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Abstract

We describe a new method for exciting triple-quantum coherences in 13C-labelled powder samples under MAS. The proposed

method combines selective double-quantum excitation with rotational resonance and frequency-selective composite pulses. The spin

dynamics of this new method are described theoretically. Numerical calculations of the spin dynamics are compared to experimental

results on fully 13C-labelled LL-alanine. The observed triple-quantum filtering efficiency is around 10% for the most intense spectral

peak. The method is also demonstrated on other fully 13C-labelled compounds, including a uniformly 13C-labelled amino acid.

� 2003 Elsevier Science (USA). All rights reserved.
1. Introduction

The correlated nuclear spin states known as multiple-

quantum coherences are widely used in solid-state NMR

for studying molecular motions [1–3], molecular geom-
etry [4–17], and estimating the number of neighboring

spins in clusters [18–24]. Many of these methods require

the excitation of high multiple-quantum orders (larger

than 2). However, in the case of coupled spins 1/2 in

solids, high-order multiple-quantum excitation is often

inefficient. This is especially the case when magic-angle

spinning is performed in order to enhance resolution

and sensitivity, as it is often necessary for demanding
applications, for example structural investigation of

many biological systems. Since magic-angle spinning

(MAS) averages out the dipolar couplings, which are

necessary for multiple-quantum excitation in spin 1/2

systems, dipolar recoupling methods [25–31] must be

used, and it is difficult to control the spin dynamics with

sufficient accuracy to allow high-order multiple-quan-

tum excitation with reasonable efficiency.
In the case of nuclei such as 13C, multiple-quantum

excitation is especially difficult because of the large
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chemical shift interactions and the small size of the ho-

monuclear dipolar couplings. High-order multiple-

quantum 13C coherences have been observed in static

solids [21,22]. In [32], a broadband double-quantum (DQ)

recouplingmethodwas applied underMAS conditions on
a single-quantum state to lead to triple-quantum coher-

ence in 13C3 systems under MAS, but the maximum ex-

perimental triple-quantum (TQ)-filtering efficiency for

the total magnetization was only 4%. Recently, 13C mul-

tiple-quantum (MQ) coherences up to order 10 were ob-

served under fast MAS using zero-quantum recoupling

techniques [23]. The experimental TQ efficiency of this

technique is about 3%. A new TQ excitation method was
demonstrated with enhanced efficiencies for coupled 1H

systems, but no 13C results were shown [33].

In this paper, we apply a new approach to improve

the excitation of triple-quantum coherences (TQC) un-

der MAS. The method is applicable to clusters of three

coupled spin 1/2 nuclei, in which one of the three nuclei

has a well separated isotropic chemical shift from the

other two. This is a common case in the 13C NMR of
labelled amino acids and peptides, where the carbonyl
13C has an isotropic chemical shift value very different

from those of the Ca and side chain aliphatic carbon

atoms. We achieve an experimental TQ-filtering effi-

ciency of 9% for the total three-spin magnetization.
reserved.
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The topology of the coupling network and the pro-
posed excitation scheme is depicted in Fig. 1a. The three

spins in each cluster are depicted by circles and the

largest spin–spin couplings by lines. To a first approxi-

mation, the distant coupling between spins 1 and 3 is

ignored. It is assumed that the separation between the

isotropic chemical shifts of spins 1 and 2 is much larger

than that between spins 2 and 3, i.e., jDxiso
12 j � jDxiso

23 j,
where Dxiso

jk ¼ xiso
j � xiso

k , and xiso
j ¼ �cB0ðdiso

j � drefÞ.
Here diso

j is the isotropic chemical shift of spin j and dref

is the chemical shift value corresponding to the reference

frequency of the spectrometer. The experiment is carried

out at rotational resonance [34–36] between spins 1 and

2, i.e., xr ¼ jDxiso
12 j, where xr=2p is the MAS spinning

frequency in Hertz.

The pulse sequence involves the following steps: (A)

selectively excite DQ coherences between spins 2 and 3,
starting from a state of longitudinal magnetization; (B)

create a three spin correlated state exploiting free evo-

lution under rotational resonance between spins 1 and 2;

(C) apply a frequency-selective radio-frequency (rf)

pulse to spin 2 in order to create TQC. The intended

evolution of the density operator components are sket-

ched in Fig. 1b. In step A, the longitudinal sum mag-

netization of spins 2 and 3 is converted by the DQ
recoupling sequence into a superposition of (�2)-quan-

tum coherences. Spin 1 is not involved at this stage. In

step B, rotational resonance is used to selectively re-

couple spins 1 and 2, leading to transfer of the DQ co-

herence between spins 2 and 3 into DQ coherence
Fig. 1. (a) The model spin system and the atom numbering, together

with the corresponding spectrum. The double-arrowed lines mark the

recoupling modes active during the different pulse sequence blocks.

Block C involves selective manipulation of spin S2. (b) Graphical

representation of the density operator transformations during the TQ

excitation sequence.
between spins 1 and 3, antiphase with respect to spin 2
(depicted by operator components of the form I�1 I2zI

�
3 ).

In step C, the state of spin 2 is manipulated selectively,

without modifying the states of spins 1 and 3. This al-

lows the creation of TQ operator components (I�1 I
�
2 I

�
3 ).

As discussed below, the limiting efficiency of this

process in powder samples for the total magnetization is

around 21.5%. This represents a twofold enhancement

in theoretical efficiency over the method discussed in
[32]. In practice, there are losses due to relaxation and

we achieve a TQ-filtering efficiency for the total mag-

netization of 8.7% on [U-13C]-LL-alanine, which is two

times larger than the previously reported figure [32].

These enhancements improve the applicability of a va-

riety of methods, such as spin counting schemes [24] and

TQ-heteronuclear local field spectroscopy [12].
2. Materials and methods

The main model system used in this investigation is

98% [U-13C]-LL-alanine (Cambridge Isotope Laborato-

ries), with the molecular structure shown in Fig. 2, to-

gether with the assignment of the spins S1, S2, and S3.

The internuclear distances for LL-alanine are r12 ¼ 153:1,
r23 ¼ 152:4, and r13 ¼ 251:8 pm; the bond angle is

h ¼ 111� [37]. The isotropic chemical shift differences are

jDdiso
12 j ¼ 126:7 and jDdiso

23 j ¼ 30:9 ppm. In a field of 9.4 T

the n ¼ 1 rotational resonance [36] between S1 and S2 is

observed at a spinning frequency of 12.750 kHz. All spin

interaction parameters are known from previous studies

[38]. All simulations were performed on three-spin 1/2

systems neglecting protons using either SIMPSON
[39] or homebuilt software utilizing the COMPUTE

algorithm [40].

