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Investigations of Low-Amplitude Radio Frequency Pulses at and
away from Rotary Resonance Conditions for I = 5/2 Nuclei”

John W. Logan, Jeffry T. Urban, Jamie D. Walls, Kwang Hun Lim, Alexej Jerschow!, and Alexander Pinest

Materials Sciences Division, 1 Cyclotron Rd, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720 and
Department of Chemistry, University of California at Berkeley, Berkeley, CA
94720

Additional experimental evidence of rotary resonance effects for multiple-
quantum coherence conversion in a spin-5/2 system is presented. Two dimen-
sional plots of the relative efficiency of MQ excitation and conversion are given
as a function of radio frequency (rf) amplitude and pulse width. Data are pre-
sented for the excitation of five-quantum coherence (5QC), as well as for 5QC
to three-quantum coherence (3QC) conversion, 5QC to 1QC (the central tran-
sition coherence) conversion, and 3QC to 1QC conversion. A two-fold increase
in the signal-to-noise ratio is achieved by substituting low amplitude rf pulses
in place of hard rf pulses for 5QC excitation and 5QC to 3QC conversion in a
mixed multiple-quantum MAS (MMQMAS) experiment. The anisotropic line
shape for the low amplitude rf pulse version of the MMQMAS experiment was
observed to be distorted from the MAS line shape. The cause and implications
of the distortion are discussed.

Key Words: quadrupolar NMR; MQMAS; mixed multiple-quantum MAS; rotary
resonance; sensitivity enhancement; orientation selective pulses

INTRODUCTION

Quadrupolar nuclei (i.e., those with a nuclear spin I > 1/2) are present
in a wide variety of solid materials, including glasses, minerals, zeolites, cat-
alysts, inorganic compounds, and biomolecules. Quadrupolar nuclei have
a non-spherical charge distribution that interacts with the electric field
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gradient (EFG) due to the local electronic environment of the nucleus [1].
Knowledge of the EFG can be used to help elucidate structural character-
istics, such as the coordination numbers and the geometry of neighboring
atoms [2, 3, 4, 5]. Static NMR spectra of multiple resonances are difficult,
if not impossible, to interpret since the the quadrupolar broadening is large
compared to the chemical shift range, resulting in overlapping resonances.
Accurate structural information plays a major role in the understanding of
the functionality and physical properties of the materials. Consequently,
high-resolution techniques are generally required in order to extract useful
information from the solid-state NMR spectra of materials.

Throughout the rest of this Article, all coherences are assumed to be sym-
metric coherences (|m) < |—m)). The effects of the first-order quadrupolar
interaction can be neglected during periods of free evolution by considering
only symmetric transitions. Magic angle spinning (MAS) averages away the
anisotropic second-rank components of the second-order quadrupolar inter-
action; however, the remaining anisotropic fourth-rank components of the
second-order quadrupolar interaction still broaden the resonances. In 1995,
Frydman and coworkers introduced the multiple-quantum MAS (MQMAS)
technique for removing the second-order quadrupolar broadening [6, 7]. A
combination of symmetric multiple-quantum and single-quantum coher-
ences is used in half-integer spins to remove the anisotropic fourth-rank
terms of the second-order quadrupolar interaction. A two-dimensional data
set is obtained that has an isotropic spectrum in the indirect dimension,
F1, and, in principle, the MAS spectrum along the direct dimension, F5.

One aspect of the MQMAS experiment that has received much attention
in recent years is the improvement of the radio frequency (rf) pulses that
excite multiple-quantum coherences (MQCs) or convert MQCs to single-
quantum coherence. The improved pulses are more efficient and therefore
increase the sensitivity of the experiment [8, 9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19]. Many of these techniques require rf pulses with large amplitudes in
order to induce coherence transfer. However, recently Vosegaard et al. [17]
discovered a new method (FASTER MQMAS) for increasing the sensitivity
of the MQMAS experiment using low amplitude rf pulses.

