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Key Topic: 

EPR Spectroscopy 

 

Table of Contents Text 

This microreview shows in a unified way the information that CW EPR can provide to the 

understanding of the electronic structure and magnetic properties of distinct types of weakly 

coupled paramagnetic transition metal ions present in systems of biological relevance. 
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Abstract 

Continuous Wave Electron Paramagnetic Resonance (CW EPR) is an essential spectroscopic 

tool to study systems containing unpaired electrons. The potential capability of the technique 

has exceeded its use solely by experts, and today is widely used by non-specialists. In this 

microreview we present selected examples together with basic theoretical aspects necessary to 

understand the EPR properties of isolated paramagnetic centers and assemblies of them which 

may be coupled by very weak isotropic exchange interactions (< 0.1 cm-1) when linked by 

diamagnetic extended chemical pathways. The goal of the paper is to show in a unified way 

the information that CW EPR can provide to the understanding of the electronic structure and 

magnetic properties of distinct types of paramagnetic transition metal ion-containing systems 

of biological relevance such as low molecular weight inorganic complexes and 

metalloproteins.  
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1. Introduction 

Continuous Wave Electron Paramagnetic Resonance (CW EPR) is a major 

spectroscopic tool used in chemistry, physics, and biology. The technique consists of the 

application of a static magnetic field B that splits the spin energy levels and a very weak 

oscillating magnetic field perpendicular to B with a frequency in the microwave range, which 

induces transitions between the spin energy levels.  

EPR provides information about the interaction of the electron spin with the external 

magnetic field (Zeeman interaction), on the interaction between the unpaired electron spin (S) 

and the nuclear spins (I) associated with the paramagnetic center (hyperfine interaction), and 

on the interaction between different electron spins (isotropic exchange, dipole-dipole 

interaction, anisotropic and antisymmetric exchange). Most of these interactions are 

anisotropic, i.e. their values depend on the orientation of the molecular frame relative to the 

static magnetic field. The detailed analysis by EPR of all these interactions provides 

information about the electronic structure, molecular structure, and bonding of the 

paramagnetic center.  

Although EPR is generally considered as a complex technique from both theoretical 

and experimental points of view compared to other spectroscopies, the potential capability of 

the technique has exceeded its use solely by experts, and today is widely used by non-

specialists. There are several text books that cover all the basic aspects of the technique,[1] as 

well as many reviews and papers on EPR that cover applications in the distinct research areas 

in which the technique is applicable, including high-field and pulsed EPR.[1g, 2] 

In this microreview we highlight the information that CW EPR can provide to the 

understanding of the electronic and magnetic properties of distinct types of transition metal 

ion-containing systems of biological relevance such as low molecular weight inorganic 

complexes and metalloproteins. A common point between these two systems is that the metal 
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centers, when linked by diamagnetic extended chemical pathways, may be coupled by very 

weak isotropic exchange interactions (< 0.1 cm-1), which can be selectively and accurately 

evaluated by EPR, a fact that cannot be achieved by conventional magnetic measurements. 

The EPR study of exchange-coupled transition metal ion complexes is very relevant in 

different research fields such as molecular magnetism and bioinorganic/biological 

chemistry.[3] For the former, the information gained with these studies has been essential to 

establish the underlying molecular basis to design paramagnetic materials with predictable 

magnetic properties[4] and to design materials such as molecular-based and single-molecule 

magnets.[5] For the latter, EPR has been relevant to evaluate the magnetic properties not only 

of metal centers in biomimetic compounds and biological macromolecules but also to 

evaluate exchange coupling constants associated with chemical paths involved in electron 

transfer reactions.[6]  

This microreview is organized in two main parts. In the first part we present general 

concepts on the theoretical aspects concerning specifically the interaction between centers, 

together with some examples that illustrate different situations that can occur when 

performing an EPR experiment on low molecular weight inorganic complexes. In the second 

part, we discuss the utility of EPR in the characterization of redox metalloenzymes with 

special emphasis on how EPR can be used to establish structure-function relationships. For 

both small inorganic complexes and metalloproteins we will analyze only systems containing 

Kramers ions with S= 1/2 or S > 1/2 that can be treated as effective spins S´= 1/2. 

 

2. The Exchange Interaction 

The exchange phenomenon refers to an interaction transmitting electronic effects 

between two spins belonging to the same or distinct molecular entities. When this interaction 

is transmitted by a diamagnetic chemical path that links the spins, the phenomenon is also 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 10 

called superexchange.[3a, 3b] We will use the two names indistinctly along the paper. This 

interaction, purely electrostatic in nature, yields singlet and triplet states separated by an 

energy gap J (
ex 1 2

ˆ ˆĤ S SJ   ), which characterizes the interaction and is named isotropic 

exchange coupling constant. The singlet state is lowest when J is negative (antiferromagnetic 

coupling), while the triplet is the lowest one when J is positive (ferromagnetic coupling). The 

reader must be careful in the interpretation of sign and magnitude of J as other conventions 

may be used for the exchange Hamiltonian (
1 2

ˆ ˆ2 S SJ  ,
1 2

ˆ ˆ2 S SJ  , and
1 2

ˆ ˆS SJ  ). The 

magnitude of J is mainly determined by factors such as the distance between centers and the 

nature and the structural topology of the bridging chemical path.[2b, 4a] The dependence on the 

distance for long bridging chemical paths was analyzed empirically by Hoffman et al on the 

basis of experimental data in simple inorganic systems showing weak exchange interactions 

(|J| < 0.1 cm-1), who found that J decreases exponentially with distance.[2b] The topological 

factor is also central to determine not only the magnitude of J but also its sign, though for 

extended chemical bridging paths as the ones found in metalloproteins J was always found to 

be antiferromagnetic.  

The exchange coupling constant can be considered as the sum of two antagonistic 

contributions, J= JF+JAF, where JF, the ferromagnetic contribution, tends to align the spins 

parallel, and JAF, the antiferromagnetic contribution, antiparallel. The magnitude and sign of J 

may be analyzed on the basis of a qualitative model proposed by Kahn that uses non 

orthogonal molecular orbitals centered on each spin of a dinuclear unit. [3a] In this model, both 

contributions to J depend on the overlap density (i) in the bridging pathway, (i)= 

1(i)2(i), where, 1 and 2 are the magnetic orbitals (orbitals containing the unpaired 

electron) of atoms 1 and 2, and i identifies the unpaired electrons. JF is proportional to the 

electrostatic repulsion of the overlap densities of the two interacting spins, whereas JAF to the 

overlap integral. For interacting spins bridged by long chemical paths, the overlap integral 
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dominates over the electrostatic repulsion of the overlap densities, which explains the 

negative values of J found in most metalloproteins. 

 

3. Types of Samples in EPR Spectroscopy 

The usual samples employed in EPR studies in chemistry labs may be in the form of 

fluid and frozen solutions, powders, or single crystals. In a fluid solution, especially for low 

viscosity solvents, the paramagnetic species can tumble very rapidly, simplifying the EPR 

spectra as the molecular tumbling averages out the anisotropic interactions contributing to the 

spectra. In contrast, in viscous and frozen solutions molecules are hindered or not able to 

move, respectively, and the sample contains a random distribution of all possible molecule 

orientations with respect to the static magnetic field, which means that there is an equal 

probability for the magnetic field to have any orientation with respect to the molecular 

framework. This situation also occurs in powdered samples, which are constituted by lots of 

microcrystals randomly oriented. It is important to note that in all these samples EPR spectra 

are invariant to sample rotation. 

