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A slow speed MAS spectrum contains a pattern of spinning sideband resonances separated by integer
multiples of the rotor frequency and centered about an isotropic frequency. The 2D signal acquired in
a two-dimensional Phase Adjusted Spinning Sideband (PASS) experiment correlates this slow speed
MAS spectrum, obtained in the direct dimension, to an indirect dimension spectrum containing the same
pattern of spinning sideband resonances centered about a frequency of zero. An affine transformation is
used to convert the acquired 2D PASS signal into a 2D signal that correlates a spectrum of pure isotropic
frequencies to a spectrum of spinning sideband resonances with no isotropic frequency contributions.
The conventional affine transform applied to 2D PASS consists of an active shear of the signal parallel
to the indirect time domain coordinate followed by a passive scaling of the indirect time domain coordi-
nate. Here we show that an alternative affine transform, previously employed in the Two-dimensional
One Pulse (TOP) experiment, can be employed to create the same 2D signal correlation with an enhanced
spectral width in the anisotropic (spinning sideband) dimension. This enhancement can provide a signif-
icant reduction in the minimum experiment time required for a 2D PASS experiment, particularly for
spectra where the individual spinning sideband patterns are dispersed over a wider spectral range than
the isotropic resonance frequencies. The TOP processing consists of an active shear of the signal parallel
to the direct time domain, followed by an active shear of the signal parallel to the new indirect time
domain coordinate followed by a passive scaling of the new direct time domain coordinate. A theoretical
description of the affine transformation in the context of 2D PASS is given along with illustrative exam-
ples of 2°Si in Clinoenstatite and '3C in 1-Histidine.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Frequency anisotropy in magnetic resonance spectroscopy is a
rich source of detail concerning structure and dynamics at the
macroscopic level down to the molecular level. At the macroscopic
level these anisotropies can occur as a result of inhomogeneities in
the external magnetic field, variations in magnetic susceptibilities,
or through the intentional use of magnetic field gradients as in
magnetic resonance imaging. At the molecular level frequency
anisotropy arises through magnetic dipolar couplings among
nuclei and through interactions of the nuclear multipole moments
with surrounding electrons. While the manifestation of these
molecular level anisotropies in solution state NMR is primarily
through relaxation, its effects are seen directly in solid-state
NMR spectra as the powder pattern lineshape.

Early in the history of NMR it was realized that inhomogeneous
anisotropic broadenings can be removed through sample rotation
[1-3]. In solution state NMR, sample rotation is a standard ap-
proach to average away broadenings from magnetic field inhomo-
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geneities [1], while magic-angle sample spinning (MAS) [2,3] has
become a popular and routine method in solid-state NMR for elim-
inating second-rank anisotropic broadenings, particularly when
combined with the sensitivity enhancement of cross-polarization
(CP/MAS) [4,5]. With sample rotation, the inhomogeneous line-
shape breaks up into a set of spinning sidebands centered about
a centerband lineshape and spaced at integer multiples of the spin-
ning frequency. As the spinning frequency is increased the intensi-
ties of the spinning sidebands are reduced and transferred into the
centerband. In the limit of infinite spinning speed only the center-
band frequency remains.

A few years after the introduction of CP/MAS, Herzfeld and
Berger [6] developed an approach for analyzing the sideband
intensities in a slow speed MAS spectrum to obtain the same de-
tails about the anisotropic spin interactions as found in the static
powder pattern lineshape. With the introduction of two-dimen-
sional NMR spectroscopy [7], a number of approaches have been
designed to correlate a high or infinite speed MAS spectrum with
either the static [8-13], slow speed MAS spectrum [14-18] or only
spinning sideband intensities [19,14-18]. One of the more popular
approaches is the elegant Phase Alternating Spinning Sidebands
(PASS) experiment of Dixon [19]. While 2D PASS [16] robustly
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correlates isotropic frequencies to spinning sideband patterns, it
has a drawback that experiment times can become lengthy when
spectra contain sites having a large number of spinning sidebands.
In such situations, the sampling rate in the indirect dimension is
increased or the spinning speed is increased. The latter approach,
however, could result in a loss of sideband information from other
sites with smaller anisotropies. Here, we describe an alternative
approach for processing 2D PASS signals, based on the TOP exper-
iment [20-22], which increases the spectral width in the aniso-
tropic (spinning sideband) dimension without increasing the
sampling rate in the indirect (rotor pitch) dimension (or even
changing the spinning speed). We refer to this combination of
TOP processing applied to the 2D PASS signal as the TOP-PASS
experiment. This new approach can provide a significant reduction
in the minimum experiment time required for a 2D PASS experi-
ment, particularly for samples with large anisotropies as well as
those simply having long relaxation times.

