Part 6

14
15
16
17
18

Spin-1/2 Pairs
Homonuclear AX System
Experiments on AX Systems
Many-Spin Systems
Many-Spin Dynamics






1

In all real samples, the nuclear spins interact with each other. In the previous chapters, these spin—spin inter-
actions were either completely ignored or absorbed into phenomenological relaxation parameters, which
describe the damping of the coherences or the drift of the populations towards their thermal equilibrium
values.

Most samples consist of more complex molecules which contain more than one spin. In general, the spin—
spin couplings cannot be ignored. In this chapter, I discuss the simplest possible situation: a large number
of identical molecules, each containing only two spins-1/2. In this case, the set of nuclear spins comprises
an ensemble of spin-1/2 pairs:
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pairs.

If the members of the pair are of the same isotopic type, then the spin system consists of a homonuclear spin
pair. If the members of the pair are of different isotopic types, then the term heteronuclear spin pair is used.

I now examine the behaviour of spin-1/2 pairs in the presence of dipole-dipole couplings as well as
J-couplings, allowing the treatment of spin-1/2 pairs in isotropic liquids, liquid crystals, and solids. The
pairs are assumed to be homonuclear for most of this chapter.

14.1  Coupling Regimes

The behaviour of homonuclear spin-1/2 pairs depends strongly on the difference in chemical shifts between
the spins, as compared to the spin-spin coupling.
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356 Spin-1/2 Pairs

Weakly coupled pairs. If the difference in chemical shift frequencies is much larger than the spin—spin
coupling, then the spin pair is said to be weakly coupled. A weakly coupled spin pair is denoted by the
symbol AX (this ‘alphabet notation” is discussed in more detail in Chapter 17).

Strongly coupled pairs. If the chemical shift frequency difference has roughly the same magnitude as the
spin—spin coupling, then the spin system is said tobe strongly coupled. The spin pair is denoted ABin this case.

Identical chemical shifts. If the chemical shifts of the two spins are the same,! then the two spins are said
to be magnetically equivalent. The spin system in each molecule is denoted by the symbol A,. An example is
given by the protons in water.

The behaviour of strongly coupled spin systems is examined in Appendix A.8. The following discussion
concentrates on the magnetically equivalent and weakly coupled cases.

14.2 Zeeman Product States and Superposition States

The pair of coupled spins-1/2 form a single quantum system. The state of the spin pair is described by a
single ket, which has the following general form:

V) = cCaolaa) + coplaB) + cpulBar) + cppl BB) (14.1)

The states |aw), |af) . . . are called Zeeman product states of the two spin-1/2 particles. In the notation |«g), the
o symbol indicates that the z-angular momentum of spin /; has the definite value +1/2, and the 8 symbol
indicates that the z-angular momentum of spin I, has the definite value —1/2. The four Zeeman product
states of the spin-1/2 pair obey the following eigenequations:

Ilow) = +1laa) I lae) = +3|aa)
Iizle) = +3leB)  Ilap) = —1|ep)
Iz|Ba) = =3By Ip:|a) = +3|Ba)
I:1BB) = —5188)  Tn:IBB) = —318B)

&The use of the Zeeman product states |a), |Be) ... does not imply that the spin pair may only adopt
such states, any more than the use of |«) and |B) for a single spin-1/2 implies that the spin polarization may
only be ‘up’ or ‘“down’. The single spin-1/2 may be, and usually is, in a superposition of the “‘up” or ‘down’
states, and the spin-1/2 pair may be, and usually is, in a superposition of the four Zeeman product states.

Physically, the state in Equation 14.1 describes a spin pair with both polarizations pointing in some

arbitrary direction:
&
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kk Figure 14.2

1 A pair of coupled spins.

The coefficients cyq, cgo - - - are complex numbers. As usual, they must be normalized:

|cael® + lcapl? + lcgal® + legsl® = 1
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The superposition state in Equation 14.1 is conveniently written as a column vector:

C‘(XC{
Caﬁ
V) =
CBa
Cpp
The normalization condition may then be written as
caa
Caﬂ
WW) = (Caa*a C(Xﬂ*a Cﬁa*s Cﬁﬂ*) : =1
Cpa
Cpp

Once again, note the use of the complex conjugate when transforming the ‘ket” column vector to the ‘bra’
row vector.

14.3 Spin-Pair Hamiltonian

The behaviour of an individual spin pair is treated by constructing the Hamiltonian and solving the
Schrodinger equation.

Start with the most general case. Each of the spins /; and I, has a different chemical shift §; and §,, leading
to chemically shifted Larmor frequencies given by

w? = —yBO(l +681)
) = —yB(1 + &) (14.2)

The spins have a mutual J-coupling Ji,, and also a secular dipole-dipole coupling di,, as described in
Sections 9.3 and 9.4.
The secular spin Hamiltonian is equal to

~0

H =l i, + 3, + 2ndily - T + dp(Bhr o, — 11 - 1) (14.3)

Our first task is to form the matrix representation of this Hamiltonian in the basis of Zeeman product states
{laa), laB), |Bar), 18B)}. To do this, first expand the scalar product I; - I, into the explicit angular momentum
operators:

bLobh=0hdo+ ilyi2y + 1.1,

The products of the x- and y-operators may be expanded into shift operators (see Section 7.8.5), as follows:

—_

hdo + by = 5 (IFI; + 17 13)
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The spin Hamiltonian in Equation 14.3 may be split into two terms:

~0

5" = 5 + 3y (14.4)

where the two parts are

~0 05 s Ams s
Hy = o1, + oyl + 01321121,

~0 1., NI
Hy = ‘”]1325 (ITI; + IT 1) (14.5)

The spin-spin coupling terms are defined as follows:

A
wyy = wJip +di2

w?z = 27‘[112 - d12 (146)

The term J?COA is called the diagonal part of the spin Hamiltonian. The term f}ACg is called the off-diagonal part
of the spin Hamiltonian, or sometimes the flip-flop term. Equation 14.6 shows that the J-coupling and the
dipole-dipole coupling contribute to both terms, but with different pre-factors and different signs.

The matrix representations of the two parts of the Hamiltonian in the Zeeman product basis
{lact), [aB), |Ba), |BB)} are given by

w(l) + a)g + a){*2 0 0 0
0 1 0 w(l) — wg - a)fz 0 0
H, = > (14.7)
0 0 —a)(l) + wg — wh 0
0 0 0 —a)(l) - wg + w{\z
and
0 O 0 O
o 110 0 a)]132 0
Hy == (14.8)
210 8 0 0
0 0 0 0

~0
For example, the element in the second row and third column of the matrix representation of Hjy may be
calculated as follows:

A

~ 1 P A
(BIFegl o) = 5oy (@l (I Ty + 1 1) o)

1 s A
= 50 (@Bl I3 162) + (Bl 17 15| per)

1
= b (@Blap) +0)
1 B

= -w
> %12

I now consider the cases of magnetic equivalence and weak coupling separately.
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14.4 Pairs of Magnetically Equivalent Spins

14.4.1 Singlets and triplets

If the two chemical shifts are the same ! = w9 = «’, the spins are magnetically equivalent. The matrix
representation of the spin Hamiltonian is given by

200+l 0 0 0
~0 1 0 —op o 0 . .
H == (in the Zeeman product basis) (14.9)
2 0 w]fz —wﬁ 0
0 0 0 —20°+awb

This matrix is not diagonal, which indicates that the Zeeman product states {|ae), |eB), |Ba), |88)} are not
all eigenstates of the Hamiltonian.

The Hamiltonian matrix may be diagonalized by choosing a different set of four basis states, called the
singlet—triplet basis. Choose three triplet states, defined as follows:

|Ty1) = |aa)
|To) = 1 (laB) + |Bex))
RV
|T_1) = |BB) (14.10)
and one singlet state, defined as follows:
[So) = L (loB) — |Bar)) (14.11)
0) = NA .

The triplet states |T1) and |7_;) are the same as the Zeeman product states |ea) and |BB) respectively. The
states |Tp) and |Sp) are normalized superpositions of the states |«¢8) and |Be), but with opposite signs.

The matrix elements of the Hamiltonian in the singlet-triplet basis may be derived according to the
following example:

~0 1 ~0
(SolH |To) = 5 ((aBl — (Ba) I (lap) + |Bar))
1 ~0 ~0 ~0 ~0
= 5 (@Bl [aB) — (BolIC |eB) + (@BIH |Ber) — (Bl | )
1
= (b - ab+ ol - (o) =0
Repetition for all elements generates the following matrix representation in the singlet—triplet basis:
o + %71’.]12 + %du 0 0 0
~0 1 0 —dip + %7'[]12 0 0
0 0 —a° + %72']12 + %du 0
0 0 0 —%n]lz

(in the singlet-triplet basis) (14.12)
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Since this matrix is diagonal, the singlet-triplet basis states {|7%1), |To), |T-1), |So)} are the energy eigenstates
of the magnetically equivalent spin pair.

The three triplet states of the spin-1/2 pair behave in a similar way to the three states of a single nuclear
spin with I = 1. The analogy may be emphasized by constructing total angular momentum operators by
adding together the angular momentum operators of the two spins:

AX = ilx + A2x
IAy = IA1y+ A2y
I,=1I,+1I (14.13)

P=L+0+1 (14.14)

The three triplet states obey the following eigenequations:
[1Ti) = M|Ty)
P\ Ty) = 2|Ty) (14.15)

where M is equal to +1, 0, or —1. Equation 14.15 is exactly the same as the eigenequations for the three
states |1, M) of a spin-1 nucleus (see Equation 13.1).
Similarly, the singlet state |Sy) behaves in the same way as the state of a spin / = 0 nucleus:

1.1S0) =0
2185 =0 (14.16)

The magnetically equivalent pairs of spins-1/2 behave like a set of independent spin-0 and spin-1 nuclei.?

14.4.2 Energy levels

The energy levels are equal to the diagonal elements of Equation 14.12. The corresponding eigenequations
are as follows:

~0 1 1
H|Ts) = (0 + Eﬂhz + EdIZ) |T51)

~0 1
H Ty = (577112 — d2) | To)

~0 0. 1 1
HI|T) =(~o + 57'[]12 + Edlz) |T_1)

~0 3
I [So) = (—Eﬂhz) [So)

The energy contributions of the different terms are sketched in Figure 14.3. The Zeeman interaction of one
spin with the magnetic field creates a splitting «°. Each level is split again by the Zeeman interaction of
the second spin with the field. This leads to a three-level structure, with the central level being doubly
degenerate. The J-coupling breaks the degeneracy by shifting three levels in one direction, with one of
the central levels being shifted by three times as much in the opposite direction. Finally, the dipole-dipole
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coupling shifts two of the levels up and one level down. Note that the energy of the singlet state (shown in
grey) is not affected by the dipole-dipole coupling.

Figure 14.3

Energy levels for a pair E
of magnetically

equivalent spins-1/2.

The singlet state is

shown in grey. The

energy level shifts due

to the spin-spin

couplings are greatly

exaggerated. The

J-coupling and N ‘ T—1>
dipole—dipole (DD) Zeeman Zeeman Zeeman
coupling are assumed +J +J+DD

to have opposite signs.

If the energy levels of the singlet and triplet states are separated, then we get the picture shown in Figure
14.4. The energy level differences between adjacent triplet states are w° & 3di,. The J-coupling shifts the
energy of the singlet state relative to the triplet states, but does not influence the triplet splittings.

ITa)

o’ -3d
A 212
E
— | o)
I ‘ SO>
©°+3dp,
— T
Figure 14.4 *1>
Singlet and triplet
energy levels for a pair
of magnetically Singlet Triplet

equivalent spins-1/2.

The energy levels of the triplet states, therefore, are the same as for a spin-1 nucleus (see Figure 13.1), but
with the first-order quadrupolar coupling a)g) replaced by three times the dipole—dipole coupling di».
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14.4.3 NMR spectra

A pair of magnetically equivalent spins-1/2 has four energy eigenstates: three triplet states and one singlet
state. The singlet state has total spin I = 0 and is non-magnetic. It may usually be completely ignored in the
context of NMR experiments.> All NMR signals are associated with the three triplet states, which behave in
exactly the same way as the three Zeeman states of a spin-1 nucleus, except that the first-order quadrupolar
interaction is substituted by three times the dipole-dipole coupling. The treatment of spin-1 dynamics given
in Section 13.1 may therefore be recycled, with only minor changes.

Since there are two (—1)-quantum coherences within the triplet manifold, the spectrum consists of a
doublet, in the general case:

)
[To)
3d,, Q — ‘SO> Figure 14.5
Doublet NMR spectrum
generated by
I T,1> magnetically equivalent

spin-1/2 pairs.

The splitting is given by 3d;,, where dy; is the secular part of the dipole-dipole coupling. Compare with the

spin-1 case depicted in Figure 13.5, in which the splitting is equal to the first-order quadrupolar coupling a)g).

Pairs of magnetically equivalent spins-1/2 generate the following types of NMR spectra in the different
phases of matter.

Isotropic liquids. Since the secular dipole—dipole coupling di» vanishes in isotropic liquids, the two peaks
coincide. This is why the NMR spectrum of liquid water is a singlet (see Figure 14.6a).

Liquid crystals. A dipolar splitting 3d; is observed in anisotropic liquids® (see Figure 14.6b). The magnitude
of this splitting depends on the secular dipole-dipole coupling, averaged over the anisotropic molecular
motion (see Equation 9.40).

Powders. In solids, the dipolar splitting 3di» depends on the orientation of the internuclear vector with
respect to the external magnetic field (see Equation 9.40). As in the spin-1 case, this orientation dependence
leads to a Pake doublet spectrum for pairs of magnetically equivalent spins-1/2 in a solid powder (see
Figure 14.6¢).

The splitting between the prominent peaks of the Pake doublet is equal to 3b;5, in units of radians per
second. Here, by, is the dipole—dipole coupling constant in radians per second (see Equation 9.32), which is
inversely proportional to the distance rj; between the nuclei /; and I:

Ho ¥*h

by = —
3
4 1,

(14.17)
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Typical spectra of >
magnetically equivalent Q
spin-1/2 pairs in. (a) 3 /2

isotropic liquids; (b) 12

nematic liquid crystals; %

(c) solid powders. 12

The powder NMR spectra of spin-1/2 pairs may, therefore, be used to estimate the distance between the
nuclei (see Exercise 14.1).

14.4.4 Dipolarecho

Since the triplet manifold of equivalent spin-1/2 pairs behaves exactly like a spin-1, except with the dipole—
dipole coupling replacing the quadrupole coupling, the two-pulse echo technique described in Section
13.1.10 also works in the spin-pair case. In this context, the echo involves the refocusing of homonuclear
dipole-dipole interactions and is called a dipolar echo.*

14.5 Weakly Coupled Spin Pairs
14.5.1 Weak coupling

The spin-pair system is said to be weakly coupled if the following general condition is satisfied:>

1
Slohl <<lof — o] (14.18)

where the flip-flop coupling term is ®%, = 27J1, — dio.
In the case of isotropic liquids, the secular dipole-dipole coupling vanishes. The weak-coupling condition
in isotropic phase is therefore

0 0
|mJi2] << |w] — wyl

or equivalently
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<< (81 — &2) (in isotropic liquids) (14.19)

1 7 P
272 27

This is the most commonly used version of the weak-coupling condition. Half the J-coupling (in hertz)
mtﬁbe much less than the chemical shift frequency difference (also in hertz).

Equation 14.19 is the weak-coupling condition in the isotropic phase. In solids or liquid crystals, the
more general form of Equation 14.18 must be used.

14.5.2 AXspin systems

Actual compounds containing homonuclear AX spin systems are rather uncommon. An example of a 'H
AX system is dichloroacetaldehyde in isotropic solution:

Cl
H
cl //113 /
‘c——=C
/ \\ Figure 14.7
H o Dichloroacetaldehyde.

The isotopomers of this molecule potentially contain five types of magnetic spin: 'H, 3°Cl, ¥Cl, 13C
and 2H. The abundant *Cl and ¥ClI nuclei have a large electric quadrupole moment and relax rapidly.
As discussed in Section 17.3, these quadrupolar spins may be ignored. The isotopes *C and ?H occur
in low natural abundance. By far the most common isotopomer of dichloroacetaldehyde contains only
two magnetic nuclei, both protons. The two protons have very different chemical shifts due to the strong
electronegativity of the Clatoms. The chemical shift difference between the two protonsis §; — §, = 3.28 ppm
and their isotropic J-coupling is Ji, = 2.9 Hz.

The weak-coupling condition (Equation 14.19) is satisfied at all reasonable magnetic fields. For exam-
ple, if the proton Larmor frequency is |0®/27| = 500 MHz, then the chemical shift frequency difference is
3.28ppm x 500 MHz = 1.64 kHz, which is three orders of magnitude larger than 1 J;, = 1.45Hz.

A liquid sample of dichloroacetaldehyde, therefore, may be considered, to a good approximation, to
consist of an ensemble of identical 'H AX spin systems. The minor isotopomers containing *C or ?H spins
give rise to small additional spectral peaks, which are ignored here.®

14.5.3 Energy levels

If the general form of the weak-coupling condition (Equation 14.18) is satisfied, then the secular approximation
(see Appendix A.6) may be used to discard the flip-flop Hamiltonian term fﬁ(g. The spin Hamiltonian may
be approximated by the f/}\COA part alone:

70 07 07 Anf f
j‘CA = w I, + wzlzz + w122111121 (14.20)

where wf, = 7J1; + dip. An immediate consequence of weak coupling is that the Zeeman product states
{lecr), o), |Ber), | BB)} are also eigenstates of the spin Hamiltonian. The matrix representation of the weak-
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coupling Hamiltonian is given in Equation 14.7. The corresponding eigenequations are

Ferla) = Oaaloa)  Fplah) = woplaf)
FerlBe) = wpalfo)  FCaIBB) = wsplB)

where the energies of the states are given by

Woq = —I—%w? + %wg + %wfz
Wop = +%a)(1) - %a)g — %wﬁ
o = 0l + 50 — o
wpg = —%w? - %wg + %wﬁ (14.21)

The contributions to the energy levels of the weakly coupled spin pair are sketched in Figure 14.8. The
Zeeman interactions of the two spins with the magnetic field create a three-level structure, with the central
level being doubly degenerate. The different chemical shifts of the two spins, followed by the J-coupling
and the dipole-dipole coupling, break the degeneracy. In contrast to the magnetically equivalent case, the
J-coupling and the dipole-dipole coupling work in exactly the same way, and either reinforce each other
or partially cancel, depending on the relative signs.

_ ——sB)
E —— o’
— | M |pa)
—[oB)
— 0)0
Figure 14.8 —y ’oux)
Energy levels for a
Bt led ZEEMAN  ZEEMAN ZEEMAN ZEEMAN+
weakly coup +CS +CS+J CS+J+DD

spin-1/2 pair.

The figure above is not to scale; in reality, the splitting between the two central levels is far smaller than
the Zeeman splitting.

14.5.4 AXspectrum

The NMR spectrum of an AX system contains four peaks, corresponding to the four different (—1)-quantum
coherences in the AX spin ensemble, as shown in Figure 14.9. In general, the splitting between the compo-
nents of each doublet is Za){*2 = 21J12 + 2d1;. The splitting, therefore, contains a contribution from both the
J-coupling and the secular dipole-dipole coupling.
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ywnl
4| [Bor)
— " |oB) Figure 14.9
NMR spectrum
containing two
> | oc(x> doublets, generated by
42—: 42—: Q weakly coupled
et et spin-1/2 pairs.

In isotropic liquids, the secular dipole-dipole coupling vanishes. The splitting in this case is equal to
2mJi2 in radians per second. When written in hertz, the splitting is simply Ji». This is the origin of the
doublet multiplet structure introduced in Section 3.8.

The proton spectrum of dichloroacetaldehyde in solution is shown below. Note the splitting of 2.9 Hz in
each doublet:

Figure 14.10
. : . . . . . . Proton spectrum of
—-340 -330 -320 -310 310 320 330 340 dichloroacetaldehyde
Q2 [HzZ] in a field of 4.7 T.

14.5.5 Heteronuclear spin pairs

Heteronuclear spin pairs contain two nuclei of different isotopic types, e.g. a 1*C nucleus coupled to a 'H
nucleus. Since the Larmor frequency difference between different isotopes is very large, heteronuclear spin
pairs are always weakly coupled.

Notes

1. In general, two spins with the same chemical shift are only magnetically equivalent if the couplings to
other spins fulfil additional symmetry requirements. This subject is discussed in detail in Section 17.5.
The current chapter considers isolated pairs of spins, and neglects couplings to spins outside the pair.
In this context, spins with the same chemical shift are also magnetically equivalent.

2. Since the singlet states of spin-1/2 pairs behave as if they are spin-0 nuclei, they are non-magnetic and
have some unusual properties. In particular, these states are immune to many of the common relaxation
mechanisms and have very long lifetimes in some circumstances. Rather surprisingly, the long lifetimes
of singlet states may be exploited even if the spins are not magnetically equivalent. For example, see
M. Carravetta, O. G. Johannessen and M. H. Levitt, Phys. Rev. Lett. 92, 153003 (2004) and M. Carravetta
and M. H. Levitt, J. Am. Chem. Soc. 126, 6228-6229 (2004).
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3. See Chapter 13 Note 6.

4. The dipolar echo induced by a two-pulse sequence is sometimes called a solid echo. The terms dipolar
echo and solid echo are both rather misleading, since the echo formation is specific to well-separated pairs
of magnetically equivalent spins-1/2.

-0
5. Equation 14.19 does not ensure the validity of neglecting Hy under all experimental situations (see
Section 18.14).

6. Small additional peaks due to minor isotopomers are sometimes termed satellites. The same term has a
completely different meaning in the context of quadrupolar nuclei (see Chapter 13).

Exercises

14.1 In the original paper by G. E. Pake (J. Chem. Phys. 16, 327 (1948)), the distance between the protons in
water was estimated by measuring the 'H powder spectrum of gypsum (calcium sulfate dihydrate).
The splitting between the strong peaks in the Pake doublet was found to be 10.8 G (1.08 mT), in an
old-fashioned swept-field experiment.
(i) Show that the Pake splitting corresponds to 45.98 kHz in a modern NMR protocol.
(ii) Use this number to estimate the distance between the two protons in a water molecule.
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I now examine the dynamics of a homonuclear AX system in more detail.
Each molecule contains two spins-1/2, I and I, which are of the same isotopic type but with different
chemical shifts. The sketches below use different symbols to denote the inequivalence of the sites:

2

KQ\ Figure 15.1
A pair of coupled spins
k./ with different chemical
1 shifts.

In the following discussion, the spins are assumed to have a positive gyromagnetic ratio y. The chemical
shifts of the two sites are arranged in the order §; < ;. This implies that the resonances of spin I; appear
to the right of those of spins I, in a conventionally presented spectrum. The chemically shifted Larmor
frequencies ! and o) are defined in Equation 14.2, and are both negative, with o > 9.

For simplicity, an isotropic liquid phase is assumed. The diagonal part of the coupling term is therefore
given by w?, = nJi» (see Equation 14.6).

The spin system is assumed to satisfy Equation 14.19 and is therefore weakly coupled. The off-diagonal

coupling term f}TCOB is neglected, as described in Section 14.5.

15.1 Eigenstates and Energy Levels

The weakly coupled spin Hamiltonian for a spin-1/2 pair in isotropic liquids is given by

~0 N A A a
H =y, + 3o, + 21211 1. (15.1)

The Zeeman product states {|aa), |aB), |fer), | BB)} are eigenstates of the weakly coupled spin Hamiltonian,
as follows:

~0 ~0

H o) = wgglaa)  H |af) = wyplapf)
~0 ~0

H |Ba) = wps|fory  H |BB) = wpsl BB)

where the energies of the states are given in isotropic phase by

Spin Dynamics: Basics of Nuclear Magnetic Resonance, Second Edition Malcolm H. Levitt
© 2008 John Wiley & Sons, Ltd
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1 1 1
Woq = +§(1)1 + 5(,02 + Eﬂ]lz
1 1 1
Wep = +7w§) —W, —nJip
2 2 2
o) —lwo + la) 1JTJ
Bou 5 1 2 2 5 12
1 1 1

The energy level structure is sketched in Figure 14.8.
The four Zeeman product states are eigenstates of the total z-angular momentum operator /., with
eigenvalues denoted M. The corresponding eigenequations are

dlad) = Jo@) (Mo = +1)
Llap) = 0 (Muyp=0)
L|pa) = 0 (Mpy=0)
L1BB) = —1BB) (Mg = —1)

The two central energy levels have total z-angular momentum M = 0, and the two extreme energy levels
have M = +1.

15.2 Density Operator

In a real sample, such as dichloroacetaldehyde, there is a very large number of independent spin-pair
systems. The collection of independent, non-interacting spin pairs forms an ensemble of AX spin systems:

T
.

s i
-
AT
C\
5 L~
a ;: L ? 4 > :
] Figure 15.2
r ¥ b Ensemble of AX spin
k\ Lir‘ systems.

The quantum state of a spin-pair ensemble is constructed in just the same way as for non-interacting
spins. The density operator p is defined as

b=yl (15.3)

where the overbar denotes an average over all ensemble members.
The density matrix for the spin-pair ensemble may be constructed by multiplying the column and row
vectors in the usual way:
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Caa CoaCoe™  CaaCap”™  CaaCpa™  CaaCpp™
. Cap (Caa™, Cap’™, Cﬂa*v Cﬁﬁ* ) CapCac™  CapCop™  CupCpa™  CapCpp™
. Cha | e Catar Gt Cpua”
Cpp Cpplaa™  Cpplap”™  CppCpa”™  CppCpp”
As for non-interacting spins, I now introduce the ‘box notation’, and write the density matrix as follows:
o]
p= (15.4)
] |
= 1]

The four elements on the diagonal represent the populations of the four energy eigenstates. The 12 off-
diagonal elements represent coherences between pairs of states.

Although there are 16 elements in the density operator, they are not all independent of each other. The
four populations sum to unity, since the state of each spin pair is normalized:

P + Plpa] + Alap] + e = 1

The coherences appear in complex conjugate pairs:

= AE] = e
and so on. There are nine independent quantities in the density operator of the ensemble of spin-1/2 pairs.

The coherences are classified according to the difference in the quantum number M for the connected
states.

Coherences connecting states whose total z-angular momentum quantum numbers differ by one are
called (£1)-quantum coherences, or single-quantum coherences. Such coherences also arise for isolated spins-
1/2, as discussed in Chapter 11.

Coherences connecting states whose total z-angular momentum quantum numbers differ by two are
called (£2)-quantum coherences, or double-quantum coherences. Such coherences cannot arise for isolated
spins-1/2, but may exist for nuclei with / > 1 (see Chapter 13).

Coherences connecting states whose total z-angular momentum quantum numbers are the same are
called zero-quantum coherences. These coherences are a feature of coupled spin systems, and cannot arise for
isolated nuclei.

The term multiple-quantum coherence is used for coherences with orders not equal to 1. Zero-quantum
coherences are also classed as multiple-quantum coherences.

The ‘box notation” allows the coherence order to be determined by inspection. The order is the sum of
contributions from each symbol in the box, a ‘" contributing —1, a ‘+’ contributing +1, and ‘e’ and ‘8’ both
contribute zero. For example, populations such as have order zero, whereas is a (+2)-quantum
coherence.

It is sometimes convenient to use a pictorial representation of the populations and coherences. For ex-
ample, the term is defined as

= CoaCoa”™

and represents the (fractional) population of state |a). It may be depicted by ‘little balls’ sitting on the |or)
energy level:




372 Homonuclear AX System

' I
Figure 15.3
000000 | oor> The population of state
\ s |oeer).
The (—1)-quantum coherence is defined as
= CpaCan” (15.5)

It represents the coherent superposition of states |ae) and |Be). It may be represented on a diagram as an
arrow leading from state |ax) to state |Ba):

4 A

|Bo>

oo Figure 15.4
L N The coherence p=.

The arrow for a (—1)-quantum coherence points up for spins of positive y.

To understand the correspondence between the two sides of Equation 15.5, read the product cgy oo™
from right to left. The quantum number for the first spin changes in the negative direction on going from
right to left (from +1/2 to —1/2), hence the ‘—’ label. The quantum number for the second spin remains
unchanged at +1/2, hence the ‘e’ label. This is the significance of the box notation p—z). Similar arguments
apply to the box notation for the other populations and coherences.

Loosely speaking, the coherence may be referred to as a ‘(—1)-quantum coherence of spin I;, with
spin I, in the state |o)’. This language is misleading, since almost all spins in the ensemble are in superposition
states under ordinary circumstances. Nevertheless, the above terminology is a useful shorthand.

4 ™

—_— Figure 15.5
. =4 The coherence p7—.
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Figure 15.6 Representations of populations in an AX spin ensemble.

To continue: the zero-quantum coherence is defined as

= CapCpa’
It represents a coherent superposition of states |fa) and |o8). Its diagrammatic representation is shown in

Figure 15.5. Diagrammatic representations of all populations and coherences are shown in Figures 15.6 and
15.7.
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Figure 15.7 Representations of coherences in an AX spin ensemble.
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Figure 15.7 (Continued ).

