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1. Introduction
Relaxation is the return of a system to equilibrium after a
perturbation. Many spectroscopies owe their existence
to the fact that relaxation occurs on a favorable time scale.
Here we only deal with spin relaxation, i.e., the return to
equilibrium of the projection of the magnetic moment of
a large number of spins along a magnetic field (longitu-
dinal relaxation) or perpendicular to it (transverse relax-
ation). Electron and/or nuclear spin relaxation phenom-
ena are crucial to all magnetic resonance spectroscopies.
An important technique like magnetic resonance imaging
is based on differences in nuclear relaxation between and
within different tissues and organs. These differences
provide the contrast needed for the image.

Both electron and nuclear spins relax by coupling (i.e.,
exchanging energy) with their lattice (the lattice includes
all the degrees of freedom of all molecules, including the
ones containing the spins, which can induce transitions
between energy states in the investigated spin population),
as shown in Figure 1A,B (in some instances, also by
coupling among spins within the spin system). Electron-
lattice coupling is efficient, whereas nucleus-lattice cou-
pling is inefficient. However, nuclei close to unpaired
electrons may exchange energy with them relatively well
(Figure 1C), and their relaxation is enhanced. Finally,
unpaired electrons on different centers can also relax each
other. This interaction has consequences on the ability
of nuclei to relax nuclei (Figure 1D). In this Account we
will briefly summarize the principles of electron and
nuclear relaxation, and then focus on nuclear relaxation

in dimers, highlighting how their favorable electronic
properties make them suitable for NMR investigations.

2. How Spins Relax
A spin transition may be induced by fluctuations of local
magnetic fields in the lattice arising, for instance, by
random motions of electric charges or of magnetic mo-
ments. These random fluctuations generate a whole
spectrum of frequencies ranging from zero to τc

-1, where
τc is the characteristic correlation time of the fluctuations.
If the frequency of a spin transition, ω, is contained in
the spectrum, relaxation occurs. The shorter the τc, the
broader the spectrum of frequencies covered, but the
smaller the power available at each particular frequency,
as illustrated by the spectral density function J(ω,τc)
(Figure 2):

For a given spin transition frequency, ω, the most
efficient fluctuations are those with a correlation time τc

= ω-1, i.e., J(ω,τc)max ) τc/2.

The relaxation efficiency also depends on the square
of the energy fluctuation amplitude, E, that is usually
orders of magnitude larger for electrons than for nuclei.
Typical ranges of electron relaxation rates, RS, and nuclear
relaxation rates, RI, are shown in Figure 3.
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FIGURE 1. Energy exchange between spin systems and the lattice,
and between different spin systems. The size of the arrows indicates
the efficiency of the exchange.
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3. Electron-Nucleus Interactions
Nuclear relaxation may be dramatically enhanced by
interactions with the large electron spin magnetic mo-
ment.1 The enhancement can be as high as 106 (Figure
3). Clearly, nuclear relaxation is a very sensitive reporter
of electron-nucleus interactions.

3.1. Dipolar Relaxation. Nuclear relaxation can be
induced by fluctuations of the electron spin dipolar field.2

The dipolar interaction energy decays with rIS,3 where rIS

is the electron-nucleus distance, and therefore nuclear
relaxation decays with rIS.6 Three main motions cause
energy fluctuations: (1) changes in distance between the
two spin vectors; (2) changes in their reciprocal orienta-
tion; (3) changes in the sign of the electron spin vectors.
The interspin distance can change, for instance, due to
chemical exchange, the correlation time being the lifetime
of the adduct, τM. The reciprocal orientation of the two

vectors, both assumed aligned along the external field,
changes upon rotation of the molecule, with correlation
time τR. Finally, the sign of the electron spin vector
changes because of electron relaxation: the correlation
time, τS, is the inverse of the electron relaxation rate, RS.

The overall correlation time, τc, is defined as

i.e., shorter than the shortest of the three correlation times.
When one is much shorter than the others, it effectively
dominates τc. When τS dominates, distinction is made
between the longitudinal τS1 and transverse τS2 electronic
relaxation times. The case of τS being the shortest
correlation time is particularly interesting for this Account.

