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Abstract

A key problem in solid-state NMR is resolving overlapping isotropic signals. We present here a two-dimensional method which can
enable sites with the same isotropic chemical shift to be distinguished according to their chemical shift anisotropy and asymmetry. The
method involves correlating sideband spectra at different effective spinning rates using CSA-amplification pulse sequences. The resulting
two-dimensional correlation pattern allows very accurate determination of the chemical shift principal values in addition to the recovery
of parameters for two overlapping patterns which allows the resolution of overlapping signals.
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1. Introduction

The chemical shift [1] is the most widely used property
of NMR spectroscopy. Its strong dependence on the envi-
ronment of the nucleus means that it can be used to inves-
tigate structure and chemistry to great effect [2].

A longstanding problem in NMR has been how to deal
with the case where two sites yield the same isotropic chem-
ical shift and so have overlapping signals in the NMR spec-
trum. In favourable cases, signals may be resolved in an
appropriate multi-dimensional spectrum where peaks are
correlated via dipolar or J-coupling. However, for an iso-
lated spin system, or one where the only possible nucleus
for correlation is one which itself gives poor spectral reso-
lution, methods for resolving signals are lacking. This situ-
ation arises frequently for natural abundance '*C and '°N
spectra of organic species, for instance.

The chemical shift arises from a second-rank tensorial
property, the chemical shielding [3]. Two sites with the
same isotropic chemical shift do not necessarily have the
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same associated shielding tensors. On the contrary, the
individual principal values of the shielding tensors may
be quite different, and this gives us the possibility of resolv-
ing two signals via the chemical shift anisotropy and asym-
metry, rather than the more usual isotropic chemical shift.
This work presents a methodology by which this may be
achieved in practice.

The methodology utilises one of the recently developed
two-dimensional isotropic—anisotropic correlation methods
for measuring the chemical shift anisotropy. In such tech-
niques, an isotropic chemical shift dimension is correlated
with a pattern in the second spectral dimension that repre-
sents the chemical shift anisotropy (CSA) [4,5]. These
methods fall into two broad groups, with the chemical shift
anisotropy pattern being represented by (i) spinning side-
band patterns [6—13] or (ii) powder patterns [14-19].

In the vast majority of cases, the isotropic spectral
dimension is generated by rapid magic-angle spinning
(MAS). Consider instead the case where such an experi-
ment is performed at a spinning rate that is slow compared
to the chemical shift anisotropies being measured. The iso-
tropic spectral dimension then consists of a spinning side-
band pattern, and the two-dimensional plane correlates
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two sideband patterns in the case of experiments falling
into category (i) or a sideband pattern with a powder pat-
tern for those in category (ii).

Such a two-dimensional chemical shift sideband-side-
band or sideband-powder pattern correlation spectrum
resolves more information about overlapping signals than
a one-dimensional sideband or powder pattern. Consider
the extreme case of two overlapping patterns with the same
isotropic shift, where one arises from a much larger chem-
ical shift anisotropy than the other. This is illustrated in
Fig. 1 for the case of sidebands (in the direct dimension)
correlated with sidebands (in the indirect dimension). In
the two-dimensional correlation pattern, the outermost
sidebands in the direct (w;) dimension contain mostly sig-
nal from the larger CSA component. Thus the spinning
sideband or powder patterns correlated with these outer-
most sidebands may be readily analysed to yield the chem-
ical shift parameters for this component alone. The lower
order sidebands in the direct dimension will contain signal
from both components, but sideband or powder patterns
correlated with these sidebands may now be easily analysed
to reveal the chemical shift parameters of the smaller CSA
component, as those for the other component are already
known. In this way, the chemical shift parameters of the
two components may be uniquely determined.

