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Abstract

A new NMR experiment which allows a measurement of the chemical shift anisotropy (CSA) tensor under magic angle spinning

(MAS) is described. This correlates a fast MAS spectrum in the x2 dimension with a sideband pattern in x1 in which the intensities

mimic those for a sample spinning at a fraction of the rate xr=N , and these sidebands result from an amplification by a factor N of

the modulation caused by the CSA. Standard methods can be used to extract the principal tensor components from the x1 sideband

patterns, and the nature of the experiment is such that the use of a large number of t1 increments can avoided without compromising

the resolution of different chemical sites. The new experiment is useful for accurately measuring narrow shift anisotropies.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The singularities observed in the broad NMR lines of

a powdered sample correspond directly to the principal

values of the chemical shift anisotropy (CSA) tensor [1],
determination of which provides detailed information

about the molecular structures of solids. In order to

avoid spectral overlap and perturbations from dipolar

couplings, measurements of the CSA are made by ana-

lyzing the intensities of the rotational sidebands [2,3]

which appear in the magic angle spinning (MAS) spec-

trum. A relatively low spinning rate xr is normally re-

quired to provide sufficient sidebands for analysis,
resulting in problems with overlap of different sideband

manifolds in molecules with many chemical sites. Hence,

many two-dimensional MAS NMR experiments have

been developed to separate the isotropic and anisotropic

parts of the chemical shift interaction and to further

improve resolution [4–15].

Of these, experiments based on the PASS technique

[16] are some of the simplest to implement and most
efficient in terms of acquisition time. In PASS sequences

of p-pulses synchronized with the MAS result in a phase
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shift of magnitude MH for the sideband at a frequency

Mxr from the isotropic line. The angle H is known as

the ‘‘pitch’’ of the sequence. Two-dimensional variants

of PASS [17,18] employ constant duration sequences

with arbitrary pitch which allow H to be varied over a
full period in the evolution dimension. A Fourier

transform with respect to pitch results in the separation

of different sideband manifolds over the x1 co-ordinate

of the two-dimensional spectrum. The isotropic shifts

are restricted to the x2 dimension and the anisotropic

part in sampled as a sideband pattern in x1. Since the

sidebands are regularly spaced and there is no decay of

the magnetization in the evolution period, a minimal
number of t1 increments suffices and long acquisition

times are avoided.

Recently, we have briefly described a new two-di-

mensional MAS experiment [19] which is closely related

to 2D-PASS. The new experiment correlates the stan-

dard MAS spectrum in the x2 dimension with a side-

band pattern in x1 in which the intensities are identical

to those expected for a sample spinning at some fraction
1=N of the actual rate xr. The sideband pattern in the x1

dimension results from an amplification by a factor N of

the modulation caused by the CSA, a process re-

ferred to here as ‘‘CSA amplification.’’ In common

with 2D-PASS the isotropic shift appears only in the x2
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Fig. 2. The pulse sequence used to record CSA amplification spectra.

Narrow and broad black rectangles represent p=2- and p-pulses, re-
spectively. Further experimental details as well as timings for the p-
pulses are given in the text.
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dimension, and long acquisition times can be avoided
without loss of resolution of different chemical sites. In

contrast to 2D-PASS, the new experiment is appropriate

for measuring narrow shift anisotropies, overcoming the

need for extremely slow MAS rates which lead to rotor

instability.

As an illustration Fig. 1(A) shows the centerband

portion of the standard carbon-13 MAS spectrum of

methyl-a-DD-glucopyranoside recorded at a rate of 4 kHz
and a Larmor frequency of 75.47MHz At this MAS rate

there are no spinning sidebands in the spectrum, since

the chemical shift anisotropies are relatively small.

Fig. 1(B) shows a two-dimensional spectrum of methyl-

a-glucopyranoside recorded using the new experiment

with a MAS rate of 4 kHz and an amplification factor of

8, resulting in an apparent rate of 500Hz in the x1 di-

mension. Further experimental details are given in the
figure caption. There are a substantial number of spin-

ning sidebands for each carbon-13 site in x1. The pulse

sequence used to record the two-dimensional MAS

spectrum in Fig. 1(B) is shown in Fig. 2. Enhanced

carbon-13 transverse magnetization generated by cross

polarization evolves under a sequence consisting of a

small number q of carefully timed p-pulses. Subse-

quently one component of the magnetization is stored
on the z-axis for a time t1, before a further period of

evolution under an identical q-pulse sequence prior to

detection during t2. The t1 time is incremented by some

convenient fraction, usually 1/16 or 1/32, of the rotor

period. Further details are given below.
Fig. 1. (A) Part of the carbon-13 MAS spectrum of methyl-a-DD-glucopyran
standard cross polarization pulse sequence with a contact time of 4.1ms. T

strength of 55 kHz was applied throughout the acquisition period which lasted

(B) Part of a carbon-13 CSA amplification spectrum of methyl-a-glucopyrano
8. The spectrum was recorded and processed as described in the Experimenta

carbon-13 site in the x1 dimension which corresponds to a reduced MAS rate

corresponding to 1/32 of the MAS period. Other experimental parameters we

carbon-13 p-pulse length was 7.7 ls.
In our previous publication [19] a brief description of

CSA amplification was given, along with timings suit-

able for sequences with five p-pulses symmetrically dis-
posed within an integral number of rotor periods. More

recently, we have shown how the combination of CSA

amplification and rotor-synchronization can be used to

measure orientation distributions in macroscopically

ordered samples [20]. In the current paper, we give a full

treatment of the necessary theory and derive new ana-

lytical solutions for the timings in sequences of four and

seven p-pulses. The latter have enhanced amplification
factors compared to those with five p-pulses, while the

former minimize the number of pulses required in

the experiment. We show that accurate values of

the principal components of chemical shift tensors can

be measured using CSA amplification and assess the
oside recorded at a rate of 4 kHz using a 7.5mm MAS probe and a

he MAS rate was stabilized to �1Hz. Proton decoupling with a field

68 ms. The full spectral width was 30 kHz and 32 scans were acquired.