3.2. Contact and Curie Relaxation. Contact relaxation
originates from the fraction of unpaired electron delocal-
ized on s-type orbitals of the nucleus of interest.3 It is
not influenced by the rotation of the molecule, and its
correlation time is

A third contribution to nuclear relaxation, called Curie
relaxation,4 is given by the interaction of the nuclear spin
with the time-averaged electron magnetic moment, that
is small but different from zero because of the slightly
longer time that an electron spin spends in the lower spin
state.5,6 Its correlation time is independent of τS:

This contribution is only important when τS , τR, τM.
The relevant equations for longitudinal (R1M

I ) and
transverse (R2M

I ) nuclear relaxation in paramagnetic sys-
tems (eqs E1-E6)1-7 are summarized in Figure 4.

4. Electron Relaxation
Electrons can efficiently couple with the orbital magnetic
moments arising from their motion around the charged
nucleus (spin-orbit coupling). In a paramagnetic mol-
ecule, in contrast with isolated atoms, the orbital magnetic
moment should be quenched because the ground state
wave function is a combination of atomic orbitals with
opposite ml values. The quenching is not complete,
however, when there are low-lying excited states, and
electron relaxation becomes efficient. As shown in Table
1, organic radicals possess the least efficient mechanisms,
then come transition-metal ions, and finally lanthanides
(except gadolinium), where spin-orbit coupling is so
strong that the spin-orbit combination quantum number
J must be used. Some electron relaxation mechanisms
are operative both in the solid state and in solution,8-10

while others only occur in solution11,12 (Figure 5).
Table 1 is the basis of the applicability of NMR to

paramagnetic systems.1,4,7 It shows that when τS is short,
NMR lines can be sharp enough to give high-resolution
spectra. Clearly, there is a need to predict the relaxation

FIGURE 2. Spectral density function J(ω,τc) (eq 1) as a function of
ω (A) for three different values of τc and (B) as a function of τc for
different ν values (ν ) ω/2π).

FIGURE 3. Typical ranges of relaxation rates for electrons (RS),
nuclei (in diamagnetic systems RI), and nuclei interacting with
unpaired electrons (RM

I ).

τc
-1 ) τM

-1 + τR
-1 + τS

-1 (2)

τc
-1 ) τM

-1 + τS
-1 (3)

τc
-1 ) τM

-1 + τR
-1 (4)

NMR and Spin Relaxation in Dimers Clementi and Luchinat

352 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 31, NO. 6, 1998



behavior of the electron spin also in the presence of
electron-electron interactions.

5. Electron-Electron Interactions
Not unexpectedly, an electron spin can also relax by
coupling with a neighboring electron spin. More and
more systems of chemical or biochemical interest are

synthesized or discovered, where two (or more) paramag-
netic centers are close in space or even connected through
bonds. Coupling between electron spins can thus occur,
and electron relaxation can be dramatically affected.

The equations for dipolar and contact relaxation1 (eqs
E7-E10, Figure 4) are similar to those for nuclear relax-
ation (eqs E1-E4). However, there is a limit to their

FIGURE 4. Relevant spin relaxation equations.
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validity (so-called Redfield limit13), when electron relax-
ation is concerned: they hold until the amplitude of the
energy fluctuation, in frequency units, is smaller than the
reciprocal correlation time, i.e., 〈E2〉1/2/p < τc

-1. There-
fore, the resulting relaxation rate can never be larger than
the reciprocal correlation time: R < τc

-1 (Figure 6).

Indeed, if the correlation time for the relaxation of spin A
is the relaxation time of spin B, the slowly relaxing spin
can hardly help the fast relaxing spin to relax (see,
however, section 7.2). In contrast, the fast relaxing spin
can dramatically enhance relaxation of the slowly relaxing
spin.

