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ABSTRACT: The conversion between multiple- and single-quantum coherences is integral
to many nuclear magnetic resonance (NMR) experiments of quadrupolar nuclei. This
conversion is relatively inefficient when effected by a single pulse, and many composite pulse
schemes have been developed to improve this efficiency. To provide the maximum
improvement, such schemes typically require time-consuming experimental optimization.
Here, we demonstrate an approach for generating amplitude-modulated pulses to enhance
the efficiency of the triple- to single-quantum conversion. The optimization is performed
using the SIMPSON and MATLAB packages and results in efficient pulses that can be used
without experimental reoptimisation. Most significant signal enhancements are obtained
when good estimates of the inherent radio-frequency nutation rate and the magnitude of the
quadrupolar coupling are used as input to the optimization, but the pulses appear robust to
reasonable variations in either parameter, producing significant enhancements compared to a
single-pulse conversion, and also comparable or improved efficiency over other commonly
used approaches. In all cases, the ease of implementation of our method is advantageous, particularly for cases with low
sensitivity, where the improvement is most needed (e.g., low gyromagnetic ratio or high quadrupolar coupling). Our approach
offers the potential to routinely improve the sensitivity of high-resolution NMR spectra of nuclei and systems that would,
perhaps, otherwise be deemed “too challenging”.

■ INTRODUCTION

Although nuclear magnetic resonance (NMR) spectroscopy
offers a sensitive probe of the atomic-scale environment, in the
solid state the presence of anisotropic interactions hinders the
extraction of accurate structural information.1 For nuclei with
spin quantum number I = 1/2, magic-angle spinning (MAS),2

i.e., rapid rotation of the sample around an axis inclined at
54.736° to the external magnetic field, B0, is able to remove the
anisotropic broadening and produce high-resolution spectra,
providing the rotation rate is sufficiently rapid. However, for
quadrupolar nuclei, with I > 1/2, MAS is not able to completely
remove the second-quadrupolar broadening, no matter how fast
the sample is rotated.3 For quadrupolar nuclei with half-integer
spin quantum number, a variety of approaches have been
introduced to remove the quadrupolar interaction completely
and acquire high-resolution spectra. Early methods involved
sample rotation around two different axes; simultaneously in
the double rotation (DOR)3,4 experiment, and sequentially for
dynamic angle spinning (DAS).3,5 Though successful, these
methods require expensive and specialist hardware and,
particularly for DOR, spinning rates can be somewhat limited
in comparison to simple MAS.
NMR study of quadrupolar nuclei in solids was revolu-

tionized by the introduction of the multiple-quantum (MQ)
MAS experiment by Frydman and Harwood in 1995,6 as this
offered the possibility of acquiring high-resolution spectra using
purely conventional MAS hardware. This two-dimensional

experiment (acquired under MAS conditions) involves the
correlation of multiple-quantum coherences (usually triple-
quantum, i.e., mI = +3/2 ↔ mI = −3/2) with central-transition
(i.e., mI = +1/2 ↔ mI = −1/2) coherences. This approach has
gained widespread popularity and has been applied to the study
of ceramics, minerals, microporous materials, energy materials,
and glasses.3,7 More recently, Gan introduced the satellite-
transition (ST) MAS experiment,8 which is conceptually similar
to MQMAS but correlates the single-quantum satellite (i.e., mI

= ±1/2 ↔ mI = ±3/2) and central transitions. Despite offering
a sensitivity advantage over MQMAS, this experiment is
technically more challenging to implement (owing to the need
to accurately set the angle of the spinning axis, and the
requirement for a very stable spinning rate)8,9 and has received
less attention, although it has been utilized very successfully in
cases where sensitivity is limited, and to detect the presence of
μs-time scale dynamics.3,8,10

