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Abstract

An improved version of the recently proposed chemical shift anisotropy amplification experiment is described. The original experi-
ment correlates a fast magic angle spinning spectrum in the @, dimension with a sideband pattern in w; in which the intensities mimic
those for a sample spinning at a fraction of the rate w,/N. Advantages of the experiment include the use of standard methods to extract
the principal tensor components from the w; sideband patterns and the small number of ¢, increments required. The improved version
described here permits large amplification factors N to be obtained without resort to prohibitively long sequences of n-pulses and allows
sensitivity to be maximized by eliminating the need to store the magnetization along the z-axis for ¢;. Amplification factors up to 32 are

demonstrated experimentally.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Recently we introduced a new ‘“‘chemical shift anisotro-
py (CSA) amplification” experiment [1-3] which is particu-
larly suitable for measuring small shift tensors. The
experiment correlates the standard magic angle spinning
(MAS) spectrum in the w, dimension with a sideband pat-
tern in w; in which the intensities are identical to those
expected for a sample spinning at some fraction 1/N of
the actual rate w,. The sideband pattern in the w; dimen-
sion results from an amplification by a factor N of the
modulation caused by the CSA. A major advantage of
the CSA amplification experiment is that long acquisition
times can be avoided without loss of resolution of different
chemical sites. This is because the isotropic shift appears
only in the w, dimension, and there is no transverse relax-
ation of the magnetization in the evolution period, so a
minimal number of #; increments is sufficient.
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CSA amplification shares this advantage with recent
two-dimensional modifications [4,5] of the PASS tech-
nique, originally introduced by Dixon [6]. Dixon’s method
employed sequences of variable duration consisting of four
n-pulses at timings synchronized with the MAS rotor.
These cause a phase shift of magnitude M@ for the side-
band at a frequency Mw, from the isotropic line, where
the angle © is known as the “pitch” of the sequence. In
contrast to Dixon’s original experiment, genuine two-di-
mensional versions of PASS require constant duration
sequences with arbitrary pitch. These allow @ to be varied
over a full period in the evolution dimension, while avoid-
ing differential transverse relaxation between sequences of
different duration. In these circumstances, Fourier trans-
form with respect to @ results in the separation of different
sideband manifolds over the w; co-ordinate of the two-di-
mensional spectrum. 2D-PASS was first achieved [4] by set-
ting @ proportional to an evolution time #;, during which
the magnetization is stored along the z-axis, sandwiched
between two sequences of m-pulses with fixed timings.
This approach suffers from the drawback that only one
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component of the magnetization is retained during the
evolution time. Hence, two separate experiments are neces-
sary to allow reconstruction of the required two-dimen-
sional FID, resulting in a 2-fold reduction in sensitivity.
This problem was later overcome by the discovery of PASS
sequences consisting of five m-pulses [5] with constant
duration and arbitrary pitch. This approach results in a
somewhat unconventional two-dimensional experiment in
which the required “#; increments” are generated by vary-
ing the timings of the m-pulses.

In the original CSA amplification experiment [1,3] the
magnetization was stored along the z-axis during the evolu-
tion time. The amplification factor is determined by the
fixed timings of the two identical sequences of m-pulses
which surround ¢;. This version allowed amplification fac-
tors as high as 12 to be realized using up to 14 w-pulses in
total, but it suffers from the same drawbacks as the first
2D-PASS approach described above. More recently, it
has been shown [7] that CSA amplification with N up to
3 can be achieved by sequences of five m-pulses with vari-
able timings, after the fashion of the second 2D-PASS

approach described above. However, obtaining higher
amplification factors using this method requires concatena-
tion of many such sequences, resulting in long durations
and large numbers of pulses. For example, an amplification
factor of 11 requires 23 m-pulses over 16 rotor periods.

