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We present a new technique for double-quantum excitation in
magic-angle-spinning solid-state NMR. The method involves (i)
preparation of nonequilibrium longitudinal magnetization; (ii) me-
chanical excitation of zero-quantum coherence by spinning the
sample at rotational resonance, and (iii) phase-coherent conver-
sion of the zero-quantum coherence into double-quantum coher-
ence by frequency-selective spin inversion. The double-quantum
coherence is converted into observable magnetization by reversing
the excitation process, followed by a p/2 pulse. The method is
technically simple, does not require strong RF fields, and is feasi-
ble at high spinning frequencies. In [13C2,

15N]-glycine, with an
nternuclear 13C–13C distance of 0.153 nm, we achieve a double-

quantum filtering efficiency of .56%. In [11,20–13C2]-all-E-reti-
al, with an internuclear 13C–13C distance of 0.296 nm, we obtain
45% double-quantum filtering efficiency. © 2000 Academic Press

Key Words: multiple-quantum coherence; double-quantum co-
erence; zero-quantum coherence; rotational resonance; magic-
ngle spinning.

I. INTRODUCTION

Multiple-quantum techniques are becoming increasingly
portant in the NMR of magic-angle-spinning (MAS) soli
Multiple-quantum coherences are exploited to improve spe
resolution (1), to suppress signals from isolated spins-1/22–
11), and to estimate local molecular structure through inte
clear distances (12–18) and molecular torsion angles (17–26).

It is difficult to excite multiple-quantum coherence with h
fficiency in powdered solids. In systems of coupled spins

he excitation of double- or zero-quantum coherence req
he participation of the isotropicJ-coupling or the direct d
ole–dipole coupling. TheJ-couplings are usually small, b
ave been used successfully in some cases (27). The direc
ipole–dipole couplings are difficult to exploit because t
re strongly orientation-dependent and are usually effici
uenched by the magic-angle sample rotation.
Most multiple-quantum excitation methods use applied

elds to recouple the homonuclear dipole–dipole interac
n the presence of magic-angle spinning (4–11). In favorable
ases, it is possible to pass as much as 73% of the13C2

spin-pair signal through multiple-quantum coherence (6–10).
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Radiofrequency recoupling methods are often limited by
difficulty of implementing heteronuclear decoupling during
multiple-pulse sequence. In the case of13C recoupling in or-
ganic solids, intense RF irradiation is applied at the1H Larmor
frequency while the13C multiple-quantum excitation is und
way. The required RF fields are usually directed proporti
to the spinning frequency. For example, in the case of C77),
the RF field on the recoupled speciesS (e.g.,13C) correspond
to a nutation frequency of seven times the spinning freque
vnut

S 5 7v r . Effective heteronuclear decoupling require
nutation frequency for the second spin speciesI (e.g., 1H)
which is large enough to satisfyvnut

I * 3vnut
S (9). Technica

limitations on probe performance limit the application of s
sequences to spinning frequencies of around 6 kHz. R
developments relax these requirements somewhat (10, 11), but
the difficulties associated with heteronuclear decoupling
still expected to present a considerable obstacle in many
texts.

In this paper, we present an approach based onrotational
resonance(28–35), a phenomenon in which spin recoupling
achieved without RF irradiation. This greatly simplifies
task of heteronuclear decoupling, allowing the use of effic
modulation schemes (36–38) and making it possible to achie

ood multiple-quantum excitation efficiencies, even at
pinning frequencies, without using a complicated RF p
equence.
Rotational resonance is established if a small integer m

le of the spinning frequencyv r matches the isotropic sh
frequency difference of two spin sites, denotedj andk,

v j
iso 2 v k

iso 5 nv r, [1]

wheren denotes the order of the rotational resonance. U
hese conditions, the homonuclear dipole–dipole coupling
icipates in a resonant exchange of energy between the
oscopic sample rotation and the nuclear spins. Rotat
esonance leads to spectral broadening and splitting as w
n enhanced exchange of longitudinal magnetization bet

he spin sites (29–31).
Nielsenet al. (32) exploited rotational resonance for doub

uantum excitation in MAS solids. Transverse13C magnetiza-
ion was allowed to evolve at then 5 1 rotational resonanc.se.
1090-7807/00 $35.00
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96 KARLSSON ET AL.
and converted into double-quantum coherence by apply
p/2 pulse. Around 25% of the13C signal was passed throu
double-quantum coherence for a compound with dire
bonded13C–13C pairs.

