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Maximum-Quantum (MaxQ) NMR is an approach that exploits the simple lineshape (a singlet) of the
highest possible coherence quantum order for a given spin system to help resolving the interpretation
of the spectrum of complex mixtures. In this setup, resolution in the indirect, multiple-quantum, dimen-
sion is crucial, and it may be linked to a long duration of the signal acquired along this axis. We explored
if this boundary on the length of the indirect dimension could not necessarily translate into extended
experimental times by applying Non-Uniform Sampling (NUS) schemes in conjunction with Recursive
Multi-Dimensional Decomposition (R-MDD) data processing. The actual value of the MaxQ order depends
on the size of the spin system, so that for a mixture several MQ correlation spectra must be recorded to
detect all possible molecular fragments. As the sparseness of the MQ datasets vary dramatically in going
from higher (sparser) to lower (denser) coherence orders, the optimal compressing conditions and the
fidelity of NUS/R-MDD scheme may vary along the series of MQ spectra. The NUS-MaxQ approach is dem-
onstrated on the aromatic region of the 1H spectrum of a mixture of 10 simple aromatic molecules.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Maximum-Quantum NMR spectroscopy is a strategy for the
investigation of mixtures of small molecules, in which individual
spin systems are singled out by excitation of their highest possible
quantum coherence [1–3]. The core aspect of this technique is that
the spectral complexity is unfolded due to the progressive simpli-
fication associated to the excitation of higher and higher order
p-quantum coherences. For a given spin system, this process
culminates in a simple singlet for the maximum possible quantum
(MaxQ) order [4]. Accordingly, a correlation spectrum of the MaxQ
order with the 1Q spectrum isolates the signals of the molecular
fragment hosting the spin system. The method can simplify greatly
the analysis of crowded spectral regions, provided the resonance
position of the fragment in the MaxQ dimension (the sum of the
chemical shifts of the participating spins) can be distinguished.
Demonstrations have been provided on the challenging case of
mixtures of aromatic compounds (PAH, phenolics), where signals
differing by less than 4 Hz (0.001 ppm) in the MaxQ dimension
could be distinguished [1–3]. Resolution in the indirect dimension
is thus a key aspect of MaxQ analysis, even more so than for most
other homonuclear 2D NMR experiments. Moreover, the p-
quantum coherence lifetime can reach values of the order of the
second, which justifies the resolving power mentioned earlier on.
Nonetheless, to best capitalize on this property it is necessary to
ll rights reserved.
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sample extensively the indirect dimension. The demand in spectral
resolution of the MaxQ experiment is further reinforced by the
likely presence, in a given mixture, of spin systems of different size.
Because of this, no single spectrum will provide a complete analy-
sis, but rather a series of p-quanta spectra covering all options will
be required. The complication proceeds from the fact that for a
mixture low-order p-quanta spectra are progressively denser in
signals, due to the decreased efficiency of the coherence order fil-
ter. Altogether, long experimental times (of the order of the hour
for mM concentrations) are thus required to obtain a complete
analysis, even using PFG coherence order selection and samples
providing good signal-to-noise ratios. In the interest of improving
the resolution obtained for unit of time of the technique, alterna-
tive ways of performing the experiment should be sought. It is
noteworthy that multiplex acquisition of all pQ order of interest,
the first method proposed towards this direction, although being
a possible solution for recording all MQ spectra at once, [4–6] is
impractical here as each of them requires a very specific and sen-
sitive parameter optimization.

All in all, an approach that has a good probability of reducing the
duration of the analysis without significantly altering the multi-
scale resolution of the experiment is to resort to Non-Uniform
Sampling and adapted processing. Indeed, non-linear sampling
schemes are finding an increasing utilization due to the intrinsic
sparse nature of NMR multidimensional experiments. The effec-
tiveness of sampling grids constructed this way has been demon-
strated for a number of cases, either in heteronuclear and
homonuclear experiments [7,8].
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It should be noted in passing that, besides the interest in reduc-
ing their experimental duration, MaxQ experiments on mixtures
could prove a solid workhorse for testing NUS schemes, due to
the large variation of the degree of sparseness observed along
the series of MQ correlation spectra.

Among the recent approaches that appear to produce stable
processing of NUS nD NMR data with reasonable computing time,
Multi-Dimensional Decomposition (MDD) is among the most
tested algorithms [7,8]. Moreover, one of its specific declinations,
the Recursive MDD (R-MDD) is suitable for treating bidimensional
NMR experiments acquired non-uniformly in the indirect
dimension.