2. Experimental

NMR experiments on Clinoenstatite, MgSiOs, were performed on
a Bruker Avance operating at a field strength of 9.4 Tesla correspond-
ing to an operating frequency of 79.576 MHz for 2°Si with a 4 mm
Bruker MAS probe spinning at 1000 + 2 Hz using 2°Si rf field strength
of 94 kHz. NMR experiments on L-Histidine were performed on a hy-
brid Tecmag Apollo-Chemagnetics CMX Il NMR spectrometer oper-
ating at a field strength of 9.4 Tesla, corresponding to an >*C NMR
frequency of 100.605MHz and a 'H NMR frequency of
400.068 MHz, and using a 4 mm Chemagnetics double resonance
MAS probe spinning at 1500 + 2 Hz with a 'H rf field strength of
83 kHz for initial excitation and TPPM decoupling, a 'H-'3C cross-
polarization contact rf field strength of 104.17 kHz and contact time
of 1.1 ms. An exponential apodization of 50 Hz in the direct dimen-
sionand 100 Hz in the indirect dimension was applied to all 2D data-
sets. L-Histidine monochloride monohydrate was obtained from
Sigma Aldrich and used without further purification. The acquisition
time for a single 2D PASS cross-section in the indirect dimension for
Clinoenstatite and L-Histidine was 9 h and 1.5 h, respectively.

3. Results and discussion
3.1. Bloch decay MAS

The first-order contribution of the nuclear shielding to the NMR
frequency for a single crystallite as a function of rotor angle and
phase can be expanded in a Fourier series [23] as

‘QET])(QR'/ d)R) = w0(9R7 o, ﬁ) + Z wm(9R7 o, ﬂ)eim(d)Rﬂ% (1)
m#0

where 0y is the rotor angle, ¢ is the rotor phase, «, 8, and y are the
Euler angles between the rotor coordinate frame and the crystallite
coordinate frame. In the simple Bloch decay MAS experiment the
signal phase as function of time, t, where ¢g(t) = gt + g, is

ot
o(t) = / Q) (0r, dr(t))dt’
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where yj is the initial rotor phase, and we define
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Here 6y = cos~'(1/+/3). One can show [23] that the Bloch decay
MAS signal is given by
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and s¢(t) represents the envelope function due to the relaxation. A
partial averaging of the Bloch decay signal over the angle y elimi-
nates the dependence on the initial rotor phase, yg, yielding

(sp(0t, B, 1)), = s°(£)e™0r Y~ |Ay[PemNext, (7)
N

The Bloch decay MAS signal from all crystallites, Sg(t), is then given
by
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Notice that Wy during MAS is only dependent on isotropic fre-
quency contributions, whereas the spinning sideband intensities,
I, are only dependent on anisotropic frequency contributions.

3.1.1. TOP
One can rewrite Eq. 8 in the form

S(tr, ) = s°(ty)e™or2 Y " Iye Nexh, (10)
N

and visualize the 1D Bloch decay MAS signal from a rotating sample
as a signal filling a 2D t;-t, coordinate system, as illustrated in
Fig. 1. Note that

SB(t] +TltR7t2) ZSB(thtz), (11)
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Fig. 1. Solid circles and arrows represent the sampling trajectory of the 1D Bloch
decay MAS signal (blue circles) and its complex conjugate signal (brown circles) in
the t;-t, coordinate system. The slope of the sampling trajectory in the t;-t;
coordinate system is 1. Identical signal run parallel, separated by tz in t; and ¢,
respectively. Only anisotropic frequency contributions are present along the t;
dimension, and only isotropic frequency contributions are present along the t,
dimension (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).
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where tg = 27/wg and n is an integer. The significance of this coor-
dinate system is that the isotropic frequency contributions are re-
moved along the t; dimension, and the anisotropic frequency
contributions are removed along the t, dimension. This coordinate
system is particularly useful for understanding a number of impor-
tant solid-state NMR experiments for manipulating rotary echoes
and their associated spectral spinning sidebands. Probably the sim-
plest of these is the Two-dimensional One Pulse (TOP) processing
approach [20-22], which samples the 2D signal of Eq. 10 using
identical 1D Bloch decay signals running parallel to each other
and separated by tzin both t; and t;, as shown in Fig. 1.

