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Concise list of symbols
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acquisition time along the t- and tz—axis
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complex conjugated of ¢

dispersion line shape function
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total spin angular momentum operator in the x,y,z dimension
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static magnetic field strength

strength of the irradiated radiofrequency field during
a pulse

/27, with h being Planck's constant (h=6.6262 10 %

Js)
spin angular momentum operator in the x,y,z dimension
coupling constant

Boltzmann's constant (k=1.3807 10—23 JK—I)

thermal equilibrium magnetization

transverse magnetization

magnetic quantum number of state |k>

population of energy level k

noise power

rotation operator for a pulse with flip angle o applied
along the X,y or z-axis

amplitude

frequency domain signal

time domain signal

(1) temperature

(2) time

longitudinal relaxation time
transverse relaxation time

decay constant describing inhomogeneity and transverse
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INTRODUCTION

In 1945 the groups of both Bloch (1) and Purcell (2) succeeded in detecting
nuclear magnetic resonance (NMR) absorption in bulk matter. This energy ab-
sorption was observed by irradiating the sample with a radiofrequency field
and varying the strength of the magnetic field. The combination of the mag-
netic field strength at resonance and the frequency irradiated gives infor-
mation about the chemical enviromment of the nucleus considered, i.e. the
chemical shielding of the nucleus by the surrounding electrons (3). When
field homogeneity was improved, and hence resolution enhanced, a new feature
in magnetic resonance appeared: the spin-spin coupling (4,5). This opened the
opportunity to the development of an extension of the technique with double
resonance spectroscopy (6). In double resonance one frequency is irradiated
at the resonance frequency of a certain nucleus while another nucleus is ob-
served by sweeping the frequency of the observe transmitter through resonance
condition. In these experiments the scalar interaction between the nuclei is
the basis for investigations about the connectivity (7) in the spin system
and the relative signs of coupling constants (8). Investigations were mainly
limited to the abundant ]H nucleus which, due to its high magnetogyric ratio,
offers best sensitivity. When Ernst and Anderson (9) introduced the applica-
tion of Fourier transformation of pulse responses in NMR spectroscopy (1966),
this improved the sensitivity significantly. The gain in sensitivity allowed
the spectra of many nuclei to be recorded routinely, including the rare but
important 13C and the ]5N nuclei. Due to the extensive amount of arithmetic
needed for performing the Fourier transformation, in the early seventies
computers were integrated in NMR spectrometers. Another task of this compu-
ter was the (indirect) control of the spectrometer, enabling the execution

of the growing number of sophisticated experiments as e.g. longitudinal and
transverse relaxation measurements (10,11), DEFT(12), SEFT(13), Rapid Scan
(14), and selective population transfer experiments (15). The double reso-
nance experiments maintained their function, most commonly for the assignment
of spectra of homonuclear (lH) or heteronuclear (]3C) coupled spins. In these
experiments a pulse response is acquired while a certain part of the spectrum
is irradiated with a continuous monochromatic radiofrequency field. The re-
sulting spectrum is a function of two frequency parameters; one frequency co-
ordinate is obtained after Fourier transformation of the pulse response, and
the other is determined by the frequency of the irradiating r.f.field. Only

a Fourier transformation with respect to one time variable is performed in

this case.



Jeener (16) was the first (1971) to propose the idea of two-dimensional
Fourier transformation of an NMR signal obtained as a function of two time
variables, yielding a spectrum which is a function of two frequency variables.
Jeener proposed his experiment as an alternative for the homonuclear double
resonance experiments. It was much later (1976) before a detailed and rather
complex theoretical description of two-dimensional Fourier transform NMMR was
presented by Ernst and co-workers (17). They extended the applicability of
the principle to the indirect detection of multiple quantum transitions,
which was only partly possible with the conventional one-dimensional expe-
riments (18,19,20). Their publication was'rapidly followed by an avalanche
of new experiments using the concept of two-dimensional Fourier transforma-

tion. The three main categories which can be distinguished are:

(a) Shift correlation spectroscopy
This class of experiments can be considered as an alternative for the
double resonance experiments, correlating the shifts of coupled nuclei,

exchanging nuclei or nuclei which have a cross-relaxation interaction.

(b) J-spectroscopy
In two—dimensional J-spectroscopy the two parameters determining the re-~
sonance positions in a spectrum, i.e. the chemical shift and the scalar

coupling are separated.

(¢c) Multiple quantum spectroscopy
Two—dimensional Fourier transformation experiments facilitate the detec-

tion and enlarge the applicability of multiple quantum transitioms.

In this book an attempt will be made to explain the theory of the most im-
portant two-dimensional experiments in an elementary way. A main goal is
that it can be used by chemists as a practical guide for the use of two-di-
mensional spectroscopy. The description will be limited to experiments on
substances in the isotropic liquid phase. A survey of the different two-di-
mensional experiments available to date, their applicability and their prac-
tical limitation will be presented. New contributions by the author will be
integrated in this survey.

In the first chapter some general aspects of two-dimensional NMR will be
discussed. Apart from a quantum mechanical treatment also a classical and
illustrative description of a simple two-dimensional NMR experiment will be
given. Furthermore, the technical aspects, concerning data-processing and
presentation will be considered.

The three main categories mentioned above will be treated in the chapters

2, 3 and 4 respectively.



Principles of all three categories will be used in chapter 5 where a set
of new experiments is described, all concerning the detection of interaction
between carbon-!3 nuclei in samples with natural carbon-13 abundance.

In chapter 6 a short summary will be given of which two—dimensional methods
can be of practical use in solving certain problems.

Until now no quantitative comparison of two-dimensional spectroscopy with
the conventional double resonance experiments has been made. However, it is
generally believed that both resolution in the second frequency dimension
and sensitivity of the two-dimensional methods are generally higher. In the
final chapter 7 a survey will be given of those spectrometer requirements
which are more critical for two-dimensional spectrescopy than for performing
sophisticated one-dimensional experiments. As the shift correlation experi-
ments can be automated in such a way that hardly any understanding of the
actual two-dimensiomal experiment is required by the operator, it can be ex-—
pected that in future the double resonance experiments will almost completely
be replaced by two-dimensional spectroscopy. Since the extra demands mainly
apply to the computer part of the spectrometer, and the costs of this part
are still decreasing, this probably will not stop a further development of
two-dimensional NMR.

Since part of the research work which has led to this book has been per-
formed in the group of Dr. R. Freeman in Oxford, many of the spectra shown
in this book are recorded on a Varian XL 200 spectrometer, available in his
laboratory. The other spectra are recorded on a home-built 7T HR-NMR spec—

trometer (21),.
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|  GENERAL ASPECTS OF TWO-DIMENSIONAL NMR SPECTROSCOPY

1.1 Introduction

In this book a two-dimensional (2D) spectrum S(wl,mz) is defined as a
spectrum which is a function of two independent frequency variables Wy
and Wy and is obtained after a two—dimensional Fourier transformation of
a time function s(tl,tz). The two frequency axes of such a spectrum will
be labelled F] and F, instead of w

2 1
tion content of such a 2D spectrum depends entirely on the experimental

and wy - As will be shown, the informa-

scheme used. However, as has been shown by Ernst and co- workers (1),
it is possible to give a general quantum mechanical description, which in-
cludes almost all two-dimensional NMR experiments.

In this chapter a simplified version of this quantum mechanical descrip-
tion will be given, followed by an illustrative but less general classical
approach, in combination with some experimental aspects of two-dimensional
spectroscopy. Relaxation effects and magnetic field inhomogeneity will be
neglected in this chapter unless explicitly stated.

In principle in all two-dimensional experiments four different time-inter-—
vals can be distinguished, (a) a preparation period, (b) an evolution period,
(c) a mixing period (which may be absent) and (d) a detection period (Fig.
1.1). The signal 1is detected* as a function of the running time variable tys
with the length of the evolution period t, asaparameter. By repeating the

experiment for a large number of different times t,, keeping all other set-

1

I !
evolution |mixing ! detection

preparation

I
}
!

|
|
|

! [

| t | ) b

Fig.l.l General subdivision of the time axis in a two-dimensional experiment.
The preparation period usually consists of a long delay time, to reach
thermal equilibrium , followed by one or more r.f.pulses at the end.
During the evolution period the (non-equilibrium) spin system evolves.
The delay time t; is varied in the successive experiments. The mixing
period consists of pulses and delays with fixed lengths. During the
detection period the signal is acquired as a function of t,-

In this study detection during the time t; is always assumed to be in
the quadrature mode.




tings constant, a two-dimensional time signal s(t],tz) is obtained. In the
corresponding two-dimensional frequency spectrum, the behaviour of the spin
system during both evolution and detection periods is shown simultaneously.

Often the correlation between these two behaviours is the useful extra source

of information.

1.2 Quantum mechanical description

A simplified general quantum mechanical description of two-dimensional NMR
spectroscopy is given below. The effects of relaxation are not taken into
account. Since the treatment relies on the use of the demnsity matrix (2)

p. 127-134 to describe the spin system, a short introduction of this demsity

matrix will be given first.

1.2.1 Phase_coherence_and the density matrix

It is well-known that in an isolated spin system there are only a limited
number of stationary wave functions, i.e. eigenstates. In a coupled spin sys-
tem , consisting of N coupled spin 1/2 nuclei, there are 2N different eigen-
states. The eigenstates will be labelled [1>, |2>, etc., and the corresponding
energies are El’ Ez, etc. The state ¥ of a certain isolated spin system can

always be described as a linear combination of eigenstates:

N
=1 c [n> - [1.1]

n
The expectation value <A> of an operator A is given by

- N N |~
<A> = <WAlW> = T T ¢ cC<m]A|n> [1.2]
n=lm=]1 nm

in which <m};fn> is a constant Amn which is independent of the particular
state ¥ of the system. In the case of a macroscopic sample, the eigenfunc-—
tions are the same over the whole sample, but the coefficients c, may vary,
and hence the expectation value will be ensemble average of the expectation
values of operator A for all individual spin systems:

— N N ——
<A> = <‘L’EA"{/> = gj:] Y cXc A . [1.3]

m=] m n mn

o X . - . .
The quantities ¢ Cy can be considered as matrix elements onm of a matrix o,
afid it is this matrix that is called the density matrix. The coefficients

c, are complex and can be written as

c, = icniexp(iun)‘ [1.4



Using the assumption that e, and an are statistically independent, it then

follows that density matrix element Opm €20 be written as

- - T p 3 -
O = Shcn lcn},cm! expli(a_ fxm)}. (1.5]

An element O will have a value not equal to zero if the product ]cniicm]
is not equal to zero and if the average value of exp?i(an‘ am)}is not zero,
i.e. if there is a coherence between the phases o and o . Therefore O m de-
scribes the phase coherence between the states |n> and |m>. If in the states
|m> and In> only one spin differs in polarization, by one unit, such a co-
herence corresponds, due to the selection rules (2 p,13) , to physically ob-
servable transverse magnetization. A coherence between two states im> and
|n> in which more than one spin differs in polarization, or one spin differs
by more than one unit, is called a multiple quantum coherence, in literature
often also referred to as multiple quantum transition. A diagonal matrix

N
element O in a normalized density matrix ( J, . 0O = 1) is equal to the re-

mm n=1 nn

lative population of level m. As follows immediately from Eq. [1.5], the den-
%
nm’
The time dependence of a state ¥ in a physical environment described by the

sity matrix is always Hermitian, i.e. On=0

time-independent Hamiltonian H follows from the Schrddinger equation:

ndV¥ ~
- - —_— H‘IJ. .
1dt 1. €]
Substitution of Eq. [i.1] and solving the differential equation gives
N 0
Y(e) = I c_(0) exp(~-iE_t/h) |n> , [1.7]
n=] n n

where cn(O) denotes the coefficient S at time zero. Using the assumption
that f is constant over the whole sample, the time dependence of Gnm is de-

rived from Egs. [1.4 ], [1.5] and [1.7]:
O (€)= expli(E - Ee/h} o (0) » [1.8]

where Onm(O) is the density matrix element- at time zero. More general the

dynamic behaviour of the density matrix is described by
a(t) = exp(-ifit/h)o(0)exp (ifit/h), [1.9]

assuming again that the Hamiltonian H is time-independent.
All derivations given so far are based on a description in a laboratory
frame. Since in practice a radiofrequency field cf frequency QR/ZW and a

lock in detector with the same reference frequency are used to observe the



spin system, it is useful to transform all equaticns to a frame, rotating
with frequency QR/Zﬂ about the z-axis, which 1s chosen to be parallel to the
magnetic field. In the Schrodinger representation this can be done by re=

placing any operatcr A by an operator AR (see ref.(3) p. 13):

AR = exp(lQRFZt)A exp(—lQRth), {1.10}

where FZ is the total spin angular momentum operator along the z-axis:

~ N .
Fo= &, Lz - [1.11]

The density matrix in the rotating frame is then given by
= iQ_F -iQ_F 1.12
op(t) = exp(ipF t)o(t)exp (~iQF t). [ ]

The development through time of a density matrix element oRmn(t) is, analogous

to Eq. [1.8] described by
ORpp () = exp{i<mm- mn)QRt}exp(iwmnt)oRmn(O), [1.13]

where wmn = (Em- En)/h and m denotes the total magnetic quantum number of
state [n>. All discussions below, will be in the rotating frame and therefore

the index 'R' will be omitted.

1.2.2 The effect of a radiofrequency pulse

The effect of a pulse with flip angle a, applied along the x-axis of the
rotating frame can be calculated using Eq. [1.9], and is described by a rota-
tion operator ﬁx(a), which relates the density matrix 0' after this pulse to

the old one, according to
A—] -~
LI
o' =R (0o R (@), [1.14]

where ﬁx(a) can be calculated from

= LA el . =
Rx(u) = exp(—lan),Rx (a) = exp(luFX) [1.15]
and

- N ~

Fo= L, Ix, - ' [1.16]

A similar rotation operator ﬁy(u) can be used to describe the effect of a
pulse applied along the y-axis.

For a weakly coupled N spin- | system, explicit general expressions for



In principle the tools given in the previous two sections, are sufficient
to calculate the evolution of the spin system during any kind of pulse se-
quence, provided that expressions for the Hamiltonian H and the rotation
operators R are available.

In this section it will be pointed out how to calculate the relation be-
tween the initial thermal equilibrium spin system and the signals detected
in a two-dimensional experiment. For reasons of simplicity relaxation will
be neglected and a time-independent physical environment (apart from applied
r.f.pulses) will be assumed.

As pointed out in section 1.1, the two-dimensional experiment consists
basically of four periods: the preparation period, the evolution period, the
mixing period and the detection period. The following notations for the den-

sity matrix will be used to describe the spin system at a certain time:

Q

~ thermal equilibrium

eq

o(0) - at the end of the preparation period
G(tl) - at the end of the evolution period
O(t],O) - at the end of the mixing period

G(tl,to) - at time ty during the detection period.
Below, the relations between Oeq’ g(0), U(cl), G(t],O) and G(tvtz) will be

discussed.

The preparation period

The first part of the preparation period usually consists of a delay time
long compared with the longitudinal relaxation time of the nuclear spins.
At the end of the preparation period, usually a non-equilibrium spin system
is created by means of a pulse sequence. Which pulse sequence is used, de-
pends on the type of experiment.

A few examples are given below:

*
(1) Single non-selective (TT/Z)X pulse

*
The following names will be used in this study to indicate different types

of pulses:

line~selective pulse - pulse affecting only the magnetization which corres-
ponds to a certain resonance line.

multiplet-selective pulse - pulse affecting all magnetization components
corresponding to resonance lines in a certain multiplet in an identical way.
Other magnetizations are unaffected.

nucleus-selective pulse - pulse affecting all magnetization components cor-—
responding to a certain type of nuclei (e.g. protons) in an identical way,
non-selective pulse - pulse affecting all magnetization compomnents in an
identical way.



A single non-selective (',rr/2)x pulse at the end of the preparation period is
used in for example homonuclear shift correlation spectroscopy (section 2.3)
and homonuclear J-spectroscopy (section 3.3). In this case the relation be-

tween Oeq and 0(0) is found by using Eqs.[1.14], [1.15] and [1.16]:
o(0) = exp(1n/2Fx)Oeqexp(—1ﬂ/2Fx). [1.17]

(2) Single nucleus-selective (Tr/2)x pulse

A single selective (TT/Z)X pulse, affecting only one nucleus (or type of
nuclei) is used at the end of the preparation period in for example hetero-
nuclear shift correlation spectroscopy(section 2.3) and heteronuclear J-
spectroscopy (section 3.2). The relation between o(0) and Geq is analogous

to Eq.[1.17] given by
c(0) = exp(iﬂ/ZIx)Oeqexp(—iﬂ/ZIx), [1.18]
where ix is the spin angular momentum operator of the irradiated nucleus.

(3) Non-selective (ﬁ/Z)X— T - (TT/Z)x sequence

In many multiple quantum experiments {(chapter 4) two non-selective ('ﬁ/2)X
pulses spaced by a time delay T are used at the end of the preparation

period.c(0) can then be calculated by using Eqs.[1.9] and [1.14]:

G(0) = exp(iﬂ/Z?x)exp(-iﬁT/h)exp(iﬂ/Zix)Geqexp(—iﬂ/ng) x [1.19]
x exp(iﬁT/h)exp(-iﬂ/Z?x).

If this sequence is applied to a coupled spin system, explicit calculation
shows that 0(0) generally contains matrix elements Omn(O) # 0, even if more
than one spin differs in polarization in the states m and n, thus describing

multiple quantum coherence.

The evolution veriod

During the evolution period the non-equilibrium spin system evolves under
influence of a physical enviromment described by Hamiltonian fi. The relation

between G(0) and O(t]) is then given by Eg.[1.9]:
alt,) = exp(-ifit /h)o(0)exp(iit, /h). [1.20]

However, in many experiments {e.g. heteronuclear shift correlation (section
2.3) and J-spectroscopy (chapter 3) the evolution is interrupted by the
application of a (nucleus)-selective T pulse in the centre of the evolution

period.



In this case O(t]) is given by

o(t)) = exp(-i Bry/2h)exp(inF )exp(-i fit; /2h)a(0)exp(i ey /2h) x  [1.21]
X exp(~iﬂfx)exp(i ﬁtl/Zﬁ).

Usually a cumbersome explicit calculation, using Eq. [1.21] can be avoided by
defining a new Hamiltonian ﬁ, which describes the average effect of the phy-
sival environment over the total evolution period t,, including the effect of
the m pulse. In many cases the form of B is rather straight forward, e.g. in
homonuclear J-spectroscopy (section 3.3) it is found by taking out the terms
in H which describe the interaction with the static magnetic field (only per-
mitted in the case of weak coupling).

For example in the case of a homonuclear coupled AX spin system one finds

i 1

(2m”

it

{1 - I - ! I -1
YE{T,, (1=8) + T5p (1=8) 3 + JT »1 s [1.22a]

g =31 -1 [1.22b]

where vy is the magnetogyric ratio, §, the chemical shift of nucleus A, HO the

A
strength of the magnetic field, and J the coupling constant,

The mixing period

The mixing period usually consists of a single non-selective pulse {e.g
homonuclear shift correlation (section 2.3) and homonuclear multiple quan-—
tum spectroscopy (chapter 5)} or a set of nucleus—selective pulses {e.g.
heteronuclear shift correlation (section 2.2)}, possibly preceded and fol-

lowed by delays A, and Az. Generally the mixing period is thus often of

1
the form (A]—pulsds)~A2L In order to obtain some explicit results, the

delays A, and &2 will not be taken into account in the following discus-

1
sion, and a mixing period consisting of only one pulse or a set of pulses is

assumed. The density matrix after the mixing pulses O(tl,O) is related to

U(t]) by:

o(t,,0 = R la(r))R [1.23a)
with

= N PN [

R =--1, exp(—xunlxn). 1.23b]
In Eq.[1.23b] it is assumed that nucleus n feels a pulse with flip angle Sn

applied along the x-axis. For a spin system of N non-equivalent weakly



coupled spin 1/2 nuclei the rotation operator R can be represented by a
N N . . . .
27 x 27 matrix, with elements Rkl’ Using this concept, the transfer due to

the pulse(s), from a density matrix element omn(t]) to a matrix element

(t], 0), denoted by © (tl,O) is given by

%1 kl,mn

1

(6,00 = R™) (). [1.24]

Okl,mn kanlomn 1

The detection period

During the detection period, the density matrix at time t, can be calcu-

lated using [1.9]:

o(t,,ty) = exP<-iﬁt2/h)c(t],O)exp(iﬁtth). [1.25]

2)
The detected transverse magnetization is then given by
Mtr(tl’tZ) =C Tr(FX+ 1Fy)G(t1,t2), [1.26]

where C is a constant proportional to the magnetization in thermal equili-
brium (MO).

For the detected transverse magnetization M which corresponds

tr(kl), (mn)
to coherence kl and which originates from coherence mn during the evolution

period one finds from Egs.[1.13), [1.20], [1.24], [1.25] and [1.26]

M k1), (o) (17820 = ClZyy pexp(lup tpexplivg, ty) + [1.27]
+ Zkl,nmexp(—lwmnt])exp(lwkltz)

with zkl,mn defined by

0.

. -1
Z = 2Re(FXlk+ lelk)(R )kaanmn

kl,mn

The total detected signal is given by
2N N N N

Mtr(tl’tZ) = g;l f;K &él g;m Mtr(kl),(mn)(tl’t?.)' [1.28]

In the case of amixing pulse with flip angle T/2, or a set of multiplet-
selective mixing pulses each with flip angle m/2, or if m # k,l1 and n # m)k,l

it can be derived (1) that

;Zkl,mn! - g:ZI-cl,nml' (1.29]

Eq.{1.27] then can be simplified to the form

Mkl , (mn) (1ot = 2€ Zyq ppeos(up 6y 0y ) exping t)), [1.30]



where ¢k1,mn is a constant.
Eq.[1.30] shows that the part of a detected magnetization which corresponds
with coherence kl and originates from coherence mn is modulated in amplitude
1
A complex two-dimensional Fourier transformation of signals of the form

as a function of t with the frequency W

of Eq.[1.27} will give two resonance lines, one at (wl,wz) = (wmn’wkl)’

i # -4 w i #*
provided that Zkl,mn 0 and one at ( . k1> provided that Zkl,nm 0.
If m =k and n = 1 the peaks will fall on the diagonals wl=i(uz, and are re-

ferred to as diagonal peaks (Fig.1.2). In the case where mn and kl are dif-
ferent coherences, with generally different frequencies, the corresponding
peaks are referred to as cross—peaks. In the case where m = n and thus

w = 0, the peaks fall on the line W= 0 and are referred to as axial peaks.
These peaks represent the transfer from diagonal density matrix elements
(corresponding to longitudinal magnetization) intc observable transverse mag-
netization.. These peaks thus contain information about the longitudinal

relaxation process during the time t but they are generally only of little

1’
interest, and can obscure the presence of other, much smaller resonances in
the spectrum, because they can be of high intensity and can have long tails.
Therefore, one usually tries to eliminate these peaks.

In the case of pure amplitude modulation (Eq.[1.30])the spectrum will be

F
PP .
0
0
®C D &A D oC
15
D eC 'LA ®C D

Fig.1.2 Schematic diagram of a two-dimensional spectrum. Axial peaks are
indicated with 'A', diagonal peaks with 'D' and cross peaks with
'C'. Since the positions of the peaks are symmetrical about the
line Fy= 0, usually only the left or the right half of the spectrum
is calculated and displayed.
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symmetrical about the line F]= 0. In that case a real Fourier transformation

with respect to t, should be used (see section 1.5.2), yielding only the

1
right half of the spectrum of Fig.!.2, with the left (identical) half
folded on top of it.

A practical example of a density matrix calculation using the theory de-

scribed above is given in Appendix I.

1.2,4 Restrictions on _magnetization transfer

As follows from Eq.[1.27] it is generally possible to transfer part of a
coherence or the total coherence present between levels m and n to coherence
between levels k and 1, provided that the rotation matrix elements (R_])km

and Rn and/or the elements (R“l)krl and le are not zero. If both coherences

1
mn and kl are single quantum coherences, this means that magnetization is
transferred from one coherence to the other. However, there appears to be

a restriction on the transfer of magnetization from one nucleus to another:

As will be shown below the magnitude of the total magnetization of a nucleus
has to be unchanged just before and just after a (set of) mixing pulse(s),
provided that the pulses can all be considered as non-selective, nucleus—selec~-
tive or multiplet-selective (see footnote section 1.2.3).

Consider again a system of N weakly coupled spins, described by a density

matrix 0. The magnetization corresponding to a nucleus m is given by

= Tr(I, 0). o= X,V,z [1.31]
Om

A general set of mixing pulses is described by a rotation operator R of the
form of Eq.[1.23] and after these mixing pulses the density matrix o' is

given by
- oy N N -
exp(lenlxn)} of ALI exp(‘lunlxn)}. [1.32]

For the magnetization of nucleus m after the pulses one finds by substitu-

tion:

i

- N - N -
Tr[IQm{ AL exp(lﬁnIxn)}o{ ALy exp(—lenlxn)}] = {1.33]

M'am

N - . X -~
Tr [{ AL exp(-lenIxn)}Ianﬁ L exp(l@nlxn)jc]

£

Tr[exP("lemem)IumexP(lemem)O]

o = X,¥,2

#*
g

since [ Exm’idn] =0 for n
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Using

[ fxmaiym] = iizm, [1.34)

and cyclic permutations, one finds from Eq.[1.33]

My o= My [1.35]
M'ym = cos(em)Mym + sin(‘dm)Mzm

' = g - in(e
Mz = cos(B M, = sin(B My

From Eq[1.35] it follows that the total magnitude of the magnetization of
nucleus m, (Mim + M%m + Mgm)%, just before and just after the mixing pulse
is unchanged, i.e. no net magnetization is transferred from one nucleus to
another. This means that the transferred multiplet components are in anti~-
phase, just after the mixing pulse. However, a time t2 later, after they
have precessed with different frequencies, net transferred magnetization

can be present.

1.3 Coherence transfer echoes

An important phenomenon in many two-dimensional NMR experiments 1is the ex-—
istence of coherence transfer echoes. A detailed theoretical description of
the coherence transfer echo has been given by Maudsley et al. (5). In this
section only a short and simple mathematically oriented explanation will be
given., All frequencies used in this section are frequencies in the labora-
tory frame, As will be shown below there appears to be a coherence transfer
echo effect 1in all two-dimensional NMR experiments where the magnitude of
a-detected coherence kl is modulated as a function of t,- In this case the

detected transverse magnetization can analogous to Eq.[!1.30] be written as
Mer k1), (mn) (F1ot2) = C cosluwp v+ d)explin, t,). [1.36]
Neglecting the phase constant ¢, Eq.[1.36] can be rewritten as

Mtr(kl),(mn)(tl’tZ) = %C[exp{i(-wmnt1 + wkltz)} + [1.37]

+ exp{i(wmnt1 + wkltz)}].

Thus the signal detected during t2 can be considered as the sum of two

magnetization components which have phases at ty= 0, modulated in opposite

sense as a function of t,. Apart from the effect of scalar interaction both

1
Won and w, , are linearly dependent on the magneticfield strength. This im-

plies that the frequency ratio wmn/wkl is independent of the magnetic field
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strength. From substitution of
' = n
£y =ty e /o) [1.38]

in Eq.[1.37], it can be seen that at time t; the phase of the signal de-
tected, corresponding to the first part of éq.[1.37] will be independent
of the magnetic field strength to first order. In the case of magnetic
field inhomogeneity the magnetic field strength varies for different parts
of the sample, but at the time t,, given by Eq.[1.38], magnetization com-

ponents M have identical phase in the whole sample, as far as

tr(kl), (mn)
the first term at the right hand side of Eq.[1.37] is concerned. This means
that a so-called coherence transfer echo is formed. The magnetization cor=-
responding to the second term of Eq.[1.37] which does not refocus during

t, is generally referred to as antiecho.

Note that if for example magnetization is transferred from a single quan-
tum proton transition to a carbon-13 transition, it follows immediately
from Eq.{1.38] that the centre of the echo occurs at t,= At]. The echo and
antiecho signals can be separately detected by using suitable phase cycling
(6,7,8) or by using pulsedfield gradients (9). Distinguishing between echo
and antiecho signals is of importance in hetero- and homonuclear correla-
tion spectroscopy (sections 2.2.3 and 2.3.2) and in multiple quantum spec-
troscopy (sections 4.4.2 and 4.4.3).

The definition of a coherence transfer echo given in this section is wi-
der than in the original paper by Maudsley et al. (5), since now cases in

which coherence is transferred from one multiplet component to another one

within the same multiplet are also included.

1.4 Classical description of a simple two-dimensional experi-

ment

The quantum mechanical treatment given in section 1.2 is sufficient to
make a detailed analysis of most two-dimensional experiments, but it gives
little insight into what is happening physically. In this section an example
of a 2D experiment will be given, which can be completely described classi-
cally, using the Bloch equations (10).

_A set of isolated (non-coupled) nuclear spins in a homogeneous magnetic
field with strength H is considered. In this example the preparation period
consists of a time long compared with the longitudinal relaxation time T1
of the spins. So, at the end of the preparation period, a magnetization will

exist, with magnitude Mo, pointing parallel to the magnetic field. After
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) @ r.f.field with strength H] is

switched on along the x-axis of a frame rotating with frequency QR close to

the preparation period, during a time t

the resonance frequency YHO of the nuclear spins (Fig.l.3a). Neglecting

off-resonance effects, the magnetization will rotate during t, with angular

1
frequency le YH1 about the x-axis in the yz plane (Fig.!.3b). After switch-

ing off the r,f.field the magnetization will precess with angular frequency

Qz= YH - QR about the z—axis in the rotating frame. Using quadrature detec-
*

tion the signal will then be given by

s(t ) = M sin(@.t,)exp(if.t.)exp(-t /T8y exp(-t. /182y (1.39]
1772 o 171 272 172 2072 : )

The decay of the magnetization during evolution and detection periods is

expressed by the decay constants T;l) and ng)

(1
2

respectively. Since in
practice the decay rate T will be very short due to inhomogeneity of
the Hl—field, longitudinal relaxation during the evolution period can be
neglected.

Fourier transformation of the response obtained for a certain value of

tl gives

) (... .
S(t,,w,) = M sin(Qt)exp(-t, /Ty ))1h2<m2) + 1D, (W)} (1.40]
with ?

(2) (2)

T2 T2 (Qz—wz)
Az(wz) = (2)2 C Dz(wz) = (2)2 >
Q- ) 0 — -
1+ T2 (WZ w2) 1+ T2 (Qz—mz)

where A and D indicate absorption and dispersion respectively.

Fig.l.4a shows a set of spectra obtained this way for different values of
t].

Only the real part of S(tl,wz) is shown.

A cross-section parallel to the tl—axis for w,= QZ is then described by

(1

(2)
5 -

s(t,,0,) =MT,

sin(Qltl)exp(—tl/T

Real Fourier transformation of this cross—section with respect to ts and

only considering positive frequencies, will then yield a resonance line

U
In quadrature detection the x- and the y-components M, and M_ of the

transverse magnetization Mgy, which makes an angle Qot2 with” the y-axis,
are detected simultaneously. This gives for the two components along the
y= and x-axis: M= Mrpcos(Qpty) and My= Myrsin(fipt)). Hence, the complex
quadrature signal s(t2) can be written as: s(tp) = My + iMy= Mepexp(ifipty) .
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(a) The scheme of the two-dimensional experiment as discussed in
the text. The preparation period consists of a long delay only.
During the evolution period a strong r.f.field H; is applied. The
mixing period is absent in this experiment.

(b) The precession with frequency YH; during the evolution period
of the magnetization M, about the x-axis.

Fig.1.3

a) Qrf" b)
&

b L

7
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Fig.l.4 (a) The absorptive part of a set of spectra which are modulated as

a function of tj.
(b) A two-dimensional spectrum obtained from (a) by Fourier trans-

formation of cross-sections parallel to the tl-axis.
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at W= Ql:

S, 2 = M T V1A () ~ iD ()}, [1.42]

where A](wl) and Dl(wl) are defined in a similar way as Az(mz) and Dz(wz)
but with the indices '2' replaced by 'I'.
Fourier transformation of all the cross—sections through the real part of

S(tl,wz) for different values of Wys parallel to the t,—axis, gives

1
S(wi,wz) = MO{iAz(wz)A](wl) + Az(wz)D](w])}. [1.43]

The imaginary part of this signal represents a double absorption Lorentzian
line with its centre at (wl,wz) = (Q}’QZ) (Fig.1.4b).

Practical use of this experiment can be made for mapping the magnitude
of the r.f.field H1 as a function of the position in the sample. If a
strong linear field gradient G is applied along one of the axes, e.g. the
z—axlis, the sample can be divided into a large number of layers perpendi-
cular to the z-axis, each with a magnetic field strength linearly dependent

on z and resonance frequency
Q,(2) = Q,(0) + Gz - [1.44]

Each layer will give rise to a two-dimensional absorption line, but at an
wz—frequency proportional to z, and, neglecting off-resonance effects, at
an w, frequency determined by the magnitude of the Hl—field in the layer
considered. The magnitude of the r.f.field can thus be mapped as a func-
tion of position.

As an illustration in Fig.1.5 the r.f.field strength in a home-built

probe for 300 MHz is shown as a function of position in the sample.
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Fig.1.5 Two-dimensional graph of the strength of the Hj f%eld in a‘300 MHz
probe as a function of the vertical position (z) in the coil. The

method used is described in the text.

1.5. Different kinds of modulation

As has been pointed out earlier, the principle of two-dimensional spec-—
troscopy relies on the fact that spins detected during a time t, remember
what happened to them during a previous time interval with length - This
historv can effect either the phase or the amplitude of the magnetization

corresponding to these spins which is detected during the time t,. These

two kinds of modulation are known as phase modulation and amplitude mo=

dulation respectively (11). In some experiments a combination of these two
kinds of modulation arises. In the case of phase modulation it is possible
to determine the sign of modulation frequency, while in the case of amplitude
modulation this is generally not possible. Determination of the sign of the
modulation frequency is important in almost all 2D experiments since usually
some are positive and some are negative if the transmitter frequency is
placed in the centre of the spectral region of interest (see e.g. sections
2.2.3 and 2.3.2). Furthermore, distinguishing between the different kinds

of modulation is of importance, because it determines the kind of line

shape which can eventually be obtained in the 2D spectrum.
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1.5.1 Phase modulation

In the case of phase modulation (see e.g. section 3.1) the phase of a
magnetization component at the beginning of the detection period is a 1li-

near function of the length t, of the evolution period. The time domain

1
signal can then be written as

- C exp(iQ‘t])exp(iﬂztz)exp(-t}/Tgl))exp(—tz/T(z)) [1.45]

s(t‘,t »

2)

in which C is a complex amplitude factor, and exp(int]) expresses the

phase dependence on t. of the signal which is detected during t, and ro-

1 2
tates with angular frequency QZ. The decay of the signal during evolution
. . » 1
and detection period is expressed by the decay constants T; ) and ng)

respectively.
A complex two—dimensional Fourier transformation can be considered as
two successive one-dimensional final time Fourier transformations:

s( -c FT) . FT2 . d [1.46]
ml,wz) = OJ exp(lwlt]) Of s(tl,tz)exp(mztz)dt2 t» 1.4

where FT1 and FT2 are the Fourier transformation times along the tl—and

tz—axis.
Fourier transformation with respect to tz gives:
- ; ; Fexp(-t, /T\ "
S(ty,w,) Cexp(lﬂltl){Az(w2) + 1D, (w,) Jexp(-t /T, ") [1.47]

with Az(mz) and Dz(wz) defined in Eq.[1.40].

This represents a set of spectra for different values of £ with phase
Q]tl.Fig.l.G shows the real part of the Fourier transform for the case of
a positive and a negative value of Ql.The negative frequency corresponds
to a right hand screw, a positive Q] corresponds to a left hand screw.
Information about the sign of the modulation frequency is thus present,

A complex Fourier transformation of Eq.[1.47] with respect to t, gives

1

S(w ,wy) = ClA (WA (9)) = D (®)D,(w,) + A, (@)D, (W) + (1.48]
+ 1D, (WA, (W) ).

As can be seen from this equation, the sign of the modulation frequency

is automatically determined. The practical realization of this complex two-
dimensional Fourier transformation is explained in section 1.8. Supposing
that the instrumental constant C is adjusted to be real, the real part of Ea.
[1.48] represents a complicated line shape which consists of a superpo-

sition of a two-dimensional absorption and a two-dimensional dispersion



Fig.1.6 A rescnance line modulated in phase as a function of t) by (a) a

Fig.1.7

negative and (b) a positive modulation frequency.
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Computer simulations of the phase twist line shape obtained in many
two~dimensional NMR experiments. A vertical section through this
solid shows a dispersion mode shape, far from resonance, (a). with
a gradual progression (b,c) towards a pure absorption mode section
at exact resonance, (d). From ref.(11).
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line shape (Fig.1.7).

It appears to be impossible in general to modify this so-called phase-
twisted line shape into pure two-dimensional absorption by means of any
simple phase correction routine. The width of this line is thus essentially
determined by the width of the broad dispersion contribution.

I1f besides the signal of Eq.[1.45] another so-called reversed precession

signal of the form
s(t.,t.) = C exp(=i0.t )exp(if.t.)exp(~t. /T ) Yexp(~t. /T 2 (1.49]
125 PATLM T explLii, by expl=t /i, Jexpl=t, /%, :

is also available, adding or subtracting the two signals causes cancella-
tion of the dispersion contribution (12). In fact, if the addition or sub-
traction is done before Fourier transformation, this becomes a case of
amplitude modulation. It is a general result that an amplitude-modulated

*
signal can be decomposed into the sum of two phase-modulated signals .

1.5.2 Amplitude modulation

If the amplitude of a magnetization component in the transverse plane at
the beginning of the detection period is an oscillating function of the
time £ while 1ts phase is independent of t> this is called amplitude

modulation (see e.g. section 1.4). The signal is then described by
s(t ,t) = C cos(@ t Yexp(if t )exp(-t /T )exp(-t /1{?) [1.50]
1752 R e A S A L PRTEM R :

Again the two-dimensional Fourier transformation is split into two one-—

dimensional Fourier transformations. After Fourier transformation with

respect to t and provided that the instrumental constant C is real, a

2)
set of pure absorption and dispersion spectra is obtained:

S(tl’ub) =C cos(Q]tP{Az(mz) + iDz(wz)}exp(-tl/Tél))} . [1.51]

An example of these amplitude modulated absorption spectra is shéwn in
Fig.l.4a.