15.3 Rotating Frame

The behaviour of the spin-pair system is analysed most conveniently in a rotating reference frame, in which
the action of the r.f. fields appears as simple as possible. The theory of the rotating frame may be developed
by extending the arguments given in Section 10.6 for non-interacting spins.

A rotating-frame spin density operator is defined as follows:

p = Ro(~0()PR-(+0(1)
where the rotating-frame transformation operator is
R.(®) = exp{—i®[} = exp{—i®(f1, + I2,)}
The rotation angle of the frame is given, as before, by
(1) = Wrefl + Pret

where the appropriate choices for wys and ¢res are discussed in Section 10.6.

The spin density operator evolves under the rotating-frame Hamiltonian X, given by

H = R~ D)FHR(P) — wret ], (15.6)

In the absence of an r.f. pulse, the rotating-frame spin Hamiltonian for the weakly coupled spin pair is

o 0~

HO = R, (—D)H R (D) — wretl.

This evaluates to

j‘vco = Q(l)ilz + Qgi2z + 2ﬂ]12ilzizz (157)

where the offset frequencies Q) and Q) represent differences between the chemically shifted Larmor fre-
quencies and the spectrometer reference frequency:

Q(l) = w? — Wref = _VBO(Sl - 8ref)
- BO(SZ - 8ref)

0 0
Q) = Wy — Wref
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As usual, 8, is the chemical shift corresponding to the spectrometer reference frequency, i.e. the exact
centre of the spectrum.

The rotating-frame Hamiltonian HO is exactly the same as the fixed-frame Hamiltonian, except with the
offset frequencies QJ and Q9 replacing the absolute Larmor frequencies o and 9. The eigenvalues of the
rotating-frame spin Hamiltonian are given by

1, 1, 1 1, 1, 1
Qaa:+*91+*92+*75~]12 Qﬂa:_*gl‘f'*ﬂz_*nju
2 2 2 2 2 2 15.8
1 1 1 1 1 1 (158)
0 0 0 0
Qaﬂ=+§§21—§§22—§n112 Qﬂﬂ:-igl—igz-i‘iﬂ']lz

The matrix representation of the weakly coupled spin Hamiltonian, in the absence of an r.f. field, is
Qo
A Qqp
Qg
$2pp

The rotating frame is assumed for the rest of this chapter. The tilde symbols are dropped.

15.4 Free Evolution

Suppose that the spin-pair ensemble has a certain state at time point @. The system is allowed to evolve
freely over an interval t, up to time point 3. We now investigate the relationship between the spin density
operators at these two time points.

T

T >
f‘;

é é Figure 15.8

e e Free precession of a spin

e L\ pair.

In the following discussion, I ignore relaxation.

15.4.1 Evolution of a spin pair

Consider a single spin pair, with a state [/) ) at the beginning of the free evolution interval. In general, the
spin pair is in a superposition of the four energy eigenstates:

Caa@
Cap@
Cha @)
cgp®@

where the superposition coefficients c,@ . . ., etc., are complex numbers.
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The Schrédinger equation for the spin pair is

d .~0
allﬁ) = —iJ |[¥)

where the rotating-frame Hamiltonian 5 is given by Equation 15.7.
The Schrodinger equation has the solution

Ve =T
where the operator U(z) is called the free evolution propagator, and is defined by

~ ~0
U(r) = exp{—iH 7}
The free evolution propagator has the following matrix representation:
exp{—iQq. T}
N 0 exp{—iQqp7}
U(r) = exp{—iH 1} =
exp{—iQ2p, 7}
exp{—iQps7}

Each superposition coefficient oscillates with a frequency equal to the energy of the corresponding eigen-
state:

Caa® = Caa@ exXp{—iQu0aT}
C}w@ = Ca/_z;@ exp{—iQa/gr}

15.4.2 Evolution of the coherences

Now consider the ensemble of very many spin pairs.

The evolution of the populations and coherences may be treated by reproducing the discussion in Section
11.7. In the absence of relaxation, the populations of the spin system remain unchanged over the interval 7.
The coherences rotate in the complex plane, according to the energy difference between the participating
states. In general, the following equation of motion applies:

Iors@ = prs@ exp{_i(Qr - Qx)t} (159)

~0
where ©, and Q; are the eigenvalues of H .

Prs

. Re
Figure 15.9

Free evolution of a
coherence.
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For example, the coherence involves the states |r) = |8B8) and |s) = |aB). The coherence, therefore,
evolves according to

PEE® = =g @ explii=gyT}
where the characteristic frequency 5 is
Q = —(Qﬁlg — Qa/g) = Q(l) — JTJ12

Similar equations apply for the other coherences. For completeness, the characteristic frequencies of all
coherences are listed here:

Q=7 = —(pp — Q) = N + 2

Q = —(Qﬁf; — Qaﬁ) = Q(l) —
Q = _(Qﬂa - Qoax) = Q? +mJi
—(Qﬁf; — Qﬁa) = Qg — 72'.]12

o)
]
Il

Q=] = —(Qup — Qo) = Q) + 712
Q=g = —(Qpa — Qop) = Q) —
Qi = —(Qup — Q) = —Q + Q)
Q) = —(Qup — Qpp) = — Q) + 72

(15.10)

Q] = —(Rue — o) = —Q — 712
Q) = —(Qpo — Qpp) = ) + 72
Qo] = —(Qua — Qp) = —Q5 —
Q) = (R — Qpp) = —Q) — )

Relaxation may be included in the evolution equations in a phenomenological way by adding a damping
term. The evolution of a (—1)-quantum coherence is written as

@ = 5@ exp{(iy—5 — 1)1}

where 1 is the damping rate constant (inverse of 7 for that particular coherence). In general, each of the six
independent coherences in the spin-pair ensemble has a different damping rate constant. For simplicity, I
assume here that all the damping rate constants are the same.!

The relaxation of the populations in a spin-pair ensemble is an important but complicated subject, which
is tackled in Chapter 20.

15.5 Spectrum of the AX System: Spin-Spin Splitting

Assume that an r.f. pulse sequence is applied to the spin-pair ensemble, and the NMR signal detected
afterwards. As always, the time point r = 0 is defined as the start of signal detection, i.e. just after the end of
the pulse sequence. The pulse sequence leads to a spin density operator p(0), which then evolves freely over
the subsequent time interval. The complex NMR signal emerging from the quadrature receiver is collected
and digitized. In this section, I consider the form of the NMR signal generated by the spin-pair ensemble,
and its relationship with the coherences existing at time t = 0.
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By repeating the arguments given in Appendix A.5, one gets the following relationship between the
quadrature NMR signal and the (—1)-quantum coherences of the spin system:

s(2) = 2i(o=5(1) + P=a(?) + pp=(1) + pa=(1)) exP{—idrec} (15.11)

Here, ¢.. is the overall signal phase shift in the receiver and digitizer, as discussed in Section 4.5.4.

For an ensemble of spin-1/2 pairs, there are four (—1)-quantum coherences, and hence four independent
contributions to the NMR signal.

The four (—1)-quantum coherences evolve in the rotating frame according to the following equations:

=0 = =g (0) expl(iQ=5 — M1}
P=a(t) = p=1(0) exp{(iQ=z] — )1}
p=](0) = pp=)(0) exp{(i= — M1}
pa=1(1) = pra=1(0) exp{(iQ=; — 1)1}

where Qg .- are the characteristic frequencies, given in Equation 15.10.
After FT, the NMR spectrum from the spin-pair ensemble contains four peaks:

S(Q) = aL (%2 Q, A) + aL (%2 Q, A)+
aL (2, Q, A) + aL (2; Q, A)

where the complex amplitude of each peak depends on the amplitude of the corresponding coherence at
the beginning of the detection period:

a—g] = 2ip—5)(0) exp{—igrec}  app] = 2ipE(0) exp{—idrec}
. . . . (15.12)
a—q] = 2ip=a)(0) exp{—idrec}  aa=) = 2ipa=(0) exp{—idrec}

Just as for the spin-1/2 case, the appearance of the spectral peaks depends on the phase of the complex
amplitudes. For example, if ar—pis real and positive, then the real part of S(2) contains a positive absorption
Lorentzian centred at Q2 = Q, and so on.

The peak frequencies correspond to the precession frequencies of the (—1)-quantum coherences in the
rotating frame, given by Equation 15.10. These frequencies may be deduced by inspection from the ‘box
notation’. The spin with a ‘" symbol contributes the chemical shift offset frequency, and the spin with an
‘a’ or ‘B’ symbol contributes plus or minus one-half of the J-coupling. For example, the coherence

generates a peak at the frequency Q = Q(l) — 1J1o, whereas the coherence generates a peak at the
frequency Q=) = Q) + /1.
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The spectrum, therefore, contains four peaks, two of which are near the chemical shift frequency Q? and
two of which are near the chemical shift frequency 3, with a ‘splitting” given by the J-coupling 27.J1.

The assignment of the peaks to particular coherences depends on the sign of the gyromagnetic ratio and
the sign of the J-coupling. In Figures 15.10 and 15.11, it is assumed that the gyromagnetic ratio y is positive,
so that the frequency axis increases from left to right.

In the case Ji, > 0, the peak assignments are as follows:

v>0 N

Goo) BT

J
Figure 15.10
Relationship between
the coherences and the

o o 0 spectrum for y > 0 and
2 1 le > 0.

The a-components are displaced towards positive frequency if the J-coupling is positive.
For Ji» < 0, the peaks are assigned as follows:

- ~
v>
T HanEl
N Do
[ ] [o-]
Y,

Figure 15.11
ﬂ n Relationship between
M the coherences and the
0 o spectrum for y > 0 and
“ R iz < 0.

>

The a-components are displaced towards negative frequency if the J-coupling is negative.
If the gyromagnetic ratio y is negative, then the frequency axis increases from right to left (see Section
3.5). The peak assignments are as follows:
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Figure 15.12
Relationship between
the coherences and the
spectrum for y > 0 and
Jio < 0.

Figure 15.13
Relationship between
the coherences and the
spectrum for y < 0 and
le < 0.
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As before, the a-components are displaced towards positive frequency if the J-coupling is positive, but are
displaced towards negative frequency if the J-coupling is negative.
This is the origin of the spectral splittings by J-couplings, described in Section 3.8.2

15.6  Product Operators

We now calculate the evolution of the spin-pair density operator through some r.f. pulse sequences.

Recall the treatment of non-interacting spins-1/2. In that case, spin dynamical calculations are performed
most conveniently by rotating the angular momentum operators 1, /, and I, in three-dimensional space,
as summarized in Section 11.8. During strong r.f. pulses, the spin angular momentum is rotated about axes
in the xy-plane of the rotating frame, according to the flip angles and phases of the pulses. During intervals
of free precession, the spin angular momentum is rotated about the z-axis, at the chemical shift frequency

in the rotating frame.
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For coupled spin systems, this technique is extended. Instead of rotating single angular momentum
operators, one must rotate products of angular momentum operators. The effect of spin—spin couplings
must be considered alongside the action of strong r.f. pulses and chemical shifts.

The product operator formalism is a calculation method for weakly coupled spin systems. It is most useful
for pulse sequences consisting of only two sorts of elements, i.e. very short r.f. pulses and free precession
intervals in which the r.f. field is turned completely off. In such cases, the product operator method of-
ten allows the dynamics of coupled spin systems to be calculated by simple geometrical arguments and
employing minimal mathematics.

In this section, the product operator method is applied to the homonuclear AX system.

15.6.1 Construction of product operators

The subject of product operators may be introduced through their matrix representations.
For an isolated spin-1/2, the four operators 11, I, I y and I. have the following matrix representations in

the basis {|a), |8)}:
1 0
—

1 /0 1\  q/0 1
IX = — Iy == =
2\1 o 2i\ 1 o

For the two-spin system, 16 product operators may be constructed through the following recipe:

~o
Il

1
)

operator for operator for
product operator ‘ =2 x|spin I x | spin I
(4 choices) (4 choices)

Examples of valid product operators for the two-spin system are 211, /5, and 211, /5,.
When 11 operators are involved, the product operator may be abbreviated; for example:
1~ 1~ 1~
22121, = -1
2712772

1. ~ .
2 E I 1112 =1 1z
The operators 1y, T, and T are entirely equivalent:

Li=L,=1

The subscripts 1 and 2 are useful for bookkeeping, but have no other significance in this context. Note
carefully that the implied summation

~

1=1,+1, (incorrect!)

does not hold for the unity operators.

It is advisable to retain the factors of two in product operators such as 211, /5, 211, 1>,. Do not group the
factors of two with any other numerical factors. Always use a consistent order for indices 1 and 2.

The matrix representations of the product operators may be constructed by taking the direct product of
the matrix representations of the individual operators:
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Example 1
o 101 o1 1 0 1/0 1 . 1 0
1l =2 5 5 =7
©2\1 0/ 2\0 -1/ 2\1 o0 0 -1
1 0 1 0
0 1
1 0 -1 0 -1
) 1 0 1 0
1 0
0 -1 0 -1
0 0 1 0
1 0 0 0 -1
21 0 o0 o0
0o -1 0 0
Example 2

0 1 0 1
1 0
1 -1 0 -1 0
28 0 1 0 1
0 1
-1 0 -1 0
0 1 0 0

0o 0 -1 0

The construction of the direct product should be self-explanatory from these examples: copies of the
second matrix are multiplied by the elements of the first matrix, and assembled into a larger matrix.

15.6.2 Populations and coherences
In general, the spin density operator may be expressed as a sum of product operator terms, i.e.

p=al+bl.+c2h o+ ... (15.13)

wherea, b, c, etc. are real numbers. The presence of a particular product operator term in the density operator
implies a certain configuration of the populations and the coherences.
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Example 1. The operator [, has a matrix representation of

-1

(omitting zero elements). If p contains a (positive) term [;,, then the populations of states |Bx) and |A8)
are depleted with respect to the populations of states |@8) and |ac). The product operator /7, indicates a
population differential across the single-quantum transitions of spin /i:

M oo )
' coeoen Figure 15.14
Population distribution
corresponding to a
enoecn density operator term
\ /‘ i 1z-

In this diagram, ‘hollow balls’ represent ‘negative populations’, and ‘filled balls” represent ‘positive popu-
lations’. The concept of a negative population is possible because we are only considering the contribution
of a single term to the density operator; when all terms are taken into account, the total population of each

state is always positive.
Example 2. The operator 27 1Zf 2. has a matrix representation of

If p contains a (positive) term 27, /5,, then the two central states o) and |f«) are depleted in population
with respect to the outer states |aa) and |88):

e 000000 !
o 3
axn Figure 15.15
Population distribution
corresponding to a
AR density operator term
\ /‘ Zi 1z f 2z

This population pattern is called two-spin Zeeman order.



Product Operators 385

Example 3. The operator —[1, has a matrix representation of

0 0 -1 0
L1 o 0 0 -1

Iy ==
R R 0
o 1 0 0

If p contains a term — 1, then the spin ensemble contains single-quantum coherences belonging to spin /;:

4 N

Figure 15.16 TR~ AN
Coherences

. +o
corresponding to a
density operator term ——

—Il)u o J

Single-quantum coherences are capable of inducing an NMR signal, so the presence of a term —I1, in the
density operator p(0) is associated with observable spectral peaks. For example, suppose that the receiver
phase shift ¢r.. is zero. If the density operator at the start of signal detection p(0) contains a component
proportional to —/y,, then the (—1)-quantum coherences (0) and p—=41(0) are proportional to (1/2i).
From Equation 15.12, FT of the signal generates a spectrum with two absorption peaks near the chemical
shift of spin I:

Figure 15.17

In-phase spectral

multiplet corresponding

to a density operator o .
term —1y,. Q Q

T
s

(This sketch is shown for the case of positive y and positive Ji,.) This spectral configuration is called an
in-phase multiplet of spin I.
Example 4. The operator —211, 15, has a matrix representation of

0 0 -1 0

4o o 0o 1
=201y, =
’ 2if1 0 0

0 -1 0 0

If p contains a term —27,15,, then the (—1)-quantum coherences and have opposite sign. The
spectrum obtained by Fourier transforming the signal displays two absorption peaks near the chemical
shift of spin I;, with the peak inverted in sign with respect to the peak:
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Figure 15.18
Antiphase spectral
T >0 multiplet corresponding
Q) Q ;
2 1 to a density operator

term —21A1yIA22.

This spectral configuration is called an antiphase multiplet of spin I.
An antiphase multiplet of spin I is produced by a density operator term —21,/5,.
Example 5. The operator 211, I, has a matrix representation of

1

-1

PO 1

211x12y = i

2i 1
-1

The presence of this operator as a component of p indicates that the spin ensemble contains zero- and
double-quantum coherences:

4 ™
==
(=4
Figure 15.19
F:] Coherences
corresponding to a

density operator term

% A 211,10y,

Unlike single-quantum coherences, zero- and double-quantum coherences do not induce NMR signals,
and hence cannot be associated with a particular configuration of peaks in the spectrum. These coherences
are important, nevertheless because they may be converted by r.f. pulses into single-quantum coherences,
which do induce signals.

It is also possible to use shift and projection operators to determine the configuration of populations and
coherences in a product operator term, without writing out the matrices. For example, suppose that the
density operator is

p=...4+r2h 4. ..
where r is a real number. The amplitude of the zero-quantum coherence may be calculated as follows:
1 .0 1 . .
s + _ f- + 4 f-
p=...Fr2s (1 _11)5 (IF+15)+...
L

2i
The coherence is the coefficient of f; I3 in the density operator, and is equal to —r/(2i) in this case.
Similar calculations may be made for any other population or coherence.

15.6.3 Spin orientations

What do the product operator terms mean physically?
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In this section, I draw schematic pictures of microscopic spin orientations for a few different members
of the ensemble. I distinguish between the two sets of spins by using a ‘ball” for spins 1 and a ‘square” for
spins 2. To bring out the features of each product operator, I have greatly exaggerated the preference of the
spins for particular configurations, which is sometimes misleading. In practice, the statistical tendencies are
exceedingly small (around 10~%), and would be invisible if drawn realistically.

Example 1. The operator I 1z- If the spin density operator contains a term I 1z, there is a net polarization of
spins I; along the magnetic field direction (z-axis). The polarizations of spins I, are isotropically distributed:

Figure 15.20
Microscopic spin
polarizations
corresponding to a
density operator term
I,.. Spins I, are shown
as spheres; spins I, are
shown as squares.

% A
PO
X R

4
K‘\qg éﬁ/f X =
k\
5 <+
= 4 ¢ ? S,
f X toos
¥ *

Example 2. The operator I,,. The presence of a term I, in the density operator implies that there is a
net polarization of spins I, along the magnetic field, and the polarizations of spins /; are isotropically
distributed:

21 5 A
B - 3

RS

Figure 15.21 5 [3

Microscopic spin 5 \

polarizations y 2 $ a
corresponding to a — /
density operator term | a «
Iy.. v

Example 3. The operator [1,. The presence of a term /1, in the density operator implies that the polarization
vectors of spins I tend to be aligned along the x-axis. The polarization vectors of spins I; have no preferential
orientation (see Figure 15.22).

The following examples introduce the new concept of correlations between the polarizations of the two
spins.

Example 4. The operator 271, /5,. The presence of the two-spin Zeeman order term 2/1, 1, in the density
operator implies that there is 110 net tendency for either of the spin species to be polarized along the z-axis.
Nevertheless, there is a correlation between the spin polarizations. Although the polarization direction for a
given spin /; is unpredictable, its neighbour I is likely to have the same direction of polarization along the
magnetic field, as shown in Figure 15.23. Note that the correlation only applies to the z-components of the
spin polarization vectors.
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The concept of correlation is subtle but important. The following analogy might help. Choose at random
a large number of married couples. Now pick blindly one married pair from this ‘ensemble’. There is no
way of predicting in advance whether the man is shorter or taller than the average. The same goes for the
woman. However, one may state with some confidence that if the man is shorter than the average, then so
is the woman. Similarly, if the chosen man is taller than the average, then the woman also tends to be taller.
This is because height is strongly correlated within married couples.

Something analogous is going on for a spin-pair ensemble in a density operator state containing the term
211, I»,. The z-components of the polarizations are randomly distributed, but correlated within each spin pair.

Example 5. The operator 271,15, The presence of the product operator term 201,05, implies a correlation
in the x-components of the spin polarizations:

- >
ave “«—
—> IR «{r
RON «— Figure 15.24
7 « «O- Microscopic spin
or L polarizations
- < Val corresponding to a
>y “« = d(;:'nsAity operator term
X - 21 1x I 2x-+

There is no individual tendency for either set of spins to be polarized in a particular direction. However, if
a given spin is polarized along +x, then its neighbour tends also to be polarized along +x. Similarly, if a
given spin is polarized along —x, then its neighbour tends also to be polarized along —x.



Thermal Equilibrium 389

There are also more complicated possibilites. For example, the presence of a term 2/, I, implies a
correlation of the z-components of the polarizations of spins I; with the x-components of the polarizations
of spins I, i.e. if a spin I; is polarized along the z-axis, then its neighbour tends to be polarized along the
x-axis, and so on. It is difficult to convey these properties accurately in a simple diagram, and I will not
attempt it.

The presence of a negative term —21Iy, 1>, in the spin density operator implies anticorrelation. The two
members of a spin pair tend to have opposite spin polarizations along the z-axis.

The above diagrams shed light on the physical significance of zero- and double-quantum coherences. It is
sometimes stated that multiple-quantum coherences are intrinsically quantum mechanical. This conclusion
is false. Zero- and double-quantum coherences are contained in product operator terms like 211,15, which
merely indicate certain modes of correlation of the transverse spin polarizations. Correlation is by no means
a quantum-mechanical concept, as illustrated by the married couple analogy given above.

In general, the spin density operator contains a sum of product operator terms, as in Equation 15.13. The
statistical distribution of the microscopic spin polarizations is therefore a superposition of the elemental
distributions described above. This is quite difficult to visualize, and an analogy may help again. A random
selection of people from a crowd includes single people as well as married couples. The married couples
display a correlation of characteristics, such as height (the two-spin terms, such as 20,1 2y); the single
people are, for the moment, uncorrelated with anyone else (the one-spin terms, such as I1;). A statistical
measurement of the entire population, without knowledge of marital status, displays a superposition of the
statistical properties of these two independent segments of the population. As time goes by, the interactions
between single people lead to the development of new correlated states, and also their destruction. These
phenomena also have their analogy in the world of the spins (see below).

15.7 Thermal Equilibrium

When the spin ensemble is left undisturbed for a sufficient amount of time, it adopts a state of thermal

equilibrium with respect to the molecular environment. The thermal equilibrium spin density operator

may be estimated by making use of the same assumptions as in Section 11.3, namely: (1) no coherences; (2)

populations determined by the Boltzmann distribution at the temperature of the molecular environment.
For example, the population of state |a«) in thermal equilibrium at temperature 7 is given by

eq exp{_hwaa/kBT}
= S exp(—hw,/ksT}

where kg is the Boltzmann constant and the sum is over all four eigenstates. Employing the high-temperature
appoximation (kg7 much greater than 1Q spin energy differences), the exponentials in this expression may
be written as

hwyy
ksT

exp{—hwae/kpT} =1 —

Since the sum of the fixed-frame energies is zero (see Equation 15.2):
Woq T Wpy + Wap + Wpg = 0
the sum in the denominator reduces to

> expl—hw,/ksT} = 4

5
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within the same level of approximation. The population of state |a) is therefore given by

eq ~ 1 1 Ay
0 = — —
4 kT

Now, from Equation 15.2, the energy of state |aw) is

1
Woa = Ew? + Ewg + Ejﬂlz

0 1 o 1
VB +—5vB (61+82) + 5T

Under ordinary circumstances, the second term is around five orders of magnitude smaller than the first,
and may be ignored for the purposes of estimating the thermal equilibrium populations. This is called the
high-field approximation. Within the twin approximations of high field and high temperature, the thermal
equilibrium population of state |a¢e) may be expressed as

eq
P

12

B

RNy

Ly
4

where the Boltzmann factor is defined as

hyB°
B =Y
kT

(15.14)

as before.
Repetition of these arguments gives the following values for the thermal equilibrium populations:

ood o~ 1 4 1153 ocd o~ 1
171 ~1
1 1 1
eq ~ - e ~ - _ -
1ef) = 3 =17 1"
which has the following form:
4
|Bez L0000
e Figure 15.25
COERED Thermal equilibrium
[oves populations in the AX
8 J spin ensemble.

The lowest energy state |ac) is the most populated; the highest energy state |88) is the least populated. The
two central energy states |«¢f) and |B«) are approximately degenerate and have the same populations in
thermal equilibrium.
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The thermal equilibrium density matrix, for an ensemble of spin-1/2 pairs, is therefore

1+ B
L !
4 1
1-B
or in operator form:

1~ 1 .

PPl = -1+ -BI,

p PRI
1~ 1 .

= 1+ Bl + (Bl (15.15)

This density operator may now be used as a starting point for product operator calculations of the spin
dynamics.

15.8 Radio-Frequency Pulses

Suppose that a strong, short, r.f. pulse is applied to the spin-pair ensemble:

wnut
Phase

_ ¥ ¢p N

o RN

Figure 15.26

Anr.f. pulse. Boloy

The flip angle of the pulse is 8, = wnut7p, where the nutation frequency wny: is the amplitude of the r.f. field,
measured in frequency units, and , is the duration of the pulse.

The pulse duration 7, is assumed to be short enough that the resonance offsets and J-coupling cause
negligible evolution during the pulse.

If these conditions are satisfied, then only the effect of the r.f. field during the pulse is important. The r.f.
field affects the two spins equally. For a pair of spins-1/2, the rotating-frame spin Hamiltonian during the
pulse is

Hp, = onye (1 cosdp + Iy sin ¢y

where

I first consider the effect of the pulse on a single spin pair, and then on an ensemble of spin pairs.
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15.8.1 Rotations of a single spin pair

Consider a single spin pair in a rotating-frame state |/) ) before the pulse. During the pulse, the spin state
evolves according to the time-dependent Schrodinger equation
with the solution

d S
allﬂ)(t) = i, |[¥) ()

W@ = Ro, (Bs) W)

where the rotation operator is

Ro, (Bp) = expl=iTGry)
be factorized:

Since all operators of spin I; commute with the operators of spin I, the spin-pair rotation operator may
Ry, (Bp) = Ri.g,(Bp) Ra.0,(Bp)
where the rotation operators for the individual spins are

Rig,(Bp) = expl—ify (I cos¢p + I1ysingyp)}

Ry ‘bP(ﬂp) = exp{_iﬁp (iZX cos ¢p + IAQ\ sin¢P)}

Repeating the discussion in Section 10.8, these rotation operators may be written as

IA€1,¢P(ﬂP) = 7312 (¢P) Telx (ﬂp)ﬁlz (_¢p)

where

Ri:(¢p) = expl-igph}
Ric(fp) = expl=ifpli)
and similarly for the operators of spin I,

tations of the rotation operators. The matrix representation of ﬁd, (ﬂp) is given by the direct product of the
individual rotation operators:

/R¢P ('BP) =R

It is possible to examine the effect of the pulse on an individual spin pair by using the matrix represen-

— isce_ — isce_
—isce, c? — 52
- —isce, —_ c?
—5%¢? —isce,  —iscey
using the abbreviations

¢ = cos iBp
s =sin 1B,

ey = exp{j:iqbp}

R —ise_ —ise_
R1,¢p(ﬂp) R2,¢p(ﬂp) =
—ise —ise,
2 s2e?

c

— isce_

— isce_

2
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For example, suppose that the spin pair is in the state |ea) and a pulse (1/2), is applied. The spin state
after the pulse may be calculated as follows:

1 —i —1i -1 1 1

|w> 1 —1 1 -1 —1 0 1 —1
@ —i -1 1 —i 0 —i
-1 —1i —1 1 0 -1

The pulse transforms the stationary state |e) into a superposition of all four stationary states:

1
@ = 5 llae) —ilap) —ilfe) — |AB)}

15.8.2 Rotations of the spin density operator

The transformation of the spin density operator by the r.f. pulse is easily calculated by the ‘sandwich
equation”:
f’@ = Ry, (ﬁp)f)@) Ry, (_ﬂp)
Consider, for example, the case where the spin density operator is initially in thermal equilibrium:
by = 214 2B (I +
P@ =1 +1 (11"‘1‘ ZZ)

If a strong (7/2), pulse is applied, then the state after the pulse may be calculated from the matrix represen-
tations:

1 —1i —1i -1 1+B 1 i i -1

1 —1 1 -1 —1 1 1 1 1 1 -1 1
_ = = x =

2 -1 1 —i| 4 1 205 -1 1 i

-1 —1 —1 1 1-B -1 i i 1

This may be identified as a representation of the operator:

N 1~ 1 ..
re =71~ ;B (hy + Iy)

The pulse rotates both z-operators by 7/2 around the x-axis, transforming them into —y-operators:
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Figure 15.27

A (m/2), pulse
transforms the thermal
equilibrium AX density
operator.