6. The Fast Relaxes the Slow
6.1. [Cu-Fe(CN)6]-. Copper(II) is a typical slowly relaxing
ion. The NMR lines of its complexes are often too broad
to be useful. Conversely, low-spin iron(III) is one of the
fastest relaxing ions (Table 1). Tetragonal copper(II)
complexes can react with ferricyanide to form dimers
(Figure 7A). The 1H line width of a proton of a copper
ligand decreases upon titration with ferricyanide (Figure
7B), as does the copper(II) EPR signal (Figure 7C).14 Water
proton relaxation arising from the copper bound water,
measured over a wide range of fields (NMRD), is also
decreased (Figure 7D).15 NMRD allows a direct evaluation
of the J(ω,τ) spectral density function (cf. Figure 2A).16 The
present data allow us to estimate a τS value of 3 × 10-10

s, a factor of 10 shorter than in the absence of ferricya-
nide.15 The dipolar contribution (eqs E7 and E8) is too
small to account for the observed effect. On the other
hand, even a small J value of 1 cm-1 in eqs E9 and E10
is enough to explain the observed decrease. Contact
relaxation is almost always dominant, as illustrated in
Figure 8.

6.2. Cu,Co- and Cu,Ni-SOD. Superoxide dismutases
(SOD) are redox metalloproteins whose most likely role

Table 1. Electronic Relaxation Times, τS, of
Monomeric Paramagnetic

Systems and Resulting Nuclear Relaxation Rates,
R1,2M
I a

paramagnetic
system S τS (s) R1,2M

I

organic radicals 1/2 10-6-10-8 300-500
Ti3+ 1/2 10-10-10-11 40-300
VO2+ 1/2 ∼10-8 300-500
V3+ 1 ∼10-11 100-150
V2+ 3/2 ∼10-9 1500-2000
Cr3+ 3/2 5 × 10-9 to 5 × 10-10 1500-2000
Cr2+ 2 10-11-10-12 50-500
Mn3+ 2 10-10-10-11 300-2000
Mn2+ 5/2 ∼10-8 4000-6000
Fe3+(HS) 5/2 10-9-10-11 500-6000
Fe3+(LS) 1/2 10-11-10-13 2-50
Fe2+(HS) 2 10-12-10-13 50-150
Co2+(HS, 5-6coord) 3/2 5 × 10-12 to 10-13 20-200
Co2+(HS, 4coord) 3/2 ∼10-11 200-300
Co2+(LS) 1/2 10-9-10-10 200-400
Ni2+(5-6coord) 1 ∼10-12 600-700
Ni2+(4coord) 1 ∼10-10 20-30
Cu2+ 1/2 10-8-10-9 300-500
Ru3+ 1/2 10-11-10-12 5-50
Re3+ 2 10-12-10-13 50-150
Gd3+ 7/2 10-8-10-9 5000-15000

paramagnetic
system J τS (s) R1,2M

I

Ce3+ 5/2 10-13 7-8
Pr3+ 4 3 × 10-13 to 6 × 10-14 16-30
Nd3+ 9/2 2 × 10-13 20-30
Sm3+ 5/2 2 × 10-13 to 5 × 10-14 0.2-0.6
Eu2+ 7/2 ∼10-14 300-400
Tb3+ 6 2 × 10-13 800-1000
Dy3+ 15/2 1 × 10-12 to 4 × 10-13 1100-1500
Ho3+ 8 8 × 10-13 to 2 × 10-13 1100-1500
Er3+ 15/2 8 × 10-13 to 3 × 10-13 700-1000
Tm3+ 6 5 × 10-13 300-400
Yb3+ 7/2 5 × 10-13 to 2 × 10-13 50-70

a Calculated at 298 K, an 800 MHz proton Larmor frequency,
a 5 Å electron-nucleus distance, τR )10-10 s. For longer τR values,
Curie relaxation may sizably increase R2M

I .

