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Two dimensional multiple quantum (MQ) MAS NMR experiments have become popular due to the wide
applicability of this technique to structural questions in materials science, the abundance of half-integer
spin nuclei in the periodic table, and the ease of implementation on typical solid state NMR instruments.
In spite of the high-resolution theoretically possible from such experiments, the homogeneous and inho-
mogeneous broadening factors inherent in many samples of interest can make spectral analysis challeng-
ing. We present several possible spectral shearing schemes that may be useful for spectral analysis, and in
particular we introduce shearing in the directly detected dimension. We suggest that for amorphous or
disordered samples that give broad spectral features, shearing may be used as a general tool for optimal
positioning of these features relative to one another and for the characterization of isotropic chemical and
quadrupolar shifts.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Since its introduction in 1995 [1], multiple quantum magic an-
gle spinning (MQMAS) correlation spectroscopy has become popu-
lar for high-resolution NMR spectra of half-integer quadrupolar
nuclei. While double angle spinning (DAS) and double rotation
(DOR) experiments enable similar analysis of materials by averag-
ing both the second and fourth-order Legendre polynomials that
modulate the substantial second and fourth rank quadrupolar cou-
pling terms, the MQMAS approach can be performed with typical
MAS instrumentation and equipment without specialized hard-
ware. Sample spinning is conducted only at 54.74�, which removes
the second rank quadrupolar coupling by averaging the second-or-
der Legendre polynomial to zero at sufficiently fast spin rates.
High-resolution in the MQMAS experiment is achieved by partial
averaging of the fourth-order Legendre polynomial; the conversion
of symmetric multiple quantum coherence ðpQÞ to the single quan-
tum ð1QÞ central transition for detection; and drawing the pQ and
1Q correlations out into two dimensions.

Several conventions for spectral processing of the indirect
dimension are in use [2,3] to facilitate the interpretation of
MQMAS spectra. While each convention has substantial merit
and benefit, the lack of consensus can make the literature confus-
ing. In the interest of simplicity, and because this work does not
ll rights reserved.

hman).
specifically address this problem of manipulating the indirect
dimension, we use similar conventions and terms as Medek [4,5],
except as specified. This convention does not scale, shift, or reverse
the frequency axes.

Using this convention, the evolution of coherence order p under
sufficiently fast MAS conditions (and/or employing rotor synchor-
onized acquisition in the indirect dimension [6]) occurs at frequen-
cies mp according to [5,7,8],

mp ¼ �pmcs
0 þ Cp

0m
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4 h;/ð Þ; ð1Þ

for the isotropic chemical shift mcs
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and rank 4 orientation-dependent frequencies
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with quadrupolar coupling constant CQ ¼ e2qQ=h in Hz, quadrupo-
lar asymmetry gQ , Larmor frequency mL, half-integer spin I, polar an-
gle h, azimuthal angle /, and a factor of �7=18 in mQ

4 accounts for
partial averaging of the fourth-order Legendre polynomial under
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MAS. The isotropic and rank 4 Clebsch–Gordan-derived coefficients
are

Cp
0 ¼ p I I þ 1ð Þ � 3

4
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� �
ð4Þ
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4 ¼ p 18I I þ 1ð Þ � 17

2
p2 � 5

� �
: ð5Þ

Generally, in the pulse sequences used to obtain MQMAS spec-
tra [9], the symmetric pQ coherence (i.e. the �p=2$ p=2 transi-
tion) evolves in t1, and is converted to the central p ¼ �1
coherence for direct detection in t2. These dimensions then trans-
form into indirectly and directly detected frequency axes m1 and m2,
respectively, as usual [10]. Residual second-order quadrupolar cou-
pling anisotropy lineshapes described by the mQ

4 h;/ð Þ term align
along ridges with a slope of

k ¼ Dm1

Dm2
¼ Cp

4

C
�1
4

; ð6Þ

and center of mass defined by the isotropic shielding and quadrupo-
lar shifts.

