
Journal of Magnetic Resonance 168 (2004) 346–351

www.elsevier.com/locate/jmr
Communication

Enhancing MQMAS sensitivity using signals from multiple
coherence transfer pathways

Zhehong Gan* and Hyung-Tae Kwak

National High Magnetic Field Laboratory, Center of Interdisciplinary Magnetic Resonance, Tallahassee, FL 32310, USA

Received 4 February 2004; revised 20 March 2004

Available online 21 April 2004
Abstract

Multiple-quantum magic-angle spinning experiment removes second-order quadrupolar broadening from the central-transition

of half-integer quadrupolar nuclei. This paper presents a novel scheme to enhance the sensitivity of MQMAS using signals from

multiple coherence transfer pathways. The enhancement can be obtained in two ways. The first method uses the multiplex phase

cycling to acquire MQMAS spectra from various coherence transfer pathways simultaneously. An addition of spectra collected with

no extra time enhances the efficiency of the experiment. The second method, soft-pulse-added-mixing, is designed based on a

complete alias of coherence transfer pathways. By properly fixing the soft-pulse phase, signals from various coherence transfer

pathways can add constructively resulting higher signal intensities. The two methods are demonstrated for sensitivity enhancement

with samples of spin—3/2 and 5/2.

� 2004 Elsevier Inc. All rights reserved.
1. Introduction

Multiple-quantum magic-angle-spinning (MQMAS)

experiment introduced by Frydman and Harwood [1]

has become the method of choice for obtaining high-
resolution solid-state NMR spectra of quadrupolar nu-

clei with half-integer spins. The experiment correlates

multiple-quantum and single-quantum central-transi-

tions under magic-angle-spinning yielding ridge-shaped

peaks in the 2D spectra. A shearing transformation can

lead to high-resolution isotropic NMR spectra along

one of the two dimensions.

Since the discovery of MQMAS, the development of
the experiment has been mainly in two areas. First,

numerous pulse schemes have been designed to improve

the efficiencies of multiple-quantum excitation and

conversion [2–17]. Second, several acquisition methods

were introduced for obtaining 2DMQMAS spectra with

absorptive lineshape. In the original MQMAS experi-

ment, a single mixing-pulse was used for the MQ!CT

coherence transfer. The signal from the echo coherence
transfer pathway is phase-modulated with respect to t1
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and a 2D Fourier transformation gives rise to phase-

twisted spectral lineshape [2]. The more desirable ab-

sorptive lineshape can be obtained with both the echo

and the anti-echo signals. By adding a so-called z-filter,

the two signals can be acquired with equal amplitude
resulting in amplitude-modulated signals with respect to

t1. A hypercomplex Fourier transformation gives rise to

pure absorptive spectral lineshape [18]. Absorptive

lineshape can also be obtained with signals from just one

coherence transfer pathway. The spectral lineshape of

the phase-modulated data becomes absorptive if the

signals are shifted in the time-domain by a spin-echo

and whole-echoes are acquired for all t1-increments. The
shifted-echo scheme was originally introduced for the

dynamic-angle spinning (DAS) experiment [19] and was

incorporated with the MQMAS experiment [20]. The

shifted-echo experiment can also be modified to a split-t1
version. By programming the t2-acqusition window

following the echo or anti-echo signals, isotropic spectra

can be obtained directly without the need of shearing

transformation [21]. It should be noted that the echo-
type MQMAS experiments require relatively long

spin-echo delays for whole-echo acquisition and signal

intensities are subject to the homogeneous part of T2

relaxation. For this reason, the echo-type experiments
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are usually used for samples with large second-order
quadrupolar shift and long T2 relaxation.