FIGURE 5. Typical solid state (A, B) and solution (C) electron
relaxation mechanisms. In the Raman mechanism (A),8 a spin
transition is induced by two lattice transitions, the first of which brings
the electron spin to a virtual excited state. In the Orbach mechanism
(B),9 operative when the excited state lies within the thermal bath
(<1000 cm-1), direct spin transitions may occur upon promotion of
the electron to the excited state. For S ) 1 or higher, a zero-field
splitting D of spin levels may occur, and its modulation by rotation
or collisions with solvent molecules may induce relaxation (C).11,12

FIGURE 6. Relaxation rate enhancement (RB
A) of electron spin A

by coupling with electron spin B as a function of the coupling energy
fluctuation amplitude for τc ) 10-10 s.1 Experimentally, RB

A levels
off as it approaches τc

-1.
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is to eliminate toxic superoxide ions that form as meta-
bolic side products.17 They may contain iron, manganese,
or copper as the catalytic metal. In the latter case, a zinc-
(II) ion occupies another metal binding site adjacent to
the catalytic copper site (Figure 9). Fast relaxing metal
ions substituted for zinc shorten the τS of copper, and
make SOD amenable to NMR investigations. Among the

several divalent metals that substitute zinc and maintain
enzyme activity,18 nickel(II) and cobalt(II) have favorable
relaxation properties (Table 1). Indeed, the Cu,Ni19 and
Cu,Co20 derivatives display amazingly sharp 1H NMR lines
from both the zinc and copper site ligands (Figure 9). In
the Cu,Co case, the known intermetal distance (6.3 Å21)
and J value (17 cm-1 22) ensure that contact relaxation (eqs
E9 and E10) is by far greater than dipolar relaxation (eqs
E7 and E8). Indeed, the Redfield limit is already reached
here, and τS of copper(II) is very close to τS of cobalt(II).23

Interestingly, the signals from the cobalt and nickel
sites are also sharper than those observed when the
copper(II) ion is removed, reduced, or substituted with a
diamagnetic ion.23 This effect is not accounted for by eqs
E7-E10, but reflects other phenomena to be discussed
below.

7. Faster than Fast
Iron and sulfide ions assemble spontaneously under
appropriate conditions,24 giving rise to characteristic
cluster structures. This property is believed to have played
a crucial role at the early anaerobic stages of life develop-
ment.25 Indeed, iron-sulfur-containing proteins (Figure
10) are found throughout evolution, from archebacteria
to man. They often act as electron transfer devices.26 For
instance, Fe2S2 ferredoxins (Figure 10B) can cycle between
a reduced state containing one ferric and one ferrous ion
and an oxidized state containing two ferric ions. In both
states, the iron ions are magnetically coupled (J ) 200 and
400 cm-1, respectively).27 Each iron is in a pseudotetra-
hedral environment formed by the two bridging sulfides
and two sulfur donors from cysteinate ligands from the
protein.

A model for the relaxation properties of monomeric
iron in a pseudotetrahedral sulfur donor environment is
provided by rubredoxin (Figure 10A). From Table 1, high-
spin iron(II) has relatively short electronic relaxation times,
while high-spin iron(III) has longer relaxation times. The
NMR properties of both are worsened by their high spin
quantum numbers (S ) 5/2 and S ) 2). The 1H NMR
spectrum of reduced rubredoxin (Figure 11A)28 shows

FIGURE 7. (A) Copper(II) bis(ethylenediamine) hexacyanometallate-
(III) complex (M ) Fe3+, Co3+). (B) Progressive line width decrease
of a copper ligand signal. (C) Progressive decrease of the Cu(en)2

2+

EPR signal, upon titration with Fe(CN)6
3-.14 (D) Water proton

relaxation dispersion (NMRD) of solutions of the adduct of [Cu(en)2]2+

with diamagnetic [Co(CN)6]3- (0, 9) and with paramagnetic [Fe(CN)6]3-

(O, b) at 278 K (open symbols) and 298 K (filled symbols).15

FIGURE 8. Relative efficiency of contact and dipolar electron-
electron interactions. The contact interaction is often dominant,
except for very small J values and electron-electron distances.
The curves separating the two domains are calculated under the
two different limiting conditions shown.
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broad downfield-shifted lines belonging to the â-CH2

protons of the coordinated cysteines. Those of the
oxidized species are far too broad, but can be observed
in the 2H NMR spectrum (Figure 11B):28 deuterons have
a magnetogyric ratio, γI, that is 6.5 times smaller than that
of protons, and the paramagnetic effect is 42 times smaller
(cf. eqs E1-E6).

