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6.1. Introduction

We have chosen to dedicate a full chapter to the nuclear Overhauser effect [1,2]
(NOE) because its comprehension is of fundamental importance in dealing with
nuclear relaxation [3,4]. Especially in paramagnetic compounds, it still represents
a most powerful technique to detect dipolar connectivities; finally it allows the
comprehension of two-dimensional spectroscopies based on dipolar coupling. NOE
is the fractional variation of the intensity of a signal when another signal is selectively
saturated.

The first application to paramagnetic compounds appeared in 1983 on signals
with T of the order of 50 ms: they were aliphatic residues in the active cavity of
met-myoglobin cyanide which contains low spin iron(III) [5]. Soon it became
apparent that the larger the molecular size, the larger the reorientational correlation
time and the larger the NOEs. It was possible then to measure NOEs between
signals with T; shorter than 10 ms with linewidths of several hundred hertz (at half-
height) as long as the distances were small, as for geminal protons. This increased
the number of successful applications of the NOE technique in the field of metallo-
proteins. In the meantime, improvements were made in the difference spectra tech-
niques, which permit the recording of the FID when a given signal is saturated and
the subtraction of the FID when it is not (see Section 9.3.2); this is then repeated a
number of times and the differences summed up. The baseline remains flat and small
NOESs can be detected even under a large envelope of signals. When no NOE is
observed, from the signal to noise ratio of the difference spectrum we can estimate
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Fig. 6.1. Spin transitions and transition probabilities in a two unlike spin system experiencing dipolar
coupling. The + and — refer to the signs of M; and M, for the two nuclear spins. The two nuclei are
assumed to have positive gyromagnetic ratios.

an upper limit for its intensity, and therefore a lower limit for the efficiency of the
dipolar coupling between the proton of the saturated signal and any other proton
nearby.

Since the NOE is a measure of magnetization transfer between dipole-coupled
nuclei, it depends on the square of the magnitude of each nuclear magnetic moment;
therefore its application is essentially limited to proton NMR. In protein NMR the
I>N-'H NOE in peptide NH groups is measured to learn about the N-H reorienta-
tional correlation time.

In order to understand NOEs it is convenient to refer to an energy diagram of
the type shown in Fig. 6.1 which shows the energies of two dipole coupled nuclei
with I =4, J =1. In case the gyromagnetic ratios y; and y, are positive, as in the
example, the ground state is that with M; =M, = +1, and the most excited level
has M; =M, = —3%. At intermediate energies there are the two levels, M; = —1,
M;=+3,and M; = +1, M, = —1. The dipolar coupling energy averages to zero by
rotation (Eq. (2.15)). Therefore, the energy levels of Fig. 6.1 do not depend on the
extent of the spin—spin dipolar coupling. This figure is similar to Fig. 3.8(A), where
the dipolar coupling between an electron spin and a nuclear spin was depicted. The
NMR spectrum consists of two lines at energies #y; B, and #y; B,. When the equilib-
rium population of two levels is altered by providing the proper frequency to the
system, e.g. the frequency corresponding to the w! transition, the population of all
levels will be perturbed. Since the intensity of a signal in NMR depends on the
difference in population between the involved levels, selective irradiation of one
signal causes a change in the intensity in the other signal. As already defined, the
fractional variation of intensity is just the NOE.

In the following sections we will go through the various classical experiments like



Chapter 6{Coordination Chemistry Reviews 150 ( 1996) 163—184 165

steady state, truncated and transient NOE, as well as ROE. The presentation has
the twofold purpose of sketching (or refreshing) the basic theory to non-specialists,
and of underlying the peculiar behavior of each experiment in paramagnetic systems.

6.2. Steady state NOE

The steady state NOE is the fractional variation #; in the integrated NMR signal
intensity of a nuclear spin I when another spin J is saturated and enough time is
given to the system in order to let it reach a new steady state equilibrium. In order
to fully understand the phenomenon it is convenient to refer first to a saturation
time long in comparison with the 7; of the signal on which NOE is going to be
measured; for short irradiation times we will then deal with NOE as a function of
time #,(). We now express the intensity of a signal from spin I as the magnetization
MT! along z, as already defined. The larger the difference in population between the
M, levels, the larger the intensity of the signal and the larger M. After saturating
signal J with a proper soft pulse, we have made the population of the + + level
equal to that of the + — level, as well as that of the — + level equal to that of the
— — level (Fig. 6.1). If the saturation lasts for a long enough time (see above), the
difference in population between + 4+ and — + levels, and between the + — and
— — levels, reaches a steady state condition and M(z) reaches a new value that is
different from the original equilibrium value M(c0). The NOE 1, (which indicates
that NOE is observed on signal I when J is saturated), will be given by