The z-filtered and echo types of MQMAS experiment

acquire signals from only one or a pair of symmetrical

coherence transfer pathways. Signals from other path-

ways are averaged out during the phase cycling that

selects the desired coherence transfer pathway [22]. In

this communication, we propose two methods that use

signals from more coherence transfer pathways to en-
hance MQMAS sensitivity. The first method uses re-

cently introduced multiplex version of phase cycling

[23]. Multiplex phase cycling stores signals individually

when incrementing pulse phase. Coherence transfer

pathway selections are performed only after data ac-

quisition by summing stored signals multiplied with a

phase factor similar to the receiver phase in the con-

ventional phase cycling. Thus, signals from all coherence
transfer pathways can be obtained from one complete

cycle acquired in the multiplex manner. By adding

MQMAS spectra from many coherence transfer path-

ways collected with no extra time, the signal-to-noise

ratio can be enhanced over the conventional phase

cycling that selects signals from only one or a pair of

coherence transfer pathways.

The second method uses a complete alias of coher-
ence transfer pathway. By fixing the pulse phase and

skipping its cycling, signals from all coherence transfer

pathways are aliased. It will be shown that for MQMAS

experiment with a central-transition selective pulse sig-

nals from three coherence transfer pathways can be

added constructively leading to an efficient mixing

scheme we call soft-pulse-added-mixing (SPAM). In the

following, we first describe the picture of various co-
herence transfer pathways for the MQMAS experiment.

We then present the multiplex phase cycling and SPAM

methods that use signals from multiple coherence

transfer pathways for sensitivity enhancement.
Fig. 1. (A) Three-pulse MQMAS sequence and coherence transfer

pathways, (B) theoretical soft-pulse mixing curves, and (C) experi-

mental strong-pulse mixing curves with arrays of 27AlPO4-berlinite

spectra. All measurements were performed at 19.6T (216.13MHz for
27Al) with a Bruker DRX console and a home-built 4mm MAS probe.

The rf field was at cB1=2p ¼ 90 kHz during the first (p1 ¼ 4ls) and the

second pulses and lowered to 9.3 kHz during the 90� soft-pulse

(p3 ¼ 9ls). The spectral intensities were measured with a few micro-

seconds delays among the three pulses and normalized with a 1D

spectrum acquired by a central-transition selective 90� pulse with the

same 5 s recycle delay and 5 kHz spinning frequency.
2. Multiple coherence transfer pathways

Both the z-filtered and echo-type MQMAS experi-

ments use two mixing pulses to convert coherence from

the multiple-quantum transition (p ¼ �3) to the single-

quantum central-transitions for detection (p ¼ �1). The

first mixing pulse usually employs a strong rf field for

MQ!CT conversion. The second mixing pulse was

introduced for balancing between the echo and anti-echo

amplitudes in the case of the z-filtered experiment and
for whole-echo acquisition in the case of echo-type ex-

periments. It uses a much weaker rf field to confine the

mixing of the three p ¼ 0, �1 coherences within the two-

level central-transition system. The two-step transfer

leads to three possible coherence transfer pathways each

for the echo and anti-echo signals (Fig. 1A). In the past,

most of the efforts have been concentrated on optimiz-
ing the first conversion pulse using strong and modu-

lated rf fields. Here we focus on the role of the soft
mixing pulse and optimal use of signals from all three

coherence transfer pathways (we label the three path-

ways as p ¼ 0, �1 for the remaining of the paper).

The signal intensity is proportional to the product of

the two-step mixing efficiencies. For the soft-pulse, co-

herence transfer within the two-level central-transition
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system can be described by reduced Wigner rotation
matrix elements

d1
p;�1ðhÞ ¼

1� cosh
2

;
� sinhffiffiffi

2
p ;

1þ cosh
2

� �
; p ¼þ1;0;�1:

ð1Þ
h ¼ ðS þ 1=2ÞcB1p3 is the pulse flip-angle by the weak rf

field selective to the two-level central-transition system

of the half-integer spin. Fig. 1B plots the coherence

transfer as a function of h. For a 90� pulse d1
p;�1ðp=2Þ ¼

ð1=2;�
ffiffiffi
2

p
=2; 1=2Þ, the soft-pulse reduces the signal in-

tensity by 70% for the p ¼ 0 pathway and by 50% for the

p ¼ �1 pathways. For the strong mixing pulse, the spin
dynamics of a multi-level system is more complicated

and an analytical expression for the coherence transfer is

difficult to obtain. Fig. 1C shows the strong-pulse mix-

ing curves measured experimentally using a model

compound. These mixing curves were measured with an

optimized MQ excitation, a 90� soft-pulse and very

short delays among the three pulses. Time evolution of

multiple-quantum and central-transition coherences
during these short delays can be neglected. The signal

phase comes solely from the multiplication of multi-step

coherence transfers. Considering the scaling by

d1
p;�1ðp=2Þ ¼ ð1=2;�

ffiffiffi
2

p
=2; 1=2Þ, one can see that the

mixings by the strong pulse via the three coherence

transfer pathways have similar peak amplitudes. The

mixings reach their peak intensities at pulse length in the

order of p2Dp¼2 < p2Dp¼3 < p2Dp¼4.
Considering the signal from only one coherence

transfer pathway, adding the second mixing pulse al-

ways reduces the overall efficiency. The soft pulse is

though needed for absorptive lineshape by balancing

between echo and anti-echo amplitudes or whole-echo

acquisition. However, if one includes signals from three

coherence transfer pathways, it is possible to gain sen-

sitivity with the addition of the soft-pulse. Fig. 1B shows
the sum of three mixing curves. The total signal intensity

increases with the soft-pulse flip-angle and reaches the

maximum at 1þ
ffiffiffi
2

p
=2 with h ¼ 90�, indicating the

possibility of a 70% increase assuming identical mixing

from the 3Q coherence by the strong mixing pulse. The

next two sections will describe how the multiplex phase

cycling and the SPAM methods are designed using sig-

nals from all three coherence transfer pathways for
sensitivity enhancement.
3. Multiplex phase cycling

The mixing curves in Fig. 1C show comparable signal

intensities from the three coherence transfer pathways

with a 90� soft mixing pulse. The z-filtered MQMAS
experiment uses the signals from the p : 0 ! �3 ! 0 !
�1 pathways. During the conventional phase cycling for

coherence transfer pathway selection, signals from other
pathways are averaged out and lost irreversibly. Re-
cently Ivchenko et al. [23] introduced a multiplex version

of phase cycling that can avoid this kind of signal loss.

The multiplex method was originally designed for re-

ducing phase cycling steps. It stores signals individually

when incrementing pulse phase, and signal average oc-

curs only after data acquisition. We use this phase cy-

cling here to simultaneously acquire signals from

multiple coherence transfer pathways for sensitivity en-
hancement.

We describe here an explicit two-step version of

multiplex phase cycling for the MQMAS experiment. A

general description about multiplex phase cycling can be

found in [23]. For the pulse sequence in Fig. 1A, the

excitation pulse and the receiver phase are cycled in

6� 2 steps in the conventional manner that selects the

�3Q signals in the hyper-complex format. The soft-pulse
is phase cycled between þx and �x in a two-step mul-

tiplex manner and the strong mixing pulse is fixed at þx.
Four signals Cþx; Sþx;C�x; S�x are stored in a complete

phase cycle of 24 scans for each t1-increment. After the

completion of data acquisition, one can construct two

hypercomplex data sets

C0 ¼ Cþx þ C�x; S0 ¼ Sþx þ S�x;

C1 ¼ Cþx � C�x; S1 ¼ Sþx � S�x:
ð2Þ

C0; S0 are simply the signals of the z-filtered experiment.
C1; S1 are the aliased signals from the p ¼ �1 pathways.

It should be noted that the two spectra are acquired at

the same time rate as the z-filtered experiment. The only

cost for the multiplex phase cycling is doubling the data

storage.

