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Abstract

The experimental factors influencing the enhancements achievable for the central NMR transition, m; = 1/2 — m; = —1/2, of spin-3/2
and spin-5/2 nuclei in the solid state using hyperbolic secant, HS, pulses for population transfer are investigated. In the case of powder
samples spinning at the magic angle, it is found that the spinning frequency, the bandwidth and the frequency offset of the HS pulse play
a crucial role in determining the maximum enhancements. Specifically, the bandwidth must be set to the spinning frequency for maxi-
mum signal enhancements. The ¥Rb NMR enhancement obtained for RbCIO, using HS pulses was relatively insensitive to the magic
angle spinning frequency; however, in the case of Al(acac)s, the >’Al enhancement increased with MAS frequency. In order to obtain an
adiabatic HS sweep, one should optimize the rf field for a given pulse duration or optimize the pulse duration for a given rf field.
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1. Introduction

Roughly two-thirds of all stable NMR-active isotopes
are quadrupolar with non-integer spin and of these,
approximately 85% have magnetogyric ratios less than
13C [1-4]. Clearly signal-to-noise is a problem in observing
NMR spectra for many of these isotopes in solids. Fortu-
nately, the central NMR transition, m; = 1/2 to m; = —1/2,
is relatively sharp because it is not perturbed by the first-
or third-order quadrupolar interactions [5-7]; thus, it is this
transition that has been the focus of most solid-state NMR
investigations of these isotopes. The line width of the
central transition, CT, is directly proportional to
VoI (I +1) = 3/4] /v, where vq =3Cq/21(2] — 1), vp is
the Larmor frequency, and Cq is the nuclear quadrupolar
coupling constant which is defined as the product of the
nuclear quadrupole moment and the largest principal com-
ponent of the electric field gradient, EFG, tensor, V[5-8].
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R.V. Pound [6]in 1950, was the first to demonstrate that
spin-state populations in a spin-3/2 system could be manip-
ulated by partial continuous wave saturation of the various
Z’Na NMR transitions in a single crystal of NaNO;. In
1981, Vega and Naor [9] showed that by inversion of the
two >*Na NMR satellite transitions in a single crystal of
sodium nitrate, the CI could be enhanced by a factor of
three in a pulsed NMR experiment. Later, Haase and Con-
radi [10] and Haase et al. [11] obtained signal enhance-
ments of 5.0 for the central *’Al (I=5/2) NMR
transition of a single crystal of Al,O3 by sequential adia-
batic inversions of the satellite transitions. Similarly, Haase
and Conradi [10] realized significant 2’ Al enhancements for
stationary powdered samples of a-Al,O3. In 1999, Kent-
gens and Verhagen [12] obtained CT enhancements of
approximately 1.7 for the central ?Na NMR transition
of polycrystalline Na,SO,4 by applying double-frequency
sweeps, DFS, to the satellite transitions of I = 3/2 spin sys-
tems in samples spinning rapidly at the magic angle. In the
same paper, the amplitude-modulated DFS pulses were
also utilized for the conversion of triple- to single-quantum
coherences in multiple-quantum magic angle spinning,
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MQMAS, experiments. Almost simultaneously, P.K. Mad-
hu et al. [13] also used fast amplitude modulated (FAM)
pulses for the same purpose in MQMAS experiments. In
2000, Grandinetti and co-workers [14] introduced the
rotor-assisted population transfer, RAPT, experiment to
enhance the CT of half-integer quadrupolar nuclei in
MAS samples. While the first RAPT experiments employed
an X —X sequence, a more robust version of RAPT
employs frequency switched Gaussian pulses, FSG-RAPT
[15]. More recently, Brdauniger et al. [16] used a FAM
sequence to enhance the CT of ?Al NMR spectra in both
stationary and spinning samples. The DFS and RAPT
techniques developed by Kentgens et al. [12,17-21] and
by Grandinetti and co-workers [14,15,22-24], respectively,
clearly have potential in studying non-integer spin quadru-
polar nuclei. We have recently shown that hyperbolic
secant, HS, pulses [25-35], which have been used as
broad-band inversion pulses in magnetic resonance imag-
ing, MRI, [27,29,34] and in liquid state NMR studies
[31], can be used to enhance the sensitivity of the CT for
spin-3/2 [36] and spin-5/2 nuclei [37]. As well, we have dem-
onstrated the benefits of HS pulses in MQMAS NMR
experiments involving spin-3/2 nuclei in solids [38]. In par-
ticular, enhancements for all three Rb sites in RbNOj real-
ized using HS pulses were superior to previously published
methods.

All three enhancement techniques, DFS, RAPT/FAM,
and HS, are based on population transfer; that is, the pop-
ulations of the m; = 1/2 and m; = —1/2 levels are modified
either by inverting the populations of adjacent satellite
energy levels (e.g., the m; = 3/2 and m; = 1/2 levels as well
as the m;= —1/2 and m; = —3/2 levels) or by saturating
them [39]. While this is straightforward for NMR studies
involving single crystals (vide infra), it is much more diffi-
cult for investigations involving powder samples where
the satellite transitions, STs, may span several MHz.

The purpose of this paper is to provide an evaluation of
the experimental parameters of HS pulses that influence the
sensitivity enhancement for half-integer quadrupolar nuclei
in solids. The HS technique is compared to the DFS and
RAPT techniques for several samples. While the focus of
this manuscript is on MAS powder samples of spin-3/2
and -5/2 nuclei, the technique is also demonstrated for sta-
tionary powder samples.

2. Background theory
2.1. Population Transfer

In a strong applied magnetic field, the equilibrium ther-
mal populations of the nuclear Zeeman energy states can
be altered by applying saturation or inversion pulses to
one or more NMR transitions. From an energy level dia-
gram applicable to an ensemble of spin-3/2 nuclei [36,39],
it is clear that a substantial enhancement in the intensity
of the CT can be achieved if the Boltzmann populations
are modified [39]. For example, it has been shown [36] that

inverting the populations of the m;=3/2 and m;=1/2
energy levels prior to selectively exciting the m;=1/2 to
my= —1/2 transition results in a CT enhancement of up
to 2.0. If both the m;=3/2 — m;=1/2 and the m; = —1/2
— my;= —3/2 transitions are inverted prior to excitation
of the CT, the maximum enhancement due to population
transfer is 3.0. It is straight forward to show that an
enhancement of 5.0 is possible for an ensemble of spin-5/2
nuclei [37] and, in general, for an ensemble of nuclei of spin
I, an enhancement of 2/ is possible. On the other hand, for
a spin-3/2 nucleus, simultaneous saturation of the STs pri-
or to selective excitation of the CT, yields an enhancement
of 2.0 or in general, (I+ 1/2) [36,37,39].