Despite its extensive use, MQMAS does suffer from
inherently poor sensitivity, owing to the need for filtration
through multiple-quantum coherences. This is a particular
problem if significant quadrupolar broadening is present, or for
cases where only low radio-frequency (rf) field strength is
available. Several methods have been developed to improve the
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efficiency of MQMAS, with particular attention focused on the
“conversion” pulse, i.e., the conversion of triple- to single-
quantum coherences, as shown in Figure 1. DFS (double

frequency sweep),11 FAM (fast amplitude modulated),12,13

SPAM (soft pulse added mixing,)14,15 and HS (hyperbolic
secant)16 pulses have all been shown to yield improved
efficiency over the use of a single high-power pulse for this
coherence transfer. Although significant sensitivity gains are
possible, achieving these in practice becomes more difficult as
the complexity of the pulses used increases. SPAM offers a very
simple approach to increased sensitivity (involving the addition
of a central-transition selective 90° pulse after the high-power
conversion pulse) and is therefore easy to optimize and to
implement.14,15,17 More significant improvements can often be
obtained using FAM pulses, which consist of a number of
independent oppositely phased high-power pulses, that can be
applied in a “windowed” (FAM-I)12 or “windowless” (FAM-
II)13 manner. In the latter case, the number of pulses applied is
often restricted to two, leading also to a reasonably
straightforward experimental optimization process. However,
it has been demonstrated that in some cases better sensitivity
can be achieved by using a larger number of pulses, all of which
vary in duration.13,18 However, this significantly increases the
difficulty of the experimental multidimensional optimization,
particularly for cases where sensitivity is limiting. The DFS
approach introduced by Kentgens and Verhagen can produce
impressive gains in sensitivity but can be more challenging to
optimize in practice than some of the simpler approaches.11,19

Although the experimental optimization of composite pulses
can be practically challenging, and certainly very time-
consuming, particularly for the very cases where the sensitivity
enhancement they provide is vital for achieving high-resolution
spectra on a reasonable time scale, two previous attempts (both
using numerical simulations rather than a more laborious
experimental route) have been made to improve the efficiency
of pulses based on FAM-II.13,18 In the approach of Goldbourt
et al.,13 the length of the initial pulse was varied until a
maximum in conversion efficiency was reached, at which point
a second pulse was added with opposite phase. The length of
this pulse was increased (from zero) until a maximum in

conversion efficiency was reached, and then a third pulse of
opposite phase was added. This approach was continued with
up to four oppositely phased pulses used in the original work
and with an enhancement factor of ∼3 (200% more signal)
reported, relative to the most efficient single-pulse conversion.
In the approach of Morais et al.,18 it was noted that when
sequential oppositely phased pulses are used, for spin I = 3/2,
the optimum length of the first pulse corresponded to an
inherent flip angle of 90°, i.e., the point of the echo/antiecho
crossing, and this value was used as a constraint. Though the
precise details of the remainder of the optimization procedure
are somewhat unclear from the original work, composite pulses
were generated, composed of up to six oppositely phased
pulses, and yielding signal enhancement factors slightly higher
than those obtained by Goldbourt et al.13 One possible reason
for the improved efficiency of the optimized pulses of Morais et
al., relative to those of Goldbourt et al., is the removal of the
constraint that the phase must be inverted only when a
maximum in signal is obtained. Morais et al. demonstrated that,
by increasing the length of the preceding pulse beyond this
point, greater overall efficiency could be achieved by the
following pulse. It is interesting to note that the pulses
developed by Morais et al. appear to be essentially invariant
with both the rf nutation frequency and the magnitude of the
quadrupolar coupling, suggesting that they may have essentially
universal applicability (at least under the conditions consid-
ered). However, the optimization procedure of Morais et al. still
appears to have been constrained so that each pulse is shorter
than the preceding one. In this work, we also exploit the fast
and efficient optimization offered by high-throughput computer
simulation using modern hardware to develop a series of
composite FAM-II pulses, where additional oppositely phased
pulses continue to be added until no additional gain in
sensitivity is observed. However, as described in the procedure
below, there is no constraint on the relative lengths or
efficiencies of the individual pulses, but instead, the pulse
durations are optimized to obtain the overall maximum
efficiency. We demonstrate that these composite pulses, termed
here FAM-N (with N denoting the number of oppositely
phased pulses in the composite pulse), are easy and quick to
produce, provide improved sensitivity over conventional FAM-
II in most cases, require little or no experimental reoptimization
and appear robust with respect to reasonable variation of the
experimental parameters. This appears to offer a very promising
approach for routine implementation and sensitivity enhance-
ment of MQMAS experiments.

