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The underlying relation between the magic-angle turning (MAT) and phase-adjusted spinning sidebands
(PASS) experiments is examined. The MAT experiment satisfies the PASS conditions for separating spin-
ning sidebands with a non-constant total evolution time and only requires linear t; increments of up to
one rotor period. The time-domain data of the two experiments are related by a shearing transformation.
A combination of the linear evolution-time increments of MAT and simple data processing of PASS are
particularly attractive for the implementation of MAT for measuring chemical shift anisotropy.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Magic-angle spinning (MAS) is an ubiquitous method for high-
resolution NMR of solids [1,2]. For dilute spin-1/2 nuclei like '3C
and N, narrow line widths can be obtained under high-power 'H
decoupling even with spinning rates far less than the span of chem-
ical shift anisotropy (CSA). The modulation of CSA by slow sample
spinning yields an array of spinning sidebands for every site. The
relative intensities of the spinning sideband manifolds contain use-
ful CSA information such as the anisotropy and asymmetry param-
eters of the CSA tensors [3,4]. At very slow spinning, the spinning
sideband profile resembles the static powder patterns which show
the frequencies of the three CSA tensor principal components di-
rectly. However, the increasing number of spinning sidebands
makes the extraction of CSA parameters from multiple atomic sites
difficult due to the overlap among the manifolds. This problem can
be solved ideally in the form of a two-dimensional experiment [5]
that separates the anisotropic patterns in one-dimension by their
isotropic chemical shifts along the other dimension. Various meth-
ods have been developed along this line by mechanically switching
the spinning angle (SAS) [6-8], rapidly changing the spinning state
(Stop-and-Go) [9], reconstructing 2D isotropic-CSA spectra from a
set of spectra acquired with variable angle spinning axis (VACSY)
[10], and numerous CSA recoupling and amplification sequences
that reintroduce CSA under fast MAS [11-20].

* Corresponding author. Fax: +1 850 644 1366.
E-mail address: gan@magnet.fsu.edu (Z. Gan).

1090-7807/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2010.02.004

In the case of slow-to-moderate spinning frequencies, two types
of experiments are effective for separating spinning sideband man-
ifolds according to the isotropic chemical shifts. The first method is
based on the ingenious TOSS and PASS experiments by Dixon in
1982 [21,22]. Using a small number (typically four or five) of m-
pulses, the initial magnetization before the data acquisition can
be prepared such that: (1) all spinning sidebands are suppressed
except the center band (TOSS), or (2) the spinning sidebands are
phase-adjusted according to sideband orders (PASS). The TOSS
experiment can yield clean high-resolution spectra without any
spinning sidebands, while a combination of PASS spectra with
incrementing spinning sideband phase adjustment, or so-called
pitch (@), is capable of separating spinning sidebands according
to sideband order. The Dixon methods have been exploited in var-
ious two-dimensional experiments by Kolbert and Griffin [23],
DeLacroix et al. [24] and Antzutkin et al. [25]. In comparison, the
2D 5-1t PASS experiment by Antzutkin et al. [25] is the most robust
with a short constant evolution time equal to one rotor period and
straightforward data processing. The 2D-PASS experiment has also
been applied to quadrupolar nuclei [26,27]. In this case, nine 7-
pulses are required for the QPASS experiment because the sec-
ond-order quadrupolar interaction contains | = 4 rank anisotropy
as compared to only | = 2 rank anisotropy in the case of CSA. Hong
and Harbison also introduced the idea of using chemical shift sus-
pension by two phase-inverted pulses for the TOSS/PASS experi-
ments instead of time-evolution reversal using m-pulses [28]. The
second approach originates from a non-spinning experiment by
Bax et al. [29]. The so-called magic-angle hopping (MAH) experi-
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ment utilizes the fact that the sum of frequencies at three sample
orientations hopped around the magic-angle axis by 120° averages
the =2 rank CSA. High-resolution isotropic spectra can be
obtained along the indirect dimension (F;) by combining three
evolution segments of the magic-angle hopping experiment. Later,
it was realized that such an averaging still holds true under contin-
uous slow magic-angle spinning, or magic-angle turning (MAT)
[30], which is easier to implement using conventional MAS probes
than discrete MAH. The mt-pulse version of the MAT experiment (5-
1 MAT) was developed soon after [31] to overcome the factor of 2
signal loss from a pair of m/2-pulses for each projection-storage
evolution segment. Because the MAT experiment has high-resolu-
tion isotropic spectra along Fy, a large number of t; increments is
required. This problem can be solved by rearranging the rotational
echoes acquired during the t, period into the indirect dimension
such that t; increments up to only one rotor period are needed
[32-34]. The MAT experiment has also been applied to quadrupo-
lar nuclei by using five evolution segments that are equally sepa-
rated by 72° in rotor position [35]. A recent application of MAT
to highly disordered samples with large CSA and shift distributions
has also been reported [36].