In a second example, consider an initial density operator of the form
fO@ = ...+}’2i1xi2y+...

where r is a real number. The matrix representation of 20,1 2y may be found in the usual way:

N

~>

iy

N)

~

I

N
N =
VR
— (e}
(e} —_
v

®
D=
N
— (e
o —
\—/

Il
12
(e} (e}
_ (e}
|
(e} —_
(e} (e}

The density operator contains zero- and double-quantum coherences.
The action of the pulse on the multiple-quantum coherences may be calculated as follows:

Ry(m/220, 1o, R\(~7/2) =

1 -1 -1 -1 00 01 1 i i =1
1 —1 1 -1 —i 00 -1 0 i 1 -1 i
= X X
8| i —1 1 —i 01 00 i -1 1 i
-1 —-i —i 1 -1 0 0 0 -1 i i 1
0 01 0
110 00 -1 1 /01 1/10 )
== =2= ® = =201,
211 00 o 2\10 2\0-1
0 -1 0 0

The multiple-quantum coherences are transformed by the pulse into antiphase single-quantum coherences.
A ‘rotation picture’ again clarifies this transformation:
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N
llz llz
n/2
N N
A ll y n lly
N
I22

IlX llx
(r/2),
ﬁ ,I\
2z
Figure 15.28
n/2

A (m/2), pulse A n
transforms the density i Ly B by
operator term 2/1, 1, 2x 2x

15.8.3 Operator transformations

The matrix multiplication scheme described above is straightforward, but clumsy. Much work is saved by
using the commutation relationships of the operators, rather than their matrix representations.

Consider, for example, the transformation of multiple-quantum coherences, as analysed above. The same
relationship may also be deduced in the following way:

Ro(71/2)211, 12y R (—7/2) = Rio(t/2)Rou(0/2) - 211, By - Ry (—70/2) Ron(—1/2)
= 2 Riu(/2) 1 Rix(=70/2) - Roo(/2) 2y Ron(—10/2)

The last step follows because all operators that act on spins I; commute with all operators acting on spins
b.
The first term in the product is given by

Ruc(/2) 11 Riy(—7/2) = I,

since the operator for a rotation around the x-axis commutes with ;.
The second term Ry, (1/2) 12y Ro.(—7/2) may be analysed using the cyclic commutation relationships of the
angular momentum operators for spin I:

[ho. Iy =if; O
As shown in Section 6.6.2, cyclic commutation leads to the following property:
/kzx (ﬂp) fzy/lézx (—ﬂp) = fzy CcOoS ﬂp + izz sin ,Bp
The transformation

ZilxIZy — Zilxi2z

follows easily.
The transformation rules for a pulse with phase ¢, = 0 (‘x-pulse’) may be depicted as
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g ; / ,\
’ Ly Figure 15.29
Transformation rules for
Lookmg dow a pulse with phase
the x-axis ¢p =0.
and summarized as follows:
%11 —> %11
iy =1
R o (15.16)
l1y — Iyycos Bp + 1, sin B
ilz — ilz COSﬁp — ily sinﬂp
and similarly for spin /.
The transformation rules for a pulse with phase ¢, = /2 ("y-pulse’) may be depicted as:
M
l,
Bp
A
A 11 ¥
A '!1 X A
"1 z ﬁp 1z
lix Iix 7] Figure 15.30
8 Iy y Transformation rules for
e Looking down a pulse with phase
the y-axis ¢p = 7/2.

and summarized as follows:



Free Evolution of the Product Operators 397

1 - %i\l

I:U — I:lx cos By — I, sin B, (15.17)
Iy — Iy,

I. — I, cos By, + I;sin B,

and similarly for spin /.

These transformations have a straightforward physical interpretation in terms of the microscopic polar-
ization states of the spins. For example, a density operator term proportional to /1, indicates a preferential
polarization of spins I; along the z-axis, uncorrelated with the states of spins I. A (7/2), pulse rotates all spin
polarizations around the y-axis through an angle of /2, so that spins /; become preferentially polarized
along the x-axis after the pulse, but are still uncorrelated with spins 1.

The transformation properties of the individual spin operators, for pulses of any phase, are summarized

in Section 11.8.

15.9 Free Evolution of the Product Operators

Now consider the free evolution of the spin density operator between the pulses. It is possible to perform
this calculation using the individual populations and coherences, as discussed in Section 15.4. However, in
many cases, the calculations are made more comfortable by using the cyclic commutation properties of the
product operators.

Assume that the spin density operator p) is known at a time point ), and that we want to calculate
it at a later time @. The two time points are separated by an interval t of free evolution in the absence of
applied r.f. fields.

If relaxation is ignored, the evolution may be calculated by the ‘sandwich equation”:

e =UObe U@
where
U= exp{—if(or}

~0
and J{ is the weakly coupled spin Hamiltonian in the rotating frame (Equation 15.7).
The spin Hamiltonian is the sum of three terms, all of which commute with each other:

~

0 ~0 =0 =0
H =H,+H,+Hy,

where
~0 0%
H, = Q1.
~0 0%
H, = Q1.
~0 A a
9{12 = 7T.]12 2111121
and

[5G, 36 = [, Foy] = [F6, Fp,] =0

From Equation 6.32, the evolution operator may be factorized into three commuting terms:
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U(7) = Uy(0)Un(1)Una(7) (15.18)

where
[171, ﬁz} = [y, /012] = [(72 U] =0

The mutual commutation of these terms implies that the product in Equation 15.18 may be written in any
order.
The term U; is the chemical shift propagator for spins I:

Up = exp{—iQt I1,} = Ry, (2)7) (15.19)

The term U is the chemical shift propagator for spins I:

Us = exp{—iS9t 5.} = Ro. (237) (15.20)

The term Uy, is the J-coupling propagator:

Uy = exp{—inJipt 211, 15.} (15.21)

The spin density operator at time point 3 may be calculated using any order for the three operations:
p@ = Un() U2(r) Di(@)pg Ur(2) ™ Ua(0)™! Una(@) ™
~—_—

chemical shift
of spin I

chemical shift of spin I,

spin—spin coupling
or
p@ = Un(®) Ui(x) a0 Ua(0)" Ui(0)" Una(e) ™

———
chemical shift of

spin I

chemical shift of spin I;

spin-spin coupling

or

b = Us(v) Ui(7) [712(T)f)@ U@ Ui() ™! Ua(e)™!

spin—spin coupling

chemical shift of spin I

chemical shift of spin I,

and so on. The order of the operations may be chosen according to the circumstances of the calculation.
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Using an obvious notation, these calculation methods may be denoted as follows:

0 0
R Ql‘f QZT TJipT

Pe PG

or alternatively:

0 0
QZT Qlt nJiptT

and so on.

15.9.1 Chemical shift evolution

The transformation of the density operator under the terms U and Uj is very similar to their transformations
under r.f. pulses. The only differences are: (1) the rotations occur around the z-axis, rather than around axes
in the xy-plane; (2) the rotation angles are different for the two spins.

The transformation rules may be summarized as

= Q.
3 1] — 2 ].
Iy ——— I,cos Q7+ Ih,sin Q0 (15.22)
Iy, ——— lycosQit— I, sinQJt
h, ——1I
and depicted as follows:
M
h,
ot
i
M 1},-
f1x
Sfir 1 1y
- A
e / \
L AE
Figure 15.31 ; Tix S—
Transformation rules for \ / /
the chemical shift Looking down

evolution of spins I;. the z-axis

Similar relationships apply for spin .
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For example, the chemical shift evolution of a density operator term Iy may be calculated as follows:

le
Qgt
le

0
QT

I, cos Q7 + I, sin Q)7
or written more formally:
U1 (2)Ua(0) 11, Up(2) U (1) 7! = T, cos Q97 + T, sin Q7

The result is the same if the operations are taken the other way round.
Similarly, the chemical shift evolution of the product operator term 20,1 2y may be calculated as follows:

21, Iy,
Q0
2 (11, cos Q)7 + I1, sin Q1) Iz,

0
QT

2711, (fzy cos Qgt — Iy, sin Qgr) cos Q(l)r

+211y (T2 cos QT — Iz, sin QJ7) sin Q)7
or more formally:
LA/1(t)lAlz(t)ZlAlez_\.LAlz(r)_llAll(r)_l = 2[1,15, cos Q% cos Q91 — 211,15, cos Q7 sin Q)7
+21A1yIA2y sin Q(l)t cos Qgr - 2f1yf2X sin Q(l)r sin Qgt

Remember that the action of the J-coupling is not yet included.
These transformations correspond to the independent precession of the spins around the z-axis at their
individual chemical shift offset frequencies.

15.9.2 J-coupling evolution

The action of the J-coupling introduces some new features. Density operator terms proportional to single-
spin operators such as I, are converted into two-spin terms such as 2F 1},IA 2., and vice versa. This indicates
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the creation, and destruction, of correlations between the spin polarizations, under the influence of the spin—spin
couplings.

The transformations of the product operator terms may be calculated from the following cyclic commu-
tation relationships, which apply to the spin-1/2 matrix representations:

=i2f. 1, O

. N A (15.23)
2]1xl22711\ = 1211112z O
2i11i2h A2y = izjlziZZ O
The cyclic commutation relationships may be depicted geometrically:
AN N N AN
(a) 2Ilzl22 (b) 2 llzl22
N N N N N N
1x 2 Il yl22 IZX 2IlzIZ y
ASEAN ZASEAN
(c) 2Ilzl22 (d) 2 llzl22
Figure 15.32 ll\ /,\
Cyclic commutation by 2
1 1 AN AN N N
relationships of product 51 o
1x'2z 1z'2x

operators.

Note the common pattern. In the right-handed axis system, with a z-operator along the vertical axis, an
x-operator is always placed on the left and a y-operator on the right. If the x-operator occurs in a product
with a z-operator on the left, then the z-operator is missing on the right. If the z-operator is missing on the
left, then the y-operator occurs in a product with a z-operator on the right. Note also that the operators
are always written with the indices 1 and 2 in the same order. This is not essential, but it simplifies the
bookkeeping.

Each of the diagrams above implies a geometrical representation of the product operator transformations.
For example, Figures 15.32a indicates the following transformations:

ﬁu(t)flxﬁu(r)‘l = ilx cosmJipT + Zilyizz sinwJipT

alz(T)Zil)jzzﬁlz(f)71 = Zilyizz CcOos 7TJ12‘L' — ilx sin 7'[]127.'
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which are conveniently notated as

Iy ——— I,cosmJiypt+ 211,15, sinmwJipt

2f1yizz E—— 2i1yi21 COS]Tle‘E— flxsmnhzr

N N
2IlzIZZ
nJ;,T
21, I,
N
le 1y2z
21, I, 21, I,
1y'2 1y'2
Y2z nle‘c yez
\ S
\ nler
[ [
A 1x A 1x
2llzl22 2llzl22
Looking down the

z-axis towards the origin

Similarly, Figure 15.32c indicates the following transformations:

TL’le‘L'

2i1xizz e 21A1xfp_ZCOS?TJ17_‘C+il}vsinﬂflz‘t

Iy, ——— IycosmJipt — 211y, sinmwJipT

Homonuclear AX System

Figure 15.33
Transformation rules for
the J-coupling (part 1).

These diagrams are shown for the case of positive Jip; if Ji» is negative, the rotation is in the opposite

sense.
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NN
2’12’22
nJ T
N
A A Ily
2’1)(’22

N N
l nJ, T l

\nle‘r
VAN VAN
2101 210 1

hon 1x2z AOA 1x'2z
2I12I22 2’12’22
Figure 15.34
Transformation rules for Looking down the
the J-coupling (part 2). z-axis towards the origin

These relationships indicate the creation and destruction of spin correlations by evolution in the presence
of the couplings. This works as follows on the microscopic level. In the presence of couplings, the magnetic
fields at the sites of spins I; depend on the instantaneous polarizations of the spins I,. The angle through
which spins I; precess over a certain interval depends, therefore, on the states of spins /. Over a period of
time, the transverse polarizations of spins I; develop a correlation with the longitudinal polarizations of spins
I,. The correlated spin state that develops corresponds to the presence of a density operator term 2/1,1>,.
The same correlation may also be destroyed by a continuation of the same mechanism.

To complete the picture of evolution under the J-coupling, one also needs the following commutation
relationships:®

Ii.1,, 1] =0
e T (15.24)
2f

This implies that the J-coupling does not cause any evolution of density operator terms such as 277, /5,:

IR w12t AN
211},12,( —— 211y12x

ZilxiZX EEE—— ZilxiZX

Double- and zero-quantum coherences do not evolve under the coupling between the two involved spins.
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We are now ready to complete the calculation of the free evolution of the density operator term [,

N

le
Qgt
le

0
QT

1y cos Q)7 + 1, sin Q7

7'[.]127.'

I1, cos Q(l)r cos wJipT + 11, sin Q(l)‘l,' costJ1pT

+211, 1>, cos Q7 sin wJiat — 211,12, sin Q7 sin /T
If the initial term is instead 2f7,f 2y, the free evolution transformations are instead:
201,01y
wJinT
211,15,
Q?r
211, 0py cos Q7 + 211, 1, sin Q07

0
19534

Pf 0 0 i gin QO 0
211,12y cos 27T cos Q57 + 211,15, sin Q7T cos Q57

PN 0. o 0 P
=211, 12, cos Qi sin Q51 — 211,15, sin Q77 sin Q57

Note that the term 2/, [ 2y is unchanged by the spin-spin coupling. This follows from the commutation
properties in Equation 15.24.
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15.9.3 Relaxation

The free evolution of the product operators also involves relaxation.

The relaxation of product operators that involve populations, such as I, and 21, I,, is rather complicated
in a coupled spin system. This subject is discussed further in Chapter 20.

The relaxation of product operators involving coherences is very simple if one assumes that all coherences
in the product operator relax with the same rate constant. One simply multiplies each product operator by
a decay factor of the form exp{—At}.

The simple assumption of identical coherence decay rate constants breaks down in some circumstances.
For example, this happens if the relaxation mechanisms are cross-correlated, as described in Section 20.8. A
more sophisticated treatment of the product operator evolution is necessary in that case.

In this book, I generally neglect the relaxation of the product operators in the intervals between pulses.

15.10 Spin Echo Sandwich

As indicated above, free evolution of product operators usually leads to an increase in complexity. Each
term splits up into many other terms. In addition, the final state is often strongly dependent on the chemical
shift values.

These features are often undesirable, but may be avoided by building pulse sequences around the fol-
lowing element:

A 2

Figure 15.35 r
A spin echo sandwich
of duration 7. i L

i.e. two intervals of free evolution, both of duration 7/2, ‘sandwiching’ a strong, short, pulse of flip angle
7 (in practice, the pulse is many orders of magnitude shorter than the precession intervals). This pulse
sequence element is called a spin echo sandwich (SES).

To a good approximation,* the state of the spins after the spin echo sandwich is the same as that produced
by the following fictitious sequence:

T

.
Figure 15.36 :

A short-cut for
calculating the

evolution under a

spin-echo sandwich.

i.e. a 7 pulse, followed by a full interval t of evolution under the J-couplings only.
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Mathematically, this implies that the spin echo sandwich propagator, given by
Uses = U(t/2)R(m)U(1/2)

may be written as

Uses = Upa(t)Ru(7) (15.25)

This property is proved in Appendix A.10.

By basing a pulse sequence upon spin echo sandwich elements, it is possible to make use of the J-
couplings without worrying about the precise values of the chemical shifts. The calculation of the spin
dynamics is easier, and the pulse sequences are more effective.

A further simplification may often be made. In many cases, the values of the J-couplings are rather well
known beforehand. For example, three-bond 'H-'H J-couplings are often around ~7.5Hz in conforma-
tionally mobile systems, and one-bond 'H-'3C J-couplings are around ~135Hz. Suppose that the total
duration of the spin echo sandwich 7 is set equal to the value

T=[(2J12)7 "

(The magnitude symbol is necessary, because Ji, may be negative, while t is always positive.) This implies
that = should be set close to the value 67 ms in the case of three-bond 'H-'H J-couplings, and close to the
value 3.7 ms in the case of one-bond 'H-'*C J-couplings.

If 7 is set to the value |(2J12) | and Ji is positive, then wJy,7 is equal to +7/2, and the transformations
of product operators by the J-coupling part of the propagator become simple:

R wJppt IR
[y —— 211}’121
IR wJppt R
211}'12z - —11x
R wJppt . s
Iy ——— 2Ii.1y
IR mJioT .
2helyy  —— ~ 2 for Jip > 0
PN wJint R 2
2l1dr;, ——— Iy
R wJit P
11\ —— _2le121
P wJiat .
20,1, ———> Iy
. wJiat N
Iy ——— =2Iy.15,

All other product operators are unchanged. To calculate the full effect of the spin echo sandwich, the 7 pulse
should be taken into account as well. If the = pulse has phase ¢, = 0, we get
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> TTx o wJiaT A
fiy —— 1w ——> 211,15,
21y I, L 20,1, Tt ~Ih
iZ\ Ty in wJiptT 5 Alz Az}
2l — e 20D, et g, for s = 0
Zilx AZz L’ —Zilxizz ﬂ» —]Al}
il\ L —[Al) ﬂ) Alx A27
ZilziZ)c L) _2i1zi2x ﬂ) _iZ)r
IAZ'V L) _iz}' ﬂ) Alz i2x

A spin echo sandwich with an appropriately chosen duration may, therefore, be used for the complete
conversion of uncorrelated spin states into correlated spin states, and vice versa. Spin echo sandwiches are
ubiquitous in liquid-state NMR. Some examples are given in Chapter 16.

If t = |(2J12)"Y and Jyy is negative, then 7 J,7 is equal to —7/2, and the transformations by the spin echo
sandwich have the opposite sign; for example:

Ly, ——— L ——— 20,
for le <0
PN Ty I wJi2t N
2Ily 2z I 211v 2z I +11x

Notes

1. Cross-correlation effects (see Section 20.8) may cause coherences such as and to relax with
different rate constants.

2. It is tempting to make the following “physical interpretation” of the splitting associated with the J-
coupling: the peak at frequency Q5 = Q) + /1, is associated with the precession of spins /1, with
spins I in the |a) state, whereas the peak at frequency Q—5) = QY — wJyp isassociated with the precession

of spins 11, with spins I, being in the |8) state. Spins in the |&) state shift the magnetic field experienced
by their neighbours in one direction, and spins in the | 8) state shift the magnetic field of their neighbours
in the opposite direction.

Although this argument is tempting, it must be wrong, since most of the spin pairs in the ensemble
are actually in superposition states, with spin polarization vectors pointing in arbitrary directions. The
discussion given in this chapter explains the appearance of the spectral splittings from the Schrédinger
equation while avoiding the unrealistic assumption that the spins are only in states |«) or |8).

3. The last two cyclic commutation relationships in Equation 15.24 only apply to spins-1/2 and may be
derived by multiplying out the matrix representations.

4. See Appendix A.10 for a general treatment of spin echo sandwiches.
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Further Reading

¢ For more product operator theory, see: R. R. Ernst, G. Bodenhausen and A. Wokaun, Principles of Nuclear
Magnetic Resonance in One and Two Dimensions, Clarendon Press, Oxford, 1987; M. Goldman, Quantum De-
scription of High-Resolution NMR in Liquids, Clarendon Press, Oxford, 1988; ]. Cavanagh, W. J. Fairbrother,
A. G. Palmer and N. J. Skelton, Protein NMR Spectroscopy. Principles and Practice, Academic, New York,
1996; and J. Keeler, Understanding NMR Spectroscopy, Wiley, Chichester, 2005.

Exercises

15.1 This exercise concerns the transformation of a single population in an AX spin system. Suppose
that the spin ensemble is only populated in the single state |aw), i.e.

1 0 0 O

0 0 0 O
ﬁ =
0 0 0 O
0 0 0 O
() What is the density operator after a strong (/2), pulse?
(ii) What is the density operator after a pulse with phase 7/2 and an arbitrary flip angle g?
(iii) Suppose that the flip angle 8 is very small, and ignore all terms that have a power of 3 or higher in

B after the pulse. Which coherences are excited by the pulse to first order in 82 Which coherences are
excited by the pulse to second order in B? Suggest a pattern for these observations.
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This chapter discusses some practical NMR experiments on coupled spins in isotropic liquids. For simplicity,
I assume that the experiments are conducted on weakly coupled AX systems.

16.1  COSY

16.1.1 The assignment problem

Suppose that the sample contains a mixture of two different compounds, each with a different AX spin
system, but with identical J-couplings. The NMR spectrum would have the following appearance:

Figure 16.1
| | }\ ‘ | l A ‘ An ambiguous
JOL S M J\_.'lL__.._ one-dimensional
Q spectrum.

Clearly, this spectrum has a number of different interpretations. The peaks might belong to the different
spin systems as follows:

| Possibility 1
U

Substance 1 LA

ALY JUI

»
Substance 2 -
L] :
JUA . Figure 16.2
Q

One interpretation.

or

Spin Dynamics: Basics of Nuclear Magnetic Resonance, Second Edition Malcolm H. Levitt
© 2008 John Wiley & Sons, Ltd
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Possibility 2
Substance 1

Substance 2

JJ M . Figure 16.3

A second interpretation.

or perhaps:

Possibility 3

Substance 1

B | U | S

Substance 2

Bl I,

A third interpretation.

It is not possible to distinguish between these interpretations by examining the one-dimensional NMR
spectrum alone.

If the compounds are known, then chemical shift values may provide some clues. However, in many
cases, chemical shifts do not provide an unambiguous answer.

The above example illustrates the assignment problem. The one-dimensional NMR spectrum provides no
indication as to which NMR peaks originate in the same spin system, and which originate in different spin
systems.

Ideally, one would like a ‘correlation map’, indicating pictorially which peaks ‘belong together’. The
‘correlation maps’ for the three possible peak assignments all look different:

@ M e e e e e

Figure 16.5 Correlation maps for (a) the first interpretation, (b) the second interpretation and (c) the third inter-
pretation.

In this section, we investigate a simple two-dimensional NMR technique, called correlation spectroscopy
(COSY), that provides such experimental correlation maps, indicating the correct assignment of peaks.
COSY is now an essential tool in the NMR of complex molecules.
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16.1.2 COSY pulse sequence

COSY was the first two-dimensional NMR experiment, described by the Belgian scientist Jean Jeener in
1971, but never published in a scientific journal. Fortunately, a graduate student of R. R. Ernst took detailed
notes of Jeener’s sketchy conference report. Ernst’s group took up the idea and developed multidimensional
spectroscopy into an immensely powerful and versatile range of methods (while giving full credit to Jeener!).
Ernst was awarded the Nobel Prize in 1991.

The pulse sequence for COSY is very simple. It contains just two /2 pulses, separated by a variable delay
t1. The experiment is conducted in the usual arrayed fashion:

@),

Figure 16.6
COSY pulse sequence:
‘cosine’ version.

This two-dimensional pulse sequence provides the ‘cosine” two-dimensional data matrix s*(#, ;) in the
States procedure (see Section 5.9.4). The ‘sine’ data matrix is obtained by using the same pulse sequence,
but with a —7/2 phase shift of the first pulse:!

(7/ 2)y (/2),
7] ] ty

Figure 16.7 i >
COSY pulse sequence: 5 )/ t

‘sine’ version.

The two data matrices are combined and Fourier transformed as in Section 5.9.4 to obtain the two-
dimensional spectrum S(€21, ).

16.1.3 Theory of COSY: coherence interpretation

Consider an ensemble of AX spin systems, subjected to the ‘cosine’ pulse sequence, in which the phases of
the pulses are both zero.
The density operator is transformed by the first 7/2 pulse as follows:

p@ =0 = I+ I
(70/2),

P@ = —hy - I,

omitting the unity operator and unnecessary constants.
The density operator after the first pulse PG may be written in terms of shift and projection operators
as follows:
. 1. ., 1. .4
p@ = 511124-511[24—

The (—1)-quantum coherences immediately after the first pulse are therefore given by:
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1 1
=@ =5 =@ =5
1 1

Q=5 M@=y

The first pulse may be thought of as generating a branching ‘tree” of (-1)-quantum coherences:

(1t/2)y

Figure 16.8
Generation of
coherences by the first
pulse in COSY.

® EEFERRER

During the interval #, the coherences evolve at their characteristic frequencies. At time point 3, just
before the second 7/2 pulse, the (—1)-quantum coherences have the following amplitudes:

1 1

rea® = 5 el -4 nt A ® = 5 expl(i%ag —2) 1)
1 1

@ = % exp{(iQ — Mt} @ = % exp{(iQ — Mt}

where the characteristic frequencies of the coherences are given in Equation 15.10. I have assumed that all
the decay constants X are the same, for the sake of simplicity.
The spin density operator at time point (3 is therefore given by

., 1 _ o | N
’® =5 exp{(i=g — ) n} 7 1§ + - expllig — My Py

i.e. one term for each of the excited coherences. In the ‘tree’ picture, the #; evolution causes each branch to
‘grow’, without branching any further:

[B-]
(1),
[B+]
Figure 16.9
@ Evolution of coherences
® during #.

Let us take just one of these branches and examine how it gives rise to an NMR signal in the period after
the second /2 pulse.

The fate of the coherence p=z1(® may be examined by evaluating the following transformation:

R (/)1 I§R(~7/2)
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This is conveniently evaluated by using the matrix representations. The matrix representation of the rotation
operator R, (7/2) is

~ L1 A g /1 A\ |- 1 -1 i
Ry(m/2) = — ® —= ==
V2\sio1) V2 \4 1) 2 4 a1 1 i

1 —i —1i -1 0 0 0 0
R A -1 1 -1 —1i 0 0 0 0
R (m/2)I] I5R(—7/2) = =
—1i -1 1 —i 1 0 0 0
-1 —1i —1 1 0 0 0 0
1 i i -1 —-i 1 1 i

This indicates that the pulse transforms the single coherence into every other population and coherence
in the spin system:

(/2), 1 1 1 1
Y = Rt ) Rt e o

Each ‘branch’ of the ‘tree’ forks again into many different ‘twigs’:

:
® EEFEERERE]

Figure 16.10

Branching of coherences
induced by the second
pulse in COSY.

The process by which a single coherence is converted by an r.f. pulse into one or more different coherences
is called coherence transfer.
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Let us concentrate for the moment on a single ‘twig’ of the ‘tree’, corresponding to the following coherence
transfer history:

(7/2), (/2),
P —
The NMR signal component from this single ‘twig’ will be denoted

S=a)-[a= (1, 12)

The signal generated by this single coherence transfer pathway is proportional to (1) the efficiency with
which the coherence is excited by the first r.f. pulse, (2) the amplitude factor accumulated by the
coherence during its evolution in the #; period, (3) the amplitude for conversion of the coherence
into by the second /2 pulse, (4) the amplitude factor accumulated by the coherence during its
evolution in the #, period, and (5) a factor 2i coming from the quadrature detection process.? By combining
all these factors we get the following result:

1 . 1 . .
s_)(tl, 1) = <21) X exp{(1§2 — A) 1} x (—4) X exp{(1£2 - A) 1} x (2i)
giving
1
_,(l‘l, tz) = —1 exp{(iQ — )\,) h+ (iQ — )\,) tz}

We have seen this type of two-dimensional signal in Section 5.9. After two-dimensional FT, we get
a two-dimensional spectrum with a peak at the frequency coordinates (1, 22) = (=}, Q@=7)- Since the
frequency of coherence is Q== Q(l) + mJ12, and the frequency of coherence is Qo= Qg + wJ1o,
this contribution to the two-dimensional spectrum has the following appearance:

o
| | I |
| |
S NI
Q]
-
[ Peak

Figure 16.11
A single peak in a
- COSY spectrum.

Q

This is only one ‘twig’ of the ‘tree’. In fact, every coherence in the spin system is converted into every other
coherence by the second 7/2 pulse. When the signal is summed over all ‘twigs’, we get a two-dimensional
spectrum with a peak in every possible place, as shown in Figure 16.12.

Peaks with the same frequency in the two dimensions are called diagonal peaks (they lie on the dashed
line in the plot above). Peaks with different frequency in the two dimensions are called cross-peaks.
In general, diagonal peaks are not particularly informative, whereas cross-peaks carry useful informa-
tion.

The phases of the COSY peaks (indicated by the shading) are discussed below.
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‘o oe

Figure 16.12
All peaks in the COSY .
spectrum of an AX Y 1 Q
ensemble. diagonal peak cross-peaks 2

Now consider the situation in which there are two different types of AX system in the sample. Each type
of AX system generates its own ‘tree” and its own two-dimensional correlation map. But since coherences are
not transferred between different molecules, it is not possible to generate two-dimensional peaks connecting
signals belonging to different spin systems. If ‘possibility 1" is the correct assignment, as in Figure 16.2, then
the two-dimensional COSY spectrum of a mixture of two AX spin systems has the following form:

e

oce (X J
O (X J
(X J oe
(X J O

Figure 16.13

The form of the COSY 98 o

spectrum for two AX o0 Oo g
o0 O

systems.

This is precisely the sort of two-dimensional correlation map that I tried to motivate at the beginning of this
section.