Moy = Mi() (6.1)
It can be shown (see Appendix 1V) that the following relationship holds:
M(t) = M(c0) + [0/ prny IME(0) (6.2)

In order to define o, and p,,, it is convenient to refer to Fig. 6.1 and to define
wi and w{ as the transition probabilities between two states involving a single
quantum transition either of spin I or J; w, is the zero quantum transition and
corresponds to the — + — + — transition and vice versa; w, corresponds to the
— — — + + transition and vice versa, which is a double quantum transition. p;;, is
defined as

Pry = Wo + 2wi + w, (6.3)

It represents the total probability for nucleus I to change its spin component along
z in a coupled two spin system.

oy (= o5y when I and J have the same spin multiplicity) is called cross-relaxation
rate, and is given by

Or) = Opn = Wi — Wy (6.4)

The transitions corresponding to w, and w, involve simultaneous changes in spin
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state of both nuclei. The difference between w, and w, tells us how the variation in
population of J affects the equilibrium of I. In other words, one can think in terms
of magnetization transfer from J to I when J is saturated. The larger the cross
relaxation, the larger the dipolar coupling. The NOE on [ is proportional to the
cross relaxation from J and inversely proportional to the capability of I to return
to equilibrium once its equilibrium is perturbed through cross relaxation.

The transition probabilities depend on the mean squared interaction energy relative
to the mechanism which causes the transition, times the value of the spectral density
at the required frequencies. The square of the dipolar interaction energy is, as usual,
proportional to {y, * u,/r>>? where pu, and u, are the magnetic moments of the two
spins. The actual equations are

(B \* 20iviIJ + 1) Te N 3z,
Pion =\ 4z 15¢, 1+ (w;—w;)P?t2 14 w?c?

67,
- 6.5
* 1+ (wr+ CUJ)ZT%:I (63)
and
o \> 207viv3J(J + 1) 67, T
10 =\ 4 5 72 ) (6.6)
4n 15¢%; 1+ (w;+ )t 1+ (w;— oyt

The correlation time is the reorientational correlation time. This is generally the
rotational correlation time unless internal motions of a group in a molecule are
faster. In the latter case, pairs of nuclei in the same molecule can have different
reorientational correlation times.

Note the analogy between Eq. (6.5) and Eq. (3.12): indeed, p;;, is a longitudinal
relaxation time of spin I due to the interaction with spin J upon reciprocal reorienta-
tion. The point is that it cannot be measured, except approximately, through a T,
measurement because 7; is defined in the absence of links with other nuclear spins,
i¢. in the absence of cross relaxation (see Section 6.2.2).

By combining Egs. (6.1) and (6.2), we obtain

Ny = [JI(J)/pI(J)]M:(OO)/Mg(OO) (6.7)

Since M%(o0) is proportional to I(I + 1)y;, and M!(c0) is proportional to J(J + 1)y;,
in the general case of heteronuclear spins we have

My = Lo /prnIIJ + D)y, /1T + D)y, (6.8)

The relative values of I, J, y;, v, are important for determining the size and the
sign of heteronuclear NOE; obviously, in homonuclear NOE they cancel each other
and Eq. (6.7) takes the simple form

o .
i = 1 (6.9)
Prn
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Cross relaxation can occur in principle also between nuclei coupled by a time-
dependent scalar interaction. In this case only w, can contribute to it. The correlation
time for the reorientation is either chemical exchange or the relaxation rate of nucleus
J if nucleus I is observed. The correlation time is generally too long to make the
experiment successful.

6.2.1. Steady state NOE in real life

The first consideration by looking at Egs. (6.5), (6.6) and (6.7) is that NOE does
not contain any structural information within the present scheme. Indeed, both py;,
and oy, contain the same r;; parameter which cancels out in #,;. In practice, the
two-spins scheme is never a good description of any real system. The nucleus I, on
which NOE is going to be observed, is always coupled to other nuclei. When dealing
with hyperfine coupled nuclei, often the major source of relaxation is not the coupling
with J but the coupling with the unpaired electrons. The expression for 1y, then is
(Appendix IV)

o1y _ 013 (6.10)
P + Promen + Rin  p1

Hin =

where p;;,, as defined above, is the contribution to longitudinal relaxation of nucleus
I due to the coupling with nucleus J, premer includes all the couplings with other
nuclei responsible for relaxation of nucleus I with the exception of the coupling with
nucleus J, and R, is the paramagnetic contribution to the longitudinal relaxation
rate of nucleus I arising from the various mechanisms described in Chapter 3. The
sum of all these relaxation rates is the total rate p;. Even if not important in principle,
it isimportant in practice to underline that p; is not a time constant for an exponential
process; the process would be exponential only in the absence of cross relaxation.
In paramagnetic compounds the total relaxation may be dominated by R!,, and the
total time dependence approaches an exponential behavior [6]. Therefore, p, is the
measured T ! of the nucleus (either from a selective or a non-selective experiment).
When R{y is not dominating, after a selective excitation of I, the initial return to
equilibrium can be assumed to be exponential and its rate constant, T}, can be
taken as p, (see Section 6.2.2).