Comparing the 5-m MAT [31] and PASS [25] experiments
(Fig. 1), one finds striking similarities but also some differences.
Both are constant-time experiments which use five m-pulses with-
in a total evolution time of one rotor period. Their coherence trans-
fer pathways and phase cycling are identical, as are their signal
efficiencies. Yet, they differ in the timing of the five m-pulses, data
processing and final spectral representation. In this work, we
investigate the underlying connection between the two experi-
ments, which have been developed following different paths for
the same purpose of separating spinning sideband manifolds. In
the original 2D-PASS paper of Antzutkin et al. [25] it was men-
tioned that the pulse timings of the MAT experiment satisfy the
PASS conditions with a non-constant evolution time. The MAT ver-
sion of PASS was also shown to be less susceptible to weak homo-
nuclear dipolar coupling [37]. We show here that the MAT version
of PASS combines some of the advantages from both MAT and
PASS, such as the linear evolution-time increments of MAT and
the straightforward data processing of PASS.

2. Theory

The principle behind MAT is that the sum of three evolution
segments 120° rotor positions apart averages | = 2 rank anisotropy
[29,30]; the theory for the experiment can be described without
the need for equations. There are a total of six evolution segments
for the 5-t MAT pulse sequence as depicted in Fig. 1. The selected
coherence transfer pathway alternates between the p=+1 and —1
inverted five times by the m-pulses resulting in the + and — signs in
Fig. 1b for each evolution segment. In the pulse timing diagrams,
the second and fourth mt-pulses are fixed at 1/3 and 2/3 of the rotor
period (t,), while the other three pulses move together and pass
through 7,/6, 37,/6 and 57,/6 at t; = 0 in a manner similar to con-
stant-time experiments (Fig. 1b). Such a timing keeps each of the
three p = +1 and —1 evolution segments 120° apart in terms of ro-
tor position, satisfying the magic-angle hopping/turning condition.
The net evolution of the anisotropic chemical shift is therefore kept
equal to zero for all t; increments. The isotropic part of the chem-
ical shift (w;s,) is not modulated by the sample rotation and evolves
simply as w;,t; because the difference in total duration between
the p = +1 and —1 evolution periods is equal to t;. During t, acqui-
sition, modulation of the CSA

w(t) = i W, exp(imaoyt) (1)
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Fig. 1. (a) Pulse sequence and timings 0, as fractions of one rotor period for (b) 5-7
MAT, (c) MAT version of PASS and (d) PASS pulse sequences. A 12-step cogwheel
phase cycling scheme [38] determined using the program described in Ref. [39]
selects the desired coherence transfer pathway: ¢;=7/2, ¢2=0,
¢3={0,1,2,3,4,5,6,7,8,9,10,11} x 2n/12 and ¢g={0, t}. Additional phase
inversion of ¢; and ¢ eliminates artifacts due to DC offset. Solid black bars in
the pulse sequence denote m-pulses. Circles denote the beginning of t, acquisition,
while positive and negative signs denote the sign of the evolving coherence order.
Note that the t; increments span exactly one rotor period and the beginning of t,
acquisition is shifted by —t; (shaded area) for MAT-PASS as compared to the
original MAT experiment to obtain PASS spectra.

by MAS yields spinning sidebands along F,

<exp (fi :Z w(t)dt>> = ;5,{ exp(ikw;t,) 2)

where () denotes powder averaging and s are the intensities of the
spinning sideband manifold. The 2D time-domain signal of the MAT
experiment can thus be expressed as

SMAT(tr,t2) = seexp(—iwisotr) eXp(—itists + ke ty) (3)
k

The two exponentials represent the t; (isotropic), and t, (isotropic
and anisotropic) chemical shift modulations. Fig. 1 shows a total
evolution time of one rotor period, which is sufficient for the
PASS-type experiments. Longer t; values for regular MAT experi-
ments can be obtained by extending the total evolution time to
any integer number of rotor periods other than multiples of 3. In
the case of quadrupolar nuclei, two groups (p = +£1) of five evolu-
tion segments using nine m-pulses are required to average aniso-
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tropic broadening of ranks up to [ = 4 [35]. The segments are 72°
apart in rotor position and the total evolution time can be any inte-
ger number of rotor periods other than multiples of 5.

