CHAPTER

2

THEORETICAL
DESCRIPTION OF NMR
SPECTROSCOPY

A rigorous treatment of the dynamics of nuclear spin systems and
NMR spectroscopy is afforded by the quantum mechanical representa-
tion known as the density matrix formalism (1, 2). Instead of following
only the evolution of the bulk magnetization vector as in the Bloch
model, the evolution of the density matrix provides a complete
description of the state of a spin system at any point during an NMR
experiment. The next few sections present a detailed overview of the
development of the density matrix theory and its application in the
simplest pulsed NMR experiments.

2.1 Postulates of Quantum Mechanics

A rather formal exposition of the mathematical concepts to be used
through the remainder of the text is presented first. Commonly, in
introductory quantum mechanics texts (3-5), quantum mechanical
orbital angular momentum is introduced via the classical concepts of
angular momentum. After establishing the relevant physics, the results
are generalized to include the intrinsic angular momentum of electrons
and nuclei. The intrinsic angular momentum does not have a classical
analog; accordingly, in this text, orbital angular momentum will not be
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30 CHAPTER 2 THEORETICAL DESCRIPTION OF NMR SPECTROSCOPY

discussed. Instead, the foundations of the theory of intrinsic angular
momentum will be presented as postulates whose validity is established
by comparison with experiment. NMR spectroscopy is a particularly
powerful demonstration of the concepts.

2.1.1 THE SCHRODINGER EQUATION

The evolution in time of a quantum mechanical system is governed
by the Schrédinger equation:

av(r) i
a  h
The operator # is termed the Hamiltonian of the system and incorporates
the essential physics determining the evolution of the system. The
Hamiltonian may be time dependent or time independent. Units in which
f =1 will be assumed and factors of 7 will not be written explicitly; thus,
(1)

ot
When desired, necessary factors of 7 can be reintroduced by dimensional
analysis; equivalently, all energies are measured in angular frequency
units with dimensions of s '. The solution of the Schrédinger equation is
called the wavefunction for the system, W(z). The wavefunction contains
all the knowable information about the state of the system and,
consequently, is a function of the variables appropriate to the system of
interest (e.g., spatial coordinates and spin coordinates). The probability
density that the system is in the state described by W(¢) at time ¢ is given by

HW(1). (2.1]

A7) [2.2]

P(1) = V(1) ¥(2), [2.3]

in which W*(¢) is the complex conjugate of W(r). If the wavefunction is
known, then all the observable properties of the system can be deduced
by performing the appropriate mathematical operations upon the
wavefunction. Wavefunctions generally will be assumed to be normal-
ized such that

/ W ()W(1) dr = 1, [2.4]

in which 7 represents the generalized coordinates of the wavefunction
(and may include sums over spin states). If necessary, wavefunctions can
be normalized simply by defining

1/2
(1) = W) / [ / W (H)W(1) dr} . [2.5]
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If & is time independent, then [2.2] can be solved by the method
of separation of wvariables. Defining W(¢) = ¥(t)¢(?), in which (1)
contains the time-independent spatial and spin variables [for simplicity,
¥(t) is frequently written as ] and ¢(¢) contains time-dependent terms,

M;Y) — i),
d
v L0~ i@,
<p ( ) [2.6]
[ w0 = —iso [ von v
d
(fT(z) —iEq(D),
in which the energy of the system is defined by
= / (o) A Y (1) dr. [2.7]

Solving [2.6] yields ¢(f) = C exp(—iEt). Using this result gives
(1) = Y(x) exp(—ikr), [2.8]

in which the integration constant C has been included in the normal-
ization of (7). If 7 is reintroduced explicitly, then

V(1) = Y(1) exp(—iEt/h) = ¥(1) exp(—iwt), [2.9]

in which £ = hw. As shown by [2.8] and [2.9], if s is time independent,
then the time dependence of the wavefunctions is limited to a phase factor;
this factor cancels when calculating probability densities using [2.3].

2.1.2 EIGENVALUE EQUATIONS

The purpose of quantum mechanics, at least insofar as it is applied
to NMR spectroscopy, is to calculate the results expected from
experiments. In the language of quantum mechanics, every physically
observable quantity, 4, has associated with it a Hermitian operator A,
that satisfies the eigenvalue equation:

Af(r) =1 f(D). [2.10]

This equation defines a set of eigenfunctions, f{(t), and eigenvalues, A;,
for i = 1 to N, that satisfy in turn

Afi(r) = rifi(2). [2.11]
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The number of eigenvalues and eigenfunctions, N, is determined by
the system of interest and may be finite or infinite. The adjoint of
an operator is defined by AT=AT", in which T indicates transposition
and * indicates complex conjugation. The adjoint operator satisfies the
eigenvalue equation,

AT =2 ). [2.12]
Hermitian operators are self-adjoint, A=A", and satisfy the
relationship

/ FH(0)Ag(r) de = [ / £ (DAL dr} [2.13]

for well-behaved functions f{r) and g(r). If f(r) is a normalized
eigenfuntion of the operator A with eigenvalue A, then the following
relationships are obtained from [2.10] and [2.12]:

ff*(t)Af(t) dt =\ /j*(r)f(r) dt =, [2.14]

/f*(r)ATf(r) dt = A" /f*(r)f(r) dt =\ [2.15]

If the operator A corresponds to an observable quantity, then the
eigenvalues of A must be real numbers. Thus, A =A* and equating [2.14]
and [2.15] proves that A=A" and A is Hermitian. Consequently,
operators corresponding to observable quantities in quantum mechanics
must be Hermitian.

The eigenfunctions of a Hermitian operator form a complete
orthonormal set. The orthonormality condition is

/ Si@f(v)de = 8, [2.16]
in which §; ; is the Kronecker delta with values
_J0 for i#j

%) = {1 for izj}' [2.17]

Unnormalized eigenfunctions can be normalized as in [2.5]; if necessary,
the wavefunctions can be orthogonalized using a procedure known as
the Gram—Schmidt process (5). A complete set of orthonormal functions,
¥, constitutes a set of basis functions for a vector space of dimension N,
called the Hilbert space. Therefore, an arbitrary function defined in the
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vector space can be written as

N
() =Y caln. [2.18]

n=1

in which the ¢, are complex numbers and may depend upon time.

The eigenvalue equation [2.11] leads to the following interpretation
of the relationship between an operator and its associated observable:
the result of making a measurement of 4 upon a system is one of the
eigenvalues of A. This statement illustrates the discrete nature of
quantum mechanics: only a limited set of outcomes is possible for
the measurement. In practice, however, the expectation value of A is
measured experimentally. The expectation value is defined as the average
magnitude of a particular property obtained following a large number
of measurements of that property carried out over an ensemble of
identically prepared systems. The expectation value of some property,
(A), is calculated mathematically as the scalar product of W(7) and AW(7),

(4) = / W (AW(7) dr. [2.19]

If the wavefunction for the system is an eigenfunction of the operator,
U(t) =, then

(4) = f WH()AW(1) dr = / WiAY, dr = A, / Yiy dr =1, [2.20]

This result shows that if W(¢) is an eigenfunction of the operator A,
then measuring A4 for each member of the ensemble yields the identical
result A,. In general, the wavefunction for the system will not be an
eigenfunction of A, and [2.18] is used to express [2.19] in terms of the
eigenfunctions of A. The derivation of (4) proceeds as follows:

(4) = / W ()AW(1) dr

N * N N N
:f[zc"“"} A[ZC/‘/’/] df:f[ZCf‘/’?}A{Zg%} dr
N I?vl /= N =1 J=1
=2 2.9 / ViAvdr=) ) cick, / vivde
=1 j=1 =1 j=1

N
= oy [2.21]
J=1
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In obtaining [2.21], the orthonormality condition [2.16] has been used.
The resulting equation for (4) has the following interpretation. When 4
is measured for a single member of the ensemble, the result obtained is
one of the eigenvalues of A; however, which eigenvalue is obtained cannot
be specified in advance of the measurement. For the ensemble as a whole,
the result 2; is obtained in a proportion ¢;¢;; that is, ¢j¢; is interpreted as
the probablhty that the result A; is obtamed in a smgle measurement.
Consequently, although the allowed values of 4 must be members of the
discrete set of eigenvalues of A, the observable expectation value (4) can
have any (continuous) value consistent with [2.21].

The time-independent Schrédinger equation is an eigenvalue
equation for the Hamiltonian operator. Substitution of [2.8] into [2.2]
yields

w(f)w = —iAH (1) exp[—iE1], [2.22]

Ey(t) = A Y(v).

The eigenvalues of this equation are the energies of the system and the
eigenfunctions are termed the stationary states of the system.

2.1.3 SIMULTANEOUS EIGENFUNCTIONS

Next, quantum mechanical restrictions on measurement of different
observable quantities are presented. Two operators, A and B,
corresponding to observable properties 4 and B, are considered as an
example. The eigenfunctions and eigenvalues of A will be designated
and a; the eigenfunctions and eigenvalues of B will be designated ¢ and
b. The operators are called compatible if the result of measuring A4 (or B)
does not depend upon whether B (or A) is measured first. Compatible, or
simultaneous, measurements of 4 and B are possible only if A and B
have the same eigenfunctions (but not necessarily the same eigenvalues).
An important theorem states that if AB=BA, then A and B have the
same complete set of eigenfunctions. The proof of this statement is
straightforward:

AB = BA,

ABY; = BAY;, [2.23]
AB@&, = a,'Blﬂ,'.
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Next, ¥; is expanded in the eigenfuctions of B:
ABY; = a;By;,
AB Z cip; = aB Z CijPjs
J J
Z cibjAQ; = ai Z cibigjs
j j

> cibi(Agy — aiy) = 0.
7

[2.24]

By definition, ¢; # 0 for at least one value of j=k. Thus, the bracketed
term in the last equation is zero for some ¢y:

Ag —aip =0, Ag = aipy. [2.25]

Thus, ¢, is an eigenfunction of A with eigenvalue a; and must be
identical to y; (to within a constant of proportionality). This equality is
satisfied for all members of the set of eigenfunctions, v and ¢; therefore,
the general theorem must hold.

The commutator of A and B is defined as

[A,B] = AB — BA. [2.26]

The earlier result can be restated: if the commutator of two operators
vanishes, then the operators have the same eigenfunctions. If the
commutator does not vanish, then a Heisenberg uncertainty relationship
can be established for the two operators (5).

2.1.4 EXPECTATION VALUE OF THE MAGNETIC MOMENT

As should now be clear, each operator for an observable quantity
defines a set of basis vectors. Any complete orthonormal set can be used
to expand an arbitrary wavefunction; consequently, a basis set can be
chosen for computational convenience. In no case can the expectation
value of an operator depend upon the choice of the basis functions.

As an example of these ideas, the time-dependent expectation value
of the magnetic moment u=yl of a single spin (/=1/2) will be
calculated. Using [2.9] and [2.18], the wavefunction for the spin in the
static magnetic field can be written as

W = ¢y Vo + cp¥p = a expl[—iwyt] Yo + b exp[—iwgt]yrg, [2.27]
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in which ¥, and 4 are the stationary states and E, = hw, and Eg = Jiwg
are the energies of the states with m=1/2 and m=-1/2, respectively, and
a=a|explip,] and b=|b|exp[ip,] are complex numbers satisfying the
normalization relation |a|*>+ |b>=1. U y sing [2.19] yields

(nx) = /W*Mx“pdf =Y /IIJ*],C\IJ dr
= ya*a/wjtlxwa dt+ ya*b exp[i(a)a — wﬂ)l] /‘/’zlx‘ﬁ,s dt
+ yab* exp|—i(ws — wp)t] /wzlx% dr + yb*b/x///’glxwﬂ dr

hlal |b
= P explitw, = ot + 1] + exp[ il = ot + 1)

= yhla| || cos[(w, — wp)t + ¢] = yhlal |b] cos[wot + ¢],

[2.28]
<pL),) = /\IJ*,uy\IJdt: y/\IJ*Iy\IJdr
= yd*a / Yl W, dt + ya*b expli(ws — wp)i] / Yl Yy dr

+ yab* exp|—i(we — wp)t] /1//2]},1#& dr + yb*b / Yl Wy de

filal|b
= —z'y l;” |(exp[i{(a)a — wp)t + ¢}] - exp[—i{(a)a — wp)t + ¢}])

= yhlal || sin[(wx — wp)t + ¢] = yhilal |b] sin[wot + ¢],

[2.29]
() = /\D*lelldr: y/\IJ*IZ\Ide
= y/ <a* exp[ia)at]w:; +b* exp[iwﬂt]w§>lz
x (a exp[—iwa Y + b exp[—iwgt]yg) dr
= ya*a / VL, dt + ya*h expli(w, — wp)i] f Vol g de
+ yab* exp[—i(wy — wp)1] /xpjglzwa dr + yb*bfwzlzlﬁﬂ dr,

.
= ZX(1a” — 15P).

[2.30]



2.2 THE DENSITY MATRIX 37

in which wy = w,—wg=—y B, is the Larmor frequency and ¢ = ¢, — ¢, is
a phase angle. These results utilize the following equations for the
angular momentum operators (note that only the equations for /I, are
eigenvalue equations):

h h
le,[fa = EWﬂa waﬁ = Ewuta
7 "
Ly, = %wﬁ, Lg = —’5%, [2.31]

7 /]
[zwa = EW@(» IZW/S = _Ewﬁ’

together with the orthonormality of the wavefunctions. Equations [2.31]
are derived from the Pauli spin matrices as shown in Section 2.2.5. The
three equations, [2.29]-2.30], represent a vector of constant magnitude
precessing about the z-axis with an angular velocity wg. This result is
identical to the predicted motion of the magnetic moment obtained from
the Bloch model.

2.2 The Density Matrix

Calculations of scalar products and expectation values are frequent
operations in quantum mechanics. Such calculations are facilitated by a
formulation of quantum mechanics that focuses on the density matrix
rather than on the wavefunction for a system. Additionally, the symbolic
manipulations required are simplified by using a notational system
introduced into quantum mechanics by Dirac (6).

2.2.1 DIRAC NOTATION

The Dirac notation is a compact formalism for representing
the scalar product. In this notation, a wavefunction, v, is represented
by the ket function, |y¥), and the conjugate wavefunction, v*, is
represented by the bra function, (y|. In the Dirac notation, the scalar
product of ¥ and ¢ is written as the contraction of the bra (y| and the
ket |¢),

(¥|o) = /lﬁ*¢dt. [2.32]
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Using the Dirac notation, an arbitrary wavefunction, W, can be
written as a superposition of a set of orthonormal time-independent kets,
known as eigenkets or basis kets,

N
W) =" culn), [2.33]
n=I

where |n) are the basis kets (e.g., the o and B wavefunctions), ¢, are
complex numbers, and N is the dimensionality of the vector space. For
example, the wavefunction for a system consisting of a single spin-1/2
nucleus can be described by the linear combination of the kets for the «
and g states of that nucleus (which are the eigenfunctions of the angular
momentum operator). The coefficients, c,, can be regarded as amplitude
factors that describe how much a particular basis ket contributes to
the total wavefunction at any particular time. The basis kets are time
independent; consequently, any time dependence in W is contained in the
complex coefficients. Premultiplying [2.33] by the bra, (m|, and applying
the orthogonality condition yields,

Cm = (m | \IJ>’ [234]

so that
N N N
W) = culn) =D (alW)n) =D |n) (n]W). [2.35]
n=1 n=1 n=1
The latter identity suggests that |n)(n| is an operator acting on W such
that
|n)(n| W) = c,|n). [2.36]

Because [2.35] must hold for arbitrary W, the useful Closure Theorem is
obtained immediately,

N
> Innl =E, [2:37]
n=I

in which E is the identity operator. The operator |n)(n| is called a
projection operator because it “projects out” from W the component
ket |n).