side recorded with a MAS rate of 4 kHz and an amplification factor of

l section. Note the substantial number of spinning sidebands for each

of 500Hz. There were 32 t1 values in total with an increment of 7.81ls,
re as for (A) except that 48 scans were acquired per increment, and the
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reliability of these measurements in the presence of
experimental imperfections and resonance offset.
2. Theory of CSA amplification

2.1. MAS sideband intensities

The orientation of the CSA principal axis frame of a
particular spin site relative to the MAS rotor is given by

the Euler angles (a, b, cÞ. Following Antzutkin et al. [21]

we consider a ‘‘carousel’’ of sites which have a single value

of a andb, but a uniform and continuous distribution of c
angles. The NMR precession frequency of sites within a

carousel xcðt; cÞ can be written as a Fourier series

xc t; cð Þ ¼
X2
m¼�2

x mð Þ
c cð Þ exp imxrtð Þ: ð1Þ

The coefficients xðmÞ
c are given by

x mð Þ
c cð Þ ¼

X2
n¼�2

D2
n�m a; b; cð Þd2

�m0 b0ð ÞA2n þ dm0xiso; ð2Þ

where the A2n are the components of the chemical shift

tensor, b0 is the magic angle and the isotropic shift xiso

depends on the offset from the carrier frequency xRF

xiso ¼ x0 1ð � risoÞ � xRF: ð3Þ
The Wigner rotations Dða; b; cÞ and dðbÞ are defined

here according to the convention of Spiess in which a is
the angle of rotation of the original tensor about its own

z-axis. Neglecting relaxation the MAS FID for sites in

the carousel can be written as [21]

Sc t; cð Þ ¼ exp i x 0ð Þ
c t

��
þ nc t; cð Þ � nc 0; cð Þ þ /c 0; cð Þ

��
;

ð4Þ
where nc is defined by

nc t; cð Þ ¼
X
m 6¼0

x mð Þ
c cð Þ exp imxrtð Þ

imxr
: ð5Þ

The difference ncðt; cÞ � ncð0; cÞ is the phase angle accu-

mulated by the transverse magnetization during the ac-

quisition time, while /cð0; cÞ represents its initial phase
which is independent of orientation under normal cir-

cumstances.
It has recently been shown [21] that many features of

MAS, such as the uniform phase of the sidebands or their

suppression in the TOSS experiment, can be explained

using symmetry arguments. These arise from the fact

that orientations within a carousel experience the same

spin precession frequencies at different times during a

MAS period. The coefficients x mð Þ
c cð Þ have the symmetry

x mð Þ
c cð Þ ¼ x mð Þ

c 0ð Þ exp imcð Þ; ð6Þ
which implies a time/orientation equivalence for ncðt; cÞ
of the form
nc t; cð Þ ¼ nc tð þ c=xr; 0Þ ¼ nc 0; cð þ xrtÞ: ð7Þ
The intensities of the spinning sidebands can be ex-

tracted from Eq. (4) using a Fourier series expansion

exp inc 0;uð Þf g ¼
X1
j¼�1

Fj exp ijuð Þ; ð8Þ

where the coefficients Fj are given by

Fj ¼
1

2p

Z 2p

0

exp inc 0;uð Þf g exp ð � ijuÞdu: ð9Þ

Assuming zero initial phase, Eq. (4) becomes

Sc t; cð Þ ¼
X1

j0;j¼�1
F �
j0 Fj exp ic jðf � j0Þg exp ijxrtð Þ

� exp ix 0ð Þ
c t

� �
ð10Þ

and integrating over c gives the intensity Ij of the side-

band at xð0Þ
c þ jxr for the carousel as

Ij ¼
X1
j0¼�1

F �
j0 Fj

1

2p

Z 2p

0

exp ic jðf � j0Þgdc ¼ F �
j Fj: ð11Þ

So long as the distribution of c values is uniform and

continuous the sideband intensities are real. In order to

obtain the correct sideband intensities for a powder

sample, further integration over the Euler angles a and b
is required.

2.2. A two-dimensional experiment which correlates fast

and slow spinning sideband patterns

CSA amplification by a factor N is achieved in the x1

dimension of a two-dimensional experiment by ensuring

that phase accumulation under the anisotropic chemical

shift occurs N times more rapidly in t1 than in t2. It will be
shown below that the required two-dimensional FID is

Sc t1; t2; cð Þ ¼ exp i½f � Nnc 0; cð þ xrt1Þ
þ Nnc 0; cð Þ�g exp i x 0ð Þ

c t2
��

þ nc 0; cð þ xrt2Þ
� nc 0; cð Þ

��
; ð12Þ

where relaxation has been neglected. Note that phase

accumulation under the isotropic chemical shift is re-

stricted to t2 and that N is not necessarily an integer. In

this case sideband intensities can be extracted using a
modified Fourier series expansion

exp iNnc 0;uð Þð Þ ¼
X1
j¼�1

F0
j exp ijuð Þ ð13Þ

with coefficients

F 0
j ¼

1

2p

Z 2p

0

exp iNnc 0;uð Þf gexp ð� ijuÞdu

¼ 1

2p

Z 2p

0

exp
X
m6¼0

x mð Þ
c 0ð Þexp imuð Þ
m xr=Nð Þ

( )
exp ð� ijuÞdu;