A real Fourier transformation of the real part of Eq.[1.51] with respect

to t, gives

S(wl,wz) =C Az(wz){A](w]) + A (mwp) + iD (w) + iDl('wl)}- [1.52]

*
This follows immediately from the mathematical relation:
exp(*intl) + exp(int]) = 2cos(Qlt]).
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As is clear from this equation it is impossible to determine whether Q] was
positive or negative. This agrees with the earlier statement that an ampli-
tude-modulated signal can always be considered as the sum of two signals
modulated in phase by opposite frequencies.

In the case of amplitude modulation it is thus advantageous to use a real

instead of a complex Fourier transformation with respect to t, after phasing

1
the real part of the wz—spectra to the absorption mode, since this gives
two—dimensional absorption line shapes.

1.5.3 Phase-_and_amplitude modulation

In some experiments both the amplitude and the phase of a detected mag-
netization are modulated as a function of t, (see e.g. section 3.2.3). In

this case the time domain signal is written as
s(tl,tz) = C cos(QlAtl)exp(lQlBt])exp(lﬂztz), [1.53]

where QIA and Q]B are the frequencies with which the signal is modulated
in amplitude and in phase.

However, this signal can always be considered as the sum of two components:

s(t],t ) = iC exp{i(QlB - Q]A oty }exp(intz) + [1.54]

2
+ iC exp{i(Q]B + Q) )t] }exp(intz).

Both components are modulated in phase as a function of t and a complex

] 3
two-dimensional Fourier transformation will generate two phase-twisted re-

i - Q Q
sonance lines at (Q]B Q]A , QZ) and (QlB + 8y, ).

1.6 Presentation of two-dimensional spectra

With the development of two-dimensional spectroscopy a new problem arises,
because an intensity now has to be presented as a function of two indepen-—
dent frequency parameters. One problem is the complicated phase-twisted line
shape as described in the previous section, and another problem is the gra-
phical presentation which is more complicated than in the one-dimensional

case,.

1.6.1 Physical_presentation

As mentioned before a 2D Fourier transformation can be considered as consis-
ting of two one-dimensional Fourier transformations, usually first with re-
spect to t, and then with respect to t. After the first Fourier transfor-
mation a set of complex data will always be left. One can use the complex
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data as the input for the second, complex Fourier transformation, or one
can use the real or imaginary part as the input for the second real Fourier

transformation with respect to t,. In both cases this gives a set of com~

1
plex data points:

S(w ,wy) = R(w ,wy) + 11w ,w,), [1.55]
where both R and I can contain a mixture of absorptive and dispersive signals.

Phase~sensitive mode

If a pure two-dimensional absorption spectrum R(wi’w2) can be obtained
(section 1.5.2) it is nearly always advantageous to plot this absorption
spectrum in the phase-sensitive mode. The advantages compared with the
other modes are the high resolution of absorption peaks (only compared with
the absolute value mode), the possibility of distinguishing between posi-
tive and negative intensities, and a better sensitivity. If only one cross-
section through the two-dimensional spectrum is displayed (section 1.6.2)
it is nearly always possible to adjust the phase of the resonancesto ab-
sorption or to an absorption-like mode, while the rest of the spectrum re-
mains unphased. This is even possible in the case of phase modulation, where
it is impossible in general to obtain a two~dimensional absorption display
of the whole spectrum. In the latter case it can be advantageous to present

the whole spectrum in the power or in the absclute value mode.

Power mode

The power mode spectrum Sz(ml,wZ) is defined as
2 2 2
$7(wwy) = R(w,wy) + Tiw,w,). [1.56]

The line shape of a single Lorentzian line in the power mode is identical
to the line shape of the corresponding absorption mode, so high resolution
is still obtained. A basic problem is however, that while overlap of ab-
sorption mode components is additive, overlap of dispersion mode is sub-
tractive, so that quite gross line shape distortions can occur in the case

of overlapping resonances (13). Another disadvantage is that the normal in-

tensities are squared. This means that very large intensity distortions can

occur, which especially in two-dimensional spectroscopy can be rather in-

convenient, Therefore, absolute value mode presentation is usually preferred.
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Absolute value mode

The absolute value mode is defined as the square root of the power mode:
[s](w,,w,) = (R ,u,) + P ,w)) [1.57]
1772 1772 1’72 : :

The intensity distortions of the power mode are obviously not present in this
presentation; however, the line shape distortion as found in the power mode
is still present. The line shapes are much less attractive because of their
large width, especially at the base of the line. For Lorentzian lines the
broadening of the absolute value mode compared with the absorption mode is
a factor ¥3 at half height and a factor 10 at 1% height.

Nevertheless, the absolute value mode is the most commonly used mode to
present 2D spectra till now. As explained in sectiom 1.7.3 the use of digi~

tal filtering can remove the tailing of the absolute value line shape.

1.6.2 Graphical presentation

There are several ways to represent a spectrum as a function of two in-
dependent variables. The most common methods are the so-called stacked-
trace plot (e.g.Fig.l.5) and the contour plot {14) (e.g. Fig.l.l1), In
principle a coloured plot or a dark-light intensity plot as used in spin-
imaging (15,16) can be used as well, but these are not commonly used at
present. Cross-sections and projections (17) are very useful for extracting

quantitative information from a 2D spectrum.

Stacked~trace plot

Many spectra are drawn behind each other as a function of one of the
frequency variables, for a set of incrementing values of the other fre-
quency, in such a way that a three-dimensional looking graph appears, where
the third dimension indicates the intensity of the function., To give a
better three-dimensional impression, a so-called white-wash procedure is
usually applied. This procedure ensures that parts of traces which have an
intensity so low that they would be below parts of previous traces are not
plotted, Fig.1.5 and 1.11 are examples of stacked-trace plots without and
with white-wash procedure. Despite the attractive appearance of stacked-
trace spectra, it is in practice hard to extract information since frequen-
E} coordinates of peaks are hard to determine. Another disadvantage is
that small peaks can be hidden completely behind large ones. Making a
stacked-trace plot is often rather time-consuming and can take up to a
few hours, depending on the size of the data matrix and the kind of hard-

and software available.
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Contour plot

In contour plots only the contours of a peak are plotted, similar to
altitude lines on ageographical map. If the lowest contour is defined to
appear at a certain signal amplitude (altitude) C, the next contours are
usually plotted for intensity 2C, 4C, 8C, etc. This allows a high dynamic
range without plotting too large a number of contours, It is often possible
to extract quantitative information about frequencies from such a contour
plot, while at the same time an impression of the amplitude is obtained by
counting the number of contours around a certain peak. A problem with con-
tour plots is that the lowest contours of intense resonances which have the
absolute value line shape, extend over a large area in the two-dimensional
spectrum, obscuring the presence of resonances with low intensity, or giving
rise to small spurious peaks due to interference between two resonances.
Making a contour plot generally takes considerably less time than a stacked-

trace plot., In Fig. 1.1l an example of a contour plot can be found,.

Cross—sections

In practice the peaks with the crucial information lie on a limited num-
ber of cross-sections in the 2D spectrum. Certainly, if a detailed look at
these peaks is required, and quantitative results like frequency or ampli-
tude have to be extracted, it is advisable to plot these different traces
as separate spectra (17). The cross—-sections required are mostly parallel
to one of the main frequency axes, or as happens in homonuclear J-resolved

spectroscopy (section 3.3), make an angle of 45° with these axes.

Projections

In homonuclear J-resolved spectroscopy, multiple quantum spectroscopy
(chapter 4) and in homonuclear shift correlation spectroscopy (section
2.3.6) it can be advantageous to calculate a projection of the 2D spectrum
by integrating the intensity of cross-sections perpendicular to the axis

on which the projection takes place.

The main advantages and disadvantages of the different display modes are
summarized in Table 1.1. In practical cases often more than one display

mode of a certain spectrum is used to extract most information,



34

Table 1.1 Advantages and disadvantages of four different display modes.

Advantages Disadvantages
Stacked-trace plots all information hidden peaks;
in a suggestive way. time-consuming;

hard to extract frequencies.

Contour easy to extract fre- information below lowest
quencies; contour and in between con—
relatively fast, tours gets lost.

Cross-section easy to extract fre- only part of the information.

quencies, amplitudes
and line shapes.

Projection simplification; only part of the information,
easy to extract fre-
quencies and line
shapes.

1.7 The effects of digital filtering

In this paragraph three different digital filtering techniques, already
commonly used in one-dimensional NMR spectroscopy, will be discussed. These
three filters are: exponential weighting, Lorentzian to Gaussian trans—
formation (product of an exponential and a Gaussian weighting), and the
convolution difference filter (difference between no weighting and an ex—
ponential weighting). The effect of these filters on sensitivity and re-
solution in one- and two-dimensional spectroscopy will be considered. No
attention will be paid to the influence of the experiment repetition rate
on the sensitivity.

In a paper by Aue et al. (18) it has been shown that the signal-to-noise
ratio in two-dimensional spectroscopy can be of the same order of magnitude
as in one-dimensional spectroscopy, provided that the following conditions
are met:

- matched digital filtering (see e.g. ref.19),

- length of acquisition and delay times optimized for sensitivity,

~ equal numbers of peaks in the one- and two-dimensional spectra.

For various reasons, in many practical applications of the two-dimensional
methods these conditions cannot be satisfied, and signal-to-noise ratio
will be significantly less. It is for instance often not possible to apply
matched filtering because of the corresponding line-broadening effect.

Quite frequently the opposite - strong resolution enhancement - is re-
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quired along one or both axes in the time domain data matrix. This is needed
to show features which otherwise would be hidden because of overlap of re-
sonances in the two-dimensional spectrum. Since many real applications of
two~dimensional spectroscopy are connected with solving problems concerning
rather complicated molecules with an extensive overlap between the different
resonances, the question of digital filtering is often of the utmost impor-
tance. It will appear that in order to obtain a certain resolution enhance-
ment in both dimensions of the 2D spectrum, as 1s often necessary, a much
larger sensitivity loss has to be accepted compared with the same narrowing
in one-dimensional spectroscopy.

The effect of a one-dimensional filtering function g(t) is to multiply
the time domain signal at time t by the corresponding function value g(t).
Similarly, a two-dimensional filtering function g(t],tz) can be defined.
All the filtering functions described in this paragraph g(tl,tz) can be
considered as the product of two independent one-dimensional weighting

functions:
glt,,t,) = g (£ x gy(t,) . [1.58]

This means that the actual two-dimensional weighting is done in two steps:
First the responses acquired for the different values of t, are all multi-
plied by the same weighting function gz(tz), second -~ after Fourier trans—
formation and tramsposition - all the new rows of the data matrix containing
the modulation information are multiplied by weighting function gl(t]).
Using this principle the effect of the filtering function g(tl,tz) on the
signals and noise in two-dimensional spectroscopy can easily be understood,
and only a discussion of the one-dimensional filtering functions is needed.
If the noise in the acquired responses is stationary and uncorrelated

the filtering function g.(t.) changes the average power P, of the noise
& 2 %2 g N

according to
AT 2
! =
Py = Py/AT, Of g,(t,)"dt,, [1.59]

* *
where AT, is the acquisition time along the t2~axis . In the mean-time the

amplitude S of a resonance line, obtained after Fourier transformation of

a time domain signal 52(t2) changes i%s amplitude according to

If only part of the length of the acquired response is used in the pro-

cessing, the time AT] ) should be adjusted correspondingly.
Ed
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AT2
S Of [szi(t2>g2(t2)dt2 [1.60]

s' =

AT,
Gf ,szi(tz)dt2

The signal-to-noise ratio in the frequency domain will be proportional to
S//P&. Since after this weighting and Fourier transformation with respect
to t2 the noise along the t]—axis is still uncorrelated and stationary, the
effect of the filtering function gl(tl) on the signal amplitude and noise

power can be calculated in a similar way:

prt = prjar. 1! g (£ )%de. [1.61]
N N 1 0 1 1 1 °
AT,
s' i ls][(tl)gl(t])dtI
g1t = 0 . [1.62]
AT
Of ls,[(tde,

The eventual signal-to-noise ratio in the 2D spectrum will be proportional
to S"//P&'. It then follows from Egs.[1.59] to [1.62] that a change in sen-
sitivity by a factor C2 after the first weighting and Fourier transformation,

followed by a change C, due to the second weighting and Fourier transfor-

1
mation, gives a change of sensitivity in the 2D spectrum equal to €, x Cye

In the following discussions of the individual filters, the effects on
an exponentially decaying signal with time constant T2 and angular frequency

2 will be treated:
s(t) = s(0)exp(iQt)exp(-t/T,) . [1.63]

Note however, that the approximation of exponential decay is in practice
often not strictly valid and changes in the results will occur.

An important consideration using digital filtering is that the signal
amplitude should have decayed sufficiently {in practice by a factor
20 ~ exp(3)}at the end of the time domain signal, after multiplying with
the filter function, in order to avoid truncation and corresponding arte-—
facts in the spectrum. This principle will be used in all quantitative
analyses given below. As a consequence of this, it is generally necessary
in the case of line-narrowing along the t1~axis to employ longer acquisi-—

tion times along the t =—axis, even though the responses for long tl~va1ues

1
have bad sensitivity. The prolonging of the experiment causes an extra
loss in sensitivity which will not be taken into account in the discussions

given below.
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1.7,1 Exponential weighting

Multiplication of the signal of Eq.[1.63] with the filtering function
g(t) = exp(t/T)) [1.64]

yields again an exponentially decaying signal:

s'(t) = s(O)exp(iQt)exp(—t/Té) [1.65]
with
(= @yl @

2 2 L
The new decay constant Té determines the line width in the frequency domain.
If the constant T  is positive the signal will decay slowlier and the re-

L
solution will be enhanced., A negative value for TL will increase the decay

rate and decrease the resolution but increase sensitivity. Optimum sensi-

tivity is obtained if T = -T, (matched weighting). Neglecting the trunca-—

L
tion at the end of the time domain signal, the frequency .spectrum obtained

after Fourier transformation of the signal from Eq.[1.65] is given by

1! 11320 - w)
() = s(0) [ : v 2 I [1.66]

2 2 2
1+ Té - w) 1+ Té Q- w)

~o

For the real part of this spectrum this implies a width at half height
given by

Bvg 5 = 1/TTy . [1.67a

At 17 of the peak height the width equals

AvO.OI = 9.95/WT§ . [1.67b]
The use of an increasing exponential filter for resolution enhancement is
not simple because of the disastrous effects it can have on the sensitivity
if improperly used (20), and because of the artefacts arising in the case
of truncation,

The strategy recommended in this thesis for using the exponential filter
for line narrowing, is the following:
(a) choose a resolution of r Hz which one wants to get eventually, where
r is related to Té by the relation r = I/TTE.

(b) use only the first 3/mr = r—1 seconds of the time domain signal for the
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Fig.1.8 The relation between the signal-to-noise ratio and the line width
at half height (a) and at 17 of the maximum height (b) if exponential
filtering (broken line) or Lorentzian to Gaussian transformation

(drawn line) is applied to a signal that corresponds to a Lorentz
line with AVO 5= 1Hz .
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weighting and Fourier transformation. (Of course, an optimum choice for the
length of the acquisition time would have been r! sec,) Use up to ten
times zero filling (20) before the Fourier transformation, if sufficient
data storage space 1s available, for proper digitization of the frequency
domain.

(c) If the value of T2 is known, TL can be directly determined from:
T, = T,/(1 = 7T,). [1.68]

If T2 is not known, a minimum value for the time constant T, greater than

L
T2 has to be selected which still gives acceptable truncation effects in

the frequency domain spectrum.

(d) If sensitivity turms out to be too poor, repeat the process for a larger
value of r.

Using this procedure, the effect on sensitivity for a certain factor of
line narrowing can be found in the broken lines in Fig.l1.8. The optimal use
of the exponential filter becomes very difficult if resonances with different
widths are present in the same spectrum, as 1s commonly the case.

The two-dimensional Lorentzian line shape shows in both the absorption

and absolute value mode a pronounced star shape (section 1,7.5).

1.7.2 Lorentzian to Gaussian transformation

The exponential decay of a signal can be converted into a Gaussian decay,

by multiplication of the signal with the filtering function
2,.2
g(t) = exP(t/TL)exp(—t /TS [1.69]

and setting T, = T,. Eq.[1.69] is the general form for the Lorentzian to

Gaussian transformation filter as proposed for use in NMR by Lindon and

Ferrige (21,22). If TL is chosen to be equal to T, the time domain signal

2
becomes

s'(t) = s(O)exp(iQt)exp(—tz/Té) [1.70]
which after Fourier transformation gives for the real part

. 2.2
S(w) = z/ﬁs(O)TGexp{—(Q - w) TG/&}. [1.71]
This implies a line width at half height

AV = ].67/7TTG [1.72a]

0.5
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and at 17 of the maximum height

Bvg o) = 3.46/TT. . [1.72b]

For the imaginary part of the Fourier transform no simple analytical expres-
sion is available, Obviously, this filter can be used for line narrowing by

setting T to a large enough value. As is visible in Fig.!.8 the decrease in

G
sensitivity for a certain amount of line narrowing at half height is of the
same order as for exponential narrowing. Note however, that at 17 height the
Gaussian line is 4.8 times narrower than the Lorentzian line, if both reso-
nances have identical width at half height.

The Lorentzian to Gaussian transformation filter is easier to use than
exponential narrowing because the length of the time domain signal does not
really matter for the purpose of sensitivity, provided that it is longer than
V3 TG’ since the extra length can be considered as zeroes, due to the very
small value of g(t) at the end of the time domain signal. Zero filling of
the time domain signal until it corresponds to a length of ISTG can be
needed for proper digitization of the frequency spectrum. If the time con-
stant TL in Eq.[1.69] is chosen slightly shorter than the decay constant T2
of the signal, a dip in the base line of the spectrum at the position of the
resonance will occur. This effect can be used in an iterative process to make
a proper choice for TL. Of course, problems arise again in using the filter
if resonances in the same spectrum have different width, However, because no
truncation occurs, the interference with other narrower lines which are over-
enhanced, is usually not much of a problem.

Apart from line narrowing the filter has three other important applications:
(1) In the case where the sampling time along one or both time axes is limited

to shorter than about 1.5T e.g. because of limited data storage space,

22
Gaussian instead of exponential weighting should be used to avoid truncation,
yielding better sensitivity and resolutiom.

(2) In the case of unresolved multiplets, the decay of the time domain signal
is closer to Gaussian than exponential and hence,Gaussian weighting can be
closer to matched filtering, yielding better sensitivity. Of course, this is
only true if no attempt is made to resolve the multiplet.

(3) The filter can be used for the transformation of an exponentially decay-
ing signal into a pseudo—echo as explained in the next section.

‘Ehe two-dimensional absorption Gaussian line shape has circular or ellipso-
idal contours, but the absolute value mode presentation shows a pronounced

star shape with strong tailing, as shown in section 1.7.5.
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1.7.3 The_pseudo-echo transformation

Many 2D spectra are usually presented in the abolute value mode, either to
avoid a sometimes cumbersome phasing of the two-dimensional spectrum, or
just because for many methods no way is known to obtain a pure absorption
mode spectrum., Absolute value lines usually have an unattractive line shape
with wide wings. It will be shown that if the signal is filtered in a special
way, which gives the envelope a shape which is symmetrical in time about the
midpoint of the time domain signal, no dispersive components are obtained
after Fourier transformation (23,24) which results in a higher resolution in
the absolute value mode.

Consider a signal of the form
s(t) = exp(ift +1i¢)f(t) , [1.73]

where f(t) describes the decay of the signal, and f(t) is symmetric about
time zero.

This can be rewritten as
s(t) =exp(i¢) exp(iQt) f(t). {1,74]
Final time Fourier transformation of this signal gives

T
J s(t)exp(iwt)dt ) [1.75]

S(w)

it

T T
exp(i¢) J cos(Rt)cos(wt)f(t)dt + 1 exp(i¢) J sin(QRt)sin(wt)f(t)dt
~T ~T
since the integral over the product of an odd and an even function is auto-
matically zero, e.g.

T

J  cos(Qt)sin(wt) f(t)dt = 0, [1.76]

Since both products in the right half of Eq.[1.75] give absorptive contri-
butions only, with amplitudes proportional to exp(i¢) , an absolute value
calculation will give an absorptive line shape with amplitude independent
of ¢. The line shape will depay on the decay function f(t). The method
relies on the symmetry of f(t) around time zero. A function f(t) symmetri-
cal{y decaying about a certain time TC gives similar results; this case can
be considered as a shift of the origin of the time domain, inducing only a
change in phase which disappears after the absolute value calculation., A
condition for absorptive absolute value line shapes 1s that the signal am-

plitude at the beginning and the end of the signal is sufficiently close
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to zero. If the signal is truncated at one end only, the absolute value line
shape again has partly absolute value character, depending on the severity
of the truncation. If the signal is truncated at both ends,base line distor-
tions (sinc~functions) will appear in the frequency spectrum.

To obtain a symmetrical envelope amplitude, the time domain signal (Fig.
1.9a) is in practice first multiplied with an increasing exponential to eli-
minate the decay (Fig.l1.9b). Second, the modified response is weighted by
a decreasing exponential or Gaussian function, symmetrical about its mid~-
point TC to yield a so-called pseudo-echo shape (1.9c). The overall filter

can then be written as

g(t) = exp(t/Tz)exp(~}t - Tc!/TL) . [1.774]
or

(t) = (t/T,)exp{-(t - T )z/Tz)} [1.77D)
g = exp(t o) exp . Gl .

The latter pseudo Gaussian echo filter is usually preferred because of
the narrow base and the attractive circular contours of absolute value line

shapes. The time constant T, is chosen to be smaller than or equal to TC//3

G
to avoid truncation. It can be shown by substitution that in the case where

r T 1
O T 2T
Fig.1.9 (a) An experimental free induction signal with an exponential de-
caying envelope. (b) The same signal multiplied by exp(t/Tj).
(c) A pseudo echo obtained by reshaping (b) to give a Gaussian enve~-
lope symmetrical about t = T.
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TG = TC//3 the window of Zq.[1.77b] gives the same results as the Lorentzian

to Gaussian transformation filter (Eq.[1.69]) with time constants
-1 -1
()™ = (1) o

The pseudo-echo window should be used with care, since large intensity

+ (TC/6)~] and identical wvalue for T

anomalies can show up in the case of different relaxation times and in the
case where lines are not resolved, i.e. if the line separation is less than
-1
T
(T.)

The loss in sensitivity due to the use of the pseudo-echo filter will

for the pseudo Gaussian echo filter,

usually be very large although in certain cases no loss or even a gain in
sensitivity occurs (section 2.3.2).
The pseudo~echo filter should only be used in the case where an absolute

value mode display is needed.

1.7.4 The convolution difference filter

The convolution difference filter is described as
g(t) =1 - exp(—t/TCD) . [1.78]

It was first proposed by Campbell et al. (25), and is generally used to
eliminate broad background signals as often encountered in biological sys-
tems and liquid crystals. The idea is to apply strong exponential weighting
with time constant TCD which leaves only the broad background signals. This
signal is then subtracted from the original signal, leaving only the slowly
decaying components, So the convolution difference filter is thus not nor-
mally used for line narrowing, but for elimination of unwanted broad compo-
nents. If the time constant TCD is chosen to be short compared with the de-
cay constant of the signal, the loss in sensitivity will be quite small.
After applying the convolution difference filter the filtered signal can

be filtered once more by a decaying exponential or Gaussian function to in-
crease the sensitivity.

The magnitude of the dispersive component at large offsets of the centre
of a Lorentzian resonance line does not depend on the decay constant T, of
the time domain signal (Eq.[!.40]). By using the convolution differenc; fil-
ter, which gives the difference of two Lorentzian resonance lines, the dis-
persive component is thus eliminated at large offsets from the centre of the
line. Therefore, in the absolute value mode, tailing will be partially sup-
pressed., The effectiveness of the suppression of tailing by using the con-

volution difference filter depends on the time constant T, in Eq.[1.78]:

CD
the longer TCD’ the more effective the suppression of tailing but the larger
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the loss in sensitivity,

In two-dimensional spectroscopy the main advantages in using the filter
are:
(1) The absolute value tailing is partially suppressed.
(2) The filter can be used advantageously in homonuclear correlation experi-
ments to decrease the intensity of diagonal peaks in the 2D spectrum and at
the same time emphasize the presence of cross—peaks (7) as explained in

section 2.3.2.

1.7.5 Comparison_of_ line_shapes

To illustrate the effect of using different filters on the line shape, in
Fig.1.10 the different one-dimensional absorption mode line shapes and the

corresponding absolute value mode are displayed. Filtering constants have

a) ‘ b) ﬂ c) d
|
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Fig.1.10 Computer simulations of different line shapes, top the absorption
mode and bottom the corresponding absolute value mode, for diffe-
rent decay functions of the time domain signal. (a) A Lorentzian

- decay, (b) a Gaussian decay, (c) a Gaussian pseudo echo and (d) a
convolution difference signal.



/

a) CEESSSS

4
.

b)

c)

d)

Fig.!.11 Computer simulations of different absolute value mode line shapes.
At the left hand side the contour plot of the two~dimensional line
shape is shown, in the middle a stacked trace plot is shown and at
the right hand side the projection of the line along the diagonal
onto the horizontal axis is presented.

The line shapes have been obtained by using

(a) an exponential filter,

(b) Lorentzian to Gaussian transformation,

(c) a pseudo Gaussian echo transformation,

(d) a convolution difference filter.
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been chosen in such a way that all signals have decayed to 1/20 of their
maximum value in one second.

Fig.l.11 shows the absolute value mode display of the two-dimensional
line shapes using identical filtering constants as in Fig,1.10. In this
figure also the results of a projection along an axis which makes an angle
of 45° with the horizontal axis are shown. Each point of the projection is
calculated from an integration of the cross-section parallel to the direc-
tion of projection. These projections are important in homonuclear J-spec-
troscopy (section 3.3). The projection of the pseudo Gaussian resonance is
another Gaussian line shape with a v2 larger width. All other projections
result in very complicated expressions for the line shapes which all have

extremely wide wings (17).

1.8 Experimental realization

With the theoretical development of two-dimensional spectroscopy new
problems about the practical realization arose. In this section the opera-
tions necessary to perform a two-dimensional experiment will be briefly
analysed. In order to show the extensions required compared with the con-
ventional one-dimensional experiment, a similar survey of operations for

one—dimensional spectroscopy will be given first,

One~dimensional spectroscopy

In one-dimensional Fourier transformation experiments, a pulse response
is detected as a function of a running time variable t. Either real (single
detection) or complex (quadrature detection) sampling points are acquired at
times nAt, where n is a positive integer and (At)-1 is the sampling frequency.
This digitized signal is stored in a computer memory or on background storage.
In order to improve sensitivity by a factor vp, the experiment can be repeated
p times, coadding the results. Digital filtering of the acquired response
can be performed to increase the resolution or sensitivity in the eventual
frequency spectrum. Digital Fourier transformation, either real or complex,
depending on whether single or quadrature detection was used, yields the
digitized frequency spectrum. The number of data points prior to Fourier
transformation may be increased up to a factor 10 by adding zeroes to the
end of the response, in order to obtain a better discretization of the fre-

quency spectrum (20).

Two-dimenstonal spectroscopy

In a two-dimensional experiment, the pulse sequence generating the response
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of interest is repeated for a large number of equally incremented values for

the length t  of the evolution period. Each of the responses is acquired,

1

either real or complex, during a time t digitized and generally stored on

929
the background storage (e.g. magnetic disc) of the computer. Time-averaging
can be used again to improve sensitivity: either each sub-experiment with a
certain value of £, is repeated a number of times p or the complete experiment
-~ the total of all sub-experiments with different values for £, - is repeated
p times. The latter way is preferred since slow variations (on the time scale
of the entire time averaged experiment) partly average out. The increment in
the length t, of the evolution period (Atl) determines the sampling frequency
(&t])"I along the tl~axis.

The experiment thus produces a digitized data matrix s(t],tz) with sampling
points at (tl,t2) = (nAtl,mAtz), where n and m are positive integers.

A discrete Fourier transformation - real or complex, depending on whether
single or quadrature detection during t, was used - will give a set of fre-

quency spectra for the different values of t . These spectra can be considered

1
as rows of a matrix. A column then contains information about the modulation
as a function of tl(interferogram).

Since the first Fourier transformation with respect to t, produces complex
data points, the interferograms consist of complex data. In order to have
simple access to the interferograms, the matrix is usually transposed, leaving
the complex interferograms as new rows of the data matrix. In the case of
phase modulation a complex Fourier transformation of these interferograms is

applied with respect to t , distinguishing between positive and negative

I
modulation frequencies and giving phase-twisted line shapes.

In the case of amplitude modulation this complex Fourier transformation
will also give proper results but the spectrum will be symmetrical about zero
frequency in the F]—dimension, and resonances will again have the phase-
twisted line shape. To improve sensitivity and to produce a pure absorption
mode two-dimensional spectrum, the real part of the Fz—spectra can be phased
to the absorption mode before transposition. If the imaginary part of the
data are then replaced by zeroes, the other parts of data-processing remain
unchanged compared with the phase modulation case. A different approach in
the case of amplitude modulation is to remove the dispersive imaginary part
of rhe Fz—spectra after phasing and before transposition. A transposition
of the real data will give interferograms consisting of real data. A real
Fourier transformation with respect to t, will then produce the two-dimensional

1

spectrum wita only positive values for the F ~dimension. This latter approach

]
saves some processing time and data storage space.
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Resolution along the FZ— or Fl-axis of the two-dimensional spectrum can be

improved by digital filtering along the t,= or t]-axis before the respective
Fourier transformations. It is noted here that resolution or sensitivity en-—

hancement along the t,-axis does not change the ratio between signal amplitude

1
and the amplitude of so-called tl*noise in the two-dimensional spectrum.
t1~Noise is the extra noise in interferograms which contain signals, com
pared with interferograms which do not carry information. The t]—noise arises
from instabilities in the spectrometer system, e.g. changes in field inhomo-

geneity, field/frequency ratio, synthesizer noise and sample spinning (26).
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2 CHEMICAL SHIFT CORRELATION SPECTROSCOPY

2.1 Introduction

All two-dimensional shift correlation experiments have in common that they
show a relation between different resonances, originating from an interaction
between the corresponding nuclei. Although commonly used, the name shift
correlation is essentially misleading, since not the shifts but the signals
from nuclei with certain shifts are correlated. If in the two-dimensional
spectrum a cross peak occurs at (QA,QB) this means that nucleus A and B have
a mutual interaction. Nuclei A and B can be either of the same (homonuclear)
or of different species (heteronuclear shift correlation). Depending on the
type of experiment the kind of interaction shown is different. Possible
mechanisms are homo- or heteronuclear scalar coupling (direct or long-range),
chemical exchange, cross-relaxation and in non-isotropic samples dipole-
dipole coupling. All correlation experiments, showing interaction between
nuclei A and B, rely on partial magnetization transfer from nucleus A to B.
However, the experimental realization varies so much for the different kinds
of interaction that in the description which follows a subdivision will be
made into three categories, chemical shift correlation through (a) hetero-
nuclear scalar coupling, (b) homonuclear scalar coupling and (c) cross-
relaxation and exchange. Chemical shift correlation through heteronuclear
scalar coupling will be discussed in detail because of its practical impor-
tance, and because it can be described at an elementary level, using classi-
cal pictures. Relaxation and magnetic field inhomogeneity will be neglected

throughout this chapter unless explicitly stated.

2.2 Correlation of chemical shifts through heteronuclear

scalar coupling

A large variety of different heteronuclear shift correlation methods does
exist. Not all of them will be treated here, but an attempt will be made to
present some experiments in a way that is easy to understand, and gives a
useful insight into the fundamentals of correlation methods in general. A
summary of experimental aspects of the most convenient shift correlation ex-
periment will be given in section 2.2.4. Because heteronuclear shift correla=-
tion has until now been mostly applied to ]H - 13C systems, these nuclei will
be used throughout the paragraph although in principle any pair of nuclei
with a nuclear spin could be chosen. In the case of )H - 13C spin system it

. . 1 . . .
1s most convenient to detect the 3C directly, for reasons explained in



51

section 2.2.5.

2.2.1 The basic experiment

The basic experimental method for the correlation of signals from hetero-
nuclei has first been proposed by Ernst and co-workers, and is described in
references 1-3.

In the following discussion of this method an isolated IH - }BC spin pair
with a positive scalar coupling J will be considered. At thermal equilibrium
the population of the energy levels can be calculated using the Boltzmann
equation. This gives in the high temperature approximation the following

relative populations of the energy levels (Fig.2.1):

= 1 - SP [2-1]
=1 - 3p

ro

1+ 3p

=1 + 5p

v 9 g g
L}

=~ w

2p = Y13CHOﬁ/kT

using Y}BC = Y]H/A.

The experiment uses the pulse scheme shown in Fig.2.2. A 7/2 r.f.pulse,
applied by the proton transmitter along the x—-axis of the proton rotating
frame, creates two magnetization components, which will rotate with angular
frequencies 2, ., and QZA and amplitudes MO proportional to P,—~ P and P,- P

13 3071 4 "2
respectively (Fig.2,3). At a time £ after this 7/2 pulse the angles pre-

cessed through will be let] and Q74t] (Fig.2.3b), where QIB= QO + mJ and
Qoa= QO - 7J, Qo denoting the chemical shift frequency of the protons. The

second T/2 pulse to the protons then creates longitudinal magnetization com—

ponents

MZIB = “MOCOSKQIBKI) [2.2]
= - 0

MZZA Mocos(w24t]).

As long as no pulse to the 13C spins has been applied the two-spin system
can be considered as two one-spin systems, one with the 13C spin in the B~
state (levels ! and 3) and one with the 13C spin in the a-state. The sum of
the populations of the energy levels of these two one-spin systems remains

unchanged under the pulse sequence applied to the protons:

i
+
o

P () + Po(t)) = P, 5 =200 = p) [2.3a]
Pz(t]) +P4(t1) =P, +P = 2(1 + p) [2.3b]
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Because the longitudinal magnetization is directly proportional to the
difference in occupation of the energy levels, after this (‘rr/2)x - t1 - (ﬂ/2)x

sequence applied to the protons the spin state populations will béas follows:

Pl(t]) =1-p+ 4p COS(QIBtI) [2.4]
Pz(t]) =1+ p + 4p cos(Q24t1)

P3(tl) =1=-p = 4p COS(QIBtl)

P4(t]) =1+ p - 4p COS(QZAtl)'

Equation [2.4] shows that the longitudinal magnetization for the two 13C

transitions has changed because of the pulse sequence applied to the protons,

according to

M (13C) + 2M (I3C){cos(Q
(o] o]

i)

) - cos{(f 1 [2.5a]

Mz12 2451 13t

= (o) - (Porfeos, e - cos(@ ) [2.5]

M234 13

MO(I3C) is equal to MO(IH)/16. In the discussions given below, the index 13C

will be omitted. As can ve seen in Eq.[2.5] the magnitude of the two longi-
tudinal 13C magnetization vectors is modulated (in opposite sense) as a
function of tlwith the proton resonance frequencies. A 13C m/2 pulse, applied
immediately after the second proton pulse (Fig,2.2) will create two trans—
verse 13C magnetization vectors*, which will rotate during time t, with

angular frequencies 912 and 934. The detected ]3C signal is thus described

by

s(tl,t ) = Mo[l + 2{cos(924tl) - cos(leti)}]exp(iﬂlztz) + [2.6]

2
- 2{ - i
+ Mo[l 2\cos(924tl) cos(Ql3t1)}]exp(1Q34t2).

The real part of the Fourier transform with respect to tz of Eq.[2.6] gives

two resonance lines in absorption mode at the 13C frequencies le and Q34,
with amplitudes proportional to | + 2{cos(Q24t1) - cos(QI3t1)} and
1 - 2{cos(924t]) - COS(Q]BtI)} respectively. Thus, a second Fourier trans-

form of the data matrix with respect to t, will give six resonance lines

1

Another effect of the 13C w/2 pulse is that the components of the two pro-
tom- vectors which are parallel to the x-axis after the second Iy (77/2)X
pulse are converted into zero— and double quantum coherence, as can be
shown with a density matrix treatment (section 1.2). If the order of the
second proton pulse and the 13¢ pulse would be reversed, the simple popu-
lation arguments cannot be used. However, a density matrix calculation
shows that the eventual results would remain unchanged.
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at
= (0,0 0 I 0., .0 Q.0 ¢
(@pawo) = (0,850, (0,85,0, (y,,0y0), (Qy,,85,) 5 (2y3,2,)s (23,940,

Two of these resonances will have negative intensity, corresponding to the

minus-signs in Eq.[2.6].

The F| and F, frequency coordinates in the 2D spectrum are identical to

2
the frequencies as observed in conventional one-dimensional H and ~“C spectra.

The two axial peaks (w]= 0) originate from the components which are not modu-
lated as a function of - As an example in Fig.2.4 a spectrum of chloroform,

obtained with this method, is shown.

