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The use of pulsed magnetic-field gradients (PFG) in high-
resolution NMR is a major recent advance (/-7/6) which
was enabled by the availability of shielded gradient coils.
These resulted in greatly improved performance of PFGs,
with substantial reduction of the recovery time needed to
reach a stable homogeneous static magnetic field after the
application of a gradient. Among the many potential appli-
cations of PFGs in high-resolution NMR, use to reduce the
extent of phase cycling needed to define the coherence path-
way and to cancel artifacts has attracted special interest. For
such experiments, gradients up to about 30 G/cm are needed,
for which satisfactory recovery times can be obtained. A dif-
ferent application of PFGs is for studies of the exchange
times of labile protons and intact water molecules, for ex-
ample, between the interior of proteins and the bulk solvent,
by evaluation of differences in the respective diffusion con-
stants. For such experiments, high gradient strengths with
short recovery times are needed to prevent substantial ex-
change during the application of the gradient and the dead
time. For a particular exchange experiment, a gradient field
strength of 180 G/cm was available in our laboratory, but
since the concomitant dead time of several milliseconds was
long compared to the expected exchange times of less than
one millisecond, no differences in individual diffusion con-
stants could be measured. Kriwacki er al. (17) recently pro-
posed the use of moderate PFG strength for similar mea-
surements, but no evaluation of individual exchange rates
was given.

Preemphasis units have been introduced to reduce long
waiting times after intense gradients, which is of general in-
terest since upon application of gradients with long recovery
times to transverse magnetization, both relaxation and ex-
change processes can lead to substantial signal loss. A
preemphasis unit shapes the gradient pulses, for exampile,
with exponentials of different time constants and amplitudes,
resulting in compensation of the transient response induced
in the system when magnetic-field gradients are switched on
or off (18). Drawbacks of this approach are that the adjust-
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ment of analog preemphasis units requires manipulations
which are similar to the shimming of a magnet and may
require substantial time and experience. Furthermore, the
induced transient signals have a complex spatial and time
dependence and cannot usually be fully corrected by a
preemphasis unit.

In this Communication we propose a self-compensating
PFG sequence (“PFG sandwich™ ) which allows one to greatly
reduce transient responses without tedious adjustments and
without the need of additional hardware. Since successive
PFGs are highly reproducible, the application of a pair of
sign-inverted but otherwise identical PFGs will result in
transient responses which are also opposite in sign and
thereby compensate imperfections of the individual pulses.
To prevent refocusing of the effect of the first gradient pulse,
a 180° radiofrequency pulse is applied between the two gra-
dients, so that the location-dependent phase of the individual
magnetization components obtained during the first gradient
will further develop during the second gradient. Figures 1A
and [B show the implementation of a PFG sandwich into a
pulse sequence designed to measure the recovery time after
the application of a gradient. In Fig. 1B, the gradient with
length 27, in Fig. 2A is substituted by two gradients with
length 7, and opposite sign, which are separated by a 180°
RF pulse. Figures 1C and 1D show the use of a PFG sandwich
in a pulse sequence for diffusion measurements, where we
want to compensate transient responses due to the applica-
tion of strong gradients. A similar pulse sequence has been
proposed to compensate for strong static background mag-
netic-field gradients in solids (/9).

Figure 2 compares 'H NMR spectra of a 20 m M solution
of the protein bovine pancreatic trypsin inhibitor (BPTI) in
90% H,0/ 10% D,0O which were recorded with conventional
PFGs (Figs. 2A and 2C) or with the presently proposed, self-
compensating PFG sandwiches (Figs. 2B and 2D). The ex-
periments used for Figs. 2A and 2B (Figs. 1A and 1B) or for
Figs. 2C and 2D (Figs. 1C and 1D) were otherwise identical.
The measurements were performed on a Bruker AMX-500
NMR spectrometer equipped with shielded gradient coils
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FIG. 1. Pulse sequences for one-dimensional '"H NMR experiments
with pulsed magnetic-field gradients ( PFG) using conventional PFGs or the
newly proposed PFG sandwich, respectively. RF stands for radiofrequency.
. for pulsed magnetic-field gradient, and ¢ for the acquisition time. Vertical
bars represent radiofrequency pulses. where the different pulse lengths for
7 /2 and = pulses are indicated by the width of the bars. Gradient pulses are
indicated by the shaded shapes. The duration of the PFGs is indicated in
units of 7,. The delays between subsequent gradient pulses. or between gra-
dient and radiofrequency pulses. are typically a few microseconds, unless
indicated by a delay time 7,. 7., or 73 (see Fig. 2). (A) Pulse sequence used
to measure the recovery time after the application of a PFG. (B) Same as
(A}, but with a seif-compensating PFG sandwich. (C) Pulse sequence used
for diffusion measurements. (D) Same as (C). but with PFG sandwiches.

and a 10 A gradient amplifier, no preemphasis was used,
and the lock signal was not switched off during the appli-
cation of the gradients. With the experimental parameters
given in the legend to Fig. 2, the spectrum in Fig. 2A was
distorted by the slow recovery of the field homogeneity. The
spectrum in Fig. 2B corresponds to a spectrum measured in
a homogeneous field, which was rapidly attained with the
PFG sandwich. If more than one gradient is applied in the
same pulse sequence (Figs. 1C and 1D), even more dramatic
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differences can be observed. The high quality of the spectrum
in Fig. 2D and the absence of an interpretable spectrum in
Fig. 2C are an impressive illustration of the performance of
self-compensating PFGs.