2. Spectral shearing

Common to MQMAS spectral processing schemes, except the
split-t1 experiment [11], is a shearing transformation in the m1 indi-
rect dimension which can be represented by

m01
m2

� �
¼

1 a

0 1

� � m1

m2

� �
ð7Þ

with m2 zero frequency set to the carrier. The shear-transformed
dimension becomes

m01 ¼ ða� pÞmCS
iso þ C

�1
0 aþ k½ �mQ

0 þ C
�1
4 kþ að ÞmQ

4 ; ð8Þ

with [3]

k ¼ Cp
0

C
�1
0

: ð9Þ

The shearing factor a is to some extent a matter of choice. For
the commonly used a ¼ �k, the indirect pQ evolution dimension
loses the anisotropic second-order quadrupolar term mQ

4 , and pro-
jections onto the m01 axis are a function of isotropic shielding and
quadrupolar shifts only. Another approach is to shear the indirect
dimension instead with a ¼ p [12,13]. The isotropic chemical shift
is thus lost from the indirect dimension, which becomes purely a
function of the quadrupolar coupling parameters, at the expense
of a widening and shearing of the second-order quadrupolar
broadening.
Table 1
Relationship between spectral (m3Q and m1Q ) and NMR parameters (mcs

0 ; m
Q
0 and mQ

4 ), in term
according to Eq. (10).
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The suggestion arises that the choice of shearing factor should be
made on a case-by-case basis. Where distinct chemical sites are well
resolved, as for many model compounds presented in the literature,
shearing by �k appears to be the best choice. Amorphous or disor-
dered materials, on the other hand, typically give a distribution of
chemical shift and/or quadrupolar parameters, and it can be more
difficult to interpret MQMAS spectra to identify distinct chemical
sites. Where the distribution of chemical shifts leads to greater
inhomogeneous linewidths than the second-order quadrupolar
broadening, eliminating chemical shift in the indirect dimension
by shearing with a factor p can lead to apparently sharper spectra
and therefore enhanced ability to distinguish dissimilar sites.

Inspection of Eq. (7) together with the equations represented by
the frequencies m1; m2 and m01 indicates that shearing simply repre-
sents a step of Gauss-Jordan elimination, even while mQ

0 and mQ
4 are

both functions of CQ and gQ and therefore not independent.
We note that additional shearing in the directly detected

dimension by an appropriate factor, akin to a second step of
Gauss-Jordan elimination, can provide further cosmetic modifica-
tions of the spectra which may aid interpretation by helping to
identify and characterize independent chemical sites. The full
operation relating biaxially sheared spectral frequencies to physi-
cal NMR parameters for the pQ ! �1Q experiment can be repre-
sented as:
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The second shearing can be easily implemented by using the same
algorithm as the first shearing operation after transposing the 2D
data matrix. Conversely, the two isotropic physical NMR parameters
(mcs

0 and mQ
0 ) can be extracted from the frequencies at the center-of-

mass along the v2 ¼ 1Q axis by:
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Two of the obvious biaxial shearing factor combinations a; b are
�k;1=ðpþ kÞ and p;�1=ðpþ kÞ. Explicit equations for the trans-
formed frequency axes for both uniaxial shearing (a;0) and these
biaxial shearing combinations, together with the corresponding
admixture of these frequencies to give NMR parameters, are given
in Table 1.

3. Experimental methods

Samples of amorphous potassium aluminosilicate gel (‘‘geo-
polymer” [15]) were synthesized by mixing 17O-enriched potas-
sium silicate solution with a powder of composition 2SiO2 � Al2O3
s of k ¼ Cp
4=C

�1
4 (Eq. (6)) and k ¼ Cp

0=C
�1
0 (Eq. (9)), after shearing by different factors a; b

mcs
0 ¼ �½1=ðpþ kÞ�m03Q þ ½ðk� kÞ=ðpþ kÞ�m1Q

mQ
0 ¼ ð1=C

�1
0Þ½1=ðpþ kÞ�m03Q þ ð1=C

�1
0Þ½ðpþ kÞ=ðpþ kÞ�m1Q

mcs
0 ¼ ½�1=ðkþ pÞ�m03Q þ ½ðk� kÞ=ðpþ kÞ�m01Q

mQ
0 ¼ ð1=C

�1
0Þ½ðpþ kÞ=ðpþ kÞ�m01Q

mcs
0 ¼ �½1=ðpþ kÞ�m03Q þ m1Q

mQ
0 ¼ ð1=C

�1
0Þ½1=ðpþ kÞ�m1Q

mcs
0 ¼ m01Q

mQ
0 ¼ ð1=C

�1
0Þ½1=ðpþ kÞ�m03Q



Table 2
Physical NMR parameters used for the different sites in simulations (Fig. 1).