2.2.2 Spectral _simplification via heteronuclear decoupling

This section describes how spectra can be simplified and sensitivity can
be enhanced by decoupling of protons during detection, and apparent decoup-
ling of carbon-13 during the evolution. It will turn out that special pre-

cautions have to be taken to avoid mutual cancellation of signals (3,4).
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Fig.2.4 Heteronuclear shift correlation spectrum of chloroform (CHC13) with
heteronuclear coupling present in both frequency dimensions. (Recor-

ded at 75 MHz for !3C).
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Proton decoupling during detection

As follows from Eq.[2.6] the sum of the two modulated components of the
l3C doublet is zero immediately after the /2 pulse to the 13C. Thus, if
decoupling were started immediately after the m/2 pulse to the ]3C, these
modulated signals would cancel. However, if decoupling were started at a
delay time A2= (ZJ)*1 after the 7/2 detection pulse, the 13C vectors would
be parallel again, and a signal at the chemical shift frequency of the car-

bon-13 would be detected. For arbitrary value of A, the signal detected is

2
now described by

s(tl,tz) = 4iMO{cos(924t)) - cos(Q]3t])}sin(ﬂJAZ)exp(iQZAZ)exp(iQQt [2.7]

2)
+ ZMOcos(WJ&E)exp(inaz)exp(intz),
where QZ denotes the carbon-13 chemical shift frequency. The pulse scheme of
this experiment is shown in Fig.2.5. A 2D spectrum of chloroform obtained
with this method is shown in Fig.2.6. The measuring time and digital filter-
ing applied were identical to those for the spectrum of Fig.2.4. As expected,
the spectrum is simplified and the sensitivity is improved compared with
the spectrum of Fig.2.4. Immediately after the m/2 }3C pulse the unmodulated
doublet components are parallel (Eq.[2.6]) so a time A2= (ZJ)“1 later they
will be antiparallel. Starting the decoupling at this moment will cause
cancellation of these signals so that no axial peaks (m]= 0) will be ob-
tained in this case (Eq.[2.7]). As can be seen in Fig.2.6 the delay time AZ
did not exactly satisfy this condition and a small axial peak does show up.

Carbon-13 decoupling during evolution

A further sensitivity enhancement and simplification of the spectrum can
be obtained if the carbon-13 is decoupled during the evolution period, so
that the proton doublet coalesces at the chemical shift frequency. If the
13C decoupling were applied during the whole interval between the two ., Z
proton pulses, no magnetization would be transferred, since the two proton
vectors remain parallel during the entire evolution period, and the term
in Eq.[2.7) which causes the modulation {COS(QzAEI) - Cos(Ql3t])} would be
zero. However, as will be shown below, if a delay AI= (27)71 is inserted
during which no I3C decoupling is applied (Fig.2.7), the magnetization
vectors of the proton doublet will be opposite just before the second 7/2
pulse, and transfer of magnetization will be optimized.

At the end of the period during which the 13C decoupling is applied

(time t, in Fig.2.7), both proton doublet components have precessed through

I
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angles Qltl’ where (. is the proton chemical shift frequency. A time Al

1
later, during which no 13C decoupling is applied, the angles precessed through
will be Qltl + (Ql * J/Z)AI. Substitution of these two values in Eq.[2.7]

(instead of Q24t and Q13t1) gives that the detected signal in the case of

1
an arbitrary value A] is described by

s(tl,tz) = 41M051n(Qlt1 + Q]AI)51n(ﬂJA1)51n(ﬂJA2)exp{192(t2 + Az)} + [2.8]
+ ZMOCOS(WJAZ)EXP{IQZ(tZ + 4,05,

As can be seen from this equation, maximum signal is obtained for a length

of Al equal to (ZJ)_]. This means that in this case transfer of magnetization
1 . ..

from 1H to 3C is optimized.

A simple way of apparent decoupling the 13C during the time t, 1s to apply

one single 13C 7 pulse just in the middle of the evolution peri;d (3,4).

This requires much less power than broad-band noise decoupling of the wide
carbon-13 spectrum, and therefore solves the heating problems too. The effect
cf the m pulse to the ]3C is that the two proton doublet components inter-

change frequencies at time tl/2, so at time t, they will have rotated an

identical angle (913 + Q2A)tl/2’ just as if bload-band decoupling had been
applied during all of that time T

As an example, the shift correlation spectrum of chloroform obtained with
decoupling during both evolution and detection is shown in Fig.2.8. Measu-
ring time and digital filtering were again the same as for the spectra of
Fig.2.4 and Fig.2.6.

Because in these heteronuclear shift correlation experiments there is
amplitude modulation, in principle pure absorption spectra can be obtained
(section 1.5.2). However, two problems arise in practice: first the delays
Al and A2 cause large frequency dependent phase errors, and second the
noise in the individual spectra after the first Fourier transformation makes
interactive phasing of these spectra difficult. Solutions for both problems
do exist (4,5,6) but since in a more sophisticated and in many respects
better version of the shift correlation experiment as discussed in the next
section, amplitude modulation is converted into phase modulation, the problem
of phasing becomes irrelevant.

CH = and CH ;=groups

- . . . . 1
Until now, attention has only been paid to isolated 3

1 .
C - H spin systems.
As derived in appendix II similar results can be obtained in the case of
13CHZ— and 13CH3 groups. In the case of decoupling during both evolution

and detection periods, the same procedure as described in this section can
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be used. The only difference turns out to be the optimum choice for the
length of AZ’ while the optimum choice for Al remains (ZJ)-]. In Fig.2.9

the detected signal amplitude as a function of the length of AZ is shown
]BCH—, 13CHZ— and 13CH3 groups. A choice A2= 0.3 J_1 gives good signal

amplitude in all three cases.

for

2.2.3 Separation_of positive and negative proton_frequencies

Because of the amplitude modulation present in the experiments described
previously, it is impossible to distinguish between positive and negative
modulation frequencies in a simple way (section 1.5.2). Hence in these ex-—
periments care has to be taken that the proton transmitter frequency is ei-
ther at lower or higher frequency than any of the proton resonances of inte-
rest. This implies that the sampling frequency along the t]—axis has to be
at least twice the spectral width of the ]H region of interest to avoid
folding. To decouple the ]H region with noise irradiation either the pro-
ton synthesizer has to be switched to the frequency of the centre of the
proton region, or a larger decoupling power must be used. A modified sequence
converts amplitude into phase modulation, making it possible to put the pro-
ton transmitter permanently in the centre of the ]H spectrum, decreasing the
decoupling power required and halving both the sampling frequency along the
tl—axis and the data storage space required (7). The actual pulse scheme is the
same as shown in Fig.2.7, but now the experiment is performed in two stages
(Fig.2.10).

The first stage is an experiment with the phase of the second 7/2 proton

pulse along the x—axis, and the second with the pulse applied along the

0 0.3/J 05/ 17J

Fig.2.9 The A, dependence of the magnitude I of that part of the magnetiza-
tion In a decoupled shift correlation experiment which is modulated
as a function of t; for a 13ch group (drawn line), a 13CH2 group
(broken line) and a 13CH3 group (dotted line). Magnitude | corresponds
to the total !3C magnetization in thermal equilibrium (without Over-
hauser enhancement).
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(1/2)q, 1/2)g,

lJC

Fig.2.10 Scheme of the heteronuclear shift correlation experiment with de-
coupling during evolution and detection. In order to distinguish
between positive and negative proton modulation frequencies and
to suppress axial peaks the phases of the r.f.pulses and the phase
Y of the receiver are cycled a5 indicated in Table 2.1.

y-axis of the proton rotating frame and the receiver reference phase incre-
o

mented by 90 . All other phases are identical in the two stages. For an isc~
lated 13C - lH spin pair the signals detected in the two stages are described
by

S(tl’tz) = C151n(Qlt} + Q}AI)exp(lﬂztz) + Czexp(lﬂztz) [2.9a]
s(t],tz) = ~1C]cos(Q}t1 + QIAI)exp(lﬂztz) - 1C2exp(192t2), [2.9b]

where Ql and QZ are again the IH and 13C angular chemical shift frequencies.

The constant C, is equal to 4iMosin(wJA])sin(vJAz)exp(iQZAz) and C2 is equal

1
to ZMocos(ﬂJAz)exp(iﬂzAz) (Compare Eq.[2.8]).

Direct addition of the two signals of Eq.[2.9] gives
= ! . . v .
S(tl’t2) Clexp(lﬂltl)exp(lﬂztz) + CZeXP(lQZtZ) [2.10]

with c;= —iC]exp(inAl) and c£= V2 Czexp(—iﬂ/4).

The first term at the right hand side of Eq.[2.10] is a pure phase-modula-
ted signal on which a complex Fourier transformation can be performed along
the t]—axis, distinguishing between positive and negative values for Ql.
Because of the phase mocdulation a phase-twisted line shape will be obtained
{¢section 1.5.1), and an absolute value calculation is uysually made before
display (section 1,5.6).

Since in the first term at the right hand side of Eq.[2.10] both frequencies

appear with the same sign in front, this signal represents the antiecho com-
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* .
ponent (section 1.3) , subtraction of the results of the two stages would

have given opposite signs for Q] and representing the coherence trans-

29
fer echo compoment. (Note that subtraction of the signal of Eq.[2.9b] is
identical to an extra increment of the receiver reference phase by 180°) .
This latter component is usually preferred because of the higher sensitivity

in the case of an inhomogeneous magnetic field.

Suppression of axial peaks

The component in Eq.[2.10] with the constant C! is not modulated as a

2
function of £ and will thus cause axial peaks at (w!,w = (0,2,). These

2> 2
signals are generally unwanted and can easily be eliminated, as shown below,
If in the same sequence which gave the signal of Eq.[2.9] the second pro-
ton pulse is applied along the ~x-axis instead of the +x—axis, this has the
same effect as if both proton magnetization vectors had rotated an extra
angle T about the z-axis in the original experiment. This then gives for the

signal

s(t‘,t ) = -C sin(Qlt] + QIA))exp(intz) + Czexp(iﬂztz). [2.11]

2 1

Subtracting this signal from the signal of Eq.[2.9a] causes cancellation
of the unmodulated component. In a similar way the unmodulated component in
Eq.[2.9b] can be cancelled by subtracting a signal from an experiment with
the second proton pulse along the -y-axis.

A complete scheme for the phases of pulses and receiver in the four dif-
ferent stages of the experiment, necessary to separate positive and negative

modulation frequencies and to suppress axial peaks, is given in Table 2.1.

Table 2.1 Phases ¢], $, and ¢, of the radiofrequency pulses in Fig.2.10,
and phase ¥ of the feceiver through which the experiment has to
be cycled for each value of t| for detecting either the antiecho
(Y5) or the coherence transfer echo (¥,) selectively and for
suppression of axial peaks.

Experiment number 1 op) 3 Ya Ye
1 X X k X X bid
2 x y X y -y
3 X -X X -X -X
4 P -y x -y y

* Since all equations derived until now are also valid in the laboratory
frame, this is consistent with the definition given in section }.3.
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a)
2 1 )
b)
) 20
ppm from TMS
T T T
0 1 2ppm
Fig.2.11 (a) The conventional proton spectrum of 50 -androstane recorded at

200 MHz. 13

(b) The conventional broadband proton-decoupled C spectrum recor-—
ded at 50 MHz.

(c) The heteronuclear shift correlation spectrum.

The resonances are broadened along the Fj-axis by homonuclear pro-
ton coupling. From ref.(7).
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A typical example of a spectrum obtained with this method is shown in Fig.

2,11,

2.2.4 The_experimental procedure

The heteronuclear shift correlation experiment appears to be very useful
in solving practical problems. Because the variety in experimental methods
and the number of settings to be chosen is large, in this section a strategy
will be given for obtaining a near optimum spectrum.

The pulse sequence of Fig.2.10 should be used with the phase cycling of
pulses and receiver as indicated in Table 2.1, This sequence gives the
simplest eventual spectrum, heteronuclear decoupled along both frequency
axes, and requires less data storage space then the other sequences. Posi-
tive and negative proton frequencies are distinguished and axial peaks are
effectively suppressed (7).

In order to cycle out errors in the quadrature detection system, the whole
four-step experiment can be repeated four times, incrementing all phases
of pulses and receiver each time by 90° (7), analogous to the cyclops ex-
periment proposed by Hoult (8).

The following points demand attention:

Delay AI 5 ]
Because most direct ~“C — 'H coupling constants are in the range 125-170 Hz,
a delay A! equal to 3.3 millisec. will be close to optimum in almost all
cases.

Delay A2

As discussed in section 2.2.2 the optimal length of A2 is different for

CH, CH2 and CH, groups. A time of 2 millisec. will usually show all corre-

3
lations with sufficient intensity.

Experiment delay time T

Because the magnetization is transferred from prctons to carbon-13, the
optimum length of the delay time T between the end of acquisition and the
first proton pulse of the next sequence depends on the longitudinal relaxa-
tion time T, of the protons, rather than on the usually longer TI'S of the

i

carbon-13, A delay time T = 1.3T,, where T is the longitudinal relaxation

1’
time of the protons gives optimal sensitivity (9). Care has to be taken

that during this delay time T no r.f.power from the ' transmitter in the
frequency region of the proton spectrum leaks through to the transmitter
coil, because this will cause (partial) saturation of the proton transi-

tions, degrading sensitivity.
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Acquisition times

In cases of poor sensitivity, the sampling time along the tz—axis should at
least be equal to the decay constant T2 of the 13C signal to avoid sensiti-
vity loss. The length of the acquisition time along the tl—axis depends on

the 1H resolution required, the amount of data storage space available, and
the sensitivity. An acquisition time along the t}—axis of 100 millisec. is

usually sufficient,.

Acquisition frequency along the t,-axis

The minimum acquisition frequency along the t ~axis is twice the largest

offset frequency from the proton transmitter lo a H resonance of interest,
to avoid folding. The ]H transmitter frequency has to be set at the centre
of the 1H region of interest, to minimize the acquisition frequency required.
Calibration of the proton pulses

The proton pulses are usually applied using the proton decoupler in the co-
herent mode for a short period of time. The calibration of the width of the
proton pulses 1s not very critical, since, as can be derived, the amplitude
of the modulation is approximately proportional to sinz(a) if o proton
pulses are applied. As the strength of the decoupler field cannot be deter-
mined directly via a 180° pulse calibration as used for calibrating the
observe pulses, an indirect approach has to be chosen. A convenient method
for calibrating flip angle o to m/2 is to apply a ﬂ/Z(]3C) -1 - Q(IH) pulse
sequence to a simple compound like e.g. methanol, and setting the delay T
carefully to 1/2J. 1If a = /2 the detected carbon-13 signal will be zero.
Shimming the magret

Because a large sample diameter is usually used for the detection of ]30,
proton spinning side bands will easily occur, since the effect of field in=-
homogeneity is four times worse for protons than for carbon-13. Careful
shimming of the sample in the non-spinning mode is therefore important to

limit the size of these peaks.

2.2.5 Direct detection of the protons

. . . . 13 . .
As mentioned in the introduction of paragraph 2.2, the C signal is
usually detected during acquisition. In principle however, the pulse se-
quences applied to protons and carbon-13 could be interchanged. Since signal

o the magnetogyric

amplitude is proportional to the population differencé;
ratio, and to the frequency of the transitions one might expect a gain in
sensitivity equal to (YlH/Y13C)3 = 64 in this case. In many cases, however,
this factor will be much smaller, and the experimental problems will be more

difficult if the protons are detected directly, This is due to the following
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reasons:

(a) The much stronger signal from protons not coupled to }3C has to be sup-
pressed. The complete suppression of these 200 times stronger signals is a
difficult problem,

(b) Broad-band decoupling of ]3C during acquisition is in practice impossible
because of the enormous decoupling power required,

(c) In the experiment with ]3C detection during t,, proton population dif-

ferences are transferred to 13C, increasing signaf amplitude by a factor of
four. In the experiment with 1H detection during s, 13C population diffe-
rences are transferred to IH, decreasing signal amplitude by a factor of
four., Bodenhausen and Rubens (10) proposed to transfer, in the case of

. . . 13
proton detection during t proton populations to the rare nucleus ( “C or

s
] 2

DN), prior to the start of the experiment. In this latter case the decrease
in signal amplitude by a factor of four does not occur.
(d) Because of the much larger spectral width of 13C, a much higher sampling

frequency along the t —axis and hence a much larger number of t1 increments

1
is required, lengthening the minimum measuring time,

(e) Since the decay rate of the proton resonances, broadened by unresolved
proton-proton coupling is usually much larger than those of proton decoupled
}3C resonances, a further loss in semsitivity occurs.

(f) The experimental delay time (section 2.2.4) will be determined by the
often much longer longitudinal relaxation time of the rare nucleus, decrea-
sing the repetition rate of the sequence.

These considerations make it unattractive to detect the protons directly
in the heteronuclear shift correlation experiment in the case of 13C - ]H
spin systems. However, the possible gain in sensitivity can in the case of
15N - ]H spin systems (YIH/Y;SN = 10) be areason to detect the protons di-
rectly (10).

However, since the abundance of 15N is only 0.377 and many interesting
nitrogen containing compounds as peptides are only soluble in water, the
dynamic range (11) and the suppression mentioned under point (a) are even
harder problems. Until now these experimental problems have not been solved

completely.
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2.2.6 1Indirect observation_of homonuclear couplings

In this section a two-dimensional experiment will be described which gives

on cross—sections taken parallel to the F_=-axis and cutting the F, -axis at

1 2
a chemical shift frequency of a 13C, the proton multiplet structure of the
proton directly coupled to the IBC.

These results are analogous to those obtained with J-spectroscopy (chap-
ter 3), but since the experimental method is quite similar to the hetero-
nuclear shift correlation scheme, the experiment will be treated in this
chapter.

As can be seen in Fig.2.11in the heteronuclear correlation spectra the
proton-proton coupling structure remains present along the F]—axis of the
2D spectrum. Usually this structure is not resolved because of poor digi-
tization. Since these proton resonances are essentially the same as the
carbon-13 satellites in conventional proton spectra, they will have the
same multiplet structure provided that these satellites are first order, in
principle allowing a determination of the proton-proton coupling constants.
Indirect determination of proton-proton coupling constants can be important
where this information cannot be extracted from the conventional 1H spectrum
or from the two~dimensional J-spectrum (section 3.3), because of too severe
overlap.

There are three main problems with the measurement of proton-proton coup-
lings from a normal heteronuclear shift correlation experiment (section
2.2.4):

(a) Because the proton multiplet has to be resolved, signal energy is spread
over several resonances along the F]—axis and sensitivity will be poor.
Sirce sensitivity enhancement filters cause line-broadening and therefore
cannot be used, this problem becomes even worse.

(b) Good discretization, necessary to resolve the multiplet structure, gene-
rally requires a large number of t; increments and thus a large data matrix.

(c) The line width along the F -axis will be broadened by extra inhomogene-

ity effects due to the use of ; large sample diameter, required for suffi-
cient sensitivity.

The last two problems can be overcome by the use of a slightly modified
sequence, shown in Fig.2.12., The idea is to apply a 7 pulse to the protons
in the centre of the evolution period (12), removing the effects of proton

chemical shift and heteronuclear coupling during the time t Thus, the

.
transferred signal is only modulated by the homonuclear proton—-proton coup-

ling, which is not affected by the T pulse (section 3.3). Since in the case
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of weak coupling the proton multiplet is symmetric, it is not necessary to
distinguish between positive and negative modulation frequencies. Axial
peaks can be suppressed by performing the experiment in two stages and co-
adding the results: The first stage with the second )H m/2 pulse applied
along the y-axis and the 13C m/2 pulse applied along the x—-axis, and the
second stage with the pulses applied along the -y~ and -x-axis respective-
ly (Fig.2.12). The effect of the two T pulses in the centre of the delay

period Al is to remove the effect of large phase errors along the F, 6 —axis,

by eliminating the effects of chemical shifts and retaining the (co;stant)
effect of heteronuclear coupling (section 3,1) necessary for the magnetiza-
tion transfer from protons to carbons (5). This makes it possible to ob-
tain a two-dimensional absorption spectrum (13),.

The spectral width along the F]—axis in this modified experiment is now
equal to the proton multiplet width, and hence a low sampling frequency of
about 30 Hz is usually sufficient, Therefore, only a relatively small data
matrix is needed. Since the inhomogeneity broadening is removed by the 7
pulse (section 3.1), in principle natural line widths for the proton re-
sonances are obtained.

This experiment is closely related to homonuclear J-spectroscopy as des-—
cribed in section 3.3, and is generally referred to as indirect J~spectros-—
copy. As is clear, proton multiplets with exactly the same chemical shift
can still be separated with this method if the directly coupled carbons have
different shifts,

As an illustration of the technique, in Fig.2.13 the indirect J-spectrum of

sucrose 1s shown.
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Fig.2.12 Pulse scheme for the indirect detection of homonuclear proton
coupling.
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Fig.2.13 Indirect J-spectrum of sucrose recorded at 50 MHz X3C frequency.
In the F; dimension the homonuclear proton multiplet structure is
present. In the F, dimension the frequency of a resonance line is
equal to the chemical shift frequency of the directly coupled car-
bon-13. The traces showing the multiplet structure of the protons
coupled to F4, F5, G, and G5 are distorted due to strong coupling
in the proton spectrum. From ref.(13).
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2.3 Correlation of chemical shifts through homonuclear scalar

coupling

The very first two-dimensional experiment, proposed by Jeemer in 1971 (14),
was a homonuclear shift correlation experiment. The experiment was later ana-
lyzed in detail by Aue et al. (15). Initially the experiment was proposed as
an alternative to homonuclear double resonance (16), i.e. for determining the
connectivity‘r patterns in homonuclear spin systems. As has subsequently been
shown (17) many analogies between these two types of experiments exist. Quite
a few modifications on Jeener's basic pulse scheme have been proposed recent-
ly, enlarging the applicability of the experiment. Modifications were pro-
posed for the determination of relative signs of coupling constants, detec-—
tion of very weak couplings, and for removing the homonuclear splittings
along the Fl-axis of the two-dimensional spectrum (17). Other modifications
were proposed with the purpose of limiting the size of the data matrix re-—
quired (18,19,20).

In this paragraph the basic pulse scheme and the most important variations
mentioned above, will be discussed. For a detailed description of the theory
of the experiment the reader is referred to ref.(15). In section 2.2.3 an
attempt will be made to explain the basic mechanism of the experiment via a
simple physical picture.

2.3.1 The basic_experiment

In its simple form Jeener's experiment employs the radiofrequency pulse

sequence
T-(@/2), -t - @/2), -t,,

where T is the experiment delay time between the end of acquisition and the
start of the next sequence, applied to a system of homonuclear coupled spins,
usually protons (Fig.2.14). The first T/2 pulse along the x-axis, applied to
a spin system in thermal equilibrium, creates transverse magnetization for
all allowed transitions mn, where }Mm - Mn[ = 1, and in which only one spin
changes its polarization. Mm denotes the total magnetic quantum number of
state m. All transverse magnetization components precess during the evolution

period with their characteristic angular frequency an around the z-axis.

According to the old definition of Anderson and Freeman (16), two transi-
tions are connected if they share a common energy level. In this section
the word transition rather than coherence will be used since it agrees bet-
ter with literature.
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Fig.2.14 ©Pulse scheme for the homonuclear shift correlation scheme. In the
original scheme of Jeener, the pulses are applied along the x—axis
(¢;,99= x) and the receiver phase (¥) is constant. For separating
the positive and negative modulation frequencies (quadrature Jeener).
the phases $;,92 and ¥ are cycled .according to Table 2.2.

At time £ the second (Tr/2)x pulse causes a redistribution of the coherence
corresponding to magnetization component mn among all coherences possible in
the spin system considered (Eq.[1.27] ). As derived by Aue et al. (15), the
amount of coherence that is transferred by this mixing pulse from coherence
mn to single quantum coherencé* kl is proportional to sin(ant1 + ¢kl,mn>
(see also section 1.2.3, Eq.[1.30] ). The phase constant ¢ is a multiple of
90° and depends on the connectivity of transitions mn and k1l (21,15). In
the new, extended definition by Aue et al. (15) any pair of tranmsitions in
a spin system of N non-equivalent coupled spin-} nuclei is either parallel,
or progressively or regressively connected. If mn and kl are transitions in
the same multiplet, the transitions are said to be parallel and the phase
constant ¢k1,mn equals 0°. If a spin A flips in transition mn and spin B
flips in transition kl, transitions mn and kl are regressively connected if
spin B in the states m and n has the same polarity as spin A in states k and
1; in the case of opposite polarity the transitions are progressively connec-
ted. Hence, if the two transitions belong to different multiplets, they are
either progressively or regressively connected. The phase constant ¢k1,mn
will then be -90° or +90° (15,22).

A magnetization component detected during tys rotating with angular fre-
quency le, then originates from all transverse magnetization components
present during £ and belonging to the same spin system:

y=1¢ SIH(antl * ¢kl,mn)exP(l‘letZ * lWkl,mn)’ [2.12]

S1t10%) = L Cy o

where the summation extends over all coherences present after the first m/2

pui;e. Y is in analogywith¢kl m 2 phase constant which is equal to 00,
>

kl,on

*
As will be discussed in chapter 4 the second T/2 pulse also creates mul-
tiple quantum coherence.
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-90° or 90% depending on whether transition k1l and mn are parallel, pro-

gressively or regressivly connected. C is a constant which equals zero

if k1 and mn belong to a different sym;iéis group (23) in the case of equi-
valent nuclei in the spin system. In the case of an N spin-j system with no
overlapping resonances and no equivalent nuclei all constants C will have
the same value.

In general all detected resonances can thus be modulated as a function
of t, by all frequencies generated after the first pulse. A two-dimensional
Fourier transformation will then produce a spectrum with resonance lines at
(an,le) if k1l and mn are transitions in the spin system of a single mole-
cule. Hence, if two nuclei A and X are coupled, two sets of cross peaks will
occur in the two-dimensional spectrum centered at (SA,SX) and (5X,6A) (Fig.

2.15). Because of the phase constants ¢ and Y in Eq.[2.12] the
kl kl,mn

phases of the different resonances in the’?; spectrum are different; if e.g.
the diagonal peaks are in the two-dimensional dispersion mode, the cross
peaks will be in positive or negative absorption mode. Longitudinal magne-
tization present at the end of the evolution period gives rise to signals
during t, which are not modulated as a function of t, and therefore cause
axial peaks (sectiom 1.2.3) at (O,6A>iJ/2) and (0,6X * J/2), not shown in

Fig.2.15.

2.3.2 Improvements of the basic_experiment

Since in the basic experiment as discussed in the previous section, the
detected signals are modulated in amplitude rather than in phase, it cannot

be determined whether the modulation frequency is positive or negative (sec—
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Fig.2.15 Schematic diagram of the Jeener spectrum of an AX spin system,
showing the diagonal peaks which have a dispersion shape in both
dimensions, and the cross peaks (circles) which have an absorption
shape in both dimensions but which alternate in sense (+,-). Dia-
gonal peaks are centred at the coordinates (8y,8,) and (8y,dyx)
while cross peaks are centred at (GA,éx) and (6X,6A). Cross peaks
indicate spin coupling between A and X. From ref.(17).
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tion 1.5.2). Therefore, to be sure, the spectrum has to be at one side of

the transmitter frequency, inferring single detection during t, and a twice

as large offset for the resonance line at the far end of the spectrum, compared
with a quadrature detection experiment. If the tramsmitter frequency is set

to the centre of spectrum, and quadrature detection is used during tys the
highest modulation frequency would be twice as low, requiring a sampling fre-

quency along the t -axis twice as low, and therefore a data matrix twice as

small . The probleA remaining now is to distinguish between positive and ne-
gative modulation frequencies. In this section a modification will be dis-
cussed which converts the amplitude modulation into phase modulation and
removes the axial peaks. Furthermore, attention will be paid to improving
the appearance of the spectrum by the useof digital filtering.

In a similar way to that described in section 2.2.3 for the heteronuclear
case, the sign of the modulation frequency can be determined by performing
additional experiments (T = (Tr/?.)X -t - (Tr/2)y - tz) (19) for which the

signal is described by

skl(tl,tz) = £; Ckl,mncos(gmntl + ¢kl,mn>exP(lelt2 + 1wk1,mn - in/2), [2.13]
where ckl,mn’ ¢k1,mn and Wkl,mn have the same values as in Eq. [2.12].

The difference of the two signals cof Eq.[2.12] and [2.13] gives

S (fyppty) = L 10y P (il ey = iy, | Jexpliffy oy + ¥, ). [2.14]

Eq. [2.14] represents a signal,phase-modulated as a function of £ from which
the sign of the modulation frequency is automatically determined in a two-
dimensional complex Fourier transformation. Since in Eq.[2.14] the frequency
terms le and an have opposite signs in front of them, this represents the
i%@’ coherence transfer echo part of the signal (section 1.3 and footnote section
2.2.3). Resonances which do not change their frequency during the 7/2 mixing

pulse (w wmn) will give rise to diagonal peaks in the two-dimensional

K1~
spectrum. The sum of the two signals of Eq.[2.12] and[2.13] would have given

identical signs for the two frequencies le and an in Eq.[2.14] , represen—
ting the antiecho component (section 1.3). Usually the coherence transfer

echo component is preferred because of the (slightly) higher sensitivity and

*
Note that the signal after the first Fourier transfomation S(t,,u.) con-

sists of complex data points, both in the case of single and quadfrature
detection during ty. Thus for the input of the second Fourier transforma-
tion a complex signal is always available.
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.

better resolution.

In order to eliminate the axial peaks at w = 0, due to longitudinal re-

1

laxation during t (section 1.2.3) a further phase cycling is required

1
(19,20) as indicated in Table 2.2. Thus at least four experiments are re-
quired for each value of t, in order to distinguish positive and negative
modulation frequencies and to eliminate the axial peaks.

Another solution, achieving the same goals but requiring only one experi~
ment for each value of s is the use of pulsed field gradients. The experi-
mental scheme is shown in Fig.2.16. The two identical pulsed field gradients,
just before and after the mixing pulse, ensure that during the detection
period only the coherence transfer echo component can be observed (24). The
second field gradient pulse defocusses all transverse magnetization which
originates from magnetization that was longitudinal just before the mixing
pulse, and which would have caused the axial signals. The sensitivity of the
experiment is not improved compared with the phase cycle version of Table 2.2,
but the minimum measuring time is shortend by a factor of four. In practice
good separation of positive and negative modulation frequencies and good sup-
pression of axial peaks will only be obtained if static magnetic field in-
homogeneity is very small compared with the gradients applied during the
field gradient pulse.

In order to eliminate artefacts due to errors in the quadrature detection
system, both the four—-step experiment and the pulsed field gradient experi-
ment can be repeated four times, incrementing all phases of pulses and re-
ceiver by 90° each time, analogous to the cyclops experiment proposed by
Hoult (8).

As an example, in Fig.2.17 the quadrature Jeener spectrum of the tricyclo-
decane derivative sketched in the inset is shown. Some couplings, for in-

stance those between protons A and B, A and K , and B and K are clearly vi-

Table 2.2 Phases ¢,, and ¢2 of the radiofrequency pulses in Fig.2.14 and
phase ¥ of the receiver, through which the experiment has to be
cycled for detecting the coherence transfer echo selectively and
suppression of axial peaks.

Experiment number ® ¢, ¥
- } X X X
2 X v -X

3 X -X x

4 X -y -X
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sible. Cross peaks close to the diagonal are obscured by the absolute value
tailing of the diagonal peaks. As discussed in the previous section, all
diagonezl peaks, originating from parallel transitions, have identical phases.
Therefore the absolute value calculation will show strong tailing for these
diagonal resonances. The cross peaks are naturally grouped into two-dimensio-
nal spin multiplets, in the simple case of Fig.2.15 a square pattern centered
at (GA,éx) or at (GX,SA), with a splitting J in both dimensions. The inten-
sities of the individual components alternate as indicated in Fig.2.15, with
the consequence that at large distances from these multiplet centres the dis-
persion contributions will cancel each other. Therefore these cross multiplets
will not show pronounced tailing in the absolute value mode. Another, more
important consequence, is that if the absorptionmode of two antiphase multiplet
components overlaps, partial cancellation will occur, and in the limit the
cross multiplet will vanish. It is therefore essential to ensure that the
digitization of the multiplet is sufficiently fine in both dimensions that
mutual cancellation is avoided. This condition sets limits to the minimum
sampling times needed along both time axes. In practice the length of the
sampling times should at least be of the order J-], in order to be able to
observe a cross peak originating from nuclei with coupling J.

When a wide range of chemical shifts has to be covered, this entails a
large data matrix, which is one of the principal limitations on the method.
As shown below, the antiphase nature of the multiplet components may be put
to good use in order to emphasize the cross peaks in comparison with diagonal
peaks. Consider again a two-spin system AX with scalar coupling J. The tran-
sition frequencies of nucleus A are le and 934, the frequencies of nucleus

X are 913 and 924. Four signals contribute to the AX cross multiplet:

512,13(t],t2), s]2’24(t1,t2), 534’24(t1,t2) and 534,]3(t1,t2). Because the

t/2) (71 2)y

| Fa
| A

Fig.2.16 Alternative scheme to distinguish between positive and negative
modulation frequencies and to suppress axial peaks using pulsed
field gradients (FG). The two pulsed gradients of equal length,
intensity and polarity select the coherence transfer echo component.
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Fig.2.17 Quadrature Jeener spectrum of the tricyclodecane derivative shown
on the inset, presented as an intensity contour plot.

- At the bottom left, marked P, is a spurious peak generated by the
overlap of the tails of two diagonal peaks. Gaussian weighting has
been used to avoid truncation effects. The spectrum is recorded at
200 MHz. The sample was kindly provided by Mr. P.L. Beckwith, Dyson
Perrins Laboratory, Oxford. From ref.(17).
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first and the third signal originate from regressively comnnected transi-

tions the phases ¢ and ¥ in Eq. [2.14] equal -90°. The second and fourth

element originate from progressively connected transitions and in these cases
o . . _ = - = -

¢ and ¥ equal 90 . Substitution of le— QA + 7nJ, 934~ QA nJ, Q Q mJ

24 "B
and @, + mJ in Eq.[2.14] and adding the four signals together gives for

137 8
the total signal contributing to the cross multiplet

s(tl,tz) =C 51n(thl)51n(WJt2)exp(—1QAt])exp(lﬂxtz) X [2.15])

x exp(~t1/T2)exp(~t2/T2),

where C is a constant.

In this equation also decay due to relaxation with time constant T2 is
taken into account.

Four signals contributing to the diagonal A multiplet are : le,lZ(tl’tZ)’
512’34(t],t2), s3&,34(t1’t2) and s34’]2(t‘,t2). They all originate from
parallel transitions and will have the value zero for the phase constants

¢ and Y. The sum of these four signals is then described by

- v - .
s(tl,t =C cos(thl)cos(WJtz)exp( 1QAtl)exp(1QXt2) x [2.16]

x exp(‘t]/Tz)exp(~t2/T2),

where C' is a constant with the same magnitude but different phase as the
constant C in Eq.[2.15].

From Egs. [2.15] and [2.16] it then follows that time domain weighting
functions which increase with time and reach a maximum after an interval
of the order of (ZJ)“l favour cross peaks at the expense of diagonal peaks.
Two filtering functions, designed to achieve this are the convelution dif-
ference filter (25) and the pseudo-echo filter (26) (section 1.7). In the
convolution difference filter, possibly used in combination with exponential

or Gaussian weighting, the time constant T.. as defined in Eq.[l.78] 1is

chosen to be equal to (2J)_I, where J is tgz largest coupling constant in
the molecule. Since the envelope of the time domain data is close to that of
a pseudo-echo (section 1.7.3), the tailing of the absolute value mode repre-
sentation of the diagonal peaks in the correlation spectrum is partially
suppressed. Since the shape of the filter is close to that of the envelope
of _the transferred signal, the weighting can be close to matched filtering
and a gain in sensitivity for the informative cross peaks is possible.

A window which modifies the time domain signal to a Gaussian pseudo-echo

(section 1.7.3) gives pure absorption line shapes in the absolute value mode,
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removing the tailing completely. As a demonstration, the data which resulted
in the spectrum of Fig.2.17 have been reprocessed, using the Gaussian pseudo-
echo window, yielding the spectrum of Fig.2.18. From this spectrum the pre-
sence of the couplings presented in the left column of Table 2.3 was deter-
mined. Since the time domain signal is symmetric with respect to £ and tz,
identical acquisition times and digital filtering along both time axes will
usually be chosen, leading to a spectrum with exact symmetry about the dia-

gonal (see Fig.2.18).
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Fig.2.18 Quadrature Jeener spectrum of the tricyclodecane derivative shown
as a contour plot. The pseudo Gaussian echo filter (Eq.[1.77b]) was
used in both time dimensions. The cross peaks indicate the spin
couplings listed in the left-hand column of Table 2.3.

From ref.(17).
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Table 2.3 Cross peaks indicating couplings as observed between protons in
the tricyclodecane derivative sketched in the inset in Fig.2.17.
The left column shows the cross peaks as found in Fig.2.18 while
the right coulumn shows the extra cross peaks visible in Fig.2.23.

Normal couplings Very weak couplings
AB, AI, AK AC, AJ

BA, BG, BI, BK BJ

CF, CH, CI, CJ cA

DE, DH, DJ DG

ED, EG, EH

FC, FH, FI FK

GB, GE, GJ, GK GD

HC, HD, HE, HF, HJ

1A, IB, IC, IF, 1J IK

Jc, Jp, JG, JH, JI JA, JB, JK
KA, KB, KG KF, KI, KJ

Interpretation of the spectrum

Note that if a cross peak shows up at coordinates (BA,éx) and (6X,6A)
that coupling is present between nuclei A and X. However, if no cross peaks
show up this does not necessarily mean that no coupling is present. Even in
the case of a large coupling between nuclei A and X, short transverse relaxa-
tion times of one of these two nuclei can cause such a rapid decay of the
signal that the intensity of the cross peaks is surprisingly low. This effect
can be increased by the use of the pseudo—echo window. As an example, the
cross peak between nuclei J and I in Fig.2.18 has a very low intensity,

while the coupling constant is about 9 Hz.

2.3.3 Flip_angle effects

When the second pulse of the sequence (the mixing pulse) has a flip angle
T/2 then magnetization is transferred to all other coupled spins, but it has
been shown theoretically (15) that if the mixing pulse has a small flip angle
then magnetization is transferred predominantly to directly connected tran-
sitions, those which share a common energy level. This considerably simpli-
fies the resulting two-dimensional spectrum. Furthermore, the transferred
magnetization is distributed over a smaller number of cross peaks and sensi-

tivity can be improved, provided that the flip angle is not too small. In
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practice a 7/4 pulse is a good compromise, giving both simplification and
good sensitivity.

This flip angle effect can be visualized by considering the mixing pulse
to be decomposed into a cascade (27) of selective pulses, each affecting only
a single transition. Consider the three-spin AMX system with energy level
diagram shown in Fig.2.19. The initial m/2 pulse is not decomposed into a
cascade, but simply creates precessing transverse magnetization in all the
allowed transitioms.

