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ABSTRACT

Pulsed Field Gradients (PFGs) have become ubiquitous tools not only for Magnetic Resonance Imaging
(MRI), but also for NMR experiments designed to study translational diffusion, for spatial encoding in
ultra-fast spectroscopy, for the selection of desirable coherence transfer pathways, for the suppression
of solvent signals, and for the elimination of zero-quantum coherences. Some of these experiments can
only be carried out if three orthogonal gradients are available, while others can also be implemented
using a single gradient, albeit at some expense of performance. This paper discusses some of the advan-
tages of triple- with respect to single-gradient probes. By way of examples we discuss (i) the measure-
ment of small diffusion coefficients making use of the long spin-lattice relaxation times of nuclei with
low gyromagnetic ratios 7 such as nitrogen-15, and (ii) the elimination of zero-quantum coherences in
Exchange or Nuclear Overhauser Spectroscopy (EXSY or NOESY) experiments, as well as in methods rely-

Triple gradients
Cryoprobe

ing on long-lived (singlet) states to study very slow exchange or diffusion processes.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Among the key ingredients that have made Magnetic Resonance
Imaging (MRI) possible are carefully engineered coils designed to
induce accurate Pulsed Field Gradients (PFGs). Three orthogonal
gradients G, = dB,/dx, G, = dB,/dy, and G, = dB,/dz can be generated
by suitable Maxwell or Helmholtz coils designed to avoid generat-
ing non-linear (quadratic and higher) derivatives of the main B,
field [1]. Such coils have evolved from shim-coils that were origi-
nally designed to improve the homogeneity of static fields for
high-resolution spectroscopy, and from PFG coils that were de-
signed to measure diffusion coefficients [2,3]. Ideally, the orthogo-
nality of modern PFG coils precludes mutual interference, and so-
called active shields, i.e., coils with similar geometry but larger
dimensions and opposite polarity, make it possible to minimize
the magnetic coupling with the environment, particularly with
the innermost shield of the main magnet bore. Once optimized
for MRI, sophisticated designs for PFG coils were soon ‘re-im-
ported’ into high-resolution spectroscopy. They have now become
ubiquitous tools for the accurate measurement of translational dif-
fusion coefficients, for spatial encoding in ultra-fast NMR, for elim-
ination of unwanted zero-quantum coherences, for suppression of
strong solvent signals [4], and for selection of coherence transfer
pathways, either simply by dephasing or ‘purging’ unwanted
coherences, or by selecting suitable coherence transfer echoes [5]
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to retain desirable pathways. In some instances, the use of gradi-
ents makes extensive phase cycles superfluous, e.g., in the case of
heteronuclear correlations, a pair of gradients with strengths in-
versely proportional to the gyromagnetic ratios of the two involved
nuclei ensures clean selection of the desired pathway. In homonu-
clear systems, the selection of coherences is in some cases impos-
sible to perform using phase cycles alone. For instance, the
distinction between longitudinal two-spin order and zero-quan-
tum coherences requires pulsed field gradients.

Although some of these methods can only be applied if three
orthogonal gradients are available, in other cases it has been pos-
sible to design a poor man’s version using a single gradient. The
limitation to a single gradient may lead to a sacrifice in perfor-
mance, e.g., to imperfect selection of coherence transfer pathways.
Poor suppression of water signals makes some experiments very
difficult to implement on single-gradient probes, even when cumu-
lative dephasing of the water magnetization is achieved by an
appropriate choice of the signs of consecutive gradients [6]. Ul-
tra-fast three- or four-dimensional NMR [7,8] requires two or three
orthogonal gradients. The simultaneous activation of two or three
orthogonal gradients makes it possible to generate tilted gradients,
in a manner that may allow one to control deleterious effects of
demagnetizing dipolar fields [9-11]. On the other hand, triple gra-
dients may entail a minor loss of sensitivity due to unavoidable
technical compromises in the design of very crowded probes. Sim-
ilar issues may arise for solid-state NMR with Magic Angle Spin-
ning (MAS): while a single PFG with a tilted gradient G, =dB,/dz
parallel to the spinning axis z is reasonably straightforward to
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implement, perpendicular, rotor-synchronized, time-dependent
gradients designed to appear static in the frame of the rotor are
more challenging [12].

