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Abstract

A new two-dimensional solid-state NMR experiment, which correlates slow and fast chemical shift anisotropy sideband patterns

is proposed. The experiment, dubbed ROSES, is performed under fast magic-angle spinning and leads to an isotropic spectrum in

the directly detected x2 dimension. In the evolution dimension x1, the isotropic chemical shift is reduced by a factor S, and spinning

sidebands are observed spaced by a scaled effective spinning speed xR=S. These spinning sidebands patterns are not identical to

those observed with standard slow magic-angle spinning experiments. Chemical shift anisotropy parameters can be accurately

extracted with standard methods from these spinning sideband patterns. The experiment is demonstrated with carbon-13 experi-

ments on powdered samples of a dipeptide and a cyclic undecapeptide, cyclosporin-A.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Magic-angle spinning (MAS), usually in combina-

tion with cross-polarization, has become the central

method for the study of powder samples in solid-state

NMR [1–3]. The chemical shift anisotropy (CSA) is a

powerful probe of molecular structure and dynamics

[4–7], and its measurement should lead to advances in

areas as diverse as inorganic materials and structural
biology. Under fast rotation at the magic angle, all of

the second rank interactions, such as the chemical shift

anisotropy, are effectively averaged to zero and high-

resolution spectra can be obtained with high sensitivity

for magnetically dilute spins, such as carbon-13 or ni-

trogen-15. In a slower spinning regime, when the

magic-angle spinning frequency xR is less than the

magnitude of the CSA, spinning sideband patterns are
observed [8]. These sideband patterns consist of a series

of resonances centered on the isotropic chemical shift

and spaced by xR. The intensity distribution of the

spinning sidebands is characteristic of the CSA tensor,
and the distribution is widely used to experimentally

determine CSA parameters [9,10]. Indeed, the spinning

sideband patterns can provide a more accurate deter-

mination of the CSA parameters than a non-spinning

spectrum [11].

However, since typical organic compounds present a

multitude of chemically inequivalent sites, spectral

overlap often prevents the extraction of CSA parameters
from either static or slow spinning spectra. To overcome

this drawback a series of two-dimensional (2D) experi-

ments have been proposed, the common principle of

these experiments being to use a second dimension to

separate overlapping resonances according to their iso-

tropic chemical shift.

A first class of experiments, performed at low MAS

spinning speeds, yields spectra showing spinning side-
bands in the directly detected x2 dimension, with either

an isotropic (sideband free) spectrum being obtained in

the indirect x1 dimension, in the case of MAT type

experiments [12–14], or a spectrum separated by

the sideband order in the case of PASS-type tech-

niques [15–17]. These experiments are widely used to
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determine CSAs for numerous nuclei, but they become
technically difficult to implement for small CSAs, since

for accurate measurements they require MAS spinning

speeds substantially smaller than the chemical shift

anisotropies.

A second class of experiments involves different ap-

proaches to reintroducing CSAs under fast MAS. These

experiments yield isotropic spectra in the directly de-

tected dimension (x2). One class of such experiments
includes a variety of methods for recoupling the an-

isotropy, leading to static-like scaled powder patterns

[18–22], or peaks at the principal values of the CSA

tensor [23] in the indirect dimension (x1). A second

approach involves 2D experiments which yield sideband

patterns in the indirect dimension where the spinning

sidebands appear at some fraction of the actual spin-

ning speed [24–26]. Notably, in this category Crockford
et al. [26] recently introduced a sequence based on a 2D

PASS approach which correlates fast and slow CSA

spinning sideband patterns. Sideband intensities ob-

served in the x1 dimension are identical to those ob-

tained in a standard MAS spectrum acquired at a

spinning speed xR=N , where the �reduction factor� N
can be as large as 8.