ð14Þ
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which are identical to the Fj except for the replacement
of xr by xr=N . Following the treatment above, the

carousel signal becomes

Sc t1; t2; cð Þ ¼
X1

j0 ;j;k0 ;k¼�1
F 0
j0F

0�
j F �

k0Fk exp ic j0
��

þ k � j� k0
��

� exp ijxrt1ð Þ exp i x 0ð Þ
c

��
þ kxr

�
t2
�

ð15Þ

and the intensity of the sideband at co-ordinates (jxr,

kxr) in the two-dimensional spectrum is

Ij;k ¼
X1
j0¼�1

F 0
j0F

0�
j F �

j0�jþkFk ð16Þ

because components which do not satisfy

j0 � jþ k � k0 ¼ 0 vanish in the integral over c. Pro-

jecting onto x1 gives the intensity of the sideband at jxr

as

Ij ¼
X1
k¼�1

Ij;k ¼
X1
j0¼�1

F 0
j0F

0�
j

X1
k¼�1

F �
j0�jþkFk: ð17Þ

Because of the normalization of expðincðuÞÞ, the coeffi-

cients Fk satisfyX1
k¼�1

FnþkF �
k ¼ 0; n 6¼ 0;

X1
k¼�1

FnþkF �
k ¼ 1; n ¼ 0:

ð18Þ

Hence, the only non-zero component in Eq. (17) occurs

for j ¼ j0 when the summation over k is unity and

Ij ¼ F 0
j F

0�
j : ð19Þ

Because the definition of F 0
j in Eq. (14) is identical to

that of Fj in Eq. (9) except for the replacement of xr by

xr=N , the sideband intensities in the projection onto the

x1 dimension are identical to those which would be

observed with the CSA amplified by a factor N . Note,

however, that the sidebands appear at integer multiples

of the actual MAS rate xr in x1.

2.3. CSA amplification sequences

The method of CSA amplification described here in-

volves the use of sequences of p-pulses to manipulate the

initial phase term in Eq. (4). It is shown here that for

amplification by a factor N the phase accumulated by

the end of the sequence /cð0; cÞ must be equal to
Nncð0; cÞ for all sites in the carousel. In the following

discussion, the time origin is assumed to be at the end of

the sequence which has total duration T with pulses

applied at timings tðpÞ � T . The experiment shown in

Fig. 2 uses two identical sequences which are separated

by an time t1 during which a component of the mag-

netization is stored on the z-axis. The magnitude of the

stored component depends only on the phase accumu-
lated during the first of the two sequences and the phase
u3 of the first carbon-13 p=2 pulse. From Eq. (4) the two
parts of the two-dimensional signal recorded with u3 set

to p=2 and p, respectively are

SRe
c t1; t2; cð Þ ¼ cos Nnc 0; cð Þf g
� exp i x 0ð Þ

c t2
��

þ nc 0; cð þ xrt1 þ xrt2Þ
� nc 0; cð þ xrt1Þ þ Nnc 0; cð þ xrt1Þ�g;

SIm
c t1; t2; cð Þ ¼ sin Nnc 0; cð Þf g
� exp i x 0ð Þ

c t2
��

þ nc 0; cð þ xrt1 þ xrt2Þ
� nc 0; cð þ xrt1Þ þ Nnc 0; cð þ xrt1Þ�g:

ð20Þ

These two parts are combined in the receiver to give

Sc t1; t2; cð Þ ¼ SRe
c t1; t2; cð Þ � iSIm

c t1; t2; cð Þ
¼ exp f � iNnc 0; cð Þg exp i x 0ð Þ

c t2
��

þ nc 0; cð þ xrt1 þ xrt2Þ
� nc 0; cð þ xrt1Þ þ Nnc 0; cð þ xrt1Þ�g ð21Þ

and a trivial change of variable c0 ¼ cþ xrt1 results in

Sc t1; t2; cð Þ ¼ exp f � iNnc 0; c0ð � xrt1Þg
� exp i x 0ð Þ

c t2
��

þ nc 0; c0ð þ xrt2Þ
� nc 0; c0ð Þ þ Nnc 0; c0ð Þ

��
; ð22Þ

which is identical to Eq. (12) apart from the reversal of

the t1 axis.

It follows from the above that CSA amplification can

be achieved if the timings of the q p-pulses in both se-

quences are chosen so that /cð0; cÞ ¼ Nncð0; cÞ. The

phase accumulated during a sequence containing q
p-pulses is [21]

/c 0; cð Þ ¼ x 0ð Þ
c sþ nc 0; cð Þ

� ð � 1Þq 2
Xq
p¼1

ð
(

� 1Þpnc t pð Þ�
� T ; c

�
þ ncð � T ; cÞ

)
;

ð23Þ

where an infinitely strong RF field has been assumed
and

s ¼ T � 2
Xq
p¼1

ð � 1Þp�qtðpÞ: ð24Þ

When s ¼ 0 the end of the sequence coincides with a

spin echo and phase shifts for different sites are avoided.

In this situation CSA amplification by a factor N results

from pulse timings tðpÞ which satisfy

Nð � 1Þnc 0; cð Þ þ ð � 1Þq 2
Xq
p¼1

ð
(

� 1Þpnc t pð Þ�
� T ; c

�

þ ncð � T ; cÞ
)

¼ 0: ð25Þ

Using the definition of nc Eq. (25) can be expanded to

give four simultaneous equations for the tðpÞ given by
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N � 1þ ð � 1Þq exp ð � imxrT Þ

2
Xq
p¼1

ð
(

� 1Þp exp imxrt pð Þ� �
þ 1

)
¼ 0 ð26Þ

for m ¼ �1 and m ¼ �2.
3. Timings

3.1. Analytical solutions for four-pulse sequences

For a sequence consisting of four p-pulses with a total
duration equal to an integer number of rotor periods nsr
Eq. (26) for the timings simplifies to