Of course, the larger the denominator in Eq. (6.10), the smaller the NOE. That is
why NOE in paramagnetic complexes has developed so late: the coupling with
unpaired electrons makes the relaxation very effective and the NOE very small. In
geminal protons belonging to macromolecules (t, ~ 108 s) with p; of, say, 100s™?
due to paramagnetic contributions, the NOE is about 20% at 500 MHz. If the
distance between protons increases to 3 A the NOE drops to 0.8%. In small com-
plexes 1, is typically 10-100 times shorter than in the above example and the NOEs
have intensities smaller by a similar amount. The problem would be hopeless if we
could not gain one to two orders of magnitude in sample concentration. It is therefore
important to have a strict control of the temperature (remember that the hyperfine
shift is temperature dependent) during the hours of summation of the difference
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FIDs (see Section 9.3), and to increase the signal to noise ratio until 1% differences
can be measured with a precision of two figures.

When the denominator in Eq. (6.10) is dominated by the paramagnetic contribu-
tion to nuclear relaxation (p; ~ RY,), the following simplified equation holds

Hin = O'I(J)/R{M =0y T{M (6.11)

In Eq.(6.11) the r~¢ parameter is not canceled out, because g, depends on r;,°
but RI,, does not. When the nucleus—electron coupling is dipolar in origin, R},
depends on r~ ¢ where r is the distance between the resonating nucleus and the
unpaired electron (Eq. (3.16)).

When measuring steady state NOE, the effect measured on saturating I or on
saturating J may be different because p; and p; are in general different. We say that
steady state NOE is not symmetric. It follows that larger NOEs, and then more
favorable cases, occur when the signal with larger p is saturated.

6.2.2. Selective and non-selective T,

It is intuitive that the NOE will be larger the larger the cross relaxation, and
smaller the larger p;. It may be appropriate here to discuss in a more quantitative
way the response of a dipole-coupled two spin system to selective and non-selective
experiments, and the relationship between the results of these experiments and the
quantity of interest, p,. The qualitative behavior has been anticipated in Section 3.13.
As already described (and see also Section 9.2), when measuring T; of a signal one
can excite (for instance, invert) all the signals simultaneously (non-selective experi-
ment). If the nuclei are dipole coupled, then they will return to equilibrium also by
exchanging magnetization through cross relaxation. Alternatively, only one signal is
inverted (selective experiment) and its return to equilibrium measured. Cross relax-
ation will be different from the previous case. In both cases, the return to equilibrium
is not exponential in the presence of cross relaxation. If this is the case, the measure-
ment of T is approximate, and even the definition of T, may be invalid. This is
because the other nuclei are part of the lattice but this lattice does not possess the
infinite heat capacity required to have an exponential behavior of the magnetization.
In fact, cross relaxation is capable of affecting the spin state populations of the
other nuclei.

We start from the expression for dMZL/dt derived in Appendix IV (Eq. (IV.13)) and
write the corresponding expression for dM/dt:

am!
0TI~ M0 T — DML~ M o

o (6.12)
a = M0 = Mi(0)]p; — M) = M(e0)]osq)

where we have substituted p;;, and o, with the corresponding total rates p; and
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oy (Eq.(6.10)). The two equations, analogous to those encountered in the case of
chemical exchange (Section 4.3.4), constitute a system of coupled differential equa-
tions which are relevant also for the transient experiments discussed in Sections 6.4
and 6.5, and whose general solutions are

MI(t) = ML(c0) + C; exp(—A,t) + C, exp(—Ayt)

Ay — Ay — 6.13
MI(t)= MI(c)+ L C,exp(—At) + 27 P C, exp(—A,t) ( )
Oy (N 13))
where 4, ,=p + D, and
p=%p:+ps) D=1[p;—p;)*+ 40’1(1)61(1)]1'/2 (6.14)

The explicit expressions for C; and C, can be derived for many particular cases [3],
including the selective and non-selective inversion recovery experiments of interest
here. For the selective case

2(25 — pr)M(0) Ce 2(4y — pr)Mz(0) (6.15)
= — :

1= Ay

AL — Ay

and, for the non-selective experiment

Ay~ pp O (1)
C, =2MY o) 22— _opm? —
1 z(q\) /11 ;~2 z(w) 11 o /12 (6 16)
A . .
Cy= —2MI(c0) 22 ?1+2Mf(m)