This paper discusses advantages of triple- over single-gradient
probes. By way of example, we shall discuss two applications of
broad interest:

(i) The encoding and decoding of the phases of coherences by

gradients
This is relevant both for spin-echo diffusion experiments and

for heteronuclear correlation experiments. We shall discuss
the measurement of small diffusion coefficients via longitudinal
magnetization of low-y nuclei [13] that have long spin-lattice
relaxation times T, such as nitrogen-15;

(ii) The elimination of zero-quantum coherences while retaining

longitudinal magnetization terms
Both EXSY and NOESY experiments [14-16] are discussed, as

well as the elimination of zero-quantum coherences while
retaining longitudinal two-spin order terms 21,S, for broadband
excitation of long-lived (singlet) spin states [17-24], which can
be used to study slow dynamics [25] and slow diffusion [26,27].

2. Coherence encoding in diffusion experiments

For the history of Diffusion Ordered Spectroscopy (DOSY) and
earlier measurements of diffusion coefficients by magnetic reso-
nance, the reader is referred to reviews by C.S. Johnson [28] and
W.S. Price [29,30]. Fig. 1 shows a recent variant of the stimulated
echo designed for slowly diffusing systems [13]. Typically, for com-
plexes of '>N-enriched outer-membrane proteins with detergents
having molecular masses of about 45 kDa, T;('°N) = 1 s, whereas
T:1('H) ~ 100 ms. This makes it attractive to store the information
in the form of longitudinal nitrogen magnetization. A similar
advantage can be obtained with other heteronuclei. We have
therefore referred to these methods as “X-STE”, for “heteronuclear
stimulated echoes”.

Fig. 1 provides details about gradients G, and G, used to ‘purge’
unwanted transverse magnetization components and to select
desirable echoes. The gradient G; purges >N magnetization and
G, eliminates unwanted magnetization while preserving longitudi-
nal two-spin order (2H,N,). The two equal Gs; gradients, like the
two equal Gs gradients later on, ensure proper refocusing under
the simultaneous 180° pulses applied to both 'H and '>N nuclei.
The G, gradient eliminates unwanted transverse 'H and '°N mag-
netization components. The two equal Gg gradients help to sup-
press the solvent signal by attenuating non-refocused 'H
magnetization in the manner of WATERGATE [4]. On the other
hand, the bipolar pulse-pair (BPP) field gradients Gencoge aNd Ggecode
in Fig. 1 allow one to encode the initial positions z(0) of the mole-
cules in the first two ¢ intervals and to decode their final position
z(A) in the last two ¢ intervals, after diffusion in the long A period.
To avoid undesirable refocusing, it is advisable (but not essential,
as discussed below) to apply the G, field gradients in a direction
that is orthogonal to the other gradients G;-Gg. A clear advantage
of triple axis gradient probes is that one can apply simultaneously
the variable bipolar gradients Ggecode and the constant WATERGATE
gradients Gg. With single-axis gradient probes where all gradients
must be applied along the same direction, simultaneous gradients
would be difficult to implement for several reasons. First, it is nec-
essary to generate intense encoding and decoding gradients in or-
der to limit the duration of the diffusion delay and to measure
small diffusion coefficients. The strongest encoding and decoding
gradients G, are often close to the maximum allowed amplitudes.
Intense WATERGATE gradients Gg are also required to ensure prop-
er suppression of the water signal. The superposition of WATER-
GATE gradients with decoding gradients obviously limits their
maximum intensity. As a result, a longer diffusion delay is required
and the sensitivity of the experiment is reduced, while small diffu-
sion coefficients may not be accessible. It is very likely that, at least
for some values of the decoding gradients, we have Gg—Ggecode ~ 0
and, in the absence of any gradient at that time, radiation damping
during the INEPT back-transfer may decrease the efficiency of the
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Fig. 1. Pulse sequence for the study of slow translational diffusion using longitudinal magnetization of a heteronucleus such as '°N. The INEPT delays must be = = 1/(4]) , i.e.
2.72 ms if amide groups are observed, with I = 'H and S = '°N. The diffusion delay A may be of the order of the longitudinal relaxation time of the S nucleus. The encoding/
decoding gradients have variable amplitudes and a duration 6. Narrow and wide rectangles represent =/2 and = pulses, respectively. The pulses are applied along the x axis,
unless otherwise specified. The phase cycle is ¢1 =y, — y.y, — ¥, #2=V, ¥, — ¥, =¥, and ¢rec = X, — X, — X, X. The five soft pulses on the I ('H) channel shown in grey serve to
selectively rotate the magnetization of the solvent without affecting the remainder of the spectrum. The first three make it possible to restore the solvent magnetization back
to its equilibrium position; the last two contribute to suppress the solvent magnetization in the manner of WATERGATE [4].
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suppression of the water signal. In our hands, the water signal is
dramatically enhanced if the last gradient is weak. Therefore, to
implement the X-STE sequence on single-axis gradient probes,
the WATERGATE sequence has to be shifted after the decoding gra-
dients (see Fig. 2). However, this leads to a loss of signal because of
transverse proton relaxation. In practice, the residual water signal
tends to be larger with this scheme than with triple-axis gradients.
Simultaneous WATERGATE and decoding gradients along three
dimensions can be designed so that the vectorial sum of the gradi-
ents may be tilted close to the magic angle, leading to an improved,
more reproducible, suppression of the water signal [31].