This two-step multiplex phase cycle is designed based

on the mixing curves in Fig. 1C. Assuming an ideal

central-transition selective pulse, a two-step phase cycle
is sufficient to select the p ¼ 0 pathway because coher-

ence transfer via pj j > 1 orders can be neglected. The

two-step cycle cannot separate the two p ¼ �1 path-

ways. However, Fig. 1C shows that p ¼ �1 mixing

curves have the same signs for both the echo and anti-

echo pathways. Therefore, a two-step phase cycle aliases

the two pathways adding up their signals constructively.

The sum of the two p ¼ �1 mixing curves in Fig. 1C is
higher than the p ¼ 0 z-filtered one. Furthermore, the

two-step multiplex phase cycle acquires the (p ¼ 0 and

the p ¼ �1) MQMAS spectra simultaneously. The two

spectra can be added together, optimally weighted by

their peak intensities for additional sensitivity enhance-

ment. The signal-to-noise (S/N) ratios among the sum-

med, the p ¼ �1 aliased and the z-filtered spectra areffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðIþ1 þ I�1Þ2=I20 þ 1

q
: ðIþ1 þ I�1Þ=I0j j : 1, where I0;�1

are the signals from the three p ¼ 0;�1 pathways, re-

spectively. Fig. 1C shows that with a 1.5 ls mixing pulse

the signal intensities from the three coherence trans-

fer pathways are approximately Iþ1 ¼ 0:09; I0 ¼ 0:13;
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I�1 ¼ 0:08. Therefore, the S/N ratio is enhanced by
about 64% with the two-step multiplex phase cycling

over the z-filter experiment.

Pure absorptive spectra require equal amplitude be-

tween the echo and anti-echo signals. This requirement is

fulfilled for the two z-filtered pathways as pulsed co-

herence transfer can always be described by a unitary

transformation [24]. For the aliased p ¼ �1 spectra, this

requirement is not automatically fulfilled. The imbal-
ance between the echo and anti-echo signals can be de-

rived as ðaDp¼2 � aDp¼4Þ cos h, where aDp¼2;4 are the

coherence transfer amplitudes by the strong mixing

pulse. Therefore, a 90� soft-pulse yields balanced echo

and anti-echo signals for the p ¼ �1 MQMAS spectra.

This flip-angle also gives the maximal intensity for the z-

filtered signals. As for the strong mixing pulse, the op-

timal pulse length is usually near the peak for the p ¼ 0
mixing curve (Fig. 1C). At this pulse length, the p ¼ �1

curves show similar intensities, one slightly before

( Dpj j ¼ 4) and the other a little beyond ( Dpj j ¼ 2) their

optimal pulse length. The close signal intensities help to

reduce the difference between echo and anti-echo am-

plitudes ðaDp¼2 � aDp¼4Þ cos h in the case of a mis-cali-

brated 90� soft-pulse.

3.1. Soft-pulse-added-mixing

The multiplex phase cycling method described above

acquires both echo and anti-echo signals for pure ab-

sorptive MQMAS spectra. When considering only one

of the two �3Q signals, we can extend the alias of co-

herence transfer pathways further to add signals from all
Fig. 2. Arrays of mixing curves demonstrating the enhancement by SPAM for

measured from 23Na2SO4 peak intensity as a function of the strong mixing pu

from 0 to 180�. The rf field was at cB1=2p ¼ 90 kHz during the strong pulse

measured with short delays (a few micro-seconds) among the three pulses a

selective 90� pulse under the same condition of 5 s recycle delay and 5 kHz spin

three coherence transfer pathways with fixed mixing pulse phase as shown on
three coherence transfer pathways. On the left side of
Fig. 1C, the p ¼ 0;�1 mixing curves for the p ¼ �3

pathways all have positive sign. Thus, fixing the soft-

pulse phase to þx aliases the three pathways adding the

three signals together. For the p ¼ 3 pathways on the

right, the three curves show different signs. A switch of

the soft-pulse phase to �x reverses the sign for p ¼ 0

curve (Dp ¼ �1) while keeping the other two the same

(Dp ¼ 0;�2). Thus, the sign of all three curves become
negative and a complete alias adds the signals together

constructively. As we can consider the two pulses with

fixed phase as one mixing element, we call it SPAM.

