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Abstract: The origin of the pair-delocalized ground state of spin S = 2, observed in chemically symmetric mixed-valence
[Fe;S4]% cores present in proteins and synthetic models, is analyzed in the framework of an effective-Hamiltonian model,
comprising terms for excess-electron transfer (leading to double-exchange coupling of the paramagnetic Fe(III) cores),
vibronic coupling (trapping the excess electron), and antiferromagnetic exchange. The basic mechanisms underlying
theinhomogeneous electron distributions in trinuclear mixed-valence clusters with paramagneticion cores are illustrated
in a simple model with electronic structure d1-d1-d2, The adiabatic potential surfaces of the system are determined
and their extremal points, corresponding to definite electron distributions, are ascertained. The electron distributions
depend essentially on the ratio of transfer parameter and vibronic trapping energy: 8/(A2/2«). For small ratios, the
excess electron is site-trapped; for larger values (21) the delocalization behavior depends on the nature of the electronic
state considered. In case of a degenerate manifold including different irreducible representations (A + E in C;,
symmetry), the excess electron is trapped in a pair-delocalized state, in which the electronic charge is accumulated at
two sites of the trinuclear system. Analysis of the triiron unit (represented by electronic structure d3-d3-dS) reveals,
for 8> 0,2 highly degenerate electronic ground state, including spin levels ranging from S = 0—6. The ground manifolds
for S =1, .., 4 are, for 8> 0, ‘A + E’-degenerate and give rise to broken-symmetry, pair-delocalized ground states.
The excess electron in these states is not strictly confined to a pair of sites; there is a finite probability density of finding
the electron at the remaining center. The smallest density (and strongest vibronic stabilization) is found for spin S
= 2: the conjunction of electron-transfer interaction and vibronic coupling leads to a pair-delocalized ground state of
spin S = 2 for 8/(A2/2x) = 1. The condition is satisfied by estimates of the ratio in trinuclear iron-sulfur clusters,
which explains the ground state observed therein. The calculated magnetic hyperfine parameters are in good agreement
with experiment. Introduction of antiferromagnetic exchange does not change the main conclusions obtained without

this interaction.

Introduction

Iron—sulfur proteins are implied in different biochemical
processes, thereby acting as electron-transfer agents or as catalytic
systems like in aconitase and nitrogenase.l-5 The biological
importance of the systems has stimulated synthetic efforts to
modelize the active sites.6 The natural systems as well as the
models have been subjected to intensive structural and spectro-
scopic studies.’™?®

The functions of many of these systems derive from the ability
of the central iron—sulfur unit to store different numbers of
electrons. The ensuing mixed-valence oxidation levels represent
a set of Fe(III) cores accommodating one or several “excess”
electrons.

In proteins with dinuclear clusters the excess electron is found,
by Mgssbauer spectroscopy, to be mainly localized at one iron
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site.19 The observation of the same phenomenon in chemically
symmetric model compounds led Holm et al. to the conclusion
that the localization of the excess electron is not caused by the
protein surrounding but is an intrinsic property of [Fe,S,]*
clusters.i!

In natural trinuclear [Fe;S]° and tetranuclear “cubane”
[FesS4]3* clusters with formal oxidation states 2Fe(11I) + Fe(II)
and 3Fe(Ill) + Fe(Il), respectively, the delocalization of the
excess electron is also restricted but now to a pair of sites. An
example of pair localization is found in the reduced form of the
trinuclear iron—sulfur cluster in ferredoxin II (FdII) from
Desulfovibrio gigas.'>? Meanwhile a structure fairly close to
trigonal symmetry is found by X-ray crystallography in the
oxidized state of the cluster.1»14¢ Recently, the same electron
localization pattern was observed in triiron subunits of synthetic
clusters with MFe;S, (M = Mo, W, Fe) cores with equivalent
iron sites.1%16 As was pointed out in ref 15 this inhomogeneous
electron distribution must be also an intrinsic property of the
[Fe3S4]0 clusters.
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The investigations of the trinuclear iron—sulfur clusters reveal
furthermore that the spin structures in their ground states are
similar.121316 The iron ions are in high-spin states: Sy = 2
and Sgqmy = °/2. The Méssbauer spectra can be interpreted in
terms of a model with the spin of the delocalized pair, S;; =%/3,
coupled to the spin of the remaining Fe(III) ion to give the total
cluster spin S = 2. The stabilization of a high-spin state in the
dinuclear subunit is probably a consequence of double-exchange
coupling between the iron core spins, caused by the delocalization
of the excess electron.!”22 The origin of the partial delocalization
in the iron—sulfur clusters remains, however, obscure in purely
electronic treatments of these systems and is the subject of this
paper.

The concept of vibronic interaction is of primary importance
for the description of electron localization in mixed-valence
systems.23.24 Localization of the excess electron in symmetric
mixed-valence systems is always accompanied by a symmetry
breaking of the nuclear framework, which manifests the vibronic
(nonadiabatic) mixing of electronic states obtained in the
symmetric nuclear configuration. Theoretical analysis of mag-
netic mixed-valence dinuclear systems shows that the combination
of double exchange and vibronic coupling gives rise to spin-
dependent electron delocalization patterns.!” Recently, it was
shown?’ that the two interactions can lead to delocalization over
a pair in the spin-quintet state of a symmetric [Fe;S,]0 cluster.

Although a number of significant features of the [Fe;S4]°
clusters have been elucidated, there remain a number of important
questions to be answered: what is the origin of the § = 2 ground
state with the excess electron delocalization over a pair, and how
is one to interpret the spin composition of this state? Is
delocalization in a pair only present in the spin S = 2 state of the
iron cluster, or are we dealing with a more general phenomenon?

The paper is organized as follows. The electronic dinuclear
states formed by double exchange are introduced in a symmetry-
adapted way, suitable for further discussion of the trinuclear
system. The basic mechanism behind the partial electron
localization in trinuclear clusters due to the common action of
double exchange and vibronic coupling isillustrated in the simplest
mixed-valence cluster adapted to such a study: the d!-d!-d? case
with one excess electron and paramagnetic core spins SY = 1/2.
The spin composition of the eigenstates isanalyzed. Subsequently,
we extend our model to the case of electronic configuration, d*-
d5-df, characteristic for [Fe3;S4]° clusters. It is shown that the
spin § = 2 state with electron delocalization over a pair becomes
the ground state by double exchange and vibronic interaction.
The magnetic hyperfine parameters of FAII are analyzed within
the model. The model parameters relevant to the actual systems
are estimated, and the influence of antiferromagnetic exchange
on spin-state energies is discussed.

Double Exchange in Dinuclear Clusters: A Molecular Orbital
Approach

The concept of double-exchange coupling was introduced by
Zener for the explanation of the ferromagnetism in a number of
mixed-valent semiconductors'®20 and was further developed by
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several groups in studies of mixed-valence clusters.!718.26-28 The
mechanism is based on the application of Hund’s rule in the
description of arrays of paramagnetic ions in the presence of
delocalized excess electrons. The coupling mechanism is illus-
trated in the following diagram, displaying a mixed-valence dimer

Center A

Center B
(1)

containing two paramagnetic ion cores with spins Sg and S%, and
one itinerant (“excess”) electron of spins. The excess electron,
occupying molecular orbital ¢, penetrates the paramagnetic cores
of the two ions. The resulting spatial overlaps lead to exchange
interactions between the excess electron and the electrons of the
two paramagnetic ion cores. These interactions align the ion
core spins with respect to the excess-electron spin and give rise
to an effective ferromagnetic coupling of the ion core spins.

A theoretical analysis of the double-exchange coupling in
symmetric dimers has been given in a study by Anderson and
Hasegawa.2? Therein analytical expressions of the complete
spectrum of spinstate energies and eigenstates are derived, starting
from a localized description of the excess electron. In the next
section we briefly summarize the theory of Anderson and
Hasegawa. Subsequently, the electronic eigenstates will be
expressed in terms of molecular orbitals, in order to facilitate
afterwards the analysis of the trinuclear systems. As there exist
some formal differences in the descriptions of systems d"-dm!
with less than half-filled shells (n < 5) and with half or more than
half-filled shells (n = 5), we shall treat the two cases separately.

Less than Half-Filled d Shells. Anderson and Hasegawa
consider a symmetric dinuclear mixed-valence system, AB,
containing an excess electron which is assumed to occupy the
orthogonal orbitals a and b, localized at the centers A and B,
respectively. The electronic states corresponding to occupation
of orbitals aand b do not diagonalize the operators for the kinetic
energy and the effective field in which the electron moves. The
nondiagonal interaction is expressed by transfer integral 8. Under
the above assumptions, the electronic Hamiltonian is reduced to
an effective operator of the form

H, = Bt,p (1)

in which the operator t,p is defined by its action on the functions
|a)and |b): tapla) =|b) and tog|b) = |a). Incase of diamagnetic
ion cores, diagonalization of eq 1 yields the molecular orbitals

_1
6s = 75(akb) 2)

and energy eigenvalues E = 8, where the signs correspond to
those in eq 2.