All experiments on [U-13C]-LL-alanine were performed

on a Varian Infinity Plus spectrometer operating at a

field of 9.4 T on a full 3.2 mm rotor, using a decoupling

field of jxI
nut=2pj ¼ 120 kHz, if not otherwise stated.

TPPM decoupling [41] was used during the acquisition

and rotational resonance evolution periods. The TPPM
sequence used pulses of duration 4.15 ls with phase

shifts �15�.
Fig. 2. Geometry of [U-13C]-LL-alanine.
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Sodium 99%-[U-13C]-propanoate and 98%-[U-13C],
96%-[U-15N]-LL-histidine (both from Cambridge Isotope

Laboratories) were studied at a field of 9.4 T, using full

4mm rotors, with a proton decoupling field of

jxI
nut=2pj ¼ 100 kHz.
3. Triple-quantum pulse sequence

3.1. Structure

The pulse sequence for TQ coherence excitation is

shown in Fig. 3. It is suitable for TQ excitation on

powdered samples containing clusters of at least three-

spin 1/2 nuclei with resolved isotropic chemical shifts.

The channel marked I in Fig. 3 indicates irradiation at

the frequency of the abundant spin species, in this case
protons, 1H. The channel marked S indicates irradiation

at the frequency of the dilute spin species, here 13C.

The pulse sequence consists of 8 blocks, denoted P,

A1, B1, C1, C2, B2, A2, and R. The preparation block P

consists of ramped cross-polarization [42] followed by a

p=2 pulse with a p=2 phase shift, to prepare enhanced

longitudinal S-magnetization. The blocks A1, B1, C1

convert this longitudinal magnetization into TQ coher-
ence, as discussed in detail below. The blocks C2, B2, A2

reconvert the TQ coherence into longitudinal magneti-

zation, which is transformed into observable transverse

magnetization by the read pulse R. In the 2D experiment

(see below), blocks C1 and C2 are separated by a vari-

able evolution interval t1 (not shown in Fig. 3) with CW

proton decoupling.
Fig. 3. Pulse sequence for TQC excitation and coherence transfer p
The spectrometer reference frequency is different for
each pulse sequence block and is denoted xP

ref , xA
ref , xB

ref ,

xC
ref , and xR

ref in the discussion below. The spectrometer

reference frequency during the evolution interval t1 is

denoted xE
ref . All frequency jumps are performed phase

coherently [43].

The overall rf phases of the blocks are defined /P ,

/A1
, /B1

, /C1
, /C2

, /B2
, /A2

, and /R. The phase cycle

selects the pathway corresponding to coherence order
changes from 0 to �3 between block P to C1 and then 0

to )1 in block R. The 24-step phase cycle can be written

as

/P ¼ /A1
¼ /B1

¼ /C1
¼ 2pk2

6
þ p

6
k1 þ

2

3
xrt1;

/A2
¼ /B2

¼ /C2
¼ 0;

/R ¼ p
2

floor
k2

6

� �
;

/rec ¼ 0;

/dig ¼ k2p þ p
2

floor
k2

6

� �
;

ð1Þ

where k2 is the transient counter, k2 ¼ 0; . . . ; 23, k1 is the

transient counter in the indirect dimension for 2D ex-

periments (t1 ¼ k1 ¼ 0 for one-dimensional experiments)

and the function floor(x) returns the largest integer not
greater than x, as defined in [44]. Here /rec and /dig are

the reference phase during signal detection and the post-

digitization phase shift, respectively. All phases take into

account the rf mixing scheme and the sign of the gyro-

magnetic ratio [45,46]. The dependence of the phases

/P ¼ /A1
¼ /B1

¼ /C1
on t1 takes into account the time-
athway diagram. The circled numbers represent time points.
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proportional phase incrementation (TPPI) scheme for
pure 2D spectroscopy [47] and the phase-time relation-

ship of the c-encoded recoupling schemes (see below).

3.2. Preparation

The pulse sequence starts with ramped cross-polari-

zation [42] from the I spins to the S spins, followed by a

p=2 pulse on the S spins to generate enhanced z-mag-
netization. The phases of the S-spin cross-polarization

field and the p=2 pulse are /P and /P � p=2, respec-

tively.

A 13C CP-MAS spectrum of [U-13C]-LL-alanine at a

field of 9.4 T and a spinning frequency of xr=2p ¼
12:750 kHz is shown in Fig. 4a. The cross-polarization

contact time was 0.6 ms, the spectrometer reference

frequency was set to xP
ref ¼ ðxiso

1 þ xiso
3 Þ=2, and the de-

coupling field during acquisition was set to jxI
nut=2pj ¼

100 kHz. The prominent splitting of the S1 and S2 res-
Fig. 4. Experimental spectra for 98%-[U-13C]-LL-alanine at 9.4 T with a

spinning frequency of xr=2p ¼ 12:750 kHz, all acquired on a full

3.2 mm rotor under the same conditions and with 24 transients: (a)

ramped CP spectrum with 0.6 ms contact time, the peak assignments

are indicated; (b) DQ-filtered spectrum using R145
4, with an rf field

strength corresponding to jxS
nut=2pj ¼ 22:3 kHz and a reference fre-

quency of xref
A ¼ ðxiso

2 þ xiso
2 Þ=2; (c) selective excitation of transverse

magnetization using 90090�80 and a reference frequency xref
C ¼ xiso

2 ;

(d) TQF spectrum obtained using the sequence in Fig. 3, plotted with

twice the vertical scale.
onances is due to rotational resonance [36] since the
spinning frequency closely matches the isotropic chem-

ical shift difference at this field. The small peak at the

center of S1 (carboxylate) is due to imperfect proton

decoupling of the protonated S2 (a-carbon) site [48].

The time point at the end of the preparation block is

denoted as 1 in Fig. 3. The state of the spin ensemble at

time point 1 may be written as

q 1 ¼ S1z þ S2z þ S3z ð2Þ

ignoring unnecessary factors, where Sjz is the z angular

momentum operator for spin j. Since the operator S1z is

not exploited for the DQ excitation, it will now be
omitted

q 1 ¼ S2z þ S3z: ð3Þ

This state corresponds to the left-hand diagram in the
cartoon of Fig. 1b.