(210
Ay — A2 A=Ay

Calculated magnetization recovery profiles are reported in Fig. 3.16. It is clear that
in no case is the recovery exponential. However, Eq. (6.13) for M!(t) can be approxi-
mated to a single exponential, not only when |o| < |p;— p;|, as is obvious, but
also when, on the contrary, |a,|> |p; — p,|- In these cases, fitting the recovery to
an exponential gives a rate constant close to p; [ 6]. In contrast, in the non-selective
experiment, the recovery is closer to p; + 6y;. In order to estimate p; from T;-type
measurements, the best way is that of performing a selective experiment and to
measure the variation of magnetization during an initial short time. Under these
circumstances the system maximizes the two contributions to the measured p; (i.e.
Pray and Preoimen ), Riy remaining independent of the duration of the measurement.
However, in order to extract structural information through, e.g. Eq.(3.16), it is
more appropriate to perform non-selective experiments. This is particularly true in
the slow motion limit, where o, — — p;- Under these conditions, and neglecting
P rother)> P1 + 01, — Riy. This can be intuitively understood because cross relaxation
in a non-selective experiment contributes less to signal recovery, especially at the
beginning of the experiment, and the latter is dominated by paramagnetic effects
(Ri,). In any case, when p; in paramagnetic systems is very large (e.g. 1001000 s~ 1),
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it means that Rj,, dominates the relaxation processes and the results of selective
and non-selective experiments are close to one another’.

6.2.3. Steady state NOE in paramagnetic compounds

By combining Eqgs. (6.5) and (6.6) we realize that there is an NOE dependence on
the magnetic field and on the reorientational correlation time. In Fig. 6.2(A) the
NOE dependence on the external magnetic field is shown for 7, of 10 ns and for two
protons at 1.8 A, by taking p Iothery = 0 and R}, =0, 50 and 200 s~ . The dependence
on 7, under the same conditions is shown at 300 MHz (Fig. 6.2(B)). From Fig. 6.2(A)
it appears that at low wr values (fast motion limit) the maximal homonuclear NOE
is 0.5, whereas at large values of wr (slow motion limit) the maximal NOE is —1.
Of course, these are limiting values in the absence of R}, (and pytmen): the hyperfine
coupled relaxation decreases the above absolute values, but leaves the dependence
unaltered. The NOE is larger at larger magnetic fields and/or when rotation is
slowed down (Fig. 6.2(B)). It is important to note that, for very long 1, values, NOE
values close to — 1 could in principle be achieved even in the presence of paramagnetic
relaxation; this is because o, increases with 7, whereas the denominator of Eq. (6.10)
increases less because Ri,, does not depend on 7, but rather on 1,. Sometimes, with
small proteins, it is even convenient to add ethylene glycol to their water solutions
in order to increase viscosity and then t,. In the literature this has been done for
met-myoglobin [ 7] and for Co,thioneins [§].

Steady state NOEs in paramagnetic small complexes under the conditions of fast
rotation (MW < 800-2500 Da depending on the magnetic field) are small and some-
times may be below detection. In Table 6.1 the steady state NOE intensities are
reported for various 7, values (and the corresponding molecular weight values esti-
mated from the Stokes-Einstein relation (Eq. (3.7)) and for various R}, values. For
each pair of 7, and R}, values the NOE intensities are calculated for distances of
1.8 and 3.0 A and for magnetic fields of 200 and 600 MHz. From inspection of the
table it appears that NOE measurements on small complexes may be successful for
high concentrations at low magnetic fields, or at large magnetic fields when rotation
is slowed down by using viscous solvents or mixtures of solvents. On the contrary,
macromolecules seem perfectly suited for this type of experiment since they fall in
the slow motion regime.

In Table 6.2 some significant examples of the NOEs observed in the paramagnetic
systems investigated up to now are reported [97]; as expected, as the T; values

! Note added in proof. Cross relaxation is the main cause of deviation from exponentiality, both for
diamagnetic and paramagnetic non-selective relaxation recovery. However, a non-selective inversion
recovery can be pragmatically interpreted on the basis of a single exponential. The problem arises of
whether the extracted RI, can be used, according to the Solomon equation, to extract metal-proton
distances. Though this problem has been stressed in a negative sense (G.N. La Mar and J.S. de Ropp, in
L.J. Berliner and J. Reuben (Eds.), Biological Magnetic Resonance, Plenum, New York, Vol. 12, 1993),
we optimistically advise (I. Bertini, C. Luchinat and A. Rosato, Progr. Biophys. Mol. Biol., in press) (i) to
check exponentiality; (ii) to extract distance parameters, with the only caution regarding geminal protons
(having large cross relaxation) whose distances from the metal, however, cannot differ much.
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Fig. 6.2. NOE values as a function of (A) magnetic field for 7,=10ns and (B) 7, at a field of 300 MHz,
for two hydrogen nuclei at 1.8 A distance (py,;,=23.6s"" in the fast motion and 23657 in the slow
motion regime). Curves (a), (b) and (c) refer to a field-independent R, =0, 50 and 200 s " respectively.