16.1.4 Product operator interpretation

It is possible to calculate the details of the COSY spectrum by repeating the calculation above for every
coherence in the system. However, a more economical interpretation of COSY is obtained using product
operators. Consider again the ‘cosine’ pulse sequence (Figure 16.6). The spin density operator after the first
pulse is given by

N

p@ = _Ily - iZ)-



416 Experiments on AX Systems

omitting the unity operator and the numerical factors. The product operator evolution rules in Section 15.9
may be used to write down the density operator at the end of the #; interval, time point 3@:

A COS

e = —fly cos(Q?tl) cos(mJioty) + 211, 1o, Cos(Q?n) sin(mJiot1)
+11, sin(Q911) cos(mwiatr) + 211, 1o, sin(Q)#1) sin(rwJizt1)
—i2y COS(lel) COS(?Tletl) + Zilzizx COS(Qg[l) sin(n]lztl)

+1, sin(Qgtl) cos(mJioty) + Zilz IAzy SiI’l(le‘l) sin(mJi2t1) (16.1)

This is a superposition of in-phase single-quantum terms (/1,, I1,, I, and I5,) and antiphase single-quantum
terms (21\1},7\22, 2i1xi21, 2i12i2y and Zilzizx).
This density operator is transformed by the (7/2), pulse according to the rules given in Section 15.8:

bc@os = —1I1, cos(Q)11) cos(mintr) — 211, Ip, cos(Q2911) sin(rwJintr)
+11, sin(Q(lJtl) cos(mJinty) — ZIAlzlAzy sin(Q(l]tl) sin(mJiot1)
— I, cos(Q911) cos(wJiaty) — 211, 12, cos(Q11) sin(rJiat)
+15, sin(Qgtl) cos(mwJioty) — 2f1), izz sin(Qgtl) sin(mJi2t1)
In order to analyse the NMR signal, we need only consider the single-quantum terms:
i)gs = 11, sin(Q11) cos(wJ1atr) — 211, I, sin(Q911) sin(wJ1211)
+15, sin(Qgtl) cos(mJioty) — 2f1yfzz sin(Qgtl) sin(Jioty) + ... (16.2)

If we repeat the calculation for the ‘sine” pulse sequence (Figure 16.7), we get

Asin

g = . COS(Q?H) cos(wJiotr) + 211, IA2), cos(Q?tl) sin(mJiot1)
—izx COS(Qgﬁ) COS(7T.112I1) + 2i1yizz COS(lel) sin(nletl) + ... (163)

Examine in detail the second terms in Equations 16.2 and 16.3:

,?)C@DOS = —2i1zi2y Sin(Q?ll) sin(wJipty) + . ..
fJSI@n = —I—Zilzfzy COS(Q?l‘l) sin(wJipt) + . ..

Standard trigonometric identities may be used to write these terms as follows:

5 s 1
Py = —2heloy x5 {cos ((Q) — mh2)t1) — cos ((} + wh)n) } + ...

P = ~2helo % {sin (@7 = wh2)n) —sin (A + 7)) } + .. (16.4)

These terms display the appropriate cosine and sine amplitude modulations for the two pulse sequences,
as required in the States procedure (Section 5.9.4). The frequency of these modulations is QY + 7J1,, with
the two components having opposite sign. In addition, the density operator term —2/;,1>, implies an
antiphase absorption peak, centred around frequency ) in the Q, dimension. Equation 16.4, therefore,
signifies a doubly antiphase cross-peak, in which each component has pure absorption phase, after States data
processing. An expansion of the cross-peak is shown on the following page:
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Figure 16.14
The form of a COSY o
cross-peak multiplet. 2

If one examines the fourth terms in Equations 16.2 and 16.3, one finds another doubly antiphase pure
absorption cross-peak, but this time centred at frequency coordinates (221, ;) = (Qg, Q(l)).

The first and third terms in Equations 16.2 and 16.3 do not work out so comfortably. These terms describe
diagonal and near-diagonal peaks, and are given by

e = I sin(@in) cos(w/ion) + ...

bsé_ﬁ = — I, cos(Qn) cos(Jian) + ...

Trigonometric identities give

: .1
P = T x 5 {—cos((Q) + wh2)tr) — cos((Q) — mJ)t) } + . .. (16.5)

Everything is wrong here. We have sine modulations with respect to #; in the ‘cosine” data set, and we
have cosine modulations with respect to #; in the ‘sine’ data set. Furthermore, the I1, terms in the density
operator indicate dispersion peaks in the Q, dimension, instead of absorption peaks. As a result, the States
procedure does not work at all for these peaks. States data processing, as described in Section 5.9.4, gives
the following shape for the diagonal peak:

1
Re{Sstates (21, Q2)} = ED(QU Q) — mJ12, )D(Q; Q) — w12, )

1
+§:D(91; Q) + 7o, ND(Q; Q) — 712, )

1
+ ED(Ql; Q(l) —wJio, )L)@(Qz; Q(l) + mJip, )»)

1
+ ED(QN Q) + w12, \)D(Q; Q) + 712, 1)

which appears as follows:
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Figure 16.15

The form of a COSY
diagonal-peak
multiplet.

Q,

The ugly double-dispersion appearance of the diagonal peaks is a drawback of the original COSY pulse
sequence. The long dispersion tails of the diagonal peaks tend to obscure any nearby cross-peaks.

A variant called double-quantum-filtered COSY provides absorption lineshapes for both the diagonal peaks
and the cross-peaks, and is usually used in practice (see Exercise 16.2).

16.1.5 Experimental examples

Figure 16.16 shows an experimental COSY spectrum of an organic molecule in solution. It would be an
exceedingly difficult task to assign all of the NMR peaks in such a complex spectrum without the aid of
two-dimensional spectra.

Apart from being more informative, two-dimensional spectra have the advantage of being much less
crowded than one-dimensional spectra. There is much more room in a two-dimensional spectral plane
compared with the one-dimensional frequency axis of a one-dimensional NMR spectrum. The chance
of peaks landing on top of each other is greatly reduced in two dimensions. Figure 16.17 shows the
'H double-quantum-filtered COSY spectrum of a medium-sized protein molecule in aqueous solution
(the huge water resonance is visible as an ugly vertical stripe). The protein contains approximately 1000
non-equivalent proton sites.

Although the use of two-dimensional spectroscopy greatly reduces the problems caused by overlapping
peaks, the spectra of biological molecules are still often too crowded. Figure 16.17 displays several spectral
regions in which the peaks assignments remain problematic. In the NMR of large molecules, it is fairly usual
to record three- or higher-dimensional NMR spectra in order to reduce the spectral crowding further.

16.2 INADEQUATE

The pulse sequence INADEQUATE was designed by Ad Bax and co-workers in 1980. The ironical acronym
stands for ‘Incredible Natural Abundance Double Quantum Technique’. The aim of this pulse sequence is
to suppress signals from isolated 13C spins, allowing the selective detection of NMR signals from very rare
molecules containing natural pairs of *C atoms.

16.2.1 3C isotopomers

As background to this method, consider a sample of ordinary ethanol (CH3CH,OH). There are two C sites
in each molecule, which are occupied by either 1*C or '2C nuclei, according to their natural abundances.
The natural abundance of >C (spin = 0) is ~98.9%; the natural abundance of 3C (spin-1/2) is ~1.1%. An
ethanol molecule has four carbon isotopomers:
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Figure 16.16 Experimental 'H COSY spectrum of an organic molecule in solution. Adapted from A. E. Derome,
Modern NMR Techniques in Chemistry Research, Pergamon Press, Oxford, 1990, p. 192. Copyright 1990, Elsevier
Science.
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Figure 16.17 Experimental 'H COSY spectrum of a medium-sized biomolecule in solution (the C-terminal domain
of rat ERp29 protein). The protein contains 120 amino acid residues. A long interval of weak r.f. irradiation at the
water proton Larmor frequency (‘presaturation’) was applied before the start of the pulse sequence to suppress
the water proton signals. The residual water signal is visible as a strong vertical band in the centre of the spectrum.

Thanks to E. Liepinsh and G. Otting for supplying this spectrum.
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* Species I. >*CH;3'2CH,OH; both C sites are occupied by >C nuclei.

e Species II. >*CH;3'>CH,OH; the CHj site is occupied by 3C and the CHj site is occupied by '2C.
e Species I1I. >*CH;3'*CH,OH; the CHj site is occupied by 1?C and the CHj site is occupied by 3C.
* Species IV. BCH;3'3CH,OH; both C sites are occupied by *C nuclei.

The relative abundances of these isotopomers may be calculated as follows. Suppose that the fractional
abundance of 1*C is x, and that of ?C is 1 — x. The fractional abundance of species I is equal to the probability
that the CHj site is occupied by '2C, multiplied by the probability that the CH} site is also occupied by 12C.
This probability is

Pr=(1—x)(1—x)=97.81%
using the value x = 1.1%.
Similarly, the fractional abundance of species II is equal to the probability that the CHj site is occupied
by *C, multiplied by the probability that the CH, site is occupied by 2C:
P = (1 —x)x =1.09%
and likewise for the fractional abundance of species III:
P = x(l — x) =1.09%
The fractional abundance of the 1*C, species IV is equal to:
Pry = x” = 0.012%
This means that only around 1 out of every 10000 ethanol molecules contains two *C spins.
Since the dominant isotopomer I contains no 13C spins, the *C spectrum of ethanol is dominated by
signals from the isotopomers II and IIL If the 'H spins are decoupled by an r.. field at the proton Larmor
frequency, each of these isotopomers contributes a single spectral peak, at the chemical shift of the 1*C site.

Isotopomer II gives a peak at the chemical shift of spins in the ethanol CHj site, and isotopomer III gives a
peak at the chemical shift of spins in the ethanol CH, site:

H H
H

oAt
H OH

Q
Figure 16.18
Ethanol isotopomers 11 H H
and IIT and their m H 7& M
'H-decoupled *C H on :

spectra.

The rare isotopomer IV contains two *C spins, which form a homonuclear AX system in the presence of
proton decoupling. The J-coupling between the *C spins is around 50 Hz. This isotopomer contributes a
four-line spectral pattern:



422 Experiments on AX Systems

H H .
/_H Figure 16.19
v H %A?f h A % 100 A A Ethanol isotopomer IV
H OH and its 'H-decoupled
Q

BBC spectrum.

(The spectrum is shown at 100 times magnification). The total spectrum therefore consists of two large peaks
from the relatively common isotopomers II and III, and four very small satellite peaks generated by the rare

isotopomer IV:
11 I}
A A Figure 16.20
Q

Total 'H-decoupled C
spectrum of ethanol.

In practice, the satellite peaks are extremely difficult to observe, since the main peaks are ~200 times larger.
(A factor of 100 comes from the relative abundances of the isotopomers, and a further factor of 2 comes
from the fact that the 1*C, peaks are split by the J-coupling.)

INADEQUATE is a method that supresses the main peaks, which come from non-interacting spins-1/2.
Only ‘satellite” signals from the rare spin-1/2 pairs appear in the final spectrum.

7 8 a
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@)  HO : 0
5Bt C-3 C8 C-6a C-9
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C-4 caal ||ce
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Figure 16.21 13C spectra of the compound shown in (a) (a small amount of a paramagnetic relaxation agent was
added to the solution in order to decrease the waiting interval between transients). (b) Proton-decoupled *C
spectrum. (c) Expanded sections of the *C INADEQUATE spectrum, showing the antiphase 1°C, satellites. The
data were taken over 16 h on 1.2 g of material in a field of 9.4 T. Adapted from J. Buddrus and H. Bauer, Angew.
Chem. Int. Ed. Engl. 26, 625 (1987). (Reproduced by permission of Wiley-VCH.)
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An experimental example is given in Figure 16.21, which shows the INADEQUATE spectrum of a sample
in which each molecule has 10 inequivalent carbon sites. In this case, there are 45 possible 1*C, isotopomers
(10C2 = 10!/(2! 8!) = 45), each giving four satellite signals. The experimental INADEQUATE spectrum at
the top of the figure displays many such 3C; signals. The satellite signals are invisible in the conventional
13C spectrum in Figure 16.21b.

The satellite peaks produced by INADEQUATE have a characteristic antiphase configuration. We will
see why soon.

Why is the observation of satellite signals useful? First, the observation of 13C, satellites allows the
measurement of 13C-13C J-couplings. These couplings, especially longer-range couplings, often provide
useful information as to the geometry of the molecules. Second, the examination of 13C, satellite spectra
assists greatly in the assignment of the >C spectrum: molecules with many carbon sites provide a spectrum
with many 1*C peaks, and it is not always possible to decide which peak belongs to which site. By observing
the ¥*C-13C couplings, one may figure out which carbon site is a neighbour to which other site.

16.2.2 Pulse sequence

The INADEQUATE pulse sequence is as follows:

— Decouple —

(7/2) 5, (71')_¢2 (m2) 6, (/2) %,

S 7/2 7/2 ¢rec

Figure 16.22
INADEQUATE pulse t
sequence. L L

The 'H r.f. fields are denoted I, and the 13C r.f. fields are denoted S.

The pulse sequence on the 3C spins consists of three pulses of flip angle /2 and one pulse of flip angle .
The last two /2 pulses follow each other almost immediately; it is only necessary to wait a few microseconds
for the r.f. phase shift to be implemented.

The first part of the pulse sequence involves a spin echo sandwich with duration z. The interval 7 is chosen
to match the 13C-'3C coupling constant, according to

T=[(2J2)7"

One-bond *C-13C couplings are often around +50 Hz, so the value of 7 is approximately 10 ms. The pulse
sequence intervals, therefore, are 7/2 = 5ms. However, one should be aware that the values of one-bond
13C-13C coupling constants vary considerably from compound to compound, so that the figure of 5ms is
only a rough estimate.

Irradiation is applied at the 'H Larmor frequency throughout the sequence and the observation interval, in
order to decouple the *C spins from the protons. In addition, one normally applies low-level 'H irradiation
for several seconds before the start of the 1*C pulse sequence. This enhances the *C magnetization through
the NOE, as discussed in Section 20.5.

As usual, the pulse sequence is not drawn to scale along the time axis. In practice, the durations of the
pulses are much smaller than the intervals between the pulses, and the 'H irradiation before the sequence
lasts much longer than anything else.
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Table 16.1 A four-step phase cycle (n = 4) appropriate for the

INADEQUATE experiment.

Cycle counter m o) o &3 o Prec
0 0 0 0 /2 0

1 0 0 0 b4 3m/2
2 0 0 0 3r/2 b4

3 0 0 0 0 /2

The phases of the 1BC pulses are denoted ¢1, ¢, ¢3 and ¢4. The signal is detected using a receiver phase
shift ¢rc. These phases are subject to a phase cycle, as described in Section 5.3. A series of independent
experiments is performed, with different values for the pulse phases ¢ ... ¢4 and receiver phase ¢re.. The
signals from these different experiments are added together.

A simple phase cycle suitable for the INADEQUATE experiment is shown in Table 16.1. The symbol n is
used for the number of steps in the phase cycle (n = 4 in this case) and the symbol m is used for the phase
cycle counter. This may be calculated from the transient counter Mt = 0, 1, 2, 3, 4, 5. . . through the following
formula:

m = mod (M, 4)

The phase cycle counter, therefore, runsm =0, 1,2, 3,0, 1,2..., implying that the phase cycle is to be read
from top-to-bottom, top-to-bottom, etc., until a complete number of phase cycle steps is completed. The
number of acquired transients must be a multiple of 4.

In the cycle shown, only the phase ¢, of the last pulse and the receiver phase ¢y.. change during the phase
cycle. Some longer and more sophisticated phase cycles are presented in Appendix A.11.

16.2.3 Theory of INADEQUATE

We now calculate the spectral peak amplitudes generated by the INADEQUATE pulse sequence. For sim-
plicity, the effects of relaxation are ignored.

As described in Section 15.10, the operation of the pulse sequence may be analysed using the simplified
form shown in Figure 16.23, which uses phases given in the first row of Table 16.1. Conceptually, the 7 pulse
in the centre of the spin echo sandwich is shifted to the beginning of that period, where it merges with the
first w/2 pulse to form one pulse of flip angle 37/2, followed by an interval z, in which only the J-couplings
are active.

The calculation is conducted in two parts: First for isolated spin signals and then for two-spin signals.
We wish to demonstrate that isolated spin signals are destroyed, whereas the signals from spin pairs build
up.

1. Isolated spin signals. Consider, first, the signals from the one-spin systems (the dominant 3C; iso-
topomers). The initial density operator is given by

1~ 1 .
ﬁ@ = §1+€NOE§BIZ

where enok is the nuclear Overhauser enhancement factor brought about by 'H irradiation before the start
of each experiment (see Section 20.5). Typically, enog ~ 2.
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Figure 16.23
Conceptual
simplification of the @?
INADEQUATE pulse
sequence.

The density operator may be written in a simplified form, leaving out the unity operator and numerical
factors:

o) ~ I

This notation is loose but convenient.
The evolution of the density operator up to time point & runs as follows:

,b@ =p% = iz
(37/2),
b@ = +iy
T

(chemical shifts suppressed)

ﬁ@ = +iv
(/2),
Ib@ = iz

The 7 interval has no effect for isolated spins-1/2, since there are no J-couplings.



426 Experiments on AX Systems

The phase of the next pulse depends on the step in the phase cycle. Let Z)g] denote the density operator

at time point &), for phase cycle step m.
For m = 0, the phase of the last pulse is ¢4 = /2, leading to

(7/2),

b =1 P =1
For the other phase cycle steps, we get different final states:
R /2
Py — P = Iy
5 (/2 A[2] ;
P — P = —1;
(/2), N

g — b=

Time point §) is the start of signal detection, defined as usual ¢ = 0. The amplitudes of the (—1)-quantum
coherence at this time are deduced from the density operator in the usual way:

1 1

[0] [2]

= =3 =@ =-3
1

1
[1] _ -
O =5 AZO =+;
The amplitude of the spectral peak is given by the equation:
a= 21IOE]@ exp{_i¢rec}

The receiver phase ¢r.. depends on the step in the phase cycle, according to Table 16.1. The peak amplitude
for each step in the phase cycle must be worked out individually. For example, for the phase cycle step
m = 1, the signal amplitude works out as

all = 21;%@ exp{—i37/2} = —

The results for all the phase cycle steps are

a =i ad? =i

all=—i  aBl=—

The average phase-cycled peak amplitude is therefore identically zero:

3

12 JM _ o

4
m=0

This is the expected result. The signals from isolated spins cancel out.
2. Two-spin signals. Turning now to the calculation of the two-spin signals, the initial density operator
may be written strictly as
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b =1 'B (h.+1
PO =g +€NOEZ ( 1z + 2z)
where enor is the nuclear Overhauser enhancement factor. For simplicity, use the loose form:

b@ ~h. + I

The propagation of the spin-pair density operator up to time point @ runs as follows:

(7/2),

b@ = 20 Doy + 211, 1,

This assumes that the interval 7 is exactly matched to the J-coupling, T = |(2J12)7}|, and J1 > 0.

For the spin-pair system, the density operator at time point (@ corresponds to a state of correlated spin
polarizations. If the last two terms are expanded in terms of shift operators, we get

Zilxizy —|—2i1yi2x = —liTi; +1i1_i2_ (166)
This indicates the presence of double-quantum coherences at time point @:

E® =i
—® =i

The presence of double-quantum coherences at the junction of the last two pulses is crucial for the operation
of the pulse sequence.
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For the moment, we proceed by calculating the individual result of each step in the phase cycle.
The state of the spin-pair ensemble after the last pulse, for each of the phase cycle steps, is

r@ T P = ~2hlzy — 21 1o

@ ﬂ’ ,5[(% = 20,0, — 211,15,

P@ ﬂ’ A% =2l Iy + 211,15,

@ ﬂ, % =200y, + 201,15, (16.7)

All of these density operators correspond to states of antiphase transverse magnetization, as discussed
in Section 15.6.

Each spin-pair ensemble has four (—1)-quantum coherences and generates four spectral peaks. Consider
for the moment the peak associated with the coherence g—5]. The amplitude of this coherence at the end
of the pulse sequence, for each of the four steps of the phase cycle, is given by

o et ae L
2 2 (16.8)
1 1 '
L A
2 2

The amplitude of this peak, in the successive experiments, is given by

[ _ [ (21 _ B _ _4 16.9
CATEA TR T A (169)

taking into account the changing values of ¢ on the different steps of the cycle.
This peak has the same amplitude for the four different experiments, despite the fact that the phases of
the pulses and the receiver are different. The average phase-cycled amplitude is therefore:

3
1
=1 > dm = (16.10)
m=0

The arguments may be repeated for the other three coherences, which have phase-cycled amplitudes:

am +1
=1
A = +1 (16.11)

The INADEQUATE spectrum from the two-spin systems, therefore, has a characteristic antiphase
appearance:
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.
Figure 16.24
Appearance of the
INADEQUATE Q
spectrum of a two-spin
system. (B-] ]

These antiphase doublets are very visible in experimental spectra, such as that shown in Figure 16.21.

16.2.4 Coherence transfer pathways and phase cycling

The participation of double-quantum coherences at time point @ is very important for the operation of
INADEQUATE. The history of coherence orders during the pulse sequence may be emphasized by drawing
a coherence transfer pathway diagram, as introduced in Section 12.2.6. For INADEQUATE, this diagram appears
as follows:

72 T /2 72
’7 7/2 ’7 7/2
> R L

O t
Figure 16.25 5
Coherence transfer 1 0 < e @
pathway diagram for -1, >
INADEQUATE.

The pathway starts at order 0, corresponding to thermal equilibrium. The first 7/2 pulse excites (£1)-
quantum coherences, which evolve in the first t/2 interval. The 7 pulse inverts the coherence orders, as may
be seen through properties such as

Ry R (=) = [T 1

The second 7/2 pulse converts the single-quantum coherences into double-quantum coherences. The branch-
ing of the pathway indicates that both (£2)-quantum coherences are generated, and that each of the (£1)-
quantum coherences contributes to each of the double-quantum orders. The double-quantum coherences are
immediately converted back into single-quantum coherences by the last /2 pulse. All pathways terminate
at level —1, to indicate quadrature detection of the NMR signal.

As proved in Appendix A.11, the only signals that survive the phase cycle given in Table 16.1 pass
through (£2)-quantum coherence during the short interval between the last two m/2 pulses. This allows
the theory of the experiment to be greatly abbreviated, since one only needs to calculate the first step
in the phase cycle. The theory in Appendix A.11 proves that (i) the signals from the other phase cycle
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steps are the same, providing that the density operator elements correspond to (£2)-quantum coherences
at time point @, and (ii) signals passing through all other density operator components at time point @
vanish.

Using this point of view, the calculation up to time point @ may be repeated for the spin-pair signals:

ﬁ@ = :beq = ilz + iZZ
(37/2),
ﬁ@ = ily + i2y

nJipT

pa) = —2f1 0y, — 211,15 (16.12)
(70/2),
lb@ = ZilxiZy + ZilinX

allow only | (£2)-quantum coherences

I?)@ = 2i1xi2y + Zilin)c

The density operator term 271,15, + 211,15, passes through the final step unscathed, since it contains only
(£2)-quantum coherences (Equation 16.6).
The first step of the phase cycle may be used to continue the calculation:

b@ = 20 0oy + 210, 1o,
(70/2),

ﬁ@ = _2i1zi2y - ZilinZ
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As described in Section 15.6, these terms represent antiphase absorption peaks for both spins. The form of
the INADEQUATE spectrum may, therefore, be deduced without the laborious step-by-step calculations of
Equations 16.7-16.11.

This approach is even more powerful for the single-spin signals. Since isolated spins-1/2 cannot support
double-quantum coherences, those signals are completely destroyed by the phase cycle. Formally, we get

>
I
R
()
Qa
I
~>
&

(37/2),

>
®
Il
~
=

7 | (chemical shifts suppressed)

ﬁ@ = i)
(7/2),
i)@ = iz

allow only | (£2)-quantum coherences

This conclusion remains valid even if the r.f. pulses are imperfect or if there is relaxation in the intervals
between pulses.

16.2.5 Two-dimensional INADEQUATE

The INADEQUATE experiment is easily extended to a very useful two-dimensional form by inserting a
variable evolution interval #; between the last two 7/2 pulses. In spin-pair systems, the double-quantum
coherences evolve during this interval, before being converted into observable (—1)-quantum coherences
by the last /2 pulse:
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|
— DECOUPLE >
(m/2),, (m), (w2),,  (n2),,
S B /2 >
Figure 16.26
L Two-dimensional
INADEQUATE pulse

sequence and the
transformations of
populations and
coherences.

A phase cycle suitable for the two-dimensional INADEQUATE experiment is given in Table 16.2. It is the
same as in the one-dimensional experiment, except for an additional phase shift of the first three pulses,
which is used in the States procedure for obtaining pure absorption two-dimensional lineshapes (see Section
5.9.4).

The operation of the first part of the ‘cosine” pulse sequence is as follows:

wJipT

ﬁ‘@m =211, Ioy + 211,15,

where the superscript ‘cos’ refers to the ‘cosine” pulse sequence (¥ = 0 in Table 16.2).
The phase cycling selects only (£2)-quantum coherences at this point, which leaves this particular density
operator unscathed. All signals from isolated spins-1/2 are suppressed.
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Table 16.2 A four-step phase cycle (n = 4) appropriate for the two-dimensional
INADEQUATE experiment. The phase W is equal to zero for the ‘cosine’ data
set in the States procedure, whereas W = —7/4 for the ‘sine’ data set in the States
procedure.!

Cycle counter m 1 [0 o3 on Prec
0 v v v /2 0

1 v v v b4 3m/2
2 v v v 37/2 ™

3 v v v 0 /2

The evolution during the # interval may be calculated according to the principles in Section 15.9:

Ibc@os =20y + 211 1o,

,?)%JDS = (Zilxizy + Zilyizx) Ccos ((Q? + Qg)l‘l)
— (2hfoe — 211, 1) sin (29 + Q9)n)

Note that the double-quantum evolution proceeds as the sum of the two chemical shift frequencies and is
independent of the J-coupling.
The final /2 pulse transforms the spin-pair density operator as follows:

P = (2D, + 21,12 cos (2 + 2)n)
— (2f1da — 201, By sin (@0 + QD))

(/2),

,?)EZ)S = — (2f1. 1y + 211, 15) cos ((2) + Q9)11)
— (2i1zizz — 2i1yi2y) sin ((Q(l) + Qg)l‘l)

Only the first term in ,?)C(g)s contains observable single-quantum coherences. For the purpose of the final NMR

signal, the density operator may therefore be simplified as follows:
Py = = (2heloy + 21y I2:) cos (24 + Q) + .. (16.13)

The observable operators generate antiphase multiplets, as in the one-dimensional experiment. Note the
cosine modulation of the signal with respect to the evolution interval #.
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If the calculation is repeated for the ‘sine’ pulse sequence in the States procedure! (¥ = —n/4 in
Table 16.2), we get

;3555 = — (2I. Loy + 211, 1p;) sin ((QF + Q)n) + ... (16.14)

In this case, the signal has a sine modulation with respect to the evolution interval #.
For a single AX system, States data processing (Section 5.9.4) of the cosine and sine two-dimensional data
sets gives a two-dimensional spectrum of the following form:

Figure 16.27
Two-dimensional
INADEQUATE
spectrum of a single AX
spin ensemble.

The peaks are in positive and negative pure absorption, and appear at the double-quantum frequency
QY + Q) in the ©;-dimension.

Note that the double-quantum coherences are not directly observable, but are observed indirectly in the
two-dimensional experiment by transforming them into observable (—1)-quantum coherences using a m/2
pulse. The modulations of the observable signals reveal the existence of the ‘hidden’ (+2)-quantum coher-
ences during the #; interval.

If the two-dimensional INADEQUATE experiment is performed on a sample containing many AX sys-

tems (e.g. the natural *C-'3C isotopomers of an organic compound containing more than two carbon sites),
then the two-dimensional spectrum has the following appearance:
The two-dimensional peaks are symmetrically disposed about the ‘double-quantum diagonal’ (the dashed
line Q; = 29, in Figure 16.28). A practical example of a two-dimensional *C INADEQUATE spectrum of
an organic compound is given in Figure 16.29. Such two-dimensional INADEQUATE spectra are extremely
useful for assigning *C spectra and deducing the molecular structure.
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Figure 16.28

Form of the
two-dimensional
INADEQUATE
spectrum for many *C,
pairs.
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Figure16.29 Two-dimensional INADEQUATE 3C spectrum of a sucrose solution. The conventional **C spectrum
at the top of the plot was assigned by noting which resonances are linked in the double-quantum *C spectrum.
Adapted from A. Bax, R. Freeman, T. A. Frenkiel and M. H. Levitt, ]. Magn. Reson. 43, 478 (1981). Copyright,

Academic Press.
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The main drawback of the INADEQUATE experiment, as applied to 1>C in natural abundance, is its very
low sensitivity, due to the extreme rarity of the natural '*C, isotopomers. In most cases, the experiment
requires large quantities of material in order to obtain sufficient signal.

16.3 INEPT

16.3.1 The sensitivity of nuclear isotopes

In general, nuclear isotopes with high gyromagnetic ratio y are easier to observe than those with small y
values. There are several reasons for this:

1. The nuclear magnetic moment is proportional to y. A large value of y implies strongly magnetic spins,
a large macroscopic magnetic moment, and a strong NMR signal.