Theelectronicstates and energies of a binuclear mixed-valence
system with paramagnetic ion cores, S, = 59 = 89 5 0, depend
on the total spin Sup of the dimer. A set of basis functions for
the dimer is given by

|(30m5)SA,Sg,S,\B;H) (3a)
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152,(5,59)S5,S apib) (3b)

which are depicted by diagrams (2) and (3), respectively. The
excess electron in functions eqs 3a and 3b occupy the orbitals a
and b. As we are dealing with a less than half-filled d shell, the
excess-electron spin is coupled parallel to the core spin, e.g.,
(S?\, s) Sa = 8%+ !/, in expression eq 3a, according to Hund’s
rule. Subsequently, the spin S, and the spin of the opposite site,
S8, are coupled to resultant total spin Sqp. The total spin Sap

tAB

A A 4 ;

(2) ) (4)

can be depicted by the vector sum of the core- and excess-electron
spins, and the value of S,p depends on the angle between the core
spins: states of maximum spin, Sxp = S?\ + Sg +1/,, correspond
to a parallel alignment of the core spins (diagram (1)) and states
of lower spin to tilted configurations, such as the one shown in
the diagram (2).

The action of the transfer operator eq 1 on basis state eq 3a
transfers the excess electron (diagram (1)) from orbital a to b;
its spin, however, remains coupled parallel to core spin S9,
leading to the dimer state |(S2,s) Sa = SO+ 1/, S3, Sam:b) (see
also diagram (2)). The state can be expressed as a linear
combination of the Hund’s rule respecting basis state eq 3b
(diagram (3)) and a state which violates this rule (diagram (4)).
We shall assume that the latter state is separated by a large
energy gap from the ground state, so that it may be ignored.
Formally, this restriction is achieved (see ref 21) by introducing
the projection operator Py onto the space of Hund’s rule respecting
states in the expression for the transfer operator

H, = BPyt,pP, 4)

The matrix element of the electron transfer is reduced by the
coefficient of state eq 3bin the linear combination. The coefficient
is related to the projection factor of the spm function of the
transferred electron (quantized along spm S%) onto the spin
function which is quantized along spin S§. The expression for
the projection factor ((S%, 5)Sa = S + 1/, 5%, SaplS%, (s,
S? B) S =80+ 1/5,Sap) is readlly evaluated by using the formula
for spin-recoupling coefficients given by Racah (see, e.g., ref 29),
andreads (Sap+!/2)/(25°+ 1). Hence, application of operator
eq 4 on the basis function eq 3a gives

St/
=5%+1/ S0 §,.a)=p-2E 2|60
/2 B AB 62S0+1 |A

(S, S%)SB = So + 1/2, SAB;b) (5)

Diagonalization of the effective Hamiltonianeq 4 yields the energy
spectrum

Htl(So ’ S)SA

AB+ /2

ESar = 4
* B st

(6)
and the eigenfunctions

850 = (1SS, 9ISy = 8+ 1/, S3, Spgia)
1S%,(s, SISy =82+ 1/,, S,pb)] (7)

where the subscripts & correspond to the signs in eq 6.
We will now pass in eq 7 from the localized orbitals, a and b,
to the molecular orbitals given in eq 2. To that end, we adopt
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Table I. Energies and Wavefunctions for the dl-d2
Double-Exchange Problem

energy wavefunction

+8 dY?=18%=1,S,p =%; 6,)

1 V3, 1 1 1
+—2'B @5_/2=_2—|S/0\B=0; SAB=§; ¢+>__2-|S0AB= 1; SAB=5; ¢.)
1 V3 1 1 1
B @Y= 5S4 = 0,8, =51 6.) - 5183 = 1. Sap =5 44

6 =% = 1S =50

another coupling scheme in which the core spins S and S are
coupled first to resultant spin S5, which is then coupled to the
spin, s, of the itinerant electron. Usingagain the method for spin
recoupling given by Racah, one obtains the following expressions
for the eigenfunctions:

28-S, + '/,
[W] (S, S2)SAe = Sap +

1/2s s, Sypia) :Fl(SOA’ Sg)SiB =St l/2s s, Sapsd)] +

2‘5‘0"'SAB"'3/2]1/2 -
[ 4028°+1) [1(5%, S3)Sas = Sas -

Y8, Sapia) £ (5%, S)S%p = Sap~ /25, Sapib)] (8)

The multielectronic wavefunctions are constructed from anti-
symmetrized products of spin orbitals. Asthe antisymmetrization
operator is linear with respect to the one-electron states, we can
combine the first and second term in eq 8 as well as the third and
fourth term into single configurations, which leads to the
expression

ZS"—SAB+‘/2]
[l ] st st = 500+

28°+ S, +3/, 12
—@—A:_l)'ﬁ] |(S3, SB)Ss =

=125 Sppit) (9)

It is seen that the electronic eigenstates are linear combinations
of two configurations in which the excess electron occupies the
molecular orbitals ¢4 and ¢_. For maximum spin, Sxp = 25° +
1/,,thecoefficient of the first term ineq 9is zero. The eigenstates
$3*® and &5 are then equal to single configurations in which
the excess electron occupies the orbitals ¢, and ¢_, respectively.
For lower values of the spin Sap, the ratios of the coefficients of
linear combination in the eigenfunctions eq 9 approach one. These
features are demonstrated in Table I in the example of the dimer
di-d2.

The symmetries of the eigenstates can be easily deduced from
expressions eq 9, once the symmetry group of the dinuclear system
and the orbitals aand bare known. Forinstance, in C;symmetry,
when the orbitals a and b of the dinuclear system are interchanged
by reflection with respect toa perpendicular mirror plane bisecting
the axis AB, the states 3/ and ®!/2 transform according to the
representation A” and the states ®./2 and &*/? according to the
representation A’.

Half or More Than Half-Filled d Shells. The excess electron
in dinuclear transition—ion complexes of electronic structure d"-
d™1 with n = 5, e.g., the Fe(III)Fe(II) system, is necessarily
occupying a d orbital which is already half-occupied by an electron
of the paramagnetic ion core. The spins of the excess electron
and the equivalent paramagnetic core electron are coupled
antiparallel, asisillustratedin diagram (5). A setof appropriate,
Hund’s rule obeying basis functions for the description of the

Sap =

+

SaB = _
%

Y Sapds) + [
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—>

—>

TI

Dbttt

—1 > —

(5) (8)

double-exchange problem in the diiron unit is given by

ISapia) = |[S'p(s" 5)s, = 0], (s, S'5)S], Sapiaab)
(10a)

ISapib) = (8%, 5283, [(5, 505", = 0, 318, S,piabb)
(10b)

With S, =8, =Sp=Sp=50-1/,=2,8 =83 =80 =5/,
ands =s’'=s"=1/,. S’ (and S%) is the coupled spin of the
unpaired, spin-parallel electrons in the four orbitals at the top of
thediagram. The orbitals (a or b) indicated in eq 10 are occupied
by the electrons carrying the spins s/, s, and s”, respectively. The
parentheses in the expressions eq 10 define, as before, the order
of the spin coupling.

Let us consider the action of the transfer operator on |Sap;a).
This operator can act on either of the electrons in orbital ¢ and
yields

toplSapia) = 2[Sy, (s, 8)s, = 0]S,, (s, S'5)SB, Sapiabb)

(11)
Oneof theelectrons in orbital a is transferred to orbital b; however,
its spin remains coupled to spin s’ of the electron still occupying
orbital a. The transfer-matrix element to site B follows from
spin projection of function eq 11 onto the basis state [Sp;b). The
projection can be performed by a 3-fold spin-recoupling procedure.
Firstly, the spin s of the transferred electron is recoupled to the
total core spin S?\ of ion A, as illustrated in diagram (6). The
recoupling yields the factor

(12)
which is readily obtained by application of the standard formula
due to Racah.?® Secondly, the spin s is recoupled to 59, leading
to the well-known matrix element for double exchange

SAB+1/2
28°+ 1

The matrix elements for 72 5 and for n < 5 are of opposite sign
due to the reversal of the excess-electron spin relative to the core
spin. Thirdly, the spin s is locally recoupled to the spin s” of the
paramagnetic core electron occupying orbital b, leading to a
projection factor equal to that obtained in the first step

(s,(s", S’B)S%,SBKS,S”)S”I, =0,8% 8p) = ﬁ

(14)
We note that the recoupling procedure entails also a number of
terms which do not obey Hund’s rule or which are zero due to
the Pauli principle, so that they vanish in the projection. By
taking the product of equivalence factor 2 (eq 11), of the three

(5%, 5)S,, 5%, S4plS%.(5, S S5, Sap) = - (13)