When EPR is performed on oriented single crystals, the molecules in the crystal have a 

unique orientation with respect to the static magnetic field and therefore orientation-

dependent EPR spectra can be measured. As a consequence, the information obtained from 

single crystal EPR experiments is much more complete than that obtained from randomly 

oriented samples, as this particular methodology allows one to characterize completely the 

anisotropic interactions. Information about single crystal mounting, single crystal EPR spectra 

acquisition, and data analysis can be found in the literature.[2c, 7]  

 

4. Magnetically Diluted Systems 

4.1 EPR of Mononuclear Metal Compounds 
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From a magnetic point of view, the term magnetically diluted is applicable to a system 

having non-interacting paramagnetic centers, a situation that occurs when the paramagnetic 

centers are sufficiently far removed from each other, usually at distances larger than 30 Å.[2b] 

Examples of magnetically diluted systems are diamagnetic hosts doped with paramagnetic 

impurities, diluted solutions of metal complexes, and metalloproteins. The field-dependent 

energies of the spin states of a magnetically diluted system containing a mononuclear S= 1/2 

metal center are determined by the eigenvalues of the spin Hamiltonian 

 
B

ˆ ˆˆ ˆH B g S I A S       (1) 

where the first and second terms are the Zeeman and hyperfine interactions, respectively, B 

is the Bohr magneton, B is the static magnetic field, Ŝ  and Î  are the electron and nuclear spin 

operators, respectively, and g and A are 33 matrices. Equation (1) only includes the 

hyperfine interaction between the electron spin and the nuclear spin of its own nucleus for 

simplicity. Also, the nuclear Zeeman and quadrupolar interactions are omitted as, with a few 

exceptions, they are not usually detected in CW EPR.[8]  

EPR spectra of polycrystalline solids or frozen solutions of mononuclear metal centers 

are classified according to the g-matrix symmetry in rhombic, axial, and isotropic. The g-

matrix in rhombic spectra, which is the most general case, is characterized by three distinct g-

factors (gx, gy, gz ) called the eigenvalues or principal values of the g-matrix (Figure 1). The 

indexes x,y,z correspond to specific directions in the molecular frame called the eigenvectors 

or principal directions in which the g-matrix is diagonal. There is no convention to assign a 

specific eigenvalue to any index, and the nomenclature x,y,z or 1,2,3 will be used indistinctly 

along the paper. Axially symmetric spectra are associated with a g-matrix with two equal 

eigenvalues (gx= gy= g ≠ gz= g||), whereas for isotropic spectra gx= gy =gz = giso (Figure 1). 
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The g-values can be simply used as a fingerprint of the complex, or, ideally, should be 

utilized to study geometric structure, bonding, and electronic structure of the paramagnetic 

center. Particularly, the geometric structural information that can be obtained from the g-

matrix evaluation in magnetically diluted compounds is related to the symmetry of the metal 

site, as the symmetry of the g- and A-matrices must be compatible with the coordination 

geometry of the paramagnetic center.  

giso 

giso giso 

g|| 

g g 

gz 

gx gy 

B  B  B  

E
P

R
 s

ig
n

a
l  

 

Figure 1. g-matrix symmetry and associated absorption (black) and first-derivative (dark 

cyan) EPR spectra for three coordination geometries: octahedral (Oh) (left), octahedral with 

tetragonal distortion (D4h) (center) and orthorhombic (D2h) (right). The different colors 

represent different atoms and/or different bond-distances. The examples correspond to the 

cases g|| > g and gz > gy > gx. 
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As shown in Figure 1, for metal sites with strict axial symmetry (e.g. molecules 

belonging to point group D4h), the eigenvector associated with g|| must lie on the axial axis 

(the unique molecular z axis), whereas the remaining two eigenvectors associated with the 

two g eigenvalues must lie on the equatorial ligand plane. For metal sites with lower 

symmetry but still presenting an axial distortion, e.g. D2h, the gx,y eigenvectors must lie also 

on the equatorial ligand plane but pointing either along the bonds or between the bonds. 

Departures from these idealized geometries are found in most paramagnetic systems, which 

are reflected with different extents in their EPR properties. However, when this departure is 

not considerable, the g-matrix may follow the approximate symmetry around the metal site, 

which results in nearly axial g-matrices with eigenvectors lying approximately along 

molecular directions close to the true axes in an idealized symmetry. These particular 

molecular directions are usually identified as molecular pseudo symmetry axes. Systems with 

these characteristics were reported for copper(II) and molybdenum(V) complexes in nearly 

square planar coordination. [7b, 9] The assumption that eigenvectors lie along molecular pseudo 

symmetry axes may not be true for systems with spins higher than 1/2 which are usually 

analyzed as effective spins S´= 1/2, as is the case of high-spin Co(II) (S= 3/2). Except for 

those cases with strict symmetry,[10] a small departure from the idealized symmetry in high 

spin Co(II) compounds having large g-anisotropy can occasion drastic changes in the g-matrix 

orientation.[11] The above symmetry considerations may be utilized to propose the 

eigenvectors of g-matrices when this information is unknown.  
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Additional information on structure, bonding, and electronic properties of the metal 

site can be obtained from the analysis of the hyperfine coupling interaction with its own 

nucleus and of that with the ligand nuclei, which is also called superhyperfine interaction. 

This analysis is useful to study the chemical composition of the metal center, and can also 

provide information about its coordination geometry and chemical bonding. However, one 

should have in mind that hyperfine couplings, particularly those with metal ligands, are in 

some cases too small to be resolved by conventional CW EPR techniques, in which case EPR-

based techniques such as electron nuclear double resonance (ENDOR) may recover the 

information hidden in the linewidth in the EPR spectra.[12] It is important to note that when 

the hyperfine structure is resolved in the EPR experiment, the information provided by both 

techniques is identical.  

There are some useful correlations in EPR spectroscopy that allow one to learn about 

the structure and bonding of metal complexes. One of these correlations was proposed by 

Peisach and Blumberg who plot A|| vs g|| values for copper metal complexes showing nearly 

axially symmetric EPR signals.[13] One of the advantages of this correlation is that one obtains 

with a certain confidence the number and type of copper equatorial ligands. A weakness of 

the correlation is that it does not take into consideration the type of axial ligands. Another 

example of magneto-structural correlations were proposed for V(IV) and Cr(V) complexes. 

The former, which is called additivity relationship, was proposed by Wuthrich [14] and later 

refined by Chasteen, [15] which allows the hyperfine coupling constant, specifically A||, to be 

correlated to the number and types of ligands present in the equatorial plane of V(IV) 

complexes. The latter, which was proposed by Barr-David et al, is an empirical method 
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developed for determining the coordination number of Cr(V) complexes (five- or six-

coordinate) and the donor groups bound to Cr(V) from the measured giso and Aiso values.[16]  

 

4.2. Dinuclear Metal Compounds 

The simplest dinuclear unit is formed by two interacting paramagnetic ions with S= 1/2 spins, 

which are commonly found in several inorganic complexes as well as in metalloproteins.[3d, 4a, 

17] The EPR behavior of these dinuclear units may be considerably different of that 

corresponding to the mononuclear centers, because the isotropic exchange interaction couples 

the spins to give singlet (S= 0) and triplet (S= 1) states (section 2).[1a, 3a] The spin Hamiltonian 

describing the energy levels of a dimer composed of two dissimilar S= 1/2 spins is given by  

1 1 2 2 1 1 1 2 2 2 1 2
ˆ ˆ ˆ ˆ ˆ ˆˆ ˆ ˆH A I A I JS g B S g B S S S SB B                  (2) 

where the last term takes into account the interaction between the two spins, which is 

characterized by the J-matrix. Equation (2) only includes the hyperfine interaction between 

the electron spin on each center and the nuclear spin of its own nucleus (cross hyperfine terms 

are not considered). The interaction term 
1 2

ˆ ˆS J S  in Equation (2) can alternatively be written 

as 

1 2 1 2 1 2 1 2
ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆS J S S S + S D S d S SJ                 (3) 

where the first term is the isotropic exchange, the second one corresponds to the sum of 

anisotropic exchange and dipole-dipole interactions, and the third term is the antisymmetric 

exchange. The origin and the effect of each term on the spin system have been extensively 

described elsewhere.[1a, 3b, 18] We will briefly describe the cases in which the isotropic 

exchange interaction is larger than all the other terms in Equation (2) (strong exchange limit) 

and in which J is small (weak exchange limit), with special emphasis in the latter as it will be 

used to understand structural and functional aspect of metalloenzymes.  
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For J >> h (strong exchange limit), where h is the energy of the microwave radiation, 

the isotropic exchange interaction splits the singlet and triplet states of the dimer by an energy 

amount J, whereas the remaining interactions cause the three-fold degeneracy of the triplet 

state to be removed even in zero magnetic field (ZFS). The energy levels of the spin 

Hamiltonian for an S= 1 state arising from two similar S= 1/2 ions can be written ignoring the 

singlet state as 

1 2
ˆ ˆ ˆ ˆ ˆˆ ˆ ˆH 2 2S g B S A I S A I S D SB                 (4) 

where 
1 2

ˆ ˆ ˆS S S  , g= g1= g2, and D is half of that defined in Equation (3). Note that 

antisymmetric exchange is omitted because this interaction is zero when the individual sites 

show identical g matrices. In the D-matrix principal axes frame (X,Y,Z) the term ˆ ˆS D S   can 

alternatively be written as 2 2 2 21
3

ˆ ˆ ˆ ˆ(S S ) (S S )Z X YD E   , where D and E are scalar magnitudes 

related to the eigenvalues of the D-matrix by 3
2 ZD D  and 1

2
( )X YE D D  . For dinuclear 

units formed by spins S1 and S2 different from 1/2, the states of the pair are classified 

according to the angular moment addition rules, with the ground state being |S1 - S2| for an 

antiferromagnetic interaction or |S1 + S2| for a ferromagnetic interaction.  