The theoretical maximum enhancement for the central
2’Na NMR transition, 3.0, from a single crystal of NaNOj
can readily be achieved [36]. For powder samples, the max-
imum enhancements are reduced because the STs are more
difficult to manipulate since they are typically spread over
frequencies (see Eq. (1), below) of many MHz due to the
orientation dependence of the nuclear quadrupolar interac-
tion. In addition, the STs always overlap with the CT
[8,40-43] making it difficult to selectively excite the entire
ST lineshape without perturbing the CT and vice versa.
For half-integer quadrupolar nuclei, perturbation of the
Zeeman energy levels due to the nuclear quadrupolar inter-
action to first-order, leads to STs with frequencies given by
Eq. (1) [5,8]:

Vim—m—1) = (vo/4)(1 — 2m;){ (3 cos® 0 — 1)
+1¢ sin’ 0 cos 29}, (1)

where v has been defined previously. The polar angles 0
and ¢ define the orientation of the principal components
of the EFG tensor in the applied magnetic field, By (6 is
the angle between V- and By), and the quadrupolar asym-
metry parameter, 1q, is equal to (Vi — V,,)/ V.., where the
principal components of the EFG tensor are defined such
that: |V_.| = |V,,| = |Vy|- All NMR transitions including
the CT are perturbed to second-order. Expressions for
the second-order corrections are given elsewhere [5,8,40-
447; here it is sufficient to note that the magnitudes of the
perturbations in frequency units are proportional to
Cé /vL. As mentioned in Section 1, the main objective of
the present study is to examine the utility and experimental
parameters necessary for inverting the populations of the
states associated with STs in MAS and stationary powder
samples using HS pulses. In particular, we will investigate
the experimental conditions necessary for achieving maxi-
mum enhancements of the CT with minimum lineshape
distortion.

2.2. Hyperbolic secant pulses

Hyperbolic secant, HS, pulses, first used in laser spec-
troscopy in 1969 by McCall and Hahn [25], were used by
Silver et al. to provide highly selective, low-power n-pulses
for MRI applications [27,28]. The HS pulse inversion pro-
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file is independent of the applied rf field, provided that it is
above a certain power level [29,31,32,34,35]. The HS pulse
is created using both amplitude, w;(7), and phase variation,
¢(t), which are given by [27,31-35,45,46]:

1 (t) = 0 maxsech ([3 (;—Z - 1)), (2)
o(t) = (g) (%) In [cosh (/3 (;—Z - 1))} + Awyt, (3)

where @1 max 1s the maximum amplitude of the pulse, 7p is
the pulse length, § (=5.3) is a truncation factor which limits
the sech function at an amplitude of 1%, 4 is equal to one-
half of the inversion bandwidth, and Aw, is the offset of the
HS pulse from the carrier frequency. The phase variation,
¢(t), generates an effective frequency sweep (i.e., the deriv-
ative of the phase), Aw(¢), over the bandwidth centered at a
particular offset, Aw,, given by [46]:

Aw(t) = Atanh (ﬁ (% - 1)) + Awy. 4)
P
Population inversion can only occur if the frequency sweep
is adiabatic, that is, if the sweep rate is sufficiently slow so
that the magnetization vector, M, is continuously aligned
with B.g. On the other hand, the sweep must be fast enough
that longitudinal spin relaxation during the sweep is negli-
gible. Similar requirements also pertain to DFS experi-
ments. For a more detailed discussion on adiabaticity the
reader is referred to references [30,31,33,39,47].

Before discussing the requirements for an adiabatic
sweep in systems of quadrupolar nuclei [17,47], it is instruc-
tive to first discuss a spin-1/2 system. Consider an ensemble
of spin-1/2 nuclei described by the following time-depen-
dent Hamiltonian:

H(1) = Ao ()L + on (D)1, (5)

where Aw(?) is the offset of the rf from the exact resonance
and w (1) is the amplitude of the rf field. The effective field,
wenl(t), expressed in frequency units, is the vector resultant
of Aw(t) and w((t). The adiabaticity factor, denoted as A,
quantifying the adiabaticity of the pulse, is given by
[30,31,47]:

o) o)+ A0()”

Cdo(t) ()L Aw() — Ao(t) Lw (1)’

(6)

where « is the angle between B.g and By. For the HS pulse
the adiabaticity factor is given by [48]:

_ Ll [cosh®(B(2t/T, — 1)) + (@1max/A)” = 1]
T2pT (@1 max/A)cOsh*(B(2/T, — 1)) '

Small values of 4 correspond to rapid changes in the angle
o and lead to a sudden passage, i.e., the Hamiltonian varies
too rapidly for the magnetization to respond and the state
of the system remains unchanged. Under these conditions,
the sweep has no effect on the populations of the energy
levels. On the other hand, large values of 4 lead to an adi-
abatic passage, and inversion of the populations of the

A (7)

energy level occurs. For spin-1/2 nuclei, a passage is gener-
ally considered adiabatic when 4 > 1.

For a spinning powder sample containing quadrupolar
nuclei, the expression for the adiabaticity factor is more
complicated because the quadrupole frequency, as indicat-
ed above, is orientation dependent and due to sample spin-
ning, becomes time dependent. Therefore, 4 depends on
the effective rf field, which is different for each of the pos-
sible transitions, the transition quantum number, and the
time dependence of the quadrupolar frequency under
MAS conditions, Qq(0,¢,1) [39,47]. For the transition
m; <> m; under MAS conditions, Schifer et al. [19] found
that at resonance, the adiabaticity factor can be expressed
by

2
. )
AT — Am eff g

MAS T Am £1Q0(0, §,1) — Ao(r)]” ®)

where wa,, o 1s the effective rf field of the given transition
and Am = m; — m;. Experimentally, the adiabaticity of the
HS pulse can be modified by either changing the rf field
or the sweep rate, i.e., the bandwidth or the duration of
the HS pulse.