The mixing pulse of flip angle & applied to the AMX spin system of Fig.
2.19 may be represented as a cascade of twelve selective pulses:

a(12) a(46) a(35) a(78)
a(25) a(13) o(47) a(68)
o(26) a(58) a(l4s) a(37)

Each of these selective pulses can be described by an exponential fictitious
spin-} operator (28,29,30, App.I1II). For the present purpose, however, this

is not necessary. Using the arithmetic of fictitious spin-} operators it can
be derived that all the pulses affecting the A spins must be grouped together,
and similarly the pulses affecting the M spins and the X spins form separate
groups (App.III). However, the order of the three groups and the order within
any group can be permuted.

Attention may be focussed on the fate of one typical transverse magnetiza-
tion, Atr(l2), and although this precesses as a function of £ its amplitude
RO is all the needs to be considered here. Consider, first of all, magneti-
zation transfer to a typical connected transition Mtr(ZS). Not all the ele-

ments in the pulse cascade are involved, and it is sufficient to calculate

S

Y
®

Fig.2.19 The energy level diagram of a proton AMX system. Transfer of mag-
netization from A(12) to M(25) and M(68) is discussed in the text.

Fromref.(17).
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the effect of the cascade:
a(12) a(25) a(26) a(58).

The effect of a transition-selective pulse on a magnetization component is
explained in Appendix III. Suppose, for the purpose of convenience that the
o pulse is applied along an axis perpendicular to the orientation of trans-
verse magnetization component Atr(12). The first element o(12) converts
transverse magnetization Atr(]2) into longitudinal magnetization AZ(IZ) of
amplitude Rosincx(App.III) The second element a(25) converts one half of
this into transverse magnetization Mtr(ZS) of amplitude %Rosinza. The re-
maining two pulses withdraw magnetization from Mtr(ZS) (creating multiple
quantum coherence) leaving an amplitude éRosinzacosz(a/Z) (App.III).

A different sequence of events governs the transfer to a non-connected
transition Mtr(68)’ although the same four elements of the pulse cascade are
applicable. Transverse magnetization Atr(12) is converted into Mtr(ZS) by
the first two pulses with amplitude %Rosinza. But the third element «(26)
creates zero quantum coherence ZQ(56) with an amplitude %Rosinzasin(a/Z)
(App.III) and the last element 0(58) reconverts this into observable trans-
verse magnetization Mtr(68) with an amplitude éRosinza sinz(a/Zl A reversal
of the sense of the last two elements of the cascade would have given the
same result but by way of the double quantum coherence DQ(28). It is a gene-
ral rule that transfer to non-connected transitions involves double or zero
quantum coherence as an intermediate, whereas directly connected transitions
acquire magnetization by conversion of the longitudinal magnetization of a
connected transition.

As a result, the ratio of the intensities of connected cross peaks to that
of non-connected cross peaks is given by cotz(u/Z). Thus for a mixing pulse
of 45° the connected transitions are 5.8 times stronger. This is the setting
used in many of the experiments described below when good discrimination be-
tween connected and non-connected transitions is required, as in the deter-
mination of relative signs of coupling constants. When sensitivity is an
important consideration, a mixing pulse of 60° delivers higher intensities
in the cross peaks of the directly connected transitions. The intensities
of the indirectly connected transitions are in this case still a factor of
3 lower.

-Similar pulse cascade arguments can be used to predict the relative inten-
sities of parallel transitions, where magnetization is transferred between
component lines of the same spin multiplet. These lines are situated just off

the principal diagonal within a distance of the order of J. The general rule
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is that parallel transitions lose intensity compared with connected transi-
tions as the flip angle is reduced below T/2, but that certain parallel
transitions lose intensity faster than others, because they involve more
stages of magnetization transfer in succession. For example the transfer
from A(12) to A(34) gives A(34) magnetization equal to Rosinz(a/Z)cosz(u/Z),
while an amount equal to RosinA(a/Z) is transferred to A(78). In practice it
can be very useful to reduce the relative intensity of parallel transitions
so as to leave the region close to the principal diagonal clear in order to
search for cross peaks. Fig.2.20 shows an example of a spectrum where most
of the parallel transitions have been reduced below the threshold of the
lowest intensity contour. These results based onthe concept of pulse cascades

are consistent with the results derived more formally by Aue et al.(l5).

2.3.4 Relative signs_of _coupling constants

There is an interesting consequence of using small flip angles to restrict
the transfer of magnetization to connected transitions. In a system of three
or more coupled spins, if the appropriate splittings can be resolved, the
relative signs of coupling constants may be ascertained by inspection of the
Jeener spectrum. The basis of the method is the same as that of selective
decoupling experiments (31,32). Consider the AMX system of 2,3 dibromo-
propionic acid, where conventional double resonance and double quantum
experiments have established that the two vicinal couplings have opposite
signs to that of the geminal coupling (33,34). When the flip angle of the
mixing pulse is small, then AX cross peaks involving a simultaneous flip of
the M nucleus are of vanishingly small intensity; on the other hand for a
flip angle of /2 all 16 multiplet components are observed with comparable
intensity. The Jeener spectrum obtained with a small flip angle (Fig.2.20)
thus resembles a selective double resonance experiment where A and X are de-
coupled only in molecules with one of the spin states of the M nucleus, say
M(a) but not M(R). The local magnetic fields at the sites of the A and X
nuclei due to the couplings to the M spin must be in the same sense if
JAM-J > 0. Thus the corresponding displacements of the AX cross peak are

MX

in the same sense in the F1 and F2 dimensions. As a consequence, the line

connecting the two centres of gravity of the two AX sub-cross multiplets,

makes an angle smaller than 45° with the principal diagonal of the spectrum.

On the other hand, if JAM and JMX have opposite signs, the AX multiplets are

tilted in the opposite sense, and the line joining the centres of gravity

makes an angle greater than 45° with the principal diagonal. If either JAM



83

or JMX is vanishingly small, then the AX multiplet lies vertically on one
side of the diagram and horizontally on the other, and no sign determination
is possible.

Fig.2.20 shows the contour diagram for 2,3 dibromopropionic acid, first
for a mixing pulse flip angle of m/2, showing each cross peak made up of 16
components*, then for a flip angle of /4, where each cross peak has been
reduced to 8 components. (In the spectrum obtained at low flip angle, the
parallel transitions - where magnetization has been transferred within a
single spin multiplet - are absent, leaving only diagonal peaks which fall
exactly on the principal diagonal.) Each cross peak is made up of two groups
of four lines which form an exact square (compare Fig.2.15). It is the rela-
tive position of these two squares which determines the relative signs of
the coupling conmstant, each cross peak relating the signs of two coupling
constants. In the case of 2,3 dibromopropionic acid, JAX and JMX have like

signs, opposite to the sign of J the geminal coupling.

>
Once the principle of relativeAgign determination has been established in
a text book case like 2,3 dibromopropionic acid, it is readily applied to
more complex spectra simply by noting the tilt of the pattern of lines in a
cross peak. Fig.2.2] shows a contour plot of the spectrum of the tricyclo-
decane derivative (Fig.2.17) obtained with a mixing pulse of flip angle 45°.
The tilt of several cross peaks is indicated by the arrows.Arrows making an
angle smaller than 45° with the diagonal indicate like signs, those with an
angle larger than 45° opposite signs; an angle of 45° means that ome of the
two couplings involved is vanishingly small. The relative signs determined
from the spectrum in Fig.2.2] are set out in Table 2.4.
Table 2.4 Relative signs of certain coupling constants in the tricyclodecane

derivative determined by inspection of the slope of cross peaks
in the Jeener spectrum in Fig.2.2I.

Cross peak Couplings Sign

AK —1  J(AB) and J(BK) opposite

AT J(AB) and J(BI) opposite
AB J(AI) and J(BI) like

BK J(AB) and J(AK) opposite

BI J(AB) and J(AI) opposite

_ CcI J(CF) and J(FI) opposite
DE J(DH) and J(EH) like

*
Due to overlap multiplets in which the M spin is involved show only 12

components in the cross multiplets and 9 in the diagonal multiplet.
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The simplicity of the Jeenmer spectrum obtained with small flip angles for
the mixing pulse stems from the fact that each cross peak is basically from
an AX or AB spin system; all other splittings are passive and simply create
several independent AX or AB subspectra. In a more general case, groups of
two or three spins could be equivalent, leading to AZX’ AA'X spectra for

example.
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Fig.2.21 Jeener spectrum of the tricyclodecane derivative with the conditions
adjusted to determine the relative signs of certain coupling con-
stants. The mixing pulse was reduced to W/4 and a pseudo Gaussian
echo filter was used in both time dimensions. The arrows indicate
the approximate tilt of the cross peaks. The relative signs deter-
mined from this spectrum are set out in Table 2.4. From ref.(17).



85

As follows from the discussions in sections 2.3.1 and‘2.3.2, cross peaks
indicating weak long-range couplings will generally be (vanishingly) small.
Not only is the transfer from A to X proportional to sin (”JAth)exp(~tl/T2),
which will be small for unresolved long-range couplings, but also the trans-
ferred components start out in antiphase, giving a net magnetization propor-
tional to sin(ﬂJAth)exp(—tz/TZ), so that the detected transfer will be small
(Eq. [2.15]).

Assuming that JAX < (Tz)“l, it is easily shown that the transfer process
is most efficient at time t,= T,. Similarly it is found that the detection

1 2
process is most efficient at time ty= TZ' Therefore, in the pulse scheme of
Fig.2.14, using the pseudo echo window, the optimum setting for the centre
of the pseudo echo is near the points t,= T2 and t,= T2. However, this would

imply acquisition times along the tl—axis and tz—axis comparable to 2T2,
leading tc an unacceptably large data matrix. Fixed delays A can be inserted
at the end of the evolution and beginning of the detection periods (Fig.2.22),
changing the optimum setting for the centre of the pseudo echo to the points
t,= T2 - A and ty= T2 - A and thus limiting the acquisition times required

to ZT2 - 2A. Note that due to the coherence transfer echo effect, the trans-
fer and detection process 1is not influenced by static magnetic field inhomo-
geneity if diffusion in the sample is neglected.

The tricyclodecane derivative sketched in Fig.2.17 provides a rich field
for the investigation of long-range couplings. An estimate of the average
value of the real Tz being about 0.45 sec., the length of the delay A was
chosen to be equal to 0.3 sec. with acquisition times both equal to 0.3 sec.
Since sensitivity is a critical problem in observing long-range couplings,
the flip angle of the mixing pulse was set to be equal to 7/3. Fig.2.23

shows a spectrum obtained under these conditions. The couplings which can be

1/2)g, Do,
, | M(‘
R l"\f“\ L
I ]
l | il i
e sie s ———
t, = A A t,

Fig.2.22 The inserting of delays with fixed length A in the basic pulse
scheme to optimize detection of long-range couplings.
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detected in this sepctrum and not in the spectrum of Fig.2.18 are set out in

Table 2.3 in the column "very weak couplings'. Note that cross peaks due to

large couplings can be absent in this spectrum (e.g. BG) due to the fact that

Jt. and Jt. are close to an integer number for tt,= T2 -~ A, and the trans-—

1 2
fer will be small.

K J | HGFE D C B A

OHz

B Ay B AC i35

200 +

o
«00 5
02 %
[= o) :04
P CA

F1 400 A FK@

— TITOMMO OW

600 1 JK § i o g5 gE &l | J
JA

o= P aD
KJ KI  KF

80050 600 400 200 0 Hz

- F,

Fig.2.23 Jeener spectrum of the tricyclodecane derivative obtained under
conditions calculated to emphasize long-range couplings (see text),
shown as a contour plot. Pseudo Gaussian echo shaping of the res-
ponses was used in both time dimensions. From ref.(17).
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2.3.6 Broad-band_decoupling_in_the 3 dimension

Throughout the interval between radiofrequency pulses nuclear magnetiza-
tion vectors corresponding to the components of a given spin multiplet diverge
continuously at a rate determined by J. Suppose that this interval were to
be fixed at a value t, seconds, and a T refocussing pulse introduced after a

d

vaiable delay it, sec. (tI < 2td) after the initial 7/2 pulse (Fig.2.24). As

1
will be explained in section 3.1, in the case of a homonuclear coupled spin
system the angle between magnetization multiplet components in the transverse
plane remains unchanged if a T pulse is applied. Then, although the ampli-
tude of the transferred magnetization would depend on Jtd, there would be no
J modulation of the signal as t1 was varied. On the other hand, the effect

of the chemical shift would change, going from one maximum at 6= 0 to zero
when t1= %td {exact refocussing) and btack to a maximum again at t]= td. This
is explained in detail in ref.(35).

This is the basis of a method of broad-band decoupling in the Fl dimension
(36). It relies on the assumption that the coupling is first-order, otherwise
spurious responses are excited; in an AB spin system, for example, there is
a spurious response at the mean chemical shift frequency (37). By collapsing
all spin multiplet structure in the F1 dimension onto the appropriate chemi-
cal shift frequency, this greatly simplifies the Jeener spectrum, concentra-
ting the intensity of the multiplet components. The information that is lost
in that process is that discussed in the previous section - the relative
signs of the coupling constants, and certain cross peaks due to large coup~

lings for which Jt. is an integer.

d
In this method it is important to employ a mixing pulse of a small flip

angle (7/4) to avoid mutual cancellation of antiphase components within a

given cross peak. The usual phase cycling of the 7/4 pulse and the receiver

reference phase (Table 2.2) ensure that the coherence transfer echo is detec-

(2),  (m,, (74),,
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Fig.2.24 The pulse sequence used to obtaln Jeener spectra that are decoupled
in the Fy dimension. The delay tq is fixed and only ty and t, are
varied. A pseudo Gaussian echo shaping function is indicated in the
t; dimension. The phases of the T/2 pulse (91), the 7/4 pulse (d2)
and the receiver (¥) are cycled according to Table 2.2.
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ted. In addition, the m pulse is carefully calibrated and phase alternated
along the ty-axis of the rotating frame in order to avoid spurious responses
due to pulse imperfections (38). Figure 2.25 shows the effect of this broad-
band decoupling scheme on the Jeener spectrum of the tricyclodecane deriva-
tive.

The technique provides an attractive alternative to the established method
of obtaining decoupled proton spectra by 45° projection of two-dimensional

J-spectra (36). The Jeener spectrum with F, decoupling is simply projected

I
onto the Fl“axis. In this application highest resolution along the F -axis

is wanted, and the sampling time along the tl—axis (= th) is usuall; chosen
to be longer than the sampling time along the tz—axis. Figure 2.25 shows a
projection of the two-dimensional spectrum onto the Fl-axis together with an
indication of the spurious lines arising from strong coupling between protons
D and E. Since the 7 pulse reverses the angle through which a magnetization
component has precessed just before the m pulse, the sense of the principal
diagonal in the spectrum is also reversed.

A cross section through this Je. aer spectrum at an appropriate point pro-
vides a clear indication of the pattern of couplings to a given proton. For
example, if it is required to know which protons are coupled to proton J, a
single vertical cross section is taken so as to cut the principal diagonal
at the chemical shift of J. In practice it is rather better to extract a
vertical band of frequencies from the two-dimensional matrix (comsisting of
a number of cross sections), as indicated by the dashed lines in Fig.2.25;
the band is then projected horizontally onto the Fl—axis. This has the effect
of summing all the individual component lines in a given cross peak. The
result is a one-dimensional spectrum (Fig.2.26) which indicates the cross
peaks associated with proton J, each cross peak appearing now as a single
line. Not only does this show that proton J is coupledtod, B, C, D, H , I
and K, but it also gives an approximate estimate of the relative magnitudes
of the long-range couplings, as the acquisition parameters were optimized
for couplings of the order of the natural line width. The intensity I of

a peak depends analogous to Eq.[2.15] on the coupling J according to
2
I = C sin (Jtd)exp(—th/Tz). [2.17]

The problem in using Eq.[2.17] for an exact determination of the magnitude
of the coupling is that the constant C depends on the number of other nuclei
coupled to the nuclei under investigation and on the magnitudes of these

other couplings.
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and projected onto the Fj-axis in order to obtain
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Fig.2.26 The projection onto the Fi-axis of a narrow band of signals extrac-
ted from the data matrix of Fig.2.25 representing all the cross
peaks associated with proton J. This indicates that J is coupled
to protons A, B, C, D, H, I and K, and some indication of the rela-
strengths of these couplings can be obtained provided that they are
weak. An artefact appears between the chemical shift frequencies of
protons D and E because these protons are strongly coupled.

In agreement with Eq.[2.17] large coupling constants give anomalous intensi-
ties, for example the cross peak due to coupling between J and G is absent
in this trace. On the other hand, a weak spurious response is observed at
the mean chemical shift of protons D and E, attributable to strong coupling

effects.

2.3.7 The_Secsy_and_Focsy_ experiments

Two modifications on Jeener's original experiment have been proposed by
Ernst and co-workers. Both modifications have the purpose of limiting the
size of the data storage space required. The first modification proposed was
named Spin echo correlated spectroscopy (Secsy) (18,20). More recently another
modification has been proposed, called Foldover corrected correlated spectros-—
copy (Focsy) (20). Both modifications employ basically the same two-pulse
scheme as initially proposed by Jeener (14) (Fig.2.14). In both the Secsy
and Fecsy experiments the coherence transfer echo is detected selectively by
cycling the phases of the second radiofrequency pulse and of the receiver in
the way described in section 2.3.2 (Table 2.2). It will be shown that both
modifications proposed can only be advantageous in certain uncommon cases,
while in general the quadrature Jeener experiment as proposed in section 2.3.2

is a better alternative.
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The Secsy experiment

The Secsy experiment employs the standard pulse sequence of Fig.2.14, but
with acquisition (and thus tz) starting at the midpoint of the spin echo, at

time t, = tl in the original experiment (Fig.2.27). Substitution of

2

t,= té + t;/2 and t,= t;/2 in Eq. [2.14] gives for the new time domain signal
r 1 = - o - 1 : v

Skl(t]’tz) 5; lckl,mnEXp{ 1(an le)tl/Z + leltZ + [2.18]

. .
1wk1,mn l¢k1,mn}'
As 1is clear from this equation, the acquired signals are modulated in phase

as a function of t! by frequency (an - le)/éﬂ , which is thus equal to half

the difference in érequency between the two correlated transitions. Assuming
identical transverse relaxation times T, for transition kl and mn, the signal
decay as a function of t, is in the quadrature Jeener experiment and in the
Secsy experiment described by the factors exp(~t1/T2) and exp(—t;/Tz). Neglec—
ting the effect of field inhomogeneity, the line width along the Fl—axis in
the Secsy spectrum is thus the same as in the quadrature Jeener spectrum,
but the difference in frequency between the two resonances, and thus the
resolution, is halved. This is a disadvantage because high resolution along
the F]~axis is necessary to avoid mutual cancellation of cross peaks which
have opposite intensity. A second disadvantage of this experiment is that
the first half of the coherence transfer echo is not acquired, decreasing
the sensitivity significantly. Diagonal peaks as mentioned in section 2.3.1
now lie on the line F.= 0. As an illustration a Secsy correlation spectrum
of 2,3 dibromopropionic acid is shown in Fig.2.28.

As follows from Eq. [2.18] the spectral width along the Flﬁaxis (and thus
the sampling frequency (At;)'—1 along the tl—axis) has to be larger than the

maximum difference in chemical shift frequency between coupled nuclei, in

(n/2),, (W2,
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Fig.2.27 Pulse scheme of the Secsy experiment. The phases of the pulses and
the phase ¥ of the receiver are cycled according to Table 2.2.
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order to avoid folding. This compares with twice the maximum offset frequency
of a resonance line of interest in the quadrature Jeener experiment, as dis-
cussed in section 2.3.2. Hence, the sampling frequency along the tl—axis in
the Secsy experiment can often be lower. However, since resonance lines along
the Fl-axis are only separated by half their difference in transition fre-
quency, the resolution is a factor of two lower. In order to double the reso-

lution, a sampling time along the t -axis at least twice as long compared

1
with the quadrature Jeener experiment is required.
In conclusion it can be said that in order to obtain a reduction of the

size of the data matrix by using the Secsy experiment, maintaining the same
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Fig.2.28 Homonuclear correlation spectrum of 2,3-dibromopropionic acid,
obtained with the Secsy experiment. The diagonmal in the normal
Jeener spectrum now lies on the line Fy= 0. A cross peak at (F;,Fj)
indicates coupling between nuclei with resonance frequencies Fp

and 2F1 + F2. (Compare Fig.2.20). (Spectrum recorded by T. Mareci).
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digital resolution, the maximum difference in frequency between two coupled
nuclei has to be less than half the spectral width. This is not commonly the
case in practice. The main disadvantages of the Secsy experiment are the loss
in resolution {(due to relaxation in the second half of the t;—period) and

the loss in sensitivity due to the fact that the first half of the coherence

transfer echo is not sampled.

The Focsy experiment

The Focsy experiment has been proposed more recently (20) and gives the
same resolution and sensitivity as the quadrature Jeener experiment. Actually,
the difference between these two experiments is only a software routine for
spectrum modification , applied after a normal quadrature Jeener spectrum 1is
obtained as described in section 2.3.2. The computer routine has the purpose
of correcting folding errors along the Fl—axis. This routine changes the
coordinates in the 2D frequency spectrum according to (w;,wé) = (wl - wz,wz).
The diagonal which is originally on the line w,= w is now transferred to

1 2°

w = 0, and the modified spectrum looks similar to a Secsy spectrum. As the

authors point out, the main trick is that if ]ml - uZE/Zﬁ is larger than half

l—axis, the w;~coordinate 1s increased or

decreased by an integer multiple of 27T(A1:1)“1 in such a way that it fits

the sampling frequency along the t

again into the normal spectral region, and certain folding errors are correc-
ted. A closer analysis shows that the sampling frequency along the tl-axis
in this case has to be larger than twice the maximum difference in shift fre-
quency between two coupled nuclei. Comparing this with the sampling frequency
in the quadrature Jeener experiment, which is equal to the spectral width of
the region of interest, shows that a reduction of the size of the data matrix
is only possible if the largest difference in shift frequency between two
coupled nuclei is smaller than half the spectral width of the region of inte-
rest. Since this is not commonly the case in practice, this modification is
not recommended either for general use.

The interpretation of frequencies measured in Secsy or Focsy 2D spectra is
less straightforward than in the quadrature Jeener spectrum, since two tran-—
sition frequencies now determine the frequency of a cross peak along the F -

1
axis.
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2.4 Correlation of chemical shifts through exchange and

cross relaxation

Apart from the scalar interaction, signals originating from nuclei can be
correlated because the nuclei exchange their position in the molecule or be-
cause of cross relaxation between the nuclei. Determination of cross relaxa-
tion effects appears to be a very powerful tool in solving assignment and
conformation problems in large biochemical molecules as proteins. A scheme
to detect the presence of exchange or cross relaxation non-selectively by
means of a two-dimensional experiment has been developed by Ernst, Jeener et
al.(39,40,41). Because nothing has been contributed to this technique by the
author and because a detailed theoretical description of the experiment
exists (39), only a short and simplified description of this important expe-
riment will be given here.

Before describing the experiment, it should be mentioned that the effects
of chemical exchange and cross relaxation on the eventual 2D spectrum are
analogous. Cross relaxation is caused by dipole-dipole coupling and cross
relaxation rates are a measure of internuclear distance and of mobility in
a molecule, and do not depend on the number of bonds involved. This means
that different information compared with the methods described in sections
2.2 and 2.3 is obtained.

The pulse scheme is shown in Fig.2.29. Consider a spin system consisting
of two isolated homonuclear spins A and X, without any scalar interaction
but with mutual cross relaxation. The effect of spin A on spin X during the
pulse sequence is briefly discussed below. In the case where the first two
m/2 pulses are both applied along the x-axis, the longitudinal magnetization

of nucleus A, MZA(tl), just after the second (TY/Z)x pulse 1is given by

(t ) = Acos(Q tl)’ [2.19]

(u2),, 2),  (U2),

a Ahﬁ[\[\ﬁ/\\/\ v
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Fig.2.29 Scheme for homonuclear correlation spectroscopy based on exchange
or cross-relaxation. During the delay & a pulsed field gradient 1is
applied. To distinguish between positive and negative modulation
frequencies and to eliminate axial peaks, the phases ¢;,¢, and the
receiver phase Y are cycled according to Table 2.2 (sectlon 2.3.2).
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where Mo, and QA are the thermal equilibrium longitudinal magnetization and
the angular chemical shift frequency of nucleus A. During the mixing pericd
with length A, cross relaxation with nucleus X takes place, changing the
longitudinal X magnetization by an amount CIMZA(t]) , where C is a constant
depending on the cross relaxation rate. Just before the final pulse the

longitudinal X-spin magnetization is thus given by
] -
sz(tl) = f(MZX(tl)) + C:MZA e, [2.20]

where f(MZX(tl)) is a function depending on the relaxation of nucleus X
during the delay & and the distortion of the X-spin magnetization by the
first two pulses in the sequence. It is the second term at the right-hand
side of Eq.[2.20] that is the term of interest, since this is due to the
cross relaxation from nucleus A to X. A third (‘IT/Z)X pulse converts this
term into transverse X magnetization which is, using Eqs. [2.19] and [2.20},

given by

s = C MOAcos(QAtl)exp(iQth). [2.21]

ax(Eoty)
As is clear from Eq.{[2.21] the amplitude of the detected X-spin magnetization
is modulated with frequency QA as a function of t,- The amplitude modulation
is readily converted into phase modulation by stepping the phases of the r.f.
nulses in Fig.2.29 as indicated in Table 2.2, analogous to the quadrature
Jeener experiment described in section 2.3.2. The phase-modulated signal is
then described by

SAX(tl,tz) = -iC MOAexp(-iQAtl)exp(iﬂxtz). [2.22]

A two-dimensional Fourier transformation will then result in a spectrum with
cross peaks at (QA,QX) if the constant C is not equal to zero, i.e. if cross
relaxation took place during the mixing period £. In order to eliminate cor-
relation through scalar coupling as discussed in section 2.3, a field gradient
pulse is applied during the mixing period A, destroying all coherences of or-
der greater than zero.

It is in practice very hard to get quantitative results for relaxation or
exchange rates from this experiment. A practical problem in performing the
experiment is a proper choice for the length of the delay A of the mixing
period. Looking at large peptides, a good approach for this problem appears
to be to perform several experiments with a variety of values, e.g. 0.05, 0.1
and 0.3 sec. The first spectrum will then give only cross peaks for nuclei

with a high cross relaxation rate (internuclear distance 2 - 3 2) while the
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Fig.2.30 Shift correlation spectrum based on cross-relaxation

chrome c. From ref. (43).
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experiments with longer A delays will give a larger number of cross peaks due
to the fact that lower cross relaxation rates, corresponding to internuclear
distances for protons of up to 5 X, also give cross peaks of significant in-
tensity (41).

Since no opposite intensities occur within the cross multiplets, as present
in the homonuclear scalar coupling correlation spectroscopy (section 2.3.1),
no destructive interference in the cross multiplet takes place, and no need
exists to resolve the individual multiplets in the 2D spectrum.

Looking at smaller, organic molecules, the choice for the length A of the
mixing period will be in the order of the longitudinal relaxation time T1 of
the nuclei involved (42).

In principle the experiment can also be used in the heteronuclear case,
investigating e.g. cross relaxation between ]3C and ]H. No results obtained
by the heteronuclear version of this experiment have been published until to
date.

Fig.2.30 shows a typical example of a 1H 2D spectrum obtained with the

cross relaxation based correlation spectroscopy. The molecule under investi-

gation is ferrocytochrome c, a biomolecule with an M.W. of about 12.500.
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3 J-SPECTROSCOPY

3.1 Introduction

In principle J-spectroscopy can be considered as a special case of chemi~
cal shift correlation spectroscopy. However, because the spectra obtained
with J-spectroscopy generally show features quite different from the spectra
described in the previous chapter, and because the theory is usually described
differently too, this class of experiments is presented in a separate chapter.

In a conventional NMR spectrum of a molecule in a liquid, the positions
of resonance lines are usually determined by two parameters, the chemi-
cal shift § of the nucleus involved and the scalar interaction J with other
nuclei in the same molecule. All two-dimensional J-spectroscopy experiments
have in common that these two parameters, or linear combinations of them,
are separated along the two axes of the two-dimensional spectrum, enabling
a direct and unambiguous determination of both J and §. Multiplets which
are overlapping in the conventional spectrum can be separated in the 2D
spectrum if the corresponding chemical shifts are different. Many experi-
mental schemes have been proposed for both homonuclear and heteronuclear
coupled spin systems (l1-14). Most of these schemes create a spin echo by
means of a 7 pulse. Therefore first a simple explanation of the spin echo
effects, i.e. refocussing and echo modulation will be given.

Throughout the whole chapter it will be supposed that coupling between
all nuclei is weak, and again relaxation is neglected, unless stated other-
wise.

As was already shown by Hahn (15) in 1950, spin echoes occur if two or
more radiofrequency pulses, spaced by a time delay, are applied to a spin
system in an inhomogeneous static magnetic field. As an example the effect
of a (TT/Z)X - t1/2 - (T.’)y - t]/Z sequence (Fig.3.1) applied to a set of

isolated spins in thermal equilibrium will be explained.

(m/2), vy

i } ! ::d
; z }
|
- o .
T2 42 t;
Fig. 3.1 Sequence generating a spin echo at a time t} after the initial 7/2

pulse. This sequence is the basic scheme of homonuclear J-spectros—
copy.
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Fig. 3.2 The rotation during the sequence of Fig.3.l of two isochromats of a
sample consisting of non-coupled spins (a-d) in an inhomogeneous field
and (a'~d') the rotation of the two components of a homonuclear doub-
let in a homogeneous magnetic field. The figures a-d correspond to the
times a-d indicated in Fig.3.l. The isochromats are refocussed along
the y-axis at time d, while the doublet ComponentsthenhavephasesiﬁJH.

T

(7/2), My

'H SATURATION | | DECOUPLING
:
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Fig.3.3 Pulse sequence of the proton~{lip experiment.

In Fig.3.2a it is visualized how the first (7?/2)X pulse brings the longi-
tudinal magnetization, initially present along the z-axis, into the y-axis

of the rotating frame. This magnetization can be considered as a sum of
vectors, each representing spins in a particular region of the sample, with

a characteristic strength of the magnetic field. In Hahn's nomenclature each
of these vectors is an isochromat. During the period t]/2 these isochromats
diverge, since each has a slightly different precession frequency, due to

the inhomogeneity of the static magnetic field. This is indicated in Fig.3.2b
by a fast and a slow isochromat, labelled F and S. The (v)y pulse at time tl/Z
rotates each isochromat through an angle T about the y-axis. This means that
row the fast isochromat lies behind the slow (Fig.3.2c). Assuming the position
of both corresponding spins to be unchanged (i.e. no diffusion), and thus
their difference in frequency still the same, it takes another time t1/2

for the fast isochromat to catch up with the slow one. All isochromats will

then be aligned along the y=-axis again at time t, (Fig.3.2d), thus forming

1
a spin echo. Thus, refocussing occurs and effects of chemical shifts and

inhomogeneity of the static magnetic field are eliminated at time £, after
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the (77/2)X pulse. Due to transverse relaxation, the magnitude of the magneti-

zation will have decreased a factor exp(—tl/Tz) compared with the initial
magnetization.

As pointed out by Hahn and Maxwell in 1952(16), in the case of a homo~
nuclear coupled spin system, the echoes will be modulated by homonuclear
coupling. This modulation effect will be briefly discussed below. As the
effect of refocussing due to a 7 pulse has been discussed above, in the
following discussion the effect of field inhomogeneity will be neglected.
Consider for example a homonuclear system of two coupled nuclei with chemi-

cal shift frequencies ,/27 and QX/2ﬁ and mutual coupling J. The coupling

A
is assumed to be weak, i.e. (QA - QX) >> 2 mJ. The effect of the sequence of
Fig.3.1 on the two magnetization components of the doublet of nucleus A,

~

labelled A and B, corresponding to respectively state o and § of the X-nucleus,
will now be analyzed. Just before the (TT)y pulse the two components will

have positions as indicated in Fig.3.2b'. The (Y)y pulse rotates the magneti-
zation components to mirror image positions with respect to the y-axis.

Apart from that, the (T)y pulse has an additional effect: the state of the
coupled spin X is inverted. The component -\ rotating with frequency

(QA/ZW - J/2) before the (TT)V pulse, will be coupled to a spin in state B
after the (TT)V pulse and then precess with frequency (QA/2F + J/2), 1i.e.

the frequency of component B (Fig.3.2c'). At time t. (Fig.3.2d') this doublet

1

component will then have a phase 7Jt and similarly the other component will

1’

have a phase —FJCI. The multiplet components are thus modulated in phase as a

function of t- This is the basis of most experiments discussed in this chapter.
The echo modulation only occurs in the case of homonuclear coupling; in

the case of heteronuclear coupling, the second nucleus coupled to the one

under observation, will not flip its state. In the heteronuclear case the

echo modulation can be restored by applying a 7 pulse to this nucleus too,

as shown in Fig.3.3.

3.2 Heteronuclear J-spectroscopy

The proton-flip experiment has been proposed by Bodenhausen et al. (4)
and Kumar et al. (5) and its experimental aspects have been described in a
series of papers (6-8, 17). The method emplovs the pulse sequence of Fig.3.3.
In principle the experiment can be applied to any set of heteronuclear coupled
spins, but until now it has been mainly used for studying spin systems con-—
sisting of coupled protons and carbon-13 nuclei, observing the 13C signal.
One might expect the spin echces in this case to be modulated by both homo-

1

. . 13 . .
and heteronuclear coupling, but since the C nucleus 1s quite rare, the
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homonuclear modulation is almost absent in this case, and will be neglected
in the following discussions.

The frequency of an arbitrary ]3C multiplet component can always be written
as Q/2m + E m.J;, where 2/2m denotes the chemical shift frequency, m, the
magnetic quantum number of proton 1 and Ji the coupling constant with proton 1i.
Just before the 13C (ﬂ)y pulse in Fig.3.3, magnetization corresponding to

this multiplet component will have accumulated a phase ¢ given by
= + '
¢ = (R 27‘[? miJ.)e, /2 [3.1]

where m} denotes the magnetic quantum number of proton i before the proton
T pulse.

The angle ¢ is inverted by the 13C (Tr)y pulse and the magnetic quantum
number of the protons is inverted by the proton 7 pulse. The new frequency
of the magnetization considered after the proton T pulse is then equal to
Q/2m+ L m;J;, withm = -m’.

At time £, in the pulse sequence of Fig.3.3 this component will have ac-
cumulated a phase 2ﬂt1§ miJi' If broad-band decoupling is started at time t
this component will continue rotating with angular frequency { and the time

domain signal for this component is given by
s(tl,tz) = Moexp(2ﬂ1§ miJit])exp(lﬂtz) [3.2a]

Clearly this is a case of phase modulation (section 1.5.1), from which a
two—-dimensional Fourier transformation will generate a phase-twisted re-
sonance at position (§/2m, I miJi). As shown below the signal can be con-
sidered as being modulated ;n amplitude, enabling the recording of 2D=spectra
in the double absorption mode.

In the case where the coupling among the (non-equivalent) protons is weak,
the 13C multiplet structure will be symmetric and there will always be a
counter—partner for each multiplet component of equal magnitude M coupled

to protons i' with magnetic quantum numbers opposite to those of the original

component (m}= -mi). The time domain signal for this component is described by
¥ . - . .
s (tl,tz) = Moexp( 2ﬂ1§ miJitI)eXP(thZ) [3.2b]

The sum of both components is given by

+ .
s (tl,tz) = ZMOCOS(ZH§ miJit1>eXP(th2) [3.3]

which represents a signal modulated in amplitude.
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As explained in section 1.5.2 a two-dimensional Fourier transformation can

then generate a spectrum in the double absorption mode. The position of a
L . 13 . . .

resonance along the Fz—ax1s is determined by the C chemical shift, while

along the F,-axis the multiplet structure appears. Apart from digitization

1
problems the resonance lines will have natural width along the Fl—axis because,
neglecting diffusion, static magnetic field inhomogeneity is eliminated by
the refocussing pulse applied to the 13C at time tl/Z. Line widths in the
Fz—dimension are mainly determined by transverse relaxation, inhomogeneity
broadening and poor decoupling.
For large spin systems the transverse relaxation times of coupled spins
are often short because of scalar relaxation through the protons (18), making
it impossible to resolve the indirect ]3C—IH couplings. Line-widths are
apparently increased by very small unresolved long-range couplings. The poor
resolution due to scalar relaxation and unresolvable long-range couplings
will be identical for the multiplet structure in the two-dimensional spectrum.
In the case where the coupling between the protons is strong, the simpli-
fied discussion about echo-modulation given in section 3.1 1s not valid (17).
In this case the stationary wave functions of the spin system are not simply
given by basic product functions of the individual spins, but by linear com-
binations of these (section 3.3.3). A spin inversion of all the protons by
means of a 7 pulse causes a stationary wave function, describing a certain
state, to become a linear combination of stationary wave functions. This
implies that a certain multiplet component before the proton 7 pulse will
be split into several components rotating with different frequencies (section
3.3.3).A much more complicated fine structure of the multiplet will occur

along the F -axis of the 2D spectrum in this case. A detailed analysis of

1
this effect is given in ref.(17).

Apart from the proton-flip, another method has been proposed by Bodenhausen
et al. (3), which 1is based on a similar echo-modulation. The pulse scheme
of this so-called gated—-decoupler experiment is shown in Fig.3.4. This method
differs from the proton-flip experiment in the fact that during the first
half of the evolution period broad~band decoupling of the protons is applied
and no lH pulse. In Fig.3.5 the behaviour of the two components of a ]3C

doublet during the sequence is shown, while for simplicity field inhomogene-

ity is neglected.



104

1
H SATURATIONR DECOUPLIIOI [DECOUPLIIG

0t/ 2), (7y §
i
i
3C ; AAAAQAAA
~
1 ;: |
T N E M

Fig.3.4 Pulse scheme of the gated~decoupler experiment.