2. The magnitude of the nuclear Larmor frequency is proportional to y. The induced current in the coil
is proportional to the rate of change of the magnetic moment, so the strength of the NMR signal is
proportional to the Larmor frequency (see Appendix A.5).

3. At thermal equilibrium, the Boltzmann polarization of the spins in the magnetic field is proportional to
the Zeeman energy level splitting, which is also proportional to y.

4. Strongly magnetic spins couple strongly to the molecular environment, and tend to have shorter values
of T;. This allows experiments to be repeated more quickly, in order to enhance the signal-to-noise ratio
(see Section 5.2).3

One factor that works in the opposite sense is:

5. Empirically, the noise generated by electrons in the coil is approximately proportional to the square root
of the frequency.

Overall, these factors lead to the following rough dependence of signal-to-noise ratio on y and field B° (see
Note 4):

signal/noise o ly|>/2(B°)%/2 (16.15)

For example, a certain number of 'H nuclei provide a signal-to-noise ratio that is about 300 times larger
than an equal number of N nuclei, at the same magnetic field. This implies that one needs about 100 000
times longer to acquire a >N spectrum with the same signal-to-noise ratio as a 'H spectrum, even if the
number of spins is the same in the two cases.

In this section, I discuss a method for transferring polarization from the strongly magnetic proton spins
to the weakly magnetic >N nuclei, using the J-couplings between the spins. This gets around factors 3
and 4 in the list above. After polarization transfer, the magnetization of the >N nuclei depends not on the
5N y-value but on that of the bonded protons. For 1°N, polarization transfer from neighbouring 'H nuclei
enhances the NMR signal by a factor of up to |y(*H)/y(**N)| = 10. In addition, experiments may be repeated
at a rate set by the T; values of the protons, rather than those of the N spins, which are usually longer.
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This corresponds to more than a 100-fold decrease in the experimental time required to obtain the same
signal-to-noise ratio.

One of the most popular pulse sequences for achieving this signal enhancement is called INEPT (Insen-
sitive Nuclei Enhanced by Polarization Transfer).’

16.3.2 INEPT pulse sequence

The basic INEPT pulse sequence is as follows:

(m/2), (1) (/2 ly

I ’7‘ 2 | | —‘

Y

(7T (m’i’.]x

A
Y

Figure 16.30 N Jm}\/\/v—rb

Pulse sequence for
INEPT. _—

This is a heteronuclear pulse sequence involving synchronized r.f. irradiation on two spectrometer channels.
We use the convention that I denotes the high-y species and S denotes the low y-species. In the case of 'H
and ®N, the I-spins are protons and the S-spins are >N nuclei.

Several of the pulses are shown as simultaneous on the two channels. In practice, it does not matter if
the pulses are really simultaneous or if one pulse slightly precedes the other (in any order).

The first part of the pulse sequence is a spin echo sandwich. The sandwich looks a little different here,
because it is applied to a heteronuclear system. Nevertheless, as shown in Appendix A.10.4, it is possible
to apply the conclusions of Section 15.10, as long as the 7 pulses are applied to both channels. The INEPT
pulse sequence may, therefore, be analysed by using the following simplified form:

(3m2) (@2),,

|
1 e 3l
J-couplings
Figure 16.31 S r

Equivalent pulse L
sequence for INEPT.

The interval t is chosen to be equal to
T =1Q2/is)7"]

where Jjs is the J-coupling (in hertz) between the two spins. In the case of directly bonded 'H and °N
spins in biomolecules, the J-coupling is usually around J;s = —93 Hz, so the pulse sequence intervals 7/2
should be set to a value around 2.7 ms.
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The spin density operator at time point () corresponds to thermal equilibrium. For a heteronuclear
two-spin system, this is given by

. 1~ 1. 1.

where B; and B are the Boltzmann factors of the two spin species:

B _ ysB
ks T ST kT

B, (16.17)

and y; and ys are the gyromagnetic ratios. In the case of I ='H and S ='°N, the Boltzmann factors are
related by B; = —10Bs.

The density operator may be propagated through the pulse sequence, using the fact that pulses on the
I-channel only rotate the polarizations of the I-spins, and similarly for the pulses on the S-channel. For
example, the effect of the first two pulses is as follows:

1~ 1. 1_ .
o = -1+ -B;I, + —BgS,
P@ 1 +4 1~+4 §9z

(37/2)!

. 1~ 1. 1.
P = g1+ gBily+ gBsS:

by = —14+ -B,; I, — -BsS.
P® 4+41, 408

The effect of the spin echo sandwich may be calculated using the results of Section 15.10. If J;g is negative

(the usual situation for 'H and °N spins) and the delay 7 is set to the value [2J 15|71, then the angle 7 Jys is
equal to —m/2. The calculation continues as follows:

b = 1T+ 1B, — LBgd
p@—i‘i‘ily_i.?z

J;sT (J-couplings only)
1~ 1 1

b = —1+ ~B;21.8, — ~BsS,
) 4+41 e T U8

The last two /2 pulses rotate the spin species about different axes. The result is
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X 1~ 1 .. 1.
P@ = g1+ B2LS: - BsS.

47 4

(m/2);

1~ 1. .. 1 .

-1--B;2[.5. - -B

g1 B2l = BsS

(m/2)?

~ 1 .. 1.

b = -1+ -B,2L.8 ~BsS, 16.18
p@ 4 + 4 1 z9y + 4 S ) ( )

——
transferred non-transferred

The ‘transferred’ term corresponds to antiphase S-spin magnetization, and is proportional to the Boltzmann
factor of spin I. The ‘non-transferred’ term corresponds to negative in-phase S-spin magnetization, and is
proportional to the Boltzmann factor of spin S. The resulting °N spectrum is a superposition of both of
these components, and appears as follows for the directly bonded 'H-°N case (see Note 6):

Transferred

¢ Non-transferred

Q ﬁ

5 Total Figure 16.32
Components of the
INEPT spectrum for the

case of a 'TH-15N system.

Note that the transferred signal is much larger than the non-transferred signal, and is in antiphase. Figure
16.33 shows some experimental INEPT spectra, which display the expected enhancement.
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Figure 16.33 Experimental natural-abundance '°N spectra of a small peptide in solution; the same instrument
time was used for each spectrum. (a) The °N signals were excited using a single /2 pulse and observed without
a proton decoupling field. (b) The °N signals were excited using a single /2 pulse and observed with a proton
decoupling field. In both cases, the N signals are almost invisible. (c) The INEPT pulse sequence was used to
enhance the ®N magnetization by polarization transfer from the J-coupled protons. (d) The refocused INEPT
pulse sequence was used and the signals were observed with 'H decoupling. Adapted from G. A. Morris, J. Am.
Chem. Soc. 102, 428 (1980), copyright, the American Chemical Society.

16.3.3 Refocused INEPT

In many cases, it is desirable to observe the S-spin signal in the presence of decoupling irradiation of the /-
spins. As described in Section 3.9, this simplifies the spectrum and further enhances the signal, by collapsing
split signal components into a single resonance.

It is not possible to decouple the INEPT-enhanced signal simply by applying an /-spin decoupling field
under the acquisition interval, starting at time point @. The decoupling field would simply collapse the J-
splitting and cause the enhanced antiphase signals to cancel out. The only part of the spectrum that survives
the decoupling is the in-phase non-transferred component:

B=]

< A INEPT-enhanced

Q
Figure 16.34
'H decoupling of an
INEPT spectrum

< Y Decoupled destroys the transferred

Q

antiphase component.
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In order to allow decoupling, it is necessary to refocus the enhanced antiphase components, so that they
are brought back into phase again. This may be done by adding another spin echo sandwich to the pulse
sequence. The refocused INEPT pulse sequence is as follows:

(7/2) @ (7r/2) y %
I ’7 7/2 7/2 7/2 7/2
L M Decouple |
(m, #2);, ()
. S
Figure 16.35
Refocused INEPT pulse t
sequence. L L] L

Apart from the additional spin echo sandwich, the phase of one of the S-spin pulses has been changed. This
modification allows one to produce enhanced spectra in absorption phase.
The pulse sequence may be analysed by using the standard simplifications for the spin echo sandwiches:

Gu2), @), (1),

>
>

J-couplings - J-couplings
only (”/Z)y(”)x only

Decouple [

]

(€%
s_ | I
i o & t
Figure 16.36 3
Equivalent refocused
INEPT pulse sequence. @

The propagation of the density operator through the last part of the pulse sequence is as follows:

) - 1 .. 1.,
p@ = 11+EB]2[XSZ— ZBSSZ

(/2 (/25

1~ 1 N 1.
0 = -1+ -B,;2/.5, + -BsS;
P@ 1 +4 1218 +4 s
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mJist (J-couplings only)

A 1~ 1. 1 ..
Pe = g1+ S — g Bs2LS,
N—— ——

transferred non-transferred

The “transferred’ term corresponds to in-phase S-spin magnetization and is proportional to the Boltzmann
factor of spin I. It gives rise to a positive in-phase signal (see Note 6). The ‘non-transferred’ term corresponds
to antiphase S-spin magnetization. Upon decoupling, the non-transferred term cancels out, leaving only a
greatly enhanced signal from the in-phase transferred term (see Figure 16.37). An experimental spectrum
obtained with refocused-INEPT is shown in Figure 16.38.

The behaviour of INEPT in systems with more than two spins is discussed in Section 18.12.

Transferred

B-] =

Non-transferred

Q Q
< \ <
Q Q

Figure 16.37
Subspectral

components for
refocused INEPT.

Enhanced with refocused
l _ )‘ ". , J\ " INEPT

T T T
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ppm

T 1\
90 85
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Figure 16.38 Experimental °N spectra of gramicidin in aqueous solution, using a single /2 pulse to excite the N
spectrum (bottom) and using refocused INEPT (top). Adapted from Encyclopedia of Nuclear Magnetic Resonance,
Vol. 4, D. M. Grant and R. K. Harris (eds), Wiley, Chichester, p. 2533 (Reproduced by permission of Wiley & Sons,

Inc.)
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16.4 Residual Dipolar Couplings

So far, all the experiments in this chapter have dealt with spin systems in an isotropic liquid phase, in which
the molecular orientations are uniformly distributed. In this section, I discuss the use of weakly oriented liquids
in biomolecular NMR. In these phases, the molecules tumble freely, but there is a very slight preference for
some particular orientation, or set of orientations (see Section 1.6).

For simplicity, I will discuss these effects in the context of an ensemble of heteronuclear two-spin systems,
such as ®*C~'H or '®N-!H pairs in an isotopically labelled biomolecule. However, experiments of this type
are also applicable to the NMR of inorganic substances.

16.4.1 Angular information

Consider a *C-'H pair in a weakly oriented biomolecule. For simplicity, suppose that the molecule is
shaped like an ellipsoid, and denote the angle between the *C-'H vector and the molecular long axis by
the symbol 6y5:

Figure 16.39

The angle 6,5 between
the internuclear vector
and the molecular long
axis.

By dissolving the biomolecules in an anisotropic liquid phase, it becomes possible to estimate the angle
015, which determines which way the 1>*C-'H vector ‘points’ with respect to the rest of the molecule. This
important angular information complements nicely the internuclear distance information revealed by the
NOESY or ROESY experiments (see Sections 20.6 and 20.7). By measuring the angles ;5 for many differ-
ent heteronuclear spin pairs, and combining this information with internuclear distances from NOESY or
ROESY, it is possible to build up a very detailed picture of the molecular structure (see Further Reading).

16.4.2 Spin Hamiltonian

Denote the angle between the long axis of the molecule and the magnetic field as ®. In a liquid, ® fluctuates
rapidly as the molecules tumble. The distribution of molecular orientations is not uniform, if the liquid is
anisotropic. Denote the angle between the *C—'H vector and the field by the symbol © s (see Figure 16.40).
The angle ®;5 depends in a complicated way on the molecular orientation and the angle 6;5, and fluctuates
strongly in a liquid.

From Equations 9.40 and 14.20the spin Hamiltonian for the pair is

H =01, + )3, + w5215, (16.19)
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Figure 16.40

The angle ® between
the molecular long axis
and the field, and the
angle © 5 between the
internuclear vector and
L the field.

where the 'H nucleus is denoted 7 and the *C nucleus is denoted S, and the Larmor frequencies in the
anisotropic phase are

@=_w§(ng@

o} = —ysB (1+55(0))
The spin—spin coupling in the anisotropic phase is
wrs =dis + s (16.20)

where the secular part of the dipole-dipole coupling is

1
d]s = b]s 5(3 cos? @[s — 1) (1621)

The overbars denote averages over all molecular orientations ©, weighted by their probability, and by
is the dipole-dipole coupling constant:

o vivsh
big=—--"—

where rg is the distance between the spins. The symbols §! (©) and §5,(©) denote the secular parts of the
chemical shift tensors for the 'H and 3C sites respectively (see Section 9.1.9).

In general, the angles ®, ©;5 and 6,5 are linked with each other in rather a complicated way. As the
molecule tumbles, ® changes, and this changes in turn the value of ®g, in a way that depends on the angle
913.

The term d;s in Equation 16.19 is called the residual dipolar coupling. In a fully isotropic liquid, d;s vanishes.
In a weakly anisotropic liquid, on the other hand, ds is small but finite. Measurement of d;s allows one
to estimate the angle 6,5, which describes the orientation of the heteronuclear vector with respect to the
molecular long axis.

16.4.3 Orienting media

There are many different physical media that generate weakly oriented liquid solvents. These include
suspensions of virus particles, suspensions of cell membrane fragments, polyacrylamide gels that have
been slightly squeezed in one direction, and bicelles, which are aggregates of lipid molecules. The area is
under intense current development (see Further Reading). In this section, I discuss the specific case of bicelles,
which were one of the first media to be used for this purpose.”
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Lipids are amphiphilic organic molecules, with a polar headgroup attached to hydrophobic aliphatic
chains. In water, the lipid molecules tend to aggregate spontaneously into bilayers, in which the hydrophobic
tails are in contact and shielded from the water by the hydrophilic headgroups. For certain mixtures of
lipids, the bilayers form disk-shaped aggregates called bicelles, which swim around freely in the aqueous
solution.” Often, the bicelles are circular in profile, and, under suitable conditions, the bicelle disks orient
spontaneously in a strong external magnetic field, because they have an anisotropic magnetic susceptibility
(see Section 2.2). In many cases, the disks tend to orient so that the external magnetic field is approximately
in the plane of each disk:

Tail
Headgroup

Figure 16.41
A bicelle is composed of
a lipid bilayer.

In addition, steric interference between the bicelle disks causes them to stack up like coins. The bicelle disks,
therefore, are oriented with respect to each other as well as with respect to the magnetic field. Locally, the
director for the bicelle phase is perpendicular to the magnetic field:

Director

Figure 16.42

The bicelle director is
perpendicular to the
field. The normals to the
bicelle planes (indicated
by arrows) are aligned
with the director.

If biomolecules are dissolved in the liquid between the bicelles, then the orientation of the bicelles is
transferred weakly to the orientation of the biomolecules. One simple mechanism for this orientation transfer
process is sketched here. In practice, the process may be complex and involves a superposition of several
different mechanisms.

Biomolecules in solution acquire a partial orientation by collisions with the bicelle disks. The usual
tendency is for the long axes of the molecules to become slightly oriented parallel to the bicelle planes — one
can imagine the molecules being squeezed between the bicelles, and there is more room for the molecules
if they are oriented this way:


Administrator
alignment media
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In reality, the tendency for orientation is very small (only around 10~3), but this is enough to lead to useful
effects on the NMR spectrum.

Note carefully that the long axes of the molecules are not oriented along the magnetic field. The long axes
of the molecules are uniformly distributed around the director, which is itself perpendicular to the magnetic
field. Any orientation of the molecular long axis that is perpendicular to the director is equally likely.

AO Unfavourable Orientation
B \

Director

Figure 16.43

Molecules in solution
tend to be oriented so
that their long axes are
in the plane of the
bicelles, i.e.
perpendicular to the
director.

16.4.4 Doublet splittings

The spin Hamiltonian for the weakly oriented heteronuclear spin pair, Equation 16.19, is identical to that in
anisotropic phase, except that (i) the chemical shift terms are different and (ii) that the J-coupling term 7 J;5 is
replaced by a term w5 including both the J-coupling and the residual dipolar coupling (see Equation 16.19).

The 13C spectrum, therefore, consists of a doublet with splitting 2w;s = 27J;5 + 2d;s in units of radians
per second, or J;s + d;s/m in units of hertz. The doublet splitting is either slightly larger than the J-coupling
or slightly smaller, depending on the orientation of the >*C—'H vector with respect to the molecule.

If the 13C-'H vector is parallel to the long axis of the molecule, then the doublet splitting is slightly smaller.
This may be seen as follows. Suppose, for simplicity, that the orientation of the molecules by the bicelles is
extreme, so that all molecular long axes are forced to be parallel to the bicelle planes. View the system along
the bicelle director, so that the bicelle planes appear to be in the plane of the paper:

Bicelles (in plane of paper)
Biomolecules

Figure 16.44

Case where the ¥C-'H
vectors are along the
long axis of the
molecules, and the
molecular long axes are
parallel to the bicelle
planes.
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In this case, the angle © 5 between the 3C-'H vector and the field takes all possible angles with equal
probability, even though the molecules are partially ordered. The relevant orientational average is therefore

1— 2 1 1
*(3COSZ ®IS — 1) = (27‘[)_1/ d®IS By (3C052 ®IS — 1) = —
2 o 2 4

(Note the subtle difference between this planar average and the spherical average calculated in Equation
9.38.) It follows that, in this extreme situation of perfect orientation by the bicelles, with the 1*C-'H vectors
along the long axes of the molecules, the doublet splitting is given in units of radians per second by

1
2wis =21 Jrs + §b1s (16.22)

In practice, the degree of orientation by the bicelles is very small, so the relevant factor is much less than
1/2. Nevertheless, the residual dipolar coupling retains the same sign as in the idealized calculation. Since
the dipolar coupling constant byg is negative for 13C_1H interactions, whereas the one-bond J -coupling is
positive, the effect of the orientation by the bicelles is to reduce the doublet splitting slightly, compared with
its value in isotropic liquids:

/i"
Figure 16.45 Isotropic Phase ")
If the ¥C-'H vectors are
parallel to the molecular
long axes, then the
BC-1H splitting is
slightly smaller in the L Bicelle Phase  Q
oriented bicelle phase. (Splitting Smaller)

The calculation for *C-'H vectors which are perpendicular to the molecular long axis is more compli-
cated, since there are two degrees of freedom in this case. The molecules may tumble around their own
long axes, and the long axes may themselves rotate in the plane of the bicelles. A detailed calculation (not
reproduced here) gives the following result:

l— 1
§(3cos2 O —1)= ~3

The doublet splitting, in the case that the >*C-'H vectors are perpendicular to the molecular long axes, is
given in this extreme case by

1
26()]5 = 27‘[]]5 — Eb[s (1623)

Since bys is negative, the doublet splitting in the oriented phase is slightly larger than its value in isotropic
phase:
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Figure 16.46
If the 1¥C-'H vectors are

perpendicular to the
molecular long axes, the
BC-H splitting is
1 Bicelle Phase Q slightly larger in the

oriented bicelle phase.

By studying the small changes in the doublet splittings, when a biomolecule is dissolved in a bicelle
solution, it is possible to deduce the orientations of the '>*C-'H vectors with respect to the molecular long
axes. An experimental example is shown in Figure 16.47.
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Figure 16.47 Experimental measurements of residual dipolar couplings in a weakly oriented liquid. The plots
show extracts from the C*~H® regions of two-dimensional TH-13C correlation spectra, for solutions of the small
protein called bovine pancreatic trypsin inhibitor (BPTI). The *C resonances are split into doublets through the
coupling to the directly bonded proton. Plots (a) and (b) are taken in two different weakly oriented phases,
containing different concentrations of the bicelle-forming agents DMPC (dimyristoyl-phosphatidylcholine) and
DHPC (dihexanoyl-phosphatidylcholine). Plot (c) is taken in isotropic solution. The splittings in (c) are equal to
the 'H-13C J-couplings, and the splittings in (a) and (b) contain contributions from the dipole-dipole couplings.
Most splittings increase when going from (a) to (c), but one decreases. This is because of the different relative
angles of the TH-'*C internuclear vectors relative to the order axis. Adapted from M. Ottiger and A. Bax, J. Biomol.
NMR 12, 361-372 (1998), copyright, Springer Science and Business Media.

Similar studies are possible for other heteronuclear pairs of nuclei, such as 15N and 'H, and also homonu-
clear spin pairs, such as protons. The splittings for directly bonded >N-'H pairs behave in the same way
as for directly bonded *C~'H pairs. The splitting becomes smaller in the oriented bicelle solution if the
I5N-'H vector is parallel to the molecular long axis, and it becomes slightly larger in the oriented phase
if the >N-'H vector is perpendicular to the molecular long axis. This may be seen from Equations 16.22
and 16.23, using the fact that bs is positive for the I5N-1H interaction and that J;s is negative for directly
bonded ’N-'H pairs.

There are also many other media that may be used to induce a weak molecular orientation, giving rise to
a similar dependence of the spectral splittings on the directions of the internuclear vectors. In some cases,
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the magnetic susceptibility of the biomolecules itself causes weak orientational effects, without assistance
from agents such as bicelles (see Further Reading).

It might be expected that increasing the degree of orientation of the molecules would make these effects
larger and, hence, improve the quality of the geometrical information. However, in most cases, increasing
the molecular alignment sharply degrades the resolution, sensitivity, and simplicity of the spectra. This
is because almost all realistic molecules contain many coupled spins. If the molecules are oriented too
strongly, then all of the dipolar couplings in the system become finite. The spin system becomes strongly
coupled, and the spectrum becomes intractable. The beauty of the bicelle work is that the molecules are
oriented so slightly that the system remains weakly coupled. The largest dipolar couplings only act as weak
perturbations of the J-couplings, and the huge number of additional dipolar couplings only give rise to a
slight broadening.

Notes

1. The pulse sequence phases are consistent with the ‘sign-corrected” version of the States procedure
discussed in Section 5.9.4. The use of ® = —n/4 for the ‘sine’ signal derives from the fact that double-
quantum coherences are twice as sensitive to r.f. phase shifts as single-quantum coherences (see Ap-
pendix A.11.3).

2. In strongly coupled systems, the signal induced by a coherence transfer pathway incurs an additional
factor representing the coupling strength of the coherence to the receiver coil (see Appendix A.8). In the
case of the weakly coupled systems discussed in the current chapter, the signal coupling strengths are
the same for all observable (—1)-quantum coherences.

3. There are cases in which nuclei with large values of y relax more slowly than nuclei with small values
of y. For example, consider an ensemble of isolated *C~'H systems, and assume that the relaxation is
caused predominantly by the intramolecular dipole-dipole interaction of the two spins, as discussed
in Chapter 20. The mutual dipole-dipole interactions of the two spins are exactly equal: the *C spin
experiences a strong local field generated by the strongly magnetic 'H neighbour, but interacts weakly
with that field since the y-value of 13C is relatively low. Similarly, the 'H spin experiences a weak local
field generated by the weakly magnetic *C neighbour, but interacts strongly with that field since the
y-value of 'H is relatively high. Since the mutual dipole-dipole interactions are equal, one might expect

that the spin-lattice relaxation time constants of the 'H and 13C spins should also be the same. However,
there is another effect involved. As described in Chapter 20, the values of 7; depend on the spectral

density of the dipole-dipole fluctuations at the nuclear Larmor frequency. Since the '3C spins have
a lower Larmor frequency than 'H spins in the same field, and since the spectral density function is
peaked at zero frequency, the 13C spins have shorter values of 7; than 'H spins in this particular case.
This is actually observed experimentally in heavily deuterated biomolecules. More commonly, 'H spins
have more rapid longitudinal relaxation than *C spins, because each 'H couples strongly to local fields
generated by other protons.

4. The formula in Equation 16.15, which relates the signal-to-noise ratio to y and B’, is very rough and
assumes comparable linewidths and probe performance.

5. The INEPT pulse sequence was invented by Gareth Morris (see G. A. Morris and R. Freeman, J. Am.
Chem. Soc. 101, 760 (1979)). Non-native English speakers may not be aware that INEPT is another ironical
NMR acronym. The word means ‘clumsy’ or ‘incompetent’.
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6. Estimating the spectral appearance in Figures 16.32 and 16.37 requires great care. Equation 16.18 indi-
cates the presence of a non-transferred term proportional to +;BsS, and a transferred term proportional
to + %IB% 1218 y. Taking the non-transferred term first, one should remember that the thermal equilibrium
density operator contains a term proportional to +3BsS., which may be converted into a term pro-
portional to —%B sy by a (7/2), pulse. For the case S = N, the Boltzmann factor By is negative (see
Equation 16.17), and hence we should interpret a positive term proportional to S, as representing a
positive absorption signal. The non-transferred term in Equation 16.18, therefore, represents a negative
in-phase signal, as shown in Figure 16.32. The transferred term, on the other hand, is proportional to
+1B,21.8,, which should be interpreted as a positive antiphase signal, since B; is positive for the case
I = 'H. Finally, the assignment of the spectral peaks to the coherences and requires taking into

account the negative values of ys and the one-bond "H-'°N J-coupling (see Section 15.5). Experimental
realizations of this experiment may not reproduce the expected peak pattern because of inconsistencies
in the signs of r.f. phase shifts on many NMR spectrometers (see M. H. Levitt, ]. Magn. Reson. 126, 164
(1997) and M. H. Levitt and O. G. Johannessen, ]. Magn. Reson. 142, 190-194 (2000).

7. It is possible that lipids do not actually form disk-like bicelles under the conditions typically used for
biochemical NMR. There is evidence that the lipid bilayers are organized in highly perforated sheet-
like structures (the ‘Swiss cheese model’), rather than disks. Nevertheless, the precise nature of the
lipid phase does not have appreciable consequences for the NMR properties of the partially oriented
molecules outside the bilayers.

Further Reading

e For a pedagogical explanation of the experiments in this chapter, use J. Keeler, Understanding NMR
Spectroscopy, Wiley, Chichester, 2005.

e For a more detailed description of NMR experiments on coupled spin systems, including double-
quantum-filtered COSY, see J. Cavanagh, W. ]. Fairbrother, A. G. Palmer and N. J. Skelton, Profein NMR
Spectroscopy. Principles and Practice, Academic Press, New York, 1996.

¢ For further discussion of INADEQUATE and INEPT, see R. Freeman, Spin Choreography. Basic Steps in
High Resolution NMR, Spektrum, Oxford, 1997.

* For more on biomolecular NMR experiments in weakly oriented media, see E. de Alba and N. Tjandra,
Prog. NMR Spectrosc. 40, 175-197 (2002) and M. Blackledge, Prog. NMR Spectrosc. 46, 23-61 (2005).

Exercises

16.1 This exercise investigates the important heteronuclear multiple-quantum coherence (HMQC) experiment,
which generates two-dimensional spectra in which the chemical shifts of different spin species appear
along the two axes. In this exercise, the HMQC experiment is examined for the simple case of two
coupled spins-1/2 of different species I and S.

The pulse sequence for the ‘cosine’ experiment in the States procedure is shown below:
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The delays 7 are given by T = (2J;5)~!, where Jj5 is the J-coupling between the two spins. The interval

f; is incremented in an arrayed fashion (the /-spin 7w pulse is always kept in the middle of the #

interval). The I-spin signal is observed at the end of each pulse sequence.

(i) If the spin density operator before the first pulse is given by p(0) = I, and relaxation is neglected,
what is the spin density operator at the start of the detection period for an arbitrary value of #?
(ii) Sketch the form of the two-dimensional spectrum for a single IS spin system.

(iii) How should the pulse sequence be modified in order to provide the ‘sine” component in the States

procedure?

16.2 This exercise investigates the double-quantum-filtered COSY (2QF-COSY) experiment. The ‘cosine’ pulse
sequence is as follows:

w2 2 w2
( }¢1 ( J@zi J‘?ﬁa

k

The phase table is as follows:

Cycle counter m $1 2 #3 Prec
0 372 0 /2 0

1 3m/2 0 b4 3m/2
2 372 0 372 x

3 3m/2 0 0 /2

Assume a homonuclear AX spin system. The short delay between the last two /2 pulses may be

ignored.

(i) Take the first step in the phase cycle procedure (m = 0). For simplicity, start with an initial spin
density operator p) ~11,. What is the spin density operator at time point @?

(i) Convert the x- and z-operators at time point @ into shift operators. Which coherence orders are
excited at this point?

(iii) The phase cycle has the effect of suppressing all signal components that do not pass through
(£2)-quantum coherences at time point @. Select the operators that have order +2 and apply
the final /2 pulse. What is the spin density operator at time point &? To bring out the meaning
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of the final expression, replace all products of trigonometric functions by single trigonometric
functions.

Repeat the calculation for the ‘sine’” component of the States procedure, in which the first pulse
has phase 7 instead of phase 37/2. Use the same initial density operator.