The signal amplitudes S recorded with Gencode = Gdecode 7 0,
normalized by the signal So obtained with very weak gradients
Gencode = Gdecode =~ 0, are attenuated in the following manner [13]:

S/So = exp{—D4i?(A + 67)} (1)

where A and t are delays in Fig. 1, k =75 Gencoded, the factor 4 = 22
expresses the fact that each bipolar pulse pair comprises two gradi-
ent pulses, y is the 'H gyromagnetic ratio, 0 <s< 1 is a factor that
describes the shape of the gradient pulses, § is their duration, and
D is the diffusion coefficient, which can be determined from the
Gaussian curves S/Sp observed when varying the maximum gradient
amplitude Ggvose = Garone:

At the request of users of cryoprobes equipped with a single
gradient, who wanted to implement the X-STE method, we have
modified the sequence of Fig. 1, so that all PFG’s can be applied
along the same axis (see Fig. 2). To avoid undesirable refocusing,
however, it is essential to use G, field gradients with different ampli-
tudes. One should fulfill the inequalities Gg # Gs # G4 # G3 # G #
G1 # Gencode for each of the amplitudes Gepcode €mployed i.e., for
every experimental point in the diffusion profile. Such experiments
are of course more demanding to set up than those designed for tri-
ple gradients, the sensitivity is lower, the water suppression less
efficient and artefacts may result from accidental refocusing ef-
fects. Such artefacts may be hard to identify if they appear at the
same chemical shift and with the same phase as naturally occur-
ring signals. Thus, for X-STE methods as well as for some more con-
ventional DOSY sequences, the availability of triple gradients is not
essential but extremely beneficial.

3. Suppression of zero-quantum coherences

In many NMR experiments, the excitation of specific coherences
over a broad range of shifts and couplings may be necessary. In the
case of homonuclear spin systems, it is difficult to discriminate be-
tween zero-quantum coherences and longitudinal two-spin terms
using radio-frequency pulses alone. Pulsed field gradients (PFGs)
can make this distinction, and the best option is to use three
orthogonal gradients. The amplitudes and lengths of the gradients
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must be set with care in order to achieve the desired selection, and
they depend on other experimental parameters, such as the ampli-
tudes and durations of frequency-swept pulses. The optimisation
of the gradient amplitude is performed experimentally, as de-
scribed in the following. The gradient calibration methods de-
scribed herein can be beneficial for a wide range of experiments,
ranging from classical sequences designed for the study of diffu-
sion, cross-relaxation and exchange effects to broadband singlet-
state exchange spectroscopy.