3. Experimental
3.1. NMR experiments

All NMR experiments were performed on Bruker
Avance NMR spectrometers with wide-bore magnets oper-
ating at 'H frequencies of 300 and 500 MHz, correspond-
ing to magnetic field strengths of 7.05 and 11.75T,
respectively. Standard Bruker double-resonance MAS
probes accommodating 2.5, 4.0, or 7.0 mm rotors were
used. The **Na and ¥Rb NMR experiments were carried
out at 7.05T at frequencies of 79.46 and 98.30 MHz,
respectively; the rf field strengths were calibrated and
chemical shifts referenced using saturated aqueous solu-
tions of NaCl and RbCI, respectively. The *’Al rf field
strengths were determined using powdered samples of o-
AlLO3 (By=7.05T, 4mm rotor) and Al(acac); (Bo=
11.75T, 2.5mm rotor). The **Cr NMR measurements
were performed at 28.27 MHz (B, = 11.75 T); a saturated
aqueous solution of Cs,CrO4 was used to calibrate the rf
field strengths and for referencing of the chemical shifts.
The >*Mn NMR experiments were performed at
74.27 MHz (7.05 T) and the rf field strength was measured
directly on the powder sample of Mn,(CO);o. A powder
sample of KI was used to adjust the rf field strength and
reference the chemical shift of '*’I at a frequency of
100.50 MHz at By=11.75T. With the exception of
NH4I0,, all chemicals were commercially available and
used without further purification. Ammonium periodate
was prepared as described in reference [49].

The HS shapes were created using either the Bruker pro-
gram ShapeTool which is supplied with the standard
Bruker software package or via a Bruker macro-program
(au program) using Egs. (2) and (3). The HS pulse with
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two offset values can be generated using two different meth-
ods. The first method utilizes cosine amplitude modulation
of the HS pulse shape which has the effect of creating side-
bands about the carrier frequency in the same manner that
the DFS shapes are generated [12]. These shapes are creat-
ed by executing a macro-program just prior to acquisition
of the spectra for ease of spectra optimization. The second
method uses two independent rf channels.

3.2. Simulation of NMR spectra using SIMPSON

All the simulations of NMR spectra were carried out
using the program SIMPSON [50]. The shape for the HS
pulse was created within the SIMPSON input file. Typical-
ly the powder averaged spectra were calculated using 10945
crystal orientations and 5 y angles. The maximum time step
over which the Hamiltonian was considered time indepen-
dent was 0.25 ps, which was also the time step for the HS
shape. The SIMPSON simulations for a spin-5/2 system
using HS pulses of 4.0 ms took approximately 5 h each to
complete running in parallel on a nine processor PC cluster
running 2.0 GHz AMD Athion processors.

4. Results and discussion

4.1. Hyperbolic secant inversion pulses applied to spin-3/2
nuclei

4.1.1. ¥’ Rb NMR spectra of polycrystalline RbCIO +a
representative spin-3/2 system

We have used ®’Rb NMR spectra of polycrystalline
RDbClO,4 to evaluate various sensitivity enhancement tech-
niques under a variety of operating conditions. Rubidi-
um-87 has a spin of 3/2, a natural abundance of 27.8%,
and a relatively large magnetogyric ratio (&=
32.72 MHz) which together yield an overall receptivity of
290 relative to '*C. For solid RbClO,, the ¥’Rb nuclear
quadrupolar coupling constant, Cq, and quadrupolar
asymmetry parameter, #q, have been studied as a function
of temperature [51]. At 20°C, Co=3.29 MHz and
N = 0.24 [52] which leads to a powder 87Rb NMR line
shape that falls over a frequency range of Cq. The breadth
of the central ¥’Rb NMR transition under rapid MAS is
3C5H(6+13)/2016v.  or 63kHz at 7.05T (vo=
98.30 MHz). In a recent letter, we demonstrated that by
using HS pulses to invert the populations of the *’Rb
NMR STs, an enhancement of 2.7 could be obtained for
the CT in a powder sample of RbClO,4 under conditions
of MAS [36]. This enhancement, achieved using an HS
bandwidth of 10 kHz on a sample spinning at 10 kHz,
was superior to other methods of population transfer pre-
viously used, namely, DFS and RAPT, which gave
enhancements of 2.0 and 1.8, respectively. In Fig. 1, the
enhancements obtained using DFS, RAPT, and HS tech-
niques are compared using a Hahn-echo [53]. In each case,
a Hahn-echo was used to acquire the *’Rb NMR spectrum.
Analogous results were also obtained using the quadrupo-

Hahn echo 1.0
b
RAPT 1.8
¢ DFS 2.0
d  HS: offsets

at+ 620kHz 27

HS: offsets
at -620kHz
and +310kHz

2.7

T T T T T T T
0 -2 -4 -6 -8 -10 kHz

Fig. 1. Comparison of the ’Rb NMR signal intensity of a powder sample
of RbClO,4, magic angle spinning at 10 kHz, obtained with, (a) Hahn-echo
(yB1/2rn =12.5kHz, ©; =100 pus, 7, =80 us) and with (b) RAPT (yB,/
21 =100 kHz, prapr = 0.55 ps, width of RAPT pulses, drapr = 0.2 ps,
delay between RAPT pulses, n = 60, number of RAPT cycles), (c) DFS
(yB1/2n = 27 kHz, vgar = +1750 kHz, veng = £300 kHz, t = 5.0 ms, dura-
tion of DFS sweep), and (d and e) HS (yBy/2n =27 kHz, Tp = 2.3 ms)
enhancement techniques. Numbers to the extreme right of spectra indicate
the enhancement relative to the standard Hahn-echo experiment.

lar Carr-Purcell Meiboom-Gill, QCPMG, experiment
[36,52,54-57]. Only a small distortion on the CT of the
low-frequency shoulder was noted in the line shape using
the HS pulse (see in Fig. 1d). This distortion could be
removed by setting one of the HS frequency offsets closer
to the center band (from +620 to +310 kHz as illustrated
in Fig. le). However, the small line shape distortion does
not affect the accuracy in determining Cgq or 5¢ values. This
distortion in the enhanced CT spectrum can be easily
explained by examining the contribution made by various
crystallites to the CT spectrum under conditions of MAS.
For simplicity, we consider a powder sample with an axial-
ly-symmetric EFG (i.e., no = 0.0). The angle, 7, is defined
as the angle between V', and the rotor axis (see Fig. 2a).
The CT “resonance frequency’ as a function of y is illus-
trated in Fig. 2b. In order to obtain the CT lineshape
shown in Fig. 2¢, one must, of course, perform the appro-
priate powder average (e.g., see Section 2.6, pp. 40-50 of
Ref. [58], Section 3.9, pp 102-115 of Ref. [59], and Section
7.3, pp. 170-80 of Ref. [60]). The CT lineshape is indepen-
dent of spin quantum number; however, the line width of
the CT does depend upon /. Several angles in Fig. 2 are
noteworthy. Those nuclei within crystallites whose V'~
are inclined at an angle of approximately 22° and 90° con-
tribute to the right-hand “horn” and those at about 49°
comprise the left-hand “horn”. Nuclei within crystallites
with V', parallel with the magic angle (y = 0) contribute
to the right-hand shoulder shown in Fig. le and Fig. 2c;
the position where the distortion occurs. It is therefore
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Fig. 2. The orientation (a), defined by the angle y, of the principal component of the EFG tensor, V., relative to the spinning axis. The frequency (b), v,
in units of Cé /(16vy), for y angles from 0 to 90°, from the Larmor precession frequency, vi, and (c) their contribution to the powder pattern (several angles

indicated). Simulations are for I = 3/2 and 5q = 0.0.

these nuclei within crystallite orientations with V', at and
close to the magic angle that create this distortion in the
shoulder because their resonant frequencies are not swept
through the HS pulses.