Figure 2 schematizes the effect of J and D on the energy levels of a strongly coupled 

dimer composed of two similar S= 1/2 spins with D < 0 and E= 0.  
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Figure 2. Spin system energies and resonances obtained from numerical diagonalization of 

Equation (2) as a function of applied magnetic field of a strong exchange coupled dimer of 

similar S= 1/2 spins for J < 0 (antiferromagnetic), D < 0, and E= 0. Hyperfine interactions are 

ignored. The red lines are allowed transitions (MS= 1). X,Y, and Z correspond to the 

principal directions of D. Simulation parameters were J= -0.9 cm-1, D= -0.04 cm-1 and ν= 

9.87 GHz. The dotted line in the right panel corresponds to the MS= 0 energy level for D= 0. 

 

As shown in this figure, spectra for a given magnetic field orientation show two resonance 

lines centered at g= h/BB, which can give rise to different types of spectra in powder and 

powder-like samples depending on the strength of the ZFS. Dimer EPR spectra are dependent 

on temperature, as the singlet and triplet populations vary with temperature. For the case of 

the antiferromagnetically coupled dimer shown in Figure 2, the lower the temperature the 
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lower the population of the triplet state, determining that at kT << J , no EPR signal can be 

detected. Examples of dimer EPR spectra in the strong exchange limit with different ZFS 

values are widely described in the literature.[19] 

 

For J < h (weak exchange limit) and g1  g2, anisotropic interactions mix appreciably the 

singlet and triplet states, which therefore cannot be considered pure. This situation, 

observable normally for distant metal centers connected by long chemical paths in 

metalloproteins, leads to very different EPR spectra to those obtained for J >> h. Figure 3 

shows the spin energies obtained from numerical diagonalization of Equation (2) as a function 

of the static magnetic field along the interspin direction of a very weak exchange coupled 

dimer of dissimilar S= 1/2 spins for J < 0. Equation (2) predicts in the absence of both 

hyperfine and spin-spin interactions two resonance lines separated by B 1 2/B h g g g    , in 

which g= |g1 - g2|. Note that B depends on the orientation of the static magnetic field 

relative to the molecular frame, and its value depends on the magnitude of J and all the other 

anisotropic spin-spin interactions defined above (Equation (3)). It has been adopted that when 

J < 30 cm-1 , the anisotropic exchange may be neglected which determines that D can be 

assumed to be determined by the dipole-dipole interaction.[20] We will assume in all the cases 

we analyze that both anisotropic and antisymmetric exchange are negligible, and hence the 

splitting of the resonance lines are determined solely by isotropic and dipole-dipole 

interaction. Hence, when J+Ddip, where Ddip is the value of D for a given angle between the 

interspin direction and the static magnetic field, is different from zero and much lower than 

B , these lines are each split into doublets with a splitting equal to J+Ddip (upper panel in 

Figure 3). Furthermore, the split lines have approximately the same intensity (lower panel in 

Figure 3). When J+Ddip is comparable with B but still lower, two doublets with splitting 

J+Ddip are also obtained but with the outer lines being less intense than the two central ones. 
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Two lines with the same intensity separated by Ddip are observed when J+Ddip > B. If in 

addition, hyperfine interactions are present, more complicated EPR spectra may be obtained 

(not shown). The analysis of the nature of magnetic coupling between two centers as well as 

the determination of J using Equation (2) are relevant as they allow one to learn about 

structural properties and electron transfer processes occurring in redox metalloenzymes 

(sections 6.4 and 6.7). 

 

 

Figure 3. Spin system energies obtained with Equation (2) as a function of applied magnetic 

field along the interspin direction of a very weak exchange coupled dimer of dissimilar S= 1/2 

spins for J < 0 (upper) together with the corresponding EPR spectra (lower). Hyperfine 

interactions are ignored. The allowed transitions are indicated with red lines. The splitting 

J+Ddip in magnetic field units are also indicated. EPR parameters were g1= 1.95, g2= 2.08, J= 

-100 MHz and Ddip= -50 MHz.  

 

4.3 EPR simulation of solution and powder samples and applications 
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The accurate determination of EPR parameters from powder samples, frozen, and fluid 

solutions requires normally spectral simulation. These routine EPR simulations aim to obtain 

the values of the relevant parameters that determine the energy of the system, i.e. g and A 

matrices for a system described by Equation (1). There are several programs to perform EPR 

simulations such as XSophe®,[21] Spinach,[22] and Easyspin.[23] The information that can be 

obtained depends on the type of sample. Whereas spectral analysis of frozen solutions and 

powder samples of a magnetically diluted mononuclear system may yield the eigenvalues of g 

and A matrices, usually only their isotropic average (giso, and Aiso) may be obtained from a 

fluid solution, this being possible only when the molecule tumbling is fast enough to average 

out all the anisotropies. The information obtained from these types of samples is limited only 

to the eigenvalues, as the eigenvectors of both g and A cannot be determined, although in 

some cases the relative orientation between some of the eigenvectors associated with both 

matrices can be determined to some accuracy. This analysis is also applicable to magnetically 

diluted dinuclear units. However, note that the isotropic exchange coupling constants J can be 

evaluated only for dinuclear units in the weak exchange limit (Figure 3), as for the strong 

exchange limit, exchange interaction contributes only a common constant to the triplet energy 

levels. 

An important branch of bioinorganic chemistry is devoted to study paramagnetic metal 

complexes that serve as biocatalysts in solution. [24] Although the biological function of these 

compounds is carried out in solution, their structure is normally determined in the solid state. 

A common question that can be solved by EPR is whether the structure of the solid state 

compound corresponds to that in solution or not. Figure 4, lower panel, shows water solution 

and powder EPR spectra of the complex Cu(II)(L-glutamate)(H2O)2 (Cuglu) and its Cu(II)-
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doped isostructural Zn(II) analogue (CuZnglu), which present a 2D polymeric structure in the 

solid state (Figure 4, upper panel).[25] Spectra a and b show typical Cu(II) ion EPR spectra 

showing hyperfine interaction with the copper nucleus (I= 3/2). The room temperature 

solution spectrum (spectrum a) is what is called a slow-motion EPR spectrum in which the 

anisotropic parameters g and A are partially averaged due to molecular tumbling.[26] This 

spectrum shows two overlapped components, one more important with giso= 2.158, Aiso= 57 × 

10-4 cm-1) and a second less intense one corresponding to a Cu(II) species that shows only the 

EPR mI= -3/2 feature discernible. Figure 4, spectrum b, shows the powder EPR spectrum of 

CuZnglu, where substitutional Cu(II) ions are magnetically isolated. Simulation of this 

spectrum yielded the g and A matrix parameters given in the caption to Figure 4, from which 

one can obtain 
1 2 3iso ( ) /3g g g g   = 2.163, 

1 2 3iso ( ) /3A A A A   = 54  10-4 cm-1, in a 

good agreement with the g- and A-values from fluid solution. Thus, it can be concluded that 

the coordination environment of the copper in the solid state structure is kept in solution, 

though a small fraction adopts a different conformation. The spectrum of the pure compound 

(Figure 4, spectrum c), which looks very different to the others, is included to show that the 

EPR parameters obtained by simulation (see caption to the figure), although related with, are 

not equal to those of individual Cu(II) centers, a phenomenon related to the interaction 

between metal centers in an extended lattice, which will be discussed below. This example 

clearly illustrates that the information provided by EPR from a magnetically undiluted 

compound does not necessarily reflect the molecular properties of the individual 

paramagnetic center. 
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Figure 4. Upper. Structure of Cu(II)(L-glutamate)(H2O)2 (Cuglu). Lower. X-band EPR 

spectra (~ 9.8 GHz) obtained on a) Cuglu water solution at room temperature, b) CuZnglu 

microcrystalline powder, c) pure Cuglu microcrystalline powder. Spectrum a shows an 

additional peak marked with an asterisk due to a secondary species formed in solution. EPR 

parameters obtained by simulation (red lines) were a) giso= 2.158, Aiso= 57 × 10-4 cm-1; b) 

g1,2,3= 2.050, 2.093, 2.345, A1,2,3= 37 × 10-4 cm-1, n.d., 124 × 10-4 cm-1; c) g= 2.115, g||= 