In the more general case, where the chemical shift
parameters of the two components are similar, there is still
the possibility of determining parameters for both compo-
nents. For each sideband in the direct dimension, there is a
correlated spinning sideband or powder pattern which is a
sum of the patterns associated with the two sites. The ratio
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of the intensities of each component within each sideband
or powder pattern is determined by (a) the relative popula-
tions of the two sites and (b) the relative sizes of their
respective chemical shift anisotropies. Hence, unless the
two sets of chemical shift parameters give spinning side-
band or powder patterns which are indistinguishable
within the level of noise, one can in principle uniquely
determine them from the two-dimensional correlation pat-
tern, something which has been shown to be extremely dif-
ficult when using a one-dimensional sideband pattern and
possible only some of the time when using a one-dimen-
sional powder pattern [20].

We concentrate here on the correlation of two spinning
sideband patterns to resolve overlapping isotropic signals,
for in general one can expect a better signal-to-noise ratio
from such an experiment. However, the case of correlating
sideband patterns and powder patterns also has its merits
and will be considered in a later paper. To correlate two
spinning sideband patterns, we simply require a two-
dimensional experiment in which the effective spinning rate
in the indirect dimension is different to that in the direct
dimension. One group of experiments which fulfil this
requirement are those based on the 2D-PASS experiment
[21] of Antzutkin et al., although the 2D-PASS experiment
itself does not scale the spinning rate. These experiments
employ a series of radiofrequency pulses applied in a fixed,
rotor-synchronised time interval to recouple the aniso-
tropic part of the chemical shielding. The advantage of
these types of experiment is that relatively few increments
are required in the indirect time dimension. A number of
such experiments are known [8,11-13]; in this work, we
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Fig. 1. (a) A simulated two-dimensional sideband correlation pattern from a CSA-amplified PASS experiment [12] for a component with 4 = 6000 Hz and
n = 0.5, with the spinning rate, o, = 3 kHz, and effective spinning rate in the indirectly observed dimension, w,/N = 1 kHz. Slices showing the spinning
sideband intensity envelope are correlated with the sidebands in the higher spinning rate (directly observed, w,) dimension, with sideband order, k.
Projections onto both the spectral axes are also shown. (b) A simulated two-dimensional sideband correlation pattern from a CSA-amplified PASS
experiment for the same component with 4 = 6000 Hz and = 0.5, overlapped with a component with 4 = 1000 Hz and # = 0.8 in equal proportions. The
effect of the second component can only be seen in the k =0 direct dimension sideband, so the other sidebands can be used reliably to determine

parameters for the 4 = 6000 Hz component.
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use the CSA-amplified PASS experiment [12], in which the
pulse sequence effectively scales the spinning rate in the
indirect spectrum by a factor of N.

Crockford et at. [8] have shown the signal, s/(@,1,),
from such an experiment is described by

5(0,6) = Z Z ZFY’) [Cgkﬂuz)} [FU]*C®
14 1 k

x exp(i((wiso + kwy )t + 10)), (1)

where @ is a dummy ¢, variable that is incremented be-
tween 0 and 2w, w, is the sample spinning rate, the sub-
script ¢ denotes a carousel [22] and F é’) and Cg’” are
complex Fourier components that are defined in the refer-
ence. The intensity of the two-dimensional peak with side-
band order k in the direct dimension and / in the indirect
dimension can be shown to be [8]
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In a one-dimensional spectrum, the sideband intensities can
be shown to be
) = FORWD:, 3)

Cc

Thus the one-dimensional pattern depends on the squared
modulus of the Fourier components, F f:”, whilst the two-
dimensional sideband correlation pattern, described by
Eq. (2), is determined by F and C£k> and so retains infor-
mation about the phases of these terms as well as their
magnitude. Thus the two-dimensional correlation pattern
has a fundamentally greater information content than a
one-dimensional pattern and should allow more accurate
determination of the chemical shift parameters. This is
especially important when using a least-squares fitting pro-
cedure to derive the chemical shift parameters from the
sideband patterns, as altering the chemical shift parameters
from their best fit causes a greater change in the form of the
spectrum and so a higher sum of squared error than the
change when fitting a one-dimensional spectrum.