N � 1þ 2
X4
p¼1

ð
(

� 1Þp exp imxrt pð Þ� �
þ 1

)
¼ 0 ð27Þ

for both m ¼ �1 and m ¼ �2. Analytical solutions for

four pulses can be found by following the procedure used

by Antzutkin et al. [21] for finding TOSS timings. The

four equations which make up the real and imaginary

parts of Eq. (27) can be transformed to a new system

sin a=2ð Þ cos b=2ð Þ � sin c=2ð Þ cos d=2ð Þ ¼ 0;

sin a cos b� sin c cos d ¼ 0;

� cos a=2ð Þ cos b=2ð Þ þ cos c=2ð Þ cos d=2ð Þ þ N=4 ¼ 0;

� cos a cos bþ cos c cos dþ N=4 ¼ 0;

ð28Þ
where a ¼ xrðtð1Þ þ tð3ÞÞ, b ¼ xrðtð3Þ � tð1ÞÞ, c ¼ xrðtð2Þ þ
tð4ÞÞ, and d ¼ xrðtð4Þ � tð2ÞÞ. The first pair of Eq. (28) are
satisfied trivially for sinða=2Þ ¼ sinðc=2Þ ¼ 0, such that

a ¼ 2pk1 and c ¼ 2pk2 where k1 and k2 are integers.
Under these circumstances the second pair becomes

�ð�1Þk1 cos b=2ð Þþð�1Þk2 cos d=2ð ÞþN=4¼0

cos b=2ð Þf þcos d=2ð Þg cos b=2ð Þf �cos d=2ð ÞgþN=8¼0

ð29Þ
and their solutions are

b ¼ 2ð � 1Þk3 cos�1 � 1ð Þk1
8

Nð
(

þ 2Þ
)

þ 4pk5;

d ¼ 2ð � 1Þk4 cos�1 � 1ð Þk2þ1

8
Nð

(
� 2Þ

)
þ 4pk6;

ð30Þ
Table 1

Examples of the shortest realizable pulse timings tðpÞ for four-pulse sequence

Nðk1; k2)a tð1Þ=sr tð2Þ=sr t

2(1,2) 0.16667 0.75000 0

3(1,2) 0.14255 0.73005 0

4(1,2) 0.11503 0.70978 0

5(1,2) 0.08043 0.68882 0

6(1,2) 0.00000 0.66667 1

aAll other ki are 0 for the these solutions.
where k1–k6 are integers. Hence, possible timings are
given by

xrt 1ð Þ ¼ p k1ð � 2k5Þ� ð� 1Þk3 cos�1 � 1ð Þk1
8

Nð
(

þ 2Þ
)
;

xrt 2ð Þ ¼ p k2ð � 2k6Þ� ð� 1Þk4 cos�1 � 1ð Þk2þ1

8
Nð

(
� 2Þ

)
;

xrt 3ð Þ ¼ p k1ð þ 2k5Þþ ð� 1Þk3 cos�1 � 1ð Þk1
8

Nð
(

þ 2Þ
)
;

xrt 4ð Þ ¼ p k2ð þ 2k6Þþ ð� 1Þk4 cos�1 � 1ð Þk2þ1

8
Nð

(
� 2Þ

)
:

ð31Þ
Real solutions to Eq. (28) lie in the range

�6 < N < 6, and therefore the maximum amplification

factor which can be achieved using four p-pulses is

N ¼ 6. Realizable four-pulse sequences with an
accessible spin echo must have all tðpÞ > 0 and

tð1Þ < tð2Þ < tð3Þ < tð4Þ < T . Examples of short realizable

four-pulse sequences for amplification factors 2 < N < 6

are given in Table 1 with timings as fractions of a rotor

period. Note that all these sequences last two rotor pe-

riods, and that an amplification factor of 6 can be

achieved with three p-pulses and a phase reversal of u1

and u4. Longer sequences with different values for ki can
be used at high MAS rates to avoid overlap of pulses.

Numerical searches for timings have not produced any

additional values.

3.2. Analytical solutions for five-pulse sequences

An attempt to find general sequences which contain

more than four p-pulses results in an under-determined
Eq. (26). However, sequences which contain five p-
pulses symmetrically disposed about T=2 with a total

duration equal to an integer number of rotor periods

can be found and were discussed in [19]. In this case

T ¼ nsr, tð3Þ ¼ T=2, tð4Þ ¼ T � tð2Þ, tð5Þ ¼ T � tð1Þ, the

imaginary part of Eq. (26) is zero and the equation

system becomes

4 cos xrt 1ð Þ� �
� 4 cos xrt 2ð Þ� �

þ N þ 2ð�1Þn � 2 ¼ 0;

4 cos 2xrt 1ð Þ� �
� 4 cos 2xrt 2ð Þ� �

þ N ¼ 0:

ð32Þ
s

ð3Þ=sr tð4Þ=sr T=sr

.83333 1.25000 2.00000

.85735 1.26995 2.00000

.88497 1.29022 2.00000

.91957 1.31118 2.00000

.00000 1.33333 2.00000



80 L. Shao et al. / Journal of Magnetic Resonance 167 (2004) 75–86
Solutions for timings in sequences with n even and odd
are given by

xrt 1ð Þ ¼ p� ð � 1Þk1 cos�1 N � 2

8

� �
þ 2pk3;

xrt 2ð Þ ¼ ð � 1Þk2 cos�1 N þ 2

8

� �
þ 2pk4

ð33Þ

and

xrt 1ð Þ ¼ p� ð � 1Þk1 cos�1 16þ N 2 � 10N
8 N � 4ð Þ

� �
þ 2pk3;

xrt 2ð Þ ¼ ð � 1Þk2 cos�1 16þ N 2 � 6N
8 N � 4ð Þ

� �
þ 2pk4;

ð34Þ
respectively, where k1–k4 are integers. For n odd

there are real solutions to Eq. (32) in the ranges

�3:12 < N < 3:12 and 6 < N < 8, while for n even there

are solutions in the range �6 < N < 6, so that the

maximum amplification factor which can be achieved

using five p-pulses is N ¼ 8. Examples of short five-pulse

sequences for amplification factor 2 < N < 8 were given
previously in Table 2 of [19].

