigonal bipyramid; C,, C,, C; equatorial;
C,, Cs polar

Fe(CN); 3 Symmetry O, data based on K;Fe(CN)4°
Rpc=1.89; Re y=2.157

Fe(CN); 4 Symmetry O,, data based on K Fe(CN)g - 3H,0*
Ry c=191; Rey=2.157

FeFg? Symmetry O,, data based on FeF,*®
Rpr=192A

FeF;* Symmetry O,, data based on KFeF,'
R, p=206A

* Wyckoff,R.W.G.: Crystal structures, second ed., Vol. 3, p. 623. New York: Interscience 1965.

Tables of interatomic distances and configurations in molecules and ions, ed. L. E. Sutton. London:

Chemical Society 1958.

¢ Kohn,J.W., Townes, W.D.: Acta crystallogr. 14, 617 (1961).

4 Wyckoff, R. W.G.: Crystal structures, second ed., Vol. 3, p. 687. New York: Interscience 1965.

¢ Tables of interatomic distances and configurations in molecules and ions, ed. L. E. Sutton. London:
Chemical Society 1965.

¥ Wells,A.F.: Structural inorganic chemistry. Oxford: Oxford University Press 1962.

complexes reported here are 1-2 min. A Hiickel program version handling up
to 140 atomic orbitals and using intermediate drum storage and approximately
50000 words of core has also been implemented; a typical 130-orbital,
138-electron SCF calculation requiring 8 iterations ran in 12 min.



Iron Complexes 49

The calculations in this paper include all valence orbitals, i.e. 1s for H; 2s
and 2p for C, N, O, and F; and 3d, 4s, and 4p for Fe. For H, C, N, and O, the
orbital parameters o, Aa,, and {, (the STO screening parameters) were taken
from previous iterative Hiickel calculations [2].

For fluorine, we used values of {,, and {,, calculated by Slater’s rules, and
chose o, and A«, values after study of a set of six molecules: HF, F,, CF,, NF,,
F,0, and H,F. Starting from «, and Aa, values as reported in the literature [4],
we made adjustments to optimize the consistency with the parameters already
adopted for H, C, N, and O. Our criteria included the energy sequences of the
MO’s, the ionization potentials, and the dipole moments. Our calculations for
the fluorine compounds, previous calculations, and experimental data are
summarized in Table 1.

For iron, we used values of {,; and {,, as given for the neutral atom by
Clementi and Raimondi [5]. Starting from {5, «, and Ao, values given by
Zerner et al. [6], we made slight adjustments to fit the ligand field splittings
for Fe(CN)g * and Fe(CN); 3, and to have the Fe 3d, orbitals as major compo-
nents of the highest occupied MO’s for both compounds.

The orbital parameters for all atoms entering the Hiickel calculations are
listed in Table 2. The molecular geometries used for the iron complexes are
given in Table 3.

CI Calculations

As even a limited CI study is expensive for large systems, and since our
present needs were to characterize the MO structure and to intercompare dif-
ferent spin states, we confine attention to the calculation of energies relative
to that of a “reference configuration”. If the reference configuration has energy
E,, energies relative thereto can be obtained as eigenvalues of H — E, S, where
H and § now refer to many-electron space-spin states of appropriate symmetries.
As E, can be written in terms of the integrals occurring in the elements of H,
the elements of H — E, S will depend only upon the orbitals affected by passage
from the reference configuration to the configurations actually used in H and S.
The foregoing statements have been written carefully to avoid the implication
that the reference configuration necessarily refers to a specific spin state; on the
contrary, if different spin states are to be compared, it must be the same for all
states and should be chosen to cause a maximum degree of integral cancella-
tion.

