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Abstract

The role of metalloenzyme structure in modulating transition metal reactivity is often difficult to assess using experimental

approaches. For example, the structural features of the protein that underpin the low-spin preference of the non-heme Fe(III) in
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nitrile hydratase (NHase), and the importance of this spin-state to the catalytic mechanism, are unlikely to be determined solely by

site-directed mutagenesis and/or characterization of model Fe(III) complexes. Density functional theory (DFT) calculations

represent a method for determining the electronic structure of metal centers in enzymes, investigating the properties of hypothetical

intermediates in the reaction mechanism, and probing the importance of specific protein residues in controlling metal chemistry. In

particular, DFT methods are becoming widely used for delineating effects associated with the spin-dependent reactivity of transition

metal complexes. The application of DFT calculations to the study of open-shell systems is, however, fraught with difficulties in

both the technical aspects of performing such calculations and the interpretation of results. So as to illustrate these issues for the

non-expert, we provide a brief overview of the theoretical basis, performance and limitations of recent DFT studies on a series of

Fe(III) complexes that are models for the unusual non-heme Fe(III) center in NHase.

# 2002 Elsevier Science B.V. All rights reserved.

Keywords: Density functional theory; Nitrile hydratase; Fe(III) complexes; Spin-dependent properties; Computational bioinorganic chemistry; QM/

MM calculations; Solvent effects

1. Introduction

Recent developments in density functional theory

(DFT) are enabling computational studies of transition

metal-containing systems containing large numbers of

heavy atoms, including models of the active sites in

metalloproteins [1�/10]. While there are now a substan-

tial number of examples that have calibrated the use of

DFT methods in modeling reaction intermediates and

transition states for closed-shell systems [11�/15], much

less is known about whether DFT calculations may be

used to define: (i) the ground state spin preferences of

open-shell transition metal complexes; (ii) spin-depen-

dent molecular properties; and (iii) the effects of spin

state on metal reactivity [16�/18]. Indeed, the validity of

using DFT calculations to sort spin states has been

questioned because DFT is considered to model ground

states rather than electronic excited states [19]. The goal

of this review is to provide an overview of our recent

efforts to employ DFT calculations in determining the

spin-dependent energetics and structure of a series of

Fe(III) complexes that are models for the unique metal

center in nitrile hydratase (NHase), an enzyme that

plays a key role in removing potentially toxic nitrile

derivatives that are formed in plant and bacterial

metabolism [20�/24]. Our discussion will be divided

into three main sections. First, the properties of NHase

that have sparked theoretical interest in this enzyme will

be described, together with a summary of Fe(III)

complexes that have been prepared as models for the

NHase metal center. In the second section, we will

present a brief overview (for the non-expert) of the

theoretical ideas underlying the concept of spin con-

tamination, and the use and limitations of DFT

methods in computing spin state-dependent properties

of open-shell transition metal complexes. Finally, we

will present recent results for a series of Fe(III)

complexes that suggest DFT and DFT/MM calculations

should provide useful insight into the electronic struc-

ture of the NHase metal center and the catalytic

mechanism of the enzyme.

2. Background

2.1. Nitrile hydratase: an unusual Fe(III)-dependent

enzyme

The hydration of nitriles to amides (Eq. (1)) is

catalyzed by NHase [25�/30], a non-heme/non-corrinoid

metalloenzyme that contains either Fe(III) or Co(III) in
the active site [31�/33]. Bioinorganic interest in NHase

R�C�N 0
H2O

NHase
R�CONH2 (1)

has, in part, arisen from the observation that the two

forms of the enzyme are unusual in that they possess a

mononuclear, low-spin (S�/1/2) Fe(III) or (S�/0)
Co(III) center [34,35]. This ground state spin preference

is not observed in other metalloenzymes possessing non-

heme Fe(III) or Co(III) centers [36]. In sharp contrast to

cobalt-containing NHases [35,37�/39], iron-dependent

NHases, such as that isolated from Rhodococcus sp.

N-771 [27�/30], exhibit a unique photoreactivity that

may be used to regulate NHase activity in their host

organisms. X-ray crystal structures of: (i) the native,
iron-dependent NHase isolated from Rhodococcus sp.

R312 [40]; (ii) an inactive, nitrosylated form of NHase

present in Rhodococcus sp. N-771 [41]; and (iii) the

cobalt-containing NHase from Pseudonocardia thermo-

phila JCM 3095 [42] have been reported at 2.65, 1.7 and

1.8 Å resolution, respectively. All three structures show

that NHase is composed of two subunits (a and b) and

that the intact enzyme crystallizes as a dimeric complex
(Fig. 1A). Remarkably, the primary structures of the a/b
subunits present in the Fe-containing NHases are

identical even though these proteins are isolated from

different species. Both X-ray structures of the Fe(III)-

dependent NHase show that the metal is octahedrally

coordinated by two deprotonated backbone amide

nitrogens (Ser-113,Cys-114) and three side chains of

conserved cysteine residues (Cys-109, Cys-112, Cys-114)
located only in the a subunit, and a sixth ligand. These

observations were unexpected on the basis of prior

resonance Raman, EXAFS and ENDOR experiments
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[31,43�/45], and indeed the involvement of backbone

amides as metal ligands is very unusual, the only other

example being observed in the P-cluster of nitrogenase

[46]. Perhaps the most intriguing finding, however, was

that two of the sulfur ligands from Cys-112 and Cys-114

were post-translationally oxidized to the sulfenic (SOH)

and sulfinic (SO2H) acids, respectively, in the structure

of the inactive NHase�/NO complex [41] (Fig. 1B).

These modifications were not observed for the Fe(III)

center in the free enzyme. Independent experiments

employing mass spectroscopic methods have confirmed

the presence of both modifications in the NHase�/NO

complex [41,47], but suggest that only the sulfinic acid

form of the Cys-114 side chain is present in native, active

NHase [42,48]. More recent work has supported the

hypothesis that oxidation of the sulfur ligands may be

an essential element in NHase activation after ribosomal

translation of the enzyme [41]. The non-corrin cobalt at

the catalytic center of the Co(III)-dependent NHase is

also coordinated by post-translationally modified cy-

steine residues that are identical to those observed in the

complex between NO and the Fe(III)-dependent NHase

[42]. Sulfur oxidation may be required for the formation

of hydrogen bonds that correctly position conserved

arginine residues (Arg-56, Arg-141 in the Rhodococcus

sp. N-771 NHase) located on the b subunit within the

active site [41]. Some support for the importance of

these residues in the catalytic mechanism has been

provided by site-directed mutagenesis experiments in

which the replacement of Arg-56 gives a mutant enzyme

that exhibits 1% of the NHase activity observed for the

wild type enzyme [49]. The expression of recombinant

NHase is not trivial, however, and so the biological

significance of the sulfur oxidation remains to be

definitively established. In addition to these interesting

structural features and the unique spin preference of the

non-heme metal center, iron-dependent NHases exhibit

a characteristic, broad electronic absorption near 700

nm that has been proposed to arise from sulfur to iron

charge transfer [44,50].

2.2. Inorganic Fe(III) complexes as models for NHase

The structure and unique electronic properties of the

Fe(III) center are remarkably complex in light of the

relatively simple reaction that is catalyzed by NHase,

raising questions concerning the mechanistic importance
of the unusual post-translational modifications, the role

of the protein environment in modulating metal reactiv-

ity, and the catalytic intermediates underlying NHase

activity. Until recently, experimental efforts to address

these issues have focused on the preparation and

characterization of a relatively large number of Fe(III)

and Co(III) complexes that seek to mimic the active site

metal coordination observed in NHases [51�/63]. Many
of these studies have been the subject of recent reviews

[64�/66]. Model complexes containing deprotonated

carboxamido nitrogens and sulfinato ligands reproduce

the electronic properties of the enzyme [52,67,68], and

provide support for the idea that the unusual amide

coordination in the enzyme serves to stabilize the metal

center against reduction and reaction with dioxygen

[52,67]. Octahedral complexes containing two cis -thio-
late and imine ligands also appear to reproduce the

electronic properties of NHase [56,58,59], and an inter-

esting five-coordinate Fe(III) complex has been synthe-

Fig. 1. (A) Cartoon representation of the crystal structure of NHase, showing the dimer composed of two independent a- and b-subunits. Protein

molecules are colored in blue, cyan, yellow and orange, and the two Fe(III) centers are shown as red spheres. (B) Close-up of the Fe(III) center in the

active site of NHase complexed by nitric oxide, showing the hydrogen bonding between the conserved arginine residues, Arg-56 and Arg-141, (b-

subunit) and the post-translationally modified thiolate ligands of Cys-112 and Cys-114 (a-subunit). Atoms are colored using the following scheme: C,

grey; H, white; N, blue; O, red; S, yellow; Fe, orange.

A.J. Boone et al. / Coordination Chemistry Reviews 238�/239 (2003) 291�/314 293



sized that can bind either NO [58] or azide [59] (a

competitive inhibitor of NHase) to form a six-coordi-

nate complex with spectral properties similar to the

those of the enzyme. Although definitive conclusions

cannot be made in the absence of kinetic experiments on

NHase itself, it has been shown that the sulfur coordi-

nation modulates the acidity of metal-bound water, and

suggests that metal-bound hydroxide could be respon-

sible for the hydration of nitriles at the active site

(Scheme 1) [69]. None of the model Fe(III) complexes

synthesized to date has exhibited the ability to catalyze

nitrile hydration, however, and only one functional

Co(III) model complex has been prepared that can

convert acetonitrile to acetamide at high pH. Moreover,

attempts to oxidize thiolate ligands in Fe(III) complexes

have, with only a single exception [70], yielded sulfinato

derivatives in which oxygen rather than sulfur is bound

to the metal [62]. In contrast, oxidation of a model

Co(III) complex with hydrogen peroxide at low tem-

perature did give sulfinato derivatives in which the metal

remained coordinated by sulfur [53].