(29) Brink, D. M; Satchler, G. R. Angular Momentum; Oxford Library
of Physical Sciences: Clarendon, Oxford, 1968.
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recoupling factors, and of 8, we arrive at the transfer-matrix
element

Sxst /s
(S p:bltsplSapia) = -————
aBibltaplSap 250
Diagonalization of the transfer operator leads to the eigen-
functions

(15)

1
&5 = —[|S,0:a) F |Sap:b)] 16)
ES '\/El AB | AB (
with energies
S+
Efno=xp-22 12 17
3 B 25° (17)

where the subscripts & correspond to those in &34,

The calculation of the transfer-matrix elements thus involves
for n = 5 three recouplings of the excess-electron spin. The local
recouplings, however, can be avoided by formally representing
the genuine local functions, such as given in diagram (5), by their
recoupled versions, such as given in diagram (6). Adopting the
same representation in the definition of the basis functions of the
dimer yields accordingly

IS upia) < [(S%, 5)S, B, Sapia”) (18a)
IS upib) == IS, (5, SD)Sp, Sapib”) (18b)

The electron of spin s, that will be transferred, is considered to
occupy the fictitious orbital a’or b’. The transfer operator is only
acting on the electron occupying the primed orbitals in this
formulation of the electron-transfer problem. Thetransfer-matrix
elements between basis states eqs 18a and 18b can now be
calculated by performing only one single spin recoupling, provided
we multiply afterwards all energies by the appropriate correction
factor, (25° + 1)/259, for equivalence and local recoupling, in
order to obtain the matrix elements between the genuine basis
functions. The correction factor is equal to ¢/5 in the system
Fe(I1I1)Fe(II). The eigenfunctions correspond in this “interme-
diate” representation to the expressions

230 = (8% )5y, S3. Spwia) 7

IS‘,L, (s, Sg)Sns Sambd"] (19)

where we have dropped the prime of & to indicate the difference
with the true states. Then, by adopting, as in expression eq 9,
a coupling scheme in which the composite core spin, SQAB, is
coupled to the excess-electron spin, s, eq 19 takes the form

3
SAB = [w

1/2
s 225° + 1) ] |(S0A’S%)SOAB=SAB+

28°-8, . +1/.1?
TS_‘%—TA] 1SS, S9)S%s =

SAB - 1/2, S, SAB;¢4=) 20)
in which the fictitious orbitals ¢4 are defined by

Y28, Sapits) + [

1

b =—(a' = ¥) 2D
* V2

The functions eq 20 for the system Fe(II)Fe(III) are explicitly

given in Table II.

Double Exchange and Vibronic Coupling in Equilateral
di-d!-d? Systems

Double Exchange. The essential electron-distribution and spin
properties of trinuclear mixed-valence clusters linked to double
exchange can already be studied in the simplest model system
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Table II. Energies and Wavefunctions for the d5-d® Double-Exchange Problem

energy wavefunction constructed on the basis of the intermediate functions (20)
+6 ¢i”=\/%|5i.=s,s“=§:¢+>+ E % =4, Sx =36
"'%ﬁ ¢} = '\/%‘Sis =4,5,p= %; ¢,) + ‘\/%IS?\B =3,8p= %; ¢.)
+38 32 = \/%qsi,, =3,5u=300+1/ %s"m =2Su=36)
+%ﬁ ¥ = \/ %sg,, =2,S,,= %; 6,0+ \/%131, =1,S,5= %; 6.)
+36 2=/ L= 1S = he + A/ S = 0.5 = L0
= =4/ D%, = LSp =60 + A/ 3% =055 = ko)
25 2=/ =250 =200 + /I = 15 = o)
—% ¢ = ‘\/%Sin =3,5p= %; ¢y + \/%Sin =2,S53= %; ¢4)
‘%3 9= ‘\/%Sin =4,S,5= %; é.)+ '\/%lsgn =3,5p= %3 ¢4)

11 9 1 9
¥ 7= /Uty =5.50=30)+ /S =450 =300

with electronic configuration d!-d!-d2. The Hamiltonian eq 4 is
generalized to polynuclear mixed-valence clusters as follows,2!:22

Ho= Y B,PotPo (22)

i<j

where the summations run over the magnetic centers, A, B, and
C, of the cluster.

In the equilateral symmetry adopted here, the local orbitals a,
b, and ¢, between which the extra electron migrates, are supposed
to transform into each other through rotation C;. The three g
parameters are equal to a single value, 8. The molecular orbital
of a symmetry is given by ¢, = (a + b + ¢)/V/3 and has
delocalization energy 28. The orbitals of e symmetry are given
by ¢.., = (a-b)/Vv/'2and ¢, = (2¢—a—-b)/V/6 and have energy
—fB. The energy order of the a and e levels defines the sign of 8
without ambiguity: if the energy of orbital ¢, is larger than the
energy of ¢,, the value of 8 is positive and negative for the reversed
order. The following scheme shows two sets of localized orbitals
possessing positive (diagram (7)) and negative (diagram (8))
overlap charge densities, implying, respectively, negative and
positive values for the electron-transfer parameter 3.

B<0 B>0

)] (8)

We adopt, as for the dimer, a basis of electronic states which
obey Hund’s rule. As we are dealing with a four-spin problem,
including three core spins S7, i = A, B, C, and excess-electron
spin s, there exists a considerable freedom in the choice of the
order of spin coupling in the definition of the electronic basis
states. In our numerical analyses of trinuclear systems use is
made of the localized basis

Table III. Energies and Eigenstates for the Equilateral d!-d!-d?
Double-Exchange Problem

levels labeled in levels labeled in
energies C; symmetry energies C; symmetry

28 SA 0 3A
+%.8 IE -# SE, JA, JE, A

1
+= 1

2P E

(S, SIS, (S $)Si, Sik) (23)

The site occupied by the excess electron is noted at the end of the
ket. The spins in eq 23 are coupled in three stages. Firstly, the
spin s of the excess electron, occupying orbital k, is coupled with
core spin s‘; toresultant local spin S}, taking into account Hund’s
rule. Secondly, the core spins S7 and Sj’ of the remaining two
sites are coupled to give subspin S‘,} Thirdly, the local spin Si
and spin S, are coupled to resultant total spin S.

In the application to the system d!-d!-d2, the core spins, S?, i
= A, B, C, are equal to !/, and the spin of the site containing
the excess electron is equal to 1, due to Hund’s rule. The subspin
S7 of the coupled pair (i,j) is equal to 0 or 1, and the total spin
Sis 0, 1, or 2. The dimensions of the subspaces for spins § =
2 and 0 are equal to 3, since the excess electron can occupy three
sites and the subspin is restricted to one value, S‘,} =1. For §
= 1, the basis has dimension 6, since the spin Sg can now take
the values 0 and 1.

The Hamiltonian matrices of the transfer operator eq 22 are
obtained by straightforward calculation.’® Diagonalization yields
the electronic energy eigenvalues given in Table III. The labels
refer to symmetry group Cs;. The energy spectra for spins S =
2 and S = 0 consist of a single A and a single E term, as found
in the monoelectronic trimer. The energies for S = 2 are equal
to those of the one-electron system, since the delocalization of the
excess electron is not affected by the parallel alignment of the
core spins. For S = 0 the resonance splitting is reduced by a
factor of —!/, as a consequence of the antialignment of the core
spins. For spin § = 1 there is a mixing of states with

(30) Belinskii, M. 1. Mol. Phys. 1987, 60, 793-819.
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different Sg values, leading to a more extended interaction
matrix. We note that the energy level at 3 is highly degenerate,
and, as will be shown below, this feature is of crucial importance
for the phenomenon of electron delocalization over a pair.

Vibronic Coupling. The relaxation of ligand shell upon addition
of the excess electron in a localized state is accounted for by
adding the electron-vibrational interaction term eq 24 to the
Hamiltonian

e = Z)\Qi”i (24)

where A is the vibronic coupling parameter independent of spin
S, Q;is the totally symmetric local distortion around center i, and
n; is the occupation operator of center i. In the study of the
cluster, we pass for convenience to symmetrized coordinates, which
for an equilateral triangle read

Q.= \%S(QA +0p+ 00

0,= \%g(zgc ~Qa-0p)

0= %(QA -0y (25)

and transform according to the representations a and e of the
symmetry group Cj,. ., can be rewritten as

e = )\[\71§Qa + \%ng(z”c —ny—ng) + %QJ"A -
nB)] = x[\71§Qa + Qo”o + Qene] (26)

The interaction with vibration Q, is identical for all electronic
states and can therefore be ignored. The diagonalization of the
total Hamiltonian matrix yields the electronic energies as a
function of the coordinates @y and Q.. In order to calculate the
potential surface, the elastic energy of the nuclear vibrations
1/,%1m4,8,c¢Q7, Where  is the force constant of the metal-ligand
bond which is assumed to be independent of the oxidation state,
must beadded. Transformation (25) allows us to write the elastic
energy in Q, space as

Eq=3(0i+ 0D 27)

The vibrations are treated in semiclassical approximation, so
that vibrational wavefunctions and vibrational kinetic energies
are not examined here.