The expectation value of some property, (4), can be written in Dirac
notation as

(4) = /\IJ*A\IJdt = (WA W). [2.38]
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Now, using [2.33],

= e, (mlAln). [2.39]

nm

In contrast to [2.21], the kets |n) are not necessarily the eigenfunctions
of A; therefore, the scalar products (m|A|n) do not necessarily vanish for
m # n. Equation [2.21] is a special case derived from [2.39] if the kets |n)
are eigenfunctions of A. For a given basis set, the terms (m|A|n) are
constants, and the value of the observable A4 for a particular state of the
system is determined by the products of the coefficients ¢} c,. Once the
coefficients c},c, are known, the expectation value of any observable
can be calculated. The term A4,,, = (m|A|n) is the (mn)th element of the
N x N matrix representation of the operator A in a given basis. The
products c¢},c, can be regarded as the elements of a matrix representation
of an operator P defined by

P}’ll’ﬂ - <n|P|m> - Crncn [240]

Note that P can be explicitly written as a projection operator,
= |W)(W|. Substituting [2.40] into [2.39] yields

=" s, (mAln)

nm

=" (n|Pm)(m|Aln) = Z (n|PA|n)

nm

= ZP,,mAmn = Z(PA)nn

nm

— Tr{PA}, [2.41]

where Tr{} is the trace of a matrix defined as the sum of the diagonal
elements of the matrix. The equality on line 2 of [2.41] is a consequence of
the Closure Theorem [2.37]; the equality on line 3 results from the
definition of matrix multiplication of the matrix representations of the
operators. Equation [2.41] states that the expectation value of some
observable of a system, say, for example, the amount of x-magnetization,
is calculated as the trace of the product of P and A. P is the operator that is
defined by the coefficients c},c, and so describes the state of the system at
any particular point in time, and A is the operator corresponding to the
required observable. For the sake of completeness and formality, P is a
Hermitian operator such that

(n[Plm) = (m|P|n)*. [2.42]
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The trace of a product of matrices is invariant to cyclic permutations
of the matrices. Thus,

Tr{ABC} = Tr{CAB} = Tr{BCA}. [2.43]
A corollary of this theorem is that the trace of a commutator is zero:

Tr{[A, B]} = Tr{AB — BA} = Tr{AB} — Tr{BA} = 0. [2.44]

2.2.2 QUANTUM STATISTICAL MECHANICS

The preceding analysis is applicable to a system in a so-called pure
state in which the entire system is described by the same wavefunction.
The wavefunction for a macromolecule in an NMR solution is an
enormously complicated function of the degrees of freedom of the
molecule and includes contributions from the spin, rotational, vibra-
tional, electronic, and translational properties of the molecule.
Determining the complete wavefunction for the molecule is both
unfeasible and unnecessary because the properties of the nuclear spins
are of primary interest in NMR spectroscopy. Accordingly, the system is
divided into two components: the spin system and the surroundings (i.e.,
all other degrees of freedom). For historical reasons, the surroundings
are termed the lattice. As a result of this division, the spin wavefunctions
for different molecules in the NMR sample are no longer identical, but
rather depend upon the “hidden” lattice variables. Such a system is
called a mixed state and the effects of the lattice are incorporated by
using statistical mechanics (2, 7). Each subensemble comprising the
sample can be described by a wavefunction, W, and a probability density,
2(W), that represents the contribution of the subensemble to the mixed
state. The statistical value of the expectation value for a mixed state is
then obtained by averaging over the probability distribution,

(&:/%www%w

= Z /J(\Il)cncm dt{m|A|n)

nm

—Z%MMM1 [2.45]

The factors c,ci, will vary from system to system, but the matrix

elements (m|A|n) will not. An overbar has been used to denote the
statistical ensemble average in [2.45].
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The ensemble average of coefficients, c,cf,, forms a matrix that is
referred to as the density matrix. The density matrix is the matrix
representation of an operator o, referred to as the density operator,
such that

¢, = (n[PIm) = (nlolm) = c,,. [2.46]

n

Because P is a Hermitian operator, so is 0. An expression similar to
[2.41] for the expectation value of the property A4 in an ensemble of spins
in a mixed state can be written as

(A) = Tr{oA} = Tr{Aoc}. [2.47]

The overbar will now be dropped for convenience, but an ensemble
average is implied. To evaluate the expectation value of an observable,
the matrix representation of the appropriate operator and, most
importantly, the form of the density operator must be known. The
time evolution of the system, say as it passes through a particular
sequence of rf pulses and delays, is described by the time evolution of the
density operator.

2.2.3 THE LIOUVILLE-VON NEUMANN EQUATION

A differential equation that describes the evolution in time of the
density operator must be derived. Using the Dirac notation, the time-
dependent Schrodinger equation [2.2] is written as

dcn(1)
dt

)= —i ch(z)%m). [2.48]

n

Multiplying both sides by (k| yields

dcn(l)
dt

ny = =i Y ealt) (k| A |n). [2.49]

The set of basis kets is orthonormal; therefore, (k|n) =0 unless n=x,
and [2.49] reduces to

de(1) _
dt

Z en(O) (k| A \n). [2.50]
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Equation [2.50] can be used to find a differential equation for the matrix
elements of the density operator,

d{k|o|m) dc,‘ o dcy, dck o

dt dr ~ Fa Ta o
=i chc* n|AH\m) — i chc;';z (k| A |n)

=i Z (k|o|n) (n| A |m) —ZZ (k| A |n) (n|o|m)

= i[(klo#|m) — (k| #o|m)], [2.51]

in which 2 is assumed to be identical for all members of the ensemble
and the complex conjugate of [2.50] is written as

dei (1) , '
—k== [—z ;cn(zxkuﬂm]
=iy ikl A )
=i Z c((n| A k). [2.52]

The last line of [2.52] is obtained using the Hermitian property of #
[2.13]. Equation [2.51] is written in operator form as

do(r)
dr

This is known as the Liouville—von Neumann equation and describes the
time evolution of the density operator.

The solution to [2.53] is straightforward if the Hamiltonian is time
independent:

—i[#, 0 (D)]. [2.53]

o(t) = exp(—iH't)o(0) exp(iHt). [2.54]

The exponential operator exp(A) used in [2.54] is defined by its Taylor
series expansion:

x 1 1
exp(A):ZEAk:E—I—A—I-EAA—Hu, [2.55]
k=0""

in which E is the identity operator. The operators A and exp(A)
necessarily commute. Using these results, [2.54] can be shown to be a
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solution to [2.53] by simple differentiation:

% = —iH exp(—iH'1)o(0) exp(iH't)+ exp(—iH t)o(0)iA exp(iH't)
= i{exp(—iH 1)a(0)H exp(iH't) — H exp(—iH't)o(0) exp(i# 1)}
= i{o()H — Ho(t)} = — i[A,0(1)].

[2.56]

For completeness, some additional properties of the exponential
operator are given here. First, in the eigenbase of A, the matrix
representation of the exponential operator is

(m|exp(A)|n) = (m|E|n) + (m|Aln) + (1/2)(m|AA|n) + ...

m,n[l + Amm + (1/2)A12nm +.. ]

m,n exp(Amm) = 5m,n exp(km)a [257]
in which X,,=4,,, are the eigenvalues of A. Thus, the exponential
matrix is diagonal in the eigenbase of A and the diagonal elements

are the exponentials of the eigenvalues of A. Second, the Baker—
Campbell-Hausdorff (BCH) relationship states that

=94
=94

exp{A} exp{B} = exp{A + B + 1[B, A] + {5 ([B.[B, A]] + [[B,ALLA]) +...}.
[2.58]

An extremely important corollary to this theorem states that
exp(A+B) =exp(A) exp(B) if and only if [A, B] =0 (3).

2.2.4 THE ROTATING FRAME TRANSFORMATION

The solution to the Liouville—-von Neumann equation is straight-
forward if the Hamiltonian is time independent. A pulse sequence gen-
erally consists of two distinct parts: pulses (during which one or more
rf fields are applied) and delays (during which no rf fields are present).
For the present treatment, the time-dependent effects of the coupling
between the spin system and the lattice will be neglected; these effects
give rise to spin relaxation phenomena that will be discussed in
Chapter 5. With this simplification, the Hamiltonian governing the
delays is time independent; however, the rf fields comprising the pulses
remain time-dependent perturbations. The simplest solution to this
complication is to find a transformation that renders the rf Hamiltonian
time independent and then apply [2.54]. The transformation that renders
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A time independent is the quantum mechanical equivalent of the
rotating frame transformation in the Bloch picture.

A similarity transformation applied to the laboratory frame density
operator o generates a transformed density operator o', such that

o' =UoU™!, [2.59]

in which U is an operator. A unitary operator is defined by the
relationship U™ =U". If U is a unitary operator, then [2.59] is called a
unitary transformation. The equation of motion for o" is described by

do' (1) _
d

in which #, is a transformed Hamiltonian. The form of /. can be
established as follows:

—i[#, 0 (D)), [2.60]

do"  d(UoU™") do du du™!
w= g VgV eu ey
dU du!
= iUlo, #]JU" + o U 'UoU™ '+ UsU"'U 7

-1

dU
= iU[o, #]U"! +d U lo' 4+ 06U 7

The common technique of inserting E=U'U has been utilized. To
proceed, the following identities are established:

[2.61]

dE d(UU") qU dU™!
s s =0 [2.62]
which yields
au du~!
@ - _ 2.
U u—-, [2.63]

and

Ulo, #]JU' = U(c# — #0)U™! = UsU'U# U~ —U#U'UsU™!
= [o". UxU"].
[2.64]
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Substituting [2.63] and [2.64] into [2.61] yields

do" . . du_ . du™!

7 = iUlo, # U +EU o +oU 7
-1 -1

:i[ar,U%U_l]—UdU or—i—orUdU
dt

-1
ilo", U U] + |:(7r,U d[jh }

[2.65]

-1
= i[of,nyUl —iU U ]

dt

This system obeys [2.60] if the effective Hamiltonian, J#,, is written as

-1
H,=UxU" - iU v )
dt

If a unitary transformation can be found that renders . time
independent, then the solution to [2.60] can be obtained by straight-
forward adaptation of [2.54]:

[2.66]

o'(t) = exp(—iHet)o' (0) exp(iHet). [2.67]

The general procedure for solving [2.53] is as follows: find a unitary
transformation that renders J# time independent; transform o(0) and #
to 0'(0) and #; solve [2.60] for o'(7); and, finally, transform o' (¢) back to
o(?).

Spin operator calculations involving unitary transformations
frequently involve propagator expressions of the general form

B()) = exp(—ilA)B exp(ilA), [2.68]

in which A and B are Hermitian operators and A is a real parameter.
A series representation of B(1) is given by one form of the BCH formula:

00 ia\k
B =) "L /By, 269
k=0 '

in which &Z{ }=[A, ] is a commutation superoperator and /°:=E.
Thus, the propagator expression is evaluated as
(i)’

B(1) = B+ iA[A, B] + - [A, A, B]] T [2.70]
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Although this expression is an infinite series of terms, a compact closed-
form solution often can be obtained if recursive relationships can be
identified after evaluating a small number of terms. For example, in
evaluating the propagator exp(—ifl.)I, exp(ifl.) using the BCH formula,
the series expansion can be separated into two parts that represent
the series expansions of cos 6 and sin 6, leading to the compact solution
I .cos® + I,sin6. The BCH formula provides an alternative approach to
that outlined in Section 2.3 for determining the effects of propagators on
the density operator.

2.2.5 MATRIX REPRESENTATIONS OF THE SPIN OPERATORS

To proceed, the matrix representation of the angular momentum
operators that uses the |«) and |B) states of the spin as basis functions
must be presented. As shown by [1.1], the intrinsic spin angular
momentum has units of 7. Consequently, the spin angular momentum
operators also have units of 7, as shown directly by [2.31]. However,
in the remainder of this text, the spin operators will be defined as
dimensionless quantities by mapping I — I/A. The constant of
proportionality 7z will be reintroduced explicitly as necessary. As will
be seen, a dimensionless set of spin angular momentum operators is
particularly useful for analyzing the evolution of the density operator,
which is itself dimensionless. The Pauli spin matrices form a complete
basis set for a single spin-1/2 system (5):

1[0 1 1[0 —i If1 0

Each of these operators is Hermitian. The spin operators satisfy the
commutation relation

[Ixa Iy] =il [272]

and any cyclic permutation of [2.72], i.e., [I.,I]=il, and [],,.]=il,.
The eigenkets are represented by the 2 x 1 column vectors,

w=|o] 1m=]1] .73

and the eigenbras are represented by the 1 x 2 row vectors,

@ =[1 0], (8=[0 1]. [2.74]



2.2 THE DENSITY MATRIX 47

Arbitrary kets and bras, expressed as a linear combination of the
eigenkets or eigenbras, have the representations

19) = calod + epl) = o] - |+es] O] = [
= Cy|X Cﬂﬂ —Ca|:0:| C,3|:1:| = |:C/3j|, [275]
(W =cilal +c(Bl =ci[1 0]+c[0 1]=[c c5]

Thus, the matrix representation of a ket is the column vector whose
elements are the coefficients from the expansion in terms of basis kets.
The results of operator manipulations can be expressed using matrix
algebra. For example,

R BT A
8 T S L P
wa=y AJo)=lo] = =3l A0 ]

express the results of the Cartesian spin operators acting on the |«&) and
|B) kets. These results should be compared with [2.31]. Similarly, the
orthogonality relations are obtained as

(@la) = [1 o]mzl,

-0

(B =1 0]1 =0,

e [2.77]
Bl =0 1]] | o
(B1B)=[0 1]_(1)_:1.

The matrix representations of operators and wavefunctions depend
upon the particular basis set employed. Matrix representations using
different basis sets can be interconverted using unitary transformations.
If W' is the representation of a wavefunction in one (primed) basis set
and W is the representation in another (unprimed basis), then

W) = UW), [2.78]
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in which U is a unitary operator with matrix elements in the unprimed
basis given by

Uy = (ilUl)) = (il ). [2.79]

The representation of an operator in the two basis sets is then given by
the similarity transformation

A =UAU . [2.80]
Using these results, the expectation value of A’ is
(V|A'|W) = (U|UT'UAU'UIW) = (W]A| W), [2.81]

which justifies earlier assertions that the results of calculating the
expectation value of an operator do not depend on the choice of
basis set.

In order to clarify these ideas, the transformation between a basis set
consisting of the eigenfunctions of /. and a basis set consisting of the
eigenfunctions of 7, is presented. The eigenfunction equations for I, are
defined as

1 1
Lei) = §|<p1), IR —§|§02>, [2.82]

in which ¢; and ¢, are the (as yet unspecified) eigenfunctions. An
arbitrary wavefunction can be written as

W = ¢ola) + cplB) [2.83]
in the basis functions of 7. and as
V' =ci|g1) + e2|e) [2.84]

in the basis functions of I.. Application of [2.78] yields the matrix
equation

v = Uy,
|:C1i|_|:U11 U12i||:cai| [285]
el LUy Unlleg)

Using [2.82] and [2.84],

1 1 1
I)L\II/ :§C1|§01>—§C2|¢2> =§|:_Ci2:|, [286]
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in which the prime has been added to I, to emphasize that the eigenbase
of I is being utilized. Using [2.75] and [2.78],

1 1
' W =ULU UV = U([,V) = U(Eca| B) + §c5|a>>

Ry
C2LUy Unlle] .

in which the results in [2.76] have been used. Equating [2.86] and [2.87]

yields
¢ Un U || cp

= . 2.88
[—02} [UZI U22:||:Coz:| [2.88]
Satisfying the simultaneous system of equations in [2.85] and [2.88]
requires that U,y =U;, and U, =—U,,. The columns of U must be
normalized and orthogonal, because U is unitary. Thus, U3, + U3, = 1
and U2, — U3, = 0. Finally, the determinant of U must equal +1, so that

U represents a proper rotation. Thus, 2U;;U,, =1. These additional
constraints give

171 1
U:\/§|:_1 1:|, [2.89]
from which the explicit relationships are obtained:
1
= +18).
1) = 5 () + |8)

| [2.90]
2] = =75 1 |8).

Using [2.80], the operator, /. for example, has a matrix representation in
the basis set of the I, eigenfunctions of

1’:U1,U—1:1[1 1][1 OMI —1]:1[1 1}[1 —1}
4=t tflo =ttt ]74 -1 1]l-1 <1
1o 1
:_5[1 0]'

In a particularly important application of these ideas, the matrix
representation of the Hamiltonian operator, #, is calculated in some
convenient basis. The matrix U is then determined such that the new

[2.91]
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matrix representation of the operator, J#’, given by
H =UnU", [2.92]

is a diagonal matrix. The transformed basis functions given by [2.78]
then represent the eigenfunctions of the Hamiltonian operator and the
diagonal elements of #” are the energies associated with the stationary
states of the system.