3.3. Excitation of double-quantum coherence (step A)

Block A1 of the pulse sequence consists of a recou-

pling sequence for converting sum longitudinal magne-

tization of spins 2 and 3 into DQ coherence between

spins 2 and 3. A pulse sequence of the form R145
4 from

the RN m
n -sequence family [28,30,31] with the basic ele-

ment R0 ¼ 1800 was found to be suitable. This consists

of a sequence of 180� pulses with alternating phase

�5p=14 rad (64.29�) and with 14 180� pulses occupying

four rotor periods. The sequence uses rather low rf

amplitudes. The nutation frequency of the rf field is

xS
nut ¼ 1:75xr. In the present case, the nutation fre-

quency was jxS
nut=2pj ¼ 22:3 kHz.

Fig. 5 shows simulations of the three-spin DQ-filter-

ing efficiency of two different R145
4 sequences as a

function of the carrier frequency xref
A using parameters

corresponding to the three-spin system of [U-13C]-LL-al-

anine at a field of 9.4 T. The three-spin DQ-filtering

efficiency is defined as the fraction of the total z-mag-

netization in the three-spin 1/2 system that is converted

into DQ coherence and back again. In the present case,
since only two of the three-spins are exploited, the

maximum theoretical efficiency in a powder is expected

to be around 73%	 2/3¼ 48.7%. As can be seen in Fig.

5, the R145
4 sequence using the basic element R0 ¼ 1800

provides narrowband DQ recoupling, with a maximum

efficiency close to the theoretical optimum. The R145
4

sequence with the basic element R0 ¼ 900 270180 is much

more broadband and actually achieves more efficiency
than the 48.7% limit since it involves all three spins

in the cluster. In the present case, the narrow bandwidth

of the R145
4 sequence with R0 ¼ 1800 is exploited by

setting the spectrometer frequency to xref
A ¼ ðxiso

2 þ
xiso

3 Þ=2, so as to recouple spins 2 and 3 without recou-

pling spin 1 to the other two. The rf phases of the block

A1 of the sequence in Fig. 3 were therefore /A1
� 5p=14.



Fig. 5. Simulations of the DQ-filtering efficiency for the three-spin 1/2

system of [U-13C]-LL-alanine for R145
4 with R0 ¼ 900270180 (dashed

line) and with R0 ¼ 1800. The abscissa is the carrier frequency offset

DxA
ref ¼ xA

ref � ðxiso
2 þ xiso

3 Þ=2. The spinning frequency is set to

xr=2p ¼ 12:750 kHz and the field is 9.4 T. The simulation parameters

are given in [37,38]. The composite pulse 900270180 provides broad-

band dipolar recoupling, which in not desirable in this experiment. The

narrowband element R0 ¼ 1800 recouples spins 2 and 3 selectively.
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The effective Hamiltonian under the selective recou-

pling sequence is

�HHA � 1

2
xASþ

2 S
þ
3

�
þ x�

AS
�
2 S

�
3

�
; ð4Þ

where the effective recoupling field xA depends upon the

orientational angles and the dipolar coupling constant

as follows:

xA ¼ j2–122b23D2
0�1ðXMRÞd2

�10ðbRLÞ
	 expfiða0

RL � xrt 1 Þg; ð5Þ

where b23=2p ¼ �ðl0=4pÞc2�h=r3
23. The orientation of the

molecule with respect to the rotor frame is described by

the Euler angles XMR ¼ faMR; bMR; cMRg. These three an-

gles are random variables in a powder sample. The initial

rotor position is denoted by the angle a0
RL and t 1 is the

starting time point of the sequence. j2–122 is the scaling

factor of the recoupled term fl;m; k; lg ¼ f2;�1; 2; 2g,
as described in [27]. The scaling factor for the other re-

coupled term is j212–2 and has the same magnitude. For
the simple basic element R0 ¼ 1800, the scaling factor is

jj2–122j ¼ 0:16, which is similar to that found for many

other recoupling sequences [15,31].

In the following discussion, the double-quantum re-

coupling amplitude is written

xA ¼ jxAjei/A ; ð6Þ
where the DQ recoupling phase has the following de-

pendence on the orientational angle cMR:

/AðcMRÞ ¼ /0
A þ cMR: ð7Þ

This ‘‘c-encoding’’ property follows from the selection
of fl;m; k; lg ¼ f2;�1; 2; 2g and f2; 1; 2;�2g space-spin

components by the R145
4 recoupling sequence [28,31].
Since the selective recoupling sequence may be as-
sumed to isolate spins 2 and 3 dynamically from spin 1,

the spin density operator at time point 2 may be cal-

culated through

q 2 � expf�i �HHAsAgðS2z þ S3zÞ expfi �HHAsAg þ � � � ð8Þ

which leads to

q 2 � ðS2z þ S3zÞ cos jxAsAj þ Sþ
2 S

þ
3 i ei/A sin jxAsAj

� S�
2 S

�
3 ie�i/A sin jxAsAj � � � : ð9Þ

The DQ operators correspond to the second frame in

the cartoon of Fig. 1b. In the following, only the (�2)-

quantum components of q 2 are retained.

Fig. 4b shows an experimental DQ-filtered spectrum of

[U-13C]-LL-alanine using R145
4 at a spinning frequency of

xr=2p ¼ 12:750 kHz and excitation/reconversion interval

of duration sA1
¼ sA2

¼ 627ls. The DQ-filtering effi-

ciency is 39% of the total three-spin 1/2 magnetization.
Note the suppression of the S1 resonance, which is beyond

the bandwidth of the selective recoupling pulse sequence.
3.4. Rotational resonance evolution (step B)

The entire pulse sequence is conducted under n ¼ 1

rotational resonance [36,48] between spins 1 and 2, i.e.,

the spinning frequency is chosen such that
xr ¼ jxiso

1 � xiso
2 j. The rotational resonance splittings

are easily visible in the CP-MAS spectrum in Fig. 4a.

