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Abstract

Various J-compensated magnetization transfer sequences which interconvert
transverse in-phase and antiphase magnetizations are constructed from By inhomao-
geneity-compensated pulses using direct product operator analogies between spii-
spin coupling and rf pulses. The derived J-compensated sequences are incorporated
into the pulse sequences of several multiple-pulse experiments and their efficiencies
are tested by theoretical calculations and experimental investigations.

Practical J-compensated magnetization transfer sequerices weie patterned {rom
the 905180¢,, composite 90° pulse and the 9051805,905 composite 180° pulse. Iu-
corporation of heteronuclear J-compensated sequences into cach of the three pre-
cession periods of DEPT shows that compensation of the first delay period results
in a useful sequence, DEPTC1. The compensation of the second and third parts of
DEPT does not lead to improved conversion efficiency. In APT-like experiments,
the J-compensated sequence CAPT is found to provide useful improvements in
both assigning and editing carbon spectra, while the sequence RAPT, which is
based on the composite 1805360333603, sequence, is shown to display the expected
rectangular shaped inversion profile.

In the absence of large resonance offsets, J-compensated INADEQUATE, which
includes an homonuclear J-compensated magnetization transfer sequence, is shown
to have a signal profile which is broader than the INADEQUATE profile. Detailed
study of the efficiency of various composite pulses in minimizing resonance off-
sets in the conventional and J-compensated INADEQUATE experiments showed
that five-step symmetric phase-alternating composite pulses are most effective.
The sequences C-INADEQUATE, which incorporates offset compensation with
composite pulses, and JC-INADEQUATE, which includes both offset- and .J-



compensations, are shown to have significantly higher sensitivity than conventional
INADEQUATE.

The cfficiency of a modified J-compensated sequence INEPT preparation se-
quence in removing directly bonded C—H correlations from Jong-range C—H shift
correlation maps was tested and compared to those of other common purging se-
quences. A two-step J filter is shewn to give better suppression than than this
J-compensated sequence. The incorporation of the two-step J-filter into the long-
range C-H shift correlation experiment with a BIRD sequence at the center of the
refocusing period gives the BIRDTRAP sequence which is shown to vield artifact-

free 2D maps with only a very few direct correlations of low intensity.
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CHAPTER 1

INTRODUCTION

Virtually all multiple-pulse NMR experiments devised in recent years incorpo-
rate precession periods during which spin-spin coupling interactions are operative.
Examples include spin echo experiments such as spin-flip (1) and APT (2), and po-
larization transfer experiments like INEPT (3,4), DEPT (5), and INADEQUATE
(6). The feature which is common to all of these experiments is the presence of
one or more precession periods during which transverse in-phase and antiphase
imnagnetizations are interconverted. The efficiency of the conversion depends on
the matching of the duration of the precession period and the magnitude of the
spin-spin coupling constant J.

In order to discuss the operations of pulse sequences, it is necessary to de-
scribe the magnetic properties of the spin system in terms of product operators
(7) rather than by simple magnetization vector diagrams since vector diagrams
are appropriate only for the simplest of pulse sequences. In the product operator
nomenclature, the Cartesian components of carbon and proton magnetizations are
represented by C.,C,,C. and H.,H,,H, respectively. The antiphase carbon mag-
netization, which is represented by a pair of vectors pointi~:, in opposite directions
along the x- or y-axis in a vector diagram, corresponds to the product operator
2C.H, or 2CyH,. Other product operators which have no simple vector represen-
tions are the longitudinal spin-order, 2H,C,, and the muliple-quantum ccherences,
2C.H., 2C.H,, 2C,H,, 2C,H,. The longitudinal spin order, which has the same
product operator representation as the spin-spin coupling interaction, is associated
with a non-equilibrium distribution of populations in which no transverse carbon

or hvdrogen magnetization exists. The multiple-quantum coherences, on the other



hand, are superpositions of zero- and double-quantum coherences which are invari-
ant to spin-spin couplings, but precess at frequencies which are the difference and
the sum of proton and carbon resonance frequencies.

In order to illustrate the importance of the precession period and its purpose
in a pulse sequence, consider as an example the spin-flip experiment (1)

13C 903 1805, Acquire

— -7 [11‘

'H 180° Decouple,

]

which is used extensively in assigning and editing carbon spectra because carbon
responses due to CH and CHj; fragments appear as negative peaks while responses
corresponding to CH, fragments and quartenary carbons are displayed as positive
peaks. For brevity, only the CH spin case will be considered here. The 7 —
[1805,(13C),180°(*H)] — = part of the sequence is conventionally referred to as a
precession period of length 27 during which carbon-hydrogen spin-spin coupling,
but not chemical shift effects, are active. During this precession period, where
the magnitude of 7 is nominally set to 1/2J¢y, the spin-spin interaction between
carbon and proton bilinearly rotates the transverse carbon magnetization C, by
an angle 8’ = 7 so that it is inverted to —C,. The bilinear rotation (propagator
2C.H.) can be generally described by the transformation

(6")2C. H,

Cycos8’ — 2C.H,sin#', (1-2]

-~

where 8’ = 27 JecyT and Jeoy is the carbon-proton coupling constant. Any mismatch
between the delay + and 1,/2Jcy results in a deviation of 8’ from =, =n that some
antiphase magnetization 2C, H, is created and the magnitude of —C, is less than
maximal. Careful selection of the duration of the precession period is therefore
necessary in order to achieve complete bilinear rotation of C, to —C,,.

The choice of an appropriate value of 7 for many multiple-pulse experiments



riay be difficdt (8). This is because molecules typically contain several CH frag-
ments with a range of spin-spin coupling constants JcH, so that evenifa r period
matching J&77™" is emploved. the coherence conveision would still be imperfect
for any CH fragment whose Jey deviates significantly from JEST,. As a result,
a distribution of rotation angles # among the various fragments in the molecule is
produced. This problem becomes serious when the values of Jcn are widely dis-
persed. In this case, a precession period of inappropriate duration could possibly
give spectra that might lead to an entirely erroneous interpretation of the system
being investigated. There is, therefore, a need to construct J-compensated experi-
ments which are less sensitive to the choice of the value of + and are therefore more
effective over a wider range of Jcy than existing experiments.

The problem of inefficient bilinear rotation in multiple-pulse experiments is
similar to the preblem associated with the incomplete rotations produced by inho-
mogeneous radiofrequency pulses. To clearly illustrate this similarity, it is useful
to compare the spin-spin transformation [1-2] to the action of an rf pulse on the
magnetization of spin I initially aligned along the z-axis

o)1,

I, ——— I.cos@ + I_siné. [1-3]
where 6 = vB,t, B, is the amplitude of the rf field, v is the magnetogyric ratio of
spin I, and ¢ is the pulse duration. Spatial inhomogeneity of the rf field B, leads
to a distribution of flip angles § across the sample volume in the same manner
that the presence of varied Jis constants brings about a distribution of bilinear
rotation angles 8 across the various nuclei in the molecule. This B, inhomogeneity
problem is usually minimized by replacing the rf pulse with a suitable composite
pulse (9-12) — a sequence of rf pulses whose flip angles and phases are carefully

chosen so that it is much less sensitive to pulse imperfections than a regular simple



rf pulse.

Since their introduction (9). composite pulses have proved their usefalness in
enhancing the efficiencies of many multiple-pulse experiments, by minimizing the
etfects of cammon pulse imperfections due to B, feld inhomogeneity and resonance
offset. The latter effect results when the frequency of the applied rf field is different
from the resonance frequency of the spin. causing the orientation of the effective
field to be tilted to some degree. Some composite pulses are specifically designed
to eliminate either B, field inhomogeneity or resonance offsets effects, while others
compensate for both effects. Since the B, inhomogeneity problem is closely related
to the the bilinear rotation problem, the relevant composite pulses for this J-
compensation study are, of course, those which have B, compensating properties.
Such composite pulses may be used as patterns in constructing J-compensated
experiments.

A popular composite pulse. which maybe useful in this regard, is the 9031803,908
composite 180° sequence introduced by Levitt and Freeman (9). This sequence has
been shown to be more effective than the simple 180° pulse in inverting spin-
populations in the presence of B, field inhomogeneity and resonance offset effects.
Levitt's 905180%,, sequence (11), on the other hand, is a short but effective 90°
composite pulse which can be used as an excitation pulse in many multiple-pulse
experiments. [t has the desirable feature of bringing down magnetization aligned
along the z-axis to the transverse plane with very small phase distortions, even in
the presence of B, inhomogeneiiy and resonance offsets.

By recognizing certain analogies between the effects of rf pulses and preces-
sion periods in multiple-pulse sequences, several workers (13-17) have created J-
compensated experiments based on B, inhomogeneity-compensated pulses. Per-

haps, one of the earliest groups to apply this technique in devising J-compensated



sequences was Garbow. Weirekamp and Pines (13). In their description of the

BIRD scquence,
3¢ 903 1803, 90940,
-T- -7 [1-4]
'H 180°

which sclectively inverts protons directly attached to '3C while leaving '?CH,, pro-
tons unatfeered, Garbow and co-workers (13) used the 9051805,903 composite in-
version pulse as a basis for the creation of the J-compensated BIRD sequence

BCo 00y 1805 903-4 1302, 903, 1803 90%s,.

-
T T— 5

'H T o180° 180° 180°

[

F

(1-3]
This compensated sequence is expected to be less sensitive to variations in J than
the regular BIRD sequence [1-4].

Wimperis and Bodenhausen (14) developed J-compensated INEPT sequences
which transfer proton magnetization to carbon more effectively over a wider range
of coupling constants than the regular refocused-INEPT experiment. In construct-
ing the compensated INEPT sequences, they found it convenient to break down
the regular refocused INEPT sequence

13C 180° 903, 1803, Acquire

_I_ _T_ _T'_ _T'_ 11-6]

2 2 2 2
'H 903 1803, 903, 180° Decouple
into two components: the preparation part

13C 180°
~-5- - (1-7]
'H 90 1803, 903,

which converts longitudinal proton magnetization H, to longitudinal spin-order
2H.C. and the reconversion part

BC 903, ) 1803, ) Acquire
~T'_ ~-Z'- [1-8]
'H 180° Decouple



which transforms 2H.C. to observable carbon magnetization C,. By exploiting the
analogous transformation properties of the set of rf operators {I:, I,, I[.} and the
set of spin-spin coupling operators {21.5.. 21,5.. I}, Wimiperis and Bodenhausen

were able to derive a the broadband-INEPT preparation sequence

12C 180° 180°
P Ee 19
'H 203 1805, 1203, 1803, 303,
and a broadband-INEPT reconversion sequence
13c 302, 1803, 1203, 1803, Acquire
-7 —7 -I'- ~Z'- [1-10]
'H 180° 180° Decouple

which are J-compensated versions of sequences [1-7} and [1-8] respectively. These
compensated sequences, which were both based on Levitt’s 9031802, composite
90° pulse, may be used together or independently in order to achieve the desired
J-compensation. The advantages of the compensated sequences [1-9] and [1-10]
over the regular scquences {1-7] and [1-8] were shown readily by product opera-
tor calculations of their efficiencies and the theoretical predictions were confirmed
by experimental results. For CH, CH, and CHj, the theoretical efficiency of the
compensated preparation sequence [1-9] in producing longitudinal spin order was
shown to be

fcompensated(.sl) = -(9 sin ﬂ’ + sin 3B’),/8, [1-1 1}

where 8’ = nJcu7, compared to

funcompensau:d(ﬁl) = —sin ﬂ'. {1- 12]

for the regular preparation sequence [1-7]. Plots of these 3’-dependent efficiencies
definitely show that for 3’ # 90°, the broadband-INEPT preparation sequence [1-9]
produces longitudinal spin order of greater magnitude than the uncompensated

sequence [{1-7] does, and this ultimately le ~  enhanced carbon signals.
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Similar beneficial results were obtained when the refocusing =fficiencies of broad-
band-INEPT reconversion sequence [1-10] for the three CH,, spin systems were in-
vestigated. It is known that choosing the appropriate value for refocusing delay
period 77 in refocused-INEPT is very difficult since the magnitude of the in-phase
carbon magnetization created at the end of the pericd 7' depends not only to the
values of Jepp, but also to the type of CH, fragment. Even in the case where Jcu
values are identical in a given molecule which contains three different CH,, frag-
ments. it is not possible to find a value of 7’ that would simultaneously refocus
carbon magnetizations for all three spin systems. The rephasing delays employed
are usnally compromise values: 7 = 1/(2Jpominal) When only CH is present and
7" = 1/(3Jnominai) Wwhen CH, CH; and CH; are present (4). Under these two nom-
inal conditions, the compensated sequence [1-10] refocuses carbon magnetizations
better than the conventional reconversion sequence {1-8].

In arelated study, Serensen and co-workers (13,16) have developed compensated
sequences for refocusing heteronuclear antiphase magnetization with enhanced sen-
sitivity. The refocusing sequences derived include sequences which are effective for
a wide range of J and those that simultaneously refocus antiphase magnetizations
for various spin-spin systems. It was also shown that different compensated refo-
cusing sequences may be designed for editing and for assigning multiplicities.

The utility of J-compensated sequences is not limited only to heteronuclear sp'n
svstems, but can be extended to homonuclear spin systems as well. Barbara, Ty-
cko, and Weitekamp (17) have recognized that there is a formal analogy between
rf pulses in the presence of B, inhomogeneity and the general double-quantum ex-
citation sequence in a homonuclear spin system, regardless of the type of coupling.
In their studies, they described procedures for constructing compensated double-

quantum excitation sequences for a wide range of spin-spin, dipolar or quadrupolar
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coupling constants based on any Bi-compensated pulse.

The analogies presented in all of the above studies relate the whole pulse se-
quence or some part thereof, which contains the J-dependent precession periods, to
the behavior of rf pulses. The J-compensated sequences thus derived are tailored
specifically to the experiment being considered and are not casily adlaptable to the
compensation of other pulse sequences. In this thesis, we present formal operator
analogies which directly relate the operators involved in spin-spin coupling to the
operators involved in rf pulses. Attention is focused here on the transformation of
coherences in a more general way so that the J-compensated magnetization trans-
fer sequences derived are of general utility and can be incorporated easily into the
pulse sequences of any experiment which involves coherence transfer via spin-spin
interaction. For example, a J-compensated sequence which transform magnetiza-
tion [, into antiphase magnetization —2I.5,; can be readily incorporated into the
INEPT or DEPT sequences, or any 2D experiments which require magnetization
transfer between protons and carbon.

Chartcr 2 describes in detail the procedure for the construction of heteronu-
clear J-compensated magnetization transfer sequences from B; inhomogeneity-
compensated pulses. Pictorial representations are used extensively in this chap-
ter to clearly illustrate the formal analogies between the operators involved in rf
pulses and in heteronuclear spin-spin coupling. Three J-compensated magnetiza-
tion transfer sequences are incorporated into the DEPT (5) sequence, and their
performance evaluated by experiments and by product operator calculations.

In Chapter 3, J-compensation of the spin-flip experiment (1) is considered. Two
compensated versions of this heteronuclear spin-echo experiment are presented,
one based on Levitt’s popular 9031805,905 composite inversion pulse (9) and the

other on Wimperis’ rectangular 18051805,903,5 composite inversion pulse (18). The



merits of theee compens=ared experiments are evaluated by comparing their signal
mrensity profiles for CHLCH L and CHy spin systems. o the signal profiles obtained
in regular spin-thp experiments.

In Chiapter 4. the operator correspandence is extended to homonuclear spin-
syvetems. The J-compensated mugnetization transfer sequence devised is incorpo-
rated into the INADEQIIATE seqiuence and its efficiency is tested for applications
in both profon and carbon spectroscopy. Different types of composite pulses are
also investigared in order to miake INADEQUATE experiments in carbon spec-
troscopy. where large resonance offset effects may be encountered, more efficient.

Besides their usefulness in enhancing signals, J- ompensated sequences may
he ntilized 1o suppress responses from directly bonded CH,, fragments in 2D C-H
shift correlation maps obtained in experiments which are designed for observation
of long-range C-H couplings. The responses from protons directly attached to
carbon are unwanted in these experiment since they needlessly complicate the 2D
spectra, Purging sequences are usually inserted at the front end of these exper-
iments in order to eliminate the undesirable direct responses. In describing the
CH,-edited HOHAHA relay experiment, Muhandiram et. af (19) showed that the
broadband-INEPT preparation sequence {1-9] can be effectively used as a purging
sequence, sinee this compensated sequence converts the in-phase magnetization ot
protons direetly attached to carbon into longitudinal two-spin coherence so that it
does not give observable magnetization during acquisition. The transverse magne-
tizations of protons remote to carbon, meanwhile, are essentially unaffected during
the sequence since the long-range Jeopg coupling constants are relatively small. It
was found in their stady (19) that J-compensated sequence [1-9] was more effective
than two pursing methods, a delay period of duration 1/(2'Jcn), with 'H and 3C

I20° pulses at the center. and the BIRD sequence (13), in r2moving directly bonded
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correlations in HOHAHA relay maps. It 1s worthwhile therefore to imvestigate the
performance of compensated sequence '1-9] and other J-compensated sequences, as
purging elements in other long-range C-H shift correlation experiments. Chapter 5
presents oo study of the efficieneies of several purging sequences for application in the
rwo-dimensional C-H shift correlation experiment optimized for long-range niay-
netization iransfor (200, Purging scquences investigated include a modified version
of the broadband-INEPT preparation sequence [1-9], the TANGO scquence de-
veloped by Wimperis and Freeman (21). and the low-pass J-filters introduced by
Kogler anl co-workers (22). The most effective purging sequence is incorporate:d
into a long-range C-H correlation experiment with a BIRD sequence at the center
of the refocusing period, and its performance is compared to those of the purgeless

sequence {23) and the FLOCK sequence devised by Reynolds and co-workers (24).
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CHAPTER 2

J-COMPENSATED DEPT SEQUENCES”

2.1 Introduction

DEPT (1) and INEPT (2, 3) are indispensable techniques for enhancing the sen-
sitivity of low gyromagnetic ratio nuclei and for assigning the multiplicities of the
carbon centers in a molecular skeleton. These heteronuclear polarization transfer
experiments, like other multiple pulse experiments, contain precession periods of
fixed duration in order to transfer proton polarization to carbon. During each fixed
delay, spin-spin interactions between the I and S nucleil produce bilinear rotation
of the I- and/or S-coherences. For example, the transverse proton magnetization,
I,. is transformed into proton magnetization which is antiphase with respect to
carbon, 2I.S., by proton-carbon coupling during the first precession periods of the
refocused-INEPT and DEPT sequences. This antiphase proton magnetization is
transformed into carbon magnetization by rf pulses and precession periods in later
stages of these sequences. The duration of each delay period in the polarization
transfer sequences must be selected carefully in order to maximize the final carbon
magnetization obtained.

The effectiveness of polarization transfer in INEPT or DEPT is strongly influ-
enced by the magnitude of the spin-spin interaction during the precession periods.
For @ given molecular system containing several IS fragments with different spin-
spin coupling constants, Jig, the proper choice of the duration of a fixed delay,

7. which is inversely related to Jis, may be difficult if the range of Jig is large

"\ version of this chapter has been published. A. M. TorrEs AND R. E. D. McCLung, J.
Magn. Reson. 92, 15 (1991). Copyright © 1991 by Academic Press, Inc.
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(4). Imperfections in the (7/2) biilsear rotations which interconvert in-phase and

antiphase coherences canuot be avoided in such cases, and maximum polarization

transfer cannot be attained for all IS fragments simultancously because 7 is chosen
using a nominal (average) value of Js.

This problem of incomplete coherence conversion by spin-spin coupling is sim-
ilar to the problems associated with the inhomogeneity of radio frequency pulses.
Spatial inhomogeneity of the rf field produces a distribution of Hip angles across
the sample volume and can be minimized by replacing the rf pulse by an ap-
propriate composite pulse (a sequence of phase-shifted radio frequency pulses)
(3). Levitt and Freeman (6), for example, have shown that the composite pulse,
(7/2)o—(7)s0—(7/2)0, is much less sensitive to B, inhomogeneity than a single
(7)o pulse. Similarly, Levitt (7) has demonstrated that the composite pulse,
(7/2)o—(7)120, is much more efficient than a single (m/2)o pulse in converting lon-
gitudinal to transverse magnetization in the presence of rf field inhomogeneity and
resonance offsets.

