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Abstract

NMR spectroscopy is a relatively insensitive technique and many biomolecular applications operate near the limits of sensitivity

and resolution. A particularly challenging example is detection of the quadrupolar nucleus 17O, due to its low natural abundance,

large quadrupole couplings, and low gyromagnetic ratio. Yet the chemical shift of 17O spans almost 1000 ppm in organic molecules

and it serves as a potentially unique reporter of hydrogen bonding in peptides, nucleic acids, and water, and as a valuable com-

plement to 13C and 15N NMR. Recent developments including the multiple-quantum magic-angle spinning (MQMAS) experiment

have enabled the detection of 17O in biological solids, but very long data acquisitions are required to achieve sufficient sensitivity and

resolution. Here, we perform nonlinear sampling in the indirect dimension of MQMAS experiments to substantially reduce the total

acquisition time and improve sensitivity and resolution. Nonlinear sampling prevents the use of the discrete Fourier transform;

instead, we employ maximum entropy (MaxEnt) reconstruction. Nonlinearly sampled MQMAS spectra are shown to provide high

resolution and sensitivity in several systems, including lithium sulfate monohydrate ðLiSO4-H2
17OÞ and LL-asparagine monohydrate

ðH2
17OÞ. The combination of nonlinear sampling and MaxEnt reconstruction promises to make the application of 17O MQMAS

practical in a wider range of biological systems.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Quadrupolar nuclei comprise more than 60% of the

periodic table and assume a rich variety of structural

and functional roles in the molecular biology of living

organisms [1,2]. Direct NMR observation of their

quadrupole and chemical shift parameters provides in-

sight into local electronic structure and geometry.

Quadrupoles can serve as site-specific reporters in key

regions of biomolecular function, and progress in NMR
methodology will advance our understanding of quad-

rupoles in the life sciences. Recent quadrupolar NMR

studies in biological solids have reported cobalt and

sodium NMR spectra [3–8], and significant progress is
also being made with magnesium, oxygen, and zinc

NMR [9–19]. Much of the recent progress in quadru-

polar NMR is due to the introduction of the multiple-

quantum magic-angle spinning (MQMAS) experiment,

which is the only method capable of providing isotropic

quadrupolar spectra with conventional magic-angle

spinning (MAS) probes [20,21].

One of the most challenging quadrupolar nuclei to
observe is 17O due to its low natural abundance (0.037%),

large quadrupole couplings (e2qQ=h ¼ 4–20 MHz), and

low gyromagnetic ratio (cð17OÞ=cð1HÞ � 0:14). While

quadrupolar nuclei are exquisitely sensitive reporters of

molecular geometry [22], there are additional benefits for

observing 17O solid-state NMR spectra. They include the
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chemical shift dispersion of 17O, which spans almost
1000 ppm in organic molecules [23,24], and the sensitivity

of quadrupole and chemical shift parameters to hydro-

gen bonding [23,25–28]. Whether in amino acids, nucle-

otides, or water molecules, oxygen witnesses or

participates in nearly all biological processes and has the

potential to become as valuable to NMR-based biolog-

ical studies as 13C and 15N.

The acquisition of solid-state 17O NMR spectra in
small biological molecules is feasible, but the method-

ology is not yet routine [12–17,26,27,29,30]. It was

previously shown that high isotopic enrichment, fast

magic-angle spinning, rotor-synchronized acquisition

[31], and high radio-frequency power levels were crucial

to the observation of 17O 3Q-MQMAS spectra in several

phosphates and hydrates [30]. Further enhancements are

needed to study larger biomolecules and to observe lar-
ger quadrupole couplings. Recoupling methods, for ex-

ample, are now commonly applied to systems where

sensitivity is favorable (e.g., 23Na; 27Al; 11B; 87Rb), but

the low sensitivity of 17O NMR does not allow for such

extensions at present. Moreover, several sensitivity en-

hancement schemes that are available in quadrupolar

NMR are not practical for 17O NMR. For example,

rotation-induced adiabatic coherence transfer (RIACT)
only effects useful coherence transfers between the cen-

tral transition and the 5Q coherence in S ¼ 5=2 systems

[32]; it was not used in the present study since scaled

dipolar couplings in 5Q-MQMAS of proton-coupled

species can result in rapid loss of 5Q coherence. Also,

short relaxation times and the difficulty of applying high-

power decoupling for concatenated acquisitions prohibit

the use of echo trains to improve sensitivity [33,34].
NMR experiments on quadrupolar nuclei encounter

several challenging problems. For example, nearly de-

generate lines may arise in MQMAS spectra when

chemical shift dispersion is small (e.g., 23Na), when

measuring J couplings [35], or when observing asym-

metric doublets from residual dipolar couplings [36,37].

Long evolution times are required to resolve these lines.

On the other hand, many multi-dimensional experi-
ments give rise to quadrupole-broadened resonances.

These include MQMAS, heteronuclear correlation

[38,39], homonuclear dipolar recoupling [40], exchange

spectroscopy [4,41], nutation spectroscopy [3,4], and a

rapidly growing list of other recoupling methods

[36,37,42,43]. Finally, large quadrupole couplings, low

natural abundances, and low gyromagnetic ratios can

result in substantially reduced sensitivity.
To attack these problems we have applied nonlinear

sampling combined with maximum entropy recon-

struction (MaxEnt). Nonlinear sampling means acquir-

ing data at long evolution times without also acquiring

data at all intervening integral multiples of the dwell

time. With this technique high resolution can be

achieved in much shorter experiment times. Advantages

of MaxEnt include the fact that it makes no assumptions
regarding the number or type of resonances and can

handle arbitrary lineshapes. In addition, MaxEnt has

been shown to robustly handle data with low S=N ratios

[44]. For a review of MaxEnt and other methods for

handling truncated or incomplete acquisitions, see [45]

and sources therein. Recently, the filter diagonalization

method (FDM) has been utilized to shorten indirect

acquisition times in n-D NMR of proteins [46,47], and a
time-domain fitting technique using prior knowledge of

resonance frequencies and Lorentzian linewidths

(ANAFOR) [48] has been applied in MQMAS spec-

troscopy. However, both of these methods assume Lo-

rentzian line shapes and thus are not as generally suited

for application to solid-state NMR.