Although the characterization of inorganic model

Fe(III) and Co(III) complexes has provided valuable

insights into the reactivity and spectroscopy of the non-

heme Fe(III) site in NHase, they cannot provide

information on the role of the protein environment in

modulating the electronic and chemical properties of the

metal. In addition, no model complex has yet been

prepared with a reversibly photolabile Fe(III)�/NO

bond, although the characterization of candidate com-

plexes is a subject of active investigation [51]. With the

availability of high-resolution structural information on

the enzyme and on a significant number of good model

Fe(III) complexes, however, theoretical calculations of

electronic structure and reactivity [71] represent a

complementary approach for investigating the roles of

the unusual metal coordination and protein environ-

ment in giving rise to the unique spin and spectroscopic

properties of the Fe(III) center in NHase.

Calculating the properties of transition metal-contain-

ing systems is a significant challenge for ab initio

quantum mechanical (QM) methods [10], particularly

those involving first-row elements such as iron, which

possess a manifold of electronic states with different

chemical behavior lying close in energy [71�/73]. The

need to include dynamic and static electron correlation

demands the use of high-level QM techniques, such as

MCSCF [74,75] and CASPT2 [76�/78] that require

significant computational effort, often limiting the size

of transition metal complexes to those containing only a

few heavy atoms in addition to the metal. Correctly

modeling dynamical correlation also exacerbates the

difficulty of these calculations because large basis sets

must be used [79]. Although semi-empirical methods are

a relatively inexpensive approach to modeling the

electronic structure of large molecules [80,81], the

development of parameters to compute the structures

of molecules containing metals with unfilled d orbitals

has proven a difficult problem [82]. DFT calculations

therefore represent the only practical method for

computing the structural properties of transition metal

complexes [83�/86] and metalloenzyme active sites [1�/

10,87�/92]. There are, however, a number of traps for the

unwary computational chemist in employing DFT

methods to study the electronic structure and molecular

properties of open-shell systems [10], such as those

containing Fe(III) [93]. These problems include: (i)

difficulties in obtaining converged wavefunctions; and

(ii) artifacts introduced into the calculations by spin

contamination [94]. We will therefore briefly describe

the theoretical basis of these issues prior to describing

the results of our recent DFT studies upon the spin state

energetics, and spin state-dependent structures, of

NHase model Fe(III) systems.

Scheme 1. Proposed mechanistic roles for a metal-bound hydroxide in NHase-catalyzed nitrile hydration. (A) The metal-bound hydroxide acts as a

nucleophile and reacts with the bound nitrile to give a metal-bound intermediate that is released to give a coordinately unsaturated Fe(III) species to

which water can bind. (B) The metal-bound hydroxide acts as a base to activate an active site water for nucleophilic attack upon the nitrile. This gives

a tautomer of the product amide and a metal-bound water that can lose a proton to regenerate the active form of the enzyme.
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3. Spin states and spin contamination in molecular orbital

(MO) theory

3.1. Hartree�/Fock (HF) MO treatment of open-shell

systems

To understand the issues in employing DFT methods
to compute the spin state-specific properties of Fe(III)

complexes, several important concepts are best intro-

duced using a MO-based description of polyatomic

molecules [94,95]. As usual, we assume the Born�/

Oppenheimer approximation in which the nuclei are

regarded as having fixed positions. Since Fe(III)-con-

taining molecules are open-shell systems, we will limit

our discussion to unrestricted HF calculations, in which
the N -electron molecular wavefunction is approximated

as a set of N one-electron ‘spin orbitals’, xi , each

comprising a product of both a one-electron spatial

orbital, 8 , and a spin function. The determinant

describing the ground state, unrestricted C(0) of a

molecule may be written in the following general form:

C(0)� ½8 18̄ 28 38̄ 4 . . . 8 (n�1)8̄ n½

Here the spatial orbital functions are denoted by 8 , and

the bar denotes a beta (b) spin function, as opposed to

an alpha (a) spin function.

The spin orbitals xi are eigenfunctions of the Fock
operator fs(1), and their energies are given by the

eigenvalues oi of the following equation:

f a(1)xs
a (1)�osax

s
a (1)

For a molecule containing Na a-spin electrons and Nb b-
spin electrons (with Na]/Nb by convention), the HF

approach converts the N -electron problem to two sets of

one-electron problems. Thus, separate Fock operators

are written for electrons of spin a and b that have the

following form:

f a(1)�h(1)�
XNa

a

[Ja
a (1)�Ka

a (1)]�
XNb

a

Jb
a (1)

f b(1)�h(1)�
XNb

a

[Jb
a (1)�Kb

a (1)]�
XNa

a

Ja
a (1)

In these equations, the first term represents the kinetic

energy of the electron and its potential energy arising

from its interaction with the fixed nuclei in the molecule.

The interactions of this electron with the other N�/1

electrons in the molecule are described by the second

and third terms, which contain Js
a (1) and Ks

a (1): The last

summation in each equation adds in Coulomb repulsion

between electrons of different spins. Note that these
separate equations prevent the exchange of a- and b-

spin electrons, although the presence of a- and b-spin

operators in the equations for fa(1) and fb(1), respec-

tively, demonstrates that the two sets of equations are

coupled and so must be solved together.

The expression for the total electronic energy of a

molecular system when computed using an unrestricted
HF description is then given by [94]:

E0�
XNa

a

ha
aa�

XNb

a

hb
aa�

1

2

XNa

a

XNa

b

(Jaa
ab �Kaa

ab )�
1

2

XNb

a

XNb

b

(Jbb
ab �Kbb

ab )�
XNa

a

XNb

b

Jab
ab

where:

hs
aa�g

�

0

d �r1 xs
a (1)

�
�

1

2
92

1�
X

A

ZA

½ �r1 � �RA½

�
xs

a (1)

in which 92 is the kinetic energy operator, and ZA and

�RA are the charge and coordinates of the A th nucleus,

respectively. The integrals Jab and Kab take the follow-

ing forms:

Jab�g
�

0

g
�

0

d �r1 d �r2 xa�(1)xb�(2)
1

r12

xa(1)xb(2) and

Kab�g
�

0

g
�

0

d �r1 d �r2 xa�(1)xb�(2)
1

r12

xa(2)xb(1):

The first of these integrals, Jab , arises from the orbital-

averaged Coulombic repulsion of two electrons of like
spin. The meaning of the exchange integral, Kab , is less

intuitive in that its essential physical interpretation is the

exchange of two electrons between two orbitals of like

spin (but not between orbitals of opposite spin) in the

molecule, a process that lowers the energy. An impor-

tant feature of the HF approach is that these integrals

must be evaluated for spin orbitals xa and xb that may

have no significant interaction or are spatially separated
within the structure, i.e. non-local interactions must be

computed. Using iterative procedures, the HF equations

can be solved numerically to yield descriptions of the

MOs and their associated energies [96]. For open-shell

molecular systems, such as those containing Fe(III), the

HF exchange stabilization energy is proportional to the

number of excess electrons, and, as a consequence,

ground state configurations for molecules containing a
higher number of unpaired electrons tend to be lowest in

energy in unrestricted HF calculations.

3.2. Spin contamination in UHF calculations

A given spin projection of a molecular system is
defined by the number of unpaired electrons, i.e. the

difference between Na and Nb, where these are numbers

of electrons having a and b spins, respectively. A
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wavefunction associated with a pure molecular spin

state is an eigenfunction of both the spin operators Ŝ2

and Ŝz. For example, a physical quartet spin state is

defined by the quantum number S�/3/2 [97], for which
the possible Sz spin projections (Sz�/9/3/2 and 9/1/2)

give rise to a multiplicity of 4. The multiplicity that is

initially specified in an unrestricted HF calculation

determines the orbital occupation, i.e. the number of

electrons of spin a and b, which correspond to the

eigenvalue Sz. For any pure spin state, the expectation

value of the Ŝ2 operator (�Ŝ2�exact) is given by:

hŜ2iexact�
�

Na � Nb

2

��
Na � Nb

2
�1

�

The exact expectation value of Ŝ2 for a spin eigenfunc-

tion with three excess a-spin electrons (Na�/Nb�/3) is

therefore 3/2 �/5/2�/15/4. Although the wavefunctions

obtained from UHF calculations are eigenfunctions of

the Ŝz operator (defined by the net sum of the projec-

tions of the excess a-spin electrons), they are not

eigenfunctions of Ŝ2 (which is related to a/b orbital
overlap), leading to the concept of ‘spin contamination’.

For example, the UHF wavefunction obtained for a

doublet spin projection of Fe(III) (Na�/Nb�/1) might be

contaminated with those associated with quartet and

sextet spin-states, i.e. the wavefunction is a mixture of

functions with (S , Sz)�/(1/2, 1/2), (3/2, 1/2) and (5/2, 1/
2) (Fig. 2). This spin-contaminated UHF wavefunction

yields a computed total energy lower than, or equal to,

that obtained for the case where every b-spin is

constrained to be perfectly paired with an a-spin

(corresponding to a special case of the ‘restricted

open-shell’ quantum chemical description when all

unpaired spins are parallel, which does give wavefunc-

tions that are eigenfunctions of both Ŝ2 and Ŝz), because
the greater variational freedom within the unrestricted

approximation gives a more accurate representation of

the true wavefunction. Clearly, directly comparing spin-

contaminated UHF solutions of varying S as approx-

imations to spin states presents difficulties in quantita-

tive interpretation. Furthermore, high levels of spin

contamination will lead to errors in the computed

molecular geometries, population analyses and spin
densities for a system of a given spin angular momen-

tum, S .