■ EXPERIMENTAL AND COMPUTATIONAL DETAIL
Computer Simulation and Optimization. High-through-

put computer optimization was performed using the SIMPSON
density matrix simulation program,20 which was called from a
home-written MATLAB21 script (see Supporting Information
for more detail). Specified within the optimization are the
external magnetic field strength, the MAS rate, the inherent
radio-frequency nutation rate, and the quadrupolar parameters
(i.e., the magnitude of the quadrupolar coupling, CQ = eQVzz/h,
and the asymmetry parameter, ηQ = (Vxx − Vyy)/Vzz, where Vii
are the principal components of the electric field gradient
tensor in its principal axis system, and eQ is the nuclear
quadrupole moment).3 The transfer of a unit amount of triple-
quantum coherences (density matrix element 1, 4 for I = 3/2)
to central-transition single-quantum coherences of the same
sign (density matrix element 2, 3 for I = 3/2) is considered.

Figure 1. Pulse sequence and coherence transfer pathway diagram for
a phase-modulated split-t1 shifted-echo triple-quantum MAS experi-
ment. The conversion of triple- to single-quantum coherences can be
carried out using a range of different types of pulses as shown. For the
87Rb experiments performed in this work k = 9/16, k′ = 7/16, and k″ =
0. The final pulse in the sequence (and the additional pulse for SPAM)
is chosen to be selective for the central transition.
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Once optimum efficiency has been achieved, the composite
pulse that produces this is saved to a text file and can also be
written directly into a triple-quantum filtered and/or a two-
dimensional triple-quantum MAS pulse program.
The computer-based optimization procedure used is shown

schematically in Figure 2. This can be broken down into a
number of key steps. See Supporting Information for a more
detailed description.

Step 1: The amount of central-transition single-quantum
coherence generated in the simulation from unit triple-quantum
coherence of the same sign is monitored as the duration of a
high-power rf pulse is varied. The point at which maximum
conversion is obtained (for one pulse) is highlighted in Figure 2
by the blue dotted line.
Step 2: The duration of the first pulse is chosen to be that

producing the maximum coherence transfer, and a second pulse
is then applied with an inverted phase. The duration of this
pulse is incrementally varied. The duration of the previous
pulse is then increased by one increment and the variation of
the second pulse is repeated. This procedure is carried out a
number of times until additional incrementation of the first
pulse would result in a decrease in the maximum transfer
achieved. At this point an additional pulse is added, again with
inverted phase.
Step 3: This procedure is repeated, i.e., incrementing the

duration of the (N − 1)th pulse, and varying the duration of the
Nth pulse for each increment and determining the point of
maximum coherence transfer. This generates a series of pulses
with opposite phase and varying duration. As described in the
Supporting Information, changing the lengths of pulses
preceding the (N − 1)th pulse does not lead to any further
enhancement and is omitted from the procedure for increased
time efficiency.

Step 4: The optimization is stopped when adding the next
pulse does not result in an increase in the maximum conversion
efficiency at any point.
Step 5: The optimum composite pulse train produced is

saved to a text file, listing the duration of each step and the
coherence transfer efficiency throughout. The pulse can also be
written directly into an experimental NMR pulse program. The
pulse is usually defined by its total length and the relative
duration of each alternately phased step. The total pulse
duration can then also be experimentally optimized if desired
or, perhaps more usefully, the applied B1 field strength (i.e., the
inherent rf nutation rate) can be varied.
As an example, Figure 2 shows the amount of central-