We applied MaxEnt to obtain 17O 3Q-MQMAS

spectra of several samples, including LL-asparagine-
H2

17O, using exponential sampling schedules for the

indirect dimension. Time-savings of factors of 2–4 are

realized without any loss of resolution or sensitivity. In

some experiments, the time saved was used for addi-

tional signal averaging to improve the sensitivity of 17O

MQMAS spectra of species with large quadrupole

couplings. Our results show that the combination of

MaxEnt and nonlinear sampling is a robust and pow-
erful, albeit underutilized, methodology for extending

the resolution and sensitivity limits of the MQMAS

experiment.

2. Maximum entropy reconstruction

The theory of MaxEnt reconstruction has been de-
scribed in detail elsewhere [45,49]; here we summarize

the salient characteristics. In contrast to the discrete

Fourier transform (DFT), which computes the spec-

trum directly from the measured data, MaxEnt recon-

structs a spectral estimate by finding among all the

spectra that are consistent with the experimental data

the one having the highest entropy. In practice, this

means that a spectrum f is accepted as consistent with
the experimental data d when the mismatch between d

and the inverse DFT of f (the mock data d̂d) is com-

parable to the amount of noise, C0, estimated to be

contained in the experimental data. C0 can be estimated

from the tail of an FID or from an FID in a portion of

the data that contains no signal. This constraint is

expressed as

Cðf; dÞ6C0; ð1aÞ
where Cðf; dÞ is the unweighted v2 statistic,

Cðf; dÞ ¼
XM�1

i¼0

jd̂di � dij2; ð1bÞ

where M is the number of experimental data points. In

general there are infinitely many spectra that are con-
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sistent with any d. MaxEnt reconstruction yields the
unique spectrum that is the solution to the constrained

optimization

Maximize SðfÞ subject to Cðf; dÞ6C0;

where SðfÞ is an appropriate entropy functional.

The subscript in Eq. (1b) uses only a single index, but

it can easily be generalized to multiple dimensions. In

addition, the sum in Eq. (1b) need not run over a con-

tiguous range of indices. With nonlinear sampling, only

the points that are actually collected contribute toward

the sum. This raises the question of which sample points
to collect. By analogy with the concept of the matched

filter [50], the density of sampled points should be pro-

portional to the signal intensity. For a Lorentzian sig-

nal, this means the sample density should decrease

exponentially [51]; an exponential sampling schedule is a

list of sample times having this distribution. For non-

Lorentzian or non-decaying signals, other sampling

schedules are more appropriate [52]. In practice, we find
that it is not necessary to exactly match the sampling

characteristics to the signal decay in order to obtain

useful results. Just as a single linear filter can be used on

data containing heterogeneous line shapes, a single

sampling schedule can also be used to advantage in such

circumstances.

The application of the maximum entropy principle to

signal reconstruction was based originally on the
Shannon entropy [53]

SðfÞ ¼ �
XN�1

n¼0

fn log fn ð2aÞ

as the measure of the amount of missing information,

where N is the number of points in the spectral estimate.

The Shannon entropy formula is not applicable to

spectra that are complex or contain negative (or zero)
components. A number of modifications to the Shannon

entropy to deal with complex, non-positive spectra have

been proposed [54]; the functional [54,55],

SðfÞ ¼ �
XN�1

n¼0

jfnj
def

� log
jfnj=def þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 þ jfnj2=def2

q
2

0
@

1
A

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 þ jfnj2=def2

q
; ð2bÞ

where def is a scale factor, was shown to yield the

spectrum consistent with the maximum entropy distri-
bution of an ensemble of spin-1/2 particles. In principle

def is related to the spectrometer sensitivity, although it

is generally treated as an adjustable parameter. Empir-

ically, its value affects the signal level at which MaxEnt

reconstructions become highly nonlinear [56], and it

should be set to a value slightly above the peak noise

amplitude and below that of the weakest signal com-
ponent. We are concerned here with spectra for quad-

rupolar (i.e., spin> 1/2) particles and so there is some

question whether Eq. (2b) is an appropriate functional.

However, the experiments described here detect only the

central transition of half-integer quadrupolar nuclei,

and for MQMAS, the net isotropic evolution can be

treated in an effective spin-1/2 subspace (see Eq. (11)).

Thus we feel amply justified in using Eq. (2b) for the
entropy functional. On a more practical level, functional

(2b) was shown to be the simplest modification of the

Shannon entropy that is insensitive to phase, strictly

convex, and continuously differentiable on the complex

plane [54]. In practice, it yields results quite similar to

the Shannon entropy of the absolute magnitude spec-

trum.

The constrained optimization is converted to an
equivalent unconstrained optimization through the in-

troduction of a Lagrange multiplier, k, to construct an

objective function Qðf; dÞ ¼ SðfÞ � kCðf; dÞ. The maxi-

mum of Qðf; dÞ is determined numerically. In the present

work, we employ the constant-k algorithm [45,57,58]

implemented in the Rowland NMR Toolkit [49]; related

algorithms and implementations are found in the pro-

grams GIFA [59], NMRPipe [60], and Azara [61].
Maximizing Qðf; dÞ can be computationally intensive.

