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ABSTRACT

It has been shown recently that a rotor-period long pulse applied at a frequency selective to the satellite-
transitions of half-integer quadrupole nuclei can efficiently interconvert central-transition (CT) and
triple-quantum (TQ) coherences for the acquisition of MQMAS spectra [I. Hung, Z. Gan, J. Magn. Reson.
324 (2021) 106913; doi: https://doi.org/10.1016/j.jmr.2021.106913]. By using a pair of such pulses and
selecting opposite changes in coherence order, the anisotropic phase of the effective rf field can be refo-
cused. Efficient multiple-quantum interconversion has led to low-power MQMAS pulse sequences cap-
able of obtaining isotropic NMR spectra for the largest quadrupolar couplings to date. In this work, we
extend the satellite-transition selective pulses from single- to double-frequency (or cosine) irradiation.
By applying average Hamiltonian theory in the quadrupolar jolting frame, it is shown that the phase
for TQ/CT conversion converges when the double-frequency irradiation matches the mirror-image sym-
metry of the satellite-transitions. The coherent conversion explains the mechanism behind the double-
frequency sweep (DFS) and fast amplitude modulation (FAM) methods used for MQMAS. However, the
strict matching condition limits the bandwidth of such double-frequency pulses to less than one spinning
frequency. The use of a pair of identical cosine satellite-transition pulses is proposed to refocus the resid-
ual anisotropic phase spread. The refocusing leads to a more efficient MQMAS pulse sequence with a
broader bandwidth suitable for large quadrupolar couplings and chemical shift ranges. Comparisons with
the recently presented single-frequency IpMQMAS and other MQMAS pulse schemes show that cos-
IpMQMAS is more efficient, less susceptible to fluctuations in spinning frequency, and suffers from less
distortion in quadrupolar line shapes, as demonstrated with model compounds of moderate and large
quadrupolar couplings, 8RbNO; and f-"'Ga,0s. In particular, the results for f-’'Ga,0; show an order
of magnitude increase in MQMAS efficiency.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

nuclei and samples. Its dependence on the quadrupolar couplings
also affects line shapes and quantitative interpretation of MQMAS

Since its introduction in 1995, multiple-quantum magic-angle
spinning (MQMAS) [1] has become a widely used experiment for
solid-state NMR of quadrupolar nuclei. The correlation under
MAS of multiple-quantum (MQ) transitions with the central-
transition (CT) of half-integer quadrupolar nuclei refocuses the
second-order quadrupolar broadening, yielding high-resolution
isotropic spectra. For disordered samples, the correlation allows
separation and deconvolution of the chemical shift and the
second-order quadrupolar shift distributions in two dimensions
[2,3]. The efficiency of the MQMAS experiment, determined by
the excitation and conversion of MQ coherences is of paramount
importance to the application of MQMAS, especially for insensitive
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spectra. As described in a seminal paper published by Vega and
Naor [4] before the introduction of MQMAS, MQ coherence can
be excited and converted back to the CT through two mechanisms.
The first is by applying an on-resonance rf pulse near the CT. Effi-
cient excitation and conversion can be achieved when the
quadrupolar splitting is close to the rf field strength. This mecha-
nism requires short, strong rf pulses given that the typical quadru-
pole couplings are much larger than the 1f field. The second
method is by applying double-frequency irradiation away from
the CT, matching the frequencies of the two satellite-transitions
(STs). Selective inversion of the STs between the |+1/2 > and
|£3/2 > spin states effectively interconverts the triple-quantum
(TQ) and CT coherences necessary for a triple-quantum MQMAS
experiment. Based on these two mechanisms, numerous pulse
schemes, and NMR probes capable of delivering strong rf fields
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have been developed to improve the MQMAS efficiency [5-11].
Nevertheless, the efficiency is still far from ideal despite these
efforts, especially for samples with large quadrupolar couplings
that far exceed practically achievable rf field strengths.

Recently, the authors have introduced the use of rotor-period-
long (7.)-pulses selective to the STs for application in MQMAS
[12], as well as for the satellite-transition magic-angle spinning
(STMAS) experiment [13]. For t,-pulses under MAS, the rf fre-
quency sweeps across the ST frequencies modulated by the sample
rotation. The level crossings always occur regardless of how large
the quadrupolar coupling is, as long as the applied rf frequency is
within the span of the STs. The crossings can achieve transitions
between the |+1/2> and |+3/2> spin states for STMAS and MQMAS.
However, the timing of the level crossings varies among different
crystallites in powder samples giving rise to an anisotropic phase
spread in both TQ excitation and conversion that can cause signal
cancellation. Inspired by the use of long pulses for 'H-detected
heteronuclear multiple-quantum correlation (HMQC) of quadru-
pole nuclei [14], MQMAS and STMAS pulse sequences were
designed in a symmetric manner such that signal cancellation from
the phase spread effect can be avoided. These long-pulse schemes,
dubbed IpMQMAS and IpSTMAS due to their low-power require-
ment, can cover a wide range of quadrupole couplings and have
been applied successfully to acquire MQMAS and STMAS spectra
for the largest quadrupolar couplings to date [12,13].