In this paper, we develop a new approach for 2D fast-
slow spinning correlation. In terms of the discussion

above, our approach is most closely related to the earlier

ideas of Kolbert et al. [24] and Gullion [25]. The ex-

periment is performed under fast MAS and yields fast

spinning isotropic spectra in the x2 dimension, with

spinning sidebands in the indirect dimension appearing

at multiples of an apparent spinning speed xR=S, where
the ‘‘scaling factor’’ S of the sequence is easily varied,
and is in theory not limited. The experiment yields

modified sideband patterns in x1, which are not identi-

cal to ‘‘standard’’ CSA sideband patterns, but which can

straightforwardly be used to determine the CSA pa-

rameters for each resolved site. Carbon-13 experiments

involving spinning speed scaling factors up to 30 have

been successfully performed.

2. Pulse scheme

The pulse sequence suitable for the carbon-13 fast-

slow correlation experiment is shown in Fig. 1. After

cross-polarization from protons, the carbon-13 magne-

tization evolves during t1 under a periodic rotor-syn-

chronized pulse sequence. Each period TS of this
sequence can be divided into two parts: a delay s, fol-
lowed by a rotor period TR which contains two p-pulses
spaced by half a rotor period: the first p-pulse is located
in the middle of this TR period while the second one

occurs at the end. The length of the s period determines

the spinning speed scaling factor of the sequence, which

as will be shown below, is given by S ¼ ðTR þ sÞ=s,

yielding spinning sidebands on the x1 dimension of the

corresponding spectrum spaced by xR=S. We dub this

experiment ROSES, for Results in the Observation of

Slower Effective Spinning.

3. Theory

For the theoretical development of the ROSES se-

quence, we choose to follow the conventions and no-

tations used by Antzutkin in [27]. Let us first describe

the chemical shift Hamiltonian using the irreducible
spherical tensor representation [28]. Considering a sin-

gle spin I ¼ 1=2 evolving only under the Zeeman and

chemical shift interactions, the rotating-frame Hamil-

tonian (with respect to Zeeman interaction) under MAS

is time-dependent and can be written for a single ori-

entation as

HðXPLðtÞÞ ¼ xiso

�
þ AL

20ðtÞ
�
Iz ¼ xðXPLðtÞÞIz ð1Þ

with xiso the isotropic-shift frequency in the rotating

frame, XPL the set of Euler angles describing the ori-

entation of the principle axes of the CSA tensor with

respect to the laboratory frame, and AL
20ðtÞ the time-

dependent anisotropic part of the CSA in the labora-

tory frame (index L). The frequency xðXPLðtÞÞ is

obtained by the successive transformations from the

principal axis system P of the CSA to the rotor-fixed
frame R (P ! R) and from the rotor-fixed frame R to

Fig. 1. Pulse sequence and coherence transfer pathways for the ROSES

experiment. The repeating unit TS during the evolution period consists

in the free adjustable delay s followed by one rotor period TR con-

taining two p-pulses. The phases /1 and /2 of the pi pulses are al-

ternated in order to reduce off-resonance effects. The pulses programs

and phase cycle used in this work are available from our website:

http://www.ens-lyon.fr/STIM/NMR.
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the laboratory frame L (R ! L). Using elements of the
Wigner rotation matrices of 2nd rank Dð2Þ

mnðXÞ, one

obtains

xðXPLðtÞÞ ¼ xiso þ
X2

m¼�2

AR
2mD

ð2Þ
m0ðXRLðtÞÞ

¼ xiso þ
X2

m¼�2

X2

m0¼�2

AP
2m0D

ð2Þ
m0mðXPRÞDð2Þ

m0ðXRLðtÞÞ

ð2Þ

with XRLðtÞ ¼ fa0
RL � xRt; hm; 0g the set of Euler angles

describing the MAS rotation with a spinning frequency
xR about an axis tilted by the magic angle hm ¼
arccosð1=

ffiffiffi
3

p
Þ with respect to the z-axis of the laboratory

frame. a0
RL is the initial phase of the rotor and can be

chosen arbitrarily. The spherical spatial tensors of the

CSA in the principal axis system are given by

AP
20 ¼ �x0 rP

zz

�
� riso

�
¼ xP

aniso; AP
2�1 ¼ 0;