The theory behind PASS is more intriguing and can be found in
the original Dixon paper [22] as well as the 2D-PASS paper by Ant-
zutkin et al. [25]. A condensed version for general 2D-PASS exper-
iments using n m-pulses is presented here for comparison with
MAT. The timing of the m-pulses of PASS experiments satisfies
two conditions. The first condition ensures no isotropic shift evolu-
tion by making the total durations of the p=+1 and —1 evolution
segments equal

n

D (1) (0gs1 — 05) =0 (4)

40

We use rotation angles 0, = w,t; (q =1 to n) to describe the timing
of the m-pulses, where 0 and 0,,; denote the beginning and end of
the t;-evolution period. The second condition makes the net evolu-
tion of the MAS-modulated anisotropic shift w(t) for the PASS per-
iod equivalent to a continuous t; evolution prior to the start of t,
acquisition,

n qynig Oq+1/or B Ony1/Cr
Z{( 1) /ﬂ w(t)dt _/0 w(t)dt (5)

q=0 g/ ©r i1 /@r—ty
We use evolution time t; instead of pitch @ (Ref. [25]) for ease of

comparison with the MAT experiment; the two variables are related
by ® = —w,t;. The second condition leads to a set of non-linear

a

3

equations when the coefficients of w,, are equated after insertion
of Eq. (1) into Eq. (5),

n

> (=1)""[exp(imby;1) — exp(imby)]
q=0

= exp(im6y1) — exp[im (6,1 — rt7)] (6)

Solution of the so-called PASS equations (Egs. (4) and (6)) deter-
mines the timing of m-pulses for PASS experiments [25]. The tim-
ings for isolation of the [ =2 rank CSA in F; using five m-pulses
and a constant evolution time of one rotor period (0o =0 and
0n.1 = 27) are shown in Fig. 1d. The two conditions for PASS exper-
iments lead to the following time-domain signal after powder
averaging

PASS . [inna/or [ /ortt
S (t, ) ={ exp —1/ o(t)dt | exp —1/ w(t)dt
JOn1/or =ty SOy Jor

X exp(fiwim t2)>

Opy1/Or+ty
exp _,'/ o(t)dt | exp(—iwisots)
JOpq Jor—t;

=Y scexp(iko,ty) exp(—iwiots +ikayt) (7)
k

The two exponentials represent the t; (anisotropic), and t, (iso-
tropic and anisotropic) chemical shift modulations. 2D Fourier
transformation of the PASS signal separates the spinning sidebands
by their order k for linear t; increments spanning integer rotor
periods. Comparison of Egs. (3) and (7) reveals only a difference
in the selection of either the isotropic or anisotropic chemical shifts
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Fig. 2. Select t; slices along F, and time-domain signals of (a) 5-m MAT and (b) MAT-PASS spectra for ['C’|glycine acquired at By = 14.1 T and 3125 Hz MAS. The first three
rotational echoes of the time-domain signals are plotted. The real and imaginary components of the time-domain signals are shown as solid and dashed lines, respectively.
The dotted vertical lines denote the timing of the first rotor period. Gray bars highlight the stationary and travelling echoes of the MAT and MAT-PASS signals, respectively.

Asterisk (x) denotes the isotropic center band.
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in t; by MAT and PASS, respectively. The time-domain signals of
the two experiments can be related through a shift of the t, acqui-
sition by a time —t; (i.e., t — ty — t1),

SPASS (£, t5) = ST (8,8, — t) (8)

This is the central result relating the MAT and PASS experiments.

Fig. 1c shows the timing of m-pulses and t, acquisition for the
MAT version of PASS. The evolution time t; spans one rotor period
as required by the 2D processing (using Fourier transformations) of
PASS-type spectra. The start of t, acquisition cannot precede the
last m-pulse, therefore most of the evolution increments are in neg-
ative t; (grey highlighted area in Fig. 1c). The experimental imple-
mentation can be described by the delays 1; before the ith pulse:
Ty =T3=7T5=[2—(n+x)/N|t;/6, T2 =714 =[(n+x)/N|t,/6, and
the delay before t, acquisition 76 = [6 — 5(n + x)/N]t,/6, where 1,
is the rotor period, n is the t;-slice counter beginning from 1, N
is the total number of increments, and x is a small positive integer
(usually 2) which shifts the t; range to avoid timing conflicts. The
pulse lengths also need to be considered in the delays. This MAT
experiment has a non-constant evolution time as shown in Fig. 1
in contrast to the constant-time 5-7 PASS experiment.

