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3.1. Introduction

In paramagnetic molecules, the magnetic nucleus does not see an unpaired clectron
as localized, but as spin density distributed throughout space, with an integrated
intensity equal to that of a single electron. As a result, in every unit volume, the spin
density corresponds to just a small fraction of an electron. Such a fraction will spend
some time in the low Zeeman energy level(s) {negative My, see Chapter 1) and some
time (slightly less) iu the upper energy level(s) (positive My). Changes in Mg values
involve changes in the orientation of the electron magnetic moment. The time sharing
of the levels occurs through electron relaxation. Electron relaxation thus provides
fluctuating magnetic fields and causes nuclear relaxation. When reference is made
to spin density at the resonating nucleus, nuclear relaxation is contact in origin, The
remaining spin density on the molecule and the relative election relaxation are
sensed by ihe resonating nucleus through dipolar coupling. The consequent nuclear
relaxation is dipolar in origin. Often, reference is made to metal-centered relaxation;
in this case, the whole electron is considered localized on the metal. Dipolar relaxation
due to spin density elsewhere is called ligand-centered relaxation. This will be
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discussed in Section 3.4.1. Restricting ourselves to metal-centered nuclear relaxation,
the fluctuation of the electron dipolar field at the nucleus due to electron relaxation
can be easily visuvalized as depicted in Fig. 3.1{A). We now want to mention other
mechanisms, besides electron relaxation, which occur in solution and through which
unpaired electrons cause nuclear relaxation. All of these mechanisms will be discussed
in detail in this chapter.

(i) Rotation of the molecular frame causes the nuclens to see the electron in
different positions (Fig. 3.1(B)). If the rotation is faster than the electron relaxation
time, on the rotational time scale the nucleus sees the electron with the same Mg

B,

Fig. 3.1, Piclori.al representation of the motions causing nuclear relaxation: electron spin relaxation (A),
molecular rotation (B) and chemical exchange (C). It can be seen that the electron dipolar fiel at the
nucleus fluctuates with time in direction (A), intensity (C) ar both (B).
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value but on different positions in space. This random motion of the electron around
the nucleus is again seen as a fluctuating magnetic field that causes nuclear ra2laxation
through dipolar coupling.

(ii) In addition, the nucleus sees the induced electronic magnetic mument ()
(Eq. (1.33)) which is aligned along the magnetic field as a result of tlie time average
over the Zeeman levels. Upon rotation, the induced electronic magnetic field causes
fluctuating magnetic fields sensed by the nucleus through space. This is another
dipolar mechanism, that can be also visualized by referring to Fig, 3.1(B), related to
the difference in electron population of the Zeeman levels and called Curie spin
relaxation.

(iii) Finally, the approach and binding of a moiety containing the resonating
nucleus to a group containing the unpaired electron, and the following detachment
(chemical exchange), cause fluctuating magnetic fields at the nucleus (Fig. 3.1(C))
through both contact and dipolar mechanisms. A limiting case of chemical exchange
is the outer sphere interaction (see Section 4.5).

Relaxation measurements provide a wealth of information both on the extent of
the interaction between the resonating nuclei and the unpaired electrons, and on the
time dependence of the parameters associated with the interaction. Whereas the
dipolar coupling depends on the electron-nucleus distance, and therefore coniains
structural information, the contact contribution is related to the unpaired spin
density on the various resonating nuclei and therefore to the topology (through
chemical bonds) and the overall electronic structure of the molecule. The time-
dependent phenomena associated with electron—nucleus interactions are related to
the molecular system, and to the lifetimes of different chemical situations, for the
resonating nucleus. Obtaining either structural or dynamic information, however, is
only possible if an in-depth analysis of a series of experimental results provides
sufficient data to characterize the syciem within the theoretical framework discussed
in this chapter.

In real systems, cach unpaired electron is delocalized through chemica! bonds in
the neighborhood of the metal, to an extent depending on the chemical properties
of the system. Therefore, the dipolar interaction with the resonating nucleus should
be evaluated by integrating over all the points where there is a finite unpaired spin
density. Approximate procedures will be given in Section 3.4.1. An account of the
nuclear relaxation times based on this general approach requires details of the
electronic structure of the system, including the unpaired spin densities on the various
non-s orbitals of the molecule, which is difficult to treat in general terms.

3.2. The correlation time

Electrons switch between levels characterized by Mg values. Let us examine now
an ensemble of n molecules, each with an unpaired electron, in a magnetic field at a
given temperature. The bulk system is at constant energy but at the molecular level
electrons move, molecules rotate, there are concerted atomic motions (vibrations)
within the molecules and, in solution, molecular collisions. Is it possible to have
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information on these dynamics on a system which is at equilibrium? The answer is
yes, through the correlation function. The correlation function is a product of the
value of any time-dependent property at time zero with the value at time ¢, summed
up to a large numt 2r n of particles. It is a function of time. In this case the property
can be the My value of an unpaired electron and the particles are the molecules.
The correlation function has its maximum value at ¢ =0; since each molecule has
one unpaired electron, the product of the My value at time zero times the Mg value
at time ¢ (¢ = 0) is either 1+ 3 or —}+(—1), i.e. always equal to +5. With time, some
spins will change their orientation (Fig. 3.1(A)), so some particles will contribute by
-1, The value of the correlation function C(t) decreases. It can be shown that the
decay of the correlation function can be approximated by an exponential in the
absence of constraints (see Fig. 3.2)!

Cr) = T Ms(0)Ms() ~ (Z&) exp(—t/z.) (3.1)

From Eq.(3.1), the correlation time 1. is defined as the time constant for which
the correlation function exponentially decays to zero. At a time small compared with
1. [exp(—t/t.)— 1], we expect that essentially afl spins maintain their original value.
Therefore, most of the products will be §. At times long with respect to 7., we expect
that all spins have changed their orientations many times, so that on the average
haif of the spins will result with the same My with respect to their original values,
and the other half will have the other Mg value. Under these conditions, statistically
half of the products will be 4 and half —4, and the summation over a large number
n of spins will yield zero.

Strictly speaking, the time dependence of C(¢) is not exponential for t « 7 ; by
referring to the above example, after a time much shorter than 1, but still larger
than zero, it is likely that C(¢) = C(0). Indeed, an expansion of the initial part of C(t)
would show a flat region around zero. In other words, it must be that dC(0)/dt =0,
whereas for a true ¢xponential dC(0)/dr = 1/47,. Only for longer times does C(r)

C®

t

Fig. 3.2, Exponentiul decay with time of the correlatior function.

! Here, and in the following, only positive values of time ¢ are considered, Otherwise, all equations of
the type of Eq. (3.1) should contain the absolute value of time in the exponentiul decay term, exp(— |¢[/z.).
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become effectively exponential. The small initial deviation is, however, irrelevant for
our purposes. Real cases of strong deviations from an exponential behavior do exist,
but we will often restrict our interest to exponential correlation functions. In any
case, the correlation time of a certain tiine-dependent process can be defined as the
integral of the correlation function of that process, independently of the actual law
for the time dependence.

The Fourter transform of an exponential decay in the time domain, as seen in
Section 1.7.2, is a Lorentzian in the frequency domain:

Te

)= v

(3.2)
This function (Fig. 3.3) has its inflection point at [@w|t. = 1. We say that the function
undergoes a dispersion at |w|t. = 1. This function provides the intensity of the various
frequencies available in the lattice due to the fluctuations to which r_ is related. It
is also called noise, power, or spectral density function. The nucleus picks up the
needed o frequency for its relaxation. The probability of this to occur depends on
the spectral density (i.e. on the value of function (3.2)} at that frequency.

Transverse nuclear relaxation can also occur when the local fields at the nucleus
fluctuate slowly, i.e. with an w frequency near zero (see also Section 3.4). Then the
spectral density function will take the form

J(O)=1, (33)

This is a so-called non-dispersive term. Finally, in cases where two like nuclear spins
relax each other, the 2w frequency (double quantum transition) is needed besides w,
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Fig. 3.3. Spectral density function J{w) as a function of frequency, linear scale (A) and log scale (B). The
profiles are obtained for t, =1 x 107 s (@) and 5 x 107'®s(b). The two dashed areas in (A) are equivalent,
showing that the area under the (a) and (b) curves is the same. The inflection points occur at wr, = 1.
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and then we will also have a function of the type

Tc
1 + 4?12
The present approach for nuclear relaxation can be extended to electron relaxation.