The 1H NMR lines of reduced ferredoxin (Figure 11C)
are sharper than those of the monomeric counterparts.29

The spectrum shows two sets of signals, the broader and
more shifted (a-d) belonging to the cysteines coordinating
the ferric ion and the sharper and less shifted (f-i)
belonging to the cysteines coordinating the ferrous ion.29-31

Surprisingly, the lines of the ferrous site are much
sharper than in reduced rubredoxin. Likewise, the lines

in oxidized ferredoxin, containing two iron(III) ions, are
also sharper (Figure 11D) than those of oxidized rubre-
doxin. Apparently, a more complete picture is needed of
what happens to nuclear spin systems in significantly
magnetically coupled systems.

7.1. Contact Coupling and Energy Levels. When two
electron spins, SA and SB, are contact-coupled, the energies
of the electron spin levels are changed (eq 5),32 besides

being split by Zeeman interaction when a magnetic field
is applied (Figure 12). Nuclei interacting with either spin
A or spin B actually interact with the projection of either

FIGURE 9. Schematic view of the copper and zinc coordination sites in Cu,Zn-SOD, and 1H NMR spectra of the Cu,Ni (A)19 and Cu,Co (B)20

derivatives. The assignment of the signals is also shown.

E(S′) ) (1/2)J[S′(S′ + 1) - SA(SA + 1) - SB(SB + 1)];
∆E(S′) ) S′J (5)
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spin A or spin B of the total spin S′, and this projection is
different from that of the uncoupled spin. Nuclear
relaxation thus depends on the population of the excited
S′ states, and on whether the largest or smallest S′ is lowest
in energy (ferro- or antiferromagnetic coupling). Equa-
tions E1-E6 have been rederived accordingly (eqs E11-
E16 in Figure 4).1,15,30 The relaxation contribution from
each state i is weighted by a coefficient Ci,A,B squared. If
the ground state has S′ ) 0, the coefficients are also zero.
Even with S′ * 0 ground states, if the coupling is
antiferromagnetic, the coefficients are smaller than for the
excited states, so that if the coupling is sufficiently strong
to reduce the Boltzmann population of the more para-
magnetic excited states, nuclear relaxation is also de-
creased.30,33

Boltzmann population effects are negligible when J ,
kT, because all S′ states tend to be equally populated, and
ferro- and antiferromagnetic coupled systems have the
same behavior. However, the projection effect still re-
mains. In this limit, eqs E11-E16 reduce to eqs E1-E6
multiplied by coefficients XA,B that are related to the
average projection of each spin on all S′ states:1,34

Analysis of nuclear relaxation in Cu,Co-SOD, for which
J , kT, yields τS(Cu) ) 10-11 s and τS(Co) ) 5 × 10-12 s,23

again close to each other and to that of isolated cobalt(II)
(Redfield limit). Calculations using eqs E11-E16 for
oxidized ferredoxin (S′ ) 0, J ) 400 cm-1) show that the
sharpening of the lines with respect to oxidized rubredoxin
arises from the decreased Boltzmann population of the
paramagnetic excited states. For reduced ferredoxin, the
effect is smaller due to (i) the paramagnetic S′ ) 1/2
ground state and (ii) the smaller J value (200 cm-1). When
the two spins are different, the coefficients are also
different, those of the smaller spin in the lowest states
being substantially smaller than those of the larger spin.
Calculations using SA ) 5/2, SB ) 2, and J ) 200 cm-1

predict a factor of 4 in line widths between the two sets
of NMR signals.1,30 This ratio is close enough to the
experimental ratio to suggest that τS is essentially the same
for the two sites (Redfield limit again reached).

However, the calculations also show that τS is 1 or 2
orders of magnitude shorter than that of iron(II) in
reduced rubredoxin. So other factors besides Boltzmann
population effects must be present in this case to explain
the sharp NMR lines. Apparently, the picture is not yet
complete.