2.240. n.d., non-detectable. 
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5. Magnetically Undiluted Systems: Dynamical Effects Produced by Intercenter 

Isotropic Exchange Interaction 

The EPR spectra of pure paramagnetic compounds, i.e. systems in which the 

paramagnetic centers are not diluted, are dominated by the interaction between the centers and 

therefore yield little information about the individual centers (Figure 4). These intercenter 

interactions are the same as the ones defined above for a dinuclear unit (isotropic, 

antisymmetric, and anisotropic exchange and dipolar interaction), but summed over all 

paramagnetic neighbors in an infinite lattice.[25] Particularly, intercenter isotropic exchange 

interaction in an extended compound produces dynamical effects on the spin system, and its 

more notorious effect on the spectra is to merge the resonance lines associated with the 

isolated centers, in contrast with all the other interactions that produce line broadening. The 

problem of extended interactions in 1D, 2D, and 3D lattices has been extensively studied 

because of their physical significance, and the knowledge acquired was employed to 

characterize extended compounds with metal centers coupled by superexchange. The 

relevance of these investigations is wide, since they impact on very different research fields 

such as molecular magnetism, spintronics, and electron transfer processes in systems of 

biological interest.[4b, 27] 

The changes experienced by the EPR spectra of extended lattices of paramagnetic 

centers coupled by intercenter isotropic exchange interaction can be rationalized using the 

“random frequency modulation model” introduced by Anderson.[26, 28] Figure 5 schematizes 

the changes experienced in the EPR spectra due to the exchange phenomenon for a system 

having two dissimilar S= 1/2 spins without hyperfine interaction. In the absence of exchange 

interaction (J= 0), the spectrum consists of two resonance lines at positions B1 and B2, each 

with equal transition probabilities, separated B= |B1-B2|. In the presence of exchange, the 

spins giving rise to these two lines jump back and forth in a random way with an exchange 
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frequency of the order of J. The model predicts different kinds of spectra depending on the 

ratio between J and B. For J < B/2 (weak exchange regime), the two resonance lines at 

positions B1 and B2 are broadened by exchange and shifted towards the gravity center of the 

spectrum; the larger the J the larger the shift. For J > B/2 (strong exchange regime), a unique 

exchange collapsed Lorentzian-shaped resonance line is obtained, with exchange yielding 

narrowing rather than broadening (linewidth proportional to 1/J). A unique broad central 

resonance line with is obtained for J B/2.  

 

 

Figure 5. Computed X-band EPR spectra predicted by the “random frequency modulation 

model” for an extended system having two dissimilar S= 1/2 spins with no hyperfine 

interaction for different ratios between J and B. 

 

Analytical solutions of the exchange narrowing phenomenon based on Anderson´s 

theory exist for the simplest cases of systems showing two-line spectra arising from extended 

lattices containing two dissimilar spins, a single spin coupled by hyperfine interaction with a 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 26 

nuclear spin I= 1/2, and interacting S= 1 dimers,[29] which can alternatively be obtained from 

generalized Bloch equation.[2b] As the number of resonances increases, the analytical 

solutions first become impractical and soon impossible, and a numerical solution is needed. 

The relevance of Anderson´s model is that it explains all the different exchange regimes 

depicted in Figure 5 using a unique equation.[11a, 30]  

There are many examples in the literature describing the magnetic properties of spins 

coupled by exchange in extended compounds. We have selected an EPR study performed on a 

mononuclear Co(II) compound to illustrate the effect of isotropic exchange on the resonance 

lines corresponding to isolated Co(II) centers. Figure 6 shows EPR spectra of the coordination 

polymer catena-(trans-(μ2-fumarato)tetraaquacobalt(II)) and its Co(II)-doped isostructural 

Zn(II) analogue, where the Co(II) ions are in a high spin configuration that can be treated as 

an effective spin S´= 1/2. [11a] The metal centers in this Co(II) ion complex are linked by two 

different types of superexchange paths, one involving a fumarate dianion (JAA) and the other a 

triple hydrogen bond (JAB). This 3D extended lattice is composed of two chemically identical 

but rotated cobalt sites, identified as CoA and CoB in Figure 6 (left top panel), and hence 

magnetically inequivalent. The powder EPR spectrum of the diamagnetic host doped with the 

lowest Co(II) concentration (Co:Zn ratio of 1:30) is nearly axial with g > g|| and shows 

resolved hyperfine structure with the cobalt nucleus (I= 7/2). Increasing Co(II) ion doping 

concentration in the diamagnetic host broadens the resonance lines, making the hyperfine 

structure less resolved, a phenomenon due to through-space intercenter magnetic interactions 

that produces broadening rather than narrowing, but does not produce significant shift of the 

g and g|| features. A rather distinct situation is observed in the pure compound, in which 

exchange interaction yields a single broad EPR resonance line. The information that can be 

obtained from the EPR powder spectrum of the pure compound is very limited, as one can 

only conclude that the Co(II) ions are in a high spin configuration and that the Co(II) ions are 
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likely coupled by exchange. In contrast, the information obtained from single crystal EPR 

spectroscopy of both doped and pure compounds (Figure 6, left bottom panel) is richer, as the 

full analyses of the spectral angular variation performed on the diluted compound allows one 

to obtain the full g and A matrices. This information, when complemented with that obtained 

from the pure compound, is used to evaluate selectively and accurately the two exchange 

coupling constants (JAA and JAB) associated with the two different types of chemical pathways 

connecting the Co sites.[11a] In summary, this example shows very clearly the effect produced 

by isotropic exchange on the EPR spectra associated with isolated Co(II) ions and illustrate 

the potential of EPR to evaluate very weak exchange coupling constants in extended 

compounds using Anderson´s theory. Other examples concerning the collapse of the fine 

structure in a dinuclear unit and of the hyperfine structure in a mononuclear compound can be 

found in the literature.[30-31]  
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Figure 6. Structure of the coordination polymer catena-(trans-(μ2-

fumarato)tetraaquacobalt(II)) (left top) showing the superexchange chemical paths;[32] single 

crystal EPR spectra for nearly the same magnetic field orientation in the Co-(II)-doped Zn(II) 

analogue (red), showing the resolved octets from magnetically non-equivalent sites, and in the 

pure Co(II) compound (blue), showing a single collapsed resonance at the spectral gravity 

center (left bottom); powder EPR spectra for different Co(II):Zn(II) ratios in Co(II)-doped 

Zn(II) compound and in the pure compound showing the collapse of the hyperfine structure 

and main g-features of individual Co(II) sites (right). 

 

6. CW EPR of Biological Macromolecules 
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About a third of all proteins present in living organisms contain one or more redox 

active transition metal ions as prosthetic groups.[33] In general these proteins are 

metalloenzymes that catalyze specific reactions in which the metal ions form part either of the 

enzyme active site or function as electron transfer centers. A large group of metalloenzymes 

are oxidoreductases that catalyze a wide spectrum of redox reactions that occur in nature. 

These enzymes incorporate 81 % of the total Fe found in living organisms, as well as 93% of 

the total Cu, and 81% of total Mo plus W.[34] These four metals are the so-called redox-active 

elements of life since they can exist in several oxidation states within the physiological range 

of electrochemical potential (ca from -700 to +800 mV, vs NHE). The redox cycling of these 

transition metal ions makes it possible that they can act as electron conduits routing electrons 

from the enzyme active site to the redox partner and vice versa. As the metal centers in 

metalloproteins may be paramagnetic in certain oxidation states, EPR becomes a powerful 

technique in their characterization. Specifically, we will show how the technique can be used 

to detect changes in oxidation states of the metal centers, the binding of substrate and 

exogenous ligands to the enzyme active sites, to solve structural aspects that cannot be 

determined by conventional structural techniques, and to study the factors that govern 

electron transfer reactions during catalysis. All these technical capabilities will be shown on 

the basis of two representative examples of oxidoreductases, the copper-containing nitrite 

reductase (Nir) and the molybdenum-containing aldehyde oxidoreductase (Aor).  