In the following, we demonstrate Non-Uniform Sampling, asso-
ciated with the R-MDD processing approach, on a mixture of ten
aromatic compounds containing spin system of between two and
five protons, to assess the potential and possible pitfalls of NUS
in the context of MaxQ NMR.

2. Experimental

2.1. Nmr

All experiments were performed on a Bruker AVANCE III spec-
trometer, at a B0 field of 14.1 T, using a TXI probehead. 5Q and
3Q correlation spectra of a test mixture (Table 1) containing 10
aromatic molecules were recorded using a classic pulse sequence
90x-s-180x-s-90/-t1-90x (/ = x or y for even or odd order excitation
respectively), [4,5,9,10].

2.2. MDD

The built-in functions of Topspin 3.0 (Bruker Biospin) software
were applied to setup the NU sampling schedules and the R-
MDD processing for the indirect dimension. Subregions of
0.15 ppm were chosen. See the text below for a discussion on the
selection of the number of components of the fit. The sampling fol-
lowed a random scheme, with a positive bias towards the begin-
ning of the FID for optimal S/N behavior.

2.3. Methodology

This specific data processing has been discussed at length in re-
cent reviews, so that in the following only the basic layout will be
outlined [7,8]. Multiway decomposition or PARAFAC is an algo-
rithm designed to separate the sources that make up a complex
signal, using a specific model function [11,12]. In synthesis, for a
Table 1
Relevant 1H NMR parameters of the molecular systems in the test mixture.

No. Molecule (pQ) 1Q chemical shifts Max-Q chemical
shifts

1 Phenol (5Q) 7.25(2), 6,93(1), 6,85(2) 6.96
2 o-Terphenyl (5Q)

4Q
7.22(�), 7.19(�), 7.14(�) 7.13

3 Dibenzyl (5Q) 7.31(�), 7.21(�) 7.18
4 Acetanilide (5Q) 7.61(2), 7.45(2), 7.36(1) 7.43
5 Benzophenone

(5Q)
7.83(2), 7.61(1), 7.50(2) 7.59

6 Fluoranthene
(4Q)

7.93(2), 7.40(2) 7.70

7 Naphthalene (4Q) 7.61(2), 7.49(2) 7.72
8 Anthracene (4Q) 8.02(2), 7.48(2) 7.78
9 Phenanthrene

(4Q)
8.71(1), 7.91(1), 7.67(1),
7.62(1)

8.01

10 Triphenylene
(4Q)

8.68(2), 7.68(2) 8.21
nD NMR the objective of the algorithm is to search the optimal
number of signals in the NUS sampled dimensions. Several algo-
rithms have been proposed to perform this operation, and we shall
be following the method proposed by Orekhov, based on the Alter-
nate Least Squares approach, [13] which has been demonstrated in
several cases.

The time-domain bidimensional signal associated to a multiple-
quantum correlation experiment can be modeled as:

SMDDðt1; t2Þ ¼
XNMQ

1

aðsÞF1ðTD1Þ � F2ðTD2Þ

¼
XNMQ

1

aðsÞF11ðdÞ � � � � � F1TD1=dðdÞ � F2ðTD2Þ ð1Þ

where the sum runs over all resonances involved in the multiple-
quantum transitions under scrutiny, a(s) being their associated
transfer function that takes into account the combined efficiency
of excitation and reconversion of higher coherence orders into ob-
servable ones. F1 and F2 are normalized vectors, describing the
shape of the signal in the relative dimension. The labels TD1 and
TD2 refer to the length of the model shape, and are the acquisition
vectors in the respective dimensions.

The right-hand side of Eq. (1) constitutes a further decomposi-
tion that exploits the regular expression of the NMR signal to di-
vide it in section of length d, the original indirect dimension
being represented as the direct product space of these shorter
functions. This step transforms effectively the problem in a (TD1/
d + 1) ways decomposition, thus assuring the existence of a unique
solution, which would not be the case for a purely bidimensional
problem. To adapt the scheme to Non-Uniform Sampling, the mod-
el is multiplied by a mask matrix, g, that has elements 1 in corre-
spondence to sampled points and 0 otherwise.

The approach described above is the basis of the Recursive MDD
data processing scheme, which searches the minimization, over all
lineshapes Fi and the transfer function a, of the deviation between
the model function and the actual data, S,

min
fFig;a
kgðS� SMDDÞk2 ð2Þ

It has been proposed that the computational burden of R-MDD
can be eased by Fourier transforming the direct dimension first,
and subsequently dividing this section of the model in N subre-
gions corresponding to spectral sections.