In the TOP approach, one first generates a pseudo-2D signal,
Stop(€, t), in @ €-t coordinate system from the 1D Bloch decay (or
rotor synchronized Hahn echo) signal, Sy(t). This is illustrated in
Fig. 2A, where a sampling of Siop (€, t) for positive and negative val-
ues of € is generated using the relationship

€
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Fig. 2. Scheme for generating the pseudo-2D signal for TOP processing from the 1D
Bloch decay signal in a rotating sample. (A) Identical Bloch decay signal are laid
down in a coordinate system at integer multiples of the rotor period along the €
dimension. (B) The complex conjugate of the 1D Bloch decay signal is used to
generate a Bloch decay signal going backward in time. (C) Identical complex
conjugate Bloch decay signals are placed in opposite quadrant in the t-€ coordinate
system. (D) The TOP signal before application of the affine transformation.

Stop(€n = N2T/ g, t) = Sp(t), (12)

for a range of positive and negative integer n values. The 2D signal
constructed in this manner has no decay from relaxation along the €
dimension. This 2D signal produces a pure absorption mode 2D
spectrum since it is generated for positive and negative values of
€, as illustrated in Fig. 2A. If desired, a full sampling of the TOP sig-
nal in all four quadrants can be generated using the complex conju-
gate of the Bloch decay signal, S(t), as illustrated in Fig. 2B and C. In
the generated 2D signal, Sop(€, t), acquired as a function of € and t,,
the anisotropic frequency contributions are refocused into a echo
along the line € +t; =0, and the isotropic frequency contribution
is refocused along t = 0, as shown in Fig. 2D.

isotropic
removed

anisotropic
A A removed

. . Ay . .
isotropic 2 anisotropic
removed removed

2 to anisotropic
removed

isotropic
removed

Fig. 3. TOP transformation of S(e, t) into a 2D signal that correlates isotropic and
anisotropic frequencies. An affine transformation, .4;, consisting of a shear parallel
to t, creates a 2D signal with anisotropic frequencies refocused along the t), axis and
the isotropic frequencies refocused along t + € = 0. The green dashed line in the top
figure represents the passive affine transformation of the 2D coordinate system to
create a time coordinate, t), along which the 2D signal is unaffected by the
anisotropic frequency contributions. After Ay, ashear parallel to t,, a 2D signal with
anisotropic frequencies refocused along the t, axis and isotropic frequencies is
refocused along t; is obtained. The red dashed line in the middle figure represents
the passive affine transformation of the 2D coordinate system to create a time
coordinate, t;, along which the 2D signal is unaffected by the isotropic frequency
contributions (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).



54 M.C. Davis et al./Journal of Magnetic Resonance 210 (2011) 51-58

—
g -88
o
£
> -86
Q
5
=] -84
g on
&3 -82 .
=
& -80
=
o
RZ 78
Y P N

80 40 0 -40 -80
Anisotropic Frequency/ppm

J

L

80 40 0 40 80
Anisotropic Frequency/ppm

Fig. 4. Application of TOP processing to a 2°Si NMR rotor synchronized Hahn echo signal of Clinoenstatite. Isotropic frequencies are referenced to TMS. Contour levels are

plotted from 5% to 100% in increments of 5% of the maximum intensity.

After the 2D signal, Swp(€, ), is created, an affine transforma-
tion, as illustrated in Fig. 3, is applied to separate the isotropic
and anisotropic frequency contributions into orthogonal dimen-
sions. For the TOP signal this is performed as a double shear, start-
ing with a shear parallel to the t coordinate with a shear ratio of
k¢ =—1, followed by a shear parallel to the t, coordinate with a
shear ratio of x,, =1, and finally by applying a passive scaling of
¢ =t/(t — €), according to

=10 v o) &ﬂﬁﬂm
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Fig. 5. Pulse sequence and timings for the five 7 pulse constant time 2D PASS
experiment of Antzutkin et al. [16]. Here, wg is the rotor spinning frequency.