The elimination of single- and double-quantum coherences is
straightforward when a gradient is applied, as their precession
rates vgq = v; 0T vs and vpq = v; + vs strongly depend on the local field
B,(r), so that these coherences rapidly dephase across the sample
in the presence of a gradient. On the contrary, the precession fre-
quency of a zero-quantum coherence (ZQC), vzq = v — vs, does not
depend on the typical gradient strengths. So far, the most effective
solution to eliminate zero-quantum coherences in two-spin sys-
tems has proven to be an ingenious method that relies on a combi-
nation of a frequency-modulated ‘Chirp’ pulse with a pulsed field
gradient [32,33].

This building block, which we shall henceforth refer to as the
Thrippleton-Keeler (TK) filter, works in the following manner:
when the precession frequencies are very similar, as is the case
for zero-quantum coherences, the phases are scrambled by ensur-
ing different evolution times for various voxels in a sample ex-
posed to a field gradient. A considerable dephasing can be
obtained by applying = refocusing pulses at different moments
in time to various ZQC components precessing at different fre-
quencies because of the field gradient. To achieve this effect, a
frequency-swept = pulse is applied in conjunction with the
gradient.

The range of frequencies swept by the pulse has to match the
range induced by the gradient, and to this effect the filter has to
be calibrated. The standard calibration of the TK filter [33] relies
on verifying that the resonances are properly inverted by a fre-
quency-swept Chirp pulse [34] in presence of the gradient. A 1D
spectrum recorded after the filter has to have opposite sign with
respect to the spectrum recorded without the filter. Although his
method is straightforward, it does not measure the effect of the fil-
ter on its intended target, i.e., on zero-quantum coherence. A se-
quence of pulses is required to convert ZQ coherence into
detectable signals, but manipulations before and after the applica-
tion of the filter might lead to artifacts. We shall demonstrate a
new way of optimizing the TK filter that measures the effect of
the filter directly on a zero-quantum coherence. The use of three
orthogonal gradients significantly improves the outcome. Prior to
explaining this calibration method in the Materials and Methods
section, we outline a few experiments for which the performance
of the filter is critical.
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Fig. 2. Pulse sequence for X-STE adapted for a single-axis gradient probe. See Fig. 1 for details. Note the relative signs of the last decoding and first WATERGATE gradients that

ensure cumulative dephasing of the residual water magnetization.
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3.1. Exchange spectroscopy (EXSY) and nuclear Overhauser effect
spectroscopy (NOESY)

In these ubiquitous experiments [15,16,35], the unwanted
occurrence of double- and zero-quantum coherences in the mixing
interval 7, may lead to misleading signals known as “J-cross-
peaks” [35], i.e., dispersive anti-phase signals that may obscure
genuine signals. Likewise, zz-exchange spectroscopy [36] relies
on the observation of longitudinal two-spin order terms 2I,S, and
therefore also requires the elimination of zero-quantum coher-
ences [33]. Because of the intensive use of these sequences in bio-
molecular NMR, a number of methods have been proposed to rid
the spectra of ZQ coherences [37-40], but none has proven as
effective as the TK filter. The calibration method proposed here
and the comparison of single and triple gradients are relevant for
everyday applications of the ubiquitous EXSY and NOESY methods.

3.2. Suppression of zero-quantum coherences in broadband singlet-
state exchange spectroscopy (SS-EXSY)

The elimination of zero-quantum coherences (ZQC) is also
desirable in experiments using long-lived (singlet) states
[18,19,21,23-25] in homonuclear spin systems with arbitrary off-
sets and scalar couplings. Broadband excitation of singlet states
in systems containing two or more spins opens new horizons for
the investigation of slow dynamic processes by NMR. Long-lived
states are useful for experiments to study diffusion [26,27] and
slow exchange [25], and allow one to derive molecular symmetry
and other properties reflected by dipole-dipole and chemical shift
anisotropy interactions [24]. Singlet states can be maintained by
applying a strong continuous-wave (CW) radio-frequency (RF) field

PFG

T¢

T

a

Fig. 3. Excitation of two-spin coherences 2[,S, and ZQy in homonuclear two-spin
systems and elimination of ZQy using a TK filter consisting of a gradient G, and a
frequency-swept pulse of duration tr. The hatched, filled, and open rectangles stand
for n/4, /2, and = pulses, respectively. The pulses are applied along the x axis, unless
otherwise specified.

