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Pulsed field gradients: a new tool for routine NMR
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ABSTRACT: A complete review of 1D and 2D gradient-based NMR experiments published since 1990 is provided.
The ease of implementation and the excellent and reproducible results obtained from such experiments offer a
powerful tool for the study of molecular structures and dynamics. Thus, when sufficient sample concentration is
available, ultra-clean spectra are obtained in very short acquisition times, making the experiments suitable for
automated data acquisition. For these reasons, the concept of routine NMR work for chemists has been dramat-
ically changed in the last few years and, with the correct choice of the experiments to be performed, a large number
of chemical questions can be resolved in considerably reduced times. However, sensitivity and resolution are depen-
dent on where the PFGs are incorporated into the pulse sequences and, therefore, these two important factors need
to be considered in highly demanding applications. Illustrative examples of the most interesting applications to

typical organic compounds are given.
KEYWORDS: NMR; pulsed field gradients

INTRODUCTION

The vital importance of NMR in chemistry and bio-
chemistry relies on the evident direct relationship
between any given NMR experiment and the molecular
information that can be extracted from it. Thus, every
experiment is based on some NMR parameter, usually
coupling constants or NOE, which is related to a spe-
cific molecular parameter (through-bond or through-
space connectivities, chemical exchange, molecular
motion, etc.). The quantitative measurement of such
NMR parameters allows us to obtain valuable informa-
tion about structural parameters such as dihedral
angles, internuclear distances and relaxation and
exchange rates. For this reason, the development of new
and/or improved NMR methodologies is a key factor to
be considered. Nowadays, the enormous suite of NMR
experiments available to chemists, many of which use
pulsed field gradients (PFGs), find wide application in
structural, conformational, stereochemical and dynamic
studies on any type of chemical compound. In addition,
the successful use of such methodologies in other areas
such as molecular diffusion studies,!~3 solid-state NMR
spectroscopy  (e.g.  high-resolution magic angle
spinning)* and coupled chromatographic-NMR (e.g.
HPLC-NMR) applications® also opens up a new future
for chemists because of the possibility of analyzing com-
plicated mixtures without the need for chemical separa-
tion (e.g. biological fluids, combinatorial chemistry).
Although the idea of using PFGs instead of phase
cycling®” for coherence selection in NMR experiments
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has been known for some time,®1° practical difficulties
associated with PFGs, such as eddy currents and B,
shift effects, prevented their successful application in
high-resolution NMR experiments. Since approximately
1991, actively shielded probeheads have been com-
mercially available and, consequently, many gradient-
based experiments have recently been proposed which
are useful in resolving many chemical questions. The
advantages offered by the incorporation of PFGs into
high-resolution NMR pulse sequences combined with
the advanced software tools available at the present
time to acquire and process multi-dimensional NMR
experiments has dramatically changed the concept of
what is routine NMR for chemists. At present, even a
non-experienced user can record and process multi-
dimensional NMR experiments automatically simply by
the click of a button or by executing a predefined
macro.

The main advantages of using PFGs for coherence
selection in NMR experiments include (i) a reduction in
the number of phase-cycling steps for the suppression of
undesired artefacts, (ii) a significant decrease in experi-
ment acquisition times for sufficiently concentrated
samples, (iii) the reduction of ¢; noise in two-
dimensional spectra, (iv) easier data processing and
more accurate spectral analysis, (v) efficient suppression
of undesired signals such as the intense solvent signal in
H,O0 samples or the 'H-'2C (*H-'*N) magnetization in
proton-detected heteronuclear experiments and (vi) a
reduction in the dynamic range.

The purpose of this paper is to survey the enormous
amount of work, published since 1990, based on the
incorporation of PFGs in high-resolution NMR experi-
ments and to illustrate with examples of typical organic
compounds the broad spectrum of what are the most
interesting current applications found in chemistry. For
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a more exhaustive description of practical and theoreti-
cal properties of PFGs the reader is referred to other
excellent reviews.>!!~'° Experimental details on the
practical implementation of some gradient-based
experiments have also been published.?? Finally, PFGs
also play an important role in the design of more
sophisticated 3D and 4D experiments for studying large
13C., 15N- and/or 2H-labeled proteins and nucleic
acids.?! Such gradient-based applications have been
described during the last 5 years but they are beyond
the scope of this review. However, the basic principles
describing the function of PFGs in such experiments is
a simple extrapolation of the conclusions outlined here.

GENERAL ASPECTS

A PFG is a period during which the B, field is made
spatially inhomogeneous. Thus, during the application
of a PFG, the magnetization is dephased. In general,
after applying a PFG of duration t the spatially depen-
dent phase, ®(r, 1), is given by

O(r, 7) = sByr)t Z pi7; 1

where s is a shape factor, B,(r) is the spatially dependent
magnetic field and p and y are the coherence order and
the gyromagnetic ratio, respectively, of the individual j
nuclear species involved in the coherence. In their stan-
dard configuration, modern spectrometers are usually
equipped with a PFG along only the z-axis; in such a
case the magnetic field produced by the PFG varies lin-
early along this axis according to

B,(r) = Gz 2

where G is the gradient strength expressed in G cm ™ 1.

The basis of the gradient-based coherence transfer
pathway (CTP) selection procedure is the so-called refo-
cusing condition: only those CTPs in which the sum of
the effects of all applied n PFGs during the sequence is
zero just prior to acquisition will be detected.:

Z 5;G; Ti<z Dij 7ij> =0 (3)
i=1 j

In other words, all CTPs having net dephasing at the
end of the sequence will not be observed. For simplicity,
it can be assumed that all n gradients have the same
shape and the same length. Hence Eqn (3) can be sim-
plified to

anle(Z Dij yij) =0 4

This is the most important equation to be considered
when selecting the gradient strength ratio in any multi-
dimensional NMR experiment using PFGs.

SENSITIVITY AND RESOLUTION

The sensitivity and resolution of any gradient-based
experiment are largely dependent on the position of the
PFGs incorporated into it. Basically, PFGs can be used
to achieve two different results:

© 1998 John Wiley & Sons, Ltd.

(i) Selection procedure. PFGs are applied when the
desired magnetization lies in the transverse plane. Only
one desired CTP is selected whereas all the others are
dephased. This process of selection affords ultra-clean
spectra without the need for phase cycling but a sensi-
tivity loss is usually associated with it. The general pro-
cedure is as follows: one or several PFGs are included
in specific parts of the pulse sequence in order to
dephase all transverse coherences. A final PFG, usually
applied just prior to acquisition, only rephases the
desired CTP. The ratio between all the PFGs must be
set according to Eqn (4), so as to ensure refocusing of
the desired pathway.

(i) Rejection procedure. In this case, the PFG acts as
a purge element which is applied when the desired mag-
netization is aligned on the z-axis (p = 0). All residual
transverse coherences are labeled according to their
coherence order and are therefore dephased and not
detected. This rejection procedure is applied to remove
some undesired CTPs. For this reason, a minimal
amount of phase cycling is still needed but the subtrac-
tion artefacts are largely minimized when compared
with an analogous phase-cycled experiment. This
approach is not associated with sensitivity losses and is
usually applied when the sample concentration is low
as, for instance, in studies of large biomolecules. Typical
examples would be the purge PFG included during the
mixing time in NOESY experiments or in a z-filter and
the selection of zz magnetization in HSQC-type experi-
ments.

However, some precautions must be taken into
account when designing novel NMR methods aimed at
the acquisition of spectra with maximum sensitivity and
with signals in the pure absorption lineshape. A PFG
inserted into the variable evolution period of a multi-
dimensional experiment selects only one of the two
desired CTP (phase-modulated P- or N-type data
selection) in each scan:

Sp(ty, t;) = exp(iQ;t,)exp(iQ2, t,) (52)
Sn(ty, t) = exp(—iQt,)exp(iQ, t,) (5b)

Therefore, the resulting spectra are usually presented in
magnitude mode owing to the undesirable phase-twist
lineshape of cross peaks after data transformation.
Recording and processing spectra in this way are simple
because there is no need to pay attention to the phase
errors introduced by the PFGs; such spectra are natu-
rally frequency discriminated in the F, dimension.??23
This approach is suitable for quick, routine data acqui-
sition in which sensitivity and resolution are not critical.

In order to obtain spectra with absorption mode line-
shapes, an alternative has been to modify conventional
pulse sequences in order to avoid the application of
PFG during the variable evolution period t;. Although
this option generally affords a decrease in the signal
intensity by a factor of 2 with respect to the analogous
phase-cycled experiment, excellent results are obtained
when sensitivity is not the limiting factor. However, an
improved approach to obtaining frequency-
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discriminated phase-sensitive spectra using the gradient
methodology involves recording separate P-type [Sp(¢;,
t,)] and N-type [Sx(t;, t,)] data; this can be done by
using the same pulse sequence but inverting the strength
of one or more PFGs. The data can then be combined
during processing to yield an absorption-mode spec-
trum.?* In this so-called echo-antiecho approach, the
desired cosine- and sine-modulated data are obtained
by combining the P-type and N-type data according to

Secos(t1s 12) = (Sp + Sn)/2 = cos(Q,t,)exp(iQ, t,) (62)
Sinl(t1s £2) = —i(Sp — Sn)/2 = sin(Qt,)exp(iQ, t,)  (6b)

and further processed as complex data by using the
States method of frequency discrimination.?® In this
case, there is a sensitivity loss of 2!/2 compared with the
phase-cycled experiment. This data processing is usually
available within conventional software packages.