become shorter, the NOE drops to small values, which can be difficult to “extract”
from the noise. However, the NOE increases as the molecular size increases. In
Fig. 6.3 the NOEs for a protein of MW 10000 containing the cluster Fe,S3* are
shown when the hyperfine shifted signals due to coordinated f cysteine protons and
lying outside the —20-20 ppm spectral window are saturated [10]. The NOE
difference spectra show many connectivities with other signals which belong to
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Table 6.2
Some examples of NOE detected on paramagnetically shifted signals in metalloproteins [9]

Group® H-H distance NOE® T, MW T,
(A) (%) (ms) (ns)
1.8 6 8.4 9000 4
/H
—cZ 5 36 11000 5
H 7 56 11000 5
43 120 16000 9
7.7 24 32000 14
(Asp, Glu, Cys, His) 60 100 36000 21
50 80 42000 2
H H
\C—C:H 22-24 45 340 9000 4
1.8 56 11000 5
(Cys)
H
\‘H 24 6 54 30000 14
0.9 1.8 32000 14
2 42 32000 14
(His)
H
H
\ 13 0.6 35 32000 14
SH ' 7-10 — 42000 21
H
(His)

® The groups bearing the two protons belong to metal ion ligands. ® The NOEs in the present systems
are all negative; they are reported here without the minus sign.

nearby groups, as well as strong connectivities with the respective geminal protons
{not shown).

The difference spectra in Fig. 6.3 also show signals (marked with x) arising from
saturation transfer to another species in chemical exchange. Indeed, the experiment
for detecting steady state NOE is absolutely identical to that used to detect magne-
tization transfer in the presence of chemical exchange (Section 4.3.4). Therefore, it
is not possible to distinguish, from the experimental point of view, real NOE from
chemical exchange effects in the limit of slow motion. Actually, the values of NOE
are always a fraction of the signal intensity, which in paramagnetic molecules is
often small (of the order of 1%), whereas saturation transfer can change the intensity
of the signal really up to 100% even in paramagnetic molecules.

In diamagnetic compounds we face the problem that after saturation of signal J
the Zeeman population of nuclei I may be largely affected, and this may cause
further magnetization transfer on other nuclei to which nucleus I is coupled. Such
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Fig. 6.3. NOE difference spectra obtained upon saturation of the hyperfine shifted signals corresponding
to the f-CH, protons of the Fe,S,-coordinated cysteines in oxidized HiPIP from C. vinosum [ 107. Signals
marked by x arise from saturation transfer to a small amount of reduced species [ 10].

coupling indeed accounts for the p;mer term in Eq. (6.10). It follows that a secondary
NOE can be observed on signal K not because J is coupled with K but because I
is coupled with K. This phenomenon is called spin diffusion. It is not relevant in the
fast motion limit, because the NOEs are usually small and, therefore, the smaller is
the secondary magnetization transfer to nearby nuclei; furthermore, and more impor-
tantly, a positive sign of ¢ means that a decrease in M causes an increase in M’
which, in turn, causes a decrease in M¥, and so on. This alternation in sign eventually
results in substantial cancellation of the long range effects, because a nucleus very
far from the saturated nucleus will experience both positive and negative contribu-
tions depending on whether the number of intermediate spins on the various cross
relaxation pathways is even or odd.

In contrast, sizable spin diffusion may be operative in the slow motion regime. Of
course, this phenomenon may terribly complicate the analysis of NOEs, until they
become useless. After saturating one signal, many or even all signals of the molecule
may be affected in a cascade fashion. However, in paramagnetic macromolecular
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systems the major source of relaxation for signal I can be the coupling with the
unpaired electrons; so it returns to equilibrium prior to appreciably transferring
magnetization to nucleus K. Therefore, spin diffusion effects are limited. The counter-
part of this simplification is that the NOE is dramatically reduced by the short
p; values.

An example is available in the literature where the spin diffusion effects are
evaluated in a paramagnetic system [11]. It is the Cu,Co,SOD discussed in
Section 5.3.3. The scheme is again reported here (Fig. 6.4 with its labeling) for
convenience. In Table 6.3 the NOEs at 200 MHz on all the proton ligands are
reported when they are saturated one after the other. The T; values measured at the
same field are also reported [ 12,13]. The interproton distances are known from the
X-ray structure and the value of the reorientational correlation time estimated by
the Stokes—Einstein equation (Eq. (3.7)). The NOEs calculated through the two-spin
approximation are in satisfactory agreement with the experimental NOEs. If then a