Once the correlation time is fixed, the value of the spectral density function at a
given frequency can be determined, since all spectral density functions are normalized
to unity. When 7, is long, the spectral density is large in the small frequency range
below 1, !; when 7, is short, we have a larger range of frequencies available but with
a lower intensity (Fig. 3.3). Of course, 7, refers to real physical mechanisms of
fluctuations. We use the word fluctuation to indicate a movement which is random
and unpredictable. We also use the words uncorrelated and stochastic for this
behavior. The w frequencies generally arise from sudden and short movements, which
provide a range of frequencies just like in pulsed NMR (Section 1,7.2).

The movements capable of relaxing the nuclear spin that are of interest here are
related to the presence of unpaired electrons, as has been discussed in Section 3.1.
They are electron spin relaxation, molecular rotation, and chemical exchange. These
correlation times are indicated as 7, (electronic relaxation correlation time), t, (rota-
tional correlation time), and z,, (exchange correlation time). All of them can modulate
the dipolar coupling energy and therefore can cause nuclear relaxation. Each of them
contributes to the decay of the correlation function, which then decays according to
the produet

JQ2w)= (3.4)

exp(—t/v,jexpi—t/1,) exp(—t/ty) =exp[—(t; ' + 7' + 15")]
Therefore, the overall correlation time is such that
RILE S ML RS (3.5)

e its reciprocal is the sum of the single reciprocal correlation times. It often happens
that only one dominates. In the case of relaxation by contact or isotropic coupling,
only chemical exchange and electron relaxation can modulate the coupling. Thus

(S R T LR vl (3.6)

Sometimes distinction can be made between 1, and 1, if 7, is specified as 7,

(longitudinal) or 7,; (transverse} electronic correlation time (see Section 3.4).
Electronic relaxation times fall in the range 1077 to 103 5 (Fig. 3.4), whereas the

exchange time can be indefinitely long or as short as 107!°s, depending on the

. T
e TRk . 'l ]
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Fig. 34. Runges of typical values for 1,, t, and 1, as defined in Eq.(3.5).
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chemical bond strength. As far as rotation is concerned, the rotational correlation
time can be predicted for spherical rigid particles [ 1-3].
_4mya®  gMW
"~ 3kT  dNLkT

1, (3.7)

where 7 is the viscosity (kg s~! m™?) of the solvent, a is the radius of the molecule,

assumed spherical, .~ "is the molecular weight, (kg mol 1), d is the density (kg m ~3)
of the molecule (usu-. , waken equal to 10%), and N, is Avogadro’s constant. Values
for 7, in water solutions at room temperature range from 3 x 107!' s for hexaagua
metal complexes, to 107%s for small proteins (MW ~ 10kgmol™!) to 107%s for
larger macromolecules (MW = 10? kg mol~!) (Fig. 3.4). The value of 1, may also be
estimated from T; measured at several magnetic fields on a diamagnetic analog of
the metal complexes of interest. In fact, in diamagnetic systems the nuclear relaxation
times are usually determined by dipolar coupling with other nuclei in the same
molecule, the correlation time for the interaction being the rotational correlaticn
time of the molecule itself (in the absence of chemical exchange).

3.3. Electron relaxation

From the foregoing discussion it appears that electron relaxation may be important
for NMR on paramagnetic substances because t, may be the correlation time. Indeed,
it is always important. Let us say we have two paramagnetic (S =4) compounds in
water, one with 7, of 10~% s and the other with 7, of 1072 s, The size of each molecule
is the same and such that the rotational correlation time is 107!%s, For the former
complex 7, % 7, = 1075 and for the latter 7, ~ 1, = 10~ !2s, So, in one case nuclear
relaxation depends on a correlation time which is due to rotation, whereas in th.
other it depends on the electron relaxation time. When the rotational mechanism
determines the correlation time, and the latter happens to be long, nuclear relaxation
rates will be invariably large and the NMR lines broad. As a consequence, we lose
resolution and the capability of revealing connectivities among signals.

As will be seen soon, as a practical consequence, we caa state that high resolution
NMR can be fruitfully attempted for those systems for which . is determined by 7,
the shorter -, the better. Detection of signals and exploitation of the NMR experi-
ment is still convenient for diamagnetic moieties interacting with paramagnetic
systems with long 7, when in the presence of fast chemical exchange. Under these
circumstances the linewidths of nuclei of the moiety which is in molar excess and
exchanging with the moiety bound to the paramagnetic center are reduced by the
molar fraction of the bound moiety, and still contain structural and dynamic informa-
tion (see Chapter 4).

"n Table 3.1 estimates of the electronic relaxation times at NMR field values are
reported for some paramagnetic metal ions in solution and at room temperature. As
t, values may be strongly field dependent, the low field limiting values 7,5, when
available, are also reported. The table also reports the calcutated linewidth at
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Table 3.1
Electronic relaxation times of some common pararagnetic metal ions and relative line broadening effects.
Metal ions suitable for high resolution NMR are underlined

Metal ion Electronic s rg {5} Reference Line broadening®
configuration (Hz)
Tid" d i 1010~ [4.5] 20-200
Vo al T T [6-8] 10000
A d? I ~10"" [10.11] 50
Vi a 3 ~107 [12-14] 5000
Crt d i S5x107%-5x 107" [15-171 3000-25000
Cr” d* 2 10°"t-107%2 est. from [18] 20-150
Mp* d* 2 19 1o-10-"'e [11.17.19] 150--1500
Mn?" d 3 ~10°8¢ r16.21 100000
Fe** (HS) d* 3 10°°-10""¢ {17,24.25] 200-12000
Fe' (LS) d? i 101074 [27.28] 0.5-20
Fe*' (HS) d", 5-6 coord. 2 1011013 [29.301. 5-20
est. from [31]
d*, 4 coord 2 ~" est. from [32] 150
Co** (H.S) d’. 5-6 coord, 3 5% 10" 1210~ [33.34] 2-50
d°. 4 eoord. 3 ~10" [353 100
Co*' (L.S) d’ $ 10910 [13] 200-1000
Ni** d®, 5-6 coord. i ~10°°7 [36] 300
d*, 4 coord, 1 ~10° % [39.40] 5
Cu?®’ d° 1 (1-5)x t0"*? [41] 1000~ 5000
Ru’* d* 4 10 107" [11.42] 2-20
Re*” dt 2 ([UNLES (IR [43] 5-20
Gd" I 3 10" 10 s [44-48] 20000200000
Ln!’ b =" [49-52] [-100

"For a proton at S A from the metuk 500 MH2 'H resonunce frequency; only dipolar reluxution,

estimated from Be, (L14), with 1, = 1,. ® Field dependence of 1, with o 7, value of 3 x 1071« has also
beon reported [91. © e, values in the 10 " 10 ¥y range have ulso been propored [20]. ¥ ¢, is strongly
field dependent, r,, vidues of 10 10 1" have been reported [22.23), ® 1, is fleld dependen, . alues
being highty variuble and ranging from 10" [25] to less than 16 ''s [26]. ¢, is strongly fleld
dependent, 1., values of 10-''-10 "5 have been reported [37.38], % ¢, is ficld dependent. 1, values of
10 ¥-4 x 10° '®« huve been reported [46.47].

500 MHz of a proton at 5 A distance (in the presence of dipolar coupling, see later)
for the case where t, is the correlation time. The underlined metal ions are those
for which high resolution NMR is feasible and 2D NMR can be attempted also for
nuclei experiencing hyperfine shifts. In particular, lanthanides(IIl) (except
gadolinium(HI)) and low spin iron{lll) are particularly suitable for NMR. Then,
tetrahedral nickel(II) and high spin six-coordinated cobalt( 1} complexes have short
electronic relaxation times, Manganese( 1), low spin cobalt(II) and high spin heme-
containing iron(iil) compounds are at the borderline. Oxovanadium(IV),
chromium(111), copper(1l), manganese(1l) and gadolinium(Ill) are not suitable for
NMR experiments, except on nuclei in rapid exchange with diamagnetic species in
excess. In Chapter § we will see that magnetic coupling in polymetallic systems may
provide short effective electronic relaxation times independently of the electronic
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relaxation times of the monometallic system. We are now going to cursorily review
the principles of electron relaxation in order to be able to uccount for the values of
the electronic relaxation times or to predict them.

3.3.1. The main mechanisms for electron relaxation

Mechanisms analogous to those illustrated in Fig. 3.1 apply also to electron
relaxation. However, electrons have other more efficient relaxation mechanisms
which overcome the former ones. Several possible mechanisms for electron relaxation
have been successfully identified, and equations have been derived for many of
them [ 53,54].