The definition we have found most satisfactory for a reference configura-
tion is that which results if we assume its singly-occupied orbitals are averaged
over spin orientations. Letting (i|h|j) refer to a matrix element of the one-electron
part of the Hamiltonian between MO’s i and j, letting {i|j> stand for a MO
overlap integral, and letting [ijlmn] stand for an MO electron repulsion integral
in Mulliken notation

Liflmn] = [ ¢F(1) $;(D713 3(2) $u(2) 7, d7s,

we have
Ey= Z(io|h|i0) +, Y (Lioioliojo] — 3(1 = <iolio >) Ligjolioio]) »

io <jo
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where the summations are over all electrons and i,(j,) refers to the MO of the
i'"(7'") electron before antisymmetrization. The MO’s may be doubly occupied,
but distinct MO’s are assumed orthogonal.

The many-electron states used in H and S are constructed by antisymme-
trization and spin projection [7] of spinorbital products. As in the preceding
paragraph, we assume the spatial orbitals to be chosen from a set of orthog-
onal MO’s. The matrix elements of H and S can then be written in terms of
spatial integrals and spin projection (Sanibel) coefficients [8]. If two configura-
tions y and v have different MO occupancies, S, will vanish, (H — E, S),, will be
identical with H,,, which may be evaluated by existing formulas. The important
point here is that H,, will depend only upon two-electron integrals containing
MO’s whose occupancy differs in configurations u and v, and therefore will at
worst involve a number of integrals comparable to the number of electrons.

When u and v refer to configurations with the same spatial MO occupancy
(4 and v may differ in spin assignment), then E,S,, does not vanish and
(H — E, S),, can be simplified. Using the expression already given for E, and the

published expressions for H,, and S,,, one may derive

(H—EoS),, =G, [Z(ilhli) ~ Y. (plhlp) + Y {Liilrr] — 3 [irlril}
= T {lopir] ~ 4 Corlep + . (Cli) - 3D
— Z {[prlqql] ~%[pqlqp]}] + KZ GC.— Cp) Lim|mi]

In this equation, summations of i and j range over electrons in MO’s of u which
are unoccupied in the reference configuration; p and g summations are over
electrons in reference MO’s not occupied in u; r ranges over electrons in MO’s
common to u and the reference configuration; and | and m range over electrons
in singly-occupied MO’s of u. The symbol C, stands for the Sanibel coefficient
appropriate to the spin state and the relative spin assignments of the MO’s in
u and v; when C; occurs within a summation over / and m, it denotes the
Sanibel coefficient which is appropriate after the spin assignments of electrons
I and m are interchanged in configuration u. The key feature of this equation
for (H— E,S),, is that very few integrals are needed for configurations differing
little from the reference configuration in MO occupancy.

The integrals needed for the CI calculations were calculated using approxi-
mations of types common in semi-empirical MO theory, However, the large
size of the molecules involved made it necessary to use relatively simple ap-
proximations and to be careful to obtain proper cancellation of long-range
opposing electrostatic forces. Expanding each MO into atomic orbitals, the
atomic-orbital integral (alh|b) is related to “core energies” h,, h, and to point
charge nuclear-attraction energies e, e,:

(Cllhlb) = Sab(1 - %lSabl) (ha -+ hb) - %Sab(ea + eb)
Here h,, h, are input parameters, and e,= Y Z,/R,, where the sum is over
b*a

all atoms except that on which orbital a is centered, Z, is the core charge of
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atom b, and R, is the distance between the center of orbital a and atom b.
Note that the Cusachs approximation is used for the two-center contributions
for the core energies, but that a normal Mulliken approximation [10], is used
for the two-center nuclear attraction energies. The evaluation of (alk|b) must be
carried out in a rotationally invariant manner.

Atomic-orbital electron repulsion integrals are also evaluated using a Mulli-
ken approximation:

[abled] =4S, S.,{[aalcc] + [bblcc] + [aaldd] + [bbldd]} ,

and [aalbb] are evaluated by the modified point-charge formula of Mataga
and Nishimoto [11]:

Laalbb] = (R, + [2/(ya +v,)]) 77,

where y, and y, are empirical parameters describing single-center electron re-
pulsions for orbitals a and b.