The basis of spin contamination in MO-based ab

initio calculations is perhaps most easily understood [98]

by writing the expectation value of the Ŝ2 operator as:

hŜ2iUHF�hŜ2iexact�Nb�
XNa

i

XNb

j

jW ab
ij j2

where W ab
ij is the overlap integral of the spatial orbitals

containing the a and b electrons, and Na and Nb

correspond to the number of a and b electrons,

respectively, such that Na]/Nb and Na�/Nb�/N , the

total number of electrons. If, aside from the excess a-

electrons, there is perfect overlap between a- and b-

spatial orbitals (perfect pairing); the last term will simply

evaluate to Nb, and �Ŝ2�UHF will take its exact value.
However, if the last two terms of this expression do not

cancel, then �Ŝ2�UHF will be greater than �Ŝ2�exact and

the wavefunction will be spin-contaminated. Although

restricted open-shell Hartree�/Fock (ROHF) calcula-

tions can overcome this problem by forcing the last

term to equal Nb, the necessary constraints that must be

used decrease the variational freedom and generally

result in an increase in the calculated energy of the
system.

As a check for the presence of spin contamination in

UHF calculations, most programs compute the expecta-

tion value of the total spin, �Ŝ2�UHF. In the case of

calculations on organic compounds, spin contamination

is often considered to be negligible if the values of

�Ŝ2�UHF and �Ŝ2�exact differ by less than 10%. A similar

empirical rule for transition metal complexes, however,
remains to be established. An alternate expression for

characterizing the extent of spin contamination is given

by [99]:

Fig. 2. In spin-unrestricted calculations, the minimum energy set of

MOs corresponds to a linear combination of spin microstates of

specified Sz over the possible spin states S . The magnitude of the spin

angular momentum, S , is the experimentally observed spin state. In

studies of the sextet state (S�/5/2) of Fe(III), unrestricted calculations

should represent an essentially pure spin microstate (S , Sz)�/(5/2, 5/2)

from within a spin manifold because there can be no contamination

from Sz components of a lower spin state. This is the case since the

only possible values of Sz for lower spin states are all less than 5/2.

Hence, the calculated �Ŝ2� value will be close to the expected value of

2S�/1�/6. On the other hand, problems may arise when lower

multiplicities are input for a given Fe(III) complex. For example, if a

‘doublet spin multiplicity’ is specified for Fe(III), then three contribut-

ing spin microstates (S , Sz)�/(1/2, 1/2), (3/2, 1/2) and (5/2, 1/2) may be

mixed into the wavefunction that is obtained from the calculation, i.e.

the molecular wavefunction is actually a combination of the spin

microstates, each of which in turn is described by one or more Slater

determinants. The amount of spin contamination will vary depending

on how closely opposite spins are paired in the valence level. Large

deviations from �Ŝ2�exact are a strong indicator that the set of MOs

and the calculated energy are not accurate. In the figure, boxes denote

‘perfectly paired’ a- and b-spin electrons, and unboxed arrows denote

electrons in orthogonal spin-orbitals.
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2S�1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4hŜ2iUHF�1

q

In this equation, S is the total spin angular momentum

of the unpaired electrons. Deviations from integer

values of (2S�/1) provide a useful measure of the level

to which the UHF wavefunction is spin-contaminated.
Despite the problems outlined above, the UHF

approach is a popular method for treating the energetics

of organic radicals and other open-shell systems, which

has stimulated the development of strategies for remov-

ing spin contamination. These can be best understood

by considering an approximate method that has been

used to obtain properties associated with systems that

are open-shell singlets [100]. In this case, the UHF single
determinant is a mixture of the singlet and triplet states,

and is given by the following expression:

½f1a(1)f2b(2)½9 ½f1b(1)f2a(2)½

Here the minus and plus combinations correspond to
the singlet and triplet, respectively. If it is assumed that:

(i) the energy for the triplet state, ET, can be computed;

(ii) the triplet state is pure and is not contaminated by

contributions from higher-order spin-states; and (iii)

only the triplet contaminates the open-shell singlet, then

the UHF wavefunction and energy for the contaminated

singlet can be written as a linear combination of a singlet

and a triplet state, as shown below:

CUHF�cScS�cTcT

EUHF�c2
SES�c2

TET

c2
S�c2

T�1

From the first equation, it is clear that the expectation

value �Ŝ2�UHF can be written as:

hŜ2iUHF�c2
ShŜ2iS�c2

ThŜ2iT

where the other expectation values are for the pure
singlet and triplet states. Using these equations, the

energy of the pure singlet state, ES, can be computed

from the calculated singlet energy, EUHF, the expecta-

tion value �Ŝ2�UHF and the triplet state energy, ET,

using the equation:

ES�
2EUHF � hŜ2iUHFET

2 � hŜ2iUHF

The extension of this approach to molecular systems

capable of adopting greater than two spin states cannot,

however, be accomplished unless it is assumed that any

given spin state is only contaminated by one other spin

state.

A more general strategy for obtaining spin-specific

molecular properties is to employ projection methods.

For example, in projected unrestricted Hartree�/Fock
(PUHF) calculations [101�/106], the UHF wavefunction

is assumed to be a linear combination of those

associated with pure spin states:

CUHF
Sz

�
XSz�Nb

S�Sz

vs

XNb

k�0

Ck(S; Sz)
2S�1Ck

Sz

In this equation, when written in atomic units, S is the

total spin angular momentum, Sz�/1/2(Nb�/Na), and

the squares of the weighting coefficients, vs, sum to

unity for a normalized UHF wavefunction. The energy

of the UHF wavefunction then takes the following form:

E(CUHF
Sz

)�
XNb

k�0

v2
Sz�kE(2(Sz�k)�1CSz

)5E(2Sz�1CRHF
Sz

)

A projection operator, ÔS , that removes all spin

components greater than the s th component can be

defined as a product of annihilation operators, accord-

ing to the following equation:

ÔS �
Y
k"s

Ŝ2 � k(k � 1)

s(s � 1) � k(k � 1)

Applying this operator to the expanded UHF wavefunc-

tion then results in the wavefunction associated with a

pure spin-state wavefunction, from which the desired

molecular properties can be calculated. In general, this

projection approach yields spin-state energies that are

considerably lower than those obtained using standard

ROHF methods, because different orbitals are allowed

for the different electron spins.

3.3. Spin polarization and its complicating effect in UHF

calculations

Another complicating issue that arises when carrying

out spin-unrestricted calculations is that of spin polar-

ization, i.e. when ‘paired’ electrons of opposite spin (a
and b) have different spatial distributions within the

molecule. ‘Paired’ and ‘unpaired’ electrons can be
defined in terms of the overlap integral W ab

ij for the

spatial MOs containing each electron. Thus, when the a
and b electrons occupy identical (/W ab

ij �1) or orthogo-

nal (/W ab
ij �0) spatial orbitals, they are said to be ‘paired’

and ‘unpaired’, respectively. These ideas provide a

simple conceptual model for understanding why micro-

states of equal Sz can be associated with different spin

magnitudes, S . For example, a molecule containing
equal numbers of a and b electrons may have its two

highest-energy electrons paired (S�/0, Sz�/0) or un-

paired (S�/1, Sz�/0). The latter arrangement is actually

part of a triplet state, because it is of identical energy (in

the absence of a magnetic field and spin�/orbit coupling)

to states containing two a electrons (S�/1, Sz�/1) or

two b electrons (S�/1, Sz�/�/1) since they occupy fully

orthogonal orbitals (/W ab
ij �0): On the other hand, when

the a and b electrons are paired, then there can only be a

single state due to the Pauli exclusion principle. There

are an infinite number of possible spin-polarized condi-
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tions, however, in which the spatial orbitals containing

the a and b electrons differ (/0BW ab
ij B1); and the

binary concept of ‘paired’ and ‘unpaired’ electrons

becomes inappropriate (Fig. 3). So, even if there are

no excess a-spin electrons (Sz�/0) in the molecule, the

spin magnitude and thus spin state can have a finite

value, which arises from a and b electrons occupying

spatially orthogonal orbitals in UHF calculations. In

general, while such spatial separation does not affect the

net number of excess a electrons, spin polarization (as it

is defined above) will always cause �Ŝ2� to assume a

higher value than expected. Spin polarization has been

used to explain the nature of isotropic (Fermi contact)

hyperfine coupling of electrons in p or d orbitals, which

have no density at the nucleus [107,108].

The existence of spin polarization contributions raises

questions concerning the physical interpretation of the

�Ŝ2� values obtained for the molecular wavefunctions

computed in UHF calculations. For example, does a

spin-polarized, open-shell system containing one excess

a electron in the valence shell, for which �Ŝ2� is

computed to be greater than 0.75, really have higher

spin states contaminating its ground state wavefunction?

If spin polarization exists in a pure spin eigenstate, it will

lead to small deviations from �Wab��/1, whereas higher

spin states will correspond to one or more electron pairs

becoming unpaired, thereby eliminating the contribu-

tion of one or more �Wab�’s from the �Ŝ2�UHF

equation. Significant contributions from higher spin

states will thus have larger effects on the magnitude of

�Ŝ2�UHF. We suggest that �Ŝ2� reflects a combination

of effects, and therefore that large deviations from the

theoretical value indicate either that a multi-determi-

nantal approach is necessary to describe the ground

state accurately, or that the ‘low spin state’ being

calculated is actually a low Sz component of a higher

spin state. Equally, small deviations in the calculated

�Ŝ2� value suggest that a single-determinant wavefunc-

tion provides a decent description of the molecular

system in the expected spin state, and can therefore be

used to determine accurate chemical properties.