Solid-state theories ascribe electron relaxation to the coupling of electronic spin
transitions with transitions between lattice vibrational levels, or more generally with
phonons. Disappearance (depopulation of a vibrational level) or creation (population
of a vibrational level) of phonons modulate the orbital component of the electron
magnetic moment.

The orbit-lattice interaction allows the electron to change energy level, which
may imply changes in the electron spin. It is customary to separate the coupling
into direct processes [ 55], Orbach processes [56], and Raman processes [ 55,56],
all of which are shown in Fig. 3.5. In the direct process, a phonon with the same
energy as the electron spin transition is required. The direct process may be important

n=l+i
A
S
wapeceays]
A n="1‘%—lF"—
V=2 - % T
A Vel meg=m
d
+% ! =] +:lz +4
n=0 % V=0 n=0% Y Ve n=0 _5-‘ V=0

Spin  Lattice Spin  Lattice Spin  Lattice
A B C

Fig. 3.5. Lattice and spin transitions are coupled by (A} direct processes. (B) Raman processes, (C} Orbach
processes. The proximity of the excited electronic state favors both Orbach and Raman processes. The
clectronic states are labeled with n. the lattice vibrational states are labeled with V. 4 and & indicate
cnergy separations with excited states coupled to the ground state by spin-orbit coupling.
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only at about liquid helium temperature, where only low energy phonons are avail-
able. The Orbach process requires low-lying electronic energy levels at about the
energy of the phonons. At 300K, corresponding to a thermal energy of about
200 cm ™Y, the most probable phonon energies range between 50 and 1000 cm ™1, So,
the electron—phonon coupling can provide the energy for jumps from the ground to
the excited states and vice versa. Such jumps may involve spin changes. The Raman
process is operative when there are not enough phonons available for electronic
transitions which are too small in energy. Therefore, in the Raman process two
phonons of high energy may simultaneously interact with the spin system so that
their energy difference equals the electron Zeeman energy. This phenomenon can
also be regarded as the scattering of a single phonon upon collision with the electron.
The Orbach process provides the fastest mechanism. The Raman process may
successfully compete when there are low-lying excited levels.

Following the solid-state approach, equations have been derived [57,58] also for
the electron spin relaxation of S =1 ions in solution determined by the aforemen-
tioned processes. Instead of phonons, collisions with solvent should be taken into
consideration, whose correlation time is usually in the range 107! to 10125,

Two other mechanisms proposed for S =1 ions are typical of solutions and are
determined by the rotation of the molecule. The first is due to the anisotropy of g
and of 4, and is proportional to 7,. If g or A are anisotropic, their values are
orientation dependent, and are therefore modulated by rotation [59]. The second
is the so-called spin-rotation mechanism [60]. This mechanism arises from the fact
that, upon a sudden change in the rotational motion of a molecule, for example after
a collision, the molecular skeleton and the electron cloud may be slightly misplaced
from one another, thus providing an instantaneous electric dipole moment. Therefore,
there is a coupling between the spin angular momentum and the magnetic field
generated by the instantaneous electric dipole moment. the latter related to the
rotational angular momentum of the molecule; this coupling causes relaxation. The
smaller the molecule, the larger the effect: for macromolecules, this mechanism is
indeed negligible. The contribution to the relaxation rate of this mechanism is t“us
inversely proportional to that of the mechanisms modulated by t,, which increases
with the size of the molecule, The effect is also proportional to the departure of g
from g,.

Additional relaxation mechanisms, for ions with § > 1, arise from modulation of
the quadratic ZFS in solution: these mechanisms have been discussed in detail by
Bloembergen and Morgan [61] and Rubinstein et al. [16]. Deformations of the
coordination polyhedron by collision with solvent molecules causes a transient ZFS
which allows the coupling of rotation with spin transitions. The following equations
have been derived for R, and R,, for S=1

24° T, 4z,
Ry, = - [4S(S +1)— . . N
750 4SS +1) 3](l+w;t;+l+4w§‘t;:) (3.8)

Roo= Lrasis+ 11-31(3 St 27,
W= 50 - T+ I +w§tﬁ + 1 +4(of1:f, (3.9)
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here 42 is the mean squared fluctuation of the ZFS and r, is the correlation time
for the instantaneous distortions of the metal coordination polyhedron. Analogous
equations also hold for the two electronic transitions 3— —1 and 153 of §=3
systems [16]. For S=3 three different relaxation times for each type should be
considered [16]. Eqgs. (3.8) and (3.9} are still good approximations for their effective
averages. From Eqgs. (3.8) and (3.9), the low-field limiting value of the electronic
relaxation rate 1! is given by 15! =(4%/5) [48(S + 1) — 3],

From the foregoing, the importance of the contribution of the various electronic
relaxation mechanisms can be considered qualitatively for various cases. The least
efficient mechanisms are the rotational mechanisms (g, 4 modulation) and spin
rotation, which account for R,, values up to 10°s~! and are only detected in the
absence of other mechanisms. Contributions from the modulation of the quadratic
ZFS to the relaxation rates through solvent bombardment can range from 108 to
101151, depending on the extent of the instantaneous geometrical distortions and
spin—orbit coupling. It should be remembered that the extent of the splitting of an
S manifold depends on the spin—orbit coupling constant, which increases from left
to right and from top to bottom in the periodic table. A new mechanism based on
a generalization of the spin rotation mechanism, and which is valid when the
spin-orbit coupling energy is larger than the energy szparation from the first excited
electronic state, has been proposed which accounts for electron relaxation rates as
large as 10*! s, e.g. for low spin ruthenium(III) complexes [62,631). The Orbach
and Raman processes may be the only processes that can account for relaxation
rates higher than 10'! s~ Although in solution there are no phonons, something
similar is required to allow for fast electron relaxntion. The Orbach process occurs
when there are energy separations between ground and excited states in the range
100-1000 cm ™,

§ =1 ions like Cu?* have no ZFS, small magnetic anisotropy and, in gencral,
excited states far above the ground state in energy. Electronic relaxation times are
therefore long. The main relaxation mechanism operative for copper(11) complexes
is probably the Raman process [64] in the solid state. In solution, besides a Raman-
type relaxation mechanism [64], contributions from modulation of g and A aniso-
tropy by molecular tumbling may also be operative for small complexes. Symmetric
copper complexes are known to experience dynamic Jahn-Teller effects. In the case
of six-coordinated complexes ¢longation occurs along the three principal axes
(Fig. 3.6). The occurrence of elongation is random with a correlation time of about
5x 107125, Elongation changes the hyperfine coupling constant between the copper
nucleus and the unpaired electrons. This can be a further electron relaxation mecha-
nism operative for example for the Cu(OH,)2* complex [65-67]. § =} ions like low
spin iron(111), with ground levels deriving from an orbitally degenerate ground level
in cubic symmetry (Fig. 3.7), may have low-lying excited states; therefore, Orbach
processes are likely to be very efficient and short relaxation times are expected. The
same holds for pseudooctahedral cobalt{il) and pseudotetrahedral nickel{1I)
chromophores. S = £ jons, like high spin manganese(11} and high spin iron(III}, have
small g anisotropy and first excited levels much higher than the ground level, since
they atise from a different free ion term. In these cases, modulation of the quadratic
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Fig. 3.6, Elongations along the three principal axes of the Cu—O bonds in the hexaaqua copper(ll)
complex duc to dynamic Jahn-Teller effects occur randomly with a corrclation time of about § x 107135,

dxz_yz

d;

H— —4— dy,dy,
—H— dxy

Fig. 3.7. A typical low symmetry splitting of the orbitally degenerate *T, ground state of low spin iron{Il1).

ZFS is probably the most efficient relaxation mechanism in solution; such a mecha-
nism is much more efficient for iron(IH) than for manganese(il). since in the former
spin-otbit coupling is larger and the first excited state is closer. Pseudooctahedral
nickel(I1) and pseudotetrahedral cobalt(1l) have excited states higher in energy than
those in the pseudotetrahedral and pscudooctahedral analogs already discussed., so
the Orbach and Raman relaxation mechanisms are expected to be relatively less
efficient and probably comparable with the modulation of the quadratic ZFS. All
lanthanide ions, with the exception of gadolinium(IIl), are likely to be relaxed by
Orbach-type processes, although some very efficient Raman processes are also
invoked on the basis of the temperature dependence [51,52]. For gadolinium(III).
which has an 85 free ion ground term, the modulation of the quadratic ZFS is again
the dominant mechanism [44-48].