One factor limiting the efficiency of this method is
nfavorable orientation dependence. In general, three
ngles are required to describe the orientation of a mol
ith respect to the sample holder (see below). In a powde

hree angles are stochastic variables. The rotational reso
ouble-quantum excitation method described by Nielsenet al.

(32) depends (in ideal circumstances) on two of the t
angles. This strong orientation dependence degrades th
ciency of the excitation.

In this article, we excite double-quantum coherence
different way, namely by exploiting the mechanical excita
of zero-quantum coherence at rotational resonance.

At rotational resonance, a differential in longitudinal m
netization of the two sites is spontaneously converted
zero-quantum coherence by the sample rotation itself.
process is rapid and efficient, and the amplitude of the z
quantum coherence depends on only one of the three or
tional Euler angles, in ideal circumstances. The zero-qua
coherence may readily be transferred into double-qua
coherence by a selectivep rotation of one of the spins in ea
coupled spin pair. In the work described below, this sele
p-rotation is achieved by a simple RF pulse sequence co
ing of three pulses separated by two delays. Reconversi
the double-quantum coherence into zero-quantum cohere
carried out by a further selective inversion sequence,
rotational resonance drives the zero-quantum coherences
to the initial state of longitudinal difference magnetizat
which may be converted into observable signal by a strongp/2
pulse.

This method is very efficient because the relevant tra
stepszero-quantum coherencef double-quantum coheren
f zero-quantum coherenceall proceed rapidly and retain fu
control of the coherence phases. The reconstruction of l
tudinal magnetization at the end of the pulse sequence h
form of a three-dimensional rotational resonance echo (33, 34),
and occurs with high efficiency in a powder. In ideal circu
stances a double-quantum filtering efficiency of;73% is
achievable.

In principle, sequences such as C7 and variants (8, 9)
chieve the same theoretical double-quantum coherence

ng efficiency. However, the rotational resonance method
its a much faster excitation and does not require stron

elds on two irradiation channels.
For 13C2-labeled glycine, with an internuclear13C–13C dis-

tance of 0.153 nm (39), we were able to pass the13C signals
through double-quantum coherences with an experiment
ficiency of .56%, at then 5 1 rotational resonance.

In [11,20–13C2]-all-E-retinal, which has a13C–13C internu-
clear distance of 0.296 nm (40), we achieve.45% double
a
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uantum filtering efficiency at then 5 1 rotational resonanc
ondition.
The method described here may be compared with
REAM sequence of Verelet al. (3), which has achieved ve
igh spin-pair selectivity (.80%) in some circumstances. A

hough the DREAM sequence does pass spin-pair NMR si
hrough a double-quantum state, the passage occurs at di
imes for different molecular orientations, so the overall d
le-quantum filtering efficiency of DREAM, at any one time
elatively low. As a result, it is not possible to exploit the h
fficiency of DREAM for double-quantum determinations
olecular geometry. The rotational resonance method

cribed here is a true double-quantum excitation method
ay be used for any experiment that requires double-qua

oherence, providing that the isotropic chemical shifts
ufficiently well-separated.
Like all rotational resonance techniques, the method is

elective for spin pairs with isotropic shift differences sati
ng the rotational resonance condition. In some cases, thi
erious limitation. In other situations, such as in multiple-
ystems, the high degree of selectivity may lead to a u
implification of the spin dynamics.