In some experiments, basically those based on the
HSQC pulse train, the echo—antiecho approach can be
combined with the preservation of equivalent-pathways
(PEP) methodology.?®~2® In this case, a sensitivity
enhancement of a factor 2~ 1/2 can be achieved in an
n-dimensional experiment?° 3! when compared with
the phase-cycled analog. Thus, in the case of 2D experi-
ments, a theoretical signal-to-noise increase of 21/% for
IS systems can be achieved and, therefore, this approach
should be used when sensitivity must be maximized.
Some examples will be discussed later. Alternatively,
pure absorption data could be also obtained by apply-
ing the SWAT method,?? but this approach has not
proved popular.

USEFUL GRADIENT BLOCKS

Gradients are usually incorporated into pulse sequences
following a series of useful and widely applied building
blocks:!'*33

Phase errors. During the application of a PFG, chemi-
cal shift and J-coupling evolutions of the nuclei
involved in the selected coherence take place in the
usual way. In order to minimize the resulting phase
errors due to these evolutions, PFGs are usually
included as part of spin echoes, as shown in Fig. 1(a).
On the other hand, a PFG can be placed into constant-
time defocusing-refocusing periods without further
optimizations.

A z-filter. A single PFG inserted into two 90° pulses
selects coherence order p = 0 during the filter delay
whereas transverse magnetization is dephased [Fig.
1(b)]. The mixing time in NOESY experiments is an
example of this application.

Refocusing. Two PFGs of equal strength and polarity
before and after a 180° pulse applied on a single nucleus
provide the opportunity to select terms that have a
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transverse spin operator both before and after this pulse
[Fig. 1(c)]. In this way, pulse imperfections (transfer
from I, to I, or vice versa) are removed and transverse
magnetization that does not experience the 180° pulse is
dephased. This scheme is also applicable to hetero-
nuclear systems, and is widely used in the INEPT pulse
trains which form part of multidimensional HSQC
experiments [Fig. 1(d)].

Inversion. If the 180° pulse is used to invert z-
magnetization (from z to —z), the greatest dephasing of
undesired coherences is obtained when the second gra-
dient is applied in the opposite sense to the first [Fig.
1(e)]. In this way, any residual transverse magnetization
created by the imperfect 180° pulse is eliminated.

Heteronuclear magnetization transfer. Magnet-
ization transfer between two J-coupled heteronuclei, I
and S, is usually achieved by a pair of simultaneous 90°
pulses, preceded and followed by delays for J dephasing
and rephasing. A simple way to remove unwanted mag-
netization is to apply a PFG between these two pulses
in order to select the desired zz magnetization [Fig.
1(f)]. This building block is largely used in gradient-
enhanced multi-dimensional HSQC-type experiments.

Heteronuclear decoupling. In heteronuclear experi-
ments, a single refocusing pulse is often used to remove
the effects of the heteronuclear coupling over a period.
Thus, if a PFG is applied in the opposite sense (called
bipolar gradients), any coherences on I-spin will be rep-
hased whereas the 180° pulse on S acts as a simple
inversion pulse [Fig. 1(g)]. The net effect is that the
chemical shift of I-spin freely evolves during the overall
duration of the two PFGs but the heteronuclear coup-
ling is refocused.

PRACTICAL ASPECTS

Several practical aspects must be taken into account
when PFGs are incorporated into any pulse sequence,
namely the duration, the shape and the strength of
PFG, the use of single z- or multiple-axis PFGs, control
of pre-emphasis, the recovery delay needed after apply-
ing a PFG, the lock hold device and the gradient ampli-
fier blanking. In practice, most of the described
experiments can usually be run on conventional NMR
spectrometers equipped with gradients only in the z-axis
with a duration of 0.5-2 ms, shaped to sine or Gaussian
(1-5% truncated) and with a 100 ps recovery delay after
the PFG. Lock holding and gradient blanking are
usually achieved incorporating appropriate commands
into the pulse program. Experimental details describing
some important practical matters such as checking for
the presence of eddy currents, establishing proper refo-
cusing condition, optimizing recovery delays and cali-
brating gradient strengths have been given'!:!3 and will
not be discussed here.
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Figure 1. Useful building blocks incorporating PFGs into pulse sequences. The timings of the pulses and PFGs are rep-
resented in / (and S in heteronuclear cases) and G, lines, respectively. Arrow annotations indicate the magnetization
selected before or/and after each specific pulse. See the text for further discussion.

An important aspect for practical spectroscopists is
the shimming procedure. Rapid high-quality automated
shimming is now possible for both protonated®* and
deuterated solvents®> wusing one and/or three-
dimensional image-based field mapping. Without doubt,
this technique affords a valuable tool for the full
automation of data acquisition.

The consequences of gradient non-linearity on experi-
ments employing diffusion weighting and magic-angle-
gradient coherence selection have been discussed and
methods to assess these effects and characterize
gradient-coil performance have been presented.>® On
the other hand, the effects due to the use of PFGs
together with trim pulses, the interference of back-

© 1998 John Wiley & Sons, Ltd.

ground gradients due to bad shimming with PFGs, and
the residual eddy currents that cannot be completely
compensated by adjustments of preemphasis, have been
studied and methods for removing them have been pro-
posed.3” A theoretical study about the amount of
residual transverse magnetization after the application
of a PFG has been presented®® and interesting aspects
such as PFG orientation, sample dimensions, maximum
strength and possible gradient imperfections have been
studied and discussed in detail.

PFGs have been used during acquisition to suppress
radiation damping and in order to study the effects of
molecular diffusion on line broadening and lineshape
for a J-coupled system.3® On the other hand, radiation
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damping can also be suppressed by applying bipolar
PFG pulses in the evolution periods of homo- and het-
eronuclear nD experiments or applying a constant weak
PFG during the mixing times in NOESY-type experi-
ments.*® Radiation damping can be also suppressed
using gradient echoes during the delays of a DANTE
pulse train selectively applied on the water resonance
(the WANTED scheme)*! without the need for extra
hardware accessories.

The use of self-compensating PFG sequences (‘PFG
sandwich’) has been proposed*? in which a PFG is
replaced by two PFGs, of half the duration and with
opposite sign, placed either side of a 180° pulse. This
approach allows for a great reduction in transient
responses without tedious adjustments and without the
need for additional hardware. Applications to measure
the recovery time after the application of a PFG and
the diffusion losses have been illustrated. The technique
has been applied in 2D NOESY experiments,**> 2D
EXSY** and in DOSY applications.**

Spin-locking in an inhomogeneous B, or B; field
gives near-perfect purging pulses which eliminate all
magnetization which is not aligned with the spin-lock
axis. Such purging pulses can also be used in the con-
struction of high-quality z-filters without the need for
stochastic variation of delays or phase cycling.*® Exam-
ples of z-filtered TOCSY, NOESY and z-COSY experi-
ments have been illustrated. On the other hand,
systematic errors in the measurements of transverse
relaxation times caused by oscillations due to a weak B,
field can be removed by the application of a constant-

gradient field during the CPMG period or by a series of
PFGs flanking the reduced CPMG block.*” The simul-
taneous use of pulses and PFGs has also been used to
obtain homonuclear broadband decoupled NMR
proton spectra.*®

HOMONUCLEAR 2D EXPERIMENTS

In homonuclear experiments, the gyromagnetic ratio y
is the same for all spins and so Eqn (4) can be simplified
to

ZpiGiZO (M
i=1

The general scheme for recording homonuclear 2D
experiments using gradients can be derived from the
conventional phase-cycled scheme in which PFGs are
placed just before and after the mixing process (Fig. 2).
The nature of this mixing process will define the type of
experiment to be recorded (see Table 1).