The passive scaling is necessary to obtain accurate frequency
components evolving with t;. The application of this affine trans-
formation to Sip (€, t) yields the TOP [22] signal in Eq. (10) whose
Fourier transform yields a 2D spectrum correlating isotropic and
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Fig. 6. Affine transformation, A, for transforming the 2D PASS signal, S(€, t), into a
2D signal that correlates isotropic and anisotropic frequencies, consists of a shear
parallel to €, giving a 2D signal with anisotropic frequencies refocused along the t,
axis and isotropic frequencies refocused along t;. The green dashed line in the top
figure represents the passive affine transformation of the 2D coordinate system to
create a time coordinate, t,, along which the 2D signal is unaffected by the isotropic
frequency contributions. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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of the maximum intensity.

anisotropic frequencies. Prior to the final 2D Fourier transforma-
tion, a matched-filter apodization can be applied along the t, (iso-
tropic) dimension to improve sensitivity. Any apodization along
the t; (anisotropic, sideband) dimension, however, is applied en-
tirely for cosmetic reasons, creating a purely artificial line broaden-
ing of the sideband resonances. Most importantly, note that the
application of this affine transformation to the original digital sam-
pling rates, Ae and At, yields transformed sampling rates of
At, = Ae =tz and Aty = At, respectively, after the double shear
transformation.

In Fig. 4 is an example of the application of the TOP processing
applied to a 2D signal, Sip(€, t), constructed from the 2°Si NMR
Hahn echo signal of polycrystalline Clinoenstatite. Clinoenstatite
has two inequivalent tetrahedrally coordinated (i.e., Q) silicon
sites, resolved at —85.2 ppm and —-82.8 ppm in the isotropic
dimension, and exhibit similar nuclear shielding anisotropies, as
expected [24,25], in the sideband dimension.

A limitation of TOP processing applied to a 1D Bloch decay (or
rotor synchronized Hahn echo) MAS signal is that the spectral
width in w,, the isotropic frequency dimension, is limited to inte-
ger divisors of the rotor frequency. This cannot be easily corrected
by increasing the rotor frequency since it also reduces the informa-
tion content in the sideband intensities. Nonetheless, TOP process-
ing applied to a 1D Bloch decay has a number of added advantages,
particularly when applied to half-integer quadrupolar nuclei [22]
where its main strength lies in the rapid interpretation of MAS sig-
nals. The experimental simplicity of TOP processing applied to a 1D
Bloch decay makes it a compelling method, and it is surprising that
it has not been more widely utilitized.

3.1.2. 2D PASS

Generally, the NMR signal in a rotating sample can be manipu-
lated into a number of desirable forms by applying a series of «
pulses between the initial excitation pulse and the start of signal
acquisition. In the PASS experiment [19,16], a time coordinate is
defined where the initial excitation pulse is applied at t=—T and
signal acquisition begins at t=0. Between the initial excitation

pulse and signal acquisition are Q m-pulses, applied at times
—T+ 1y, —T+1y,... =T+ 1. The signal phase at t =0, a duration of
Tq+1 = T after the initial excitation pulse, is given by

Q ~T+7g41
Do(t=0)= (-12Y (-1 [ e,

q=0 T+1q
Q .
=Wo |T=2(-1)%> (1)1 | + ) Wpemas
q=1 m#0
% |:<1 _ 2(71)(2 Z(i‘l)qem’l(]qe—lm()]- _ (1)Qeim()7:| , (14>
q=1

where 7o =0, 0r= wgT, and 04 = wg 1.
In the PASS experiment [19,26] the timings of the Q 7 pulses are
manipulated so the signal phase at t =0 has a form

Dpass (€, = 0) = Wo[0] + Y W™t [1 — e imore]

m#0

., (15)
where € is a function of the Q n pulse timings. Evolving forward
from t = 0 the PASS signal phase then becomes similar to the Bloch
decay MAS signal

(ppass(67 t) — Wot + Z Wmeim(zRﬂ!) [eim(uﬂt _ e—imu)ReL (16)
m#0

with the important exception that € is non-zero and can be varied

independent of t. The PASS approach for obtaining the signal phase

of Eq. 15 comes from equating Eqs. 14 and 15 to obtain the PASS
equations:

Q
or —2(-1)% > (~1)%, = 0, (17)
q=1
and
) Q . . ;
e-imé _ 2(_-1)Q Z(_])qelmﬂqe—tm(lr + (_-l)Qe—szr, (18)
q=1
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where ® = wge. Levitt and coworkers [16] suggested a five 7 pulse
(Q=5) 2D PASS experiment, of constant duration T, with 6 =2,
and obtained the equations

5

23 (=1)%0, + 21 =0, (19)
q=1
and
5
=2 (-1)%™ —1 = e form = 1,2. (20)
q=1

These equations can be solved numerically for the 7 pulse timings
shown in Fig. 5 and are tabulated elsewhere [16]. The phase of
Eq. (16) leads to a PASS signal [23], when averaged over the crystal-
lite angles, of the form

Spass(ﬂ t) _ eiWUt ZI(N)e—iNo;R(He)‘ (21)
N

The 2D PASS signal, just like the Bloch decay MAS signal, can be
used to fill the 2D signal in a e-t coordinate system, as shown at
the top of Fig. 6.