In this work, we compare the use of ST-selective pulses with
single- and double-frequency irradiation for MQMAS. By applying
average Hamiltonian theory in the so-called quadrupolar jolting
frame, we show that the phase for the TQ « CT conversion diverges
for single-frequency pulses causing signal loss, while for two-
frequency irradiation the phase converges. The phase convergence
explains why double-frequency irradiation in the form of double-
frequency sweeps (DFSs) [6] and fast amplitude modulation
(FAM) pulses [7,9] have been used successfully for MQMAS. How-
ever, it will be shown that the phase convergence occurs only for a
narrow bandwidth, less than one MAS frequency. This narrow
bandwidth can limit application of MQMAS to samples with large
quadrupolar couplings and chemical shift ranges. Therefore, we
propose the use of cosine (or double frequency) pulses in a pair-
wise manner to attain a broadband MQMAS experiment. In the fol-
lowing, we first present the average Hamiltonian theory used to
derive the effective rf Hamiltonian in the quadrupolar jolting frame
[14-16] for both single- and double-frequency long pulses. An ana-
lytical solution will be derived for a spin S = 3/2 system by assum-
ing that the applied rf frequency is far off-resonance from the CT
and selective only to the STs. The theoretical results show that a
phase spread develops for TQ « CT conversion when a single-
frequency long pulse is applied, and the phase converges for
double-frequency pulses. The phase spread can also be refocused
by using identical long pulses for both the MQ excitation and con-
version. Experimentally, the cosine low-power MQMAS method is
compared with other MQMAS pulse schemes using the model com-
pounds ®RbNO; with moderate quadrupolar couplings and
$-"1Ga,05 with large quadrupolar couplings.

2. Theory

In this section, we derive the spin dynamics of 7.-pulses applied
to S =3/2 nuclei under MAS. The aim is not to provide a full general
treatment, but rather to use a four-level system to understand the
most salient features of ‘long’ pulse rf irradiation far off-resonance
from the central-transition (CT). For such a case, it is possible to
obtain an analytical solution for the rf spin dynamics, which eluci-
dates an anisotropic effective rf field, in terms of both magnitude
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and phase. For larger spin quantum numbers, numerical simula-
tions can be carried out to calculate the effects of the effective rf
Hamiltonian under MAS.

Let us consider the Hamiltonian of a spin S = 3/2 nucleus under
rf irradiation

H=Hq +Hy
Ha(t) = q(0)[S; - S(S+1)/3] (M

Hrf = G)lx(t)sx + a)]y(t)Sy

where the MAS-modulated first-order quadrupole coupling q(t) is
much larger than the magnitude of the rf field |w4|. The rf Hamilto-
nian is expressed generally with the two components of the rf field
vector in the transverse plane w; = w1 + iwy,. The offset terms from
the chemical shift and second-order quadrupolar coupling are not
considered here, but will be briefly discussed later.

As a first step to simplifying the Hamiltonian, we go to the
interaction representation of the quadrupolar interaction Hy(t),
also known as a jolting frame [15], described by the rotation oper-
ator R,

R = exp [fifé HQ(t/)dt/]

)
oy (t) = R(OHyR(D)

The jolting frame moniker is used to describe this time-dependent
rotation to distinguish it from the well-known NMR rotating frame
that precesses at a constant Larmor frequency. In the quadrupolar
jolting frame (QJF), the leading Hq(t) term is eliminated along with
the frequency offset from the large first-order quadrupolar cou-
pling, but additional MAS modulations are introduced into the rf
Hamiltonian

0 W, (t)ei?ett)
V3| i (t)eiPe® 0 [ |
hrf(t) =5 —ig (t)
2 [ ] 0 w1 (t)e"'Pe
' (t)ei9e® 0

where @ (t) =2 f‘ q(t')dt'is the rotation phase of the jolting frame.
0

In Eq. (3), we assume that the rf irradiation is applied far off-
resonance from the CT such that the CT elements of the rf Hamilto-
nian (denoted by black squares) can be neglected. This allows the rf
Hamiltonian to be separable into two independent two-level sub-
spaces corresponding to the two satellite-transitions (STs). The
QJF introduces e?e® and e~*?e() modulations that are related to
the spinning sideband (ssb) intensities s, for the ST MAS spectra,
as obtained by Fourier expansion

ei(pQ(t) — stkeiku)rt
—ipo (t) — *  pikort
e 1Pt = 375" el

(4)

Thus, insights into the behavior of the rf Hamiltonian in Eq. (3) can
be gained by examining the ST ssbs. To illustrate, simulated ssbs
for the two STs of a single S = 3/2 crystallite are shown in Fig. 1b.
The ssb manifolds span the static ST powder patterns (Fig. 1a),
which have a breadth of approximately 1.5vq, where vq = 3Co/[2S
(2§ — 1)] is the quadrupole coupling frequency. The phase and
magnitude of the ssbs vary widely even for the same crystallite
when the rotor phase y changes. Taking the normalization condi-
tion }"s? =1, the mean magnitude of the s, values can be esti-
mated from the number of ssbs within the span of ~1.5v,