Repeat the calculations using the full form of the initial spin density operator, p) ~T, + I,

Sketch the form of the two-dimensional spectrum and remark on the shapes of the diagonal
peaks and cross-peaks. What are the favourable properties of the double-quantum-filtered COSY
spectrum? Are there any disadvantages of double-quantum-filtered COSY compared with ordi-
nary COSY?
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Most molecules contain many more than two coupled nuclear spins. In this chapter, I discuss how to write
down the spin Hamiltonian for many-spin systems.

Much of the discussion in this chapter is specific to the NMR of isotropic liquids, and is not generally
applicable to solids and liquid crystals.

17.1  Molecular Spin System

In isotropic liquids, the only terms that survive the motional averaging are (i) the isotropic parts of the
intramolecular interactions and (ii) the long-range dipole—dipole interactions. If the long-range dipole-
dipole interactions are ignored (see Section 8.6.4), the spin Hamiltonian in an isotropic liquid is purely
intramolecular.

All molecules of the same isotopomeric species, therefore, have the same motionally averaged spin
Hamiltonian, given by

5= 5 + FHe

~ ~0
where Hgr represents the interaction with the r.f. field, and H{ contains the interaction with the static field,
plus the secular parts of the intramolecular chemical shift and J-coupling terms:

~0 N A A
H = o+ 2nhid; L (17.1)
j J<k

all spins in one molecule

The isotropic chemically shifted Larmor frequency ! is defined in Equation 9.16.

The term molecular spin system refers to the coupled nuclear spins in a single molecule. Often, the term
spin system is used to imply the molecular spin system.

If all the spins in the molecular spin system are of the same isotopic type, then the spin system is said to
be homonuclear. If more than one isotope is present, then the spin system is said to be heteronuclear.

Suppose, for example, that each molecule contains four spins, of the same isotopic type. The molecular
spin system has the following spin Hamiltonian:

Spin Dynamics: Basics of Nuclear Magnetic Resonance, Second Edition Malcolm H. Levitt
© 2008 John Wiley & Sons, Ltd
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ﬂ/'\CO = w(l)flz + wgfzz + w§f3z + w2f4z
+2mJioly - T + 2l - By + 2w aly - L4
+ 2l - 13 + 27 dpaly - By 4 21005415 - 1y (17.2)
where the chemically shifted Larmor frequencies are given by
a)? = —ijO(l +65)

These four chemically shifted spins, and the six couplings between them, may be depicted by the following
icon:

Figure 17.1
A four-spin system.

I'have used different symbols to depict the four different chemical shifts and different line types to depict
the six different J-couplings.

17.2 Spin Ensemble

The molecules of one isotopomer all have the same motionally averaged spin Hamiltonian. The collection
of non-interacting, identical, spin systems is called the spin system ensemble:

Figure 17.2
An ensemble of
four-spin systems.

In a given sample, there are usually several compounds, each with several isotopomers. All the molecules
of one isotopomer constitute a single spin ensemble. If there are several isotopomers present, then there are
several independent spin ensembles.

17.3 Motionally Suppressed J-Couplings

In some cases, J-couplings are not observed to certain spins, because of a rapid motional process that
averages the J-coupling to zero. There are two common situations:
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1. Chemical bonds are rapidly forming and reforming, so that a particular nucleus jumps between different
molecules;

2. The relevant nuclear spin undergoes very rapid longitudinal relaxation.

In the first case, the rapid dynamics of the nuclear spin is spatial — the spin moves physically from molecule
to molecule. In the second case, the nucleus remains fixed in a given molecule, but the polarization of the
spin fluctuates rapidly.

The first case is called fast chemical exchange. It is discussed in Section 19.5. A typical case is that of the OH
proton in ethanol (CH3;CH,OH). Unless special precautions are taken, traces of acid or base catalyse the rapid
chemical exchange of the hydroxyl proton between different ethanol molecules. As a result, the NMR signals
from this proton are usually broad and J-couplings between this proton and the others are not observed.

The second case is typified by quadrupolar nuclei. As discussed in Section 8.2.1, most nuclei with
spin > 1/2 couple strongly to electric field gradients in the molecule. As the molecules rotate, the elec-
tric field gradients rotate too, and this causes the magnetic moments of these nuclei to fluctuate relatively
strongly. This is manifested in very short spin-lattice relaxation time constants 7; for most quadrupolar
nuclei in a liquid. The rapid spin-lattice relaxation of quadrupolar spins averages out their J-couplings to
other spins in the same molecule.

As shown in Section 19.5.3, the J-coupling of a spin I; to a rapidly relaxing spin I may be ignored if the
second spin has a longitudinal relaxation time constant 7{ fulfilling the condition

127y Tf| << 1

The longitudinal relaxation time constants for many quadrupolar spins in solution are as short as microsec-
onds, in which case this condition is easily fulfilled. For example, the H spins in ethyl chloride CH;CH,Cl
experience no noticeable J-couplings to the abundant Cl isotopes *Cl and *Cl, since both of these have
large quadrupole moments and relax rapidly.

In many cases, the molecular spin Hamiltonian in an isotropic liquid may therefore be written as

~0 o A a
H=D o+ 2 L (17.3)
J

Jj<k

except spins with
motionally suppressed J-
couplings

There are some cases in which couplings to quadrupolar spins must be considered in solution NMR. In
particular, the isotope 2H has a relatively small quadrupole moment, and 'H-?H or 2H-'*C couplings are
sometimes observed. Even isotopes such as 1*N, which has a large quadrupole moment, relax slowly if they
are in molecular sites with a very small electric field gradient, because of high local symmetry. This is the
case, for example, in the tetrahedral ion *NH; .

17.4 Chemical Equivalence

Spins are said to be chemically equivalent if the following conditions are both satisfied:

1. The spins are of the same isotopic species.
2. There exists a molecular symmetry operation that exchanges the two spins.

Consider, for example, the molecule 1,1-difluoroethene, which contains two H and two °F spins:
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Figure 17.3
H F 1,1-Difluoroethene.

There is clearly a reflection symmetry plane down the centre of the molecule (top to bottom in the diagram
above). Reflection in the plane exchanges the two protons, indicating that they are chemically equivalent.
The same reflection exchanges the two fluorine atoms, indicating that they are also chemically equivalent.
The four-spin system of 1,1-difluoroethene may, therefore, be represented by the following icon:

N PL Figure 17.4
" The four-spin system of
1,1-difluoroethene.

Chemically equivalent spins have been given the same symbol. Those J-couplings that are interchanged
by reflection have been given the same style.

Other familiar examples of chemical equivalence are the six protons in benzene and the two protons in
water:

Figure 17.5
Benzene and water.

Figure 17.6
Proton spin systems in
benzene and water.

Spins with identical chemical shifts are depicted by identical symbols; identical J-couplings are represented
by lines of the same style.

Chemically equivalent spins have the same chemical shift. However, the inverse does not always hold.
Two spins with the same chemical shift are not necessarily chemically equivalent. The coincidence of the
shifts may be purely accidental, having nothing to do with molecular symmetry.

In molecules that have rapid internal mobility, the spin Hamiltonian is averaged over the accessible
molecular conformations, weighted by their populations. This often creates additional opportunites for
chemical equivalence. Consider, for example, the methyl protons in ethyl chloride (CH3CH,Cl). Looking
down the C—C bond, we would see the following picture in one of the low-energy staggered conformations:

Cl
H, H,

H H Figure 17.7
Newman projection of
CH;CH,CL.
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The two CH; protons are clearly chemically equivalent, because of the plane of symmetry defined by
Cl-C—C—Hj3. The two CHj3 protons marked H; and H; are also chemically equivalent for the same reason.
However, the proton H3 cannot be exchanged with H; or H, by a symmetry operation, so it is not chemically
equivalent to the other two, in this conformation.

However, the methyl group rapidly rotates around the C—C bond, allowing the molecule to explore the
other two staggered conformations:

Cl Cl
Hq Hg Hz H,
Figure 17.8
Two more staggered H H H H
conformations of
Hy Hy

CH;CH,Cl.

The three staggered conformations have the same energy, so the molecule spends equal time in each of
them. When averaged over all three conformations, each of the three CHj protons experiences the same
environment, so all three CHjz protons in ethyl chloride are chemically equivalent. The coupling diagram
for the protons in ethyl chloride is as follows:

Figure 17.9
Coupling diagram for
CH;CH,CL

There are some subtle traps in this type of system. Consider, for example, the two CH, protons in a
molecule of the following type:

Cl
Ry
R, Ry Ryt cl
Figure 17.10 ; <"~/ o
A molecule containing H H Rs H
diastereotopic CH, R
protons. 3

where the groups Ry, Ry and Rj are all different. Assume, again, that the molecule has full rotational mobility
about the C—C bond.

It is tempting to assume that high rotational mobility tends to average out the environments of the
two CHy protons, leading to chemical equivalence. This is incorrect, as may be seen from the following
representations of the three staggered conformations, looking down the C—C bond:

Cl Cl Cl
Ra R, Ru R, Rs R,
Figure 17.11
Three staggered H H H H H H
conformations, all
Rs R, Ry

inequivalent.
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None of these conformations has a plane of symmetry, so no pair of protons is chemically equivalent in any of
the three conformations. Furthermore, no two conformations have the same energy. The three conformations
have different populations in thermal equilibrium. The CH, protons in this type of system, therefore, are
not chemically equivalent in general, whatever the degree of internal mobility. The two CH, protons have
different chemical shifts.

The chemical equivalence of CH, protons is even broken by remote influences. Suppose that the groups
R, and R; are identical, but the group R; is chiral (meaning that it cannot be superimposed on its own mirror
image). In this case, the two CH; protons are still inequivalent. This situation is common in biological NMR,
since most biologically active molecules are chiral.

Although chirality often leads to chemical inequivalence, inequivalent CH, protons may also occur in
molecules that are not chiral. The case of citric acid is instructive:

COOH COOCH

H-'Hu.. _,..u\\H
H 3 H Figure 17.12
X Molecular structure of
HO  COOH citric acid.

The molecule as a whole has a plane of symmetry (perpendicular to the paper, through the central carbon
atom) and is therefore not chiral. Nevertheless, there is no molecular symmetry operation that exchanges
the two protons in the same CH, group with each other (the mirror reflection exchanges protons in different
CH, groups). The two protons within each CH, group are chemically inequivalent. This remains true even
if there is full rotational mobility around the carbon—carbon bonds.

Chemically inequivalent protons in CH, groups are called diastereotopic protons.

17.5 Magnetic Equivalence

Magnetic equivalence is a strong form of chemical equivalence. A set of spins is magnetically equivalent IF
e Condition 1: the spins have the same chemical shifts

AND
¢ (Condition 2a: the spins have identical couplings to all other spins in the molecule

OR

¢ Condition 2b: there are no other spins in the molecule.)

Consider, for example, the protons in the commonest isotopomer of benzene. The protons are chemically
equivalent (Condition 1). Since there are no other spins in the molecule, they are also magnetically equivalent
(Condition 2b). The same s true for the usual isotopomer of water. The two protons are chemically equivalent
(Condition 1), and there are no other spins in the molecule (Condition 2b). The two protons of water are
magnetically equivalent.

As a second example, reconsider the case of ethyl chloride, CH;CH,Cl. As discussed before, the two CH,
protons are chemically equivalent (Condition 1). In addition, each of the two CH, protons has the same
coupling with each of the three CH3 protons (Condition 2a). Similarly, the three CH3 protons are chemically
equivalent (Condition 1) and have identical couplings with each of the two CH, protons (Condition 2a).
The spin system in CH3CH,Cl contains one group of three magnetically equivalent protons and one group
of two magnetically equivalent protons.
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Magnetic equivalence is important because it allows the spin Hamiltonian to be simplified. One example
of this was already encountered in Section 14.4, for the case of a spin-1/2 pair. It was shown that the
J-coupling between the two spins has no effect on the NMR properties, providing that (i) there are only
two spins and (ii) they have the same chemical shift. In this case, the J-coupling term may be omitted from
the spin Hamiltonian, without changing any physical predictions.

In the special case of the two-spin system discussed in Section 14.4, chemical equivalence necessarily
implies to magnetic equivalence, through Condition 2b above. In the general case of more than two coupled
spins, chemical equivalence does not imply magnetic equivalence.

In Appendix A.9, it is shown that the NMR signal is independent of spin—spin coupling terms within mag-
netically equivalent groups. It is therefore convenient to omit these couplings from the spin Hamiltonian,
which then reads

~0 " ’ A A
H=> o)+ Y 2nul; & (17.4)
J

Jj<k

except spins with motionally
suppressed J-couplings

The “prime’ on the summation indicates the exclusion of couplings between magnetically equivalent spins.
For example, consider the spin system specified in Equation 17.2. If spin I; is magnetically equivalent to
I, and I3 is magnetically equivalent to /4, then we have
A=) o = ol

Jz=Ju=Js = Ju

as depicted in the following coupling diagram:

Figure 17.13

A four-spin system with O=----- [}
two pairs of LT
magnetically equivalent PR
spins. O=---= ]

Since there are two groups of magnetically equivalent pairs of spins, the following simplified spin Hamil-
tonian may be used:

~0 . . s s
H = (f1; + ) + 035, + Iay) + 2w d13(T + 1) - (15 + 1) (17.5)

which may be represented by the following diagram:

Figure 17.14

The couplings between Oz < . -;
magnetically equivalent PR
spins may be omitted. O=----- |

Another example is the spin system of CH3CH,Cl, which may be represented as follows:
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Figure 17.15

Coupling diagram for
CH;3CH,Cl, omitting
couplings between
magnetically equivalent

spins.
Similarly, the spin systems of benzene and water may be depicted thus:
) ) Figure 17.16
Proton spin systems in
PY PY u u benzene and water,

omitting couplings
between magnetically
® ® equivalent spins.

indicating that, effectively, there are no active J-couplings between any of the spins in these last two
molecules.

Reconsider now the 1,1-difluoroethene molecule. As discussed before, the two protons are chemically
equivalent, as are the two fluorine spins. Are the two protons magnetically equivalent?

Rather surprisingly, the answer is negative. Each of the two protons has a different coupling with each
of the two fluorine nuclei, since one coupling is between spins in trans geometry and the other coupling
involves cis geometry:

~ C/ ~ C/ 4
\H\ /H/ Figure 17.17

O ~C Spin-spin couplings in
F F F F 1,1-Difluoroethene.

It follows that the two protons in this molecule are chemically equivalent, but not magnetically equiva-
lent. The same holds for the two fluorine nuclei. The coupling diagram for 1,1-difluoroethene cannot be
simplified, and is still as shown below:

Figure 17.18
The four-spin system of
1,1-Difluoroethene.

It is instructive to contrast this case with the similar molecule 1,1-Difluoropropan-1,2-diene, which has
the following molecular geometry:

F
\C =c=c E Figure 17.19
1,1-Difluoropropan-1,2-
F diene.

The two protons nuclei are clearly chemically equivalent, as are the two F nuclei. In addition, the geometry
of the molecule is such that all four ?F-'H couplings are equal:
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F

Figure 17.20 \ ./ .wH
L o c=c=c<«
Spin-spin couplings in / H
1,1-difluoropropan-1,2- F

diene.

The two protons are therefore magnetically equivalent, as are the two F nuclei. The spin system for this
molecule, therefore, may be simplified:

Figure 17.21

The four-spin system of
1,1-difluoropropan-1,2-
diene.

The apparent disappearance of J-couplings between magnetically equivalent spins is quite surprising. A
physical explanation runs as follows. For magnetically equivalent spins, the local magnetic fields, whatever
their source, are exactly the same on the two spins. It follows that the motion of the two spin polarizations is
identical. Whatever happens, the polarizations of the two spins are locked in the same relative orientation.
There is, therefore, no need to incorporate a term in the spin Hamiltonian that takes into account the
dependence of the energy on this relative spin orientation.

17.6 Weak Coupling

The weak-coupling approximation has already been encountered for the case of spin-1/2 pairs in Section
14.5.

The situation is a bit more complicated when more than two spins are involved. A system of many
coupled spins is said to be weakly coupled if the following condition is satisfied for all pairs of magnetically
inequivalent spins:

|0 — wp| >> [Tl (17.6)

In other words, the frequency differences created by chemical shifts must be much larger than the J-
couplings between magnetically inequivalent spins. If the weak-coupling approximation is valid, then the
following simplified spin Hamiltonian may be used:!

~0 N / A
Hyeak = Z o1+ Z 27 Jjgd j Ak (17.7)
J Jj<k

except spins with mo-
tionally suppressed J-
couplings

For example, suppose that the spin system in Equation 17.5 obeys the condition:

0 0
lw] — ws3| >> |Thi3]
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The approximate spin Hamiltonian

~0 .. .. N
Hyoak = 0V (T1z + ) + (I3, + Iay) + 21 s (Frz + Do) (Fa, + 1) (17.8)

may be used in this case.

Weak coupling is an example of the secular approximation discussed in Appendix A.6. It may be viewed
as a form of motional averaging generated by the differential precession of the different spins. Since
the coupled spins precess at different frequencies, the interactions between the transverse components
of the spin polarizations average out to zero. The only coupling terms that are not averaged out involve the
longitudinal components of spin polarization, which are unchanged by the spin precession.

Since chemical shift frequency differences are proportional to the applied field, weak coupling is especially
common on instruments with large magnetic fields. The development of NMR instrumentation towards
ever higher fields has extended the range of the weak coupling approximation. Much NMR methodology
in isotropic liquids is based on the reasonable validity of weak coupling.

Spin systems that are not weakly coupled are said to be strongly coupled. In these cases, the full form of the
spin Hamiltonian shown by Equation 17.4 must be used. Appendix A.8 explores the spectral consequences
of strong coupling.

17.7 Heteronuclear Spin Systems

Heteronuclear spin systems contain at least two different isotopic species. The difference in Larmor fre-
quencies between two different isotopes is almost always much larger than the spin—spin couplings. The
couplings between spins of different species, therefore, are almost always ‘weak’, in the sense of the previous
section.

Consider, for example, a molecule with four spins, two of species 1, called I; and I, and two of species
S, called S3 and Ss. Suppose that the chemical shifts of all four spins are different. The following spin
Hamiltonian may be used:

0

H = ol + ol + 0385, + )8y, + 2mJioly - 1o + 271311, 85, + 274 f1. 8
+ 27‘[]23f2zg3z + 27‘[./24IA2134Z + 27T.134§3 . S4 (17.9)

where

o) =—yBY(148) i =—ysB'(1+38)
) =—yBY(14+8) o) =—ysB'(1+38)

and y; and ys are the gyromagnetic ratios of the two isotopes.

Now suppose that the two I spins are chemically, but not magnetically, equivalent. Similarly, suppose
that the two S spins are chemically, but not magnetically, equivalent (see Figures 17.17 and 17.18). The
Larmor frequencies and couplings have the following symmetry:
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0 0
W] = w, Jiz3 = Jg

0 0
w3 = wy Jig = J3

In this case, the spin Hamiltonian may be written as follows:

~0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
H = o(F1, + I20) + 0385, + 8x) + 2wJioly - T + 2w /1571, 85, + 12.84,)
+ 2m (1o 8a; + 12:85.) + 2773485 - Sy (17.10)

Suppose, now, that the two I spins are magnetically equivalent and the two S spins are also magnetically
equivalent (see Figures 17.19 and 17.20). The J-couplings now have the symmetry

Jiz = Juu=Jz = Ju

and the spin Hamiltonian may be simplified further:

~0 .. N N .. .. .. ..
H = )(J1; + D) + 0385, + Su2) + 2wJ13(F1, 85, + TopSap + 118, + 12.85,)

Now go back to the case in which the spins are chemically equivalent but not magnetically equivalent
(Equation 17.10). Suppose that a strong r.f. decoupling field is applied continuously at the Larmor frequency
of species 1, in order to effectively remove the couplings to species S (see Section 3.9). In the presence
of a heteronuclear decoupling field, all Hamiltonian terms involving the irradiated spins may usually
be dropped from the effective spin Hamiltonian, providing caution is used.? In the presence of I-spin
decoupling, the spin Hamiltonian may therefore be written as follows:

~0 N N A A
H (with I-spin decoupling) = a)g(ng + S4;) + 273455 - Sy

The decoupling field effectively renders the S-spins magnetically equivalent, so the spin Hamiltonian may
be simplified further:

if(o(with I-spin decoupling) = wg(ng + 84)

For this system, the S-spins behave as isolated spins in the presence of I-spin decoupling.

17.8 Alphabet Notation

Molecular spin systems are often denoted using the letters of the alphabet. The idea is that spins with very
different chemical shifts are denoted by letters that are remote in the alphabet. This usually implies weak
coupling. Spins with similar chemical shifts are denoted by letters which are close in the alphabet. The
notation AB implies strong coupling.
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Magnetically equivalent groups are denoted by a numerical subscript. Spins that are chemically equiva-
lent, but not magnetically equivalent, are denoted by primes.

For example, the six protons in benzene are magnetically equivalent, so the system is denoted Ag.

The five protons in ethyl chloride divide into two groups of magnetically equivalent spins, one containing
three spins and the other containing two spins. Since the chemical shift difference is normally sufficient to
ensure weak coupling, the spin system is denoted A3zX.

The heteronuclear spin system in 1,1-difluoroethene (Figure 17.3) displays chemical equivalence, but not
magnetic equivalence. The 'H- F couplings are ‘weak’, since two different isotopes are involved, so the
spin system is denoted AA” XX'.

The heteronuclear spin system of 1,1-Difluoropropan-1,2-diene (Figure 17.19) displays magnetic equiv-
alence. The appropriate notation for this system is therefore A>X,.

The diastereotopic CH, protons of amino acid side-chains in proteins are chemically inequivalent, and
usually have similar chemical shifts. They often form strongly coupled AB spin systems.

The two pairs of diastereotopic CH, protons in citric acid (Figure 17.12) form a strongly coupled
AA’BB’ spin system, neglecting the rapidly exchanging carboxyl and hydroxyl protons. Each CH, group in
citric acid contains one A proton and one B proton.

17.9 Spin Coupling Topologies

The Hamiltonian terms in Equation 17.4 may be represented as a diagram, in which each spin is represented
as a symbol and couplings between them are represented by lines. This chapter already contains many
schematic diagrams of this kind. It is sometimes useful to classify spin systems according to the topology of
this network. For example, consider the following coupling networks for four-spin-1/2 systems:

Figure 17.22
N Coupling topologies in
four-spin systems.

The top-left example represents an Ay X, spin system, with a spin Hamiltonian of the form given in Equation
17.5. The coupling network forms a ring.

The ‘star-shaped’ network at the top right represents an AX3 spin system. The corresponding spin Hamil-
tonian for this system has the form

~0 ~ ~ ~ N PN A A PN
H = o\l + (Do, + In. + Is) + 20J (D Doe + TroBs. + T2 14)

This type of coupling toplogy is encountered, for example, between *C and 'H spins in CHj groups.

The lower diagram represents a linear spin system, in which all J-couplings vanish except between
immediate neighbours and no spin has more than two coupling partners. The spin Hamiltonian for an
AMXY system of this kind is
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~0 a a a a A A A a A A
H = wgllz + ngZZ + ngSZ + w214z + 2mdinli Ay, + 2w lo 3, + 23403, 1 g,

Linear spin systems are commonly encountered when the molecular structure has the form of a chain, e.g.
in the side chains of some amino acids.

Notes

The validity of the weak coupling approximation depends on the r.f. pulse sequence. In particular, the
weak coupling Hamiltonian is only valid if Equation 17.6 is satisfied and if the spin system is allowed
to evolve in the absence of r.f. fields for an interval 7 that is long enough to satisfy the condition

Ia)?- - w2|r >>1

Sometimes, densely spaced pulse sequences are applied that deliberately violate this condition, causing
a weakly coupled spin system to behave temporarily as if it were strongly coupled (see Section 18.14
and Appendix A.6).

Itis not always safe to take decoupling into account by cleansing the spin Hamiltonian of those operators
which involve the irradiated spins. Although this approach gives correct results for the evolution of
the observed spins, it does not give correct results for the evolution of the irradiated spins. One can get
away with this if the decoupling field is maintained for the rest of the pulse sequence, but misleading
results are obtained if the decoupling field is switched on and off. For a description of the pitfalls, see
M. H. Levitt, G. Bodenhausen, and R. R. Ernst, . Magn. Reson., 53, 443 (1983).

Further Reading

For a thorough text on the classification of spin systems, see P. L. Corio, Structure of High-Resolution NMR
Spectra, Academic Press, New York, 1966. Unfortunately, this book is hard to obtain, and I am unaware
of a good alternative.

For an accessible discussion of heteronuclear spin decoupling, see R. Freeman, Spin Choreography. Basic
Steps in High Resolution NMR., Spektrum, Oxford, 1997.

Exercises

17.1 For each of the compounds given below, indicate whether the protons H, and Hy, are chemically

equivalent, magnetically equivalent, or both.
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17.2 Give the alphabet notation for the proton spin systems in the following compounds:

ct cl Cl Br

Cl

In each case, assume free rotation around the C—C single bonds.
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The dynamics of many-spin systems can be quite complicated. Nevertheless, matters may still be kept well
under control, at least in favourable circumstances.!
For simplicity, this chapter deals only with weakly coupled spin-1/2 systems in isotropic liquids.

18.1 Spin Hamiltonian

In the absence of an r.f. field, the spin Hamiltonian for a set of weakly coupled spins in an isotropic liquid
is given by Equation 17.7:

~0 N / PN
Ho=> e+ 2mlpld (18.1)
j Jj<k

The sum is taken over all magnetically inequivalent spins, ignoring spins undergoing rapid dynamics.
As a first example, consider the three-proton AMX system of 2,3-dibromopropanoic acid:

Br H, OH
P
Hl/ \C/ o Figure 18.1
4> 2,3-Dibromopropanoic
Hz Br acid

The OH proton is in fast intermolecular exchange and may be ignored. The quadrupolar Br nuclei may also
be ignored. The two —CH,Br protons are diastereotopic and have different chemical shifts (see Section 17.4).
The chemical shifts of the three spins are é; = 3.70 ppm, 8, = 3.92 ppm and 83 = 4.50 ppm, and the three
J-couplings are Ji; = —10.1Hz, Ji3 = +4.3Hz and J»3 = +11.3 Hz. In a reasonably high magnetic field, the
weak coupling condition (Equation 17.6) is well satisfied for all spin pairs.

If the spectrometer reference frequency is set to 8, = 4.10 ppm and the magnetic field is B° = 11.74T,
then the rotating-frame spin Hamiltonian for the three non-exchangeable protons in 2,3-dibromopropanoic
acid is given by

~0 N N N s & s & s &
H = 9(1)112+S23121+le3z +27TJ12112122+27T-,1311113z+27t-]2312z13z

where the resonance offset frequencies of the three spins are QY/27 = +200Hz, ©9/27 = +90Hz and
Q3/27 = —200 Hz.

Spin Dynamics: Basics of Nuclear Magnetic Resonance, Second Edition Malcolm H. Levitt
© 2008 John Wiley & Sons, Ltd
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As a second example, consider the five-spin A, X3 system of the protons in ethanol CH3;CH,OH (ignoring
the rapidly exchanging hydroxyl proton). As described in Section 17.5, the magnetic equivalence of the CH,
and CHj3 protons leads to the following coupling topology:

1 3 Figure 18.2
4 Coupling topology for
2 the non-exchangeable
5 protons in ethanol.

If the spectrometer reference frequency set to 8rf = 2.425 ppm and the magnetic field is B = 11.74 T, then
the rotating-frame spin Hamiltonian for the five non-exchangeable protons in ethanol is given by

~0 o A o A o PN P P PN PN PN
H ;Q?(llz+12z)+9g(131+l4z+151)+27TJ(112.ISZ+llzI4z+Ilzl5z+12z13z+12z]4z+121152)(18-2)

where the resonance offset frequencies and J-couplings are QV/27x = —617.5Hz, QJ/27 = +617.5Hz and
J=+69Hz.

18.2 Energy Eigenstates

A weakly coupled system of N spins-1/2 has 2" stationary states, given by the direct products of the Zeeman
eigenstates of the individual spins. For example, the eight stationary states of the AMX system are

1) = |oerer) 2) = |aap)
13) = |epr) 14) = |app)
15) = |Bacr) 16) = |Bap)
17) = |Bpcx) 18) = 1888) (18.3)

These are all eigenstates of the z-angular momentum operators of the individual spins; for example:
I |eaa) = +%|06060t) Iy |apa) = —%laﬂa)
Iy |aaa) = +%|060l06) Iy laap) = —%Iaam
In general, these relationships may be denoted as
Ity = m1r)

where m(jr) = +1/2if the state |[r) has an ‘e’ label in the jth place, and m(jr) = —1/2if the state |r) has a ‘8’ label

in the jth place. For example, the state |2) in Equation 18.3 has m(22) =+1/2, m(22) =+1/2and m(32) =-1/2.
It is also convenient to define the fotal z-angular momentum quantum numbers as

M, = Z m_(]-r)
J

For example, the state |1) = |aaa) has M; = +3/2, whereas the states |6) = |faf) and |7) = |BBa) have My =
M; =-1/2.