In this paper, we describe an alternative CSA amplifica-
tion experiment which employs the pulse sequence shown
in Fig. 1A. Transverse magnetization, generated by cross
polarization if appropriate, evolves under a sequence of ¢
n-pulses, before the FID is recorded as a function of ¢,.
The timings of the m-pulses are varied to generate
(¢ + 1)/2 FIDs as described below. Double complex Fouri-
er transformation of these produces the required CSA
amplification spectrum. In this improved experiment prob-
lems associated with storing the magnetization along the z-
axis are eliminated, so that sensitivity is maximized. As will
be shown below, the amplification factor increases linearly
with the number of m-pulses, according to N=g¢q+ 1.
Hence, an added advantage is the ability to realize very
high amplification factors without resort to prohibitively
large numbers of n-pulses or long sequences.

decoupling

1°c cP

S

Fig. 1. The pulse sequence used to record improved carbon-13 CSA amplification spectra in this paper. Transverse magnetization, generated by cross
polarization if appropriate, evolves under a sequence of ¢ m-pulses, before the FID is recorded as a function of #,. The sequence corresponding to Z =0 is
shown in (A), in which black rectangles represent carbon-13 m-pulses, along with the coherence transfer pathway selected exclusively by a
COG31(-16,—15,—16,—15,—16,—15,—16,—15,—-16,—15,—-16,—15,—-16,—15,—16,—15;0,0) phase cycle. The timings for the n-pulses in all 8 sequences
required for CSA amplification by a factor of 16 are indicated approximately in (B), along with the corresponding values of =. Unfilled circles show n-
pulses which have p odd, while filled circles represent those with p even. Accurate values of the timings can be calculated from Egs. (14) and (15). Note that

all 8 sequences result in a spin echo at 16 7.
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2. Theory

The orientation of the CSA principal axis system for a
given chemical site relative to MAS rotor frame is given
by the Euler angles (o, f5,7). Following Antzutkin et al. [8],
we consider a “carousel’ of sites which have identical values
of « and f, but a uniform and continuous distribution of 7y
angles. The NMR precession frequency of sites within the
carousel w(#;y) can be written as a Fourier series

wo(t;7) = Y o™ (y) exp(imat). (1)

The coefficients w{™ are given by

ol ZD (o 8,7)

n=-—2

—mO(ﬁO)AZH + 5mowi507 (2)

where the 4,, are the components of the CSA tensor, f3 is
the magic angle, the isotropic shift w;,, depends on the off-
set from the carrier frequency w,¢

Wiso = 600(1 - 0150) — Wrf (3)

and the Wigner rotations D(a,f5,7) and d(f) are defined
according to the convention of Spiess [9]. The MAS FID
for sites within the carousel S.(z;7) can be written as [8]

Se(t;7) = exp{ilwt + &(137) = &(09) + @00}, (4)

where relaxation has been neglected, and ¢, is defined by

ée(t3)

-y " (7) exp(ima,7) 5)
o imo,

The difference &.(2;7) — £.(0;7) is the phase angle accumu-
lated by the transverse magnetization during the acquisi-
tion time, while ¢.(0;7) represents its initial phase which
is independent of orientation under normal circumstances.
Note that orientations within a carousel experience the
same precession frequencies at different time points in a
MAS period, resulting in a time/orientation symmetry for
Ec(t;y) of the form

éc(t; V) = éc(t+ y/wr§0) = 50(0”) + wrt)' (6)

The two-dimensional FID resulting from a CSA amplifica-
tion experiment is [1]

Sc(t1,1237 )—exp{l[NE (0;7) = N&E(0;7+wit1)]}
xexp{l[ IZ+CC(O;V+CO1—Z‘2)_ic(o;"}))]}- (7)

The sideband intensities in the w; projection of the corre-
sponding spectrum have been shown [3] to be identical to
those which would be observed for a sample spinning at
,/N. In the improved version of CSA amplification de-
scribed here each “‘¢; increment” is generated by a different
sequence of ¢ m-pulses. Each sequence prepares the magne-
tization with a different phase at the start of acquisition

$c(057) = NE(0;7) — NE(0;7 + &), (8)

where the phase angle = is a function of the n-pulse timings,
but independent of crystallite orientation. It should be noted

that = plays a similar, but not identical, role to the pitch @ in
2D-PASS. To achieve CSA amplification a set of sequences
must be found which allow Z to be incremented between 0
and 2m, such that a discrete Fourier transform with respect
to Z generates the required w; spectrum.