In summary, the simplicity of UHF theory means that

this approach has been widely employed in computing

the electronic properties of open-shell systems despite
the serious approximations that are present in the

underlying model. For example, the HF exchange

term, which is negative in sign, is proportional to the

number of unpaired electrons. As a result, open-shell

transition metal wavefunctions with higher spin projec-

tions tend to be energetically stabilized relative to those

with lower ones, biasing the ground state spin prefer-

ences to high spin states. Spin polarization can arise
from the fact that a-spin electrons only exchange with

other a-spin electrons, and although the UHF method

avoids the neglect of spin polarization, the effect may be

artificially enhanced from using a single-determinant to

describe an inherently multi-determinantal problem.

The resulting spin contamination may be removed by

the application of projection methods, but large errors

may be observed in UHF calculations, particularly in
those seeking to evaluate reaction mechanisms and

activation energies.

3.4. Introducing the effects of electron correlation in

MO-based methods

Electron correlation, the energy of which is formally

defined as the difference between the exact energy of a

system and the best possible HF estimate [94], is

neglected in the HF approach. Correlation may be

classified as either static or dynamic in nature. Static

correlation, which arises from the need for multiple
reference determinants to describe a system, may be

incorporated into a wavefunction by using multi-refer-

ence methods such as multi-configurational self-consis-

tent-field (MC-SCF) [74,75], generalized valence bond

(GVB), and complete active space-self-consistent field

(CASSCF) [76,95]. Dynamic correlation is attributed to

the correlation of electronic motion, which prevents

electrons from ‘bumping into’ one another and is a
consequence of short-range Coulombic repulsion. Close

analysis of the Coulomb operator in the UHF method

reveals that only the average electron�/electron repulsion

Fig. 3. In a restricted calculation, requiring every b-spin orbital to have a spatially identical a-spin orbital corresponds to ‘perfect pairing’ of all of the

spins except the excess a-spins. Spin polarization can therefore only be described by unrestricted formalisms, in which each spin orbital has its own

spatial function, and can be thought of as an intermediate state on the way to fully unpaired electrons, which have W ab
ij �0; where Wab

ij is the overlap

integral of the a- and b-spin orbitals.
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is calculated, resulting in an overestimate of electron�/

electron repulsion energy. Thus, if correlation were

‘turned on’ in a HF wavefunction, the decrease in

electronic repulsion would lead to expansion of the
orbitals until a new balance between electron�/nuclear

attraction and electron�/electron repulsion were

achieved. Dynamic correlation usually comprises the

largest contribution to the correlation energy. A com-

mon method for incorporating correlation into HF

calculations is to construct a modified wavefunction

using the unoccupied ‘virtual’ orbitals of the ‘reference’

HF wavefunction. In this approach, which is termed
configuration interaction (CI), contributions from ex-

cited configurations, in which electrons are promoted

from the ‘filled’ to the ‘virtual’ MOs, are mixed

variationally with the ground state wavefunction to

give the following expression:

CCI�F0�
X

i;a

Ca
i F

a
i �

X
iBj; aBb

Cab
ij F

ab
ij � � � �

where F0 is the wavefunction for the reference state, and

the remaining terms include the excitation of up to N

electrons from the occupied orbitals i , j , . . . to the

virtual orbitals a , b , . . ., where N can take the values

1, 2, 3, . . ., n , where n is the total number of electrons in

the molecule. A fully correlated CI wavefunction would

therefore be constructed from all possible configura-
tions, and would account for all of the correlation

energy, assuming an infinite basis or within a given

atomic orbital basis (see below). Computing the full CI

for open-shell transition metal complexes is not, how-

ever, feasible because several configurations are possible

for each level of excitation due to of the large number of

occupied and virtual MOs orbitals in such systems. The

time required to calculate correlated wavefunctions with
multi-reference and/or CI methods therefore scales

steeply with the number of electrons, and limits their

application in studying interesting transition metal

systems.

3.5. Defining a basis set for ab initio calculations on

transition metal complexes

Although the equations above are formulated in
terms of the spin orbitals of the open-shell system, these

MOs are usually expanded in terms of hydrogen-like

atomic orbitals, such that:

8 i�
XN

m�1

cmifu

The linear combination of atomic orbitals (LCAO) to

describe the unrestricted MOs requires the definition of
a basis set of hydrogenic functions (s, p, d, f and so on).

Unfortunately, an infinite number of atomic orbitals are

required to completely span the space of the electronic

structure of a given system, and so the use of a finite

basis set constitutes another approximation in obtaining

the molecular wavefunction. For the sake of computa-

tional simplicity, basis sets are usually constructed from
Gaussian-type functions, which take the following

general form when centered on an atom a :

Nxi
ayj

azk
ae�ar2

where N is a normalization constant, and the sum of the

non-negative integer variables i , j and k corresponds to

the angular momentum quantum number of the hydro-

genic orbital. The orbital exponent is denoted by a, and
a given atomic orbital is often represented by a linear

combination of many Gaussian-type functions.

The selection of the basis set used to construct the

unrestricted MOs will clearly influence the level of

computational accuracy, and there are a bewildering

number of basis sets that have been developed to model

the properties of complex molecules [95,109]. In many

cases, so as to model geometries correctly, basis sets
must contain polarization functions [110�/112], and

efforts to compute the properties of anionic systems

usually require the use of additional diffuse functions.

While increasing the accuracy of any molecular wave-

function, the inclusion of additional basis functions,

however, significantly increases the computational de-

mand of HF calculations due to n4-dependence of the

number of two-electron integrals that must be evaluated
(n is the number of basis functions). Studies of transi-

tion metal complexes are a particular problem given the

large number of basis functions that must be included to

model the non-valence electrons in the metal. As a

result, the inner electron shells of transition metals are

often represented by effective core potentials (ECPs)

[113,114]. These ECPs not only reduce the computa-

tional demands of calculations on transition metal
systems but they also allow the inclusion of relativistic

effects, which are important in the chemical properties

of second- and third-row metals, in a straightforward

manner.

It is an unfortunate fact that the choice of basis set

can have a significant impact upon the outcome of

calculations upon metalloenzyme centers, as illustrated

in a recent systematic study of the interaction between
oxygen and heme complexes [115], raising the issue of

how to choose an appropriate basis for a given calcula-

tion. Clearly, the inclusion of more basis functions will

usually improve the accuracy of the computed proper-

ties but at a significant increase in computational cost.

The question is further complicated by the software

package that is employed to perform the calculations.

For example, the implementation of a given basis set
may radically affect computational efficiency. One

strategy in selecting an appropriate basis for the

calculations is to examine the dependence of the proper-
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ties computed for small transition metal complexes upon

increasing the size of the basis set [116]. An alternative

method is to delineate the successes and failures of a

specific basis set in calculations on related systems [95],
although this approach is often precluded by an

insufficient number of previous studies.

4. The meaning of spin contamination in DFT

calculations

4.1. The relationship between HF and DFT

Given the computational problems associated with

the application of ab initio MO-based methods to

problems of structure and reactivity in transition

metal-containing complexes, most theoretical studies in

this area employ DFT methods [117�/119]. DFT calcu-

lations take advantage of the fact that the ground-state

electronic properties of a molecular system can be
determined uniquely not by explicit consideration of a

wavefunction but by the electron density alone

[120,121]. Thus, the molecular properties are functionals

of r (r) because r itself is a function of the spatial

coordinates, x , y , and z . It can be shown that the

ground-state energy is variational with respect to the

electron density r (r), and hence the minimum of the

ground-state energy functional E [r ] yields the exact
ground-state energy. Unfortunately, the fundamental

theorems that underpin the DFT approach provide

neither a method for calculating the energy or any other

electronic property from the density r (r) nor do they

define how to determine r(r). One solution to this

problem is to define the ground-state electronic energy

of an N -electron system in terms of the density r (r)

according to the following expression [122]:

E[r]�ET[r]�ENE[r]�EJ[r]�EXC[r]

where ET[r ] is the kinetic energy of the electrons,

ENE[r ] is the nuclear�/electron attraction, EJ[r ] is the

Coulombic repulsion between the electrons, and EXC[r ]

is the exchange�/correlation energy, which includes the

contributions from both electron exchange and correla-

tion. In this equation, the energy contribution from

dynamic and static electron correlation [123] is intro-
duced, albeit in an approximate manner, by defining an

effective local ‘exchange�/correlation’ (XC) functional.

The extent to which correlation energy is modeled

correctly, however, depends on the actual form of the

XC functional. Although this energy decomposition is

formally exact, the actual expressions for the many-

body exchange and correlation interactions in molecules

are unknown, leaving the form of the exchange�/

correlation term unsolved for systems of chemical

interest. Writing the energy dependence on electron

densities in a more explicit form leads to the following

equation:

E[r]�TS[r]�g dr n(r)r(r)�
1

2 gg dr dr?
r(r)r(r?)

½r � r?½

�EXC[r]

There is a one-to-one correspondence between the terms

of the last two equations. Thus, the first term describes

the kinetic energy of the electrons, and the interaction

between the electrons and an external potential (which is
the nuclear field in the absence of other potentials) is

given by the second term. The final terms are an explicit

Coulomb term of known form, and a functional that

accounts for both exchange and correlation effects. The

last term, which replaces explicit non-local exchange

integrals in HF theory by an effective local ‘exchange�/

correlation’ functional, is an important feature of DFT.