Assuming quadrature detection (p, = —1), the ratio
between the two PFGs must be
p1G; — G, =0 @®)

There are two possible solutions. If both PFGs are
applied in the same sense (G, = G,), the CTP corre-
sponding to p; = +1 is selected (the continuous line in
the CTP of Fig. 2); this results in echo or N-type data.
On the other hand, if the gradients are applied in the
opposite sense (G; = G,) we select the coherence p, =

Table 1. Basic schemes for typical homonuclear mixing processes®

Experiment Mixing Effective Transfer
ao
Ji2
COSY I1..1,, —1I,,1,,
X v
5 J12
COSY-MQF |°] I1.,1,, ——1,1,,
v 8 @
Ji2 J23 J3a
RELAY A a leIZZ IlzIZX IZzI3x ___)I3zl4x
MLEV-17
TOCSY - T, i I,—I1,, ———— I, ————1,,
cw
.y e ROE
ROESY Tm I,,—1,,
a @
NOE
NOESY . I, ——1,,

2In the TOCSY scheme, other pulse trains such as DIPSI or WALTZ can also be used. In the
ROESY scheme, a pulse train consisting of phase alternate 180° pulses (T-ROESY) can be applied.
Finally, in NOESY experiments, a purge or homospoil gradient is usually applied during the mixing

time.
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Figure 2. General scheme and coherence transfer path-
ways (CTP) for recording magnitude-mode gradient-

based homonuclear 2D experiments. See Table 1 for
some possible homonuclear mixing processes.

—1 (the shaded line in the CTP of Fig. 2); this results in
antiecho or P-type.

In both cases, acquiring a single transient per t,
increment gives a 2D map with frequency discrimi-
nation in the F, dimension. For example, Fig. 3 shows
the 2D magnitude-mode (A) COSY2?3*° [see pulse
scheme in Fig. 4(a)], (B) one-step RELAY?>° and (C) and
(D) TOCSY?>! spectra of sucrose each required in about

T. PARELLA

5 min. All these experiments allow, in different ways, the
study of through-bond proton—proton interactions via
the Jyy coupling constant. Weaker long-range “Jy;; and
5Jyn proton—proton connectivities have been observed
in COSY spectra of oligosaccharides using long, weak
gradients; this is equivalent to a delayed-COSY experi-
ment optimized to observe small couplings.>? In addi-
tion to the substantial reduction of ¢, noise found in
gradient-based experiments, the use of corrective data
processing techniques such as reference deconvolution
have been shown to reduce ¢; noise dramatically by an
extra factor of 60 in a COSY experiment, allowing the
observation of very small long-range correlations.>?
This approach is also applicable to other experiments.
On the other hand, the effect of ¢, noise in P-type or
N-type data acquisition has been evaluated in the
COSY experiment.>*

A simple variant of the COSY experiment has been
used to observe surprising intermolecular multiple-
quantum coherences in solution with at least one con-
centrated component.’>>% In this, the so-called
CRAZED experiment, the two PFGs around the
second r.f. pulse are set to a 1:n ratio in order to select
n-quantum coherences. This experiment leads to observ-
able multiple-quantum transitions in the F; dimension

A) B)
33 & : :ppm
Py c:a#a B t: 3BT
] 8 —an 5% 8
o 1] g = 7 ..
8 & = 8 © -8 4.0
& €8 © &0 =3-
_*4.5
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HI/H2 H1/H3
o = e oo r-=3 _55
® D) '
. L ppm
é 3 H w e
(] v %% g '
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HI/H4 s
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I'l'I'l'l'l'l'I'I'I'I'II'I‘I‘I'I'I'I'I'I'I'I'['.
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Figure 3. Magnitude-mode (A) 2D COSY, (B) 2D one-step RELAY (defocusing delay of 30 ms) and (C) and (D) 2D TOCSY
spectra (40 and 120 ms of mixing, respectively) of 0.1 m sucrose in D,O. A single scan for each 256 t, increment was
recorded in each spectrum. Two sine-shaped gradients of the same duration (1 ms) and the same intensity (5 G cm™")
were used in all cases. The total experimental time for each spectrum was about 5 min.
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Figure 4. Pulse sequences for recording (a) 2D
magnitude-mode COSY (gradient ratio 1:1, (b) 2D
magnitude-mode MQF-COSY (gradient-ratio 4:3:10 for
DQF and 1:1:4 for TQF experiments), (c¢) 2D phase-
sensitive MQF-COSY experiments (gradient ratio 1:n)
and (d) absolute-mode 2D multiple-quantum experiment
(gradient ratio 1:n). Narrow and wide bars represent 90°
and 180° pulses, respectively. The phase of all pulses is x
unless indicated otherwise. § is the gradient length and
A is optimized to 1/4J,,,.

and SQC in the directly detected F, dimension. The
origin of these somewhat unexpected results have been
extensively studied and discussed by several
groups.>°—68

The most widely used version of the 2D COSY
experiment incorporates a multiple-quantum filter
(MQF), consisting of the mixing 90°-PFG-90°
block*9-31-9 [Fig. 4(b)]. In principle, a 1:1:(n + 1) gra-
dient ratio was proposed to achieve proper n-filtering
selection but recently it has been shown that a 4:3:10
gradient combination removes rapid-pulsing artefacts
characteristic of magnitude-mode DQF-COSY experi-
ments.”® Alternatively, phase-sensitive MQF-COSY
spectra can be obtained using the echo-antiecho
approach’! or avoiding the application of the defo-

© 1998 John Wiley & Sons, Ltd.

cusing PFG during the variable ¢, period®® [Fig. 4(c)].
Gradient-selected E. COSY spectra can be obtained
combining several MQF-COSY spectra.’?

In principle, PFGs are an effective method of sup-
pressing the intense water resonance in aqueous solu-
tions without the need for a selective perturbation to
the water. However, it can sometimes be useful to
combine this rejection procedure with some solvent
suppression method. For instance, modified pure
absorption 2D DQF-COSY experiments with improved
water suppression using crafted selective pulses,’?
WATERGATE,’* magic-angle gradients,”>’® WET"’
and RAWSCUBA’® schemes have been applied to
samples dissolved in H,O.

On the other hand, 2D NOESY and 2D ROESY
experiments cannot be acquired using the scheme in
Fig. 2 owing to the need for phase-sensitive presen-
tation. Some possible alternatives use the echo—antiecho
approach,’® a strong spin-lock or a z-filter pulse prior
to acquisition.*3*+7° These approaches can also be
applied to record phase-sensitive TOCSY spectra.”®
Recently, the application of a low-intensity gradient
during the entire mixing period in a regular NOESY
experiment, allowing the phase cycle to be reduced to
two scans per t; increment,®° has been proposed. In this
case, 2D NOESY maps can be quickly obtained for
concentrated samples in reduced times without
unwanted sensitivity losses due to coherence selection
and diffusion effects (Fig. 5). Recently, a modified
NOESY pulse sequence has been proposed to suppress
diagonal signals. In this way, NOEs between protons
having similar chemical shift can be observed.®' The
NOESY pulse sequence can also be used to study
dynamic or chemical exchange processes (termed EXSY
experiment).#+:82:83

There is also a set of homonuclear 2D experiments
based on the creation and evolution of multiple-
quantum coherences (MQC) that can be used as an
alternative to the previously mentioned experiments.
These experiments, known as zero-quantum (ZQ) and
double-quantum (DQ) experiments [Fig. 4(d)], were
pioneering experiments in high-resolution NMR spec-
troscopy and have been widely applied in vivo
studies.®*~8° Analogous 1D MQ experiments have been
also used for the same purpose.®8°! On the other hand,
2D DQ experiments have recently been optimized to
study large biomolecules in aqueous samples.”>8
Thus, magic angle gradients have been successfully
applied for effective suppression of the H,O signal,®? of
multiple-solvent signals,®* of solvent-solute DQC?3-°4
and of radiation damping effects®® in 2D DQ experi-
ments. Alternatively, efficient suppression of radiation
damping effects and the solvent signal can also be
achieved using only a z-gradient.®” Analogous 2D and
3D DQ-NOESY and DQ-TOCSY,*® and 3D NOESY-
DQ and TOCSY-DQ®% experiments have been pro-
posed to simplify proton resonance assignment of
unlabeled biomolecules. A related approach has been
used to explore dipole—dipole cross-correlations along
an effective axis.”’
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Figure 5. 2D NOESY spectrum of 0.1 M strychnine (mixing time 400 ms) in CDCl;. Two scans per t, increment were
recorded using the pulse sequence in Ref. 80, giving a total experimental time of 12 min. The phase of the first 90°
pulse and the receiver were inverted on alternate scans. A single sine-shaped gradient of 400 ms was applied during the

mixing time with a strength of 0.5 G cm™".

The DQ experiment has also been applied in 1D and
2D homonuclear studies of 3C (carbon-detected
INADEQUATE experiments)'°® although high sample
concentrations are needed. An improved
INADEQUATE-CR experiment doubles the sensitivity
compared with the conventional experiments.!®1~103
For practical purposes, better sensitivity can be
achieved using analogous proton-detected experiments
that will be discussed later.

2D HETERONUCLEAR EXPERIMENTS

Heteronuclear experiments based on proton detection
are much improved by the use of gradients. The main
inconvenience of this so-called inverse spectroscopy is
the suppression of unwanted magnetization arising from
'H-12C (or 'H-'*N), which is usually much more
intense than the desired magnetization (*H-13C or 'H-
I5N). In the phase-cycled versions some elements are
included to achieve this suppression such as, for
instance, the BIRD-t(null) block in HMQC-type
experiments!® and the use of strong B, spin-lock
periods in HSQC-type experiments.!®®> However, t,
noise often makes the spectral analysis difficult. Using
gradients, these extra elements are not needed and the
suppression of unwanted signals can be considered
perfect.1%6

© 1998 John Wiley & Sons, Ltd.