AP
2�2 ¼ � gffiffiffi

6
p AP

20

ð3Þ

using the usual convention for ordering the chemical

shift principal values jrP
zz � risojP jrP

xx � risojP jrP
yy�

risoj. The isotropic shift riso, the anisotropy d, and the
asymmetry parameter g are defined as

riso ¼
1

3
rP
xx

�
þ rP

yy þ rP
zz

�
; d ¼ rP

zz � riso;

g ¼
rP
yy � rP

xx

rP
zz � riso

:

ð4Þ

Expanding the Wigner rotation matrix Dð2Þ
m0ðXRLðtÞÞ

of Eq. (2) with the reduced Wigner rotation matrix el-

ements dð2Þmn ðbÞ, xðXPLðtÞÞ can be expressed as a Fourier

series

xðXPLðtÞÞ ¼ xiso þ
X2

m¼�2

xðmÞðXPRÞ expðimxRtÞ

¼ xðt;XPRÞ ð5Þ

with the Fourier components

xðmÞðXPRÞ ¼
X2

m0¼�2

AP
2m0D

ð2Þ
m0mðXPRÞdð2Þ

m0 ðhmÞ


 expð�ima0
RLÞ: ð6Þ

We can now define for one crystallite orientation XPR

the total propagator UðTS; 0;XPRÞ over one TS period

under the ROSES sequence

UðTS; 0;XPRÞ ¼ UðpxÞU TS;
TR
2

	
þ s;XPR



U yðpxÞ


 U
TR
2

	
þ s; 0;XPR



; ð7Þ

where UðpxÞ ¼ expð�ipIxÞ is the propagator of an ideal p
pulse of phase x and Uðtb; ta;XPRÞ ¼ expf�iUðtb; ta;
XPRÞIzg the free evolution propagator under the inho-

mogeneous Hamiltonian of Eq. (1). The integrated phase

function is defined as:

Uðtb; ta;XPRÞ ¼
Z tb

ta

xðt;XPRÞdt: ð8Þ

Using a property of exponential operators [29],

UðpxÞUðtb; taÞU yðpxÞ ¼ U yðtb; taÞ; ð9Þ
the propagator of Eq. (7) can be rewritten:

UðTS; 0;XPRÞ ¼ U y TS;
TR
2

	
þ s;XPR



U

TR
2

	
þ s; 0;XPR




¼ exp

�
� i



� U TS;

TR
2

	
þ s;XPR




þ U
TR
2

	
þ s; 0;XPR


�
Iz

�

¼ exp f � iUROSESðTS; 0;XPRÞIzg: ð10Þ

The overall phase function of the ROSES sequence,
UROSESðTS; 0;XPRÞ, can be integrated using Eq. (5)

UROSESðTS; 0;XPRÞ ¼ xisos þ 2n
TR
2

	
þ s;XPR




� nðTR þ s;XPRÞ � nð0;XPRÞ ð11Þ

with the real function n(t;XPR) defined as

nðt;XPRÞ ¼
X2

m¼�2
m6¼0

xðmÞðXPRÞ expðimxRtÞ
imxR

¼
X2

m¼�2
m6¼0

nðmÞðt;XPRÞ: ð12Þ

We can now analyze the different contributions to

UROSESðTS; 0;XPRÞ according to their time dependence,

considering TR ¼ 2p=xR:

Uð0Þ
ROSESðTS; 0;XPRÞ ¼ xisos ¼ xiso

S
TS; ð13aÞ

Uð�1Þ
ROSESðTS; 0;XPRÞ ¼ �3nð�1Þðs;XPRÞ

� nð�1Þð0;XPRÞ

¼ �3nð�1Þ TS
S
;XPR

	 


� nð�1Þð0;XPRÞ; ð13bÞ

Uð�2Þ
ROSESðTS; 0;XPRÞ ¼ nð�2Þðs;XPRÞ � nð�2Þð0;XPRÞ

¼ nð�2Þ TS
S
;XPR

	 