The theory in [36] may be used to estimate the rota-

tional resonance evolution of the spin system. Since the

rotational resonance recoupling is highly selective, the

propagation operator for the spin system over the in-

terval sB may be written as follows:

UB � U 0
Bðt 3 Þ expf�i �HHBsBgU 0

Bðt 2 Þ; ð10Þ

where the recoupled zero-quantum Hamiltonian during

the rotational resonance block B is

�HHB � 1

2
xBSþ

1 S
�
2

�
þ x�

BS
�
1 S

þ
2

�
ð11Þ

and

xB ¼ �b12D2
0�1ðXMRÞd2

�10ðbRLÞ expfiða0
RL � xrt 2 Þg ð12Þ

with b12=2p ¼ �ðl0=4pÞc2�h=r3
12. The zero-quantum re-

coupling amplitude may be written as

xB ¼ jxBjei/B ; ð13Þ
where

/BðcMRÞ ¼ /0
B þ cMR: ð14Þ

This c-dependence is the same as for xA (see Eq. (7)).

This is because the R145
4 recoupling sequence and rota-

tional resonance both recouple the m ¼ 1 spatial com-

ponent. This spatial compatibility of the two methods is

essential for good TQ efficiency in a powder sample.



Fig. 6. Simulationof a 9090900 sequence on an isolated spin 1/2 ensemble.

The rf field strength corresponds to jxS
nut=2pj ¼ 3:188kHz.The isotropic
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The propagator U 0
B in Eq. (10) may be written as

U 0
BðtÞ � expf�iðxiso

1 S1z þ xiso
2 S2z þ xiso

3 S3zÞtg ð15Þ
neglecting CSA terms. In general, this propagator gives

rise to a phase shift of the excited TQ coherences, which

must be taken into account by an opposite phase shift in

the rf pulses. For simplicity, the effect of these propa-

gators will be ignored in the following discussion.

The evolution of double-quantum coherence under

the zero-quantum recoupled Hamiltonian of Eq. (11)

may be estimated by using the following spin 1/2 com-
mutation relationships:

Sþ
1 S

�
2 ei/

�
þ S�

1 S
þ
2 e�i/; Sa

1S
þ
2 S

þ
3

�
¼ i ei/Sþ

1 S
a
2S

þ
3 ; ð16Þ

Sþ
1 S

�
2 ei/

�
þ S�

1 S
þ
2 e�i/; Sþ

1 S
a
2S

þ
3

�
¼ �i ei/Sþ

1 S
a
2S

þ
3 ; ð17Þ

Sþ
1 S

�
2 ei/

�
þ S�

1 S
þ
2 e�i/; Sb

1S
þ
2 S

þ
3

�
¼ �i ei/Sþ

1 S
b
2S

þ
3 ; ð18Þ

Sþ
1 S

�
2 ei/

�
þ S�

1 S
þ
2 e�i/; Sþ

1 S
b
2S

þ
3

�
¼ iei/Sþ

1 S
b
2S

þ
3 ; ð19Þ

where Sa
j ¼ ð1=2ÞIþ Sjz and Sb

j ¼ ð1=2ÞI� Sjz. These

properties lead to [44]

expf�i �HHBsBgSa
1S

þ
2 S

þ
3 expfi �HHBsBg

¼ Sa
1S

þ
2 S

þ
3 cos jxBsBj þ i ei/BSþ

1 S
a
2S

þ
3 sin jxBsBj;

expf�i �HHBsBgSb
1S

þ
2 S

þ
3 expfi �HHBsBg

¼ Sb
1S

þ
2 S

þ
3 cos jxBsBj � i ei/BSþ

1 S
b
2S

þ
3 sin jxBsBj

and hence

q 3 �� 2eið/Aþ/BÞ sin jxAsAj sin jxBsBj

	 Sþ
1 S2zSþ

3

�
þ S�

1 S2zS�
3

�
þ � � � : ð20Þ

This equation shows that the DQ coherence between

spins 2 and 3 is converted into DQ coherences between
spins 1 and 3, antiphase with respect to 2, by the rota-

tional resonance evolution.

This conversion is strongly orientation-dependent,

since the recoupling frequencies xA and xB are orien-

tation-dependent. However, since the same spatial

component (m ¼ 1) is recoupled in both cases A1 and B1,

the cMR-dependence of the two recoupling intervals are

compatible.
The interval sB is adjusted in order to optimize the

transfer over a powder. Experimentally, the interval sB
was constrained to be a half integer number of rotor

periods. In the experiment described here, the rotational

resonance interval was sB ¼ 592ls. The spectrometer

reference frequency during the rotational resonance

evolution was set to xref
B ¼ ðxiso

1 þ xiso
3 Þ=2.
chemical shift positions of the three spins in [U-13C]-LL-alanine at 9.4T

are indicated by arrows. (a) Longitudinal magnetization Mz after

the 9090900 sequence is applied to equilibrium magnetization. The

magnetization Mz at position 2 is destroyed while the longitudinal

magnetization at positions 1 and 3 are unperturbed. (b) Transverse

magnetization
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

x þM2
y Þ

q
=M0 after the 9090900 sequence is applied

to equilibrium magnetization. Transverse magnetization is only excited

on spin 2.
3.5. Selective composite pulse (step C)

For excitation of TQ coherence we need an rf pulse

sequence that gives an effective p=2 rotation on spin 2

while leaving the states of spins 1 and 3 unchanged. In
practice, we found a composite pulse sequence of the
form 90U 900 to be suitable, if the rf field is adjusted to

the condition xS
nut ¼ ð1=4Þxr, the phase shift is U ¼ 90�

and the spectrometer reference frequency during the

sequence C is set to be on-resonance with spin S2, i.e.,

xC
ref ¼ xiso

2 . The frequency-selective sequence 90U 900

has a total duration of two rotor periods.

Fig. 6 shows simulations of the performance of the

9090900 sequence on a model single spin 1/2 system as a
function of the isotropic chemical shift. The nutation

frequency in the rf field is 3.188 kHz, corresponding to

the condition xS
nut ¼ 1

4
xr at a spinning frequency of

xr=2p ¼ 12:750 kHz. The arrows correspond to the 13C

isotropic chemical shifts in LL-alanine at 9.4 T, assuming
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that the rf reference frequency is set to xC
ref ¼ xiso

2 . The
initial state of the spin ensemble corresponds to pure

longitudinal magnetization. The response of the spin

ensemble is monitored as a function of the isotropic

chemical shift difference, x0 � xC
ref . When the isotropic

shift frequency is on resonance (x0 ¼ xref
C ), corre-

sponding to the arrow marked 2, the longitudinal

magnetization is converted into transverse magnetiza-

tion (i.e., Mz=M0 � 0 in Fig. 6a and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

x þM2
y

q
=M0 � 1

in Fig. 6b). In the regions corresponding to the isotropic

shifts of spins S1 and S3 the magnetization stays along

the z-axis (Mz=M0 � 1 and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

x þM2
y

q
=M0 � 0).