Using the parallelism between rf pulses and spin-spin coupling, one can devise
J-compensated coherence transfer sequences that are less sensitive to variations in
Jis based on composite pulses. Exploiting the formal analogy between the trans-
formation properties of the operators {I,, I, I.} and {2I..S,, 2I1,S., I.}, Wimperis
and Bodenhausen (8) have used Levitt’s (m/2)y— (7 )20 composite (7/2) pulse to de-
vise J-compensated INEPT sequences which are less sensitive to variations in Jis.
More recently, Sorensen et al. (9, 10) have presented J-compensated sequences,
designated INEPT-CR, which refocus antiphase magnetization with enhanced sen-
sitivity. These include sequences which are broadband over a range of coupling
constants and sequences which provide optimum simultanecus refocusing of an-

tiphase magnetization for different spin systems.
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In this chapter, we present derivations of J-compensated magnetization transfer
sequences fromn appropriate composite pulses, using analogies between the mutual
transformation properties of sets of operators in the manner introduced by Wim-
peris and Bodenliausen (8), and deseribe the construction of J-compensated APT
{11) and DEPT (1} scqucnces. For conciseness, the properties of the J-compensated
APT scquences which are derived will be described fully in Chapter 3, so that the
discussion here is directed only at the details of the construction of the compen-
sated sequences and their application to the improvement of DEPT. The DEPT ge-
quence (1) contains three fixed delays during which spin-spin coupling interchanges
in-phase and antiphase coherences. We describe below the results of attempts to
improve the efficiency of the interchanges in each of these periods. The efficiencies
of these J-compensated DEPT sequences are compared with that of conventional

DEPT using experimental and calculated results.
2.2 Theory

In attempting to construct J-compensated APT and DEPT sequences based on
composite pulses, we found it necessary to make the operator analogies introduced
bv Wimperis and Bodenhausen (8) more explicit. Instead of concentrating on
the conversion of longitudinal magnetization (I.) to longitudinal two spin order
(2I.S5.), we consider the conversion of in-phase (I,) to antiphase magnetization
(21.5.) under spin-spin coupling in a two spin 1/2 heteronuclear IS spin system.
The analogous mutual transformation properties of the operators {I, I,, I} and
{—-2I.S., 2I.5., I,} are shown pictorially in Fig. 2.1a and 2.1b. The action of an rf
pulse along the y-axis for period t rotates the magnetization initially aligned along

the z-axis in the xz-plane by an angle 3 = vB;* and, in turn, creates magnetization
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Figure 2.1: Pictorial Representations of Rotation and Bilinear Rotation Operators.
The rotation arrows indicate the operators which are used in propagators associated
with “rotations” about each axis, and the axis labels represent the product operator
components which are interconnected by these “rotations”. (a) Cartesian angular
momentum operators involved in composite pulse sequences, (b) operators involved
in the bilinear rotation of I, and 2I,.S,, (c) operators involved in the composite
bilinear rotation of 21,5, into I,, (d) operators involved in the construction of
J-compensated conversion of 2H,,.C, to 4H,.H,.C,.
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along the x-axis
(3)1, )
I, —— I.cosid + I.sin3. [2-1]

In an exactly analogous fashion, spin-spin coupling between nuclei [ and S (operator
271.5.) for a period 7 causes the transverse magnetization, I, , to be rotated by
angle i’ = 7.Jis7, producing I magnetization which 1s antiphase with respect to S,

~21,8

(4')21.5.

I, ——""% I, cos3 — 2I.S.sinp" (2-2]

I short, the analogy implies the following correspondence: I, « —2I.5,, I, « 2I.5,,
l. — I,.3 — 3 and t & 7. In the following sections, we present derivations of
compensated transfer sequences using this analogy between the actions of rf pulses

and spin-spin coupling.
J-Compensated conversion of I, to -1/,

The action of the composite inversion sequence (7/2)go—(7)1s0—{(7/2)90 on spin I
magnetization aligned along the z-axis can be written as

I, (28)1I. I,
L 0L L @ 2.3

where /3 is nominally equal to 7 /2. Since a pulse along the x-axis is just a phase-
shifted y-pulse, it is convenient to use the propagator equivalence

AL L B (/)L

} [2-4]

to rewrite Eq. [2-3] as

B, (/2L @O, /DL (B

. —1I,, [2-5]

so that it contains only propagators involving I, and I,. A composite conversion of

I, to —I, via spin-spin coupling can be obtained from the composite transformation



—
[92]

in Eq. [2-5] Ly making the replacements [, — [, [

y 20,50 and 3 — ) as
imdicated above and in Fig. 2.1a and 2.1bh. Oune obtains

, (4)21.S. (—==/2)1, (23)2L.S. (=/DI, (J)2L.S

K

—1,. [2-¢]
This transformation of I, to —1I, is expected to be more effective, for a broader

range of .7, than the nncompensated
.)_T]

transformation employed in the spin-flip (12) and APT (11) experiments. In Chap-
ter 3. we will show that the transformation in Eq. [2-6] can be implemented in a
Compensated Attached Proton Test (CAPT) sequence

13C 905-% - 1805p-% ~90%--7- 1803-7-905,-Z - 1805,-%. (2-8]
'H 180 180 180 =

which is expected to be less sensitive to variations in Jegp than the APT sequence
(11). In sequence [2-8], the initial 90° pulse creates transverse [ magnetization, and
the 180° pulses at the center of each preression period refocus chemical shifts. The
180° carbon and proton pulses are shown explicitly at the center of each precession
period in sequence [2-8], but will be omitted from all sequences discussed below for
brevity.

Other composite inversion sequences which may be considered as bases for the
construction of transformations for the compensated inversion of I, via spin-spin
coupling are the pulse sequence, (7/2)o—(47)120—(7/2)o introduced by Levitt (7),
and the rectangular inversion sequence, (7)o —(27 )go— (27 )22s, devised by Wimperis
(13). Using the 90° phase-shifted versions of these sequences [(7/2)g0—(7)210—(7/2)g0
and (7 )oo—(27)180—(27 )315] and making the operator replacements indicated above,

one can construct the corresponding compensated I, to — I, scquences
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;Lll(l

1 T — 90;-‘-0 — 27 - 135270 — 27 - 22590. [2-10]

[t can be shown, theoretically, that sequence {2-9] has a slightly broader profile than
CAPT. Sequence [2-10] will be referred to in Chapter 3 as the Rectangular Attached
Proton Test (RAPT) and is expected to display rectangular-shaped inversion profile
with respeet to Jis especially for the CH spin system. However, due to the long
times between excitation and detection in these sequences, they are less suitable

for samples with short relaxation times.

J-Compensated conversion of I, to —-2I.S,

The composite pulse which we consider in developing broadband versions of DEPT,
just as Wimperis and Bodenhausen (8) did in their work on INEPT, is Levitt’s
(7/2)o—(7)120 composite sequence (7). This sequence, compensated for both B,
inhomogeneity and resonance offsets, brings down z-magnetization to a point in the
xy-plane with very small phase distortion. For convenience, a (7/6) rotation about
the z-axis may be added to the end of this sequence so that the final magnetization

lies along the x-axis, and the composite pulse sequence can be written

(/3)11- ‘ {(Qﬂ)lx}lzoO ah-‘{: (7T/6) sz

L. [2-11]

An alternate version of this sequence

(B)Iy‘ {(Qﬁ)Iy}l20°shi{t (—7/3)£

I.t, [2"12]

which uses rotations about y- and z-axes, is more convenient for our purposes. It

can be shown (14) that

{281, Y1200 iy

(—2#/3){, (28) 1, x (27/3) Iz‘

’ [2’ 13]
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so that the transformation in Eq. [2-12] becomes

(3L,  (=27/3) 1,

(21,  (2=/3)1, (-x/3 L.

I. . e A L 21

U [

or simply

(3) 1, (=27/3) 1. (2.4) 1, (7/3) 1.
I, » » — S [2-15]

after adding the two adjacent rotations. By making the operator replacements
shown in Fig. 2.1a and 2.1b, one can convert this composite pulse transformation

into the compensated transformation

(3215, (=27/321, (23)21.S. (=:®],
, ; ) y =218, [2-16]

v
of I, to =2I.5..
The corresponding compensated pulse sequence,

I 7 —-1205,5 — 27 — 605,. [2-17)
therefore converts in-phase to antiphase magnetization more effectively over a wider
range of Jis than a single 7 period. A phase-shifted version of this sequence,

I 7 —-1203, — 27 — 603, [2-18]
produces the same transformation as [2-17], and the sequence

I 7 —1203; — 27 — 1205, [2-19]

in which the pulses have identical lengths and phases is a compensated sequence

for the conversion of I, to +2I,5..

The broadband preparation part of INEPT developed by Wimperis and Boden-
hausen (8)

I 905 — 7 — 1205, — 27 — 305, [2-20]
can be derived from the sequence [2-18] by inserting an initial 90 pulse to convert

I. to —1I,, and appending a 903, pulse to convert 2I.S, to —2I,5,.
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Compensated conversion of 2/, 5. to ],

As Wimperis and Bodenhausen (8) have pointed out, inverting the order and phases
of all pulses and delays in a2 compensated sequence leads to compensated sequence
which does tne inverse conversion. A compensated sequence that converts an-
tiphise to in-phase magnetization can therefore be obtained from the compensated

sequence of Eq. [2-17]. The resulting sequence 1s
| l !

Product operator calculations show that this sequence is indeed better than a single
spin-spin coupling period 7 in converting 215, to +1,. Sequences of this type are
uscful in experiments like refocused-INEPT (3) where the choice of refocusing delay,
A, s critical.

A different compensated pulse sequence which transforms 21,5, to I, can be
devised by making use of the analogous transformation properties of the operators
{ I..1,,I.} and { I,, 21.5., 21.5.}. Levitt’s composite pulse (7/2), Eq. [2-12],

provides the sequence

(821,55, (-2n/3)2I.S, (2B8)2I.,S, (=/3)2I.S,

21, S, I, [2-29]

However, the propagators which involve 2I.S; and which represent phase shifts of
(28") 2I.S.
the propagator ——————  will be imperfect due to the dispersion of Jis. Detailed
(—2n/3) 21, S,
investigation of the propagator in Eq. [2-22] shows that the » element

“stores” part of the I;sin 8’ magnetization as longitudinal two-spin order, so that it
(28%) 21.S. (7/3) 2I.S, .
will be invariant to the —————  evolution, then the —————— revives this

component. This “storing” of I, magnetization during the 23’ evolution period

can be achieved more conveniently and without imperfections by replacing the



propagators containing 21,.5: with propagators involving [,:

(4)21.S. (=2%/3)I. (23)21.S. (=/3) I,

—— »

20,5:

I,. (2-23]

With this propagator, some of the I sin g’ produced in the .37 evolution is “stored”
as longitudinal magnetization I. during the 24 evolution period, and is recov-
ered by the (7/3)I; pulse. The extended analogy between the sots of operator
{ 1., I, I.} and { I, 21.5., 2I,.S.} is represented pictorially in Fig. 2.1a and 2.1¢.

The compensated pulse sequence based on the transformation of 27,5, to I, in
Eq. [2-23] is

I 7 —-12054 — 27 — 60;. [2-24]

It is important to note that the inverse of this sequence,
[ 6035 — 27 — 1205 — 7, [2-25]

like the pulse sequence of Eq. [2-17], transforms I, to —2I,.5..

It is instructive to look at the mechanics of the two compensated sequences
[2-17] and [2-25] which convert in-phase J, to antiphase —2/1,.5. magnetization. In
the following discussion, the magnitudes of the various components of the density
operator will be described by the leading terms in their Taylor expansions in the
imperfection parameter

O =wJjsT — /2. [2-26]
In this way, the compensation effects can be readily understood.

In the compensated sequence {2-17], the initial magnetization I, produces a
large antiphase magnetization component, 2I..S,, of magnitude —1 + 62/2, and a
smaller I, component, —§, during the 7 evolution period. The (27/3),70 pulse on

the I spin leaves the small I, component unchanged, but halves the magnitude of
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the 27, S, component, inverts its phase, and “stores” the rest as longitudinal two-
~pin order. 2/.5,. During the 27 evolution pericd, the small I, component results
inoan [, component of magnitude =6 and a 27.5. component of magnitude —262,
whilee thie ~Lialf size” 21,5, component leads to an [, component of magnitude —4§
and a 2/.5, component of magnitude (—1 +56%)/2. Thus, to second order in §, the
I, component vanishes at this point. The (7 /390 pulse on spin I rotates the 215,
and 27,5, components so that, to second order in 6, the desired 21,5, component
has a magnitude of —1 and a small 2I.S. of magnitude v/3 §2/2 remains.

In the alternative sequence {2-23], the initial magnetization I, is halved in mag-
nitude by the (7/3)150 pulse on the I nuclei, and the remainder is “stored” as
longitudinal magnetization I,. During the 27 evolution period, spin-spin coupling
converts the “half-size” I, component into an I, component of magnitude —1/2+ 6,
and a 2.8, component of magnitude §. The (27/3) pulse on spin I leaves the
21.5. component unchanged, and rotates the I, and I, components to produce an
I, component of magnitude 1 — §2/2 and an I. component of magnitude /362/2.
Spin-spin coupling during the final 7 period converts the dominant I, component
into a 2I,.S. component of marnitude —1 + 6% and a small I, component of magni-
tude —¢&, while the small 27,5, component evolves to produce an I, component of
magnitude +¢& and a 2I.S, of magnitude —6%. To second order in §, the 2I. S, com-
porent has magnitude of —1, the I, component vanishes, and a small I, component
of magnitude /36%/2 remains.

Beth compensated conversion sequences transform I, to —21,.S, exactly to sec-
ond order in 8. The first produces a very small second order 21,5, component.
while the second gives an I. component of the same magnitude. It is clear that the
two conversion sequences should be equally efficient in converting I, to —2I,.5,.

The important features of each are the “storing” of magnetization during the 27
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evolution period so that only the “half-size™ magnetization experiences the “double
imperfection” which is essentially canceled by the imperfections produced by the

evolution of the total maguetization in the single length = period.

Construction of compensated DEPT sequences

DEPT (Distortionless Enhancement Polarization Transfer) (1) is a widely used
pulse sequence derived from refocused-INEPT (3). In contrast to refocused-INEPT
{3), DEPT gives signals from CH, CH,, and CH, fragments which are simultane-
ously in-phase at the start of the acquisition so that BC{'H} spectra are easily
obtained {15). Although the DEPT sequence is longer time-wise than that for
refocused-INEPT, it has fewer refocusing pulses so that it is less sensitive to pulse
imperfections. In spectral editing applications, DEPT is superior to refocused-
INEPT since it employs spectra obtained with read pulses of different flip angles
rather than spectra obtained from experiments with spin-spin coupling periods
of different lengths. This makes DEPT somewhat less sensitive to variations in
spin-spin coupling constants than INEPT.

In order to incorporate the compensated magnetization transfer sequences de-
rived above into the DEPT sequence, it is important to look at the signal pathways
for CH, CH,, and CHj in detail. Figure 2.2 shows the signal intensity pathways
by tracing the transformation of proton to carbon magnetization for each spin sys-
tem. For convenience, the DEPT sequence is divided into three parts, each of which
contains a 7 delay period, and chemical shift effects are ignored. Figure 2.2 also
presents the 3’ and the 8 dependence of each of the terms in the density operator
for each spin system as it progresses through the DEPT sequence. For simplicity,
we have labeled the spin operators as C, Hy, H,, and H;, and we shall focus our

attention on the carbon signal which is derived from the H,, term in the initial
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density operator. For the CH, spin system, the terms H,, and H,, in the initial
density operator produce equivalent contributions to the final signal, and the terms
H,.. H>: and Hj. give cquivalent contributions to the signal for CHs,.

For all spm systems, H,. is converted to transverse magnetization, —H;,, by
the initial proton pulse. this magnetization is converted to 2H,,C. during the first
7 delay period and the (7/2)gy carbon pulse converts this antiphase magnetization
to multiple quantum coherence, 2H,,C,. For the CH spin system, this coherence
is unaffected by coupling during the second delay period, 2H,.C, is produced by
the action of the (#)an proton pulse on 2H,,.C,, and this antiphase carbon magne-
tization, which has a maximum amplitude for § = 7/2, is converted to C, during
the third delay period.

In the CH; spin system, the multiple quantum coherence, 2H,.C,, is trans-
formed by spin-spin coupling during the second delay period into multiple quantum
coherence which is antiphase with respect to the second proton, 4H,.H,,.C,. The
(8)ou proton pulse converts this into carbon magnetization antiphase with respect
to both protons, 4H,.H,.Cy, which has a maximum amplitude for 8 = 4%°. There
are two operator terms which contribute to the carbon signals from CH, frag-
ments when the lengths of the last two delay periods are not equal to 1/(2J¢y):
4H,.H,.C\, the principal term (P), and 2H,,C,, the ancillary term (A). The ancil-
lary term results in an observable carbon signal only when the delays in the second
and third part of DEPT scquence are misset.

In the CHjs spin system, four terms in the density operator: 8H;,H,, H,.C,
(the principal term), 4H;,H,,C,, 4H,,H,,C,, and 2H,.C, (the ancillary terms)
contribute to the observed signal when the delays in the second and third part of
DEPT are misset. We will refer to the 8Hs,H,, H,,C, term as P, the term 2H,,C,
as A,. and the sum of the terms 4H,. H,,Cy + 4H:.H,.C, as A,.
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It is clear that proton chemical shifts are 2ffective during the first and second
delay periods in the DEPT sequence, and that carbon chemical shifts are operative
during the second and third delay periods. In order to cancel these effects, a ()
proton refocusing pulse is placed between the first and second delay periods, and
i (7, carbon pulse is inserted between the second and the third delay periods in
the standard DEPT experiment (1) as shown in Fig. 2.3a. For the introduction
of J-compensation into the delay periods in DEPT, it is more convenient to insert
simultaneous proton and carbon refocusing pulses at the center of each delay period
as shown in Fig. 2.4. The ()90 carbon pulse coincident with the (8)go proton pulse
in the original DEPT sequence (Fig. 2.3a) is retained in this expanded version of
DEPT because this (7)go carbon pulse, besides serving as a chemical shift refocusing
pulse in regular DEPT, also serves as an inversion pulse to attain the right signal

imitensity profile.

Compensation of the first part of DEPT (DEPTC1)
As pointed out above, the first part of the DEPT sequence,
'H 908 — [2-27]

is ~haracterized by the conversion of H,, to 2H,.C, for all spin systems. Using the
sequences [2-17] and [2-25] above for the conversion of —H,, to 2H.C;, one can
construct the composite pulse sequences
lI‘I 908 - T — 120;70 — 2T - 60;0 [2'28]
and
'H 905 —605g, — 27 — 1205 — 7 = 305 — 21 — 1205 — 7 [2-29]

for the first part of the DEPT sequence. The complete DEPT sequence based

on the compensated sequence [2-29] is shown in Fig. 2.3b, and the incorporation
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Figure 2.3: Pulse Sequences for (a) DEPT and (b) DEPTC1. 7 = 1/2'Jjagm.

of sequence {2-28] into DEPT is shown in Fig. 2.4a. The sequences which in-
corporate [2-28] or [2-29] are referred to as DEPTC1 sequences since they have
J-compensation in the first part of the DEPT sequence. It is clear from Fig. 2.3b
and 2.4a that the incorporation of sequence [2-29] is preferable since it requires far
fewer refocusing pulses. This is so because the compensated sequence [2-29], like
the first part of the conventional DEPT sequence {2-27], ends with a precession
period of length T so that the (r)o proton and carbon refocusing pulses in normal

DEPT may be retained, resulting to a much simpler version of DEPTC1. This
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simplification is not possible with [2-28] since it ends with a (7/3)g proton pulse.
Hence. in the version of DEPTC1 based on sequence [2-28] (Fig. 2.4a). refocusing
pulses must be inserted at the center of each delay period in order to eliminate
chemical shift effects. Note that the (7 )gg carbon pulse coincident with the (8)g0

proton pulse in the original DEPT sequence {Fig. 2.3a) must be retained in both

implementations of DEPTC1.

Compensation of the second part of DEPT (DEPTC2)

During the second delay period in DEPT, the density operator term 2H,.C, is
invanant to spin-spin coupling for CH systems. but evolves for CH, and CHj sys-
tems to become 1 H,. H,.C; and —8H;, H,.H,.C, respectively as shown in Fig. 2.2.
These dominant terms together with some ancillary terms in the density operator
involve more than two spins so that sequences [2-17] and [2-25], devised for a two-
spin system, are not directly applicable. For the CH; spin system. we wish to con-
struct a compensated sequence, which converts 2H,.C, to 4H,.H,.C,, leaving as
small a 2H,.C; component as possible, from Levitt’s compensated {7/2) sequence
12-3]. The operator replacements I, — 4H,.H,.C,, I, — 2H,.C. + 2H,,C,, and
I. — 2H,.C;, which one might develop from a simple comparison of the effects of

(3) Iy (jl) (2H1zcz + 2H22C:)
the

and propagators, do not yield a compen-

sated conversion of 2H,.C; to 4H,.H,.C,. Instead, one must design the cornpen-
sated conversion sequence with propagator elements which mimic the effects of the

various propagators in sequences [2-17] and [2-25]. The sequence
'H 7 — 1202, — 27 — 60S. [2-30]

has the required elements. The (27/3),5 proton pulse “stores” part of the princi-

pal 4H,.H,.C, component of the density operator produced by spin-spin coupling
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during the first delay as a 4H,,H,.C', component which is invariant to spin-spin
coupling during the 27 evolution period, just as the (27/3)279 pulse in the sequence
[2-17] “stores” part of the principal 2I.5. component as 2I,5.. The “half-size”
1H,.H,.C, component and the ancillary 2H,.C; component evolve during the 27
period so that the 2H,,.C, component vanishes (to second order in §) at the end
of this period. The (7/3)o proton pulse rotates the 4H,,H,,C, and 4H,,H,.C,
components into the desired 4H,.H,,C, component. Similarly, for CHj3 spin sys-
tem. the (27 /315y proton pulse “stores” part of the principal —8H;, Hy, H,:.C,
component as —8H3,H,,H,,C, and the (7/3), proton pulse, after the second de-
lay period, converts this magnetization back to the desired —8H3,H,.H.C,. Note
that. in Fig. 2.2, the 3’ dependence of —8Hj3,H,.H,.C, in the CH; case is differ-
ent from that of 4H,.H,.C, in the CH, case so that the compensation effects of
sequence [2-30] in these two spin systems will b2 somewhat different. The imple-

mentation of pulse sequence [2-30] to obtain a DEPT sequence with the second

part J-compensated (DEPTC?2) is sl.own in Fig. 2.4b.

Compensation of the third part of DEPT (DEPTC3)

The behavior of the CH, CH,;, and CHj; spin systems during the third part of
DEPT involves a number of different product operator terms (see Fig. 2.2) and
ultimately produces carbon C, magnetizatiorn. It is not easy, therefore, to devise a
sequence that compensates the conversion of all these terms into observable carbon
magnetization. By considering only the principal 2H,.C, term of the CH spin sys-
tem, one can construct a DEPT sequence in which the third delay is compensated,
DEPTCS3. by incorporating either sequence [2-21} or [2-24] into the basic DEPT
sequence. Figure 2.4c shows the compensated sequence based on sequence [2-21]

(DEPTC3). In the implementation of the DEPTC3 sequence, the phases of the
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(7/3)270 and (27/3)9o carbon pulses must be alternated together in order to sup-
press signals originating from the residual H,,cos 3' term from the first evolution
period. It is expected that this sequence will applicable for the CH spin system,
but not necessarily for the CH, and CH, spin systems, since the density operators
for these systems contain terms (including their respective 2H,.C, terms) which

behave differently under spin-spin coupling during the third delay period.