� nð�2Þð0;XPRÞ ð13cÞ
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with the scaling factor S ¼ ðTR þ sÞ=s ¼ TS=s. As can be
seen from Eq. (13a), the isotropic chemical shift evolves

only during the s period. Thus the observed isotropic

chemical shift over one period of the ROSES sequence

(during the indirect detection period t1) is xiso=S, the
isotropic chemical shift scaled by the factor S. Analo-

gously the terms oscillating at xR and 2xR in Eqs. (13b)

and (13c) are as well only be effectively ‘‘active’’ during

the s period [30]. Again, this can be interpreted as a
scaling of the rotation frequency xR by the scaling fac-

tor S in the time-dependence of the Fourier components

nðmÞðt;XPRÞ in Eq. (12). Therefore, spinning sidebands

under ROSES will appear separated by the scaled ro-

tation frequency xR=S. However, the intensities of the

spinning sidebands will differ from those found for a

normal one-dimensional (1D) spectrum recorded at the

equivalent slower spinning speed, as the integrated
phase function components of Eqs. (13a) and (13b)

under ROSES are different from the components found

for free evolution. Nevertheless, the spinning sideband

pattern under ROSES still depends on the whole CSA

tensor and allows therefore the measurement of the

anisotropy and asymmetry parameters.

4. Simulations

Fig. 2a shows simulations of the effect of the RO-

SES sequence on a single spin with a pure isotropic

chemical shift (d ¼ 0) at a spinning speed of 20 kHz,

with various applied scaling factors. The numerical

simulations were done with SIMPSON software [31]

using standard methods [32]. The p-pulses were as-

sumed to be ideal. As expected, the isotropic shift riso

is scaled down by a factor S, so that resonance occurs

at frequency riso=S. This scaling of the isotropic

chemical shift in the indirect dimension is in practice

particularly useful for the 2D ROSES experiment,

where the spectral width xS in the evolution dimension

x1 is defined by xS ¼ 1=ðTR þ sÞ, which means that it

is limited by the actual spinning speed (xS < xR). The

scaling of the isotropic chemical shift leads in the in-
direct dimension to a translation of the spinning side-

band patterns for each site towards the center of the

spectrum. It is then always possible, using large scaling

factors, to have all the resonances within the spectral

width. Fig. 2b shows simulations under the same

conditions as Fig. 2a, for a non-zero symmetric CSA

(g ¼ 1) with zero isotropic shift. As predicted, for each

of the different scaling factors S, spinning sidebands
appear spaced by the frequency xR=S. This clearly

confirms that modifying the scaling factor of the RO-

SES experiment scales down the apparent spinning

speed, without affecting the apparent amplitude of the

anisotropy. Additionally, this also implies that it is not

possible to measure CSAs larger than the actual spin-

ning speed using ROSES, as the spinning sideband

-60-3003060 -60-3003060

(a) (b)

Carbon Chemical Shift (ppm)

Fig. 2. Simulations of the effect of the ROSES sequence on (a) a pure

isotropic 13C chemical shift of riso ¼ 80 ppm, (b) a CSA of d ¼ 60 ppm

with no isotropic chemical shift and g ¼ 1. A spinning speed of 20 kHz

was used. The delay s was set to obtain respective scaling factors of 5

(top), 11 (middle), and 21 (bottom). In (a), the isotropic chemical shift

is scaled as expected with the scaling factor given above. Spinning

sidebands, spaced with the effective spinning speeds of 4 kHz, 1818Hz,

and 952Hz respectively, are observed (b). The simulations were per-

formed with the program Simpson [31].

-10000010000

η = 0 

δ = 40 ppm 

δ = 80 ppm 

δ = 120 ppm 

η = 1 

-10000010000

η = 0.5 

-10000010000

Carbon Frequency (Hz)
η

δ

Fig. 3. Simulations showing the behaviour of the ROSES sequence as a

function of d and g. The actual spinning speed was set to 15 kHz, and a

ROSES scaling factor of 17.7 was used. Spinning sidebands appear at

multiples of the expected scaled spinning speed of 849Hz. The evo-

lution of CSA spinning sideband patterns is shown. Carbon frequen-

cies are given in unscaled units.
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patterns would not then fit within the x1 spectral

width. In most cases, this limitation does not affect the

study of nuclei with moderate CSAs, such as carbon-

13. In any case, as mentioned in the introduction, our

objective is to provide an experiment suited to the
measurement of small CSAs.