The (Tr/Z)x pulse turns both multiplet components along the y-axis (Fig.3.5a),

then during the first half of t, they will both precess with the same chemi-

cal shift /27 since proton decéupling is applied during that period. At

time t1/2 the (T)y pulse to the l3C inverts the phase Qtl/Z of both components
(Fig.3.5b). Then for a time t]/2 no decoupling is applied and the components
rotate with angular frequencies  * mJ and have accumulated phases tﬂjtx/z

at time t, (Fig.3.5c). Since from then on proton decoupling is switched on
again, both components will precess during the detection period t, with identi-

cal angular frequencies Q. Just like in the previous section (Eqs%[3.]]—[3.3k
the detected signal can be considered as either originating from a single
component modulated in amplitude by cos(ﬂJt]/Z) or from the sum of two com—
ponents with opposite phase modulation. As will be shown at the end of this
section, this last picture will be helpful in analysing the effect of strong
coupling among protons, possibly present in the case of a more complicated
spin system.

In the case of weak coupling the assumption of pure amplitude modulation
is justified and a two-dimensional absorption spectrum can be obtained in
the usual fashion (section 1.5.2). Because the frequency of the amplitude
modulation in this experiment is equal to only half of the modulation fre-
quency in the proton-flip experiment, the multiplet lines will be separated

along the F]-axis ocnly by half the coupling constant, therefore in principle
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Fig.3.5 Rotation of the two components of a carbon-13 doublet during the
gated—-decoupler sequence of Fig.3.4 (see text).
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Fig.3.6 Experimental scheme of the foldover gated-decoupler experiment.
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decreasing the attainable resolution by a factor two (see section 3.2.4).

The effect of strong coupling among the protons

The effect of strong coupling among protons in a molecule where a ]3C nucleus
is present* on the eventual two-dimensional spectrum can be analyzed in a
simple way. In this case the 3¢ multiplet structure can be asymmetrical
about the chemical shift frequency. As a consequence, at the end of
the evolution period there are no pairs of magnetization components
with exactly opposite phases with respect to the y-axis. Therefore in this
case the experiment cannot be treated as amplitude modulation, but each multi-
plet component has to be considered separately as a phase-modulated signal.

The frequency of this modulation equals half the difference in frequency
between the multiplet component considered and its chemical shift frequency.
This implies that the multiplet structure along the Fl—axis in the case of
strong coupling is identical to the multiplet structure in a conventional
experiment. Because of the phase modulation no absorption spectra can be
obtained in this case (section 1.5.1). However, a single cross—section
through the 2D spectrum parallel to the Fl°axis at the chemical shift fre-
quency of a certain carbon-13 can be phased just like conventional one-
dimensional spectra to yield a pure absorption multiplet structure. Freeman
et al. (12) developed a modification on the gated~decoupler experiment which
does make it possible to produce a complete two-dimensional absorption spectrum

in the case of strong coupling.

3.2.3 The foldover gated-decoupler experiment

One of the earliest two-dimensional experiments proposed in literature
(1975) was a gated-decoupler experiment without a refocussing pulse (1) (Fig.
3.6). It was much later before the practical use of this experiment was
pointed out by Miuller (l14). The theory of this experiment is quite analogous

to the normal gated-decoupler experiment. During the time t, the proton-—

coupled magnetization vectors rotate with their characteriséic frequency,
determined by both chemical shift and J-coupling. Then during the detection
period broad-band decoupling of the protons is applied, and all 13C multi-
plet components will precess during that period with the chemical shift
frequency. The vector sum of all multiplet ccmponents will thus be modulated

as a function of t],both in amplitude and in phase (section 1.5.3). However,

These are the protons giving rise to the carbon-13 satellites in conven-
tional proton spectra.



the detected signal can also be considered as the sum of a set of com=-
ponents, each component being only modulated in phase with its precession
frequency during the evolution period. Therefore phase modulation of the
detected signal occurs with the frequencies of the proton coupled spectrum.
Hence, the chemical shift frequency is now present along both axis of the
2D spectrum, and a high sampling frequency along the tl—axis is needed to
avoild folding, inferring a very large data matrix. Muller proposed a solu-
tion for this problem by allowing a lower sampling frequency along the
t]—axis and correcting then for the consequent folding errors by a data
manipulation trick (14). Another possibility to avoid the folding problem

altogether and still allowing a low sampling frequency is presented in

ref. (19).

In Table 3.1 some properties of the three different experiments are
shown. Which experiment should be chosen in a particular case depends
mainly on the multiplet resolution required. Two different cases can be
distinguished: First the study of the fine structure of the multiplet,
for the investigation of long-range couplings and second, the determina-
tion of only the multiplicity, i.e. the number of protons directly bonded

to a carbon-13.

Table 3.1. Comparison of the properties of the proton-flip, the gated-
decoupler and the foldover gated-decoupler experiments.

proton-flip gated-decoupler foldover
gated-decoupler
Attal . .
alna?le good medluml medium |
resolution
2D Absorption yes yes? no
Critical es med ium
settings Y ne
Simplicity medium® good good
of spectrum

Depending on the spectrometer (see text)

" Depending on the problem (see section 3.2.2)

3
4

“To avoid artefacts in the 2D spectrum (see section 3.4)

Only in the case of strong coupling among the protons (see text)
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Fine structure

As can be seen in Table 3.1, in the case of weak coupling among the protons
the proton-flip experiment should be preferred, because of the highest re-

solution along the F.-axis. In the case of strong coupling among the protons

I
the different and sometimes complicated multiplet structure obtained with

the proton-flip experiment can be confusing, and it can be better to use
the gated-decoupler or the foldover gated-decoupler experiment. Comparing
these last two methods does not give exclusive preference to one of them.
In both experiments it is possible to phase the appropriate multiplet cross-—

section to the absorption mode. The line-width along the F ~axis in the

Tll

foldover gated-decoupler experiment is equal to (ﬂTZ)— + (WTZC 1, where

Pl)
cpl denotes the transverse relaxation time of the coupled resonances, and
an extra field inhomogeneity decay with time constant T; is assumed. In the
. . . . -1 -1
gated-decoupler experiment the width is given by (ﬂTzdeC) + (ﬂTchl) s

T2

where Tzdec describes the relaxation of the decoupled carbon-13 resonance.
Hence, if Tzdec > T; the normal gated-decoupler experiment should be pre-
ferred.

Because of the poor sensitivity in the application to high multiplet re=-
solution, acquisition time along the t2~axis should at least be equal to

the decay constant T; of the decoupled resonances. Because a high resolution
along the F]~axis is wanted, a long acquisition time along the tl—axis is
required too. In practice these two facts will often lead to a very large

data matrix.

Multiplicity

If the only purpose is to determine the number of protons directly bonded
to a 13C only a low resolution of the multiplet structure (20-40 Hz) is re-
quired. A sampling time along the t)~axis of 25 to 50 msec. for the proton-
flip and foldover gated-decoupler experiment, and 50 to 100 msec. for the
normal gated-decoupler experiment is usually sufficient. Choosing a longer

sampling time along the t,-axis will unnecessarily lengthen the experiment,

1

use a larger data matrix and decrease the sensitivity.

Consulting Table 3.1 shows that in this application the gated-decoupler

experiment is the best one to use.

In favourable cases, the sensitivity of the experiment is higher than for
. . . 13 . .

a- conventional proton-coupled one-dimensional C spectrum, since in the

two-dimensional experiment the decoupled resonances are recorded, which

often decay much slower than the proton-coupled 13C signal.
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Fig73.7 The conventional one-dimensional carbon-13 spectra of 5a -andrcstane
at 50 MHz (a) proton-coupled and (b) proton-decoupled.
(c) A stacked trace plot and (d) a contour plot of the two-dimensio-
nal J-spectrum obtained with the gated-decoupler sequence.
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1 . . . .
Because the 3C multiplet width 1s usually smaller than 500 Hz, a sampling

frequency along the t -axis of 500 Hz (At]= 2msec.) 1is usually sufficient

1
for the proton~flip and foldover gated-decoupler experiment, while only
250 Hz (At]= 4msec.) is needed in the normal gated-decoupler experiment.
This means that usually 12 to 25 different tl~va1ues are sufficient to ob-
tain the required information. As a consequence only relatively small data
matrices are needed in this case.

As an illustration the normal gated-decoupler experiment is applied to
S50 - androstane. The data were obtained from an experiment with 24 t,-
increments, lasting 24 x 3 seconds. In Fig.3.7 both a contour plot and a
stacked trace plot are shown. Making the contour plot takes less time but
can easily miss the outer lines of the quartets if the treshold is not
properly chosen. As a comparison Fig.3.7 also shows the conventional 1H~

coupled spectrum, obtained in the same measuring time.

3.3 Homonuclear J-spectroscopy

In homonuclear J-spectroscopy there exists only one basic scheme (2) on
which a few modifications have been proposed (9-11, 13). The basic pulse
scheme is shown in Fig.3.1. As has been explained in the introduction of
this chapter, the phase of the magnetization components of a doublet at
time T, equals = ﬂJtl. More generally the phase of a multiplet component

at frequency /27 + I m,J. is given by 27L m.J.t This means phase modu-
i

=
lation at a frequenc; % m.J., and therefore a two-dimensional Fourier
transformation of the time domain signal from this component will give a
resonance line in the two-dimensional spectrum at (2ﬂ§ miJi, Qo+ ZWE miJi)
if /271 is the chemical shift frequency of the nucleus involved. The peak
positions for a proton AX2 spin system in a two-dimensional J-spectrum are
schematically shown in Fig.3.8a. All resonance lines of multiplet with
chemical shift frequency §i/27 lie on a cross-section which makes an angle
of 45° with the Fz—axis. A projection of such a spectrum in the absolute

*
value mode at 45° on the line F .= 0 will yield a spectrum which only con-

The cross-section projection theorem (21) states that the projection of a
phase~sensitive 2D spectrum on a line which makes an angle 0 with the posi-
tive Fop-axis (Fig.3.9a) is equal to the Fourier transformof the cross-section
-through the corresponding time-domain data at the same angle & (Fig.3.9b).
Because only data are acquired for t, > 0 and ty > 0, the cross-section
through the time domain data will contain only zeroes. Hence, a projection
at 459 of a phase-sensitive 2D J-spectrum will not give a decoupled
spectrum. Nagayama et al. (22) were the first to explain these effects.
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Fig.3.8 Schematic two-dimensional homonuclear J-spectrum of an AX, spin
system (a) normal and (b) tilted. The angle of 45° in the non-tilted
spectrum looks to be close to 909 in practice because the frequency
scales along the two axes are usually different.
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Fig.3.9 1Illustration of the cross section projection thecrem. The projection
of the phase~sensitive 2D spectrum (a) on a line which makes an angle
o with the positive Fp~axis is equal to the Fourier transform of a
cross section (b) through the time domain which makes the same angle

o with the tz-axis.

tains peaks at chemical shift frequencies, a so-called broad-band homonuclear
decoupled spectrum. As explained in the footnote, the projection of a phase-
sensitive spectrum at this angle always gives zero.

A tilting of the spectrum according to (wi,wé) = (wl,m —w]) gives, as

schematically visualized in Fig.3.8b, a spectrum in whichzboth J and Q2 are
completely separated. The tilting is usually done by means of a computer
routine which calculates the new data matrix via shearing of the data in
the original matrix. A cross—section through the tilted spectrum parallel

5> will show the multiplet

to the F)—axis for a chemical shift frequency of F
structure with a high resolution. This high resolution is analogous to

heteronuclear J-spectroscopy mainly due to the fact that the 7 pulse elimi-

nates the effects of static magnetic field inhomogeneity during t-
Because the method is based on phase-modulation the resonance lines have

the phase-twisted shape (section 1.5.1). A resonance line on a cross—-section
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parallel to one of the main axes in the non-tilted spectrum can always be
phase~corrected to the pure absorption mode. Unfortunately this is impos-
sible in the case of the tilted spectrum if a cross-section parallel to the
F]-axis is taken. This can be understood by considering the expression for
a phase-twisted resonance line as given in section 1.5.1 (Eq.1.48).
However, an absorption-like spectrum can be obtained, with significant dis-
tortions at the base of the resonance line, wrongly identified by Sukumar
and Hall (23) as t]~noise. However, this phase-sensitive presentation still
shows much better resolution of the multiplet structure than the absolute
value mode (23).
As an example, in Fig.3.10 an absolute value mode 2D J-spectrum of the tri-
cyclodecane derivative, sketched on the inset, 1s shown. Cross-sections ta-
ken through the phase-sensitive spectrum show the structure of some of the
multiplets.

The actual technical approach of a problem, using two-dimensional J~spec-

troscopy depends largely on the nature of the problem. Three different cases

will be discussed in the following sections.

3.3.1 Simplification of spectra

As shown above, a projection of the tilted 2D J-spectrum gives a homo-
nuclear decoupled spectrum, while at the same time multiplet structures are
available from the cross—sections of the spectrum parallel to the Fl—axis.
The resulting simplification can in principle be quite large. However, as
pointed out in ref. (22) the projected spectrum will have a low resolution.
The half-width of a 45° projection of a Lorentzian line in the absolute value

mode, symmetric in F] and F., appears to be a factor 4.5 broader than the cor-

responding line in a one—diéensional absorption spectrum (22). The lines in

a projection show very strongtailing too. Therefore a real simplification

can only occur if the conventional one-dimensional spectrum consists of over-
lapping but individually (partly) resolved multiplets. Examples of practical
applications have been shown by Nagayama et al. (22, 24) and Morris, Hall

and Sukumar (25, 26).

Because line shapes and line widths are the main limiting factors in the
use of 2D J-spectroscopy, proper digital filtering is in practice very im-
portant. Some considerations and suggestions with respect to digital filter-
ing will be given below. First a strategy will be described to get highest
resolution in the projected decoupled spectrum. Because the projection is
calculated in the absolute value mode, the absolute value line shape in the

two-dimensional spectrum determines the eventual resolution in the decoupled
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Fig.3.10 Two-dimensional proton J-spectrum of the tricyclodecane derivative

shown in the inset in Fig.3.11, presented in the absolute value
mode. At the right hand side some multiplets, obtained from cross
sections through the phase-sensitive 2D J-spectrum are shown.(Spec—
trum recorded at 200 MHz).
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spectrum. As explained in section 1.7.3 the pseudo-Gaussian echo filter will,
if applied to both axes, produce line shapes which have absorptive character
in the absolute value mode. Projections of such a 2D spectrum will then give
a decoupled spectrum with absorptive Gaussian line shapes. The main practical
disadvantages of this filter are the large intensity distortions and the sen-
sitivity loss which it introduces. Therefore it is suggested to use the pseu-
do-echo filter only along the tz—axis to remove the dispersion contribution
from the line shape in the Fz—dimension, and to use the Lorentzian-Gaussian
transform filter (section 1.7.2) for line-narrowing along the t]—axis. The
absolute value tailing in the Fl—dimension of the relatively narrow resonance
lines in this dimension will in practice not severely distort the line shape
of the projection. In this case real line-narrowing only takes place along

the Fl-axis, while along the F,-axis the line shape is modified to give less

2
absolute value tailing. The possibilities of digital filtering of the two-
dimensional time signal should not be overestimated: an analysis shows that
in practice it is very hard to get a decoupled projection with lines as
narrow as or narrower than the individual multiplet components in a con-
ventional spectrum which has not been resolution enhanced. The limitations

of the possible line-narrowing in the 2D spectrum is set by intensity dis-

tortion and sensitivity problems. Fig.3.1l shows the comparison of a conven-

A
D B
K 8C
w U ]
I | ! ]
ppm 4 3 2 1
Fig.3.11 The conventional one-dimensional 200 MHz proton spectrum (top trace)

- of the tricyclodecane derivative shown in the inset. The position
of the broad resonance of the OH depends on temperature and concen-
tration. The bottom trace shows the 45° projection of the two-dimen-—
sional J-spectrum with pseudo Gaussian echo filtering used in the
t, dimension to suppress dispersion mode contributions. Lines marked
"SC" arise due to the strong coupling. From ref.(44)



115

tionallH spectrum and its decoupled equivalent obtained by using digital
filtering as mentioned above. The reader is warned to be cautious in inter-—
preting 2D J-spectra and 45° projections if there is strong homonuclear
coupling. Extra resonances will appear, as demonstrated in section 3.3.3.
Multiplet cross—sections can best be studied in the phase-sensitive mode and
in this case it 1is better not to use the pseudo-echo filter, since this in-

troduces large line shape distortions (see e.g. Fig.1.10c).

3.3.2 Improvement of multiplet resolution

In the case where the multiplet resolution is limited by static magnetic
field inhomogeneity, 2D J-spectroscopy can be used to eliminate this in-
homogeneity broadening. Several different one-dimensional methods having
similar effects are also available (27, 28, 29). The actual experimental
approach, using 2D J-spectroscopy, is slightly different from the one given
in the previous section. Because the decay of the signal as a function of L,
depends in first approximation on transverse relaxation only, natural line
widths along the F}—axis of the 2D spectrum can be obtained. In order to use
additional line-narrowing along this axis, an acquisition time along the
tl—axis of up to eight times T2 sometimes has to be chosen. Even though the
spectral width along the Fl~axis is only determined by maximum multiplet
width, this often results in such a large number of t]—increments that the
sampling time along the t,-axis has to be limited because of the maximum
size of the data matrix available.

The Lorentzian to Gaussian transformation (section 1.7.2) is recommended

for line-narrowing along the t —axis, while along the tz-axis Lorentzian or

1
Gaussian weighting can be used to improve sensitivity and to avoid possible
truncation effects. It is mentioned here that line-narrowing along the
F]~axis does not change the ratio of tl—noise amplitude to signal amplitude.
In practice the effect of diffusion in the sample will prevent perfect re-
focussing, and a decay as a function of T will occur faster than expected.
As pointed out by Losche (30) and suggested bv Aue et al. (2) a series of
equally spaced 7 pulses (Fig.3.12) during the evolution period can be used
to eliminate the diffusion effect. As will be pointed out in section 3.5.1,

new problems arise in this case due to cumulative effects of errors in the

T pulse.
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Fig.3.12 The elimination of diffusion effects by the application of a series
of equally spaced T pulses in the evolution period.

3.3.3 Investigation_of_ strong_coupling

The semi~classical picture of homonuclear J-spectrcscopy is not valid any
more in the case where the nuclei are strongly coupled, i.e. where the mutual
J-coupling is of the same order as the difference in chemical shift frequency,
or even larger. Detailed investigations of the behaviour of several types of
spin systems during the standard pulse sequence of Fig.3.! have been made by
Kumar (31) and Bodenhausen et al. (32). In this section a qualitative analysis
is given of where the picture breaks down, and what the consequences for the
2D J-spectrum are. As an example the most simple case of strong coupling, an
isolated AB spin system is chosen.

The reason for the extra complexity occuring in the case of strong coup-
ling is that the eigenfunctions of the system are not given any more by simple
basic product functions, but by linear combinations of these. The four statio-
nary wave functions for the AB system are given in the second column of

Table 3.2.

Table 3.2. The wave functions of an AB spin system before and after the spin

inversion T pulse, expressed in the stationary wave functions.
6 = 0.5 arctan{J/(éA— SB)}

Before the T pulse After the T pulse
short notation stationary new state new state
wave function | expressed in basic expressed in stationary
product functions wave functions
1> | BR> | cio> [4>
|2> cos(8) |ap> + cos () |pa> + sin(29)]2> +
+ sin(8) | Ra> + sin(0) jaf > + cos(20)]3>
[3> cos(8) | Ba> cos(8)|aB> cos(28)]2>
- sin(8)|aB> - sin(®) |Ra > -sin(28)|3>
4> Lo | BB> |1>
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As a short notation for these eigenfunctions the state number as indicated
in the first column is used. The effect of a 7™ pulse is to transform the
wave function of a spin in a certain eigenstate given in column 2, into a
state given in the third column, which is the sum of stationary wave func-
tions as indicated in the last column.

The effect of the standard pulse sequence of Fig.3.1 on one of the tran-
sitions of the AB spin system is shown in Fig.3.13. The (TT)V pulse at
time tl/z inverts the phase of the component as usual. As shown in Table
3.2 state |1> converts completely into state |4>. However, state |2>
splits into a linear combination of |2> and |3>. Hence, component W) will
split into two components, rotating with angular frequencies Woy and Wiy
and respective amplitudes sinz(ZG) and c052(28) where § 1s a measure for
the strength of the coupling defined as 6 = 0.5 arctan{J/(dA— 6B)}. The
new component rotating with wy, can be considered as the normal component,
while the w, , ~component is additional, due to the strong coupling. The phase
of this component at time £ equals (w24— wlz)t]/2 and it will cause a re-
sonance line at {(w2A~ wlz)/Z, MZA} in the eventual 2D spectrum. For each of
the three other components a similar splitting occurs. Hence, four additio-
nal lines will show up in the 2D spectrum.

An example of a 2D J-spectrum of a strongly coupled AB system (8=0.2radian)

is shown in Fig.3.l14. The extra lines are on a cross-—section which makes an

a) .Ei. b) c) d)
12> 13> ’
ja>
‘:‘
2-4 ;1~2 W
11-3 | 13'4 // ' /
X 0127025 /2 93479247 094,70~y )t /2

Tyt /2 0 0g,=(03,70 ) £/2

Tig.3.13 (a) Energy level diagram and schematic spectium of an AB spin system.
(b) Position of component 1-2 just before the (1) pulse (Fig.3.1).
(¢) Positions of the two new components after the (7). pulse and

(d) positions at the end of the evolution period. Y
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Fig.3.14 Example of an intermediately strongly coupled AB spin system
(8/3 = 3.5) recorded at 300 MHz. The four extra lines due to
the strong coupling are indicated by arrows.

angle of 45° with the F_-axis, cutting the line Fl= 0 at the average fre-

2
quency of the two chemical shifts involved. In the 45° decoupled projection
these lines will give an extra resonance line just in the mid-point between
the two real decoupled resonances. Note that these two real resonances do
not occur at the exact chemical shift frequencies, but at the centers of the
multiplets.

As is clear, the 2D J-spectrum for strongly coupled spin systems will be
much more complicated than their weakly coupled equivalents. The number of
resonance lines will be much larger than in the corresponding one-dimensio-
nal spectrum. Because of the spread of these resonance lines into two fre-
quency dimensions, the spectrum will not necessarily be more crowded than
the conventional spectrum and information can be extracted which would be
hidden in the conventional spectrum. Because of the complicated nature of
the two-dimensional spectrum in this case, information can generally only

be extracted with the aid of a proper two-dimensional simulation program(32).
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3.4 Artefacts in two-dimensional J-spectra

As mentioned in the introduction of this chapter, J-spectroscopy can be
considered as a special case of correlation spectroscopy. The start of the
acquisition is in these experiments delayed until the centre of the echo.
The actual mixing pulse is now for most experiments the T pulse. Because of
the peculiar properties of a 7 pulse, magnetization will only be transferred
from one multiplet component to its mirror image with respect to the centre
of the multiplet. However, as soon as the pulse is no longer exactly T
radians, all other kinds of transfer will take place too, analogous to the
homo- and heteronuclear shift correlation experiments described in the pre-
vious chapter. These other unwanted transfers give rise to the same kind of
cross—peaks as in the 2D shift correlation spectra, and will usually be
folded one or more times along the F1~axis, because the Fi—spectral width
in J-spectroscopy is lower than in the correlation experiments. These extra,
unwanted lines, generally referred to as artefacts, can partly be eliminated
by cycling the phases of pulses and receiver in a way as described by Boden-
hausen et al. (33), which they called Exorcycle. Certain artefacts however,
due to the non-exact inversion of the coupled spin cannot be eliminated
this way (20). A good solution to suppress both these artefacts and the
artefacts which can be suppressed with the Exorcycle is the use of a com-
posite T pulse (34-36). This composite pulse consists.of a (W/Z)x—(w)y—(r/Z)x
pulse sequence and gives much better inversion than a normal 7 pulse in the
case of an inhomogeneous r.f.field, a misset of the pulse flip angle, or

off~-resonance effects.

3.5 Modifications on the standard experiments

Several modifications on the experiments described in sections 3.2 and
3.3 have been proposed in literature. Most of these modifications are only
minor technical differences, leaving the theoretical basis unchanged. In
practice these modified experiments are often harder to perform, but they
can in certain cases give more accurate or extra information and shorten
the execution time. The main modifications proposed so far will be dis-

cussed below.
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3.5.1 The multiple-echo_experiment

In the methods discussed so far, only one response is acquired for each
time the sequence is repeated. The sequence has to be repeated many times,
for a full set of different t]—values. Sometimes the same information can
be obtained much faster. Consider for example the experiment of Fig.3.12,
where only the second half of the last spin echo is detected. It is clear
that the information of all other spin echoes, in between the 7 pulses, gets
lost, since these echoes are not acquired. As has been pointed out in
ref. (11), detection of the second halves of all spin echoes in a Carr-
Purcel-Meiboom-Gill (CPMG) sequence (37) gives a complete two-dimensional

datamatrix with t]-values given by

t1= 2nT . n= 0,1,2,...

= enh.

-axis is equal to T. In order to

1

The sampling frequency along the t -axis is now given by (Atl)_

1

The maximum sampling time along the t,

avoid folding the sampling frequency along the t =—axis has to be larger

1
than the multiplet width MW:

2T < ()~ , {3.4]
which for proton spin systems limits the maximum value for T to a value
of the order of 20 msec. The short acqusition time along the t,-axis im-

2

plies a poor resolution along the F,-axis. Fig.3.15a shows the homonu-

clear J-spectrum of 1,],2~trichloroithane obtained from a single CPMG-—
sequence. This experiment is closely related to the one~dimensional J-
spectroscopy invented by Freeman and Hill (28), where only one single
point at the centre of each spin echo is acquired.

As explained in ref. (38) and (11), acquiring the complete spin echoes
makes 1t possible to generate a two-dimensional absorption spectrum,
which partly solves the resolution problem and improves the signal-to-
noise ratio. Fig.3.15b shows the absorption J-spectrum of 1,1,2-tri~-
chlorcethaneobtained from the same experiment as the spectrum of Fig.
3.15a, but using the complete echoes. Identical digital filtering was
used in the two processings.

--There are three major problems connected to this multiple echo method:
(a) The effect of a series of closely spaced 7 pulses can cause distor-
tion because of apparent spin-locking (39).

(b) The imperfections in the T pulses are not cancelled by the Meiboom~-
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Fig.3.15 Two-dimensional proton J-spectra of 1,1,2-trichloroethane (CHCl ,CH,Cl)
at 300 MHz obtained from one single CPMG sequence containing 64 T

pulses.
(a) Absolute value mode display. (b) Absorption display. The total

measuring time was about 7 sec. From ref.(11).
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Fig.3.16

n t2

Pulse scheme of the m-th spin echo sequence of a relatively shifted
multiple echo 2D experiment, used to obtain a J-modulated time sig-

My(t]’tZ)' The complete experiment consists of M similar spin
echo sequences. During this sequence a set of second halves of
echoes is acquired for (t;),= 2mT + (n - 1) X 2T. Complete echoes
can be acquired for (t])n= 2mT + 2nT.

nal

Fig.3.17

-

2D absorption J-spectrum of 1,l,2-trichloroethane at 300 MHz ob-
tained with the relatively shifted multiple echo experiment. The
spectrum was computed from a 512 x768 data matrix. The total mea-
suring time was about 10 min. From ref.(I1).
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*
Gill modification (40) and have a cumulative effect
(c¢) The resolution along the Fz—axis is still limited because of the short

acquisition time along the tz—axis.

These three problems can partly be solvedby using several (M) CPMG-like
sequences (Fig.3.16) in which the centres of the spin echoes are shifted
relatively to one another and the spacing between the T pulses can be M
times as large (I1). This method can be considered as a mixture of the con-
ventional method and the one-shot CPMG method. A spectrum of 1,},2-trichloro~
ethane, obtained by using eight relatively shifted CPMG-like sequences is
shown in Fig.3.17. Note the very high resolution of the multiplet structure
(0.04-0.06 Hz). This high resolution is due to the elimination of diffusion
effects by the series of 7 pulses in the evolution period for large values
of -

3.5.2 The _constant-time experiment

As pointed out in section 3.3 and in ref. (22), the 45° projection of a
homonuclear 2D J-spectrum will only generate a decoupled spectrum if per-
formed in the absolute value mode. No phase-sensitive 45° projections with
inherent higher resolution can be obtained this way. As pointed out in ref.
(10) and (41) there is a way to get a homonuclear broad-band decoupled ab-
sorption spectrum. This method, which is also the basis of the experiment
discussed in section 2.3.6, will be briefly explained in this section. It
is mentioned here that the method described below is strictly not a two-
dimensional one, but since it is very closely related to 2D spectroscopy
its description is included.

(/2 1y

A i Ao i WA il A A A Apa
L A

1,72 1,72 t

K R R

T

Fig.3.18 Scheme of the method for obtaining homonuclear broadband-decoupled
absorption spectra. Sampling points are taken at a fixed time T
after the initial 7/2 pulse, for various values of = <T.

This problem can also be solved by using composite 7 pulses (34, 35, 36).
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The pulse sequences of the new method (Fig.3.18) and the standard sequence
(Fig.3.1) are quite similar. In the new method a spin echo is created by
means of a (ﬂ/Z)X~ t]/2— (ﬂ)y- tl/Z sequence. A single sampling point at
time T after the initial 7/2 pulse iz =zcquired for a set of experiments with
different value for t,. This correspondends to taking a cross-section

1

through the time domain data matrix on the line T+ t,= T. The time domain
signal for a resonance line k of a multiplet with chemical shift frequency

Qj/2ﬂ is in the case of weak coupling given by

Ty - A et T T et &
sjk(t ) = Mojkexp( T/szk)exp( t /Tz)exp(lﬁjt + 1+jk) [3.5]
0 <t <T

where t'= T -t , T, denotes the decay due to inhomogeneity only and ®., 1is

12 72 jk
given by

where ij denotes the angular frequency of component k.
Because of the symmetry in a multiplet of a weakly coupled spin system there

will always be a component kK in the same multiplet with opposite phase:

ij = —¢jk. The sum of all components k in a multiplet is then given by
+ ;

v vy = ~T/T. ¢ ' .

z Sjk(t ) i Mojkexp( T/szk)exp( t /Tz)cos(éjk)exp(let ) [3.6]

This is a signal with phase zero, rotating with the chemical shift frequency
and a strong amplitude dependence on ij, which means on the multiplet split-
tings and the time T. A Fourier transformation of this signal will give a
phase-sensitive broad-band decoupled absorption spectrum. As an example in
Fig.3.19 the conventional and the decoupled spectrum of 1,!,2-trichloroethane
are shown. To eliminate the amplitude dependence on the term ¢jk and to im-
prove the sensitivity it has been proposed to convert the experiment in an
interferogram experiment (41) or to use a two-dimensional version of this
experiment (11). A fruitful modification based on this latter principle is

the method presented in section 2.3.6.
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0 - 500 - 960 Hz

. 1 .
Fig.3.1¢ H spectra of I,],2-trichloroethane at 300 MHz (a) obtained with a
FID experiment, and (b) the homonuclear broadband-decoupled absorp-
tion spectrum. From ref.(38).

3.5.3 Coherent _decoupling in_homonuclear J-spectroscopy

In order to increase the information contents of a two-dimensional J-spec-
trum, it has been proposed by Nagayama et al. (9) to perform two separate ex-
periments. The first experiment 1s the normal standard experiment (Fig.3.1),
giving the real splittings in the multiplet. The second experiment only dif-
fers from the first one by the fact that continuous coherent irradiation in
a certain part in the spectrum is applied. Due to this extra irradiation the
multiplet splittings observed in the second 2D spectrum will be reduced by
a factor which depends on the offset of the nucleus irradiated from the de-
coupler frequency. This is similar to the well-known coherent off-resonance
proton decoupling in carbon-13 spectroscopy (42). Comparing the multiplets in
the two different J-spectra gives an approximate value for the shift of the
coupled nucleus. Of course, caution has to be taken in interpreting the re-
sults, because of non-linear effects (43) and Bloch-Siegert shifts.

As demonstrated by Nagayama et al. (9) the method can give useful results
in proton J-spectra of proteins, where the decoupler is set in the aromatic
region of the spectrum, while the aliphatic region is observed.

The opinion of the author is, however, that a combination of a J-spectrum
and a homonuclear shift correlation spectrum (section 2.3.2) will give at

least the same amount of information, and in a less ambiguous way.
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3.5.4 Selective pulses_in_homonuclear_ J-spectroscopy

The main problem remaining in homonuclear J-spectroscopy is the lack of
resolution. In the standard experiment (section 3.3) this is caused by the
phase-twisted line shapes. The multiple echo experiment and the method of

section 3.5.2 are not applicable to spin systems with a short T because

»
of the introduced intensity distortions and sensitivity loss. ’

Nagayama (13) has suggested the use of weak pulses which only affect a
part of the spectrum. In this case all kinds of heteronuclear methods can be
applied in homonuclear J-spectroscopy, and pure absorption spectra can be ob-
tained. The most practical experiment in the case of using weak pulses is
probably the sequence shown in Fig.3.20. Two experiments are performed for
each tl—value_ One is the standard pulse sequence, the other one contains a
rather weak T pulse to either the observed spectral region or to the region
coupled to the region observed. The r.f.field strength of this pulse corres-
ponds typically to a few hundred Hz. To enhance the selectivity of the pulse
to a near to perfect 7 pulse for a part of the spectrum and not affecting any
other part, it is strongly recommended to use a composite weak T pulse
{(TT/Z)X- (3W/2)y" (77/2))(} (34).

Since the weak T pulse inverts the phase of a multiplet component at time £,
without changing its frequency, two signals with opposite phase modulation
are obtained for each value of t,. As explained in section 1.5.2 these sig-
nals can be combined to yield an amplitude-modulated signal enabling the re-

cording of absorption mode spectra. The details about the processing of the

two signals can be found in ref. (12).
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Fig.3.20 Scheme for generation of absorption homonuclear 2D J-spectra. In
sequence (b) the weak T pulse at time t} can be applied either to
the observed spins or to the spins coupled to the observed spins.
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Obviously this method can only be used if the nuclei coupled have a large

difference in shift. If this is not the case, artefacts in the 2D spectrum

will

appear.

Demands for flexibility in pulse sequence control and data-processing are

very high In this experiment.
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4. MULTIPLE QUANTUM COHERENCE
4.1 Introduction

In this chapter an attempt will be made to explain the phenomenon of mul-
tiple quantum coherence in a simple way, and to show its intriguing proper-
ties. In the final section its use in high resolution liquid state NMR will
be briefly discussed.

In the broadest definition of the term multiple quantum NMR is concerned
with the observation of nuclear transitions that are forbidden by the well-
known selection rule &m = * 1. Some of the multiple quantum transitions
could already be detected with the old continuous wave method (1,2). In
this case the irradiating field is so strong that it significantly dis-—
turbs the spin system and modifies its stationary wave functions. Double
resonance experiments relying on the same principle, can also be used to
detect the forbidden transitions (3,4). The mainuse of these early multiple
quantum expriments was the determination of connectivity and of relative
signs of coupling constants.

When Fourier transformation was introduced in NMR there appeared to be no
obvious way for it to be used to detect multiple quantum transitions. Detec-—
tion was considered to be impossible in Fourier transform NMR not only be-
cause a single pulse applied to a spin sysytem in thermal equilibrium does
not create any multiple quantum coherence, but also because a multiple quan-
tum coherence, possibly present, does not induce any physically observable
signal. Almost a decade went by until it was realized that these problems
could be circumvented if a more complex excitation sequence is used, and
if the detection is done in an indirect way (5-8). The development of Fourier
transform multiple quantum NMR has probably been slowed down by the fact
that no simple classical picure is available to describe the behaviour of
multiple gantum coherence and therefore usually cumbersome density matrix
calculations are required (section 1.2, App.I). A calculation method using
so-called fictitious spin-} operators has been introduced (8,9,10), however,
still without giving a really simple view on the physical aspects. If inte-
rested, the reader is recommended to study the relatively simple paper by
Kaiser on this subject (11).

To give a feeling of what is going on in the new pulsed NMR methods which
detect multiple quantum transitioms, a theoretically simple experiment will
now be discussed qualitatively.

Consider an AX proton spin system as shown in Fig.4.1. First a selective
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Fig.4.1 Energy level diagram and wave functions of an AX spin system.
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Fig.4.2 Scheme for the selective excitation and detection of the double
quantum coherence l-4 in an AX spin system.

pulse on one of the A-spin transitioms (Fig.4.2), e.g. transition 12, cre-
ates a coherence between the levels 1 and 2. Then a selective T pulse ap-
plied to X-spin tramsition 24, interchanging the states of levels 2 and 4,
transfers the coherence from transition 12 to transition 14. Since transi-
tion 14 is a double quantum transition, no signal will be observable after
this selective proton pulse. However, the coherence between level 1 and 4
does exist. This can be shown easily by applying another selective 7 pulse
to X-spin transition 24, converting the double quantum coherence back into
observable single quantum coherence between the levels 1 and 2, which cor-
responds to transverse A-spin magnetization. It appears that the phase of
the reconverted magnetization is a function of CIA where Wiy is the angu-
lar frequency of the double quantum transition and £, the time during which
the double quantum coherence evolved. By varying the time t, in subsequent
experiments, the double quantum frequency w,, can thus be determined.

In this chapter only homonuclear multiple quantum transitions will be con-
sidered. Heteronuclear multiple quantum transitions rely on the same prin-
ciples, but involve slightly different experimental aspects (12,13). No im-
portant applications for heteronuclear multiple quantum transitions have

been proposed so far, which could not be done in a more conventional type of
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experiment. The importance of homonuclear multiple quantum Fourier NMR is
also rather limited (section 4.7). It can be used to obtain extra informa-
tion about the relaxation mechanism, for spectral simplification, and to se-
parate different spin systems as shown in chapter 5. Furthermore, it is im-
portant to understand the phenomenon of multiple quantum NMR, because it can
introduce errors in conventional experiments for example relaxation measure-

ments (14,15), even though the multiple quantum frequency is not detected.