The phase accumulated during a sequence of ¢ m-pulses
with total duration 7 is [§]

$.(0;7) = 0t + &(057)

o

éc t(p 7V)+éc(_T1y)}a
©)

where the time origin has been assumed to be at the end of
the sequence, the m-pulses are applied at timings 7 — T
where p=1,2,...,q and the rf field is infinitely strong.
The phase accumulated under the isotropic shift is given by

t=T-— 22

and when 7 =0 the end of the sequence coincides with a
spin echo, so that phase shifts for different sites are avoid-
ed. For CSA amplification we set the required initial phase
in Eq. (8) equal to the phase accumulated during the se-
quence of n-pulses in Eq. (9). Setting T = 0 this gives

0=(N—-1)&(0;7) = N&(0;7y + &)

- )q{2i( @)T;V)+EC(T;V)}-

p=I1

Y (10)

(11)
For simplicity we assume here that 7 is an integer number
of rotor periods and that ¢ is odd. In this situation Eq. (11)

becomes
q
p:l

(12)
Using the definition and symmetry of &., Eq. (12) can be
expanded to give

0=(N=2)&(0;7) =N&(0

q
0=N—-2— Nexp(im {ZZ

P exp(ima,1?)) }
1

(13)
for m = +1 and m = +2. The form of Eq. (13) suggests that
high amplification factors N can be obtained by constrain-

ing m-pulses with p even to coincide with a rotor echo. Set-
ting ¢ = N — 1 results in timings for n-pulses of the form

o _ { (k(p)

kP, pE even

' € odd
Zn)T p O (14)

where k) is an integer. This means that pulses with p even
remain fixed on a rotor echo, while pulses with p odd are
displaced to earlier times in a linear fashion with increasing
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Z. We note that Antzutkin has previously suggested a var-
iant of the 2D-PASS experiment [10] in which pulses with p
odd are linearly displaced to later times with increasing 6.

Realizable sequences of n-pulses with an accessible spin
echo have /% < T and #*/ </7*Y for all p. Useful CSA
amplification sequences must have T = 0 in Eq. (10), so that
the end of the sequence coincides with a spin echo and
phase shifts for different sites are avoided. In addition, they
must have 7 independent of =, otherwise differential trans-
verse relaxation will cause distortions of the w; sideband
amplitudes. These requirements make timings which can
be varied to provide a continuous variation of £ difficult
to find.

In this work, we consider sequences with timings defined
by

P 5
k(p):{p+l p€odd and q+l<2rt. (15)

p otherwise

For given ¢ only certain = values in Egs. (14) and (15) give
sequences which have T = 0 in Eq. (10). In turn, only some
of these form subsets with constant duration 7 and hence
fulfill all the conditions required for useful CSA amplifica-
tion sequences described above. One useful subset gives
(g + 1)/2 values of Z/2n equally spaced between 0 and
(g —1)/(g+1) with a spin echo at a constant time
T = (g + 1)7,. As an illustration, Fig. 1B shows the timings
for the 8 sequences of 15 m-pulses with duration 7'= 167,
which result in 8 values of Z/2m between 0 and 7/8 and
an amplification factor of 16. Note that the effect of Eq.
(15) is to displace all pulses with p odd which lie below
the diagonal line one rotor period later in time. This per-
turbs their simple linear displacement with = expected from
Eq. (14). All the spectra recorded for this work were ob-
tained using this subset of timings with ¢ =15, as in
Fig. 1B, or ¢ =31.

In contrast to the situation for the original CSA ampli-
fication experiment [1,3] or the recent modification of Orr
et al. [7], this approach does not allow for a continuous
variation of Z. In all experiments of the 2D-PASS type,
the maximum order of the sidebands which can be
observed in w; is determined by the number of values of
O (or E) used. For the sequences described here the num-
ber of E values is determined by the number of m-pulses
g which in turn depends on the amplification factor N.
The only limitation with this approach is that the combina-
tion of MAS rate and amplification factor must be careful-
ly chosen to prevent aliasing of higher order sidebands in
w;. However, we note that another useful subset of
sequences corresponds to a further (g + 1)/2 values of Z/
27 equally spaced between 1/(¢ + 1) and ¢/(g + 1). These
could be used to interpolate between the original values
of & and hence to double the maximum order of the side-
bands which can be observed in w; for given g. The draw-
back is that this new subset of sequences gives a spin echo
at a slightly different constant time 7 = (¢ + 2)t,. This
approach which might be useful in favorable cases, such

as for samples with long transverse relaxation times, has
not been pursued further in this work.