Technically, energy in the DFT formalism depends only
on spatial or spin densities. In implementing the

method, however, we mentally graft the idea of indivi-

dual particles occupying MOs to obtain these densities,

and retain the Coulomb integrals of HF theory (third

term) to account for charge�/charge repulsion over the

electron densities. The XC functional therefore replaces

the exchange integrals that arise in HF theory, and in its

‘proper’ form will, by definition, give the exact ground
state total density and the correct energy even though

this effective potential is not evaluated by integrals over

every conceivable electron pair, being dependent only on

the sum of electron, or electron-spin, density at a given

point in space. In addition, this potential includes the

effects of electron correlation on the density. Thus, the

calculated density behaves as if it were composed of

particles that repel each other, both on average (the
Coulomb term) and individually (the correlation func-

tional), and which exhibit QM exchange interactions

without the need to consider explicit electrons! As a

result, removing the electrons from the physical model

allows the explicit electron�/electron interactions (ex-

change and correlation) to be described locally in space,

an almost unbelievable transformation. Unfortunately,

although the existence of this XC functional can be
proved, its explicit form that is required for calculations

on systems of chemical interest has not been determined.

Thus, the grueling evaluation of four-center/two-elec-

tron integrals and lack of electron correlation in HF

theory has been replaced by the need to find approx-

imations for the ‘unknown’ XC effective potential.

One method of overcoming this dilemma is to

introduce ideas from MO theory. Using the orbital-
dependent kinetic energy operator, gives the following

Kohn-Sham (KS) equation:�
�

1

2
92�n(r)�g dr?

r(r?)

½r � r?½
�VXC(r(r))

�
ci(r)

�oici(r)
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in which the density r (r) is constructed from a basis set

of orbitals:

r(r)�
XN

i�1

½ci(r)½2

At first glance, the DFT equations resemble those of

HF theory, which were described above. There is a

critical difference in the model single-determinant wa-

vefunctions that are used in each method, however,

because DFT considers a system of non-interacting

electrons. As a consequence of this model, and unlike

HF theory, which includes specific two-electron inte-

grals to introduce the effects of Coulombic repulsion,
the explicit interactions between electrons are not

present in the KS equations. The N -particle KS

equation therefore becomes a single-particle equation

in which the model single determinant wavefunction,

FS, is constructed from KS MOs, 8i , which are defined

such that:

r(x; y; z)�r( �r)�
Xn

i

8 i�( �r)8 i( �r)

Note that the KS orbitals are not identical to HF

orbitals [124], although it has been demonstrated that

the spatial distribution of both sets of MOs is very

similar [125]. All of the electron�/electron interactions

are therefore included implicitly in the effective single-
particle potential. According to the basic theorems of

DFT [122], if the interacting and non-interacting

systems have the same ground-state electron density,

then the external potentials must be identical and are

uniquely determined from the density. The assumption

of the existence of a non-interacting system with the

exact ground-state density corresponding to an anti-

symmetric, ground state wavefunction, is termed v -
representability.

In principle, these equations can be used to obtain

molecular excited states of different symmetry to the

ground state subject to the constraint that a given

excited state wavefunction is orthogonal to the wave-

functions of the ground state and all other excited states

that are lower in energy. It is not, however, necessarily

true that DFT wavefunctions of different symmetry will
have the same form of the KS potential, and DFT is

therefore generally considered to be useful only in

modeling ground state properties [19].

Since only one-electron integrals and integrals over

the density need to be evaluated, these calculations scale

as N3, where N is the number of basis functions, and

algorithms can be formulated to yield ‘linear-scaling’, or

‘divide-and-conquer’ methods [126,127]. As a result,
DFT represents an ideal QM approach for computing

the electronic properties of transition metal complexes,

given the need to use large basis sets and to include

correlation. On the other hand, an exchange�/correla-

tion potential, VXC(r ) must be formulated in terms of

the electron density, without an explicit strategy for

solving this problem. This has lead to the development

of many competing exchange�/correlation functionals

that yield molecular properties of varying degrees of

accuracy. As a pedagogical point, we note that the

actual implementations of density functionals in differ-

ent electronic structure packages may differ, complicat-

ing efforts to replicate literature calculations.

4.2. MOs and electron density

For most chemists, the power of computational

methods lies in our ability to rationalize bonding and

reactivity in terms of MOs [128]. DFT calculations,

however, yield only the electronic density corresponding

to the ground-state wavefunction, assuming that the

density is v-representable. There are two problems,

however, that prevent us from equating the density

computed by DFT for a non-interacting system of

electrons with a determinantal wavefunction, such as

that used in HF theory. First, we cannot guarantee that

a given trial density, required as part of the variational

procedure that is used to obtain the converged ground-

state density, will satisfy v-representability because we

do not a priori know the conditions for obtaining a v-

representable density! On the other hand, because our

trial density is positive everywhere in space, adds up to

the proper number of electrons in the chemical system,

and is continuous, the density is N -representable and

can, in principle, be expressed as a single Slater

determinant of N MOs [119]. The second problem,

however, is more pernicious. In DFT, the energy of a

molecular system depends only on the electron density.

This presents the inorganic chemist with a conundrum:

how do we arrive at a MO picture of a transition metal

complex when the energy depends only on the density?

As outlined above, one can define a set of KS orbitals

that yield the observed density. This definition, however,

gives only a single-determinantal description of the

system, which does not formally describe realistic

chemical systems that should be represented by a linear

combination of many Slater determinants of MOs. Even

if we have the exact, universal spin-density functional, it

is not therefore clear how we can either obtain a unique

linear decomposition of the density into the Slater

determinants representing the molecular wavefunction,

or reconcile the single determinant of KS orbitals with

any multi-determinantal decomposition (Fig. 4). Never-

theless, we note that even with this reservation, the KS

orbitals appear to be as robust as HF orbitals for

qualitative interpretation and rationalization of mole-

cular properties [129].
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4.3. DFT methods for computing the properties of open-

shell Fe(III) systems

Density functional methods generally differ in how

the exchange�/correlation (XC) functional is approxi-

mated. Early efforts to develop suitable XC functionals

were based only on electron density [122,130]. In DFT

calculations on open-shell systems, which must employ

the local spin density approximation (LSDA), the local

exchange�/correlation energy depends not only on the

electron density, but also on the spin magnetization

density, i.e. the difference between the electron density

of a- (ra) and b-spin electrons (rb) [131]. Improvements

to this approach, which often underestimates the con-

tribution of exchange energy [132], require the inclusion

of gradient-corrections to the density [133�/135]. The

BLYP method, one of the most commonly used DFT

models, combines a gradient-corrected exchange func-

tional (B88) [132], which correctly models the asympto-

tic potential of the exchange-energy and spin densities,

with the gradient-corrected Lee�/Yang�/Parr (LYP)

correlation functional [136]. More recently, advances

in DFT have centered on hybrid functionals in which

the exchange energy of a molecular system is evaluated

using a weighted sum of orbital-dependent (HF) ex-

change integrals and a DFT exchange functional. A

particularly important development was B3PW91, a

three-parameter functional expression including the

PW91 correlation functional [133], which reproduced

experimental heats of formation [137]. Subsequently,

this functional was modified by the inclusion of the LYP

functional [136] to give the B3LYP method [138], and

DFT calculations on transition metal complexes using

this model have generally given excellent results [10].
Experimental chemists seeking to employ B3LYP in

calculations on Fe(III)-containing systems should, how-

ever, take care because different software packages

employ alternate formulations of the method and hence

yield different absolute and relative energies for a given

molecular system. For example, B3LYP is implemented

in the GAUSSIAN-98 package [139] according to the

following expression:

F B3LYP�(1�A)F Slater
x �AF HF

x �BF Becke
x �CF LYP

c

�(1�C)FVWN
c

where F Slater
x and FHF

x represent Slater exchange and
exact HF exchange, respectively, and FBecke

x is the

gradient-corrected, B88 exchange functional [132].

F LYP
c and FVWN

c correspond to the correlation func-

tionals of LYP [136], and Vosko�/Wilk�/Nusair (VWN)

[130], respectively. In the TURBOMOLE program [140],

however, a different version of the VWN correlation

functional is employed. In our experience, while the

B3LYP energies computed for Fe(III)-containing sys-
tems using GAUSSIAN-98 and TURBOMOLE differ in their

absolute values, relative spin state energies generally

differ by less than 1 kcal. This is well within the errors of

this DFT method. There is therefore no clear reason to

favor one of these B3LYP implementations over the

other in studies of Fe(III) complexes, but DFT calcula-

tions employing the B3LYP model should be performed

using a single functional form if reliable comparisons are
to be made.

4.4. Evaluating spin-state properties and spin

contamination in DFT calculations

Once the ground-state density has been determined, it

is possible to calculate any molecular properties that

depend explicitly on the density. However, it is common

to calculate other properties that do not depend on the

density by simply taking the expectation value of the

non-interacting model KS determinant. Properties cal-

culated in such fashion do not correspond to those of
the interacting system, but rather to the non-interacting

model system [141]. One example is the total spin

angular momentum, �Ŝ2�, which is a two-particle

property, and indicates the amount of spin contamina-

tion in the wavefunction computed for open-shell

systems such as Fe(III) complexes. The interpretation

of spin contamination in UHF wavefunctions is rela-

tively straightforward, because the Fock operator takes
explicit account of two-particle interactions in the

Coulomb and exchange integrals. It is less clear whether

similar information can be obtained concerning the

Fig. 4. By requiring N -representability, the density in DFT can be

represented by a single determinant composed of KS orbitals, which is

analogous the Slater determinant used in HF calculations. The ‘true’

molecular wavefunction, however, must be described by multiple

determinants, and there is no unique decomposition of the KS

determinant or the corresponding density. Ax, Bx represent coefficients,

and Cx the component Slater determinants in a multi-determinantal

expansion of the molecular wavefunction.
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amount of spin contamination present in ‘wavefunc-

tions’ obtained for open-shell transition metal com-

plexes using DFT methods, in which the exchange

interaction is collapsed into an effective one-particle
potential depending on the density at a point in space.