Pair-Localization in d!-d!-d2. The total Hamiltonian matrix
for spin S = 2 is equal to that of the monoelectronic system
d0-d9-d! which leads, for equal parameter values, to identical
adiabatic surfaces.?!-3* A same formal analogy exists for spin S
= 0 if we substitute —3/2 for 8 in the Hamiltonian matrix of the
monoelectronic system. Theresults for the monoelectronic system
follow from the interaction of the three electronic states (one A
and two E) with doubly degenerate vibrations of e-symmetry.
They have been described several times in the literature3!-3? and
are summarized in Figures 1 and 2. The figures display the
section along Qy axis because one of the minima of the potential
surfaces is positioned in this direction for all values of the ratio
B/(N2/2«). The surfaces possess third-order symmetry, and two
similar sections can be found by the rotations over &2x/3 in (Qy,
Q.) space. For 8 < 0 with |8/(A2/2«)| increasing, there is a

(31) Launay, J.-P.; Babonneau, F. Chem. Phys. 1982, 67, 295-300.

(32) Borshch, S. A ; Kotov, I. N,; Bersuker, L. B. Chem. Phys. Lett. 1982,
89, 381-384,

(33) Cannon, R. D.; Montri, L.; Brown, D. B.; Marshall, K. M.; Elliott,
M. C. J. Am. Chem. Soc. 1984, 106, 2591-2594.

Borshch et al.

E /{3

e

>

Qg /(M)
E /(3]

Qo =0

o
<

[

Qg / (a/x!
E/ a2

(c)

&

Qo /I/x)
Figure 1. Sections of adiabatic potential surfaces for a monoelectronic
mixed-valence trinuclear system along the coordinate Qy, obtained for 8
< 0at small, intermediate, and large value of ratio 8/(A2/2«). The inset
in 1b displays the bottom of the lowest adiabatic potential surface at a
smaller energy scale.

transformation from a surface with three minima with three saddle
points between them (Figure 1a) to a surface with one minimum
(Figure lc), through an intermediate adiabatic potential with
four minima (Figure 1b). The minimum at negative Qz/(\/«x)
as well as the two equivalent minima describe a nuclear
configuration in which the coordination shell of one metal ion is
dilated and the two other shells are contracted, leading to
preferential localization of the excess electron at one metal site.
Thus, the surfaces given in Figure 1 describe excess-electron
localization on one site (Figure la), delocalization over three
centers (Qy = Q. = 0) (Figure lc), and coexistence of localized
and delocalized electronic distributions (Figure 1b). In the case
of positive 8, the ground state of E symmetry is affected by the
Jahn-Teller effect with the e-vibrations and by the pseudo-Jahn—
Teller mixing with the A-state (Figure 2). For 8/(A2/2k) — o,
when thelatter interaction may be neglected, the adiabatic surface
of the ground state has the well-known shape of a Mexican hat34
(Figure 2¢). The delocalization in this case is not, as for 8 <0,
associated with a fixed minimum of Cj, symmetry at the origin
(Qs = Q. =0), but it has a dynamic character due to the presence
of a continuum of minima with thesame energy. For finite values
of 8/(A2/2«) the Mexican-hat shaped potential is distorted and
three minima appear with localized electronic distributions (Figure
2, parts a and b). In summary, we can say that for spin § =0
and S = 2 the excess electron is either localized at one site or
delocalized over the whole cluster. The saddle points between
the localized minima correspond to electron delocalization over
pairs.

The problem of the adiabatic calculation for the S’ = 1 state
is qualitatively different from the previous cases, due to its higher
dimensionality. In particular, the absolute minimum does not

(34) Bersuker, I. B. The Jahn—Teller Effect and Vibronic Interactions in
Modern Chemistry; Plenum: New York, 1984.
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Figure 2. Sections of adiabatic potential surfaces for a monoelectronic
mixed-valence trinuclear system along the coordinate Qy, obtained for 8
> 0 at small, intermediate, and large value of ratio 8/(A2/2«).

always lie on the Qp axis. For small positive values of the ratio
B/(A\2/2x) (0 < B/(A2/2«) < 1.42), one has three minima and
three saddle points along the same directions as for the other spin
states (Figure 3a). Theminima correspond to the same electronic
distribution as before, i.¢., excess-electron localization at one site.
For increasing 8/(A\?/2«) (1.42 < 8/(A\2/2k) < 1.50), two new
minima appear instead of each minimum (Figure 3b). At further
increase of the 8/(A?/2«) value (1.50 < 8/(A2/2«)), the minima
convert pairwise to the directions of the saddle points obtained
for small 8/(A?/2«) values (Figure 3c). Inother words, we arrive
at electron distributions in which the excess electron is homo-
geneously distributed over two sites of the trinuclear cluster in
the limit of large 8/(A2/2«) values. This delocalization pattern
is inherent to the degenerate combination of the 3A and the 3E
cigenstates of the transfer operator. This phenomenon is
analogous to that established in the theoretical study of the S =
2 state in the Fe(II)Fe(III)Fe(III) system, taking into account
the same basic interactions, i.e., double exchange and vibronic
coupling.?’ Hence, one deals with a quite general property of
delocalized magnetic mixed-valence systems.

For negative 8 values, the ground state of the triplet manifold
is an isolated 3E level, which gives rise to a Mexican-hat shaped
potential surface in the limit |8/ (A2/2«)| — .

Analysis of the Pair-Localization Phenomenon. The numerical
analysis in the previous section revealed the possibility of vibronic
electron trapping in a pair. Inorder to gain a deeper insight into
this phenomenon, the electronic states will be analyzed using an
electronic basis adapted to the broken C, symmetry. We consider
distortions Qy, leading to the distinction of the center C at the
symmetry plane and the centers A and B at equivalent positions
off the plane.

The electronic basis is constructed by spin coupling of the
fragments AB and C of the cluster
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Figure 3. Equipotential curves on lowest adiabatic surface for spin § =
1 in the system d!-d!-d2, calculated for positive 8 at different values of
ratio 8/(A2/2«): (a) 1.000, (b) 1.466, (c) 1.800. The energy values
indicated on the equipotential curves are in units of A2/x. In (a), the
excess electron is localized on one site, in (b), it starts to delocalize and
in (¢), it is delocalized in a pair.

25°- S, + l/2]1/2
—_— X
2(258°+ 1)
|(SgB = SAB + 1/2’ S)SABs Sgs S;¢;) +
[2S° + S, +3/,
2(28°+ 1)

|Sap: S& S)* = |88, S, ) = - [

1/2
] KS&B =Sap— 1/z, 5)S s S%, Sio.)
(28a)

IS8, Sc» Sic) = |(S2, S2)S%e. (S, 5)S¢, Sie) (28b)

The wavefunctions of the fragment AB in eqs 28a and b describe
the pair, respectively, in presence and in absence of the excess
electron. Correspondingly, the wavefunction of the third center,
C, represents an ion in oxidized and reduced state. The total spin
can take the values [Sap - S < S < |Sap + S2| in eq 282 and
IS%8 = Sc| < S = |5%; + Sd in eq 28b. The expression at the
right-hand side of eq 28a is obtained by substitution of expression
€q 9 and shows the appearance of the molecular orbitals ¢. of
the pair.
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Figure 4. Construction of the double-exchange levels for a dl-d!-d?
equilaterial triangle by the pair + site method. For each value of total
spin S, energies of the Cj, eigenstates (right) and of the C; symmetry
adapted basis (left) are shown. Lines of the same style mean that the
states mix to give the eigenstates. The numbers indicate subspin Sap of
C, symmetry adapted basis states. Sap is half integer when AB is the
mixed-valence d!-d? pair and is integer when AB is the d!-d! pair.

The delocalization energies of the basis states with the electron
occupying the pair AB (eq 282) depend on spin Sap and are given
by the level scheme eq 6 for double exchange, while the energies
of the localized basis states (eq 28b) are zero (see Figure 4).