4.1.1.1. Effect of HS frequency offset on enhancement. The
maximum signal enhancement achievable for the CT
depends upon how effectively the populations of the STs
are inverted without perturbing the CT. Thus, the frequen-
cy offsets of the HS pulses are expected to play an impor-

tant role in determining the enhancement factors.
Although the ST frequencies for an MAS sample cover
the entire frequency range of the complete powder pattern,
there are some crystal orientations that are more probable
at any given time. A plot of the relative enhancement
obtained from the *’Rb NMR CT of a powder sample of
RbClO, spinning at 10 kHz as a function of offset is shown
in Fig. 3. The two HS offsets were varied simultaneously
from + 50 kHz to + 1.8 MHz in steps of 10 kHz, a fre-
quency range that covers the entire powder pattern. An

3.0

enhancement

800

1000 1200
HS offset / kHz

1400 1600 1800 2000

Fig. 3. Comparison of the experimental and simulated values computed by SIMPSON [50] of the relative enhancement of the central transition of 8’Rb
NMR spectra obtained from a powder sample of RbClO, spinning at 10 kHz. Experimental data were obtained with a Hahn-echo sequence (yB,/
2n =25kHz, v, =1, =100 ps) as a function of the HS offsets, generated with cosine amplitude modulation, placed symmetrically about the carrier.

By =7.05T. Shown in the inset is one half of the theoretically calculated

powder pattern for a stationary sample.
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HS bandwidth, bw, of 10 kHz, a pulse length of 10.0 ms,
and an rf field of 50 kHz (~25 kHz for each offset) were
used for the HS pulses. As expected, from the theoretical
8’Rb NMR powder pattern of a stationary sample, also
shown in Fig. 3, the maximum enhancement occurs at an
offset value of approximately 600 kHz which corresponds
to the positions of the “horns” of the stationary powder
pattern for this sample. A broad maximum in the enhance-
ment of 2.7 is achieved for offsets between + 400
and + 950 kHz followed by shoulders in the enhancement
profile occurring at + 1000 and + 1600 kHz. These experi-
mental shoulders correspond to the inflection points as pre-
dicted from the calculated powder pattern spectrum (see
Fig. 3). The first shoulder at 1000 kHz, corresponds to
the position where the overlap of the 3/2 < 1/2 with the
—1/2 <> —3/2 transitions ceases which leads to a loss of sig-
nal as a result of the decrease in the number of available
crystallites with nuclei whose ST are at these frequencies.
At this HS offset frequency, distortions in the CT also
begin to appear (see Fig. 4) because at this particular fre-
quency, nuclei in some crystallite orientations (those with
y ~ 22° and 90°) do not contribute to the spinning side
band, ssb, pattern generated by the ST, thus creating the
distortions in the CT observed for these HS offsets near
1300 kHz (Fig. 4). A more detailed description of the rela-
tionship between distortions in the ssb pattern effecting the
CT enhancement will be presented below (Section 4.1.1.3).
The second shoulder, at & 1600 kHz, is close to Cq/2,
where the powder pattern ceases as there are no crystallites
with nuclei having ST frequencies outside this range. Thus
with an offset value of 1700 kHz (>Cq/2), there no longer is
an enhancement of the signal. Similarly, offsets near the
carrier lead to perturbation of the CT and enhancements

less than 1.0. This overall experimental behavior is repro-
duced by the simulations performed using SIMPSON [50]
(HS pulse of 4.0 ms, rf power of 50 kHz and a bw of
10 kHz) as shown in Fig. 3. The calculated enhancements
are slightly higher than those determined experimentally
for offsets spanning a frequency range of 1000-1600 kHz
and may be the consequence of the quality factor, Q, of
the probe coil which limits the effective rf power available
at these larger offset frequencies. Using the cosine modula-
tion wave shape, a small modulation of the enhancement
with the HS offset as a function of the spinning frequency
was observed. Maximum enhancements were achieved at
offsets that were multiples of the spinning frequency. On
the other hand, using the two channel configuration, this
modulation was absent. One should also note that using
a single frequency HS pulse on cither side of the CT pro-
vides enhancements near those obtainable using the HS
pulses applied symmetrically about the CT.

In conclusion, an enhancement of the CT greater than
2.0, the usual limit using DFS and RAPT/FAM, can be
obtained for a relatively large range of offset frequencies
(from approximately 250 to 1000 kHz, experimentally),
indicating that the HS pulses are capable of providing larg-
er enhancements than DFS or RAPT for nuclei having a
relatively large range of Cq values.

4.1.1.2. Effect of MAS frequency on the enhancement. The
spinning frequency had very little effect on the enhance-
ment within the range of spinning frequencies accessible
in our laboratory. Enhancements of approximately 2.7
were obtained for spectra acquired with sample spinning
rates of 7.5, 10, 12.5, and 14 kHz, provided that the bw is
set to the spinning frequency (as discussed below).

J\J\.J

50

900

N

1200 1400 1800

HS offset / kHz
Fig. 4. The 8’Rb NMR CT spectrum of a powder sample of RbCIO, spinning at 10 kHz obtained at various values of the HS offset (shown below each

spectrum) with a bw of 10 kHz. By =7.05T.
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4.1.1.3. Effect of HS bandwidth on enhancement. Another
important parameter determining the enhancement of the
CT is the bw of the HS pulses, which ultimately determines
the inversion profile width of the HS pulse (see, for exam-
ple, reference [39]). The enhancements obtained for the CT
of the ¥’Rb NMR signal from a powder sample of RbClO,
were measured as a function of the bw; the results are
shown in Fig. 5. The bw was varied from 1 to 100 kHz in
steps of 1 kHz for different spinning rates and at two rf field
strengths when spinning at 10 kHz. The HS offset was set
near +620 kHz and the pulse width, Tp, set to 10.0 ms.
The largest enhancement, 2.7, occurs when the HS band-
width is set to the spinning frequency. A minimum
enhancement of approximately 1.5 is obtained when the
bw is set at 2v,, while a secondary maximum enhancement
of 2.3 occurs at 3v,.. The oscillatory behavior of the
enhancement with bw decays when the bw is set at approx-
imately 50 kHz or greater. At these HS bandwidths, the
enhancement factor is approximately 2.0. As shown in
Fig. 5, this experimental trend is reproduced by SIMPSON
[50] for v, = 10.0 kHz.