After obtaining CI wavefunctions, charge and spin (ie., first-order density)
matrices were obtained for states of interest. The charge bond order matrix
P is first generated in the MO basis. For a state formed from configurations
¥, by > ¢, ¥,, the element P,; is simply

"

Pj=>ctc,<¥,B¥?,>,
uv

where B is the one-clectron operator built from |j> (i|. These one-electron matrix
elements can be calculated from published spin-projection formulas [9]. After
finding P in the MO basis, it is transformed to the atomic-orbital basis and
presented as output.

Similar methods yield the spin bond-order matrix Q, with the exception that
the one-electron operator B is now spin-dependent, being built from i) s, (i,
where s, is the operator for the z component of the electron spin. Convenient
formulas for spin-projected matrix elements of spin-dependent operators for
wavefunctions built from orthogonal MO’s had not been published, and we
therefore had to derive such formulas by specialization of more general
relationships [12]. These formulas will be reported elsewhere.

The CI calculations described here were carried out for the fluoride
complexes FeFg ® and FeF; *, and we therefore needed h, and y, parameters for
Fe and F. Using ionization potentials, atomic energy levels, and STO atomic
electron-repulsion integrals as a guide, we adjusted the parameter values for
maximum consistency with experimental data. The parameters as finally adopted
are included in Table 2.

Isomer Shifts

The isomer shift in Md&ssbauer spectroscopy, §, depends upon the electron
density at the nucleus under study, ¢(0). Values of § are proportional to changes
in g(0) from a reference compound: §=adg(0), where o is known as the
calibration constant. We are concerned here with application to Fe>’. We may
estimate isomer shifts from our MO calculations, using the approximation that
atomic orbitals on other centers have no density at the Fe nucleus. As the
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Fe 3d and 4p orbitals also vanish at the Fe nucleus, the only contributing
atomic orbital in our calculations is Fe 4s. However, the Fe inner-shell densities
are also affected by the molecular structure and at least the Fe 3s contribution
cannot be neglected. Following ideas developed by Flygare and Hafemeister [13],
we estimate the Fe 3s contribution by considering its lack of orthogonality to
the valence orbitals of neighboring ligands. This nonorthogonality can be
interpreted as requiring a renormalization of the wavefunction, with a consequent
change in the Fe 3s orbital density. We also consider differences in shielding
associated with changes in the Fe 3d orbital occupancy.

The Fe 45 density at the nucleus is obtained by multiplying [ 4(0)|* by Pag, 45
its coefficient as given in the bond-order matrix. There is some uncertainty as
to the optimum value of [y, (0)2. Walker et al. [14] give the value
2|14, (0)> =15 ay ® calculated using the (nonrelativistic) Fermi-Segré-Goudsmit
formula and a relativistic correction term §'(Z) which is about 1.3 for iron [15].
This method of calculation assumes no screening of inner s electrons by an
additional 4s electron. However, Blomquist et al. [16] report the smaller value
[944(0))>=6.7 a5 ® for the electron density produced at the nucleus of an iron
atom by a single 4s electron of configuration 3d®4s?, based on nonrelativistic
Hartree-Fock calculations with the §'(Z) correction. In the present work we use
both values for comparison.

The Fe 3s density at the nucleus, including 34 shielding effects but before
the nonorthogonality correction, is taken as

21ipay(0)F = 138.2 = 1.762(2 3, P34 34— 5).-

This formula is based on Hartree-Fock atomic-orbital values for various
electronic configurations of Fe and its ions [17].