Fig. 3 presents the dependence of ROSES CSA side-

bands patterns on the chemical shift anisotropy d and the

asymmetry g. The simulations were performed with a

spinning speed of 15 kHz and a scaling factor of 17.7.

Both parameters d and g clearly affect the relative am-

plitudes of the observed spinning sidebands. As for a

standard magic-angle spinning experiment [11], CSA
parameters can therefore be reliably extracted from

ROSES spinning sideband patterns.

5. Experimental

Experiments were performed on a Bruker DSX 500

spectrometer (125.7MHz carbon-13 resonance fre-
quency), using a 2.5-mm double-resonance CPMAS

probe. Figs. 4 and 5 show x1 slices taken through a

carbon-13 2D ROSES spectrum on a powdered sample

of LL-alanyl-LL-aspartic acid. Due to the large number of

p-pulses applied during the evolution period, the RO-

SES experiment is quite sensitive to off-resonance effects.

Composite p-pulses (90�a � 270�aþ90� � 90�a) were used

[33], along with phase reversal for the two p-pulses in
each t1 increment, in order to reduce sensitivity to off-

resonance effects. The carbon-13 RF field strength was

set to 120 kHz, and no further phase cycling was used

for the p-pulses. Quadrature detection in x1 was

achieved using the States method [34].

Fig. 4a shows slices taken from the experimental

ROSES spectrum for the three carbonyl resonances in

the molecule. Fig. 4b shows simulations corresponding
to the ‘‘best fit’’ of these data obtained by iteratively

comparing the spectra manually with simulations. The

parameters for the anisotropy of the three sites obtained

in this way are given in Table 1, where they are com-
pared to both a reference value available in the literature

[35] for the CO-Ala site, and to the results obtained from

fits to an experimental 2D MAT spectrum obtained with

a 2 kHz spinning speed for all three sites. These com-

parisons are reproduced graphically in Figs. 4c and d

by simulations of ROSES spectra using the values of

Table 1. There is extremely good agreement between the

values of d obtained using ROSES and MAT, as well as
with the reference value. The value of the asymmetry

(c)

-4000-20006000 4000 2000 0

(a)

-4000-20006000 4000 2000 0

CO Asp

CO Ala

CγO Asp

Carbon Frequency (Hz)
-6000 -6000

Carbon Frequency (Hz)

(b)

-4000-20006000 4000 2000 0 -6000
Carbon Frequency (Hz)

-4000-20006000 4000 2000 0 -6000
Carbon Frequency (Hz)

(d)

Fig. 4. (a) F1 traces at the carbonyl resonances of a powder sample of LL-alanyl-LL-aspartic acid extracted from a 2D ROSES spectrum, (b) corre-

sponding best fits from experiment, (c) reference data from the literature [35], and (d) simulations using CSA parameters obtained previously from a

MAT spectrum acquired at 2 kHzMAS. The spinning speed was set to 20 kHz. Thirty-two scans were accumulated for each of the 256 points in the t1
dimension. The repetition time was 3 s. The s-delay during the evolution period t1 was set to 3ls to obtain a ROSES scaling factor of 17.7, cor-

responding to an effective scaled spinning speed of 1132Hz. Composite (90�a � 270�aþ90� � 90�a) pulses were used for the p-pulses during t1 evo-

lution. CSA parameters for (b), (c) and (d) are given in Table 1.

-1020 10 0 (ppm)

-2000-10002000 1000

*

0 (Hz)

Carbon Chemical Shift

(a)

(b)

Fig. 5. F1 traces extracted from 2D ROSES spectra, corresponding to

the CH3 resonance (Cb) of the alanine residue of a powder sample of

LL-alanyl-LL-aspartic acid. Both spectra were acquired with a 15 kHz

spinning speed and with ROSES scaling factors of (a) 21, and (b) 29.6,

corresponding to effective spinning speeds of 714 and 507Hz, res-

pectively. Thirty-two scans were acquired for each of the 256 points

in the t1 dimension, using a repetition time of 3.2 s. Composite

(90�a � 270�aþ90� � 90�a) pulses were used for the p-pulses during t1
evolution. Artefacts are indicated by asterisks.
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parameter determined by ROSES is also in very good
agreement with the reference value for the CO-Ala site.