 

6.1 General Structural and Mechanistic Aspects of Oxidoreductases 

A brief structural description and mechanistic aspects of both Nir and Aor are given 

first to understand the type of information that can be obtained from EPR. Aor and Nir are 

distinct in both structure and function, but follow a general reaction mechanism depicted in 
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Figure 7, which is also followed by most oxidoreductases having a redox-active metal ion at 

the active site.[35]  
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Figure 7. Enzyme reaction mechanism of Nir (top) and Aor (bottom). Pseudoazurin (Paz) and 

flavodoxin (Flv) are the physiological electron donor and acceptor of Nir and Aor, 

respectively. The OHx ligand in Aor is the catalytic labile site, which is the O-atom that reacts 

with the substrate. Schemes for general reductive (top) and oxidative (bottom) reactions 

catalyzed by oxidoreductases containing a transition metal ion in a mononuclear form at the 

active site are also shown. S and P stand for substrate and product, respectively. M is the 
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metal ion at the active site which receives/gives electrons through an electron transfer reaction 

mediated by the intraprotein chemical pathway. The arrows indicate the electron flow 

direction through the intraprotein chemical pathways. Numbering corresponds to PDB 

structures 1SNR and 1VLB for Nir and Aor, respectively. 

 

As shown in Figure 7, the substrate reacts at the active site with the metal ion (M), 

which is reduced in those reactions that involve substrate oxidation, and oxidized in those 

reactions occurring in the opposite direction. The electrons generated in the course of 

oxidative reactions are then transferred to an external electron acceptor by means of an 

electron transfer process mediated by other redox cofactors present in the structure of these 

proteins, a copper center in Nir (T1) and iron-sulfur clusters in Aor (FeS1 and FeS2). In 

contrast, in reductive reactions the electron flow occurs in the opposite direction and the 

electrons given by an external electron donor are used to reduce the substrate.  

The active site of Nir is a type 2 copper center (T2, also normal copper)[36] whereas the 

electron transfer copper center is of type 1 (T1, also blue copper).[36c, 37] T1 and T2 are ~12 Å 

apart bridged by a histidine-cysteine pathway. The proposed reaction mechanism implies that 

nitrite binds to T2 and is converted to nitric oxide (NO·) by one reducing equivalent delivered 

by T1 through the bridging chemical path. The external electron donor was identified to be a 

pseudoazurin, azurin or cytochrome c, depending on the microrganism.[35b]  

Aor is an oxidoreductase with a structure more complex than Nir as it contains 

different types of metal ions at the active site and electron transfer centers. The active site in 

the as-purified form is formed by a Mo(VI) ion coordinated to two oxo, one hydroxo (OHx) 

and two sulfur ligands provided from a dithiolene moiety which is part of a pyranopterin 

cytidine dinucleotide (Figure 7 bottom). This molecule, together with two iron-sulfur clusters 

of the type [2Fe-2S], form part of the electron transfer pathway. [38] One of the FeS clusters 
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(FeS1 or proximal center) is closer to the Mo site (dMo-FeS1= 16.2 Å) and is buried inside the 

protein in a domain inaccessible to solvent. The second FeS cluster (FeS2 or distal center) is 

situated further away from the Mo site (dMo-FeS2= 25.6 Å) near the protein surface and it 

mediates the electron transfer from Aor to the physiological electron acceptor (Flv).[39] The 

aldehyde oxidation catalyzed by Aor occurs at the Mo center which is, after interaction with 

substrate, reduced from Mo(VI) to Mo(IV). The two reducing equivalents generated in the 

course of the reaction are then transferred to an external electron acceptor (Flv) through the 

electron transfer pathway shown in Figure 7.  

 

6.2 General Aspects on the CW EPR Characterization of Metal Centers in 

Metalloenzymes 

Due to the large size of the molecule, metalloproteins in solution and crystalline forms 

can be considered as magnetically diluted systems. However, a different picture may emerge 

inside the protein molecule in those systems containing at least two paramagnetic centers, as 

very weak intercenter magnetic interactions may modify the EPR spectra of the individual 

centers. The EPR characterization of redox proteins is usually performed in the 

electrochemical potential range -700 to 800 mV vs NHE as, as stated above, most redox 

couples relevant in biology fall in this range. The purpose of this characterization is not only 

to obtain an EPR signal as a fingerprint of the metal centers, but also to estimate their 

reduction potentials, as well as to detect the presence of weak intercenter magnetic 

interactions. 

Figure 8A shows the EPR spectra of as-purified Nir (black) and as-prepared Nir 

reduced with excess ascorbate (red) and excess dithionite (blue).[40] The terms “as-prepared”, 

“as-isolated”, and “as-purified” refer to protein samples obtained after protein purification, 

which is usually performed by liquid chromatography (FPLC) under aerobic conditions (E~ 
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100-300 mV depending on the protein sample). Both T1 and T2 in their oxidized Cu(II) form 

(d9, S= 1/2) give rise to superposed nearly axial EPR signals distinguishable through their A|| 

features ( T1A  < T2A ) (Figure 8A, black spectrum, EPR parameters are given in the caption). 

Upon incubation with sodium ascorbate (E ~ 0 mV), T1 becomes EPR silent as is reduced to 

Cu(I) (d10, S= 0), whereas a fraction of T2 remains in the Cu(II) form (Figure 8A, red 

spectrum). This conclusion is obtained from the doubly integrated EPR spectrum (area under 

the absorption spectrum), which is proportional to the number of spins (integrated spectrum of 

ascorbate-reduced Nir is ~ 5 % of that of as-prepared Nir). In contrast, no EPR signals are 

detected upon addition of a 10-fold molar excess of sodium dithionite under anaerobic 

conditions (E~ -450 mV), indicating that both copper centers are reduced (Figure 8A, blue 

spectrum). Ferricyanide addition to as-prepared Nir (E ~ 400 mV) does not modify the 

intensity and line shape of the EPR signal, which indicates that both copper centers are 

completely oxidized in the as-prepared form of the protein. All these findings indicate that the 

T1 reduction potential is higher than that of T2, and that the reduction potentials of both 

centers fall in the range +400 to 0 mV.[41] The analysis of the red spectrum in Figure 8A is 

trivial as the ascorbate-reduced sample shows only the T2 signal, while that of the black 

spectrum (as-prepared Nir) is more difficult as both T1 and T2 signals are superposed. The 

procedure followed to perform simulations of superposed EPR signals implies to simulate 

each spectral component separately, to normalize them, and then to add these simulated 

components in different ratios until the best agreement between simulation and experiment is 

achieved. EPR analysis by simulation of as-prepared Nir spectrum indicates a 1:1 ratio for 

T1:T2, in line with metal analysis (2 Cu atoms per protein monomer), and since no important 

modifications are observed for T1 and T2 EPR spectra, no magnetic coupling can be detected 

under the experimental conditions of the measurement. EPR parameters for both T1 and T2 

centers (see caption to Figure 8A, g|| > g > 2) are consistent with a 2 2x y
d


 ground state. 
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Figure 8. A) X-band EPR spectra of copper-containing Nir from Sinorhizobium meliloti 

2011 obtained under different experimental conditions; as-prep, as-prepared; asc-red, as-prep 

Nir incubated with sodium ascorbate; dit-red, as-prep Nir incubated with sodium dithionite. 

The narrow signal at ~ 330 mT corresponds to an EPR-detectable ascorbyl radical. EPR 

parameters obtained by simulation were g1,2,3= 2.190, 2.062, 2.033, A1= 5.8 mT (59 × 10-4 cm-

1) for T1; g||,= 2.304, 2.053, A||= 14 mT (150 × 10-4 cm-1) for T2.[40] B) X-band EPR spectra 
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of the Mo-containing Aor from Desulfovibrio gigas obtained upon dithionite reduction in 

2H2O-exchanged samples at 100, 60, and 20 K. The gray shadowed region is enlarged in the 

inset, which shows in addition the spectra at 100 and 20 K in normal water. EPR parameters 

obtained by simulation were g1~g2= g= 1.970, g||= 1.959, H

1,2 3A 
= 1.5, 1.6 mT (14, 15 × 10-4 

cm-1) for Mo, g1,2,3=2.023, 1.938, 1.919 for FeS1, and g1,2,3= 2.060, 1.979, 1.900 for FeS2. 