3.4. Nuclear relaxation due to dipolar coupling with unpaired electrons

From the classic description of the coupling between two point dipoles with
magnetic moments g, and u,. the energy of the interaction E% is proportional to
their scalar product and to the inverse of the third power of their distance (Eq. (1.1)).
If the reciprocal orientation of the two vectors changes randomly with time, the
fluctuating magnetic field produced by one at the location of the other may induce
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spin transitions on the other center. and thus provide a relaxation pathway. The
interest here is limited to nuclear spin transitions induced by fluctuating magnetic
fields originating from unpaired ¢lectron spins. It should be remembered that the
electronic magnetic moment is orders of magnitude larger than that of nuclei; for
example, the magnetic moment of the free electron is 658 times that of the proton
(Section 1.2).

While keeping in mind the general picture of nuclear relaxation in paramagnetic
systems as described in Section 3.1, it is appropriate to consider first the simple case
of dipolar coupling between two point-dipoles as if the unpaired electrons were
localized on the metal ion. The enhancement of the nuclear longitudinal relaxation
rate R,,, due to dipolar coupling with unpaired electrons, is proportional to the
average of the square of the interaction energy and to the appropriate spectral
density functions?:

Ryp ¢ (E¥P)Y?) flew, 1) (3.10)

Consider a single electron and a single nucleus separated by a distance r in a
magnetic field By, and whose interaction is only dipolar in origin. The energy levels
of the coupled spin system in a magnetic field B, are given by the usual Hamiltonians
(1.14), (1.18) and {(1.51):

K =g upgS* By—hyl-By+1-A-S (3.11)

where the first two terms refer to the Zeeman interactions for the electron and
nucleus (/' = g, uy) respectivelv, and the I+ 4 « § term is the dipolar coupling between
the two (which averages zero in solution in the absence of magnetic anisotropy). The
energy levels, the transition frequencies w, and the relative transition probabitities
per unit time W, are shown in Fig. 3.8. The nuclear longitudinal relaxation rate can
be expressed in terms of the probabilitics of the transitions involving nuclear spin

flipping:

g o L[ Ho\ v 7 L 61, ']
MT0\drn) [t -l 1+wlt? 1 +{o+ ws)tl

(3.12)

which is the Solomon equation [68]. The three terms in parentheses are proportional
to the transition probabilities and contain the spectral density functions f(w, )

* We recall here that the time average of the interaction energy EY'% between two point-dipoles is zero
{Chapter 2), while the time average of its square is different from zero. The average dipolar shift in
solution { pscudocontact shift) depends on the presence of magnetic anisotropy, which is necessary to give
a nonszero average of EY%; dipolar relaxation, on the contrary, will occur independently of the presence
of magnetic anisotropy.
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Fig. 3.8. Energy levels, transition frequencies and transition probabilities per unit time (W,, W, and W,)
in a magnetically coupled two-spin system ((A) dipolar coupling; (B) contact coupling). A4 is the contact
hyperfine coupling constant,

already discussed. The frequencies needed for the nuclear transitions are: w;, @, + wg
and wy — ws. This equation can be generalized [69,70] to systems with § > 1.

2 (y_g)’ vigeuzS(S + 1)

Run

~15\an r®

3t 14
L] ——® . )
" [I Hor—wgrnt T Trajd b +(w;+ws)2r3] (3:13)

Note that Eq. (3.13) contains $ but not I, R,,, is independent of 7 because it refers
to 4M, = | transitions [68,70]. J is needed instead of § for lanthanides. Analogously
[68-70], an equation can be derived for R,y

1 (1o vigiudS(S +1) 7,
RzM = 15 (4’:) 3 417;-, + i+ P ws)21-§
31, 61, 6z,

R;u differs from R,y principally for the non-dispersive term. It is well known in
NMR that frequencies near zero contribute to R, but not to R;. When w; and w,
are much smaller than z;! (fast motion limit) the denominators of the fractions
between brackets become unity, and the Solomon Eqgs. (3.13) and (3.14) reduce to

4 pigtudS(S + 1)
R.w&w;(%) "g"“’r,, 7 (3.15)

At a magnetic field of 2.35 T the proton transition frequency (Larmor frequency)
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is: v, =100 MHz, |w;|=628 x 10®rads™ % |wg|=4.13 x 10" rads~!. The ratio
lews] /]y is 658 if the nucleus is a proton, and higher for other nuclei (except tritium,
see Appendix I). Therefore, the values |w; + wg| in Eqs. (3.13) and (3.14) can be
approximated by |wg|.

It should be recalled that the longitudinal relaxation process requires energy
exchange with the lattice. In this case, the lattice is represented by the electron spin
system, which exchanges energy with the nuclear spin system. As was pointed out
in Section 1.7.1, every process that causes R, relaxation also contributes to R,
relaxation. In the fast motion limit, the coupling with the lattice has the same effect
on the magnetization along the z axis and on that in the xy plane, and R; = R,.
However, outside this limit the two functions f(w, 7.) for R,y and ifs(w, 7.) for
Ry, corresponding to the expressions in parentheses in Egs. (3.13) and (3.14)
diverge, leading to R,,; < R;),. The function f(w, 7.) has its maximum value when
the rate constant 7 ! equals the nuclear Larmor precession frequency [w,| {Fig. 3.9),
which makes the coupling of the electron and nuclear spins most efficient. The
function }f;(e, t;) increases monotonically with 7, and differs from fi(e, 1.} for
1. > loy| ! (Fig. 3.9) because of the frequency-independent term 4t.

R,y and R,y values also depend on the applied magnetic field, as w; and wg are
determined by it ([w;| =y, Bo; |ws| = ys By = 658wy | for protons). The magnetic fields
currently used range from that of the Earth to 188 T (jw;|/2n= 800 MHz for
protons). The field dependence of f(w, 7.} (Fig. 3.10) shows two plateaus whose
heights are in a 10/3 ratio and depend on the value of 1. The 7. parameter is
considered constant within the magnetic field range used, but this may not always
be so {Section 3.3). The inflection point of the first dispersion is halfway between
the two plateaus and corresponds to a magnetic field value at which |wg| =1 '; the

_6 T L] L] L] L] T T
| iten) /
'§ Sl 200
0 of <
=
& .10 1
= ] .
2 11 %

g -12T l
=
-131 £(0,5) \J
14l

-14 -13-12-11-10-9 -8 -7 -6
correlation time (s, log scale)

Fig. 39. Plot of f,(w, 1.) and 4f;(w, z.) of Eqs. (3.13) and (3.14) against 7, for various proton Larmor
frequencies {MHz).
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Fig. 3.10. Plot of fi{tw, 7.) and 4 f,{w. 1.} of Eqs. (3.13) and {3.14) as a function of magnetic field {expressed
as proton Larmor frequency; log scale). 1, =2 x 107%s,

inflection point of the second dispersion is halfway between the second plateau and
zero, and coriesounds to jw, ]~ 7oL,

The field dependence of 4 f,(w, t.) is similar to that of f,(w, 1) (Fig. 3.10). except
that the relative height of the two plateaus is 20/7 and at high field the function
levels off at a finite value that is one-fifth of the low field limit, because of the field
independent term 4z,

In the foregoing discussion, the electron-nucleus spin system was assumed to be
rigidly held within a molecule isotropically rotating in solution. If the molecule
cannot be treated as a sphere, its motion is, in general, anisotropic and three different
correlation times should be considered. Furthermore, if the molecule is not rigid, the
correlation times for rotations about single bonds should also be taken into account.
For the case of a metal ion rigidly held to a macromolecule, but with a coordinated
water molecule freely rotating about the M—O bond, the effect of neglecting the
latter rotation on the calculation of R,,, for the protons is estimated to be about
20% [71]. The exact magnitude of the effect is a function of the angle that the
metal-proton vector makes with the M—O bord.

When 1, is significantly affected by t,, then it can be magnetic field dependent,
since electron relaxation can often be described by equations similar to those for
nuclear relaxation (see for example Eqs. (3.8) and (3.9)). Owing to this dependence,
longitudinal (T},} and transverse (T, ) electronic relaxation times may not be equal
and, strictly speaking, when electron relaxation is the dominant correlation time,
Eqgs. (3.13) and (3.14) should be written as

R [l VigESS+ ) Ty
RNEACY re I +ofty; 1 +oftd)

(3.16)
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l(@)zviginis(s+l)(4 L 13 3ty )

Ry = — T
1
4n 6 T ltwitd 1+ widd

15 . (3.17)
where the terms containing oy, @) + ws and w; — @ have been collected for simplic-
ity, since |@;| «|wg|. The longitudinal relaxation time T), in the rotating frame is
also shortened through coupling with unpaired electrons, according to the following
equation [707:

= i (EQ)? ?%gﬁﬂ%S(S + 1) ( 41:51 13?32 3131
oM™ 15\ 4z r® l+witd 1+with 140ty

) (3.18)

It differs from the equation for R, for the substitution of the non-dispesive term
with an w, 7; dependent term, where w, is the nuclear Larmor frequency in the B,
field. Since the latter frequency is always such that |@,|t,« 1, R,y can be safely
taken equal to R,y. This also holds for the other nuclear relaxation mechanisms
discussed in the following sections.