II. PULSE SEQUENCE

Figure 1 shows the RF pulse sequence for rotational
nance excitation of double-quantum coherence through a
chanically excited zero-quantum state. The coherence tra
pathway diagram shows the history of coherence orders
tributing to the final NMR signal. The pulse sequence
suitable for organic solids containing isolated pairs of13C spins
(denotedS), as well as abundant1H spins (denotedI ). The

FIG. 1. Pulse sequence for excitation of double-quantum coheren
rotational resonance and associated coherence transfer pathway diagr
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97DQ EXCITATION IN ROTATIONAL RESONANCE NMR
reference frequency of theS-spin channel is denotedvref and is
given in terms of theS-spin carrier frequency byvref 5
2vcarriersign(g) (41, 42), whereg is the magnetogyric ratio
the spins. The reference frequency is selected to be equal
mean of the isotropic shift frequencies of theS-spin sitesj and
, i.e.,vref 5 1

2 (v j
iso 1 v k

iso). The pulse sequence assumes
then 5 1 rotational resonance condition is satisfied,vD

iso 5 v r

wherevD
iso 5 v j

iso 2 v k
iso.

The circled numbers①–⑤ denote specific time points with
the pulse sequence. The symbolsf1 . . . f5, frec denote th
overall RF phases of pulse sequence blocks. The symbofrec

denotes the radiofrequency phase during signal dete
while the symbolfdig denotes the phase shift applied to
digitized complex signal (postdigitization phase shift). Th
phases are described in detail in Refs. (41) and (42). All
ymbols take into account the sign of the Larmor freque
nd the mixing scheme of the RF signals (41, 42).
The pulse sequence starts by a ramped cross-polari

equence which transfers magnetization from the abu
-spins to theS-spins (43, 44). For the rest of the sequence

two-pulse phase modulation scheme (TPPM) is applied o
I -spin channel (36).

The cross-polarization sequence creates transverseS-spin
magnetization along thex-axis in the rotating frame. This
followed by a sequence of three strong RF pulses (p/4)y#–D–
(p/ 2)x–D–(p/4)y# , where the interval between the pulse
D 5 t r / 2 and the sample rotation period is definedt r 5
2p/v r u. This three-pulse sequence transforms the cross-p-
zed transverse magnetization into longitudinal magnetiza
ith opposite signs for the two spin sites, while parti
ompensating for chemical shift anisotropy. The operatio
his sequence is discussed below.

In the following intervalt, the longitudinal difference ma
netization at time point① is converted into zero-quantu
coherence by the mechanical rotation of the sample, und
influence of the homonuclear dipole–dipole couplings.
optimum excitation intervalt depends on the size of t
hrough-space couplings. At then 5 1 rotational resonanc
he optimal intervalt is given approximately byt . u21/2p/bjku,
here bjk 5 2(m0/4p)gjgk\/r jk

3 is the dipole–dipole couplin
constant expressed in rads21, andr jk is the internuclear distanc

A second three-pulse sequence (p/4)y–D–(p/ 2)x–D–
(p/4)y# is applied between time points② and③. This sequenc
converts the zero-quantum coherence into double-quantu
herence with high efficiency and full preservation of pha
(see below).

A third three-pulse sequence, applied between time po③
and time point④, converts the double-quantum coherence b
into zero-quantum coherence, again with full transfer of
phase information. The zero-quantum coherence is driven
chanically into longitudinal magnetization during the follo
ing intervalt, forming a rotational resonance echo of long
dinal difference magnetization at time point⑤.

The longitudinal difference magnetization is converted
the
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transverse difference magnetization by a strong nonsele
p/2 pulse, and the NMR signal is collected in the subseq
time interval t 2. Fourier transformation of the NMR sign
yields an NMR spectrum with opposite signs for the pe
associated with the two spin sites.