4.2 Creation and detection of multiple quantum coherence

As mentioned in the introduction of this chapter, a single non-selective
pulse applied to a spin system in thermal equilibrium will create single
quantum coherence only (7,16). However, a pulse applied to a spin system
which is in a non-equilibrium state will generally create multiple quantum
coherence (6,7). Hence, the number of different multiple quantum excitation
methods is infinite. Different classes of excitation methods can be distin-
guished. A subdivision will be made between methods only employing transition-
selective pulses, methods employing both transition-selective and non-selec-—
tive pulses, and methods using non-selective pulses only. In order to detect
the effect of multiple quantum coherence it has to be transferred into trans-—

verse magnetization by means of either selective or non-selective pulses.

4.2.1 Methods for excitation of multiple_quantum_coherence

41 Cascade of selective pulses

A theoratically simple way to create multiple quantum coherence in a pre-
dictable fashion is the use of cascades of selective pulses as shown in Fig.
4.3a (7). Consider e.g. a set of connected single quantum transitions kl, Im
and mn. A transition-selective T/2 pulse creates coherence between e.g. le-
vels k and 1. A selective 7 pulse on transition lm followed by a selective
T pulse on transition mn will transfer the originally single quantum coherence
kl into coherence between levels k and n. This can easily be verified by using
the results given in Appendix III. The advantage of this excitation method
is that the amount of multiple quantum coherence is well defined. However,
the phase of the coherence can be more difficult to predict since a series
of selective pulses at different frequencies has been applied, and the phases
of these pulses are thus undetermined. A way around this phase problem can
be the use of pulsed selective excitation (17,18), using one transmitter

frequency only.
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A2  Single selective pulse

Multiple quantum coherence can be selectively excited if a pulsed r.f.field
of appropriate strength and duration is applied at the frequency where the
transition considered would show up in the continuous wave method (Fig.4.3b)
(5,7,8). The excitation mechanism in this case is the same as in the conven-
tional multiple quantum continuous wave NMR experiments. In liquids this ex-
citation method is mostly not very practical, but it should berealized that
a single weak pulse can be capable of generating multiple quantum coherence,
which can give rise to undesired effects in all kinds of conventional experi-

ments (15).
BI  Selective T pulse followed by a non ~selective /2 pulse

As has been shown by Wokaun (7) a convenient way to create all multiple
quantum coherences in which a spin A participates, with equal intensity, is
to apply a selective T pulse to one of the resonance lines of multiplet 4,
followed by a non-selective m/2 pulse, applied to the whole spin system (Fig.

4.3c). Instead of a selective T pulse to one of the transitions, a selective
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Fig.4.3 Various schemes for the generation of multiple quantum coherence
as described in the text.



saturation of this resonance can also be employed, decreasing the

amount of multiple quantum coherence created by a factor two. This last
method is easily done in practice by using the decoupler irradiation channel
for selective saturation. A homospoil pulse has to be applied to eliminate
possible spurious transverse magnetization after this saturation. A disad-
vantage of these methods is that the magnitude of the multiple quantum cohe-

rences is rather low compared with the excited single quantum coherences

(see e.g. Fig.410a).

o

B2  Nonm-selective m/2 pulse followed by a cascade of selective T pulses

A non-selective T/2 pulse followed by a cascade of selective T pulses can
be used in a similar way to method Al to create a certain coherence selec~
tively in a predictable fashion (7), and with high intensity (Fig.4.3d).

Since the phase of the selective T pulses matters for the phase of the ex-

cited coherences, again pulse selective excitation should be used (17,18).

C1 (m/2) - 1 - (1/2) excitation
X X

The most common way to excite multiple quantum coherence is the application
of two non-selective (T!/Z)x pulses separated by a delay T (Fig.4.3e). The
transverse magnetization created by the first pulse is redistributed by the
second pulse over all possible tramsitions in the spin system, including the
multiple quantum transitions. The major problem using this non-selective ex-
citation is, that without using a density matrix calculation according to
Eq. [1.19], the intensities of the transitions are very hard to predict for
any coupled spin system consisting of more than two spins. Clearly the mul-
tiple quantum excitation efficiency has to depend on the length of the delay
time T. For 7 = 0 the two (77/2)x pulses would just have the effect of a
single (TV)X pulse, not creating any multiple quantum coherence at all. A
condition required for the excitation of a double or zero quantum coherence
in which two spins A and X are the only spins participating, is that sin(ﬁJAXT )
is not equal to zero (7). For a two-spin system for example, it follows from
an explicit calculation, using Eq.[1.19] that maximum excitation can be

achieved if sin(ﬂJAXT ) equals one.

e (n/2)_ - T - (a)x excitation

If instead of a (W/Z)x an a pulse 1s used after the delay time T (Fig.4.3f),
where ¢ i1s smaller than 7/2, mainly zero-, single- and double quantum co-
coherence will be excited,i.e. the creation of multiple quantum coherence is
more favourable for transitions in which not more than two spins change their
polarization. This flip-angle effect has already been discussed in section

2.2.3.
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C3  Offset independent execitation

Apart from the value sin(mJT) the excitation of multiple quantum coherence
using the m/2 - T - 7/2 method depends on the offset of the centres of multi-
plets measured with respect tc the transmitter frequency. This offset depen-—
dence can be removed by placing a T pulse in the centre of the creation pe-
riod as shown in Fig.4.3g. It can be shown that if the second /2 pulse is
applied along the same axis as the first pulse, only even orders of coherence
will be excited, while if the 7/2 pulses are 90° out of phase
{(ﬂ/Z)x -1/2 - (TT)x -t/2 - (W/Z)y}, only odd orders are excited. This odd -
even rule is only valid in the case where the second mixing pulse is a m/2

pulse. This offset-independent excitation method will be used in chapter 5.

c4 Selective order excitation

A method has been designed by Pines and co-workers which employs non-selec—
tive pulses and still generates a selectable order of coherence only, and
with high intensity (19,20). This method employs long series of phase-shifted

pulses and is both theoretically and practically very complicated.

4.2.2 Detection_of multiple gquantum_coherence

As mentioned before the presence of multiple quantum coherence cannot be
detected directly. Its effects can be shown by applying another pulse, as in
the example of Fig.4.2. This pulse transfers (part of) the multiple quantum
coherence back into observable magnetization. A practical approach for the
back transfer is the application of a non-selective m/2 pulse at time t
after the multiple quantum coherence has been created (Fig.4.4). The coherence
is then redistributed over all the transitions present in the spin system.
It then follows from Eq. [1.30] that all magnetization components after the
detection pulse are modulated in amplitude as a function of t by all the
frequencies present in the spin system during this evolution period - In
principle it is sufficient to detect only a single point at a suitable time

after the detection pulse, since this point contains information about the
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Fig.4.4 Scheme for indirect detection of multiple quantum coherence via a
two~dimensional experiment. Part of the multiple quantum coherence
is transferred to transverse magnetization by the non-selective m/2
pulse.
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total vector sum of all transverse magnetization components which are all
individually modulated with the same frequencies. The modulation frequencies
can be determined by a Fourier transformation of the amplitude modulation of
this point with respect to t1(2],22,23). For sensitivity purpose, however,
it is better to detect the complete free induction decay for each value £
A Fourier transformation of these responses will yield a series of spectra
in which all the individual lines are modulated in amplitude as a function
of £, with all the single and multiple quantum frequencies present in the
spin system. A Fourier transformation of this data matrix with respect to tl
will now give a two-dimensional spectrum with all the multiple quantum fre-
quencies along the Fl—axis. A projection of such a spectrum in the absolute
value mode on the Fl—axis will produce a one-dimensional spectrum, showing
all the multiple quantum frequencies which were present in the spin system.

As an example a two-dimensional spectrum of acrylonitrile and its projection

obtained this way, using excitation method of Fig.4.3e, is shown in Fig.4.5.

Single point acquisition

As has been shown in section 1.2.4, a non-selective pulse cannot transfer
multiple quantum coherence into net transverse magnetization, i.e. the vec-
tor sum of the magnetization components, originating from multiple quantum
coherence is zero, immediately after this pulse. Hence, in order to observe
any signal transferred from multiple quantum coherence a delay T' after the
detection pulse is required before magnetization is sampled. This is the
procedure actually used in the case where only one point is sampled for each
value of t, as is for instance the case in the multiple quantum studies in
liquid crystals as performed by Pines and co~-workers (22,23). As they use a
m/2 = T = 7/2 multiple quantum excitation sequence, the value T' is chosen
to be equal to T.

To eliminate intensity distortions in the multiple quantum spectrum due
to the fact that one value for T will generally not be equally efficient for
the observation of all different multiple quantum transitions, several expe-—

riments are performed for different values of T, and the resulting absolute

value mode multiple quantum spectra are co-—added.

Multiple point acquisition

The procedure described above can in principle also be used in multiple
quantum studies in liquids, but is inefficient and time-consuming. An average-
ing over different values of the delay T' is automatically obtained if a two-

dimensional experiment is performed where the signal after the detection
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Fig.4.5

Two-dimensional multiple quantum spectrum of the proton AMX system
of acrylonitrile and its projection onto the Fy-axis. Under the
projection the single quantum resonance lines are labelled Ay-Ay
for spin A etc., The combination lines are indicated by C, the
zero quantum resonance lines by Z, the double gquantum resonance
lines by D and the triple quantum resonance by T. The spectrum

is recorded at 300 MHz.
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pulse is monitored for a time t,. Intensity anomalies now will only de-
pend on the choice of the delay T in the excitation scheme, and will be sig-
nificantly less severe. However, a large data matrix is generally needed for
data storage in this case. Since a non-selective pulse does not create net

magnetization and magnetization components have opposite phases at t. = 0,

the intensities of resonance lines in the two-dimensional phase*sens%tive
multiple quantum spectrum will either be positive or negative, in such a way
that the total intensity integral over the spectrum is equal to zero. For
this reason the absolute value mode is commonly used in the display of mul-
tiple quantum spectra.

Since a non-selective pulse creates amplitude modulation of the detected
signal with respect to £ the positive and negative multiple quantum fre-
quencies cannot be distinguished (section 1.5.2). A conversion of this ampli-

tude modulation into phase modulation analogous to the methods described in

sections 2.2.3 and 2.3.2 is in general not possible.

4.2.3 Frequency of multiple gquantum_coherence

One might expect that a p quantum transition has a frequency in the order
of p times the Larmor frequency. In principle this is true, but it has to be
realized that the experiment is actually performed in a frame, rotating with
QR’ where QR is the transmitter frequency which is equal tc the reference
frequency in the lock in detector. The transformation to a rotating frame
has the effect of decreasing the multiple quantum frequency expected by pQR
(Eq. [1.13]). This gives the convenient result that the multiple quantum fre-
quencies detected will be equal to a sum or difference of resonance offset
frequencies as observed in the corresponding single quantum spectrum. For
example in an AX spin system the double quantum frequency w,, will be ob-

14

served at the sum of the offset frequencies W), and Wy with respect to the
transmitter frequency. In a similar way the zero quantum resonance frequency

w,, will be equal to the difference of single quantum frequencies Wiy T Wyge

23

4.2.4 Which multiple quantum_coherence_can_be _observed?

There appear to be restrictions with respect to which multiple quantum co-
herences can be created. It appears not to be true that any connection be-
tween two energy levels in a spin system represents a possibly detectable
multiple quantum coherence. In this section the fact will be used that if it
is impossible to create a certain coherence by means of a cascade of selec-
tive pulses, it will also be impossible by means of non-selective pulses,
since the latter can always be considered as a cascade of selective pulses

(App.11I, Eq.[I11.20]).
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Symmetry group restrictions

In the case of magnetically equivalent nuclei the symmetrized stationary
wave functions are divided into symmetry groups (24). Only multiple quantum
coherences within a symmetry group can be created. Consider e.g. the simplest
case of an AX2 spin system (Fig.4.6). Only multiple quantum coherences in
the symmetric part of the energy level diagram are possible, since it is im-
possible to apply a selective pulse which transfers magnetization between

different symmetry groups.

(X)n—transitions

In the case of isolated coupled magnetically equivalent nuclei which do
not have scalar interaction with other nuclei in the same molecule, as e.g.
the protons in benzene, it is impossible to create a multiple quantum co-
herence. However, if magnetically equivalent nuclei are coupled to another

nucleus and form e.g. an AX, or AX3 spin system, a multiple quantum co-

2
herence can be created in which only the equivalent nuclei participate,
provided that both the A and X nuclei are affected in "multiple quantum

excitation sequence.'

Vanishingly small coupling

In the case where coupling between nuclei A and X is vanishingly small it
will be impossible to create a multiple quantum coherence in which only
spins A and X participate. Again this can be understood by the fact that it
is impossible to apply a transition-selective pulse to one of the A-tramsi-

tions only, because of the overlap of the two A-multiplet components. How~
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Fig.4.6 The conventional spectrum (a) and the energy level diagram (b) for

an AX2 spin system.
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ever, 1f another nucleus M exists, which 1s coupled to both the A- and the
X-nucleus, it is possible to create a triple quantum coherence in which all

three spins A, M, and X participate.

4.3 Special properties of multiple quantum coherence

Multiple quantum coherence appears to have a sensitivity to magnetic field
strength(or transmitter offset frequency) and phases of r.f.pulses which is
characteristic for their order (6,25). Both effects have the same theoretical
basis. The effect of an extra offset Aw on the frequency of coherence of
order p is a change by pAw (Eq.[1.13]). The effect of a phase shift ¢ of the
excitation pulses, on coherence of order p is that it causes a change in

phase of this coherence by p¢. Both effects are incorporated in the formula
exp(i¢ﬁz>opexp<—i¢%z> = exp(ipd)o (6.1]

where O_ represents a density matrix only containing B-quantum elements %1
with Mk - M. = p and the normal density matrix ¢ = ¥ _o0_, where N is the

1 p=-N P
number of spins in the system. More explicitly the effect on a matrix element

Okl(t]) describing coherence between state k and 1 at time tI can be written

exp(i@fz)okl(tx)exp(—i¢§z) = 0(0)explig ey - M) Jexp(iw t)), 4.2]

where 0(0) is the densitymatrix at time t,= 0. The operator exp(i@fz) de-

1
notes a rotation over an angle ¢ about the z-axis. This rotation can either
be caused by (a) the static magnetic field along the z-axis, or (b) a phase

change of the radiofrequency pulses.

ad a. If the static magnetic field is described by a perfectly homogeneous
component HO and an inhomogeneity contribution Ho(r) the evolution of the

density matrix is described as

= [ a _ = . =
O(tl) exp1i 1YHo(r)FZt]}exp( 1yHOFZt1)G(O)exp(lyHOth]) x [4.3]

x exP{inO<r)§ztl)}.

With ¢ equal to -YHO(r)tI, Equations [4.3}and [4.1] show directly the rela-
tion that the dephasing of coherence due to inhomogeneity is proportional
to the order of the coherence. This agrees with the earlier statement that
mul€iple quantum frequencies are always equal to sums or differences of
single quantum transition frequencies (section 4.2.3). Consider for example
the AX spectrum in Fig.4.7 in which lines are broadened by an inhomogeneous

magnetic field. The shaded and the black areas of the resonance lines cor-
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Fig.4.7 (a)Schematic single quantum spectrum of an AX spin system (Fig.4.1)
in an inhomogeneous magnetic field. Black and shaded areas corres-
pond to two different regions in the sample.

(b) The double quantum spectrum.
(c) The zero quantum spectrum.

respond to two positions in the sample differing an amount Aw in frequency.
Since the double quantum frequency is equal to the sum of w3 and Wy, OF W,

and w the difference in double quantum frequency bBetween those two regions

247
is 2Aw. The zero quantum transitiom, at a frequency equal to the difference

between w5 and w4 will clearly be independent of inhomogeneity broadening.

ad b. The rotation operator correspouding to a pulse with flip angle o ap-
plied along an axis in the xy-plane which makes an angle ¢ with the positive

x-axis 1s given by
§¢(a) = exp[ia{fxcos(¢) + fysin(¢)}] = exp(—i¢fz)exp(iafx)exp(i¢fz). [4.4]

If for example in the (TT/2)x -1 - (TT/Z)x multiple quantum excitation sequence

the (7/2)_ pulses are replaced by (7/2), pulses this has the following effect:
X v ¢

9,(0) = i¢(w/z)éxP(—iﬁr)§¢(w/2)00§¢(-n/2)exp(iﬁr)§¢(—w/z> [4.5]

exp(~i¢fz)ﬁx(ﬂ/2)exp(~iﬁT)ﬁx(ﬂ/Z)ooﬁx(—ﬂ/z)exp(iﬁI)ﬁé«ﬂ/Z)exp(i¢fz)

exp(-i¢F_)o_(0)exp(idF ),

where o, is the equilibrium density matrix and using the facts that H and
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Fz commute and 9, does not contain any off-diagonal elements. O¢(O) is the
multiple quantum density matrix at time t,= 0 in the case where the excita-
tion pulses are applied along the ¢-axis, while UX(O) describes the system
at t, = 0 in the case where both pulses were applied along the x~axis. From
Eqs. [4.5] and [4.2] it is clear that a change in phase ¢ of the excitation
pulses causes a change -p¢ 1in the phase of a coherence between the two
states which differ an amount p in magnetic quantum number. In a similar way
it can be proved that a phase change ¢ in the detection pulse has the same
effect as an increase in the phase of the multiple quantum coherence of

(p + 1)¢ which can also be understood by the fact that only the relative

phases of excitation and detection pulses matter.

4.4 Separation of different orders of multiple quantum coherence

As can be seen in Fig.4.5 the multiple quantum spectrum is crowded and
looks rather complicated, even for a simple AMX spin system. The main reason
for this is the large number of resonance lines due to the fact that reso-
nance lines originating from all orders appear in the same spectrum and show
extensive overlap. There are different ways to remove this overlap, i.e. se-

parate the different orders.

4.4.]1 Resonance offset frequency

The simplest way to get the orders separated is to set the transmitter fre-
quency at a large enough frequency difference Aw away from the centre of the
one-dimensional spectrum. The effect of this offset Aw is to move resonance
lines in the multiple quantum spectrum over a distance pAw away from zero
frequency. Since multiple quantum spectra can be considerably wider
than the single quantum spectrum, the offset has often to be much larger
than the single quantum spectral width.

If a full two—dimensional spectrum is recorded this implies a large increase
in the size of the data matrix, because the sampling frequency along both
time axes has to be increased. In the case where only a single data point is

acquired for each value of t,, the consequence is that the bandwidth of the

1
audiofrequency filter has to be set to a large value in order to detect the
single quantum transverse magnetization. In principle the consequent loss

in sensitivity can be eliminated if a band-pass audiofrequency filter is em-
ployed which attenuates all frequencies except the band in which the single

quantum spectrum is to be found. N
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4.4.2 Pulsed field gradients

Another simple method to separate the different orders is based on the
different sensitivity to magnetic field inhomogneity and is described in de-
tail in ref.(26). The idea is to cause a certain amount of dephasing of the
multiple quantum coherence in different partsof the sample, by applying a
pulsed magnetic field gradient FGduring a time T. After the multiple quantum
coherence of a certain order - still present but out of phase - is re-
converted into transverse magnetization, the magnetization originating from
defocussed p-~quantum coherence can be refocussed by the application of another
pulsed fiéld gradient of the same intensity but p times as long (Fig.4.8).
With this method only one order can be selected per experiment, unless seve=
ral individually spaced field gradient pulses with length T are applied during
the detection period, with sampling of the signals in between (26). Since the
detected signal after a single non-selective /2 pulse is amplitude modulated
by the multiple quantum frequencies, there will be a coherence-transfer echo
and an antiecho (25) (section 1.3). Both these signals are phase modulated,
but by frequencies of opposite sign. If the pulsed field gradients in Fig.4.8
have the same polarity, the coherence transfer echo will be selected, in the
case of opposite polarity the antiecho will be selected. Because the detected
signal is now phase modulated, positive and negative multiple quantum fre-
quencies can be distinguished, i.e. the transmitter can be set to the centre
of the spectrum to minimize the size of the data matrix required without
introducing folding. An example of the order-separated spectra of acrylonitrile
is shown in Fig.4.9. The minimum time to obtain a multiple quantum spectrum
of a certain order, using this separation method, equals the required number
of increments for t times the time e;ch experiment takes. The spectra shown
in Fig.4.9 were obtained from 512 % 192 data matrices, taking an acquisition

time of 512 X 6 seconds (=! hour) each.
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Fig.4.8 Scheme for the selective detection of multiple quantum coherence
of order p, using pulsed field gradients (FG).
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Fig.4.9 Separated order multiple quantum spectra of acrylonitrile, an AMX
proton spin system at 300 MHz, in a rather inhomogeneous magnetic
field.(a)The zero quantum spectrum, (b) the single quantum spectrum
including the combination lines, (c) the double quantum spectrum
and (d) the triple quantum spectrum. The four different spectra
are obtained from four different two-dimensional experiments, using
pulsed field gradients for the selection of the different orders.
Difference in line width for the different orders is clearly visible.

4.4.3 Separation_based_on_phase properties

As is shown 1n section 4.3 a change ¢ in the phase of all the excitation
pulses causes an apparent rotation around the z-axis which means an incre-
ment p¢ in phase of the multiple quantum coherence of order p. Experimentally
slightly different tricks to separate the orders, all relying on this prin-
ciple, are published by the groups of Ernst (13), Pines (22), Vold (27) and
Freeman (28,29). Wokaun and Ernst showed that if for each value of tI a series
~f experiments was performed with different phases of the excitation (or de-
tection) pulses, a proper linear combination of the different responses ob-
tained for each value of tl’ can be used to select a certain order.

The transverse magnetization detected along the x- or y-axis, in the case

where the excitation pulses are applied along an axis which makes an angle ¢
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with the x-axis is according to Eq. [4.5]given by

N ~
M (tl’t2’¢) = I Tr{F

X,y p=-N X,yopx(tl’tz)}exp("iqu) ’ [4.6]

where the index x in Opx(t],tz) denotes that this is the matrix Up(t],tz) if
the excitation pulses were applied along the x-axis. Magnetization, origina-
ting from coherence of order p, can now be selected by performing several
complete two-dimensional experiments for different values of ¢, and calcula-
tion of a proper linear combination of the detected signals. As an example,
odd and even quantum coherences can be separated by performing two experi-
ments, one with ¢ = 0 and one with ¢ = 7. From Eq. [4.6] follows, that if the
sum of both results is taken, only signals from even quantum coherence will
remain, while the difference will give signals originating from odd quantum
coherence. If only four different phases for the r.f.pulses are available,

the orders which can be separated are given In Table 5.1.

Table 5.1 Simple combinations of results of experiments with phase-shifted
excitation to observe certain orders of coherence selectively.
Phase ¢ 0 90° 180°  270° Observed orders
+ 0123456789
Adding . + 0 2 4 6 8
or + - 1 3 5 7 9
Subtracting . + . . 0 4 8
+ -+ - 2 6

As explained by Wokaun (14) expression [4.6] can be Fourier transformed
with respect to ¢, selecting the different orders p. This Fourier transform
is actually the same as taking linear combinations of responses obtained
with different values ¢.

If the combination of the different signals is done on-line, only a re-
latively small data matrix is required. However, if the combination of sig-
nals is calculated afterwards, an n times larger amount of data storage ca-
pacity 1s required, if n is the number of different experiments for each £
value. This latter approach does have the advantage that all different order
spgbtra can be extracted from one set of data. If the combination of data is
done in such a way that only one value of p in Eq. [4.6]1is selected, either
the coherence transfer echo or the antiecho is selected, depending on whether

p is negative or positive. Since these signals are phase-modulated, positive
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and negative multiple quantum frequencies can be distinguished (section 1.5.1).
In the combination method of discriminating zero and single quantum signals,
shown above, both positive and negative values of p are selected simultaneous-~
ly, leading to amplitude modulation and making it impossibleto distinguish
between positive and negative modulation frequencies (section 1.5.2). The
phase cycling proposed by Wokaun in ref.(7) gives only amplitude modulated
signals. In principle N + | different experiments for each value of t, are
sufficient to separate all N + 1 orders in a N spin system, while 2N + 1 ex-
periments are needed in order to detect the echo or the antiecho of a certain
coherence selectively.

The practical approach proposed in ref.(22,27,28,29) and generally referred
to as time proportioﬁal phase increment (TPPI) is slightly different. Only
one value for the phase ¢ is used per value of t. However, each time t] is
incremented the value of ¢ is also incremented by A¢. This causes according
to Eq. [4.5] an extra rotation pAd around the z-axis per time unit At]. This
means that the multiple quantum frequency of order p is apparently increased
by pA¢/At]. Since the normal multiple quantum modulation frequency wp, in-

creased by pA¢/At1 is sampled at discrete intervals, this implies for the

. -1 . . .
sampling frequency (Atl) in order to avoid folding:

NA
Iy (w, + ﬁ)/w- [4.7]

(be))”
This means that A¢ has to be smaller than 7/N. Usually A¢ is chosen to be

equal to
Ap = /(N + 1) [4.8]

if N is the highest order of transitions to be detected. Since all multiple
quantum frequencies of order p now have an offset of p(Atl)_l/(ZN + 1), posi~-
tive and negative multiple quantum frequencies are automatically discrimina-
ted. In order to produce phase shifts which are not an integer multiple of
m/2, and are not available on standard NMR spectrometers a digital phase
shifter for this purpose can be built, as suggested by Bodenhausen (30). An
elegant alternative circumventing the extension of hardware is the use of

a composite z-pulse (28,29). In this case the normal excitation pulses are
left unchanged in the successive experiments but a ¢Z composite pulse
{(ﬂ/Z)x - (¢>)y - (ﬂ/2>—x} is applied during the evolution period. The angle ¢
is now incremented by A¢ each time t., is incremented. The theoretical des-

1
cription of this experiment is the same as in the TPPI method. As the samp-—
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ling frequency along the t,—axis has now to be 2N + 1 times as high as in

1
the normal experiment, a 2N + ! times larger data matrix is required. This
is the same as the amount needed if the combination method described earlier
and distinguishing positive and negative signals is used. Using the methods
described in this section, the number of experiments to be executed is 2N + 1
times larger than to obtain a non-separated spectrum, thus lengthening the

minimum experiment execution time by a factor 2N + I.

Experimental

Multiple quantum spectra of acrylic acid obtained by using the TPPI method
with composite z=-pulses are shown in Fig.4.10. The phase increment A¢ used

was T/3. 512 increments for tl were used and 256 complex data points along

1

the tz—axis were sampled. The sampling frequency along the t]—axis (At])~

was 1500 Hz. Spectrum b) was obtained using a (TT/Z)x - 40 msec. - (ﬂ/Z)x
excitation, while spectrum a) was obtained by using excitation method of
Fig.4.3c (section 4.2.1), selectively inverting a resonance line in the mul-

tiplet of spin M. In spectrum a) all multiple quantum resomances in which

H(A} H(M) l
C=C-COOH l
H(X} |

M= 0
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Fig.4.10 Order-separated multi;le quantum spectrum of acrylic acid at 200 MHz,
obtained by using the TPPI method for the separation,
(a) using a line-selective T, non-selective T/2 excitation and
(b) using a (m/2), - 40 msec. - (7/2)y excitation. The left halves
of the two spectra correspond to the antieche part, the right halves
to the coherence transfer echo part. The triple quantum resonances
are folded. The spectra are recorded by T.A. Frenkiel.
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this M spin participates show the same intensity, as predicted in ref.(14)
and in section 4.2.1. Both spectra are symmetrical around the centre, due to
the fact that the detected signal is still modulated in amplitude rather
than in phase, and a complex Fourier transform with respect to £ is used.
The right half of the spectra corresponds to the coherence transfer echo,
while the left half corresponds to the antiecho. Since the acquisition time

along the t. -axis was only 340 msec. strong Gaussian weighting was applied

1

using a time constant T, = 0.2 sec., which causes so much broadening that no

G
clear difference in linewidth between the different orders can be observed.

4.5 Measurement of relaxation rates

An important application of multiple quantum transitions in liquids is the
independent and sometimes extra information they give about the transverse
relaxation mechanism (section 4.7) since degeneration of transitions can be
removed, and different spectral demsities contribute to the relaxation (31,32).
Therefore in this section attention will be given to the experimental aspects
of multiple quantum relaxation measurements. Since the contribution of mag-
netic field inhomogeneity to the decay rate can be quite significant, espe-
cially for higher orders, a way has to be found to eliminate inhomogeneity

broadening.

Zero quantum coherence

As mentioned in section 4.3, zero quantum coherence is insensitive to mag-
netic field inhomogeneity (14,25,26) and in the case of single exponential
decay its relaxation rate can be directly determined from the line width
using the well known formula AvO.S: (vTZ)”l. Care has to be taken because
this formula only holds for absorption mode spectra. In the absolute value
mode presentation, lines will be v¥3 broader. Of course, the signal should
be sampled for a sufficiently long time along the tl—axis: (tl)max > 3T2,
in order to avoid line shape distortion. Zero-filling by a factor of 2 to 5

before Fourier transformation is recommended to yield proper digitization

of the zero quantum line shape.

Non-zero order coherence

If the relaxation rate of a non-zero order coherence is to be determined
a different approach is required. As nhas been shown by Wokaun (7,32), the
amplitude of the coherence transfer echo at time pt] after the mixing pulse

is in principle not influenced by magnetic field inhomogeneity. The amplitude
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of the coherence transfer echo due to transfer from multiple quantum co-
herence mn (order p) to single quantum coherence kl decays by the product
exp(—t]/szn)exp(-pt]/Tzkl). As the transverse relaxation time Tzkl can be
determined in a conventional experiment, it is in principle possible to
measure Ty this way. However, this method will not be very accurate since
szn is determined from the difference of two decay rates which both have
experimental errors.

A more practical approach has been proposed by Bodenhausen et al. (27).
A 7 pulse is used in the centre of the evolution period, refocussing the in-
homogeneity decay (4.11).Relaxation rates can now be immediately be deter-
mined, via line width determination. An important extra advantage of this
trick is that in the case of weak coupling the modulation frequencies are
only determined by scalar coupling(analoguous to homonuclear J-spectroscopy
described in section 3.3), yielding a so-called multiple quantum J-spectrum.

This allows the use of a low sampling frequency along the t -axis leading

to an acceptable size of the data matrix required. However,]two disadvantages

are connected to this approach:

1. All orders will be overlapping since line positions are not influenced by
chemical shifts. This problem can be circumvented by using e.g. the TPPI
method (22). Overlap within one order can then still occur if for example
two different coupling constants in the molecule have similar magnitudes.
Since the effects of offsets are refocussed, orders cannot be separated
by using a large offset frequency (section 4.4.1).

2. For all orders except the highest, the relaxation rate determined will be
the average of the two relaxation rates, since the T pulse transfers the

~multiple quantum coherence to its counter multiplet partner. This is the

same effect as occurs in conventional transverse relaxation measurements

in a homonuclear coupled spin system, using a m/2 - T = T - T-acquire se-
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Fig.4.11 Scheme for multiple quantum J-spectroscopy. The T pulse in the centre
of the evolution period refocusses the effects of static magnetic
field inhomogeneity.
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quence (33).
Concluding it can be stated that multiple quantum relaxation rates can be
obtained most conveniently by line width determination in a multiple quan-
tum J-spectrum. Zero quantum relaxation rates might be obtained from the
normal zero order spectrum, where either a field gradient pulse during the
evolution period or the phase cycling as proposed by Wokaun (13)(section
4.4) can be used to suppress the other orders. In this case the relaxation

rates of zero quantum multiplet components are detected individually.

4.6 A fast method for the detection of zero quantum coherence

Zero quantum coherence is a particularly interesting class of multiple
quantum coherence, since zero quantum transitions were not accessible by the
early continuous wave methods and because their insensitivity to magnetic
field inhomogeneity allows an accurate determination of the relaxation rate.
Because of the insensitivity to field inhomogeneity it is possible to design
a sequence which makes it possible to detect zero quantum transitions in a
pseudo one-dimensional single shot experiment, as proposed in ref.(34). The
idea is based on the fact that in a strongly inhomogeneous magnetic field
all coherences except the zero order will defocus rapidly. By applying small
pulses the evolution of the zero quantum coherence can be monitored.

The pulse scheme actually used for this experiment is set out in Fig.4.12.

2k (m)y (2 a a a a a
RF PULSES .
i il j |
ACQUISTION | " " | ?1 %2 33 I;l,o,‘

It

i i1 3 ,
; ;
GRADIENT PULSES ' ) R _____ﬂ_.

et b+ B o]
T T T, T3 TaTs

Fig.4.12 Pulse sequence used to excite and detect zero quantum frequencies.
Transverse nuclear magnetization was sampled at the points indica-
ted by a;, az,--., 210245 immediately after each sample, the trans-
verse magnetization was dispersed by a gradient pulse of random
amplitude. The lengths of the various delays in msec. are: T = 3000,

14, T.= 18, T.= 20, T

"

— TI_ 2 3 4

= =35, T5= 1.
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In principle all excitation schemes which generate zero quantum coherence

can be used. In Fig.4.12 basically a /2 - T - T/2 excitation is used. The

T pulse slightly offset from the midpoint of the interval between the two

m/2 pulses has the effect that it partly refocusses the effect of field
inhomogeneity during this period T+ T, During the next interval a strong
magnetic field gradient is applied along the z-axis, causing a rapid decay

of all non-zero order coherences. This gradient corresponded to a line width
of approximately 3 kHz. In addition the room temperature field correction
coils were shut off for the entire experiment and no sample spinning was used.
This gave an instrumental line width of the order of 150 Hz, at a Larmor fre-
quency of 300 MHz. The next stage of the experiment involves the conversion
of zero quantum coherence into transverse magnetization by a regular sequence
of pulses of very small flip angle ©, each pulse converting only a very
small fraction of the available zero quantum coherence. It will be shown be-
low that each o pulse destroys an amount of zero quantum coherence proportio-
nal to az, so that 1f a is too large there is a rapid decay of the detected
signal, and the zero quantum lines appear broadened. In practice & was about

0.03 radians. There is then a delay T, before the transverse magnetization

4
is sampled. The transverse magnetization arising from zero quantum coherence
appears initially as two antiphase components (section 1.2.4), and TA allows
relative precession of these vectors so that they become partly in phase.
There is also a loss of signal during Ty due to defocussing effects in the
inhomogeneous field and therefore only a rather short value of TA is chosen,
in practice 5 msec.

After a single sample point has been acquired, a l-msec. gradient pulse is
applied in order to destroy all transverse magnetization before the next a
pulse. In order to prevent steady-state effects (35), these gradient pulses
are amplitude-modulated by a pseudo-random sequence; in practice there was
a constant component giving a line width of 3 kHz and an amplitude-modulated
component with excursions of the same magnitude. The highest-frequency zero
quantum coherence is of the order of the largest chemical shift difference
in the coupled spin system, and this determines the lowest possible sampling
frequency if aliasing is to be avoided. This is a further reason for employ-

ing shorter-than-optimum values of T,; it also means that weakly coupled spin

§§stems with large values of &/J wili produce only weak zero quantum spectra
by this method.

This process of pulsing and sampling is continued until 1024 data points
are acquired, and this transient signal is then zero-filled to 4096 points.

In addition to the oscillating signal derived from zero quantum coherence,
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this transient contains another component originating from diagonal elements
of the density matrix, which grows monotonically by spin-lattice relaxation.
A dc correction routine is used to avoid the step function discontinuity at
the end of the transient signal. Gaussian weighting is then applied, and
Fourier transformation gives the spectrum of zero quantum coherence.
To see the effect of a sequence of pulses, suppose that a spin system de-
scribed by a density matrix O experiences a regular sequence of pulses of
very small flip angle o radians, applied along the x-axis of the rotating reference
frame. The effect of a single pulse with flip angle o is then to create a

new density matrix ¢' which may be written as
o' = exp(—iaEX)Oexp(me) [4.9)

and, if expressed as a series expansion, may be approximated for small values

of o by the first-order terms

[ - i~ P

ag' = (1 mFx)o(l + mFX) [4.10a]

o' =g+ iafo,F | + u?'l? oF . [4.10b]
X XX

Provided that 0 contains only density matrix elements that are diagonal or
which represent zero quantum coherences, the term [J,EX] creates transverse
magnetization without affecting the zero quantum coherences at all. (Off-
diagonal non-zero quantum matrix elements are removed by the inhomogeneous
field and the pulsed field gradients). The last term of Eq. |4.10b] and the
higher-order terms in the series expansion of exp(iagx) in Eq. [4.9] cause
the destruction of the zero quantum coherence by the o pulses. Consequently
the amplitude of the transverse magnetization generated is proportional to &
while the degree of ‘destruction of the zero quantum coherence is proportional
to u2, provided that o is small. This effect is closely related to the flip-
angle effect as described in section 2.3.3.

Zero quantum transitions in the vinyl group of triethoxyvinylsilane, which
forms a convenient AMX spin system, were studied using the experimental
scheme of Fig.4.12. Both the zero quantum spectrum and the conventional one-
dimensional spectrum are shown in Fig.4.13. All six zero quantum transitions
are clearly visible.

The author does not expect that this experiment will become of great prac-
ticaIAimportance; however, it shows an elegant demonstration of both the flip-
angle effect and the behaviour of zero quantum coherence in a strongly inho-

mogenous magnetic field.
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Fig.4.13 (a) The conventional high-resolution NMR spectrum of the vinyl pro-

4.

tons in triethoxyvinylsilane. The three-spin system is sufficiently
weakly coupled that three principal quartets can be picked out.

(b) The spectrum of zero quantum frequencies (absolute value mode).
Note the change of frequency scale. From ref.(34).

7 Discussion

Multiple quantum spectroscopy as described in this chapter is a clear de-

monstration of the potential power of two-dimensional spectroscopy. However,

the practical usefulness of multiple quantum coherence in isotropic media

still remains rather limited compared with the methods described in the pre-

vious chapters. Possible applications of multiple quantum coherence are:

1.