transition single-quantum coherence generated from initial
triple-quantum coherence as a function of the duration of high-
power pulses (ω1/2π = 150 kHz), for a 87Rb (I = 3/2) nucleus
with CQ = 1.2 MHz, ηQ = 0, and B0 = 14.1 T (600 MHz
spectrometer), with an MAS rate, ωR/2π, of 12.5 kHz. For a
single pulse, maximum conversion is achieved with a duration
of 1.18 μs (see the blue dotted line in Figure 2). However, if a
second pulse is added with alternate phase, an increase in
conversion efficiency is immediately apparent. When the length
of the initial pulse is increased and the variation of the duration
of the second pulse repeated, maximum coherence transfer is
observed with p1 = 1.78 μs and p2 = 0.88 μs. This would
correspond to a conventional FAM-II pulse, as indicated by the
green dotted line in Figure 2. This procedure can be repeated
and an additional sensitivity gain is observed with a longer pulse
train (e.g., of 120% over a single pulse and 16% over FAM-II,
with N = 6). The pulses generated by this optimization differ
from both the pulses of Goldbourt et al.,13 where the length of
the first pulse would be constrained to 1.18 μs (i.e., the value
giving the most efficient single-pulse conversion) and the pulses
of Morais et al.,18 where the length of the first pulse would be
constrained to 1.67 μs (i.e., an inherent 90° pulse). Further
comparison of the pulses obtained by the three different
optimization methods is provided in the Supporting
Information. The computer-based optimization is easy to
implement (as this is controlled automatically by the MATLAB
routine) and is cost efficient to carry out (unlike its
experimental counterpart). If necessary, optimization can be
implemented in a high-throughput approach, varying the
quadrupolar parameters, rf nutation rate or MAS rate in a
series of sequential optimizations.

NMR Spectroscopy. Experimental NMR spectra were
acquired at room temperature using a Bruker Avance III 600
MHz spectrometer equipped with a 14.1 T wide-bore magnet,
at a Larmor frequency of 196.4 MHz for 87Rb. Samples were
packed into conventional 4 mm rotors and rotated at MAS
rates, ωR/2π, of 12.5 kHz in a commercial 4 mm MAS probe,
with inherent rf nutation rates, ω1/2π, between 110 and 125
kHz (calibrated using RbCl). Central-transition selective pulses
were applied with typical rf nutation rate, ω1/2π, of ∼8 kHz.
Chemical shift scales are shown in ppm, referenced relative to
RbNO3(aq) (using RbCl at 128 ppm as a secondary reference).22

Triple-quantum filtered experiments were performed using a
phase-modulated two-pulse sequence, using a high-power
excitation pulse, and conversion of triple- to single-quantum
coherences achieved using (i) a single high-power pulse, (ii)
SPAM, (iii) FAM-I, (iv) FAM-II, (v) DFS, or (vi) FAM-N
pulses. For (i)−(v) these pulses were experimentally optimized
until the maximum signal was achieved. Generation and
optimization of FAM-N pulses are described in detail in the

Figure 2. Schematic description of the computational optimization
process for the generation of FAM-N pulses. Simulations have been
performed for 87Rb (I = 3/2) at B0 = 14.1 T with ω1/2π = 150 kHz,
ωR/2π = 12.5 kHz, CQ = 1.2 MHz, and ηQ = 0. The plot shows the
amount of central-transition single-quantum coherence generated from
a unit amount of triple-quantum coherence as a function of the
duration of the pulse(s). Highlighted are the duration (and maximum
efficiency) of a single pulse (blue dotted line), FAM-II (green dotted
line), and FAM-N (red dotted line). For the case shown, the optimum
FAM-N pulse has six consecutive pulses of opposite phase.
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text. Two-dimensional triple-quantum MAS experiments were
recorded using a phase-modulated split-t1 shifted-echo pulse
sequence,23 with selection of the +3 → +1 → −1 coherence
transfer pathway, as shown in Figure 1. The conversion of
triple- to single-quantum coherences was achieved using
methods (i)−(vi), as described above. The third pulse is a
central-transition selective inversion pulse. The indirect
dimension is referenced according to the convention described
in ref 24. See Supporting Information for more details for
specific experiments.

■ RESULTS AND DISCUSSION
Figure 3a compares the maximum single-quantum coherence
generated (in a simulation) from unit triple-quantum coherence

for some of the different types of conversion pulses, as a
function of the quadrupolar coupling constant (CQ). The
simulation was carried out for a single 87Rb (I = 3/2) nucleus
with ηQ = 0, at B0 = 14.1 T, subject to a pulse with ω1/2π = 114
kHz and with ωR/2π = 12.5 kHz. The conversion efficiency for
a single pulse and for FAM-II is easy to obtain from the FAM-N
optimization process (as shown in Figure 2). To simulate a
SPAM conversion pulse, the program described above was
limited to just two pulses, the second of which was set to have a
much lower rf nutation rate (∼10 kHz in this simulation). It is
clear from Figure 3a that the efficiency of a single high-power
pulse for the conversion of triple- to single-quantum