The eigenfunctions of the electron-transfer operator (eq 22)
can be expressed in terms of the basis functions given in eq 28
by diagonalizing the Hamiltonian matrices constructed in that
basis. Theinteraction matrix for the operator of electron transfer
within the pair (2,45) isdiagonal in this basis. Theonlynondiagonal
interactions left involve the operator of electron transfer toward
center C (2 4¢c + pc), which connects the states in eq 28a with the
states in eq 28b. The evaluation of the interactions is facilitated
by two selection rules. The first rule follows from the action of
the transfer operator #4c + tpc on the molecular orbitals in the
pair AB

(tac + 130l64) = \%(lw +le))=V2e)  (292)

1
ty e+t =——(le)=|e)) =0 29b
(tac+ taolo.) \/5(| )=le)) (29b)
In other words, electron transfer from orbital ¢_to c is forbidden
(first selection rule). Hence, application of the transfer operator
t4c + tpc on the basis functions in eq 28a annihilates the ¢_
configuration. The ¢+ configuration is transformed by the transfer
operator into a state, which is a linear combination of basis state
eq 28b and a state violating Hund’s rule. The spin projection
factor on basis state eq 28b can be calculated by recoupling of
the excess-electron spin s: from (S5, ) Sap to (S2, 5) Sc, using
Racah’stheorem. Therecoupling procedure entails that the value
of the subspin S?\B in the original state (eq 28a) and in the
transferred state (eq 28b) does not change: ASf’“9 = 0 (second
selection rule). The selection rules imply that a site-localized
state (eq 28b) cannot interact withmore than two pair-delocalized
states (eq 28a), so that the electronic eigenstates are linear
combinations of at most one site-localized and two pair-delocalized
states.

The basis states and the resulting C; symmetry-adapted
eigenstates are indicated in Figure 4 in the example d!-d!-d2. The
basis states interact as follows: (1) InthespinS = 2space: basis
state|Sap=3/2, S% =1/,,8=2)-does not interact with any other
basis state. The basis state|Sap =3/,, S°c =1/,,§=2)*interacts
with [S%5 = 1,Sc =1, S = 2;¢). (2) In the spin S = 1 space:
basis state [Sap = 3/, Sg =1/, 8 = 1)~ does not interact with
any other basis state. The basis states [Sap = 1/, S& = 1/5, S
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Table IV. Average Occupation of Site C ({nc)), Vibronic Coupling
Parameter ((3nc - 1)), and Vibronic Stabilization Coefficient ((3n,
- 1)2) for the d!-d!-d? Equilateral Triangle

C;labels  C;adapted basis {n¢) (3nc-1) (3nc~1)2
1A 1 0 0
3
3A,3E state 1 0 -1 1
state 2 2 1 1
5 5 25
state 3 3 4 16
5 5 25
SE state 1 0 -1 1
state 2 2 1 1
3

=1)-and |S\p =3/, Sg =1/,,8 = 1)* contain the components
|S?\B =1,S3= l/2, S =1, ¢+) and |S/0\B =1,8s3 = 3/2, S=
1;¢+), respectively, and thus interact with |S?\B =1,8=1S8
= l;¢). The basis state |Sap = !/5, S2 = 1/,, S = 1)* contains
the configuration |S?\B =0, Sap = !/2 S = 1;¢+) and interacts
with basis state [S35 =0,Sc =1, = I;¢c). (3) Inthe S =0
subspace: the basis state [Sap = !/, S°c =1/,,8 = 0)- contains
the configuration |S‘?AB =1, Sap =1/2, S = 0;¢+) and interacts
with basis state |SS; = 1, Sc = 1, S = 0;c). The basis state |Sap
=1/,, 82 =1/, § = 0)* contains the component |S%; = 0, Sap
=1/,,8 = 0;¢+) but does not interact with |S%; =1,Sc =1, S
= 0;c) since the value of the subspin S?\B in the component is
different from that in the basis state. The resulting energy
spectrum coincides, evidently, with that of Table III but now the
composition of the electronic eigenstates is adapted to C;
symmetry.

The analysis of the effect of distortion Qs on the electronic
states is considerably facilitated by the introduction of the C;
symmetry-adapted basis, since operator AQgny is diagonal in this
basis. The only effect of the distortion is to shift the energies of
the pair-localized basis functions given in eq 28a relative to the
energies of the site-localized states in eq 28b. These shifts change
the relative weights of the basis functions in the composition of
theelectroniceigenstates. However, in the limit of strong transfer
interaction, |8/(A?/2x)| = «, the vibronic modulation of the
electronic eigenstates becomes vanishingly small, so that the C;
symmetry-adapted eigenstates for Qy = O are approached. In
other words, the off-diagonal elements of AQgn; in the set of C,
symmetry-adapted eigenfunctions can be ignored in this limit.
The structural relaxations along the coordinate @, induced by
the inhomogeneous electron distributions in these eigenfunctions,
are proportional to the values of the vibronic matrix element
{2nc — np — ng). The vibronic stabilization energy is given by
the expression

Eyy = (2ncrny - ngh 2 = (3 - 122
vib C A B/ 12k C 12x

The last expression in eq 30 follows from the former by taking
into account the normalization condition ns + ng + nc = 1. The
vibronic stabilization energy is thus a function of the occupation
of center C.

Values for occupation number nc and stabilization energy Eyp,
calculated for the C; symmetry-adapted ground states of the
system d!-d1-d2 obtained for 3> 0 are presented in Table IV. The
ground states can be described as follows (see Figure 4): (1) For
spin S = 2, an eigenstate equal to the basis state |Sap = 3/a,
S2 = 1/,, 8 = 2)-, in which the excess electron is exclusively
delocalized within pair AB ({nc) = 0) of maximum spin, which
is coupled parallel to S%; a state in which the electron is
delocalized over the three centers, with major contribution at site
C ({nc) = 2/3; the subspin Ssp has no definite value). The two
states correspond to the absolute minima described above, i.e.,

(30)


file:///Qene
file:///Qene

[FesS4]? Cores in Proteins and Models

the minima of the two-branched section of the Mexican hat along
the axis Qs. (2) For spin S = 1, an eigenstate equal to the basis
state [Sap = 3/, S¢ = 1/5, 8 = 1), in which the excess electron
is exclusively delocalized within the pair AB ({nc) = 0) of
maximum spin, which is coupled antiparallel to spin Sg (The
state is depicted in diagram (9) and corresponds with the pair-
delocalized, broken-symmetry state found in the numerical
analysis of the previous section.); twostates with the excess electron
occupying preferentially site C ({nc) = 3/s or 2/5), possessing a
more complex spin composition. (3) For spin S = 0, a state in
which the excess electron is homogeneously distributed over the
three centers of the system ({nc) = !/3; the subspin Ssp has no
definite values). Maximum vibronicstabilization energies of equal
size are obtained for the two spin quintets and the spin-triplet
state |SAB = 3/2, Soc = 1/2, S = 1)'.

(9)

The analysis of the system d!-d!-d2 can be summarized as
follows. For small values of the ratio of electron transfer and
vibronic coupling parameters, |8/(A2/2«)| < 1, the excess electron
is vibronically trapped at a single site of the trimer. At larger
values of |8/ (A\2/2x)|, numerical calculation reveals in the ground
states of spin S = 1 and of §' = 2 structures that are also Jahn—
Teller distorted from ideal geometry, even so if the ratio
approaches infinity. This property is due to the presence of an
orbitally-degenerate electronic ground state for these spin values.
The vibronic interactions within the degenerate ground manifold
of spin § = 1 give rise to breaking of C;, symmetry into C;
symmetry. This kind of symmetry breaking is found when the
ground manifold comprises states of different symmetry (A +E)
with respect to C3, symmetry. The electronic ground state at the
broken-symmetry structure is obtained by antiparallel spin
coupling of the pair-delocalized ground state of the dimer

3
(& S to the core state (Sg =1/)) of the third center: [Sap =3/3,
82 =1/, 8 = 1)~ For S = 2, where we are dealing with a
vibronic e*E problem, the broken-symmetry structures are
degenerate and describe a circle around the origin of the (Qs, Q.)
plane. The electronic ground state at the intersection with the
Qpaxis (ISap =3/, 8% =1/,,§ = 2)-) has the same spin-coupling
scheme as the state for S = 1.

The vibronic stabilization of the states [Sap = 3/, S2 = 1/,
S)-forS = 1and 2 hasthefollowing grounds. Firstly, theselection
rules prevent admixture with other states through interaction
with distortion Q. Secondly, the optimal C; structures for these
states are, for 8/(A2/2«) sufficiently large, stable (or metastable,
as in case ¢*E) with respect to distortion Q.. The system with
electronic structure |Sap = 3/, S% =1/,,8 = 1)-is thus confined
to axis Q. Itsstructure is stabilized by expansions of the ligand
shells accommodating the excess electron. The vibronic stabi-
lization energies forspin S = 1 and S = 2 areequal. Theeigenstate
of the form |Sap = ¥/2, Sg = 1/,, §)- is excluded for spin S =
0, as it would violate the spin-composition rule, S 2 |Sap — S¢-
The eigenstate of spin § = 0 is a linear combination of
configurations in which the excess electron is occupying the
dimeric subunit as well as the remaining center of the trinuclear
system, leading to a more homogeneous electron distribution. As
a consequence, the structure is in ground state of spin S = 0 more
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stable with respect to distortions from C;, symmetry thaninstates
of higher spin. The vibronic coupling has thus the effect tostabilize
the states of spin S = 1 and S = 2 relative to the state of spin
S=0.