There is a comparatively larger variation in the value of

g determined using ROSES and MAT for all three sites.

In this respect we remark that it is known that the de-

termination of g from MAT type sideband patterns is

known to be less accurate than the determination of d
[11], and that the accuracy deteriorates as the spinning

speed is increased. We estimate the error on the mea-
surement of g from these ROSES spectra with an ef-

fective spinning speed of 1.13 kHz to be around �0:1. It
appears from the data in Table 1 that the asymmetry

parameter is consistently slightly underestimated in the
MAT data obtained at 2 kHz.

A visual appreciation of the data in Fig. 4 indicates

that the centerband intensity seems to be weaker in the

experimental spectra than predicted by the simulations.

From Fig. 3, we also notice that the intensity of the

centerband is at first sight the most important feature

for the determination of the anisotropy parameter.

Nevertheless, closer inspection shows that the asymme-
try parameter is correlated to the relative intensities of

the entire set of sidebands. Thus, as demonstrated by the

fits to experiment (Fig. 4b), the asymmetry parameter

for the CcO resonance is determined with good accuracy

from the ROSES data. Other values of the asymmetry

parameter give consistently worse fits.

Fig. 5 shows slices corresponding to the CH3 reso-

nance of the alanyl residue of the dipeptide in the RO-
SES experiment. Both spectra were obtained with a

15 kHz spinning speed using two different scaling factors

(21 and 29.6). Fig. 6 shows data obtained with a ROSES

experiment performed under exactly the same condi-

tions as that of Fig. 5b, but with a powdered sample of

10mg of the cyclic undecapeptide cyclosporin-A at

natural abundance. These results show the applicability

of the experiment to relatively large molecules present-
ing complex 1D spectra.

6. Conclusion

A new 2D solid-state NMR experiment, which

correlates fast (isotropic) and slow (anisotropic) spin-

ning sideband patterns under fast MAS has been de-

scribed for measuring CSA. An effective spinning

speed xR=S is observed in the evolution dimension of

the periodic rotor-synchronized ROSES experiment.

Measurement of chemical shift anisotropy parameters
is straightforwardly available from analysis of the

spinning sideband intensities, which are different from

those observed in standard slow magic-angle spinning

experiments. Carbon-13 experiments involving spin-

ning speed scaling factors as large as 30 were pre-

sented in this paper, which are by far the largest

obtained to date. This type of experiment is therefore

expected to be particularly useful for measurements of
small chemical shift anisotropies, as is exemplified by

the data presented for carbon resonances containing

several observable sidebands even under 15 kHz spin-

ning. The simplicity of the periodic unit of the RO-

SES sequence, which involves two p-pulses, leads us to
believe that it is a promising candidate for adaptation

to proton spectroscopy, in combination with homo-

nuclear decoupling. Preliminary experiments on pro-
tons have been successfully performed on powder

samples of small molecules, and we are currently

pursuing these experiments.
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Fig. 6. F1 traces extracted from the aliphatic region of a 2D ROSES

spectrum of �10mg a powder sample of Cyclosporin-A. The spectrum

on the right corresponds to the F2 projection of the aliphatic region.

Artefacts are indicated by asterisks. Two hundred and fifty-six scans

were acquired for each of the 256 points in the t1 dimension. Other

experimental conditions were the same as for Fig. 5b.

Table 1
13C chemical sift anisotropy parameters for the carbonyl resonances of

LL-alanyl-LL-aspartic acid

CO Ala CcO Asp CO Asp

d (ppm) g d (ppm) g d (ppm) g

Literaturea )81.5 0.86

ROSESb )81.0 0.85 82.5 0.70 )71.5 0.95

MATb )82.4 0.85 82.3 0.51 )71.7 0.80

Corresponding spectra are shown in Figs. 4b–d.
a From Ref. [35].
b Fits were done by manually comparing the experimental spectra

of Fig. 4 with simulations. Experimental details are given in the text.
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