The idea of correlating chemical shift spectra obtained
under different chemical shift anisotropy recoupling condi-
tions is not in itself new. Nishiyama et al. [23] correlated
off-magic-angle spinning (OMAS) powder patterns with
powder patterns obtained from recoupling just the part
of the chemical shift hamiltonian that depends on 2w,z
This results in a two-dimensional correlation pattern which
may be analysed to reveal the principal values of the chem-
ical shift tensor very accurately. The only problem with this
method is that it relies on spinning the sample away from
the magic angle and, therefore, resolution is severely com-
promised, both as a result of the presence of chemical shift
anisotropy powder patterns appearing in both spectral
dimensions and as a result of residual dipolar coupling
broadening the spectra.

An alternative method has also been proposed for sepa-
rating signals according to chemical shift anisotropy and
asymmetry by de Swiet [24,25], via an ingenious transform

of a two-dimensional time domain dataset in which differ-
ent spherical tensor components of the shielding tensor are
recoupled in each domain. The result of the transform is a
spectrum of (in effect) the chemical shift anisotropies and
asymmetries in the sample. This would be an ideal solution
to the problem of overlapping isotropic signals in the fre-
quency domain, but the author cautions that further work
is needed before this method could be generally applicable.
In particular, pulse imperfections lead to significant errors
in the chemical shift anisotropies determined and so far has
not been pursued further.

Our methodology is demonstrated here for *'P CSA-
amplified PASS on a mixture of hydroxyapatite, Ca;o(PO4)s-
(OH), and sodium dihydrogen phosphate, NaH,PO4H,O0,
for which the phosphate sites show very similar *'P isotro-
pic shifts.

2. Results and discussion
2.1. Simulations

Simulations were used first to determine the optimum
correlated spinning rates for extracting accurate values
for the anisotropies in the case of well-resolved signals,
where the spinning sideband pattern corresponds to a sin-
gle chemical site. Spectra were generated for a signal with
a particular value of 4, and n = 0.5, using Eq. (2), for var-
ious pairs of correlated spinning rates, w,, and w,/N. Per-
centage errors in fits of 4 and n were estimated using the
Cramér-Rao lower bounds method [26,27]. Results are
shown in Fig. 2.

The lowest errors in A occur for the special case
of N=1, with w,=w,/N =0.44, the condition for the
2D-PASS experiment (i.e. a one-dimensional sideband pat-
tern with five visible sidebands). This is expected as the sig-
nal intensity is concentrated into only five peaks and so is
less affected by noise [20]. However, in general there will
be more than one chemical site in a molecule and a single
spinning rate cannot minimise errors in A for all chemical
sites. Fig. 2 shows clearly that for CSA-amplified PASS
with, say, N =2, there is a wider range of spinning rates
that allow determination of A with errors not much greater
than the lowest possible errors. On the other hand, for
N =1 (i.e. 2D-PASS), the errors increase relatively rapidly
away from the w, = 0.44 condition. This is equivalent to
saying that for a particular experiment, with given w, and
N > 1, there is a wider range of A that can be determined
with reasonable accuracy than with 2D-PASS. Errors in
n are similar in both N =1 and N # 1 cases.

It is useful to compare the relative errors arising from
fitting one- and two-dimensional sideband pattern datasets.
A one-dimensional sideband pattern is equivalent to a pro-
jection of a CSA-amplified PASS experiment taken onto
one of the axes of the two-dimensional spectrum. If this
is done, the net signal intensity decreases because the
two-dimensional correlation pattern has both positive
and negative components and so there is some cancellation
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Fig. 2. Contour plots showing the percentage error in the best fit of (a) 4 and (b)  from least-squares fitting of a single-component two-dimensional
simulated spectrum with correlated spinning rates o, and w,/N in the direct and indirect dimensions, respectively, with random noise added as described in
Section 4. The diagonal lines join points corresponding to experiments with equal scaling factor, N, and the grey region indicates the unachievable

situation of N < 1.