3. Experimental

Carbon-13 CSA amplification spectra were recorded
using the pulse sequence of Fig. 1 with timings given
by Eq. (15) with ¢ =15 or 31, resulting in amplification
factors N =16 or 32, respectively. A standard CPMAS
probe was used with full 4 mm MAS rotors. Further
experimental details are given in the relevant figure cap-
tions. In common with 2D-PASS the two-dimensional
spectrum is obtained by a straightforward double com-
plex Fourier transformation with respect to Z and ¢,
after weighting in the detection dimension only. Although
the two-dimensional peaks which result are of mixed
phase, the vanishing w; linewidth means that there is
no detrimental effect on the spectrum. Phase corrections
in w, are made by inspecting the w; =0 slice of the
two-dimensional spectrum; a correction in ®; is not usu-
ally required.

Several precautions are required to maintain the quality
of the CSA amplification spectra. Heteronuclear decou-
pling is interrupted during carbon-13 m-pulses to avoid
unwanted Hartmann-Hahn contacts. The delays between
the m-pulses are reduced in order to take account of their
finite length. It should be noted that if adjacent m-pulses
overlap an additional delay equal to 7, can be inserted
between them. There are two caveats to this. First, a com-
pensating delay of equal duration must be inserted at some
convenient point in the same sequence to preserve the spin
echo at the start of acquisition. Second, all sequences of n-
pulses must be extended to the same overall duration to
prevent differential relaxation effects. For example, in the
N =16 CSA amplification experiment illustrated in Fig. 1
the shortest delays (of duration t,/8) occur between the
pulses with p =1 and 2 in the sequence corresponding to
Z/2n = 1/8 and between those with p = 14 and 15 in the
sequence for £/2m = 7/8. If these pairs of pulses overlap,
two additional delays of duration 7, can be inserted into
all 8 sequences between pulses with p =1 and 2 and with
p = 14 and 15. This results in 8 sequences with a total dura-
tion of 18 t,, with the shortest delay now of duration t,./4.

Finally, all pulses on the carbon-13 channel, including
the contact pulse, are phase cycled using the COGWHEEL
procedure [11] to remove coherence transfer pathways
resulting from incomplete refocusing by the m-pulses [12].
For experiments with ¢ =15 a 31-step cycle is required
which can be written COG31(—16,—15,—16,—15,—16,
-15,-16,-15,-16,—15,—-16,—15,—-16,—15,—-16,—15;0,0)
in the notation of [11]. This selects the coherence transfer
pathway shown in Fig. 1A in which the sign of the coher-
ence order is reversed by each n-pulse. For an isolated spin-
1/2 nucleus all other possibilities are excluded and sideband
distortions due to incomplete refocusing are eliminated. In
general for an experiment with ¢ n-pulses those with p odd
are cycled through the identical set of (2¢ + 1) phases
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2ngj
A YRR
where j is the scan counter, while all m-pulses with p even,
as well as the contact pulse, are cycled according to

_ 2n(g+1))
a 2g+1
Combination with a conventional phase alternation of the
initial proton m/2-pulse concurrently with the receiver re-
sults in a manageable 2(2¢g + 1)-step overall phase cycle.
Phase cycles and sample pulse programs for the ¢ =15
experiment are available on the Website http://www.not-

tingham.ac.uk/~pczjt/.

(16)

(17)

4. Results and discussion

As an illustration of the method Fig. 2A shows the car-
bon-13 CSA amplification spectrum of o-D-glucose
(Aldrich) recorded at a Larmor frequency of 75.47 MHz
and a MAS rate of 8 kHz. The amplification factor was
16, resulting in an effective MAS rate of 500 Hz. The 8
FIDs corresponding to the 8 required values of = were
obtained using the m-pulse timings of Eqs. (14) and (15).
Other experimental parameters are given in the figure cap-
tion. The sideband intensities extracted from the w; dimen-
sion of the spectrum (symbols) are compared with those
obtained from the original CSA amplification experiment
using a MAS rate of 4 kHz and an amplification factor
of 8 (lines) in Fig. 2B. It should be noted that the relatively
small carbon-13 shift anisotropies and the long spin-lattice
relaxation times make carbohydrate molecules, such as glu-

A B
st Attt M st -3
-2 - N
-1
0 : )
1 w /o
WWWMMW 2

cose, challenging examples. The good agreement between
the sideband intensities demonstrates that the improved
CSA amplification experiment functions correctly. The
principal components of the shift tensors of o-p-glucose
measured from the improved CSA amplification experi-
ment are given in Table 1. The difference between these val-
ues and those obtained using the original CSA
amplification method was always less then 2 ppm.