3.3. Analytical solutions for seven-pulse sequences

The form of Eq. (26) suggests that symmetrical se-

quences of duration T ¼ 4sr with tð2Þ ¼ T=4, tð4Þ ¼ T =2,
tð5Þ ¼ T � tð3Þ, tð6Þ ¼ T � tð2Þ, and tð7Þ ¼ T � tð1Þ should

give large amplification factors. For these sequences the
equation system becomes

4 cos xrt 1ð Þ� �
þ 4 cos xrt 3ð Þ� �

þ N � 8 ¼ 0;

4 cos 2xrt 1ð Þ� �
þ 4 cos 2xrt 3ð Þ� �

þ N � 8 ¼ 0
ð35Þ

and solutions are given by

xrt 1ð Þ ¼ ð � 1Þk1 cos�1 1

 
� N

8
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12N � N 2

p

8

!
þ 2pk3;

xrt 3ð Þ ¼ ð � 1Þk2 cos�1 1

 
� N

8
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12N � N 2

p

8

!
þ 2pk4;

ð36Þ

where k1–k4 are integers. There are real solutions in the

range 6 < N < 12 and examples of realizable seven-

pulse sequences with well-spaced pulses and N > 8 are

shown in Table 2.
Table 2

Examples of the shortest realizable pulse timings tðpÞ for seven-pulse sequenc

Nðk3; k4)a tð1Þ=sr tð2Þ=sr tð3Þ=sr tð4Þ=sr

9(0,1) 0.16212 1.00000 1.39100 2.00000

10(0,1) 0.20000 1.00000 1.40000 2.00000

11(0,1) 0.24370 1.00000 1.39485 2.00000

12(0,1) 0.33333 1.00000 1.33333 2.00000

aAll other ki are 0 for these solutions.
4. Experimental

The pulse sequence used here to record two-dimen-

sional MAS spectra with CSA amplification in the x1

dimension is shown in Fig. 2. The t1 time is incremented

by some convenient fraction, usually 1/16 or 1/32, of the

rotor period and the timings of the p-pulses are given

above. In order to reconstruct the required two-dimen-

sional FID two experiments are necessary in which the
phase of the carbon-13 p=2 storage pulse u3 is alternated

p=2; p or 3p=2, 0 when using sequences with an odd or

even number of pulses, respectively. The two experi-

ments can be combined in the receiver by simultaneously

shifting the reference phase from 0 to p=2. Further phase
cycling of the carbon-13 pulses selects changes in co-

herence order Dp ¼ �1 with u1 and u4 and Dp ¼ 0;�2

across the whole of each sequence with u2 and u5. A
possible phase cycle and sample pulse programs are

available on the Website http://www.nott.ac.uk/~pczjt/.

In common with 2D-PASS there is no need to retain

pure absorption two-dimensional lineshapes, because

the periodic nature of the signal in the indirect dimen-

sion ensures that there is no linewidth in x1. Recon-

struction of the required FID in the receiver as described

above allows the two-dimensional spectrum to be ob-
tained by straightforward complex Fourier transfor-

mation with respect to both t1 and t2, after weighting as

normal in the detection dimension. However, in order to

preserve the periodic signal in t1, it is important that no

weighting functions are applied in the indirect dimen-

sion prior to Fourier transformation. Although the two-

dimensional peaks which result are of mixed phase, the

vanishing x1 linewidth means that there is no detri-
mental effect on the spectrum. Phase corrections in x2

are made by inspecting the x1 ¼ 0 slice of the two-di-

mensional spectrum. An additional first order correction

in x1 is usually required because of the finite widths of

the p=2 storage pulses. Finite pulse length effects and

other errors are discussed in more detail below. It should

be noted that, because of the reversal of the sign of t1 in
Eq. (22), sidebands at x1 ¼ jxr with j negative appear
at positive frequencies in x1 and vice versa.

This somewhat non-standard processing procedure is

illustrated in Fig. 3 which shows a carbon-13 CSA am-

plification experiment for DLDL-tryptophan recorded at a

Larmor frequency of 75.47MHz and a MAS rate of
es

tð5Þ=sr tð6Þ=sr tð7Þ=sr T=sr

2.60900 3.00000 3.83788 4.00000

2.60000 3.00000 3.80000 4.00000

2.60515 3.00000 3.75630 4.00000

2.66667 3.00000 3.66666 4.00000

http://www.nott.ac.uk/~pczjt/


Fig. 3. Processing procedure for the CSA amplification experiment. (A) Interferograms produced after weighting in t2, followed by complex Fourier

transformation with respect to t2. (B) Spectrum resulting from a subsequent Fourier transformation with respect to t1. (C) Spectrum after phase

correction in x2 in which the x1 ¼ 0 slice is purely absorptive, while a small x1-dependent phase error is apparent across the rest of the spectrum. (D)

Spectrum after application of a frequency-dependent phase correction in x1. This carbon-13 CSA amplification experiment for DLDL-tryptophan was

recorded at a Larmor frequency of 75.47MHz, spinning at 10 kHz in a 4mm MAS probe. A sequence with five p-pulses and an amplification factor

of 8 was chosen, resulting in an apparent rate of 1.25 kHz in the x1 dimension. The MAS rate was stabilized to �10Hz. The contact time was 1.5ms,

the proton decoupling field strength was 100 kHz, and the acquisition period lasted 41ms. The full spectral width was 50 kHz, and there were 16 t1
values in total with an increment of 6.25ls. The carbon-13 p-pulse length was 5.5 ls.
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10 kHz. An amplification factor of 8 was chosen, re-

sulting in an apparent rate of 1.25 kHz in the x1 di-

mension. Further experimental details are given in the

figure caption. The interferograms produced after

weighting in t2, followed by complex Fourier transfor-

mation with respect to t2 are shown in (A), while the

spectrum resulting from a complex Fourier transfor-
mation with respect to t1 is shown in (B). The effect of

phase correction in x2 is shown in (C) in which the

x1 ¼ 0 slice is purely absorptive, while a small x1-de-

pendent phase error is apparent across the rest of the

spectrum. Finally, (D) shows the result of applying a

frequency-dependent phase correction in x1. Note that

because of the mixed phase nature of the lineshapes, any

phase correction in x1 affects the appearance of the
spectrum in the x2 dimension. Fig. 3 also illustrates that

with relatively broad shift anisotropies when spinning at

faster MAS rates CSA amplification serves as an alter-

native to 2D-PASS, producing similar spectra with

comparable sensitivity.