In the low field (or fast motion) limit, in the absence of chemical exchange, and
for T;, = T,., Eqgs. (3.16)-(3.18) reduce to

4 1o\ vigiuS(S +1)
Riy=Roy=Ryu= 3 (%) ¥igs B,.e

T.. (3.19)

justifying the qualitative statement that the shorter the electronic relaxation times
the smaller the paramagnetic effects on nuclear relaxation.

3.4.1. Generalized dipolar coupling

As anticipated in Sections 2.2.2 and 3.1, the unpaired electrons should not be
considered as point-dipoles centered on the metal ion. They are at the least delocal-
ized over the atomic orbitals of the metal ion itself. The effect of the deviation from
the point-dipole approximation under these conditions is estimated to be negligible
for nuclei already 3-4 A away [72]. Electron delocalization onto the ligands, how-
ever, may heavily affect the overall relaxation phenomena. In this case the experimen-
tal R, may be higher than expected, and the ratios between the R, values of
different nuclei does not follow the sixth power of the ratios between metal to nucleus
discances In the case of hexaaqua metal complexes the point-dipole approximation
provides shorter distances than observed in the solid state (Table 3.2) for both 'H
and 0. This implies spin density delocalization on the oxygen atom. Ab initio
calculations of R, have been performed for both 'H and 7O nuclei in a series of
hexaaqua complexes (Table 3.2). The calculated metal nucleus distances in the
assumption of a purely metal-centered dipolar relaxation mechanism are sizably
smaller than the crystallographic values for 170, and the difference dramatically
increases from 3d® to 3d® metal ions [73]. The differences for protons are quite
smaller [73].

R, calculations in the presence of ligand-centered contributions are possible for
metal complexes with ligands having dominant n spin density delocalization
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Table 3.2
Crystallographic values of metal-hydrogen and metal-oxygen distances in hexaaqua complexes of
divalent 3d metal ions* compared with calculated effective distances

Measurements Metaf ions

Mn Fe Cao Ni Cu
" data
Teryer (PM) 290.6 290.6 2781 2755 2704
Ferr (pm} 290.0 289.5 276.3 2731 2684
Pyt (1P Di® 101 1.02 1.04 1.05 1.05
0 data
Feryat (PO} 2220 2220 20%.0 206.1 2010
o {pm) 2198 117 190.5 174.9 1723
oy (P30S 1.06 1.33 1.74 267 2.52

* From Ref [73]. M—H distances were calculated using roy =95.7 pm and HOH = 104.52. ® The
effective distances account for the experimental Ty by considering the electronic distribution predicted
from ab initioc MO calculations, #f,, - <1/r* D}y is the predicted enhancement coefficient of T[} with
respect to & pure metal-centered dipolar relaxation mechanism.

mechanisms. With certain approximations, the relaxation rates of protons and
carbon atoms in sp* CH moieties can be expressed [74-76] as the sum of a metal-
centered term (given by the Solomon equation), a ligand-centered term and a cross
term. The ligand-centered contributions will be proportional to the spin density
P2p, it the carbon 2p, orbital, and to the squarc of the reciprocal third power of
the average nucleus 2p, electron distance. In a particular case the following
equation has been reported [ 76]:

2 Ho 2 3.3 %
Rw“ﬁ an/) VIBHBS(S + 1)

4 2
X [P%ﬂ'.ﬁﬁ + 35 P, Crigd Y2 — 3 Pap, (e _)f-‘uf';ta] S, 1) (3.20)

where (r3g) ) is calculated to be 5.3 x 10~7 pm ™ for protons and 3.2 x 10"¢*pm~3
for carbon atoms [ 74,757, In general, Pap, can be evaluated from the contact part
of the proton hyperfine shift. This can be an easy-to-follow procedure for estimating
ligand-centered contributions to the relaxation rates for  delocalized spin density

[76].
3.5, Nuclear relaxation due to contact coupling with unpaired electrons

In the case of relaxation due to the contact term, the transition probabilities as
defined in Fig. 3.8, where the splitting of the levels is now due to the contact
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contribution, are found to be

Wm;= Wms= mms+w;)=0 (3"21)
This is because any scalar relaxation occurs through a flip-flop mechanism (Fig, 3.8).
1/4\° T
Weocan==1— = .
twg = awp) 2(’3) 1 +(0)S—w;)2‘t§ (3 22)

Here the correlation time is t°" of Eq. {3.6). This differs from %" of Eq. (3.5) because
of the absence of the contributicn from the rotational correlation time since the
contact interaction, by its nature, is not altered by reorientation of the molecules. In
the absence of chemical exchange phenomena (13! « 1 1), the correlation time equals
the electronic relaxation time.
The enhancement of the longitudinal contact relaxation rate, after extension to
the general case S > 3, is given by the Bloembergen equation [70,77]
2 AV T,
R;M—3S(S+l)(h) T i Ta, (3.23)
where T, is the actual parameter determining 7.. The equation for the transverse
contact relaxation rate is [70,77]

1 A\? The
Ryg =3 S(S+1) (Z) ('rh. + ﬁ"&j?f{) (3.24)

The term S(S + 1)(A/h)? is proportional to the square of the coupling energy between
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Fig. 3.11, Plot of f,(w, 7.} and $fs(w, 1.} of Eqs. {3.23) and (3.24) against z, for various proton Larmor
frequencies {MHz),
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relaxation rate (7, units)
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Fig. 3.12. Plot of f\({e, 7.} and 4f5(w. 2.) of Egs. (3.23) and (3.24) as a function of magnetic field {expressed
as proton Larmor frequency; log scale}. r. =5 x 107115,

an electron spin vector S and the nuclear spin vector I. The same equations hold
for lanthanides,
In the fast motion limit, and for T;, = T;,. Eqgs. (3.23) and (3.24) reduce to

2 A\?
RIME’R:M”’ES{S“" l)(j:) T, (3.25)
As in the case of dipolar relaxation, the presence of a ficld-independent term in the

equation for R,y causes the two nuclear relaxation values to diverge for wiT3, > 1
{Figs. 3.11 and 3.12),

3.6. Curie nuclear spin relaxation

In deriving the dipolar and contact relaxation contributions due to the presence
of unpaired electrons, as shown in Eqs. (3.16), (3.17), (3.23) and (3.24), the small
difference in the population of the electron spin levels according to the Boltzmann
distribution has been neglected. Such a difference accounts for the time-averaged
magnetic moment of the molecule (i) (Eq. (1.33)), which is related to the ¢S.)
value defined in Eq.(1.31) for a simplified case. The interaction of the nuclear spins
with this static magnetic moment related to ¢S.) provides a further relaxation
contribution. Such interaction, of course, cannot be modulated by electron relaxation
since €5 ) is already an average over the electron spin states. The correlation time
for the coupiing is only determined by r, (or possibly by t,). This relaxation
mechanism is usually called magnetic susceptibility relaxation or Curie spin relax-
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ation — to refiect its relationship with the magnetic susceptibility of a sample
(Curie law).

The dipolar contributions to R,, and R,, provided by this mechanism are
[70,78,79]

R1M= (

2
5
2
5

_2{t w?giu‘sS’{S +1)7 3,
B (4“) (3kT)*r° 1+ wit? (3.26)
1 Vigel 3z,
Rm=§( ) s >2(4 +1+w;rz)
L wigeupS (S +1)° 31,
= 5 (4’:) (3kT)2r6 41-',- + 1 + {U%‘CE (3.27)

In the case of lanthanides <J,)? should replace ¢S, )>2. Although the value of ¢S.)*
is much smaller than the value of S(S + 1)/3, which appears in the corresponding
Solomon equations (Eqgs. (3.16) and (3.17)), Curie spin relaxation may be significant
when the dipolar coupling described by the Solomon equations is governed by
the electronic relaxation times; that is, when the latter are much smaller than the
rotational correlation times. Furthermore, since ¢S, >* depends on the square of the
external magnetic field, Curie spin relaxation increases with the square of the nuclear
Larmor frequency w; — see Eqgs. (3.26) and (3.27) and Fig. 3.13. For example, when
7,=5x 1075, 1,=5 x 10" s and B, = 14 T, Curie spin relaxation can be sizably
larger than the Solomon contribution to both R, and R,. This is the case of
aqualanthanide(It]) ions except gadolinium(IIT) [49]. It is also guite common for
Curie relaxation to dominate K, in macromolecules. For example, when 1, == 1077 s,

relaxation rate (arbitrary scale)

Ry

0 2.5410° 5410° 7.5.10° 1-10*
Proton Larmor Frequency squared (MHZ')

Fig. 3.13. Field dependence of the Curic spin relaxation contributions to R, and Ry, {arbitrary scale):
t,=2x 10"%
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1,= T, = 10725, and By=6T, Curie spin relaxation for R, is one order of
magnitude larger than the Solomon contribution. Under these conditions Curie
spin relaxation does not significantly contribute to R,,,; at high magnetic field
(w12 >» 1) the dependence on w? in the numerator is canceled out. R, levels off at
a value that is often small compared with the dipolar contribution.