The g2 feature of FeS2 is overlapped with the Mo(V) signal. 

 

In contrast to Nir, Aor develops EPR signals only upon dithionite addition, indicating that 

the reduction potentials of the metal centers are lower than 0 mV. Before going to the EPR 

analysis of Aor, just a brief consideration regarding the electronic structure of the Mo and FeS 

metal centers. The molybdenum atom can be found in three different oxidation states, 

Mo(VI), Mo(V), and Mo(IV). Only Mo(V) (d1, S= 1/2) is detectable by EPR and gives rise to 

signals with all g-values lower than 2. The two [2Fe-2S] centers can be detected in two redox 

states. The oxidized state ([2Fe-2S]2+) is EPR silent as it contains two strongly 

antiferromagnetically coupled Fe(III) ions with a ground state with S= 0 (section 4.2), which 

is the only one thermally populated. The [2Fe-2S]2+ center becomes paramagnetic on 

reduction of one of the Fe(III) ions to Fe(II). The resulting Fe(II)-Fe(III) pair ([2Fe-2S]1+) is 

also strongly antiferromagnetically coupled, but with an S= 1/2 ground state.[42] 

Dithionite reduction of Aor for 20 min under anaerobic conditions (E ~ -450 mV vs 

NHE) gives rise to EPR signals associated with the Mo(V) ion and the two [2Fe-2S]1+ clusters 

(Figure 8B). The Mo(V) signal obtained under these conditions is commonly named “slow” in 

the literature on Mo-enzymes (black and blue spectra in the inset on Figure 8B),[35a] but 

hereafter it will be referred to as Mo(V) EPR signal. Whereas ~ 100 % of the FeS centers are 

paramagnetic at this potential, only about 10 % of the total molybdenum is obtained as Mo(V) 

species, which can be easily understood taking into account the reduction potentials of the 
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metal centers (E°’MoVI/V,V/IV= -450,-530 mV; E°’FeS1,2= -280,-285 mV, values for D. gigas 

Aor).[43] The Mo(V) EPR signal is detected over the whole range of temperature in which Aor 

is studied (4-150 K). The EPR signal obtained above 90 K shows a nearly axial symmetry 

with g > g|| and hyperfine structure with a species with I= 1/2 (Figure 8B, blue spectrum in 

the inset; EPR parameters are given in the caption). The species with I= 1/2 corresponds to a 

solvent exchangeable proton as demonstrated from the spectrum of Aor in 2H2O (Figure 8B, 

black spectrum in the inset). Solvent exchange is commonly used in the EPR characterization 

of metalloproteins to differentiate hyperfine splitting of solvent exchangeable protons 

associated with metal ligands such as –OH, H2O, and –SH groups from those associated with 

non-solvent exchangeable protons, such as protons from amino acid residues and/or organic 

prosthetic groups. In contrast, the EPR signals of FeS1 and FeS2 (Figure 8B, gray and orange 

spectra) are observed at temperatures below 80 K and 50 K, respectively, indicating that the 

three centers have different spin-lattice relaxation times (T1
FeS2 < T1

FeS1 < T1
Mo(V)). It is widely 

known that T1 depends on temperature: the higher the temperature, the shorter the T1 or, 

equivalently, the higher the relaxation rate. The fact that no FeS EPR signals are detected 

above 80 K is due to the short T1
FeS-values, as the breadth of the EPR resonance line is 

proportional to 1/T1. 

The spectra of Figure 8B show also temperature-dependent splitting. This is observed 

for the Mo(V) signal below 70 K (orange and red spectra in the inset) and for FeS1 below 30 

K (orange spectrum), indicating the presence of magnetic couplings between centers. These 

EPR spectra can be interpreted assuming two independent pairs of S= 1/2 centers, Mo(V)-

FeS1 and FeS1-FeS2, as both Mo-FeS2 distance (d= 25.6 Å) and chemical path (Figure 7, 

bottom) are too long to consider magnetic coupling between both centers.[2b] The Mo(V) EPR 

signal splitting can be analyzed through Equation (2), but not its temperature dependence, 
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which arises from the different relaxation rates of the interacting centers.[44] The theoretical 

formalism behind these ideas is briefly outlined in section 6.4.  

 

6.3 EPR-monitored Redox Titrations 

The understanding at molecular level of the catalytic mechanism of a redox enzyme and 

its relationship with the intramolecular electron transfer process requires the determination of 

the reduction potentials of the metal centers situated along the electron transfer chains, e.g. T1 

and T2 for Nir, and Mo, FeS1, and FeS2 for Aor. The preferred technique to measure 

reduction potentials is cyclic voltammetry, but when working with metalloproteins some 

technical problems such as an inefficient electron transfer between the protein and the 

working electrode and/or a bad resolution of the potential peaks can preclude its use. These 

problems can alternatively be overcome performing redox titrations monitored by 

spectroscopic techniques such as EPR. Figure 9 shows the redox potentiometric titration 

curves of Nir monitored by EPR under anaerobic conditions, together with the EPR spectra at 

different potentials in the inset on the figure. Different strategies can be used to evaluate the 

signal intensity associated with each spectral component: i) to simulate the EPR spectra, ii) to 

evaluate the intensity of non-overlapping features, e.g. the non-overlapping features at g|| of 

Nir (Figure 8A),[41a] iii) to take EPR spectra as a function of temperature (Figure 8B),[44a] or 

iv) to evaluate the intensity of the more intense spectral peak of overlapped EPR signals, e.g. 

the peak that arises from the sum of the g features of both T1 and T2 centers (Figure 9).[45] 

The analysis of the data is usually performed assuming independent Nernst equations that are 

least-squares fit to the data, though in some cases it is necessary to take into consideration 

cooperative effects between the redox centers.[46]  
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Figure 9. Redox potentiometric titration of Nir monitored by EPR. The red solid line was 

obtained by least squares fitting a two-independent component Nernst equation with n= 1 to 

the data. The EPR spectra as a function of the potential are shown in the inset. The reduction 

potentials were Eo´= 224 ± 4 mV for T1 and Eo´= 108 ± 5 mV for T2.[45] 

 

6.4 EPR Assignment of Metal Centers in Macromolecules 

The characterization of the electron transfer chains in redox metalloenzymes requires 

one to assign the spectroscopically detected metal centers to those observed in the X-ray 

structure. The problem is simple in proteins with metal centers that show distinguishable EPR 

features, e.g. the two Cu centers of Nir, but the solution is not trivial for proteins such as Aor 

which has two FeS centers that do not show a direct correlation between EPR properties and 

structure. This problem can be solved using different strategies based on the analysis of the 

weak magnetic interactions between the redox cofactors. 
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The analysis of the magnetic coupling between the Mo(V) ion and the proximal FeS 

center in Aor requires spectral simulation of the split Mo(V) signal taking into account 

Equation (2). This implies to estimate g and D eigenvalues and eigenvectors of the interacting 

centers and the magnitude of J (see sections 4.1 and 4.2), which is clearly overparameterized. 

However, the problem can be simplified assuming that the splitting of the Mo(V) signal is 

under the condition of weak exchange limit with J << B (section 4.2 and Figure 3) and that 

Ddip is mainly folded into the linewidth. As the g-values of the Mo(V) center can be obtained 

independently from other EPR experiment, the only parameter to be determined is the 

splitting of the Mo(V) signal. Although this approach estimates roughly J, it is useful in the 

assignment of the EPR detectable metal center with those present in the structure of the 

systems. 

One of the strategies to correlate EPR with structural data is based on the comparative 

analysis of the Mo(V) spectra in Aor samples poised at different potentials, one in which the 

FeS centers are fully reduced (E= - 450 mV) and another in which they are not (E= - 334 

mV). This strategy can be used when the reduction potentials of the two FeS centers differ by 

at least ~ 50 mV, as is the case for the FeS centers of Aor from Desulfovibrio alaskensis 

(midpoint redox potentials for FeS1 and FeS2 are -275 mV and -325 mV, respectively). [44a] 

Figure 10, upper, shows the different Aor microstates that can be obtained at different 

reduction levels, whereas the lower panel shows the 20 K EPR spectra at -450 mV and -334 

mV. At -450 mV, the FeS centers are completely reduced ([2Fe-2S]+1, S= 1/2) (P10 + P11); 

hence the Mo(V) ion of the P10 microstate is magnetically coupled to the closest FeS center 

yielding a fully split Mo(V) EPR signal (blue spectrum in Figure 10). In contrast, the 

spectrum at -334 mV results from the superposition of both split (P5 + P10) and non-split (P1 + 

P6) components for the Mo(V) EPR signal. By using the midpoint reduction potential of each 

FeS center at -334 mV, it is possible to predict the relative probability of finding a given 
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microstate as a function of the potential and hence the proportion of each component (split 

and non-split Mo(V) EPR signal) contributing to the EPR signal as a function of the potential. 