coherences decreases significantly as the quadrupolar coupling
increases. The efficiency of SPAM is greater than that of a
single pulse for all values of CQ considered, with maximum
efficiency observed when CQ is ∼0.3 MHz. For a FAM-II
conversion pulse (with two pulses) maximum efficiency is
achieved at higher CQ values (∼0.7 MHz). Although the
efficiency of FAM-II decreases at higher values of the
quadrupolar interaction, it is more efficient then either SPAM
or a single pulse above ∼1 MHz, but less efficient than SPAM
at lower CQ. The FAM-N pulse has the highest efficiency of the
methods considered here at higher values of CQ, with significant
improvements over a single pulse for values above 1 MHz.
Note that the efficiencies of FAM-N and FAM-II are identical
below ∼0.9 MHz, as in this regime it is found that N = 2, i.e.,
that FAM-II is the most efficient FAM-type pulse at low CQ

values. Figure 3b shows a similar plot of conversion efficiency,
but with CQ now fixed at 1.2 MHz and the rf nutation rate
varied. The conversion efficiency using a single pulse increases
as the rf nutation rate increases, and similar behaviors are also
observed for both SPAM and FAM-II. FAM-II exhibits an
enhancement of a factor of ∼2 over that achieved with a single
pulse for most of the parameter space considered. The
conversion efficiency obtained using FAM-N is the highest
observed at each of the rf values considered, and remains fairly
constant, rising slightly as the nutation rate increases. Note that
at high values of the nutation rate the FAM-N and FAM-II
pulses are formally identical.
Figure 4a shows a 87Rb MAS spectrum of RbNO3, where the

quadrupolar line shapes of the three distinct Rb sites (all of
which exhibit similar CQ values, between 1.65 and 2.0 MHz),25

are overlapped. Three distinct resonances can be seen in the
isotropic projections shown in Figure 4b, obtained from 87Rb

Figure 3. Plots of the maximum central-transition single-quantum
coherence generated from unit triple-quantum coherence using an
optimized single pulse (blue line), SPAM (orange line), FAM-II
(green line), or FAM-N (red line) pulses as a function of (a) the
quadrupolar coupling constant, CQ, and (b) the inherent rf nutation
rate, ω1/2π. Simulations were performed for a single 87Rb (I = 3/2)
nucleus at B0 = 14.1 T, with ηQ = 0, ωR/2π = 12.5 kHz, and (a) ω1/2π
= 114 kHz or (b) CQ = 1.2 MHz. For SPAM, the optimization
program was limited to two pulses, with the second having ω1/2π = 10
kHz.

Figure 4. 87Rb (14.1 T, 12.5 kHz) (a) MAS and (b) isotropic
projections of triple-quantum MAS NMR spectra of RbNO3. In (b),
spectra were acquired using the pulse sequence in Figure 1, with
different pulses for the conversion of triple- to single-quantum
coherences. The single pulse, SPAM, FAM-I, FAM-II, and DFS pulses
were optimized experimentally (Supporting Information). The FAM-
N pulse was generated for a single 87Rb spin at 14.1 T with ω1/2π =
114 kHz, ωR/2π = 12.5 kHz, CQ = 1.9 MHz, and ηQ = 0. For full
details of the experimental parameters used, see the Supporting
Information.
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two-dimensional triple-quantum MAS NMR experiments,
acquired using the phase-modulated split-t1 shifted-echo pulse
sequence shown in Figure 1. The conversion of single- to triple-
quantum coherences was carried out using different approaches
in the six different spectra shown. The single pulse, SPAM,
FAM-I, FAM-II, and DFS pulses were optimized experimentally
(resulting in the pulses described in the Supporting
Information). For FAM-N, the pulse was produced using the
computational optimization approach described above, using
ω1/2π = 114 kHz, ωR/2π = 12.5 kHz, CQ = 1.9 MHz, and ηQ =
0. It is possible to perform an additional experimental
optimization step by varying the B1 field strength to ensure
maximum signal is obtained (e.g., to account for any
inaccuracies in estimation or calibration of the rf nutation
rate). In this particular case experimental optimization did not
result in any improvement. Figure 4 shows that for all three
sites FAM-N has much greater efficiency than the single-pulse
conversion (∼105% more signal) and greater also than FAM-II
(by ∼20%). The efficiency is slightly higher than that achieved
using DFS, although it is not clear whether this result arises
from the more challenging experimental optimization for DFS
or from an inherent difference in efficiency. Both FAM-N and
SPAM require little or no experimental reoptimization,
ensuring they are easy to implement. The additional
optimization time required increases for FAM-II, FAM-I, and
DFS experiments, respectively.
Although similar sensitivity enhancements were observed