If the spin–spin couplings and the chemical shift an-

isotropies are ignored during the sequence C, the

propagator for the three-spin system may be written as

UC � R1ðXð1Þ
C ÞR2ðXð2Þ

C ÞR3ðXð3Þ
C Þ; ð21Þ

where the Euler angles are written as XðjÞ
C ¼faðjÞ

C ; bðjÞ
C ; cðjÞC g,

the rotation operators are RjðXjÞ ¼ RjzðaðjÞ
C ÞRjyðbðjÞ

C ÞRjz

ðcðjÞC Þ with RjlðhÞ ¼ expf�ihSjlg. For the sequence

9090900, with an rf field corresponding to jxS
nut=2pj ¼

3:188 kHz, isotropic shift frequency xiso
1 =2p ¼ �12:750,

xiso
2 =2p ¼ 0, and xiso

1 =2p ¼ 3:083 kHz, the three sets of
Euler angles may be evaluated numerically to be Xð1Þ

C ¼
f124:3�; 4:1�;�145:7�g, Xð2Þ

C ¼ f180�; 90�;�90�g, and

Xð3Þ
C ¼ f53:4�; 16:3�; 143:4�g. The transformation of an-

tiphase DQ coherence may be written as

UCSþ
1 S2zSþ

3 U
y
C ¼ 1

8
ð1 þ cos bð1Þ

C Þð1 þ cos bð3Þ
C Þ

	 sin bð2Þ
C Sþ

1 S
þ
2 S

þ
3 	 expf�iðað1Þ

C

þ cð1ÞC þ að3Þ
C þ cð3ÞC þ að2Þ

C Þg þ � � � : ð22Þ

Since the phases in the complex exponential add up

approximately to 360�and the angles bð1Þ
C and bð3Þ

C are

small, the conversion into TQ is almost optimal.

In practice, the realistic three-spin system in [U-13C]-

LL-alanine behaves slightly differently, due to spin–spin

couplings and chemical shift anisotropy during the

composite pulse. Experiments and simulations indicate
slightly better performance with U � 80� for the case of

alanine.

The practical performance of the 9080900 pulse se-

quence is illustrated by the spectrum in Fig. 4c. This

spectrum was produced by applying the 9080900 se-

quence to longitudinal 13C magnetization generated by

ramped cross-polarization followed by a 90�yy
13C pulse,

90� out of phase, as in block P, with phase cycling used
to suppress single-quantum terms before the composite

pulse. As may be seen, the selective excitation of trans-

verse S2 magnetization is very efficient and the sup-

pression of S1 and S3 signals is almost ideal.

Fig. 6 shows that the response of the composite pulse

is highly asymmetric with respect to the sign of the

frequency offset. The correct operation of the composite
pulse demands careful handling of the sign of the rf
phase shifts. The recommendations in [45,46] must be

followed rigorously.
3.6. Reconversion and observation

The TQ coherence is reconverted into observable

transverse magnetization by repeating the steps C, B,

A in inverse order, followed by the p=2 read pulse R.
In practice, the sequence C2 is given an overall )80�

phase shift with respect to C1, in order to compensate

the extra z-rotations /ð1Þ
C , /ð2Þ

C , and /ð3Þ
C (Eq. (21)). The rf

phases during the blocks C1 and C2 were therefore

f/C1
þ U;/C1

g and f/C2
;/C2

� Ug, where U ¼ 80� and

the phases /C1
and /C2

take part in the phase cycling

procedure (Eq. (1)).

The reference frequency was set to xR
ref ¼ ðxiso

1 þ
xiso

3 Þ=2 during the read 90� pulse and during signal

detection.
3.7. Triple-quantum evolution (step E)

For two-dimensional experiments an interval of

proton-decoupled free evolution is inserted between

blocks C1 and C2. The triple-quantum coherences evolve
at the sum of the isotropic chemical shifts, giving rise to

a sharp triple-quantum peak, independent of the rota-

tional resonance splitting in the single-quantum spec-

trum. However, the frequency of this peak must be

calculated with care since the rotation of the sample

during the t1 interval modulates the recoupling Hamil-

tonians. This shifts the apparent frequency of the triple-

quantum peak, independent of the coherent evolution
occurring during the t1 interval.

Consider the effective Hamiltonian for the reconver-

sion block B2. According to Eqs. (11) and (12), the ef-

fective recoupling field depends upon the starting time

point t 5 as

xBðt 5 Þ ¼ xBð0Þ expf�ixrt 5 g: ð23Þ

The dependence of the propagator under the second

rotational resonance period on the time point t 5 is

conveniently expressed in terms of selective rotations of

spin S1 as

�HHBðt 5 Þ ¼ R1zðxrt 5 Þ �HHBð0ÞR1zð�xrt 5 Þ; ð24Þ

where RjzðbÞ ¼ expf�ibSjzg. Similarly, Eqs. (4) and (6)

allow the time-dependence of the propagator for the
second recoupling sequence, A2, to be written as

�HHAðt 6 Þ ¼ R3zðxrt 6 Þ �HHAð0ÞR3zð�xrt 6 Þ: ð25Þ

These expressions may be used to follow the fate of the

coherence transfer pathways S�
1 S

�
2 S

�
3 ! S�

1 S2zS�
3 !

S�
2 S

�
3 ! Sz leading to the final NMR signal. The right-
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most rotation in Eq. (24) imposes a phase shift on the
S�

1 S2zS�
3 terms according to

R1zð�xrt 5 ÞS
�
1 S2zS�

3 R1zðxrt 5 Þ

¼ S�
1 S2zS�

3 expfixrt 5 g: ð26Þ

The leftmost rotation operator in Eq. (24) is selective for
spin S1 and does not affect the S�

2 S
�
3 terms. These co-

herences pick up another phase factor from the right-

most rotation in Eq. (25) according to

R3zð�xrt 6 ÞS
�
2 S

�
3 R3zðxrt 6 Þ ¼ S�

2 S
�
3 expfixrt 6 g: ð27Þ

As the evolution interval t1 is incremented, the time

points t 5 and t 6 change synchronously, so the complex

NMR signal acquires the factor expfi2xrg, which ap-

pears as a frequency shift of twice the spinning fre-

quency.