2.3 Experimental

All experiments were performed on a Bruker AM-400 spectrometer. For verification
of the DEPTC1 sequence (Fig. 2.3b), 90% (v/v) solutions of C¢Hy in CDCl; (CH
spin system. 'Jey = 160 Hz), CH,Cl, in CsDs (CH, spin system, 'Jey = 178 Hz),
and CH30H in C4Dgs (CHj spin system, 'Jeoy = 141 Hz) were chosen for the three
spin systems. All samples were slightly doped with chromium(I1I) acetylacetonate
to achieve repetition times of 30-40 seconds. Four scans were accumulated for each
experiment and proper incrementation of 7 was done so that 3’ varied from 40°
to 140° in 10° steps. The standard DEPT phase cycle (16) was adopted. The 30°
and 120° pulses were not phase cycled since their phases are tied to that of the
first proton pulse. The first 180° proton refocusing pulse must be along the same
axis as the 30° proton pulse, while the phase of the first 180° carbon pulse was not
varied.

The sample used for comparison of the relative efficiencies of DEPT and DEPTC]1
was a 1:1 mole mixture of cholesterol (50mg) and 3-methyl-1-pentyn-3-ol (13mg) in
CDCl; (0.35ml). In each experiment, 128 scans were recorded with a delay interval
of 4 seconds between scans. Three different  values corresponding to 8’ = 55°, 90°,

and 125° (based on 'J&3® = 129 Hz for cholesterol) were used in the comparison.
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2.4 Results and Discussion

The calculated #'-dependence of the '*C signal intensities in each part of the con-
ventional and compensated DEPT sequences are presented in Table 1. For conve-
nicnce, only the carbon signal from the H,. term for each spin system was consid-
ered. The overall 3’-dependence of the '3C intensity for a particular spin system
subjected to a specified pulse sequence can be obtained by multiplying the ap-
propnate factors for each of the three parts of the sequence. For example, for a
conventional DEPT experiment on a CH, spin system, the total 3'-dependence
will be sin ¥ sin8lcos @sin 3'(1 — cos23") + cos 3'sin23’]/2 which is obtained af-
ter multiplying the factor sin 3’ for the first part by the sum of the products
sin/3’ x sinfcos (1 — cos23')/2 and cos f’ x sin6(sin28')/2, which describe the
evolution of the principal (P) and ancillary (A) terms in the density operator during
the second and third parts of the sequence. Similarly, for the DEPTC1 experiment
{part one is J-compensated, parts two and three are uncompensated) on the CH
spin system, the '*C signal will be proportional sin #sin 3(9sin 8'+sin343')/8 which
15 just the product of the factors (9sin 8’ + sin308’)/8 for the first part, 1 for the

second part, and sin#sin 3’ for the third part as given in Table 1.

Figure 2.5 shows the calculated and the normalized experimental 2C signal
intensities as a function of 3’ for DEPT and DEPTC1 on the CH, CH; and CH;
spin systems. The flip angles for the 'H pulses were 90°, 45°, and 35° for the CH,
CH, and CHj spin systems respectively, where the principal components of the
respective density operators have inaxima. The observed signal to noise ratios in
the two sequences were essentially equivalent and the small variations observed can
be attributed to relaxation effects. It is clear that the experimental results agree

well with the calculated predictions. For all spin systems, DEPT'C1 produces a
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Table 2.1: J'-dependence of '*C signal intensities in each part of conventional and

J-compensated DEPT sequences?®.

Svstem First part Second part Third part
Conventional DEPT

CH 3 1 Sgs

CHQ S (P) S 53C9(1-C2)/2
(A) ¢ Se(s2)/2

CH3 S (P) (1 —62)/2 Sngz(:;o —53)/4
(.‘%1) (1+C2)/2 59(5+33)/4
(Ag) 52/2 SgCg(C — C3)/4

J-Compensated DEPT

CH (9s + 34)/8 1 So(9s + s3)/8

CH, (0s +s3)/8 (P) (9s+s3)/8 S¢Cy(4 — 3c2 — ¢6)/8
(A)  (3c+c3)/4 So(0s, + s6)/16

CH; (9s + 53)/8 (P) (82 —63cy; ~ 18c4 —c6)/128 SpC23(27s — 6353 — 39)/32
(Ay) (10 + 15¢2 + 6cq + ¢6)/32 S9{9s + 10s3 + s9)/32
(."\2) (2102+ 1254 +Ss)/64 59C0(3C—2C3—Cg)/8

*Abbreviations: s = sind’, s, = sinnd’, ¢ = cos8’, ¢, =
Cy = cos?8.

cosnf’, S9 = sinéd, and
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Figure 2.5: Comparison of calculated and observed DEPT and DEPTC1 signal
profiles for CH (Ce¢He), CH, (CH;Clz), and CH; (CH30H) spin systems. The flip
angles of the 'H 6 pulses were 90°, 45°, and 35° respectively.

more broadband magnetization transfer profile than conventional DEPT due to
the replacement of the simple sin 3’ dependence in the first part of the sequence
by the compensated (9sin 8’ + sin343’)/8 dependence. For the CH spin system,
DEPTCI1 gives near perfect magnetization transfer (> 90%) for B’ = 66° — 114°
as compared to conventional DEPT which gives magnetization transfer greater
than 90% over the narrower region 3 = 72° - 108°. Moreover, in the region near
3" = 50° (and 3’ = 130°), %hiy J-compensated DEPT sequence yields !3C signals
from CH system which are 20% larger than in conventional DEPT. The superiority

of DEPTC1 is more pronounced for CH, and CH; spin systems. For CH, and CH;
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spin systems, greater than 90% polarization transfer is attained for 3’ in the range

(56°, 124°), while the corresponding region using regular DEPT is (67°, 113°).

Megular DEPT and DEPTC1 spectra of a 1:1 mole mixture of cholesterol and 3-

Il
ut

methyl-1-pentyn-3-ol at three different delay periods (3’

nominal 5°, 90°, and 125°

based on 'Jci nomina = 122Hz for cholesterol) are shown in Fig. 2.6. In every case
# = 45° so that the signals from all CH, fragments are positive. It can be seen from
the figure that the peak intensities from the various CH, fragments in the two “mis-
set” DEPTCI spectra (3’ = 532,,, and 125°) vary less from fragment to fragment
than the corresponding peaks in the conventional DEPT spectra. Measurements
of the relative intensities of the DEPTC1 spectra at 8, = 55° 90°, and 125°
indicate that the average ratio Isse/Ige. is 0.95 and the average [;250/Ig00 is 0.79.
The corresponding ratios for the conventional DEPT spectra are I550/Ig0e = 0.91
and Ij250/Igpe = 0.72. This shows that DEPTC1 is less sensitive to variations in
coupling constants and/or 7 delay misset than conventional DEPT. In the spectra
shown in Fig. 2.6 for both DEPT sequences, it can be noticed that the carbon peak
for the methyne CH fragment of 3-methyl-1-pentyn-3-ol, in which 'Jey = 250Hz,
appeared only in the misset spectra. Since the effective 3’ for this fragment is ap-
proximately 28.,,,, the proton experiences a 180° (not 90°) bilinear rotation during
vhe first part of DEPT or DEPTC1 and does not produce carbon magnetization.
It is therefore not surprising that DEPTC1 does not give an observable signal for
this methyne fragment. One can also observe in the spectra of both DEPT se-
quences that the peaks at 3., = 55° are generally larger than the peaks at 125°.
Proton and carbon relaxation effects account for this difference since the evolution
times in these two cases (8], = 55° and 125°) are quite different. In Fig. 2.6, the
peaks in the DEPTCI1 spectra are slightly smaller than those in the DEPT spectra.

This loss of signal is undoubtedly due to pulse imperfections and proton relaxation
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Figure 2.6: Comparison of DEPT and DEPTC1 spectra of 1:1 mole mixture of
cholesterol and 3-methyl-1-pentyn-3-ol in CDCl; for delay periods of different
lengths. The values of 3’ = nlJeyr are based on 'J&® = 129Hz. The arrow
in each DEPT spectra indicates the methyne CH peak of 3-methyl-1-pentyn-3-ol.
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during the extended first precession period in DEPTC1.

Figure 2.7 shows the calculated '*C signal intensity profiles for conventional

DEPT and DEPTC2. Since no compensation is expected for the CH spin system,
only the profiles for CH, and CH; are presented. In addition to the overall stgnal,
the principal (P) and the ancillary (A} components of the signal for CH, and CH,
*pin systems are also shown in Fig. 2.7 so that the effect of J-compensation on
each component is clearly shown. For CH.,. DEPTC?2 gives a broader P signil
profile as expected. One can also observe that the A signal, which is a result of the
delay misset in the second and third parts, is significantly smaller in DEPTC? than
iz conventional DEPT. particularly in the region of 3 = 90°. These results are
expected since the P signal arises from the 41H,,H,.C_ term in the density operator,
while the A signal comes from the 2H,.C, term. Compensation of the second part
of DEPT. as in DEPTC2, makes the conversion of 2H,,C, to 1H,.H,.C, more
efficient leading a broader P signal profile and an A signal which is substantially
reduced in magnitude near 3’ = 90°. As shown in Fig. 2.7, the addition of the P
and A signals does not. unfortunately. give an overall signal profile for CH~ which
is broader than that for regular DEPT. One obtains 90% magnetization transfer
for 3’ in the range 74° — 106° with DEPTC2, which is much narrower than the
corresponding range 66° — 114° for DEPT.

A similar result is obtained for the CHj; spin system. DEPTC?2 produces a
broader P signal profile. while the ancillary signals (A; and A,) are significantly
reduced in amplitude and shifted away from 3' = 90°. The overall signal profile,
which is obtained by adding the three signal components. is found to be narrower
than the conventional DEPT profile. Based on the results for these two spin sys-

tems. one must conclude that J-compensation of the spin-spin coupling conversions

in the second part of DEPT does not produce overall signal profiles that are broader
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than the overall signal profiles obtained in conventional DEPT.

The J-compensation of the third part of the DEPT sequence (DEPTC3), as
shown in Fig. 2. 4c. gives a broa.lband signal profile for the CH spin system which
is identical to the signal profile obtained for CH in DEPTC1 {see Fig. 2.5). Detailed
DEPTCS signal profiles for the CH, and CHy spin systems are shown in Fig. 2.8
and reveal that J-compensation is achieved for the A signal in CH, and the A,
signal in CHj3. which are associated with the 2H,.C; term in the density operator,
and for the P signal in CH,. Although the .3 dependence of the signal coming
from the 2H,.C. term in each spin system is different. the above observation is
not surprising since the (7/3)70 carbon pulse in DEPTC3 “stores” part of the
2H..C. component for each spin system as 2H,.C. during the 27 delay so that
the compensating effect on the conversion of 2H,.C. to C, will be more or less
equivalent for each spin system. Similarly. DEPTC3 vields a broader profile for
the P signal in CHs since part of the —8H3.H,;.H,,C. component is “stored” as
—3H;3.Hy.H,.C, by the (7/3)2:0 carbon pulse.

The effect of DEPTCS on signals originating from antiphase carbon magneti-
zation aligned along the y-axis is not advantageous. For CH,, DEPTC3 yields a
P signal (coming from 4H,.H,.C,) that is less broadband than the corresponding
DEPT profile. Actually, if the compensated sequence {2-24], instead of sequence
{2-21], is used to make a third part compensated DEPT, only half of the expected
P signal can be obtained. This can be explained by the fact that these two compen-
sated sequences are not designed to compensate the transformation of 4H,,H,,C,
to Cy in CH,. In sequence [2-24], the (7/3),g0 carbon pulse “stores” part of the C,
sind’ as C; but the (7/6)o pulse after the 2+ evolution period does not recover all
the “stored” longitudinal magnetization and as a result, only half of the maximum

recoverable carbon magnetization is converted to C,. Sequence [2-21] performs
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better than sequence [2-24] because it involves a (7/6)2:0 carbon pulse to which
1H,.H,,C, is invariant and thus, no unnecessary “storing” of magnetization occurs.
In addition. the (7 /3). carbon pulse only reduces the magnitudes of the “misset™
2H,.C- and 2H,.C, components produced by the spin-spin interconversion during
the 27 period while leaving the 4 H,. 1, C,. which gives the C'y sigunal in the inal =
period. unchanged. Tt is for these reasons that DEPTC3 is devised from sequence
(2-21] rather than from sequence [2-24]. For CHjz, DEPTC3 shows a significaut
reduction in the signal intensity coming from the A, component.

Although compensation is achieved for signal components coming from an-
tiphase carbon magnetizations aligned along the x-axis, the overall DEPTCS3 signal
profiles for CH> and CHj shown in Fig. 2.8 are not encouraging. For CH,, while
the regions ;3 = 0° —44° and 3’ = 136° ~ 180° manifest a higher signal for DEPTC3
than for conventional DEPT, the DEPTCS3 intensities in the important region near
3" = 90° are smaller than the DEPT intensities. The results shown in Fig. 2.8 also
reveal that no beneficial overall compensation is attained for CH, spin systems.

in contrast to the broadband-INEPT reconversion sequence (8), DEPTCS fails
to produce overall signal profiles for CH, and CH; which are broader that the
DEPT profiles. This is due to the presence of antiphase carbon magnetization
components, in addition to 2H,,C,, in the third part of DEPT which contribute
to the observed '*C signals for these spin systems. In the second part of refocused-
INEPT, the only terms in the density operators which are converted to the Cy arc
2H,.C:, 2H,.C; and 2H;.C;. so that the broadband-INEPT reconversion sequence
devised for the CH spin system (S) gives signal profiles which are broader for CH,
CH. and CH; spin systems. As shown above, similar effeces are achieved in the
conversicn of 2H,.C; to C, in DEPTC3, but the beneficial effects on the P signal

profiles are overshadowed by the unfavorable effects on the conversions of the other
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antiphase carbon magnetization terms in CH, and CHaj, and this leads to overall

profiles which are less broad than the overall profiles obtained in conventional

DEPT.

2.5 Conclusion

We have developed J-compensated sequences for the conversion of I, to — I, I, to
=205, and 2I.5; to I, for the two spin 1/2 1S spin system, and a compensated
sequence for the conversion of 2H,.C; to 4H,,H,,.C, for the CH, spin system. In-
corporation of the J-compensated conversion I, to —2I.S, into the first part of
the DEPT scquence (1) gives a useful broadband DEPTC1 sequence. Unfortu-
nitely, attempts to make the second and third parts of DEPT less sensitive to the
magnitudes of 'Jepy by incorporating J-compensated sequences were unsuccessful.
The J-compensated conversion sequences developed here should prove useful in the
modification of the pulse sequences for heteronuclear correlation experiments (17)

in order to enhance or suppress directly-bonded correlations.
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CHAPTER 3

J-COMPENSATED APT SEQUENCES"

Heteronuclear J-modulated spin-echo experiments such as spin-tlip (1) and
APT (2), and polarization transfer experiments like INEPT (3) and DEPT (1)
are used extensively in assigning and editing '*C NMR spectra. In these experi-
ments, the resonances for carbon with an even or odd number of attached protons
are distinguishable. The amplitudes of these signals depend very strongly on the
magnitudes of the C~'H spin-spin coupling constant, 'Jey, and on the type of
CH.. fragmeut. Hence, the proper choice of interpulse delay, 7, which is related
to 'Jeu, is essential (5). Wimperis and Bodenhausen (6) have recently devised a
compensated version of the INEPT experiment which transfers magnetization more
cffectively over a wider range of coupling constants. This “broadband” INEPT se-
quence was developed from Levitt’s composite 90° pulse sequence (7) by exploiting
the analogous operator mechanics of the operators {1;,1,,I.} and {2I,S.. 2I,S..
I.}. Sorensen et al. (8) have introduced a different compensated version of INEPT
(INEPT CR) in which enhanced sensitivity for CH and CH; groups is obtained.

In their description of the BIRD sequence. which inverts the magnetization
from protons directly attached to C but does not invert the magnetization of
protons in **CH, fragments, Garbow, Weitekamp, and Pines (9) described 2 com-
pensated BIRD sequence which was less sensitive to variations in 'Jey. Wimperis
and Freeman (10) have also reported J-compensated inversion sequences for dis-
criminating between direct and long-range C—-H couplings. This earlicr work (9,10)

concentrated on the selective inversion of longitudinal magnetization of protons in

"A version of this chapter has been published. A, M. Torres, R. E. D. McCrLuxG, axn T,
T. Narasuima, J. Magn. Reson. 87,189 (1990). Copyright ©) 1990 by Academic Press, Lnc.
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*CH, fragments. In this chapter, we focus on the behavior of transverse carbon
magnetizations for *CH, "*CH,, and ""CH; fragments during APT-like sequences.
Two J-compensated spin-echo experiments related to the spin-flip experiment (1)
are deseribed and their relative merits evaluated.

The Compensated Attached Proton Test (CAPT) sequence is analogous to
Levitt’s 9051803,907 composite inversion pulse sequence (7) and is shown in Fig. 3.1b.
This sequence is very closely related to the J-compensated BIRD sequence (9).
A Rectangular Attached Proton Test (RAPT) sequence, derived from Wimperis’
18051807,903,5 rectangular inversion pulse sequence (11), is shown in Fig. 3.1c.
The derivations of these two sequences from the corresponding composite pulses
are presented in Chapter 2.

Product operator calculations (12) of the behavior of CH, CH,, and CHj spin
systems during the spin-flip. CAPT, and RAPT pulse sequences (Fig. 3.1) were
carried out, and the calculated dependence of the '*C signal intensities on the
delay 7 is given in Table 3.1.

Experimental comparisons of the three APT-like experiments were performed
on Bruker AM-400 and WM-360 spectrometers. The samples selected for the three
spin systems were 90% (v/v) solutions of CgHg in CDCl3 (CH), CH,Cl; in CgDg
(CH.), and CH30H in C¢De (CHj). All samples were doped with chromium (III)
acetylacetonate to reduce experiment repetition times. Thirty-two scans were ac-
cumulated in each experiment with delays of 7—9 s between scans. The angle
# = w'Jeyt was varied from 80° to 280° in 20° increments by appropriate incre-
mentation of 7 in order to mimic variation in coupling constants. The experimental
data shown in Fig. 3.2 are normalized to the calculated intensities. The observed
sighal-to-noise ratios in the three APT-like experiments were not substantially dif-

ferent, and relaxation effects accouinted for the small variations observed.
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Figure 3.1: Pulse sequences for APT-like experiments. For optimum operation,
7 = 1/'Jcu. The phases of the carbon 7 pulses in each sequence should be alter-
nated independently and the phase of the initial /2 pulse cycled in concert with

the detector.
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Table 3.1: Sicual Intensities in APT-like experiments®

Spin Experiment
System Spin-flip CAPT RAPT
C I - (=1 +4dc+c¢y)/4 1.207¢ — 0.280¢;3 + 0.073cs
CH, (1 +ey)/2 (3 4+ dcy; +cy)/8 0.500 + 0.604c¢, — 0.140c¢g
+0.037C[0
CH, (3¢ + ¢y)/4 (—4 4+ 12¢ + 3¢, 0.889c¢ + G.088c¢3 + 0.054c;
+dey + ¢5)/16 —0.046¢cg + 0.015¢,5
:l_;’T;ﬁ 5, e =cosnf ¥ = aloyT.

Figure 3.2 shows the experimental and calculated (Table 3.1) variations of the
MC osignal intensities with @ = 7'Jcyt for the spin-flip, CAPT, and RAPT se-
quences.  As expected, the inversion profiles obtained with CAPT and RAPT
sequences for the CH spin system have broader regions of maximal inversion than
one finds in the spin-flip experiments. The RAPT inversion profile for CH has an
approximately rectangular shape as Wimperis has predicted (11). In all cases, the
observed 8 dependence agrees with that predicted by the product operator calcu-
Iations. In discussing the results, it is convenient to use the ratio

R = "Jeu [/ "JeHugmina

to characterize the range of coupling constants, ! Jcy, for which particular features

oceur. Yen 1s the value of 'Jsy used to select the value 7.

nominal
For the CH spin system, RAPT gives nearly perfect inversion (>90%) for R =
0.66 to 1.34; CAPT gives >90% inversion for R = 0.69 to 1.31; while spin-flip gives
>00% inversion for the narrower region R = 0.86 to 1.14. CAPT gives negative
"'Cintensities for R on the interval (9.37, 1.63), while both RAPT and spin-flip
give negative responses over the narrower region (0.5, 1.5).
The results for the CH, spin system show that RAPT gives the broadest max-

1

mum about R = 1, with carbon intensities greater than 90% of the maximum



Ly
Ly
yiy

Figure 3.2: Comparison of the observed and calculated signal intensities for
APT-like pulse sequences. In cach case, the intensities are calculated for
6 = w'Jcut ranging from 0° to 360°, and observed spectra are shown for
6 = 80°,100°, . . . , 280°.
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intensity for R = 0.82 1o 1.18. The range is to be compared with the correspond-
ing ones, (0.90, 1,10, and (0.93, 1.07) for spin-flip and CAPT, respectively. CAPT
Intensities are more sensitive to the value of 'Jey than either spin-flip or RAPT.
For CH, CADPT Lias the broadest region. R = 0.85 to 1.15. for >90% inversion.
The correzponding regions for RAPT and spin-flip are (0.88. 1.12) and (0.92. 1.08),
respectively, CAPT has o much larger range of R (0.28, 1.72) for which negative
responses are observed than the range (0.50, 1.50) obtained in RAPT and spin-flip.
The mueh breader ranges of 'Jey for which inversion of CH and CHj carbon
resonances 1s obtained make CAPT the best serquence for determining the number
of attached prorons. The narrower CAPT profile for CH, carbons does detract
from the superiority of CAPT. but the performance of CAPT for CH and CHj;
~vsterns makes up for this minor deficiency since the largest variations in *Jey are
expected for CH fragments. Comparisons of the spectra from spin-flip, CAPT and
RADPT expernmnents on cholesterol demonstrate the overall superiority of CAPT.
One may use CAPT for editing purposes in much the same way as APT has been
nsed €13): one colleets 4 — the normal *C{'H} spectrum. CAPT spectra for B —
H=130° C = #=75° and D — # =112° 4 + B identifies CH, and guarternary
carbons, ¢ — D identifics CH carbons. .nd A — B gives both CF and CHa carbons.
RAPT cannot be used easily for editing because the profile for the CH3 spin system

does not have a broad region of zero response like spin-flip does, nor does it have

a local muninum i the region of 8 = 90° as CAPT does.
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CHAPTER 4

IMPROVEMENT OF INADEQUATE USING
COMPENSATED DELAYS AND PULSES”

4.1 Introduction

Stree s introducetion (15 the INADEQUATE experiment (Fig. 4.1a) has proven
i ctnlnessin establi=hing the carbon connectiviries in complex organic molecules
120 This experiment provides relatively clean specrra because only signals that
Liave prssed throuel double-quanrum coherence are detected. while respenses from
isolated spins are snppressed. Compared to other multiple-pulse techniques (3). IN-
ADEQUATE has been slow to gain popularity in carbon-13 spectroscopy mainly
Becanae of its inherently low =ensitivity., One important facror which may con-
triboare to the weak slgnals is the inefficiency of colierence conversion in each
~tep of the pulse sequence. The first 90° pulse 1n the sequence converts the z-
winenetizations ([, + £,.) Into transverse magnetization —(/;, + I,). During the
prece-sion period, spin-spin coupling converts —(/Iy, + [z,) into antiphase magne-
teations, 20 0+ 20 Lo which are then converted by the succeeding 90° pulse
into the desired double quantum coherences. The efficiencies of the rf pulses and
procession periods in effecting the desired transformations strongly affect the inten-
=ity of rhe observed signals and it is therefore desirable to make them as efficient
axs !nvx\'i})l(‘.