7.2. A Glance beyond the Redfield Limit. It is now
apparent that electron-electron interactions are so strong
that the Redfield limit is often reached, where no equation
for electron relaxation is available. The limiting case of
interaction energy much larger than the correlation time,
〈E2〉1/2/p . τc

-1, has recently been considered.35 As done
earlier for nuclear spin-spin coupling and for quadrupolar
relaxation36-39 the approach consists in calculating the
line widths and lifetimes in coupled systems, such as those
shown in Figure 12, as a function of the relaxation rates
of the isolated spins.36 The calculations result in different
electronic relaxation times for each level and for each
transition in the coupled system. For instance, the rates
for an S ) 1/2-S ) 3/2 pair are shown in Table 2.35 The
relaxation rates for the pair are the sum of the rates of
the two spins, weighted by coefficients that differ from
one transition to another. When one rate is negligibly
small, the rate of the pair only depends on the rate of the
fast relaxing system, but is not equal to it. When the fast
relaxing system is the one with the largest spin, as for Cu,-
Co-SOD, the overall rates are larger than for the isolated
fast relaxing ion, while they are smaller when the fast
relaxing system is the one with the smallest spin.35

The obtained rates can then be used in equations
analogous to eqs E11-E14, by introducing for each
different S′ level the appropriate τS1 (lifetimes) and τS2

(transition line widths). This yields as many J(ω,τc)
spectral density functions as the number of levels and
transitions in the system. However, it turns out35 that the
spectral densities containing τS1, as well as those contain-
ing τS2, can be lumped together, for J , kT or J . kT, using
appropriate average τS1 and τS2 values (Table 3). With
these values, eqs E11-E14 can be used as such. For
instance, the average τS1

-1 for the S ) 1/2-S ) 3/2 case,
relevant for Cu,Co-SOD, is (9/16)R(Cu) + (179/96)R(Co).
As R(Co) and R(Cu) for the isolated ions are 1011 and 5 x
108 s-1, respectively,23 τS1

-1 is about twice R(Co), or 2 ×

FIGURE 10. Schematic structures of the metal sites in rubredoxin
(A) and iron-sulfur proteins containing Fe2S2 (B), Fe4S4 (C), and Fe3S4
(D) clusters.

XA,B ) ∑iCi,A,B
2 (2S′ + 1)S′(S′ + 1)

SA,B(SA,B+ 1)∑i(2S′ + 1)
(6)
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1011 s-1. The experimental τS1
-1 value ranges between 1

and 2 × 1011 s-1, in good agreement with predictions.

8. Does Slow plus Slow Equal Slow?
The above treatment also applies to homodimers (SA )
SB, τSA ) τSB). If the electronic relaxation times are the
same, they should be unable to strongly influence each
other, as shown in Table 3 for S ) 1/2-S ) 1/2 and S )
1-S ) 1 pairs. As SA ) SB, all CA,B coefficients equal 1/2,
and the same holds for the XA,B coefficients. Therefore,
we expect a decrease of just a factor of 2 in nuclear
relaxation for J , kT. Of course, for J . kT and antifer-

romagnetic coupling, nuclear relaxation will decrease
substantially, as the ground state is diamagnetic (S′ ) 0).

We have already seen that the sharpening of the lines
in oxidized Fe2S2 ferredoxins is adequately accounted for
by Boltzmann population effects. Several other well-
behaved examples are known, all involving copper dimers.
CuII-CuII dimers are currently the subject of active
investigation, both as biological moieties (e.g., hemocya-
nin, tyrosinase, copper dimers in blue proteins, ascorbate
oxidase, aminopeptidase) and as synthetic catalysts.40,41

On the J , kT side, negligible τS shortening was found for
a synthetic dimer (Figure 13A);34 likewise, the Cu,Cu-SOD
derivative yields a τS value equal to that of the Cu,Zn-
SOD (2 × 10-9 s)35,42 within less than a factor of 2. On
the J . kT side, at least three synthetic dimers (Figure
13B-D)43-45 give NMR lines relatively sharp but consis-
tent with expectations from eqs E11-E16, and τS values
not much shorter than those of monomeric copper
complexes.