(sel) ~ /vi/15vq < 1 (5)
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Fig. 1. Numerical spectral simulations for the two satellite-transitions of a S = 3/2
spin: (a) static powder pattern, and MAS spinning sidebands of an individual
crystallite with (b) small differences in rotor angle/phase 7y, and (c) powder
averaged over . The simulations illustrate that both the magnitude and phase of
spinning sidebands vary widely among crystallites in a powder sample, especially
noting that the effective rf Hamiltonian of t,-pulses is scaled by the complex
intensity of the spinning sideband being irradiated. The s., and s_, ssbs highlighted
with purple and orange vertical bars represent rf pulse irradiation at +nw, and -nw;,
respectively. Parameters used for SIMPSON [17] simulations: Cq = 2vq = 400 kHz,
No=0.3, =0, 8 =30°and w,/2n = 16 kHz. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

It should be emphasized that there is a large difference between
the ssb intensities of an individual crystallite s, (Fig. 1b) and the
absorptive sideband intensities s2 that are observed experimen-
tally for powder samples after averaging over the rotor-angle y
(Fig. 1c). Furthermore, the two STs have mirror image symmetry,
i.e., the ssbs of one ST (e.g., sx) are complex conjugates of the other
ST with the opposite sideband order (e.g., s*,).

In the QJF, the rf Hamiltonian has many oscillating components
modulated by the sideband intensities s,. Average Hamiltonian
theory or Floquet theory can be invoked to derive an effective rf
Hamiltonian for the spin dynamics of t,-pulses. Without losing
generality, we consider rf irradiation at a frequency -nw, away
from the CT such that the rf Hamiltonian is cyclic with the rotor
period 7, = 27/w; in the QJF. Average Hamiltonian theory can be
applied by simply taking the constant s, and s_, terms from Egs.
(3) and (4),

0 s,
- s 0
hy = V3" 0 5. (6)
s* 0

—n

This Hamiltonian and its evolution operator can be expressed in
fictious spin-1/2 operators (I, Iy, I,) for the two STs denoted by =,

IL = 2701 V3 |s.a| €Xp (FiQ, )k exp (+igp.,L,) (7)

—ih, 0
exp( i t) ) @)

o= 0 exp (—ih,t)
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From Eq. (7), it can be seen that the effective rf Hamiltonians h.. for
the two STs are scaled by the magnitude |s.,| and phase-shifted by
¢+n, the phase of the ssb at the frequency irradiated by the t,-pulse.
As illustrated by the simulations in Fig. 1, the spinning sidebands
S+, vary widely with crystallite orientation, therefore the effective
rf field is anisotropic in both amplitude and phase.

The evolution of the full density operator

p.sz ST, DQ, TQ

| ST Pup CToDQ o
DQ. €T p,, ST-
TQ" DQ. ST' p.;p,

can be separated into blocks for the two ST subspaces. The CT and
TQ coherences are in the antidiagonal block gy, together with the
double-quantum ST coherences DQ. and DQ_
DQ, TQ

CT DQ. (10)

GM:‘

Their evolution can be obtained explicitly by multiplying out
U(t)aU(t)! from Egs. (8) and (10),

au(t) = e Mgy (0)eh ¢ (11)
It is important to note that the evolution of ) is sandwiched by

the effective Hamiltonians IL and h_ of the two different STs. By

setting the initial conditions to oy (0) = ’(1) 8 for CT coherence,
and oy (0) = g 2) for TQ coherence, one can obtain the efficiency

for MQ excitation (fexc) and conversion (feony)

fexe = sins sin% exp [-i(¢@,, +¢_,)]

o . (12)
fconv = Sll‘l%’ Sll‘l%’ exp [l((ern + q)—n)]
using the spin-1/2 rotation operator ([18], Eq. 3.2.45),
- cos % Fiexp (—i sin&
eXp <:Flhit) — ) ] 2 . p( giin) 2 (13)
Fiexp (ip,,)sin5 Cos 5

where 0, = 27V, \/§|si,1\r are the nutation angles of the effective rf
field for the two STs. Eq. (12) shows phase factors
exp|Fi(p+n + ¢.n)] that have opposite signs for MQ excitation and
conversion, and are equal to the sum of the phase of the effective
rf fields for the two STs. Considering that the effective rf field is
scaled by the +nth and —nth ssbs of the STs irradiated by long
pulses, we can use the amplitudes and phases of the ssbs in
Fig. 1b to visualize the MQ excitation and conversion behavior
for powder samples. The +nth and —nth order ssbs of one ST show
no inherent correlation with each other, so a powder average or
even just a y-average leads to signal cancellation due to the phase
differences between different crystallites, as evidenced by the sig-
nificantly lower magnitude after y-averaging (Fig. 1c). When a sin-
gle t,-pulse is applied for CT <« TQ interconversion at -nw,, the lack
of any correlation between the s_, ssbs of the two STs (or equiva-
lently, between the s., and s_, ssbs of one of the STs), results in lar-
gely incoherent signals which would cancel each other from the
powder average. However, when a pair of identical rotor-
synchronized t.-pulses are used, the opposite signs in the phase
factors of fexc and feony cancel each other, or are ‘refocused’, leading
to an overall MQMAS efficiency without signal cancellation from
the anisotropic phase