[44a] Simulation sim-a in Figure 10 was obtained assuming that the EPR-detectable FeS1 is the 

center proximal to the Mo(V) ion, whereas simulation sim-b assuming that FeS2 is the 

proximal center. A good agreement between simulation and experiment is only obtained for 

sim-a, confirming that the center giving the FeS1 signal is the cluster proximal to 

molybdenum. 
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Figure 10. Upper. Schematic representation of the 12 possible microstates in Aor molecules at 

different reduction levels. Color codes are red for Mo(VI) and oxidized FeS ([2Fe-2S]+2), 

green for Mo(V) and reduced FeS ([2Fe-2S]+1), and blue for Mo(IV). The double-headed 

arrows connect microstates separated by one-electron reduction/oxidation (P0 and P11 

represent the fully oxidized and reduced states, respectively). Lower. Experimental 20 K EPR 

spectra of Aor samples at -450 and -334 mV. Simulation sim-a was obtained considering that 

the EPR-identified FeS1 is the center closer to Mo, whereas sim-b was obtained considering 

that FeS2 is the closer one. EPR parameters for simulation were g1,2,3= 1.959,1.969,1.971; 

A1,2,3= 1.6 mT (15 × 10-4 cm-1), and J1=2,3= 10, 13 × 10-4 cm-1. The hyperfine coupling A is 

assigned to a Mo ligand proton (I=1/2) and J1,2,3 is a matrix associated with the splitting 

provoked by magnetic coupling between Mo and the proximal FeS center. See text and 

reference [44a] for details. 

 

Another strategy to assign EPR detectable metal centers with those of the structure 

consists in the analysis of the split Mo(V) signal as a function of the relaxation time T1 of the 

interacting FeS center (Figure 11). Left panels show in detail the temperature dependence of 

the Mo(V) signal in as-prepared (upper) and 2H2O-exchanged (bottom) samples of Aor. The 

right panels in Figure 11 correspond to EPR simulations obtained with a model based on the 

density matrix formalism as proposed by Bloch, Wangeness and Redfield (BWR) applied to a 

dimer of two dissimilar S= 1/2 spins.[47] The mathematical formalism employed in the model 

to simulate the experimental spectra can be found in references [48] and [49]. 
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Figure 11. Experimental Mo(V) EPR signals of Aor  as a function of temperature (left panel) 

together with simulation as a function of relaxation times FeS1

1T  (right panel). The top and 

bottom panels correspond to samples in 1H2O
  and 2H2O, respectively. Temperatures of the 

experiment and FeS1 relaxation times for simulation are indicated. The spin Hamiltonian 

parameters for simulation of Mo(V) signals in 1H2O-exchanged Aor were g1,2,3= 1.971, 1.969, 

1.959 and |J| = 1.2 ×10-3 cm-1 (D was considered to be folded into the linewidth for 

simplicity). Same parameters and 
1 ,2 3A 

= 1.5 mT (14× 10-4 cm-1, 1.6 mT (15 × 10-4 cm-1) 

(hyperfine matrix of the solvent exchangeable proton) were used for the as-prepared sample. 

See reference [49] for details. 
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By inspecting Figure 11, two well differentiated regimes can be clearly identified at 

both extremes of the temperature range. At high temperature (T ≥ 90 K), when FeS1 relaxes 

extremely fast so that it has a very short relaxation time ( FeS1

1T  ≤ 1 ns), the BWR model 

predicts Mo(V) spectra corresponding to those of an uncoupled system. This means that the 

fast relaxing center is modulating the interaction between centers in such a way that the effect 

of the intradimer coupling is averaged to zero. In contrast, at low temperatures (T ≤ 50 K) 

when FeS1 center relaxes slowly ( FeS1

1T  ≥ 75 ns), no modulation of the intradimer coupling 

can be detected, and the spectra correspond to those of a coupled system. Intermediate 

situations with partial collapse and broadening of the Mo(V) resonances are observed between 

these two limits, which cannot be explained either with Equation (1) or Equation (2).  

This assignment methodology consists of performing EPR simulations using 

relaxation times that can give the best agreement with the experimental spectra. Then, to 

identify which EPR detectable FeS center is closer to Mo, it is necessary to compare the 

experimental temperature dependence of FeS1

1T and FeS2

1T  with those predicted theoretically by 

the BWR model. One of the methods that can be utilized to determine the T1-temperature 

dependence by CW EPR can be found in reference [50]. For Aor, a good matching between 

experiment and simulation was obtained for T1 associated with the EPR-detected FeS1, 

indicating that this is the FeS center proximal to the Mo site.  

 

6.5 EPR Spectroscopy of Metal Centers Reacted with Exogenous Ligands 

EPR spectroscopy also allows one to obtain important structural information about the 

metal centers as well as to elucidate the inhibition mechanism in metalloenzymes. The 

formation of a stable complex at the T2 active site in Nir with the substrate and product of the 

reaction was proved by EPR,[51] which was also crystallographically confirmed.[52] In contrast, 

no EPR evidences of substrate and product interaction has been reported for Aor, although 
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EPR studies of Aor with irreversible (e.g. arsenite) and reversible (e.g. polyalcohols) inhibitors 

are well documented. [53] EPR experiments performed on dithionite reduced arsenite-inhibited 

Aor prepared in both H2O and 2H2O solvents showed similar results, indicating that the arsenic 

atom interacts with the molybdenum ion through strong hyperfine and quadrupolar 

interactions with the As nucleus (Figure 12), [53b, 54] likely through the equatorial OHx ligand to 

molybdenum (Figure 7, bottom). This conclusion was also confirmed with X-ray data taken on 

single crystals of Aor soaked with a buffer containing NaAsO2.
[53b, 54] In this structure, the 

arsenic atom is bound to three oxygen atoms with one of them being in a bridging position 

between molybdenum and arsenic atoms (Figure 12). Structural results confirm that the nearly 

square pyramidal coordination of the Mo site is not lost upon arsenite binding, which is in line 

with the EPR results that shows a nearly axial g-matrix. 
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Figure 12. Upper. Coordination around the Mo center determined by X-ray crystallography 

for arsenite- (Ars), ethylene glycol- (EDO), and glycerol- (GOL) inhibited Aor from D. gigas. 

PDB codes are indicated. Dotted lines indicate interactions between Mo and the inhibitor 

molecules within bonding distances. Lower. X-band EPR spectra of Aor reacted with these 

inhibitors at 100 K. The spectrum of dithionite (Dit) reduced as-purified Aor is given for 
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comparison. EPR parameters were g1,2,3= 1.922, 1.979, 1.972, for Ars-reacted Aor; g1,2,3= 

1.978, 1.972, 1.968 for EDO-reacted Aor; g1,2,3= 1.977, 1.973, 1.966 for GOL-reacted Aor. 

In contrast to arsenite, ethylene glycol and glycerol are reversible inhibitors of Aor. 

The EPR spectra of dithionite-reduced Aor samples reacted with either ethylene glycol or 

glycerol show EPR signals with rhombic symmetry (Figure 12, EPR parameters in the caption 

to the figure).[53a] The fact that the EPR signals obtained with both alcohols depart 

considerably from the axial symmetry associated with Mo(V) complexes in square pyramidal 

coordination suggests a severe distortion of the molybdenum site for both alcohol-inhibited 

species. A similar conclusion was obtained from X-ray data taken on single crystals of Aor 

soaked with alcohol-containing buffers, which shows that the nearly square pyramidal 

coordination of the Mo site is lost upon inhibition (Figure 12, upper panel).[53a]  

 

6.6 EPR Signal Saturation Studies to Evaluate Integrity of Electron Transfer Pathways 

The integrity of the electron transfer pathway upon enzyme inhibition can also be 

investigated by EPR saturation studies when one of the paramagnetic centers of a spin pair is 

redox inert, which is the case of the Mo(V) ion in Aor inhibited with arsenite, ethylene glycol, 

and glycerol.[53] Figure 13 shows a saturation experiment for the Mo(V) EPR signal at distinct 

microwave powers (P) obtained upon air oxidation of dithionite reduced arsenite-reacted Aor. 