Occasionally distortions in the CT occur depending
upon the bw and/or the offset of the HS pulse. Before we
examine lineshape distortions of the CT, it is instructive
to discuss the calculated spectrum one would observe for
87Rb in RbClOy if the sample were spinning infinitely fast
(see Fig. 6). Two peaks would be observed: one for the
STs, which is labeled ST1, and one for the CT [61]. The fre-
quencies and the relative linewidths of the ST1 compared
to the CT may be calculated using the equations derived
by Samoson [62], which are given by, respectively,

STI1 — CT = (3/40) [Cg/VL} [1 + ng/ﬂ )

3.0

and
A(ST1)/A(CT) = —0.8889 (10)

for a spin-3/2 nucleus. The negative value in Eq. (10) sim-
ply indicates a reversal in lineshape between the CT and
ST1. In practice, spinning frequencies are generally much
less than the value of Cg, thus ssbs result from ST1 which
span Cq. Spinning side bands from the CT are usually neg-
ligible unless the magnetic shielding experienced by the
quadrupolar nucleus is highly anisotropic or Cg, is large.
If the HS pulse is positioned to “invert” only part of a
ssb generated from the satellite transition, then distortions
in the CT occur as mentioned above. For example, if the
HS pulse is positioned to only invert the high-frequency
component of a particular ssb, then the low-frequency
component of the CT is enhanced, as expected from Eq.
(10), and vice versa. This effect is illustrated in Fig. 7 where
the experimental ¥’ Rb NMR spectra were obtained using
the Hahn-echo experiment on a powder sample of RbClOy4
spinning at 10.0 kHz with HS offsets ranging from 593 to
602 kHz, incremented in 1 kHz steps, and with a HS band-
width of 5 kHz. The separation between the CT and ST1 is
calculated to be 8.5 kHz, based on the *’Rb C, and ¢ val-
ues for RbClOy, (Eq. (9)). Thus the 59th order ssb for the
STI1 is at a frequency of 598.5 kHz from the carrier fre-
quency which is placed approximately at the center of the
CT. It is clear from Fig. 7 that maximum enhancement
occurs when the HS pulse is centered on the 59th ssb.
The distortions in the CT are also evident in the spectra
shown in Fig. 7 and are reproduced by SIMPSON calcula-
tions. It is only necessary to invert one ssb generated from
the ST1 to obtain maximum enhancement. This observa-
tion is consistent with results involving selective pulses on

2.5

2.0

g
s \r/ iV w .
2 154
'g —— MAS 10 kHz: exp.
o *— MAS 10 kHz: calc.
Lo - MAS 14 kHz
—= MAS 7.5kHz
0.5
0.0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
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Fig. 5. Relative enhancement of the ’Rb NMR spectra obtained from a powder sample of RbClOy at several spinning frequencies as a function of the
bandwidth of the HS pulse, and comparison of the experimental versus the simulated values obtained with SIMPSON [50] at MAS 10 kHz. By =7.05T.
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Fig. 6. Calculated NMR spectrum for 8’Rb of RbClO, at 7.05 T at infinite spinning frequency showing both the CT and the ST1.
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Fig. 7. Central transition ¥Rb NMR spectra of RbClO, (bottom) as a function of HS offset (in kHz above spectra) with a bw of 5 kHz. By =7.05T.
Position of the HS pulse on the 59th ssb generated from ST1 is simulated on top with arrows pointing to the effect on the CT spectrum. Shaded areas

represents frequency over which HS pulse is effective.

spin-1/2 nuclei reported by P. Caravatti, G. Bodenhausen,
and R.R. Ernst in 1983 [63].

As seen in Fig. 5, the maximum enhancement in the CT
is obtained when the bw is equal to the spinning frequency,
which is consistent with our observation that only one
entire ssb need be inverted with the HS pulse. The mini-
mum in the enhancement observed when the bw is twice
the spinning frequency may indicate that some of the nuclei
in certain crystal orientations experience an effective 2m or
360° pulse leading to a lower overall enhancement of the
CT. As the bw is further increased to three times the spin-
ning speed, perhaps some of the nuclei in a given crystalline
orientation experience an effective m-pulse (3 x 180°) lead-

ing to another secondary maximum and so forth until the
bw effects many ssbs representing a series of 180° pulses
which would have the effect of saturation of the satellite
transitions, thus leading to an enhancement of 2.0. While
this explanation is clearly overly simplistic, it does repro-
duce the experimental trends.

4.1.1.4. Effect of HS rf-field and pulse duration on enhance-
ment. The last parameters investigated are the HS rf field
strength and the pulse length, Tp. Using again the ®'Rb
NMR CT of RbClO, spinning at 10.0 kHz, the relative
enhancement obtained with HS pulses just prior to a
Hahn-echo experiment for two different rf power levels
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and at two spinning frequencies were plotted as a function
of the pulse width, Tp, of the HS pulses. The experimental
results are shown in Fig. § together with those calculated
using SIMPSON. As the pulse width of the HS pulses
(using a yB;/2m of 50 kHz) is increased from 250 ps to
14 ms for the sample spinning at 10 or 14 kHz, there is
an initial exponential increase in the intensity which
asymptotically approaches a value of 2.8. As seen in
Fig. 8, the maximum enhancement is reached much slower
with lower rf power. Since the inversion profile of the HS
pulse is independent of the applied rf field provided that
it is above a certain minimum power level, changing the
rf field above that minimum power value only affects the
adiabaticity factor, 4; however, it was found that for a giv-
en pulse duration, too high a rf field decreases the intensity
of the CT. Too little power also diminishes the enhance-
ment. To a first approximation, the adiabaticity factor,
A o (w7 and Tp) (see Eq. (7)); thus an increase of the rf
amplitude, the pulse length, or both increases A for the
STs and increases the enhancement for the CT. However,
if the rf field is too strong, the potential exists to form dou-
ble quantum transitions [47], see Eq. (8), which will dimin-
ish the CT enhancement. The results obtained for the two
different spinning rates (10 and 14 kHz), are almost identi-
cal. Tt thus appears that the increase of the spinning fre-
quency is mostly compensated by the increase in the
bandwidth (i.e., bw =v,). Even though our experimental
results indicate that it is only necessary to set up the HS
pulse to effectively invert one spinning side band, it is inter-
esting to note that when 7p =4 ms and v, = 10 kHz, the
sample makes 40 complete revolutions during the pulse.
In conclusion, for our spin-3/2 test sample, optimum
enhancement of the CT NMR signal occurs when the HS

3.0

offset frequency is set close to the “horns” of the stationary
powder pattern with a broad maximum around this value
and when the bw of the HS pulse is equal to the spinning
frequency. The pulse width of the HS pulse needs to be
chosen properly to obtain an adiabatic HS pulse but is
not too critical beyond a given value, provided that the rf
field is not too strong. The rf field and/or the sweep dura-
tion should be optimized on a standard sample and used
for other similar classes of compounds, i.e., those with sim-
ilar nuclear quadrupolar coupling constants.