Fig. 6.4. Schematic structure of the active site of cobalt(II)-substituted Cu,Zn,-superoxide dismutase.
The labels refer to the proton signal assignment reported in Table 6.3 [12,13].
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Table 6.3
Non-selective 7; and NOE values in bovine Cu,Co,SOD at 200 MHz [13]. The distances calculated
from the NOE values using the two-spin approximation agree with available X-ray distances

Saturated signal Observed signal T, (obs) NOE r (calc) r (X-ray)
(ms) (%) (A) (A)
A Hé2 His 63 L Ho2 His 48 43 09+0.1 27+02 2.7
A Hé2 His 63 K Hé1 His 48 3.0 0.6+0.2 32+03 38
A H§2 His 63 R Hf2 His 46 24 02+01 33403 34
B Hé1 His 120 H Hel His 120 1.8 1.0+0.2 23402 2.4
C He2 His 46 G H62 His 46 35 14+02 24402 2.5
C He2 His 46 M Hel His 46 27 09+01 25+02 25
G H42 His 46 C He2 His 46 4.2 1.7+04 24402 2.5
M Hel His 46 C He2 His 46 4.2 22402 24102 2.5
R HpB2 His 46 G HJ2 His 46 35 06+02 28403 33
QHp1His 71 D Hé2 His 71 38 14+02 24402 2.8
L Ho2 His 48 71 CH; Val 118 70.0 33.0+6 28403 2.8
R Hf2 His 46 P Hp1 His 46 1.6 54+08 1.7+0.2 1.6
P HpB1 His 46 R Hp2 His 46 24 9.0+ 1.0 17402 1.6
L Hé2 His 48 P Hf31 His 46 1.6 1.3+03 22+02 23
P Hf1 His 46 L Hé2 His 48 43 55+1.0 20402 2.3
L Hé2 His 48 R Hf2 His 46 2.4 05+0.1 264103 3.2
R Hp2 His 46 L H42 His 48 43 23402 23+02 32

matrix is considered where all the ligand protons plus other protons from nearby
groups are allowed to cross relax, the newly calculated NOEs are still close to the
experimental values [ 11]. Spin diffusion is quenched by the fast relaxing nature of
the system. The p, values are well above 100s~!. When the p; values are smaller,
spin diffusion may occur even in paramagnetic systems; tricks are developed to detect
spin diffusion and to minimize it (see the next two sections).

6.3. Truncated NOE

Up to now we have been interested in steady state NOEs, i.e. when one signal is
saturated for a long time with respect to T; of the nucleus on which NOE is going
to be measured. We are interested here in understanding what happens when the
saturation time is short and variable. The resulting NOE is called truncated NOE
[ 14] because not enough time is left for full magnetization transfer. These experiments
are of fundamental importance for the measurement of p,, for evaluating cross
relaxation, and to avoid or to measure spin diffusion.

In Appendix IV, where the steady state NOE has been derived, the equation for
the NOE as a function of the irradiation time is also derived. In the case of
homonuclear NOE, we have

() = [o1gy/pr1[ 1 —exp(—prt)] (6.17)

We can easily verify that for t long with respect to p;, the exponential term tends to
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zero and we are back to the case of steady state NOE (Eq. (6.10)). For ¢ tending to
zero, the NOE tends to zero. The dependence of #,; () on ¢ is reported in Fig. 6.5
for the same parameters as in Fig 6.2. For times short with respect to
pr[1—exp(—x)~1—(1-x)=x], we have

Nin(t) = oyt (6.18)

For irradiation times of short J with respect to the relaxation time of I the NOE
extent is independent of the relaxation time of the nucleus and provides a direct
measurement of o;. If the time required to saturate signal J is not negligible
compared with ¢, the response of the system is not linear [ 15]. The truncated NOE
is independent of paramagnetism as it does not depend on p,, which contains the
electron spin vector S in the R{y term, and only depends on o, which does not
contain S. If then the steady state NOE is reached, the value of p, can also be
obtained. This is the correct way to measure p; of a nucleus, provided saturation of
J can be considered instantaneous. In general, measurements at short t values
minimize spin diffusion effects. In fact, in the presence of short saturation times, the
transfer of saturation affects mainly the nuclei directly coupled to the one whose
signal is saturated. Secondary NOEs have no time to build substantially. As already
said, this is more true, in paramagnetic systems, the larger the R},; contribution to p;.

Measuring the build up of NOE is necessary everytime the NOE is provided by
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Fig. 6.5. NOE values as a function of irradiation time ¢, calculated according to Egs. (6.5), (6.6) and
(6.17). Conditions: 7, = 10 ns, 300 MHz, for two hydrogen nuclei 1.8 A apart (pryy =2.385""). Prothen =
0, R{,; =0, 50 and 2005~ ! for curves (a), (b) and (c) respectively. The initial (dashed line) is the same in
all cases and equals o/,.
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a signal buried in an envelope of many other signals. Such a procedure allows one
to estimate, besides the shift, p; of such buried signal. From the initial part of the
slope the distance between the two nuclei can be obtained. If p; is dominated by
RI,,, the distance from the metal can also be guessed.