R tield imperfections and resonance offsct effects degrade the performance of

rf pulses. Spatal inhomogeneity of the rf field causes a distribution of flip angles

A version of this chapter has been aceepted for publication. AM. Torres, T.T Nakashima,
PED NMeChiag, and D RO Muhandiram, 1992 Journal of Maguetic Resonance. Copyright ©
Poo2 by Acadene Press, Inc.




(a) Regular INADEQUATE

905 180, 90% 90°-.

R |

| N
- T + N4

(I:) J-Compensated INADEQUATE

90% 180%,, 607, 1802, 90% 96 44,

l ! l U .\ I\Cq(v,')

} \\-
- T 4 2T +.\+

Figure 4.1: Pulse sequences for (a) regular and (b) J-compensated INADE-
QUATE. Resonance offset compensated C-INADEQUATE and JC-INADEQUATE
sequencs- nay be created from (a) and (b) respectively by replacing the 602,
903 2. 0f pulses with 127158° 3529158° ,12°, 24°152° 346°152°_24°, and
585 1iul vad] 1402 382 composite pulses respectively. A is set to 3 us for 1D exper-
iments and is incremented in 2D experiments, and 7 is normally set to 1/2J. The
phases ¢ and ¥ are cycled to select signals which pass through double quantumn
coherences.
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across the sample volume so that some of the spins may not be excited to the
desited colicrenee. Resonance offser cffects, which are more prevalent in carbon
spectroscopy than in proton spectroscopy, reduce tiie efficiency of an rf pulse by
nlting the orienranon of the effective field. The effects of these rf imperfections are
nsually minimized by using composite pulses — clusters of phase-shifted rf pulses
(G-=).

Various kinds of composite pulses have been developed in order to improve
the efficieney of the rf pulses in the INADEQUATE experiment. Wimperis and
Bodenhanusen (9) showed that compensation for rf field inhomogeneity in this ex-
periment can be achieved by replacing the last two 90° pulses in the sequence with
phase-distortionless 90§180%,;1803,; composite pulses (10). After careful analysis
of the double quantum sequence, Levitt and Ernst (11) developed a resonance off-
set compensated sequence based on the 90§1805,4,2709 phase-alternating composite
180° pulse (12,13). which is tailored so that the phase shift errors induced by the
compensated excitation pulse sequence are canceled by the phase shift errors pro-
duced by the composite read pulse. In another study, Levitt (8) showed how a
resonance offset compensated double quantum sequence can be constructed us-
g the 1807,,360318074,2705905, composite 90° pulse, and the resulting sequence,
which inccrporates a five pulse composite sequence for each pulse in the regular
sequence, was found to significantly enhance the sensitivities of the 3C double-
quantum peaks of crotonaldehyde.

One type of composite pulse which may be useful in minimizing resonance
offset effects in the INADEQUATE experiment is the symmetric phase-alternatiag
composite sequence introduced by Shaka and Pines (14). Unilike many composite
puises, these compensated pulses may be constructed for any desired flip angle,

and approximate ideal rf pulses by providing uniform rotation or transformation



of any initial spin state over a large bandwidth, and can therefore be substituted
directly in place of a single rf pulse. Since these composite pulses involve only 180°
phase shifts. they can be easily implemented. even on slder spectrometers.

Of primary interest in this investigation is the problem associated with ineth-
vient coherence conversion by homonuclear spin-spin coupling during the preces-
sion period in the INADEQUATE expiment.  There is often o mismateh be-
tween the length of the delay period 7 used and the values of 1,27 for the varions
homonuclear spin-spin coupling constants J found in a given molecule, so that
the in-phase magnetizations are not efficiently converted into antiphase magneti-
zations. Barbara and co-workers (15) have recognized a formal analogy between
the double-quantum excitation sequence when a range of dipolar couplings are
present, and the behavior of an inhomogencous rf pulse. Using this analogy, they
constructed a compensated double quantumn excitation sequence for a homonuclear
system contalning two spin-% nuclel patterned after the inhomogeneity compen-
sated 27053607,,1803;1807 -, composite pulse (10). Wimperis and Bodenhausen
{16) later used a similar analogy, which was applied to heteronnelear spin systems,
to create J-compensated INEPT sequences.

In this chapter, we develop an operator analogy which relates hox;lonn(:lcur spin-
spin coupling and rf pulses in a manner similar to the analogies developed for the
heteronuclear case (17.18). which was discussed in Chapter 2. This analogy affords
the construction of J-compensated homonuclear spin-echo sequences from AB,-
compensated composite pulses, and a J-compensated INADEQUATE sequence is
developed by incorporation of a J-compensated spin-echo element. Practical pulse
sequences for the regular and J-compensated INADEQUATE experiments are de-

veloped by exploiting symmetric phase-alternating composite pulses (14).
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4.2 Theory

The construction of J-compensated homonuclear spin-echo sequences from AB;-
compensated composite pulse seqquences can be understood by recognizing the anal-
ogous transformation properties of the sets of product operators involved in rf
pulses and i homonuelear spin-spin coupling. This analogy is less explicit than
the analogy between the product operators for rf pulses and for heteronuclear spin-
spin coupling developed earlier in Chapter 2 and cannot be illustrated using a
sitnple pictorial representation. To elucidate the similarity, we first demonstrate
the analogous properties of the set of operators { I., I, I,} and the set {(f;, +
Loy, 20 L. (20, 0, + 21,.1,.)}. An rf pulse applied along the x-axis for time ¢

iterconverts I, and [, and leaves [, invariant:

(3) I,
I. —_— I.cos3 — I,sinf
(3) I:
I, ——— I,cos3 — I,sinj3
(3) 1,
I, ——=— I [4-1]
where = 5 By¢. In a similar fashion, homonuclear spin-spin coupling (product

operator 21, 1. ) for a period 7 interconverts the (I, + Iz,) and (21);1z: + 2141, 12;)
coherences of spins I} and I, but leaves the longitudinal spin order, 2I;.1;., un-
changed:

(31) (‘2[11»['2:)

(I + I2y) (f1y + I2y)cos 3" — (21 1z, + 211,15, )sin B’
(8) (21i:12.) , |
(_2[|f[2_- +211:I-21~) — (2[11-12; +2113I21-)COSB - (I1y+12y)51nﬂ,
, (3N (201: ;)
(20 12:) Y (26 :1,:). (4-2]
where 3" = xJ>7 and Jyz is the spin-spin coupling constant. The following corre-

spoundences are clearly noted: I, « (I, + I,), I, & (25 I,, + 2I1.1,;),



[o4]
72}

I. — (201.1,.). 3 — ¥, and t — ~.

The operator correspondences presented above illustrate a siiple analogy when
rhe rf pulse is applied exactly along the x-axis. Since composite pulse sequences
are made up of phase-shifred rf pulses. it is more useful to see the general corre-

=i

ondenees when the of pulse is applicd along an axis in the xy-plane at angle o
from rhe x-axis. The operator for such an of pulse is defined as (19);

‘D(j"o) _O(Ic) ‘j(lt) O([:)

. [4-3]

This general rf pulse transforms I, I, .and [, in the following manuner:

P{3 o) ] _
. - I.cos 3 — I, sin3coso + I.sindsind
P33 ; , ,
I, — —— [ {cos3dcos®o+sin"d) + Lsindcosd + [, .\‘inz(ﬂ/‘Z) s1in{2¢)
[ 5. 0 ; ,
I, — Jacosdsint o +cosT o) — [.sin.d sin o
+1,s1in°(.3/2) sin(20) [1-4]

Using the analogy between rf pulse and homonuclear spin-spin coupling opera-
tors given above. one can construct from transformation [4-3] a spin-spin coupling
propagator

P(3. o) =o' (Ly + Iy)  3'(20.I,.) o (D + Ty)

= ey [4-5]

When applied to (I}, + I»,) magnetizations, this propagator creates (2I;,1,. ~

251, ) coherences, in addition to the (21,.1,, + 21,,15,) coherences:

P(3,0")

(L, + Iz,) (Ly + Iy)ecos 3 — (2% 7. + 21, 1,,) sin 3’ cos(2¢')

+(21,.1,. — QIlrlzz)Siu A’ sin(‘.Zr,-‘;'). [4-6]
Comparing transformations [4-4] and [4-6], one observes that I, magnetization,
which corresponds to longitudinal spin-order, 2I,,71,,, in the simple analogy de-

veloped from Egs. [4-1] and [4-2] above, corresponds to (21,.1,, — 21,.I,.) in the
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more general analogy. Furthermore, ¢ in Eq. [4-6] must be set equal to é/2 so
that the transformation of (1, + Iy,) under P (4, ¢’) given in Eq. [4-6] has the
same funetional formn as the transformation of I, under P (3.¢) in Eq. [4-4]. It is
therefore more apopropriare to look at the transformations of the set of operators
Wy, + Loy 20 L. #2001, ), (20,1, — 21, .1>,)} under P (3'. 3/2), the spin-spin
coupling propagator phase-shifted by &/2:

P w/2)
"[l'/ + [-'?/) =

(I, + Iay)cos 3" — (20 1o, + 20,.15,)sin 3’ cos ¢

4+ (20,0, — 20,102 ) sin 5’ sin o

P 5/2)
(2111'['.’: + 21]:[.‘1')

(26 L. + 21, . I,2)(cos B’ cos® ¢ + sin? @)
+ (Iyy, + I, )sin 3’ cos ¢

+ (20, 1,, — 21,1, ) sin®(3'/2) sin(2¢)
P, 6/2)

1§V
~
~

: 211J'[2r) (2-[]212: - 2[11‘4[21‘)(COS 6/ Sin2 0‘ + CO52 ¢)

~ (I, + )sin 3 sind
+ (25 Lo: + 2512 ) sin?( 8'/2) sin(24) [4-7]
Comparison of the transformations in [4-4] and [4-7] indicates the following general
correspondences:
I. «— (Ly,+ 1)
Ir — (211:122 —2111121)

Iy — (2111,-[22'}"'2'[12123)
P (3.4) P, 6/2)

[4-8]

Having established the general analogy between rf pulses and spin-spin coupling

in a ' smonuclear system, one can use any AB,;-compensated composite pulse se-
P(3i.01) P(3;,02) P (Bn, ¢n) _
, > ... ———, which transforms I, to —I, to

quence,
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P (3. 0/2)

create a J-compensated homonuclear colierence transfer sequence,
PJs 0a/2) P(3 . 0,/2)
L =. which converts (I, + I.,) magnetization into

— (251, + 2I,.1:.) antiphase magnetization.

The product operator analogy presented here is similar to that used by Barbara
and co-workers (15) to create general compensated secquences for double quantum
excitation in solids via dipolar coupling. In fact, the correspondences in Eq.[4-8]
may also be cmployed to create compensated double quantum excitation sequences.
Our analogy is, however, more direct and can be used in compensating any sequence
which requires transformation of homonuclear im-phase into antiphase magnetiza-
tion.

In principle. any AB;-compensated 90° pulse which transforms I. to —I, can
be nsed to ereate o J-compensated sequence which converts (I, + I.,) to —(21,,.1,,
+ 201.1,.). However, long composite pulse sequences generate long J-compensated
sequences with many pulses and delays so that significant loss of signal due to
rf pulse imperfections and relaxation would be expected.  Hence, the long J-
compensated double-quantum excitation sequence devised by Barbara et al. (15)
from the 27033607541805,1805.5 composite pulse sequence is unlikely to be use-
ful for homonuclear systems in liquids. For this reason. we chose to base our
J-compensated sequence on Levitt's 9051807 ,4,/3 sequence (20) — a short but ef-

fective composite 90° pulse.

The conversion of I, to —I, using a 90;1805, ;2,3 composite sequence is achieved

by setting o = —n/3. This transformation can be written as
P{3,—-=/3) P(23,7/3)
z — "'Iy’ [4'9]

where 3 is nominally 90°. By replacing each rf operator with the corresponding

spin-spin coupling operator given in Eq. [4-8], one obtains a J-compensated con-
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version of (Iy, + [y to =200y + 20, 1.2 ):

P, —x/6)  P(23,7/6)

(1, + I,

y T Ly)

—(21, 1, + 21, 12,). (4-10]

I creating a practicable J-compensated pulse sequence, it is useful to write this
cornpensated transformation more explicitly as

(7/()‘)([1;/“{"[;;/) (»3/)21'1:1'3:
‘11:/ + ['.‘y) 7

(.““_"//6) ‘,]ly - I‘.Zy/) (_7‘-/6)(1131 + I’Zy) (2‘3,) QII:IIZ

[4-11)

(7/6)([114 + [ll,')

—(2111:122 + 2[1zI'2.r)'
This transformation is readily simplified by eliminating the first rf pulse along the
v-axis, since (), + I,,) is invariant to this pulse, and by combining the two adjacent

rf pulses to obtain

(.!31)211:-['1:
(L, + I, —————

(—7/3) (Lyy + Izy) (283" 2410

——— — —

[4-12]

(m/6) (I1y + Izy)
- ’ ? _("ZIIILZZ + 2-[1:['2:)-

This simplified spin-spin coupling conversion corresponds to a compensated pulse
,\'(‘(llll‘!l('(‘

—180%, — = — 6035 — 7 — 180%40 — 7 — 303, [4-13]
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where 7 = 1/2Jpgmiral which is expected to be more effective than the uncompen-
sated sequence

— 180360 —~ [4-14]
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in transforming homonuclear in-phase magnetizations into antiphase magnetiza-
tions for a sample containing spin systems with a range of values of J,,. For
clarity, the 130° refocusing pulse at the center of each precession period will not be

displayed explicitly in the sequences discussed below.
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Construction of J-Compensated Inadequate Sequence

In creating a J-compensated INADEQUATE scquence, it is important to look at
the transformation of the magnetization in detail as it progresses through the reg-

ulir sequence. For simplicity. only the one-dimensional INADEQUATE sequence

{Fig. 4.1a), which can be written as
905 — 7 = 905 -- A — 90% — acq(r*) [4-15)

will be considered. The transformation of magnetizations for cach step of the pulse

sequence 1s

(/200 + I,
{[l:+[2:" — "([ly+1'.'y)
(7-'/.2).2[[~['1_.

‘ 4L

(?-ll:['.’: + 211:12r)

‘7/2)([11'*' -[21‘) [4‘161

—(’2[,:[-3.J + 211311'2-1-‘)
{U=/2)(L1r + Do)}

¥

_(2]11[_): + 2[1312,)\3()5\,9
+ (25 : L2, + 20, 2. ) sing

The equilibrium magnetizations. (I, + I».), are converted by the first (7/2),
pulse into transverse magnetizations, — (I, + I;,); these magnetizations are trans-
formed by spin-spin coupling during thie 7 period into (21, 1,. + 2I,.1».); and
then changed into double quantum colwer- nees, —(21 .1y, + 21,,1,.), by the sccond
(7/2): pulse. The delay time A, which is kept to a minimum value of about 3 us in
the one-dimensional experiment, is required in order to allow time for setting the
phase of the last 90° pulse which reconverts the double-quantum coherences into
antiphase magnetizations. Sclection of the antiphase signals which have passed
through double-quantum coherences is achieved by cycling the phase of the last
(read) pulse throngh o = 0°.90°, 180°, 270° while cycling the receiver phase through

wo=0°,270°.180°, 90°.
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[t is interesting to in. igate the details of magnetization transfer in the IN-
ADEQUATE cxperiment. When the read pulse pha*r - is 0° or 180°, there is no
transfer of magnetization from one spin to the ouw or so that the magnetization
which began as [, is detected as 27, .1, and not as transferred 2I,,1,,. The oppo-
site is however true when the read pulse phase 0 1s 90° or 270°, where the antiphase
signal deteeted originated as a y-magnetization of the other spin. Since v is cycled
threngh 0°.90°, 180°, and 270°, half of the total detected antiphase signal assigned
to a particular spin is due to magnetization transferred from the other spin.

[t 15 also important to note the effect of rf pulse imperfections on the INADE-
QUATE experiment. After the delay period 7, the coherences which are involved
in the succeeding transformations are two-spin (20,12, + 21.1,;) and —(25h.12y +
21,,1,.) coherences. Conversion of these two-spin coherences into the desired dou-
ble quantum coherences, for example, (2612, + 21.15;) into —(211;15, + 21, 15,),
requires rf pulses to be efficient in transforming both I, and I, spins. Since rf
pulses are applied to the two-spins simultaneously, small errors in transforming Iy
and I, coherences may lead to significant reductions in antiphase signal intensities.
Thiv explains why the INADEQUATE experiment is more sensitive to rf pulse
imperieetions than many multiple-pulse experiments are.

It is clear that the 7 delay period in the INADEQUATE sequence transforms
in-phase info antiphase magnetization. One can therefore devise a J-compensated

INADEQUATE sequence
907 — 7 — 603, — 27 — 305,903 — A — 907, — acq(¥) [4-17]

by replacing the single 7 period in the regular sequence [4-15] with the compensated
sequence [4-13). This new sequence will excite double quantum coherences over

a wider range of J than the regular INADEQUATE experiment. For practical
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implementation, the adjacent pulses in the J-compensated sequence {4-17] must be

simplified and combined into a single pulse. This is done by using the equivalence

305 = 905302905,,, where 302 is a 30° z-pulse, to obtain the revised sequence
900 — 7 — 605, — 27 — 90,302907,,905 — A\ — 202 — acq(r) [4-18]

or, after adding adjacent pulses and interchanging the position of N and the 309

rotation, simply,
905 — 7 = 6037 — 27 — 905 — A — 30°90°, — acq(v). (4-19]

The z-pulse can be delet-d b noting the equivalence 90% 4 = 30290230°, to

obtain an intermediate sequetice
905 — 7 = 602;0 — 27 — 905 — A — 902_,302 — acq(). [4-20]

The z-pulse in this sequence gives the proper phase shift to the detected an-
tiphase signal, but is not important since phase correction can always be applied
after Fourier transformation. Hence the z-pulse is dropped to give the final J-

compensated INADEQUATE sequence

90p — 7 — 6039 — 27 — 90§ — A — 90° _,, — acq(w). [4-21]
The detailed pulse sequence for J-compensated INADEQUATE is given in Fig.4.1b.
4.1 Expernm:ental

The experiments were carried out on Bruker AM-400, AM-300, and AMX-500
spectrometers. The sample used in the proton experiments was a dilute solution
of 2,3-dibromothiophene (an AX spin system) in CDCl;. A small amount of 2,5-

dibromothiophene (an X spin system) was added to 'his sample in order to make
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cure that -inele guantimn signals are effectively suppressed in the INADEQUATE
cpectrin For the carbon experiments, the samples used were 90% (v/v) solutions of
o0yr O dilabeled acetaldehyde in CDLCL,, and natural abundance samples of 3-
Lexene 2 one in CDLCL o and erotonaldehyde in DMSO-dg. All of the samples used
in the carbon cxperinzents were slightly doped with chrominum(1I1} acetylacetonate
i oorder to reduce the repenition times,

The proton experiments on 2.3-dibromothiophene were performed on the AMN-
100 spectrometer. For the regulis INADEQUATE experiment. the § step phase
cvele {1 where the phase of the 180° pulse was alternated after cvelinig the phases
of the read pulse and receiver channel through a four step cycle, was adopted.
In J-compen<ated INADEQUATE cxperiments, the phase of the additional 180°
pulse was alternated after performing the above 8 step cyvcle, extending the cycle
to 16 steps. The walting period employved between scans was 35s. No dummy
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Broadband proton decoupling was @) plied throughout all carbon experiments.
For expermmental comparison of various composite pulses, the AM-400 spectrometer
wis uscdy two durmmy scans were cuiploved, and only the minimmum 16 scans, as
reanired by the phiase evele {11,210, were collected. The waiting time between scans
wax 17 s which 15 equal to three times 7 of the carbonyl carbon o” the acetaldehyde
.\.‘1111})1('.