.20, .50
flpMQMAS = <fexc 'fconv> = <Sll'12 % Sll‘l2 7) (14)

where ( ) denotes a powder average.
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Ideally, full inversions of the STs with 0. = © pulses would give
complete TQ « CT interconversion. For powder samples, this con-
dition cannot be met given the wide distribution in the magnitude
of effective rf fields caused by the large variation in ssb intensities
in Fig. 1b. Using the mean ST ssb intensity |s| ~ +/V;/1.5vq from
Eq. (5), we can estimate the optimal rf field for ST inversion using a
T~pulse to be

VP = /v, /6 (15)

The theory up to this point describes the essence of the previously
reported low-power MQMAS (IpMQMAS) experiments [12], which
use a pair of single-frequency t,-pulses.

The cancellation of the anisotropic phases in foxc and feony
requires rotor-synchronization of the two t,-pulses. The simula-
tions in Fig. 1b show that the phase of individual sidebands s, for
the effective rf field are very sensitive to the rotor angle y. Spinning
instability can affect the timing between the two pulses, and con-
sequently introduce incomplete phase cancellation resulting in sig-
nal decay and t;-noise. This timing error is proportional to the t;-
evolution time, thus it can problematic for samples with narrow
isotropic peaks. These adverse effects were observed after the pub-
lication of the previous IpMQMAS work [12] and have motivated
the investigation of using double-frequency cosine t,-pulses, as
inspired by previous work on double-frequency sweep (DFS) [6]
and fast amplitude modulation (FAM) [7,9] methods for MQMAS.

Under cosine irradiation, two rf components irradiate the STs
symmetrically on both sides of the CT simultaneously. The first-
order average Hamiltonian is additive, therefore the effective rf
Hamiltonian of cosine pulse is simply a sum of the s, and s_, terms
from the two rf components in Eq. (6),

0 Sn+S.n

_\/§7W (Sn+5n)" 0
7o 0 (Sa+S.n)
Sn+S_n 0

(16)

We can continue deriving the efficiency for MQ excitation and con-
version following the same procedure in Egs. (11)-(13). Everything
is the same except that the effective Hamiltonian for the two STs

h, and h_, are now complex conjugates of each other, as evident
from Eq. (16). This is the key for the double-frequency cosine
pulses which make the phase factor for CT < TQ interconversion
in Eq. (12) disappear. In addition, the amplitudes of the effective
rf fields become the same for the two STs

fee =Feony = sin’”

(17)
where 0 = 7v;v/3s., + S_y|t is the nutation angle of the effective rf
field for cosine pulses. Eq. (17) explains why cosine amplitude mod-
ulated, DFS or FAM pulses can be used for TQ — CT conversion in
MQMAS without the issues of anisotropic phase and signal cancel-
lation, in contrast to a single-frequency t,-pulse. This phase coher-
ent feature has previously been observed for FAM pulses shorter
than one rotor period via numerical simulations [19].

The complex conjugate relationship between h, and h_ for
double-frequency cosine pulses arises from the mirror image sym-
metry of the STs. The cosine pulse must be centered at the center
band position of the STs such that irradiation occurs for the same
sp and s_, ssbs of the two STs. When the two irradiation frequencies
deviate from this strict symmetry requirement, for instance, due to
chemical shift dispersion and/or the second-order quadrupolar
shift, the complex conjugate relationship is broken giving rise to
residual anisotropic phase and signal loss if not refocused. Exami-
nation of Fig. 1b shows that there is no apparent correlation
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between adjacent ST ssbs, thus, one can expect the bandwidth
due to the anisotropic phase to be less than one spinning frequency
vr. This bandwidth problem can be avoided by using a pair of iden-
tical cosine t,-pulses to refocus the residual anisotropic phase.
Since the residual anisotropic phase of double-frequency
irradiation should inherently be smaller than that of single-
frequency t.-pulses, the timing requirement for two identical
cosine t-pulses should be less stringent compared to single-
frequency t.-pulses.

The main contributing factor to the efficiency of IpMQMAS is
the distribution of the effective pulse nutation angles 0. in Eq.
(12). In comparison with the efficiency of the single-frequency case
in Eq. (14), the overall efficiency for double-frequency cos-
IpMQMAS is given by

.40
Fiomquas = (sin” 5) (18)

For the optimal 7f field, we can compare the scaling factors
between the single- and double-frequency cases, (S,) and (S, +5_,)/2.
Assuming a completely random phase distribution for the complex
ssb intensities (sp,), a statistical average would make the latter term
(Sn *+ S_n)/2 smaller by a factor of /2. Thus, the optimum v, for cos-
IpPMQMAS is correspondingly larger by /2 compared to Eq. (15),

LERVATRDYE] (19)

Interestingly, this result agrees with the assumption of equal
power density between single- and double-frequency irradiation.