In Eq. (1), this spurious frequency shift is elimi-
nated by a phase shift of 2xrt1=3 of the entire exci-

tation block, fP;A1;B1;C1g. The divisor of 3 is

needed since the phase rotation acts on TQ coherence

at time point t 4 .
4. Overall efficiency

In a powder sample, the overall TQ-filtering efficiency

for the total 3-spin magnetization, assuming ideal pulse

sequence performance throughout, is given by

F3QðsA; sBÞ ¼
Z p=2

0

db sin2ðjxAsAjÞ sin2ðjxBsBjÞ

	 sin b 	 2

3
	 1

2
; ð28Þ

where xA and xB depend upon the Euler angle b
according to Eqs. (6) and (12). The factor 2/3 arises

because only 2 out of 3 spins are involved and the factor

1/2 arises from the generation of undesirable single-

quantum terms at step C (see Fig. 1). The function

F3QðsA; sBÞ has a maximum value of 21.5%.

If the unitary bound [49] could be achieved simulta-

neously for all molecular orientations, the overall
TQ-filtering efficiency would be 75%. The current ex-

periment is therefore still a long way from the theoretical

optimum.

In systems of spin 1/2 pairs, the maximum DQ effi-

ciency in powder samples for c-encoded DQ recoupling

sequences [5] is 73%. It might be anticipated that the

maximum efficiency for the current experiment would be

73%	 73%	 2
3
	 1

2
� 18%, where one factor comes from

the DQ recoupling step and one from the rotational

resonance step. The theoretical efficiency is higher in

practice because the orientation dependence of the two

pulse sequence transformations are highly correlated.

Those molecular orientations which give high efficiency

in one step also give high efficiency in the second step.
5. Results

5.1. One-dimensional spectra

Fig. 4d shows a TQ-filtered spectrum of [U-13C]-LL-

alanine obtained using the pulse sequence in Fig. 3 with

TPPM decoupling (jxI
nut=2pj ¼ 120 kHz in block B and

R), using the phase cycling in Eq. (1) to suppress signals

not passing through (�3Q)-coherences at time point 4

and with 8 s delay between acquired transients. The

absence of peak 1 is due to the use of the selective DQ-

sequence, as previously explained. The TQ-filtering ef-

ficiency is 8.7% of the total z magnetization, as estimated

by comparing the integrated spectral intensity with re-

spect to the corresponding CP spectrum. This compares

favourably with the previous best reported figure of 4%

[32]. The discrepancy between the maximum theoretical
figure of 21.5% and the experimental figure of 9% is

mainly due to relaxation losses.

In many experimental situations, the filtering effi-

ciency for the total magnetization does not give an ac-

curate representation of the loss of signal-to-noise

suffered when performing multiple-quantum filtration,

since the filtered magnetization is not distributed evenly

on the filtered spectral peaks. The ratio of the amplitude
of the most intense spectral peak in the filtered spectrum

to the amplitude of the same peak in an unfiltered ex-

periment is sometimes a more straightforward guide to

practicability.

In Fig. 4d, the TQ-filtering efficiency for the narrow

S3 ðCH3Þ peaks is about 10%. This is higher than the

filtering efficiency for the total magnetization, which is

8.7%, since the spectral amplitude is concentrated on the
peaks of spins 2 and 3. Similarly, the method of Ed�een
and Levitt [32] achieved a TQ-filtering efficiency of 4%

for the total magnetization but 8% for the CH2 peak,

which acquires most of the TQ-filtered signal in that

experiment. Note, however, that it is experimentally

more favourable to gather signal on the CH3 peak since

this site is the terminal point of the coupled three-spin

topology and generates much narrower NMR signals.
As a result, the new method has advantages over that

given in [32] even if the experimental filtering efficiency

for the strongest peaks are nominally quite similar.

The efficiency is consistently better when using TPPM

decoupling during blocks B1 and B2 and signal acqui-

sition (as shown in Fig. 3), rather then CW. Further

improvements may be anticipated using improved het-

eronuclear decoupling technology [50,51], especially in
conjunction with small diameter rotors, allowing higher

decoupling fields.

The efficiency may be compared with the recently

described methods of Oyler and Tycko [23]. The plotted

simulations indicate that at most 6% of the total mag-

netization recovered at the end of the pulse sequence

passes through TQC in the case of fully labelled amino
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acids. The experimental efficiencies is lower since not all
of the initial magnetization is recovered into observable

signal and because of relaxation losses, which are typi-

cally at least 50%. The TQ-filtering efficiency of the

Oyler and Tycko method is 2.6% on a sample of [U-
13C]-LL-valine [52], compared with the cross-polarization

signal.

The performance of the pulse sequence on other spin

systems was also verified. Fig. 7 shows the experimental
ramped-CP and TQ-filtered spectra on a sample of so-

dium [U-13C]-propanoate, acquired with 4 and 24 tran-

sients, respectively, using a delay between transients of

30 s. The spinning frequency was xr=2p ¼ 15:540 kHz

corresponding to the n ¼ 1 rotational resonance condi-

tion. The TQ-filtered spectrum was acquired using

sA ¼ 514ls, sB ¼ 483ls, U ¼ 105�, jxI
nut=2pj ¼ 100 kHz,

and /TPPM ¼ �10� and gives a TQF efficiency of 7.5% for
the narrow S3 peak.

Fig. 8 shows the experimental ramped-CP and TQ-

filtered spectra for [U-13C]-LL-histidine, acquired with 4

and 24 transients, respectively, using a delay between

transients of 15 s, sA ¼ 620ls, sB ¼ 626ls, U ¼ 87�,
spinning frequency xr=2p ¼ 11:979 kHz, jxI

nut=2pj ¼
Fig. 7. (a) Ramped CP spectrum of sodium [U-13C]propanoate at

9.4 T, xr=2p ¼ 15:540 kHz, 4 transients, acquired with a recycle delay

of 30 s and TPPM decoupling, using jxI
nut=2pj ¼ 100 kHz and

/TPPM ¼ �10�; (b) triple-quantum filtered spectrum, acquired in 24

transients using sA ¼ 514ls, sB ¼ 483ls, U ¼ 105�, jxI
nut=2pj ¼ 100

kHz, and /TPPM ¼ �10�. The TQ-filtering efficiency for the S3 peak is

7.9% (5.4% with respect to the total three-spin magnetization).