The occurrence of this particular relaxation mechanism can be recognized through
the field and temperature dependence of the linewidths. In the absence of other
effects, the line broadening is proportional to the square of the magnetic field
(Fig. 3.13) and to /T, the latter dependence arising from the 1/T? dependence of
(8. > (Eqs. (3.26) and (3.27)) and the #/T dependence of 7, (Eq. (3.7)).

In principle, there may also be a Curie relaxation contribution of the contact-type
whenever there is chemical exchange or intramolecular rotation to modulate the
coupling. The contribution to R, would then be

4/A4

2 4
Raw=3 (;;) (S Yty = 3 e Py (3.28)

where 4wy is the observed contact shift (4w, = 2ndv,).

3.7. The effect of g anisotropy and of the splitting of the S manifold at zero magnetic
field

In the Solomon and Bloembergen equations for R; (i=1,2) there is the wg
parameter at the denominator of a Lorentzian function. Up to now wg has been
taken equal to that of the free electron. However, in the presence of orbital contribu-
tions, the Zeemun splitting of the My levels changes its value and wy equals |ys| B,
or (g/h) 1ty By. When g is anisotropic (see Fig. 1.16), the value of wy is different from
thut of the free electron and is orientation dependent. The principal consequence is
that another parameter (at least) is needed, i.e. the ¢ angle between the metal-nucleus
vector and the z direction of the g tensor (see Section 1.4). A second consequence is
that the wy fAuctuations in solution must be taken into account when integrating
over all the orientations. Appropriate equations for nuclear relaxation have been
derived for both the cases in which rotation is faster [80,81] or slower [82.83] than
the electronic relaxation time. In practical cases, the deviations from the Solomon
profile are within 10-20% (see for example Fig, 3.14).

When there is splitting of the S manifold at zero magnetic field, we should
distinguish between half integer and integer S values. In the former case we always
have an Mg = —1—1 transition with energy of the order of guyB,. The Mg=14-+1
transition, for example, may contain the term D (see for example Fig. 2.16). If D is
much greater than the Zeeman energy, as is often the case, |wy] is much larger than
in the case of the ~}~4 transition. Then the condition |wsl7.>> 1 holds and the
Lorentzian function has a negligible value. Such electronic transitions do not contrib-
ute to nuclear relaxation. It should also be mentioned that this holds when
D >» ;. Neglecting the ZFS may introduce an error of about a factor two in R,.
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Fig. 3.14. Plot of the spectral density functions for dipolar relaxution in the presence of an axinlly
symmaotric g tensor, Conditions: g, = 2.3, 2, = 20,1, =2 x 10" 5, § = 0" {upper curve) and § = 90° (middle
curve) compured with the Sclomon behavior (lower curvel.

In the case of even §, all transitions contain D and it may happen that the term in
wyg never contributes to nuclear relaxation.

Another mechanism to provide splitting of the § manifold is the hyperfine coupling
between the unpaired electron and the metal nucleus. For example, at zero magnetic
field an S =41 =1 system gives two sets of levels of degeneracy 3 and ! separated
by A (see Appendix II) where A4 is the metal-nucleus-unpaired-electron hyperfine
coupling. The effect of this splitting is sizable, however, when 4 > #ir;! and at low
magnetic fields where A > guyB,. In high resolution NMR, the latter condition is
practically never met.

A further effect of D and A when they influence nuclear relaxation is that again
an angle is needed which takes into account the location of the resonating nucleus
within the D (A) tensor frame. The theoretical approach to the description of R,
under these circumstances gives approximate analytical solutions [35]. Numerical
solutions are also available [84-86].
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3.8. A comparison of dipolar, contact, and Curie nuclear spin relaxation

Once R,y and R,y have been measured, it is useful to try to understand the
relative weight of dipolar, contact, and Curie spin contributions to the overall
relaxation effect. Indeed, each of the three contributions is independently capable of
providing valuable information whereas the whole value may not. The dipolar and
Curie relaxation mechanisms — Eqgs. (3.13), (3.14) and (3.27) — provide experimental
values that are related to the distance of the nucleus from the paramagnetic metal
and 7. or 7,, assuming that ligand-centered effects can be neglected. Measurements
at various magnetic fields lead, in principle, to an estimation of these parameters.
The field dependence of the dipolar contribution can be observed in any region of
the accessible magnetic field range, that is from 0 to 800 MHz, whereas Curie
relaxation can usually be observed only in the region above 100 MHz. Even at a
single magnetic field value, measurements of dipolar R,,, contributions on various
nuclei of the same moiety give information on their relative distance from the metal,
as long as 1, is the same. This is also true for R,,, values when they are determined
by dipolar and/or Curie contributions.

The presence of contact relaxation indicates that a given moiety is covalently
bound to a paramagnetic metal ion and provides an estimate of the absolute value
of A (Eqgs. (3.23) and (3.24)). Sometimes the contact coupling constant can be
evaluated by chemical shift measurements, and it is therefore possible to predict
whether the contact relaxation contributions to R,y. R,y, or both, are negligible
or sizable.

Unlike hyperfine isntropic shifts, which often contain pseudocontact and contact
contributions of the same order of magnitude, relaxation rates can often be recognized
to be dominated by only one of the possible contributions. In addition, whereas
contact and pseudocontact shifts may happen to have different signs, thereby making
the factorization more uncertain, relaxation contributions are obviously always
positive and additive.

Some qualitative guidelines can be given to make an a priori estimate of the
relative weight of dipolar, contact, and Curie relaxation contributions. Consider first
the fast motion limit where R, = R, and none of the frequency-dependent terms
is dispersed. The equations take the simple form already noted:

-

4 (1o \? V3g2udS(S + 1 2 A\
R‘M_—.Rm=-(f'_°) YiSells 6( )1::“"+ 38(S+ l)(-;'-) oo (3.29)

J\drm r

Under these conditions the Curie spin contribution is always negligible (see
Section 3.6). If 3P =1" it is only necessary to compare the following two
expressions:

4y} 2/A

2
- =6, bl
3,&8-6" 10 and 3(!:)

where 8.6 x 107! is (uo/4m)*giug (T*m®). For hydrogen nuclei, 7 is
716 % 10'® rad* s 7 T2 whereas (A/h)* does not usually exceed 102 rad?s "2, and
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is often found to be much lower. Thus, for metal-nucleus distances of 500 pm or
smaller, the dipolar term is largely dominant. The value of the dipolar term drops
dramatically with increasing r owing to its r~® dependence, and for larger distances
it could become smaller than the contact term. However, the (4//4) value is also
qualitatively expected to decrease with increasing distance from the paramagnetic
center. Therefore, unless some efficient unpaired spin delocalization pathway is
operative, the dipolar term in proton relaxation is usually dominant for most systems
of chemical interest.

The situation is different when the rotational correlation time is shorter than 1z,
and therefore dominates the overall correlation time . in the dipolar term. In this
case, the relative importance of the dipolar term is decreased by a factor 1,/z,, which
can be as large as 102 to 10* for small complexes with rotational correlation times
of 1071° t0 107 % s and electronic relaxation times of 1078 to 10™% s — for example,
Cu®*, Mn?*, and VO?”. In macromolecular complexes, rotational correlation times
are much larger, and situations of this type do not occur.

Outside the fast motion limit the relative weight of contact and dipolar interactions
on Ry, and R,y may also be different. The following considerations are particularly
relevant to proton relaxation, Curie contributions to R,,, can be sizable. By compar-
ing Egs. (3.17) and (3.24) on the one hand and Eq.(3.27) on the other, it can be
noted that they contain terms of the type

.

S(S+ 1)1, and w?S*S + 1),

respectively. Therefore, it is expected that Curie contributions will be comparatively
higher ti.¢ higher the field, the higher S, and the higher the 7,/z; ratio.