Both HMQC and HSQC pulse trains have been
extensively modified to record gradient-based magni-
tude mode and pure absorption spectra under different
conditions. However, an important aspect when PFGs
are incorporated in such inverse experiments are the
previously mentioned requirements of sensitivity and
resolution. The sensitivity of several gradient-based
HSQC and other related schemes has been extensively
discussed.2®-30-197-111 Tt jg possible, for instance, to
design six different basic versions of the 2D H-X
HSQC experiments using PFGs. Which version is
appropriate will depend on the sample under study.

1. The dephasing gradient G, is applied into the vari-
able ¢, period [Fig. 6(a)], resulting in a magnitude mode
spectrum.'??113 This is an excellent option for routine
samples in which sensitivity and resolution are not criti-
cal. In this case, the gradient ratio must satisfy the
relationship

P17xG1 —yuG, =0 )
In the case when X = !3C, we obtain yy/yc ~ 4,
p1Gy —4G, =0 (10)

and two gradients with a 4:1 ratio select N-type data
[continuous line in Fig. 6(a) corresponding to a p, =
+1] whereas a 4: — 1 ratio would select P-type data
(dashed line corresponding to a p, = —1).

2. The echo—antiecho version of this experiment uses
the same sequence as in Fig. 6(a), but the intensity of the
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Figure 6. Pulse sequences for recording 2D HSQC experi-
ments: (a) conventional scheme to obtain magnitude
spectra and (b) pure-absorption scheme based on the
echo-antiecho approach. The pulses and delays included
in the frame stands for the optional sensitivity-improved
version based on PEP methodology. Delays: A is set to
1/4"Jcy, 6 is the gradient length  and A, is optimized
according to the carbon multiplicity. See the text and
Table 2 for further details. The phase of all pulses is x
unless indicated otherwise (¢, = x). The phase ¢, and
the gradient G, are inverted in alternate scans and the
corresponding data are stored separately and combined
as discussed in the text.

refocusing gradient G, is inverted on alternated scans to
record the N- and P-type data separately.2+114 After
appropriate processing, phase-sensitive spectra are
obtained but with a sensitivity loss by a factor of 2'/?
with respect to the phase-cycled experiment (Table 2).

3. Use of the PEP methodology?°—2® is the best
option to record phase-sensitive 2D HSQC spectra with
maximum sensitivity.'*> The selection procedure use
the same principles as described for the echo—-antiecho

approach, but the pulse sequence must be modified by
adding a second reverse INEPT block in order to select
both orthogonal components of the magnetization (I,S,
and I,S)) present during ¢, [Fig. 6(b)]. As an example
Fig. 7(A) shows the 2D HSQC spectrum of a 0.1 M
strychnine sample acquired in 5 min. This basic scheme
is widely applied to improve the sensitivity in other
related multidimensional  experiments,?®-30:109-111
Table 2 summarizes the theoretical enhancement factors
of this experiment as a function of the A; optimization.
However, some problems of this approach when applied
to large biomolecules are as follows: (1) a larger number
of pulses is required (the signal may be lost owing to r.f.

A)
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Figure 7. Phase-sensitive 2D "H-'3C HSQC spectra of 0.1
M strychnine acquired with the pulse sequences
described in (A) Fig. 6(b) and Fig. 8(c), respectively. Two
transients were acquired for each 128 t, increments. In
(B) filled cross peaks represent positive peaks belonging
to methine systems and empty cross peaks represent
negative methylene cross peaks.

Table 2. Theoretical enhancement factors obtained from
several gradient-based HSQC experiments as a function of

carbon multiplicities.

Experiment IS
Echo-antiecho 0.707
Phase-cycle 1
PEP 1.414

1.20
1.06

1,8 I,S A,
1.414 2.12

2 3

1.414 2.12 1/2J
2 2.54 1/4J
1.92 2.65 1/6J
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Figure 8. (a) Basic building block found in gradient-based "H-X HSQC-type experiments; (b) general building block to
introduce X-multiplicity information in gradient-based 'H-X HSQC-type experiments; (c) pulse scheme to record
multiplicity-edited 2D "H-X HSQC experiments with improved sensitivity. The delays are optimized to A’ = 2A = 1/2'J,
and A, is set as described in Table 2. Other acquisition and processing parameters as usually used for the HSQC experi-

ment are described in Fig. 6(b).

inhomogeneity); (ii) the sequence is longer (the signal
may be lost due owing to transverse relaxation); (iii) the
sequence cannot be simultaneously optimized for all
multiplicities; and (iv) there can be losses due to trans-
lational diffusion between PFGs. In triple resonance
experiments applied to labeled proteins, the sensitivity
can be further enhanced by simultaneous acquisition.!*®
Some examples of modified PEP-HSQC experiments
have been described to measure accurate Jy,t17:118
measure a set of relaxation parameters in 1>N-'H spin
systems!1®12% or to observe exchange broadened
signals.!?!

4. A zAilter, consisting of a 90°(X)-PFG(6)—90°(X)
block, is applied between the ¢, period and the depha-
sing G, gradient.!??> A phase-sensitive spectrum is
obtained using the usual acquisition and processing
procedures (e.g. TPPI), but there is a theoretical sensi-
tivity loss of a factor of two compared to the phase-
cycled experiment. However, this loss can be partially
recovered applying the PEP methodology (a second
reverse INEPT block shifted 90° in-phase)!2® without
the need to apply the echo-antiecho approach.!?4

5. PFGs can be used as purge elements in the original
phase-cycled sequence. These PFGs are placed between
the simultaneous 90° pulses of 'H and X in order to

© 1998 John Wiley & Sons, Ltd.

select the corresponding I,S, magnetization. 2126

Although this is not a pure selection procedure, this
approach reduces the number of phase cycle steps and
minimizes artefacts due to poor suppression without
affecting the overall sensitivity compared with that of
analogous the phase-cycled experiment.

6. Much attention has been given to the effect of
water suppression on the signal intensity of relatively
rapidly exchanging protons, such as the NH protons in
proteins. As a general approach, the WATERGATE
block!27-128 is ysually applied during the retro-INEPT
block of the standard HSQC pulse sequence in order to
improve solvent suppression in aqueous samples.
WATERGATE can also be combined with the water
flip-back approach!?® which ensures that the water
magnetization is little perturbed and oriented along
the + z axis during most of the experiment, especially
just prior to acquisition, to minimize the saturation of
water. This is commonly applied to proteins and nucleic
acids dissolved in H,O. Other related approaches have
been proposed to avoid the saturation transfer from
water in HSQC experiments.120-130-133 A detailed
description about how PFG can be used in triple-
resonance experiments in such a way as to avoid any
sensitivity losses due to exchange has been given.!34
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Figure 9. Pulse sequences for recording (a) magnitude-mode 2D HMBC (with an optional low-pass J filter, 2A), (b)
sensitivity-improved pure-absorption 2D HSQC-TOCSY and (c) 2D 1,1-ADEQUATE experiments. Delay optimization: A =
18 ey, Ay = 1/2"J ey, A = 1/4" )¢, 6 is the gradient length and A, is optimized according to the multiplicity (see Table
2). Spectra derived from (b) and (c) are acquired and processed using the echo—antiecho approach.

In the same way as discussed for the HSQC experi-
ment, 2D magnitude-mode HMQC
experiment!06112:113.135  and 2D  phase-sensitive
HMQC experiments, using the echo—-antiecho
approach?#114:136.137 or incorporating a z-filter,!22-138
have been proposed. Phase sensitive HMQC experi-
ments using diffusion filters in the defocusing-refocusing
periods'?*® and modified versions for recording in inho-
mogeneous fields'#° have also been described.

Multiplicity-edited HSQC experiment
A very important experiment for chemists is a

multiplicity-edited heteronuclear correlation in which
the multiplicity information of X nuclei is directly

© 1998 John Wiley & Sons, Ltd.

obtained as additional information in the heteronuclear
correlation map. In principle, this extra information can
be introduced in any HSQC scheme giving pure absorp-
tion data'?? but, of course, the maximum sensitivity is
obtained by a simple modification of the above
described HSQC-PEP experiment [Fig. 8(c)].'4!'142 In
HSQC experiments, the dephasing gradient G, is
usually placed into a carbon spin-echo, 6—180°(X)-G(),
at the end of the ¢, period in order to avoid the evolu-
tion of offsets and couplings during the gradient [Fig.
8(a)]. If this block is substituted by a A-180°(X)/
®°(*H)-A" block (A’ = 1/2'Jy), an X-signal intensity
dependence of cos” ! @ appears for an H,X system.!4?
In the more general approach, ® is set to 180° and,
therefore, a concatenated building block can be derived
that avoids the application of an extra proton 180 pulse
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[Fig. 8(b)].** For instance, Fig. 7(b) shows the 2D
'H-13C multiplicity-edited HSQC-PEP of strychnine
recorded under the same experimental conditions as in
Fig. 7(a). It can be observed that with a single experi-
ment, the multiplicity of each carbon resonance is addi-
tionally displayed in the otherwise conventional HSQC
spectrum and, therefore, all laboratories equipped with
gradient capabilities can avoid the need for recording
separate conventional DEPT and HSQC spectra to
obtain this information. This same building block can
be successfully incorporated in any multi-dimensional
HSQC-type experiment,'4? as will be shown later.