The degeneracy of the broken-symmetry ground states of spin
S =1and S = 2 can be removed by introducing Heisenberg—
Dirac—Van-Vleck exchange. A nondegenerate ground state of
intermediate spin (S = 1) is found in case of antiferromagnetic
exchange, provided that this interaction is moderate; this in order
to prevent the stabilization of a spin S = 0 ground state.

The excess electron in the ground state of spin S = 1 can be
trapped in any pair of the trimer. Once trapped, the electron will
remain in the same pair, provided that quantum tunneling and
thermal activation are negligible. The former effect is normally
considerably reduced by small imperfections (“random strains”)
always existing in real systems. At temperatures T with kT of
thesame order of magnitude as the heights of the potential barriers
separating the minima, the excess electron starts to migrate
between the three pair-localized states. The observation of pair
localization is then delimited by the spectroscopic time window,
which should not exceed the reciprocal of the jumping frequency
of the itinerant electron.

Electron Distribution and Spin State in [Fe;S )

X-ray analyses of trinuclear iron—sulfur proteins and synthetic
models, only available for homovalent species, reveal structures
of nearly 3-fold (C;,) symmetry for the unit [Fe(III);S,]!*
(diagram (10)). In spite of the equivalence of the iron ions in

/ -.“*""'///F
Fe\\\S/F/
e
N
(10

these clusters, Mdssbauer investigations of the reduced species
show anaccumulation of excess-electron charge at only two centers
in the S = 2 ground state, indicating a breaking of the initial C;,
symmetry into C,symmetry, similar to that derived in the previous
section.

As for the system d!-d!-d2, we performed first a numerical
analysis of the adiabatic potential surfaces of the system d5-d%-d$
in (Qys, Q.) space. For ratios |8/(A2/2«)| « 1, the excess electron
is, as expected, vibronically trapped at a single site of the trimer.
For increasing values of the ratio, the adiabatic potential surfaces
display transformations, depending on spin, similar to those
obtained for the system d!-d!-d2 (see, e.g., Figure 3). The analysis
shows that for |8/(A2/2«)| sufficiently large, one of the broken-
symmetry minima in each set of equivalent minima is positioned
on the O axis for all values of the spin S. Therefore, we adopt,
in the construction of the electronic states, again a C; symmetry-
adapted basis, which is constructed by spin coupling of the
molecular fragments AB and C:

2
228°+ 1)

280 S,p + l]‘“

. i ZS°+SAB+—3- 1
IS aB» Sg,S) =@, S%,S) -

1

2
|(S1B = SAB + 5’ S)SABs Sgs S;¢*) + [

2025°+ 1)
|(S0AB = SAB—%,S AR S‘é, Si¢.) (3la)

1S%5: Scr Sie) < (S, SDS%s: (ST 5)Sc, Sic”)  (31b)
The basis states eqs 31a and 31b describe the system with pair-
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Table V. Spin Values for the Triangle Fe(III)-Fe(III)~Fe(II) in the
Pair + Site Approach

Figure 5. Construction of the double-exchange levels for the § = 2
subspace of a d°-d-d¢ equilateral triangle by the pair + site method. C,
symmetry adapted basis states (normal face), fulfilling selection rules
(seetext), are arranged in columns, together with resulting Cs, eigenstates
(bold face). The numbers indicate subspin Sap of C; symmetry adapted
basis states. Sap is half integer when AB is the mixed-valence d3-d$ pair
and is integer when AB is the d5-d’ pair. The ¥, state is the one
experimentally observed in [Fe3S4]° (see text).

delocalization over AB and site-localization at C, respectively,
and areillustrated in the diagrams (11) and (12). The expression
at the right-hand side of eq 31a is obtained, after passing to
intermediate representation, by substitution of eq 20. The values

Fe (111 Fe (II)

@ aml—_\Fe (@ [Fe anl— \re (1@
(an (12)

for the triplets (Sap, S&, S) in eq 31a and of (S?\B, Sc, S) in eq
31b, fulfilling the spin-composition rules |Sxp — S < S < |Sap
+ 8% and [S%5 - S| < S < |S%p + S, respectively, are listed
in Table V.

The process of formation of C; symmetry-adapted eigenstates
is represented in Figure 5 in the example of spin S = 2. The
energies of the basis states in eq 31a are equal to the pair-
delocalization energies, given in eq 17. One can construct two
pair-delocalized basis states of total spin §' = 2, with energies of
opposite signs, for each value of Sxp. There is one site-localized
state (eq 31b) of spin S = 2 for §5 equal to 0, 1, 2, 3, and 4.
The state of total spin S = 2 and subspin S35 = 5 is excluded,
since S <S5~ Sc|. The energies of the states in eq 31b are zero.

The selection rules, stated above, imply that the Hamiltonian
matrices constructed in basis eq 31 can be decomposed into
submatrices of dimensions less than or equal to three. The
diagonalizations of the Hamiltonian matrices can be performed
analytically and yield the energy eigenvalues indicated in Figure
5. The electronic ground state of spin S = 2 is 5-fold degenerate
for positive 8 values. The C, symmetry-adapted eigenfunctions,
¥, i = 04, are linear combinations of the basis states given in
the same column of Figure 5. For example, the eigenfunction ¥4
is given by the expression

s(O) s(O)
Fe(IIT)- Fe(III) Fe(II) S
0 2
1 1,2,3
2 2 0,1,2,3,4
3 1,2,3,4,5
4 2,3,4,5,6
5 3,4,5,6,7

Fe(III)-Fe(II) or Fe(II)-Fe(III) Fe(III)

1 2,3
2
3 1,2,3,4
2
5 5 0,1,2,3,4,5
2 2
7 1,2,3,4,5,6
2
9 2,3,4,5,6,7
2
250 _ 2
v, = 297|SAB Sg 2’ §=2)- mlSAB =
2! SO 2; S 2) + '\/297|Sg3 4 SC = 2 S =2 C)

(32)

The first two terms in eq 32 do not interact, whereas they both
do with the third one. The basis state with maximum pair-
delocalization energy, |Sap = ?/2, Sg =5/,, 8 = 2)-, contains a
small ¢, component (see eq 31a, second term), through which
it can interact with the site-localized state |S%; = 4, Sc = 2, §
= 2;¢). The additional transfer interaction toward center C
explains the lowering of the ground state energy, —68/5, relative
tothe pair-delocalization energy, —8. The energy eigenvalues for
spin S = 2 and the other spin states are tabulated in Table VI,

For negative values of 8, the electron-transfer interaction
stabilizes a ground state of spin S = 7, which is separated by an
energy gap of —8/5 from the first excited state.

For positive values of 3, the ground level, E = —68/5, is a
highly degenerate manifold, including states of spin ranging from
S = 0-6. The lowest energy state of spin S = 7 has the same
delocalization energy, —8, as a monoelectronic system, and is
lying above the ground state energy.

As argued in the previous section, the vibronic stabilization
energy at the Qy axis of the C; symmetry-adapted eigenfunctions
is a function of the occupation number of center C, which is given
in eq 30. The argument (nc) — 1/; in the energy expression
measures the deviation from homogeneous electron distribution,
i.e.,from (nc) =!/;. Thevibroniccoupling thus selects as ground
state the C; symmetry-adapted function of the ground manifold
which possesses the most inhomogeneous excess-electron distri-
bution, i.e., the state for which [(nc - 1/3)| is maximal. The
vibronic constants and stabilization energies in the ground
manifold are givenin Table VII. The tableshowsthat the ground
states of spin S = 0 and S = 6 are orbitally nondegenerate (A
state with (nc) = 1/;), so that these states are not affected by
vibronic interaction. The ground manifolds of spin S = 1, 2, 3,
4,and 5, however, are degenerate ({nc) # !/;), and they are thus
stabilized relative to the S = 0 and S = 6 states by vibronic
interaction. The vibronic couplings in the ground manifolds of
spin S = 2, 3, 4, and 5 take maximum size in the C,; symmetry-
adapted eigenfunctions containing the component |Sap = 9/3,
82 = 5/,, S)-, such as the function ¥, given in eq 32. The
electron delocalization over the pair AB furnishes the main
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Table VI. Energies and Eigenstates for the Equilateral d3-d5-dé
Double-Exchange Problem

energies levels labeled in C3 symmetry
+28 15A
EA 1
+ 5’3 E
+_§.,3 A, UE
2 A, 9A, 5E
+_§.ﬁ 7A,E, 'E
8 5A, 5A, SE, °E
+§ 3A, %A, E
3
+= 1
5‘3 E
1 3
+ 5 E
0 5A, %A, ’E
_% 7A,7A,'E, 'E
_% 9A, 9E, °E
% LA LA UE
A 1B, 13
5 A, BE
-8 I5E
_% 1A, 3A, 3E, 5A, 5E, 5E, "A, A, 7E, °A, SE, lIE, 3A

contribution to the electronic energy in these states. The
eigenstates of spin §' = 1, however, involving only basis states
ISa, SE = 5/3, S = 1)~ of smaller subspin, Sap < /5, possess
lower pair-delocalization energies. Hence, the S = 1 statesrequire
more delocalization toward C in order to attain the ground state
energy, and they aretherefore less stabilized by vibronic coupling
than the states of spin S = 2. The choice between S = 2, 3, 4,
and 5 is a more delicate matter, which can be settled, however,
by straightforward calculation. The results for the stabilization
energies, given in Table VII, show that the largest vibronic energy
is found for spin § = 2. The electronic wavefunction of the broken-
symmetry ground state, W, is given by eq 32. The main
component of the ground state is |Sap = %/, S& = 5/5, = 2)-,
of which a pictorial representionis given in the following diagram.