For comparison between the powder averaged MQMAS efficien-
cies for single- and double-frequency pulses, we can express Egs.
(14) and (18) in different forms

Sipmamas = {1 — (cos 0, +cos6_) + (cos 0, cos0_)} /4
Fisvasns = {1 = 2(cos 0) + (cos? 0) } /4

The second terms are similar between the two when the 7f field is
optimized. However, the third term always favors the double-
frequency case because there is no cancellation of the square term

(cos? 0), contributing to a higher efficiency. The higher efficiency
along with the refocused anisotropic phase, broad bandwidth,
and relaxed rotor synchronization requirement highlight the ben-
efits of using a pair of cosine t.-pulses for MQMAS pulse sequences.

The theory presented so far has neglected the offsets from the
second-order quadrupolar coupling and chemical shift by assum-
ing that the effective rf nutation is on-resonance with the spinning
sidebands being irradiated. This assumption has simplified the
analytical results for MQ excitation and conversion obtained using
average Hamiltonian theory. Small offsets can be treated by a nuta-
tion about a tilted effective rf field off the transverse plane. This off-
set should always be less than half of the spinning frequency
otherwise a jolting frame closer to the neighboring spinning side-
band would be chosen. A more general treatment of this problem
can be carried out using Floquet theory. For simplicity, average
Hamiltonian theory was used here to describe the mechanism of
single- and double-frequency ST-selective pulses for MQMAS
experiments.

3. Results and discussions

Fig. 2 shows MQMAS pulse sequences and their corresponding
spectra for a S = 3/2 model compound, 8’RbNOs;. The compound
has three 8’Rb sites with moderate quadrupolar couplings (Cq ~ 2-
MHz) [20]. Comparisons among the MQMAS methods were carried
out using various combinations of MQ excitation and conversion
elements. Phase-modulated whole-echo signals were acquired
with a 96-step phase cycle that selects the coherence transfer
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Fig. 2. (a) MQMAS shifted-echo pulse sequence with coherence transfer pathway diagram, (b) 3Q excitation and conversion elements used in this work, (c) 1D ’Rb MQMAS
spectra of RbNO; acquired with t; = 7, shown in magnitude mode, and (d) 2D #’Rb shifted-echo cos-IpMQMAS spectrum of RbNOs along with (e) f; and (f) f, sum projections
using different combinations of the elements in (b). All spectra were acquired at 14.1 T with a Bruker Avance NEO console, v, = 10 kHz MAS, recycle delay of 0.4 s, CT-selective
1/2- and m-pulses of 20 and 40 ps at v; = 6.25 kHz, and full-echo acquisition with a half-echo delay of 10 ms. MQMAS parameters: 3Q hard-pulse (HP) excitation and
conversion pulses of 6.6 and 2.85 pus with v; = 86.7 kHz; soft-pulse-added-mixing (SPAM) pulse of 20 ps at v; = 6.25 kHz. All t,-pulses had a duration of 1/v, = 100 ps, single-
frequency low-power (Ip) pulses were applied with v; = 36.4 kHz at an offset of +270 kHz, while cos t,-pulses used v; = 48.5 kHz and an amplitude modulation frequency of
170 kHz, as optimized experimentally. Signal enhancement was applied for IpDMQMAS in all instances using a 1 ms WURST-80 pulse with a sweep range equal to v,
vy = 16.2 kHz, and a transmitter offset of + 270 kHz. The 2D shifted-echo MQMAS spectra was acquired with 128 rotor-synchronized t; increments, and 96 transients per

increment, resulting in a total experiment time of 82 min.

pathway depicted in Fig. 2a. For all efficiency comparisons, an
effective t; = 1, increment was used with the duration between
the centers of the excitation and conversion pulses matching one
rotor period, and by measuring the total integrated intensity of
the magnitude spectra relative to that of a spin-echo spectrum.
The efficiency comparisons in Fig. 2c start from the original
MQMAS sequence using hard pulses for MQ excitation and conver-
sion (HP x HP) [1,21]. An 8% efficiency was obtained after pulse

length optimization using an rf field of v; = 86.7 kHz. The efficiency
is low because the rf field is relative weak compared to the magni-
tude of the 3’Rb quadrupolar couplings in RbNOs3. Inclusion of a so-
called soft-pulse-added-mixing (SPAM) [22] pulse (HP x SPAM)
increases the efficiency to 15%. The second hard pulse converts
TQ coherence to p = +1, 0, —1 CT coherences simultaneously, and
constructive addition of these three contributions using a CT-
selective m/2-pulse increases the conversion efficiency [22]. The
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use of a cosine t,-pulse (HP x cos) is far more efficient than either
hard pulse conversion scheme, more than doubling the efficiency
to 33%. Cosine amplitude modulation of the pulse is equivalent
to splitting the rf field into two components that selectively irradi-
ate the two STs simultaneously. This is similar to the case of the
commonly used FAM and DFS methods [6,7,9]. A Fourier expansion
of the square modulated FAM sequence becomes equivalent to the
main cosine components plus other smaller high-frequency har-
monics [19]. We have compared and found similar performance
between pure cosine and FAM square modulations, as would be
expected. For DFS, we observed no extra enhancement after adding
a frequency sweep to the cosine t,-pulse (results not shown). In
order to reduce the number of parameters for optimization, com-
parisons presented here are limited to single-frequency and cosine
double-frequency pulses.