As a further demonstration, Fig. 3 shows the aliphatic
part of a carbon-13 CSA amplification spectrum of L-me-
thionine (98%, Aldrich), recorded at a Larmor frequency
of 75.47 MHz and a MAS rate of 8 kHz. The amplification
factor was 32, resulting in an effective MAS rate of 250 Hz.
Other experimental parameters are given in the figure cap-
tion. Most of the resonances in the spectrum are split into
two components, suggesting the presence of two polymor-
phs, as observed previously [1].

The theory of CSA amplification described above
assumes 7m-pulses which are infinitesimally short, exactly

Table 1
CSA amplification measurements of principal components of shift tensors
in a-D-glucose

Site* 11 (ppm)° 2> (ppm) o33 (ppm)
1 72.9 87.8 117.4
2 90.4 72.9 48.0
3 90.7 72.9 55.1
4 55.7 70.0 91.8
5 93.7 715 49.3
6 87.6 68.0 352

# Sites are labeled according to the IUPAC convention.

® Labeled according to |622 — 6is0] <011 — Gisol <033 — Tisol-

2 0 2 4
W,/

20 2 4
W/,

Fig. 2. (A) Carbon-13 CSA amplification spectrum of a-D-glucose recorded at a Larmor frequency of 75.47 MHz and a MAS rate of 8 kHz. The
amplification factor was 16, resulting in an effective MAS rate of 500 Hz. The MAS rate was stabilized to +5 Hz, and the contact time was 2.5 ms. The
proton decoupling field was approximately 85 kHz, and carbon-13 n-pulses were 4.8 us in duration. The spectral width in w, was 27.3 kHz and the
acquisition time was 75.1 ms. The relaxation delay was 50 s, and there were 124 scans for each of the 8 sequences required. (B) Sideband intensities
extracted from the spectrum (points) in (A), compared with those extracted from the original CSA amplification (lines) experiment using a MAS rate of
4 kHz and an amplification factor of 8. Left-hand column from the top: carbon sites 1, 3, and 4, right-hand column from the top: carbon sites 5, 2, and 6,

according to the IUPAC convention.
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W,/ ppm

Fig. 3. Aliphatic part of the carbon-13 CSA amplification spectrum of
L-methionine recorded at a Larmor frequency of 75.47 MHz and a MAS
rate of 8 kHz. The amplification factor was 32, resulting in an effective
MAS rate of 250 Hz. The MAS rate was stabilized to +5 Hz, and the
contact time was 1 ms. The proton decoupling field was approximately
85 kHz, and carbon-13 n-pulses were 5.0 us in duration. The full spectral
width in w, was 27.3kHz and the acquisition time was 75 ms. The
relaxation delay was 6s, and there were 504 scans for each of the 16
sequences.

synchronized with the MAS rotor and correctly calibrated.
In practice, experimental imperfections, such as fluctua-
tions in the MAS rate and B; inhomogeneity, as well as
off-resonance effects are expected to cause distortions of
the sideband intensities. In order to investigate this further,
simulations have been carried out using the SIMPSON
program due to Bak et al. [13]. The simulations shown here
involve a carbon-13 nucleus with a chemical shift anisotro-
py (defined as 6 = 633 — 0j50) Of 25 ppm and an asymmetry
(defined as 1 = (625 — 711)/d) of 0.25. In each case the Lar-
mor frequency was 75.47 MHz and the MAS rate was
16 kHz. CSA amplification by a factor 16 was achieved
with ¢ =15, giving an apparent rate of 1kHz in the w,
dimension. The two-dimensional spectrum which results
from this sequence with 8 values of = was generated by
direct calculation of the full MAS propagator for the entire
pulse sequence, including the effect of finite rf amplitude.
Powder averaging was achieved using 66 («, §) orientations,
following the REPULSION scheme [14] and 40 uniformly
distributed y values. The rf amplitude was 60 kHz in all
cases. The mismatch between the sideband intensities sim-
ulated for CSA amplification and those expected from
MAS was quantified using the parameter [3]