[ order to suppress the single quantum peaks more effe-tively, a more extensive
phase evebnge seheme was used for the natural abundance *C INADEQUATE ex-
periments on d-hexene-2-one and erotonaldehyde. In these experiments, the phases
of all the pulses and receiver channels were incremented by 90° after performing the

S step evele (1) The overall phase incrementation was performed three times so
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that, in all. 32 scans were required to complete the phise eveles of recular and C-

INADEQUATE experiments. while 64 scans were required for JC-INADEQUATE.

For the 1D experiments on 3-hexene-2-one, the AN-300 spectrometer was used
and o 7.2~ repetition time was emploved. Four dummy scans were performed for
every 1238 scans recorded. A rotal of 3840 scans were gathered for each experiment.

For thie 2D expertiments on erotonaldehyde carried our on the AMX-500 spec-
rrometer. 123 scans were aceunlared for each ¢ inerement. The total measuring
titne for cach experiment was 30 hours. The spectral widths were 10kHz for h
and 25kHz for f,. The 2D dara sers. which consisted of 116 x 16K data matrices,
were zero filled 1o 256 x 16K and processed with 2 Hz line-broadening in f,. No
window function was used in fi. The 2D INADEQUATE =pectra are displayed in

ragnitude mode.

4.4 Results and Discussion

Preliminary Testing of the ./-compensated INADEQUATE
on a Proton AX system

To rest the effectiveness of the new J-compensated INADEQUATE sequence, we
chose to perform preliminary evperiments on the much more sensitive proton nu-
clos using o dilute sample of 2.3-dibromothiophene {an AX spin system). This
choice minimized both resonance offset effects, which are nsually present in carbon
spectroscopy. and the effects of fast relaxation encountered in large molecules.
The experimental and calculated variations of the H-4 peak intensities of 2 3-
dibromothiophene with 3" = =J+ (J = 5.7Hz) in the regular and J-compensated
INADEQUATE experiments are shown in Fig. 4.2. The variations in the H-5 peal
intensity are not shown since they are identical to those found for the H-4 peal.

The peak intensities in the two sequences for 3 = 90° are not significantly different
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Figure 4.2: Comparison of the calculated and observed INADEQUATE and
J-compensated INADEQUATE signal inteasity profiles for the H-4 antiphase peak
of 2.3-dibromothiophene. The observed antiphase peaks correspond to 3 = 40°,
50° . . . 140°. The calculated peaks are normalized to the observed signals.
and the small variations observed can be attributed to relaxation and rf imperfec-
tions. For convenience, the calculated intensities sin 3’, for the normal exreriment,
and (9sin d’ 4+ sin 3.3')/8. for the compensated method, are normalized to fit the
experimental results.

There 1s good agreement between the experimental and calculated intensities.
For regions near J' = 40° (and 3’ = 140°), the compensated sequence gives signals
which are 30% larger than those obtained with the regular sequence. These results

show that the J-compensated INADEQUATE sequence, which incorporates the

compensated spin-echo sequence [4-13], is less sensitive to the choice of 7 and is
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more effective in exciting double-quantum coherences over a wider range of J values
than the conventional sequence does.

The compensated sequence [4-13] may also be incorporated into other homonu-
clear experiments. making rhem less sensitive to variations in 7. We have devised a
J-compensated zero quantum sequence by replacing the period = of the zero quan-
tumn pulse sequence introduced by Miller (22} with sequence 4-13]. Experiments
on 2.3-dibromothiophene, in which 7 was deliberately misset so that .3 = 40°.
showed rhat the zero-quantum signals produced by the J-compensated sequence
are about 307 larger than those generated by the regular sequence.

Although very effective on the 2.3-dibromothiophene sample, the J-compensated
INADEQUATE sequence {or the J-compensated zero-quantum sequence) is not ex-
pected to find practical applications in proton spectroscopy for two reasons. First,
rhe proton homonuclear spin-spin coupling constants J, which range from 2 to
20 Heo are very small and thus require the use of relatively iong 7 periods {of the
order of 50 msj. Relaxation during the three delay periods in the compensated
sequence will render it ineffective in enhancing signals. This will be compounded
further by short proton relaxation times when the molecule is large. Second, proton
spin systems are generally complex networks (not simple AX spin systems) so that
signal modulation due to passive spin-spin coupling is expected. Indeed, proton
double quantum experiments on crotonaldehyde showed that responses obtained
using the J-compensated sequence were less intense than those obtained with the

conventional sequence.

J-compensated INADEQUATE in Carbon-13 Spectroscopy

The usefulness of the J-compensated INADEQUATE sequence can be better real-

ized in carbon spectroscopy where coupling constants can range from 10 to 170 Hz,
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relnvation fimes are longer. and most spin systems are ideal AX systems. Off-
resonance effects significantly degrade the performance of rf pulses in carbon spec-
rioscopy due to the large spectral widths required. Since double-quantum exper-
itnents are very sensitive to rf imperfections. the J-compensated INADEQUATE
weanenee, which has more pulses than the regular sequence. is expected to be ex-
rremely prone to sensitvity degradation due to resonance offset effects.  There
i~. therefore, a need to further compensate this sequence by the use of composite
pralses.

In this study, we have investizated the feasibility of using the symmetric phase-
alternating composite pulses devised by Shaka and Pines (14) to compensate for
resonance offset effects in both regular and J compensated INADEQUATE experi-
ments. Composite pulses of this kind should be ideal for INADEQUATE since they
are ci ected to behave like ideal single pulses in the presence of resonance offset

effects. The results of this investigation are presented in the following sections.

The Efficiency of the Symmetric Phase-alternating Compos-
ite 180° Pulces in the INADEQUATE sequence

In the presence of rf pulse imperfections. the observed reduction in sensitivity in
a multiple-pulse experiment can be attributed to the combined errors of the rf
pulses in the sequence. Proper replacement of one or more rf pulses with appro-
priate composite pulses should therefore give zn improvement in sensitivity . It
is. however, very important to take special care in selecting the tyvpe of composite
pulse to be used. The 180° pulse in the INADEQUATE sequence, for example.
should be able to invert z-magnetization efficiently over a wide bandwidth and, at
the same time, refocus transverse magnetizations accurately without large phase

distortions. Many existine composite pulse sequences do not meet these strict cri-
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teria. The 00518075 007 composite sequence. for example, is very good at mverting
z-magnetization in the presence of rf field inhomogeneity and resonance offset of-
fects 160, but is not overly effective in refocusing transverse magnetization, due
ro the unwanted phase shifts caused by rf imperfections (7.23.24). This undesir-
able feature may be removed by performing an even number of refocusing pulses
as in the revised Meiboom-Gill spin-echo exp-riment (25), but the increase in the
number of pulses makes it less attractive for use in INADEQUATE experiments.
Nonetheless. an INADEQUATE sequence incorporating only a single 9051303,,903

sequence has been reported (26), but Schenker and Philippsborn (21) found that
no improvement was achieved with this sequence.

A composite sequence which is expected to provide better off-resonance com-
pensation for the INADEQUATE experiment is the 9032403,903 sequence. This
pulse cluster is a modified version of the 9052705903 sequence, originally devel-
oped by Levitt and Freeman (23) and later derived by Tycko et al. (10) using the
MMagnus expansion approach. It has the desirable feature of producing very small
offset-dependent phase errors when used as a refocusing pulse, yet it provides ef-
ficient population inversion over a large bandwidth. Schenker and Philippstorn
(21). however, found this composite pulse to be even less effective than the simple
130° when incorporated into the INADEQUATE sequence.

The failure of these two popular composite 180° pulses in compensating the
INADEQUATE experiment led us to investigate the use of symmetric phase-
alternating composite 180° pulses (14) as alternatives to the simple 180° pulse. To
assess the usefulness of this type of composite pulse, its performance in a regular
INADEQUATE experiment was compared with that of the simple 180° pulse and
those «:f the two common composite pulses mentioned above. The replac:ment of a

180° refocusing pulse with the composite pulse must include proper phase-shifting
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of the composite puls~ with respect to the orientation of the effective rotation axis,
n= shown in Fig. +.3. The composite sequence 9052405,905, for example, should be
nuplemented as 909,,2403,,905,5 in order to replace a 1805, pulse. Of the symmet-
11 phase-alternating composite 180° pulses presented (14), only the three-pulse.
59702982595, and the five pulse. 5371407,034451407,3,385, sequences were tested
smee longer sequences may lead to significant loss of magnetization through spin-
spin interactions during the duration of the composite sequence.

The INADEQUATE experiments were carried out on a Bruker AM-400 using a
modest rf feld of 30.5 kHz (90° pulse length of 8.2 us). A '’C-dilabeled acetaldehyde
~ample, whose two carbon resonances are separated by 170 ppm, was used as a
model compound and the basic 16 step phase cycle (11.21) for INADEQUATE
was adopted. The 7 period was set to 12.6 ms to match the 'J,, of 39.6 Hz. For
fair companson, two sets of experiments wer: iarformed. In set I, the carrier was
positioned at 110 ppm so that the resonances are offset by AB/B, = x0.28. in
<et II. the carrier was placed at 150 ppm corresponding to an offset of 0.14 for the
carbor 7 yesonance oo " 42 for the methyl resonance.

The intensities carbonyl antiphase doublet of acetaldehyde, obtained
using the regular INADEQUATE (N) and the various modified sequences (A-D)
given in Fig. 4.3, are shown in Fig 4.4. The peax intensities in set I are generally
larger than those in II. This is somewhat surprising since the carbonyl resonance
offset is smaller in II than in I. However, magnetization is also transferred from
the methyl carbon (whose offset is larger in the second set than in the first set)
to the carbonyl carbon and accounts for approximate.y half of the intensity of the
observed carbonyl antiphase doublet. The differences in intensities in the two sets

of experiments should be attributed therefore to the combined efficiency of the 90°

pulses in transforming the methyl and carbonyl coherences. Assuming that the
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Figure 4.3: Pulse sequences for regular (top) and the modified INADEQUATE
experimen®sz {A — D) in which the 180° is replaced by various composite 180°
pulses: {A) 90-180-90, (B) 90-240-90, (C) 59-298-59, and (D) 58-140-344-140-58.
The composite pulse in each modified sequence has been phase-shifted in order to
make the orientation of the effective rotation axis equivalent to that of 1803, pulse.
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Figure 4.4: The carbonyl antiphase doublet of '3C-dilabeled acetaldehyde obtained
with the regular (N), modified (A-D), C-INADEQUATE (E) , and Levitt and Ernst
compensated INADEQUATE (F) sequences. In set I, the carrier was positioned in
the middle of the two resonances so that the resonance offsets (A B/ B,) are 0.28 for
the carbonyl spins and —0.28 for the methyl spins. In set II, the resonance offsets
are, 0.14 for the carbonyl spins and ~0.42 for the methyl spins. The intensities of
the carbonyl antiphase peaks reflect the efficiencies of the various pulse sequences.
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130° pulse 1s perfect. product operator calculations {27) show that the intensity of
the carbonyvl doublet in I should be about 30% of that in I.

In both zets of experiments. sequence A. which employs a 00351803,905 compos-
ite pulse. generated rhe smallest peaks — in fact smaller peaks than those produced
by rhe conventional sequence N. Sequence B. which incorporates the 09052405,90;,
sequence produced larger peaks than A, but these responses are still smaller than
those obtained using N. Sequences C and D, which incorporate the three step
507520355075, and the five step 3351405,,34+;1305,,58] composite pulses respec-
tively, performed betrer than A and B. Sequence C gave intensities comparable to
those obtained using N. while sequence D produced consistently higher intensities.
These results definitely show the superiority of the symmetric phase-alternating
composite pulses over the twc popular composite pulses in compensating the 180°
pulse of the INADEQUATE cxperiment.

Product operator calculations of the efficiencies to be expected of the regular
and the various composite pulse sequences under the two sets of experimental con-
ditions were performed in order to verify the observed trends. In simplifying the
calculations. it was convenient to focus our attention on the r — 180° — 7 refocus-
ing part of the INADEQUATE sequence. Under ideal conditions where 7 = 1/2J
and the 180° pulse is perfect, the refocusing sequence transforms —I;, perfectly to
2[1:15.. In the experiment where 7 is matched perfectly to the coupling constant
J. the efficiency of a particular 180° pulse can be estimated by Jdetermining the
magnitude of the 2/,./;; coherence created by the refocusing sequence incorporat-
ing this pulse. In order to make the calculation manageable, it is assumed that the
resonance offset i1s the only source of rf imperfection. Since half of the observed
antiphase signal for one spin is due to the magnetization transferred from the oth«r

¢pin, and the phases of the refocusing pulses are cycled through 0°, 90°, 180°, and
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Table 4.1: Calculated efficiencies of simple and composite 180° pulses in

INADEQUATE experiments on '*CH;3'3CHO.

Pulse Set IA Set I[P

(NG 1807, 0.30 0.77
(A 0071802,902 0.81 0.78
i B) 9022402,905, 0.96 0.94
(C ) 59%,,298559% ., 0.98 0.93
D) 387 1408,,3442 1402455 1.00 0.99
t A Bieayt/ B, = —0.2%, AU,;M—;‘O,‘_\,!/BI = +0.23.

BN Bt/ 81 = =042, Ao monat/ B = 0014

2707, 1t is tnore appropriate to present the average efficiencies obtained for the
transformation of the two spins. The calculated efficiencies of the regular and the
various composite sequences for the two sets of INADEQUATE experiments are
given tn Table 1. These efficiencies are directly related to the observed intensi-
ties of the carbonyl doublets and indicate the combined efficiencies of the different
rvpes of rf pulses in refocusing and inverting magnetizations, as required in the
INADEQUATE experiment. The efficiency of the simple 180° pulse is only 80%
for set T and 77% for set II. The computational results alsc confirm that the five
pulse symmetric phase-alternating composite sequence, 58314075,3443140750583, 1s
the most efficient of the composite pulses investigated in compensating the INAD-
EQUATE experiment. Contrary to the experimental results, the calculated data
show that A should be as efficient as the simple 180° pulse, and B should be more
ethcient than a simple 180° pulse in the two sets of experiments.
The exceptionally poor performance of composite pulses 90§1803,903 and

9052405,9035 in sequences A and B may be attributed to their sensitivity to the
effects of rf field inhomogeneity when used as refocusing pulses (28). This sensi-

tivity arises because, in contrast to the simple 180° pulse, the 5974,2983597, and
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the 58514074,344714074,33% composite pulses. the effective rotation axis in these
two common composite pulse sequences varies significantly with of field strength.
As a consequence, these composite pulses do not properly refocus the transverse
magnerizarions when rf inhomogeneity is present, and this leads to a signibcantly

reduced signal.

C-INADEQUATE: a Resonance Offset Compensated INAD-
EQUATE based on Symmetric Phase-Alternating Compos-

ite Pulses

Since the five-step symmetric phase-alternating composite 180° pulse is eminently
snitable for INVADEQUATE experiments. we have created a fully resonance offset-
compensated INADEQUATE sequence by replacing the 90° pulses with five-step
symmetric phase-alternating composite 90° pulses, 2451525,,34651523,,243, and the
1207 pulse with the 38514093,344514074,583 composite pulse (14). This compensated
sequence (E). which we refer to as C-INADEQUATE, is expected to give further
sensitivity enhancements by eliminating the offset-dependent phase shifts intro-
duced by the 90° pulses. and to provide more efficient coherence transformations
during the pulse sequence. As shown in Fig. 4.4, sequence E indeed produced larger
carbonyl antiphase peaks than those obtained using sequence D which incorporates
only the five-step composite 180° pulse.

The performance of the widely-used compensated INADEQUATE sequence (F)
devised by Levitt and Ernst (11) was investigated under the same experimental
conditions. and the results were compared with those obtained with sequence N
and with the C-INADEQUATE sequence E. As shown in Fig. 4.4, no intensity

enhancement is observed using sequence F as compared to sequence N. In addition,

peaks produced by F are substantially smaller than those generated by E. The
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poor perforimance of the compensated sequence F can be attributed to the known
inefficiency of the 30518054,2708 in inverting spin populations near AB/B, = %0.28
and AB/B, = £0.42(12,13). Atresonance offsets greater than +0.50, sequence F is
expected to enhance double quantum peaks more effectively than sequence E. This
was confirmed 1in an experiment where the 90° pulse length was deliberately doubled
to 16us. The above results nevertheless show the superiority of C-INADEQUATE

at reasonable offsets.

JC-INADEQUATE: a Doubly Compensated INADEQUATE
Sequence

The results presented above show that resonance offset compensation of INAD-
EQUATE can be readily accomplished by substituting the appropriate five-step
symimetric phase-alternating composite pulse for each pulse in the sequence. One
can therefore make similar replacements in the J-compensated INADEQUATE se-
quience [4-21] to make it fully compensated to resonance offsets. The 603, pulse in
this case is replaced by the 125,158%,,3523,1585,,123, composite pulse, which was
derived by numerical optimization of the overall propagator U of the five-pulse
sequence (29), as suggested by Shaka and Pines (14). The new sequence, which we
term JC-INADEQUATE, is doubly compensated — to dispersion in J couplings
and to resonance offset.

To test the effectiveness of JC-INADEQUATE, we performed natural abun-
dance ¥C double-quantum experiments on a Bruker AM-300 spectrometer using
5-hexene-2-one as a model molecule. This compound was chosen since it has a
wide chemical shift range: éc.; = 29.2ppm, éc.; = 206.4ppm, éc.3 = 42.2 ppm,
éc.y = 27.6 ppm, bc.s = 137.3 ppm, éc.6 = 114.5ppm, and a wide range of homonu-

clear spin-spin coupling constants: 'J,, = 40.4 Hz, ! 7,3 = 38.6 Hz, ! J3 4 = 35.6 Hz,
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'Jis = 42.2Hz. 'J. 5 = 69.5 Hz. *J 3 = 14.6 Hz. The 90° pulse length was set te
13.8 us corresponding to an rf field of 18.1 kHz and 7 was 12.5ms which is appro-

priate for Ja,, = 40 Hz.

Regions of the '°C natural abundance 1D spectra of 3-hexene-2-one using reg-
ular (A). C-INADEQUATE (B). and JC-INADEQUATE (C) sequences are shown
in Fig. 4.5. There is a clear sensitivity enhancement in the compensated spectra B
and C. For the C-4 region, the improvement in intensities for the C-4/C-5 antiphase
doublet is about 530% for spectra B and 40% for spectra C. These enhancements
arc undoubtedly due to resonance offset compensation by the syminetric phase-
alternating pulses. since the C-4 region is about 90ppm away from the carrier. Note
also that the C-1/C-5 antiphase doublet in the C-5 region is enhanced by about
50% despite its nearness to the carrier. This enhancement is due to the fact that
some of the C-4/C-5 double-quantum coherence originating from z-magnetization
of the C-4 spins is detected in the C-5 region.

One significant difference between the regular spectra A and the compensated
spectra B and C is the presence of additional antiphase peaks, namely, the C-3/C-4
and C-1/C-3 doublets, in B and C. In the normal experiment, rf transformations
leading to the C-3/C-4 and C-1/C-3 signals are not efficient because the resonance
offsets of the two coupled spins are both large. The incorporation of symmetric
phase-alternating composite pulses in C-INADEQUATE and JC-INADEQUATE
makes the transformations of each coherence more efficient, leading to significantly
more intense antiphase signals.

The antiphase peaks in spectra C are generally smaller than those in B. Small
rf errors and relaxation effects can account for this difference since the JC-INADE-
QUATE sequence has more pulses and delays than the C-INADEQUATE sequence.

[t is not surprising then that, as an exception to the ubserved general peak enhance-
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ment. the C-1/C 2 peak in the C-1 and C-2 regions of spectra C are slightly smaller
than the corresponding peaks in the spectra A.

The superiority of the JC-INADEQUATE sequence over C-INADEQUATE and
the regnlar sequence is apparent. however, when the C-5/C-6 antiphase doublet is
considered. Sinee Js,; = 63.5Hz 1s large compared to the J,.;, = 40.0 Hz for which
7 was =et, the C-5/C-6 doublet in the C-3 and C-6 regions of the regular spectra A
are found to be relatively small compared to other doublets. These uoublets are not
significantly enhanced in the C-INADEQUATE spectra B since the offsets of the
C-5 and C-6 spins are small so that no significant improvement is obtained when
the puises are replaced with composite pulses. J-compenss.ilon proves successful in
enhanecing the C-5/C-6 peak as shown by tlie notable increase in the intensities of
these peaks in C. Measurements reveal that the increase in intensity of this doublet
1s about 60% for the C-3 region and 50% for the C-6 region. Enhancement of the
(-1/C-3 antiphase peaks is also expected since J, 5 = 14.6 Hz 1s small compared to
Jwy = 40.0 Hz. but for some reason this is not observed in the C-1 and C-3 regions
of spectra C relative to B.

To further evaluate the etfectiveness of incorporating the J-compensated spin-
echo and the symmetric phase-alternating composite sequences ints the INAD-
EQUATE sequence. we performed 2D INADEQUATE experiments on a Bruker
AMX-500 spectrometer using a crotonaldehyde sample. The chemical shifts: éc.; =
193.4 ppm, éc., = 134.8 ppm, éc.3 = 153.9 ppm, éc.4 = 18.5 ppm, and spin-spin ccu-
pling constants: 'Jy, = 53.2Hz, 'J,3 = 67.0Hz, 'Js4 = 41.2Hz, 3J, 4 = 7.4 Hz,
vary over wide ranges. The 90° pulse length used was 8.5 us (rf field equal to
29.4kHz). and 7 was set to 13.2ms corresponding to J = 38 Hz. In contrast to the
1D experiments, only the regular INADEQUATE and the JC-INADEQUATE 2D

experiments were carried out due to the large amounts of time required to perform
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consecutive 2D experiments. The JC-INADEQUATE results are expected to ex-
emplify the broadband resonance offset chfltractcristics of the C-INADEQUATE ex-
periment. as illustrated in the 1D experiments on 3-hexene-2-one deseribed above.
In addition. the read pulse was set to 135° instead of 90° in order to increase the
intensities of the echo sianals and to effectively suppress the antiecho signals (30).
The five-step symmetric phase-alternating composite pulse 39,144,:0345,144;4039,,
{14), which approximates an ideal 135° pulse, was employed as the read pulse in
the 2D JC-INADEQUATE sequence.