Once the Curie contribution to R.,, is estimated and factorized out, the contribu-
tion of contact and dipolar interactions can be estimated by examining the correlation
time dependence of the paramagnetic relaxation depicted in Figs. 3.9 and 3.11. It
appears that the maximum for R,,, occurs at |m,|t3P 2~ 1 in the dipolar term and
at |wg|tS" 2 | in the contact term. Taking for simplicity 9P = 12", this means that
in the intermediate situation where ||t > 1 > |w,|75°" the relative importance of
the contact term is even smaller than that estimated in the fast motion limit. The
equation for R,y has tion-dispersive terms in both the dipolar and contact contribu-
tions (accounting for one-fifth and one-half of the total effect measured in the fast
motion limit respectively), and therefore the conclusions drawn in the fast motion
limit are still qualitatively correct.

A comparison of R, and R, values may thus be useful to evaluate the occurrence
of relaxation by contact interactions. Taking again t9'P = 1$°" = 7, and keeping in
mind the 7, (or field) dvp2ndence of Ry, and R,y as given by Egs. (3.23) and (3.24),
the R /Ry ratios are expected to be as reported in Table 3.3. When the estimate
of 7. is such that the intermediale situation (Jwg|z, > 1 > |w,jt.} occurs, dominant
dipolar relaxation will still give R, /R,y tatios close to unity, whereas dominant
contact relaxation will give R, » Ry In the latter case, no information is obtained
concerning the mechanism controlling R,y; however, an idea of what happens to
R,y can be perceived by the following procedure:
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‘Table 3.3

Ratios between R,y and R, for dipolar and contact contributions in the various motional regimes
w,t. =<1 T > 1>yt 7> |

Ry pe/Ryp (dipolar) 1 6/7 «]

Ryai /Ry (contact) 1 «l «l1

(1) use R,y 2nd a reasonable estimate for t£°" to calculate (4,7, as if R,y were
completely determined by contact rela:ation; .

(1) use the values of 1 and (4/FY in the contact equation for Ry, to estinite
the upper limit of the contaci contribttion of the longitudinal relaxation;

(3) compare this value with the experimental value of R, to check whether the
contact contribution is negligible.

3.9. Nuclear parameters and relaxation

For nuclei other than protons, the magnetic moment is smaller (with the exception
of 3H). The nuclei with I >} have a nuclear electric quadrupole moment which is
an efficient source of nuclear relaxation by itself. Neglecting this contribution to
relaxation, we may say that any dipolar coupling with the unpaired electron is
smaller than in the case of the proton because the magnetic moment is smaller. Since
the latter is proportional to y, and relaxation depends on the square of the coupling
energy, R, (i =1, 2) depends on y#. As a consequence, the linewidth increase for, for
example, *N nuclei due to dipolar interaction with unpaired electrons is 1/100 that
of 'H wher the two nuclei are at the same distance from the paramagnetic center.
On the one hand, it is a pity that we soon lose such a wealth of information on the
nucleus-electron coupling! On the other hand, this property can be exploited in the
cuse of metal ions with stow clectron relaxation, that cause broad 'H lines. However,
*H lines would be much sharper. *H NMR constitutes a common practice, for
example, in small copper{il)-containing ligands. Of course, when the compounds
are large in molecular size, quadrupolar relaxation becomes dominant and *H
spectroscopy is not convenient or possible any longer.

As far as contact contributions are concerned, the nuclear y, parameter is contained
in 4 (Eq.(2.2)) and therefore the same y} dependence as in dipolar relaxation is
introduced in contact relaxation. Again, heteronuclei are expected to be less relaxed
owing to their smaller ;. However, heteronuclei can be directly coordinated to the
paramagnetic metal jon. In this case the spin density on the nucleus can be very
large and thus 4 can be very large compared with the proton case. Values of (A/h)
as large as 10'" rad*s™? can be obtained for directly coordinated nuclei like 170,
F, N, and "*N. In such cases, contact interaction may easily be the dominant
mechanism for nuclear refaxation. especially for R,,. In the case of imidazole
complexes, even the non-coordinated nitrogen is quite broad. In this case, contact
and/or ligand-centered effects provide efficient nuclear relaxation even for a nucleus
at 4-4.5 A from the metal [87].
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3.10. The effect of temperature on the electron-nucleus spin interaction

No explicit temperature dependence is included in the equations for R, and R.,,,
except for cases where Curie spin relaxation is the dominant term (Section 3.6). In
the latter case, Curie paramagnetism has a T~ ! dependence and therefore relaxation
depends on T~2 The effect of temperature on linewidths determined by Curie
relaxation is dramatic also because of the 7, dependence on temperature, as shown
in Eq.(3.7). All the correlation times modulating the electron-nucleus coupling,
etther contact or dipolar, are generally temperature dependent, although in different
ways, and their variation will therefore be reflected in the values of R,,, and R,,,.

In the limits of validity for the Solomon and Bloembergen equations, the correla-
tion times for contact and dipolar relaxation are given by Eqs. (3.5) and (3.6)
respectively. The exchange time 1), is rarely short enough to dominate in Egs. (3.5)
and (3.6); however, when this is the case, a strong temperature dependence of the
nuclear relaxation times is expected, because the variation of the exchange rate with
temperature is generally exponential [88]. When the rotational correlation time is
the dominant term, the effect of temperature would be anticipated to be less, since,
as already seen, 7, may be approximated by the Stokes—Einstein Eq. (3.7). The effect
is enhanced, however, by the change in viscosity # of the solvent; in the case of
water, # decreases as much as 2.7 times from 0 to 40°C3, Qualitatively. Both t, and
Ty decrease with increasing temperature; this causes a decrease in the nuclear
relaxation rates in the non-dispersive regions and an increase in the second hall of
the w; dispersive region (Fig. 3.15).

The temperature dependence of 7,, including its sign, may be a matter of extensive
speculation, mainly because the origin of the electron-spin relaxation mechanism in
each particular case may be different, and in general is not known in detail. When
equations of the type such as (3.8) and (3.9) hold, and by assuming that the
correlation time for electron relaxation t, has an exponential temperature depen-
dence, 7, would be expected to increase with increasing temperature in the non-
dispersive region (|wyg|t, << 1) and 1o decrease in the dispersive region (high magnetic
field). In fact, from Eqs. (3.8) and (3.0; . ' s propottional to 7,/(1 -+ w?1?). ie.
proportional to t, as long as |w,|t, « I, ait' 10 77! when ||z, > 1. However, this
picturc may be further complicated by a possible temperature dependence of the 4?
term in Egs. (3.8) and (3.9), making it difficult to predict the overall behavior of z,.
In addition, different electronic relaxation mechanisms may be operative at different
temperatures, although the possibility that the switching from one mechanism to
another occurs in a few tens of degrees around room temperature is rather unlikely.

In the coupled metal systems that will be discussed in Chapter 5, the effect of
temperature is generally more complicated. Besides the effects described above, the
overall temperature dependence will obviously also depend on the sign and magni-
tude of the exchange coupling constant J. The reader is referred to Chapter 5 for
more details.

3The transport properties are also well modeled by exponentiat [aws, but the encegy is generally smaller
than for chemical exchange.
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The effects of chemical exchange on the NMR parameters. and hence the influence
of temperature through modulation of the exchange process. will be considered in
Section 4.3,

AL, Stable free radicals

Free radicals huve clectronic relaxation times of about 107 s, which are the
longest iwmong paramagnetic compounds [ $3.54]. The correlation time for the NMR
expetiment when the radicat is free in solution is the rotational correlation time.

Small molecules ure already at the limit of detectability as far as proton NMR is
voncerned, whereas they are casily detected through 2H NMR. I other fictors concur
favorably (interactions between radicals at high concentration, tendeney to aggregate,
availability of low-lying excited states), the proton NMR signals can also be detected
for radicals. Nevertheless, it is, in general, a hard task to perform high resolution
studies on radicals.

When the radical interacts rigidly with 2 macromolecule its rotational corrckilion
time increases. For very rge macromolecules, the correlation time for the NMR
experiment eventually becomes the electronic refaxation time. I the hound radical
still bus motional freedom, this motion may be faster than the rotational time of the
whole molecule and thus determine the correlation time. OF course, if the system is
in chemical exchange. the exchange time may also be shorter than the electronic
reluxation time and so represents the limiting NMR correlation time. An immobilized
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radical produces a very large broadening effect on the NMR line of nearby nuclei,
which is probably the largest effect that a paramagnetic species can cause.