The signal passing through double-quantum coheren
time point ③ is collected by cycling the phases of the pu
sequence blocks according to standard procedures (45). The
phases of the pulse sequence blocksf1, f2 . . . f4 and the RF
receiver phasefrec are cycled according to

f1 5
2pm

n1

fp 5
2p

np
floorS m

n1n2 . . . np21
D , ~for 2 # p # 4!,

f rec 5 5
2pm

4
[2]

here the function floor(x) returns the largest integer n
reater thanx. Here m is the transient counter,m 5 0,
. . . ntot 2 1, wherentot is the number of transients in

complete phasecycle,ntot 5 n1n2n3n4. In the present case, t
cycling parameters weren1 5 1; n2 5 1; n3 5 4; n4 5 2;

tot 5 8. On each transient, the postdigitization phasefdig was
adjusted to satisfy the equation

fdig 5 22f2 1 2f3 1 f4 2 f rec. [3]

This phase cycle selects signals passing through (62)-quantum
coherence at time point③ in Fig. 1.

The phases of the individual RF pulses are specified
respect to the phases of the blocksf1, f2, f3, andf4 according
to the notationx, y, x# , y# in Fig. 1. For example, the la
three-pulse sequence which is notated {y, x, y# } has the RF
phases {f3 1 p/2, f3, f3 2 p/2}. The finalp/2 pulse has th
phasef4 1 p/2.

III. THEORY

Frequency-Selective Spin Inversion

The double-quantum excitation scheme discussed he
based on the conversion of zero-quantum coherence into
ble-quantum coherence, and vice versa, through the sel
inversion of spins in one of the coupled sites.

There have been many proposed methods for accompli
a selective spin inversion. Early applications of rotatio
resonance employed a long weak RF pulse, or a long tra
short pulses, at the Larmor frequency of one of the
(46, 47). These methods lead to losses through relaxation
are susceptible to interference with the chemical shift an
ropy (CSA). In addition it is difficult to achieve good sel
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98 KARLSSON ET AL.
tivity. It is also possible to use a free precession dela
conjunction with two strongp/2 pulses. However, this meth
s also sensitive to chemical shift anisotropy. Sequences o
r five p pulses were developed in order to compensate
pin evolution accurately for chemical shift anisotropy (48).
hese methods are rather elaborate and are susceptible to

mperfections. In the current paper, we employ a relati
imple three-pulse sequence which is partially compensat
he chemical shift anisotropy of one of the two sites. T
equence is well suited to most applications of rotational
nance since, in many cases, only one of the two coupled
as a large chemical shift anisotropy.
The pulse sequence in Fig. 1 employs three such three-

equences. The first three-pulse sequence is a little diff
rom the others and will be examined later. We consider
he second and third three-pulse sequences, using an an
ethod that was originally developed in the context of c
osite pulses (49, 50).
The second three-pulse sequence is presented on a

anded scale in Fig. 2. The phases denote the directions
pin nutation axes, taking into account the sense of the La
recession, as described in Refs. (41, 42). The sequence las
ne full rotor periodt r and consists of twop/4 pulses and on

p/2 pulse. The sequence assumes that then 5 1 rotationa
resonance condition is satisfied,vD

iso 5 v j
iso 2 v k

iso 5 v r . In
the discussion below, we assume thatj denotes the mo
shielded site, andk denotes the least shielded site,
vD

iso . 0 in the case of spins with a positive magnetogyric r
(41, 42).

The propagator of the three-pulse sequence may be w

U3P 5 RyS2
p

4DU free~e, d! RxSp

2DU free~c, b! RySp

4D , [4]

where the strong nonselective RF pulses are assumed to l
spin rotations of the form

FIG. 2. Expanded view of the second and third three-pulse sequenc
in
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Rm~b! 5 Rm
j ~b! Rm

k ~b!, [5]

where

Rm
j ~b! 5 exp$2ibSjm% [6]

andm 5 x, y, or z. U free denotes the free precession propag
for the spin system over the time intervalsbf c anddf e,
indicated in Fig. 2. Relaxation is neglected.