This is particularly true for multi-dimensional process-

ing where f ¼ fðt1; t2Þ. However a row-wise, constant-k
algorithm provides equivalent results in a fraction of the

time [58]. For example, reconstructions of the 2D-

MQMAS spectra acquired in this study typically con-

sumed about 10 s or less on an SGI O2 workstation with

one MIPS R5000 processor and 128 MB RAM.
The spectral estimates obtained using MaxEnt re-

construction are nonlinear functions of the input [56].

The values of the parameters def and C0 determine the

extent of the nonlinearity. While MaxEnt reconstruction

is often described as yielding the spectrum that contains

the least amount of information consistent with the

data, we take the more utilitarian view that the entropy

regularizer yields smooth spectral estimates that have
appropriate asymptotic properties. In the limit where

the weight applied to the constraint ðkÞ is so small that

Qðf; dÞ is dominated by the entropy, MaxEnt yields a

blank, featureless spectrum. When the weight is much

larger so that Qðf; dÞ is dominated by the experimental

constraint, the spectral estimate approaches the DFT of

the data (provided that N is equal to M).

3. Theory

We review the MQMAS experiment [20,21], which

creates an effective evolution period free of quadrupolar

anisotropy, and derive expressions for the isotropic line

positions in MQMAS spectra. The isotropic evolution
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period consisting of N linear samples spans an effective
evolution time sðMQMASÞ

1 ¼ Nð1 þ kÞDt1 and gives a

spectral width upon Fourier transformation of

swðMQMASÞ ¼ ½ð1 þ kÞDt1
�1, where Dt1 is the time in-

crement used in the pulse sequence (see Fig. 1 and the

experimental section) and k is a constant to be deter-

mined later. The quadrupolar Hamiltonian in irreduc-

ible spherical tensor operator notation [62] is

H ðQÞ ðPASÞ ¼ xQ

X
m

RðPASÞ
2m T2;�m; ð3Þ

where xQ ¼ e2qQ=�h2Ið2I � 1Þ is the quadrupole cou-
pling frequency. The spatial tensor components encode

the asymmetry, g, and are expressed in a laboratory

frame which is related to the principal axes system

(PAS) by a set of Euler angles (a; b; c) [63]:

R20 ¼
ffiffiffi
3

8

r
3 cos2 b
	

� 1 þ g sin2 b cos 2a


;

R2�1 ¼
1

2
sin be�ic½�ð3 � g cos 2aÞ cos b � ig sin 2a
;

R2�2 ¼
1

2
e�2ic 3

2
sin2 b

�
þ g

2
ð1 þ cos2 bÞ cos 2a

� ig cos b sin 2a

�
:

ð4Þ

The spin tensor components are

T20 ¼
1ffiffiffi
6

p ð3I2Z � IðI þ 1ÞÞ;

T2;�1 ¼ � 1

2
ðIZI� þ I�IZÞ; T2;�2 ¼

1

2
I2�:

ð5Þ

One may compute perturbations upon the Zeeman in-
teraction [64], or determine corrections with average

Hamiltonian theory [65]. Both yield identical secular

terms. The low order term is H ð0Þ
Q ¼ R20T20 and the next

correction is

H ð1Þ
Q ¼

x2
Q

2x0

X
m¼�1;�2

1

m
R2;mR2;�m T2;m; T2;�m½ 
: ð6Þ

Tensor products can be expressed in an expanded basis
[66]. Thus

H ð1Þ
Q ¼

x2
Q

x0

X4

l¼0

Al0 Cð22l; 1;


� 1Þ½T2;1; T2;�1


þ 1

2
Cð22l; 2;� 2Þ½T2;2; T2;�2


�
; ð7Þ

where Cðl1l2l;m1m2Þ are Clebsch–Gordon coefficients

(see also Table 1). Using

IZ ¼
X

m¼1
2
;3
2
;...;S

2mIm;�mZ

to introduce fictitious spin-1/2 operators, we find [67]

H ð1Þ
Q ¼

x2
Q

x0

X
l¼0;2;4

X
m¼1

2
;...;S

Cl;mðSÞAl;0I
m;�m
Z ;

Cl;mðSÞ ¼ að1Þm ðSÞCð22l; 1
�

� 1Þ þ að2Þm ðSÞCð22l; 2 � 2Þ
�
;

að1Þm ð3=2Þ ¼ �2m½4m2 � 7
;
að1Þm ð5=2Þ ¼ �2mð4m2 � 17Þ;

að2Þm ð3=2Þ ¼ � 1

2
m½4m2 � 13
;

að2Þm ð5=2Þ ¼ � 1

2
mð4m2 � 33Þ;

ð8Þ

Fig. 1. Pulse sequence and coherence level transfer diagram for the

phase-sensitive two-dimensional MQMAS experiment. The experiment

is repeated with a 30� increment in the phase of the first pulse and

processed via the hypercomplex method [99]. One strong pulse creates

triple-quantum (3Q) coherence and is followed by the indirect evolu-

tion period, denoted t1. A second strong pulse converts the 3Q co-

herence to central-transition polarization, which is followed by a short

delay to allow transverse components to dephase (z-filter). Finally, a

soft 90� pulse is applied to read out the FID. Phase cycling of the

pulses is f/1 ¼ 0; 0; 60; 60; 120; 120; 180; 180; 240; 240; 300; 300g; f/2 ¼
0g; f/3 ¼ 0; 180g; f/4 ¼ 0; 180; 180; 0g.