This is obviously an important problem in evaluating

the spin state-dependent properties of Fe(III) complexes

that are of chemical interest because DFT calculations

represent the only practical approach to computing the

electronic structure of such compounds with reasonable

accuracy. Some workers have dismissed the possibility

of correctly estimating two-particle properties from a
KS determinant [19,142]. It has also been argued that

spin contamination in KS reference wavefunctions

should be ignored [143]. Since the calculated density

computed by DFT methods is N -representable, how-

ever, we consider the KS orbitals to provide the best

single-determinant description of the system within the

limitations of the basis set of orbitals used in performing

the calculation. While conceding that this is an inexact
description of a wavefunction that is inherently multi-

determinantal in nature, the same objection can be

raised against the UHF wavefunctions that are used to

model open-shell systems. We therefore conclude that

KS orbitals are as suitable for evaluating two-particle

properties as the MOs obtained in any HF calculation

that does not include the effects of electron correlation,

and note that others have supported the concept that KS
orbitals represent physically meaningful entities [125].

From this perspective, several studies using the non-

interacting formulation for �Ŝ2�KS have indicated that

DFT wavefunctions computed for organic molecules do

not tend to suffer from substantial amounts of spin

contamination [144�/148], and that non-interacting va-

lues of �Ŝ2�KS are only slightly larger than those

computed for the full, interacting system [149].

4.5. Practical aspects of evaluating spin-state properties

using DFT calculations

In performing any DFT calculation, the user must

specify: (i) the computational method (e.g. B3LYP) and

atomic basis; (ii) the initial molecular geometry and

composition; (iii) the total charge on the system; and (iv)

the spin multiplicity of any open-shell system, which is
specified in the calculation by 2Sz�/1, not 2S�/1! When

using crystal structures in our DFT calculations, coun-

terions and solvent molecules observed in the crystal are

not usually included. The SCF calculation to obtain the

density requires an initial guess for the orbitals and

coefficients, which is often obtained from a simple

extended Hückel calculation [150] as the default option

in many software packages. In our experience, however,
avoiding convergence problems in DFT calculations on

Fe(III) complexes requires a set of initial densities

obtained from UHF calculations, using either a STO-

3G or 3-21G* basis [109]. The KS equations are then

solved self-consistently to obtain a new set of densities,

and the process is repeated until convergence is

achieved. In our studies, we usually require that the
density matrix be converged to a tight rms threshold of

1.0�/10�8 in all single point energy determinations. In

addition, we routinely perform a stability check to

ensure that the DFT ‘wavefunction’ is converged to a

minimum energy solution. This is especially important

for calculations on Fe(III)-containing complexes for

which there are usually a manifold of electronic states

that differ in chemical properties but are close in energy
[10].

Within a single-determinantal theory, an unrestricted

formalism allows the most realistic description of

transition metal complexes. If �Ŝ2� is close to the ideal

value, the unrestricted calculation should give reason-

ably accurate relative spin state energies (the absolute

differences, however, will depend on the accuracy of the

method). If �Ŝ2� deviates greatly from ideal, then a
restricted open-shell calculation can give reasonable

descriptions of at least the highest Sz component of a

spin manifold. Since in the absence of zero-field splitting

or a magnetic field the Sz states are degenerate, this may

be good enough to determine spin state energies, even

though spin polarization is neglected. In systems with

appreciable spin�/orbit coupling, further measures be-

yond the scope of this review must be considered to give
an accurate description of the ground-state electronic

structure.

5. Computing the spin-dependent properties of non-heme

Fe(III) complexes

5.1. Previous theoretical investigations of mononuclear

Fe-containing complexes

Few systematic DFT investigations of spin state

preferences in mononuclear Fe-containing molecules

have been reported [16,93,151�/161], and these studies

have yielded mixed results. For example, while the spin

preferences of Fe(CO)�3 ; Fe(CO)�4 ; and Fe(CO)�5 are

correctly modeled by DFT calculations [151], wavefunc-

tions computed using the B3LYP functional were
reported to exhibit a bias towards high spin-states for

complexes between Fe and dioxygen [16,152]. DFT

calculations have also been employed to determine the

relative spin-state energetics of the Fe(II) anti-cancer

drug bleomycin [153], Fe(II) porphyrins [93,154,155],

and Fe-containing models of deoxyheme [156], and the

active site of cytochrome P450 [157�/159]. These studies

were, however, employed as predictive tools to deter-
mine ground state spin preferences and relative spin-

state energetics, and generally were not calibrated by

direct comparison to experimental data. In an impor-
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tant, but relatively limited, study of the mononuclear,

non-heme Fe(III) complex Fe(H2O)3�
6 ; DFT methods

were shown to reproduce the experimental ordering of

spin-states [160], and to give results that were compar-
able to those obtained using other theoretical methods.

The same study also demonstrated the reliability of

INDO/S semiempirical method [162,163] in characteriz-

ing the electronic properties of Fe(III) complexes, a

conclusion that has been supported by recent success in

using projection UHF-INDO/S (PUHF-INDO/S) cal-

culations [101,102] to model the properties of model

NHase Fe(III) complexes [164]. The application PUHF/
INDO/S methods to model the catalytic mechanism of

NHase is, however, precluded by the lack of optimized

structures for putative intermediates that might mediate

the hydration reaction. Since DFT calculations repre-

sent the only practical method for computing the

structural properties of the NHase active site and these

intermediates, our group has explored the ability of

various functionals to model the electronic structure and
spin preferences of selected model NHase Fe(III) com-

plexes prior to applying this theoretical approach to

studies of the enzyme itself.

5.2. In vacuo DFT studies of NHase model Fe(III)

complexes

A series of non-heme Fe(III) complexes have been

prepared that provide a starting point for investigating
the chemical and physical properties of the metal when it

is coordinated by a mixed set of sulfur and nitrogen-

containing ligands [64]. The availability of high-resolu-

tion crystal structures for many of these complexes

[165], together with data upon their spin properties and

UV�/vis spectra, presents an ideal opportunity to

calibrate DFT methods in modeling the spin preferences

and electronic structures of non-heme, Fe(III)-contain-
ing systems [166], and to assess the extent of spin

contamination in such calculations. Recent results

suggest that gas-phase DFT calculations employing

the B3LYP functional correctly reproduce the observed

ground state spin preferences of these Fe(III) complexes,

and that there is relatively little spin contamination

thereby allowing an assessment of spin state-dependent

effects on molecular structure. For example, the Fe(III)
complex 1 [67] (Fig. 5) is a particularly good model of

the NHase center because the metal is coordinated by

deprotonated amide nitrogen and thiolate ligands in an

octahedral environment, and prefers a doublet (S�/1/2)

ground state. At the crystal geometry, DFT calculations

employing either the BLYP or B3LYP [135] functionals,

in combination with a 6-31G* basis [167�/169], correctly

predict the ground state spin preference for 1 without
any significant amount of spin contamination (Table 1)

on basis of the non-interacting value of �Ŝ2�KS. In order

to ensure that there was no systematic bias of the

method towards low spin states, we have also studied

Fe(III) complexes, such as 2 [170] and 3 [171] (Fig. 5),

which exhibit different ground state spin preferences, net

charge and coordination geometries [166]. Calculations

employing the B3LYP functional again predicted

Fig. 5. X-ray crystal structures of Fe(III) complexes 1�/3. 1, [FeIII(Py-

PepS)2], where PyPepSH�/N -2-mercaptophenyl-2?-pyridinecarboxa-

mide; 2, [Chloro-(N ,N ?-ethylenebis(thiosalicylideneiminato)FeIII]; 3,

[FeIII(N{CH2�/o -C6H4S}3)(1-Me�/Imid)]. Atoms are colored using the

following scheme: C, grey; H, white; N, blue; O, red; S, yellow; Fe,

orange; Cl, green.
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ground state spin state preferences for these complexes

at their crystal geometries that were in agreement with

experimental data (Table 1), although BLYP calcula-

tions predicted that the doublet rather than the observed

sextet would be the ground state for complex 3. The

small energy differences between each of the spin states

of 3 that were computed using BLYP are within the

error of the method [172,173], and therefore preclude

the general statement that this functional cannot be

employed to model the spin preferences of other Fe(III)

complexes. In addition, primarily for reasons of com-

putational difficulty, these energies did not include

corrections for differences in the zero point energy of

each Fe(III) complex at a specific spin state, given the

computational effort and the likelihood that these

corrections would be small [160,161]. In contrast to

the case of complex 1, there was significant spin

contamination when single-point energy calculations

were performed for complexes 2 and 3 at the low-spin

state (Table 1) [166]. Given that these latter two Fe(III)

complexes prefer quartet [170] and sextet [171] spin

configurations, respectively, at the crystal geometries

used in these calculations, it seems likely that the

doublet states of these complexes are contaminated by

higher spin states.

We [166], and others [160], have also investigated

whether the effects of spin state on molecular geometry

can be adequately modeled by in vacuo geometry

optimizations using DFT methods. In general, DFT-

optimization of the model NHase Fe(III) complexes

yields spin state-specific structures that are consistent

with the predictions of metal�/ligand bonding and ligand

field theory [174,175] (Table 2). If the geometry optimi-

zation is performed for a specific Fe(III) complex at its

observed spin state, then there is usually a high

similarity between the optimized structure and that

seen experimentally (Fig. 6). This is particularly true

for complex 1 in which the metal ligands closely

resemble those seen in the NHase metal center [64]. In

an apparent exception to this finding, the Fe�/N bonds

in the DFT optimized high spin (S�/5/2) structure of

complex 3 were longer than those present in the crystal,

and the pucker of the rings in the ligand was noticeably

different (Fig. 6: 3C). Crystal packing effects undoubt-

edly influence the experimental geometry observed for

the rings of the ligand in complex 3, emphasizing the

need to include the effects of the local environment in

these calculations. Efforts to obtain an in vacuo BLYP

optimized structure for the quartet spin state of complex

1 were frustrated by problems of SCF convergence that

could not be resolved by any of our usual strategies for

obtaining good initial guesses of the density. This may

reflect the fact that crystal structure, which was used as

the initial geometry in the calculation, is too far from

that of the optimized quartet.