However, in an increasing number of copper dimers
the NMR lines have been found to be far too sharp to be
explained.43-49 The most striking example is the weakly
coupled dimer whose structure and NMR spectra are
reported in Figure 14.49 The corresponding monomer
has a “normal” τS of 10-9 s, while the dimer has a τS of
10-11 s.

Apparently, new relaxation pathways are sometimes
created upon dimer formation. The nature of these
pathways has still to be ascertained. A possibility is that
the small J value can be modulated by solvent collision
more effectively than by τS. Calculations using eqs E9 and
E10 with a collision correlation time τν of 10-11-10-12 s
suggest that a sizable shortening of τS is possible. An
alternative49 is a modulation of the zero-field splitting of

FIGURE 11. NMR spectra of reduced (A) and oxidized (B) rubredoxin,28 together with reduced (C) and oxidized (D) ferredoxin.29,31 Spectra
A, C, and D are 1H spectra; spectrum B is a 2H spectrum.

FIGURE 12. Electron spin levels in antiferromagnetically coupled
systems. The order of the S′ levels is reversed if the coupling is
ferromagnetic.
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the S′ ) 1 level,11,12 arising in turn from J anisotropy.32 In
this case, the system would behave like an isolated S ) 1
ion, which is often relaxed by this mechanism50 (Figure
5C). Relaxation efficiency would thus be linked not to the
value of J but rather to its ability to be modulated by

collision with solvent molecules in solution. Too few well-
characterized examples are at hand to confirm the validity
of this picture, which at present is only a reasonable
working hypothesis. Another mechanism could be de-
rived from the example given in the next section.

FIGURE 13. Copper(II) dimers with J , kT (A)34 and J g kT (B-D).43-45

Table 2. Total Line Widths (Off-Diagonal Elements) and Inverse Lifetimes (Diagonal, Bold) for a J-Coupled SA )
1/2, SB ) 3/2 System35

Ψ1(8) Ψ2(7) Ψ3(6) Ψ4(5)

Ψ1(8) (1/2)RA + (3/2)RB (5/8)RA + (21/8)RB (7/8)RA + (57/32)RB (3/4)RA + (15/4)RB
Ψ2(7) (5/8)RA + (21/8)RB (11/16)RA + (51/16)RB (13/16)RA + (87/32)RB (9/8)RA + (15/4)RB
Ψ3(6) (7/8)RA + (57/32)RB (13/16)RA + (87/32)RB (11/16)RA + 2RB (3/4)RA + (117/32)RB
Ψ4(5) (3/4)RA + (15/4)RB (9/8)RA + (15/4)RB (3/4)RA + (117/32)RB (3/4)RA + (15/4)RB
Ψ5(4) (3/4)RA + (15/4)RB (9/8)RA + (15/4)RB (3/4)RA + (117/32)RB (3/4)RA + (15/4)RB
Ψ6(3) (5/8)RA + (177/32)RB (11/16)RA + (147/32)RB (13/16)RA + (41/16)RB (3/4)RA + (117/32)RB
Ψ7(2) (7/8)RA + (39/8)RB (13/16)RA + (69/16)RB (11/16)RA + (147/32)RB (9/8)RA + (15/4)RB
Ψ8(1) RA + 6RB (7/8)RA + (39/8)RB (5/8)RA + (177/32)RB (3/4)RA + (15/4)RB

Table 3. Effective Electron Relaxation Rates for J-Coupled Systems (A, 1/2-1/2; B, 1/2-1; C, 1/2-3/2; D, 1-1) in
the High-Temperature (HT) and Low-Temperature Antiferro- (AF) and Ferromagnetic (F) Coupling Limits35

SA ) 1/2, SB ) 1/2 SA ) 1, SB ) 1

N-SA, N-SB N-SA, N-SB

HT AF F HT AF F

τ1-1 (1/2)RA + (1/2)RB diamagnetic state (1/2)RA+ (1/2)RB (5/4)RA + (5/4)RB diamagnetic state (23/20)RA + (23/20)RB
τ2-1 (3/4)RA + (3/4)RB (3/4)RA+ (3/4)RB (7/4)RA + (7/4)RB (69/40)RA+ (69/40)RB