If the dipole–dipole coupling is neglected over the relativ
short intervalD, the pulse sequence propagator may be fa
ized

U3P . U 3P
j U 3P

k , [7]

where

U 3P
j . Ry

j S2
p

4DU free
j ~e, d! Rx

j Sp

2DU free
j ~c, b! Ry

j Sp

4D [8]

U 3P
k . Ry

kS2
p

4DU free
k ~e, d! Rx

kSp

2DU free
k ~c, b! Ry

kSp

4D . [9]

HereU 3P
j andU 3P

k denote individual propagators for spinj and
spin k over the three-pulse sequence.

The free precession propagators are given by

U free
j ~c, b! 5 Rz

j ~F j~c, b!! [10]

U free
k ~c, b! 5 Rz

k~F k~c, b!!. [11]

ereF j(c, b) is the integrated precession angle of spinj in the
time intervalb f c:

F j~c, b! 5 F iso
j ~c, b! 1 F aniso

j ~c, b!, [12]

here

F iso
j ~c, b! 5 E

b

c

v j
isodt [13]

F aniso
j ~c, b! 5 E

b

c

v j
aniso~t!dt. [14]

n these equations,v j
iso is the isotropic chemical shift frequen

of spin j , andv j
aniso(t) is the instantaneous contribution of

chemical shift anisotropy to the precession frequency at timt.
Similar equations apply to spink.

In the case of exact magic-angle rotation, the integr
precession angle has the property

.
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99DQ EXCITATION IN ROTATIONAL RESONANCE NMR
F aniso
j ~t r 1 t0, t0! 5 0, [15]

wheret 0 is an arbitrary time point and the rotor period is gi
by t r 5 u2p/v r u. Equation [15] corresponds to the format
of a rotational echo (51).

If the duration of the RF pulses is ignored, Eq. [15] lead
he properties

F aniso
j ~c, b! 1 F aniso

j ~e, d! . 0 [16]

F aniso
k ~c, b! 1 F aniso

k ~e, d! . 0. [17]

If the spectrometer reference frequency is set to the me
he isotropic shift frequencies, then the free precession p
ators are given by

U free
j ~c, b! 5 Rz

jSp

2
1 u jD [18]

U free
j ~e, d! 5 Rz

jSp

2
2 u jD [19]

U free
k ~c, b! 5 Rz

kS2
p

2
1 u kD [20]

U free
k ~e, d! 5 Rz

kS2
p

2
2 u kD , [21]

where

u j 5 F aniso
j ~c, b! [22]

u k 5 F aniso
k ~c, b!. [23]

he propagators for the three-pulse sequence may be sim
hrough the following reasoning:

U 3P
j . Ry

j S2
p

4DRz
jSp

2
2 u jDRx

j Sp

2DRz
jSp

2
1 u jDRy

j Sp

4D
5 Ry

j S2
p

4DRz
j ~2u j! Ry

j Sp

2DRz
j ~u j! Ry

j S2
p

4DRz
j ~p!

5 Ry
j S2

p

4DRz
j ~2u j! Ry

j Sp

4D
3 Ry

j Sp

4DRz
j ~u j! Ry

j S2
p

4D z Rz
j ~p!

5 expH iu j
1

Î2
~Sjz 2 Sjx!J

3 expH2iu j
1

Î2
~Sjz 1 Sjx!JRz

j ~p! [24]
o

of
a-

ed

and

U 3P
k . Ry

kS2
p

4DRz
kS2

p

2
2 u kD

3 Rx
kSp

2DRz
kS2

p

2
1 u kDRy

kSp

4D
5 Ry

kS2
p

4DRz
k~2u k! Ry

kSp

4D z Ry
k~ 2 p!

3 Ry
kSp

4DRz
k~u k! Ry

kS2
p

4D z Rz
k~2p!

5 expH iu k
1

Î2
~Skz 2 Skx!JRy

k~2p!

3 expH2iu k
1

Î2
~Skz 1 Skx!JRz

k~2p!