C= (1= 1), (18)
J
In our experience for the parameters used here a %> value
above 0.5 results in an unacceptable error of more than
2 ppm in the principal components of the measured shift
tensors.
Fig. 4 summarizes the results of the simulations. In
Fig. 4A the actual MAS rate deviated from the nominal
rate of 16 kHz by up to +100 Hz. The resulting variation

A 0.5
X2
0 j
-100 0 +100
error in MAS rate / Hz
B 5

-50 0 +50
error in -pulse length / degrees

2 0o 420
offset / kHz

Fig. 4. Simulations which illustrate the effect on the reliability of the CSA
amplification experiment of fluctuations in the MAS rate. The plots show
the mismatch parameter y> as a function of (A) the actual MAS rate,
(B) the n-pulse length and (C) the offset for simulated CSA amplification
experiments as described in the text. In (B and C) the solid line explicitly
includes COGWHEEL phase cycling, while the dots do not. The dashes
represent the level below which the mismatch parameter becomes
unacceptable.

of the mismatch parameter > indicates that the improved
CSA amplification experiment is very robust with respect
to fluctuations in the MAS rate. Provided that the MAS
rate can be stabilized to within 430 Hz, the mismatch
between the CSA amplification sideband pattern and that
expected for MAS is insignificant. Even if the actual
MAS rate deviates from the nominal rate by +100 Hz,
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the mismatch parameter remains within the acceptable
range.

In Fig. 4B the effect of pulse length miscalibration and
B; inhomogeneity is illustrated. Two sets of simulations
were carried out in which the flip angle of the n-pulses devi-
ated from 180° by up to +50°. For the first set (dots) the
phases of all t-pulses remained constant, while for the sec-
ond set (solid line) they were phase cycled according to the
COGWHEEL procedure described above, and the results
co-added and normalized. The dashes indicate the level
below which the mismatch parameter remains acceptable.
The resulting plots indicate that without the COGWHEEL
phase cycle a miscalibration of less than +5° is sufficient to
completely frustrate the correct operation of the experi-
ment. Given the B; inhomogeneity of commercial MAS
probes, this degree of accuracy in calibration is not achiev-
able for the whole sample without substantially restricting
its volume. However, the COGWHEEL phase cycle largely
eliminates this problem, making the experiment practica-
ble. In this case miscalibration of up to +30° does not affect
the reliability of CSA amplification, although in practice
the resulting degradation in signal-to-noise may render
analysis of the sidebands impossible.

Finally, Fig. 4C shows the effect of resonance offset
which was varied across a range of +20 kHz. Once again
sets of simulations were carried out with (solid line) and
without (dots) the COGWHEEL phase cycle. The resulting
plots indicate that the COGWHEEL phase cycle is manda-
tory if a spectral dispersion of more than +2 kHz is pres-
ent. In all cases the detailed shape of the plots varies with
the CSA tensor and experimental factors, such as MAS
rate and rf amplitude, but the overall conclusions about
reliability remain unchanged.

5. Conclusions

The main advantage of the CSA amplification experi-
ment [1,3] is that evolution under the isotropic part of
the chemical shift is restricted to the detection dimension,
such that long two-dimensional experiments can be
avoided. In the improved version described here sensitiv-
ity is maximized by eliminating the need to store the
magnetization along the z-axis for ¢;. In addition, high
amplification factors N can be obtained without resorting
to the overly long sequences of m-pulses used in a recent
modification [7]. Amplification factors as high as 32 have
been demonstrated experimentally, and the principal com-
ponents of the CSA tensor extracted from the resulting
spectra have been shown to be reliable. The improved

experiment functions as a genuine alternative to 2D-
PASS, since the duration of the sequences required in
the two experiments are identical for the same effective
MAS rate. However, CSA amplification has the advan-
tage that slow MAS rates are not required to measure
small shift anisotropies.
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