using FAM-N for all Rb sites in RbNO3, all three do have
similar CQ values. However, the value of ηQ differs significantly
between the three. Figure 5 plots how the (simulated)

efficiency of the FAM-N pulse used above (generated using
ω1/2π = 114 kHz, ωR/2π = 12.5 kHz, CQ = 1.9 MHz, and ηQ =
0) changes as the value of ηQ for which it is applied varies. As
shown by the black line, a small decrease in efficiency is
observed as ηQ increases. If different FAM-N pulses are
generated for each value of ηQ individually, this decrease is not
as significant (as shown by the gray line), but the maximum
single-quantum coherence generated still falls slightly with
increasing ηQ. Table 1 compares the predicted efficiency of
different FAM-N pulses (and the corresponding signal obtained

using a single pulse) when applied in simulation to sites with
CQ and ηQ values for the three Rb species in RbNO3. For a
species with CQ = 1.9 MHz and ηQ = 0 the FAM-N pulse
generated using these NMR parameters gives 306% of the
signal of that using a single pulse (i.e., a 206% enhancement).
When this same pulse is applied at the CQ/ηQ values found for
the three Rb sites in RbNO3, a decrease in efficiency is found
(with enhancements between 155 and 177% obtained). The
signal obtained increases in all cases when the FAM-N pulse
applied has been generated for the specific CQ values for each
site and increases further still when the pulse applied is
generated initially using both CQ and ηQ values. However, in all
cases, significant signal enhancements over a single pulse are
obtained.
The FAM-N computer-based optimization requires initial

input of the rf nutation rate, the MAS rate, and CQ (and ηQ).
Although the MAS rate is easily set experimentally, it may well
be that the rf nutation rate is not known exactly, or that CQ
values may not be accurately known (or may vary between
different sites within the same sample). The latter point, of
course, presents a challenge for any signal enhancement
technique (and indeed MQMAS itself is famously non-
quantitative as a function of CQ); however, the need to know
ω1 and CQ in advance could be seen as an additional challenge
or requirement for the FAM-N approach. It is generally
relatively easy to measure (or at least estimate) the inherent rf
nutation rate using a sample where CQ = 0. There are a number
of options for estimating CQ values if rf nutation rates are not
known exactly, either from a comparison to similar materials in
the literature, using first-principles calculations if a structural
model is available, or from the MAS spectrum. Although in the
latter case it may not be possible to extract very accurate values
if the spectrum consists of a number of overlapping line shapes,
estimates can often be obtained and, in the worst cases, an
upper limit determined from the line width.
Despite the options outlined above, it is instructive to

consider how the efficiency of FAM-N varies if the pulses are
applied under different conditions to those for which they were
initially optimized (i.e., to investigate the robustness of the
method to variation in experimental or sample parameters).
Figure 6a plots how the efficiency of a specific FAM-N pulse
(optimized at the inherent rf nutation rate shown) varies as the
nutation rate at which the sequence is carried out changes. For
example, the bright red line shows how the (simulated)
efficiency of a FAM-N pulse optimized using ω1/2π = 100 kHz,

Figure 5. Plot of the variation in the maximum central-transition
single-quantum coherence obtained from unit triple-quantum
coherence using a FAM-N pulse as a function of ηQ. Results are
shown either for a FAM-N pulse generated using CQ = 1.9 MHz and
ηQ = 0 (black line) and applied at all values of ηQ or for a series of
FAM-N pulses optimized using CQ = 1.9 MHz and each specific ηQ
value (gray line). Simulations were performed for a single 87Rb (I = 3/
2) nucleus at B0 = 14.1 T, with ωR/2π = 12.5 kHz and ω1/2π = 114
kHz.