The direct product Zeeman eigenstates are eigenstates of the weakly coupled spin Hamiltonian in Equa-
tion 18.1, according to

~0

H |r) = o|r)
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The energies of the states are
w, = Z w(;m + Z 2w ka(r)mk
Jj<k

The diagram below shows these energy levels for systems of N = 1, 2, 3,4 and 5 spins-1/2. The state energies
fall into distinct groups, distinguished by the value of M,:

N

1l
(4]

=
Il
()

.
.
||
|0
i

=
I
|
N

Figure 18.3
Energy levels for

coupled spins-1/2. M =-5/2

|

This diagram greatly exaggerates the small differences in energy between levels in the same group, which
are caused by chemical shift differences and J-couplings.

The number of levels in each group follows the binomial distribution. In general, for a system of N
spins-1/2, the number of levels with a given value of M is equal to N!/{(N/2 — M)! (N/2 + M)!}.

18.3 Superposition States

In general, each coupled spin system is not in an energy eigenstate. The superposition states are defined in
the usual way:

2N

W) =>_ clr)

r=1
where the coefficients ¢, are normalized complex numbers:

N

> lal=1

r=1

For example, the state

) .
V) = = laer) + o) + 5 1888)

V2 f

is a valid superposition state for the AMX system.

leaB) + 3[2
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18.4 Spin Density Operator

The quantum state of an ensemble of multiple-spin systems is described by the spin density operator,
defined by

b=yl

where |y) is the state of an individual spin system and the overbar indicates an ensemble average.

The spin density operator of an ensemble of N-spin-1/2 systems may be written as a 2V x 2V density
matrix. The ‘boxnotation’, described in Section 15.2, is very useful for specifying the density matrix elements.
For example, the 8 x 8 density matrix of an ensemble of AMX spin systems may be written as follows:

Plaat]| Plata] Plar+] Plree] PlFer] P++a] P[4+
A=) Alaep) P AEap) M) AE)
PlapT] PE—a] PE=F] P[3B«] Plet]
Pe==] Ma=p] Plap=] Plapp] PE=]1 PII=F] Axp=] A5
Pl=aa] Pl=at] Al=Fa] P=++] Plgat| Plpta] PB++]
M) e A A=) Pl
P==a] P==F] A=pa] A=Fx] PF—=] P[F—7]
PE=—=1 A==p] A=F=] A=p8] Ap=] PB=F] PlBE—]

>
I

The density matrix of an ensemble of AMX systems contains eight populations praga7. .. (on the
top-left to bottom-right diagonal) and 56 coherences prgat. flaza] - - - Agg—] (off the diagonal).

The procedure for obtaining the ‘box notation” for a given element may be illustrated by the following
example. Consider the density matrix element pg; = (6/p17) = (BaB|plBBe). This is a coherence between
states | fBa) and (Bap|, and since the spin states should be read from right to left, the ‘coherence arrow’ points
in this case from to |8Ba) — |Baf).

The state labels for the three spins may now be compared between the two states |8a) and |Saf). Spin
I is in state | B) for both states, which is indicated by a ‘8’ label inside the box. Spin I, is transformed from
state |B) to state |o) in making the transformation |f«) — |Bap), which is indicated by a ‘4’ label inside the
box. Spin I3 is transformed from state |o) to state |S), which is indicated by a ‘—’ label inside the box. The
box notation for the element (6|p|7) is therefore B

Similarly, the box notation for the element p35 = (3|0[5) = (aBa|p|fac) is prr=a]-

The box notation is easily extended to larger numbers of spins-1/2. For example, in the five-spin-1/2
system of ethanol, the density matrix element (Baaaf|p|lecfof) may be denoted A atap]

Spins with labels ‘4" or ‘—’ inside the box are termed active. Spins with labels ‘a” or ‘8’ inside the box are
termed passive. For example, in the coherence A —aiaB) spins I; and I3 are active, while spins I, I3 and I5
are passive.
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Table 18.1 Numbers of coherences for N-spin-1/2 systems. There are equal numbers of coherences with order —p
and +p.

Number of spins N 1 2 3 4 5 6 10 100 500
0-quantum 0 2 12 54 220 860 183732 9.0 x 10 2.7 x 10?%
(+1)-quantum 1 4 15 56 210 792 167 960 8.9 x 10°® 2.7 x 10%°
(+2)-quantum 0 1 6 28 120 495 125970 8.7 x 108 2.7 x 10?”
(+3)-quantum 0 0 1 8 45 220 77 520 8.3 x 10% 2.7 x 10?¥
(+4)-quantum 0 0 0 1 10 66 38760 7.7 x 10° 2.6 x 10%*
(+5)-quantum 0 0 0 0 1 12 15504 7.1 x 108 2.6 x 102
(+6)-quantum 0 0 0 0 0 1 4845 6.3 x 10% 2.5 x 10%”
1-spin-(+1)-quantum 1 4 12 32 80 192 5120 6.3 x 10 8.2 x 102
2-spin-(+2)-quantum 0 1 6 24 80 240 11520 1.5 x 10% 1.0 x 10'%
3-spin-(+3)-quantum 0 0 1 8 40 160 15360 2.6 x 103 8.5 x 101%°
4-spin-(+4)-quantum 0 0 0 1 10 60 13440 3.1 x 10% 5.3 x 108
5-spin-(+5)-quantum 0 0 0 0 1 12 8064 3.0 x 10% 2.6 x 10160
6-spin-(+6)-quantum 0 0 0 0 0 1 3360 2.4 x 10% 1.1 x 10'%2

18.5 Populations and Coherences

18.5.1 Coherence orders

The box notation makes it very easy to deduce the order of a coherence. Each ‘+’ symbol inside the box
contributes +1 to the order, each ‘—’ symbol inside the box contributes —1, and « or 8 symbols contribute
zero. For example, is a (+2)-quantum coherence, and is a (—1)-quantum coherence.

The number of coherences of a given order increases very rapidly with the number of coupled spins. The
top half of Table 18.1 shows the number of coherences of different order for systems of 1, 2, 3, 4, 5, 6, 10, 100
and 500 coupled spins-1/2.

For a single spin-1/2, there are no zero-quantum coherences, and only one coherence of order +1. For two
spins-1/2, there are two zero-quantum coherences, four (+1)-quantum coherence, and one (+2)-quantum
coherence. For three spins-1/2, there are 12 zero-quantum coherences, 15 (4+1)-quantum coherences, six
(+2)-quantum coherences, and one (+3)-quantum coherence.

For 10 coupled spins-1/2, there are 167 960 (+1)-quantum coherences. In a small protein, there are ap-
proximately 500 protons, and the number of (+1)-quantum coherences is given by the mind-boggling figure
of ~2.7 x 10?%.

18.5.2 Combination coherences and simple coherences

Consider the coherences and of an AMX spin ensemble. The order of coherence is —1 in both
cases. However, the number of active spins is three in the first case and one in the second case. These
different types of coherence are distinguished by denoting as a three-spin-(—1)-quantum coherence,
while is a one-spin-(—1)-quantum coherence.

Coherences in which the number of active spins is greater than the coherence order are called combination
coherences. Coherences that are not combination coherences are referred to in this book as simple coherences.>
In the example above, is a combination coherence, whereas pg—] is a simple coherence.

The lower half of Table 18.1 shows the number of simple coherences in different spin systems. For these
coherences, the number of active spins is equal to the coherence order. For example, in a three-spin-1/2
system, there are 15 (41)-quantum coherences. Twelve of these are simple coherences, and three are combi-
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nation coherences (these are o=}, o= and o—=7)- In a five-spin-1/2 system, there are 45 (+3)-quantum
coherences, of which 40 are simple coherences and five are combination coherences.

The number of simple p-quantum coherences in an N-spin-1/2 ensemble is equal to
{N! > 2N P { pl (N — | p])Y.

By definition, zero-quantum coherences are combination coherences.

18.5.3 Coherence frequencies

In the absence of r.f. fields, and if relaxation is ignored, all coherences evolve as described in Section 15.4.
The equation of motion of an individual coherence between time points #, and , is:

prs(tb) = prs(ta) exp{(iQrs - }\rs)(tb - ta)} (184)

where ©,, is the coherence frequency (in the rotating frame) and A,, is the decay rate constant of the coherence.

The box notation makes it easy to determine the precession frequency €,, of a given coherence. As an
example, consider the coherence in an AMX spin system. The frequency Q=g of this coherence may
be determined as follows:

1. Draw out the coupling topology of the spin system and attach the coherence labels. Draw a lasso around
the active spins:

Figure 18.4
Diagram used for
calculating the

frequency Qr=g-

2. Calculate the chemical shift contribution to the frequency by assigning 4+ to active spins with a ‘'

label and —Q9 to active spins with a ‘+” label. For the coherence p7—g], the chemical shift frequency
contribution comes to

chemical shift contribution = —QY + QJ

3. Compute the J-coupling part of the coherence frequency by summing together contributions from all
couplings between active spins and passive spins, i.e. from ‘inside the lasso’ to ‘outside the lasso’.
Ignore the couplings of active spins with each other, and of passive spins with each other. There are
four possible cases:

(i) The combination of a ‘—" and an ‘o’ label contributes +.J .
(if) The combination of a ‘—’" and a ‘g’ label contributes —mJj.
(iif) The combination of a ‘4" and an ‘o’ label contributes —mJj.

(iv) The combination of a ‘+” and a ‘B’ label contributes +J .
In the case of pr7=4), the J-coupling contribution is

J-coupling contribution = —mJi3 + /23

The rotating-frame precession frequency of the coherence is therefore

Q = _Q(l) + Qg —nwJiz + w3
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As a more complicated example, consider the three-spin-(—1)-quantum coherence in the five-
spin-1/2 system of ethanol. The ‘lasso’ picture of this coherence is shown here:

Figure 18.5
Diagram used for
calculating the

frequency Q—157.

Applying the rules above, and using the magnetic equivalences defined in Equation 18.2, gives the following
chemical shift frequency contribution:

chemical shift contribution = +Q(1) - Qg + Qg = —I—Q(l’
For the J-coupling contribution one gets
J-coupling contribution = —nJig — wJoz + w5 = —7J

The overall precession frequency of this coherence is therefore

0
e =t -7/

The frequency of any coherence in a weakly coupled system of spins-1/2 may be deduced in the same
way.

18.5.4 Degenerate coherences

Coherences that have the same precession frequency are termed degenerate. Degeneracy occurs whenever
there is magnetic equivalence, or whenever the J-couplings between any pair of spins is vanishingly small.

For example, in an AMX system, the coherences and are degenerate if the coupling Ji3
vanishes, so that the spin system is linear (see Section 17.9).

In the A2X3 system of the protons in ethanol, the coherences p—sap] A —aapa )y P[—apaa] Pla—aap) Pla—apal
Pla—paa ] P[—pacB ) P[—papa)s P[—ppac) P[p—aaB) P[F—apa] A P[p—paa] are all degenerate.

Most large systems of coupled spins-1/2 have a high degree of degeneracy, since it is unlikely that every
spin has a finite J-coupling with every other spin.

Degeneracy has important practical consequences: although the number of coherences in a small protein
molecule is astronomical (see Table 18.1), the number of non-degenerate coherence frequencies is relatively
manageable. If this were not so, it would be essentially impossible to interpret the NMR spectrum for
molecules of a reasonable size.

A very high degree of degeneracy is a characteristic property of weakly coupled spin systems in isotropic
liquids. In liquid crystals, the degeneracy is relatively low, and the NMR spectra of molecules containing
more than around 10 coupled spins are essentially intractable.?

18.5.5 Observable coherences

Only simple (—1)-quantum coherences generate observable signals in a quadrature receiver.
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This may readily be seen by using the formula for the total spin magnetization along the x-axis:

My~ (L) = Te(pl} = Triphud + Tr(plad + ...
In the case of a three-spin-1/2 system we get
My ~ Tr(phy} + Te(pla) + Tr(pla)
Each individual term may be expanded as follows:

Triphi) = Te(p(I} + I7)(05 + )5 + 13))

VTe(plf SISy + 1 Te{plT I8 TSy + ...

Operators such as f; 14 [% may be written in the following ‘ket-bra’ form:
IY 315 = |aop) (o
The properties of the trace (see Section 7.7.4) may be exploited as follows:
Tr{plf 1515} = Tr(plaap)(Bapl) = (BaBlplacp) =
These arguments may be put together to obtain:

N

1 1 1
M~ x):§+§+...+§+...

Only simple (+1)-quantum coherences appear in the sum.

Although the transverse magnetization M, contains contributions from the simple (+1)-quantum co-
herences as well as the simple (—1)-quantum coherences, the quadrature-detected NMR signal is purely
generated by the simple (—1)-quantum coherences, defined as usual in the rotating frame. The ar-
guments given in Appendix A.5 may be used to derive the following formula for the quadrature

NMR signal:

5(t)~2i( p=aa(t) + (t) +...) exp{—idrec}

Here, ¢y is the receiver phase, as specified in Section 4.5.4.

Although only simple (—1)-quantum coherences generate observable signals directly, the other coher-

ences may be observed indirectly by using two-dimensional spectroscopy.
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18.6 NMR Spectra

Each of the simple (—1)-quantum coherences is associated with a single spectral peak.
For example, the NMR spectrum of an AMX system has the following mathematical form:

S(2) = o= L% QU=za), M) + =51 L% Qg M) + - .-

There is one term for each of the 12 observable coherences, and the complex amplitudes have the form

O —aa] = 21(0) exp{—igrec}
‘X = 21(0) exp{_i¢rec}

and so on. The time point r = 0 corresponds to the beginning of signal detection.

As described in Section 15.5, each peak contributes an absorption Lorentzian if the complex ampli-
tude is a real number, but contributes a dispersion Lorentzian if the complex amplitude is an imaginary
number.

If the amplitudes of the simple (—1)-quantum coherences are real and equal at time 7 = 0, then the
spectrum of an AMX system has the following appearance:

Figure 18.6
Assignment of AMX
spectral peaks if all JM MM ML
J-couplings and the . : J
a3 Q)

. . T Ll
gyromagnetic ratio are

Q) @
positive. 1

This spectrum corresponds to the case QY/27 = 300Hz, 5/27 = 100Hz, Q3/27 = —50Hz, Ji, = 40Hz,
J13 =10Hz and ]23 = 25Hz.

The signs of the J-couplings do not affect the appearance of the spectrum, but do influence the correct
labelling of the peaks. For example, if J,3 = —25 Hz, while all other parameters are unchanged, the spectrum

should be labelled as follows:

S
Figure 18.7 M . I I l M
Assignment of AMX . : .
spectral peaks if Jo3 is QO QO Q0 TQ
negative. 3 2 !
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Suppose, now, that the coupling Ji3 vanishes, so that the spin system is linear (see Section 17.9). Several
pairs of coherences become degenerate, and the spectrum has the following form:

B &l (3]
i 43
!!!! Figure 18.8
Assignment of AMX

spectral peaks for a

linear three-spin

T .

Q(S) system, showing
degeneracy.

This spectrum corresponds to the J-coupling parameters Ji; = 40Hz, Ji3 = 10Hz and J»3 = 0.

If spins I and I3 are magnetically equivalent, then further degeneracy arises, since the chemical shift
frequencies Q(l) and Qg are the same, and the J-couplings Ji, and Jp3 are also identical. The spectrum has
the following form in this case:

(][]
/|8
T
l
BIE
T
3
ik
- — T
[
Y T T
&
T T Figure 18.9
0 00
2, Q) Assignment of spectral
QO peaks for an AX; spin
3 system.

This corresponds to an AX; spectrum with parameters Q/27 = QJ/27 = 300 Hz, Q9/27 = 100 Hzand Ji, =
J23 =40Hz.

This AX; spectrum reveals the J-coupled multiplet structure discussed in Section 3.8. The ‘A’ spin (/)
is coupled to two magnetically equivalent "X’ spins (I; and I3), providing a triplet multiplet structure, with
amplitudes in the ratio 1:2:1. The ‘X’ spins (/; and I3) are coupled to a single ‘A’ spin (/), so the "X’ spin
peak is a doublet.

Note how the amplitude ratios of the multiplet components may be interpreted in terms of the degen-
eracies of the coherences. The central peak of the ‘A’ spin triplet is twice as intense as the two outer peaks,
because it is generated by twice as many coherences.

The spectrum of the A;X3 ethanol spin system appears as follows (the J-coupling is exaggerated for
clarity):
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Figure 18.10

Assignment of spectral

peaks for an A,X3
system.
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The magnetic equivalence leads to a high degeneracy of the coherences. Even the smallest peaks in the
spectrum contain contributions from four degenerate coherences, and the largest peak in the spectrum is
24-fold degenerate. The A-spin peak is a quartet, since each A spin is coupled to three X spins. The X-spin
peak is a triplet, since each X spin is coupled to two A spins.

18.7 Many-Spin Product Operators

Spin dynamical calculations in weakly coupled spin-1/2 systems are greatly facilitated by the product
operator formalism, introduced in Section 15.6. The formalism needs to be extended in order to handle
systems of more than two coupled spins-1/2.

18.7.1 Construction of product operators

Product operators for an ensemble of N-spin-1/2 systems may be constructed through the following

procedure:

product
operator

— 2(N—1) %

operator for
spin I
(4 choices)

operator for
spin I,
(4 choices)

operator for
spin Iy
(4 choices)
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The choices for each operator are as follows:

17,

24
operator for I
spin [; =< "
(4 choices) Ljy

~>
.
I

Products of unity operators may be eliminated; for example:

~

4x 37, % 19, x 19, = 19
X =11 x =l x =13 = =
PR R )

1~ . . o
4X§11X121X13x:212113x

Some valid product operators in a three-spin-1/2 system are 11, Iv., 205, Iy, 411, 15 T3, Some valid product
operators ina five-spin-1/2 system are %1\, ilz/ Zizz i3x, 4f1xfzzf3x, 8i1xizz i3xi4y, 161\1:1\21 i3zf4zi5z .

As usual, it is advisable to keep strict sequential order for the spin indices, and to keep the proper
numerical prefactor together with the product operator.

18.7.2 Populations and coherences

In a system of N spins-1/2, each product operator term in the density operator consists of a superposition
of 2V coherences and populations. The use of product operators allows one to keep track of large groups
of coherences and populations at the same time, permitting calculations in systems with large numbers of
coupled spins.

Consider, for example, an AMX spin system. The product operator /1, may be expanded as follows:

5 5 1~  1-
Ily =4 x Ily X 512 X 513
1 .. . 1. . 1.,
=4x 5(1{ — Iy x5+ ) x Gha %
1, .. I I N INDVIN NPV sy AB A8 sl aB4
= o (WII = NI+ IS0 — IS0+ I — DI+ 1T - 1)
If the density operator contains a term /3, this implies the presence of coherences such as prza], Aiap) and
also observable (—1)-quantum coherences such as and el

Product operators such as I, 211, 1., 211, I3, and 411, 1>, I3, contain the same combinations of coherences,
but with different relative phases. Consider again an AMX system, with all couplings resolved. If the AMX
density operator contains a term proportional to —I;, at the beginning of the detection interval, then the

spectrum has the following appearance:
l!!’ Figure 18.11

Spectrum associated

with a product operator
T T > term —1 1y, in an AMX
system.
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If the AMX density operator contains a term proportional to —2f 1yf 2. at the beginning of the detection
interval, then the spectrum has the following antiphase appearance:

R
Figure 18.12
3]

Spectrum associated

with a product operator | T
term —ZIAU,IAZZ, in an Q‘: Qg
AMX system.

T L

Q

Note that peaks from coherences with different labels for spin /I, have opposite sign.
A term proportional to —211,15, at the beginning of the detection interval generates a different sort of

antiphase spectrum:
c=%
RHHE

Figure 18.13

Spectrum associated L
with a product operator
term —Zilyisz, in an
AMX system.

N >

Q

This time, the peaks from coherences with different labels for spin /3 have opposite sign.
Aterm proportional to —4171, I, I3, at the beginning of the detection interval generates a ‘doubly antiphase’
spectrum:

Figure 18.14

Spectrum associated J
with a product operator
term —4IA1y sz i3z, in an
AMX system.

The peak signs are inverted according to the labels of both spins I, and I5.

In magnetically equivalent systems, the degenerate peaks may either reinforce or cancel each other. For
example, consider an AX; system, in which /; and I3 are magnetically equivalent. A product operator term
—I1, generates a spectrum with the following in-phase appearance:
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(=B [-BB] [eB] [-od]

V

M Figure 18.15
Spectrum associated

IO T 0 » Q .
o Q) with a product operator
0 term —1 1y, in an AX,
£ system.

A product operator term —2[1, />, generates an antiphase spectrum:

[-Be][=BB] [-aB][-aq]

WJ—‘ Figure 18.16

. Spectrum associated

2 Q? with a product operator
0 term —ZIAlnyZ, in an AX,
93 system.

A product operator term —27 1y I3,, on the other hand, generates no signal at all, since the antiphase peaks
from degenerate coherences such as and have opposite sign and cancel exactly.*

Similarly, the central peak in the A-spin triplet of the AX, system vanishes for the antiphase spectrum
generated by the term —211,15,:

JL Figure 18.17
o ™ Spectrum associated
Q Q i
‘{ 2 1 with a product operator
0 term —2IA111A2),, in an AX,
3 system.

Y
o]

18.7.3 Physical interpretation of product operators

Product operators in systems of many coupled spins-1/2 have an analogous physical intepretation to that
given in Section 15.6 for coupled spin pairs. Density operator terms such as /7, indicate a partial alignment
of spins I; with the x-axis. Density operator terms such as 2111, indicate that the x- components of the spin
angular momenta for spins /; and I, are correlated.

Density operator terms such as 41,15, 15, indicate three-way correlations. The presence of a term 411 0y 15,
in the density operator indicates that all three spins I3, I, and I3 tend to have the same polarization along
the x-axis. This is depicted (in greatly exaggerated form) in the following diagram:
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7 X —orl,

term 4ilxi2x13x-

18.8 Thermal Equilibrium

Thermal equilibrium in an ensemble of N-spin-1/2 systems corresponds to the usual Boltzmann distribution
of populations (see Sections 11.3 and 15.7). In high magnetic field and at normal temperatures, the thermal
equilibrium spin density operator of a homonuclear spin system may be approximated as follows:

P29 = 27NT 4 27 VB],
=2 VT4 27 VB (F, + T+ ..+ )

where B is the Boltzmann factor, B = fiyB°/kgT.
In many calculations, it is permissible to omit the unity operator and the numerical factors, and simply
write

IZ)equz:ilz+f2:+'~'+iNZ

In the case of heteronuclear spin systems, the Boltzmann factors are different for different spins. For

example, the thermal equilibrium spin density operator for a heteronuclear 1§ system is written as
1

poz= iyl (Bi11. + By o + BsSs.)
8 8 Z Z Z

where B; = hy;B°/kgT and Bg = hysB°/ kgT.

18.9 Radio Frequency Pulses

The transformation of a multiple-spin product operator by a strong r.f. pulse is easily calculated by rotating
each of the individual operator terms. The technique is exactly the same as for two-spin product operators,
as described in Section 15.8. The appropriate transformations for strong pulses with phases ¢, = 0 and
¢p = /2 are summarized in Equations 15.6 and 15.7.

For example, a product operator term 4,0y, T 3y is rotated by a non-selective (1/2), pulse as follows:

(/2); S s S
411z12x13y I 4(_Ily)(12x)(13z) = _411)'12)(132

In heteronuclear spin systems, only the operators that belong to the resonant spin species are rotated; for
example:

(m/2);
411212x53y —— 4(_]1)')(12x)(S3y) = _411y12xs3y
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R (/2]
411z12x83y —— 411112xS32

18.10 Free Precession

If relaxation is ignored, the evolution of a multiple-spin product operator under an interval of free evolution
may be deduced by extending the treatment in Section 15.9.

For weakly coupled systems, the calculation of product operator evolution may be split up into separate
sub-calculations for the evolution under each chemical shift frequency, and under each J-coupling. These
sub-calculations may be taken in any order, since the corresponding spin propagators commute.

For example, in an AMX system, the evolution of a particular product operator term over an interval t
may be calculated by the following sequence of transformations:

0 0 0
Qlf Q2T ng wJiptT wJi3T 3T

18.10.1 Chemical shift evolution

The evolution under a chemical shift term is readily calculated by rotating the appropriate spin operator /;

through the angle Q(}r about the z-axis. The appropriate transformations are given in Equation 15.22.

The calculation is repeated for each spin operator in the product.
For example, the chemical shift evolution of the product operator term 4f1 0o T 3y in an AMX system is
as follows:

411, 1. 15,

0
QT

4ilzi2xi3_\'

0
QT

4f11(i2x [e(e) le’ + izy sin Qg‘[)igy

0
Q3T

4f,,(I5, cos Qgr + fzy sin Qgt)(i3y cos Qgr — I3, sin Qgt)

or, to summarize:
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4i1zf2xf3y

0
QT

0
QT

0
Q37

PO 0 0 s s s . .0 0
411,15, 13y, cos 2,7 cos Q3T + 411,15, 13, 5in Q57 cos Q37

—414, 1 I3, cos 9t sin Qt — 411,15, I3, sin Q97 sin Q37

18.10.2 J-coupling evolution

The calculation of J-coupling evolution in multiple-spin product operators exploits the commutation rela-
tionships summarized in Equations 15.23 and 15.24.

Suppose that we wish to calculate the transformation under the J-coupling between spins /; and I over
the interval 7. The product operator does not evolve under the coupling Jj in the following cases:
1. If both spins I; and I are missing in the product operator.
2. If only one spin I; or I; is present, and that spin carries a z label.
3. Ifboth spins I; or I; are present, but both spins carry a z label.

4. If both spins I; or I; are present, but neither spin carries a z label.

Some examples of these cases are as follows:

R mJpt
I3y, ——— I3 (case 1)
. mJipt
I, —— I, (case 2)
IR wJioT PN
2]1213y E—— lezlgy (case 2)
P wJ12T PO
2111122 - 2111 2z (Case 3)
IR I3t PN
212x13x _— 212x13x (case 4)
A w13 IR
211y13x E—— 211},13)( (Case 4)

O

O
S|

oy

N

>

>

o T N
411)'12x13z _— 411)'12)(]31 (CaSG 4)
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In all other cases, the product operator does evolve under the relevant J-coupling, and the appropriate

transformation may be deduced using Equation 15.23.
For example, consider the transformation of 471, 7>, I3, under the coupling J,3. The product operator may

be written as
4ilyi2xi3z = Zily(2i2xi3z)

The following diagram may be used to deduce the J-coupling evolution of the bracketed term:

ASERA
2’22’32
o3t
Figure 18.19
Cyclic commutation
diagram used for
A calculating the
A A by evolution of 21,15,
2l under Jp;.
This leads to
Zily(2i2xi3z)
J; 23T

Zily (2i2xi3z cos 3T + izy sin 7'[123‘[)

or to summarize:

4i1yi2xi31
7'[./23‘5

41A1yf2)(i3Z cos wJr3T + 2]A1yi2y sin /3T

The evolution of the term 47 1yf 213, under all three J -couplings may be deduced by putting all of these
arguments together:

41,1515,

7TJ12'[
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41,1515,
7'[.]231’

4i1yi2xfgz cos 3T + Zilyizy sin wJo3T

72’.]131’

4f1),72xf3z cos wJxT cos it — 201, 1oy cOs T IosT sin whisT

+2i1yi2y sin 7TJ237.’ COos 7'[]13'[ — 4i1xi2yi32 sin 71.]23‘[ sin 7'[.]131’

18.10.3 Relaxation

In practice, the precession of the coherences is accompanied by decay. In simple cases, the coherence decay
may be taken into account by multiplying each product operator term with an exponential decay factor.
However, this procedure is invalid if the different coherences that make up a given product operator term
have different decay time constants (see Section 20.8).

18.11  Spin Echo Sandwiches

Spin echo sandwiches may be used to simplify the evolution of product operator terms, as described in
Section 15.10. Under suitable conditions (see Appendix A.10), chemical shift terms are suppressed, and
the propagation may be calculated using a 7 rotation of all spin operators, followed by an interval of free
evolution under the J-couplings alone.

For example, the evolution of the term 471,15, I3, under a spin echo sandwich (SES) containing a central

7, pulse is as follows: o
411}'12x13z

Ty
4(_i1y)i2x(_i3z) = 4i1yi2xi3z

7TJ12‘L'
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wJi3T

4i1yizxi3z Ccos 7TJ13 — Zilxizx sin 7T.]13

7TJ23‘E

411,015, cos i3t cos wlst + 201, 1oy cos wiaT sin ot
—2IA1XIA2X sin 7'[.]13‘[ cOoSs 7'[./23‘[ — 4IA1XIA2'VIA3Z sin 7TJ13‘L' sin 7T.123‘L'

or in summary: PN
y 4Ily12xl3z

SES

4:f1yi2xi3z coswJi3T cos 3T + Zilyizy coswJi3T sin wJ3T
=201, 0o, sin w3t cos whast — 4l Ioy I3, sin w3t sinwiyst

In the case that all J-couplings between magnetically inequivalent spins have the same magnitude,
a particularly simple effect is obtained when the spin echo sandwich has a duration = = |(2J)7!|. Each
product operator is transformed into only one term. Consider, for example, the product operator 411 0o 15 v
in the A;X; system of the protons in ethanol. As shown in Figure 18.20, this term propagates as follows:

4ilzi2xi3_\'

SES

8(_in)(_iSX)(+i4Z)(+i5z) = 8i2xi3xi4zi5z

Note that the final result of this propagation depends strongly on the topology of the coupling
network.’
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Figure 18.20
Propagation of a
product operator in a
A,X3, system, assuming
positive J-couplings.
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18.12 INEPTin an I,S System

Consider the refocused INEPT pulse sequence (see Section 16.3):

(w2), (™) @2), (@
I ’( /2 2 T2 || T2
L DECOUPLE |-
(m)x (w'2), (m)x
° |
Iy Figure 18.21
t Refocused INEPT pulse

L L S sequence.