Although there is no data with which to calibrate the

theoretical results, it seems that BLYP/6-31G* optimi-

zation of Fe(III) complexes 1�/3 at spin multiplicities

other than the ground state does yield structural changes

that are consistent with ligand field theory. For exam-

ple, an increase of the metal�/ligand bond lengths is

observed for the high spin state of complex 1 relative to

those in the initial, low spin structure. In the case of a

square pyramidal complex, such as 2, stabilization of a

high spin state relative to the preferred quartet requires

a decreased energetic splitting of the A1 and B1 orbitals.

Simple ligand field models predict that this change in

orbital separation can be achieved by shortening the

axial metal�/ligand bond (raising the A1 orbital energy)

with concomitant lengthening of the remaining ligand

Table 1

Relative spin state energies (cm�1) and the associated non-interacting �Ŝ2�KS values of Fe(III) complexes 1�/3 computed at their experimental

geometries using DFT methods

Complex a Spin multiplicity (Sz) BLYP/6-31G* B3LYP/6-31G*

Relative energy (cm�1) �Ŝ2�KS
b,c 2S�/1 Relative energy (cm�1) �Ŝ2�KS

b,c 2S�/1

1 1/2 0 0.77 2.02 0 0.78 2.03

3/2 10 560 3.81 4.03 8040 3.81 4.03

5/2 18 830 8.77 6.00 11 560 8.77 6.01

2 1/2 1860 1.20 2.41 4420 1.48 2.63

3/2 0 3.79 4.02 0 3.82 4.03

5/2 9020 8.76 6.00 6050 8.76 6.00

3 1/2 0 0.96 2.20 5870 1.18 2.39

3/2 90 3.82 4.03 3040 3.89 4.07

5/2 640 8.76 6.00 0 8.76 6.00

a Counterions were not included in these calculations.
b These are non-interacting �Ŝ2� values of the converged DFT wavefunction.
c 2S�/1�/(4�Ŝ2��/1)1/2. The values of�Ŝ2�exact expected for spin uncontaminated wavefunctions are therefore 0.75, 3.75 and 8.75 for the doublet,

quartet and sextet states, respectively [99].
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bonds (lowering the B1 orbital energy) [174]. These

changes in bond length are observed in the calculated

structure of the high spin (S�/5/2) form of complex 2

relative to the crystal structure. Equally, shortening the

Fe�/Cl bond without any changes in the remaining

metal�/ligand bond lengths should raise the energy of

A1 orbital, thereby increasing the energetic splitting of

the A1 and B1 orbitals, leading to stabilization of the low

spin electronic configuration. Comparison of the BLYP-

optimized structures of 2 at the low (S�/1/2) and

intermediate (S�/3/2) spin states reveals the expected

decrease in the axial Fe�/Cl bond length for the system

of lower multiplicity while the remaining ligand bond

lengths in the low and intermediate spin complexes are

relatively unchanged (Table 2). When the geometry of

the trigonal bipyramidal complex 3 was optimized at the

intermediate (S�/3/2) spin state, there were significant

decreases in the axial Fe�/N1 and Fe�/N2 bond lengths

of 34 and 21 pm, respectively, relative to the BLYP-

optimized high spin structure (Table 2). These changes

are again consistent with that expected from ligand field

models in which increased axial metal�/ligand interac-

tions in a trigonal bipyramidal complex would raise the

A?1 orbital energy to increase the splitting between the E?
and A?1 orbitals. When 3 was optimized at the low (S�/

1/2) spin state, a decrease in the axial Fe�/N bond

lengths relative to their values in the high spin structure

was accompanied by additional shortening of the

remaining metal�/ligand bonds. The trigonal arrange-

ment of the equatorial ligands was also distorted due to

an increase in the S1�/Fe�/S2 bond angle. On the basis of

ligand field models, such structural changes are asso-

ciated with the removal of orbital degeneracy that is

required in order to attain a low spin multiplicity [174].

Access to in vacuo BLYP-optimized structures for

complexes 1�/3, permits an evaluation of whether

geometry optimization impacts the ability of DFT

methods to reproduce experimental spin preferences

and the extent of spin contamination (Table 3). Single

point energies computed at these optimized geometries

using the BLYP functional predicted that complex 3

would adopt a doublet or quartet rather than the

Table 2

Selected spin state-dependent structural parameters in the optimized BLYP/6-31G* geometries of the Fe(III) complexes 1�/3 a

Complex Property Crystal b Initial c S�/1/2 S�/3/2 S�/5/2

1 Fe�/S1 2.2284(10) Å 2.227 Å 2.29 Å �/
d 2.41 Å

Fe�/S2 2.2297(11) Å 2.230 Å 2.29 Å �/
d 2.41 Å

Fe�/N1 1.954(2) Å 1.955 Å 1.97 Å �/
d 2.12 Å

Fe�/N2 1.997(2) Å 1.998 Å 1.98 Å �/
d 2.27 Å

Fe�/N3 2.003(3) Å 2.003 Å 1.98 Å �/
d 2.26 Å

Fe�/N4 1.954(2) Å 1.955 Å 1.97 Å �/
d 2.11 Å

S1�/Fe�/N2 165.78(8)8 165.88 167.28 �/
d 155.98

S2�/Fe�/N3 166.67(8)8 166.78 167.08 �/
d 155.98

N1�/Fe�/N4 178.84(10)8 178.88 179.28 �/
d 172.88

2 Fe�/Cl 2.336(5) Å 2.336 Å 2.26 Å 2.31 Å 2.25 Å

Fe�/S1 2.196(6) Å 2.195 Å 2.22 Å 2.27 Å 2.37 Å

Fe�/S2 2.187(6) Å 2.187 Å 2.23 Å 2.25 Å 2.37 Å

Fe�/N1 1.98(2) Å 1.980 Å 1.95 Å 1.99 Å 2.15 Å

Fe�/N2 2.03(2) Å 2.031 Å 1.96 Å 2.02 Å 2.15 Å

S1�/Fe�/S2 82.3(2)8 82.38 84.28 84.38 88.78
N1�/Fe�/N2 83.4(6)8 83.48 85.18 83.98 78.78

3 Fe�/S1 2.308(4) Å 2.308 Å 2.23 Å 2.31 Å 2.36 Å

Fe�/S2 2.304(5) Å 2.302 Å 2.24 Å 2.36 Å 2.35 Å

Fe�/S3 2.296(5) Å 2.294 Å 2.22 Å 2.39 Å 2.34 Å

Fe�/N1 2.21(1) Å 2.211 Å 2.07 Å 2.04 Å 2.38 Å

Fe�/N2 2.15(1) Å 2.145 Å 2.02 Å 2.03 Å 2.25 Å

S1�/Fe�/S2 125.99(9)8 125.68 127.18 124.38 122.98
S1�/Fe�/S3 115.6(2)8 115.68 105.58 118.28 120.38
N1�/Fe�/N2 176.7(5)8 176.78 176.78 177.28 176.98

Atom numbering corresponds to that shown in Fig. 5.
a Counterions were not included in these calculations.
b Values in parentheses indicate the standard deviation of the crystallographic measurements.
c Bond lengths and angles are those of the initial structure used in the DFT calculations, which differ slightly from those in the crystal structure

due to numerical rounding during input file formatting.
d The DFT-optimized geometry of complex 1 at this spin state could not be computed due to a lack of SCF convergence for the quartet spin state

using the crystal geometry as the initial structure.
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observed sextet state. In contrast, similar calculations

using the B3LYP functional correctly reproduced the

observed spin preferences of these complexes, although

the separation of the theoretical quartet and sextet state

energies computed using B3LYP for complex 2 are

within the error of the method [172,173]. There was also

some improvement in the level of spin contamination for

the B3LYP wavefunctions describing complexes 2 and 3

in their low spin states for the molecules at their BLYP-

optimized rather than experimental geometries.

5.3. Including solvent effects in DFT studies of Fe(III)

complexes

Despite the apparent success in using B3LYP/6-31G*

calculations to model the spin state energetics of Fe(III)

complexes at their in vacuo optimized geometries, there

is increasing evidence to suggest that protein environ-

ment plays a key role in modulating the chemistry of

transition metal centers in enzymes [88,176�/179]. Even

with the advent of linear-scaling DFT algorithms [126],

Fig. 6. Superimposition of spin state-dependent BLYP/6-31G* optimized and experimental structures of Fe(III) complexes 1�/3. Complexes are

colored using the following scheme: red, experimental structure; green, DFT-optimized structure. Structure numbers refer to the electronic

configuration at which the complex was optimized, and are as follows: 1: S�/1/2; 2A: S�/1/2; 2B: S �/3/2; 2C: S�/5/2; 3A: S�/1/2; 3B: S�/3/2; 3C:

S�/5/2.

A.J. Boone et al. / Coordination Chemistry Reviews 238�/239 (2003) 291�/314 307



the size of proteins precludes the use of purely DFT

representations in computationally tractable studies.