Rotary resonance (RR) effects are observed when the strength of the
rf field matches a multiple of the rotor spinning speed. The FASTER
MQMAS experiment on I = 3/2 nuclei was the first implementation of RR
rf pulses in the MQMAS experiment [17]. Walls et al. [20] subsequently
provided a bimodal Floquet treatment [21, 22, 23] to explain these results
in spin I = 3/2 systems; predictions also were made for higher spins. Later,
Gan and Grandinetti used a unimodal Floquet treatment to explain the RR
effects in FASTER MQMAS [24]. The theory for I = 5/2 also has been
presented by Walls et al. [25], again using a bimodal Floquet treatment.
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RR effects are not limited to MQC excitation and conversion. RR pulses
also have been used in spin-1/2 systems to probe chemical shift anisotropy
and dipole—dipole interactions [26, 27, 28, 29]. The RR effects in half-
integer quadrupolar systems were described previously as anomalies in the
spin locking efficiencies in the sudden-passage regime [30, 31], since they
were not predicted by Vega’s theory [32, 33] for spin locking the central
transition (CT) of half-integer quadrupolar nuclei. Presently, the low spin
locking efficiency is believed to be caused by mixing of the CT coherence
into MQCs at RR conditions.

In this Article, we present 2D maps showing the efficiency of various co-
herence transfers in a spin I = 5/2 system as a function of rf amplitude and
pulse width. RR effects are observed during MQC excitation and conver-
sion. We demonstrate that an increase in sensitivity by a factor of two can
be obtained when using appropriately chosen low amplitude rf pulses for
the 5QC excitation and 5QC to 3QC conversion in a 5Q3Q mixed multiple-
quantum magic angle spinning (MMQMAS) experiment [34], when com-
pared to the corresponding hard pulse version of the experiment. Although
the sensitivity of the experiment is enhanced when low amplitude rf pulses
are substituted for hard rf pulses, the anisotropic line shape is distorted,
since only a fraction of the crystallite orientations contribute to the signal.

THEORY
Removing the Second-Order Quadrupolar Broadening

Neglecting the effects of scalar and dipolar couplings, the frequency of
a symmetric p-quantum transition (jm = —p/2) < |m = +p/2)) of a
quadrupolar spin with spin number I under MAS is given (to second order
in perturbation theory) by

w(p,a, B,7) = w§p + wF CL(p) + wi(a, B,7)CL (p) Pa(cosbm), (1)

where wg * is the isotropic chemical shift (CS) frequency, le are the second-

order quadrupolar frequencies of rank [, and Pj(cosf) is the fourth-rank
Legendre polynomial. «, §#, and v are Euler angles relating the frame of
the EFG tensor in its principal axis system (PAS) to the rotor-fixed frame.
6., is the angle between the By field and the rotor axis (the magic angle),
6,, = arctan(v/2)). wg),cs are scalars and therefore do not depend on
orientation. The coefficients C/(p) can be calculated using the following
equations [7]:

cs
0

) = plIT+1) - 5p7) )

Clp) = pISI(T+1) — 5 ~5). )
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(The anisotropic second-rank term in Eq. 1 is not included since it is zero
under MAS.)

Consider an experiment with evolution under two different symmetric
MQ coherence orders during t;. Let the two coherence orders, p; and po,
evolve for delays 7 = at; and » = bty, respectively, where a and b are
positive and sum to unity. a and b are chosen to refocus the fourth-rank
anisotropic quadrupolar interaction (and not to refocus the chemical shift
or the second-order quadrupolar isotropic shift). The anisotropic second-
order quadrupolar interaction is removed at the end of ¢; if @ and b satisfy
[35]

Ci(p1)a+ Cf (p2)b =0, (4)

resulting in an isotropic line shape in the F; dimension. p; and p, must
be chosen such that C/(p;) and C}(p2) have opposite signs (C](p) are odd
functions of p, so Cf(p) = —CI(-p)).