XN

i¼1

XN
R
MQ

1

aðsÞF1;1ðdÞ � . . .� F1;TD1=dðdÞ � F2;iðTD2=NÞ ð3Þ

The advantage in the calculation efficiency stems from the fact
that the new number of components to fit, NR

MQ , is reduced (see Ref.
[8] for a more detailed discussion).

Qualitatively the combination of Recursive MDD and Fourier
transform of direct dimension exploits the power of signal disper-
sion of multidimensional NMR, i.e. its sparseness. Indeed, as the 2D
dimensional signals spread over the grid, the density of resonances
dilutes. If the direct dimension is first transformed and then cut in
strips, fewer components will be required to fit the indirect dimen-
sion relative to each subregion, whence the reduced computational
burden. This is equivalent to say that the number of components in
this reduced frame, NR

MQ , is dramatically reduced. In fact, the max-
imum compression factor tolerated by a given experiment without
significant loss of resolution will depend on the sparseness of the
dataset. The estimation of this quantity depends on the details of
the lineshapes and it is often left to the appreciation of the exper-
imentalist, but it can be approximated by the number of expected
resonances in the undersampled dimensions.
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3. Results and discussion

3.1. Resolution per unit time

The molecular set analyzed here consists of mono- and polyar-
omatic hydrocarbons (Table 1 and Fig. 1), with spin systems rang-
ing from two to five coupled protons, so that a maximum of five
coupled protons, corresponding to monosubstituted rings, can be
expected [1]. Consequently, a series of 5Q–2Q correlation spectra
are required to complete the assignment of all compounds. Indeed,
such a strategy was demonstrated in the original work in which
MaxQ was introduced [1]. Here, we just focus on the 5Q and 3Q
correlation spectra, as they summarize well the extreme situation
that can be encountered in MaxQ spectroscopy, namely a well-
resolved layout with a few signals. Indeed, the specificity of MaxQ
NMR is to detect the singlet associated to the highest coherence
order available to a spin system to extract its associated 1Q sub-
spectrum. The number of transitions associated to the given
quantum coherence orders relevant to this study are summarized
in Table 2. For instance, a monosubstituted aromatic ring will con-
tribute one single resonance to the 5Q spectrum, but as many as 45
to the 3Q spectrum. Table 2 allows therefore a first estimate of the
expected complexity of the various MQ order spectra, although
only a selected few, the MaxQ ones, are of interest to the analysis.
In a given MQ correlation spectrum, MaxQ and not-MaxQ signals
can be easily distinguished on the basis of their shape in the
indirect dimension, the latter ones presenting a more complex
multiplet structure, and by comparison with higher quantum order
spectra [1]. For instance, the 3Q–1Q correlation is a MaxQ-one for
fluoranthene fused rings, but not for third one, with this latter
possessing eight 3Q transitions (Table 2) and thus a more complex
spectrum [1].

In the following we first analyze the simpler 5Q–1Q correlation
(Fig. 2). Obviously, the 5Q order will provide the sparsest of all pos-
sible correlation spectra, being the highest filter level, all signals
being MaxQ layouts, which will not be the case of lower quantum
correlations. A series of spectra were recorded with the same
experimental time, but varying the length of the acquisition in
the indirect dimension. To keep the time constant, this extension
in length was compensated for by skipping the adequate number
of increments. The uniformly sampled 5Q spectrum shows five res-
onances, as expected from the number of fragments that contains
five coupled spins (Fig. 1 and Table 1). All five have MaxQ charac-
teristics, that is to say they are a singlet that correlates to the entire
Fig. 1. Aromatic section of the 1H NMR spectrum at 600 MHz of the test mixture.
See Table 1 for details on the composition of the mixture.

Table 2
Number of expected resonances in the spin systems of relevance. From Ref. [10].