mcs
0 =m0 ðppmÞ CQ (MHz)

A 0 1.25
B 0 3.0
C 0 5.0
D �20 5.0
E 30 5.0

Communication / Journal of Magnetic Resonance 200 (2009) 167–172 169
prepared by the PVA method of Gülgün et al. [16]. Enriched potas-
sium silicate solutions were prepared by combining 10% 17O-en-
riched water (Cambridge Isotopes) with KOH pellets (Aldrich)
and silica fume (Aerosil 200, Degussa), and were allowed to sit
for 24 h to allow equilibration of the dissolved silicate species be-
fore use in geopolymer synthesis. Samples were formulated to
have overall compositions K2O � nSiO2 � Al2O3 � 11H2O with
n ¼ 2:5 and 3.5; i.e. nominal Si/Al ratios of 1.25 and 1.75. The ac-
tual Si/Al ratios of the aluminosilicate gels formed via attack of
the 17O-enriched silicate solution on the unenriched solid precur-
sor particles (and which therefore contain all of the 17O observable)
are somewhat lower than the nominal values due to the presence
of an unreactive (although X-ray amorphous) silicate phase in the
powder precursor. The sample at nominal Si/Al = 1.25 showed an
apparent gel Si/Al ratio close to 1.0 as determined by the appear-
ance of a single peak (Si–17O–Al) in its 17O MQMAS NMR spectrum,
and the presence of a sharp peak in 29Si MAS NMR spectra of hard-
ened samples assigned to an ordered and unreactive silicate phase
in the remnant solid precursor (data not shown). Overall 17O
enrichment in the aluminosilicate gel formed was around 3%. Sam-
ples were cured at 40 �C for 24 h then at ambient temperature for 2
weeks, and dried at �100 �C to remove free water prior to analysis.

Solid-state NMR spectroscopy was performed at 19.6 T (17O
frequency of 112.437 MHz) at the National High Magnetic Field
Laboratory (Tallahassee, FL), using a Bruker DRX spectrometer, a
4-mm MAS probe and a shifted whole-echo 3QMAS experiment
with 1 ms fixed delay between the 3Q ! 1Q conversion and the
selective echo pulses. Spectra were collected with 50 and 10 kHz
spectral widths in the direct and indirect dimensions, respectively,
24 t1 increments, and an MAS spin rate of 10 kHz. The experimen-
tal data were not apodized. All data were processed with NMRPipe
[17].
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Fig. 1. 17O 3QMAS NMR spectra of simulated sites using gQ ¼ 0:5 and different chemical
axis, respectively, by: (a) 19=12;0; (b) 19=12;12=17; (c) 3,0; and (d) 3;�4=9. Slopes given
apodization is increased on one chemical site to simulate homogeneous broadening. Lin
Simulations were performed with Simpson [18], using the same
experimental parameters as those used in experiments described
above, and processed identically also with NMRPipe, except for
the apodization with Gaussian line-broadening of 120 and
220 Hz in the direct and indirect dimensions, respectively, to mi-
mic the finite signal lifetime. Fig. 1 shows 17O 3QMAS shifted-echo
spectra of five hypothetical sites. To more clearly illustrate the
slopes along which the NMR parameters vary under the different
shearing schemes, three of the simulated sites were given the same
isotropic chemical shift with negligible CSA but with varying quad-
rupolar couplings, and three were given varying isotropic chemical
shifts with identical quadrupolar parameters (Table 2). The simu-
lated spectra of Fig. 1 also serve to represent spectra with well re-
solved sites and narrow linewidths in the pQ dimension, similar to
an ideal ‘‘crystalline” site.