2.3 Pulses and Rotation Operators

The simple case of applying an rf pulse to a single spin-1/2 nucleus
in a static field By will be considered first. The pulse is applied as
a linearly polarized transverse rf field with magnitude 2B, and angular
frequency w,. Remembering from the Bloch approach that this field
can be decomposed into two counter-rotating fields, only one of which
has a significant effect on the spin, the Hamiltonian for the pulse is
written as (8)

H=—u-B(t)y=H.+Hy
= wol. + wi[I cos(wrst + @) + 1, sin(wiit + @)], [2.93]
where I, is the spin angular momentum operator along the axis «,
wo=—yBy, and w; = —yB;. The first term in [2.93] takes into account the
precession of the spin under the influence of the static field, that is, the

Zeeman Hamiltonian, and the second term represents the pulse.
The choice of U that removes the time dependence from [2.93] is

U = exp(iwyl,1). [2.94]

Application of this unitary transformation, using [2.66], gives the
effective Hamiltonian,
He =wol. 4+ w1 expliogl 1)1, cos(wt + @) + I, sin(wirt + ¢)|exp(—iwrsl-t)
+ iexp(iwytl t)iwl; exp(—iwyel . 1).

[2.95]

Using the rotation properties of the spin angular momentum operators
presented in Table 2.1 (these properties will be derived later),
I cos(wyt) + I, sin(wirt) = exp(—iwrl 1)1, exp(iwyl-1)
—1I, sin(wrt) + I, cos(wrt)

= exp(—iwyl-0)I, exp(ivgl-1),  [2.96]
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TABLE 2.1
Rotation Properties of Angular Momentum Operators

u, v X y z
X I I.cosf—1I_sinf I, cosf + 1, sinf
y I,,cosf + I.sinf I, I, cosf—1,sinf
z I.cosf—1,sinf I.cosf+ I, sinf L

“The table entries (u, v) are the results of the unitary transformation exp(—if1,)I, exp(ifl,).

the second term in [2.95] is simplified to w;(/cos¢ + I, sing). The third
term in [2.95] is simplified to —w,¢/. because an operator commutes
with an exponential operator of itself. The effective Hamiltonian can be
written as

He = wol. + wi (I cosp + I, sing) — wyl.

= (wo — o)1z + w1 (I cosp + Iy sing)
= QI + wi(I; cosg + I, sing). [2.97]
This is now a time-independent effective Hamiltonian and the solution
in the form of [2.67] describes evolution of the density operator in the

rotating frame. Note the strong similarity between [2.97] and [1.18].
For completeness, the isotropic chemical shift Hamiltonian is given by

H= —cwyl., [2.98]

in which o is the isotropic shielding constant [1.48], rather than the
density operator, and can be incorporated into the definition of
Q=w(l —0) — w.

If Q=0 and ¢=0, then the Hamiltonian for an on-resonance
x-pulse becomes

He = o1l [2.99]
and, as follows from [2.67],
o(tp) = exp(—iH.1p)0(0) exp(iH.tp)
= exp(—iwI;1p)o(0) exp(iw; ITp). [2.100]

For simplicity, the superscript has been omitted from the rotating frame
density operator; in general, context is sufficient to establish whether a
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rotating frame or laboratory frame density operator is intended. If
o= w7y, is defined to be the flip angle of the pulse of length 7, then

o(tp) = exp(—ial,)o(0) exp(ialy). [2.101]

The matrix representation of the exponential operators in [2.101] must
be derived so that the effect on the density operator can be calculated.
If the exponential rotation operators are defined as

R, (o) = exp(—ial,), [2.102]
then [2.101] becomes
o(1) = Ry(@)o(0)R (). [2.103]
The rotation operators can be expanded as
R (@) = E+ial, — i+ ... . [2.104]

Using the Pauli spin matrices given in [2.71], the following relationships
are easily derived:

1
2 _ R _ 2 _
L=L=L=E [2.105]
L [2.106]
n 4n ’
. 1
Lt :EI,]. [2.107]

Substituting the results contained in [2.105]-[2.107] into [2.104] and
grouping together even and odd powers of i/, yields

2 4 3 5
1N o o (o« o
R7fe = B0 gyt ) 25 - et
= E cos(a/2) + 2il, sin(c/2).
[2.108]

Expanding /. in terms of the raising and lowering operators,
I*=1I+il,, I~ =I.—il, [2.109]
yields
2L, =(IT+17)=T. [2.110]
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T is known as the inversion operator and has the effect of changing the
spin quantum number from +1/2 to —1/2 and vice versa. This leads to

R (@) = E cos(et/2) + i T sin(e/2). [2.111]
By similar reasoning,
R, (o) = E cos(a/2) — i T sin(er/2). [2.112]

The rotation matrix corresponding to a pulse of flip angle, «, applied
along the x-axis can now be calculated. The elements of the matrix
representations of the pulse rotation operators R;l(oz) and R (o) are
constructed from the basis eigenfunctions using the expressions

R (@)],, = (F{E cos(er/2) + i T sin(a/2)} |s),

[2.113]
[Ry(@)],s = (r{E cos(a/2) — iT sin(a/2)} |s).

For example, if (1| = (x| and |2) = |8), then matrix element [R;l(a)]lz is
[R;l(a)]lz = (a|{E cos(a/2) 4+ i T sin(a/2)} |,3) =isin(a/2). [2.114]
The matrix representations of the pulse operators are

R;‘(a):[.c is} and Rx(a):[_cl.s _is], [2.115]

is ¢ c
where ¢ =cos(/2) and s =sin(«/2).

Similar analysis for a pulse with y-phase (¢=m/2) generates a
rotation matrix of the form

Ryl(a)=[_cs S] and Ry(oz)=|:§ :S} [2.116]

c

Finally a rotation about the z-axis (which in practice is difficult to
achieve experimentally with rf pulses) has the matrix representation

S |etis 0 _|e—is 0
R, (oz)_|: 0 c—is:| and RZ(O[)_|: 0 c+is:|'
[2.117]
The rotation induced by the general Hamiltonian given by [2.97],
which includes off-resonance effects and arbitrary pulse phases, can be
written as

Ry (o, 0) = exp(—iom+I) = E cos(a/2) — i2n-1 sin(x/2), [2.118]
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in which n is a unit vector along the direction of the effective field in the
rotating frame B', given by [1.18], « is given by [1.23],

n-I =/, cos¢ sinf + I, sing sinf + I. cosb, [2.119]

and 6 is defined by [1.21]. Rather than derive a matrix representation of
[2.118], the following identity will be established:

Ry(c.0) = R-(®)R,(OR-()R; ' (OR ' (¢). [2.120]
The proof of [2.120] depends upon the following useful relationship:
Uf(A) U™ = f(UAU™), [2.121]

in which f(A) is an arbitrary function acting on the operator A.
Equation [2.121] can be verified by expanding f(UAU ') as a Taylor
series. Using [2.121],

Ry(.0) = RA(O)R(OR()R; ' (OR'(9)
= R(¢) exp[—iaR,(O)LR; ' (O)IR ' ()
= R.(¢) exp[—ia(I. cosd + I, sind)]R-'(¢)
= exp[—iaR.($)(I cosd + I, sind)R. ' (¢)]
= exp[—ia(l- cost + I, cosgsinf + I, sing sinb)]
= exp[—ion-1], [2.122]

which completes the desired proof. Thus, the operator for rotation about
an arbitrary angle can be represented as a series of rotations about the
v and z axes. The five rotations used to represent Ry(, 6) in [2.120] are
not mutually independent; the rotation Ry(, ) can be reduced to three
independent rotations using the Euler decomposition of the general
three-dimensional rotation (&).

24 Quantum Mechanical NMR Spectroscopy

Theoretical analysis of an NMR experiment requires calculation
of the signal observed following a sequence of rf pulses and delays. The
initial state of the spin system is described by the equilibrium density
operator. Evolution of the density operator through the sequence of
pulses and delays is calculated using the Liouville-von Neumann
equation [2.53]. The Hamiltonian consists of the appropriate spin
interaction terms that govern evolution of the density operator.
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In isotropic solution, the Zeeman, chemical shift, scalar coupling, and rf
pulse terms are the dominant interactions. The expectation value of the
observed signal at the desired time is calculated using [2.47] as the trace
of the product of the density operator and the observation operator
corresponding to the observable magnetization. The equilibrium density
and observation operators are described in the following section.

2.4.1 EQUILIBRIUM AND OBSERVATION OPERATORS

The lattice is assumed to always be in thermal equilibrium at a
temperature T (equivalently, the lattice is assumed to have infinite heat
capacity). At thermodynamic equilibrium, the nuclear spin states are
assumed to be in thermal equilibrium with the lattice. Consequently,
the values of 2(W) (see Section 2.2.2) are constrained such that the
populations of the stationary states (given by the diagonal elements of
the density matrix) have a Boltzmann distribution. Furthermore, the
density matrix is diagonal at equilibrium because the members of the
different subensembles described by 2(W) are uncorrelated. The form of
the equilibrium density operator that satisfies these requirements is

0% = e /T Ty{em " /T, [2.123]

In the eigenbase of the Hamiltonian operator, the matrix elements of o4
are given by

N
—H e o
oy, = (mle”" /5T |n) / D (ile™" F Ty

i=1
N
— am’ne—En/kBT/Ze—E,-/kBT’ [2124]
i=1

which is a diagonal matrix whose elements are the required Boltzmann
probabilities. In the high-temperature approximation, E,, < kgT and the
equilibrium density operator can be approximated by

o4 — o /ksT /Tr { AL T}
~{E — A /kpT}/Tr{E — # [kgT}
~ {E — # /kpT}/Tr{E}
~E/N — A |(NkgT), [2.125]

in which N is the dimensionality of the Hilbert space and is equal to 2
for M spin-1/2 nuclei (i.e., M =2 for an IS two-spin system). The term
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E/N is a constant that does not affect the NMR experiment; accordingly,
this term is normally not written explicitly and the high-temperature
approximation to the equilibrium density operator is simply written in
terms of the Zeeman Hamiltonian as

M

0 = — A /(NkgT) = -
k=1

ha)ok

—— Ik, 2.12
NipT ¢ [2.126]

in which 7 has been included explicitly.
By convention, the complex magnetization recorded during the
acquisition period of an NMR experiment is given by (2)

(M*)(1) = /Yl Tr{o(1)F* ), [2.127]
in which /" is the number of spins per unit volume,
M M
Fr=>"1F =" (I + iliy). [2.128]
k=1 k=1

The operator F~ could have been chosen as the observation operator
equally well.

2.4.2 THE ONE-PULSE EXPERIMENT

The simplest NMR experiment consists of a single pulse followed by
acquisition of the FID. For a single spin, [2.126] indicates that 6°% o I..
The effect of a pulse with x-phase and a rotation angle « pulse applied to
I is calculated using [2.115] as

—1 1 [ ¢ —is o ¢ s
Rx(a)IZRx (C!) = 5 —is ¢ 0 -1 s ¢
1 B I is C is
2 | —is —c||is ¢
2 2

1| ¢ —s 2ics
2 —2ics 2 — 32

1| cos« isinai|

2| —isina —cos «

= 1. cosa — I, sin a, [2.129]
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in which the last line is obtained by using the Pauli spin matrices, [2.71].
If @« =180°, the final matrix would be equal to

M- 1
R.(m)LR;(7) :E[ 01 (1)] = —E[é _01} =L, [2.130]

corresponding to population inversion. If « =90°, then the final matrix
becomes

Rx(n/2)IZR;l(n/2):;|:£)l. é}:—;[? Bi]:—l},. [2.131]

Simply, a 90° pulse applied with x-phase to /. magnetization generates
—I, magnetization. These results are identical to the results obtained
using the Bloch model. The —/, magnetization will evolve during
acquisition under the Zeeman Hamiltonian (in the rotating frame) given
as

H: = (wg — o), = Q.. [2.132]
This is a time-independent Hamiltonian; therefore,

o(t) = exp(—iH.t)a(0) exp(iH.t)
= exp(—iRL1)o(0) exp(i21.1)
= Us(0)U™! [2.133]

and

U = exp(—iQuL) = [e"p(_ém/ 2) oxp (i(;zz /2)] [2.134]

Performing the matrix manipulations for o(0) = —/, yields

[ 0 i exp(—i€21)
O =3] _i explican) 0 ]

17 0 i[cos(Q2t) — i sin(21)]

2 | —i[cos(2r) + i sin(21)] 0 ]
1[ 0 i cos(§21) + sin(2¢)

= 2| —i cos(Q1) + sin(Q) 0 }
| sin(21) i 0 cos(21)

“2sin@) 0 ] *3 [ —cos(Qf) 0 } [2.133]
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Using the Pauli spin matrices, [2.135] can be written as

o(f) = Us(O)U™! = —exp(—iQtl.)1, exp(iQtl.) = I, sin(Q2t) — I, cos(L21).
[2.136]

Note that at =0, o(t) =—1I, and at Qt=m/2, o(t)=1,. Magnetization
with a positive resonance offset in the rotating frame precesses in the
sense X — y —> —x—> —J.

The preceding results yield the form of the detectable magnetization
for a one-pulse sequence for a single isolated spin:

2
(MF)(0) = % Tr{[Z, sin(Q1) — I, cos(RD)](L. + iL,)}
B
2
= % [Tr{£} sin(Q0) + i Tr{I.1,} sin(Q1)
B
— Tr{l,1.} cos(Q1) — i Tr{L}} cos(Qn)]
2
= % [sin (Q1) — i cos(Q1)]
B
2
_ % expli(Qr — 7/2)]. 2.137]

in which all constants have been reintroduced. This signal has the form
expected from the analysis of the same system using the Bloch model
in the absence of relaxation (the factor exp[—in/2] is a time-independent
phase factor).

2.5 Quantum Mechanics of Multispin Systems

In this section, the use of the density operator approach to perform
calculations on larger, scalar coupled spin systems will be illustrated;
as discussed in Chapter 1, Section 1.6, the Bloch model fails to properly
account for the evolution of such spin systems. The problem is to
establish the matrix representation of wavefunctions and operators in a
two-spin (in general, N-spin) system and derive an appropriate operator
algebra. The central results will be derived using the direct product basis;
transformations to other basis sets can be performed using similarity
transformations as described previously. Additional details can be found
in the monograph by Corio (8).
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2.5.1 DIRECT PRODUCT SPACES

The wavefunctions in the product basis are given by the direct
products of the wavefunctions for individual spins:

N
Yy = |my) @ |ma) ® |my) = @llmf) = |my, my, ..., my), [2.138]

in which m; takes on all possible values, yielding 2 wavefunctions for
spin-1/2 nuclei. The total magnetic quantum number associated with a
wavefunction in the product basis is

N
My =Y "m. [2.139]
i=1

The direct product of two matrices is given by (illustrated for two 2 x 2
matrices)

M A A B B Ay B Ap»B
AgB=|A" 12j|®|: 1 12]:[ 11 12 :|
Ay Ax By By A B A»B

[ AuBi AuBiz AnpBu  AnBn
AnBy AnBxn AnBa AnBxn
AnBi AnBiy AnBn AxnBn
| A21By1 A By AnBy AxnBn

[2.140]

Thus, for example, the four wavefunctions in the product basis of a
two-spin system are

- -
1 1 0 1 0 1
WI:'““>::[0}@’[0}:: 0 l/’2:")‘@:[0]@[1]: ol
0] 0]
-0 e
0 1 0 0 0 0
mﬂmbL}ﬁJ: I,W=WF[J®L}:O
o] 1]
[2.141]

Next, consider the operator corresponding to the sum of the
components /. and S. in a two-spin system. Clearly, the matrix
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representation of 1.+ S. in a two-spin system must be a 4 x 4 matrix
because the vector space is spanned by four wavefunctions; thus,

11 07 11 0 1 0
IZ+S;¢§[O _1}7[0 _1}:[0 _1]. [2.142]

A more formal analysis indicates that matrix representations of the
operators in the two-spin system can be calculated from the direct
product of the one-spin operators with the identity operator. The results
for a two-spin system are

15]2Spin) — Ir(llspin) ®E and Sr(]2spin) —E® Sélspin)’ [2143]

where n=x, y, or z. In general, for an N-spin system, the representations
of the angular momentum operators for the kth spin are given by

I =B @2 ® By @ [y"™ @ Eryy © Ey. [2.144]

Returning to the previous example,

1 0 O 0
o - 1[1 0 I 0 1o 1 0 0
(2spin) __ 7(1spin) _ —
L=k ®E‘2[o —1}@’[0 1]‘2 00 -1 0|
00 0 -1
[2.145]
I 0 0 O
i i 1 0 If1 0 Ifo -1 0 0
(2spin) __ (Ispin) __ - _ -
5V =E®S; —[0 1]‘3’2[0 —1}_2 0 0 1 0
0 0 0 -1
[2.146]

The combination of [@Pn) 4 SO} ojves the correct matrix
representation:

(= e i)

Iz(Zspin) + Sézspin) — [2.147]

(=R
(=R el e
[e=JN el e el

—1

From now on, the (2spin) superscript will be implied. The fundamental
rule of the operator algebra in direct product spaces is (as illustrated for
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a two-spin system)
ABJij) = (A®B)(Ii) ® | })) = Ali) ® B ), [2.148]

in which A is an operator that acts on the i spin and B is an operator that
acts on the j spin. Also note that

AB=A®B=(AQE)E®B). [2.149]

Thus, for example,

1 1
Llap) = (- @ E)(jo) ® |B)) = L) ® E|f) = I} ® | p) = S]eh).  [2.150]

As a second example,

2I.S. O!ﬂ) =2 ® Sz)(|01) ® ’,3)) o 2(1z|01) ® S 5))
1 1 1
= 2(5 ) ® —5 |,3)> = —§|oz/3>. [2.151]
In matrix notation,
I 0 0 0
1/[1 0 1 0 Ifo -1 0 0
21352224@5:—5([0 —1}@’[0 —1D—§ 0 0 -1 0
0 0 0 1
[2.152]
so that [2.151] also can be written as
1 0 0 O0][O 0
1o -1t o0 ofj1 | _1|-1]_ 1
0 0 0 1 0 0

As will be discussed in Section 2.7.1, the factor of 2 in the operator 27.S.
is introduced as a normalization factor.