SA ) 1/2, SB ) 1

N-SA N-SB

HT AF F HT AF F

τ1-1 (107/198)RA +
(112/99)RB

(13/18)RA +
(14/9)RB

(47/90)RA +
(49/45)RB

(73/126)RA +
(77/63)RB

(13/18)RA +
(14/9)RB

(47/90)RA +
(49/45)RB

τ2-1 (71/99)RA +
(187/99)RB

(7/9)RA +
(7/3)RB

(32/45)RA +
(83/45)RB

(46/63)RA +
(125/63)RB

(7/9)RA +
(7/3)RB

(32/45)RA +
(83/45)RB

SA ) 1/2, SB ) 3/2

N-SA N-SB

HT AF F HT AF F

τ1-1 (9/16)RA +
(179/96)RB

(11/16)RA +
2RB

(43/80)RA +
(147/80)RB

(331/560)RA +
(2123/1120)RB

(11/16)RA +
2RB

(43/80)RA +
(147/80)RB

τ2-1 (43/48)RA +
(215/64)RB

(3/4)RA +
(117/32)RB

(37/40)RA +
(33/10)RB

(69/80)RA +
(7677/2240)RB

(3/4)RA +
(117/32)RB

(37/40)RA +
(33/10)RB
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9. Sharing One Unpaired Electron
In the last few years, we have witnessed the exciting
discovery of the structure of the so-called CuA center that
is present in nitrous oxide reductase and in subunit II of
cytochrome c oxidase.51,52 The center has an electron
transfer role and is constituted by two copper ions bridged
by two cysteine sulfurs (Figure 15). The reduced form
contains two diamagnetic Cu+ ions, while the oxidized
form has one unpaired electron delocalized over the two

metals, which are thus Cu1.5+. The NMR spectra53-56

show narrow lines from the copper ligands (Figure 15).
The estimated τS = 10-11 s53 is comparable to the most
striking example among Cu2+-Cu2+ dimers shown in
section 8. However, in CuA there is no magnetic coupling
between the two centers, as they contain only one
unpaired electron just as an isolated Cu2+ ion. Yet its
electron relaxation is remarkably more efficient than that
of copper(II).

What then makes electron relaxation in CuA so efficient?
In CuA there is considerable orbital overlap between the
two copper centers.57,58 The two highest MOs are anti-
bonding linear combinations of copper dxy and dx2-y2 and
of sulfur px and py of the Cu2S2 moiety. They are
nondegenerate, for symmetry reasons, but not far from
one another (a few thousand wavenumbers is a reasonable
estimate). These two orbitals contain three electrons, so
that the higher must be singly occupied. This situation
is a typical case where Raman relaxation (Figure 4A)
should be efficient.8,10 Therefore, relaxation in CuA may
be fast because the dimer structure provides new relax-
ation mechanisms not available to the monomer.53,59

The CuA mechanism can possibly be transferred to
other dimeric systems, like reduced Fe2S2 ferredoxin and
possibly some copper(II) dimers: besides the effects on
electron relaxation and on the spin energy levels due to
the presence of magnetic coupling, additional relaxation
mechanisms may be created due to the altered electronic
structure of the pair.

10. Concluding Remarks
In order to extract the most information when applying
NMR to dimers, we need to understand the principles
underlying their electron and nuclear relaxation. Much
is now understood, although some challenging puzzles
remain. Certainly, we already have a take-home lesson:
high-resolution NMR is definitely applicable to dimers
when it is applicable to at least one of the constituting
monomers. It is often applicable to dimers even when
the monomers are not suitable, due either to reduced
paramagnetism or to the presence of new dimer-based
electron relaxation mechanisms, or both. In all cases, the
NMR properties become more favorable. In many cases,
the results are striking. Therefore, given the explosion of
applications of NMR to monomeric paramagnetic mol-
ecules in the past decade, it is easy to predict an even
greater success with dimers in the next years.

Finally, a comment on polymetallic systems. Here the
theory is largely lacking, but experiments indicate that
polymetallic systems containing three or four metal ions
are often even more favorable for NMR investigation.27
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