Making the MQ excitation and conversion pulses selective to
STs restricts the coherence transfer for the desired MQMAS path-
way from spreading to other transitions. This is the main mecha-
nism for enhanced TQ — CT conversion for the cosine, FAM and
DFS schemes. However, Fig. 2c shows a very different result when
using just one single-frequency satellite-selective low-power (Ip)
pulse (HP x Ip), which gives almost no signal (<0.5%). This is the
consequence of the anisotropic phase of the effective rf field, which
cancels the signal when not refocused. This cancellation does not
occur for double-frequency irradiation as the phase for the MQ
conversion converges as shown by theory in Eq. (17).

Better performances were obtained by using a pair of identical
ST-selective t.-pulses. The most pronounced change is for
(HP x 1p) compared to (Ip x lp), going from <0.5% to 38%!
(Fig. 2c). This dramatic change illustrates how the anisotropic
phase from a single 7.-pulse is refocused by another 7,-pulse to
avoid signal cancellation, and why their application is possible in
IpMQMAS experiments, as previously reported [12]. The highest
efficiency (49%) is obtained using two cosine Tt.-pulses
(cos x cos), a ~30% increase over two single-frequency Ip 7.
pulses (Ip x Ip). This enhancement confirms the result obtained
in Eq. (20) from the powder statistical average of the t,-pulse nuta-
tion angles since the nutation angles for the two STs are the same
for cosine pulses but different for single-frequency pulses.

Fig. 2d shows an isotropic-sheared 2D 8’Rb MQMAS spectrum
that resolves the three crystalline sites in RbNOs. The f; projections
(Fig. 2e) show similar resolution among all MQMAS pulse schemes
except the one using two single-frequency Ip pulses (Ip x Ip). For
the single-frequency case, precise rotor-synchronization between
the excitation and conversion pulses is required to cancel the ani-
sotropic phase in Eq. (12). Small deviations affect the refocusing of
the anisotropic phase and consequently attenuate the time-
domain signal intensity. The amount of mis-synchronization is
proportional to the number of rotor cycles in the t; period, there-
fore its effect is more evident for MQMAS spectra of samples with
narrow isotropic line widths. Given that the signal attenuation
increases with t;, the spinning speed fluctuations contribute to
additional line broadening in the f; dimension and also generate
ti;-noise. In contrast, the isotropic spectrum acquired using two
cosine pulses (cos x cos) shows no such adverse effects. The con-
verged MQ excitation and conversion for cosine pulses without a
phase factor, Eq. (17) as compared to Eq. (12), makes the experi-
ment much less sensitive to rotor synchronization between the
two t.-pulses.

The f; isotropic projections in Fig. 2e also show how the spectral
quantitation and line shapes vary among the different MQMAS
pulse sequences due to their dependence on the magnitude of
the quadrupolar couplings C,. There are small differences in Cq
among the three 8’Rb sites in RbNO; (Co[MHz] = 1.7, 2.0, 1.8).
The middle peak has the largest quadrupolar coupling as judged
from the width of its second-order quadrupolar pattern. The inte-
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grated sum projections in Fig. 2e show that the middle peak has a
lower intensity than the other two sites when at least one hard
pulse is used for MQ excitation and/or conversion since such pulses
are known to be sensitive to the size of Cy [23]. For Ip and cos t,-
pulses, Egs. (15) and (19) show that their optimal rf fields are pro-
portional to ,/V;Vq, making them much less sensitive to variations
in Cq magnitude. In particular, the (cos x cos) f; spectrum shows
nearly identical peak heights among all three sites in RbNOs, in
agreement with the 1:1:1 ratio among the distinct crystallographic
sites. Dependence of the MQMAS efficiency on Cq also affects the
quadrupolar line shapes obtained along the f, dimension of 2D
MQMAS spectra. The comparison of f, slices in Fig. 2f for the three
sites in RbNOj; clearly shows less line shape distortions for spectra
acquired using 7,-pulses compared to short hard pulses.