The following precautions serve to improve the

quality of the CSA amplification spectra. Heteronuclear
decoupling is interrupted during carbon-13 p-pulses to

avoid unwanted Hartmann–Hahn contacts, and the

delays between the p-pulses are reduced in order to take

account of their finite length. The experiment requires

careful calibration of the p-pulses to reduce sideband

phase and amplitude distortions, and the quality of the

sideband suppression in a TOSS sequence with the same

number of p-pulses is a suitable calibration criterion.
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The effects of experimental imperfections, and to a lesser
extent resonance offsets, can be reduced in the case of

the five-pulse sequences by shifting the relative phases of

successive p-pulses through the series 0�, 330�, 60�, 330�,
and 0�, a procedure which has been used in a similar

context by Antzutkin et al. [21]. For four- and seven-

pulse sequences a similar level of compensation can be

achieved by replacing the p-pulses by composite pulses,

such as ðp=2Þ0pp=2ðp=2Þ0 [22]. Unless otherwise stated,
all experimental CSA amplification spectra shown in

this paper were recorded using the first of these

methods.
5. Results and discussion

5.1. Demonstration

Fig. 4 illustrates that the sideband intensities obtained

in the x1 dimension using CSA amplification are iden-

tical to those observed in the normal MAS spectrum at

the apparent rate. A typical carbon-13 CSA amplifica-

tion spectrum of glycine[1-13C] recorded at a Larmor

frequency of 75.47MHz with a MAS rate of 12.5 kHz is

shown in (A). At this MAS rate spinning sidebands in
the x2 dimension are negligible. In this particular case

an amplification factor of 10 was chosen, resulting in an

apparent rate of 1.25 kHz in the x1 dimension and

composite p-pulses were used. Further details are given

in the figure caption. A series of spectra were recorded at

different MAS rates with amplification factors chosen so

that the apparent rate remained 1.25 kHz. The x1 side-
Fig. 4. (A) Carbon-13 CSA amplification spectrum of glycine[1-13C] recorded

MAS probe. A sequence with seven p-pulses and an amplification factor o

dimension. Composite p-pulses of the type (p=2Þ0pp=2ðp=2Þ0 were used. The

proton decoupling field strength was 100 kHz, and the acquisition period laste

in total with an increment of 5.0ls. The carbon-13 p-pulse length was 5.0l
different MAS rates with amplification factors chosen so that the apparent

square 5, open diamond 6, open upward triangle 7, open downward triangle

11, filled square: 12. Sideband intensities obtained from the normal MAS sp
band intensities measured for the glycine carbonyl site
from the whole series are compared in (B) (symbols)

which also shows those obtained from the normal MAS

spectrum at 1.25 kHz (line). The good agreement be-

tween the sideband intensities demonstrates that CSA

amplification functions correctly.

As a further test of CSA amplification, the principal

components of the shift tensors of methyl-a-DD-gluco-
pyranoside were extracted from the x1 sideband inten-
sities measured from the spectrum of Fig. 1(B). The

results, obtained using a fitting procedure based on the

method of Herzfeld and Berger [3], are shown in Table

3. Since Eq. (17) involves a projection onto the x1 axis,

the contributions from any residual sidebands in the x2

dimension were included in the total for each x1 inten-

sity. This procedure is necessary to obtain accurate

values of the principal components. Problems arising
from overlap of x2 sidebands from different chemical

sites are minimized by the relatively high MAS rates

which can be used with CSA amplification. For com-

parison the average of three separate measurements

from the literature [6,23,24] are also shown in Table 3.

The difference between the principal components

derived from the CSA amplification and the average of

the literature values rarely exceeds 2 ppm, while the
spread of the literature values is as much as 5 ppm for

some sites. Of particular note is site (1), for which values

of the asymmetry (defined as g¼ ðr22 � r11Þ=ðr33 � risoÞ
with jr33 � risoj > jr11 � risoj > jr22 � risoj) between 0

and 0.44 have been reported previously. The CSA am-

plification measurement for this site results in principal

components which agree to within 2 ppm with those
at a Larmor frequency of 75.47MHz, spinning at 12.5 kHz in a 4mm

f 10 was chosen, resulting in an apparent rate of 1.25 kHz in the x1

MAS rate was stabilized to �10Hz. The contact time was 1.5 ms, the

d 41 ms. The full spectral width was 50 kHz, and there were 16 t1 values
s. (B) Sideband intensities from a series of similar spectra recorded at

rate remained 1.25 kHz. Reduction factors were: open circle 4, open

8, filled diamond 9, filled upward triangle 10, filled downward triangle

ectrum at 1.25 kHz are shown with a solid line.



Fig. 5. Simulated CSA amplification spectra, produced as described in

the text using (A) ideal pulses with infinite RF amplitude, (B) a RF

amplitude of 60 kHz and (C) an actual MAS rate which deviates by 20

Hz from the nominal rate. Note that the delays between pulses in (B)

were reduced to compensate for their length. The main effect of both

finite rf amplitude and fluctuation in the MAS rate is a x1-dependent

phase error.