Fe2 5+

A
/ S'Ii:”’}:e“*f
Fe(III)\S/ \ SAB =%
[P

S
C,S=2
(13)

Weremark that this component has beenidentified by Mdssbauer
spectroscopic studies of these clusters. The component forms,
however, only a part of the exact wavefunction. In view of the
smallness of the other two components, it remains questionable
whether any detailed information about them can be extracted
from Mdssbauer investigations.

We note that, although the discussion above is only strictly
valid in the limit of large intercenter resonance, a pair delocalized
ground state of spin S = 2 is already obtained for ratios 8/(A\2/
2¢) = 1.
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Table VII. Average Occupation of Site C ({nc)), Vibronic
Coupling Parameter ({3nc — 1)), Vibronic Stabilization Coefficient
({3n¢ — 1)2) for the d3-d5-dé Equilateral Triangle

C; labels C, adapted basis  (n¢) (3nc-1) (3nc-1)?2
1A 0.333 0 0
A, 3B state 1 0257 8 0.052
35
state 2 0.343 1 0.001
35
state 3 0.400 1 0.040
5
5A, SE, 5E V, 0.152 6 0.298
1
¥ 0.273 2 0.033
1
¥, 0.364 i 0.008
11
¥ 0424 3 0.074
11
¥ 0.455 4 0.132
11
TA,7A,'E state 1 0.167 1 0.250
2
state 2 0.300 _ L 0.010
10
state 3 0.400 1 0.040
5
state 4 0.467 2 0.160
5
A, 9E state 1 0.192 _ 11 0.179
26
state 2 0.346 1 0.001
26
state 3 0.462 5 0.148
13
g state 1 0.238 _ 2 0.082
7
state 2 0.429 2 0.082
7
BA 0.333 0 0

Magnetic Hyperfine Parameters. The magnetic hyperfine
Hamiltonian of homovalent systems is easily adapted to mixed-
valent systems;2!

Hy= 9 {Slagldn + SlaglI(1-n)}  (33)
l

in case of fractional occupation, 0 < n; < 1. The summation in
eq 33 is running over the three centers, i = A, B, C, S;and I; are
the electron-spin and nuclear-momentum operators of center i,
respectively, and [ag]; and [am]; are the magnetic hyperfine
coupling tensors of the iron ion at site i in the oxidation states
indicated. We pass in eq 33 from local spin §; to total spin S,
using the Wigner—Eckart theorem

Hy = ) SIALL (34)
i

The effective coupling tensors [A]; can be expressed in terms of
the local coupling parameters (taking [a] = 4[1]) by equating

AL(S) = ay(Sp,) + ay(S(1 -ny)) (i=A,B,C) (35

in which () is indicating the expectation value in the electronic
state considered. A straightforward calculation yields for the
ground state ¥, the expressions

38669 . 11371
Aa= 4 =117 266%1 T 50 212%m
10 139
Ac=- §‘9’an - '1‘9_8“111 (36)
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Table VIII. Component-Averaged Magnetlic Hyperfine Paramelers
in Proteins and Modgls

center AYe. MHz  AY, MHz el
FesSqin D. glges Fdll -19.1 +15.6 12
Fe354 in aconitase -17.89 +16.8 b
{FeiSa(LSFe(1-BuNC)j - -16.2 +14.3 15
{FeiS«(SEV sMo(CO)s) - -16.9 +152 16
{Fe1S4(SBz)sMo(CO)3i* -18.1% +15.3 16
calclllated -18.8 +16.3 this work

a Mean of values al siles A and B. # Surerus, K. K.; Kennedy, M. C.;
Beinert, H.; Miinck, E. Proc. Nat\. Acad. Secl. 1.5 4. 1989, 86, 9846.
¢ Obtained vsing ey = ~22.2 and oy = ~20.0 MHz (see lextl).

E 1wV
[ ~— 5
)f’;—-— 3a,
B ,I
II ’,
-1 4+ ks — ° J'=4€
Ve e 2l
k ,i'f L4
3 o ;
ky sy ,
\:\.’ L —_— 24,
s
"4 J(\’\\'v:= e
kz _‘:,:“\ -— Iy
r" h‘\:—-"_— 2‘:
ky —< ‘~
- \\ e iy
) le

Flgure 6. Energles of the 15 highest d-rich orbitals for the | Fe3S1] code
(ight). Energiss of the deduced 15 Wannier orbitals (lefl), ks (k =
2, b, ¢). Noite that the &\ come from the e set of Ty symmelry and that
k3 s, fram the rq se1. The excess electron moves in the & sel which forms
the le and Zay molecular erbitats with Zaq above le.

The A, values a1 centers A and B are equal, but different from
thatatsite C, due 10 symmetry breaking. The choice of empirical
coupling constants gy and @,y was discussed in ref 12 and 1he
averaged parameters ay = -22.2 and a)y = -20.0 MHz were
proposed. Substitution of these values into eq 36 gives A4 = Ap
= .18.8 MH2 and A¢c = +16.3 MHz, which are close 10 the
values -19.1 and +15.6 MHz, respectively, found in reduced
Fdl1.1' We note that the model considering excess-electron
delocalization stricily confined10a pair gives hyperfine parameter
values, 4, = Ag = ~19.2 and Ac = +16.7 MHz, ajso in a good
agreement with the experimenial data for Fdll. We would like
10 siress, however, that the 4 values from ref 12 follow from an
ad hoc, postulated electronic structure, whereas they result in the
present study from a theoretical model which 1akes into account
the basic imeractions in the sysiem. The theoretical and
experimental results for Fdll and of relaied compounds are
summarized in Table V111.

Values of Model Parameters. The fundamental parameters of
our medel aretheelectron-transfer interaction, 8, and the vibronic
stabilization energy A?/2x. Their values can, in principle, be
estimated from analysis of experimental daia or by theoretical
calculation. Sinceempirical daia for 8 are notavailable, we have
to resort 1o theoretical estimates of this parameter. In order 10
verify thal £ > O and 10 get1 an estimaie of its value, we performed
an gxtgnded Hiickel calculation on the Fe;S4 clusier using the
crystal structure data of the 3Fe{111] system but with anidealized
Cy, symmetry.?S The thiolate groups were approximated by 5%
anions. The 15 highest d-rich molecular orbitals are represented
in Figure 6. They can be transformed into a set of Wannier
arbiials by

1 1 1
a=—p,——=b; + —9,
V3 \/gﬂ V2

(35) Gireld, J.-)., unpublished resutts.

Borshch e\ al.

2a;.

c= \/.-% + ?41 (37)
i.e., 2 set of equivalent orthogonal orbitals, centered at the sites
A, B, and C, respectively. The energies of the Wannier orbitals
are represented on the lefi-hand side of the figure. We obtain,
for insiance a1 center A, five orbitals @;_s which are distrihuted
asexpeciedfor a distoried local T geametry: an “e”setincluding
a1z and a *¢;” including @;_4s. The g, orbital is a d,=_1 like
arbital pointing approximately along the bisecting lines of Sy
FeaSs and SyFe,S, angles. The a; orbital is a dz like orbiial
pointing approximately along the bisecting line of the SyFeaS
angle. The extra eleciron migraies between the arbitals @y, by,
and ;. The mainresuli for our purpose is that these orbiials give
ana;molecularorbitalatenergy ~10.24 eVandaneseral ~12.34
eV. This shows that # = +0.7 ¢¥. The sign of # can be
qualitatively understood from Figure 7 which represent sche-
matically the molecular orbital 22 it is clearly antibonding. In
view of the approximate nature of the meithod we do not aulach
greal value 10 the exact number calculated for 8; only its sign
and order of magnitude are of significance. The positive sign
confirms the preceding analysis. The trinuclear iron—sulfur
sysiems were also studied by Noodleman et al., using 1he broken-
symmetry, density-functional meithod.?® However, the energy
levels thus obtained do not maich the specirum of the double-
exchange Hamillonian, and require the imroduction of spin-
dependent & values, which may differ by a factor of 1en. The
origin of this discrepancy needs further analysis.