The results above show the importance of refocusing the aniso-
tropic phase in MQMAS experiments. For cosine pulses, the phase
of MQ excitation or conversion converges because the two irradia-
tion frequencies match the mirror image symmetry of the two
satellite-transitions, i.e., when the same s, and s_, ssbs are irradi-
ated for the two STs. All MQMAS spectra in Fig. 2 were acquired
using a carrier frequency near the CT signals of RbNOs. For samples
with larger quadrupolar couplings and chemical shift ranges, mir-
ror image irradiation of the STs may not occur for all sites. To
investigate such a scenario, a frequency offset v, was added to
the cosine 7.-pulses for the (HP x cos) and (cos x cos) MQMAS
sequences presented above. Indeed, the frequency profile in
Fig. 3c shows a bandwidth narrower than the MAS frequency when
a single cosine pulse is used. As mentioned in the Theory section,
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Fig. 3. Frequency profiles for MQMAS using cosine pulses one (black filled circles)
and half (red crosses) rotor periods long. The frequency profiles were measured
from the integrated intensity of the three Rb sites of RbNO; as a function of the
frequency offset vo¢ added onto the cosine pulses that are marked by arrows. In all
cases, the cosine amplitude modulation frequency was kept at 170 kHz. The
frequency offset for all other pulses including the unshifted cosine pulse in (b) were
fixed to the CT position v.g = 0 kHz. All other experimental parameters were the
same as in Fig. 2 except the 7f field for the 7,/2 cosine pulses was optimized to
v1 = 61.3 kHz compensating for the shorter pulse length. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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the phase for MQ excitation or conversion converges because of the
complex conjugate (or mirror image) relationship between the two
STs which gets carried into the effective rf field as described in the
QJF. When a frequency offset is added to cosine pulses, the two
irradiation frequencies begin to deviate from this conjugate condi-
tion. Thus, signal cancellation due to anisotropic phase is reintro-
duced, similar to the case of using just one single-frequency 7.~
pulse. The narrow bandwidth can be avoided by using two identi-
cal cosine 7,-pulses because the anisotropic phase arising from MQ
excitation gets canceled/refocused by that from MQ conversion,
similar to the case of single-frequency t,-pulses discussed in Egs.
(12) and (14). The refocusing leads to a flattened frequency profile
as shown in Fig. 3a. It is important to note that the two cosine
pulses must be identical, including the added frequency offsets.
Otherwise, the bandwidth remains narrow, as for the case of
(HP x cos), when one of the cosine pulses is offset with respect
to the other (Fig. 3b).

Besides the broadened frequency profiles, Fig. 3a also shows a
small bump in efficiency centered at vof = 0 kHz for the
(cos x cos) scheme. This elevated efficiency shares the same origin
as the phase convergence and additional enhancement, 49% vs.
38%, over the (Ip x Ip) scheme observed in Fig. 2. Under double-
frequency irradiation the effective rf Hamiltonians are complex
conjugates of each other for the two ST subspaces, leading to equal
nutation angles for the two STs. As a result, Eq. (20) shows a statis-
tically higher overall MQMAS efficiency for cosine pulses than for
single-frequency pulses from the statistical powder averaging of
the effective rf amplitude. This additional efficiency becomes lost
when an offset is added to the cosine pulses, as the complex con-
jugate relationship mentioned above no longer holds. The experi-
mentally observed enhancement for the (cos x cos) scheme
compared to (Ip x lp) in Fig. 2c agrees with the bump in amplitude
around v = 0 kHz (Fig. 3a).

Strictly speaking, the use of cosine pulses for MQMAS is not
original. The same mechanism has been employed for the DFS
and FAM schemes, which selectively invert the STs to convert TQ
into CT coherence for MQMAS. The main differences of the imple-
mentations in the current work are in the pulse durations and,
most importantly, pairwise application to refocus the anisotropic
phase of the effective rf field. Long pulses benefit from level-
crossings between the rf field and the ST frequencies, overcoming
large frequency offsets. It has been shown that the full benefit
begins when pulses are at least 7,/3 in duration where most spins
in powder samples experience one level-crossing. A strong rf field
is needed to make the passage adiabatic and invert the STs. For
longer pulses, STs experience multiple crossings and the effect
from passages accumulate, lowering the rf field requirement. Fre-
quency profiles for cosine pulses of duration 7./2 (red crosses)
are also shown in Fig. 3. As expected, the bandwidth is twice that
of a t.-pulse when a single cosine pulse is used (Fig. 3c¢) but
remains relatively similar when two identical cosine pulses are
used (Fig. 3a). In this instance, the optimal rf field is found to be
a factor of ~1.26 lower for the t,-pulses than for the 7./2-pulses.
In principle the optimal 7f field can be lowered further by using
longer pulses, however, acquisition of the t; = 7, increment would
be prevented due to the longer pulse durations. Taking this into
consideration, t,-pulses are recommended, reducing the parame-
ters for optimization and allowing acquisition of 2D MQMAS spec-
tra with rotor-synchronized t; evolution starting from t; = 7. The
missing t; = 0 point can be compensated by a right-shift in the
time-domain signal, or equivalently, by a 360° first-order spectral
phase correction, followed by a shift of the spectral baseline during
data processing. In case of spectral folding due to large 3Q chemical
shifts, the Q-shear method can be applied to unfold spectra [24].