Table 3

CSA amplification measurements of principal components of shift

tensors in methyl-a-glucopyranoside and comparison with literature

values

Sitea r11 (ppm)b r22 (ppm) r33 (ppm)

1 92 (89)c 95 (93) 118 (119)

4 61 (57) 73 (73) 94 (95)

3 59 (58) 72 (70) 95 (95)

2,5 89 (87) 77 (77) 54 (52)

6 90 (89) 67 (69) 36 (33)

7 89 (87) 70 (72) 12 (12)

a Sites are labelled in accordance with Sastry et al. [23].
b Principal components are labelled according to the convention

jr22 � risoj < jr11 � risoj < jr33 � risoj.
cNumbers in brackets are the average of the literature values

[6,23,24].
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obtained in a single crystal study by Sastry et al. [23].

The good agreement shown in Table 3 demonstrates

that the principal components can be obtained accu-

rately using CSA amplification. The fact that the spec-

trum in Fig. 1(B) was recorded with just 48 scans per t1
increment indicates the reasonable sensitivity of the

method.

5.2. Reliability of sideband patterns

The theory of CSA amplification described above

assumes p-pulses which are infinitesimally short, exactly

synchronized with the MAS rotor and correctly cali-
brated. In practice, experimental imperfections, such as

finite RF amplitude, fluctuations in the MAS rate and

B1 inhomogeneity, as well as off-resonance effects are

expected to cause x1 sideband intensities to deviate from

the values expected for xr=N . The experimental results

described above demonstrate that such deviations are

sufficiently small to allow accurate values of the princi-

pal components to be measured using CSA amplifica-
tion. However, in order to investigate the role of

experimental imperfections and off-resonance effects

further, simulations have been carried out using the

SIMPSON program due to Bak et al. [25].

The simulations shown here involve a carbon-13 nu-

cleus with a chemical shift anisotropy (defined as

d ¼ r33 � risoÞ of 25 ppm and an asymmetry of 0.25. In

each case the Larmor frequency was 75.47MHz and the
MAS rate was 3.2 kHz. CSA amplification by a factor 8

was achieved using a 5-pulse sequence, giving an ap-

parent rate of 400Hz in the x1 dimension. The two-di-

mensional FID which results from this sequence was

generated with 16 t1 increments and 256 acquisition

points by direct calculation of the full MAS propagators

for the entire pulse sequence, including the effect of finite

RF amplitude. Powder averaging was achieved using 20
(a; bÞ orientations, following the REPULSION scheme

[26] and 40 uniformly distributed c values. Zero-filling to
1024 points and line broadening were applied in x2
before a double complex Fourier transform to produce
the two-dimensional spectrum. Many simulations were

carried out with other CSA tensors, MAS rates and

amplification factors, but the overall assessment of the

reliability of CSA amplification was unchanged.

Experimental imperfections distort the CSA amplifi-

cation spectrum in two distinct ways. The first is the

introduction of a x1-dependent phase error which, be-

cause of the phase-twist nature of the two-dimensional
lineshapes, is apparent in x2. In order to illustrate this,

the CSA amplification spectrum simulated using ideal

pulses with infinite RF amplitude is shown in Fig. 5(A).

Similar simulations are shown in (B) for a RF amplitude

of 60 kHz and (C) with an actual MAS rate which de-

viates by 20Hz from the nominal rate of 3.2 kHz used to

calculate the pulse timings. A small, but appreciable, x1-

dependent phase error arises in (B) because of the finite
length of the p=2 storage pulses and in (C) because of

the loss of rotor synchronization in t1. However, it

should be noted that these distortions can be eliminated

by a phase correction, as shown in Fig. 3. Only finite RF
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amplitude makes an appreciable contribution under the
experimental conditions used here, since the MAS rate

can be stabilized to within �1Hz.

More critical is the effect that experimental imper-

fections have on the reliability of the sideband patterns

produced. In order to investigate this aspect further, the

mismatch between the sideband intensities simulated for

CSA amplification and those expected from MAS is

quantified using the parameter

v2 ¼
X
j

Ij



� IMAS
j

�2
: ð37Þ

In our experience for the parameters used here v2 must

remain below 1.0 to give an acceptable error of less than
2 ppm in the principal components of shift tensors

measured using CSA amplification.

Fig. 6 illustrates the effect of fluctuations in the MAS

rate. Three sets of simulations were carried out in which

the actual rate deviated from the nominal rate of

3.2 kHz by up to �50Hz and the RF amplitude was

60 kHz (solid line), 100 kHz (dashes) and 140 kHz (dots),

respectively. The resulting plots of the mismatch pa-
rameter v2 against the actual rate indicate that CSA

amplification is robust with respect to fluctuations in the

MAS rate. Provided that the MAS rate can be stabilized

to within �10Hz, the mismatch between the CSA am-

plification sideband pattern and that expected for MAS

is insignificant. However, if the actual MAS rate devi-

ates from the nominal rate by more than �40Hz, the

errors in the measured shift tensor become unaccept-
able. The detailed shape of the plots varies substantially

with the CSA tensor, nominal MAS rate and amplifi-
Fig. 6. Simulations which illustrate the effect on the reliability of the

CSA amplification experiment of fluctuations in the MAS rate. The

plot shows the mismatch parameter v2 described in the text as a

function of the actual MAS rate for simulated CSA amplification ex-

periments with a nominal MAS rate of 3200Hz. The RF amplitude

was 60 (solid line), 100 (dashes), and 140 (dots) kHz.
cation factor, but the range of actual rates which give
reliable results remains similar.