Fig. 8. (a) Ramped CP spectrum of [U-13C]-LL-histidine at 9.4T,

xr=2p ¼ 11:979kHz, 4 transients, acquired with a pulse delay of 15 s

and TPPM decoupling using jxI
nut=2pj ¼ 100 kHz and /TPPM ¼ �13�;

(b) triple-quantum filtered spectrum, acquired in 24 transients using

sA ¼ 620ls, sB ¼ 626ls, U ¼ 87�, jxI
nut=2pj ¼ 100kHz, and

/TPPM ¼ �34� in block B. The TQ-filtering efficiency for the Cb peak is

8.0%.
100 kHz, and /TPPM ¼ �34� in block B. The TQF effi-

ciency for the narrow Cb peak was 8.0%.

This shows that this TQ excitation strategy is not
limited to isolated spin systems and should even be

feasible on uniformly labelled proteins. The slightly

lower efficiency for these two samples may be due to the

lower decoupling fields available on 4mm probes and to

inhomogeneity effects related to the larger sample vol-

umes used in these cases.

5.2. Two-dimensional spectrum

The precession frequency of the triple-quantum co-

herences may be measured by acquiring a data matrix

sðt1; t2Þ using variable evolution t1 interval between the

blocks C1 and C2, followed by a two-dimensional

Fourier transform. Fig. 9 shows a 2D spectrum recorded

at 9.4 T on 98%-[U-13C]-LL-alanine using 1024 t1 incre-

ments spaced by 25 ls and a delay between transients of
6 s. The pulse sequence parameters were sA ¼ 627ls,

sB ¼ 588ls, xE
ref � ðxiso

1 þ xiso
3 Þ=2. The phase cycle



Fig. 9. 2D triple-quantum spectrum of [U-13C]-LL-alanine, obtained by

the pulse sequence in Fig. 3, using continuous wave decoupling with

jxI
nut=2pj ¼ 120 kHz throughout and with an evolution interval t1 in-

serted between blocks C1 and C2. The t1 interval was incremented in

1024 steps of 25ls, 6 transients each, with sA ¼ 627ls, sB ¼ 588ls,

x2D
ref ¼ xB

ref , and 6 s delay between transients. The phase cycle is given

in Eq. (1). The total experimental time was 10 h 15min.
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described in Section 3.1 was used, including the time-

proportional phase shift 2xrt1=3 discussed above. The

acquired data matrix was processed according to the

TPPI scheme [47].

As can be seen, the indirect dimension contains a
unique TQ peak about 400 Hz wide. The frequency of

this peak is xTQ=2p ¼ 5:007 kHz, which corresponds

closely to the estimated sum of the isotropic chemical

shift frequencies ðxiso
1 þ xiso

2 þ xiso
3 � 3xE

refÞ=2p ¼
5:043 kHz. The small discrepancy may be due to the

difficulty of measuring isotropic chemical shifts in cou-

pled spin systems. There is no evidence of any other TQ

coherences deriving from intermolecular contacts.
6. Conclusions

We have demonstrated a new rf pulse sequence which

leads to enhanced triple-quantum excitation for the

magic-angle spinning NMR of certain 13C-labelled sys-

tems, especially amino acids and proteins. The en-
hancement in efficiency will assist the application of

pulse sequences exploiting high-order multiple-quantum

coherences, such as spin counting experiments [24] and

torsion angle determination [12].
In particular, TQ-NCCN torsion angle measurements
[12] become greatly enhanced by the use of this method.

The absence of the CO peak and the splitting of the Ca

peak are not a serious disadvantage, since the informa-

tion is transmitted to the narrow, intense Cb peak.

Despite these enhancements, triple-quantum coher-

ences are still associated with considerable loss in NMR

signal. Nevertheless, the spin counting work on amyloid

fibrils [22] shows that such experiments are feasible on
systems with a reasonable high molecular mass, even in

the absence of magic-angle spinning. The work de-

scribed in this paper will facilitate studies of this type

and should be regarded as a step on the way to efficient

high-order multiple-quantum experiments in solid-state

NMR, which would have wide applications.
Acknowledgments

This research was supported by the EPSRC (UK),

by the G€ooran Gustafsson Foundation for Research in
the Natural Sciences and Medicine and by the Ger-

man Science Foundation (Grant SCHM1570-1/1). We

thank Mattias Ed�een for a copy of Ref. [33] prior to

publication.
References

[1] A. Wokaun, R.R. Ernst, Mol. Phys. 36 (1978) 317.

[2] J. Tang, A. Pines, J. Chem. Phys. 72 (1980) 3290–3297.

[3] S.P. Brown, H.W. Spiess, Chem. Rev. 101 (2001) 4125–4155.

[4] H. Geen, J.J. Titman, J. Gottwald, H.W. Spiess, Chem. Phys.

Lett. 227 (1994) 79–86.

[5] Y.K. Lee, N.D. Kurur, M. Helmle, O.G. Johannessen, N.C.

Nielsen, M.H. Levitt, Chem. Phys. Lett. 242 (3) (1995) 304–309.

[6] B.Q. Sun, P.R. Costa, D. Kocisko, R.T. Lansbury, R.G. Griffin,

J. Chem. Phys. 102 (1995) 702–707.

[7] D.M. Gregory, M.A. Mehta, J.C. Shiels, G.P. Drobny, J. Chem.

Phys. 107 (1997) 28–42.

[8] X. Feng, Y.K. Lee, D. Sandstr€oom, M. Ed�een, H. Maisel, A. Sebald,

M.H. Levitt, Chem. Phys. Lett. 257 (1996) 314–320.

[9] P.R. Costa, J.D. Gross, M. Hong, R.G. Griffin, Chem. Phys. Lett.

280 (1997) 95–103.

[10] X. Feng, P.J.E. Verdegem, Y.K. Lee, D. Sandstr€oom, M. Ed�een, P.

Bovee-Geurts, W.J. de Grip, J. Lugtenburg, H.J.M. de Groot,

M.H. Levitt, J. Am. Chem. Soc. 119 (1997) 6853–6857.

[11] K. Nomura, K. Takegoshi, T. Terao, K. Uchida, M. Kainosho, J.

Biomol. NMR 17 (2000) 111–123.

[12] M. Ed�een, A. Brinkmann, H. Luthman, L. Eriksson, M.H. Levitt,

J. Magn. Reson. 144 (2000) 266–279.

[13] C.P. Jaroniec, B.A. Tounge, J. Herzfeld, R.G. Griffin, J. Am.