Selected f, sections of the INADEQUATE and JC-INADEQUATE spectra of
crotonaldehyde are shown in Fig. 4.6. For clarity, only expanded plots of the regions
containing the double quantum peaks are presented. The peaks observed at the
centers of some of the doublets are unsuppressed singlets which are not of concern
here. In all cases. one observes that the double quantum peaks in the f, sections
of JC-INADEQUATE spectra are more intense than those in the regular spectra.
These observed enhancements in the JC-INADEQUATE spectra can be attributed
to the combined beneficial effects of incorporating the J-compensated spin-echo
sequence and the symmetric phase-alternating composite pulses into the regular
INADEQUATE sequence. By comparing the enhancements of each of the doublets,
one finds the C-2/C-3 and C-1/C-4 doublets arc enhanced more significantly than
the other doublets. Since 'J;; = 67.0 Hz differs considerably from J = 38 Hz for
which 7 was set, and the C-2 and C-3 spins are relatively close to the carrier,
the noted improvement in intensities of the C-2/C-3 doublets is undoubtedly due
to J-compensation rather than resonance offset compensation. For the C-1/C-4
doublets of JC-INADEQUATE spectra, both J-compensation and resonance offset
compensation play significant roles in increasing the intensities of the two pairs of

doublets, since both the C-1 and C-4 spins have larger offsets from the carrier and
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the 7.4 Hz coupling is much smaller than the value of 38 Hz used to select r.

The above results certainly illustrate how much signal intensity may be lost in
the conventional INADEQUATE experiment and how it may be recovered through
the use ¢f compensated pulses and delays. The C-INADEQUATL and the JC-
INADEQUATE experiments presented in this chapter have both demonstrated
advantages over the r gular INADEQUATE experiment. For routine applications,
we expect the C-INADEQUATE method to be adequate in providing spectra with
enhanced sensitivity. If, however, a wide range of coupling constants is anticipated
and/or there is a problem in choosing a suitable value for the delay 7, it may be

more appropriate to employ the JC-INADEQUATE sequence.
4.2 Conclusions

In this chapter, we have developed a formal operator analogy between the homonu-
clear spin-spin coupling of the AX spin system and the tf pulse, and have used this
analogy as the hasis for the creation of a J compensated homonuclear spin-echo
sequence from a AB.-compensated composite pulse sequence. This compensated
spin-echo sequence was shown to improve the performance of the INADEQUATE
experiment. In the course of applying J-compensated INADEQUATE in carbon
spectroscopy, we established experimentally that symmetric phase-alternating com-
posite pulses are very efficient in minimizing resonance offset effects in both the
regular and J-compensated INADEQUATE experiments. We therefore recommend
the use of such composite pulses in compensating resonance offset effects in other

multiple-pulse NMR experiments.
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CHAPTER 5

EFFICIENCY OF PURGING SEQUENCES IN
THE LONG-RANGE HETERONUCLEAR
SHIFT CORRELATION EXPERIMENT"

5.1 Introduction

One of the most popular 2D NMR methods used in structure elueidation of complex
organic molecules is the C-H shift correlation experiment which is optimized for
long-range magnetization transfer (1). The 2D maps obtained using this technique
are very useful in establishing C-C connectivities in a molecule sinee they show
correlations between ?C and protons which are separated by two or three bonds.
Unfortunarely. many unwanted responses from protons directly attached to MC
are ofren wisible. These direct correlations are undesirable since they needlessly
complicate spectral interpretation: thus it is not surprising that many studies have
been done in attempting to remove these unwanted responses (2-9).

It has been shown that incorporating a BIRD pulse sequence (10) midway
throngh Aj significantly improves the efficiency of the basic long-range C-H shift
correlation experiment (2-6). Besides decreasing the intensitios of directly bonded
correlation peaks. this appended BIRD pulse sequence suppresses one-boned mod-
ularion effects which can otherwise attenuate long-range responses (2). However.
the suppression of one-bond correlations using this innovation is far from complete
(7) especially if the sample compound has a wide range of proton-carbon coupling
constants. Improvements to this sequence are therefore needed to more effectively

suppress the directly bonded correlations

“A version of this chapter has been accepted for publication. A M. Torres, T'T Nakashima, and
RED. McClung, 1992, Journal of Magnctic Resonance. Copyright © 1992 by Academic Press,
Inc.
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Several kinds of pulse sequences may be utilized in the preparation part of the
long-range heteronuclear shift correlation experiments to remove transverse mag-
netizations associated with protors directly attached to '3C so that they do not
aive observable signals. Kogler and co-workers {11) have successfully eliminated
direetly bouded correlations in the heteronuclear relay experiment using low-pass
J filters. Similar applications of low-pass J filters in the long-range C-H shift cor-
relation experiment with a BIRD sequence in the middle of A, have been reported
(7) but the maps obtained were found to contain artifacts in addition to some
direct connectivities. Wimperis and Freeman (12) have introduced the TANGO
pulse sequence which discriminates between long-range and direct CH couplings.
This excitation sequence has been shown to be efficient in removing one-bond
correlations in long-range heteronuclear shift correlation experiments employing a
constant ¢, evolution period (2). Recently, a broadband purge sequence derived
from the .J-compensated INEPT preparation sequence developed by Wimperis and
Bodenhausen (13) has been found to be effective in suppressing directly bonded
correfations in the HOHAHA relay experiment (14).

In this chapter. we evaluate the efficiencies of various purging sequences (see
Fig. 5.1) in order to select the best sequence to be incorporated into the long-range
C-H shift correlation sequence with a BIRD midway through A,. In addition, we
evaluate the efficiency of the resulting sequence by comparing its performance with
those of the purgeless sequence which includes only a BIRD in the center of A, and
of the FLOCK sequence, developed by Reynolds et al. (8), which has been shown

to give very effective suppression of directly bonded responses.
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5.2 Experimental

The experiments were performed on Bruker AM-400 and AM-300 spectrometers.
The samples used were a 90% (v/v) solution of 2.3-dihvdrofuran (1) in CDCl, and
100mg of norharmane (.3-carboline, 2) in 0.4inl of DMSQO-ds. The two solutions

were slightly doped with chromium (III) acetylacetonate so that repetition times

9
5 2 T

H
1 2

of about 2 seconds could be used. Two dummy scans were performed prior to
acquisition in all experiments. For the comparison of various purging sequences in
the long-range experiment using 1 (Fig. 5.2), the AM-400 was used, and 32 scans
per t; increment were collected for sequences N, A, and B while the minimum of
sixty-four scans, as required in the phase cycle, were gathered for sequences C, D,
and E (see Fig. 5.1). The spectral widths were 2024 Hz for f, and 16129 Hz for f,.
The 2D data sets consisted of 64 1K FIDs, were zero-filled twice and were apodized
with a shifted sine-squared function in the f, domain. The weighting function in
f> was an exponential broadening corresponding to the digital (Hz/pt) resolution.
The spectra are displayed in magnitude mode.

For the 1D comparison of the residual directly correlated signals shown in

Fig. 3.3, the same phase cycle as in the 2D experiment was used with 32 scans
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Figure 5.1: Pulse sequence for the long-range heteronuclear shift correlation exper-
iment (top) and purge sequences (A - E) which replace the initial 90° 'H pulse.
(A) one-step J filter sequence, (B) two-step J filter sequence, (C) three-step J
filter sequence, (D) J-compensated purge, (E) TANGO. Delays A, and A, are
optimized for long-range couplings, 7 = 1/2 'J&*, 7 = 4.12ms, 7" = 3.12ms, and
=" = 2.50ms, and the phase cycles are ¢; = yg =012 3 (= 0, n/2, m, 3n/2),
02 = (0)4 (2)4, ©3 = (0)s (2)s, D4 = (0)16 (216, D5 = (0)32 (2)32, b6 = (1)az (3)az,
or = (1) (3)1s.
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per experiment. All 1D spectra are displayed in magnitude mode. For the exper-
imental verification of the caleulated profiles with respect to the delay period r
i Fiz. 5.5), the AM-300 spectrometer was used.

The 2D experi nents on 2 were carried out on the ANM-300 spectrometer. Sixty-
four scans were accumulated for each value of ¢ to complete the phase cycles. In
both FLOCK and BIRDTRAP experiments, the 2D data sets were acquired as
128 1K FIDs and covered {requency ranges of 1562 Hz ('H) and 11364 Hz ('3*C).

Processing of the 2D data sets of 2 was done in a manner similar to that for 1.

5.3 Results and Discussion

Efficiency of Various Purging Sequences in Suppressing Di-
rectly Bonded Correlations

The pulse sequence for the long-range heteronuclear chemical shift correlation ex-
periment (1) is shown in Fig. 5.1. The mechanism of this coherence transfer se-
quence 1s very similar to that of the regular 1D INEPT experiment (15,16). In
contrast to regular heteronuclear shift correlation experiments in which only di-
rectly bonded C-H correlations are observed, the delays A, and A, are optimnized
for long-range couplings so that both direct and long-range correlations are dis-
played in the spectra.

The directly bonded C-H correlations may overlap and obscure the long-range
correlations, and it is desirable to suppress the directly bonded responses (2). In
this chapter, we investigate the efficiencies of the five different modifications (A
through E) to the preparation part of the long-range C-H correlation sequence
shown in Fig. 3.1. Each of these modifications is expected to “purge” the di-
rectly bonded correlations from the 2D map by transferring the magnetizations of

protons directly bonded to **C nuclei into multiple quantum cohereaces or longitu-
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dinal proton-carbon two-spin order. Hence. we may view these purging sequences
as coherence traps since the coherences generated by directly bonded C-H pairs
are not observable during acquisition. Suppression of direct correlations in all of
rhsi murge seauences makes use of the large difference in the magnitudes of direct
and long-range coupling constants. In purge sequence A, a one-step J filter, the
transverse magnetization associated with a proton directly attached to carbon-13 is
es<entially transformed into proton magnetization which is antiphase with respect
to carbon during the r period, which is nominally equal to 1/2('Jcy). Meanwhile,
the transverse rnagnetization of remote protons is basically uncinanged because
“Jens *Jon. and YJcoy are small. Application of a carbon (7/2) pulse then converts
the antiphase proton magnetization into multiple-quantum ccherence so that no
antiphase magnetization corresponding to the directly attached proton is present
during ;. Since multiple-quantum coherence may be converted into observable
carbon magnetization in later parts of the sequence, the phase of the purging
carbon {7 /2) pulse is cycled to cancel such signals. If the delay 7 is exactly equal
to 1/i2 YJen b, the direct transverse proton magnetization is completely eliminated,
leading to spectra that show only long-range responses.

The deficiencies of purge sequence A are readily apparent if the sample has a
wide range of coupling constants, ' Jcy. For some protons in the sample, the delay
7 chosen will not be perfect so that considerable transverse magnetization may
ren: 1 after the purging carbon (7/2) pulse. Incorporation of a second purging
puise sequence, as in sequence B. is therefore needed to remove the directly bonded
rransverse magnetizations that remain after the first purge. Hence, we expect that
the two-step purge sequence B, which contains two identical T periods nominally
equal to 1/(2 *Jey), will be more effective in suppressing one-bond responses over

a wider range of coupling constants than the one-step purge sequence A. It is



important to note that the two-step J filter recommended Ly Kogler et al. (11)
which involves two different fixed delay periods (77 = 3.58ms and 7 = 2.39ms 1 was
not used in this investigation since this sequence, although effective over a wide
range of conpling constants. leaves significant residual transverse magnetization for
tvpical values of ' Jey.

The efficiency of purge sequence B can be improved further by appending «
third purge pulse {sequence C). For this particular sequence, we emploved a tai-
lored three-step J filter based on the scheme devised by Kogler et al. (11). The
original three-step .J filter used to remove direct responses in the heteronuclear re-

lay experiment (11) involved three different fixed delays " = 3.79ms,7"” = 2.8Tms

. and 7 = 2.30ms and suppressed one-bond correlations very efficiently to below

2.2% for the 'Jy range of 175+50Hz. In order to make the comparison with other
purging sequences easier, the delays in this purging sequence were altered to mateh

the average coupling constant of the sample. For 1. the delays are 7/ = 4.12ms,
7" =3.12ms. and 7" = 2.50ms. It is expected that this modified three-pulse purge
sequence C will effectively suppress directly bonded C-H responses to below 2.2%
tor coupling constants in the range 161+46 Hz. We have also investigated the effec-
tiveness of the three-step J filter with ' = 7 = v, which we refer to as sequence
C'.

The J-compensated INEPT preparation sequence developed by Wimperis and
Bodenhausen (13) can also be used as a broadband purging sequence since it con-
verts directly bonded proton transverse magnetization into longitudiral proton-
carbon two spin order, 2I.S,, so that it does not give detectable magne~ ~:ins ir-
ing signal acquisition (14). Product operator analyses (17) show that this purging

sequence can be simplified (since long-range 2D maps need not be phase-sensitive)

by removing the second pair of refocusing pulses and replacing the final proton
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(7/2)3y pulse with a carbon (7/2) pulse to obtain purge sequence D. This modified
sequence transforms transverse magnetization from directly bonded protons into
multiple quantum coherence. 2I.S,, and proton magnetization that is antiphase
with respeer to carbon. 21;S.. These coherences do not lead to observable signals
provided that the phase of the carbon (7/2) pulse is cyvcled.

The last purging sequence which we have considered is the TANGO pulse cluster
introduced by Wimperis and Freeman (12). This sequence has been used in long-
range heteronuclear shift correlation experiments to excite remote protons and
invert directly attached protons so that they do not give observable signals (2,12).
Detailed analysis of the mechanics of the TANGO purge sequence, which Bauer
et al. {2) employed as an excitation sequence, reveals that if the delay 7 is not
perfectly “matched”, some transverse magnetization of the proton directly attached
to carbon-13 is converted to antiphase proton magnetization which gives additional
observnble carbon maegnetization during the later part of the long-range sequence
(12). Elimination of these unwanted signals can be accomplished by adding a phase-
alternated (#/2) carbon pulse coincident to the second (7/4) proton pulse, as in
puige scquetice B, so that the antiphase proton magnetization is transforined into
minltiple quantum coherence.

[ testing the performance of the purge schemes shown in Fig. 5.1, the BIRD
sequence was not incorporated at the center of the A, period in order to make
the comparison easier since the BIRD sequence itself partially suppresses direct
responses. We used 1 as a model compound for the investigation since it has a
wide range of direct coupling constants: 'J(C-2,H-2) = 148.2Hz, 'J(C-3,H-3) =
133.5Hz. 'J(C-4,H-4) = 174.8Hz,! J(C-5,H-5) = 187.6Hz (7), and its carbon and
proton resonances are well separated. In all cases, A; = 50.0ms and A; = 33.3ms

based on the assumption of 10Hz long-range couplings (7).
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The f; cross-sections of the long-range C-H correlation maps for 1 obtained with
the purge sequences shown in Fig. 5.1 are presented in Fig. 5.2. For convenience,
all spectra for a given carbon are scaled so that the biggest peak in each has
the same intensity. The absolute intensities of the largest long-range peaks in the
meaps obtained with sequences A and B were essentially equal and the corresponding
intensities in maps obtained using sequences C. D, and E were twice as large because
these three sequences required twice as many scans as the others.

Examination of Fig. 5.2 shows that there is a significant variation of the inten-
sities of the directly bonded peaks when comparing the conventional correlation
spectra (N) to any of the purged spectra (A - E). The intensities of the direct
correlations in N are significant and sometimes larger than those of the long-range
peaks. however they are much weaker in A - E, and are completely suppressed in
some cases.

In the spectra obtained with the one-step J filter sequence A, the directly
bonded peaks in the C-5 and C-3 cross-sections are much larger than those in C-
4 and C-2 cross-sections. This inefficiency of Method A in suppressing one-bond
correlations can be attributed to the wide range of coupling constants present in 1.
The chosen delay (r = 3.1ms) is based on the average coupling constant of 161 Hz,
and thus leaves considerable direct proton transverse magnetization for H-5 and
H-3 since their coupling constants deviate from the average and this ultimately
leads to sizable directly bonded C-H responses.

Good elimination of the directly bonded responses at C-5 and C-3 is illustrated
in the cross-sections of the 2D map obtained with purge sequence B, confirming
that the two-step purge sequence is more effective than the one-step sequence over
a wider range of coupling constants. Moreover, unlike the A cross sections, the B

cross-sections at C-4 and C-2 show no trace of direct responses.
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Figure 5.2: f, slices from the long-range C-H correlation maps of 1 obtained with
the conventional sequence (N) and with purge sequences A — E. The spectra for
a given carbon are scaled so that the biggest peak in each has the same intensity.
Peaks labelled D are direct connectivity responses which are significantly intense
in the regular spectra (N).
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The three-step J filter sequence C gives results essentially equivalent to those
obtained with sequence B. Suppression of one-bond connectivity peaks is complete
in the C-1 and C-2 slices and nearly complete in the C-5 and C-3 cross-sections.
In contrast to the results of Salazar et al. (T) , where long-range experiments on
! using a three-step J filter sequence and a BIRD pulse sequence at the center
of A» produced artifacts and sizable attenuation of long-range signals, the cross-
sections of the 2D map obtained with sequence C did not show any artifacts nor any
significant attenuation of long-range responses. Increasing the number of purging
steps from two (sequence B) to three (sequence C) does not, however, give better
suppression of directly bonded correlations.

Sequence D incorporates a broadband purging sequence based on the J-com-
pensated sequence devised by Wimperis and Bodenhausen (13) and shows total
elimination of the C-4-H-4 direct response. Although D suppresses the C-5-H-5
directly bonded peak bet‘er than A does, its performance is less impressive than
either B or C. Surprisingiy, for the C-3 and C-2 slices, sequence D appears to be
less efficient than A in eliminating directly bonded responses.

The TANGO purge sequence E is more efficient than A in suppressing one-
bond correlations. This is especially apparent in the C-5 and and C-3 slices where
E shows much smaller direct peaks than A. In comparison tc other purge sequences,
however, E exhibits larger directly bonded peak intensities and demonstrates the

overall inferiority of the TANGO purging sequence.

Efficiency of Various Purging Secuences in Eliminating Trans-
verse Magnetizations of Directly Bonded Protons

In order to evaluate the efficiency of one-bond cross-peak suppression of each of the

purging sequences in Fig. 5.1 more directly, we have performed experiments on 1



98

nsing 1D analogs of the sequences shown in Fig. 5.1. For these 1D experiments, the
t, evolntion period was removed and the delays A, and A, were set to 3.1 ms and
2.1 wms. respectively, to optimize the conversion of the magnetizations of protons
direesly Londed to '2C into carbon magnetizations. In this way, the observed
carbon signal intensities should reflect the amount of transverse magnetization
from protons directly attached to '*C nuclei which remains after the purging or
trapping sequence. The phase cycles employed were identical to the 2D phase
cveles. and the spectra are displayed in magnitude mode in Fig. 5.3. It is clear
that A is the least efficient while C’ is the most efficient at purging magnetization
of protons directly bonded to *C. Sequence E, which employs TANGO, is slightly
more efficient than A. but considerably less effective than B — D. The two-step
(B), three-step (C and C’), and the J-compensated (D) purge sequences show very
small residual '3C intensities, demonstrating their superiority over TANGO (E)
and the one-step purge (A) sequences.

The behavior expected for the transverse magnetizations of the directly at-
tached proton subjected to each of the various purging sequences was analyzed
using product operators (17). The one-bond responses are expected to be propor-
tional to: |cos(w ' Joy T7)| for the one-step purge sequence (A), cos?(w'Jecy 7) for
the two-step purge sequence (B) and the TANGO purge sequence (E), | cos®(7 ' Jeu 7)|
for the J-compensated sequence {D) and three-step purge sequence (C’), and
|cos(m 'Tcn 7') cos(m Yy 7") cos(m Jcy 7')| for the tailored three-step purge se-
quence (C). The theoretical variation of the residual transverse proton magneti-
cations with 'Jey for 7 = 3.1ms (A, B, C’, D, E) and 7/ = 4.12ms,7” = 3.12ms,
and 7 = 2.50ms (C) are shown in Fig. 5.4. The single step purge sequence (A)
gives the narrowest profile and is the least efficient in removing direct responses

in a sample having a wide range of coupling constants. The tailored 3-step purge
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Figure 5.3: Effectiveness of purge sequences A - E in eliminating transverse mag-
netizations of directly bonded protons. Spectra were obtained using the 1D analogs
of the purge sequences in Fig. 5.1 with delays A, and A, optimized for direct cou-
pling, and are displayed in magnitude mode. The intensities of the carbon peaks
reflect the magnitudes of the transverse magnetizations of directly attached protons
that remain after purging.
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Figure 5.4: Calculated variation of the residual transverse magnetizations with
VJeyy for purge sequences in Fig. 3.1. 7 = 3.1lms for A, B, C’, D, and E, and
= 4.12ms. 7" = 3.12ms, and 7 = 2.50ms for sequence C. The residual
transverse magnetizations are expected to be proportional to: |cos(w!Jen 7))
for A ; cos¥(z'Jecy 7) for B and E; |cos}(nm'Jcy 7)| for D and C’; and

-17

eos(m Yoy 7')cos(w ey 7") cos(w 'Jcu 7”)| for C. Dashed lines with labels in-
dicate the 'Jey contants found 1n compound 1.

(C) (11) is the most broadband, but this is not obvious from the results for com-
pound 1 shown in Fig. 5.3 since for the particular values of ! Jou for this molecule,
the intensities for the tailored 3-step purge (C) are very similar to those for the
J-compensated sequence (D) and for the three-step sequence with equal 7 delays
{C’). The theoretical plots also show that the TANGO sequence (E) should be as
ctficient as the two-step purge sequence (B), contrary to the experimental results
in Fig. 5.3 which show significant differences in the efficiencies of these sequences.