Table 1. Amount of 87Rb Central-Transition Single-
Quantum Coherence Generated from Unit Triple-Quantum
Coherence Using a Single Pulse or Different FAM-N Pulses
for Species with CQ and ηQ Values Shown (Simulation
Parameters: B0 = 14.1 T, ω1/2π = 114 kHz, and ωR/2π =
12.5 kHz, with CQ and ηQ as Shown)

single-quantum coherence

site
CQ/
MHz ηQ

single
pulse

FAM-N
(1.9, 0)a

FAM-N
(CQ, 0)

b
FAM-N
(CQ, ηQ)

c

1.9 0 0.190 0.581
Rb1 1.68 0.2 0.213 0.544 0.573 0.593
Rb2 1.94 1 0.179 0.495 0.502 0.546
Rb3 1.72 0.5 0.206 0.497 0.530 0.585

aFAM-N pulse generated using CQ = 1.9 MHz and ηQ = 0. bFAM-N
pulse generated using CQ values specific to each site and ηQ = 0.
cFAM-N pulse generated using CQ and ηQ values specific to each site.
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ωR/2π = 12.5 kHz, CQ = 1.9 MHz, and ηQ = 0 varies when
applied at different values of the rf field strength. It can be seen

that good performance is obtained over a reasonable range of
nutation rates (i.e., 90% of the maximum performance is
achieved over a range of 62 kHz). This suggests that small
errors in the rf calibration measurement (or inaccuracies in any
estimation) should have little impact on the efficiency of the
FAM-N pulse. However, in cases where sufficient signal can be
obtained, it is also possible to experimentally optimize the B1
field strength used for the computer-generated FAM-N pulse to
ensure maximum efficiency is obtained. Figure 6a demonstrates
that this process is not vital, and for samples where this is not
feasible in a reasonable time scale, an estimate of the inherent rf
nutation rate is sufficient for successful implementation of
FAM-N. One point to note from Figure 6a is that, although
maximum efficiency at a rf nutation rate of, for example, 100
kHz is achieved by using the FAM-N pulse generated with that
value of the rf as an initial input, the maximum efficiency of
each FAM-N pulse is actually found when that same pulse is
applied at slightly higher nutation rates (e.g., for the FAM-N
pulse generated using ω1/2π = 100 kHz maximum efficiency
for that specific pulse is found when ω1/2π = 110 kHz). This is
most likely a result of the fact that small variations in rf nutation
rate do not significantly affect the type/length of optimized
pulse, but that the higher B1 field strength applied can result in
a slightly higher general conversion efficiency.
Figure 6b shows a plot considering how the efficiency of a

specific FAM-N pulse (optimized at the CQ value shown) varies
as CQ changes. Note the logarithmic scale on the x axis.
Maximum enhancements are observed for CQ values close to
those for which the pulse was initially generated, but a
significant enhancement is seen over the signal obtained using a
single pulse over a range of CQ values. This range is wider at
lower values of CQ (even accounting for the log scale), where
the optimized FAM-N pulse consists of only a small number of
individual pulses. Although the range of CQ values where
maximum efficiency is obtained drops as CQ increases, the
magnitude of the enhancement achieved at higher CQ is greater.
Figure 6b suggests that, although a prior estimate of the
magnitude of the quadrupolar interaction is useful, significant

Figure 6. Plots showing how the maximum central-transition single-
quantum coherence generated from unit triple-quantum coherence
using a FAM-N pulse optimized at specific conditions varies with a
change in (a) the inherent rf nutation rate, ω1/2π, and (b) the
quadrupolar coupling constant, CQ. Simulations were performed for a
single 87Rb (I = 3/2) nucleus at B0 = 14.1 T, with ηQ = 0, ωR/2π =
12.5 kHz and in (a) CQ = 1.2 MHz with ω1/2π = 25, 50, 75, 100, 125,
and 150 kHz, and in (b) ω1/2π = 114 kHz with CQ = 0.3, 0.6, 1.2, 2.4,
and 4.8 MHz. The maximum efficiency obtained using a single pulse is
shown by the black dotted line.