2
3
4.
5

Determination of connectivity,

. Determination of relative signs of coupling constants,

Spectral simplification,
Separation of different spin systems,

Extra information for relaxation studies.

ad 1,2. Points | and 2 were already proposed in the early days of multiple

quantum NMR. Since in those days double resonance experiments were used for

the same purpose, and were simpler to understand by the average spectrosco—

pist, multiple quantum NMR never found wide-spread popularity. Because both

paint 1 and 2 can be obtained with the correlation experiments discussed in

chapter 2, they probsbly will not be a reason for a revival of interest in

multiple quantum NMR.



ad 3. Spectral simplification can be achieved by studying a high order mul-
tiple quantum spectrum since the number of transitions decreases rapidly for
increasing order higher than one. This property appears to be extremely use-
ful in the study of dipolar coupling constants in molecules dissolved in

liquid crystals (22,23). The simplification has a different character as the

simplification obtained with the methods discussed in chapters 2 and 3.

ad 4. By selectively observing signals which originate from a certain order
of transitions, using the special properties of multiple quantum transitions
(section 4.3) to obtain this separation, it is possible to observe certain
types of spin systems selectively in a conventional one-dimensional experi-
ment. A practical application of this is used in the next chapter where

13C - 13C coupled spins are observed selectively, suppressing the much stron-

. . 1 .
ger signals due to isolated 3C spins.

ad 5. As has been pointed out in several publications, multiple quantum re-
laxation can give useful extra information in motional studies (32,27,15).
Especially in the study of correlations in fluctuations of the magnetic field
at different sites in a molecule, relaxation rates of multiple quantum tran-
sitions are extremely helpful. Zero quantum relaxation rates are of particu-
lar interest because of the high reliability of the experimental results.
Since motional studies using transverse relaxation phenomena in nuclear mag-
netic resonance are the work of only a limited number of scientists, this
will be no reason for multiple quantum NMR to be introduced in the NMR cook-

book of the chemist.

However, one has to realize that the development of pulsed multiple quan-

tum NMR is rather recent and that new prospects may be found.
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5 CARBON - CARBON COUPLING OBSERVED IN NATURAL ABUNDANCE
SAMPLES

5.1 Introduction

In this chapter a number of experiments is discussed which all have in
common that signals which originate from homonuclear coupled carbon-13 spins
are detected selectively, suppressing the much stronger signals from isola-
ted carbon - 13 nuclei. The experiments are all rather recent and not much
detailed literature is available yet. Therefore a separate chapter is used
for the description of these experiments, although all principles on which
the new methods rely have been discussed in the previous chapters.

Carbon-carbon scalar coupling constants contain a wealth of information
about the structure and conformation of carbon containing molecules. The in-
formation they provide is complementary to that obtained from proton-proton
coupling constants, and is often unique because carbon coupling constants
are directly influenced by the bonding and substituent effects in the carbon
skeleton of organic molecules. However, there appears to be a difficult prac-
tical problem in measuring these coupling constants. This difficulty arises
because the ]3C isotope 1s rare; it has an abundance of only approximately
17. Hence, the abundance of 13C - 13C pairs is only 0.017 and the intensity
of the corresponding resonances will be a factor 200 lower than the intensity
of signals from the isolated 136 spins. Since homonuclear direct ! C coupling
constants are rather small, 30-45 Hz for saturated carbons, these weak satel-
lites are hard to detect in the flanks of the 200 times stronger isolated C
signal. The problem is not only the sensitivity or the dynamic range of the
signal, but also the presence of a jumble of other weak lines from spinning
side bands, from incomplete proton decoupling or simply from small amounts

of impurities. As an example in Fig.S.l, one of the 13C resonances of piperi-

L L i ! 1 ]
S0 Hz 40 30 20 L] (o)

Fig.5.1 Carbon-13 resonance line of carbon C4 in piperidine in a conventional
spectrum recorded at 50 MHz. The satellites due to homonuclear coup-

ling with C3 are marked with an asterisk.
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dine is shown with the two satellite signals due to homonuclear 13C coupling
in its flanks.

Especially at high magnetic fields it becomes very difficult to decouple
the protons properly and to obtain a narrow base for the relatively strong
resonance due to isolated ]3C nuclei. Therefore the solution forced upon the
chemist has been to synthesize compounds labelled with ]3C at the site of
interest, and sometimes even labelled at two sites. This procedure is diffi-
cult, time-consuming and expensive, and restricts the measurements that can
be made to those sites which are coupled to the labelled atoms. In spite of
this, a large amount of information has been built up on the values of car-
bon-carbon coupling constants (1) using this isotope substitution. Experiments
performed by L. Ernst and Wray (2), using no isotope substitution, but detec-—
ting direct and long range satellites in conventional spectra of natural
abundance samples of monosubstituted benzene compounds, should be considered
as experimentally extremely difficult, requiring excellent homogeneity, high
decoupling power, and properly chosen compounds.

The method of measuring carbon-carbon coupling constants described in this
thesis is completely different from both methods mentioned above; the new
method relies on suppressing the main signals of isolated ]3C nuclei, retai-
ning the interesting satellite lines. As will be explained in the next para-
graph, the suppression is achieved by using phase properties of double quan-—
tum coherence (section 4.3). The experiments are essentially one~dimensional;
the idea, however, originates from the multiple quantum spectroscopy as pre-
sented in chapter 4. This one-dimensional method (3) will further be referred
to as Inadequate (Incredible Natural Abundance Double Quantum Transfer Experi-
ment). In paragraphs 5.4 and 5.5 it will be shown that the two-dimensional
variations of the Inadequate experiment can be extremely useful for the de-
tection of long range couplings and for assignment purposes.

All experiments described in this chapter operate by cancelling uncoupled
resonances to reveal the satellites; it should be noted that the sensitivity
of the coupled resonances is not enhanced, making it necessary to use strong
solutions and long accumulation times.

During all experiments discussed in this chapter broad-band high power pro-
ton decoupling is used throughout.

-~All spectra shown in this chapter are recorded on a Varian XL 200 spectro-

meter, operating at 50 MHz.
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5.2 The Inadequate experiment

The dilution of carbon-13 spins in nature is not without advantage: the
natural abundance carbon-carbon coupled spectrum consists of a number of sub-
spectra from isotopomers of the same molecule, each containing two 130 atoms,
with the result that all these subspectra are either of the AX or the AB
type. The intensity of AMX type spectra, due to molecules with three ]3C
atoms will be a factor 200 weaker, and can therefore be neglected. This spec~-
tral simplicity facilitates the analysis and assignment of resonances in the
coupled spectrum. The problem remaining is the suppression of the strong
signals from the isolated ]3C spins. The key to the separation method is that
only in the case of coupled 13C spins it 1s possible to generate double quan-
tum coherence. The special phase properties as discussed in sections 4.3 and
4.4 can be used to select signals which originate from double quantum cohe-
rence only, and hence belong automatically to coupled ]3C spins (3).

For the excitation of double quantum coherence the offset-independent ex-
citation (section 4.2, Fig.4.3g) (77/2)X -1 - (W)y - T - (n/2)x is used.
Neglecting pulse imperfections and relaxation during the time intervals T,
only two components are created: longitudinal magnetization along the -z-
axis and double quantum coherence.

Using a density matrix calculation (section 1.2.3, App.I) it can be found
that the amount of double quantum coherence created is for a weakly coupled

spin system proportional to sin(27J..T) and hence the condition for optimum

cC
transfer into double quantum coherence is given by

T= 0+ 1)/4, n=0,1,2,3,... [5.1]

Due to pulse imperfections and relaxation an amount of single quantum cohe-
rence is also created, which can be considerably larger than the amount of
double quantum coherence from the isolated 13C - 13C pairs.

Another T/2 pulse with phase ¢ is applied immediately afterwards, and con-
verts all three components into transverse magnetization. The complete pulse
sequence is set out in Fig.5.2, where A is a very short delay, (in practice
2 usec.), needed for resetting the phase of the radiofrequency pulse. By
performing several experiments with different phase ¢ for the detection pulse,
signals can be selected which originate only from double quantum coherence,
as described in section 4.4.3. In Table 5.1 the phase of the three components
originating from longitudinal magnetization and from single and double quan-
tum coherence is set out for four phases ¢ of the mixing pulse.

The phase Y of the receiver is made to follow the signal originating from
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Fig.5.2 Pulse sequence of the Inadequate experiment. The phases ¢ and Y are
cycled according to Table 5.1.

Table 5.1 Phase of the detection pulse ¢ and the receiver reference phase Y,
compared with the phase of the three components originating from
longitudinal magnetization (IM,, single quantum (SQ), and double
quantum (DQ) coherence.

¢ M SQ1 DQ1 b4

+x -y +X +X +X
+y +x +y -y -y
-X +y +X -X -X
-y ~x +y +y +y

1Phase of only one of the two doublet components (see e.g. App.I).

double quantum coherence, causing cancellation for the other components as
soon as four experiments have been performed. This four-step experiment can
give quite good suppression of the uncoupled l3C signals, but some spurious
signal at the frequency of the strong resonance will be left. This spurious
signal is due to spectrometer instabilities, pulse imperfections (Hl-inho-
mogeneity, off-resonance effects), to imperfections in the phase shift of

the 7/2 and the 7 pulses, and to errors in th%}phase shifts in receiver chan—
nels and inequality of the audiofrequency filters in the quadrature detection
system. In order to eliminate the spurious signals due to these imperfectionms,
the following extensions of the phase-cycling proposed in Table 5.1 can be

used:

17 The entire four-step experiment is repeated four times with phases of all
pulses and the receiver reference phase incremented together by 7/2 each
time, giving rise to a l6-step experiment. This extra cycling is analogous

to the Cyclops modification in conventional Fourier transform NMR experi-
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ments (4).

2. The phase of the first pulse can be inverted if the receiver reference
phase is inverted as well. This extends the experiment to a 32-step se-

quence.

3. The phase of the T pulse can be cycled through all four phases (x,y,~x,-y),
provided that the receiver reference phase is inverted each time the phase
of the m pulse is incremented. This finally gives rise to a 128-step cycle,
which 1s the maximum number of steps which can be obtained with the four-

pulse experiment, and hence gives optimum suppression.

The order of points 1,2 and 3 is the order of importance for good suppression
as found empirically on a Varian XL 200 spectrometer. If the step number N
is given by

<3 and 0€<n, <1,

N=mn, +4 Xn, + 16 X n, + 32 xn 0 < n,,0,,0, 3

i 2 3 4

where nl,nz,n3 and n4 are integer numbers, the phase of the corresponding
pulses and of the receiver is given below. Only one combination of ny,0,,0,
and n, is possible for each value of N and the phases of the first m/2 pulse
®1,

¢, and the receiver reference phase ¥, are given by the following expressions

of the T puise ¢2, of the second m/2 pulse ¢3, of the final /2 readpulse

for a certain step in the 128-step sequence:

¢, = (n, + 2 % n3) X m/2

1 2
¢2 = (nq + nz) x m/2
¢3 = (nz) x /2 [5.2]
= (n1 + nz) x m/2

i

(1 - n, + n, + 2 % n, + 2 x nA) x 7/2.

A phase ¢n = 0 corresponds to a pulse along the x-axis, a phase Qn = 1m/2 cor-
responds to a pulse along the y-axis, etc.
. . 13
As an example the technique was applied to the natural abundance C spec—

trum of piperidine. There are four observable carbon-carbon couplings,
1 .. 3 ~ 2 ~ 1 - .
J2,3 = 35.2, J2,3, 1.7, JZ,A = 2.6 and J3’4 33.0 Hz. The first step

is to set the condition for optimum transfer into double quantum coherence

for the two direct couplings according to Eq.[5.1] , knowing that the direct
. . . 1

coupling of saturated carbons is of the order of 35 Hz. This allows 'J, 3

<>

and to be evaluated, and with the assumption that the long range coup-

J3 4
>
lings wouid be of the order of 5 Hz, both the direct and the long range coup-

lings may be observed in the same spectrum by setting T = 5] msec., and let-
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ting n from Eq. [5.1] be equal ton = 3 and n = 0 respectively. The conditions
for satisfying Eq. [5.1] are not critical when n=0, and the signals corres-
ponding to long range couplings will not be more than 307 below maximum in-
tensity if the actual long range coupling differs less than 507 from the 5 Hz
chosen. Fig. 5.3 shows 50 Hz sections from the spectrum of piperidine centered
on the three carbon shifts which are equal 47.9, 27.8 and 25.9 ppm for C2,

_C3 and C4 respectively. All three sections are taken from a single experiment,

taking an accumulation time of approximately five hours. Both ]J2,3 and 1J3’4
are obtained from AB type spectra with significant displacements of the
centres of the doublets from the chemical shift frequencies, and with no-
ticable asymmetry.

As the net magnetization originating from double quantum coherence has to
be zero after the non-selective detection pulse, the doublet components have
to be in antiphase immediately after this detection pulse (section 1.2.4).
Whether the low field doublet component has positive or negative intensity
(up-down or down-up) depends upon whether n from Eq. [5.1] is even or odd. In
the piperidine spectra the doublets due to long range couplings (n = 0) are
all up~down while those from direct couplings (n = 3) are all down-up.

When there has been optimal transfer into double quantum, the spectra from

13C - ]3C coupled spins appear with the same sensitivity as in the conven-
H
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Fig.5.3 Sections from the 50 MHz carbon-13 spectrum of piperidine, showing
direct and long range couplings. Note the effective suppression of
the signals from the much more abundant molecules with isolated

C nuclei. From ref.(3).



tional spectrum. Signals from impurities and modulation artefacts are effec-
tively suppressed, leaving a clean spectrum of the desired isotopomers. The
suppression of the non-coupled 13C in Fig.5.3 1s over a factor 1000.

As found by Frenkiel (5) the sensitivity of the method decreases rapidly
if the off-resonance effect becomes noticeably large (YHl < 5Aw, where Aw/2m
is the offset frequency of a certain re¢somance). In order to overcome this
problem for wide spectra, where e.g. methyl groups are coupled to a carbonyl,
the use of composite pulses (6) for all pulses in the sequence is recommended.

The delay time after every four-pulse step in the experiment can be opti-
mized for sensitivity by setting the sum of acquisition times and this delay
time equal to ].3T], where T! is the longitudinal relaxation time of the 13C
spin (7). In the case where the longitudinal relaxation times of two coupled
spins differ by a large amount, e.g. a protonated carbon coupled to a qua-
ternary carbon, this time can be set to 1.3 times the shorter Tl’ giving sa-

tellites for both carbon sites with about half the intensity.

5.3 Optimization in the case of strong coupling

. . 1
In practice quite a few of the 3C - ]3C spectra are strongly coupled.

Optimization of semsitivity using Eq. [5.1] is then no longer applicable (8).
It is. the purpose of this section to calculate how to set the pulse timing
for good sensitivity when there are strongly coupled pairs of 3C spins. A
density matrix calculation, using the equations given in section 1.2.3, is
now necessary to calculate how much double quantum coherence is created after
the (Tf/Z)x - (Tr)y - (TT/Z)x pulse sequence. For the density matrix o' after

this pulse sequence one finds
o' = ﬁx(~n/2)exp(—iﬁr)ﬁv(—ﬂ)exp(—iﬁr)ﬁx(-ﬂ/z) x [5.3]

x Oequ(ﬂ/Z)exp(lHT)Ry(ﬂ)exp(1HT)RX(W/2),
where the rotation operator is given in Eq.[1.15] . A matrix representation
for this operator in the case of an AB spin system is given in ref.(9). A
further pulse along an axis in the xy-plane which makes an angle ¢ with the

positive x-axis converts the double quantum coherence, present in G', into

detectable single quantum coherence described by the density matrix o":

o' = R¢(~W/2)G'R (m/2). [5.4]

¢

Using Eq. [1.26] the detected magnetization is now given by

Mtr(t],tz) =C Tr(Fx + iFy)o(c), [5.5a]
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where
o(t) = exp(-ifit)o"exp (ifit). (5.5b]
From explicit calculation, using Egs.[5.3] ~ [5.5], it follows that if the

four transition frequencies observed in the conventional AB spectrum are
written Wos Wass Wyg and Wy, in order of increasing frequency, and if
tan(20) = J/§ then the sum I of the absolute intensities of the four observed

transitions is given by

L= s+ 9sinl), - 0,7} = 2<;Zsin{(m34 - )T} + [5.6)

W34
)Tl

+ s(1 - s)51n{(w24 =W,

where s = sin(29) and ¢ = cos(29). The second term in Eq. [5.6] is the term
present in the weakly coupled limit.

Eq. [5.6] can be easily verified experimentally by making T a variable (=§t1)
as shown in Fig.5.4, and transforming the resulting data matrix s(tl,tz) to
give a two-dimensional spectrum S(ml,wZ).

A schematical diagram of such a spectrum is shown in Fig.5.5. A cross-sec-
tion through this spectrum parallel to the Fl—axis as indicated in Fig.5.5
gives a one-dimensional spectrum consisting of six lines, three with positive
frequencies and three with equal negative frequencies, having the relative
intensities indicated by Eq.[5.6].

The methyl and quaternary carbons in tetramethyladamantane provide a sui-
table example for testing Eq.[5.6], since the relative chemical shift is
92.3 Hz and the direct coupling is 37.0 Hz, giving 28 = 0.38 radians. The
experimental spectrum, obtained from a cross-section through the 2D spectrum,
is illustrated in Fig.5.6 and is compared with the predicted stick spectrum,

calculated from Eq.[5.6], showing good agreement. The observed frequencies

W2, (M, (U2, (U2),

* T AARAA
L

i T

i oy

n—~————u~——~———d:rk-—>
- ty/2 t/2 ta

Fig.5.4 Two~dimensional version of the Inadequate experiment. The phases 91>
¢, ¢3, ¢ and ¥ are cycled according to Eq.[5.2].
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Fig.5.5 Schematic 2D spectrum of a pair of strongly coupled ! C spins using
the pulse sequence of Fig.5.4. In Fig.5.6 a cross-section at the
position indicated by the dashed line is shown.

Fig.5.6 (a) A cross-section through the 2D 13C spectrum of the AB spin
system in tetramethyladamantane . (b) The predicted spectrum calcu-
lated from Eq. [5.6] using the measured values of J and &§. From ref.(8).

and relative intensities are set out in Table 5.2. Expressions identical to

Table 5.2 Calculated and observed relative intensities in the F1 spectrum of
the AB system in tetramethyladamantane.

Line frequency Calculated intensity Observed intensity
(g, = wy,)/2m; 18.5 Hz 1.00 1.00
(w]3 - w34)/2ﬁ; +27.5 Hz 0.29 0.27
(wy, = wy,)/2m; £64.6 Hz 0.14 0.16

Eq. [5.6] have been calculated for the frequencies and relative intensities
in a homonuclear J-spectrum (section 3.3) of an AB spin system (10). The only

difference is a change in sign in the first term in Eq.[5.6] attributable
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to the phase inversion which occurs in the present experiment when a line
appears at a negative frequency.

The density matrix calculation using Egs.[5.3] = [5.5] predicts that the
relative intensities of the four resonance lines within an AB spectrum remailn
exactly the same when detected via double quantum coherence. The overall in-
tensity, however, is a function of JC T and the strength of the coupling
6/JCC.

Since Eq. [5.6] contains three terms oscillating at different frequencies,

c

it is not possible to give a simple prescription for setting T for optimal
signal intensity.

The third term (oscillating at the frequency separation of the outer lines
of the AB quartet) may nearly always be neglected in comparison with the
other terms; consequently it is the sum of these first two terms which effec-
tively determines the optimum setting of T. At the condition &§/J = V3 the
inner lines of the AB pattern are separated by exactly J and both terms are
oscillating with the same frequency. For more strongly coupled cases, the
second term oscillates at a higher frequency and there is a local maximum of
signal intensity close to the condition of Eq.[5.1]. It is therefore possible
to relate the optimum setting of T to J rather than the separation of the
inner lines of the AB quartet.

The intensity near this local maximum may not be very high, and for cases
where the coupling is stronger than the condition &/J = 2.8 there can be a
significant advantage in setting J7 = 3/4 rather than the simpler condition
JT = 1/4. This is most easily appreciated by a graphical presentation based
on numerical evaluationm of Eq.[5.6] as illustrated in Fig.5.7. Several gene-

Intensity
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0.5
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Y
,,’ Y
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. . . . 13 13 .
Fig. 5.7 Calculated relative intensities for the C - "C satellite spectra

as a function of the strength of the coupling in an AB spin system.
Intensity | corresponds to the intensity of the satellites in a con-
ventional spectrum after a m/2 pulse. From ref.(8).
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ral conclusions can be drawn from this graph. For all weakly coupled systems
JT = 1/4 is the best choice, and it remains reasonably good down to the con-
dition 8/J = V3. For strong coupling better signal intensity can be achieved
with the condition JT = 3/4, although this is three times as sensitive to
mismatch. In some limited regions of the graph the condition JT = 5/4 (or
even higher multiples) can give stronger signals. The curves for the three
conditions JT = 1/4, 3/4, 5/4 are plotted in Fig.5.7, the broken lines in-
dicating that in these regions there may not be a suitable local maximum of
signal intensity given approximately by Eq. [5.1]. Such settings of T should
therefore be avoided. Note that JT = 1/4 is an unsatisfactory choice for
strongly coupled spins. For extremely strong coupling, where §/J is less than
about 0.5, a different strategy should be adopted since the first term of

Eq. [5.6] dominates completely. The timing should then be adjusted so that
w3

lines of the AB quartet, that is, an estimate of the chemical shift diffe-

- m34)T = 7/2, which requires a knowledge of the separation of the inner

rence as well as J.

5.4 A versatile two-dimensional method for the investigation

of long range couplings

The principle restriction on the generality of the Inadequate experiment
arises from the condition for optimum transfer into double quantum coherence
(Eq. [5.1]) as described in section 5.2. Optimum transfer requires either an

estimate of JC or the trial and error adjustment of the T delay. If the main

C

interest is in direct couplings, an estimate of J and a corresponding choice

cc
of T is rather straightforward. However, in this case of long range couplings

it is much harder to predict which value of I, to expect. since values

CC
vary between 0 and 15 Hz. For the routine application to problems where no

a priori estimates of the couplings can be made a more general method would
clearly be useful. In this paragraph a variation on the Inadequate experiment
will be discussed, which utilizes the concept of two-dimensional spectroscopy

to allow T to become a variable parameter in this experiment (Fig.5.4)(11).Inprin-
ciple this should exhibit a sensitivity comparable with that of the Inadequate
experiment with optimized 1 delays. The period 21 becomes the well-known

evolution period t,. For each value of t_  an Inadequate experiment gives a

1° 1
satellite spectrum, with the intensities of the satellites proportional to

I(t]) = sin(TJ )exp(—tl/T), [5.7]

ccti

provided that the coupling is weak, as 1s usually the case with long range
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couplings. Because of the refocussing effect of the T pulse, the decay time

constant T of this signal can approach the spin-spin relaxation time T2 under

favourable conditions. A Fourier transformation of this amplitude modulation

1 will give resonance lines at iJCC/Z in the F1 dimension.

Because of the refocussing effect of the T pulse, the resolution in the F

with respect to t

dimension may be considerably enhanced in comparison with conventional ex;e-
riments. Thus, although the 13C - 13C splittings appear in the two-dimensio-
nal spectrum in both frequency dimensions, there is a marked advantage in
observing them in the F1 dimension. This is conveniently achieved by selec-
ting the appropriate traces from the complete two-dimensional spectrum, the
equivalent of taking cross—sections through the two-dimensional spectrum at
fixed values of FZ' In general it is not necessary to plot the two-dimensio-
nal spectrum. Since for each carbon site there are two satellites with oppo-

site intensities (section 5.2), both modulated with respect to t, by the

i
same frequency, sensitivity can be enhanced by a factor v2, by calculating
the difference of the two corresponding cross-sections. Since the signal
shows pure amplitude modulation, sensitivity can be further enhanced by per-
forming a real Fourier transformation with respect to t, or by replacing the
dispersive part of the individual tl—satellite spectra by zeroes before per-

forming complex Fourier transformation with respect to t, (section 1.8). This

1
latter approach gives the familiar up-—down pattern for the satellites in the
F] cross—-sections.

In order to illustrate the technique, an investigation was made of the long
range couplings in tetramethyladamantane, chosen because the alternative
approach, specific isotopic enrichment, is particularly difficult in ring
compounds. As can be appreciated from Fig.5.8 symmetry considerations limit

the observable long range C -C couplings to four:

2 3, 3 4
J(CHy=C~CH,), “J(CHy~C~CH,=C), ~J(CH,~C-CH,=C), "J(CH,=C-CH,-C-CH,).

2
Three of these couplings turn out to be less than 1 Hz, making this a strin-
gent test of the method.

The number of increments in the t dimension is a compromise between the

1
requirement for adequate digitization in the F . dimension and the desire to

minimize the overall length of the experiment;lin practice 32 increments

were used. The overall data matrix consisted of 32 x 4096 words. The signals
(tz)wereweighted with a Gaussian function to give a line width in the F,
dimension of 0.35 Hz. Thus although in principle each splitting should appear
on a different horizontal (Fl) trace, in practice as many as three splittings

appeared together, because of overlap of the signals in the F2 dimension.
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CH,

Fig.5.8 Tetramethyladamantane.

The same splitting information occurs on both sides of the ]BC chemical shift
frequency, the spectra having antiphase intensities. This can be seen in Fig.
5.9 which shows a small section taken from the two-dimensional spectrum en-
compassing the resonances from the methyl carbon sites. Trace (a) shows an
antiphase doublet due to 3J(C—CH2~C—CH3) while trace (d) carries a similar
doublet with the intensities inverted. Consequently traces (a) and (d) were
combined in antiphase to give a resultant spectrum with improved signal-~to-
noise. Similarly trace (b) was inverted and then combined with trace (c) to

give a spectrum illustrating the smaller splittings 2J(CH3—C—CH2) and

AT AR 0

Fig.5.9 A small section of the two-dimensional 13C spectrum of tetramethyl-
adamantane, approximately centred on the methyl carbon chemical shift
frequency. Traces (a) and (d) carry splittings due to 3J(CH3—C—CH2~C),
while traces (b) and (c) carry splittings due to both 2J(CH3~C—CH2) and
4J(CH3——C—CH2—C—CH2) which are not resolved in this diagram. From ref.(11).
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4
J (CI-I3 C-CH,

In this way five critical spectra were extracted from the two-~dimensional

~C—CH2) which are mnot quite resolved in this spectrum.

data; they are set out in Fig.5.10. The sensitivity achieved by an overnight
run was sufficient to permit the application of a resolution enhancement

function in the t dimension, reducing the line width in F] from 0.2 to 0.1 Hz.

This allows all four long range splittings to be resolved. Each splitting
appears twice in these spectiva, which helps to confirm their assignment, the

only ambiguity being”between 2J(CHZ—C-—CH3) and AJ(CHZ—C—CH —C—CH3); these

2

were tentatively assigned on the assumption that [2JI>]4J1. The results are
set out in Table 5.3, along with the two direct couplings observed in a se-
parate experiment.

By removing the necessity of estimating T values, the proposed extension

13, _ 13

of the original C coupling experiment makes the application to un-—

J\\M—_‘W\ 3\.] (CH3'C"CH2‘C)
b 2)(CH3=C - CHy)

4 (CH3-C - CH,-C~-CHy)
%\/"./\/V\N\/s/\/\—\/

3J(CH,-C-CH,~C)
2 (CH,~C~CHy,)
Y(CHp~C-CH,~C-CHy)

d
N\——J\NVM 3J(C~CH,~C-CH,)
g\./\/\—m\/\/w\/\/’\/ 3"’ (C_CHZ_C-CHS)

Fig.5.10 Spectra showing the long range ]3C - 13C ccuplings in tetramethyl-
ademantane obtained from sections through the two-dimensional spec-—
trum parallel to the Fj-axis. A resolution enhancement function has
been used. Traces (a) and (b) originate from the methyl groups, (c)
from the methylene groups, and (d) and (e) from the quaternary sites.
A small artefact near the centre of trace (d) is attributable to the
failure to allow complete spin-lattice relaxation between sections

of the experiment. From ref.(11).

-
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Table 5.3 Carbon-carbon couplings in tetramethyladamantane (Hz)

lJ(c-cu3) = 37.00 * 0.05 .
l3(c-ch,) = 32.23 £ 0.05
ZJ(CH3~C—CH2) = 0.45 * 0.032
3J(CH3—C—CH2—C) = 3.38 £ 0.03
3J(CH2~C—CH2-C) = 0.89 * 0.03
AJ(CH3—C-CH2”C‘CH2) = 0.14 £ 0.032

@ Assigned on the assumption that ]ZJ[>]4J].

kwown long range couplings quite general. The attainable sensitivity is ex-—
pected to be comparable with the one-dimensional experiment, particularly
since it is possible to combine pairs of traces carrying the same information.
The resolution may be significantly improved through the refocussing effect

of the 180° pulse at the midpoint of the evolution period.

5.5 ]3C - 13C double quantum frequencies used for assignment

Assignment in 13C spectra can sometimes be very difficult and require a
knowledge of isotope substitution effects or of the interpretation of longi-
tudinal relaxation times. Quite a few false assignments have been made in the
past. In this paragraph an assignment method is presented which uses the

]3C - ]3C pairs for assignment

double quantum frequency of directly coupled
purposes, identifying adjacent carbons in an unambiguous manner.

Each carbon may be directly coupled to as many as four other sites, and
since the coupling constants are often very similar in magnitude, assignment
to specific pairs of resonances cannot always be made on the basis of coup-
ling constants alone. However, the couplings can be identified by
means of a different criterion - the frequency of the double quantum coherence,
which is equal to the sum of the chemical shifts of the two carbom sites,
measured with respect to the transmitter frequency (section 4.2.3). Each pair
of carbon spins has in most cases a unique double quantum frequency, since
the double quantum frequencies are spread over a spectral region, almost
twice as wide as the conventional ]3C spectral width. So the problem remai-
13C _ 13

ning is the detection of the C double quantum frequencies. This can

be easily done in a two—dimensional experiment, using the pulse sequence of
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the Inadequate experiment, but letting the delay A now become the evolution
period t](Fig.S.lla). The delay T is optimized for the detection of direct
couplings (T = 6 msec.). The satellite spectra obtained for each value of £

will now be modulated in amplitude with respect to t, by the double quantum

1
frequencies. An explicit density matrix calculation, showing this, is given
in Appendix I. A Fourier transformation with respect to t will then produce

a two-dimensional spectrum with along the F -axis the double quantum frequen-

1

cies, and along the F,-axis the satellite spectra as obtained with the Inade-

quate experiment. Thiz method has been used to establish the connectivity of
the carbon atoms of 5a - androstane (12). Since the signals are purely ampli-
tude-modulated, sensitivity can be improved by performing a real Fourier
transformation with respect to tl’ of the absorption part of the spectra ob-
tained after the first Fourier transformation with respect to t, (section
1.5.2). A disadvantage of the amplitude modulation is that the sign of the
double quantum frequency cannot be determined. This problem can readily be
circumvented by placing the transmitter frequency at either the high-field
or low-field side of the spectrum, ensuring that all double quantum frequen-
cies have the same sign, but this increases the size of the data matrix re-
quired by a factor four. Since lack of digitization in the two-dimensional
spectrum will be a problem anyway, this is not permissible.

As explained in section 4.4.3, the amplitude modulation by the double quan-
tum frequency can be converted into phase modulation if either the coherence
transfer echo or the antiecho is detected selectively. This can be done by
combining the results of the experiment of Fig.5.1la with another similar
experiment which has an extra (ﬂ/&)z pulse in the evolution period (Fig.5.11b).
The composite (77/4)Z pulse consists of a (ﬂ/Z[ﬂ(— (W/A)_y - (W/Z)X(13,14),
and increases the phase of the double guantum coherence by 7/2 (section 4.4.3).
As the scheme of Fig.5.1l!la detects the imaginary component of the double
quantum coherence (App.I), the scheme of Fig.5.11b detects the real component.
If the receiver phase in the seguence of Fig.5.11b is decremented by 90° com-
pared with sequence 5.1la, adding the two amplitude-modulated signals gene-
rates a phase-modulated signal, representing the coherence transfer echo and
allowing the sign of the double quantum frequency to be determined (section
1.5.1). This is analogous to the tricks used in homonuclear (15) and hetero-
nuclear (16) shift correlation and described in sections 2.2.3 and 2.3.2. It
is convenient to insert the composite three pulse (W/A)Z sequence immediately
after the second T/2 pulse in the experiment, which creates the double quan—

tum coherence. This allows four pulses to be consolidated into two:
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Fig.5.11 Two stages of the sequence used to detect carbon-13 satellites in
carbon-13 spectra while relating them to the characteristic double
quantum frequencies. The phase angles ¢, %2, ¢3, ¢ and the receiver
phase ¥ are cycled according to Eq.[5.2f The basic pulse sequence
(a) is modified in (b) by the insertion of a (7/4), pulse, together
with a 90° clockwise shift of the receiver reference phase, in order
to determine the sign of the double quantum frequency.

(T/2), = (/D) = (/8= (D), = (/e)_ - (/) l5.8]

In each sequence (a) and (b) of Fig.5.11, phase cycling according to Eq.{5.2]
is used to cancel unwanted signal components from isolated 13C spins, so that
before the quadrature components are combined, they contain negligible con-
tributions from molecules with isclated 13C spins. The combination then re-
sults in a series of clean satellite spectra for different values of D
which are modulated in phase. As the sensitivity of the method is a critical
problem, the acquisi;ion time along the tz-axis has to be at least 1.5 times
the decay constant T2 of the signal. This generally corresponds to a large
number of data points (>2000) along the tz—axis, and therefore limits the

allowed number of increments for t, to less than 100, giving a rather poor

]
resolution in the F, dimension. Since signals in the F_ dimension are usually

well dispersed, thi; is no crucial problem. ]

As an illustration of the method the carbon-13 satellites of the carbon-
13 gpectrum of sucrose (Fig.5.12) were investigated. The Varian XL 200 spec-
trometer was operating at 50 MHz with a 16mm sample at 7OOC, and the total
experimentdl time was 1] hours. The two-dimensional spectrum S(wl,w2) is dis-

played in the form of an intensity contour plot. The F, dimension corresponds
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Fig.5.12
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The two-dimensional carbon-13 spectrum of sucrose obtained as described in the text. The AX~ or AB-type
satellite spectra are the four-line patterns joined by broken lines; their centres of gravity lie on a
line with AF|/AFy= 2, The conventional carbon-13 spectrum running along the top of the diagram has been
assigned by noting which resonances have a direct carbon-carbon spin coupling. The double quantum fre-

quencies appear in the m_ dimension. From ref.(13).
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to the conventional carbon~-13 spectrum except that the strong lines from
isolated nuclei are suppressed, leaving only the weak satellite signals.
Since the proton resonances are broad-band decoupled throughout, these are
four~line spectra of the AX or AB type. Ten such spectra are visible in Fig.
5.12, marked by the broken lines; four of them show the characteristic AB
intensity pattern. The F] dimension separates these spectra according to
their individual double quantum frequencies, thus identifying them unequi-
vocally. Since the double quantum frequency is equal to the sum of the ap-
propriate carbon-13 shifts, the centres of gravity of all AX or AB spectra
lie on a diagonal with AFI/AF2 = 2. This additional constraint could be use-
ful for identifying artifacts due to incompletely suppressed signals from
isolated carbon-I3 nuclei.

The resonance of the quatermary carbon of sucrose (F2) was identified by
its long spin-lattice relaxation time.

Inspection of Fig.5.12 reveals that this resonance is directly coupled to
two others, which may then be labelled Fl and F3. Fl shows no other direct
coupling, but F3 is clearly coupled through a single bond to another reso-
nance, now labelled F4, and hence to F5 and F6. None of the glucose ring (G)
resonances are involved in this coupling scheme. However, the three CH2 sites
are readily identified by their multiplicity and since Fl and Fé have been
assigned to the fructose ring, G6 can be identified. The chain of linkages
G6~G5-G4~G3~-G2-Gl may then be deduced from Fig.5.12 by inspection; the fact
that three AB quartets fall close together presents no particular difficulty
if a larger plot of that region is made. The assignment agrees with that of
Pfeffer et al. (17).

The double quantum technique provides a simple but powerful procedure for
determing the connectivity of the carbon atoms in an organic molecule. (In
principle C-N-C or C-0-C linkages could be bridged by searching out the long
range C-C couplings by an extension of the method, using longer delay periods
T.) For materials with natural isotopic abundance the sensitivity is neces-
sarily low, but the technique has the advantage of great simplicity because
it examines isolated pairs of carbon~13 spins, and thus builds up a picture

of the carbon skeleton in very simple steps.
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6 PROBLEMS AND METHODS
6.1 Introduction

As mentioned before, two-dimensional NMR spectroscopy has turned out to be
a very helpful tool in solving chemical problems. In many respects it can be
seen as an alternative to the more familiar double resonance experiments.
However, the sensitivity and ease of operation (after automatization of the
spectrometer systems) of the new methods are generally better, and the practi-
cal limitations are often less severe. In order to be able to use two-dimen-—
sional spectroscopy, a modern NMR spectrometer with a flexible control system
and a large amount of two-dimensional processing software is needed (see
chapter 7).

Because of the abundance of two-dimensional methods and the large number
of different applications for certain methods, in this chapter a survey will
be given of possible problems and the corresponding two-dimensional methods
to solve them. In Table 6.1 the information which can be obtained with va-
rious methods is tabulated. In the following paragraphs these topics will be
discussed in more detail.

Only protons and carbon-13 nuclei are mentioned in this table. However,
the methods can also be used in the studies of all other kinds of abundant

or rare nuclei, although not many practical applications have yet been shown.

6.2 Methods for solving assignment problems

Assignment problems can be subdivided into two categories: spectra of abun-—
dant nuclei and spectra of rare nuclei. The commonest example of assignment
problems in spectra of abundant nuclei is found in proton spin systems.There-

fore in the next section attention will be focussed on assignment in proton

spectra.