4. Spectral analysis

Inhomogeneous and homogeneous broadening of pQ � 1Q sig-
nal correlations can make it difficult to identify and characterize
different chemical sites within a spectrum. Characterization of
chemical inhomogeneity can itself be of particular interest in the
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shift d ¼ miso
0 =m0 and CQ values as given in Table 2. Spectra are sheared in the m3Q ; m1Q

in Table 3 are shown, except for the zero slopes for mQ
4 in (a) and (b). Inset: Gaussian

es through this peak have the slopes given for Dmhomo in Table 3.



Table 3
Slopes of NMR parameter axes (including homogeneous broadening) after shearing in
the m3Q ; m1Q dimension with factors a; b, respectively, for spin I ¼ 5=2. Note that
isotropic shifts for 19/12, 0 agree with Bodart [14] and Millot and Man [3] for an
unreversed directly detected frequency axis.

0, 0 19/12, 0 19/12, 12/17 3, 0 3;�4=9

mcs
0 �3 �17=12 1/0 0 0

mQ
0

�3=4 5/6 85/162 9/4 1/0

mQ
4

�19=12 0 0 17/12 153/40

Dmhomo � 12=19 � 2:21 � 0:86 � 3:63 � 5:91
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analysis [19], and may include distributions of chemical shift,
quadrupolar parameters, or both. Homogenous broadening, on
the other hand, may arise from a variety of mechanisms, such as
proximity of large quadrupolar ions.

Chemical shift ðmcs
0 Þ, isotropic quadrupolar shift ðmQ

0 Þ, and quad-
rupolar anisotropy of rank 4 ðmQ

4 Þ all transform independently
under the shear transformation. A fourth characteristic, the homo-
geneous broadening ðDmhomoÞ may also be regarded as an indepen-
dently transforming quantity as shown by Brown and Wimperis;
where the extent of broadening is similar during the pQ and 1Q
evolution periods, the direction of homogeneous broadening may
be taken as perpendicular to the unsheared ‘‘ridges” along mQ

4 , with
slope � �1=k [11]. Rigorous treatment of homogenous broadening
for different coherences is reported [20], and may provide impor-
tant corrections to this generalization where high-resolution spec-
tra are obtained. The slopes of the axes over which these four
physical NMR parameters vary within the frequency axis systems
are given for a spin I ¼ 5=2 nucleus under the featured shearing
factor combinations in Table 3. Observation of the changes in peak
shape through these (and other) shearing schemes, with reference
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Fig. 2. 17O 3QMAS NMR spectra of geopolymer with Si/Al = 1.25. Spectra are sheared in
3;�4=9. Slopes given in Table 3 are shown. Calculated centre-of-mass along the 1Q axis
given in Table 3 are indicated.
to the calculated axis slopes for the physical parameters, can signif-
icantly aid data interpretation.

4.1. Simulated data

It can be seen in Fig. 1a that the full anisotropic lineshape is
refocused to an isotropic projection onto the m1 axis, and the pro-
jection onto m02 axis is similar to that which would be observed in
one-dimensional MAS spectra, thus yielding what are commonly
referred to as the ‘‘isotropic” and ‘‘MAS” axes, respectively.
Although the pure isotropic shielding and quadrupolar shift axes
run skew to the frequency axes, this presents no problem where
projections of the spectral features onto the 3Q axes have rela-
tively high-resolution. It may nevertheless be preferable, if isotro-
pic linewidths are narrow enough, to shear along the 1Q axis as
well (Fig. 1b) so that at least one of the NMR parameters, the iso-
tropic chemical shift, varies only along one of the orthogonal fre-
quency axes. For well resolved sites, there is no real benefit to
shearing by any other factor. Fig. 1c and d make it clear, however,
that when the anisotropic lineshape is sheared significantly away
from a slope of zero, the center-of-mass along the m2 axis of each
site runs parallel to the calculated slope for mQ

4 .