[18,41], or by applying suitable trains of composite or shaped
pulses [23]. Applying established methods to distinguish between
coherence orders [42,43], singlet states can be selected by using so-
called isotropic filters with tetrahedral phase cycling [22]. The TK
filter is the method of choice to purge coherences independently
of the chemical shifts.

It has been shown [25] that singlet states may be excited over a
broad range of chemical shifts and J-coupling constants by select-
ing longitudinal two-spin order while eliminating zero-quantum
coherences at the beginning of the interval where these states
are sustained by suitable RF irradiation. The filter has to be applied
a second time after this interval, in order to reconvert singlet states
into detectable coherences. For both selection steps, TK filters have
been shown to be effective. In order to avoid accidental refocusing
effects due to the combination of the two filters, it is preferable to
apply the gradients along two orthogonal directions. The long life-
times of singlet states offer straightforward means to distinguish
them from other coherences. This method recommends itself
whenever one is interested in the study of slow dynamic phenom-
ena, such as exchange and diffusion. However, the singlet states
can also provide information on molecular symmetry and structure
[24]. For instance, if a singlet state is excited to determine the rel-
ative orientation of the chemical shift anisotropy (CSA) tensors of
two nuclei, the lifetime of this state may be comparable to that
of other coherences. Accurate fitting of the decay curves of the sin-
glet state requires that other coherences be properly eliminated. In
sequences used in this type of studies, where short evolution inter-
vals are required, it is therefore essential to separate long-lived
states from other coherences.

4. Materials and methods
4.1. Elimination of zero-quantum coherences

In a homonuclear pair of J-coupled spins I and S, a spin-echo se-
quence [(7/2)y — 71 — (n)x — t1] with a duration 27, = 1/(2J) leads to
antiphase terms 2I,S, + 21,S, (at time point b in Fig. 3). A (n/4),
pulse transforms these antiphase terms into a superposition of lon-
gitudinal two-spin order, zero-quantum, and double-quantum
coherences at point c of the sequence in Fig. 3:

21S,; + 21,5« — 21,Sx — 21,S, = ZQ, + DQy — 21,S, (2)
where the zero- and double-quantum coherences are defined as
usual [44]:

ZQ, = 1/2(2L,S, + 21,S,)

DQ, = 1/2(21Sy — 21,S,) 3)

1
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Fig. 4. Generation of 2I,S, and ZQx in a homonuclear two-spin system and their contributions to the Qs operator as the ZQy coherence precesses with a period
Tz =1/(vi — vs). The purging gradient G, used in this sequence eliminates DQ, coherences. The hatched, filled, and open rectangles stand for =/4, =/2, and = pulses,