2.5.2 SCALAR COUPLING HAMILTONIAN

The free-precession laboratory frame Hamiltonian for N scalar
coupled spins is

N N—-1 N
Ho=Ho+ K=Y ol:+2m Y Y Jy L+, [2.154]
i=1 i=1 j=i+1
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in which w; is the Larmor frequency of the ith spin and Jj is the
scalar coupling constant between the ith and jth spins. The eigen-
functions of this Hamiltonian are used as the basis functions for the
construction of the matrix representation of the density operator. For
completeness, the effects of strong coupling must be taken into account.
The product wavefunctions given by [2.138] are eigenfunctions of #
only if 27J;/|w; — w;| K 1; this condition is known as the weak coupling
regime. If the weak coupling condition does not hold, then the spins
are said to be strongly coupled. In the strong coupling regime, the
wavefunctions in the product basis with the same total magnetic
quantum number become mixed and are no longer completely
independent. A proper basis set is obtained by taking linear combina-
tions of the subset of wavefunctions with the same value of m.
Construction of wavefunctions for strongly coupled spin systems with
N > 2 is facilitated by use of group theoretical methods (8). Strong
coupling effects are particularly important in the analysis of coherence
transfer in isotropic mixing experiments; group theoretical analyses are
also important for treatment of identical spins (such as the three protons
in a methyl group).

To illustrate these ideas, a scalar coupled two-spin system, which
was treated in the weak coupling limit in Chapter 1, Section 1.6, will be
analyzed. The two spins will be labeled 7/ and S. The free-precession
Hamiltonian laboratory frame for the IS spin system is

H = wgl. + wsS. + 21551 -S, [2.155]

in which the scalar coupling constant is J;5. A system of two coupled
spins has the following four eigenfunctions:

V) = o), W, = cost|ap) + sinb|fa),
W3 = cosf| Ba) — sinblaf), W4 =|BB),

where 6 is known as the strong coupling parameter and is defined as

[2.156]

27‘[]]5
W) — wg

tan(20) = [2.157]

for 26 in the range 0 to & radians. If the spins have the same resonance
frequency, then 6 = /4 and the wavefunctions become

W) = |oa), Wy =271(|af) + | Be)).

2.158
Wy =27 12(|ga) — [ap)), Wy = |BB). =
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The wavefunctions of [2.158] are symmetric or antisymmetric under
the exchange of identical particles, as is required by the postulates of
quantum mechanics (5). The energies of the four eigenstates are

E =lo/+los+1inJs, Ey=D—1nJs,

1 [2.159]
E —D——T[JIS, E4=—§a) —zws+§7TJ15,

where

D:%[(w, ws)® + Q)] [2.160]

In the strongly coupled spectrum, the energies of the stationary
states and the positions of the resonance signals in the spectrum are
altered, compared to the weakly coupled spin system (see [1.56]).
In addition, the intensities of the lines in the multiplet are no longer
of equal intensity; specifically, the two outer lines reduce progres-
sively in intensity as the strong coupling effect becomes more
pronounced.

The results given in [2.156]-2.160] are derived by diagonalizing
the Hamiltonian matrix in the product basis; these results can be easily
verified. For example, if W, is an eigenfunction of s, then

AV, = B,
= (wil; + wsS: + 21J 151+ S)(cosb|af) + sinb| Ba))
= %w, cos@]aﬂ) F0F sm@}ﬂa) FWs cost9|aﬁ) +1 5 Ws sm@}ﬁa)
—4mJ s cosb|aB) — 3 sind| Ba) + ;s cost| Ber) + s sind| o)
= 1(wr €086 — ws cost — mJ s cosf + 2/ s sinf)|af)
+ %(—w, sind + wg sinf — J;g sinf + 2w J g cos9)|,3a)
= H(w; — ws — J;s +27J 5 tand) cosd| aB)

%( w7+ ws — JTJ]S + 271J15/tan0) s1n9|,3a)
[2.161]
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In order for W, to be an eigenfunction, the two terms in parentheses
following the last equal sign must be identical. Thus,

w; — ws — s + 2nJs tand = —w; + ws — w5 + 25 /tand,
2 tanf(w; — ws) — 21Jss(1 — tan®) = 0,
2 tand _ 2 s [2.162]
1 —tan?0 (w7 — ws)’
tan(260) = ﬂ,
(0 — ws)

which completes the demonstration, because 0 is defined according to
[2.157]. By inspection,

E, = %(a)] — ws — s + 2nJys tan 6), [2.163]

which is easily shown to be equal to [2.159] by solving [2.157] for tan 6.
By comparing [2.138] and [2.156], the transformation matrix U that
converts the product basis into the strong coupling basis (and
diagonalizes the Hamiltonian) is given by

1 0 0
0 cosf® sind

] [2.164]
0 —sinf cosb

0 0 0

—_ o O O

In the limit of weak scalar coupling, 6 =0 and the wavefunctions of
the two energy levels |aﬂ) and | ﬂa) are independent. The weak coupling
Hamiltonian simplifies to

H = owil, + wsS. + 2nJ5I.S-. [2.165]

To calculate evolution of the density operator under the weak coupling
Hamiltonian, the effect of the operation

o(t) = exp[—ia21,S.]o(0) exp[ia2l.S.] [2.166]

for a=mnJ;st must be calculated. The derivation is similar to the
derivation of the rotation operators; thus,

explia2.S.] = E + io2L.S. — Lo? QLS.+ ... . [2.167]
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Using the matrix representation given in [2.152], the following relation-
ship is easily derived

(21.S.)*" = E. [2.168]

Substituting the results contained in [2.168] into [2.167] and grouping
together even and odd powers of il.S. yields

. a o e
+> + 4;1;53(5 — 3 +W+)

2 Ol4
“or T

o (07
=E — + 4il.S. sin—.
cos2+ JENY sm2

exp(ia2l.S.) = E (1

[2.169]

Again using [2.152], the matrix representation of the operator becomes

c+is 0 0 0
explio2l.S.] = 8 ¢ o o . B N 8 : [2.170]
0 0 0  c+is

where ¢ =cos(«/2) and s =sin(«/2).

2.5.3 ROTATIONS IN PRODUCT SPACES

For a homonuclear system of N spins, the matrix representation of
the pulse operator can be calculated from

N N
R/'@=0R'@=@ (E cos%‘+ i sin%Tj), [2.171]
J= J=

in which « = —yB7,,. In [2.171], the effect of the scalar coupling term of

the Hamiltonian has been ignored; this simplification requires that the
length of the rf pulse, 7y, satisfy 27J;7, < 1. For a two-spin system,

R (o) = (E cosg +i sin%T]> ®<E cos% +i sin%T2>. [2.172]

The elements of the matrix representation of R are constructed from the
basis eigenfunctions using the expressions

~1 . N (U
R @],= & (E cos3 +i sing T,/) 15). [2.173]
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For example, using the strong coupling eigenbasis [2.158], the matrix
element [R;l(a)] 12 1s calculated as

[RI'(@)],, = \111| ® (E 0052 +i smz T)l\l—'z)

N a ..« .
= (ozozlj(§>l (E cos5 +1 sing T,) (cosB|aB) + sinf| Bar))
— 2% i costsin ok sint To — sin2%
= (owzl(E cos > +1i cos2 s1n2 T, +1i cos2 sm2 T, — sin > T1T2>
x (cost|ap) + sinf|far))

 cos sin? sing iy % in% cosd
= i Cosz sinz sinf + i cos= sin= cos
2 2 2 2

=i cos% sin%(cos@ + sinb).
[2.174]

This result is calculated using the property that the inversion operator T;
changes the spin state of spin j from « to B and vice versa. As another
example, [R;l(a)]l 4 is given by

o o
[R{'(®)], = lIlll ® <E cos§+z sm2 T)I\Il4)

= (el & (E cos% +isine Tj) |88)

2
— 2% i costsiny i cost sind Ts — sin2¥
_(aa|(E cos’5 +i cos3sinz T1+zcos2 sing T, —sin 2T1T2>|ﬂﬁ>
—_an®
=—sin’.
[2.175]

Repeating these calculations for every element of the matrix representa-
tion of the pulse operator yields

2 icsu icsy —s?
. 2,2 2 .
1 icsu 1 —s°u —s“uv  icsu
(Ol) = . ) ) . 5 [2176]
icsv  —scuv 1 —s°v" dcsy
—s? icsu icsy c?

where c¢=cos(a/2), s=sin(®/2), u=cosf+sind, and v=coshd—sinb.
Because the rotation operators are unitary, R,(«) is the adjoint
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-1
of R} (a),
2 —icsu —icsy —s?
—icsu 1 —s2u®2 —sPuv —icsu 21
Ri@)=| . > 53 . [2.177]
—icsyv  —scuv 1 —s7v-  —icsy
—s2 —icsu —icsy c?

The same calculation can be performed using rotation matrices that
concentrate on each spin in the two-spin system individually rather than
both at the same time. This approach can be particularly useful in
heteronuclear NMR experiments. The matrix representations of the
rotation operators are obtained from the direct products of the single-
spin rotation operators derived previously in [2.115-2.117]. For example,
for spin 1,

c 0 —is O
c —is 1 0 0 c 0 —is
Rx(a)[l]sz(a)®E=|:_is ¢ :|®|:0 1]: —is 0 c 0 7

0 —is O c
[2.178]
¢c 0 —s O
c —S 1 0 0 ¢ 0 —S
Ry(a)[z]zky(@@E:[s c]®[o 1]2 s 0 ¢ 0]
0 s O c
[2.179]
and for spin S,
¢ —is 0 0
10 ¢ —is —is ¢ 0 O
Rx(a)[S]—E®Rx(0l)—[o 1}®[_is ¢ ]_ 0 0 ¢ —is|
0 0 —is ¢
[2.180]
c —s 0 O
10 - 0 0
miotsi—eomw=[} o[t ][5 ¢ 0 °
0O 0 s ¢
[2.181]

The result R (o) =R (@)[/]R ()[S] is obtained by matrix multiplication
and agrees with [2.176] in the weak coupling limit where 6 =0.
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2.5.4 ONE-PULSE EXPERIMENT FOR A TwO-SPIN SYSTEM

To compute the observable magnetization following a pulse and
subsequent free precession, the evolution of the density operator,
beginning with the equilibrium matrix representation of the density
operator for a two-spin system, must be determined. Using [2.125], the
initial density matrix is written as

wy + wgs 0 0 0
N 1 0  w—ws 0 0
o) ¥l +wsS:=5| 0  —ojfos 0 P
0 0 0 —w; — ws
[2.182]

in which a common divisor of 2kgT has not been written for convenience
and weak coupling has been assumed. A pulse «, (with rotation angle «
and x-phase) rotates an initial state of the density operator according to
the now well-known general equation,

(1) = Ry(@)o(0O)R; ' (a). [2.183]

For simplicity, an ideal 90° pulse with x-phase will be assumed. Using
[2.182], [2.183], [2.176], and [2.177],

o(f) = Ry(7/2)0 ()R} (7/2)

1 —i —i —17[w+tws 0 0 0
1| —i 1 =1 —i 0 w; — Ws 0 0
8| =i -1 1 - 0 0 —w+os 0
-1 —i —i 1 ] 0 0 0 —w; — Wg
1 i i =17
i1 =1 i
x i -1 1 i
-1 i i 1
0 iws  lwy 0
1| —iws O 0 iwy
=3 Lo, 0 0 ios = —wil, — wsS),
0 —iw; —iws 0

[2.184]
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because [2.143] yields the results that

0 0 —i O 0 —i 0 O
1fo 0 0 —i I{fi 0 0 O
0 i 0 O 0 0 i O

This is exactly the expected result: each term in the initial density
operator is transformed identically by the nonselective pulse. Following
the pulse, the density operator evolves under the free-precession
Hamiltonian. Combining [2.134] with [2.170] yields the matrix repre-
sentation of the exponential operator,

expli(2/1; + QsS. + 2nJs1.S.)t] =

ei(Ql"!‘Qs-FﬂJls)l/z 0 O 0
0 HQ—=Qs—7Jis)t/2 0 0
0 0 ei(*QI‘FQS*ﬂjm)I/Z 0
0 0 0 i~ QL5 5)i)2

[2.186]
Performing the matrix multiplications yields
exp[—i(Q L+ QsS:+ 2 s L.S)1(—1,— S, ) expli( 1.+ Qs S- 42715 1.5:)1]

0 e—l’(Qs-ﬁ-ﬂJ,s)l e—i(Q/—HTJ[S)l‘ 0
| i(Qs+mds)t —i(Q—nJis)t
i| —e 0 0 e
T 2| i@t 0 0 o—i(Qs—mJis)t
O _ei(QI—ﬂJ[S)l _ei(QS_T[JIS)l 0

[2.187]

This result is the final density operator o(7). The observable signal is
found by forming the product with operator F* o/t + S,

0 e UQs+rlis)t o= iQut/is)t 0 0 —1 —1 0
i| —ei@stmiis) 0 0 o~ Q=) 00 0 =1
E — el Qurtmis)t 0 0 e~ {Qs—mJis)t 0O 0 0 —1

0 — U=l _ i@ lis)t 0 00 0 0

0 0 0 — e~ HQurmis)t _ o= iQs+m]1s)t
il 0 e@s+asis)t i Q@stalis) 0
T 2| 0 ety i@ty 0
0 0 0 ez’(Q,—nJ,S)t+ei(§25—n1,5)z

[2.188]
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The trace of this matrix is proportional to the observed complex
magnetization:

<M+)(t) oc @ CuFalit 4 Gl Q=mlis)t  SH(Qstris)t 4 pHS2s—is)t [2.189]

The spectrum consists of four signals arranged into two doublets.
One doublet consists of the frequencies Q; + nJ;5 and the other doublet
consists of the frequencies Qg+ /5.

2.6 Coherence

So far the density operator has been represented in terms of a
Cartesian basis of the spin angular momentum operators I, I, and I..
Product operators in the Cartesian basis will be used most often in this
text because the Cartesian basis affords the simplest treatment of pulses
during a pulse sequence (9—117). For a system of two spin-1/2 nuclei,
16 Cartesian product operator terms are required:

(/e 1, I, L S S, S
20,S. 21,S. 2LS. 2LS. 2LS, [2.190]
21,8, 21,S, 2L.S, 2I,S,

The matrix representations of these two-spin product operators, derived
using [2.149], are shown in Table 2.2.