Fig. 7 illustrates the effect of pulse length miscali-

bration and B1 inhomogeneity. Three sets of simulations

were carried out in which the flip angle of the p-pulses
deviated from 180� by up to �50�. For the first set (solid
line) the phase of successive p-pulses remained constant,

while for the second set (dots) they were shifted through

the series 0�, 330�, 60�, 330�, and 0� as described above.
For the third set (dashes) the p-pulses were replaced by

composite pulses of the form ðp=2Þ0pp=2ðp=2Þ0. The RF

amplitude was 60 kHz in all three cases. The resulting

plots indicate that if the p-pulses in the CSA amplifi-

cation experiment have constant phases, a miscalibra-

tion of �10� is sufficient to result in an unacceptable

error in the measured shift tensor. Given the B1 inho-

mogeneity of commercial MAS probes, this degree of
accuracy in calibration may not be achievable for the

whole sample without restricting its volume. However, a

substantial improvement is obtained by the simple ex-

pedient of shifting the phases of successive p-pulses as

described above. In this case miscalibration up to �20�
gives an acceptable error in the measured CSA tensor.

Substituting composite pulses for the p-pulses gives a

further level of compensation, as confirmed experimen-
tally in Fig. 4.

Fig. 8 illustrates the effect of resonance offset which is

expected to be significant, since the experiment contains

a number of p-pulses. Three sets of simulations were

carried out in which the isotropic shift was

varied between �20 kHz and the RF amplitude was

60 kHz. These correspond to the simulated experiments
Fig. 7. Simulations which illustrate the effect on the reliability of the

CSA amplification experiment of pulse length miscalibration or B1

inhomogeneity. The plot shows the mismatch parameter v2 described

in the text as a function of the actual flip angle of the p-pulses for

simulated CSA amplification experiments using p-pulses with a con-

stant phase (solid line), with phases shifted through the series 0�, 330�,
60�, 330�, 0� (dots) and replaced by ðp=2Þ0pp=2ðp=2Þ0 composite pulses

(dashes).



Fig. 8. Simulations which illustrate the effect on the reliability of the

CSA amplification experiment of resonance offset. The plot shows the

mismatch parameter v2 described in the text as a function of the iso-

tropic shift for simulated CSA amplification experiments using a RF

amplitude of 60 kHz and p-pulses with a constant phase (solid line),

with phases shifted through the series 0�, 330�, 60�, 330�, 0� (dots) and
replaced by ðp=2Þ0ap=2ðp=2Þ0ða ¼ 240�Þ composite pulses (dashes). A

further simulation with an increased RF amplitude of 100 kHz and p-
pulses with phases shifted through the series 0�, 330�, 60�, 330�, 0� is
also shown (dots and dashes).
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described in Fig. 7, except that the composite pulses

used for the third set were of the form ðp=2Þ0ap=2ðp=2Þ0
with a ¼ 240� [27]. The fourth set (dots and dashes) is

equivalent to the second, but with the RF amplitude

increased to 100 kHz. A notable feature of all these plots

is their asymmetry. The plot shows that, contrary to

expectations, CSA amplification is reliable in the pres-

ence of quite significant resonance offsets.

5.3. Comparison with other methods

Several other experiments which correlate fast and

slow spinning sideband patterns have been suggested. In

contrast to the CSA amplification method described

here, these are not based on 2D-PASS, but involve the

insertion of p-pulses directly into the evolution period.
In the spin-echo experiment of Kolbert et al. [28] N � 1

p-pulses divide t1 into N equally spaced intervals and

delay the formation of rotational echoes, leading to the

observation of x1 sidebands at xr=N . This method was

demonstrated experimentally for N < 8. However, for

N > 2 the sideband patterns produced are not identical

to those obtained with MAS. In addition, the experi-

ment results in mixed-phase two-dimensional lineshapes.
Nevertheless, the spin-echo method has the advantage of

simplicity, and requires only a small number of p-pulses.
XCS [29] is a related constant time experiment in which

t1 determines the position of N=2p-pulses within a fixed

delay of duration Nsr This method was demonstrated

experimentally for N ¼ 6. Isotropic shifts can be elimi-
nated from t1 using two complementary spectra and a
special transformation. Hence, a minimal number of t1
increments suffices to sample the periodic evolution

under the anisotropic shift, so long as transverse relax-

ation can be neglected. In contrast to the spin-echo

method, the sideband patterns produced are identical to

those obtained with MAS. Very high values of N up to

30 have been observed using the recently proposed

ROSES method [30]. In this experiment, the chemical
shift evolution is interrupted for a part of each t1 in-

crement by a pair of refocusing p-pulses. Once again, the

sideband patterns are different from those observed with

MAS. In addition, a scaled isotropic shift remains in t1,
so that many increments are necessary. For long t1 times

the number of p-pulses is very large, and the experiment

is expected to be sensitive to off-resonance effects. To

date, none of these three methods has been assessed for
their reliability.

The main advantage of the CSA amplification ex-

periment is that of the 2D-PASS experiment on which it

is based. The genuine periodicity of the t1 evolution

under the anisotropic shift means that long two-di-

mensional experiments can be avoided. In addition, only

a small number of p-pulses are required, even for the

largest amplification factors. Transverse relaxation
during the sequences of q p-pulses causes loss of signal,
but the coincidence of rotor and spin echoes at the end

limits this to the contribution from the homogeneous

T2. Finally, the sideband patterns produced are identical

to those obtained with MAS at a rate xr=N . At this

stage, the main drawback appears to be that the addi-

tion of extra p-pulses to symmetrical sequences once

q > 7 results in a diminishing gain in the maximum
amplification factor.
6. Conclusions

An CSA amplification experiment which correlates a

fast MAS spectrum with the sideband pattern expected

for xr=N has been described in detail. New sequences
with seven p-pulses allow amplification factors as high

as 12. Measurements of narrow shift anisotropies can be

made with moderate MAS rates. These have been shown

to be reliable under normal experimental conditions. In

addition, the experiment functions as an alternative to

2D-PASS at fast MAS rates.
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