respectively. The pulses are applied along the x axis, unless otherwise specified.
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Fig. 5. Sequence for the optimization of the gradient amplitude G, in a Thrippleton-Keeler (TK) filter. The delay t; must be set to ; = 1/(4 J;s), i.e. 1 =20 ms for J = 12.5 Hz.
The filter performs best if the offset between the resonances of spins I and S is known and ¢ is set to a value close to ¢~ Tzq = 1/(vzq) = 1/(vi — vs) [33]. In our case, a value
7¢=10.4 ms was used, as T,q = 10.6 ms. As the variable delay r, is stepped from 1 to 11 ms, there is a variation of the signal amplitude depending on the amount of undesirable
ZQy coherence that remains after the TK filter. Gradient strengths ranged between G; = 5 and 90 % of the maximum amplitude (Gmax = 50 G/cm). The brief purging gradient G,
eliminates double-quantum coherences that occur at point e. The interval between points e and f corresponds to half the precession period of the ZQ coherence, which in this
case was set to Tzq/2 = 5.3 ms. WALTZ-16 irradiation was applied for a period tr, = 4 s. The hatched, filled, and open rectangles stand for n/4,7/2, and = pulses, respectively. The
pulses are applied along the x axis, unless otherwise specified. The phase cycling was ¢ = X, — X, ¢rec = X, — X.
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Fig. 6. (A) Partially deuterated sugar used for the experiments, with two coupled diastereotopic protons H; and H:. (B). The 1D spectrum of this molecule, consisting of two
doublets with J(Hs,Hz) =12.5 Hz; (C) Signals in the 1D spectrum obtained with the sequence in Fig. 5 as t, is varied: when the gradient is not properly calibrated (top) and
when a calibrated gradient is used (bottom). The filter is most effective when the signal amplitudes do not depend on t,, i.e., when the signal amplitudes are nearly constant in
all six experiments. (D) Calibration of the Thrippleton-Keeler (TK) zero-quantum suppression filter. For each gradient amplitude (histogram below) a set of six spectra,
recorded using t, =1, 3,5, 7,9, and 11 ms, as in C, is displayed. Experiments using the gradient value (G, = 35 %) for which optimal suppression of ZQC is achieved are
outlined by a double-headed arrow: intensities in these experiments are almost constant (independent of z).
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In a similar manner, a mixture of 2I,S, and 2LS, terms can be
generated by starting with a (n/2), pulse, generating antiphase
terms 21,S, + 21,S, and subsequently applying a (n/4), pulse. These
terms can be readily inter-converted, e.g., a (n/2), pulse inter-con-
verts 21,5, and 2LS,.

In the sequence in Fig. 3, the TK filter in the interval between
points ¢ and d consists of a combination of a frequency-swept
pulse and a gradient G;. Its effect [33] is to eliminate all in-plane
terms, leaving populations I, and S, and longitudinal two-spin or-
der 2L,S, unaffected. Therefore, at point d in Fig. 3 the only remain-
ing term is 21,S,.

Long-lived states LLS (or, equivalently, singlet states, in systems
that contain only two spins) can be described by combinations of
operator products:

Q :—iT@:—l(l S+ 1,5, +1,S,) :*ius +2Q) (4)
LLS \/§ \/§ XX vy z9z \/§ z9z X

The last expression shows the importance of the relative signs
of the longitudinal two-spin order 2LS, and the zero-quantum
ZQ, terms. Ideally, both terms should have equal projections [45]
on Qus:

P = Tr(21,S, - Qus) = Tr(ZQ}, - Qus) = —% (5)
A
G, (%) ¢
90 =
5 -

After an excitation step similar to the one outlined in Fig. 3
(time points a to c), the ZQ, term has a sign opposite to the 2I,S,
term (see Fig. 4). Subsequently, the ZQ, term may acquire an arbi-
trary phase during free precession, so that its contribution to the
singlet state LLS may be additive or subtractive (Fig. 4).

This property can be used in order to calibrate the TK filter
in Fig. 3 by inserting a variable delay z, after the filter before
switching on the RF irradiation that generates and maintains
the singlet state. If the signal amplitude at the outcome of
such a sequence depends on 7, this indicates incomplete sup-
pression of the ZQ, coherence by the TK filter. On the other
hand, a signal of constant amplitude regardless of t, indicates
that the filter is correctly calibrated, so that the ZQy is prop-
erly suppressed, and the singlet state originates exclusively
from 2I,S, terms.