4.1.2. Further examples of spin-3/2 systems

Sensitivity enhancements obtainable with HS are dem-
onstrated for two other spin-3/2 nuclei, >*Na and **Cr.
As stated before, the maximum enhancements using HS
were obtained by setting the HS pulse bw at v,, the offsets
at or near the horns of the powder pattern and by optimiz-
ing the pulse width for a given rf field. The **Na NMR
spectra  for a powder sample of Na,MoOy,
Co=2.59 MHz, and nq=0.0 [64], v, = 10kHz showed
an enhancement of 2.5 using the HS pulse versus about
1.9 using either DFS or RAPT. An enhancement close to
2.4 can be obtained by applying one HS pulse at one offset.
The smaller enhancement obtained for *Na compared to
that obtained for ®’Rb may be due to the stronger homo-
nuclear dipolar coupling occurring for >*Na (natural abun-
dance of 100% compared to 27.8% for *Rb). Such
coupling may lead to transitions between neighboring
2Na nuclei which reduces the efficiency of the selective
population inversion [14]. The **Cr NMR spectra for an
MAS powder sample of Cs,CrO4, Cqo=1.23 MHz and
N = 0.23 [65], show an enhancement of 2.6 using HS ver-
sus about 1.8 for both DFS and RAPT.

enhancement

1.5 —— calc. (rf = 50 kHz)
—exp. (rf = 50 kHz)
1.04 — exp. (rf = 25 kHz)
---exp. MAS 14 kHz (1f = 50 kHz)
0.54
0'0 T T T T T T T
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
HS Tp/ms

Fig. 8. Comparison of the experimental versus the simulated values by SIMPSON [50] of the relative enhancement of the ’"Rb NMR spectra obtained
from a powder sample of RbClO4 with MAS at 10 kHz (bw = 10 kHz) as a function of the pulse width, Tp, of the HS pulse. By = 7.05 T. Experimental
results also shown at two different rf fields with the bw constant at 14 kHz while spinning at 14 kHz. The lower curve corresponds to an rf field of 25 kHz.
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Enhancements obtained for other compounds contain-
ing spin-3/2 nuclei are summarized in Table 1. The
enhancements using HS are quite similar, varying from
2.4 to 2.7 for nuclei having a range of Cq values (1.2-
3.3 MHz) and asymmetry values (0.0-0.74). The smallest
enhancement of 1.6 was obtained for >*Na in NaNO; prob-
ably because of the small value of Cy which prevents the
optimization of the HS offset without perturbing the CT.

Previously only DFS was used to enhance the CT of sta-
tionary powdered samples; however, since the effective fre-
quency of an HS pulse is also swept, it should be able to
enhance the signal from stationary powder samples of
half-integer quadrupolar nuclei. The application of HS
pulses produced enhancements of 2.6 versus 2.5 using

Table 1
CT enhancements obtained using HS inversion pulses for spin-3/2 and -5/2
nuclei in various samples spinning at the magic angle

DFS from stationary samples using *’Rb NMR of RbClO,
as shown in Fig. 9. The HS method gives a slightly higher
enhancement presumably because of the higher frequency
selectivity of the HS pulse, i.e., the sweep may be terminat-
ed closer to the CT with HS than with DFS. This problem
with the DFS experiment could be attenuated by ensuring
that the DFS stops at a frequency with null amplitude, for
example, by applying a cosine-squared shape at the end of
the DFS shape [19]. To obtain maximum enhancements on
stationary samples, both techniques must use frequency
sweeps (Vsiare and venq, and bw, for DFS and HS, respec-
tively) that cover most of the ST pattern and both sides
of the CT must be irradiated.

4.2. Hyperbolic secant inversion pulses applied to spin-5/2
nuclei

4.2.1. 7 Al NMR spectra of polycrystalline Al(acac)s—a
representative spin-5/2 system

Compound Co/MHz 1o  Enhancement® Ref.’ Investigations on thg application gf HS pulses to

[=3/2 RbCIO, ('Rb) 33 024 27 [52] enhance t.he CT.NMR s¥gnal from half-integer quadrupo-
Na,SO, (¥Na) 26 0.58 2.6 (70  lar nuclei of higher spin are now well underway. For
Na,MoOy (**Na) 2.6 00 2.5 [64] spin-5/2 nuclei we chose the 27Al NMR response from
NayC>04 (:;Na) 2.5 0.74 27 [67]  Al(acac); as our standard because >’ Al has a large receptiv-
Cs:CrO, (~Cr) 1.2 0.24 2.4 [65] ity to NMR detection. For Al(acac)s, the >’Al quadrupolar
NaNO; (**Na) 0.3 00 16 [67] . .

[=5/2 Alacac); (7Al) 3.0 015 41 [66] coupling COl‘lStaI'lt, Cq, is 3.03 MHz and the asymmetry
ALO; (7Al) 2.4 00 18 [71]  parameter, nq, is 0.15 [66]. The NMR powder pattern
Mny(CO)1o °Mn) 3.0 0.5 3.1 [68] spans a frequency range of approximately 1820 kHz with
NH,IO, ('22771) 10.0 00 28 [49]  maximum satellite transition intensities occurring at
Kaolinite (" Al) 31 095 19 (72731 approximately +400 and +200 kHz from the central tran-

Z Current report. _ sition. A maximum signal enhancement of 2.8 occurs using
Quadrupolar parameters obtained from these references. DFS while an enhancement of 4.1 is obtained using the HS
a
echo 1.0
b
DFS 2.5
C
HS 2.6
T T T T T T
20 10 0 -10 -20 kHz

Fig. 9. Comparison of the ®’Rb NMR signal intensity of a stationary powder sample of RbClO, obtained with a Hahn-echo experiment
(yB1/2n = 25.0 kHz) with (a) no enhancement and with (b) DFS (yB;/2n =21 kHz, vy, = +100 kHz, venq = #1750 kHz, t=15.0 ms) and (c¢) HS
(yB1/2n = 41 kHz, bandwidth = 1750 kHz, offsets = 4950 kHz, Tp» = 15.0 ms) enhancement techniques. By = 7.05 T.
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pulses with offsets at +240 kHz relative to the central tran-
sition, which is more than 80% of the theoretical maximum
enhancement, 5.0, and is the best signal enhancement
achieved thus far for a spin-5/2 nucleus from a spinning
powder sample [37]. One interesting feature in the spin-5/
2 NMR spectra of rapidly spinning powder samples is
the observation of the +3/2 < =+ 1/2 satellite transition
to high-frequency of the central transition. As expected,
the relative intensity of the satellite transition decreased
as the intensity of the CT increased.