The most common methods used in assigning proton spectra are the looking
for identical multiplet splittings (matching of coupling constants) and se-
lective homonuclear decoupling. The first method breaks down if couplings
are not resolved, if many couplings have similar magnitude or if multiplets
are overlapping in a very crowded spectrum. The second method, homonuclear
decoupling, also breaks down in the case where resonances are broad compared
with the J-splitting and in the case of strong coupling. There are several

two-dimensional methods which can be useful alternmatives or complementary



Table 6.1 A brief survey of problems and methods which can be used to

solve them.
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Assignment section
proton spectra homonuclear shift correlation spectroscopy 2.3, 2.4
heteronuclear shift correlation spectroscopy 2.2
cross-relaxation based shift correlation 2.4
spectroscopy
homonuclear J-spectroscopy 3.3
13¢ spectra heteronuclear J-spectroscopy 3.3
heteronuclear shift correlation spectroscopy 2.
I 13
3C - C double quantum spectroscopy 5.5
Spectral parameters
shift insensi- heteronuclear shift correlation spectroscopy 2.2.5
tive nuclei
homonuclear coup~ homonuclear J-spectroscopy 3.3
11 . . .
ing constant homonuclear shift correlation spectroscopy 2.3
the Inadequate experiment 5.2
indirect J-spectroscopy 2.2.6
heteronuclear coup~ heteronuclear J-spectroscopy 3.
11 . .
ing constant heteronuclear shift correlation spectroscopy 2.2
spin - spin J-spectroscopy 3.2, 3.3
relaxation rate
zero quantum spectroscopy 4.5
multiple quantum J-spectroscopy 4.5
exchange and cross-relaxation based shift 2.4

exchange and cross-—
relaxation rate

correlation spectroscopy
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tools in solving the assignment problem.

Homonuclear shift correlation spectroscopy

Homonuclear shift correlation spectroscopy as presented in paragraph 2.3
is a very simple and useful method to map out the connectivity pattern in
a homonuclear coupled spin system. Depending on the sensitivity it is pos-
sible to show the presence of couplings which are up to ten times smaller
than the natural line width. To get a first impression of the coupling pat-
tern a good approach 1s to perform an experiment with short acquisition times
(€ 0.2 sec.), along both time axes. For the mixing pulse a in the W/Z--t]—a-t2
sequence a width of 7/3 or slightly larger can be chosen. A smaller mixing
pulse will give relatively larger diagonal peaks but can make it possible to
detect strongly coupled resonances unambiguously (section 2.3.3). In order
to detect small couplings (< 2 Hz) longer acquisition times along both time
axes are required. If this is not possible because of the limited size of
data storage space available, delays can be introduced just before the evo-
lution and detection periods (section 2.3.5). If strong overlap between the
multiplets occurs, the broad-band decoupled variation of the latter experi-

ment (section 2.3.6) can be useful.

Heteronuclear shift correlation spectroscopy

In the case where the assignment of the 13C spectrum is known, and sensi-
tivity permits 13C detection, a simple and straight forward determination
of the proton shifts is obtained using heteronuclear shift correlation spec—
troscopy as discussed in section 2.2, detecting the 13C signal.

These indirectly obtained proton shifts can be used in the assignment of
the individual resonances of the onme~dimensional proton spectrum, which

usually shows higher resolution.

Cross-relaxation based shift correlation spectroscopy

In the case of large molecules where homonuclear couplings are not re-
solved and the low sensitivity of l3C does not permit the use of the pre-
vious method shift correlation spectroscopy based on cross-relaxation (sec-—
tion 2.4) can be used for solving the assignment problem. Practical examples
of this application have been shown for the assignment in proton spectra (1).
Especially at high field strength (> 7 Tesla) where longitudinal relaxation
times tend to be long, while transverse relaxation times are short, this can

be a very attractive method.
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Homonuclear J-spectroscopy

Homonuclear J-spectroscopy (section 3.3) has initially been proposed as
the ideal tool in the assignment of complicated spectra. However, the re-
quired weak coupling and the phase-twisted line shapes are problems in using
the method. Its main use 1s probably limited to unraveling patterns of over-
lapping but individually well-resolved multiplets. Results are often rather

disappointing in practical cases.

6.2.2 Assignment in_spectra_of rare nuclei

The most familiar rare nucleus is carbon-13, which will be used throughout
this section as an example. However, most methods discussed are in principle
also applicable to other kinds of rare nuclei.

The most common way of assigning 13C spectra 1s the use of large tables of
chemical shifts available for 13C nuclei in a certain environment. Combined
with the knowledge about substituent effects it is often possible to predict
a 13C chemical shift with an accuracy of a few ppm., allowing the direct as-
signment of recorded proton-decoupled 13C spectra if the resonances are in-
dividually separated by a few ppm.

Remaining problems can sometimes be solved with the following methods:

Heteronuclear J-spectroscopy

The multiplicity n of a certain CHn group can be obtained in a simple he-
teronuclear J-spectrum as described in section 3.2.4. New one-dimensional
experiments, derived from two-dimensional spectroscopy offer the same pos-

sibilities (2,3,4).

Heteronuclear shift correlation spectroscopy

By performing the heteronuclear shift correlation experiment as described
in section 2.2, the shifts of protons directly bonded to a carbon-13 are
measured. If the assignment of the proton spectrum is known this can direct-
ly identify the ]BCA If the assignment of the proton or 13C spectrum 1s
partly known, the Theteronuclear shift correlation spectrum will give addi-

tive information which can facilitate the assignment considerably.

13 13 . .
< - 77C Double quantum spectroscopy
. 13 13 . . . .
By determing the c - C double quantum frequencies in a two-dimensional

experiment as described in section 5.5 it 1s possible to determine the con-
. R . . .13
nectivity pattern and hence the assignment 1n the C skeleton of a molecule

in a straight forward and unambiguous way. The requirements for sensitivity
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and data storage space in this experiment are high.

6.3 Methods for extracting spectral parameters

Two—dimensional spectroscopy can be important for the determination of all
kinds of spectral parameters like coupling constants, chemical shifts, relaxa-
tion rates, cross-relaxation rates and exchange rates. Below, the practical
relevance of the different methods for measuring these parameters will be
briefly discussed.

6.3.1 Shifts_of nuclei with low_magnetogyric ratio

As explained in section 2.2.5 the indirect detection in a heteronuclear
shift correlation experiment of nuclei with a low magnetogyric ratio can be
advantageous because of sensitivity reasons. Probably the most important ap-
plication in this case is the determination of ISN shifts, where in principle
a sensitivity gain of a few orders of magnitude is possible. However, this
technique has not yet been fully developed due to experimental difficulties

(section 2.2.5).

6.3.2 Homonuclear_coupling constants

In some cases homonuclear coupling constants cannot be extracted easily
from a conventional one-dimensional spectrum. This is for instance the case
in crowded spectral regions, in the case of a nearby much larger signal or
just because of poor resolution.

Homonuclear J-spectroscopy

The two main advantages in using homonuclear J-spectroscopy in determing
homonuclear coupling constants are the removal of overlap between the diffe-
rent multiplets, and the natural line widths in multiplet cross-sections
(section 3.3). This latter effect is often not very important, provided that
the field has been carefully shimmed. Only in the case of carefully degassed
samples of small organic molecules can an improvement over line-narrowing by
the use of dlgital filtering in one~dimensional spectroscopy be expected. In
that case it is recommended to use the multiple refocussing technique as de-
scribed in section 3.5.1.

Homonuclear shift correlation spectroscopy

If one is only interested in whether or not a (small) coupling between two
nuclei does exist, the homonuclear shift correlation based on scalar inter-
action as discussed in section 2.3.5 is a very sensitive method to get the

answer.
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The Inadequate experiment

If coupled resonances are obscured because of the presence of a nearby
much larger signal, as it is the case in natural abundance carbon-13 spec-
troscopy, the double quantum transfer Inadequate experiment, described in
section 5.2, can be used to eliminate the large uncoupled resonance.
Indirect J-spectroscopy

Proton-proton coupling constants can be detected indirectly, e.g. via the
carbor-13nuclei (section 2.2.6) in a heteronuclear shift correlation experi-
ment from which the proton shifts are removed. This offers the possibility
to separate multiplets of protoms which have exactly the same chemical shift,
provided that the shifts of the directly coupled carbon-13 nuclei are dif-
ferent. The requirement of weak coupling among the protons remains in using

this experiment.

6.3.3 Heteronuclear coupling constants

Heteronuclear J-spectroscopy

Sometimes the need exists to determine direct heteronuclear coupling con-
stants with high accuracy, e.g. to detect the effect of a change in conforma-
tion or of a substituent. Since overlap in proton-coupled carbon-13 spectra
is a commonly encountered problem, heteronuclear J-spectroscopy (section 3.2)
can be fruitfully used.

Because of the natural line widths obtained with most methods, accurate
results can be expected. Heteronuclear J-spectroscopy can also be used for
the measurement of long range couplings. However, since long range couplings
are often unresolved because of short transverse relaxation times and the
fine structure of the multiplet is often very complex and the semnsitivity in
this application will be rather poor, often mno satisfying results can be ob-

tained. To avoid confusion due to strong coupling effects it is recommended

to use the gated decoupler experiment with decoupled acquisition (section 3.2.

Heteronuclear shift correlation spectroscopy

The presence of a long range coupling can be shown, in analogy with homo-
nuclear couplings, by performing a heteronuclear shift correlation experiment
with proton-coupled evolution and detection. Nevertheless, this experiment
remains rather difficult because of the poor sensitivity due to the fact that

tHe spectrum is in the coupled mode along both frequency axes.

2).
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6.3.4 Spin-lattice relaxation

Aue et al. (5) pointed out that axial peaks in a homonuclear shift correla-
tion spectrum contain information about the longitudinal relaxation rates.
In practice, however, this does not appear to be very useful.

A nice example of the application of 2D spectroscopy for the determination
of longitudinal relaxation times in complex overlapping proton spectra has
been given by Avent and Freeman (6). An experiment proposed by Morris (7),
using the Inept sequence (8) offers the same possibilities, but in a much
simpler one-dimensional fashion.

6.3.5 Spin-spin_relaxation

Two-dimensional spectroscopy can be useful in the determination of trans-—
verse relaxation rates. Not only single quantum relaxation rates but also
zero- and multiple quantum relaxation rates are accessible.

J-spectroscopy

Since in principle natural line widths can be obtained with J-spectroscopy
(sections 3.2 and 3.3), these widths can be used directly for obtaining a
value for the relaxation time if the line has a Lorentzian shape.

Zero quantum spectroscopy

Multiple quantum spectroscopy gives natural line widths for homonuclear
zero quantum transitions, enabling the determination of the relaxation rates
directly and with high accuracy (section 4.5).

Multiple quantum J-spectroscopy

Multiple quantum J-spectroscopy as discussed in section 4.5 makes it pos-—

sible to determine the relaxation rates of all detectable multiple quantum

transitions via line width determination.

6.3.6 Exchange and_cross-relaxation_rates

Exchange and cross-relaxation spectroscopy as developed by the groups of
Jeener and Ernst (9,1) and briefly presented in section 2.4,is a powerful
tool to show the presence of cross-relaxation and exchange. The exact measure-
ment of the rates using these methods is rather difficult. An estimate for
the order of magnitude can be obtained by varying the length of the mixing
period in consecutive experiments or by comparing the amplitudes of diagonal

and cross peaks.
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SPECTROMETER- AND COMPUTER REQUIREMENTS
Introduction

In this chapter it will be briefly discussed in a qualitative way which

spectrometer capabilities are more critical for two-dimensional experiments

than for the common one-dimensional experiments, It will appear that a modern

NMR spectrometer needs only a relativelysmall extension of software and

possibly upgrading of plotting and background storage facilities, The main

hardware requirements for two-dimensional spectroscopy also apply to per-

forming sophisticated one-dimensional experiments. The main purpose of this

chapter is to give an impression to which extent a modern NMR spectrometer

has to be modified in order to be suitable for 2D spectroscopy.

7.2

Hardware

In this section the analog and the control hardware will be discussed.

Many of the normal requirements for the analog hardware of NMR spectro-

meters are quite critical for 2D spectroscopy. These requirements are:

(a)

(b)

(c)

@)

Field frequency lock system

A change in field frequency ratio during the 2D experiment can give

rise to tl—noise (section 1.8), line shape distortions, and loss of sen-
sitivity. Since 2D experiments usually last several hours, optimization
of the lock system is important.

Constant field homogeneity

A change in homogeneity will again result in t -noise, line shape dis-

1
tortion, and possibly extra spurious resonance lines.

Spinning sidebands

The effect of spinning sidebands in two-dimensional spectroscopy (1)

is generally even more confusing than in a one-dimensional spectrum.

Since the range of different intensities in 2D spectra can be large, it
can be difficult to distinguish between real peaks and spinning side-
bands purely on the basis of their magnitude.

Homogeneous r.f.fields

Inhomogeneous radiofrequency fields generated by pulses can cause arte-—
facts in the 2D spectrum. For the observing channel on modern NMR spectro-
meters, the r.f.field homogeneity is usually sufficient, however, also for
the heteronuclear channel a homogeneous r.f.field is needed. Demands for

r.f.field homogeneity can be weakened by the use of composite pulses (2).
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Homogeneity destroy pulse

A homogeneity destroy pulse (homospoil) is a handy and sometimes required
tool in 2D NMR experiments (sectioms 2.3.2, 2.4, 4.4.2). If this homo-
spoil pulse does affect the field frequency lock system, or if the timing

of the pulse is bad, t,-noise, artefacts and loss of semsitivity can

1
occur.

The demands for control hardware of course depend largely on the available

control software (3). Apart from that a number of requirements can be named

which the combination of control hard- and software must be capable to fulfil:

(a)

(d)

(c)

(d)

(e)

Pulsing on the hetero-channel

For many experiments it must be possible to apply pulses to the hetero-
nuclei. Not only should the length of this pulse be selectable within a
few percent of the desired value, but also the phase should be settable

to an integer multiple of 90°.

Accuracy of timing

The timer of the spectrometer should be capable of generating intervals
between pulses with any length tetween a few microsec. and several seconds
with a high absolute accuracy of a few microsec. If the accuracy of timing

is insufficient, t -noise and extra lines can appear in the 2D spectrum.

1
Flexible acquisition settings

In order to economize on the size of the data matrix it is necessary to
be able to select a spectral width and an acquisitiou time close to the
desired values. Of course, a suitable analog filter must be available

for any bandwidth chosen.

Transmitter frequencies

In order to economize on the size of the data matrix it should also be
possible to set the observing transmitter and the heteronuclear transmit-
ter close to the centre of the spectrum.

Pulse calibration

If the flip angle of r.f.pulses cannot be calibrated accurately to 7/2

or to 7 radians artefacts in the 2D spectrum can occur.
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7.3 Software

7.3.1 Control_and acquisition software

Of course, the specifications for control software depend on the capabili-
ties of the control hardware (3). Generally, however, it can be stated that
the combination of control hard- and software should be capable of creating
any pulse sequence with a number of up to some 15 pulses in a flexible
fashion, i.e. the time intervals between these pulses should be freely
selectable, the pulses can be applied to the observe and/or hetero channel,
and the phases of the pulses are selectable, In order to perform a two-di-
mensional experiment it is necessary that the delays between pulses can be
incremented (or decremented) in successive experiments by a selectable length,
while the corresponding data are stored separately on a background storage
device. The possibility should exist to perform a certain experiment (for

a single t -value) an arbitrary number of times, while phases of the pulses

1
and receiver are programmable for these repetitions. In this case the data
should be directly averaged to the previously acquired data for the same

length of t During all intervals between pulses it should be selectable

E
whether or not to apply heteronuclear decoupling,

7.3.2 Processing software

As mentioned in section 1.8, the extra amount of data processing soft-
ware for performing 2D experiments is rather limited. In fact, only an
extra matrix transposition routine is needed. However, a few extra demands
are made on the individual processing programs to facilitate the actual
operation.

(a) The original data should not be overwritten by the processed data, in
order to allow reprocessing with different parameters,

(b) The processing should be fast. Since the data matrices are usually
fairly large, processing should be fast in order to limit the amount of pro-
cessing time. Not only the computer calculation speed, but also a minimum
number of disc accesses is of importance in this case,

(¢) It should be possible to define all processing operations in advance

(queuing) to avoid a cumbersome and time-consuming operator interaction,
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The display of two-dimensionalspectra is usually a time-comsuming process
because of the large amount of data involved and because of the complicated
arithmetic needed for white-wash or contour calculation procedures, and even
more the usually fairly slow mechanical plotting device.

In order to minimize plotting time it is necessary to get a (crude) pre-
view of the two-dimensional spectrum on a fast display unit (e.g. storage
scope or C.R.T. terminal) as it would appear on the plotter, with the option
of changing the display parameters. This avoids the making of useless plot-
tings. A proper contour plotting program is for many 2D experiments absolute-
ly necessary, while also a stacked-trace plot program can in some cases be
very useful. Further on, it is nice if the selection of cross-sections which
contain resonances 1s automated. This is for instance useful in heteronuclear
shift correlation (section 2.2) and in homonuclear J-spectroscopy (4) (sec—

tion 3.3).

7.4 Computer and peripherals

The computer specifications required for being able to perform two-dimen-
sional spectroscopy, do not differ much in principle from the requirements
which are made anyway on a computer controlling a modern HR - NMR spectro-—
meter. It must be capable of controlling the spectrometer and acquiring,
processing and storing the data. The computer-spectrometer system must be
capable of generating the pulse sequences of the various 2D experiments and
acquiring the data for a large number of different lengths of the evolution
period. The major difference with respect to the computer requirements be-
tween one- and two-dimensional spectroscopy is caused by the very large
amount of data usually involved. Therefore a large background storage de-
vice (magnetic disc) is needed with at least storage space for a number of
data points of the order of 106. In order to limit the processing time of
the large amount of data it is preferable, althcugh not a prerequisite, if
the following features are available:

(a) fast instruction execution time, possibly by using an array processor,

(b) fast access to the background storage,

(c) large computer memory to minimize the number of accesses to the background
_. storage device.

With respect to the peripherals, a fast plotting device is needed, which is

capable of making contcur- and stacked-trace plots (section 1.6.2). A fast
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display unit for displaying the 2D spectrum before it is plotted is attrac-
tive in order to limit the number of replottings of the final spectrum. For
interactive phasing of the two-dimensional spectrum (5) a fast display unit

is essential.
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APPENDIX I

Example of a density matrix calculation

In this appendix an example will be given how the theory of section 1.2.3
can be used to calculate the behaviour of the spin system explicitly. The
effect of the pulse sequence of Fig.I.l, used in section 5.5 on a homonuclear
AX spin system in thermal equilibrium will be analyzed.

The rotation operators for a (ﬂ/Z)X, a (ﬁ)y and a (Tr/2)y pulse, as derived

by Schaublin et al. (1), are given below.

1 -1 -1 -1 i 1 1 -1
ﬁ—l(n/z) _, -1 1 -1 -1 ) R (/2 = 4 i 1 -1 i
x -1 -1 1 -1}’ X 2 -1 1 i
-1 -1 -1 1 -1 1 i 1
0 0 1
- 0 0 -1 0
R (M) = R, (m) = 0 -1 o [r.1]
1 0 0 0
1 1 1 1 1 -1 -] 1
ﬁ'l(n/z) _, -1 1 -1 1 P ] 1 -1 )
y L S B 1 14 y D B | 1 -1

The notation used for the density matrix at certain times is indicated in

Fig.I.1.
The energy level diagram of the AX system is sketched in Fig.I.2. The ener-

gies of the different levels are indicated too.

w2), By,  (u2), 2y,

ﬂﬂiﬂ\ﬂ/\/‘.ﬂ A
2 vy

e AN < ,
oy G oy Gy Oy a
| " " TR 7
—-— \ 1 1 1"
e ol e & | S E———"
T T 1, t,

Fig.I.l1 Pulse sequence of which the effect on an AX spin system is calculated.
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l‘h(QA+QB+wJ)/2
, E(QB—QA-WJ)/Z X h(QA—QB—nJ)/z

44h(QA+QB—nJ)/2

Fig.I.2 Energy level diagram and energies in an AX spin system.

The density matrix at thermal equilibrium is given by

+p 0 0 0 1 0 0 o0
o 1 0o o o o0 o0 o

e flo o 1 o | =ELrRA Tl o o o> (r.2]
o 0 0 1-p o 0 o0 -

where p = ﬁQA/kT. QA is the angular Larmor frequency of spin A, and QA/QB ~ 1.
Since all rotation operators commute with the unity operator 1, this part of
the density matrix remains unchanged during the experiment and will be omitted

in the expressions below.

One finds:
0 1 ] 0
an R -1 0 0 1 .
9, = R, (n/z>oequ(n/2) =p/8i|_| 0 0 | = e/ F. [1.3]
0 -1 -1 0
a, follows using Eq. [1.8] :
) eiwlzT eiw]3T 0
_eiw21T 0 0 eiw24T
o, = p/8i . . [1.4]
2 _eIw3)T 0 0 o 10347
0 —elws2T —oTW43T 0

with‘bmn= (En - Em)/ﬁ, and the values for En given in Fig.I.2, e.g.

wyp™ Ty T M, wy = Gy + T
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For 0, one finds:

3
0 eiw43r eiw421 0
| —eiw34T 0 0 eiw3]T
o, = R_(mo,R (1) = p/8i . . [1.5]
3 y 2y —olwgT 0 0 oW T
0 _e1w13T _elwlzT 0
Using Eq. [1.8]) again gives
0 a a 0
2" 0 0 2"
o, = p/8i 25 0 0 2 [1.6]

with a = exp(-~i2mnJt).

Using the arguments given in section 1.2.3 (Eq. [1.22]) about an average
Hamiltonian ﬁ, would have given 9, directly from o, -
The second (TT/Z)x pulse creates the double quantum coherence, as can be

seen in the form of Ogs which contains elements %14 and 0, Dot equal to

zZero:
-cos (2mJT) 0 0 isin(2nJT)
iy A 0 0o o0 0
og = R _"(n/2)0,R (n/2) = p/4 0 0 0 0 L[1.7]
~isin(2mJT) 0 0 cos (2mJT)

Assuming that T has been chosen to be equal to (4J)-l, only double quantum

coherence will be present during the time tys and Oy simplifies to

0 0 0 i
0 0 0 0
o5 = p/4 o o o [1.8]
-1 0 0 0
Using Eq. [1.8] again, one finds
- 0 0 0 eiwistl ]
0 0 0 0
{1.9]
o, = plb
6P 0 0 0
—jelWs1tl o 0 0 i
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In the case where the last m/2 pulse is applied along the x-axis one finds

for o,t
s c c -s
] R c =S -S -C
o, =R _(T/2)6,R (1/2) =p/8) _  _  _o  __ [1.10]
=S -C -C s

with s = Sin(wIAtl) and ¢ = cos(w24tl).
In the case where the last m/2 pulse is applied along the y-axis one finds
for 07:
[-s =-ic =ic =-s
i R ic s s ic
o, = Ry (TT/2)06Ry(TT/2) =p/8| ;. s s ie |- 1.11]
-s =-ic =ic -s

For the magnetization component Mtflz which corresponds with coherence be-

tween the levels | and 2 one finds, using Eq. [1.26],
Mep p = C Tr(Fy , + iFy )0,. [1.12]
In the case of a final (ﬂ/Z)x pulse it follows from Eqgs.[I.10] and[I.12]:

M = pC/8 cos(w [1.13]

try2 WATRE

In the case of a final (Tr/2)y pulse it follows from Egs.[I.11] and [I.12]:

M ~ipC/8 cos(wlqt ). [1.14]

try © 1

Note that Eq. [I.I3)represents a signal along the x-axis while Eq. [I.14]is
a signal along the -y-axis. This agrees with the results given in Table 5.1.
During the time t, the magnetization compqonent wiil precess with angular

frequency w. ., and give a signal

12
s(t],tz) = pC/8 cos(wlat])exp(iwlztz) [1.15a]
in the case of a final (ﬂ'/2)x pulse, and

s(tl,tz) = pC/8 cos(wlatl)exp{l(ulzt2 - 7/2)} {1.15b]

in the case of a final (77/2)y pulse.
Reference

(1) 8. Schaublin, A. Hohener and R.R. Ernst, J. Magn. Reson. 13, 196 (1974).



192

APPENDIX 11

. . . 1
Magnetization transfer in 13CH2 and 3CH3 groups

In this appendix the effect of the heteronuclear shift correlation experi-
ment (Fig.2.2) on the signals originating from a 13CH2 group will be analyzed.
After that the effect of heteronuclear decoupling as described in section
2.2.2 will be treated. The derivations fof a l3CH3 group are completely ana-
logous and only the final results will be given.

. . 1 . . .
The energy level diagram of an isolated 3CH with equivalent protons is

2
given in Fig.II.l. The corresponding wave functions and energies are given
in Table II.I.
Table II.l1 Wave functions and energies corresponding to the different ener-
gy levels in the diagram II.!. The first spin in the motation
used denotes the !3C-nucleus with chemical shift frequency §2;
{l] denotes the proton chemical shift frequency.
Energy Wave function Energy
level
5
1 BBR zh(Qz + 291 + 27T + ﬂJHH)
2 afB %ﬁ(-Qz + ZQI - 27J + ﬁJHH)
3 V2 B(aB + Ba) th, + )
4 V2 a(aB + Ba) éh(—Qz + WJHH)
5 Boc %E(Qz - 20 -2y« T3
. (-0 - -
6 Qo e , ZQI My + 1T
1/2 - 1 - 37
7 12 B(aB - Ba) th(, - 31y
8 2 a(aB - Bo) h(-Q, - 373,
1
2
| —y
I
I
:
__*__3 7
| J— S— } 8
i
i
§
i
-1 s
- 4.
Fig.II.! Energy level diagram of a 13CH2 spin system. The corresponding
energies and wave functions are given in Table II.I. The broken

and drawn transitions correspond to the proton doublet lines
with frequencies Ql+ﬁJ and QI—WJ.
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As expected, and as can be deduced from Table II.l, only two different pro-
ton resonances egijf}@gt frequencies QI * nJ if Ql is the IH chemical shift
frequency and J the heteronuclear coupling constant.

In Fig.II.! the transitions with resonance frequency Q] - mJ and Q] + 7J
are indicated by the drawn and broken lines respectively.

The effect of the pulse sequence of Fig.2.2 on the magnetization in the
]3CH2 spin system will now be explained. The first (Tr/2)x pulse applied to
the protons will create two transverse magnetization vectors (Fig.2.3a), cor-
responding to the drawn and broken lines in Fig.II.l. The second (H/Z)x pulse
applied to the protons will create longitudinal IH magnetization components,
analogous to Eq. [2.2] given by

M
z+

#

-Mo(lmcos{m] DRSS [1I.1a]

i

M

z-

—MO(IH)cos{(Q] - ﬂJ)t]} s [IT.1b]

where Mo, and Mz_ denote the longitudinal proton ‘agnetization corresponding
to the broken and drawn transitions in Fig.ITI.! MO(]H) is the thermal equi-
librium magnetization of the protons corresponding to the drawn and to the
broken transitions. Since the two proton pulses do not affect the 13C spin
the sums of the populations of the levels with the ]3C spin in the o-state
(or B-state) remains unchanged during the pulse sequence applied to the pro-

ton. This gives the relations

P](t]) + P3(t]) + Ps(t]) 3(1 - p) [11.2a]

3(1 + p) [1I.2b]

Pz(t]) + Pa(tl) + P6(t1>

using the thermal equilibrium populations as given in Table II.2. Equation
[I1.2] is the equivalent of Eq.[2.3] in section 2.2.1. It can be derived
that the individual longitudinal magnetization components corresponding to
each of the drawn (cr broken) transitions are equal after the second proton

pulse. This implies that

Pl(t]) - P3(t]) P3(t]) - Ps(t]) [11.3a]
Pz(t]) - PA(tl) = Pa(tl) - Pe(t]). [I1.3b]

Frem Egs. [II.1], [I.2] and [II.3] it then follows that the new populations

after the second proton pulse are as given in Table II.2.
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Table I1.2 Populations of the different energy levels in Fig.II.l at ther-
mal equilibrium (Pn), and after a (m/2)y - ty = (n/2)y, pulse
sequence applied to the protons {Pn(tl)}.The constant p equals
Y13cH h/2KT.

Level Pn Pn(t])
1 1 - 9p Il -—p+ 8p cos{(Q‘ + ﬂJ)tl}
2 I - 7p 1 +p+ 8p cos{(Q] - ﬁJ)tl}
3,7 Il - p 1 - p
4,8 1 +p 1 +p
5 1 + 7p 1 -p - 8p cos{(Q1 + ﬂJ)t]}
6 1 + 9p 1 +p - 8p cos{(QI - ﬂJ)tl}

In thermal equilibrium the magnetization MO corresponding to a single 13C
transition (e.g. 1-2) corresponds to a difference in population of 2p of the
two levels involved. Using the new populations of Table II.2 one finds for

. . 1 . -
the new longitudinal 3C magnetizations:

My (e = M+ &M feos{(Q) + mI)e )} - cos{(Q - 1Dt ] [11.4a]

Mpq, (€)= Myoo(t)) = M [11.4b]

MZ56(t]) = MO - 4Mo[cos{(Q] + WJ)tl} - cos{(Q] - WJ)t]}]. [11.4c)
13

A TC m/2 pulse, applied immediately after the second proton pulse, will cre-

ate transverse magnetization which induces a signal given by

s(tl,t (tl)exp{l(ﬂz + ZWJtl)} + ZMOexp(letl) + M (tl) x [11.5]

2 =Mz, z56

xexp{i(Q2 - ZWJtI)},

1 . .
where Qz denotes the 3C chemical shift frequency.
From Eqs. (IT1.4] and [II.5] it follows that the peak positions in a two-

dimensional spectrum are given by

= - i -2
(w],wz) (0,0 21J), (O,Qz), (O,Q2 + 23y, (@) + mJ,Q, ),

2

(Ql + nJ,QZ + 21J), (Ql - WJ,Qz - 21J), (&, - WJ,QZ + 21J).

1
The relative intensities of these peaks are 1:2:1:4:=4: -4:4.
If broad~band proton decoupling were started at an arbitrary time AZ after

1 . .
the 3C /2 pulse one finds, analogous to Eq. [2.7],for the detected signals:

s(t,,t,) = 2M0{1 + cos(ZnJA2)}exp{i92(c2 + Az)} - 8iM_sin(27JA,) % [11.6]
b [cos{(Ql + WJ)tl} - cos{(Ql - ﬂJ)t]}J % exp{in(t2 + Az)} .
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1 . . . .. .
For a 3CH group it can be derived in a similar way that the detected signal

is given by

S(tl’tZ) = ZMO{cos(3nJA2) + 3cos(ﬂJA2ﬂexp lﬂz(t2 + Az) - [11.7]
- 121MO{sin(wJA2) + sin(3wJA2)}[cos{(sz1 + m)cl} -

- cos{(Q! - WJ)tl}]exp{in(t2 + Az)}.

The amplitudes of the signals that are modulated as a function of t is pro-

portional to sin(ZﬂJAz) and {sin(ﬂJAZ) + sin(BWJAZ)} in the case of 13CH2
and l3CH3 groups respectively. A graphical presentation of this behaviour is

given in Fig.2.9.
Comparing Egs. [II.6] and [II.7] with Eq. [2.7] shows that the modulation of
the signals as a function of t, is identical in the cases of a 13CH, 13CH2

1

and a 13CH group. Of course, this should be expected, since the proton spec-

3
trum is in all three cases a doublet with splitting J.

13C Decoupling during the evolution period can thus be performed in exact-
ly the same way as described in section 2.2.2, with the optimum value of Al

again equal to (2J)—].
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APPENDIX III

The effect of a single selective pulse

In this appendix the effect of a single 1ine-selective pulse (see
footnote section 1.2.3), applied to a coupled spin system, will be analyzed.
First an uncomplete and very simple approach to the problem will be made
not taking into account the phase of the selective pulse; the second part
of this appendix deals with the mathematical calculation, using fictitious
spin-4 operators.

Consider a set of isolated spin-j nuclei in a magnetic field. The two ei-
genstates are }&> and ]B>. The populations of the two levels are written as
Pa and PB.

The longitudinal magnetization Mo in the spin system is given by
M = NYJh(PO( - Pp), [1II.1]

where N is the number of spins in the sample. Suppose for reasons of con-

venience that all spins are in state |a>, i.e. MO= Nvyh. If a pulse with flip
angle 6 is applied along the x-axis, this will rotate the magnetization over
an angle 6 about the x-axis. The new longitudinal magnetization is then equal

to Nyhcos 9. The new occupations of the energy levels are then given by

cosz(B/Z)
a [111.2]

sin2(8/2).

lae]
]

d
1]

In the quantum mechanical formalism the wave function ¥ of a certain spin is
written as ¥ = CQ]a> + cBiS>.

The population of the energy level corresponding with state ¢ is equal to
EZJ?Hence, the effect of a pulse with flip angle 8 on a spin*in state ]a>

(¥

1]

1la> + 0]B>) is to alter the wave function according to

‘I,'

@ o+ @ e = cos@/D]e + sin/2)]6 [111.3]

This is the central equation in the simple approach which can be used to
visualize the effect of a selective pulse in a coupled spin system.

Consider for example a part of an energy level diagram of a coupled spin

system, as sketched in Fig.III.l. Assume that a coherence is present be-

A more detailed quantum mechanical analysis shows that the phase of state B
is generally not zero as assumed in Eq. [III.3], but depends on the phase
of the pulse.
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}l> m>

[ E—

Fig.III.1 Part of the energy level diagram
of a coupled spin system.

tween the states k and 1. This coherence is described by density matrix ele-

ment Ukl (and its complex conjugated le):

[T11.4]

Q
i
0

= X
k1 1 "k
Change in coherence k1

Due to a selective pulse with flip angle § on transition km {a §(km) pulsel,

the magnitude of ¢, changes according to Eq.[ITI.3] by a factor sin(8/2),

k
and using Eq.[I11.4] this implies that a factor cos(8/2) of coherence be-

tween the states lk> and |1> is left.

Trans fer to coherence Im

Suppose for reasons of convenience that the occupation of level m before
the selective 6 (km) pulse equals zero (i.e. S 0). Immediately after the
8 (km) pulse the coefficient e of an individual spin is related to Ch by

Eq.[I1I.3]:

S ck51n(8/2). ' [T11.5]
Therefore, if an ensemble averaged phase coherence Uk1= CT SN is present
before the 6(km) pulse, a phase coherence G$l= ca cn will be-created, rela-

ted to Okl by

L - .
o sm(e/z)okl, [111.6]

an -amount proportional to sin(8/2) is transferred from coherence between the

levels k and 1 to coherence between the states ]1> and ,m>.
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A more exact treatment of the effect of a selective pulse can be obtained
if the fictitious spin-{ arithmetic is used. First a description of the for-
malism will be given and then the relation with physics will be shown.

The definition of fictitious spin-} operators as given by Wokaun and Ernst
(1,2) will be used here. For any coherence between two eigenstates [r> and
|s> a set of fictitious spin-} operators Igs (o = x,y,2) is defined in the

following way:

RIS -
<AlIE%]5> = 46, 8.+ 6, 6. )

ir js is’jr
. rs;. = li(m o
<111y [i> = }i( 6irojs + diséjr) [111.7]
. rs;.
<Al1715> = 465 8, =85 850,

From this definition it follows that

ISr = Irs

X x

15F = -1fS [111.8]
y y

Isr - _Irs.

z Z

The operators obey the conventional commutation rules:

rs

. TS = §1fs [111.9]

(I 8 v

> 1

where (a,B,Y) is a cyclic permutation of (x,y,z).

For two operators, defined for two connected transitioms rt and st, one

finds B
rt st rt _sty _ ,..TS
(5,180 = 1580 - gl
t st
(1'%, 1%% = o
z z
[I}r(t,I;t] = it [I1I.10]
t t .. It
[I; 107 = -HI
It _st . Tt
[Iy ,Iz ] - allx .

Operators defined for non-connected transitions rs and tu always commute,

a0 e EENE
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The mathematical forms[III.7]-[IITI.11] can be used for describing the effect
of a selective pulse., A selective pulse Sx(rs) with flip angle 6 applied
along the x-axis on a transition rs is analogous to Eq.[1.23] described by

a rotation operator R;S(e), given by
rs _ _:in-TS
RX (8) = exp( 161x ). [T11.12]

A coherence present between eigenstates |s> and |t> only, is described by
a density matrix 0 which contains non-zero elements for Tt and Orgr and

can always be writen as

o =c 1%t +c 1%, [III.13]
X X Yy
where CX and C_ are complex constants.

The Gx(rs) pulse now creates a new density matrix o', given by

o' = exp(iBI;S)O exp(—ielis) = [III.14)
» s st . rs
’0L=Zx,y Cuexp(l@IX )Ig exp ( lelx ).

Since it follows from Eq.[III.9] that

.,-TS, _St .\ TS st . rt
exp(lelx )IX exp( 181X ) cos(S/Z)Ix 51n(6/2)Iy [I11.15]

and

fl

. ,-TS,_St .A-TS st . A rt
exp(lGIx )Iy exp(-lelx ) cos(e/Z)Iy + 51n(c1/2)IX

1
the new density matrix ¢ (Eq.[IITI.14]) can be written as
¢' = cos(8/2)0 + sin(8/2)c" [111.16]

with " being a density matrix describing the newly created coherence be-

tween states 1r> and |t>:

" = -c_ 1% + ¢ 1F°%. [111.17)
x'y yx

Comparing the new density matrix 0' (Eq.[III.16]) with the initial density
matrix 0 (Eq.[ITI.13]) shows that a factor cos(8/2) of the initial coherence
is still present, while new coherence rt is created with a magnitude propor-

tional to sin(8/2).
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Permutation of the order of selective pulses

In a weakly coupled N spin-} system the operator for a non-selective pulse

with flip angle 6, applied along the x-axis is given by
Rx(e) = exp(—leFx). [111.18]

~ N
Since .= I
X =

N Iy, and [Ixn,I ] =0 for n #* m,

| *m

N -
R _(6) = ngl exp(-i6Ty ), [111.19]

~

where the order of the product is arbitrary. I is the spin angular momen-

m (-1

tum operator along the x-axis for spin n, and is the sum of 2 fictitious

. rs . - .
spin-} operators Ix , all working on different non-connected single quantum

transitions, each corresponding to one of the multiplet components of nucleus

120D

n. These operators are labelled Ixn where m = . Since all of these

m
operators commute (Eq. [III.11]), Eq.[III.19] can be written as
- N 2(N=1)

RX(G) = ng} mzl exp(—lelxnm). [111.20]

Each of the terms of Eq.[III.20] denotes a selective pulse, affecting only
a single transition. The order of the selective pulses on nucleus n, deno-
ted by exp(-ieime) can be randomly permuted since the operators ix and

~ T

Iy commute.
p
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