Table 1

Spin tensor commutation relationships for S ¼ 3=2 and S ¼ 5=2 nuclei,

obtained using the methods of Refs. [100,101]. Note that the com-

mutators depend linearly on IZ through T10, which leads to second-

order broadening of any symmetric transition

S ¼ 3=2 S ¼ 5=2

½T21; T2;�1
 � 6
5
T10 � 4

ffiffi
2
5

q
T30 � 16

5
T10 � 4

ffiffi
2
5

q
T30

½T22; T2;�2
 12
5
T10 � 2

ffiffi
2
5

q
T30

32
5
T10 � 2

ffiffi
2
5

q
T30

T10 ¼ IZ T30 ¼
ffiffiffiffi
1
10

q
½5I3Z � ð3IðI þ 1Þ þ 1ÞIZ
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where the central-transition or triple-quantum sub-
spaces may be described by setting m ¼ 1=2 or m ¼ 3=2,

respectively, and the Alm are the laboratory frame tensor

components in the new basis [65]. In the PAS, they are

q00 ¼
ð3 þ g2Þ

2
ffiffiffi
5

p ; q20 ¼ �ð3 � g2Þffiffiffiffiffi
14

p ;

q2�1 ¼ 0; q2�2 ¼
ffiffiffi
3

7

r
g;

q40 ¼
9 þ 1

2
g2

� �
ffiffiffiffiffi
70

p ; q4�1 ¼ 0;

q4�2 ¼
3

2
ffiffiffi
7

p g; q4�3 ¼ 0; q4�4 ¼
1

4
g2;

ð9Þ

where the q00 term indicates an isotropic contribution of

the quadrupole coupling. For sample rotation about an
angle h, the space terms in Eq. (8) transform as Legendre

polynomials. For the central transition, the time-inde-

pendent terms are

H ð1Þ
Q;rot ¼ C0;1

2
ðSÞA00

h
þ C2;1

2
ðSÞA20P2ðcos hÞ

þ C4;1
2
ðSÞA40P4ðcos hÞ

i
I

1=2;�1=2
Z : ð10Þ

The second- and fourth-order Legendre terms do not

have a common node, so no single axis of rotation can

remove the quadrupolar anisotropy. The MQMAS ex-

periment solves this problem by correlating evolution of

a symmetric, multiple-quantum coherence with evolu-
tion of central-transition coherence during magic-angle

spinning. The fourth-order anisotropy (l ¼ 4) is refo-

cused in the acquisition period and MAS (h ¼ 54:74�)
removes l ¼ 2 terms. Many coherence transfer methods

exist [21,32,38,67–79] and the z-filtered, phase-sensitive

experiment [80] used in this study is shown in Fig. 1.

Phase accumulation due to the fourth-order term de-

pends on the coherence order in each evolution period;
thus the isotropic echo forms at a time t2 ¼ kt1. An ef-

fective Hamiltonian for the evolution period,

sðMQMASÞ
1 ¼ ð1 þ kÞt1, is

H ðMQMASÞ
Q;eff ¼ 1

1 þ k

X
l¼0;2

ð2m
"

þ kÞACS
l0

þ
X
l¼0;2;4

kCl;1
2
ðSÞ

�

þ Cl;mðSÞ
�
AQ
l0

#
I

1=2;�1=2
Z ; ð11Þ

where 2m is the multiple-quantum coherence order and
the chemical shift is HCS ¼

P
l¼0;2 2mAl0I

1=2;�1=2
Z . The

MQMAS condition, kC4;1=2ðSÞ þ C4;mðSÞ ¼ 0, removes

l ¼ 4 terms and is satisfied for coherence orders ðpÞ of

the same sign for S ¼ 3=2 (p : 3 ! 1) and of opposite

sign for S ¼ 5=2 (p : �3 ! 1). The constant k may be

computed following equation (8). For 3Q-MQMAS of

S ¼ 5=2 nuclei, k ¼ 19=12. Finally, we have

x3Q
iso S


¼ 3

2

�
¼ 2mþ k

1þ k
xCS þ

9

10

3� k
1þ k

 �
x2

Q

xCS

1


þ1

3
g2

�

¼ 17

8

"
þ9

8

x2
Q

x2
CS

1


þ1

3
g2

�#
xCS;

x3Q
iso S


¼ 5

2

�
¼�2mþ k

1þ k
xCS þ

3

5

3�4k
1þ k

 �
x2

Q

xCS

1


þ1

3
g2

�

¼� 17

31

"
þ24

31

x2
Q

x2
CS

1


þ 1

3
g2

�#
xCS:

ð12Þ

Analysis of MQMAS line positions with Eq. (12) may be

combined with numerical fits of MAS or static line-

shapes to yield quadrupole and chemical shift parame-

ters.

4. Results

We first examine spectra obtained by discrete Fourier

transformation of truncated linearly sampled data and

by MaxEnt reconstruction of nonlinearly sampled data.

For linearly sampled data we used linear prediction (LP)
to extend the datasets, which can introduce frequency

bias and false signals [44], and which enhances resolu-

tion in the resulting spectra largely by eliminating sinc-

wiggles that arise from Fourier transformation of

incompletely sampled signals [45]. With low-to-medium

S=N ratios, if a signal has been acquired for a time s,

then lines separated by less than 1=s in the frequency

domain will not be resolved with the DFT, regardless of
any data extension by LP extrapolation. This is dem-

onstrated in the left-hand column of Fig. 2, in which

successive truncations of an experimental, isotropic 17O

3Q-MQMAS FID are processed by applying LP

followed by the DFT. This approach does not resolve

the closely spaced lines unless there are at least 96 t1
samples (sðMQMASÞ

1 ¼ 96ð1 þ kÞDt1 ¼ 3:1 ms) and it is

evident that the resolution of MQMAS is constrained by

the acquisition time in t1. The resonances differ by

300 Hz and are only resolved by recording data up to
sðMQMASÞ

1 ¼ 3:3 ms.