5. Experimental

All experiments were carried out on 500 MHz (Bo=11.75 T)
spectrometers in Fdllanden and Lausanne, both equipped with
prototypes of cryoprobes with three orthogonal gradients. The
test sample was a monosaccharide with a five-membered fura-
nose ring where all hydrogen atoms - except those in positions

+—rt—r et — et — et —rt— rt— Ittt It e >

PP P PP — >

Fig. 7. Thrippleton-Keeler (TK) filter (A) Calibration using only Gy« gradients between 5 and 90 % of their maximum amplitude (see histogram). (B) Calibration using G,
gradients between 5 and 90 % of their maximum amplitude (histogram) superimposed with a constant G4 gradient of 20 %. The gradient values (Gix =55 % in Aand G;,=25%
in B, respectively) for which optimal suppression of ZQC and, therefore, almost constant profiles are obtained, are evidenced by double-headed arrows.
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Hs and H.- were replaced by deuterium atoms so that the life-
time of the singlet state was Ts~ 26 s, while the longitudinal
relaxation time, Ty, was 0.7 s, as described in more detail else-
where [25]. The test sample was contained in a Shigemi tube
with an useful height of 12 mm and an outer diameter of
5 mm. The concentration of the sample, dissolved in deuterated
DMSO, was ~ 10mM and its temperature 300 K. Two tran-
sients were acquired with an acquisition time of 0.8 s, a spec-
tral width of 10.3 kHz (20.6 ppm) and a relaxation delay of
30s, preceded by two ‘dummy scans’, without acquiring any
signal. In the TK filters, ‘Chirp’ pulses with linear frequency
sweeps were used, with a maximum amplitude
vihax —=1.82 kHz, apodised by a sine function during the first
and last 10 % of their duration, and a frequency sweep range
of 40 kHz [33,46]. The maximum allowed gradient amplitude
is the same in all three directions of space: Gymax = Gymax=
G,max =50 G/cm, inducing a frequency spread for protons in
the sample of 212 kHz/cm. A WALTZ-16 [47] sequence, with a
constant RF amplitude v; =3.13 kHz was used to maintain the
singlet states during an interval t, =4s. The total duration of
the filter optimisation process, using six experiments for each
gradient amplitude and 18 increments of the gradient ampli-
tude between 5 % and 90 % of Gax was 4 h.
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6. Results and discussion

An imperfect cancellation of ZQ terms after point c of the se-
quence in Fig. 3 results in variations of the singlet state populations
at the beginning of the RF irradiation interval. This is due to
destructive interference of the longitudinal two-spin order and
zero-quantum coherences at point d.

We have calibrated the filter described in Materials and Meth-
ods using a sequence that excites both 2I,S, and ZQ,. The latter is
partly eliminated by the filter, while the former is transformed into
a long-lived (singlet) state and subsequently re-converted into
detectable magnetization (Fig. 5).

As the delay t, is varied, depending on the amount of ZQy
coherence that survives after the TK filter, there is a variation
of the signal amplitude. The sequence was used with G; gradi-
ents between 5 and 90% of their maximum allowed amplitude,
recording for each gradient amplitude 6 spectra, using 7, =1, 3,
5,7,9,and 11 ms, as described in the caption to Fig. 6. Note that
the property outlined in Fig. 4 is used to achieve a constructive
interference between 2I,S, and ZQx between points eand f of the
sequence, by setting this interval to half of the precession period
of the zero-quantum coherence, Tzq/2 =1/2[1/(vi — vs)]; for in-
stance, in our case, a frequency difference v; — vs=94 Hz led us
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Fig. 8. (A) Sequence using two consecutive TK filters: one before and one after the interval where the singlet state is maintained. (B) Imperfect suppression when only G,
gradients are used. In both filters the gradient amplitudes were set to Gy, = G,, = 35 % of Giax. (C) Same sequence as in A, using a gradient G; along the z axis and a gradient G,
along the x axis. (D) Improved suppression when using two gradients along different axes. In the first filter, the gradient value was set to G;, = 35 %, while in the second filter
the gradient was set to Gy, = 55 % of its maximum amplitude. The signals are plotted as a function of z,. The hatched, filled, and open rectangles stand for n/4, =/2, and = pulses,
respectively. The pulses are applied along the x axis, unless otherwise specified. The phase cycling was ¢ = X, —X, ¢rec = X, —X.
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to set Tzo/2 = 5.3 ms. The results of this calibration protocol are
shown in Fig. 6.