Experiments to verify the calculated variations in the “unpurged” signal in-

tensity with the length of the delay period T were also performed using the 1D
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versions of sequences A, B. C'. D, and E with A and \; optimized for 'Jey as
above. In these experiments, the delay = was incremented from 0 to 6.2 ms in 20
equal steps. the spectral data were processed in magnitude mode. the intensities
of the peaks were measured and plotted against Jr as shown in Fig. 5.5, In order
to aceurately compare the observed and theoretical profiles, we have included an
exponential decay factor in the calculated profiles to account for relaxation effects
and have normalized each curve. The calculated curves are included in Fig. 5.5
and the agreement between the calculated and observed intensity variations with
J7 1s very good.

[t is apparent from the fitted curves in Fig. 5.5 that A has the narrowest profile
of all the trapping sequences and that its performance is therefore most sensitive
to the choice of . The fitted curves obtained using sequences B and E are very
similar. but less broadband than the profiles obtained using sequences C’ and D.
Despite the similarities of the fitted curves, significant profile differences can still
be observed when the experimental points are considered. The absolute observed
intensities near 7 = 0 and 7 =1/('Jcy) (not apparent in Fig. 3.5 since curves
have been normalized) are larger for sequences B and C’ than those observed for
sequences D and E. The differences in signal intensity may be attributed to pulse
imperfections since sequences B and C’ have fewer pulses than D and E. Tt is
therefore more effective to use the low-pass J filter sequences B and C’ in the
long-range heteronuclear shift experiment since they will give stronger long-range
responses. In addition, sequences B and C’ yielded smaller signals than D and

E near = =1/(2 'Jcy), demonstrating their superiority in eliminating one-bond

correlation signals.
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calculated curve. An exponential decay factor is included in the calculated curve
to account for relaxation effects. All experimental curves are normalized.
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Incorporation of BIRD and Two-Step J Filter Sequences to
the Conventional Method: The BIRDTRAP Sequence

-

As pointed out above, the inclusion of a BIRD sequence in the middle of the refo-
cusing period A, in long-range heteronuclear correlation shift experiments removes
one-bond modulation effects (2) and suppresses one-bond correlations to a lim-
ited extent (7). In order to increase the suppression efficiency of this sequence
(Fig. 5.6a). one may incorporate a purging sequence at the front end of the se-
quence. Of the purge sequences investigated here, we chose to incorporate the
two-step ] filter (B) since: (1) it is definitely better than the sequences A and E;
(2) long-range peaks are more intense than with sequences C, C’ and D; (3) it has
a shorter phase cycle than sequences C, C' and D; and (4) the elimination of one-
bond responses is expected to be more than adequate. This long-range corre'ation
sequence with a BIRD and two-step purge (TRAP) sequences, which we will refer
to as the BIRDTRAP sequence, is shown in Fig. 5.6b.

In order to assess the efficiency of the BIRDTRAP sequence, long-range cor-
relation experiments were performed on 1 using the conventional pulse sequence
(Fig. 5.1), the sequence which incorporates a BIRD sequence in A, (Fig. 5.6a),
and the BIRDTRAP sequence (Fig. 5.6b). Shown :n Fig. 5.7 are the f; slices at the
carbon peaks of 1 obtained using the three sequences. The cross-sections for a given
carbon are plotted at the same absolute intensity in order to allow comparison of
the sensitivities of each method. It can be seen in Fig. 5.7 that there are signifi-
cant differences between the intensities of some peaks in the conventional spectrum
(Fig. 5.7a) and the corresponding peaks in the spectra obtained with sequences
including BIRD (Fig. 5.7b and 5.7c). Long-range peaks are generally more in-
tense in the latter spectra, while the directly bonded correlations are smaller. The

increase in sensitivity for some long-range peaks -h is particularly evident
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Figure 5.6: Pulse sequences for (a) the long-range heteronuclear shift experi-
ment with a BIRD sequence in the middle A, and (b) the BIRDTRAP sequence.
r o= 1/2VJ2". Phase cycles for ¢y, &2, ¢3, da, ¢s are given in Fig. 5.1, ¢¢ = 0,
t'g =01232301 in cxperiments on 1 and ¢g = (0)s (1)s, g =01232301
30121230 in experiments on 2.



105

L M 1 N 1 v | v 1 Y | ! T |

4
PPM PPM

s

Figure 5.7: f) slices from the 2D map of 1 obtained with {(a) the regular long-range
sequence in Fig. 5.1, (b) the long-range sequence with a BIRD sequence midway
through A, (Fig. 5.6a) and (¢) the BIRDTRAP sequence (Fig. 5.6b). Cross-sections
for a given carbon are plotted at the same absolute intensity. Peaks marked D are
directly correlated responses and those marked QQ are quad images.
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in the lone-range C-3/H-% .nd C-3/H-4 correlarions, can be attributed to suppres-
sion of one-bhond modnlation «ffects by the incorporation of the BIRD sequence at
the center of N, (2). Furthermnore. the substantial decrease in the directly bonded
carrcliations observed when Fig, 5.7h 1s compared to Fig. 3.7a, is due to the BIRD
sequence acting as a purge. In Figs. 5.7b and 3.7¢. one can observe the presence
of <l anad mages which are nndoubredly due to imperfections in the pulses in
the BIRD weqnuence. These artificts in the BIRDTRAP spectra can be minimized
by womore claborate phase cyeling wlitch was employed in later experiments.

The benetit of incorporating the two-step J filter sequence into the long-range
heteronuelear shift experiment with a BIRD midway througn .3, can be appreciated
by comparing the intensities of the direct responses in Fig. 5.7b and 5.7c. In
contrast to Fig. 5.7h. where direct responses in all cross sections were still visible,
Fig. 5.7¢ shows no directly bonded responses. In addition, the sensitivities of these
cxperiments are not significantly different in spite of the fact that the BIRDTRAP
sequence (Fig. 5.6b) involves more r{ puises and has a longer time period between

excitation and detection than the unpurged sequence (Fig. 5.6a).

Comparison of BIRDTRAP and FLOCK

To provide a more stringent test of the effectiveness of the BIRDTRAP sequernce,
we have compared its performmance with that of the FLOCK sequence devised by
Reynolds et al. (8). The FLOCK sequence includes three BIRD sequences which
serve to eliminate direct responses and simultaneously increase the sensitivity of
long-range signals by removing proton-proton couplings in f;. This sequence has
been shown to give better suppression of one-bond responses and other artifacts
than COLOC (18) and XCORFE (3). In the comparison, the 64 step phase cycle
recommended by Revnolds et al {3) was used for FLOCK, while the phase cycle

cemployed for BIRDTRAP was designed to remove quad images (see Fig. 5.6).
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Norharmane J-carbeline. 20 was conploved i the comparison of the two meth-
Sinee only methine carbons were -0 Lo ohzerved A and AL were set equal to
1/20% ) based on a 10.4Hz coupline (61, The = delays in the trapping and BIRD
sequences were optimized for Yoy = 1TO0Hz, The 2D maps for 2 obtained in the
Two experiments are shown in Fig. 5.3, Nore that due to the limited width of the fi
window. the H-0 correlations are folded bhetween the H-1 and H-3 peak positions.
In thhe BIRDTRAP 2D map. only one directly bonded correlacion, C-6/H-6, is
present. bur s rone inrensity is dithienlt to determine sinee it is overlapped by the
itense neighboring C-4b/H-6 correlation. On the other hand, the FLOCK map
does not show any one-boud conneerivity peaks, but does contain a large number
of fi zero frequency peaks and other artifacts. Several f; slices obtained from the
2D maps in Fig. 5.8 are displaved in Fig. 5.9. These carbon slices for all of the
protonated carbons of 2 are plotted at the same absolute intensity for a given car-
bon. Very weak C-6/H-6 and C-7/H-7 correlations are present in the slices of the
BIRDTRAP map, but the FLOCK slices show no direct correlations. The weak
direct responses in BIRDTRAP could be eliminated if trapping sequence C’ were
employed. but this would lead to reduced sensitivity. It is apparent that in most
carbon slices, BIRDTRAP gives peaks of higher iutensity than FLOCK does. One
important difference between the BIRDTRAY and FLOCK 2D maps is displayed
i the cross-sections throngh C-4 where the C-4/H-3 peak in FLOCK is much more
intense. This is attributed to thie BIRD sequence in the middle of ¢, which removes
"H-'H coupling in f;. This advintage of FLOCK over BIRDTRAP is not however
observed in other peaks because of the limited f; resolution.
The higher sensitivity of the BIRDTRAP experiments on norharmane is un-
expected since FLOCK has been shown (8) to have significantly higher seusitivity
than other long-range correlation experiments similar to BIRDTRAP. It has been

shown (4} that the use of composite 130° carbon pulses improves the sensitivity
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Figure 5.9: f; slices of the 2D maps in Fig. 5.8 corresponding to the protonated
carbons of 2. Peaks marked D are directly correlated responses. Artifacts are
marked as: Z for f, zero frequency; Q for quad images; and A for unaccounted.
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of long ranue heteronuelear correlation experiments and suppresses zero frequency
and quad image artifacts. We have not observed significant improvement in the
quality of FLOCK correlation maps obtained using composite carbon refocusing
pulses onothe Bruker ANM-400 spectrometer. nor on the Varian Unity-500 spec-
trometer. Comparisons of 400 MHz BIRDTRAP, “simple” FLOCK (no composite
carbon refoensing pulses) and “composite” FLOCK (using composite carbon refo-
cusing pulses) maps for 2-pentanone showed that the sensitivities of “composite”
FLOCK and “simple” FLOCK were the same, and =15% higher than the BIRD-
TRAP sensitivity, In the corresponding experiments at 500 MHz, the BIRDTRAP
and “simaple” FLOCK experiments had comnparable sensitivity, while the “com-
posite” FLOCK experiment had =20% higher sensitivity. However, in all cases,
the FLOCK maps contained a number of artifacts which were not present in the
BIRDTRAP maps. Clearly, the cffectiveness of composite refocusing carbon pulses
m FLOCK. and the relative sensitivities of FLOCK and BIRDTRAP depend on
the spectrometer used and the molecule studied.

Figures 5.3 and 5.9 show that the FLOCK map is contaminated by a number
of artifacts which are not present in the BIRDTRAP map. In addition to the
zervo frequency peaks in most of the FLOCK cross-sections, a quad image of the
C-1/1-3 corrclation is observed in the C-1 cross-section. Since the intensities of
these artifacts are comparable to those of the long-range correlation peaks, their
presence detracts significantly from the effectiveness of FLOCK experiments in the
determination of molecular structure. It inay be possible to suppress these artifacts
by modifying the FLOCK phase cycle (19). At present, the BIRDTRAP sequence
provides cleaner long-range C-H shift correlation maps on the specrometers which
we have used, and BIRDTRAP appears to be a more effective tool for structure

determination.  The presence of very weak direct correlations does not impair

BIRDTRAP < utility.
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CHAPTER 6

GENERAL DISCUSSION AND
CONCLUSIONS

The derivation of several J-compensated magnetization transfer sequences from
By inhomogeneity-comnpensated rf pulses, using the product operator analogies
between rf pulses and spin-spin coupling, has been presented in this thesis. The
J-compensated sequences developed are useful since they can be incorporated into
the pulse sequences of various experiments, making the sequences more effective
over a wide range of spin-spin coupling constants J and less sensitive to the choice of
7 period. Their role in multiple-pulse experiments is not limited only to enhancing
signals, but to suppressing unwanted signals as well.

The key to the development of J-compensated magnetization transfer sequences
was the establishment of the product operator analogies between rf pulses and
spin-spin coupling. The analogies provide the crucial link to the creation of J-
compensated magnetization transfer sequences from B, inhomogencity-compensated
pulses. For heteronuclear spin systems, pictorial representations were found useful
in recognizing the analogous transformation preperties of operators involved in of
pulses and those involved in heteronuclear spin-spin coupling. This was not, how-
ever, true for the homonuclear spin case, where it was difficult to pictorially depict
the coherences and transformations involved in spin-spin coupling in a consistent
manner. The direct comparison of the transformations using product operator
notations was used instead.

The operator analogies presented in this thesis directly relate spin-spin coupling
and rf pulses. This is in contrast to other analogies (1-5) used in creating J-

compensated experiments where the whole sequence or a part of the sequence
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which contains the J-dependent precession period was connected to the rf pulse.
The advantage of the direct operator analogy has been illustrated clearly. It was
shown, for example, that the compensated sequence T — 12035 — 27 — 603,, (Eq.
[2-18]), which transforms I, into —2I.5., can be used to derive the broadband-
INEPT perparation sequence 905 — 7 — 1203, — 27 — 303, proposed by Wimperis
and Bodenhausen (2). It is also important to point out that the 60jg9— 27— 120§ — 7
(Eq.[2-25}) scquence, which also transforms I, into —2I,S. and which was included
in a practical version of DEPT (6) in which the first part was J-compensated
(DEPTC1), could be incorporated into the INEPT sequence (7,8) to construct a J-
compensated INEPT preparation sequence which is rather different from Wimperis-
Bodenhausen sequence (2).

Since J-compensated magnetization transfer sequences are based on composite
pulses, they have more pulses and delays than simple uncompensated sequences.
This is probably the biggest drawback of J-compensated sequences since, as a
result of such long sequences, they are more sensitive to rf pulse imperfection
and relaxation effects than simple sequences. In addition, passive spin-spin cou-
plings with other nuclei (which are neglected in the theoretical developrrent) can
be significant in a long J-compensated sequence so that its performance may be
reduced markedly. For these reasons, the practical J-compensated magnetization
transfer sequences presented in this thesis are derived from short but effective B,
inhomogeneity-compensated pulses (9,10).

J-compensated magnetization transfer sequences which convert I, to —I,, were
patterned after composite inversion pulses and were used in constructing compen-
sated APT (11) or spin-flip (12) experiments. The Compensated Attached Proton
Test (CAPT) and the Rectangular Attached Proton Test (RAPT) incorporated

J-compensated magnetization transfer sequences based on Levitt’s 9051803,905 (9)
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and Wimperis® receangular 180§3609,36035.5 (13) composite inversion sequences re-
spectively. For the CH and CHy spin systems, CAPT showed broader inversion
profiles than the uncompensated spin-flip and RAPT experiments. Unfortunately,
the CAPT signal protile for the CH, spin system was narrower than the otliers.
This undesirable property does not significantly impair CAPT’s utility since the
largest variations in ! Jey are expected for the CH fragment. CAPT may be used for
spectral editing, just as APT is, so that the carbon peaks may be easily assigned to
a particular spin-system. RAPT displayed the expected rectangular shaped signal
profiles for CH and CH; spin-systems. As a consequence of this rectangular shape,
RAPT has the broadest maximum around 3 = 180° for these spin systems. The
RAPT inversion profile for the CHj; spin system did not, however, show significant
advantages over the regular spin-flip experiment. In contrast to CAPT, RAPT is
not expected to find practical applications since it involves much longer precession
periods.

Heteronuclear J-compensated magnetization transfer sequences which convert
I, to —I.5. and 2I..5. to I, were all patterned after Levitt’s 9031805, composite 90°
pulse (10). Sequences of this type were useful in improving experiments like INEPT
and DEPT since these sequences require interconversion of heteronuclear in-phase

and antiphase magnetizations in transferring proton tnagnetization to carbon. The

(8")2I,S, (—2n/3)2I.S,

operation of the compensated transformation 21,5,

(28")2I.5. (7/3)2I.S,

I, (Eq. [2-22]), which was devised by exploiting
the analogous transformation properties of the sets of operator {[I,, I, I,} and
{1,. 2I,5., 2I,S,}, was investigated in detail and provided useful insight for the

(—27/3) 21,S,

derivation of different compensated sequences. The »  element of

this conversion represents a phase shifted spin-spin coupling between nuclei I and

S. Its role in the J-compensated transformation is to store part of the I sin/#
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magnetization as longitndinal spin-order, 21, 5;, so that it will be invariant to the
(@) 2Ls. o
——————— ———»  spin-spin coupling propagator. The stored magnetization is later
(mw/3) 21,5, ) .
revived by the + clement. The discovery of this coherence storing

mechanism was the key which led to the construction of different compensated
sequences that store magnetizations as coherences other than longitudinal spin-
order 2I.5.. The compensated sequence 607gq — 27 — 120§ — 7 (Eq.[2-25]), for
example, stores magnetization as longitudinal coherence I,. DEPTC2 includes a
(=27 /3): proton pulse which stores part of 4H,.H,,Cy as 4H,,H,;.C, so that it
will not be transformed by spin-spin coupling during the second precession period.

A detailed investigation of the DEPT signal pathways for CH, CH,, and CH;
spin systems was conducted prior to the incorporation of J-compensation in the
DEPT sequence. For convenience, the DEPT sequence was divided into three
parts with each part incorporating a 7 period. During the first 7 period, it was
found that the transformation of H;y to —2H;.C,; was common for all three spin-
systems. J-compensated magnetization transfer sequences [2-18] and [2-25], which
both transformm I, to —I.5., were thus incorporated into the first part of DEPT,
resulting in two DEPTC1 sequences. The DEPTC1 sequence which incorporates
sequence [2-25] was preferable over the other sequence which includes sequence
[2-18] since it has far fewer pulses.

For all spin systems, it was shown through theoretical calculations and exper-
imental studies that DEPTC1 was less sensitive to variations ini 'Joyg and/or T
delay misset than DEPT. The DEPTCI1 overall signal profile was, however, only
slightly broader than that of the regular DEPT sequence due to the fact that only
one of the three parts of DEPT was compensated in this sequence.

Compensating the second and third parts of DEPT proved to be more com-

plicated than first anticipated. For CH; and CH; spin systems, it was found that
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more than one product operator term contributes to the detected carbon signals. It
was therefore difficult to devise sequences for the second and third parts of DEPT
which simultancously compensated the transformation of all terms. J-compensated
sequences which were finally developed for the second part of DEPT (DEPTC?)
gave a broadband profile for carbon signals originating from the principal terms.
The benefit gained was. however, overshadowed by the unfavorable effects on the
transformation of the ancillary terms. In short, DEPTC2 gave overall signal pro-
files for CH, and CHa which were narrower than the profiles ohtained using the
regular DEPT sequence. The DEPT sequence in which the third part was com-
pensated (DEPTC3) produced a broadband profile for the CH spin system, but
failed to give broader overall profiles for CH, and CHj spin systems.

The construction of the J-compensated homonuclear magnetization transfer se-
quences which transform (I, + I,) into —(2I,.I,, + 2I,,I,;) was presented in
Chapter 4. In order to avoid significant loss of coherence during the sequence, the
short but effective Levitt’s 9031805, composite 90° pulse (10) was again used as the
basis for deriving tie J-compensated sequence. In a manner similar to that used
in the compensation of the DEPT experiment, a product operator analysis of the
transformations of the magnetization as it progresses through the INADEQUATE
experiment (14) was conducted prior to the incorporation of a J-compensated mag-
netization transfer sequence. It was shown that half of the total double quantumn
signal assigned to a particular spin is due to magnetization transferred from the
other spin. This means that, in the presence of resonance offset effects, the an-
tiphase doublet assigned to a spin located near the carrier could be significantly
reduced if this spin were coupled to a spin located far from the carrier. Since
the role of the precession period in the INADEQUATE sequence is to convert

homonuclear in-phase into antiphase magnetization, this part of the sequence was
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replaced by o J-compensated homonuclear magnetization transfer sequence, re-
sulting in the J-compensated INADEQUATE sequence. A more practical form of
this compensated sequence was obtained through product operator manipulations.
Calenlations and pr fou experiments on the 2,3-dibromothiophene sample (AX
spin system) confirmed that the signal profile of the new INADEQUATE sequence
was broader than the signal profile of the regular INADEQUATE scquence. The
compensated sequence is not, however, expected to be of practical use in proton
spectroscopy where spin systems are generally complex networks and the spin-
spin coupling constants are small. The utility of J-compensated INADEQUATE
in carbon spectroscopy showed more promise since the spins systems involved are
generally simple AX systems and the spin-spin coupling constants are relatively
large. However, the extreme vulnerability of double-quantum experiments to sen-
sitivity degradation due to resonance offset effects presented a big challenge in the
practical application of the J-compensated INADEQUATE sequence, since this
sequence has more pulses than the regular INADEQUATE sequence.

Various composite refocusing pulses were tested in an effort to make the regu-
lar and the J-compensated INADEQUATE experiments less sensitive to resonance
offset effects. It was found that the five-step symmetric phase-alternating com-
posite 180° pulse 58514075,344514054,583 (15) was the most effective in minimizing
resonance offset effects when AB/B, for the coupled spins ranged from —0.42 to
0.28. As a consequence, all rf pulses in the regular and in the J-compensated
scquences were replaced by the appropriate five-step symmetric phase-alternating
composite pulses, resulting in sequences referred to as C-INADEQUATE and JC-
INADEQUATE respectively. C-INADEQUATE produced double-quantum peaks
which were larger than the peaks obtained using an INADEQUATE sequence where

only the 180° was replaced by a five-step symmetric composite pulse. For com-
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parison, the performance of the compensated INADEQUATE sequence devised by
Levitt and Ernst (16) was also investigated. For the above range of offsets, it was
found that this sequence did not produce enhanced double-gquantum responses and
this was attributed to inefficiency of the 9051809,,2705 composite pulse (17,18) el-
cment of the sequence in inverting z-magnetizations at these moderate resonance
offset conditions. At greater resonance offsets (AB/ B, > 40.50), however, the
Levitt-Ernst compensated sequence gave significantly enhauced double-quantum
peaks which were even larger than those obtained using the C-INADEQUATE
sequence. Besides enhancing double quantum peaks, the C-INADEQUATE ex-
periment excites peaks which are not excited by the regular INADEQUATE se-
quence. This was shown in INADEQUATE experiments on 3-hexene-2-one where
double quantum correlations associated with the two spins that are far from the
carrier were not perceptable in the regular spectra, but were clearly visible in C-
INADEQUATE spectra.