0Q 1Q 2Q 3Q 4Q 5Q

ABC 6 15 6 1
ABCD 27 56 28 8 1
ABCDE 110 210 120 45 10 1
1H spectrum of the molecular fragment that originates them, and
are well resolved. This and the rest of the assignment of the MaxQ
signals to a molecular structure is typically straightforward in light
of the easy recognition of the associated 1H chemical shifts and sig-
nal multiplicity [1]. As in this spectrum the maximum separation
between resonances is of 147 Hz, a good discrimination of all MQ
signals can be achieved, in principle, already with a signal length
in the indirect dimension of the order of 7 ms. However, a priori
it is not possible to predict what is the optimal resolution required
for this experiment for an unknown mixture, as differences in the
order of 4 Hz have been observed for MaxQ signals in mixtures of
natural origin, relatively to compounds of the same structural fam-
ily. Thus, we set to seek for the best possible resolution achievable.
Fig. 2A illustrates the resolution enhancement in the 2D spectrum
obtained by simultaneously increasing eight times the length of
the signal in the MQ dimension and compressing the number of ac-
quired data point by a reciprocal factor. A more precise visual
impression of the variation associated to different acquisition/pro-
cessing scheme is further depicted in Fig. 1B, which reports the
projections along the 5Q dimension of four different test cases. Line
narrowing in going from the shortest time to the longest vector in
the indirect dimension is observed.

Processing artifacts generated from R-MDD are introduced, as
expected, in the form of t1-noise. This is exemplified in the spec-
trum acquired with 4096 data points and 6.25% compression factor
(Fig. 1B), where a number of spurious peaks appears. Analysis of
the corresponding 2D diagram (not shown) reveals that this anom-
alous spectral intensity in the indirect dimension does appear in
correspondence of the most intense peaks in the discretely ac-
quired spectrum. This kind of spurious peaks is a typical artifact
observed in association to the use of a large number of components
in the fit and to the high compression factor, but in the case of
MaxQ NMR these artifacts can be easily recognized as they do
not have a resonance in the MQ dimension that is the sum of the
1Q participating signals. As discussed above, the intrinsic resolu-
tion required to achieve perfect separation of all 5Q signals in this
mixture is not very high, so that all signals are distinguished even
for the shortest time vector. The observed line narrowing stems
thus from the extension of the time dimension, so that a similar
outcome could be achieved by linear prediction (Fig. 1B). Indeed,
the increased resolution obtained by both methods is, in this case
is just due to an extrapolation of the signal shapes, and more spe-
cifically the extended sampling in the indirect dimension bears no
advantage over linear prediction.

The US 3Q spectrum (Fig. 3) is largely more crowded with more
resonances than their higher quanta homologue, as in this spec-
trum can be found contributions from any spin system with at least
three coupled spins. Notably, fragment with four or more coupled
spins will not produce a MaxQ effect in this spectrum, but rather
a more complex pattern, presenting regular multiplets in both
dimensions. Thus, it is crucial for a good discrimination of MaxQ
vs non-MaxQ resonances not to lose signals in low-order pQ spec-
tra, as this alteration of the patterns would interfere with the global
analysis. Thus, although this parameter can be allowed to vary in
order to improve the quality of the results, an educated choice is
in order. Table 3 summarizes estimates of the NR

MQ for the mixture
under analysis, considering that we elected to separate the 1Q
dimension, after FT, in subregions of 0.15 ppm, i.e. about 10 sections
for the cases under study here. It should be noted that perfect over-
lap of some signals in the indirect dimension would further reduce
the reported values, while the same behavior in the direct dimen-
sion would produce the opposite effect. Analysis of Table 3 shows
that the 5Q correlation spectrum is almost compressible at will,
while, on the other hand, the 3Q one presents a low degree of
sparseness. For this latter case a large number of components, of
the order of 30, is required to properly describe the signal density.



Table 3
Estimate of the sparseness for the relevant p-quantum order for the test mixture.a

5Q 3Q 1Q

Transitionsa 5 276 1345

Estimated no. of components, NR
MQ

b 1 28

a Using Table 2 and the number and type of relevant spin systems in the mixture.
b Calculated assuming a uniform distribution of the resonances over about 10

spectral regions.

BA

Fig. 2. Comparison of 5Q–1Qs 1H NMR experiments under different US and NUS processing conditions. All spectra were recorded with the same duration and Fourier
Transformed to 2048 points in the indirect dimension. All spectra are shown in magnitude. (A) 2D diagrams of a US (bottom) and NUS spectrum, showing the five MaxQ
signals. (B) Projections of the 5Q spectra, recorded and processed as indicated, all transformed with 2048 points in the frequency domain.

Fig. 3. Comparison of 3Q–1Q correlation spectra recorded and processed with
different US and NUS schemes. All spectra were Fourier transformed to 2048 points
in the indirect dimension and are shown in magnitude mode.