4.2.1.1. Effect of HS frequency offset on enhancement. The
choice of the HS offset frequency for maximum signal
enhancement is more difficult to predict for the spin-5/2
nucleus in a powder sample because of the presence of
the two overlapping STs (£3/2 < £1/2, ST1, and £ 5/2
< +3/2, ST2). For a single crystal sample the choice of
the inversion pulse frequencies is straightforward and an
enhancement of 4.8 was obtained for the central *’Al
NMR transition of a single crystal of a-Al,O3 [37]. One
might predict that to obtain the highest enhancement from
a spin-5/2 nucleus, one should simply set the bandwidth of
the HS pulse equal to the spinning frequency, and apply
HS inversion pulses first at the offsets corresponding to
the maximum intensities for the ST2, followed by inversion
pulses at offsets corresponding to the maximum intensities
for ST1. This approach, however, requires a considerable
knowledge of the quadrupolar parameters of the nucleus
under investigation and largely defeats the advantages of
this sensitivity enhancement technique. Moreover, because
the transitions overlap, it is almost impossible to apply an
adiabatic sweep on ST1 without affecting ST2. In an MAS
powder sample, however, ssbs from both ST1 and ST2 can
be separated provided that the spinning frequency is high
enough. Thus, we simply use HS pulses with offsets posi-
tioned on the maximum distribution of crystallites as found
for spin-3/2 nuclei. By setting the HS bw equal to the spin-
ning frequency, we ensure inverting ssbs from both ST2
and ST1. Unlike a spin-3/2 system, the sweep direction of
the HS pulse is important. Experimental enhancements of
about 3.2 on the *’Al NMR CT of Al(acac); were obtained
spinning at 10 kHz using an HS offset of 191 kHz with the
frequency sweep direction determined by incrementing the
phase as described by Eq. (3). However, when the direction
of the sweep is reversed by replacing the cosh function with
its reciprocal, the experimental enhancement was only
about 2.8. Our explanation of this behavior is that to
obtain maximum enhancement, the ssb from ST2 should
be traversed first, followed by the ssb from ST1. SIMPSON
simulations reproduce this behavior—if the ssb arising
from ST1 is swept through first, then a lower enhancement
is observed.

We were also curious to determine whether or not the
DFS experiment is capable of providing signal enhance-
ments by traversing only one set of ssbs and if the direction
of the sweep is important. Experimentally it was found that
the enhancements obtained for the Al NMR CT of

Al(acac); was 2.5 regardless of whether the entire ssb man-
ifold or one set of ssbs was swept. Further, it was found
that, unlike for the case of the HS pulses, the enhancement
obtained using DFS was relatively insensitive to the direc-
tion of the DFS sweep. These results suggest that under
conditions of MAS, DFS behaves more like a saturation
pulse, while HS pulses provide partial inversion of the
satellite transitions.

Shown in Fig. 10 is a plot of the enhancements obtained
from 2’Al NMR CT spectra versus HS offsets for a powder
sample of Al(acac);, taken at 11.75 T spinning at 20 kHz.
Increasing the offset from 40 to 160 kHz in steps of
20 kHz leads to a monotonic increase in the enhancement
up to a maximum value of about 4.1. This plateau spans
a frequency of about 100 kHz centered at approximately
200 kHz, the approximate frequency of the ST1 “horns”
(see Fig. 10). At offsets greater than 260 kHz, the ST1 tran-
sitions no longer overlap with the ST2 transitions and sim-
ilar to the spin-3/2 experiments, the enhancement starts to
decrease with distortions appearing on the CT. Although
the enhancement increases again as a function of HS offset
(a second maximum occurs with an offset of 350 kHz),
there are large distortions in the CT spectrum. For HS off-
set frequencies of between 550 and 780 kHz, the enhance-
ment of the signal remains constant at approximately 1.4
to an offset of 800 kHz. As expected, no enhancement
was observed for offsets beyond 800 kHz.

4.2.1.2. Effect of MAS frequency on the enhancement. The
enhancement of the >’Al NMR CT of Al(acac)s is depen-
dent upon the spinning frequency of the sample with
observed enhancements of 2.7, 3.3, 3.5, and 4.1 while spin-
ning at 5, 10, 13, and 20 kHz, respectively. In each case the
bw was set to v,. SIMPSON simulations reproduce this
trend, which, so far, has been only observed for Al(acac)s.
The CT enhancement oscillated as a function of the v, with
the HS offset when the offsets were incremented by 1 kHz
steps. For example, while spinning at 5 kHz (bw = 5 kHz),
maximum enhancements of about 2.7 occurred at HS off-
sets of 177, 182, 186, and 191 kHz (etc.) with minimum
enhancements of about 2.5 with HS offsets of 179, 184,
189, and 194kHz (etc.). Spinning at 10kHz
(bw = 10 kHz), maximum enhancements were observed
for offsets of 172, 182, 192, and 202 kHz, with the maxi-
mum enhancement of 3.3 at 192 kHz and minimum
enhancements of about 2.2 at offset values of 176, 186,
196, and 206 kHz. This behavior is illustrated in Fig. 11
and reproduced by SIMPSON. The reason for the oscilla-
tion in the enhancement with HS offset is consistent with
the interpretation provided in the previous section; i.e.,
the ssbs from ST2 should be inverted first, followed by
inversion of the ssb from STI1.

4.2.1.3. Effect of HS bandwidth on enhancement. The effect
of HS bw on the enhancement of the ?’Al NMR CT from
Al(acac); spinning at 10 kHz was examined and analogous
to the spin-3/2 case (Fig. 5), the maximum enhancement
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Fig. 10. Integrated intensity of the ?’Al NMR CT as a function of HS offset with bw of 20 kHz for a powder sample of Al(acac); spinning at 20 kHz.
By =11.75T. Shown in the inset is one half of the calculated powder pattern for a stationary sample.
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Fig. 11. A series of Al CT NMR spectra of a powder sample of Al(acac)s spinning at 10 kHz as a function of the HS offset (bw = 10 kHz) in 1 kHz steps

from 170 to 209 kHz.

was found when bw was equal to v,. The integrated area,
normalized to 1.0 at maximum enhancement, versus bw
is plotted in Fig. 12. To obtain the maximum enhancement
with the least amount of distortion, the HS bw should be
set to v, as found for the spin-3/2 case.