of signal in the formation of the projection. Thus, the sig-
nal-to-noise ratio in the one-dimensional projected spec-
trum (i.e. a one-dimensional sideband pattern) is less
than that in the two-dimensional correlation pattern and
the accuracy of a fit from a projection is correspondingly
decreased. Analysis of these projections show that the
chemical shift anisotropy is determined most accurately,
as expected, when w, = 0.44, irrespective of the value of
;. If a two-dimensional correlation pattern is recorded
with w/N =0.44 and fitted instead, the resulting errors
are just over half of those found from fitting the one-
dimensional dataset for the same noise level per data point
prior to projection. Even lower errors result if, rather than
choosing w,/N = 0.44, o, and w,/N in the two-dimensional
experiment are chosen to be in the lowest error regions of
Fig. 2. This means that using two-dimensional sideband
correlation patterns, rather than projections, has merit
even for determining A for well-resolved signals.
Simulations were then performed to determine the opti-
mum values of w, and w,/N for overlapping signals. Five

variables must be considered when fitting two overlapping
spinning sideband patterns: the anisotropies (4; and 4,)
and asymmetries (7, and #,) for each pattern, and the ratio
of the intensities of the components. The most important
conclusions from these simulations are presented in Figs.
3 and 4 and summarized below.

The optimal choice of w, and w,/N varies with the ratio
of the anisotropies, 4,/4, (where 4, < 4,) and must be
chosen especially carefully when 4, =~ 4,. Fig. 3 shows that
errors in fitting are almost independent of w, (provided
that w, is such that there are at least first order sidebands
in the direct dimension), but have a strong dependence
on w,/N. Figs. 3 and 4 also show that with fixed 4,, as
A, is increased towards 4, (i.e. the ratio 4,/4, approaches
unity), the optimum reduced spinning rate, w./N,
decreases, contrary to the case where well-resolved signals
are being analysed.

One final point which should be made is that the reliabil-
ity of fitted parameters depends on the relative intensities
of the overlapping components and the relative size of
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Fig. 3. Contour plots for the situation where there are two overlapping signals in equal proportions showing the dependence of the reliability (which is
inversely proportional to percentage error) of the least accurate anisotropy, 4; or 4,, on the actual spinning rate, o, and reduced spinning rate w,/N. In
each instance the larger anisotropy takes the value 4, = 10,000 Hz, with 1, = 0.5. 4, takes values of (a) 4000 Hz, (b) 6000 Hz and (c) 8000 Hz, with

n; = 0.8. Random noise is included as described in Section 4.
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Fig. 4. Contour plots for the situation where there are two overlapping signals in unequal proportions showing the dependence of the reliability (which is
inversely proportional to percentage error) of the least accurate anisotropy, 4; or 45, on the ratio of 4;/4, and the reduced spinning rate, w,/N. The actual
spinning rate is @, = 6 kHz and the larger anisotropy takes the value 4, = 10,000 Hz. The ratios of the two components are (a) 1:1, (b) 1:3 and (c) 1:5.

Random noise is added as described in Section 4.

the chemical shift anisotropies involved, as shown in Fig. 4.
To summarise the effect here, we note that the method is
capable of accurately determining chemical shift parame-
ters for overlapping components with 4,/4, = 0.7, where
one component comprises 25% of the total signal
(Fig. 4b), and components with 4,/4, = 0.5, with one com-
ponent comprising just 15% of the total signal (Fig. 4c).

2.2. Mixtures of phosphates

The two phosphates compounds chosen, hydroxyapatite
and sodium dihydrogen phosphate have isotropic shifts of
around 2 ppm. The shifts are sufficiently close that with
natural line broadening they appear as one peak in an iso-
tropic spectrum, and so, since their chemical shift parame-
ters can be determined independently, provide an excellent
opportunity to demonstrate the method experimentally.
The parameters determined from one- and two-dimen-
sional sideband intensity patterns of pure compounds are
given in Table 1, along with Cramér-Rao lower bounds
error estimates [26,27] (note that these errors only take into
account random errors—systematic errors will also be pres-
ent and in general will increase with scaling factor, N). Addi-

Table 1
Best fit chemical shift parameters for resolved 3'P sites in hydroxyapatite
and sodium dihydrogen phosphate

Fitted parameters Fitted parameters

(1D fit) (2D fit)
Hydroxyapatite 4=10.9 4+ 0.3 ppm A=11.14+0.2 ppm
n=0.92 £0.05 n=0.89 £0.03