The nonorthogonality of Fe 3s to other orbitals has the effect of changing
the coefficient of [y,,(0)|* away from 2, even though the Fe 3s orbital is assumed
to remain fully occupied. The effect can be calculated by orthogonalizing the
Fe 3s orbital to the other occupied MO’s. The results are invariant with
respect to the orthogonalization procedure chosen, and we therefore found it
simplest to achieve orthogonality through changes of the Fe 3s orbital only,
leaving all other MQ’s unaltered. This approach eliminates approximations
attendant upon the use of the symmetric orthogonalization procedures, and
which are only marginally justified for the degree of overlap encountered in the
complexes presently under study. We therefore write

¢3S=N[was - X (Bilvs ¢i},

i#3s

N= (1 - Z_i<¢)i|w3s>l2>_%a

i#3s

where

the ¢; are occupied MO’s and v, is the 3s Hartree-Fock atomic orbital.
Now the density at the Fe nucleus may be written

Q(O) = P4s4s|w4s(0)|2 + 2N2‘ ¢3s(0)|2 .

= Pus, 49401 + [135(0) — B4, (0)*

2
1-4
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where A=1%13 P,S, 3,53, and B=%Y P, ,S, 5. In using this expression

ab a
for 0(0), we assume that the overlap integrals are to be evaluated using
Hartree-Fock atomic orbitals, as STO’s give a qualitatively incorrect overlap
with Fe 3s. We may then omit Fe 4s from the summations in 4 and B, as
S3s 4s=0. We have omitted the 1s and 2s contributions to ¢(0) because they are
assumed to be constant for all the complexes under study.

Quadrupole Splitting

The Mossbauer quadrupole splitting AE, is proportional to the electric
quadrupole moment Q of the Méssbauer nucleus and to the electric field gradient
there, q: 4E, =1e?¢Q. The field gradient is calculated here from contributions
of the Fe 34 and Fe 4p orbitals, plus contributions from ligand orbitals estimated
from the distribution of net atomic charge.

Complexes of symmetry 0, have no quadrupole splittings, while those of
symmetry C,, or Dy, have splittings given in the above-described approximation
by

AE, =%62Q{(1 —R)<r 3 (32,1 Pyg 30 faa+ 42 P4-p,4pf4l-’>
+(=72) LBz — i)l

The 3d and 4p summations are over the appropriate sets of Fe orbitals, the a
summation is over all atoms other than Fe; and q,, z,, r, are the net charge,
z coordinate and distance (from Fe) of atom a. We actually limited the sum over
a to the nearest neighbors of the Fe atom. The quantity {r~3) is the common
radial factor resulting from taking the expectation value of (3z2 — r?)/r’; angular
factors needed for individual 3d and 4p orbitals of varying magnetic quantum
number are indicated as fy,, f,,. These factors are fa,.,=4/7, f54,= —2/7,
Jaa0= =37, fap+1=2/5, fupo= —4/5. The quantities (1 —R) and (1—7y,,) are
Sternheimer shielding corrections [19]; 1 — R represents the shielding effect
experienced by charge on the Fe atom, while 117, gives the antishielding
factor to be applied to charge far removed from the Fe atom. In this work 1 —7y
was assigned the value 10.1.

The major uncertainties in the calculation of AE, are the assignments of
values to Q and (1 — R) {r™*>. The value of {(r~3 should be expected to depend
upon the electronic configuration of the Fe atom. The quantity AE°

$€*Q(1 — R) {r~3)> % has been measured by McNab et al. [20] in an Fe dlmer
w1th the result AE)=4.05mm/sec. This dimer is interpreted as having Fe
electronic configuration 3d®, for which (1 — R) {r~3) has been calculated to have
the value 3.3 a.u. [21]. These data yield for the relevant state of Fe®’ the value
Q =0.21 barn, which was the value adopted in the present work. The literature,
however, contains other estimates of Q ranging from 0.17 barn [22] to
0.41 barn [23].

The compound Fe(CO); has a calculated Fe electronic configuration
3d°45%°84p%+3 and we have assumed the 4s and 4p occupancy to have little
effect on the value of {(r 3. We have consequently assumed that for Fe(CO),
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we may use 4E)=4mm/sec, essentially the same value measured for a
3d® configuration. However, our other compound with quadrupole splitting,
Fe(CN)sNO~2, has a calculated Fe electronic configuration with a higher 3d
occupancy, and this will lead to a reduction in {r~3) [22] which we have
accounted for by reducing 4E} by 10%.