3. Results and discussion

Fig. 2 shows a comparison of spectra and time-domain signals
between MAT and MAT-PASS for various t; increments. The MAT
signal is phase-modulated in t; by the isotropic chemical shift as
seen from the change of peak phases and the relative intensities
between the real and imaginary components of the signal. The
phase change is gradual due to the proximity of the center band
to the carrier frequency. Notably, the rotational echoes remain sta-
tionary as t; progresses. In contrast, PASS-type spectra show no
modulation to the center band in accordance with the null isotro-
pic shift evolution in t;, while sidebands are phase-modulated
according to their orders. In the time-domain, the first-order phas-
ing manifests itself as a shift of the rotational echoes, as high-
lighted by the travelling echoes in Fig. 2b as t; progresses.

The separation of spinning sideband manifolds by MAT-PASS is
demonstrated using a t-histidine sample lyophilized at pH 1.7
(Fig. 3a). The 1D CP/MAS spectrum at a low spinning rate is
crowded with spinning sidebands. The center-band-only spectrum
at F; = 0 of the 2D MAT-PASS spectrum reveals the number of dis-
tinct carbon sites directly, while a sum of the slices allows recon-
struction of the CP/MAS spectrum. The number of distinct
resonances is higher than expected due to the presence of two
polymorphs [40]. The other F; slices shows separated spinning
sidebands with their intensities containing the CSA information.
The efficiency and residual intensity of separated sidebands are
similar to that of the conventional PASS experiment (not shown).
Fig. 3b shows a representation of the 2D MAT-PASS spectrum after
a shear transformation along the F, axis such that spinning side-
bands become aligned along F;. The sheared spectrum gives the
isotropic chemical shift along F, and spinning sideband order along
F;. A sum projection along F, yields an ‘infinite speed’ MAS spec-
trum that is quantitative and free of spinning sidebands.

The MAT-PASS experiment is one of many possible experiments
which satisfy the PASS equations [25,37]. The conventional imple-
mentation of PASS [25] opts for a solution with a constant evolu-
tion time to avoid the adverse effects of relaxation. However, the
typical solution of the non-linear PASS equations does not result
in the linear variation of pulse timings commonly employed in
2D experiments. In contrast, MAT-PASS provides a non-constant-
time PASS solution that results in linearly incrementing pulse de-
lays. The linear increment is of particular advantage/convenience
for practical implementation of MAT-PASS. The number of t; incre-
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Fig. 3. (a) '3C CP/MAS (shown in red) and MAT-PASS spectra of -histidine (pH 1.7)
acquired at Bp=14.1 T and 2920 Hz MAS. The difference between the CP/MAS
spectrum and the projection along F, is shown in blue. (b) 2D spectrum obtained
after shearing of (a) to align spinning sidebands along F; with summed projection
shown on top. The number of resonances is higher than expected due to the
presence of two polymorphs [35]. Experiments were performed on a Bruker Avance
600 spectrometer using a 4 mm MAS probe. The rf field are 71.4 and 100 kHz,
respectively, for '>C m-pulses and 'H heteronuclear decoupling. A total of 16
increments over a t; range of [-71,/8,+1,/8] were employed to avoid overlap
between t,-acquisition and the last m-pulse. Spectral phasing on F, was performed
on the t; = 0 slice, while a first-order phase of (n,_o — 1) - 360° was applied on the
Fi, where n;, ¢ is the slice number for the t; = 0 slice. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this paper.)

ments can be set to arbitrary values as with conventional 2D
experiments without the need for entering numerous delays from
pre-solving the non-linear PASS equations. On the other hand,
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MAT-PASS spectra are subjected to relaxation effects due to the
non-constant evolution time. The MAT-PASS evolution time spans
no more than one rotor period, thus the adverse effects of relaxa-
tion are expected to be small if efficient proton decoupling is em-
ployed and the rotor period is short compared to transverse
relaxation, as exemplified with L-histidine (pH 1.7).

4. Conclusion

The 2D MAT and PASS experiments isolate the isotropic and
anisotropic chemical shifts in the indirect dimension, respectively.
It has been shown both theoretically and experimentally that these
two experiments are related by shifting the t,-acquisition. The
MAT-PASS experiment yields PASS-like spectra using linear t;
increments and is easy to implement for the separation of spinning
sidebands.
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