For nonlinearly sampled data, we used exponential

sampling schedules for sampling t1 sparsely without

giving up information at long times [81,82]. MaxEnt

reconstructions of exponentially sampled data taken

from the full dataset are shown in the right-hand column

of Fig. 2. Two lines are clearly resolved for all sampling

schedules, which contain samples up to and including

the final sample (N ¼ 145) at sðMQMASÞ
1 ¼ 4:7 ms. Fou-

rier transformation of the full FID indicates a S=N ratio

of 20:1 and so the right-hand column of Fig. 2 confirms

the ability of MaxEnt to faithfully reconstruct noisy

data [44]. These data are relatively densely sampled in t1
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and only the isotropic FID was treated in Fig. 2. It is,

however, common to use much longer t1 intervals when

the spectrum lies in a narrow spectral range. For ex-

ample, rotor-synchronized MQMAS [31,83] requires

increments proportional to the inverse of the rotor pe-
riod. It is also useful to process pure absorption mode,

two-dimensional MQMAS spectra, and we investigate

these conditions next.

Pure absorption mode 17O 3Q-MQMAS spectra of

hydroxyapatite, acquired by the hypercomplex z-filter

method [80] and using rotor-synchronization, are shown

in Fig. 3, where the indirect dimension was acquired

with 60 samples spanning sðMQMASÞ
1 ¼ 7:8 ms. Conven-

tional Fourier transformation of the full linearly sam-

pled dataset is shown in Fig. 3a along with a

representative f1 cross-section (slice) and numerical fit.

Contours are plotted starting at 10% of the maximum

intensity and up in steps of 10% for all spectra. MaxEnt

processing of the dataset after selecting 40 t1 values with

exponentially increased spacings is shown in Fig. 3b.

The contour plot verifies that the constant-k algorithm
provides pure-phase 2D-MQMAS spectra. MaxEnt

processing after exponentially selecting 20 t1 slices is

shown in Fig. 3c. Again the contour plot and the slice

are both in excellent agreement with Fig. 3a; however,

the appearance of some low intensity negative artifacts,

similar to those observed in the bottom MaxEnt re-

construction in Fig. 2, indicates that further truncation

is not advisable. In our hands this set could be truncated

even to 15 slices; however, this required more careful

tuning of MaxEnt parameters, Gaussian apodization,

and phasing, whereas the use of 20 slices required no

such effort. Figs. 3b and c were obtained by extracting

samples from the full dataset used in Fig. 3a. The slight

discrepancy between the simulated spectrum and the
data in Figs. 3b and c is due to arbitrarily adjusting the

simulation with slight line broadening to superimpose

with Fig. 3a. More generally, relaxational anisotropy

often complicates lineshape analysis in quadrupolar

NMR, and it is most important to observe in Fig. 3

the excellent agreement between the singularities in the

simulated and MaxEnt reconstructed spectra. If the

nonlinear sampling schemes of Figs. 3b and c were
experimentally implemented, the measurement time

would be reduced by factors of 1.5 and 3.0, respectively.

A principal goal of this study is to investigate the use

of nonlinear sampling to obtain improved sensitivity in

MQMAS spectroscopy. In this case we consider a simpler

Fig. 2. Different processing schemes of the isotropic FID from a single
17O 3Q-MQMAS spectrum which was sampled to an effective time

sðMQMASÞ
1 ¼ Nð1 þ kÞDt1 ¼ 4:7 ms, where N ¼ 145 and Dt1 ¼ 12:5ls.

The left column shows spectra obtained by LP and Fourier transfor-

mation. Successive truncations are made by eliminating points from

the end of the FID. The right column shows spectra obtained by

MaxEnt reconstruction, where data reductions are made by selecting

points according to exponential sampling schedules. All sets in the

right column contain samples up to and including 4.7 ms.
Fig. 3. Comparison of discrete Fourier transformation and MaxEnt

reconstruction using a single pure absorption mode 17O 3Q-MQMAS

dataset of hydroxyapatite, Ca5ðP17O4Þ3ðOHÞ, acquired at 9.4 T with

the pulse sequence of Fig. 1. The indirect dimensions consist of (a)

linearly sampled t1 points spanning sðMQMASÞ
1 ¼ Nð1 þ kÞDt1 ¼ 7:8 ms

with N ¼ 60 and Dt1 ¼ 50:5ls processed by double Fourier transfor-

mation, (b) 40 slices exponentially selected from the first data set

processed by MaxEnt, and (c) 20 exponentially selected slices from the

first data set processed by MaxEnt. The recycle time was 2 s and 528

transients were collected for the real and imaginary parts (1056 for

each complex slice). A computed fit has been arbitrarily adjusted

through line broadening to match the spectrum in (a) and is super-

imposed without modification onto the spectra in (b) and (c).
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two-pulse nutation approach [21,67,84] that would be
obtained by removing the soft 90� pulse in Fig. 1 and

changing the phase cycling to select for the IZ ! 3Q !
1Q pathway. The reason for this is the non-ideal response

of half-integer quadrupolar nuclei to RF irradiation in

powdered solids [70,85–87]. The effective nutation rate

depends upon crystallite orientation in a manner that

becomes increasingly severe with increasing quadrupole

coupling. This effective RF inhomogeneity can result in
significant signal losses, such that MQMAS sequences

with the fewest pulses tend to produce the best sensitivity

for samples with very large quadrupole couplings. We

note also that 2D-MQMAS spectra acquired without

pure-phase methodology can still retain a relatively high

degree of absorptive character [68,88]. While sensitivity

considerations do not exclude using a sequence such as

Fig. 1, the two-pulse nutation approach is more sensitive
for acquiring MQMAS spectra of oxygen-17O samples

with large quadrupole couplings. A comparison of co-

herence transfer methods in spin-5/2 nuclei [74,76,89] and

phase-sensitive sequences [88] for 17O 3Q- and 5Q-

MQMAS NMR is outside the scope of this work.