Sodium dihydrogen
phosphate

A= -80.0£ 0.4 ppm
n = 0.468 + 0.004

A=-79.6£0.2 ppm
n = 0.468 £ 0.002

The methods used to determine them are described in Section 4. Errors are
Cramér-Rao lower bounds estimates of random error. For hydroxyapa-
tite, three sidebands are used from the direct dimension and for sodium
dihydrogen phosphate, nine sidebands are used.

tionally, as an example, the best fit solution for sodium
dihydrogen phosphate is shown in Fig. 5.

The two phosphates are found to have greatly different
chemical shift anisotropies. Four mechanical mixtures of
the two phosphates were studied (with molar phosphate
ratios of 1:8, 1:1, 2:1 and 7:1 hydroxyapatite to sodium
dihydrogen phosphate) and the chemical shift parameters
of each component were calculated from the resulting over-
lapping sideband pattern using the two-dimensional
approach; the results are given in Table 2. The fitted inten-
sity ratio is not equal to the molar ratio due to differences
in the cross-polarisation efficiency. The results show that,
for an equal molar ratio mixture, this approach can deter-
mine values for chemical shift parameters that match well
with those determined by analysis of the patterns for the
separate components, even though in these proportions,
the hydroxyapatite signal comprises barely 10% of the total
signal (the sign error on 4; results from 5, being close to
unity). As expected, the error estimates for a particular
component increase as the proportion of that component
in the mixture decreases. Thus no reliable fit could be found
with more than 50% sodium dihydrogen phosphate by mole
of phosphate units, since the hydroxyapatite comprised a
too small proportion of the total signal (i.e. less than 10%).

A key issue is whether this method can be used to deter-
mine the number of components that a sideband pattern or
signal comprises, or whether one must have prior knowl-
edge of the number of components before a sensible anal-
ysis can be made. Clearly, the former feature would be
highly desirable. The best fit procedure can be repeated
without prior knowledge of how many components are
present and assessing the y*> parameter arising from the
fit. Obviously fitting extra parameters can always lower
7%, so by increasing the number of components assumed
to make up the signal, ;> will always decrease. However,
when the sideband pattern arises from only one compo-
nent, y° is reduced by an average of 60% when attempting
to fit two components to the data. However, when there are
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Fig. 5. Experimental *'P CSA-amplified PASS sideband pattern (solid line) of sodium dihydrogen phosphate (left) with spinning rate, . = 6 kHz, and
N = 3.4 giving a reduced spinning rate of /N = 1765 Hz, displayed in the same manner as Fig. 1. The simulated two-dimensional sideband intensity
pattern (dashed lines) using the best fit chemical shift parameters found in Table 1 is overlaid. Experimental 3'P CSA-amplified PASS sideband pattern
(solid line) of a 1:1 mixture (by moles of phosphate) of sodium dihydrogen phosphate and hydroxyapatite (right) with spinning rate, o, = 6 kHz, and
N = 6.8 giving a reduced spinning rate of w,/N = 882 Hz. The simulated two-dimensional sideband intensity pattern (dashed lines) using the best fit
chemical shift parameters found in Table 2 is overlaid. For clarity, only five sidebands in the direct dimension are shown on both plots, although seven

were used in the fitting.

Table 2

Best fit chemical shift parameters for *'P sites for the hydroxyapatite and sodium dihydrogen phosphate mixtures described in the text, with different molar

ratios of phosphate

Molar ratio A\/ppm m A>/ppm 2 Intensity ratio
1:8 No fit located

1:1 —-11.14+0.2 0.93 +£0.04 —-79.6+0.2 0.453 £+ 0.003 1:7.7

2:1 10.8 £0.2 0.96 + 0.02 —78.8+0.2 0.461 4+ 0.005 1:2.6

7:1 104 £0.2 0.85+£0.03 —78.8+0.6 0.469 £+ 0.012 1:1.3

The best fits are found using the two-dimensional analysis. 4, and #; refer to hydroxyapatite and 4, and 7, to sodium dihydrogen phosphate. The fitted
intensity ratios of hydroxyapatite to sodium dihydrogen phosphate are also listed. Errors are Cramér-Rao lower bounds estimates of random error. In

each case seven direct dimension sidebands were used for fitting.

actually two components present, y* is reduced by over
95% in each case relative to attempting to fit only one com-
ponent to the data. Thus by examining ;> for attempted fits
with different numbers of components, one can correctly
determine the number of overlapping components in the
signal.