6.4. Transient NOE

The populations of the spin states can be disturbed from their equilibrium condi-
tion also by applying strong r.f. pulses at the resonance frequency of one of the spins.
Typically a selective 180° pulse is used. Then the decay of the system to equilibrium
is observed. This kind of experiment is called transient NOE. This experiment can
be used to reduce the effects of spin diffusion. After the 180° pulse the magnetization
of J is inverted. The system returns to equilibrium with its own p; and through
cross relaxation with I (among other nuclear spins). The difference with the steady
state NOE is that the time evolution of M} now also plays a role. After a delay
time 7, a 90° observation pulse is applied and the FID is recorded. The magnitude
of the NOE as a function of time is the result of two competing effects. One is the
return to equilibrium of nucleus J which causes a decrease in the absolute value of
magnetization. In fact, when J is at equilibrium, no magnetization transfer occurs
any more. The larger the difference in magnetization with respect to the equilibrium
magnetization, the larger is the buildup of NOE. At t=0 the cross relaxation
contribution is twice that of a steady state experiment, since in the transient case
the magnetization is inverted, whereas in the steady state case it is zero. The second
competing effect is the buildup of NOE, which is of the type of Eq.(6.17). The
resulting transient NOE can be obtained as a particular solution of Eq. (6.13) for
M:(1) as [3]

N1y = exp[— (pr — D)t][1 — exp(—2Dt)] (6.19)

where p and D have been already defined (Eq. (6.14)). It appears that the transient
NOE is described by a buildup function (1 —exp(—2Dt)) multiplied by a decay
function (exp[—(p; — D)t]). The initial slope is 2D.

In case p; = p; = p, D = 0y;, and Eq. (6.19) takes the following simpler form:

N1y =expL—(p — 674))t1[1 — exp(— 20, t)] (6.20)

The initial slope in this case is 20,

Note that the transient NOE effect is symmetrical, in the sense that by selective
excitation of I or J the same variation in intensity of the other signal is observed,
even in the case of different relaxation rates.

The buildup and decay of NOE as a function of time according to Eq. (6.20) is
reported in Fig. 6.6. In transient experiments, J is selectively inverted in a time
assumed negligible with respect to that necessary for the NOE to build up on I.
During the buildup, J also relaxes, and therefore the effect on I will depend on p;,
in addition to p; and a,. If J is relaxing much faster than I, after selective excitation
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Fig. 6.6. NOE values as a function of time ¢ in transient NOE experiments, calculated according to
Eqgs. (6.5), (6.6) and {6.20). The parameters are the same as in Fig. 6.5.

of J NOE starts to buildup on I but, as J relaxes efficiently, NOE starts to decrease
with p ~ p;/2 according to Eq. (6.14). If, however, the slow relaxing spin I is selec-
tively excited, NOE on the fast relaxing spin J develops, but the effect soon ceases
owing to the relaxation of J itself. Therefore, the effect is symmetrical. When nuclear
relaxation times are short, as may happen in paramagnetic systems, the transient
NOE rapidly drops to zero. This is clearly shown in Fig. 6.6, where for R},, of the
order of 200s™! the transient NOE develops to a small fraction of when R, is
50 s7!, and rapidly disappears with time.

In this type of experiment the NOE buildup tends to disappear with p;. In the
steady state case, the saturation time is always long enough to allow spin I to cross-
relax with other spins, even if p; is large. In transient experiments, the cross relaxation
with spin [ is by itself limited in time and, p; being the same, cross relaxation with
other spins is drastically limited. In any case, spin diffusion is limited in that region
of time in which NOE is growing (Fig. 6.6). Truncated and transient NOEs performed
with short NOE buildup times are efficient in quenching spin diffusion.

One important matter is the extent of NOE in the transient and steady state cases.
In the case of diamagnetic molecules the former is superior because it reduces spin
diffusion and has a maximum value at t = T; (for the limit case of I and J equally
relaxing). In paramagnetic systems the working conditions are much more severe
for at least two reasons. One is that the time at which the maximum transient NOE
is developed is very short and it may be difficult to set the exact value of the
parameter. The second is that a 180° pulse has to occur in a time short with respect
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to the reciprocal of the average of the longitudinal and transverse relaxation rates
of J, 1/2(p1s+ p2y)~ Y In order to meet this condition a high power pulse may be
needed. Of course, a high power pulse for a short time is hardly selective, and
artifacts in the experiment are often encountered. In Fig. 6.7, the calculated time
dependence of transient and truncated NOE is reported. A larger NOE is observed
in the transient case only in a narrow range of time. In the authors’ experience, a
steady state or truncated NOE is much safer!