4.2. Experimental data

Fig. 2 explores the same shear factor combinations as were used
for the simulated data, but for a less well defined peak, obtained
from the geopolymer sample with Si/Al = 1.25 and attributed to
Si–17O–Al bonding. Shearing of the m2 ¼ 1Q axis from Fig. 2a to b
again swings the chemical shift axis to the vertical, making the
m02 axis a ‘‘pure quadrupolar” axis. In both Fig. 2a and b, the cen-
ter-of-mass of the peak along the m2 ¼ 1Q axis runs parallel to
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the m3Q and m1Q axes, respectively, by: (a) 19/12, 0; (b) 19/12, 12/17; (c) 3,0; and (d)
through the spectral feature is also shown as a bold line segment. Lines with slopes
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the chemical shift axis, and one would conclude that there is just
one chemical site that is distributed with respect to chemical shift.

Assessing lineshape with respect to quadrupolar parameters CQ

and g is more complicated, as each affects both mQ
0 and mQ

4 . Slices
through the maximum of the peak parallel to the mð0Þ2 axis in
Fig. 2a and b suggest that g <� 0:3, but with indistinct features
owing to broadening. Significantly, the center-of-mass line through
the peak does not deviate appreciably in a direction parallel to the
mQ

0 axis. It may therefore be concluded that the broadening of the
anisotropic lineshape features along mQ

4 is primarily homogeneous.
Alternatively, the broadening is inhomogeneous, but does not devi-
ate systematically with chemical shift.

Examination of peak contours under different shearing schemes
helps to interpret the nature of the broadening. Shearing the
m1 ¼ 3Q axis by a factor of a ¼ p ¼ 3 results in the ‘‘pure quadrupo-
lar” m01 axis. A subsequent shearing along the m2 ¼ 1Q axis (Fig. 2d)
makes the isotropic quadrupolar-induced and chemical shift axes
orthogonal, and aligned parallel to the frequency axes m02 and m01,
respectively. The center-of-mass calculated along mð0Þ2 axis again
runs parallel to the calculated slope for mQ

4 , as for the simulated
chemical sites in Fig. 1c and d. Through all shearing schemes, there
appears to be no tendency of the peak to be broadened along the
calculated slopes corresponding to Dmhomo; all isotropic linewidths
appear to transform as real combinations of chemical shift and
quadrupolar isotropic frequencies. Consequently, the finite line-
width which appears convoluted with the anisotropic lineshape is
most likely dominated by inhomogeneous broadening by a distri-
bution of quadrupolar parameters. This conclusion is consistent
with that expected by having used the shifted-echo pulse sequence,
through which homogenous broadening would not refocus.

The shearing scheme used in Fig. 2d might seem like a particu-
larly attractive option for disordered sample MQMAS spectra. It
should not, however, be considered a fixed recipe. Fig. 3 shows
biaxially-sheared spectra for the sample with Si/Al = 1.75. The
more intense Si–17O–Al site appears again, although perhaps with
less inhomogeneous broadening by quadrupolar parameters. In
this case, however, the center-of-mass clearly diverges to a second
segment that also runs parallel to the mcs

0 axis, making the appear-
ance of a second site (Si–17O–Si) obvious. Alternatively, a shearing
scheme identical to that in Fig. 2d places the two sites approxi-
mately side-by-side along the m02 axis (Fig. 3b). This makes the cen-
ter-of-mass analysis difficult to apply and interpret. In this case,
the shearing scheme used in Fig. 2b makes it easy to see that there
are two sites, where the center-of-mass along the m02 axis runs par-
allel to the m01 axis while traversing each site. Nevertheless, the
varying perspectives on broadening provided by different shearing
schemes is still valuable.
5. Conclusions

We have demonstrated four possible schemes which may be
valuable for shearing MQMAS NMR spectra. The shearing factors
used for the indirect dimension were chosen based upon common
practice, and shearing factors chosen for the direct dimension
(where non-zero) are those which provide for a tidy alignment of
physical NMR parameter axes with spectral frequency axes. The
possibilities are not limited to these shearing factor combinations;
for any combination of shearing factors, a system of equations as in
Table 1 can be easily written using Eqs. (10) and (11), and the axes
corresponding to the slopes along which NMR parameters vary can
be drawn and compared to the center-of-mass line. In practice,
several combinations of shearing factors should be explored for
spectra displaying broad lines, to lend confidence to the final inter-
pretation and peak assignments. The general principle presented
here may also readily be adapted and applied in the various refer-
encing and scaling conventions used in practice for representation
of MQMAS NMR data.
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