Rotary Resonance
Here, only a brief summary of the the RR effects in quadrupolar nuclei is
given with more extensive discussions available elsewhere [20, 24, 25]. The
RR condition is satisfied when the rf amplitude, w;, and the rotor spinning
speed, w,., satisfy the following condition [30, 31]

dnw,
21 +1°

(5)

w1 =
where n is a positive integer. At RR conditions (w1 = 2nw, for I = 5/2),
the CT coherence is poorly spin locked since it mixes with both the 3QC
and 5QC [20, 24, 25]. MQCs are efficiently transferred to 1QC at the RR

condition. The optimal rf amplitudes for MQC excitation from equilibrium
magnetization (Iz) lie between RR conditions

4(n — Dw, cwr < dnw,
I —— w .
2 +1 " oar+d

(6)

The optimal rf amplitudes for conversions between MQCs (e.g. 5QC to
3QC) also occur away from the RR conditions, because leakage from 3QC
to 1QC is suppressed.

The second-order quadrupolar interaction causes an additional dephasing
of the coherences. Additional efficiency extrema are present due to recou-
pling of the second-order quadrupolar terms [25]. The dephasing caused by
second-order broadening results not only in shorter optimal pulse widths
but also in reduced excitation and conversion efficiencies, especially at low
rf amplitudes.
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MATERIALS AND METHODS
Experimental

A sample of aluminum acetylacetonate (Aldrich, 99%, used without fur-
ther purification) was ground using a mortar and pestle before it was packed
into a zirconia rotor. All experiments were performed on a Chemagnet-
ics/Varian CMX Infinity 500 spectrometer equipped with a 3.2 mm Che-
magnetics MAS probe. A 20 kHz spinning speed was used for all exper-
iments. The 27"Al NMR spectra were obtained at a Larmor frequency of
130.3 MHz.

The 2D maps of MQ excitation and conversion efficiencies were collected
using a variation of the split-t; MQMAS experiment [35], where the rf
amplitude and pulse width for one of the MQ excitation or conversions
pulses were varied, and the other MQ excitation and/or conversion pulses
were hard (150 kHz). Fig. 1 depicts the two versions of the 5Q3Q mixed
multiple-quantum experiment used for the 2D spectra of aluminum acety-
lacetonate. (MQNQ notation is used to denote the two coherences used
to refocus the second-order quadrupolar interaction.) One implementation
used hard rf pulses (HP), and the other used low amplitude rf pulses (LAP)
for 5QC excitation and for 5QC to 3QC conversion. In both the HP and
LAP versions of the experiment, a hard rf pulse was used for the 3QC to
1QC conversion, and a soft rf pulse was used to invert the CT coherence
from a +1 coherence to a —1 coherence for detection. The pulse sequences
and desired coherence pathways are shown in Fig. 1. The data in Fig.
2 (right column) were acquired using the 5Q1Q (Fig. 2b.f), 5Q3Q (Fig.
2d), and 3Q1Q (Fig. 2h) split-¢; experiments. The a and b fractions for ¢;
evolution are 3Q1Q: a = 12/31, b = 19/31; 5Q1Q: a = 12/37, b = 25/37;
and 5Q3Q: a = 19/44, b = 25/44. Note that in the 3Q1Q experiment (for
I =5/2), the second part of ¢; comes after the soft inversion pulse.

The phase cycles for the three different M QNQ experiments for I = 5/2
nuclei are listed in Table 1 and were checked with the CCCP program [36].
The amplitudes of the hard rf pulses were 150 kHz for all experiments,
and the soft inversion pulse amplitude was 3.7 kHz. The rf amplitudes
were calibrated using a 1 M AlCls;(aq) sample. The pulse widths were
empirically optimized to give maximum signal (details are given in the
caption of Fig. 3).

Simulations
The rf, isotropic chemical shift, and first- and second-order quadrupolar
interactions were included in the simulations. A frequency offset was in-
cluded to compensate for the second-order quadrupolar isotropic shift in
order to set the rf pulse on-resonance. The quadrupolar parameters used in
the simulations were those for aluminum acetylacetonate, Co = 3.0 MHz
and n = 0.15 [37]. Simulations were performed by numerically propagating
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the density matrix with a 0.1 us (1/500 of a rotor period) maximum time
step between Hamiltonian evaluations. A 20 kHz spinning speed was used.
Powder averaging was performed by summing the results from 3722 dif-
ferent crystallite orientations generated using the ZCW sampling scheme
[38, 39, 40]. A Larmor frequency of 130 MHz was used for a spin I = 5/2
nucleus.