Other editing approaches have been proposed from
which two-dimensional I S-edited COSY,*3
TOCSY,'43:144 NOESY,'43 homonuclear J-resolved!>
and heteronuclear correlation!3#+14% gspectra can be
obtained. In all these experiments PFGs are used to
select specific n-quantum coherences that can simplify
the analysis of highly overlapped spectra, although
sensitivity losses are unavoidable due to coherence
selection.

HMBC experiment

The HMBC experiment is another experiment that
greatly benefits from the application of gradients.!®®
High-quality spectra without subtraction artefacts are
usually obtained in standard conditions, allowing the
analysis of even very tiny, but informative cross peaks.
The pulse sequence is basically derived from the
HMQC pulse train in which an optional low-pass J-
filter [2A-90°(X), where A = 1/4'Jyy) can be inserted
after the first pulse to minimize direct responses, the
evolution period is optimized to an 1/2"Jyxy value, and
the refocusing period and the X decoupling during
acquisition are removed [Fig. 9(a)]. PFGs are incorpor-
ated in the same way as the conventional HMQC
experiment and the final spectrum is usually presented
in magnitude mode in order to extract qualitatively het-
eronuclear long-range connectivities, mainly on quat-
ernary carbons or through heteronuclei. Some variants
have been proposed to improve sensitivity by using
selective or semi-selective proton pulses which suppress
'H-'H J modulation and allow the correlation of
poorly resolved proton multiplets,’*” to measure "Jy
148-150 and to minimize direct responses.!®! Practical
applications on ISN,1527154 31P155 and 119Sn156,157
have also been published. An analogous long-range
optimized 3!P-'H HSQC experiment has also been
published.!®® As an example, Fig. 10 shows the
magnitude-mode artefact-free 'H-13C and H-!°N 2D
HMBC spectra of strychnine without any further data
post-processing.

Hybrid 2D experiments
A second generation of experiments are available that

can give valuable structural information when the more
conventional experiments do not resolve a particular

© 1998 John Wiley & Sons, Ltd.
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Figure 10. Magnitude-mode 2D (A) 'H-'3C and (B)
"H-"°N HMBC spectra of strychnine using a defocusing
delay A, of 60 ms in both cases.

question. In particular, HMQC and HSQC pulse trains
can be understood as equivalent building blocks in
which the required input and output data are in-phase
proton magnetization. In this way, both schemes can be
combined with any homonuclear mixing process in
order to design more sophisticated experiments. As an
example, Fig. 11 shows the general scheme for such
hybrid experiments using the echo—antiecho approach
of the HSQC experiment. The gradient ratios should be
exactly the same as discussed before (for instance, 4:1
and 4: — 1 in alternate scans for X = 13C).

Gradient-based sequences for the 2D HSQC-COSY,
2D HSQC-TOCSY, 2D HSQC-ROESY and 2D
HSQC-NOESY experiments can be designed combin-
ing this general scheme and the mixing processes
described in Table 1. For instance, related versions of
multi-dimensional HMQC-COSY,12%1%°  HMQC-
TOCSY,122’160’161 HSQC-TOCSY,122’162a HSQC-
NOESY,IGZI”163 NOESY-HMQC,164_165
NOESY-HSQC!28:164.166.167  and TOCSY-HSQC!¢°
experiments have been proposed.

Special mention must be made of the gradient-based
2D HSQC-TOCSY experiment because, as discussed
for the HSQC experiment, it is possible to incorporate
the PEP methodology [Fig. 9(b)] into this experiment.
In addition, the HSQC-TOCSY experiment can be
acquired with several variants, depending on whether
editing of direct responses or editing of X-nucleus multi-
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Figure 11. General scheme for recording pure-absorption 2D heteronuclear hybrid sequences using the echo-antiecho
approach. See Table 1 for some useful homonuclear mixing processes and the text for further discussion.

plicity are included. Figure 12 shows several pos-
sibilities to obtain 'H-'3C HSQC-TOCSY spectra on
strychnine as a function of such editing capabilities: (A)
a conventional 2D HSQC-TOCSY map using the pulse
sequence in Fig 9(b) in which all cross peaks are in pure
absorption, in-phase and with positive intensity; (B)
direct correlations can be separated from the relay
peaks by using an editing block just prior to acquisi-
tion; (C) carbon multiplicity information of the direct
peaks is encoded using the building block described in
Fig. 8(b)'**> giving positive peaks for methylenes and
negative peaks for methines; (D) both editing blocks

can simultaneously be applied and, therefore, both
forms of editing are present.

Another interesting hybrid experiment is an X-
coupled 2D HSQC-NOESY experiment!%2® from which
NOEs between chemically equivalent or accidentally
overlapped protons (useful for the study of symmetrical
molecules) can be detected.

Recently, a new set of 'H-detected INADEQUATE-
type experiments have been proposed to trace out het-
eronuclear connectivities combining the information on
Jeu (HSQC or HMBC) and J.. (INADEQUATE)
coupling constants. Such experiments have been derived
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Figure 12. Sensitivity-improved 2D "H-'3C HSQC-TOCSY spectra of strychnine in CDCl;: (A) conventional spectrum
acquired with the pulse sequence of Fig. 9(b); (B) as (A) but incorporating editing of direct responses; (C) as (A) but
incorporating editing of carbon multiplicity; (D) as (A) but incorporating editing of direct responses and multiplicity
editing. Positive peaks are filled and negative peaks are empty. Further discussion is given in the text.
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from the widely used 2D-4D HCCH-type experiments,
commonly applied in !3C-labeled proteins and nucleic
acids. Examples are the reverse INEPT-
INADEQUATE,!%® its !3C-relayed variant,'® carbon-
displayed HMQC-INADEQUATE!"? and
HSQC-INADEQUATE!"'-173 and the sensitivity-
improved ADEQUATE!"4-17¢ experiments. Simple
variants of these experiments have been used to assign
and measure one-bond!’7:!’8 and long-range!’”17°
carbon—carbon coupling constants. Otherwise, long-
range carbon—nitrogen coupling constants can be mea-

sured from a related
experiment.'8°

For instance, the 1,1-ADEQUATE experiment!’# is
an HSQC-PEP experiment in which the usual evolution
period has been substituted for a period in which cre-
ation and evolution of 3C-!3C double-quantum coher-
ences take place [Fig. 9(c)], similar to the
INADEQUATE experiment. A refocused version of this
experiment would permit the differentiation of cross
peaks arising from 2Joy; and 3Jq; in an HMBC spec-
trum.'”® Figure 13(A) shows the 1,1-ADEQUATE spec-

closely triple-resonance
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Figure 13. Pure absorption 1,1-ADEQUATE spectra of sucrose (A) without and (B) with multiplicity editing. Negative

peaks are filled.
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Figure 14. Pulse sequences to record gradient-based
sensitivity-improved versions of the (a) 1D HMQC, (b) 1D
HSQC and (c) 1D multiplicity-edited HSQC experiments. A
minimum two-phase cycle was used in which the first 90°
(X) pulse and the receiver are inverted on alternate
scans. The gradient ratios for each experiments are
2:2:1,2: —2:1 and 4:1, respectively. Other acquisition
parameters as described for their 2D analogs.

S/N=73.1 S/N=69.5 S/N=46.7

thtljwwjuwp

HMQC HSQC X-INEPT

HMQC-PEP

trum of sucrose acquired in about 2 h using the pulse
sequence of Fig. 9(c). On the other hand, if the DQ evol-
ution period is optimized to "J.-, we would obtain the
1,n-ADEQUATE experiment that reveal heteronuclear
correlations to three and four bonds. Similar results can
be obtained from an n,1-ADEQUATE experiment ("Jy4
+ YJ¢c). Finally, from an n,n-ADEQUATE experiment
(*Jeug + "Jcc) correlations up to six bonds can be
obtained in a single spectrum. As discussed above,
carbon multiplicity can be also included in ADE-
QUATE experiments'#? allowing the exact skeletal
structure of C—C systems to be extracted. Thus, from a
multiplicity-edited 1,1-ADEQUATE spectrum, CH-CH
and C-CH, correlations are positive whereas C-CH
and CH-CH, are negative. Observe in Fig. 13(B) how
both the substructures of both residues of sucrose can
be fully elucidated by simple spectral analysis.