The smallest t,-dependent variations of the signal amplitudes
occur when the gradient G; has an amplitude corresponding to
35 % of its maximum (Gpax =50 G/cm). This gradient amplitude
therefore corresponds to an optimal calibration of the TK filter. It
is worth noting that the filter needs to be calibrated only once
for a given probe. The total duration of the 6 x 18 = 108 experi-
ments needed for calibration was 4 h, owing to the high sensitivity
of the cryoprobe (2 transients/experiment were sufficient).

We have also explored the performance of the TK filter when
the gradient is applied along a different axis. Using the sequence
in Fig. 5 with G, rather than G, gradients, it can be expected that
different gradient amplitudes will be needed to optimise the TK fil-
ter. As the same ‘Chirp’ pulse was used with both G and G, grad-
iens, a stronger gradient value was required to create the same
distribution of frequencies across the width (x dimension) of the
sample tube, which is smaller than its height (z dimension). The
characteristics of the tube (e.g., whether a Shigemi tube is used)
obviously make a difference. It was found (Fig. 7) that the effi-
ciency of the filter was maximal when the G, gradient had an
amplitude of 55% of Gnax. It should be noted that the difference be-
tween the optimal values G, = 35% (Fig. 6D) and Gix = 55% of Gax
(Fig. 7A) is mainly due the difference between the length and the
diameter of the sample. When a superposition of Gy and G, gradi-
ents was evaluated while maintaining the G, gradient constant
(20% of Gpax), the TK filter was found to perform best for an ampli-
tude G, of 25%. This combination of two orthogonal gradients leads
to signal intensities that are nearly independent of z, , i.e., a better
performance than can be attained when only a G, gradient is used.
The vector sum of amplitudes of the Gy and G, gradients that opti-
mises the performance of the filter is a little smaller than the
amplitude of the z gradient alone that yields the same effect.

We have shown [23] that, using adequate irradiation methods
with shaped pulses with RF peak amplitudes of up to 16 kHz, the
frequency bandwidth over which singlet states can be sustained
can be extended to about + 12 kHz. The excitation of singlet states
over a bandwidth of this order of magnitude (i.e., independently of
the chemical shifts of the spins I and S) implies that the ZQ must be
eliminated by a proper calibration of the TK filters over the same
bandwidth. The elimination of the ZQyx coherences has to be per-
formed twice, first prior to the generation of the singlet states,
and again when they are converted back into observable coher-
ences. Indeed, a sum of ZQ, and I,S, coherences resulting from
the Qs operator after the irradiation period gives no observable
antiphase signals if a (n/4), is applied immediately, but only if a
suitable interval, z,, or a TK filter are inserted. We have tested
whether the application of two TK filters (in the singlet-state exci-
tation and back-conversion steps) using two G, gradients (i.e.,
along the same axis) results in the generation of artefacts. Even
when both gradients are set to their optimum values, some arte-
facts survive after the second filter (Fig. 8) in this situation.

The application of filters using two orthogonal gradients G, and
Gy resulted in a clean selection of signals (Figs. 7 and 8C and D) that
were largely independent of the delay t, inserted prior to the last
n/4 pulse, indicative of the fact that little ZQ, coherences survived.

7. Conclusions

It has been shown that probes with triple gradients are of
great advantage for the accurate determination of slow diffusion
constants with the X-STE method. A reliable calibration of
Thrippleton-Keeler (TK) filters, designed to eliminate zero-quan-
tum coherences, has been presented. By calibrating these filters
against their intended target, i.e., against zero-quantum coher-
ences, it has been shown that their performance is improved

when at least two orthogonal gradients are available. These meth-
ods will be useful to optimize the zero-quantum elimination in
EXSY and NOESY sequences, in z-COSY, in zz-exchange spectros-
copy, in singlet-state DOSY and singlet-state exchange spectros-
copy. It can be concluded that probes endowed with triple
gradients should be preferred over probes that are equipped only
with longitudinal gradients.
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