The simulations in Fig. 2 (left column) were made by collecting one
point after a rf pulse that was varied in amplitude and width. The rf pulse
width step size was 5 us and covered the range of 5 to 300 us (6 rotor
periods). The rf amplitude was varied in steps of & 500 Hz from =~ 0.5 kHz
to 30 kHz (63 steps).

The simulated spectra in Fig. 4 are 1024-point FIDs collected using the
detection operator I_. The amplitude and width of each rf pulse were
optimized individually for maximum coherence transfer, except for Fig.
4e, where the only difference from the conditions used for Fig. 4d was a
1 kHz larger frequency offset. The FIDs were processed by applying a 20
Hz exponential apodization, performing a discrete Fourier transformation
with no zero-filling, and applying a zero-order phase correction. The rf
amplitudes and pulse widths are given in the caption. A filter was applied
after each rf pulse that zeroed all undesired coherences in the density matrix
in order to emulate a phase cycle.

RESULTS AND DISCUSSION

Two-dimensional maps of the coherence transfer efficiency of rf pulses as
a function of rf amplitude and pulse width are presented in Fig. 2. The left
column presents simulations, and the right column presents experimental
data. In all cases, the simulations are in good agreement with the experi-
ments, with the largest difference being that the experimental rf amplitudes
are shifted 1-2 kHz lower than in the numerical simulations. This differ-
ence is most likely due to the uncertainty in the rf calibration. The pulse
widths of the efficiency maxima, however, match almost perfectly between
the experimental data and the simulations. The contour levels (45, 60, 75,
and 90% of the maximum value in each map) were placed above the noise
level in the plots of the experimental data. The same contour levels were
used for the simulations. For 5QC to 1QC and 3QC to 1QC conversions,
there are efficiency maxima at wy; = %wr, which is a RR condition. The
5QC to 3QC conversion efficiency has minima at 2nw,, n = 1,2. This
drop in efficiency is due to the subsequent transfer from 3QC to 1QC. The
global maximum for the 5QC excitation efficiency is in between the n = 1
and n = 2 RR conditions.

Fig. 3 shows two experimental MMQMAS spectra acquired using the
pulse sequences in Fig. 1. The spectrum shown in Fig. 3a was obtained
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using the HP version of the experiment, and the spectrum shown in Fig. 3b
was obtained using the LAP version of the experiment. The bottom con-
tour is at 5% of the maximum intensity for both spectra. It is easy to see
from the contours and projections that the LAP version of the experiment
has a higher signal-to-noise ratio (S/N), defined here as the maximum in-
tensity divided by the standard deviation of the noise. The S/N in the LAP
experiment is twice that of the HP experiment. All possible combinations
of low amplitude and hard rf pulses were tried for the MQC excitation and
conversion pulses. The maximum sensitivity was obtained in the experi-
ment that used low amplitude rf pulses for the 5QC excitation and 5QC to
3QC conversion, and a hard rf pulse for 3QC to 1QC conversion.

Although the LAP version of the 5Q3Q experiment has a superior S/N,
the anisotropic projection has a much narrower frequency distribution than
the normal MAS line shape. Figs. 4a,c show the experimental spectra for
the first transient in ¢; for both the HP and LAP experiments, respectively;
Figs. 4b,d show the corresponding simulated spectra. The distorted line
shape observed in Fig. 4c is reproduced in the simulation. The experi-
mental spectra in Figs. 4a,c have the same vertical scaling, whereas the
simulations in Figs. 4b,d have been vertically scaled such that the spectra
are the same height. The simulations in Figs. 4d,e have the same vertical
scaling to show the effects of the resonance offset on the spectral inten-
sity. The difference in phasing between Fig. 4c and Fig. 4d is likely due
to differences in the acquisition and processing. The experimental spec-
trum is the first transient in ¢; of a split-t; experiment, where an echo is
acquired. In the simulations, the 7 delay was omitted, and no first-order
phase correction was applied.