Modeling the transition metal centers of metalloen-
zymes will therefore require the use of QM/MM

simulations if long-range interactions between the metal

and protein are to be included in the calculations [180�/

184]. In this approach, the molecular system is parti-

tioned into a number of regions that are treated by

different levels of theory [185]. In the case of NHase, for

example, the Fe(III) and its ligands would be described

by DFT and the protein/solvent surroundings would be
modeled by an empirical, molecular mechanics (MM),

potential energy function [186�/189]. The effects of the

environment are then introduced as steric and electro-

static perturbations in the DFT description of the active

site though a coupling potential. Hence, the total energy

of system is given by:

Etot�EQM(QM)�EMM(MM)�EQM=MM(QM=MM)

where EQM(QM) in these calculations is the DFT energy

of atoms in the metal center, EMM(MM) is the MM

energy of the surroundings, and EQM/MM(QM/MM) is

the energy of interaction between the QM and MM

subsystems. The latter energy is then defined to be:

EQM=MM(QM=MM)

�Eelectrostatic(QM=MM)�EvdW(QM=MM)

where Eelectrostatic(QM/MM) and EvdW(QM/MM) de-

scribe the electrostatic and dispersion interactions

between the QM and MM regions, respectively. Studies
of enzymes are, however, complicated by the need to

model bonds between atoms that are described by

different potential energy functions (QM or MM)

[190�/192]. Only a limited number of DFT/MM studies

on metal-dependent enzymes have been reported [193�/

196], and careful calibration of the DFT/MM coupling

potentials remains to be performed for metalloenzymes

containing mononuclear, non-heme Fe(III) centers, in

part because of the computational demands of such

calculations.

Environmental effects, including solvation, often play

an important role in defining the electronic structure,

spectra, and reactivity of solutes [197,198]. Theoretical

methods for accurately describing such effects must

model both dispersion�/repulsion and electrostatic inter-

actions between the solute and solvent, and are therefore

best treated by QM/MM methods [199]. Modeling

solvent effects on structure and spectroscopy represents

a good strategy for calibrating QM/MM coupling

potentials, since the solute and solvent can be treated

using QM and MM descriptions, respectively. Difficul-

ties that arise from treating covalently bonded QM and

MM atoms are therefore avoided. In order to assess the

utility of DFT/MM calculations in modeling the NHase

active site, the effects of solvation on the molecular

geometries, spin preferences and spectroscopy of Fe(III)

complexes has been investigated [200] (Fig. 7). We note

that there has been relatively little systematic theoretical

study of structural differences between transition metal

systems in the gas-phase and in condensed phase

environments [201�/203].

The results of these calculations can be illustrated by

DFT/MM geometry optimizations of the NHase model

Fe(III) complexes 1 [67] and 3 [171] at their observed

spin states in water and DMF, respectively. In these

calculations, which employed the TINKER program [204]

Table 3

Relative energies (cm�1) and the associated non-interacting �Ŝ2�KS values of Fe(III) complexes 2 and 3 computed at the BLYP/6-31G* optimized

geometries at each spin state

Complex a Spin multiplicity (Sz) BLYP/6-31G* B3LYP/6-31G*

Relative energy (cm�1) �Ŝ2�KS
b,c 2S�/1 Relative energy (cm�1) �Ŝ2�KS

b,c 2S�/1

1 1/2 0 0.78 2.03 0 0.79 2.04

3/2 �/
d �/

d �/
d �/

d �/
d �/

d

5/2 8020 e 8.76 6.00 1305 e 8.76 6.00

2 1/2 1660 1.02 2.25 5200 1.23 2.43

3/2 0 3.80 4.02 0 3.84 4.04

5/2 2800 8.76 6.00 300 8.76 6.00

3 1/2 0 0.76 2.01 4250 f 0.91 2.15

3/2 710 3.79 4.02 1740 3.83 4.04

5/2 1290 8.76 6.00 0 8.76 6.00

a Counterions were not included in these calculations.
b These are non-interacting �Ŝ2� values of the converged DFT wavefunction.
c 2S�/1�/(4�Ŝ2��/1)1/2 [99].
d The DFT-optimized geometry of complex 1 at this spin state could not be computed due to a lack of SCF convergence for the quartet spin state

using the crystal geometry as the initial structure.
e The density matrix and energy for this structure were converged to RMS gradients of 10�6 and 10�4, respectively.
f The density matrix and energy for this structure were converged to RMS gradients of 10�7 and 10�6, respectively.
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in combination with GAUSSIAN-98, each solute was

described by the BLYP functional with a 6-31G* basis,

and solvent molecules were modeled using the empirical

potential energy functions implemented in the OPLS-A

force field [188]. The QM and MM descriptions are

coupled using a well-established iterative protocol

[192,194]. Thus, ESP charges [205,206] were computed

for the Fe(III) complexes at their optimized, gas-phase

geometries. These were then employed to equilibrate the

solvent molecules about the solute by molecular dy-

namics (MD) simulation [207], keeping the complex

fixed at its initial geometry. Re-optimization of the

Fe(III) complex using the BLYP/6-31G* description is

then performed keeping the solvent molecules fixed. The

influence of the solvent is introduced into these DFT

calculations using the QM/MM coupling potential.

After convergence of the DFT calculation, the solvent

was re-equilibrated at the new geometry of the Fe(III)

complex, and the procedure repeated until the total

energy (Etot) of the system changes by less than 10�6

a.u. between optimization cycles. Single-point

EQM(QM) energy components were then computed,

using the BLYP/6-31G*/OPLS-A or B3LYP/6-31G*/

OPLS-A descriptions, for each of the three spin multi-

plicities at the DFT/MM optimized geometries of each

complex (Table 4). While there was no significant

change in the theoretical ordering of spin states in the

DFT/MM and DFT gas-phase calculations using the

Fig. 7. Computational models of solvated Fe(III) complexes 1 and 3. (A) Complex 1 surrounded by 1393 H2O molecules equilibrated at 298 K. (B)

Complex 3 surrounded by 487 DMF molecules equilibrated at 298 K. Atoms are colored using the following scheme: C, grey; H, white; N, blue; O,

red; S, yellow; Fe, orange. Solvent molecules are rendered as line representations.

Table 4

Relative spin state energies (cm�1) and the associated non-interacting �Ŝ2�KS values of Fe(III) complexes 1 and 3 computed at their BLYP/6-31G*/

OPLS-A optimized geometries using DFT/MM methods

Complex a Spin multiplicity (Sz) BLYP/6-31G*/OPLS-A B3LYP/6-31G*/OPLS-A

Relative energy (cm�1) b �Ŝ2�KS
c,d 2S�/1 Relative energy (cm�1) �Ŝ2�KS

c,d 2S�/1

1 1/2 0 0.77 2.02 0 0.78 2.03

3/2 10 160 3.80 4.02 7220 3.81 4.03

5/2 16 300 4.02 6.00 9200 8.77 6.01

3 1/2 5200 1.22 2.43 10 680 1.33 2.51

3/2 1960 3.87 4.06 6310 4.04 4.14

5/2 0 8.76 6.00 0 8.76 6.00

a Counterions were not included in these calculations.
b Energies correspond to the EQM(QM) portion of the total DFT/MM energy for the solvated complex at the defined spin multiplicity.
c These are non-interacting �Ŝ2� values of the converged DFT wavefunction.
d 2S�/1�/(4�Ŝ2��/1)1/2 [99].
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B3LYP functional, in vacuo single point energies for 3,

computed at either the crystal or DFT-optimized

geometry using the BLYP functional, incorrectly sug-

gested that this Fe(III) complex would exhibit a doublet

or quartet rather than the observed sextet state. When

the solvent environment was included in the calculation,

however, the spin preference of 3 was correctly modeled

by the BLYP/6-31G*/OPLS-A single point energies,

which were consistent with those computed using the

B3LYP/6-31G*/OPLS-A description (Table 4). The level

of spin contamination did not appear to be dramatically

altered by the inclusion of the QM/MM coupling terms,

being comparable to that observed for the gas-phase

studies. A comparison of the optimized BLYP/6-31G*

and BLYP/6-31G*/OPLS-A geometries for the spin

preferred ground state of complex 1 (S�/1/2) shows

that the inclusion of solvent effects in these calculations

did not result in significant changes to either metal�/

ligand bond lengths or angles (Table 5 and Fig. 8). In

contrast, the Fe�/S bonds present in the optimized

structure of Fe(III) complex 3 have larger values when

the effects of the environment are included (Table 5).

Whether this difference arises from increased conforma-

tional freedom in complex 3 relative to 1 or from the

nature of the Fe�/N bonds in the two complexes will

require further studies involving a larger number of
model Fe(III) complexes.

6. Conclusions

DFT calculations, especially those employing the

B3LYP functional, on Fe(III) complexes that are models

of the NHase metal center are clearly able to yield spin

state energies and spin state-dependent structures that

are consistent with experimental observations. Since

there appears to be relatively little spin contamination

in these calculations, at least as measured from the non-

interacting value of �Ŝ2� for a single determinant of KS
orbitals, it appears likely that future DFT studies will be

able to provide insight into the role of the carboxamido,

and post-translationally modified sulfur, ligands in

defining the low-spin character and reactivity of the

NHase metal center. The observation that the effects of

non-local environment can also be introduced using

DFT/MM methods, without any significant increase in

spin contamination, also argues that this approach will
be useful in examining both the extent to which the

protein surroundings modulate Fe(III) reactivity in

NHase, and the catalytic mechanism.

Fig. 8. Superimposition of crystal, BLYP/6-31G* (DFT) and BLYP/6-31G*/OPLS-A (DFT/MM) optimized structures of Fe(III) complexes 1 and 3

at their observed spin states (Sz�/1/2 and 5/2, respectively). (A) Superimposed crystal and BLYP/6-31G* geometries of 1; (B) superimposed crystal

and BLYP/6-31G*/OPLS-A geometries of 1; (C) superimposed crystal and BLYP/6-31G* geometries of 3; (D) superimposed crystal and BLYP/6-

31G*/OPLS-A geometries of 3. Complexes are colored using the following scheme: crystal geometry, green; in vacuo DFT-optimized geometry, red;

DFT/MM-optimized geometry, blue.
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