Distortions in some of the CT spectra due to HS pulses
were also observed for the spin-5/2 case, particularly when
the value of the HS offset was greater than approximately
300 kHz, even when the bw of the HS pulse is set to v,.
Since the conduit for CT enhancement is through popula-
tion transfer via the ssbs of the ST1, any asymmetry in

the ssb due to unequal contributions from all crystallites
will be transferred to the CT. Asymmetry in ST1 ssbs are
well known [67].

4.2.1.4. Effect of HS rf-field and pulse duration on enhance-
ment. As for spin-3/2 nuclei, the rf power level for the HS
pulses should be above a certain threshold and the pulse
width needs to be chosen properly in order to obtain an
adiabatic HS pulse. Similar curves as the one shown in
Fig. 8 are obtained for spin-5/2 nuclei. The rf field neces-
sary for CT enhancement in the case of the spin-5/2 nuclei
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Fig. 12. Integrated intensity of the ?’Al NMR CT of Al(acac)s as a function of bw of the HS pulse with offset set to 190 kHz.

were found to be much lower than those used for spin-3/2
nuclei.

In conclusion, for our spin-5/2 test sample, Al(acac)s,
optimum enhancement with minimum distortion in the
CT can be obtained when the HS bw is set to v, and the off-
set is in the vicinity of the “horns” associated with the ST1.

4.2.2. Further examples of spin-5/2 systems

The HS pulses were also applied to other spin-5/2 nuclei,
>Mn and '?’I. The CT **Mn NMR spectra obtained from
an MAS powder sample of Mn,(CO);y, Cq = 3.0 MHz,
and nq = 0.5 [68], were enhanced by 3.1 and 2.5 with HS
and DFS [37], respectively. The smaller enhancement
obtained here relative to the 2’Al case are attributed, as
in the case of 2*Na NMR of Na,MoOy, to the very strong
homonuclear dipolar coupling between the two neighbor-
ing >>Mn, which is also responsible for the unusual shape
for the CT [37]. The '*I CT NMR spectra from an MAS
powder sample of NH4IO4, Cq=10.0 MHz and 3o = 0.0
[49], show an enhancement of 2.8 with HS versus 2.3 using
DFS. In this case the smaller enhancements from "I are
most likely due to the very short T values of the STs which
lead to significant population relaxation during the time of
the HS pulse. Several other compounds containing spin-5/2
nuclei were also examined; the enhancements are summa-
rized in Table 1. There is a reasonable spread in the
enhancement values obtained for the spin-5/2 nuclei, rang-
ing from 1.8 to 4.1. It is believed that rapid spin-lattice
relaxation is at least partially responsible for the lower
enhancements. For example, our kaolinite sample may
contain small quantities of paramagnetic transition metal
cations. It is interesting to note that SIMPSON simulations
which do not include consideration of relaxation effects,
predict a CT enhancement of 3.34 using an HS pulse posi-
tioned at an offset of 153 kHz from the CT. Furthermore,
for kaolinite, the DFS experiment yielded an enhancement

of 1.9 which is within experimental error of that obtained
using the HS experiment.

Enhancements with HS on the CT NMR spectra of *’Al
and *Mn from stationary samples of Al(acac); and
Mn,(CO) [37] were also observed. As for spin-3/2 nuclei,
HS gives slightly higher enhancements than DFS (4.0 for
HS vs 3.8 for DFS in the case of Al(acac); and for *>Mn,
enhancements of 3.2 vs. 3.0 were obtained with HS and
DFS [37]).

5. Conclusions

A double or a single frequency HS pulse can be used to
enhance the intensity of the central NMR transition of
half-integer quadrupolar nuclei in MAS powder samples.
These HS enhancement techniques generally provide high-
er factors than those obtained with other methods. For
MAS powder samples of both spin-3/2 and spin-5/2
nuclei, the maximum enhancements are realized when
the HS offsets are equal to the frequency corresponding
to the maximum probability of crystallites within the sam-
ple, i.e., the position of the “horns of ST1, and only one
spinning sideband generated from the satellite transitions
need be inverted for maximum enhancement. Thus, the
bandwidth of the HS pulses should be set to the spinning
frequency to ensure inversion of a complete ssb. A lower
enhancement is found for spin-3/2 nuclei when the band-
width is equal to twice the spinning speed and a smaller
secondary maximum is found at three times the spinning
speed. The duration of the HS pulse is not very critical
provided it is above a threshold value. When applied to
stationary powder samples, the enhancements realized
using HS are comparable to those using DFS. Analogous
with the DFS experiment, the HS must sweep as much of
the satellite transition powder pattern as possible without
saturating the CT.
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Preliminary enhancement results for half-integer quad-
rupolar nuclei with > 3/2 are very promising but will need
further studies. The enhancement values obtained from
spin-5/2 nuclei seem to be more variable than those found
for spin-3/2 nuclei presumably because of shorter spin-lat-
tice relaxation times. Central transition distortions can
occur if only part of the ssb generated by ST1 is inverted
by the HS pulse, as was found for the spin-3/2 case (see
Fig. 7) or if only a small portion of the entire ensemble
of crystallite orientations contribute to the inverted ssb,
as found in the spin-5/2 case. The advantage of using the
HS pulses over RAPT or DFS is in the potential higher
enhancement values obtainable with HS. However, to
obtain these higher values, HS experiments are harder to
optimize for spin-5/2 systems because the enhancement
varies with HS offset as a function of spinning frequency.
For MAS samples, the DFS experiment is relatively easy
to set up since one sweeps the entire powder pattern. Both
RAPT, the new FSG-RAPT, and HS experiments require
placing a pulse(s) at the proper location for optimum
enhancement. That is, some estimate of the nuclear quad-
rupolar parameters is highly desirable for these experi-
ments. On the other hand, knowledge of approximate
nuclear quadrupolar coupling constants and asymmetry
parameters is less important for the DFS experiments
involving MAS samples. For stationary powder samples,
prior knowledge of the quadrupolar parameters is equally
important for the HS and DFS experiments. The use of
repetitive-HS, as has been utilized with RAPT [23] and
DFS [69], is also considered in order to realize even higher
enhancements.

In summary, for NMR investigations of spin-3/2 and
spin-5/2 nuclei, we highly recommend routine use of popu-
lation transfer experiments utilizing HS pulses, particularly
for low-y nuclei such as 38, 33Cr, »Mo, etc. Provided one
does not sweep the HS pulse close to the central transition,
such experiments can only lead to signal enhancement!
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