The density operator also can be expressed in the shift operator
basis, which provides additional insight into the density matrix theory.
For a single spin-1/2 nucleus, the shift basis consists of the operators

) . 0 1 - , 0 0
I =1 +il, = . =Ll = :

00 Lo [2.191]
I =\/§1:L[] O] LE:L[l 0}
0 T Llo -1 v T V2l 1)

formed by taking linear combinations of the Cartesian operators. As
discussed in Section 2.7.1, the factors of 272 appearing in the matrix
representations of the operators are normalization factors. Operators in
the shift basis are transformed to the Cartesian basis by

I=—(1"+17), I =Lt -17), L =11, [2.192]
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The 16 operators in the shift basis for a system of two spin-1/2 nuclei are
(1/2E It I Iy St ST S
I+So I—S 1Sy I()S+ IS~ [2193]
Its+ 2I-S~ 21ts~ 2r st
The matrix representations of these operators are shown in
Table 2.3. These operators are constructed from the direct products of
the respective operators for each individual spin. For example,

0000 000 1
~_1]Jooo0o0 ter |0 0 00
! 201 0 0 0F 'S7=10 00 o
0100 0000
0000
0010
+q- —
I"S7=10 0 0 o0
0000
[2.194]

The physical meaning of the shift operator basis is illustrated by
examining the matrix representations in Table 2.3. First, consider the /™~
operator. For illustration, the matrix is written in [2.195] with the spin
states of the system along the side and top of the matrix to indicate the
spin states connected by each matrix element,

ax of Ba BB
0 0 0 07|
110 0 O Of|aB
I =—— .
211 0 0 0]« [2.193]
0 1 0 0]I88

The only nonzero matrix elements present correspond to the transitions
ao— Pa and af— BB. The lowering operator, I, is associated with
a change in the spin angular momentum quantum number of Am=-1
and a change in the state of the 7 spin from a(+1/2) — B(—1/2). In the
case of the 7S ™ operator, the only nonzero matrix element corresponds
to Am=+2 and a change in spin state from |,3ﬂ) — |aa). In this
instance, both the [ spin and the S spin change state from g to «.
Similarly for the /TS~ operator, the nonzero matrix element corre-
sponds to the transition |/3a) — |oz,3) with Am=0. In this example, both
spins change spin states in opposite senses.
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The preceding examples illustrate the concept of coherence, which is
one of the most fundamental aspects of NMR spectroscopy. As has been
stated previously, a diagonal matrix element of the density operator,
O = CuC}, 1s a real, positive number that corresponds to the population
of the state described by the basis function |n). Formally, an off-diagonal
element of the density operator, o,,, represents coherence between
eigenstates |n) and |m), in the sense that the time-dependent phase
properties of the various members of the ensemble are correlated with
respect to |n) and |m). Those matrix elements that denote Am==+1 are
called single-quantum coherence; those denoting Am=42 are called
double-quantum coherence and, not surprisingly, those denoting
Am =0 are called zero-quantum coherence.

To make these ideas more concrete, consider the following example.
The coefficients ¢, for the two-level system for a spin-1/2 can be written
in polar notation in terms of an amplitude and a phase factor for the
o and B states,

Ca = |Cal exp(i¢a)a [2196]

g = |cp| exp(igp). [2.197]

Any wavefunction can be expressed as

W = cola) + cp|B) = Ical expligha)ler) + [cg| exp(igp) [B).  [2198]

thus, for a pure state, the matrix elements of the projection operator
P = |V)(¥| are

(@|Pla) = |cgl?, (aIP|ﬂ> = |cal|cg] eXp[i(¢,s - %)],
(BIP[B) = les”,  (BIPIa) = leal|cs| exp[i(ge — 65)]-

Because the state is pure, all members of the ensemble are identical and
the terms (¢4 — ¢,) do not vary between members of the ensemble. For a
mixed, macroscopic state, however,

[2.199]

(lola) = I’ (alo|B) = lcal|cs| exp[ilds — da)],
(Blo|B) = |es]’, - exp[ia — bp)].

If no relationship exists between the macroscopic phase properties of
the « state (across the ensemble) and the phase properties of the 8 state
(across the ensemble), then (¢, — ¢p) takes on all values in the range
0 to 2, and expli(¢p — ¢o)] = expli(pa — pp)] =0. In this case,

[2.200]

(Blole) = lcal|cg
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(a]o|B) = (Blola) = 0, and there is no coherence between the two states.
Therefore, as has been stated previously, the equilibrium density matrix
is diagonal.

The application of an rf pulse to the equilibrium density operator
induces exchange of population (i.e., transitions) between stationary
states for which Am==1 and causes perturbations of the equilibrium
population distribution. In the case of a spin-1/2 nucleus, an rf pulse that
redistributes populations across the o <> 8 transition creates a phase
relationship across that transition such that exp[i((ba — d),g)] #0
(averaged over the ensemble and assuming that the rotation angle
is not a multiple of 180°). The density operator following the pulse is
said to represent a coherent superposition between the two states;
more commonly, this phenomenon is referred to simply as coherence.
Coherence describes correlation of quantum mechanical phase relation-
ships among a number of systems (separate nuclei) that persists even
after the rf field is removed. Coherence is a phenomenon associated with
an NMR transition and is not a transition itself; evolution of coherence
does not change the populations of the spin states. Nonzero off-diagonal
elements of the density matrix denote the existence of coherence.

Both shift and Cartesian basis operators are useful for describing
NMR spectroscopy. The Cartesian operators are a convenient basis for
describing the effects of rf pulses on the density operator, and the shift
operators are a convenient basis for describing the evolution of
coherence in an NMR experiment. Only two eigenstates, |«) and |B),
exist for a single spin-1/2 nucleus; consequently, coherences associated
with the |a) <> |B) transitions with Am==+1 are conveniently repre-
sented by the raising and lowering operators I+ and I~. Four eigenstates
exist for a two-spin system. Figure 2.1 illustrates the appearance of
double- and zero-quantum coherence where eigenstates are connected in
which Am =42 and Am =0, respectively. Double-quantum coherence is
associated with transitions in which the spin states can change from
ao <> BB. The change in eigenstate is identical for both of the spins
involved, and this is often called a “flip-flip” transition. On the other
hand, zero-quantum coherence is associated with transitions in which the
spin states change af <> B, i.e., in the opposite sense to each other;
these are often called ““flip-flop” terms.

The two-spin case will be seen to be the most commonly encountered
as far as this text is concerned; however, spin systems consisting of
three or more scalar coupled spins are evidently important and display
additional features. Some of the salient features of larger spin systems
will be briefly discussed using a weakly coupled three-spin system as an
exemplar. In the two-spin case, each of the Am =41 transitions involves
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4 BB

PBo

off

ao

FIGURE 2.1 Multiple-quantum transitions for IS spin system. Shown are the
zero-quantum flip-flop transitions between states |a¢8) and |Ba) and the double-
quantum flip-flip transitions between states |aa) and |BB).

the spin state of one nucleus changing while the spin state of the other
nucleus remains constant. The spectrum can be conveniently labeled
with the spin states of the coupled spins as shown in Fig. 2.1. Similar
considerations apply to the three-spin system, although the appearance
of the spectrum is a little more complex. The three spins are denoted 7, R,
and S and have three scalar coupling constants, J;s, Jig, and Jsz. The
wavefunctions for the scalar coupled three-spin system are denoted
|my, mg, mg) in the product basis, and the energies of the eight levels can
be calculated by generalizing [1.57] or by direct application of [2.154]
and [2.7]. The energy level diagram for a three-spin system is shown
in Fig. 2.2a. The single-quantum transitions that connect pairs of
eigenstates in which the spin state of one of the three nuclei changes are
represented as solid or dashed arrows. Each of the indicated transitions
has Am=-1 and, just as in the two-spin case, is associated with a
resonance line of a specific multiplet (in this case the multiplets are
quartets) in the one-dimensional NMR spectrum. Schematic NMR
spectra are shown in Fig. 2.2b,c. As seen by comparing b and ¢ in
Fig. 2.2, the appearance of the spectrum depends on the relative
chemical shifts of the 7, S, and R spins and on the relative sizes of Jyg,
Jir, and Jgg; however, Fig. 2.2a is sufficient for illustrative purposes.
The two transitions 1-2 and 2—4 share a common eigenstate (2 in this
case); consequently, these two transitions are referred to as connected
transitions. The spin state of one of the three spins remains unchanged
across connected transitions (e.g., the 7 spin state is |a) for the connected
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FIGURE 2.2 Spin states and spectrum for a three-spin /RS system. (a) The eight
spin states and the allowed single-quantum transitions between states are shown.
(- - -) Single-quantum transitions of the 7 spin, (—) single-quantum transitions of
the R spin, and (- - —) single-quantum transitions of the S spin. (b) A schematic
spectrum for an /RS spin system is shown for the special case that J;z < Jrs and
Jis=0. (c) A schematic spectrum for an /RS spin system is shown for the special
case that J;g=Jrg and J;5=0.

transitions 1-2 and 2-4). The values of m; for the stationary states are
my =+3/2, my=+41/2, and my=—1/2. The states represented by m; and
my are at opposite ends of the transition pathway under discussion and
differ in their value of m by 2. In this case, the two connected transitions
are said to be progressively connected. On the other hand, levels 6
and 7 in the connected transitions 5-6 and 5-7 do not differ in their
values of m (e.g., mg=my;=—1/2). In this instance, the transitions are
said to be regressively connected. In contrast to the single- and two-spin
systems, single-quantum transitions exist in three-spin systems for which
all three nuclei change spin state. For example, the transition connecting
eigenstate 2 with eigenfunction }aa,B), and eigenstate 7 with eigenfunc-
tion |,3/8a), has Am=—-1/2 — 1/2=—1.

2.7 Product Operator Formalism
Although the density matrix theory provides a rigorous description

of the evolution of a nuclear spin system, the requisite matrix
calculations quickly become cumbersome as the number of spins and
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eigenstates increases unless implemented numerically on a computer.
Unfortunately as well, the density matrix formalism provides little
physical insight into NMR experiments. The design of new experiments
and the optimization of existing experiments are facilitated if the
spectroscopist has an intuitive feel for the evolution of the important
components of the density operator at each point in the experiment.

The aim of the theoretical analysis of NMR spectroscopy is
prediction of the outcome of experiments. The Hamiltonian is an
operator, and as has been stated previously, physically observable
quantities such as energy, position, and angular momentum are
represented in quantum mechanics by operators. Therefore, concentra-
tion on the operators themselves, rather than on the solutions to the
Schrodinger equation, proves to be a powerful approach. As an
illustration, the analysis of the one-pulse experiment in Section 2.4.2
indicates that the equilibrium density operator can be expressed in terms
of the Cartesian 1. spin operator. This operator is partially converted
into the 7, operator by a pulse with x-phase and rotation angle «;
subsequent evolution under the Zeeman Hamiltonian converts the 7,
operator into a linear combination of I, and I, spin operators. In this
case, the evolution of the density operator is represented by the
interconversion of single spin operators. Increasingly, due to the
continued development of stronger magnets, spin systems of interest
in heteronuclear and '"H NMR spectroscopy of proteins are weakly
coupled. A simplified formalism, referred to as the product operator
formalism, that treats each weakly coupled system independently can be
used to analyze evolution of the density operator (9—117). The product
operator formalism retains much of the rigor of the full density matrix
treatment while facilitating manual computation and offering consider-
able insight into complex NMR experiments.

2.7.1 OPERATOR SPACES

In general, an arbitrary density operator can be represented as a
linear combination of a complete set of orthogonal basis operators, By:

K
o(t) =Y b()By, [2.201]

k=1

in which b,(¢) are complex coefficients and K is the dimensionality of the
Liouville operator space spanned by the basis operators. For a system of
N spin-1/2 nuclei, K=4". Liouville operator space, and its attendant
operator algebra, can be regarded as an elaboration of the ideas of the
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Hilbert vector space and vector algebra (2, 12). The orthogonality
condition is

Tr{B]TBk} = (B;|By) = 5;(Bi | By). [2.202]
Unnormalized basis operators, By, can be normalized using
B, = B;/(B:|By)'/%. [2.203]

The expectation value of an operator A can be written, by substitution of
[2.201] into [2.47],

K K
(A)(1) = Tr{o()A} = Tr{z bk(t)BkA} = b)) Tr{B,A}.  [2.204]
k=1 k=1

Note that Tr{AB} used in [2.204] and Tr{A'B} used in [2.202] in general
are not equal unless A is a Hermitian operator. The time evolution of the
density operator can be expressed, by substitution of [2.201] into [2.53]
and [2.54], as

do(t)

K
=il o] = ~i ; b, By, [2.205]

K
o(t) = exp{—iA t}o(0) exp{iH't} = Zbk(O) exp{—i#t}By exp{iA't}.
k=1

[2.206]
The usefulness of [2.204]-{2.206] is that the evolution of the density
operator and expectation values can be calculated from a limited
number of trace operations Tr{B,B;} and transformation rules for
exp{—iA t}Byexp{iHt}.

A transformation of the density operator is formally described as a
rotation of an initial density operator o' to a new operator o~ under the
effect of a particular Hamiltonian, 5#. The notation to be employed has
the form

o — o, [2.207]
which represents the formal expression:
o’ = exp{—iA't)o" exp{iH1). [2.208]

If # and o are expressed in terms of the angular momentum operators,
then the solutions to [2.208] are given by the expressions derived in
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Section 2.3. These solutions can be applied as a recipe by using a simple
set of rules, which are presented in Section 2.7.3. The Hamiltonians
of most interest in solution NMR consist of one or more of four
interactions: (1) rf pulse, (2) chemical shift, (3) scalar coupling, and
(4) residual dipolar coupling. Most importantly, in the weak coupling
regime, the chemical shift, scalar, and residual dipolar coupling inter-
actions commute with each other. Note that throughout this analysis
relaxation of the spins back to equilibrium is not considered.

2.7.2 BASIS OPERATORS

The choice of basis operators is determined by the problem at hand
at any specific time. For example, the angular momentum operators
I, I, and I., which represent the x-, y-, and z-components of the spin
angular momentum of the system, are particularly useful for calculating
the effects of rf pulses, whereas the shift operators, /* and I, are
particularly suited to evaluating evolution under the free-precession
Hamiltonian. For a single spin, the state of a magnetization vector can be
specified by the amounts of x, y, and z magnetization. In the same way,
the quantum mechanical state of the system can be described by
specifying the magnitudes of the operators that are present at any time.
Formally, the state of the system is specified by the density operator and
the density operator is expressed as a linear combination of operators.
In most cases, Cartesian basis operators (E/2, I, I, I.), will be employed.
Other basis sets, such as the single-element (/% I?, 1", 1) basis
operators, defined using the Dirac notation as

I“=la)al, I =)
F=|pgl. 1 =|B)el

and the shift basis operators ([2.191]), are also useful. The Cartesian and
single-element basis sets are related by

)

[2.209]

L =1(1*—IP), I.=1at+1),
ol ) o 2( ) [2.210]

_ 1 - 1
L=Liut-1), g =1(1" 4+ 1%).

Levitt notes that the three Cartesian operators form a three-
dimensional space in which the density operator, represented by a
vector I, rotates at a frequency | o| = (w+)"/? about a vector @, with
Cartesian components

Wy = W] COSP, wy = w) Sing, w. = Q, [2.211]
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FIGURE 2.3 Geometrical representations of rotations in an operator space:
precession of the angular momentum operator about the effective field direction
in angular momentum operator space.

where Q2 is the resonance offset, ¢ is the phase of an applied rf pulse, and
wy=—yB), and B; is the rf field strength (/3). This geometrical
interpretation of the Cartesian operator space 1is illustrated in
Fig. 2.3. The identity operator E is independent of rotation.

Single-transition shift operators can be defined in terms of the
Cartesian components or as products of kets and bras,

I*(r5) = Lu(rs) + iL,(rs) = |r)s

_ . [2.212]
I (rs) = I (rs) — il (rs) = |s)(r

As noted by Ernst (2), the indices are ordered such that M, > M, as
defined by [2.139], to ensure that the raising and lowering operators
increase and decrease the magnetic quantum numbers, respectively:

It (rs)ls) = |r), I~ (rs)|r) = |s). [2.213]

For the one-spin case, the eigenstates are |«) and | ﬂ) and the den81ty
operator can be expanded in terms of the basis operators 1%, I?, I,
and /. In this case, for example, /~|a) = |B){ala) = |B) because the
eigenstate |a) is associated with m=+1/2 and |ﬁ) is associated with
m=—1/2. Similarly I7|B) = |a)(B|g) =

The potential of the product operator approach becomes evident in
the case of two weakly scalar coupled spins. Each pair of spins has four
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cigenstates, |aa), |B), |Ba), and |BB), where the first symbol in each
represents the state of the / spin and the second symbol represents
the S spin. The single-element operator basis set contains four so-called
population terms:

|oor) (x| = IS¢, |Ol/3)(a,3| — IoSP,
|Ba)(pa| = I°S%,  |BB)BB| = I"S".