We demonstrate in Fig. 4 the use of nonlinear sam-

pling to improve sensitivity with a series of 17O 3Q-

MQMAS spectra of ammonium dihydrogen phosphate

(ADP, NH4H2P17O4Þ, acquired with the two-pulse
method. The first row shows linearly sampled data

acquired with 48 t1 slices spanning sðMQMASÞ
1 ¼ 6:2 ms,

with 1800 transients per increment. The second and

third rows show exponentially sampled data with 24 and

16 t1 slices and 3600 and 5400 transients per slice, re-

spectively. Due to the nonlinearity of MaxEnt recon-

struction, the improvement in sensitivity is best

appreciated by comparing representative slices of the
raw time-domain echo signals. For example the fourth t1
slice is used in both exponential sampling schedules and

is shown in the first column of Fig. 4, where the im-

provement in sensitivity is apparent. In the middle col-

umn, the two-dimensional spectra are shown with

contours plotted at 15% of the maximum intensity in

steps of 10%. As in Fig. 3, consistent lineshapes are

obtained for the linear and exponentially sampled ex-
periments, demonstrating again that MaxEnt recon-

struction along f1 correctly reproduces information in f1

and f2. Finally, MaxEnt reconstructions of the isotropic

FIDs are shown in the third column, where all three

spectra are again found to be in excellent agreement.

Some non-Lorentzian line broadening can be seen near

the baseline of the f1 dimension for the highly truncated

spectra in Figs. 3 and 4. This behavior depends upon the

Fig. 4. Comparison of 2D-17O-3Q-MQMAS spectra for ammonium dihydrogen phosphate ðNH4H2P17O4Þ, acquired with a two-pulse method

obtained by eliminating the z-filter in Fig. 1. Linearly sampled (a) and nonlinearly sampled (b,c) datasets were acquired separately. Spectra in row (a)

are from N ¼ 48 linear samples spanning sðMQMASÞ
1 ¼ Nð1 þ kÞDt1 ¼ 6:2 ms with Dt1 ¼ 50:5ls and 1800 transients per slice and are processed by

Fourier transformation. Spectra in rows (b) and (c) are from 24 and 16 exponentially selected t1 samples with 3600 and 5400 transients per slice,

respectively, and are processed by MaxEnt. The recycling time was 0.5 s and each experiment required 12 h. The first column shows the time-domain

data sampled at sðMQMASÞ
1 ðN ¼ 4Þ ¼ 4ð1 þ kÞDt1 ¼ 0:39 ms. The middle column shows the result of sheared, two-dimensional processing where

contours for all three spectra are plotted at 15% in steps of 10% of the maximum intensity. The final column displays MaxEnt reconstructions of the

isotropic FID for each acquisition.
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quality of data at long evolution times and will be
considered further in the discussion.

We next demonstrate the use of MaxEnt recon-

struction and exponential sampling to obtain well-re-

solved MQMAS spectra of 17O-enriched compounds

with large quadrupole coupling constants. Previously,

we reported an 17O 3Q-MQMAS spectrum of barium

chlorate monohydrate that was isotopically enriched in

the water position (e2qQ=h ¼ 6:8 MHz, g ¼ 1:0) [30].
This spectrum suffered from severe truncation artifacts

since time was invested in acquiring sufficient transients

for a small number of linearly sampled t1 increments.

Low sensitivity and the small number of slices prevented

the use of LP. In contrast, MaxEnt reconstructions of

exponentially sampled experiments should provide sat-

isfactory results. We chose two samples enriched with
17O (74%) in the water molecules and which possess
large quadrupole couplings to test this prediction: lith-

ium sulfate monohydrate and LL-asparagine monohy-

drate. Static and MAS experiments in our laboratory

indicated that the 17O quadrupole coupling parameters

for the water of lithium sulfate are e2qQ=h ¼ 6:8 MHz

and g ¼ 1:0. For LL-asparagine monohydrate, the quad-

rupole coupling parameters of the water site had been

indirectly estimated at e2qQ=h ¼ 7:6 MHz and g ¼ 1:0
[90]. An additional reason for choosing LL-asparagine

is that previous attempts to acquire linear 17O

3Q-MQMAS spectra of LL-asparagine monohydrate

(unpublished results) were unsatisfactory due to the

difficulty of obtaining a sufficiently high S=N ratio and

enough t1 samples to avoid truncation artifacts. Crystal

structures report one crystallographically distinct water

molecule per unit cell in both samples [91,92]; however,
it has been speculated that the six water molecules in the

LL-asparagine unit cell may be inequivalent [90].
MaxEnt reconstructions of isotropic 3Q-MQMAS

experiments are shown for LL-asparagine monohydrate in

Fig. 5a and lithium sulfate monohydrate in Fig. 5b. In

each experiment, 16 samples have been distributed over

sðMQMASÞ
1 ¼ 6:2 ms. We observe only one line for LL-as-

paragine monohydrate. We also record a single line for

lithium sulfate monohydrate. We have determined the
17O quadrupole coupling parameters in LL-asparagine

monohydrate to be e2qQ=h ¼ 7:0 MHz and g ¼ 1:0,

which is a slight downward revision of the previous es-

timates [90].
The sensitivity of the LL-asparagine experiment is

poorer compared to the lithium sulfate spectrum. This is

due in part to the slightly larger quadrupole coupling,

since nutation efficiencies decrease rapidly even for small

increases in quadrupole couplings [21,32,67,68]. LL-as-

paragine also has a higher proton density introducing

more dipolar couplings, which are scaled by 3 in the 3Q

evolution period, and which also enhance relaxation. An
additional problem is that the crystal cell of LL-aspara-

gine may dehydrate under rapid sample spinning. Care

was taken to seal the rotor containing LL-asparagine

monohydrate, since significant signal losses and spectral

degradation were noted in tests with unsealed rotors.