The limiting values of # are 0.385 and —1 in the fast and slow motion limits
respectively (Fig. 6.8). In other words, the steady state NOE is a more sensitive
technique for small molecules (0.5 vs. 0.385).

6.5. NOE in the rotating frame (ROE)

Rotating frame NOE experiments, ROE [ 167, measure the transfer of transverse
magnetization, spin locked in the transverse plane, within a pair of spins. The pulse
sequence consists of a selective 180° pulse on J, followed by a non-selective 90° pulse.
At this point, J is along —y and I is along y (Fig. 6.9). During a time ¢ before
acquisition, a spin locking r.f. is applied, in such a way that the B, field is parallel
to the initial magnetization along y in the rotating frame. Magnetization transfer
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Fig. 6.7. Comparison between truncated steady state (a) and transient (b) NOE R{,;=50s"". Other
conditions as in Figs. 6.5 and 6.6. The dotted lines represent the initial slope (6, or 20y, in the two
cases respectively.
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Fig. 6.8. Maximal intensity of transient NOE as a function of (A) magnetic field for 7, =10 ns and (B} 7,
at a field of 300 MHz, for two nuclei at 1.8 A distance (p;,=23.6 5" in the fast motion and 2.36 s ' in
the slow motion regime). Curves (a), (b) and (c) refer to a field-independent RI,,=0, 50 and 2005~ !
respectively. Note that in the fast motion regime the maximal NOE for Ri,, = 0 is 0.385 vs. 0.5 for steady
state NOE (Fig. 6.2).

can now occur through cross relaxation and an intensity change on I can build up
during the time ¢. This process is similar to that in a transient NOE experiment,
with the difference that its extent depends on the rotating frame relaxation rate p,
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Fig. 6.9. A selective 180° pulse on signal J reverts its magnetization along the z axis while leaving the
magnetization of I unaltered. A subsequent non-selective 90° pulse tilts the magnetization of I along y
and that of J along —y.

and on the rotating frame cross relaxation rate ¢,. In analogy with Egs. (6.5) and
(6.6) we can write

to \* #2viy3J(J + 1) 97, 187,
Porn=\7-) T ans | Tt 52T 2.2
47 3072, 14+ (0 + o)1 14+ wptl
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e 6.21
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_(F\ I+ 1) 6.22
7p1D <47‘£> 30rg, R (011 + ©1,)°72 " 1+ witl (622

where w,; =v,B; and w,;=y,;B; are the Larmor frequencies at the spin locking
field. It is important to note that, because w7, is always smaller than unity, o, is
always positive for every value of w. Again in analogy with Eq. (6.19):

M =expl—(p, — D,)t]1[1 - exp(—2D,1)] (6.23)
where, in analogy with Eq. (6.14)

Po= %(Pp! + Ppr) D,= %[(ppl — Pps) + 40,110,501 (6.24)

The ROE dependence on the spin lock time has the same profile as that of transient
NOE, with the difference that the limiting values are 0.385 and 0.675 at the condition
that w1, « 1 (see Fig. 6.10). It appears that the ROE is less convenient than the
transient and steady state NOEs in the sense that the expected effect is smaller when
all other conditions are the same. Another disadvantage in paramagnetic molecules
is that it is difficult to spin lock all the signals in a broad spectral width, whereas it
is simple to selectively spin lock a single signal. In order to spin lock two signals,
separated by e.g. 1000 Hz, a B, field such that yB; /2% > 1000 Hz is needed. However,
a large intensity of the r.f. requires high power irradiation and may cause overheating
of the sample. This can be a serious drawback. An advantage of ROE is that the
zero value for NOE never occurs. This may constitute a precious help for the
measurement of dipolar interactions in small paramagnetic complexes. As in the fast
motion limit of NOE, spin diffusion effects in ROE are quenched because of the
positive value of ¢,. Another advantage of having a positive ¢, is that the dipole-
coupled nuclei display positive ROEs, whereas signals connected through chemical
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Fig. 6.10. Maximal intensity of the ROE as a functiqn of (A) magnetic field for t,= 10 ns and (B) 7, at a
field of 300 MHz, for two hydrogen nuclei at 1.8 A distance. Curves (a), (b) and (c) refer to a field-
independent R}, (Eq. (3.18)) of 0, 50 and 200 s ! respectively. For R}, =0, the fast motion limit is the
same as that of transient ROE; the slow motion limit is positive and equal to 0.675.

exchange always provide negative ROEs. This is because, in the presence of chemical
exchange, when the J nuclei are aligned along —y, the I nuclei receive some —y
component and then the signal decreases in intensity. In the ROE experiment the I
nuclei receive a y component as a result of ¢, being always positive.
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