The basis set contains eight terms representing the single-quantum
transitions associated with the two spins (remembering the definitions of
[2.209)):

[2.214]

o) (B = 1°S™, |aB) (| = 1S,
|Ba)(BB| = 1°S*,  |BB)(pa] = 1S, 0215
o) (Bar| = 17S%,  |Ba)ioa| = 1S, '

leB)BB| = 1*S",  |pp)lap] = I"S".

In these cases, one spin remains ““‘untouched’” and the transition involves
only the change in spin state of the other spin. These operators describe
the single-quantum coherences associated with the single-quantum
transitions. The basis set contains four terms representing transitions
in which both spins change their spin state simultaneously. These
coherences are classified as double-quantum coherence if both spins
change spin states in the same sense,

laa)(BB| = I'S*,  |BB)laal =17S", [2.216]

or zero-quantum coherence if both spins change spin states in the
opposite sense,

|aB)(Bar| =T7S~, |Bar)ep| =TS [2.217]

Each of these product operators has a simple interpretation in terms of
energy levels and transitions shown in Fig. 2.4. For N scalar coupled
spins-1/2, a full operator set contains 4" elements.

The relationship between the Cartesian and single-element operators
[2.210] can be seen as, for example,

L =2L)(E) =1(* - 1°)(S* + SF),
Sy =2(E)(Sy) =1(1*+ ") (ST +57), [2.218]
2L.S, = 2AL)(S)) =L (1* = IP) (ST = 57).
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FIGURE 2.4 Single-transition-basis  operators for IS spin  system.
(a) Populations, (b) S-spin and (c) I-spin single-quantum coherences,
(d) double-quantum coherences, and (e) zero-quantum coherences.

The operators have physical interpretations; for example,
E = 1%5% + ISP + IPS* + PSP [2.219]
denotes equal populations of all energy levels, and

L =1(1%" + 1°SP — 1fs* — I’SP) [2.220]

denotes equal polarization across the two single-quantum transitions of
the 7 spin.
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2.7.3 EVOLUTION IN THE PRODUCT OPERATOR FORMALISM

The goal of the product operator formalism is to derive the evolution
of a spin system through a particular pulse sequence as conveniently
as possible. Effects of pulses and delays in terms of Cartesian product
operators are extremely simple, because each factor of the product is
rotated independently. Rotation operator equations similar to [2.136]
can be derived by the matrix derivations established previously; however,
this approach is rather laborious. Instead, the rules for transformations
of product operators can be established using the following useful
theorem: if three operators satisfy the commutation relationship (and its
cyclic permutations)

[A,B] = iC, [2.221]
then
exp(—ifC)A exp(—ifC) = A cosf + B sin6. [2.222]

Equation [2.222] can be verified by differentiating exp(—i0C)A exp(i6C)
twice with respect to 6, applying the commutation relations and solving
the resulting harmonic differential equation. The evolution indicated by
[2.222] can be illustrated succinctly by Fig. 2.5.

2.7.3.1 Free Precession During periods of free precession, the
effects of chemical shift evolution and scalar coupling evolution must be
considered. For a spin /, the chemical shift Hamiltonian has the form
H = Ql., where €, is the offset of spin /. Evolution during a delay, ¢,
is described by

I —2EL 1 cos(St) + I, sin(S1), [2.223]

I, —2 1, cos(Qut) — I sin(S0), [2.224]
QL t

L — [2.225]

For a weakly coupled two-spin system, / and S, the scalar coupling
Hamiltonian has the form # =2nJ;gl.S., where J;g is the scalar
coupling constant. Evolution of the single-spin operators during a delay,
t, is described by

1, RS cos(2nJyst) + 21,S. sin(2rJst), [2.226]
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b

FIGURE 2.5 Operator rotations. The rotations induced by an operator C
acting on an operator A are illustrated. The operators satisfy the commutation
relationship [2.221] and the rotations are represented mathematically by [2.222].

I, M I, cos(2nJist) — 21,.S- sin(2nJst), [2.227]
L 2mlisl:Sit L. [2.228]

Equations [2.226] and [2.227] demonstrate that single-spin operators
evolve into two-spin operators under the influence of the scalar coupling
interaction. The analogous evolution of the two-spin operators, 21,5,
is given by

21,8, ZISES ]S, cosQmist) + I, sin(2mJ i), [2.229]
25l S-t .

21,S. ———— 21,5 cos(2nJist) — I, sin(2mJ;st), [2.230]

2LS. TS or s [2.231]

Evolution of the S, and 21.S, operators is obtained by exchanging the
I and S labels in [2.223]{2.231].

2.7.3.2 Pulses On-resonance rf pulses applied along a specific axis
induce rotations in a plane orthogonal to that axis. The Hamiltonian
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expression describing the pulses can be written as #'t = ol or al,, for an
x-pulse or y-pulse, respectively, and « is the flip angle of the pulse. Pulses
of arbitrary phase or that include the effects of resonance offset can
be obtained using composite rotations as in [2.120]. The transformations
for a pulse of phase +x are given by

alyy

I, =1, [2.232]
1, 51, cosa & I sina, [2.233]
L 51 cosal, sina, [2.234]
and, for a pulse of phase +y,
al. y .
I, =51, cosa F I. sina, [2.235]
alyy,
I, 51, [2.236]
alyy .
I 251 cosa + I, sina. [2.237]

These transformations of the product operators are illustrated geomet-
rically in Fig. 2.6.

2.7.3.3 Practical Points The preceding rules enable description of a
wide variety of pulsed NMR experiments. Before examining some very
useful specific examples, some formalities and practical points will be
presented.

Cascades. During a period of free precession for the two-spin system
I and S, the evolution of the density operator is represented as

QL t+QsS. 14275 L. St
o! ot [2.238]
Because each term in this Hamiltonian commutes with the others, the
one evolution period can be divided into a series of rotations or a
cascade,

251 S-t
QL QsS.
ol L P2 o*. [2.239]
The order in which the rotations due to shift and coupling evolution are
applied is unimportant. Likewise, the effect of a nonselective pulse
applied to the 7 and S spins is written as

of Wt 3 [2.240]
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FIGURE 2.6 Transformations of product operators. The product operator
transformations given in [2.225]-{2.237] are represented geometrically.
(a) Transformations under the chemical shift Hamiltonian, (b) rotations induced
by a pulse of x-phase, (c) rotations induced by a pulse of y-phase, and
(c)—(d) transformations under the scalar coupling Hamiltonian.
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Because I and S operators commute, a nonselective pulse can be
represented by a pulse on [ first, followed by a pulse on S (or by a pulse
acting on S followed by a pulse acting on 1),

o 2y 5225 53, [2.241]

Rotations of products. The effect of a pulse applied selectively to the

S spin of a product term such as 2/.S. is obtained using the rule that

rotations only affect operators of the same spin. In other words, the I,

part of the product operator remains untouched by the pulse to the
S spin and the S. term is rotated normally. The result obtained is

21,8.%% 21,S. cose — 21, sina. [2.242]

Rotations involving the same operator. Operators are unaffected by
rotations about themselves because an operator and the exponential of
an operator commute. For example,

L5 [2.243]
21,8, 3 or s, [2.244]

2.7.4 SINGLE-QUANTUM COHERENCE AND
OBSERVABLE OPERATORS

The single-quantum coherence term /7, can be expressed using [2.210]
and [2.218] as

=108+ I8 +1(U*SP + 17 SP). [2.245]

This operator, involving a transverse Cartesian component, results from
the sum of the single-quantum transitions of the 7 spin. Evolution under
the free-precession Hamiltonian yields

exp{—iA 1)1 exp{iA't) = 1(ITS* exp[—i(Q + )]
+ 178 expli(Q2 + n))t])
+ (ISP exp[—i(Q — 7 )]
+ ISP expli(Q2; — w)1)). [2.246]
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The trace of this result with the observation operator, ignoring for
convenience the constants of proportionality, yields

Tr{exp[—iA 1, expliA ([F*} =1 expli(Q2; + wJ)i] + 5 expli(Q — 7).
[2.247]

Both terms comprising the detected signal are positive, indicating an
in-phase component of the x-magnetization. The frequencies of the two
components of the in-phase signal are separated by the scalar coupling
between the two spins. An operator with a single transverse Cartesian
component is observable. Another example of a single-quantum
coherence operator is

21.S. = HItS* + 178%) — Yu*sP + 17SP). [2.248]
Evolution under the free-precession Hamiltonian yields

exp{—iA 1}21,.S. exp{iA 1]} = 1(I"S* exp[—i(Q + 7J)1]
+ I7S8%expli(2; + 7 )t])
— LS exp[—i(Q — nJ)i]
+ ISP expli(Q; — w)1). [2.249]

The trace of this result with the observation operator yields

Tr{exp[—i A 1]21,.S. exp[i# {]FT}
= 1 expli(Q; + 7)1l — 1 expli(2; — 7). [2.250]

In this case, the contributions from the S spin are of opposite sign,
indicating an antiphase x-component of the magnetization on the 7 spin,
in which the two components of the signal have opposite sign. Formally,
the antiphase terms are not directly observable in the sense that, at a
particular instant, a term such as 2/.S. does not contribute to the
observed x-magnetization. However, antiphase operators will evolve
under the influence of the scalar coupling interaction, provided that
I and S have a nonzero scalar coupling constant, into an in-phase
operator that is detectable. Analogous terms for the 7 spin product
operator involving y-components are similar except that the phase of the
magnetization is shifted by 90°.

The preceding detailed calculations are not necessary in practice,
because the form of the observable signal can be determined by
inspection of the coherences present at the start of the acquisition period.
For a system of N spins, the operators I;, and I; (1 <i<N) are
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observable and generate in-phase resonance signals. Operators of the
form 1. ... Li—i:dicdiv1)- - - - Tz and - .. L)Ly d(iy1)- - - - Iz evolve into
I;y and I, and generate antiphase resonance signals if Jy;...,Ji 1)
Jt1yir- - -»Jii are all nonzero, for k < N. The resonance signals
generated by operators containing /;, and I;, have a 90° relative phase
difference. If the signals arising from /;, are phased to have absorptive
lineshapes, then the signals arising from [, will have dispersive
lineshapes.

In spin systems with N > 3, single-quantum coherences with > 1
transverse factors in their operator representations exist and are referred
to as combination lines, combination operators, or N-spin =1
coherences (14, 15). For example, in an N =23 spin system, the single-
quantum combination coherence | /Bﬂa)(aaﬁ| has Am=-—1 and is
represented by the operator [;;I7. In the weak coupling limit,
combination operators are orthogonal to the detection operator and
consequently are not directly observable during the acquisition period.
In the strong coupling limit, the product wavefunctions are not
eigenfunctions of the Hamiltonian [2.154]; eigenfunctions are obtained
by diagonalizing the Hamiltonian as described in Section 2.5.2. The
appearance of combination lines in strongly coupled NMR spectra is
discussed by Bain (/6) and references therein.

2.7.5 MULTIPLE-QUANTUM COHERENCE

For a system of two spin-1/2 nuclei, multiple-quantum coherence
states are represented by product operators in which both spins have
transverse components. For example,

2L.Sy =5 (I*ST =17 ST) =S UTS™ —1"S™). [2.251]

The first term on the right-hand side, (/7S*—1-S7), is pure double-
quantum coherence (|Am|=2), whereas the second term, (/7S~ —
I~S™), is pure zero-quantum coherence (Am=0). The multiple-
quantum coherence term 2/..S, is a superposition of both double- and
zero-quantum coherence. Multiple-quantum coherences can be prepared
by suitable combinations of pulses and free-precession periods. Such
terms have more than one transverse operator component and are not
observable directly; however, multiple-quantum coherences possess
some unique properties of considerable utility.

Multiple-quantum coherences can be expressed conveniently in
terms of Cartesian and/or shift operators. Pure double-quantum (DQ)
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coherence is represented by suitable combinations of bilinear product
operators,

fa+st+1-s7) = 1@ns.-215,) = DQ,, [2.252]
ISt —187) = L (Q2LS, + 21,S,) = DQ,. [2.253]

Pure double-quantum coherence precesses at the sum of the two chemical
shifts involved, e.g., during a delay, ¢,

Q- 1+QsS-t
_—

DQ, DQ, cos[(€2; + R2s)t] + DQ, sin[(€2; + Qs)1],  [2.254]

QL 14+QgS:t
s

DQ, DQ, cos[(Q; + Qs)] — DQ, sin[(Q + Q). [2.255]

Similarly, pure zero-quantum (ZQ) coherence is represented by
ats—+178% = 1@LS. +21,S,) = ZQ,, [2.256]
L(ItS™ —1"8%) = 121,58, - 2L.S,) = ZQ,, [2.257]

and evolution occurs at the difference of the chemical shifts of the spins
involved,

QLt4QsS-t
_

ZQ, ZQ, cos[(R; — Q)] + ZQ, sin[(Q — Qg)1),  [2.258]

QL 14+QsS-1
_—

ZQ, ZQ, cos[(; — Qs)t] — ZQ, sin[(2; — Q)] [2.259]
Two-spin multiple-quantum coherence such as that noted previously,
does not evolve under the influence of the scalar coupling of the two spins
involved in the coherence (the active coupling). This principle can be
rationalized using [1.57] and the energy level diagram of Fig. 1.7b.
Double-quantum coherence connects the states |aw) and |8B8). The
difference in energy between these two states does not depend on the
active scalar coupling constant. Similar considerations are relevant for
zero-quantum coherence that connects states |o8) and |Ba). However,
multiple-quantum coherence can evolve under the influence of a scalar
coupling to a third passive spin. For example, consider the three-spin
system 7, S, R, where the couplings present are J;s, Jg, and Jgp.
A multiple-quantum coherence term can be identified by the appearance
of more than one transverse Cartesian operator in the product;
therefore, the operator, 4/,S\R., is a multiple-quantum coherence with
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respect to [ and S. This operator evolves under the J;z and Jgx scalar
coupling interactions but not under the J;g scalar coupling interaction.
Evolution under the J;z scalar coupling interaction is given by

2JiptLR. .

4I,S R. ——— 41, S R. cos(nJrt) — 21,.S. sin(zwJr?). [2.260]
Evolution of multiple-quantum coherences under the scalar coupling
interaction proceeds at the sum and difference frequencies of the passive
scalar coupling constants in a manner analogous to the chemical shift
evolution. For example, consider the zero-quantum term ZQiS =
%(21_‘,Sx —21I..S,) evolving under the passive coupling effects J;z and
Jsr for a time ¢,

IS 2 Jirtl. R. A2 sgtS- R
%

7Q ZQ! cos(nKst) — 2ZQP R. sin(wK;s1),

[2.261]

in which K;g=|Jsr—J;r| is known as the zero-quantum splitting, and

2ZQBR. = X(21.S, + 21,S,)R.. [2.262]

2.7.6 COHERENCE TRANSFER AND (GENERATION OF
MULTIPLE-QUANTUM COHERENCE

Coherence transfer is a vital effect in multidimensional NMR
spectroscopy, and, most notably, an effect that cannot be described
in the Bloch model. Suppose that an antiphase component, 2/..S., of
the density operator has been generated in some manner. As will be
discussed later, antiphase operators can be produced by the use of a spin
echo pulse sequence. The effect of applying a 907 pulse to both spins is

T bi 4

2l 25
2I.S. = —2LS. => 2LS,. [2.263]

The original antiphase coherence on the 7 spin (containing a single
transverse operator) is converted to antiphase coherence on the S spin.
Coherence has been transferred from ome spin to another under the
influence of the rf pulse.

In contrast, application of a 90% to both spins gives

Ju+S0)
21,.S. —— =2I.S,. [2.264]
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This operator represents multiple-quantum coherence (containing more
than one transverse operator). The same result would be obtained if a
pulse is applied to the S spin alone,

big

_S.\’
21,S. 5 —2I.5,. [2.265]

The two examples represented by [2.264] and [2.265] represent the
generation of multiple-quantum coherences in homonuclear and hetero-
nuclear spin systems, respectively.

2.7.7 EXAMPLES OF PRODUCT OPERATOR CALCULATIONS

Some simple examples using product operators to follow evolution
during spin echo and polarization transfer pulse sequences will be
presented. Although these examples may appear trivial, each one plays
an important part as a component of more complicated pulse sequences.
These pulse sequence elements will be encountered in many of the
multidimensional NMR experiments discussed in Chapters 6 and 7.

2.7.7.1 The Spin Echo The spin echo pulse sequence must be
examined in three cases: (a) one spin, (b) two coupled spins of the same
nuclear type (homonuclear case), and (c) two coupled spins of different
nuclear types (heteronuclear case).