Fig. 2 shows the soft-pulse flip-angle dependence of

the experimentally measured mixing curves demon-

strating the enhanced efficiencies by SPAM. The curves

for 90� soft-pulse are higher than the ones without the

soft-pulse (h ¼ 0�) for both p : �3 ! �1 mixings. The
enhancement is more than 50% for the p : þ3 ! �1

mixing and is about 30% for the p : �3 ! �1 mixing. It

can be seen that the two mixing curves with h ¼ 90� are
nearly identical indicating equal amplitude between the

echo and anti-echo signals. This is an experimental

demonstration of balanced echo and anti-echo signals by

a calibrated h ¼ 90� soft-pulse as discussed in the pre-

vious section for absorptive lineshape.
In shifted-echo or split-t1 type of MQMAS experi-

ment, an additional 180� soft-pulse is inserted before the

signal detection and the coherence transfer pathways

follow the p : 0 ! �3 ! þ1 ! �1. It should be noted

that the p : �3 ! �1 and p : �3 ! þ1 coherence

transfers are complex conjugate to each other, therefore

have the same amplitude. SPAM with a phase change
(A) p : �3 ! �1 and (B) p : þ3 ! �1 mixing. The mixing curves were

lse length p2 and the soft-pulse flip-angle h incrementing at 22.5� a step
s and lowered to 9 kHz for the soft-pulse. The spectral intensities were

nd normalized with a 1D spectrum acquired with a central-transition

ning frequency. The signal enhancement comes from a complete alias of

the left (note the soft-pulse phase change for the p : þ3 ! �1 mixing).
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enhances the p : �3 ! þ1 mixing and one with the same
phase should be used for the p : þ3 ! þ1 mixing. The

incorporation of SPAM with numerous echo-type

MQMAS experiments [21,25] can be easily implemented

by considering the two mixing pulses as a single mixing

element. In this short communication, we focus on the

demonstration and the explanation of the sensitivity

enhancement by the two methods based on using mul-

tiple coherence transfer pathways. Detailed results of
SPAM with various MQMAS pulse sequences will be

presented elsewhere and not discussed further here.
4. Conclusions

It has been shown that the efficiency of MQMAS

experiment can be enhanced by using signals from
multiple coherence transfer pathways. Two methods

have been demonstrated for the sensitivity enhancement.

The multiplex phase cycling method acquires signals

from multiple coherence transfer pathways simulta-

neously. An addition of spectra collected with no extra

time enhances the efficiency of the experiment. The

SPAM method enhances the mixing efficiency by simply

adding a soft-pulse with properly fixed phase after the
strong mixing pulse. A soft-pulse without phase change

enhances the Dpj j ¼ 2 mixing and the one with a phase

reverse enhances the Dpj j ¼ 4 mixing. On the choice

between the two methods, the multiplex phase cycling

method is an extension to the z-filtered MQMAS ex-

periment that acquires both echo and anti-echo signals

for absorptive MQMAS spectra. The SPAM method

enhances only one of the two �3Q signals and is usually
combined with shifted-echo or split-t1 type pulse se-

quences for absorptive MQMAS spectra. The relative

efficiencies between the two methods depend on the T2

and anisotropic second-order quadrupolar broadening

of the sample. On the experimental aspect, the multiplex

phase cycling requires additional data storage and a

modification of processing software whereas the SPAM

is simply an enhanced mixing element that requires no
additional changes.

Using signals from multiple coherence transfer path-

ways for sensitivity enhancement may be generally ex-

tended to other NMR experiments such asMQMASwith

modulated excitation and mixing elements, and STMAS

[26] etc. The amount of gain depends whether coherence

transfer pathways filtered out by conventional phase

cycling have usable signals with comparable intensities.
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