Results and Discussion

In Table 4 we present calculated data indicating some features of the charge
distributions in the six iron complexes under study. Two of these complexes,
FeFg? and FeFg 4, are largely ionic, while the remaining four complexes have
considerably more covalent character. The fluoride complexes are “high-spin”
compounds, and were studied by the CI method; for the other complexes only
Hiickel calculations were made. As is generally true of well-calibrated semi-
empirical studies, the methods used here probably suffice to give qualitatively
reasonable charge distributions in the occupied MO’s. In Table 5 we give
experimental and calculated values of quantities related to spectroscopic
observations.

Let us start by considering the Mossbauer isomer shifts 6. Considerable
previous work has dealt with the evaluation of isomer shifts and their relation
to calculated charge densities g(0) at the Fe>” nucleus [24-35]. However, some
of these studies differ from the present work in that they have not fully included
the effect of changes in the Fe electronic configuration from one compound to
another. Examining first the two fluoride complexes, we note that the & and ¢(0)
values correspond to a calibration constant a= A45/40(0)= —0.38 aj mm/sec,
in qualitative agreement with the values —0.4 of Ingalls et al. [24] and —0.34
of Chappert et al. [25]. This o value differs substantially, however, from the

Table 4. Diagonal bond-order matrix elements P,, and atomic charges of iron complexes. Data

calculated by Hiickel method except for the fluoride complexes, for which spin-projected CI was

used. Atomic charges obtained using centroid projection method described in the text. Orientation
of complexes in the coordinate system is specified in Table 3

P, Fe(CN);NO™2 Fe(CO), Fe(CN);?>  Fe(CN);*  FeF;3 FeF,*
a=da . 110 1.30 1.05 0.95 1.33 123
dyol,. 090 0.82 1.05 0.95 1.33 1.23
d.d, 133 1.31 1.53 1.69 1.23 1.08
» 1.83 1.30 1.53 1.69 1.23 2.00
s 0.10 0.08 0.11 0.15 0.15 0.14
P, 0.22 0.17 023 0.24 0.15 0.13
pp, 020 0.26 0.23 0.24 0.15 0.13

Atomic charges

Fe: 0.27 Fe: 040 Fe: 0.14 Fe: —0.03 Fe: 0.52 Fe: 040
N,;: =006 C,-5:007 C: —031 C: —038 F: 059 F: -0.72
C,;: -—016 C,-5:008 :

C,.5: =014




55

Iron Complexes

“2(0)°7 M Jo onfeA 18¥[EAN SY) UO PISEBQ dIE SALNUI (0)2 10y310 [TV (1x01 208) .|(0)°*ch| J0] an[eA Ismmbworg Sy Sursn pajenofes a1e b, padILUN SALIIUS [BNPIAIPU] 4

"1 _W2 000°0T Moge jo anfea & paprodar ([z¢] Joy) oueSng pue wewWnyg 4

1L6T Serrap-108undg (uraag ‘6 [OA ‘Surpuoq pue amjonng :uj Q@ ‘SnryPQO .

7061 "PIT ‘ss01J uowredisg :uopuoT ‘977 'd ‘sexe[duros ur Surpuoq [eorways pue eijoads uondiosqy D ‘USSUISIFL-[MAXIY

(19671) €2€ ‘€ SOISAUd "Wayd °f gD ‘URWILN]

(€961) €€ € "UIA 'sAud :"d o[uery

(821 A 4

‘uonnjos uszoay ur S(OD)9 ] :[eLIdleul 12qIosqe Y Tog dInjeredura) 1oqiosqe ([p] oy

Y £/ dmyezadwal 10q108qQV {(6961) T8EY ‘0§ SOISAYJ "WAYd *f "D SueT “I "M ‘SINYINSO 4