Miscellaneous applications

Only applications between 'H and !3C have been
described because of their wide interest in organic
chemistry, but these experiments can be applied to any
heteronucleus allowing the use of these techniques for
organometallic and inorganic compounds. Two excel-
lent reviews have appeared dealing with 2D chemical
shift correlations between **C and other heteronuclei’®?
and with all combinations of NMR active nuclei in the
Periodic Table.'®>-183 In principle, all proposed inverse
schemes can be recorded using gradients in spectro-
meters equipped with three channels, in which we can
apply similar experiments between two heteronuclei
X,Y while decoupling 'H. Some examples are the selec-
tive  triple-resonance  'H-'*C->*'P  (SELTRIP)
experiment!®* and the more sophisticated 'H-'*C-3'P
and 'H-'3C-3!N experiments specifically designed to
study nucleic acid derivatives.!8>

S/N=141.6 S/N=137.2 S/N=84.4

HSQC-PEP XINEPT-PEP

Figure 15. Experimental sensitivity enhancement factors due to the incorporation of PEP methodology in several 1D
inverse experiments using PFG. The signal monitored is the H, proton of the sucrose after selectively pulsing its directly
attached C, carbon. Both transmitter and decoupler offsets were applied on resonance. Eight scans preceded by two
dummy scans were recorded for each spectrum and the data were processed using a 1 Hz line broadening.
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Figure 16. Sensitivity-improved multiplicity-edited 1D HSQC spectra of strychnine obtained from the pulse sequence in
Fig. 14(c). (A) Conventional 1H spectrum; (B) and (C) multiplicity-edited spectra acquired with ® = 180° and 90°, respec-
tively. Sixty-four scans preceded by four dummy scans were acquired for each spectrum. Data were processed using a 1

Hz line broadening.

Another interesting topic is the detection of hetero-
nuclear NOEs on non-protonated X-nuclei using the
gradient-enhanced proton-detected analog of the
HOESY experiment, which has been successfully
applied between 'H, *'P and 'H, "Li nuclei.®¢ In prin-
ciple, the idea can be extrapolated to study '*C but
sensitivity is the inherent limiting factor.

A simple variant of the HSQC pulse sequence allows
the measurement of direct and long-range proton—
carbon coupling constants from a proton-detected J-
resolved 2D spectrum. It is based on the application of
a selective 180° proton pulse simultaneously with a hard
180° carbon pulse during the evolution ¢, period.!®7 A
heteronuclear J-resolved experiment, so-called ACT-J
(an acronym for active coupling-pattern tilting), has
been described to measure efficiently and assign hetero-
nuclear coupling constants'®® and to acquire homo-
nuclear and heteronuclear J spectra with pure phases,
tilted cross peaks patterns and homonuclear I-spin
decoupled signals in the F,; dimension. Examples of
such measurements of silicon—proton coupling con-
stants are provided.!®°:1°° Recently, a novel approach
that selectively excites resonances corresponding to
exclusively either the a or § spin state of a coupled het-

© 1998 John Wiley & Sons, Ltd.

eronuclear spin has been described and applied to
measure coupling constants.!®1-193

Gradient-based isotope-filtered schemes have been
proposed and incorporated in multi-dimensional experi-
ments to allow the assignment of intermolecular NOEs
between labeled and unlabeled molecules.*94~19¢

INVERSE 1D EXPERIMENTS

PFGs can also be successfully applied in 1D analogs of
the above discussed inverse 2D experiments. Illustrative
examples are the application of gradient-based 1D
HMQC experiment in in vivo studies,'®” in triple reso-
nance applications'®® or to study organometallic com-
pounds such as low-abundance '!°Sn nuclei.’*®!*7 In
addition, the improved-sensitivity PEP methodology
can be applied in inverse 1D experiments based on gra-
dients in order to regain the sensitivity losses due to
coherence selection.!®® Figure 14 shows the basic
gradient-based sensitivity-improved 1D (a) 'H-X
HMQC and (b) HSQC pulse sequences. Extensions of
such sequences can also be applied in, for instance,
selective°? or in triple-resonance X,Y{'H} analogs. The
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major advantages of these approaches is that an
increase in the signal-to-noise ratio by a factor of two is
obtained, as theoretically predicted, when compared
with the conventional versions. Figure 15 shows, as an
example, the experimental enhancement factors found
for the H,—C; pair of sucrose (IS system) in selective
versions of 1D HMQC, HSQC and X-INEPT experi-
ments;?°° the improvements agree well with the theo-
retical predictions.

In a similar way, the multiplicity of I,S systems can
also be obtained from a proton spectrum acquired using
the 1D analog of the edited-HSQC-PEP experiment
[Fig. 14(c)]. Figure 16 shows the 1D multiplicity-edited
HSQC-PEP spectra of strychnine'#! that offer informa-
tion similar to the conventional DEPT spectra. Other
1D approaches to multiplicity editing by which suffer
from sensitivity losses due to coherence selection have
also been described.!46-201-203

SELECTIVE SPIN ECHO

Currently, a very important element in high-resolution
NMR methodology is the selective pulsed-field-gradient
spin-echo (SPFGE) block. The general scheme is based
on the initial creation of transverse magnetization fol-
lowed by a inversion element (Fig. 17). Two gradients of
the same duration and intensity are applied just before
and after the inversion element, allowing the final refo-
cusing of only the magnetization which experiences the
inversion pulse; no phase cycling is needed.

As a function of the applied inversion element, we can
distinguish three different applications:

1. When this element is a selective 180° pulse applied
on a single resonance, we obtain a simple and very
useful tool which achieves excellent selective excita-
tion in a single scan. This can be used as a starting
point in any selective 1D experiment.

2. When this element is a semi-selective pulse applied in
a specific region of the spectrum, we obtain a general
approach to semi-selective excitation. This can be

...OPTION
Inversion Inversion
element element

Figure 17. Basic scheme for SPFGE and DPFGE experi-
ments. The inversion element can be multiplet-selective
or band-selective pulses for selective excitation or
solvent suppression purposes. In the case of DPFGE
scheme, the strength of G, must be different to that of
G, . Further discussion is given in the text.

© 1998 John Wiley & Sons, Ltd.

useful for improving resolution, reducing acquisition
times or achieving selective decoupling (spectral sim-
plification and improved sensitivity) in multi-
dimensional experiments.

3. When this element is a 180° pulse for all resonances
except one, we obtain a general approach to solvent
suppression. It can be wuseful to record multi-
dimensional homo- and heteronuclear spectra of bio-
logical samples in H,O.

Applications of the SPFGE scheme have been
demonstrated for effective solvent suppression in
aqueous solutions (the WATERGATE scheme!?7-128),
water-selective excitation to study solvent—solute inter-
actions,?°4—2%7 clean selective excitation in selective 1D

homonuclear?°8-213 and heteronuclear!%? experiments,
multiple-signal  excitation and  multiple-solvent
suppression?'* and band-selective excitation in semi-

selective 2D and 3D experiments.>!*~2!7 An accurate
phase-sensitive method based on a gradient spin-echo
sequence has been proposed for obtaining the excitation
profile and the phase behavior of a shaped selective 90°
and 180° pulse.'?-218

An extended approach using a double pulsed-field-
gradient spin echo (DPFGE), termed excitation sculpt-
ing, has recently been proposed as an improved alterna-
tive to achieve all these goals. A number of applications
have also appeared, e.g. solvent suppression,>!®-220
selective excitation,??! selective 1D experiments,?22~225
carbon selective excitation,2?® multiple excita-
tion,227-228 multiple solvent suppression,?2%:23° semi-
selective excitation?3'=233 and isotope editing (G-BIRD
scheme).?34723¢ Recently, a related G-BIRD scheme
using r.f. gradients has been described.?3”

Selective excitation

The phase properties of the SPFGE experiment are
closely related to the phase properties of the refocusing
element. In contrast, the excitation profile of the
DPFGE experiment depends only on the inversion
profile of the refocusing pulse, while the amplitude is
scaled both by the inversion profile of the refocusing
pulse and by unavoidable losses due to relaxation
during the spin echo. The main features in favor of the
use of these gradient-based spin-echo schemes are as
follows: (1) ultra-clean pure-absorption phase 1D
spectra are simply obtained without frequency-
dependent phase variations of the excited signal
throughout the selected region; (ii) no presence of side-
lobes and/or sidebands outside the effective bandwith;
(iii) the full refocusing of all J-evolution at the end of
the echo (only if one of the coupled partner is excited);
(iv) the sequence is very tolerant to miscalibrated pulses
and rf inhomogeneity; and (v) no phase cycling is
required, thus avoiding the need for difference spectros-
copy.