Chem. Soc. 123 (2001) 3507–3519.

[14] V. Ladizhansky, M. Veshtort, R.G. Griffin, J. Magn. Reson. 154

(2002) 317.

[15] M. Carravetta, M. Ed�een, O.G. Johannessen, H. Luthman, P.J.E.

Verdegem, J. Lugtenburg, A. Sebald, M.H. Levitt, J. Am. Chem.

Soc. 123 (2001) 10628–10638.

[16] K. Saalw€aachter, H.W. Spiess, J. Chem. Phys. 114 (2001) 5707–

5728.

[17] I. Schnell, H.W. Spiess, J. Magn. Reson. 151 (2001) 153–227.



M. Carravetta et al. / Journal of Magnetic Resonance 162 (2003) 443–453 453
[18] J. Baum, A. Pines, J. Am. Chem. Soc. 108 (1986) 7447–7454.

[19] D. Suter, S.B. Liu, J. Baum, A. Pines, Chem. Phys. 114 (1987)

103–109.

[20] H. Geen, R. Graf, A.S.D. Heindrichs, B.S. Hickman, I. Schnell,

H.W. Spiess, J.J. Titman, J. Magn. Reson. 138 (1999) 167–172.

[21] O.N. Antzutkin, R. Tycko, J. Chem. Phys. 110 (1999) 2749–

2752.

[22] O.N. Antzutkin, J.J. Balbach, R.D. Leapman, N.W. Rizzo, J.

Reed, R. Tycko, Proc. Natl. Acad. Sci. 97 (2000) 13045–13050.

[23] N. Oyler, R. Tycko, J. Phys. Chem. B 106 (2002) 8382–8389.

[24] C.E. Hughes, J. Schmedt auf der G€uunne, M.H. Levitt, Phys.

Chem., in press.

[25] A.E. Bennett, R.G. Griffin, S. Vega, NMR Basic Princ. Progr. 33

(1994) 1–77.

[26] M. Hohwy, H.J. Jakobsen, M. Ed�een, M.H. Levitt, N.C. Nielsen,

J. Chem. Phys. 108 (7) (1998) 2686–2694.

[27] A. Brinkmann, M. Ed�een, M.H. Levitt, J. Chem. Phys. 112 (19)

(2000) 8539–8554.

[28] M. Carravetta, M. Ed�een, A. Brinkmann, X. Zhao, M.H. Levitt,

Chem. Phys. Lett. 321 (2000) 205–215.

[29] R. Tycko, G. Dabbagh, Chem. Phys. Lett. 173 (1990) 461.

[30] A. Brinkmann, M.H. Levitt, J. Chem. Phys. 115 (2001) 357–384.

[31] M.H. Levitt, Encyclopedia of Nuclear Magnetic Resonance:

Supplementary Volume (2002) 165–196.

[32] M. Ed�een, M.H. Levitt, Chem. Phys. Lett. 293 (1998) 173–179.

[33] M. Ed�een, Chem. Phys. Lett. 366 (2002) 469–476.

[34] E.R. Andrew, A. Bradbury, R.G. Eades, V.T. Wynn, Phys. Lett. 4

(1963) 99–100.

[35] M.G. Colombo, B.H. Meier, R.R. Ernst, Chem. Phys. Lett. 146

(1988) 189–196.

[36] M.H. Levitt, D.P. Raleigh, F. Creuzet, R.G. Griffin, J. Chem.

Phys. 92 (1990) 6347–6364.

[37] M.S. Lehmann, T.F. Koetzle, W.C. Hamilton, J. Am. Chem. Soc.

94 (1972) 2657–2660.
[38] A. Naito, S. Ganapathy, K. Akasaka, C.A. McDowell, J. Chem.

Phys. 74 (1981) 3190–3197.

[39] M. Bak, J.T. Rasmussen, N.C. Nielsen, J. Magn. Reson. 147

(2000) 296–330.

[40] M. Ed�een, Y.K. Lee, M.H. Levitt, J. Magn. Reson. A 120 (1996)

56–71.

[41] A.E. Bennett, C.M. Rienstra, M. Auger, K.V. Lakshmi, R.G.

Griffin, J. Chem. Phys. 103 (1998) 6951–6958.

[42] G.Metz,X.Wu, S.O. Smith, J.Magn.Reson.A110 (1994) 219–227.

[43] A. Bielecki, A.C. Kolbert, H.J.M. de Groot, R.G. Griffin, M.H.

Levitt, Adv. Magn. Res. 14 (1990) 111.

[44] M.H. Levitt, Spin Dynamics. Basics of Nuclear Magnetic Reso-

nance, Wiley, New York, 2001.

[45] M.H. Levitt, J. Magn. Reson. 126 (1997) 164–182.

[46] M.H. Levitt, O.G. Johannessen, J. Magn. Reson. 142 (2000) 190–

194.

[47] R.R. Ernst, G. Bodenhausen, A. Wokaun, Principles of Nuclear

Magnetic Resonance in One and Two Dimensions, Clarendon

Press, Oxford, 1988.

[48] M. Helmle, Y.K. Lee, P.J.E. Verdegem, X. Feng, T. Karlsson, J.

Lugtenburg, H.J. de Groot, M.H. Levitt, J. Magn. Reson. 140

(1999) 379–403.

[49] O.W. Sørensen, J. Magn. Reson. 86 (1990) 435–440.

[50] P. Tekely, P. Palmas, D. Canet, J. Magn. Reson. A 107 (1994)

129–133.

[51] A. Detken, E.H. Hardy, M. Ernst, B.H. Meier, Chem. Phys. Lett.

356 (2002) 298–304.

[52] N. Oyler, R. Tycko, private communication.
Further reading

[1] S. Dusold, A. Sebald, Ann. Rep. NMR Spectrosc. 41 (2000) 185–

264.


	Enhanced triple-quantum excitation in 13C magic-angle spinning NMR
	Introduction
	Materials and methods
	Triple-quantum pulse sequence
	Structure
	Preparation
	Excitation of double-quantum coherence (step A)
	Rotational resonance evolution (step B)
	Selective composite pulse (step C)
	Reconversion and observation
	Triple-quantum evolution (step E)

	Overall efficiency
	Results
	One-dimensional spectra
	Two-dimensional spectrum

	Conclusions
	Acknowledgements
	Further Reading
	References


