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Nitrogen is an element of fundamental importance in almost every
aspect of chemistry, yet the 99.6% abundant '*N isotope is not
commonly studied by solid-state NMR. This is due in part to its
relatively low resonance frequency (28.9 MHz at 9.4 T) but more
crucially to its integer spin number (/ = 1), which results in anisotropic
broadening of N powder patterns, frequently across several MHz
for sites lacking spherical symmetry. This also means that both single-
quantum Zeeman transitions are perturbed by the quadrupolar Hamil-
tonian to first order, and while this interaction can provide valuable
information on the local electronic structure, stronger magnetic fields
do not reduce the pattern widths. There have been numerous efforts
to make solid-state "N NMR more accessible, and advances have been
made in the development of slow sample rotation techniques,'
overtone spectroscopy,>* high stability magic angle spinning (MAS),>°
and indirect detection.”® Each of these methods have associated
advantages (sensitivity to dynamics, reduced spectral width, ability to
probe chemical shielding anisotropy (CSA), or heteronuclear correla-
tions) and disadvantages (narrow or inefficient excitation, sensitivity
to MAS settings, or reliance on coupling to “spy” nuclei), and none
of these techniques have become commonplace. In this communication,
we show that high-quality static '*N spectra can be obtained at
intermediate field strengths in an uncomplicated fashion using frequency-
swept pulses, thus allowing the quadrupolar parameters to be accurately
measured. Such pulses can increase excitation bandwidths and were
first applied to refocus the quadrupolar interaction in integer spins (*H)
by Bodenhausen.” We show that they can be used to exploit the
symmetry of integer spin, quadrupolar-dominated powder patterns to
achieve signal enhancement via population transfer between the
Zeeman levels. This mechanism is demonstrated using numerical
simulations and density matrix analysis and confirmed experimentally
using a sample of KNOs.

Figure 1a shows the N powder pattern for KNOs (dashed line).
The effects of the nitrogen CSA are significantly smaller than the
quadrupolar perturbation, so this line shape shows mirror symmetry
about the isotropic shift. The two “horns” result from a crystallite
orientation in which the largest principal component of the electric
field gradient tensor is oriented at an angle 8 = 90° relative to the
external field, with one peak for each of the Zeeman transitions as
shown. The red outline represents the amplitude profile of a
WURST pulse,'® whose frequency is swept linearly from low to
high frequency via modulation of its phase. To observe the effect
of this pulse on the # = 90° spin system, a 50 us WURST-80 pulse
(40 kHz rf power) sweeping from —1.0 to +1.0 MHz was simulated
using the SIMPSON software,'"'? and the density matrix was
extracted at three points in time as indicated in Figure 1a. The initial
state at time 1 is the density matrix at thermal equilibrium. At time
2 (halfway through the pulse), the —1 <> 0 coherence corresponding
to the low frequency peak is generated. At this stage a weak 0 <>
+1 coherence is also created, and the population difference between
these levels is enhanced, such that once the sweep is completed at
time 3, coherences generated between these levels are larger in
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Figure 1. (a) Schematic illustration of a WURST pulse shape (red, not to
scale) sweeping across the '“N spectrum of KNOj (dashed line, to scale)
from right to left. Density matrices are shown for the # = 90° crystallite at
times 1 (thermal equilibrium), 2 (midpoint of pulse), and 3 (final state). (b)
Simulated WURST echo spectrum for the # = 90° crystallite with relative
intensities shown. (c) Simulations of the KNO; powder pattern at different
rf field strengths. (d) The same simulations with normalized heights. (e)
Experimental spectrum acquired at 9.4 T in 16 pieces with constant sweep
direction. (f) Experimental spectrum acquired in 16 pieces with opposite
sweep directions on each side of the pattern as shown. (g) A single piece
obtained with QCPMG, (h) WURST-QCPMG with incorrect sweep
direction, and (i) WURST-QCPMG with correct sweep direction.
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magnitude than those of the —1 <> 0 transition (significant double-
quantum coherences are also generated). The effect of this process
on the NMR spectrum is illustrated in Figure 1b, which shows a
simulation of a two-pulse WURST echo sequence'® on a 8 = 90°
crystallite, with the 0 <> +1 transition showing twice the intensity
of the —1 <> 0 transition.

This signal enhancement mechanism is similar to DFS,'*
RAPT," or hyperbolic secant'® methods which have been used to
enhance the central transition in half-integer quadrupoles by
saturating or inverting satellite transitions. However, the method
presented here has two important differences. First, rather than being
a “preparatory” sequence added to the start of a standard experiment,
the population transfer here is achieved using the same pulses as
those which excite and refocus the transverse magnetization; i.e.,
it is an inherent feature of WURST pulses applied to quadrupolar
nuclei, and the effect will occur to some extent whenever a WURST
pulse traverses multiple transitions. The second difference is that,
for a powder pattern, the population transfer is not applied to a
particular transition but to particular crystallite orientations of each
transition. For example, when the WURST sweep traverses the low
frequency side of the KNO; powder pattern, it excites the —1 <=0
transition of the f = 90° crystallite and the 0 < +1 transition of
the § = 0° crystallite, with corresponding enhancements gained
on the opposite transitions on the other side of the pattern.