In the case of PASS, a single shear parallel to the € coordinate
with a shear ratio of x.=-1 followed by a scaling of
¢l¥) = ¢/(e —t), as outlined in Fig. 6, and given by

-5 9 2L

Ser Ke

_ {6/(60—0 —6/(16—0“?}

has been the conventional approach for obtaining a 2D spectrum
correlating isotropic and anisotropic frequencies. The original
acquisition digital sampling rates, Ae and At, after the single shear
become At; = A€ = tg and At, = At, respectively. In Fig. 7 is an exam-
ple of the application of the single shear to a 2D PASS 2°Si signal
from Clinoenstatite as a function of the number of steps taken in
varying € from zero to one full rotor period. Only after 16 steps does
the spectral width in the anisotropic (spinning sideband) dimension
have sufficient width. The central idea of this work is that the appli-
cation of TOP processing, that is, a double shear, can allow one to
obtain a 2D spectrum with sufficient spectral width in both the iso-
tropic and anisotropic dimension with significantly fewer steps in
the € dimension. This is simply because the application of the TOP
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transformation to the original digital sampling rates, Ae and At,
yields transformed sampling rates of At,=Ae=tg and At; = At,
respectively. Thus, a 2°Si 2D PASS experiment on Clinoenstatite only
needs 1 step in € when using the double shear (TOP) processing ap-
proach to resolve the two Q sites in both dimensions, compared to
the 16 steps needed with single shear (conventional) processing ap-
proach. This is illustrated in Fig. 8, where the TOP processed 2D
PASS signals of Clinoenstatite are presented as a function of the
number of steps taken in varying € from zero to one full rotor per-
iod. Close examination of the Clinoenstatite 2D PASS spectrum re-
veals a third additional resonance appearing at —63.7 ppm in the
isotropic dimension due to a minor impurity of crystalline Forste-
rite. A proper acquisition of this third site only require 4 steps in
the indirect dimension of TOP-PASS, whereas, the conventional 2D
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Fig. 10. Double shear (TOP) processing of 2D PASS signal from L-Histidine. Isotropic
frequencies are referenced to TMS. Contour levels are plotted from 5% to 100% in
increments of 5% of the maximum intensity.

PASS experiment would still require 16 steps in the indirect dimen-
sion. An additional advantage of the TOP transformation over the
single shear transformation is that the spectral width required in
the indirect dimension is easily obtained from a high speed MAS
spectrum.

When the spectral width in the isotropic dimension is signifi-
cantly smaller than the spectral width of the anisotropic dimension
then the TOP processing can greatly reduce the number of steps re-
quired in the € dimension. In contrast, the time savings afforded by
TOP processing is less significant as the spectral width of the iso-
tropic dimension approaches that of the anisotropic dimension.
To highlight this point, we compare the '>C 2D PASS NMR spectra
of L-Histidine [27] processed with the conventional single shear ap-
proach, and shown in Fig. 9, with the '3C TOP-PASS spectra, pro-
cessed with a double shear, and shown in Fig. 10. In this
example, the conventionally processed PASS signal required 16
steps when varying € to have sufficient spectral width to prevent
aliasing of the carbonyl sideband resonances, whereas the TOP-
PASS spectrum required approximately the same number of steps
to obtain sufficient spectral width for the full isotropic spectrum.

Finally, it is worth noting that the reason the single shear pro-
cessing approach fails when applied to the pseudo-2D signal con-
structed from a Bloch decay MAS signal is because the original
digital sampling rates, Ae and At, after the single shear become
Aty = A€ =tg and At, = At, respectively, and such a sampling rate
along t;, the sideband-only coordinate, simply cannot resolve any
spinning sidebands in ;.

4. Summary

We have shown that the simple application of the TOP process-
ing approach (i.e., a double shear affine transformation) to 2D PASS
signal can significantly reduce the number of measurements
needed in the indirect dimension. When applying the TOP transfor-
mation to the 2D PASS signal it is the spectral width in the “infinite
speed” isotropic dimension that determines the dwell time needed
in the indirect dimension. This can lead to significant time savings
for systems where the span of the anisotropic lineshapes exceeds
the minimum spectral width required for the isotropic dimension.
The same approach can be identically applied to signals from the
2D PASS experiment designed for the second-order broadened cen-
tral transition of half-integer quadrupolar [28,17].
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