Although the experiments in Fig. 2 provide a clearcut,
qualitative demonstration of the potential of PFG sand-
wiches, measurements of diffusion constants with PFGs pro-
vide a more quantitative picture of the recovery of field ho-
mogeneity, because the evaluation of such data depends crit-
ically on good suppression of induced transient responses
(20). Figure 3 shows data on H,O self-diffusion in a 20 mM
solution of basic pancreatic trypsin inhibitor in a mixed sol-
vent of 90% H,0/10% D,0. [ The experiment was performed
with a solution of BPTI to obtain a reference for measure-
ments of exchange rates of labile protons and intact water
molecules between the interior of this protein and the bulk
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FIG. 2. One-dimensional '"H NMR spectra recorded with a 20 mM
solution of BPTI in 90% H,0/10% D,O at pH 3.5 and T = 293 K using
the pulse sequences indicated in Fig. 1. To reduce the residual H,O signal,
a moving time average of the FID taken over 50 complex points was sub-
tracted from the original FID (24). No baseline correction was used. All
spectra were plotted with identical noise levels. All gradient pulses had a
length of 2 ms for single PFGs and 1 ms for each individual pulse in the
PFG sandwiches. The individual gradient pulses had a modified rectangular
shape, with the last quarter of the rectangle attenuated by multiplication
with cosine squared. The gradient strength was 60 G/cm throughout. (A)
Spectrum acquired using the conventional pulse sequence shown in Fig.
1A, with a 4 us delay between switching off of the gradient and the 90°
excitation pulse. (B) Same as (A), but using self-compensating PFGs (Fig.
1B) with delays of 4 us between RF pulses and gradients. (C) Scheme in
Fig. 1C for diffusion measurements, with 7, = 32 us, 7, = 4 us, and 7, = 4
us delays separating gradients and RF pulses. (D) Same as (C) but using
gradient sandwiches (Fig. 1D) with 7, = 32 us, 7, = 4 us, and 7; = 24 pus.
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FIG. 3. Two self-diffusion measurements of H,O in a 20 m A solution
of BPTI in 90% H,0/10% D,O at pH 3.5 and T = 277 K using the pulse
sequences indicated in Fig. 1C (@) and Fig. 1D (O), respectively. In the
scheme in Fig. 1C the lengths of the pulse gradients were 2 ms each, with
7, = 7, = 1 ms. In the experiment in Fig. 1D all gradients had a length of
| ms, with 7, = 7, = 1 msand r; = 24 us. All gradient pulses had a modified
rectangular shape, with the last quarter of the rectangle attenuated by mul-
tiplication with a cosine squared. To determine the self-diffusion constants,
different experiments with identical time intervals 7., 7,. and 7, were per-
formed with variable gradient strengths of 18, 36, 54, 72,90, 108, 126, 144,
126, and 180 G/cm. The straight line through the open circles represents a
fit of a hiner function to In(S/S,). The self-diffusion constant D for H;O in
20 mM BPTI at 277 K was thus determined to be 1.0 X 107% cm?/s (see
text). The curved dotted line through the filled circles was drawn manually
to guide the eye.

solvent (unpublished results)]. Two series of spectra were
recorded, one with conventional PFGs (Fig. 1C) and the
other one using PFG sandwiches as shown in Fig. 1D. The
data were collected using constant time intervals 7, 75, and
73, while the gradient strength was incremented stepwise from
18 to 180 G/cm using a Bruker 30 A gradient amplifier
without a preemphasis unit. The delays 7, = 7, = | ms were
chosen sufficiently long to enable quantitative measurements
with the conventional PFGs for small gradient strengths up
to about 50 G/cm. For higher gradient strengths, the spec-
trum resulting from the scheme in Fig. 1C was distorted to
the extent that an evaluation was no longer possible above
120 G/cm. For the experiments in Figs. 1C and 1D, with a
rectangular gradient shape, the formula

In(S/Sy) = —4v°7;¢3(57/3 + 7)D (1]

describes the signal attenuation, S/S,, due to diffusion (27),
where D is the diffusion constant and g. the gradient strength.
For nonrectangular gradient pulse shapes one obtains a more
complicated dependence on the gradient length, 7,, and the
delay between the gradients, 7, (79, 22). Instead of calcu-
lating the actual dependence for the gradient shape applied
in our measurements, we used the known self-diffusion con-
stant of H,O in a pure mixture of 90% H,0/10% D,O [D
= 1.2 X 107% cm?/s at 277 K (23)] to calibrate the mea-
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surements in Fig. 3. With this calibration the self-diffusion
constant for H,O in 20 m M BPTI was found to be 1.0 X
1075 cm?/s at 277 K.

In conclusion, the results obtained with the experimental
schemes in Fig. | demonstrate that the application of a self-
compensating PFG sandwich for reduction of unwanted
transient distortions after switching the gradients on or off
enables much shorter recovery times than would be possible
with a single PFG. We compared the improvements achieved
with self-compensating PFG sandwiches for different hard-
ware configurations. Measurements with and without
preemphasis with different gradient shapes, or with the use
of a shielded gradient coil or the z shim coil to deliver the
gradients, gave corresponding improvements, confirming the
general applicability of the technique. (Of course, the recov-
ery time increases when unshielded coils, e.g., the z shim,
are used, or for rectangular pulse shapes, whereas it gets
shorter when a preemphasis unit is used. ) The radiofrequency
inhomogeneity of the 180° pulse will usually lead to
a small signal loss for each PFG sandwich used. It depends
on the particular experiment whether transverse relaxation
during a long recovery delay or the application of a 180°
pulse per PFG sandwich will result in a greater loss of sen-
sitivity. For example, whenever chemical exchange during
the recovery delay is of concern, selection of a short recovery
delay 1s crucial for all types of experiments. On the other
hand, if the magnetization of interest is either transverse
with a long value of the T, relaxation time or longitudinal,
the length of the recovery delay is usually not critical and
the use of PFG sandwiches may not be indicated.
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