Thus, we infer that we observed the portion of the
sample with hydrated unit cells, which would corre-

spond to the central core of the rotor where centripetal

forces are weaker. The isotropic MQMAS linewidths at

half-height are 240 and 160 Hz for LL-asparagine and

lithium sulfate, respectively.

The isotropic chemical shift and quadrupolar cou-

pling terms for all samples used in this study are sum-

marized in Table 2 and were obtained by comparing

Fig. 5. MaxEnt reconstructions of nonlinearly sampled isotropic

MQMAS FIDs for (a) LL-asparagine monohydrate (H2
17O, 74%-17O)

and (b) lithium sulfate monohydrate (H2
17O, 74%-17O). The LL-aspara-

gine spectrum was acquired with N ¼ 16 exponentially distributed slices

spanning sðMQMASÞ
1 ¼ Nð1 þ kÞDt1 ¼ 6:2 ms, with 12,000 transients per

slice. The lithium sulfate spectrum was acquired with N ¼ 16 slices

spanning sðMQMASÞ
1 ¼ 6:2 ms, with 14,400 transients per slice. For (a) and

(b) a two-pulse MQMAS sequence was used by eliminating the z-filter

from Fig. 1. A recycle time of 1 s was used.

Table 2

Quadrupole and isotropic chemical shift parameters for the com-

pounds in this study. Isotropic shifts are referenced to a sample of li-

quid H2
17O (30% 17O) and errors are estimated to be �2 ppm. Errors

for e2qQ=h and g are estimated at 0.05 MHz and 0.05, respectively

Sample Peak e2qQ=h
(MHz)

g diso

(ppm)

Ca5ðP17O4Þ3ðOHÞ 1 4.2 0.0 118

2 4.3 0.0 111

NH4H2P17O4 5.2 0.6 92.8

Li2SO4-H2
17O 6.8 0.9 0.5

LL-Asparagine-H2
17O 7.0 1.0 7.0
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isotropic MQMAS line positions with simulations of
MAS powder lineshapes. In the cases of lithium sulfate

monohydrate and LL-asparagine monohydrate, static

echo-detected experiments were also acquired to provide

additional confirmation of these parameters.

5. Discussion

As this work is the initial application of MaxEnt re-

construction and nonlinear sampling to solid-state

NMR data, the first goal of the study was to establish

the fidelity of the methodology and guidelines for ac-

ceptable truncation limits. It is clear from Figs. 2–4 that

spectral information in f1 and f2 is consistently repro-

duced by MaxEnt with datasets truncated by factors of

2–4. We have also confirmed the ability of MaxEnt re-
construction to handle pure absorption phase, two-di-

mensional experiments, which has already been

demonstrated in liquid-state spectroscopy [45]. We find

that eliminating sampling points by factors of 2–3 is

advisable if a long dwell time in t1 would allow for

satisfactory resolution with a moderate number of linear

samples as in Figs. 3–5, or if signal-to-noise ratios are

low. Eliminating sampling points by factors of 3–4 is
advisable if a short dwell time in t1 would dictate ac-

quiring a large number of linear samples, as in Fig. 2,

and when sensitivity is high. An experienced user may

extend these limits, but routine application of nonlinear

sampling and MaxEnt methodology should adhere to

these guidelines.

The second goal was to investigate the sensitivity

limits of MQMAS NMR when the time-savings from
reduced sampling is fully invested in increasing the

number of transients collected per slice. In samples with

very large quadrupole couplings, the number of tran-

sients needed to obtain echoes that are measurably

distinct from the noise means that 3–4 h or more are

needed to acquire each slice. If linear sampling is used,

then severe truncation effects can result, as evidenced in

a previous spectrum of barium chlorate at 9.4 T
(e2qQ=h ¼ 6:8 MHz, g ¼ 1:0) [30]. Elimination of such

truncation artifacts with LP is often not practical due to

the low S=N and the short overall acquisition time in t1.

In contrast, the lithium sulfate monohydrate spectrum

in Fig. 5b, which also uses a small number of samples, is

very narrow and free of truncation artifacts. The in-

clusion of samples at long evolution times has guaran-

teed that the linewidth is accurate and that a tightly
spaced doublet was not missed, a danger that has been

highlighted already in Fig. 2. Given that the barium

chlorate and lithium sulfate samples have identical

quadrupole parameters, the nonlinear sampling meth-

odology has permitted the acquisition of large numbers

of transients for a small number of slices while avoiding

truncation artifacts. The sensitivity of the lithium sul-

fate spectrum is good and we estimate that quadrupole
couplings as large as e2qQ=h ¼ 8:0 MHz could be

studied at 9.4 T with nonlinear methods. This is sup-

ported also by our ability to record the LL-asparagine

spectrum in Fig. 5a, in which sensitivity was also hin-

dered by high proton density and dehydration. Satis-

factory acquisition of this spectrum depended critically

upon nonlinear sampling and MaxEnt reconstruction,

which permitted recording samples with long evolution
times necessitated by the possibility that there may be

slight non-degeneracy in the water positions. Indeed the

use of NMR-observed quadrupole coupling parameters

to refine crystal structures is already known [93].

However, Fig. 5a supports the equivalence of all six

water molecules in the unit cell of LL-asparagine mono-

hydrate [91,92].