Starting from equilibrium magnetization proportional to 7., an
initial 905 pulse yields

3l
L5, [2.266]

The spin echo pulse sequence for an isolated spin is written as
—t— 1807 — 1 —. [2.267]
Evolution during the period of free precession, ¢, yields

— 1, 2 1 cos(1) + I sin(S21). [2.268]

The 1805 pulse converts this density operator to

—1I, cos(2t) + I sin(21) n—]Y> I, cos(t) + I sin(2/1). [2.269]

The 1805 pulse inverts the 7, term but does not affect the I,
term. The final part of the spin echo sequence is another delay of
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duration ¢,

) QI )
I, cos(2t) + I sin(S2;t) il I, 0052(521[) — I cos(22) sin(2;t)
+ I, sin(;1) cos(t) + I, sin*(Q2;2).

[2.270]
Using the identity cos’d +sin’0 =1, [2.270] can be written as
I, cos() + I sin(Q) 2 1, [2.271]

The overall effect of the spin echo segment, —¢#— 1805 ——, is seen to take
an initial state —/, and generate a final state /,. Apart from a sign
change, no net evolution of the chemical shift occurs during the spin
echo sequence: evolution under the chemical shift Hamiltonian is
refocused. 1f a 1807 pulse had been used for refocusing, then the sign
inversion would not have occurred.

The same result can be demonstrated more elegantly as follows.
The density operator at the end of the pulse sequence is given
by o(f) = Us(0)U !, with

U = exp[—iQtl;] exp[—inl,] exp[—i2tl.], [2.272]

in which each factor in U represents the propagator for one segment of
the spin echo sequence. Applying the identity of [2.121] yields

U = exp[—iQ 1] exp[—inl,] exp[—i tl.]

= exp[—iQtl;] exp[—inly] exp[—i2tl.] explinl,] exp[—irl,]
= exp[—iQtL.] exp[—iQte” ™ L.e™] exp[—inl,]

= exp[—i 1] explitl.] exp[—inl]

= exp[—irly]. [2.273]

o o

Therefore, the net evolution during the spin echo sequence is given by

1,250, [2.274]

in agreement with [2.271]. Considerable simplification of propagators for
pulse sequences containing 180° pulses is often possible by use of [2.121].

The same spin echo pulse sequence can be applied to a homonuclear
IS two-spin system. The pulses are assumed to be nonselective and affect
both the 7 and the S spins equally. As for the isolated spin, the chemical
shift evolution of the I and the S spins is refocused over the spin echo
sequence and can be neglected. Therefore, evolution during the pulse
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sequence is due to the scalar coupling interaction only. The initial 903
pulse generates the —I/, operator from the equilibrium operator I.
(the similar S spin term is omitted for clarity). The coupling develops
during ¢,

— 1, TS g cos(myst) + 21.S- sin(dyst). [2.275]

The 180° pulse, regarded as a 180° pulse on one spin followed by a 180°
pulse on the other spin, yields

— 1, cos(mJyst) + 21S. sin(mJyst) —> I, cos(mJyst) + 21,8 sin(mJ;st)

5 I, cos(nJyst) — 21..S: sin(mwJ;st).
[2.276]

The 1805 pulse applied to the 7 spin does not affect the S spin and
vice versa. Evolution during the second delay, ¢, yields
I, cos(nJyst) — 21..S. sin(wJ;st)

2l I, cos*(nJyst) — 21.S. sin(mJst) cos(J;st)

— 2I,.S. cos(nJist) sin(wist) — I, sin’(wJ st), [2.277]

which, using the identities cos(20)=cos’0—sin’0 and sin(20)=
2sinfcos O, reduces to

Iy COS(JTJ[SZ) —2I.S. sin(nJISt)

sl et I, cos(2mJst) — 21.S: sin(2mJyst).

[2.278]

The overall effect of the —¢—1805 —¢— pulse sequence on the initial —1,
magnetization is given by
=L +Sy) — 1 .
—I, ————— I, cos(2nJist) — 21..S: sin(2nJst). [2.279]
The density operator has evolved under the scalar coupling Hamiltonian
for the entire spin echo period, 2. The result obtained for initial S.
magnetization is obtained by exchanging / and S operators in [2.279].
Setting the delay, ¢, to be equal to 1/(4J;5) generates the purely anti-
phase term 2/..S., while having 1=1/(2J,s) serves to produce —I,. The
generation of an antiphase state by this method is a common feature in
many pulse sequences.
If the two scalar coupled spins belong to different nuclear species, or
if sufficiently selective rf pulses can be obtained (see Chapter 3,
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Section 3.4.4), then the rf pulses in the spin echo sequence can be applied
to only one of the scalar coupled spins (the 7 spins in the following
example). For example, the spin echo sequence can be applied selectively
to the proton spins in an 'H-'°N scalar coupled spin system. Again, /
spin chemical shift is refocused and can be ignored. As before, following
the 903 pulse on the 7 spin, evolution occurs as follows:

—1, 2rhiskSet, —1I, cos(nJist) + 21..S- sin(mJ;st)

L 1, cos(mst) + 21,S- sin(mJjst). [2.280]

Only the /, term is inverted by the 1805 pulse; the S spin is unaffected.
The second delay generates

I, cos(nJyst) + 21..S- sin(mJ;st)
st S I, cosz(nJ 1st) — 21..S. sin(wJst) cos(mwJst)

+ 21,S. cos(nJyst) sin(mwist) + I, sin*(mJist),  [2.281]

which reduces to

2L S:t

I, cos(nJyst) + 21.S: sin(nJst) ————— 1, [2.282]
So, for the heteronuclear spin echo,
_p, L [2.283]

and both the chemical shift and the heteronuclear coupling are refocused.
In essence, the S spins have been decoupled from the 7 spins by use of the
echo sequence.

The scalar coupling interaction evolves over the entire duration of
the spin echo sequence in a homonuclear spin echo because the 180°
echo pulse affects both the 7/ and the S spins equally. By analogy, the
heteronuclear scalar coupling interaction evolves over the duration of a
spin echo sequence if 180° pulses are applied to both the I and the S spins
simultaneously (usually using two rf transmitter channels). The overall
effect of the —#—1805(/, S)—¢— pulse sequence on initial —/,, magnetiza-
tion is given by

t—ml,, TSy—t

—I, ————— I, cos(2nJ;st) — 21..S: sin(2nJ;st). [2.284]

2.7.7.2 Insensitive Nuclei Enhanced by Polarization Transfer Pulse
sequence elements can be combined to produce more complex sequences
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designed to perform specific tasks. An important experiment that takes
advantage of the basic schemes is the INEPT (Insensitive Nuclei
Enhanced by Polarization Transfer) sequence (/7). The INEPT sequence
is a crucial component of many multidimensional NMR experiments.
The aim of the INEPT sequence is to transfer magnetization from a
sensitive nucleus with a high magnetogyric ratio (usually protons) to
a less sensitive nucleus with a lower magnetogyric ratio (e.g., nitrogen
or carbon) by means of the scalar coupling interaction. By doing this, the
detected signal from the heteronucleus will be increased. The INEPT
sequence is written:

I spin: 90 —t— 1803 —t— 905,

: , [2.285]
S spin: 1805, 905 —acquire.

Up to the final pair of 90° pulses, the sequence is a spin echo in which
both spins have been affected by 180 pulses, so that chemical shift is
refocused during the echo, but scalar coupling evolves fully. Beginning
with equilibrium magnetization K;/I., in which K;=hw;/(4kgT) [2.126],

Sl — t=n(l+S) — 1 .
Kl —m K[{Iy COS(27TJ151) —2I.S. sm(271J151)}. [2286]

A 907 pulse is applied to the / spin, and a 907 pulse is applied to the
S spin,

K[{Iy COS(27TJ15I) —2I.S. Sil’l(27TJ151‘)}

(L, +Sx
Hits:) Kill, cosQ2mJyst) — 2LS, sin(2rJist)}. [2.287]

If the delay t=1/(4J;s), then the final signal is given by
—[hw;/(4kgT)]2L.S,. The antiphase I spin magnetization has been
transferred to the S spin. The antiphase term is scaled by a factor of
hw;/(4kgT). This is an important advantage over simply recording a spec-
trum on the S spin following the application of a simple 90° pulse. In this
case, after a 903 pulse is applied to the Sspin, the observable magnetization
is given by —[ hwg/(4kgT)]S,, which is an in-phase doublet. The intensity
ratio between the INEPT and conventional experiment is given by

INEPT Vi

—_— = 2.288
Conventional  yg [ ]

The advantage of performing the INEPT experiment becomes enormous
as the magnetogyric ratio of the S spin decreases. INEPT procedures
are used with great effect in multidimensional heteronuclear NMR
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experiments. An additional advantage of the INEPT experiment,
sometimes overlooked, is that the repetition rate of the experiment is
set by the relaxation time constants of the / spin rather than the S spin.
Typically, the 7 spin is proton, and the time constants can be notably
shorter than the relaxation time constants are for the S spins (see
Chapter 5).

2.7.7.3 Refocused INEPT NMR spectroscopy is a relatively
insensitive technique because, as has been noted in Chapter 1
(Section 1.1), the differences in populations between stationary states
of a nuclear spin are very small numbers. Maximizing the sensitivity of
NMR experiments consequently is a major concern. The amplitudes
of the resonance signals in a scalar coupled heteronuclear spin system
can be increased dramatically by decoupling the spins involved in the
scalar coupling interaction. Decoupling reduces the effect of the scalar
coupling constant with the result that the signal normally observed as a
multiplet is collapsed into a singlet resonance at the Larmor frequency
of the unperturbed spin. Sensitivity is increased because the amplitude of
the singlet is given by the sum of the amplitudes of the multiplet
components. As will be discussed in Chapter 3 (Section 3.5), decoupling
can be achieved by the application of a suitable rf field on one of the
spins in a heteronuclear scalar coupled spin system.

As the following example indicates, increased sensitivity is not
obtained necessarily by application of a decoupling field to an arbitrary
coherence. If a decoupling field is applied to the 7 spins during detection
of the S spins following the INEPT sequence introduced in the previous
section, the resonance signal disappears completely. Following the
INEPT sequence, the density operator is proportional to 2L.S,.
Decoupling prevents evolution of this operator into observable
in-phase single-quantum S, coherence under the influence of the scalar
coupling Hamiltonian (Section 2.7.4). Viewed another way, the 2I.S,
operator represents an antiphase doublet, in which one multiplet
component of the doublet is positive and the other component is
negative. Collapsing the doublet by decoupling the 7 spins results in the
mutual cancellation of the doublet components of opposite sign.
Constructive interference between multiplet components is obtained
only if the decoupling field is applied to an in-phase operator (with
respect to the decoupled spin).

Re-examination of the INEPT experiment indicates that the
antiphase coherence 21..S, can be converted into in-phase coherence by
an appropriate extension to the INEPT pulse sequence. The ensuing
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refocused INEPT experiment (/8) can now be written as

Ispin:  903—t= 1805 —¢=907 — v— 1805 —7— decouple,

_ _ [2.289]
S spin: 1805, 905, 1805, acquire.

By setting = 1/(4J;s), the final echo component of the sequence yields

—KpLS, T g [2.290]

This is an in-phase doublet and can now be decoupled to give enhanced
sensitivity in the spectrum. As will be discussed in Chapter 7
(Section 7.1.1.3), the value of t required for optimal sensitivity in a
refocused INEPT sequence depends upon the nature of the spin system
and must be adjusted appropriately for spin systems other than the two-
spin system considered in this example.

The S, operator obtained following the refocused INEPT sequence
can be converted to an S, operator by application of a 907 pulse to the
S spin:

Ty
KiS. 2= K;S.. [2.291]

The equilibrium magnetization for the S spin is proportional to KgS.;
therefore, the remarkable result is obtained that the Boltzmann
population difference for the 7 spin has been transferred to the S spin
by the refocused INEPT pulse sequence.

2.7.7.4 Spin-State Selective Polarization Transfer Numerous
modern NMR  experiments, including Transverse Relaxation
Optimized Spectroscopy (TROSY; Chapter 7) and measurements of
scalar and residual dipolar coupling constants (Chapter 7), utilize pulse
sequence elements that transfer polarization between operators in the
single-element basis, corresponding to transfer of coherence between
individual transitions or between spin states. Although useful in their
own right, these methods also provide additional insights into the
behavior of spin systems that continue to lead to new applications. For
example, the pulse sequence element

I spin: 1805 1807,

, [2.292]
Sspin: 903 —7—1807—7—907,
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with t=1/(4];5), is called the spin-state-selective coherence transfer
(S’CT) sequence element (/9). The propagator corresponding to this
sequence is given by

U= exp(—ig Sy) exp(—irnl,) exp(—iA 1) exp[—in(ly + S1)]
X exp(—iHt) exp(—ing>

= exp(—ig ) exp(—inSy) exp(

(425 ew((Z5:) e

(35) onliZs) oo
(-135)

T T
exp(—i=S: exp( IES,> exp(—z§2IzS},).

1

i x) exp(—igﬂzSZ) exp(—ing)

I
o
>
o

[2.293]

This propagator can be expressed using single transition basis
operators as

U= exp(—igSz> exp (—igS}) exp (—igﬂzSy)
T

= exp(—igSZ> exp(—inl®S,). [2.294]

Ignoring the z-rotation, which can be compensated by phase shifting
subsequent pulses in an actual experiment, the propagator corresponds
to a selective inversion across the |aw) <> |@B) transition in the two-spin
energy level system (Fig. 2.4). In contrast, a conventional 180° pulse
corresponds to simultaneous inversion across both the |aa) <> |@B) and
the |Ba) <> |BB) transitions. The effect of this sequence element on the S.
operator can be described in either the Cartesian or the single-transition
operator bases by

s. 2 o
[2.295]

(1 + IF)s. ™ (=1 + 19)s..
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FIGURE 2.7 Energy level diagram for S’CT pulse sequence. The S’CT
pulse sequence element is equivalent to a selective inversion across the
loer) < |aﬂ) transition, as indicated by the curved arrows. (a) The s’cT
sequence converts zero-quantum coherence to single-quantum coherence 7~ S .
(b) The S*CT sequence converts double-quantum coherence to single-quantum
coherence ISP,

The second line shows that the S?CT sequence selectively inverts the
component of S, magnetization that is coupled to an 7 spin in the « state.
A pictorial representation of the effect of the S?CT sequence on
coherences is illustrated using zero-quantum and double-quantum
coherences as an example in Fig. 2.7. The selective inversion is seen to
transfer /ST coherence into I S* coherence and /1~ S~ coherence into
I~S” coherence. An explicit calculation yields

nl®S,
ISt —5 —178¢,
[2.296]
IS,
IS~ —35 1 SP,

which is necessary to obtain the correct signs of the operators.
For completeness, the corresponding selective inversion across the
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|Ba) <> |BP) transition is obtained by inverting the phase of the final
y-pulse. The propagator U=-exp(—in/*S,) is obtained by shifting the
phases of all pulses by —/2.

2.8 Averaging of the Spin Hamiltonians and Residual Interactions

The presentations in the preceding sections of this chapter have
focused on evolution of the density operator under the isotropic
components of the nuclear spin Hamiltonian. At this point, a more
formal analysis is presented of the nuclear spin Hamiltonian and the
effects of isotropic and nonisotropic averaging in solution. The nuclear
spin Hamiltonians important in NMR spectroscopy of diamagnetic
molecules are described most generally in the form

H =u'Cy, [2.297]

in which u and v are vectors, the superscript T indicates the transpose,
and C is a general second-rank Cartesian tensor. The Cartesian tensor C
is represented by a 3 x 3 matrix and can be decomposed into the sum of
irreducible tensors of rank 0, 1, and 2:

C=C?94c® 4@, [2.298]

in which C© = %Tr{C}E, cVY = -2 is traceless and anti-
symmetric, and C?®=(C+C"/2-C? is traceless and symmetric.
The vector u normally will be an angular momentum operator, the
vector v will be an angular momentum operator or a magnetic field
vector, and C will depend on the particular magnetic spin interaction
being considered. For example, the chemical shielding Hamiltonian
(introduced in Chapter 1, Section 1.5) is described, in the laboratory
reference frame, by u' = (Z,, I,,1.), v=(0,0, yBo)', and C =¢, in which

o1 012 013
o = 021 022 023 [2299]
031 032 033

is the Cartesian nuclear shielding tensor for the 7 spin (which should not
be confused with the density operator in this context).