3.12. NMR parameters and structural information

When a molecule is interacting with a metal ion without direct covalent bond
there are no contact contributions nor ligand-centered effects to relaxation. This
simplified case may occur in metalloproteins when a molecule occupies a protein
pocket nearby the metal ion. The nuclear R,,; and R,,, can provide distances of the
nuclei from the metal ion if the correlation time is known. However, in general this
is an unknown®, Measurements at variable magnetic fields could be of help if we are
lucky enough to be in one of the dispersion regions. Alternatively, substitution of
protons with deuterons provides additional experimental data which permits the
determination of the correlation time. If the pseudocontact shifts can be determined,
we have a further hint to map the nuclei within the molecular frame (see Section 2.9).
Finally, NOE or NOESY experiments (see Chapter 8) may provide further con-
straints to locate protons close to one another. In the early times of NMR, mapping
procedures have been applied to small molecules binding to the metal in metallo-
proteins. In this case the results can be dramatically hampered by ligand-centcred
effects. These tend to make the experimental R,y values close to one another, and
they may then completely mislocate the molecule.

Several attempts 10 obtain structural information on molecules in solution hove
been made by using shift reagents {(see Sections 2.8.5 and 2.9). In flexible molecuies,
many conformers may exist, the site of binding at the metal may be unknown, and
the donor atoms may be more than one. As a result, the structural information
should be analyzed with caution.

A safer procedure has been designed by using lanthanides at the caleium binding
sites of proteins, that have essentially rigid structures. Lanthanides provide pseu-
docontact shifts which contain structural information. However, it is generally difli-
cult o assign the signals without additional hints, for example {rom bidimensional
spectroscopies. By using gadolinium, further information on the metal-proton dis-
tances can be obtained from nuclear relaxation,

Some attempts to obtain structural information by using spin labels as relaxation
agents are possible. Again, it is difficult to proceed with the assignment, but if this
is somehow obtained {see also Chapter 7). then R,,, and R, measurements provide
distances, as the nuclear relaxation mechanism is dipolar in origin. Owing to the
long correlation times, the effects on transverse rclaxation are detectable on nuclei
that are as far as 1.5 and 2 nm away from the paramagnetic probe. However, nuclei

* Note added in proof. This property has recently been used to obtain structural infermation on a
radical -Pt-DNA moiety (S.U. Dunham and S.J. Lippard, J. Am. Chem. Scc.. 107 (1995) 10702),

" Note added in proof. Recently @ protocol has been suggested to use nuclear relaxation rates as
structural constraints for the determination of solution structures of paramagnetic metalloproteins
¢1. Bertini, C. Luchinat and A. Rosuto, Proge. Biophys. Mol. Biol.. in press).
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that are much closer may not be detectable because of the excessive line broadening.
Therefore, radicals are best used as long-distance relaxation probes.

3.13. Experimental accessibility of nuclear relaxation parameters

As anticipated in Section 3.2, a nuclear longitudinal relaxation rate R, can be
defined only when relaxation is an exponential process. This is at variance with
nuclear transverse relaxation, which is always exponential and always defined by the
transverse relaxation rate R,. As far as longitudinal relaxation is concerned, when
the return to the equilibrium value M. (oo} of longitudinal nuclear magnetization
after a 180° pulse is exponential, we can write (see Section 1.7.4)

M_.(1) = M (c0) — 2M(o0) exp(— &, 1) (3.30)

If we consider that relaxation is further enhanced by interaction with a paramagnetic
center, Eq. (3.30) becomes

M.(1) = M.{(00)— 2M_(00) exp(— R, 1) exp(— R, 1)
= M_{o0) - 2M_ (o) exp[~(R, + Ry )] (3.31)

The meaning of Eq.(3.31} is that any further decay function is multiplied by the
original decay function if they are independent (see also Section 3.2). If both are
exponential, then the whole process remains exponential and the rate constant is
Ryor = R, + Ry As already mentioned in Chapter 1, and as will be further explained
in Chapter 6, longitudinal nuclear relaxation is often a non-exponential process. In
our definition of R, (Section 1.7.4), it was assumed that all nuclei were independent
of one another. In diamagnetic systems nuclei are cften coupled to one another,
influencing each other in such u way that one caanol be considered # lattice with
infinite heat capacity for the other, and R, cannot be defined. Paramagnetic relaxation,
however, is an exponential process within the broad range of validity of the equations
given in this chapter. This is due to the fact that electrons have a much larger magnetic
moment and relax so much faster than nuclei that they behave effectively as a lattice
with infinite heat capacity. So, Eq. (3.31) takes the more general form

M. ()= M_(%) — 2M (0) f(t) exp(— R 1) (3.32)

where f(¢) is a generic non-exponential decay accounting for diamagnetic inter-
actions. In such a case, even if paramagnetic relaxation is exponential, R, cannot
be easily extracted from the analysis of the overall decay. If paramagnetic relaxation
is dominant, exponentiality i= effectively imposed to the overall nuclear relaxation.
If not, the detailed dependerce of longitudinal nuclear magnetization as a function
of time must be analyzed.

Experimental techniques are available to measure magnetization recovery under
different conditions. These are, for instance, the selective and non-selective variants
of the inversion recovery experiment described in Section 1.7.4, and will be discussed
in more detail in Chapter 9. We anticipate here, from Chapters 6 and 9, in a
qualitative way, the kind of information contained in these experiments.
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In a non-selective inversion recovery experiment the 180° pulse inverts the magne-
tization of the nuclear spin under consideration as well as that of all other nuclear
spins coupled to it. All spins will return to equilibrium and, simultaneously, will
influence each other by, for example, dipolar coupling. In a selective experiment,
only the nuclear spin under consideration is inverted by the pulse. During its return
to equilibrium, it will also be influenced by dipolar coupling with the other, initially
unperturbed spins. In both cases, diamagnetic relaxation mechanisms will superim-
pose to the exponential recovery due to the coupling with the paramagnetic center,
and deviations from exponentiality will occur. These deviations will be, however,
less severe for a non-selective experiment. Indeed, mutual influence between two
nuclear spins I and J occurs through W, and W, terms (Chapter 6) analogous to
the mutual influence between nuclear and electron spins I and S illustrated in
Section 3.2 and Fig. 3.8. This influence will be maximal when 2,1, > 1, i.e. in the
slow motion limit, where the W, terms become negligible. If we refer to the latter
conditions, magnetization recovery of the inverted I spin in a selective experiment
occurs by partially decreasing M. of the neighbor spin J through magnetization
transfer (Fig. 3.16). The presence of the neighbor thus *helps” the inverted spin to

-1.0 ‘ '
0.0 0.1 0.2 0.3

1(s)

Fig. 3.16. Exponential recovery (A) of M.{t) of a nuclear spin f dipole coupled to a parumagnetic metal
ion. When I is also coupled to another nuclear spin J, the latter also coupled to the metal ion, non-
exponentiality occurs, 11 J relaxes foster than [, curves (B) and (C) are obtained for & selective and a
non-selective experiment respectively. If J relaxes slower than I, curves (D) {selective) and (E) (non-
selective) are obtained. If J relaxes at the same rate as I, a selective experiment gives an intermediate
behavior between curves (B) and (D) (not shown), while a non-selective experiment gives pure exponential
recovery (A). It is apparent that in all cases non-selective experiments perform better than selective
experiments, as they are less sensitive to the non-exponentiality introduced by I-J coupling. Conditions:
Riy=10s8"% R{y=20s"" (B,C), 55! (D,E) and 10s™! (A). The J-J cross-relaxation rate o,
{Chapter 6) is —20s~".
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relax faster {curves {B) and (D})). This transfer of magnetization is maximal at t =0,
and becomes less effective with time (hence non-exponentiality arises). On the con-
tary, in a non-selective experiment (curves (C) and (E)), the transfer of magnetization
will be zero at t =0, Levause both spins [ and J are inverted. With time, transfer
occurs from the siower relaxing to the faster relaxing spin: the slower will then relax
slightly faster and the faster will relax slightly slower (again non-exponentiality
occurs). If the two spins accidentally relax with the same rate, no net magnetization
transfer occurs and recovery is again exponential. In any case, it is apparent that
Ry values can always be better evaluated from non-selective rather than from selective
experiments because of this partial compensation effect, and particularly from the
initial points of the decay when magnetization transfer is negligible. The stronger
the I-J coupling, the worse the selective experiments perform with respect to non-
selective ones. Although the underlying theory has been well known for many years,
this simple rule has never been plainly formulated, even by specialists in the field.
See also the note added in proof to Chapter 6 (i.e. footnote 1).
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