Figure 1c shows WURST echo simulations of the entire powder
pattern. The high frequency side of the spectrum is clearly enhanced,
with the enhancement increasing with rf power; however, line shape
distortions become apparent at higher power levels. Figure 1d shows
these simulations with normalized heights, illustrating clearly that the
distortion occurs almost exclusively on the low frequency side. The
WURST pulses function over a relatively broad range of rf powers,
so the optimum power is therefore a compromise between the extent
of signal enhancement and minimization of line shape distortion on
the section of the pattern being acquired. Preliminary investigations
show that the distortions are dependent on the exact characteristics of
the frequency-swept pulses used (i.e., pulse length, amplitude profile,
and sweep rate). We are currently investigating this in detail.

Experimental confirmation of the signal enhancement is shown
in Figure le. This spectrum was acquired on a 5.0 mm static probe
at 9.4 T using the recently reported frequency-stepped WURST-
QCPMG sequence,'”'® with a constant sweep direction for each
piece (patterns of width > ca. 500 kHz must be acquired in a
piecewise fashion due to the limited probe bandwidth). Sixteen
separate pieces were acquired sequentially from high to low
frequency at equal intervals of 100 kHz, the innermost pieces
centered at £50 kHz from the isotropic frequency. A recycle delay
of 50 s was used between each scan, with 8 scans per piece (one
complete phase-cycle). All 250 frequency-dispersed echoes'?
recorded in each QCPMG train were coadded before processing,
resulting in a spectrum of standard (rather than spikelet) appearance.
The high frequency half of the spectrum is clearly enhanced over
the low frequency side, and the distortions on the low frequency
side closely match the simulations in Figure Ic and d.

To obtain a completely undistorted line shape with enhanced
signal on both sides, the sweep direction can simply be reversed
for the pieces on the low frequency side. The resultant spectrum
(Figure 1f) more closely matches the ideal shape. All the discon-
tinuities are clearly visible, and an analytical fit results in a Cq of
0.75 MHz and 7g = 0.02, in agreement with previous studies.'”
The lower frequency “horn” is somewhat reduced in intensity
compared with the other, an effect that was observed before in N
line shapes and explained in terms of equipment-related effects
(such as nonoptimal A/4 cable length)® which are not accounted

for in the simulations shown here. It may also be partly due to the
4N CSA of 0, = ca. 150 ppm in KNO;.'? The slightly increased
intensity at the region of the isotropic shift is a result of excitation
overlap between the two center-most pieces, which may be reduced
by increasing the size of the frequency step.

It is worthwhile noting how quickly the spectrum in Figure 1f was
obtained. The total experimental time was under 2 h, in sharp contrast
with the times reported for the same spectrum using slow sample
rotation by Yesinowski' at 7.05 T (four days) or the MAS spectrum
obtained by Jakobsen® at 14.1 T (33 h). We note, however, that the
MAS method does allow for determination of the '“N CSA param-
eters,'” which cannot be precisely measured at 9.4 T using our
approach, though they may be obtained at a higher field where the
effects of the CSA on the powder pattern are more pronounced. This
dramatic improvement in efficiency arises from three sources: (i) the
broad excitation bandwidth of the WURST pulses, (ii) the QCPMG
protocol, and (iii) the signal enhancement mechanism discussed herein.
To quantify their relative contributions, we acquired a single piece
near the high frequency “horn” using QCPMG and WURST-QCPMG
with both sweep directions. The QCPMG excited a region of only ca.
50 kHz width (Figure 1g), with a resultant S/N of 79. The increased
bandwidth obtained by using WURST pulses is evident from Figure
1h, but the incorrect sweep direction caused distortions and a drop in
SIN to 64. The enhanced signal obtained with the correct sweep
direction (i.e., from low to high frequency for regions on the high
frequency side) allowed for both a wide excitation bandwidth and an
improved S/N of 89 (Figure 1i).

This experiment is equally applicable to other integer spin nuclei
such as 2H (I = 1) or "B (I = 3), and the potential enhancement
achievable in the latter will be greater given its larger spin number.
For this general approach to signal enhancement in integer spin
systems, we suggest the acronym DEISM (Direct Enhancement of
Integer Spin Magnetization). This work demonstrates that static "N
NMR spectra are easily acquired even at intermediate field strengths,
and we hope that it will encourage further studies of this key nucleus.
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