Figure 7. 87Rb (14.1 T, 12.5 kHz) (a) MAS and (b) isotropic projections of triple-quantum MAS NMR spectra of Rb2SO4. In (b, c) spectra were
acquired using the pulse sequence in Figure 1, using either a single pulse or FAM-N for the conversion of triple- to single-quantum coherences. Two
FAM-N pulses were generated (i) using CQ = 2.52 MHz and ηQ = 1.0 and (ii) using CQ = 5.3 MHz and ηQ = 0.11, each with ω1/2π = 123 kHz. For
full details of the experimental parameters, see the Supporting Information.
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enhancements may still be achieved for different CQ values. The
presence of multiple sites with differing CQ values within a
sample presents a challenge for any sensitivity enhancement
technique but is a common situation in reality. Figure 7 shows
both a MAS spectrum and isotropic projections obtained from
87Rb two-dimensional triple-quantum MAS NMR experiments
on Rb2SO4, acquired using the phase-modulated split-t1 shifted-
echo pulse sequence shown in Figure 1. The conversion of
triple- to single-quantum coherences has been carried out either
with a single (high-power) pulse or with FAM-N. There are
two distinct Rb sites in Rb2SO4 (as can be seen in the MAS
spectrum, shown in Figure 7a), with CQ values of ∼2.5 and
∼5.3 MHz, respectively.26 Two FAM-N pulses were used for
conversion: one generated from an optimization using CQ =
2.52 MHz and ηQ = 1.0 and a second using CQ = 5.30 MHz and
ηQ = 0.11. In both cases, values of ω1/2π = 123 kHz and ωR/2π
= 12.5 kHz were used in the computer-based optimization. For
Rb1 (CQ = 2.52 MHz), as shown in Figure 7b, the maximum
enhancement (of ∼105% over a single pulse) is seen with the
pulse generated using that CQ value, but only 12% of the signal
is lost when the alternative FAM-N conversion pulse is used. A
similar result is also observed for Rb2 (Figure 7c), with
maximum enhancement obtained using the FAM-N pulse
generated from an optimization using CQ = 5.30 MHz, and the
signal enhancement dropping from 160% to 135% (both
compared to the signal obtained using a single pulse) when the
FAM-N pulse is changed.

■ CONCLUSIONS
We have demonstrated an effective and high-throughput
approach for the generation of amplitude-modulated pulses to
enhance the efficiency of the conversion of triple- to single-
quantum coherences, a transfer used in many NMR experi-
ments for quadrupolar nuclei, including the popular MQMAS
technique. The optimization is easy to perform, using
SIMPSON and MATLAB packages, and results in very efficient
pulses that can be used directly in experiment. The efficiency of
the pulses reported here exceeds that of multiple-pulse schemes
based on FAM-II reported previously in the literature,13,18 most
likely owing to the fact that earlier optimization approaches
used constraints on the lengths of some or all of the pulses.
Most significant signal enhancements are obtained when good
estimates of the inherent rf nutation rate and the magnitude of
the quadrupolar coupling are used as initial input to the
computer-based optimization process, but the pulses appear
reasonably robust to variations in either of those parameters,
producing significant enhancements over the signal obtained
using a single pulse for conversion, and also improved efficiency
over more commonly used approaches such as FAM-I, FAM-II,
and SPAM. A performance similar to that of DFS is observed,
although the ease of implementation (i.e., little or no
experimental optimization) of FAM-N offers a significant
advantage, particularly for systems where sensitivity is limited
(e.g., low-γ nuclei, small sample volumes, low natural
abundance, or low element density). If sufficient signal can
be observed on a reasonable time scale, it is possible to
optimize the B1 field strength at which the pulse is applied
experimentally to ensure maximum signal enhancement. This
approach offers great potential to routinely improve MQMAS
and MQMAS-based correlation experiments on a wide range of
materials, opening up (particularly in combination with high-
field measurements) the study of nuclei and systems that have
perhaps previously been deemed “too difficult”. Future work

will focus on extending this approach to improve other
coherence transfer processes (e.g., single- to triple-quantum
coherence, five- to single-quantum coherence, etc.) and upon
application to more challenging cases, such as 25 Mg and 67Zn
NMR (where the low γ will result in very low ω1) or samples
with low content of a particular element. Furthermore, similar
approaches have been used for population transfers27 and
transfer from 0 to −1 coherences28 and high-throughput
optimizations using our approach may offer further sensitivity
enhancements in these cases.

■ ASSOCIATED CONTENT
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Information on the optimization procedure, comparison of
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