The observation that the nuclear spin Hamiltonian must be invariant
to rotation has profound consequences for NMR spectroscopy because
this constraint limits the types of interactions that can couple to the
nuclear spin angular momentum operators. The antisymmetric tensor
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does not affect the energy levels of the nuclear spin systems and
consequently does not contribute to the observed resonance frequencies.
This component of the nuclear spin Hamiltonian will not be considered
further in this text. The Hamiltonian can then be written as

A =L1Tr{Clu-v +u'COy. [2.300]

In the principal axis reference frame of the tensor, C® is diagonal
with elements d = Cy,—Tr{C}/3, in which Cy; for k={x,y,z} are the
principal values of C. In this frame,

uTC(z)V - dxuxvx + dyuyvy + dzquZ' [2301]

Equation [2.301] is expressed in terms of the Cartesian components of u,
v, and C?, which facilitates a physical interpretation of spin interac-
tions. However, the effects of rotation are more easily considered by
expressing the Hamiltonian using spherical, rather than Cartesian,
tensors. Thus, [2.301] can be reformulated as

uTCOv = /3/2d.A) + L dn(A3 + A7), [2.302]

in which n=(d,—d,)/d., Ag are the 2¢ +1 components of the
irreducible spherical tensor operator of second rank:

A0 f(3u SV, —UeV),

A = Tty 4w, [2.303]
Azi2 _ % EE,
uE=u, + iu,, and =y + iv,, and u and v are expressed in the principal
axis frame. In obtaining [2.302], the relationship d. = —(d, + d,) has been
invoked because the tensor C'? is traceless. For the chemical shielding
tensor, d. = %AO’ [1.49]. The expression [2.302] can be written
equivalently in the form

2
u'COy = Y (—=1)7F; 1A [2.304]

—
by making the identifications
=./3/2d.,
Ff' =0, [2.305]

F ==} (d— d,).
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The FJ also are the 2¢ +1 components of an irreducible spherical tensor
of second rank. With these definitions, the nuclear spin Hamiltonian is
given by

2
A =1Tr(Clu-v+ Y (=1)F; /AL [2.306]
q=-2

The advantage of writing the Hamiltonian in this form is that [2.306] is
valid in any reference frame provided that the tensors are expressed in
the suitable frame of interest. Thus, the Hamiltonian in the principal
axis frame is obtained by using A% and F; expressed in the principal
axis frame, and the Hamiltonian in the laboratory frame is obtained
by using A and Fj expressed in the laboratory reference frame.
The tensors qu(lab) are obtained in the laboratory frame from the tensors
qu(PAS) in the principal axis frame by using the transformation properties
of the irreducible spherical tensors (20):

2
F{ = 3" D} (arp. fre. yiw) Fy T, [2.307]
k=-2

in which D,zm(oeLp, BLp, yLp) are the Wigner rotation matrices, given in
Table 2.4 and {oyp, BrLp, yLp} are the Euler angles specifying the relative
orientation of the laboratory and principal axis reference frames.
Using this relationship, the nuclear spin Hamiltonian is expressed in
the laboratory reference frame as

2 2
H =1Tr(Chuev+ Y (=1)7A3 Y D} (ewp. Bue. vip)Fs T, [2.308]
q=-2 k=-2

in which the vectors u and v and the tensors Af are understood to be
expressed in the laboratory reference frame. This equation makes use
of the observation that u, v, and AJ usually are much simpler to express
in the laboratory reference frame but the tensors Fy have their simplest
form in the principal axis system of the interaction.

The full form of the Hamiltonian in [2.308] is important for the
development of nuclear spin relaxation theory, and is discussed in
Chapter 5. For the consideration of first-order spectra—that is, of
resonance frequencies and intensities— the nuclear spin Hamiltonian
can be treated as a weak perturbation to the Zeeman Hamiltonian. As a
result, only the components of [2.308] that commute with the Zeeman
Hamiltonian need to be retained. This simplification is called truncation



TABLE 2.4

Reduced Rotation Matrices d?, ()

m, n“ -2 —1 0 - 1 2

5 cos*(8/2) LsinB(cosp + 1) J/3/8 sin?p —1 sinf(cosp — 1) sin*(8/2)

—1  —%sinf(cosp+1)  1(2 cosp—1)(cosp+ 1) V3/2 sinfcosp —1(2 cosp—1)(cosp—1) —1sinf(cosp — 1)
0 /3/8sin’B —/3/2 sinp cosp 5(3 cos’s—1) V/3/2 sinp cosp V/3/8 sin’g

1 Lsinflcosp—1) —L(2cosp—1)(cosp—1) —/3/2sinBcosp L(2cosp—1)(cosp+1)  1sinp(cosp+ 1)
2 sin'(B/2)

3 sinB(cosp — 1)

J/3/8 sin’B —3 sinf(cosp+ 1) cos*(B/2)

“The Wigner rotation matrices are given by D2, (o, B, y) = d,(B) exp(—ima — iny).
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of the Hamiltonian, with the result
A = 1Tr(Chu-v + A F)

2
= %TI'{C}qu + Ag Z DIZCO(Ole, IBLP: O)Fé((PAS)
k=-2

3
= ITr{Clu-v + A} de{Déo(O’ Brp,0).

[ Dlyenp. Bue.0) + DX yferp. frr.0]]. [2309)
NG

The third Euler angle y is unnecessary for determining the truncated
Hamiltonian, and has been arbitraril;/ set to zero, because only
D2 (e, B, y) are required to obtain on (lab using [2.307]. This simplifica-
tion results because the truncated Hamiltonian commutes with the
Zeeman Hamiltonian and consequently is unaffected by a rotation
around the z-axis of the laboratory reference frame. Also,

D;O(av 187 O) = )/12‘/1(13’ —Ol),
Dém(oa :3, 7/) = an(lga _V)a

in which Y7'(6, ¢) are the modified spherical harmonic functions used in
Chapter 5 (20). If operators of the form «"v and u vt commute with the
Zeeman Hamiltonian, then Ag is given in [2.303]. If operators of the form
uTv and  v" do not commute with the Zeeman Hamiltonian, then these

are truncated as well and

[2.310]

A =2/3u.v.. [2.311]

For example, this simplified expression for Ag is obtained if u=1 and
v=_S refer to different heteronuclear spins.

In solution NMR spectroscopy, the Hamiltonians given in [2.308]
and [2.309] must be averaged over the rotational distribution of
molecules in solution. The angular dependence of the Hamiltonian is
expressed by the angular dependence of the Wigner rotation matrices.
This means that the D2, (arp, Bip, yip) in [2.308] and [2.309] must be
replaced by average values (D,ch(aLp, Brp, yLp)). The rotational average
of D! (a,pB,y) is defined in general by

mn

(Dl B.9) = [ Dl ol ) sinpdedpdy, 2312
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in which p(e, B, y) is the probability distribution for the set of Euler
angles {«, B, y}. In isotropic solution, all molecular orientations are
equally likely. Consequently, p(a,B,y)=1/(87%) and (Dfnn(oe,ﬂ, y)) =0.
Therefore, the second term in [2.308] and [2.309], depending on the
traceless tensor C®, is zero as a result of averaging over the random
distribution of molecular orientations. The first term is a scalar product
and is invariant to rotation. The rotationally averaged nuclear spin
Hamiltonian in isotropic phase is given by

A =1Tr{Clu-v. [2.313]

This is the form of the nuclear spin Hamiltonians considered thus far
in this text. For example, the chemical shift Hamiltonian [2.98] has the
form of [2.313] with u*v=y B/, and %Tr{a} = ¢ is the isotropic chemical
shielding. The strong scalar coupling Hamiltonian [2.154] has the form
of [2.313] with u=(I,, 1, 1.)"; v=(S,,S,,S.)"; C=J, where J is the
scalar coupling tensor; and %Tr{J } = 2nJis. The dipole—dipole and
quadrupole tensors are traceless and consequently do not contribute to
the rotationally averaged nuclear spin Hamiltonian in isotropic phase.

The isotropy of a solution of molecules is destroyed if the molecules
are subject to a potential of mean force, W(«, 8, y), that depends on the
orientation of a molecular fixed frame, relative to the laboratory
reference frame. The time-dependent Euler angles {w, 8, ¥} describe the
relative orientation of these two frames of reference. The probability
distribution is given by the Boltzmann equation:

exp[— W(Ol, /3a )/)/kBT]
[ exp[—W(e, B, y)/ksT] sinpdo dp dy

A (&)(1 — W(a, B, y)/ksT). [2.314]
T

plo, B,y) =

The second equality is obtained by assuming that the potential of mean
force is weak and that

/ W(a, B,y) sin BdadBdy = 0. [2.315]

Because the probability p(«, 8, ) is unaffected by adding a constant to
W(a, B, y), the zero of potential energy always can be chosen to satisfy
this constraint. The Wigner rotation matrices form a complete set;
therefore, the probability density also can be expressed as (20)

1 l
p(Ol, ﬂ’ )/) = @ Z (21 + 1) Z (Dfnn(a7 ,3, y)*)Dllnn(a’ ,3, V) [2316]
!

mn=—[
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Z5 Z|AB
ZpAs
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> YiAB

{oas Bias 1Al
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FIGURE 2.8 Coordinate transformations. The principal axis system (PAS) of the
nuclear spin interaction is oriented with fixed angles {6, ¢} with respect to the
molecule-fixed alignment reference frame, A. The alignment frame is oriented
with respect to the laboratory (LAB) reference frame by time-dependent Euler

angles {apa, BLA> VLA}-

In order to perform the averaging over the probability distribution,
the principal axis system of the spin Hamiltonian must first be
transformed to the molecule-fixed frame, which will be referred to as
the alignment frame, and then the alignment frame must be transformed
to the laboratory reference frame. The principal axis system is oriented
with time-independent Euler angles {a@ap, Bap, Yap} With respect to the
alignment frame. The alignment frame is oriented with time-dependent
Euler angles {a1a, BrLa, YLa} With respect to the laboratory frame. The
relationships between the three frames are illustrated in Fig. 2.8. Thus,
[2.307] is generalized to

2 2
lab K(PAS
FIR0 = 2:2 kzz D (LA, BLa. yL.A)Dif@ap. Bap. yap)Fa U [2.317]
==

and the rotationally averaged truncated nuclear spin Hamiltonian
becomes, by extension of [2.309] (21),

2 2
H ={Tr{Clu-v+A) Y Y (Di(aLa. Ba.0)) Dy (cap. Bar. var) F3
Jj="2k==2
2 2
=1Tr{Chu-v+AJ Y " 5D} (cap. Bar. yar) P,
j=—2k==2

[2.318]
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in which the order parameters S), are defined as

Sy = (Dro(aLa, BLa. 0)),
S, = —1"S*

—m-*

[2.319]

The order parameters in [2.319] are identical to the corresponding
coefficients in the expansion of the probability density [2.316].

The set of five order parameters in [2.318] transform under rotation
like a second-rank tensor and constitute the irreducible representation of
the 3 x 3 Saupe order matrix defined by (22)

Si/ = %(COS o; COS Ot/> — 84'/‘/2, [2320]

in which «, for k={x,y,z}, is the angle between the kth axis of the
alignment frame and the z-axis of the laboratory frame. The spherical
and Saupe order parameters are related by

So = S,
Si1 = £2/3(Sw:FiS)2), [2.321]
Sir = V/1/6(Sxx — Sy,)Fi/2/3Sx,.
The Saupe order matrix is a traceless, real, and symmetric Cartesian
tensor of rank 2. Consequently, the alignment frame always can be

defined such that the order matrix is diagonal with principal values S,
S,,, and S... In this frame, S4; = 0 and

yys

2
%ZLTI‘{C}U-V—I—Ag {Szz Z DiO(C‘APaﬂAP)FJ;(PAS)
k=-2

2
+\/%(Sxx —Sy) Z [D7s(aap. Bar.vap)+ Di_s(cap, Bap, VAP)]Fg(PAS) } .
K=

[2.322]
This expression is frequently expressed as (23)

2
A =L1Tr{Clu - v + AS {Aa > Diy(@ap. Bar)Fy
k=-2

P
+\/% A, Z [ D7 (aap, Bap. ¥aP) + Di_s(cap. Bap VAP)]Ff (PAS) },
=2

[2.323]
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in which A4, =(2/3)Sk are the principal values of the alignment tensor,
A,=(3/2)A-- is the axial component of the tensor, and 4, =4, — 4,, is
the rhombic component of the tensor. If the Hamiltonian is axially
symmetric with n =0, then the above expression simplifies to

A =1Tr{Clu- v+ AJ\/3/26.{4,1(3 cos’0 — 1) +3 4, sin’0 cos2¢},
[2.324]

in which {aap, Bap, Yar} =1{0,0,¢} and {6,¢} are the polar angles
describing the orientation of the z-axis of the principal axis system of the
Hamiltonian with respect to the alignment frame.

As an explicit example, the Hamiltonian for the dipole—dipole
Hamiltonian is traceless and symmetric, with d, = —2(uo/4m)yryshris .
Consequently, [2.322] is given by

H = 1D (LS. — I+ S), [2.325]
in which
Dys = Dy&]S..1 (3 cos?0 — 1) + (Skx — Syy) 4 sin’6 cos2¢)

: [2.326]
= D& A4,1(3 cos?0 — 1) +3 4, sin°0 cos2¢}

is the residual dipolar coupling constant (RDC), measured in units of
Hertz, and

_ Moyrysh
4?rig

D™ = [2.327]
If the residual dipole coupling is weak, 27w D;g/|w;— ws| < 1, then the
Hamiltonian is further truncated to

H = 2mDsL.S.. [2.328]

This Hamiltonian has the same functional form as does the weak scalar
coupling Hamiltonian. As a consequence, if alignment occurs, then the
apparent scalar coupling constant observed experimentally is given by
Jis+ Dis.

The alignment of a molecule with an anisotropic magnetic
susceptibility tensor in the presence of a static magnetic field is a
simple, easily calculable example of the effects of an orienting potential.
A molecule in a magnetic field, B, has an induced magnetic dipole
moment that is proportional to the magnetic susceptibility tensor .
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The potential energy function is (24)

1
W =——B"xB. [2.329]
210
Using similar derivations as used for the nuclear spin Hamiltonians

yields for the traceless symmetric component of the potential

2

B 2
Wiaa, Ba via) = ——2= Y Diglera, Bra, vadxs,  [2.330]
/’LON/6 fe=—2

in which x} = v2/3Ax, x% = (0 — Xex)/20 AX= Xz — (Xx + X00)/2
and {X.x, X;» X--5 are the principle values of x. The isotropic component
of the potential does not contribute to the probability density, as noted
previously, and has not been included in [2.330]. Thus, a molecule in
solution has a preferential orientation with respect to the static magnetic
field. Integration of [2.312] using [2.314] and [2.330] gives

BiAyx
2y = 208X
(Dgo) = SpoksT”
B3( ) [2.331]
D> VN=(D2)\= M’
< 0—2) < 02> loﬁMOkBT
from which
_ Biax
zz — 15 k T’
o 2 [2.332]
B xXx oy
Sex — Sy = Bi (e = x0)

10M0kBT

The resulting residual dipolar coupling constant is

y,yShB(z) 1 2 3 .2
Dis = —(m AXE(B cos’0 — 1) +Z(Xxx — Xyy) SIN"0 cos2¢ t.

[2.333]

For diamagnetic molecules, the achievable alignment is weak because x
is very small. For example, a benzene molecule has Ay=-1.3 x
107 m? and x,.— x,,=0. For By=18.8 T (800 MHz), T=300K, a
C-H bond length of 0.11 nm, and D&y = —45.1kHz, a maximum value
of Dciy=0.26Hz is obtained when #=0, and a minimum value of
Dcy =-0.13 Hz is obtained when 6 =7/2. In this case, S..=35.9 x 107,



112 CHAPTER 2 THEORETICAL DESCRIPTION OF NMR SPECTROSCOPY

which is indicative of a very small net alignment. The dependence of
D;s on B3 can be used to separate D;s from the scalar coupling
constant Js.

The effects of partial alignment of small molecules have been
observed for the chemical shift, dipole—dipole, and quadrupole nuclear
spin Hamiltonians (25). Alignment has been obtained using electric
fields, magnetic fields, thermotropic liquid crystals, and lyotropic liquid
crystals. Applications to proteins and other biological macromolecules,
including the use of liquid crystalline and other media to obtain larger
degrees of alignment (23), are discussed in Chapter 7.
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