In order 10 estimate the vibronic stabilization energy from
empirical data we adopt the procedure introduced by Schatz et
al, in a study of the Crewmiz-Taube complex.’” The vibronic
constant A is proportional 1o the difference in iron-sulfur distances
in the 1wo oxidation staies, The expression for the shift in the
totally symmetric lecal coordinaie reads

ag=12 (38)

From the definition of normal coordinate for a etrahedral complex
MX, we gel

Q= %ZN‘ = 24r (39)

(36) Noodleman, L.; Case, D A. o ref 5, pp 423—470. Noodleman, L.;
Case, D. A.; Sontum, 8. J. Chim. Phys. 1989, 86, 743-755. Sonlum, S.;
Noodleman, L.; Case, D. A. \n The Cha\lenge af d ond f E\ectrans: Theory
ond Camputotion; Salahub, D. R., Zemies, M. C., Eds.; ACS Symposium
Serles, 1989, Val. 394, pp 366-377. Nalg lhal the parameler 8 used in this
Seference is connected witb our 8 by B = 8/5.

(37) Wong, K. Y.; Scbalz, P. N. Prog. \norg. Chem. 1981, 28, 369449,
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Figure 8. Relative spin-state energies (numbers are indicating spin .S),
at the absolute minima of the adiabatic potential surfaces as a function
of the ratio of the electron-transfer parameter, 8, and the vibronic
stabilization energy, A2/2«.
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Figure 9. Spin of ground state (S = 0, 1, or 2) in the presence of
antiferromagnetic exchange, J = -160 and J; = -360 cm-!, as a function
of electron-transfer parameter, 8, and vibronic stabilization energy, A2/
2x.

Using eqs 38 and 39, and x = Mw? (M is the mass of the ligand,
and w = 27y is the angular frequency of vibration) we obtain the
following expression for the vibronic energy

2
% = 2Mu*(Ar)? (40)

The value of Ar in mononuclear iron—sulfur complexes is found
to be of the order of 0.1 A, and the symmetrical stretching
vibrational quanta vary from 250 to 450 cm~1.3 These data
provide us with the range 1200 cm! < A2/2« < 3860 cm-!, for
the vibronic stabilization energy. The transfer interactions and
vibronic couplings in iron—sulfur systems are thus of the same
order of magnitude. It can be seen from Figure 8, that the spin
of ground state is S = 2 for values of the ratio 8/(A%/2«)
appropriate to iron—sulfur clusters. The energy gap between the
S = 2 ground state and the lowest excited state of spin S = 3
varies from 10 to 30 cm-! in the range mentioned. This energy
gap is rather small but it can be considerably enhanced by
antiferromagnetic exchange.

Effect of Antiferromagnetic Exchange. Until now we ignored
the antiferromagnetic exchange interaction between the high-
spin iron ions in the triiron cluster. Studies of the magnetic
properties of polynuclear Fe—S clusters reveal that the exchange
interactions in these systems are of considerable magnitude. They
can be incorporated in the model by adding the Hamiltonian
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Ho = -Z[Jsk.(s,. +8) + J,8:S]n, (41)
!l\i

where the summation is running over the labels (%, {, /) = ABC,
CAB,and BCA. The Hamiltonian takes into account the different
values of the exchange-coupling constants for ferrous—ferric (J)
and ferric—ferric interaction (J;).

The most reliable estimates of the exchange parameters are
obtained in dimeric iron—sulfur clusters, which exhibit localized
mixed-valencestates: |J|= 160 cm-! for ferrous—ferric interaction
and |/5| 2 360 cm™! for ferric—ferric interaction.?

Let us consider first the case of equal exchange parameters,
J = Ji. Under this condition the spin-state energies are shifted
by the amount —JS(S + 1)/2. The eigenfunctions, however,
remainunchanged. The energy gaps separating the S =2 ground
state from the states withspins S > 2 increase by antiferromagnetic
exchange, whereas the gaps with the S = 0 and S = | states are
reduced, and they may even change in sign. Values of |J] larger
than 60 cm! are already sufficient to change the ground-state
spin from 2 to 0 for any value of vibronic stabilization energy in
theintervalmentioned above. The nonequivalence of the exchange
parameters, |J| < |/;|, must be taken into account to preserve a
spin §' = 2 ground state. In order to investigate the effect of
antiferromagnetic exchange, wedetermined the spin of the ground
state in the ranges of 8 and A2/2« values appropriate to the iron—
sulfur clusters, by means of numerical calculation of the adiabatic
surfaces for the d3-d5-dé cluster, adopting J and J; values
characteristic for these systems.® Theresults, presentedin Figure
9, show that the spin of the ground state can be S =0, 1, or 2.
A ground state of spin S = 2 is obtained in the domain of the
figure with stronger transfer and vibronic interactions. Analysis
of the electron distributions at the minima of the adiabatic
potentials shows that the excess electron is mainly delocalized
over a pair in the parameter domain with ground state spin S =
2. The ground state of ' = 2 has also been interpreted in the
framework of a purely electronic HDVV model with |J] < 0.4
[/1]-4° However, this approach does not explain the electronic
distribution observed in iron—sulfur trimers.

Conclusion

The main results of this work can be summarized as follows.

(i) The framework of an effective-Hamiltonian approach to
describe the electronic properties of mixed-valent iron—sulfur
clusters, taking into account the effects of double exchange,
vibronic coupling, and HDVYV exchange, is formulated.

(ii) The theory of double exchange in symmetric dinuclear
units is reformulated by introducing molecular orbitals, ¢4, in
the description of the itinerant electron therein. The eigenfunc-
tions of the unit can be interpreted as linear combinations of two
configurations in which the electron occupies the orbitals ¢4 and
¢_. The weights of the two configurations approach 1 and 0 in
high-spin states and 1/, in states of lower spin.

(iii) The electronic ground state of the equilateral mixed-valent
system Fe(III)Fe(IIT)Fe(II) is for 8 < 0 an orbitally nondegen-
erate state of maximum spin. For 8 > 0, the electronic ground
state is degenerate, including several states of different spin.

(iv) Vibronic coupling in equilateral trimers traps the excess
electron at one of the sites in the limit of small electron-transfer
interaction, 8/(A2/2«) — 0. For larger interactions, the electron
starts to delocalize. The delocalization process, however, does
not necessarily end up in an equal distribution over the three sites
of the unit when we approach the limit 8/(A2/2x) — «. The
condition for partial delocalization, and concomitant symmetry
breaking of the structure, is the presence of an orbitally degenerate

(38) Lane, R. W; Ibers, J. A,; Frankel, R. B.; Papaefthymiou, G. C.;
Holm, R. H. J. Am. Chem. Soc. 1977, 99, 84-98.

(39) Yachandra, V.K ; Hare, J.; Moura, L.; Spiro, T. G. J. Am. Chem. Soc.
1983, 105, 6455-6461.

(40) Bertini, L; Briganti, F.; Luchinat, C. Inorg. Chim. Acta 1990, 175,
9-10.

(41) Borshch, S. A.; Bominaar, E. L.; Girerd, J.-J. New J. Chem. 1993,
17, 39-92.
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ground state. Vibronic coupling in ground manifolds including
electronic states of different symmetry (transforming according
to irreducible representations A and E in Cj, symmetry) leads
to stabilization of pair-delocalized states. This phenomenon is
found in the system Fe(III)Fe(III)Fe(II), for spin S = 1, 2, 3,
and 4 (see also ref 41).

(v) The degeneracy in the electronic ground manifold of
Fe(IIT)Fe(I11)Fe(1I), obtained for 8 > 0, is removed by vibronic
coupling. The coupling results in a broken-symmetry ground
state of spin S’ = 2, in which the electron is mainly delocalized
over two sites of the trimer. The energy gap separating the S =
2 ground state from the next S = 3 state is only a small fraction
of thevibronicsite-localization energy, A2/2«. The gapis, however,
considerably enhanced by antiferromagnetic exchange.

(vi) The spin, the charge distribution, and the magnetic
hyperfine parameters calculated in the electronic ground state of

Borshch et al.

Fe(1IT)Fe(IIT)Fe(II) are in good agreement with the experimental
data for these quantities.

(vii) The positive sign of 8, needed in the interpretation of the
data of [Fe;S4]0 clusters, is confirmed by extended Hiickel
calculation.

(viii) The introduction of antiferromagnetic exchange does
not change the main conclusions as obtained without this
interaction. For realistic values of the exchange-coupling con-
stants J and Jj there is a large domain in the (8,A2/2«) space in
which a pair-delocalized state of spin S = 2 is ground state.

Applications in several directions will be considered in the
future: description of the ground-state properties of mixed-valent
[MFe,S,,]* clusters with different compositions and oxidation
levels and description of excited-state properties, notably the
intervalence bands in the S = 2 manifold of the [Fe;S4]° cluster.