Simply acquiring the first transient in t; of a split-t;y MQMAS experi-
ment with low amplitude rf pulses may be sufficient to resolve the reso-
nances (albeit with a distorted, yet narrower, frequency distribution) for
sites with low quadrupolar asymmetry. This 1D experiment precludes the
determinations of the quadrupolar parameters from the full anisotropic line
shape. However, in some instances (e.g. such as determining the number
of sites present in a a sample or following the shift of a resonance during
the course of a reaction) a short 1D experiment is preferred over a longer
2D experiment.

A normal MAS powder pattern results from the uniform excitation of
all crystallite orientations. For the case where there is no asymmetry (g
= 0), the distorted anisotropic (F5) projection in the LAP experiment is
due to the fact that the low amplitude rf pulses are selective to crystallite
orientations in two bimodal bands. One band has the powder angle g
between 8 = 35° and = 62°, with the maxima at f = 40° and 8 = 57°.
The second band is at the complementary angles to the first band; between
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B = 118° and = 145°, with the maxima at § = 123° and 8 = 140°. These
bands were determined via numerical simulations.

This orientation selection mechanism breaks down as 7 increases. Both
experiments and simulations indicate the 5QC excitation is more selective
(for small ) than the 5QC to 3QC transfer. This selectivity can be re-
produced in simulations without including the second-order quadrupolar
Hamiltonian during the rf pulses. It should be noted that Vosegaard et al.
[17] did not observe such radical line shape distortions in their experiments
on I = 3/2 nuclei.

One drawback of running this 1D experiment instead of a normal, hard
pulse MQMAS experiment (aside from the fact that the anisotropic infor-
mation is lost) is that the coherence transfer efficiencies of the low am-
plitude rf pulses are sensitive to resonance offset effects. Fig. 4e shows a
simulated spectrum with conditions identical to those for Fig. 4d, except
the resonance offset was 1 kHz larger. The intensity of the off-resonance
spectrum (Fig. 4e) is about one quarter that of the on-resonance spectrum
(Fig. 4d). Consequently, the 1D experiment, in this form, would not be
quantitative. Simulations show that the efficiency of the 5QC excitation
is more sensitive to resonance offsets than is the efficiency of the 5QC to
3QC conversion.

CONCLUSION

We have presented simulations detailing the rotary resonance (RR) ef-
fects in all of the high quantum transitions in I = 5/2 nuclei that are appli-
cable to MQMAS and MMQMAS experiments. Using appropriately chosen
low amplitude rf pulses for the 5QC excitation and 5QC to 3QC conversion
pulses yields an increase in the S/N by a factor of two over the hard pulse
version of the 5Q3Q MMQMAS experiment. In the LAP version of the
experiment, the anisotropic projection of the 5Q3Q spectrum is severely
distorted when compared to the normal MAS line shape. This distortion
is due to the fact that the low amplitude rf pulses are selective for sites
with low asymmetry towards two bimodal ranges of crystallite orientations
between § = 35° and § = 62°, and their complementary angles. When the
quadrupolar asymmetry parameter is small, judicious choice of the low am-
plitude rf pulse conditions may allow a spectrum with good sensitivity and
sufficiently resolved resonances to be acquired in a 1D experiment, instead
of using the indirect dimension projection of a 2D MQMAS experiment.
However, in this case, the lack of a full powder pattern precludes obtaining
the quadrupolar parameters via numerical fitting of the anisotropic line
shape. In addition, this method is not quantitative since the intensities of
the lines are sensitive to resonance offsets.
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FIG. 1. Schematic of and coherence pathway diagram for the split-t; 5Q3Q MAS
experiments for I = 5/2 nuclei used to collect the data in Fig. 3. The evolution time
in ¢t; was split using a = 19/44 and b = 25/44. (a) The HP version and (b) the LAP
version of the 5Q3Q experiment.