The use of cosine double-frequency t.-pulses in MQMAS for
much larger quadrupolar couplings is demonstrated with f-Ga,03
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which has two inequivalent 'Ga sites (S = 3/2, vo(Ga¥') = 4.15 and
vo(Ga'v) = 5.6 MHz.) [25]. A number of overlapping CT ssbs are pre-
sent in the 1D MAS spectrum due to the large second-order
quadrupolar couplings. In addition, there is a large difference in
chemical shift between the two sites. A high MQMAS efficiency
and broad bandwidth are critical for acquisition of MQMAS spectra
of such systems. Fig. 4 shows almost no signal for the (HP x cos)
MQMAS pulse scheme, with ~3% efficiency for the small C, site.
The efficiency enhancement from using a pair of 7.-pulses is dra-
matic, nearing an order of magnitude. The (cos x cos) scheme per-
forms better than the previously reported single-frequency
(Ip x Ip) scheme [12] in three aspects. First, the efficiency is about
30% higher. Second, there is a smaller difference in efficiency
between the two 7'Ga sites, which have a relatively large difference
in Cgs. Third, the isotropic f; projections show narrower line widths
and less t;-noise. All three observations agree with results obtained
for the model sample with moderate quadrupolar couplings,
87RbNOs.

We have chosen two model compounds of S = 3/2 nuclei to
demonstrate the cos-IpMQMAS pulse sequence. The evolution of
the two-level ST systems can be solved analytically to show the
mechanism of ST-selective t.-pulses for the TQ « CT transfer of
MQMAS. The 1f action by a t,-pulse is confined within the two-
level ST system making the desired coherence transfer highly effi-
cient. For S > 3/2 spins, the mechanism of level-crossing is still
applicable for covering large quadrupolar couplings. However, the
desired TQ « CT transfer becomes less confined as compared to
the two-level STs of S = 3/2 nuclei resulting in relatively lower effi-
ciencies for S > 3/2 nuclei. Nevertheless, the leakage transfers, for
example 5Q « CT, offer opportunities for acquiring MQMAS spectra
of higher quanta which have characteristics different from 3QMAS.
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Fig. 4. (a) 1D 7'Ga (S = 3/2) MQMAS spectra of 8-Ga,05 acquired with t; = 7, shown
in magnitude mode with efficiency values compared to a spin-echo spectrum. (b)
2D 7'Ga cos-IpMQMAS spectrum of -Ga,0s3 along with f; slices for the center band
of the Ga"' site as marked by the vertical dashed line. The 2D spectrum is sheared
into an isotropic f; representation and there is spectral aliasing due to the small f;
spectral window from rotor-synchronized t; evolution. All MQMAS spectra were
acquired at 19.6 T with a Bruker Avance NEO console, v, = 14 kHz MAS, recycle delay
of 3.5 s, CT-selective 7t/2- and m-pulses of 2.5 and 5.0 ps at v; = 50 kHz, and full-echo
acquisition with a half-echo delay of 1.0 ms. MQMAS parameters: 3Q hard-pulse
(HP) excitation pulse of 20 ps with v, = 110 kHz. All t,-pulses were 1/v, = 71.43 pus
long, single-frequency low-power (Ip) pulses were applied with v; = 74.5 kHz at an
offset of 588 kHz, while cos 7,-pulses used v; = 94.3 kHz and an amplitude
modulation of 294 kHz, as optimized experimentally. Signal enhancement was
applied for all instances of IpDMQMAS using a 2 ms WURST-80 pulse with a sweep
range equal to v, with v; = 25 kHz and a transmitter offset of 588 kHz. The 2D
shifted-echo cos-IpMQMAS spectrum was acquired with WURST enhancement, 48
rotor-synchronized t; increments, and 96 transients per increment, resulting in a
total experiment time of 4.5 h.
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4. Conclusions

It has been shown that long t,-pulses selective to the satellite-
transitions can efficiently interconvert between triple-quantum
and central-transition coherences for MQMAS experiments. Using
average Hamiltonian theory in the quadrupolar jolting frame, the
rf spin dynamics of t.-pulses can be described by an effective rf
field for the STs which is scaled by the complex intensity of the
spinning sideband irradiated by the 7f frequency. The anisotropic
phase of the spinning sidebands and the effective rf field causes
signal cancellation for powder samples, which needs to be refo-
cused. One method is to use a pair of identical single-frequency
T.~pulses as previously reported. In that case, the anisotropic phase
from CT — TQ excitation cancels that for TQ — CT conversion. This
method requires precise rotor-synchronization between the two
T.-pulses, otherwise t;-noise and line broadening appear in the
indirect MQ dimension. The second method is to use double-
frequency or cosine pulses. The anisotropic phase of the MQ exci-
tation or conversion converges due to the mirror image symmetry
of two STs. However, meeting this symmetry condition restricts its
bandwidth to less than one spinning frequency, beyond which the
phase of the effective rf field starts to diverge. The best result is
obtained by combining the two methods, i.e., using a pair of cosine
t-pulses for MQ excitation and conversion. Both theory and exper-
imental comparisons have shown that the use of two cosine pulses
gives an intrinsically higher efficiency than single-frequency .-
pulses. Compared to the hard-pulse, FAM and DFS methods, the
use of longer cosine t.-pulses lowers the required optimal rf field
to be proportional to ,/V;Vq, facilitating application of cos-
IpMQMAS to large Cgs and/or low-y quadrupolar nuclei.
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