(T961) €8LT ‘€T SPIOS "wayd dishyd W Y Iolary [ uour “T'N ‘®IS0D

3] 0 01 porerodenxs sanjea ¢ pue ainyersdwal 13GI0Sqe I O0E 3¢ 90IN0S P/, (0D YIM PaUTRIQO @ JO SINBA (TL6T) L ‘S g "aay o1sAy( A ‘Auozeq] “3]"H ‘Suryiad
3 8T amieiodwo)

10qI0SqE ‘Y 00 18 90In0S 1d/, 0D Uim paureIqo ¢ jo senjeA (€961) 1Z€ ‘€LY MSAUd Z g ‘BuewiIsumrz “Juyny g yon[d “ M CUIATON “M T[]
3 €1 2mjeIedwa) 0QIOSE 3 O0E 18 0IROS 3d/, (0D Y3 POUIE)QO ¢ JO SON[BA (£96T) 00T ‘SLY MSKUJ 'Z "H oL "M YMIMTON A4 ‘1013

"1%9) sas ‘syerSoyur defaoao Isz — *Is¢ JunooiBoN

"1%0} 908 ‘57 'STy uweyy oyer o3IeYd [EIIQIO Sp o Jwisn

"SUONNQLIIUOD ST pUe ST SUIPNOUI JON

o0

~

®

o

@

L9T 081 0 0 0 0 (¢ %) or®0 ‘u
a000¢C 0000¢ 0009¢ "o1ed
200007 —009L 20001 w0001¢€ w000SE (,_wo) pdxe b 0T
QATIISOJ QATIISOJ o[Bd
eAnisod ¥2ADIsOd Tdx3 ‘b jo ugig
ST €T "oed
185°T €57 aT 3587 ELT (00s/ww) ‘pdxe gy
sOOVI »¥ THT »TOPI »SOPI bTOFEOPT b6 0PI

26'6ET SVEPT
9 TTPI a8PP1

Loyl TeEpT LovT 34! TOFLOVT €TPT vl 2v) o1E0 ()0

JTI00F 65T 5L89°0 »S000 FE€E€0— »E000 T €T 0— 2100 F#H0— p€000F 0950~ (09s/tmx) pdxe @

p2dod ¢ 2404 »2(ND)ed ¢ 2INDJRA $(0D)e - ONF(ND)2d punodwo)

y2ded 10)7 =8 ‘c 2434 50] 7/S = § Ui ‘pasn sem [ poosford-urds yorgm 1o} ‘soxsjdwos spriony sy} 1oy 1dsoxs poyjeuw eyonH 4q ejep
parenole)) -~“u 94 e suonemdod uids pue b 01 sgunids poy puesy “Cgp sSumids sjodnipenb ¢, (0)d snefonu 9, 18 SANISUIP 3FIBYD ‘@ SYIYS IWOS] S AQRL



56 A. Trautwein and F. E. Harris:

value —0.15 obtained by Simafnek and Sroubek [26] through consideration of
FeO and Fe,O,, and a similar value obtained by Simanek and Wong [27] on
FeF, and FeF;.

Upon examining the work of Simanek et al., we note that they made several
different approximations than were used in our work. In including the correction
for orbital nonorthogonality in the fluorides, they neglected the overlap of Fe 3s
and F 2s orbitals, retaining only the Fe 35— F 2po overlap. They also assumed
the fluorine 2s orbitals to be fully occupied, whereas we took the fluorine orbital
occupancies from our MO calculations. To determine more fully the results of
these approximations, we repeated our calculations of ¢(0) neglecting the
Fe 3s—F 2po overlap, but retaining our charge distributions as calculated. The
result, shown in Table 5, leads to a reduction of the calibration constant to
a=—026 a3 mmy/sec, halfway to the value of Simarek et al.