FIG. 2. Two-dimensional efficiency maps for the various MQC excitation and con-
versions as a function of rf amplitude and pulse width. Simulations are shown in the left
column, and experimental data are shown in the right column. The efficiencies plotted
for the simulations are the magnitude of density matrix element for the desired final
coherence. The efficiencies plotted for the experimental data were determined by taking
the maximum value of the magnitude spectrum for the first transient of the split-¢;
experiment. The rf amplitude step size is about 750 Hz for the experimental data and
about 500 Hz for the simulations. The pulse width step size was 1/4 rotor period in
(b), (f), and (h); 1/2 rotor period in (d); and 1/10 rotor period in (a), (c), (e), and
(g). Each experimental data set was collected with one complete phase cycle for each
rf amplitude and pulse width combination. The RR conditions for this spinning speed
are w1 = n13.33 kHz. The maximum percent efficiency for each excitation or conversion
is given in brackets (as determined by the simulations). (a), (b) Iz to 5QC excitation
[42%]; (c), (d) 5QC to 3QC conversion [32%]; (e), (f) 5QC to 1QC conversion [14%];
and (g), (h) 3QC to 1QC conversion [23%]. Each plot has four contours at 45, 60, 75,
and 90% of the maximum in each map.

FIG. 3. Experimental spectra for the two versions of the 5Q3Q experiment, (a) HP
and (b) LAP. Both the HP and LAP experiments used a 0.45 us, 150 kHz rf pulse for
the 3QC to 1QC conversion pulse and a 12.5 us, 3.7 kHz rf pulse for the +1QC to —1QC
inversion pulse. The dwell time was 40 us in ¢; and 50 ps in t2. The 7 delay was 5 ms.
The number of points in ¢; and t2 were 128 and 256, respectively. The sizes of the data
sets were doubled in both dimensions by zero-filling prior to Fourier transformation.
The HP experiment (a) used 150 kHz rf pulses of 3.4 and 0.65 us, respectively for 5QC
excitation and 5QC to 3QC conversion; whereas the LAP experiment (b) used a 190 us,
19 kHz 5QC excitation pulse, and a 95 us, 6.5 kHz 5QC to 3QC pulse.

FIG. 4. Comparison of the anisotropic projections for the 5Q3Q experiment. (a)
Experimental spectrum from the first transient in ¢; of the HP experiment. (b) Simu-
lated spectrum of the F» projection for the HP experiment. (¢) Experimental spectrum
from the first transient in ¢; of the LAP experiment. (d) Simulated spectrum of the F»
projection for the LAP experiment. (e) Simulated spectrum of the F» projection for an
LAP experiment using the same conditions as (d), except with a 1 kHz larger frequency
offset.
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TABLE 1.

Phase cycles for the 3Q1Q, 5Q1Q, and 5Q3Q experiments. The labels
¢, denote the phase of the pulse or receiver. The phases are given
in degrees. Subscripts indicate the number of repetitions
of the phase cycle in the parentheses, brackets,
or braces. There are 96, 160, and 640
steps in the 3QlQ, 5Q1Q, and
5Q3Q phase cycles, respectively.

experiment phases phase list

3Q1Q . (0,30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330)s
bc (0)96
1 (0)12, (45)12, (9012, (135)12, (180) 12, (225)12, (270) 12, (315) 12
br [(0, 270, 180, 90)3, (90, 0, 270, 180)s, (180, 90, 0, 270)3, (270, 180, 90, 0)3]-
5Q1Q 035, (0,18, 36, 54, 72,90, 108, 126, 144, 162, 180, 198, 216, 234, 252, 270, 288, 306, 324, 342)s
oc (0)160
b1 (0)20, (45)20, (9020, (135)20, (180)30, (225)20, (270)20, (315)20
br [(0, 270, 180, 90)5, (90, 0, 270, 180)s, (180, 90, 0, 270)s, (270, 180, 90, 0)5]-
5Q3Q 035, (0,18, 36, 54, 72,90, 108, 126, 144, 162, 180, 198, 216, 234, 252, 270, 288, 306, 324, 342)32
bc [(0)20, (90)20, (180)20, (270)20]s
oo (0)s0, (45)s0, (90)s0, (135)s0, (180)s0, (225)s0, (270)s0, (315)s0
o1 (0)640
or {[(0, 270, 180, 90)s, (180, 90, 0, 270)5]», [(90, 0, 270, 180)5, (270, 180, 90, 0)5]2,

[(180, 90, 0, 270)s, (0, 270, 180, 90)5]2, [(270, 180, 90, 0)s, (90, 0, 270, 180)5]2}2
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