Assume that the two spin echo sandwiches have different durations, denoted t and t’. The first spin echo
sandwich has duration 7 = [(2J;5)7!|, and the second interval 7" may be chosen freely. The pulse sequence
may be analysed using the following simplified form:

(3n/2), (n/2), (m)y
| T T
“| DECOUPLE |
| e o
J-couplings J-couplings
(M), only /2), (m)y only

|
| S Ly

Simplification of the
refocused INEPT pulse
sequence.

Suppose that the pulse sequence is applied to an ensemble of I, S spin systems, each consisting of three
spins I, I and S3. For simplicity, assume that the two I-spins are magnetically equivalent.
The initial spin density operator of the I, S system is

R 1~ 1_ . . 1_ .
P = gl + gBI(Ilz + I2;) + gBSSSz (18.5)

The thermal equilibrium S-spin magnetization and the unity operator may be dropped for simplicity, leading
to the simplified expression

>

1 o o
® = §B1(11z + 1)+ ...
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If relaxation is ignored, then the propagation of the spin density operator during the first half of the pulse
sequence is as follows:

f)@ = %B](ih + izz) +...
(Br/2)f; 7

By + Ioy) + ...

>
®
Il

T

(J-couplings only)

b@ = —%B[(Zilxsbz + 2i2xs‘32) +..

(7/2);, (7/2)]

i)@ = %B](Zi]zsbx + 2i21‘§3x) +...

This shows that the thermal equilibrium /-spin magnetization is converted into antiphase transverse S-spin

magnetization.
Each of the product operator terms in b continues to propagate as follows:

Zilz S?)x

_ZileBx

71.]13‘[/

—Zilz Sg,x cos 7'[]13‘[" — Sg,y sin 72']137.'/

72’./231,'/

—211,85, cos w13t cos It — 461.15.85, cos mJiat sin ot
z 7142793y

83y sin w137 cos whast + 215,85, sin w137 sin whpst’
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The propagation of the spin density operator through the entire sequence, therefore, may be written as

>

@ = §Br(li + 1) + ...

Pe = — 1B, 85,2 sin w137 cos ) + ...

= —%B[S:;y sin(rJi3t’) + ...

The other terms have been dropped from the density operator because they generate antiphase S-spin
signals that cancel out when a decoupling field is applied to the I-spins.

The transferred signal is maximized by adjusting the duration of the second spin echo sandwich to the
value ' = |(4J;5)"!| . The final density operator is then

1_ .
ﬁ@ —§BIS3'V + ... (18.6)

This may be contrasted with the thermal equilibrium S-spin term in Equation 18.5, which has a factor %B s-
When 7’ is given by t’ = |(4J;5)7!|, the S-spin magnetization is enhanced by a factor y;/ys, compared with
its thermal equilibrium value.

This shows that, in this idealized case, refocused INEPT leads to the same maximum enhancement of the
S-spin signal for IS and IS spin systems, but that the optimal duration of the second spin echo is different
in the two cases. The optimal duration 7’ for an ,.§ system is one-half of the optimal duration for an IS spin
system (assuming equal coupling constants).

If the arguments are repeated for an idealized I3S spin system, consisting of three chemically equivalent
spins Iy, I, I and a fourth spin Sy, we obtain a final spin density operator given by

1.
p@) = —§B,S4y x 3sin(mwJi37") cos (mJizt) + . ..

The enhancement reaches a maximum value of 2y;/+/3ys = 1.155y,/ys for the pulse sequence interval
v = {cos 1/2/3} /(mJs). Therefore, it is possible to enhance the S-spin magnetization by slightly more
than the ratio y,/ys, in the case of an ideal I35 spin system.

The refocused INEPT enhancement factors for IS, IS and I3S spin systems are sketched below as a
function of the interval t’:
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systems, with
Jis = 125Hz.

Note that the optimal value of 7" depends on the type of spin system.

In reality, most spin systems contain a distribution of J-couplings, and there are also relaxation effects.
The optimum pulse sequence intervals and the enhancements achieved depend strongly on the practical
spin system.

A variety of pulse sequences have been described which are less sensitive than INEPT to deviations of
the J-couplings from the ‘ideal” or expected values, and which are also less sensitive to the type of spin
system (see Further Reading).

An interesting question is whether the enhancements achieved by refocused INEPT are the maximum
possible, even in principle. Can one do better by using a different pulse sequence? For example, in an /3§
spin system, is it possible to transfer the sum magnetization of all three I-spins to the S-spin, leading to a
very large enhancement? These deceptively simple questions lead into a lively field of research concerned
with the theoretical bounds on operator transformations. See Further Reading for some references and the answer
to the above question.

18.13 COSY in Multiple-Spin Systems

We now examine what happens when the COSY pulse sequence, described in Section 16.1, is applied to
weakly coupled systems with more than two coupled spins-1/2. The product operator formalism is used
to treat the two-dimensional spectrum.

The pulse sequence for COSY is given by:

(w2),

Figure 18.24 \@>

COSY pulse sequence.

This provides the ‘cosine’ signal in the States procedure (Section 5.9.4). The ‘sine’ signal is obtained by
changing the phase of the first pulse to y (see Note 6).
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18.13.1 AMX spectrum

Consider first an AMX spin system. The initial spin density operator is
b@ Niz:i1z+i2z+i3z (18.7)
omitting the unity operator and numerical factors. Consider the fate of the first term, under the ‘cosine’

pulse sequence (phase x for the first pulse):

b =Tz +
(7r/2),
P = I, +
5]
PSS = —1I1, cos(QVt) cos(rwJiatr) cos(rwJiztr) + T1, sin(2911) cos(m Jiat1) cos(mJiat)

P@ =

+211, 1>, cos(Q91) sin(rwJ1at1) cos(rwJizt1) + 211, Ip, sin(Q91) sin(rwJ1at1) cos(rwJist)

211,15, cos(Q?tl) cos(mJizty) sin(mwJizt1) + 21A1),IA3Z sin(Q(l)tl) cos(mJiaty) sin(Ji3t1)
4411, 15,15, cos(Q)t) sin(mJiotr) sin(r Jisty) — 411,05, I3, sin(Q)n) sin(wJioty) sin(wJist) + ... (18.8)

The second (r/2), pulse transforms the product operators as follows:

ACOS

P®
(/2),

PO = —J;, Cos(Q?tl) cos(mJiotr) cos(mwJiztr) + Iy sin(Q(l)tl) cos(mJioty) cos(Ji3t1)

,O@ =
—2i1xi2y COS(Q?Il) Sin(ﬂflzll) COS(TL’J13[1) — Zilzizy sin(Q(l)tl) sin(rrletl) COS(JTJlg,l‘l)

—Zilxigy COS(Q?H) COS(]TJ12[1) Sin(ﬂflgll) — 2ilzi3y sin(Q(l)tl) COS(T[lell) sin(n113t1)

+4i1zi2yi3y COS(Q(l)l‘l) SiI‘I(ﬂ.’letl) Sin(ﬂ’.]lgll) - 4i1xi2yi3y sin(Q(l)tl) Sin(n’.]ull) sin(wJizt1) + . ..
For simplicity, suppress all terms that do not contain observable (simple) (—1)-quantum coherences:

,f)C@)OS = +i1x sin(Q?tl) cos(mJiat1) cos(mJi3t1)

—2i1z izy sin(Q(l)tl) sin(n]1211) COS(?TJ13I1)

—2i1z i3y sin(Q(l)tl) COS(7T.]1211) Sin(ﬂflg,ll) + ... (189)
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These terms correspond to the following spectral features:

1. The first term in Equation 18.9 is proportional to /1, and contains (—1)-quantum coherences of spin I;.
These coherences precess at frequencies close to 2] during the detection interval #,. Since this term is
also modulated at frequencies close to ¥ during the evolution interval 7, the first term generates a
diagonal peak in the two-dimensional spectrum, with frequency coordinates around (21, ) = (Q(f, Q(lj).

2. The second term in Equation 18.9 is proportional to —21;./,, and contains (—1)-quantum coherences
of spin . These coherences precess at frequencies close to Q9 during the detection interval ,. Since
this term is modulated at frequencies close to QY during the evolution interval #;, the second term
generates a cross-peak in the two-dimensional spectrum, with frequency coordinates around (€21, ;) =
(€1, 2)-

3. The third term in Equation 18.9 is proportional to —211./5, and contains (—1)-quantum coherences of
spin I5. It resembles the second term and generates a cross-peak in the two-dimensional spectrum, with
frequency coordinates around (21, ;) = (9, Qg).

The complete two-dimensional spectrum has the following schematic appearance:

~
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Form of the COSY i
spectrum for an AMX Q_g Qg Q(]) " Q,

spin system.

This is shown for the case /27 = 300Hz, Q)/27 = 100Hz, Q3/27 = —50Hz, Ji, = 40Hz, J;3 = 10Hz
and Jo3 = 25Hz. Positive absorption peaks are indicated by black circles, negative absorption peaks are
indicated by white circles, and dispersion peaks are indicated by grey circles. The multiplets generated by
the three terms in Equation 18.9 are indicated by the ellipses. The remaining signals in the two-dimensional
spectrum are generated by the />, and 73, operators in Equation 18.7.

18.13.2 Active and passive spins

In Section 18.4, a definition of active and passive spins was given for individual coherences. For example,
spin I is active in coherence P=aa) whereas spins I, and I3 are passive in the same coherence.
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The definition of active and passive spins will now be widened to encompass coherence transfer processes,
i.e. the transfer of amplitude from one coherence into another. The expanded definition is as follows:

1. If aspinis active in any of the participating coherences, then that spin is said to be active in the coherence
transfer process.

2. If a spin is passive in both of the participating coherences, then that spin is said to be passive in the
coherence transfer process.

For example, spins I and I, are active in the coherence transfer process - Pa=a) whereas spin I3
is passive in the same process.

Consider now the second term in Equation 18.9, which is associated with the transformation of the density
operator term 427 1_V1A2z into =21 1Zf2y by the second (7/2), pulse. Since spin /; is active in all coherences
contained in +21 1yf 2., and spin I is active in all terms contained in —2J,1 2y, one says that spins /; and I,
are active in the transfer process +211, I, — —21I1.1,,. Since spin I is passive for all coherences contained in
both terms +211,1>, and —211. 1>, one says that spin I is passive in the same process +211,15, — —211, 1.

The third term in Equation 18.9 is associated with the transformation of the density operator term +2171, I3,
into —2/1, 13, by the second (rr/2), pulse. In this case, spins /; and I; are active, while spin I, is passive.

18.13.3 Cross-peak multiplets

Examine the second term in Equation 18.9 more closely:

ﬁ)c@os = —Zilzizy Sil’l(Q(l)ll) sin(nletl) COS(]TJ13I1) +... (1810)

The form of this term (proportional to —2/1,1»,) indicates that the signal in the Q, dimension corresponds
to a spin I, multiplet, antiphase with respect to spin /;. In the case QY/27 = 300Hz, Q9/27 = 100Hz,
Qg /2w = —50Hz, Ji; = 40Hz, J13 = 10Hz and J,3 = 25 Hz, this multiplet has the following appearance in

the Q, dimension:
alls
&

an Figure 18.26

Y
1 T »
0 N0 0 "Q The Q,-multiplet
0, v v 2, 2 2 generated by Equation
18.10.

Note that the sign of the peaks does not depend on the state label for the passive spin (I3 in this case).
In order to understand the form of the two-dimensional multiplet, expand the trigonometric functions
in Equation 18.10 as follows:

:bCCZ)S = _ZilziZy X

1 1
{4 COS((Q? —naJp — 7'[]13)l‘1) — 1 COS((Q? +mJip — 7'[.]13)t1)

1 1
+ 1 COS((Q? —nwJyp +niz)h) — 1 COS((Q? + mJip + 7'[.]13)1‘1)} e (18.11)

If the calculation is repeated for the ‘sine’ pulse sequence (with the first pulse being (r/2); instead of (/2),),
we get
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~sin

:0@ = _ZflziZy X

1 . 1 .
{4 sin ((Q? —aJyp — 7T.113)11) — Z sin ((Q(l) + a7t — 7TJ13)1‘1)

1 1
+ 1 sin ((Q(l) —nJip + 7T.113)l1) — 1 sin ((Q(l) +mJpp + 77.]13)11) } - (1812)

The ‘cosine’ pulse sequence only gives rise to cosine modulation terms in #;, whereas the ‘sine” experiment
only gives rise to sine modulation terms. As a result, the States procedure gives pure absorption lineshapes
for all spectral components generated by Equation 18.10.

Equations 18.11 and 18.12 show that the modulation components have different signs. The components
with frequency Q? — wJip £ wJi3 are positive and the components with frequency Q‘l) + wJip &+ wJi3 are
negative. This implies the following appearance for the multiplet in the Q1 dimension:

Figure 18.27 JUL\

The Q;-multiplet B v N > .
generated by Equation Q3 Q, Q Q
18.10.

The form of the multiplet in the 1 dimension may be traced to its origin in the term proportional to +211, I,
in Equation 18.8.
The two-dimensional cross-peak between spins I; and I, therefore, has the following appearance:
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A similar calculation of the cross-peaks between spins I; and I3 and between I, and I3 shows that the
multiplets have the following form:

LU
1388
8888

oo |— Figure 18.29
Form of the COSY
§E8% R = multiplets between
o spins I; and I3, and
2

2 between spins I, and /5.

In all cases, coherences with different state labels for the active spins have opposite sign, whereas coherences
with different state labels for the passive spins have the same sign.

18.13.4 Diagonal peaks

The diagonal peaks in the COSY spectrum of an AMX system come out in pure dispersion when the data are
acquired and processed according to the States scheme. If the calculation given in Section 16.1.4 is repeated
for the AMX system, we get the following form for the diagonal peak multiplet of spin /;:

UL U L

ol s 2283 s
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H-HH R 8 8 ; Form of the COSY
> diagonal peak multiplet
Q) for spin I;.
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The other diagonal peak multiplets have a similar appearance.
Such dispersion peakshapes are undesirable. The double-quantum-filtered COSY experiment is used to
suppress the dispersion diagonal components (see Further Reading and Exercise 16.2).

18.13.5 Linear spin systems

If the coupling Ji3 vanishes, then the spin system is linear (see Section 17.9). In this case, the cross-peaks
between spins /; and /3 vanish, since the relevant antiphase terms 27 1yf 3. and 2/, 1 3y are never created
during the evolution interval. In the frequency domain, we can imagine that the multiplet components
with opposite sign have exactly the same frequency and cancel each other out. The two-dimensional COSY
spectrum has the following form:

Q Jg J\ l j i ’ ‘ l
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Figure 18.31
The COSY spectrum for of 1 e G —
a linear three-spin-1/2 5 . "
system. o & oo,

Note the two missing cross-peak multiplets.
This is a general property of COSY spectra. The COSY cross-peak between two spins vanishes unless the two
spins have a finite mutual J-coupling.*

18.14 TOCSY

18.14.1 The ambiguity of COSY spectra

In many cases, one would like to identify two peaks as being generated by the same spin system, even if
the corresponding spins do not have a finite J-coupling. For example, consider the case where the sample
contains two independent linear three-spin systems A-M-X and A’-M'-X'. If all six chemical shifts are
different, then the COSY spectrum has the following appearance (neglecting the multiplet structure):

Q, Diagona

X @1

X {

M ®— @
Figure 18.32 A i : 3
Form of the COSY
spectrum for two linear A ®
AMX systems, with

non-overlapping peaks. A A M M
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If the spin systems are linear, then there are no cross-peaks between A and X spins, or between A" and X’
spins. Nevertheless, it is possible to establish that the A and X spins belong to the spin system by following
the connectivity through the M spin peak, as illustrated by the solid line. Similarly, the A'-M'-X' connectivity
may be established by following the dashed line through the M’ peak.

Now suppose that the chemical shifts of M and M’ are the same. The COSY spectrum has the following
appearance:

Q, Diagona
X @
X @
M,M ® o [ N ]
Figure 18.33
Form of the COSY
A @ spectrum for two linear
AMX systems, in the
A ® case that the two M
. spins have the same
A A MM X X &

chemical shifts.

The coincidence of the M and M’ resonances makes it impossible to disentangle the peaks from the two spin
systems. The assignments become ambiguous, even though the A, A’, X and X’ peaks are all well resolved.

This simple example shows that the information content of COSY spectra is rapidly compromised when
some peaks overlap, particularly in linear spin systems.

For this reason, NMR methods have been developed to allow the identification of resonances generated
by the same spin system, even if they belong to spins that are not directly coupled with each other. One
popular set of methods is called TOCSY (which stands for Total Correlation Spectroscopy).”

The basic aim of TOCSY is to produce cross-peaks between all spins that belong to the same spin system.
An idealized TOCSY spectrum for a mixture of linear AMX and A'M'X’ spin systems, in which M and M’
have the same chemical shifts, appears as follows:
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Form of the TOCSY

A ® ¢ spectrum for two linear
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case that the two M

A A MM X X spins have the same

chemical shifts.

This clearly establishes that the A and X peaks belong to one spin system, and that the A’ and X' peaks
belong to another.
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18.14.2 TOCSY pulse sequence

There are many different variants of TOCSY pulse sequences. The simplest version (and the original one)
is as follows:

h ' )
3
Figure 18.35 @ ) S B o

TOCSY pulse sequence. ) Tm

This resembles the COSY pulse sequence, except that the second (r7/2), pulse is replaced by a train of many
strong 7 pulses, spanning the mixing interval t,. In practice, the number of 7 pulses is large: I have only
drawn six, for simplicity. If the interval between the pulses is denoted 7, and there are N equally spaced
pulses, then the timings are related through

NT = 1.

I assume here that the 7 pulses are infinitely strong and short, so that their duration may be neglected.

This pulse sequence requires that the 7 pulses are closely separated in time, so that there is little spin
precession between the pulses (in the rotating frame). In general, the interval t between pulses should be
short enough to satisfy the condition

Q) — @)t << 1 (18.13)

for all pairs of coupled spins j and k, where Q9 and Qf are the resonance offsets in the rotating frame.
At the same time, the total duration of the sequence 1, should be long compared with the inverse of the
J-couplings.

In practice, for proton systems, the spread in chemical shifts is around 10 ppm. If the proton Larmor
frequency is around 500 MHz, and the reference frequency is placed in the centre of the spectrum, the
resonance offsets Q(} /27 lie in the range £2.5kHz. The 7 pulses should, therefore, be separated by intervals
of around 100 ps or less. At the same time, the total interval t,,, should be around 100 ms, to allow the
J-couplings sufficient time to mix the coherences around. A typical TOCSY mixing sequence, therefore,
consists of a train of several hundred m pulses.

This simple form of the TOCSY pulse sequence is quite sensitive to various sorts of experimental im-
perfections. A large number of alternative TOCSY pulse sequences have been developed which are more
robust (see Further Reading). I only treat the simplest TOCSY sequence in this book.

18.14.3 Theory of TOCSY

The first part of the TOCSY pulse sequence is the same as for COSY. The initial spin density operator is
ﬁ@ Niz :i1z+f21+i3z

omitting the unity operator and numerical factors. The fate of the first term during the (7/2), pulse and the
t; interval is as follows:
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bay = e+
(77/2),
5l
,b@ = —1I1, cos(2Vt1) cos(wJiotr) cos(wJizts) + . . . (18.14)

There now follows the TOCSY mixing sequence of many closely spaced m pulses. Since the delay between
the pulses satisfies Equation 18.13, the treatment given in Appendix A.10.1 is appropriate. The propagator
for the mixing sequence is therefore

~ ~strong -~ strong

Unix 2 U;  “(tm) = exp{—iH; “tm} (18.15)
where i]/-\Csjtmng is given by:
j/'\csjtrong = Z/ Zﬂijij . ik
Jj<k
For a three-spin system, the TOCSY mixing Hamiltonian is:

-~ strong

J = 277-,12(ilxi2x+i1yi2y+ilzi22)
+2rdi3(T sy + D1y 05y + T 13;)
2100 Iay + Taylsy + Do 13;)

It is not easy to calculate the evolution of the spin density operator p) in Equation 18.14 under this
Hamiltonian. The product operator evolution rules given in Section 18.10 do not apply because the system
is strongly coupled in the presence of the dense sequence of = pulses.

Nevertheless, some general conclusions about the evolution are readily drawn. The strongly coupled

-~ stron;

J-coupling Hamiltonian 3, ® commutes with the total angular momentum operators along all three axes:

[fcsjtrong’ ,\x] -0
[g/_\c‘s/’crong7 IA‘] -0
(3, 1] =0 (18.16)

where
ix = ilx + i2x + i3x

and so on. As discussed in Section 7.5, these commutation properties imply that the total angular momentum
along any axis is always preserved under the strongly coupled TOCSY evolution.

Consider, for example, the first term in Equation 18.14, representing angular momentum of spins /;
along the —y-axis. During the mixing sequence, the angular momentum of spins I; along the —y-axis
must decrease, since this term is converted into other terms. However, the commutation rules shown in
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Equation 18.16 imply that this decrease must be accompanied by an increase in the polarization of spins I,
and /3 along the same axis. In other words, the total polarization along the —y-axis (or any other axis) may
only be transferred between spins, never destroyed, as long as relaxation is neglected.

The idea of TOCSY mixing may be expressed in terms of magnetization vectors as follows:

z z z
Spins/y \ Kl\
y y y
X X X
z i\ z
Spins/, \
y y y
X X X
z z z
Figure 18.36
A qualitative picture of _
magnetization transfer Spinsly
between three spins y y y
under TOCSY. X X X

The magnetization along a particular axis is transferred between the three spins through the network of
J-couplings, keeping the total magnetization in any direction constant.

Note in particular that magnetization may be transferred from spins I; to spins I3, even if the coupling
constant J3 is vanishingly small. Given sufficient time, magnetization will get there, as long as the spins
participate in the same coupling network.

Figure 18.37 shows accurate simulations of TOCSY dynamics in a linear four-spin system, with coupling
constants Ji; = 10Hz, J,3 = 5Hz and J34 = —7 Hz: Magnetization starts on spin I; and oscillates rapidly
between the two directly bonded spins /; and I,. After a short delay, magnetization starts to develop on
the next spin I3, reaching a maximum on that spin after around 160 ms. Magnetization appears a little more
slowly on the most distant spin I4. Although the system never reaches a true equilibrium, the state at long
times corresponds very roughly to an even distribution of magnetization throughout the whole spin system.

The calculation of a TOCSY spectrum for the AMX system may now be continued, based on the very
rough assumption that the magnetization reaches an even distribution amongst the spins after along TOCSY
pulse sequence. With this assumption, we get® the following equation:
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P = —1I1, cos(Q%1) cos(wJiot) cos(wJizts) + - . .
TOCSY mixing

= — % fly COS(Q(l)l‘l) cos(Jiaty) cos(mJi3t1)

P@
—%I}y COS(Q?H) cos(mJioty) cos(mJi3t1)
— 1135y cos(Q11) cos(mJiaty) cos(mJiatr) + - ..

This corresponds to one diagonal peak and two cross-peaks, and it is readily shown that all multiplet
components are in positive absorption after the States procedure.?
The idealized form of a TOCSY spectrum in an AMX system is therefore as follows:
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Notes

1. In favourable cases, many successive manipulations of coupled multiple-spin systems may be per-
formed with great accuracy. It has been proposed to exploit such predictable spin manipulations as
a way of performing certain algorithmic computations. In principle, the quantum-mechanical nature
of the spin system allows certain computational tasks to be performed more rapidly than by using
conventional sequential algorithms. Some primitive demonstrations of NMR quantum computing have
actually been performed (see J. A. Jones, Prog. NMR Spectrosc. 38, 325-360 (2001)). However, as of 2007,
practical quantum computing by NMR appears to be a very long way off. For a critical view, see W. S.
Warren Science, 277, 1688-1689 (1997).

2. The term simple coherence is new. There does seem to be a need for a term that is complementary to
combination coherence.

3. An exception is when the liquid crystal phase is very weakly ordered, so that the secular dipole-dipole
couplings are essentially finite only for neighbouring pairs of spins. This maintains a large degree of
degeneracy, keeping such spectra interpretable (see Section 16.4).

4. The cancellation of opposite degenerate peaks is imperfect if the peaks have different widths. Typically,
this occurs in the presence of cross-correlated relaxation mechanisms (see Section 20.8). For an example
of unexpected coherence transfer caused by cross-correlated relaxation, see N. Miiller, G. Bodenhausen,
K. Wiithrich, R. R. Ernst, ]. Magn. Reson., 65, 531 (1985).
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5. This property has been used to design pulse sequences that select out signals generated by spin systems
with a given coupling topology (see M. H. Levitt and R. R. Ernst, J. Chem. Phys., 83, 3297 (1985)).

6. The pulse sequence phases are consistent with the ‘sign-corrected” version of the States procedure
discussed in Section 5.9.4.

7. TOCSY is also known as HOHAHA, which stands for Homonuclear Hartmann—Hahn. This name comes
from the close relationship between the TOCSY method and an older polarization transfer scheme
originally invented for heteronuclear spin systems by Hartmann and Hahn. The Hartmann-Hahn method
is best known in solid-state NMR, but the original paper does describe liquid-state applications as well
(see S. R. Hartmann and E. L. Hahn, Phys. Rev. 128, 2042 (1962)).

8. Thave omitted the x-components of spin angular momentum in Equation 18.14, which are also preserved
through the TOCSY mixing process and give rise to dispersion-mode peak components. In practice, these
x-components tend to be destroyed by the accumulating effect of pulse imperfections (the phases of
the 7 pulses are selected so as to rotate the magnetization components around the y-axis, so that all
y-components are preserved, even if the pulses are imperfect). There are also many more sophisticated
TOCSY pulse sequences in which the x-components are destroyed in a more exact way (see Further
Reading).

Further Reading

* For a different angle on the material in this chapter, see J. Keeler, ‘Understanding NMR Spectroscopy.” Wiley,
Chichester, 2005.

* For a detailed treatment of experiments on multiple-spin systems, including many applications, see J.
Cavanagh, W. J. Fairbrother, A. G. Palmer and N. ]J. Skelton, Protein NMR Spectroscopy. Principles and
Practice, Academic Press, New York, 1996.

e For deeper analysis of multiple spin-1/2 systems, see R. R. Ernst, G. Bodenhausen and A. Wokaun,
Principles of Nuclear Magnetic Resonance in One and Two Dimensions, Clarendon Press, Oxford, 1987, and
M. Goldman, Quantum Description of High-Resolution NMR in Liquids, Clarendon Press, Oxford, 1988.

e Forreviews of polarization transfer pulse sequences, see O. W. Serensen, Prog. NMR Spectrosc. 21,503-569
(1989) and D. M. Doddrell, in the Encyclopedia of Nuclear Magnetic Resonance, vol. 6, D. M. Grant and R.
K. Harris (eds), Wiley, 1996, pp. 3645-3654.

* For the subject of polarization transfer bounds, e.g. see S. J. Glaser, T. Schulte-Herbriiggen, M. Sieveking,
O.Schedletzky, N. C. Nielsen, O. W. Sgrensen and C. Griesinger, Science 280, 421-424 (1998) and references
therein.

¢ For a review of more advanced TOCSY pulse sequences, see J. Sleucher, J. Quant, S. J. Glaser and C.
Griesinger, in the Encyclopedia of Nuclear Magnetic Resonance, vol. 6, D. M. Grant and R. K. Harris (eds),
Wiley, 1996, p. 4789.

Exercises

18.1 This exercise investigates the DEPT pulse sequence for polarization transfer between different spin
species (see D. M. Doddrell, D. T. Pegg, and M. R. Bendall ]. Magn. Reson., 48, 323 (1982)). One version
of the DEPT pulse sequence is as follows:
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The flip angle 6 of the last pulse on the /-spin channel is variable. Consider two spin species, I and S,
with gyromagnetic ratios y; and ys. Assume that the delays are set to the value t = (2J 1s)"L, where J;s
is the J-coupling.

(i) Consider the case of an IS spin system. If the initial spin density operator is py ~ I, what is the

spin density operator at the start of the signal detection period, for an arbitrary value of 6? What
flip angle 6 should be used to obtain the largest signal? By how much may the signal be enhanced
compared with an experiment in which the signal is induced by a single /2 pulse on the S-spin?
(ii) Repeat the calculation for an I,S spin system. At the end of the calculation, only retain terms that
give rise to observable signals. What flip angle 6 should be used to obtain the largest signal? What
is the maximum signal enhancement factor?
(iii) Repeat the calculation in (ii) for an /3§ spin system.