Simanek and Sroubek observed that the large change in 4 on going from
Fe*? to Fe*? salts could be consistent with their calibration if the Fe 4s occu-
pancy were considerably higher in the trivalent salts. However, this hypothesis
does not agree with our MO calculations; we find very little increase, from
Py, 4s=0.142 in FeFg* to P, 4,=0.145 in FeFg > If we look at the 4s orbital
charge as obtained from a Mulliken population analysis, the corresponding
numbers are 0.37 and 0.33. The value 0.33 for trivalent Fe is in good agreement
with an earlier estimate of 0.32 made by Danon [28] and by Viste and Gray [29].
Our work suggests a Ap(0) between divalent and trivalent fluorides somewhat
smaller than postulated by Simafiek and Stroubek, and mainly due to changes in
overlap integrals with internuclear distance and to changes in 3d shielding. In
summary, even for these relatively ionic compounds it may be a serious over-
simplification to approach too closely descriptions such as Fe** and F~.

To assess further the reliability of our calibration, we made one additional
auxiliary calculation in which we used the Mulliken-population orbital charge
instead of P, ,, as a measure of the Fe 4s orbital occupancy. This is probably a
poorer measure of the 45 contribution to ¢(0), as the overlap charge causing an
occupancy difference from P, ,, is for the most part not near the Fe
nucleus. Even so, the calibration was only altered slightly, from —0.38 to
—0.35 a5 3 mm/sec. '

We now turn to the more covalent compounds. Attempts to relate these to
the fluorides fail, most probably because small inconsistencies in the parametri-
zation of F in relation to C, N, and O can produce systematic changes in charge
distribution of a magnitude sufficient to obscure the tiny effect under study.
However, meaningful comparisons can be made within the group of more
covalent compounds.

Our first observation in these compounds is that their differences in ¢(0)
are small, in agreement with the narrow range of observed 4. If we allow for the
uncertainty in the calculated ¢(0) for Fe(CO)s (this uncertainty comes from that
in the Fe—C bond length) and if we use the Blomquist value for [ip,,(0)%, we
find that the ¢(0) values are consistent with a calibration in the range « = —0.31
to —0.38 a3 mmy/sec, in agreement with our analysis of the fluorides, and in
agreement with our recent isomer shift calibration using multivalent states of
57Fe in KMgF; [30]. Furthermore our molecular orbital study of Mdssbauer
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results on iron dissolved in solid noble gases [31] supports the choice of 6.7 ag
for the electron density produced at the nucleus of an iron atom by a single 4s
electron of configuration 3d%4s!.

The cyanide complexes have previously been studied by Shulman and
Sugano [32], who attributed the small 45 between Fe(CN); * and Fe(CN), ? to
nearly unchanged Py, ,, and X;,Ps, 3, in both compounds. We find this to be
nearly consistent with our MO studies, which show that a small change in g(0)
due to change in P, 4, is nearly exactly compensated by a small change in
Z34P34 34- In contrast to the fluoride compounds, the Fe-C bond distances
remain almost unchanged on going from Fe(CN)g* to Fe(CN);3, so that
changes in overlap integrals are unimportant.

Thus far, we have not emphasized the fact that all our nonorthogonality
corrections in ¢(0) have been based on Hartree-Fock atomic orbitals rather than
STO’s. The STO’s seriously underestimate the overlaps and cannot realistically
be used in this context. Moreover, the nonorthogonality of Fe 3s and 4s STO’s
would introduce a correction of questionable value.

To summarize, our study of both ionic and covalent iron complexes
leads to an Fe®? Mbossbauer calibration value in the range a= —0.31 to
~0.38 g} mm/sec.

The reliability of the MO studies can also be studied by examining other
calculated quantities. In the present work, these include quadrupole splittings
AE,, ligand field splittings 10 Dq, and atomic spin populations at Fe n,. Two
of the compounds under study have nonvanishing 4E,; both calculated values
are in qualitative accord with experiment. The 10 Dq values are also satisfactory,
and the spin densities (only applicable to the high-spin compounds) look
reasonable.
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