In practice, for instance, the use of a Gaussian-shaped
inversion pulse in SPFGE and DPFGE schemes gives
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Figure 18. (a) Conventional 400 MHz spectrum of strychnine in CDCl;, (b) single-site excitation with a 20 ms Gaussian
180° pulse and (d)-(g) multiple-site selective excitation using the DPFGE scheme. In the last case, the duration of each
selective inversion pulse depends of the selectivity required. The relative phase of each excited signal depends solely on
the phase of the corresponding selective pulse. A single scan was recorded for each spectrum.

excellent results in terms of selectivity, absence of side-
lobes, lack of J-evolution and absence of phase errors in
the desired region. Note the excellent experimental
properties from the single-scan DPFGE spectrum after
a selective pulse (20 ms, 5% truncated Gaussian)
applied to the H-15 proton of strychnine [Fig. 18(b)]. A
simple modification of this scheme, using concantenated
selective pulses, can be successfully used to achieve
multiple-site selective excitation under the same condi-
tions as the original experiment.?!> Figure 18(c)—(g)
show several examples of multiple-site excitation
achieved in a single scan from which the selectivity and
the phase of each selective excitation can be controlled
with great simplicity.

The excellent general behavior of both SPFGE and
DPFGE schemes is very useful when applied to selec-
tive homonuclear 1D experiments.'?!® There are a
number of reasons which favour the use of such selec-
tive 1D experiments rather than their 2D analogs; (i)
1D spectra allow a more reliable data analysis to be

© 1998 John Wiley & Sons, Ltd.

made; (ii) increased digital resolution; (ii) reduced
acquisition and processing times; (iv) minimum data
storage requirements; (v) PFGs can sometimes be
included without sensitivity losses; and (vi) highly useful
when a limited amount of information is desired (this is
a typical situation for small and medium-size
molecules).

Figure 19 shows the general scheme to perform such
experiments using PFGs. As a selective excitation we
can use either the SPFGE or DPFGE block. After the
mixing process (see Table 1) we have the option to
apply a refocusing gradient G5 just prior to acquisition.
If G; is applied (in this case the sense of the second G,
must be reversed) we obtain clean 1D spectra without
the need for phase cycling but with a theoretical sensi-
tivity loss by a factor of two when compared with an
analogous phase-cycled experiment because of the selec-
tion of a specific CTP. If G; is not applied, we need to
apply a basic four-step cycle (EXORCYCLE)?*® on one
of the 180° selective pulses but, in this case, there are no
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OPTION A

OPTION B

selective selective

180

S |
Gy

Figure 19. General scheme for recording gradient-based
selective 1D homonuclear experiments. Option A selects
SPFGE vs. DPFGE as a method of selective excitation.
Option B selects for a refocusing gradient without the
need for phase cycling or no refocusing gradient with a
four-step EXORCYCLE cycle on a selective 180° pulse. See
Table 1 for some homonuclear mixing processes.

sensitivity losses due to coherence selection and diffu-
sion effects. In practice, the last alternative also gives
the high-quality spectra and can be used as a general
way to perform such experiments with maximum sensi-
tivity.

N\
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Some examples of selective gradient-based 1D experi-
ments have been described and clearly illustrated for the
1D COSY,100’212’214’220’223’239 1D multiple-step

RELAY 212,214,223 lD TOCSY 208-210,223,224 lD
ROESY’208,209,224 lD NOESY, 211,221,222,225 ID
COSY-NOESY,>'* 1D TOCSY-NOESY,2!3224 1D

TOCSY-ROESY?!* and 1D ROESY-TOCSY?!3
experiments. Other combined experiments are also reli-
able. Recently, analogous experiments using PFGs for
coherence rejection have also been shown to afford
high-quality spectra without the sensitivity losses
associated with conventional coherence selection.
Usually these PFGs are placed in the mixing time of
NOESY experiments or flanking the DIPSI scheme in
z-filtered TOCSY experiments. Applications of selective
1D TOCSY, NOESY, TOCSY-TOCSY, NOESY-
NOESY, TOCSY-NOESY and NOESY-TOCSY have
been illustrated using oligo- and polysaccharide
samples.’*® Finally, a particular case of selective 1D
experiments has been proposed to study solvent—solute
interactions,*1-204:207:212,241-249  The jnjtial starting

D
| I
© ] M JUM
B N
[
A) JMM
[ T O A A T 7 7 T
6.0 5.5 5.0 4.5 4.0 ppm

Figure 20. Selective 1D (B) DPFGE-COSY and (C) and (D) DPFGE-TOCSY spectra of chentobiose in CDCl;; eight scans
were recorded for each spectrum. Arrows indicate where the selective 180° pulses is applied. In (B) a defocusing J delay
of 40 ms was used. The mixing times in (C) and (D) were 80 ms using a 7.4. kHz MLEV-17 pulse train.

© 1998 John Wiley & Sons, Ltd.
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Figure 21. Some selective 1D DPFGE-NOESY spectra of strychnine with a mixing time of 900 ms. The selective 180° pulse
was of 40 ms duration with a Gaussian shape truncated to 5%. Four gradients of 1 ms of duration were applied in the
DPFGE block with intensities of 3, 3, 7 and 7 G cm™~". A purge gradient of 1 ms duration and 6 G cm™~" intensity was

applied during the mixing time.

point for these selective 1D EXSY experiments is the
selective excitation of the water signal and the further
observation of chemical exchange and dipolar inter-
actions between water and protons belonging to bio-
molecules.

As examples, Fig. 20 shows some high-quality 1D
DPFGE-COSY and DPFGE-TOCSY spectra quickly
recorded for the peracetylated disaccharide chentobiose.
Figure 21 shows some 1D DPFGE-NOESY spectra on
strychnine. In this case, the ultra-clean spectra allow the
identification of very small NOEs and even indirect
NOEs. A recent extensive and very comprehensive
study analyzing spin dynamics of gradient-enhanced 1D
NOE experiments has been published and modifi-
cations to eliminate undesired SPT effects have been
proposed.?23

From this general methodology, it is possible to
design 2D analog by concatenating other homonuclear
2D building blocks to the mentioned 1D experiments.
For instance, Fig. 22 shows the basic pulse sequences to

© 1998 John Wiley & Sons, Ltd.

record 2D selective-TOCSY-COSY and 2D selective-
TOCSY-J-resolved experiments. Figure 23 shows as an
example the ultra-clean 2D COSY subspectra of each
residue of chentobiose acquired under the same experi-
mental conditions as in Fig. 20(C) and (D).

It is also possible to design heteronuclear selective 1D
experiments using the basic gradient-enhanced HMQC
and HSQC pulse trains. Applications have been
described for proton-detected 1D HMQC and 1D
HSQC,200’250_253 1D HMBC,250_252 1D HMQC-
TOCSY,?%%251 1D HSQC-TOCSY,2°1:254:255 HET-
GOESY,??% 1D HSQC-NOESY,162»251 X_INEPT,?°¢
1D HSQC-ROESY,?’! 1D HMQC-NOESY,?’! 1D
HMQC-ROESY,?3! 1D HMQC-COSY,?*! 1D HSQC-
COSY,?*! 1D HMQC-RELAY,**! and 1D HSQC-
RELAY?>! experiments. PEP methodology can be also
incorporated in selective 1D HMQC, HSQC, X-
INEPT?°° (Fig. 15) and HSQC-TOCSY experi-
ments,2>” achieving a sensitivity enhancement of a
factor of 2 for IS systems. On the other hand, some
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Figure 22. Concatenation of selective 1D experiments with classical 2D schemes: pulse sequences for recording
gradient-based 2D selective-TOCSY-COSY and 2D selective-TOCSY-J-resolved experiments. A four-step EXORCYCLE
phase cycling is applied on the first selective 180° pulse and the receiver. Gradients must be optimized in order to avoid

unwanted refocusing.

selective carbon-detected heteronuclear 1D experiments
have been also proposed, such as the selective 1D
INADEQUATE!°° and GRECCO?%8 experiments.

Semi-selective excitation

A serious drawback of multi-dimensional spectra is
their low resolution. Sometimes, the analysis of a spe-
cific region which has many overlapping resonances can
be of interest. For this reason, some nD experiments
using semi-selective excitation have been pro-
posed'214—217,227,231—233,259,260 The Simplest Way to
convert a gradient-based 2D experiment into an analo-
gous semi-selective experiment is to replace the hard
180° pulse incorporated in the spin-echo period by a
semi-selective 180° pulse [Fig. 24(a)]. In this case, PFGs
must be applied before and after this pulse as described
for the SPFGE block. Semi-selective excitation can be
applied for both the F, and F, dimensions. However, in
modern spectrometers equipped with digital filters,
automatic selection on the F, dimension can be accom-
plished without the need to modify the original
sequence. Figure 24(b) is a general scheme to acquire
homonuclear F,-semi-selective 2D experiments using
the echo—antiecho approach.

As an example, a simple way to acquire the finger-
print COSY region of a protein in H,O without presa-
turation and with improved resolution is to replace the
excitation and mixing 90° pulses of the conventional
COSY pulse sequence by two SPFGE blocks.?!¢ Figure
25(c) shows the H,~NH region of a phase-sensitive

© 1998 John Wiley & Sons, Ltd.