For low values of P, the ratio I/sqrt(P), where I is the intensity of the EPR signal, is constant, 

indicating no saturation of the EPR signal. For higher P, I/sqrt(P) decreases, indicating signal 

saturation; the higher the P, the higher the saturation.  

Air-oxidation of arsenite-reduced samples oxidizes the FeS clusters to a diamagnetic 

state ([2Fe-2S]+2) but leaves the arsenite-reacted molybdenum as Mo(V). Thus, one can 

evaluate the intensity of the Mo(V) EPR signal in two redox forms of the enzyme, one 

showing Mo-FeS1 magnetic coupling (reduced sample) and another with no magnetic 
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coupling (air oxidized). The fact that the reduced sample requires higher P to reach the 

saturation state is due to the fast relaxing FeS1 center that enhances the relaxation rate of the 

Mo(V) ion, which is provoked by the Mo-FeS1 exchange interaction. This result indicates 

that the Mo-FeS1 electron transfer pathway can transmit magnetic interaction in the enzyme 

inhibited form, confirming that the electron transfer pathway is not affected upon inhibition. 
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Figure 13. Normalized microwave power dependence plot of reduced (red) and air oxidized 

(blue) arsenite-inhibited Aor EPR signal. I, EPR signal intensity; P, microwave power in W. 

The equation y= P1-(P2/2)log(1+P/P3) was least squares fitted to the data. P1 is proportional to 

the EPR line intensity under non-saturating conditions, P2 is related to the EPR linewidth, and 

P3 is the microwave power for which the saturation factor is one half. [53b, 54-55] The EPR 

signal peak used to evaluate I is shadow in the inset on the figure. 

 

6.7 Exchange Interaction and its Relationship with Electron Transfer Processes 

Electron transfer processes through long distances between two redox centers in proteins can 

be studied through the Marcus´ theory, in which the electron transfer rate ket is given by[56] 

ket= (2/ħ)(4kT)-1/2TDA
2 exp -(-G°-)2/4kT   (5) 
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where -G°= zFE°´ is the driving force of the electron transfer process and is related to the 

electric potential gradient (Eo´) between the electron donor D (e.g. Mo in Aor and T1 in Nir, 

Figure 7) and the electron acceptor A (e.g. FeS1 in Aor and T2 in Nir),  is the nuclear energy 

reorganization parameter, TDA is related to the electronic coupling between A and D, and the 

other symbols have the usual meaning. The term TDA depends on the topology of the chemical 

pathway in the protein structure,[57] with TDA
2 being proportional to the isotropic exchange 

constant J between D and A under the condition of maximal electron transfer rate (-G°= 

).[58] Equation 5 shows clearly the relationship between J and ket through TDA when the 

electron transfer reaction is carried out through the chemical pathway associated with J.  

As EPR is the spectroscopic method of choice to evaluate very weak isotropic 

exchange constants, it becomes a useful technique to study electron transfer processes in 

redox proteins presenting exchange coupled centers. Aor is a representative example in which 

evaluation of J can be useful to study the factors that govern electron transfer between redox 

centers in metalloproteins. The catalytic mechanism of Aor involves substrate binding 

followed by a two-electron oxidation of the reduced Mo center once the product is 

released.[39a] The electron-transfer reaction between Mo and FeS1 must be mediated 

necessarily by the pyranopterin moiety, which functions as an electron transfer conduit during 

the concerted Mo reoxidation and product exit. The structure of as-purified Aor corresponds 

to the ready enzyme state that starts the catalytic cycle (Figure 7, bottom), whereas that of 

alcohol inhibited Aor resembles the situation when the product is formed and remains within 

bonding distance with the Mo ion (Figure 12, upper). Thus, the evaluation of J in these 

enzyme variants may give information about the molecular processes that occur during the 

catalytic mechanism.  

The evaluation of J for the Mo-FeS1 pair requires numerical simulations of the 

experimental spectra (Figure 8B) with Equation (2). However, as anticipated above in section 
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6.4, simulations require to determine a large number of parameters, which are normally 

unknown, but that can be assumed on the basis of distinct types of arguments. Firstly, for long 

intercenter distances D may be assumed to be determined by dipole-dipole interaction and 

antisymmetric exchange can be ignored because of the low J value.[20] The g-matrices for the 

two centers can be evaluated by simulation of the high temperature powder-like spectra 

(Figure 8B), but not the eigenvectors, which would require a single crystal EPR experiment. 

When this information is unknown, as is the case for Aor, the eigenvectors of the Mo(V) and 

FeS1 g-matrices can be proposed on the basis of symmetry arguments described in section 

4.1. Details on how to perform this type of calculation can be found in references [6e] and [59]. 

Simulation results (red spectra in Figure 14) show that the FeS1-Mo(V) exchange interaction 

J increases  2 times in the EDO- and GOL-reacted samples relative to that determined for 

the dithionite reduced as-prepared sample, which would suggest that the electron transfer 

pathway is modified upon inhibition.  
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Figure 14. EPR spectra at 20 K of the Mo(V) center together with simulations obtained using 

Equation (2). a) dithionite (dit) reduced 2H2O-exchanged Aor (ν= 9.64 GHz), b) EDO-reacted 

Aor, and c) GOL-reacted Aor (both at ν= 9.49 GHz). The three simulations were performed 

using the same D-matrix (Dx=y= 3.98  10-4 cm-1 and Dz= -7.96  10-4 cm-1) and J = -16.6  

10-4 cm-1 in spectrum a, and J = 33.3  10-4 cm-1  in spectra b and c. The remaining EPR 

parameters and simulation details can be found in reference [6e]. 

 

The fact that J increases ~ 2 times upon alcohol inhibition suggests that the electron 

transfer mediated by the Mo-FeS1 chemical pathway is enhanced under these conditions. At 
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this point one should wonder if the changes in J are a consequence of structural changes in the 

pyranopterin electron transfer pathway, or changes in the electronic structure of either Mo(V) 

or FeS1 centers. Both EPR and structural data show that chemical pathways in as-purified and 

inhibitor-reacted Aor are essentially identical, confirming that the changes in J observed upon 

inhibition cannot be ascribed to structural changes associated either with pterin and FeS1 or 

with changes in the electronic structure of FeS1, as its EPR properties remain unchanged 

upon inhibition.[53a] Therefore, the changes in J detected by EPR indicate changes in the 

electronic structure of Mo(V), a fact that was addressed by computational calculations that 

showed changes in the catalytically labile site spin density, which is redistributed principally 

on the Mo(V) atom and partly on the remaining Mo(V) ligands upon alcohol inhibition. [6e] 

This confirms that the changes in the Mo site electronic structure increases the Mo(V)-FeS1 

exchange coupling constant, and that the intraenzyme electron transfer process should be 

regulated by the catalytic labile OHx ligand of molybdenum.  

 

7. Summary and Outlook 

This microreview summarizes the use of CW EPR in the characterization of distinct 

types of systems of biological interest. The examples presented above have been selected to 

show how CW EPR can be used to characterize paramagnetic transition metal ion-containing 

systems such as low molecular weight inorganic complexes and metalloproteins. Although the 

methodologies used to study both types of systems are in general rather different, we have 

presented in this paper a unified view of the problem to show that the expertise in the study of 

inorganic metal complexes can be extended to the characterization of more complex 

macromolecules and vice versa.  

From the above sections it is clear that CW EPR is a valuable spectroscopic tool to 

study not only the geometric and electronic structure of individual paramagnetic transition 
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metal ions but also to detect and to evaluate very weak isotropic exchange interactions 

between metal centers, which, from our point of view, is the less exploited field in EPR. 

Future challenges are evidently related in using the information gathered from the study of 

both magnetically diluted and undiluted systems in areas such as structural biology, 

biophysicalchemistry, and sustainable chemistry, where EPR can provide valuable and fine 

structural information that complements data from conventional X-ray diffraction techniques, 

and also help in the characterization of intermediates in reactions catalyzed by biomimetic 

systems and enzymes. Although more sophisticated techniques such as multidimensional and 

multifrequency pulsed EPR could also be needed to reach the above mentioned goals, CW 

EPR is still, in our opinion, a very powerful technique and an obligatory step in the study of 

systems of biological interest containing paramagnetic centers.  
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