The JC-INADEQUATE sequence exhibited the insensitivity to resonance offsct
of C-INADEQUATE plus an added beneficial featurc. Like the C-INADEQUATE
method, JC-INADEQUATE produced significantly enhanced double-quantum peaks,
although thesc peaks were less intense than those produced by C-INADEQUATE,
due to the additional pulses and delays in the JC-INADEQUATE secquence. In
addition, one-bond correlations with large carbon-carbon couplings and long-range
correlations where couplings are small were larger in the JC-INADEQUATE spec-
tra than in the regular INADEQUATE and C-INADEQUATE spectra. These
results illustrated the superiority of the JC-INADEQUATE mectkod in producing
double-quant i peaks in the presence of moderate resonance offsets and a wide

range of spin-spin coupling constants.

The utility of different J-compensated magnetization transfer sequences in en-
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hancing signal intensities were clearly illustrated in Chapters 2 to 4, where J-
compensation of the DEPT. spin-flip, and INADEQUATE experirments were con-
siedered. With the exceprtions of the J-compensated sequences developed for the
cecondd and third delavs in DEPT, all of the .J-compensated experiments derived
i this thesis Jdeinonstrated the expected broadband properties in the presence of
o owide range of coupling constants J. by producing signals which were generally
more intense than those obtained using uncompensated sequences.

Besides enhancing stenals in the experiments described above, J-compensated
scquences may be used to suppress unwanted peaks in other experiments. This
wirs tllustrated in Chaprer 3 where the efficiencies of a modified version of the
broadband-TNEPT preparation sequence developed by Wimperis and Bodenhausen
(2}, the one-step J filter, the two-step J filter, the three-step J filter with equal
delavs, a tailored three-step J filter (19), and the TANGO sequence (20) were
cvabigted for nee in remaving directly-bonded responses from long-range C-H shift
correlation maps (21). The results of these experiments showed that the modi-
Hed JJ-compensated INEPT-preparation sequence was not as effective as the two
step J filter in removing directly bonded peaks in the presence of a wide range of
"Jion voustants. This was contrary to expectations based on theoretical calcula-
tions which showed that the directly bonded intensity in a long-range C~H shift
sequence which includes the modified J-compensated sequence was proportional
tof cos?(m Y Jey 7)| while that for a long-range sequence with a two-step J filter was
proportional |cos?(7'Jey 7)|. The observed efficiency of the two step J filter in
removing direct responses was significantly better than the efficiencies of the one
step J filter and the TANGO sequence, and was comparable to those of the three
step J filter with equai delays and the tailored three-step J filter. Incorporation of

this two step J tilter at the front end of a long-range C-H shift correlation sequence
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that included a BIRD sequence in the middle of the refocusing period (22), gave a
sequence (BIRDTRAP)Y which was expected to produce 2D maps with minimumn
one-bond correlations.

In 2D experiments with 2.3-dihydorfuran, BIRDTRAP was shown to give much
betrer suppression of one-bond responses than the long-range heteronuclear shift
correlarion experiment which only incorporates a BIRD at the middie of the re-
focusing period. Despite the added pulses and delays, BIRDTRAP did not show
significant reducrion in the intensities of the long-range peaks. As a final test, the
performance of BIRDTRAP was compared to that of the FLOCK sequence (23)
using norharmanec {.3-carboline) as a model compound. It was observed that very
weak direct responses were still present in some of the f; slices of the BIRDTRAP
maps, while none of these peaks was present in the FLOCK slices. These direct
responses in the BIRDTRAP map were, however, too weak to obscure the presence
cforhor long range peaks. The lon

fw

g-range peak tntonsitics in the BIRDTRAD map
appeared to be slightly greater than those in the FLOCK map. In later experi-
ments, 1t was shown that the relative sensitivities of the these two methods depend
on the molecule studied and the spectrometer used. Perhaps the most significant
difference between the maps obtained with the two experiments was the prescence
of a number of artifacts in the FLOCK map which were clearly absent in the
BIRDTRAP map. The FLOCK map contained quad images and zero frequency
peaks which may be reduced in iatensity with more effective phase cycling (24) as
described in the Appendix. Nonetheless, it appears that the artifact suppression
i the standuard FLOCK sequence is inferior to that of BIRDTRAP.

The work reported in this thesis has shown the usefulness of different J-compen-
sated magnetization transfer sequences in enhancing and in suppressing signals

for various spin systems in many multipie-pulse expe “inents. In establishing the



formal analogies which were used as the basis for the construction of J-compensated

sceqpiences from composite pulses, the spin-system was assumed to be a simple

1

]

two =pin-+ IS spin system. For multispins ystems, the performance of the J-
compen-ated sequences was sometimes not very impressive . Serensen and co-
worliers (3,47 have recently presented a J-compensation study on simultaneous

for differcnt spin systems. Developmental

te-foeusing of antiphiose msgnetizations
work s ~till necded bhefore one can create J-compensated sequences which would
ctficiently and simultancously interconvert in-phase and antiphase magnetizations
for varions spin systems. In addition, the development of J-compensated sequences
need uot be based only on cominon composite pulses where the magnitude of the
flip aneles and pliases are hmited to multiples of 90°. In describing their work
in compensated refocusing, Sorensen and co-workers (4) presented a number of
unconventional composite pulse sequences, for example a 24.13,45.935,; ; composite
piiise, widch were obtained by numerical optimization procedures, Such composite

pulses may he used as the basis for the construction of J-compensated sequences

which mayv be shorter and more effective than those presented in this thesis.
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APPENDIX

A.1 Implementation of FLOCK on Bruker AM-
300 and AM-400 Spectrometers

The FLOCK experiment which Revnolds and co-workers (1) devised has an unusu-
ally long pulse sequence. It incorporates three BIRD clusters (2) into the long-range
C—H shift correlation sequence. with cach BIRD sequence utilizing a 9051803,905
composite carbon inversion pulse (3). The sequence, which inclades 21 of pulses, is
casily implemented on a Varian XL400 spectrometer (1), but its implementation on
Bruker’s AM-300 and AM-400 spectrometers presented a big problem. A Bruker
DISNMR pulse program for the standard FLOCK experiment with a typical set
of acquisition parameters is given in Fig. A.1. Attemnpts to exccute this pulse pro-
gram on the AM-400 spectrometer consistently resnlted in the machine stopping
with error message
PULSER ERROR INTERRUPT. LEVEL 2.
This error, which is commonly associated with the faiinre of the pulser to exceute
short vf pulses and delays, is always obtained. On the AM-300 spectrometer, the
pulse program is executed for a few minutes, after which the execution halts and
the computer either gives the above error message or an undecipherarable unknown
message like
CTYTITTT 6 6 13033 13033 30126 26147
43703 2273 AUCLKN 8601101.1, JOB 1.

Efforts to make the pulse program work by changing the acquisition parameters
and by using different versions of Bruker’'s DISNMR. programs were not successful.

Specialists at Bruker Canada were unable to figure out why this FLOCK pulse
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1 ZE
2 D1 DN S1
P1:D PH1
Do
5?1 PH6 Dsgzn
P2 PH7 D5):D (P3 PH11 P4 PH3 P3 PH11)
P1:D PHS8
DO
3 D4
P1 PH9 Dsg
P2 PHS D5 D (P3 PH11 P4 PH3 P3 PH11)
P1 PH10 Da):
4 (Pi1 PH2 D2): D P3 PH1
EPI PH11 Dsg :D
P2 PH1! D5):D (P3 PH1 P4 PH4 P3 PH1)
P1:D PH12
5 D2 S2
6 GO=2 PH5 CPD
7 D2 DO
8 WR #1
9 IF #1
10 IN=1
11 EXIT
PH1=0 0 0 0 2 2 2 2
PH3=1
PH4=1 1113 3 3 3
PHEEO 0 0 0 00O OO0 O0O0000O0O0
11111111111 11111
2222222222222222
3333333333333333
PH7=1 111 111111111111
2222222222222222
3333333333333333
0000000000000O0OCCOC
PHB=2 2 2 2 2 222222322222
333332333333333323
000000C0200000000¢C
11111111111 1111%11
PH9=0 0 0 0 1 1 1 1 222 23 333
PH10=2 2223 333 00001111
PH11=0
PH12=2

PH2=0 3 2 1 2 1 0 3
PH5=RO R1 R2 R3

;D1 = (1-5%T1 FOR 1H)
;S1,S2 = OH, NORMAL POWER FOR CPD

iP1,P2 = 90 180 1H PULSE

;P3,P4 = 180 X PULSE

;D5 = 0. S/JtXH) FOR DIRECT COUPLING

;D4 + D5 = 0.25/J(XE) FOR LONG-RANGE COQUPLING
;D2 + D5 = O.IQS/J(XH) FOR LONG-RANGE COUPLING
;RD - TO OBSERVE ALL MULTIPLICITIES

=0
;IN = 0.25/SW1, SW1=0.5%(1H SHIFT RANGE)

; TYPICAL PARAHETERSSFOR Ag 300

;D1 = 1.1000 = P1 = 12.80

;DO = 0.000003 DS = 0.0034483 P2 = 25.60

;P3 = 7.00 P4 = 14.00 D4 = 0.0605517
;D2 = 0.0125517 S2 = 15H RD = 0

;PW = 0.0 DE = 31.30 NS = 64

;DS = 2 = 95.00 NE = 128

;IN = 0.0002500

Figure A.1: Bruker DISNMR pulse program for standard FLOCK sequence (“com-
posite” FLOCK) with typical set of acquisition parameters. This program does not
work on both ANM-300 and AM-400 spectrometers.



1 ZE
2 D1 DO Si
P1:D PH1
DO
EPI PH6 DS%:D
P2 Pd7 D&):D P4 PH1t
P1:D PHS
DO
3 D4
P1 PH9 DS;:D
P2 PHS D5):D P4 PH1i1
P1 PH10 D4):D
4 (P1 PH2 D2):D P3 PH1
P1 PH11 DS;:D
P2 PH11 D5):D P4 PH1
P1:D PH1Z2
5 D2 S2
6 GO0=2 PHS5 CPD
7 D2 DO
8 WR #1
9 IF #3
10 IN=1
11 EXIT
PH1=0 0 0 0 2 2 2 2
PH6=0 0 0 0 0O 0 0O OO OO0 0Q 00O
1111111111111 111
2222222222222222
3333333333333333
PH7=1 111 111111111111
2222222222222222
33233333333333333
0000000000000O00O00O0
PHB=2 2 2 2 222222222222
3333333333333333
000000000000 0QO0OO00O0
1111111111111 111
PH9=0 00 0 1 1 11 22 223333
PH10=2 22 223 33300001111
PH11=0
PH12=2

PH2=0 3 2 1 21 0 3
PH5=RO R1 R2 R3

Figure A.2: Bruker DISNMR pulse program for modifiecd FLOCK sequence us-
ing simple 180° carbon pulses instead of 90§1803,909 composite pulses (“simple”

FLOCK).
program would not run on the twe spectrometers.

[t was suspected at this point that the numerous puises and delays in FLOCK
were causing the problem. A pulse program for the FLOCK sequence which
uses simple carbon 180° pulses (“siinple” FLOCK) instead of the recomimended
90518035,905 composite inversion pulse (“composite” FLOCK) was then tested and
was found to work well in both Bruker spectrometers. The pulse program for
the "simple” FLOCK sequence is shown in Fig. A.2. It was concluded that the
9031805,905 composite pulses were responsible for the difficulty in implementing

the “composite” FLOCK sequence. In investigating long-range sequences incorpo-
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rating BIRD clusters, Reyvnolds e al (4) found that sequences which utilize simple
carbon 180° inversion pulses produce nuaps with worse sensitivities and more arti-
facts than maps from sequences which use composite 180° pulses. This study was
performed on 2-pentanone using a Varian XL-400 spectrometer with a 90° pulse
length of 14 ps. For experiments performed on the AM-300 and AM-400 spec-
trometers, siginificant differences in the quality of the spectra obtained with the
“simple” and “composite” FLOCK were not expected, since the 90° pulse lengths
are relatively short on these spectrometers: 4.3 us for the AM-300 and 7 us for the
AMN-100. The “simple” FLOCK sequence was therefore used in the experiments
with norharmane presented in Chapter 3.

After further experimentation with the “composite” FLOCK pulse program, it
wis discovered that one can make this program run by altering the way the phase
cyvele is executed. Fig. A3 presents an example of the modified pulse program
for “composite” FLOCK which works on the AM-400, but not on the AM-300.
Compared to the phase program in Fig. A.1, where PH6, PH7 and PHS8 have 64
phase settings, the new phase program includes only one phase setting for each of
three phases. The added IPG6, IP7, IP8 commands increment the PHn phase by
90°, after completing 16 scans.

In order to test the earlier assumption that the sensitivities of “simple” and
“composite” FLOCK on the Bruker spectrometers would be essentially equivalent,
these two FLOCK experiments were carried out on the Bruker AM-400 using 2-
pentanone as a test molecule. The BIRDTRAP experiment was also performed in
order to check the validity of the results presented in Chapter 5. The delays used
were, 128 ms for Ay, 32 ms for A,, and 3.4 ms for 7. The carbon spectral width
was set to 21,700 Hz while the proton spectral width was deliberately doubled

to 2000 Hz, m order to separate quad images from the real peaks. The 2D data
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1 ZE
2 D1 DO S1
P1:D PH1
DO
EPI PHG Dsgzo
P2 PH7 D5):D (P3 PH1il P4 PH3 P3 PH11)
P1:D PHB
DO
3 D&
P1 PH9 Dsg:D
P2 PHS D5):D (P3 PH11 P4 PH3 P3 PH11)
P1 PH10 D4):D
4 (P1 PH2 D2):D P3 PH1
P1 PH11 D5):D
P2 PH11 DS):D (P3 PH1 P4 PH4 P3 PH1)
P1:D PH12
5 D2 S2
6 GO=2 PH5 CPD
IiP6
IP7
P8
7 D2 DO
8 WR #1
9 IF #1
10 IN=1
11 EXIT
PH1=0 0 0 0 2 2 2 2
PH3=1
PH4=1 1 1 1 3 3 3 3
PH6=0
PH7=1
PHB=2

PH9=0 0 0 0 1 1 11 22 22333 3
PH10=2 2 2 2 3 33300001111
PH11=0

PH12=2

PH2=0 3 2 1 210 3

PH5=RO R1 R2 R3

Figure A.3: Bruker DISNMR pulse program for “composite” FLOCK employ-
mg IPn commands ro increment phases. This program runs on Bruker AM-400
spectrometer but not on ANM-300.

sets were processed in a manner similar to the processing of the data sets for
2 3-dihydrofuran in Chapter 5.

Sclected fi slices from the 2D maps of 2-pentanone are shown in Fig. A4. As
anticipated. the sensitivities in the “simple” and “composite ™ FLOCK spectra are
not significantly different. Although the intensities of the artifacts in the C-2 slice
of the “composite” FLOCK map are markedly reduced, the intensities of the quad
images and zero frequency peaks in the other f; slices are still reasonably large.
These results demonstrate that it is not really advantageous to use the compos-
ite 9031805,90g carbon inversion pulse for FLOCK experiments performed on the

AM-400. In contrast to the results on norharmane, where FLOCK spectra had
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Figure A4: f, slices from the 2D map of 2-pentanone obtained with

(top)“composite” FLOCK (Fig. A.3), (center) “simple” FLOCK (Fig. A.2) , and
{bottom) BIRDTRAP.
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Fig. A.4: continued.
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Fig. A.4 continued.
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lower sensitivities than BIRDTRAP. the sensitivities in the two FLOCK spectra of
2-pentanone wer abont 1549 higher than rhose in the BIRDTRAP spectra. It ap-
pears that rhe relative sensitivities of the FLOCK and BIRDTRAP depend on the
spectrometer nsed and the componnd investivated. Further experiments on men-
thol using rthe AM-300 speciromerer confirmed this since BIRDTRAD displayed

higher scusitivity than FLOCK for most peaks.

A.2 The FLOCK Sequence with the Modified
Phase Cycle

The main drawback of FLOCK applirarions on Bruker AM-300 and AM-300 spec-
rrometers. which may nor be rene on Varian XL-400 spectrometers. is the presence
of perceprible fi zero frequency peaks in the spectra. In this thesis, where the
spectra from Broker ANM-300 and AN-200 spectrometers were used, fi zero fre-
quency peaks with fairly significant intensities contaminated the FLOCK spectra
of norharmanc and 2-pentanone. Such artifacts did not seem to pose a real prob-
lem i the FLOCK experiments using the Varian XL-100 spectrometer since fy
zero frequencey peaks were observed to be very small in the spectra of 2-pentanone
{5) and none were apparently observed in the spectra of other compounds where
FLOCK was first rested (1),

A new phase cyele for FLOCK has been recently devised (5) and was found
to provide improved sensitivities and artifact suppression on a Varian XL400 spec-
rroweter, using 2-pentanone ax a model compound. In order to see i this new phase
cyele wonld bring similar beneficial results on Bruker spectrometers, FLOCK ex-
periments using the original and the modified phase eyveles were performed on the
Bruker ANM-400 specrrometer. The pulse program for the “simple” FLOCK se-

quence with the modified phase cyele is given Figo A5, Simple carbon 180° pulses



1 ZE
2 D1 DC S1
P1:D PH1
DO
(P1 PHE Dsgzb
(P2 PH7 DE):D P4 PH6
P1:D FHS8
jola}
2 b4
(P1 PH9 D5):D
(P2 P{3 D5):D P4 PH6
(P1 PHI1O D4):D
4 (P1 PH2 D2):D P2 PH1
{P1 PH6 D5):D
(P2 PH6 D5):D P4 PH1
P1:D PH8
& D2 S2
6 G0=2 PHS CPD
7 D2 DO
2 WR #1
5 IF #1
10 IN=1
11 EXIT
PH1=0 0N 0222200002222
1 ;333311113333
2 - 2000022220000
3 1111133331111
PH6=0
PH7=1
PH8=2
PH9=0 00 0 1 11122223333
111 1222233330000
2222333300001 111
33330000111 12222
PH10=2 2 22 333300001111
33330000111 12222
0000 1111222233233
1111222233330000
PH2=0 32 1210303212103
1032321010323210
2103032121030321
3210103232101032
PH5=RO R1 R2 R3 RO R1 R2 R3 RO R1 R2 R3 RO R1 R2 R3
R1 R2 R3 RO R1 R2 R3 RO R1 R2 R3 RO R1 R2 R3 RO
R2 R2 RO R1 RZ R3 RO R1 R2 R3 RO R1 R2 R3 RO R1
3 RO Rt B2 B2 PO RBY B2 R3 RO R1 RZ B3 RO R1 B2

Fienre A5 Bruker DISNNR putlse program for“simple” FLOCK employing revised
phise evele,

were used in both experiments since, through experience, no significant advantage
1= obtamed when composite carbon pulses are employved in FLOCK experiments
performed on Bruker spectrometers. It is however important to note that it came
as a big surprise that the “composite” FLOCK employving this new phase cycle
(Fieo A 6) ran smoothly on botl AM-300 and AM-400 spectrometers. Selected f;
~hives from the 2D maps of 2-pentanone obtained using “simple” FLOCK with the
original and modified phase cyeles are presented 1n Fig. A.7. By comparing the

original and the modified FLOCK spectra. one iinmediately sees that f, zero fre-
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1 ZE
2 D1 DO S1
P1:D PH1
gPI PH6 Dsg D
P2 PH7 D§):0 (P33 PH6 P4 PHEHT P3 PHS)
P1:D PHSB
DO
3 D4
é?l PH9 DS%.D
P2 PH9 DS5):D (P3 PHS P4 PH7 P3 PH6)

4 (P1 PH2 Dz%:b P3 PH1

P1 PE6 D5):D
P2 PHE D5):D (P3 PH1 P4 PH3 P3 PH1)
P1:D PHS
5 D2 S2
6 GO=2 PHS5 CPD
7 D2 DO
8 WR #1
9 IF #1
10 IN=1
11 EXIT
PH1=0 0 00 222200002222
11113333111 13333
22220000222290000
3333111133331 111
PH3=1 1 1 1333311113333

9
o
©

n
= OwWN
= OWN

- OWN

= OWN

eI OW

R OW

N=OW

N+ O W

PH10

2
R2 R3 RO R1 R2 R3 RO R1 R2 R3 RO R1 R2 R3
R1 R2 R3 RO R1 R2 R3 RO R1 R2 R3 RO R1 R2 R3 RO
R2 R3 RO R1 R2 R3 RC R1 R2 R3 RO R1 R2 R3 RO R1
R3 RO R1 R2 R3 RO R1 R2 R3 RO R1 R2 R3 RO R1 R2

Figure A.6: Bruker DISNMIR pulse program for “composite” FLOCK employing

revised phase cyvele.
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Figure A7 £ slhices from the 2D map of 2-pentanone obtained using “simple”
FLOCK with (top) revised phase cycele (Fig. A.5) and (bottom) original phase

evele (Fieo A6,
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C-3

Fig. A.T: continued.
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C-5

Fig. A.7: continued.
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quency peaks are quite visible in the original FLOCK spectra while none of these
artifacts are present in the moditicd FLOCK spectra. This difference between the
two FLOCK spectra was also observed in similar experiments performed on Bruker
AM-300 and Varian Unity 500 spectrometers. In addition. one notices in Fig. A7
that the sensitivities in the modificd spectra are slightly higher than the sensi-
tivities in the original spectra. This trend was not. however, obscerved on FLOCK
experiments performed on the AN-300. where sensitivities of the two FLOCK were
essentially equivalent.

Counsidering the above resulr= one can definitely say that the modified phase cy-
cle for FLOCK is much better than the original phase evele. Sinee the “composite”
FLOCK employing this new phase cyele can be implemented smoothly on Bruker
AM-300 and AM-100 spectrometers, FLOCK should become a popular method for
clucidating structures based on long-range correlations. The kind of spectrometer

used and the sample studied appear to affect the sensitivities of FLOCK relative

to BIRTDTRAP.
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