COSY obtained with this approach. Another advantage
to use semi-selective excitation is the absence of diago-
nal peaks in the F, spectral region of interest and,
therefore, the spectra contain significantly less ¢, noise.
In modern spectrometers, the combination of digital
filtering, oversampling and PFG affords a powerful way
to obtain improved sensitivity and resolution in multi-
dimensional experiments without the presence of unde-
sired folded peaks and without the need to modify
standard sequences. Figure 26 compares expanded
regions obtained from (A) a full 2D DQF-COSY spec-
trum acquired without digital filtering, (B) the aliphatic
region of a 2D DQF-COSY with digital filtering and
(C) phase-sensitive 2D DQF-COSY with digital filtering
of a sample of progesterone. The experimental condi-
tions are the same for all spectra. In Fig. 27 we show
the same feature obtained from a 2D HMBC spectra of
chentobiose (A) without and (B) with digital filtering.

Solvent suppression

In principle, gradient-based experiments achieve
frequency-independent solvent suppression by using the
inherent dephasing effects of PFGs. However, the signal
arising from H,O is very intense, and the use of addi-
tional specific schemes is required to improve the sup-
pression.?®! The most accepted approach is the
WATERGATE scheme,!?7:128 which uses the same
principles as discussed above for the SPFGE. Figure 28
shows the general scheme to record homonuclear 2D
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Figure 23. 2D selective-TOCSY-COSY subspectra of the two residues of chentobiose recorded with the pulse sequence of

Fig. 22 (top). The duration of G,, G, and G; was 1 ms and their strength were set to 5, 3.5 and 4 Gcm~

1, respectively.

Four transients for each 256 t, increments were acquired. All other experimental details as described in Fig. 20(C) and

(D), respectively.

experiment using WATERGATE. On the other hand,
the WATERGATE with water flip-back approach has
also been proposed to restore water magnetization to its
equilibrium state. Several applications have been given,
such in 2D TOCSY,?%2:263 2D NOESY,2%4—26¢ 2D
ROESY?¢7% and 2D HSQC"?® experiments.

Analogous solvent suppression using the DPFGE
scheme has been proposed?!® and extended to 2D
applications,?2° although transverse relaxation and the
evolution of couplings can be troublesome. A closely
related experiment, named MEGA,?%” combines the
excellent tolerance to imperfections of the DPFGE
scheme and the short echo times of the WATERGATE
approach.

As an alternative to these echo-based schemes, the
suppression of the undesired solvent signal can be per-
formed with the CHESS sequence,?°® which consists in
the frequency-selective excitation of the water followed

© 1998 John Wiley & Sons, Ltd.

by a dephasing PFG. A similar approach, the RAW
experiment, has proved to be very useful as a prep-
aration period in homonuclear 2D experiments.’®
Improved suppression is achieved with the more sophis-
ticated WET scheme, which uses a series of variable
flip-angle solvent-selective r.f. pulses, where each selec-
tive r.f. pulse is followed by a dephasing gradient.””+26°
This scheme is very useful for LC-NMR (for multiple-
solvent suppression) and high-resolution NMR applica-
tions such as DQF-COSY, TOCSY, NOESY and
inverse experiments. Multiple-solvent suppression can
also be achieved using magic-angle gradients in DQ
experiments®* or using modified SPFGE?!* and
DPFGE schemes.?29-230

Other useful methods using PFGs to suppress the
intense solvent signal in biological samples includes the
Water-PRESS?7%271 and the DRYCLEAN?2"2
approaches, which take advantage of the different relax-
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Figure 24. (a) Simple building block derived from a con-
ventional gradient echo to achieve semi-selective excita-
tion in the F, dimension and (b) general scheme to
record w,-selective 2D homonuclear experiments using
an SPFGE scheme. See Table 1 for some possible mixing
processes. As discussed in the text, the last G, gradient
can be omitted at expense of an extended phase cycling.

ation and diffusion properties of the solvent and the
biomolecules.

DIFFUSION ORDERED SPECTROSCOPY

Molecular diffusion studies can also be carried out
using PFG-based NMR experiments.' > The pioneering
experiment to measure self-diffusion coefficients was the
PFG-echo experiment.2”3 Recently, improved method-
ologies to analyze biofluids and complex chemical mix-
tures by means of a new approach called diffusion
ordered spectroscopy (DOSY)?’#~277 have emerged.
The basic 2D DOSY spectrum displays conventional
chemical shifts in one dimension and diffusion rates in
the other dimension. Because of the relationship
between diffusion rates and molecular radii, the diffu-
sion dimension reveals the distribution of molecular
sizes and allows different molecular species to be identi-
fied and assigned. This diffusion dimension is achieved
by recording consecutive spectra in which the gradient
strengths are incremented.

Resolution in the diffusion dimension has been
improved by removing eddy current effects by using
bipolar gradients,*> removing convection artefacts,?”®
using high fields?>’® and using 3D analogs of the basic
2D DOSY experiment: NOESY,?®° COSY,?8!
TOCSY,2827285 DQ?8¢ and heteronuclear-DOSY?28”
experiments. The effects of chemical exchange and the
measurement of exchange rates have been also dis-
cussed.?®® Related applications to measure molecular
weight distributions,?®® to determine the molecular
aggregation state?°°~2°4 and protein unfolding?°> have
also been described. Some applications to organic

© 1998 John Wiley & Sons, Ltd.

supramolecular
described.?96-299

A related approach based on the electrophoretic
mobilities of contributing ions has  been
published.300:301

Editing of proton NMR spectra for biological fluids
based on differences in molecular diffusion coefficients
alone and the combination of relaxation and diffusion
parameters has been presented.3°? These methods are
also applicable to multi-dimensional homonuclear
experiments, as demonstrated for 2D TOCSY experi-
ments.

Alternative methods for measuring self-diffusion coef-
ficients rely on r.f. gradients in place of the static
PFG.303_305

chemistry  have also been

RADIOFREQUENCY (B,) GRADIENTS

As an alternative to coherence selection by B, gradients,
a series of studies have dealt with the possibility of per-
forming this selection by using radiofrequency (B,) gra-
dients. Some advantages of such approaches are as
follows: (i) no need for recovery times after the gradient
and, therefore, eddy current effects are avoided; (ii) no
need for pre-emphasis; (c) the lineshape is not distorted;
(iii) the gradient is frequency selective; (iv) the lock
system is not perturbed; and (v) the B, gradient pulse
acts simultaneously for excitation and for defocusing—
refocusing purposes. Theoretical and practical aspects
of B, gradients have recently been reviewed.??®—3°8
Applications to solvent suppression,°31° 2D
COSY,*!312 2D NOESY,*!*3'* 2D COSY-DQF,
315.316 2D HSQC,*!7 selective 1D COSY,3!® isotope
filtering®37-*'° and molecular diffusion3°3*—3°° experi-
ments have been described. A DPFGE scheme using r.f.
gradients has been theoretically analyzed and compared
with the original sequence.?!®

CONCLUSIONS

The incorporation of PFGs in pulse sequences has
became indispensable in running the most modern and
useful NMR experiments under the most optimum con-
ditions. Compared with conventional analogous phase-
cycled experiments, improved spectral quality is usually
achieved in shorter acquisition times. Such advantages
combined with the powerful available software pack-
ages offer to chemists a powerful tool to obtain valuable
information about chemical structures and dynamics in
a simple way.
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Figure 25. (A)"H 400 MHz spectrum of salmon calcitonin in 90% H,0-10% D,O after applying the WATERGATE scheme;
(B) semi-selective excitation of the NH proton region using an SPFGE scheme and without applying any solvent sup-
pression scheme; (C) the fingerprint region of the w,, w,-semi-selective 2D COSY spectrum using the pulse sequence
described in Ref. 216. The SPFGE block consists of an RE-BURP pulse of 11 ms applied as a shaped-DANTE pulse train.?5°
In the inset, note the excellent resolution in the w, dimension for a given cross peak.
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Figure 26. Experimental effect of applying digital filtering on gradient-based DQF-COSY spectra of progesterone
(A)-(C) are expansions of (A) a magnitude-mode spectrum recorded with a spectral width of 5.82 ppm in both dimen-
sions [see Fig. 4b]; (B) as (A) but using a spectral width of 1.90 ppm in both dimensions; and (C) phase-sensitive

spectrum recorded as (B) using the scheme in Fig. 4(c).
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Figure 27. Experimental effect of applying digital filter-
ing on gradient-based "H-'3C HMBC spectra of chento-
biose (defocusing delay A, of 60 ms) using the pulse
sequence sketched in Fig. 9a: (A) Expansion plot of the
carbonyl region acquired with SW(F,) = 5.70 ppm and
SW(F,) = 160 ppm; (B) as (A) but SW(F,) = 0.7 ppm and
SW(F,) = 11 ppm. No folded peaks in the F, dimension
were observed.
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Figure 28. General scheme for recording 2D homo-

nuclear experiments using the WATERGATE scheme. See
Table 1 for homonuclear mixing processes.
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