Noisy or severely truncated data invariably degrade
the quality of spectral estimates, and different spectral

estimation techniques manifest this degradation in dif-

ferent ways. For example, the DFT introduces Gibbs

oscillations, or sinc-wiggles, when applied to truncated

data. LP and related methods such as FDM avoid

truncation artifacts, but may introduce spurious peaks

or bias the estimates of peak parameters such as the

frequency or phase [44]. The spectra of ðNH4H2P17O4Þ
in Fig. 4 illustrate the defects that can appear in MaxEnt

spectra of noisy, sparsely sampled data. While the iso-

tropic line position in f1 and corresponding anisotropic

broadening in f2 are consistent for all processing and

sampling schemes in Fig. 4, the isotropic line obtained

from 16 t1 slices by MaxEnt (bottom panel) is slightly

broadened near the baseline, unlike the spectrum ob-

tained from the full dataset (48 t1 slices) by Fourier
transformation (top panel). This behavior is also ap-

parent in Fig. 5, where the spectrum of LL-asparagine

monohydrate has a higher noise level than the lithium

sulfate spectrum. The broadening of peaks in MaxEnt

spectra that occurs with noisy or truncated data is a

direct consequence of maximizing the entropy in the face

of weaker experimental constraints on the true line-

shape. However, the drawbacks of the minor distortions
in the lineshapes are more than outweighed by the

benefit of improved resolution possible with nonlinear

sampling and MaxEnt reconstruction.

A promising direction for solid-state spectroscopy is

the acquisition of two-dimensional experiments in real

time, in which the traditional approach of acquiring t1
slices consecutively would be replaced by acquiring full

2D-MQMAS spectra consecutively. Acquiring full n-D
data in real time provides the spectroscopist with valu-

able feedback: one can monitor the experiment and halt

it when the desired sensitivity has been achieved, and

unsatisfactory resolution can be detected earlier since

slice-wise acquisition does not report on the resolution

until the last slice is completed. The decreased number

of t1 samples afforded by MaxEnt reconstruction of
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nonlinearly sampled data should enable real-time ac-
quisition of full, phase-sensitive MQMAS spectra.

6. Conclusion

We have used MaxEnt reconstruction to obtain ac-

curate and sensitive nonlinearly sampled 17O 3Q-

MQMAS spectra in one and two dimensions. We find
that time-savings of factors of 2–4 may be realized and

invested in acquiring additional transients if needed.

Alternatively, the time-savings may be useful in the

implementation of 3D experiments, which are beginning

to emerge in quadrupolar applications [41,94]. A distinct

advantage of using nonlinear sampling is the ability to

record samples at long times so that the full potential of

the MQMAS experiment to provide narrow, isotropic
lines can be realized.

We find MaxEnt reconstruction to be robust and

straightforward to use, particularly since no assump-

tions regarding the shape or number of resonances are

required. When processing the phase-sensitive, two-di-

mensional MQMAS experiment, MaxEnt was able to

retain accurate quadrupole broadened lineshapes in the

kilohertz regime in f2 and provide resolved isotropic
lines in the sub-kilohertz regime in f1. MaxEnt is thus

well-suited for wider application in multi-dimensional

solid-state NMR.

7. Experimental

Solid-state 17O spectra were acquired on a Cambridge
Instruments spectrometer operating at 9.4 T (m0ð17OÞ ¼
53:924 MHz). A custom built, double channel probe

employing a Chemagnetics 3.2 mm spinning assembly

(Varian Instruments, Fort Collins, CO) was used for all

experiments and routinely achieved r.f. irradiation

powers of mrfð17OÞ ¼ 125 kHz and mrfð1HÞ > 100 kHz.

For all experiments, magic-angle spinning frequencies

were regulated with a Bruker controller (Bruker, Bill-
erica, MA) at mMAS ¼ 19:8 � 0:05 kHz for rotor-syn-

chronization of the evolution period. The indirect

dimension was incremented in steps of Dt1 ¼ 12:5ls

(Fig. 2) or Dt1 ¼ 50:5ls (Figs. 3–5), yielding MQMAS

spectral widths of 1=ð1 þ kÞDt1 ¼ 30:97 or 1=ð1 þ kÞ
Dt1 ¼ 7:67 kHz, respectively. All 17O chemical shifts are

reported relative to liquid H2
17O (34%).

17O-enriched hydroxyapatite, Ca5ðP17O4Þ3ðOHÞ, and
ammonium dihydrogen phosphate, NH4H2P17O4, were

obtained by literature methods [95–97]. The

Li2SO4-H2
17O and LL-asparagine monohydrate ðH2

17OÞ
sample were obtained by recrystallizing from 74% 17O-

enriched water at room temperature, which is recovered

under vacuum. 17O-enriched water was purchased from

ISOTEC (Miamisburg, OH).

Data processing was carried out in the RNMRP
processing environment (D. Ruben, MIT/Harvard

Center for Magnetic Resonance, Cambridge, MA) and

the Rowland NMR Toolkit (A. Stern, J. Hoch, Row-

land Inst. for Science, Cambridge, MA). The Rowland

NMR Toolkit includes the implementation of the

MaxEnt reconstruction algorithm and was used to

process all nonlinearly sampled data. Simulations of

quadrupole lineshapes were carried out in the GAMMA
simulation environment [98] using conventional density

operator propagation and also a Floquet approach for

efficient simulation of MAS sideband spectra [93]. Two-

dimensional pure absorption mode spectra were ob-

tained by the hypercomplex method [99]. After two

phase-shifted datasets are acquired, they may be ap-

propriately combined to yield echo and anti-echo sig-

nals. The latter should contain no signal since this
pathway does not allow for refocusing of second-order

terms in spin space. Each slice of the 2D echo dataset is

treated with an appropriately shifted Gaussian window

function before the first Fourier transform along t2. A

t1-dependent phase correction is then applied to each

slice to correct for the time-shifted echo before the

spectrum is processed either by FT or MaxEnt along t1.

Alternatively, the t1-dependent phase correction may be
replaced by performing a t1-dependent rotation of each

slice before the first Fourier transform along t2. Some

phasing of the final 2D spectrum may be needed.
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