3. Conclusions

Analysing two-dimensional spinning sideband patterns
arising from different (effective) spinning rates leads to sig-
nificantly greater accuracy in determining the underlying
chemical shift anisotropy and asymmetry compared with
traditional one-dimensional methods [4,28]. Errors in the
estimates of the chemical shift parameters found by least-
squares analysis are approximately half those from one-
dimensional methods for the same signal-to-noise ratio in
the isotropic spectrum.

Moreover, this work shows that there is scope for
obtaining chemical shift parameters from overlapping side-
band patterns, a problem that has proven difficult to
solve in the past [20]. The two-dimensional experiment dis-
cussed here provides the possibility for determining such
parameters, thereby resolving overlapping isotropic signals.

The experiment is of the kind commonly used to resolve
one-dimensional spinning sidebands patterns and is
straightforward to implement.

4. Experimental

Hydroxyapatite and sodium dihydrogen phosphate
monohydrate were purchased from Sigma and used with-
out further purification or recrystallisation. Experiments
were performed on a Bruker Avance 400 spectrometer,
operating at a phosphorus frequency of 161.9 MHz, using
a double resonance 4 mm MAS probe.

The *'P CSA-amplified PASS spectra were recorded of
both the raw materials and mixtures in molar ratios of
phosphate (of hydroxyapatite to sodium dihydrogen phos-
phate) of 1:8, 1:1, 2:1 and 7:1. For the all spectra, an actual
spinning rate of 6 kHz was used. For the spectrum of pure
hydroxyapatite, the scaling factor used was N = 6.8, giving
a reduced spinning rate of 882 Hz, recording 32 ¢; points
with 52 acquisitions per point using a cogwheel phase
cycling scheme [29]. For the spectrum of pure sodium dihy-
drogen phosphate, the scaling factor used was N = 3.4, giv-
ing a reduced spinning rate of 1765 Hz, recording 32 ¢,
points with 28 acquisitions per point. For the spectrum of



M.S. Ironside et al. | Journal of Magnetic Resonance 188 (2007) 49-55 55

the mixtures, the scaling factor used was N = 6.8, giving a
reduced spinning rate of 882 Hz, recording 44 ¢, points with
52 acquisitions per point. The recycle delay was 5s. The
"H-*'P cross-polarisation contact time was 8 ms. High-
power TPPM proton decoupling [30] was applied with a
field strength of 78 kHz. The two-dimensional sideband
intensity patterns used for fitting were generated by inte-
grating the slices in the indirect dimension over the sideband
peak-width in the direct dimension. The CSA-amplified
PASS experiment results in net sideband intensities in the
f1 dimension of the 2D experiment, so no further processing
is required to extract the sideband intensities in f1. The one-
dimensional sideband patterns were calculated by summing
intensities over all visible sidebands in the f, dimension of
the above experiment, giving a projected sideband pattern
corresponding to the reduced spinning rate, w,/N.

Numerical simulations of two-dimensional sideband
spectra were performed using a procedure written in the
PV-Wave environment [31]. Eq. (2) was evaluated and
summed for 233 « and f§ angles generated by a REPUL-
SION algorithm [32]. Best fits were found using a least-
squares fitting routine to minimise y°. Initial estimates of
chemical shielding parameters were generated randomly
within usual ranges of these parameters for *'P. For fitting
of simulated spectra, random noise was generated with a
standard deviation of 1/300 of the total signal intensity
under all of the sidebands, and added to the simulated
spectrum prior to fitting. As many sidebands in f, were
used as were visible above the noise level, and all f| points
were used in the fits.
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