110 M. Piotto et al. / Journal of Magnetic Resonance 213 (2011) 107–111
Indeed, Fig. 3 demonstrates that the R-MDD reconstructed 3Q
spectrum acquired with NUS using half of the grid points of the
reference spectrum and NMQ = 30 is visually similar to the US ana-
logue. Conversely, experiments performed with higher compres-
sion factors (and thus longer overall acquisition times) could not
reproduce faithfully even some of the main features of the spec-
trum (Fig. 3, top spectrum).

Besides the added complexity, a complete analysis of the faith-
fulness achieved by compressed acquisition schemes should con-
sider that the signal intensity in a same MQ order for different
fragments may vary dramatically on the basis of the concentration
but also of the transfer function, [2] so that weak MaxQ singlets
may be partially masked by overlapping, more intense, non-MaxQ
resonances. This aspect is discussed below.
3.2. Noise level and sensitivity

According to experiments performed on proteins, Non-Uniform
Sampling schedules adapted to follow the exponential decay of the
NMR resonances maintain the signal density per unit of measure-
ment time, that is to say they decrease as the square root of the
experimental time, if the maximum acquisition time is kept the
same [13]. A different situation could be expected if the objective
of NUS is to increase the resolution per a given amount of time,
i.e. keeping constant the number of points acquired while extend-
ing the length of the recorded signal (along the indirect dimension).
In this case, a degradation of the signal to noise ratio is expected to
some extent, as points recorded a longer times have relatively
stronger contribution by the noise. Indeed, for variable values of
the maximum acquisition time in the indirect dimension, TMAX,
the signal-to-noise ratio evolves according to the approximation



Fig. 4. Comparison of the 3Q spectra of fluoranthene acquired with US (bottom)
and NUS (top) schemes. The star indicates a processing artifact.
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S=N / T2ð1� e�T2=TMAX Þ
TMAX

� T2

TMAX
ð4Þ

which holds for sampling durations in excess of 3T2. This effect can
be compensated, however, if the sampling is biased towards early
points of the FID, although the specific contribution to the S/N of
any given point in the acquisition grid should be assessed [14]. An
alternative approach, not used here, has been demonstrated re-
cently and it concerns the redistribution of the information over
the two dimensions as a function of the result of the fit [15]. In light
of all of the above, we explored this issue experimentally by com-
paring the S/N figures for intense reference peaks in both the 3Q
and 5Q spectra. For this latter the degradation of the S/N for a con-
stant time of acquisition is visible for Fig. 2B, recorded with a TMAX

of more than 500 ms. As discussed above, high compression levels
introduces significant signal losses in the 3Q spectrum.

Further insight comes from monitoring a specific low intensity
MaxQ resonance in the 3Q spectrum, located at 7.70 ppm in the
MQ dimension, corresponding to fluoranthene, as shown in
Fig. 4, which is not recovered faithfully in the NUS spectrum. This
signal has the lowest detectable intensity, with a signal-to-noise
ratio of about 2.5 in the US experiment and 1.9 in the NUS ana-
logue. However, the presence of a processing artifact in this latter
severely misdirect the MaxQ analysis. Indeed, the interest of this
experiment is that it facilitates the discovery of molecular frag-
ments in a mixture as it is capable of separating along the indirect
dimension the signal of entire spin systems. The assignment of
each one of these spin system traces is based on their chemical
shifts, which are the same as the regular 1D spectrum, and multi-
plicity, which may be distorted due to the use of the absolute value
in the processing. For mixtures of unknown nature, the appearance
of artifacts would thus severely interfere with the discovery
process.

Note that such a fine comparison involving peaks of low inten-
sity but of high significance will tend to be overlooked by typical
measurements of similarity using n-order statistics and thus the
trade-off between faster throughput and a degradation of the
experiment sensitivity should be evaluated for each single mixture.
4. Conclusions

High-order MaxQ spectroscopy is particularly suitable for
acquisition schemes exploiting sparse sampling, due to the very re-
duced number of signals populating these particular dimensions,
which is devoid of interfering signals and to their simplest line-
shapes. These conditions together make the experiment an ideal
candidate for Non-Uniform Sampling schemes, which would allow
major time savings for cases when the groups of MaxQ signals
clusters in different spectral regions. This is a common situation
for mixtures in which the components belong to the families with
similar chemical structures. As lower order pQ-1Q correlation
spectra become more crowded, the performance of acquisitions
scheme relying on sparseness degrades accordingly, but still re-
mains a possible alternative for a quick evaluation of the spectral
layout, if the signal-to-noise ratio is adequate.
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