5 expH iu k
1

Î2
~Skz 2 Skx!J

3 expH iu k
1

Î2
~Skz 1 Skx!JRx

k~p!. [25]

If the CSA is small compared to the spinning freque
(uv j

anisot r u ! 1, uv k
anisou ! 1), the anglesu j andu k are small. Th

theoremeuAeuB . eu ( A1B) allows the following approximatio
for the propagators:

U 3P
j . Rx

j ~Î2u j! Rz
j ~p! [26]

U 3P
k . Rz

k~Î2u k! Rx
k~p!. [27]

hese equations indicate that for negligible CSA, spins in
east shielded site (spinsSk) are rotated byp around thex-axis,
while spins in the most shielded site (spinsSj) are rotated byp
around thez-axis.

In the following discussion, we neglect the CSA of spin
the most shielded site (u j . 0). This is reasonable becau
spins in more shielded sites (aliphatic13C) usually have sma
shielding anisotropies, while spins in less shielded sites
matic, olefinic 13C) often have large shielding anisotrop
With this approximation, the propagator for the three-p
sequence may be written

U3P . Rz
j ~p! Rz

k~Î2u k! Rx
k~p!. [28]

This indicates that the three-pulse sequence inverts the
gitudinal magnetization of spins in the less shielded sitk,
while compensating for the chemical shift anisotropy of
site. At the same time, the longitudinal magnetization of s
in site j is left unchanged, if the CSA of sitej is neglected.
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100 KARLSSON ET AL.
The physical mechanism of the three-pulse sequen
visualized in Fig. 3. The lettersa–f refer to the time point
indicated in Fig. 2. It is assumed that the initial state for s
in both sitesj and spinsk corresponds to positive longitudin
magnetization. This state is represented by a vector alon
z-axis in the rotating frame.

Figure 3a shows simulated trajectories of the tip of
magnetization vector for the spins in the least shielded sk
under the three-pulse sequence. Simulations are shown
single molecular orientation. The simulation parameters
found in Ref. (52). The unprimed lettersa–f indicate a simulatio
in which the CSA is equal to zero. The primed letters (c9–f9)
indicate a simulation in which the CSA is taken into accoun

The patha f b shows the trajectory of the tip of t
magnetization vector under the first (p/4)y pulse. The nex
otation,bf c, indicates free evolution under isotropic che
cal shifts for half a rotor period, which leads to a2p/2
rotation around thez-axis in the case of negligible CSA. T
trajectory c f d indicates the evolution under the (p/ 2)x

pulse. The pathd f e shows another (2p/ 2)z rotation,
generated by free evolution under the isotropic shifts. Fin
the pathef f shows the trajectory under the last (p/4)y# pulse
This trajectory terminates exactly at the2z axis if CSA effects

re ignored.
The dashed patha f b f c9 f d9 f e9 f f9 in Fig. 3a

shows the motion of the magnetization vector in the cas
finite CSA for sitek. In this case, the rotation underbf c9 is
through an angle larger thanp/2, while the rotation underd9f
e9 is through an angle smaller thanp/2 (Eq. [16]). As may b
seen, the deviations in these two rotations compensate
other to first order, leading to a final positionf9 which is close
to the 2z axis. This indicates that the three-pulse sequ
leads to a polarization inversion spins in sitesk, which is
compensated for CSA to first order.

Figure 3b shows simulated magnetization vector traject
for spins in the most shielded sitej , under the three-puls

FIG. 3. Simulation of spin trajectories under the three-pulse sequ
starting with longitudinal magnetization. Plot (a) shows trajectories of th
of the magnetization vector for the least shielded sitek; plot (b) shows th
trajectory for the most shielded sitej . In (a) two trajectories are shown; t
olid line is a simulation without CSA; the dashed line is a simulation in w
he CSA is included.
is
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the
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sequence. This simulation neglects CSA effects. From
pointaf b, the (p/4)y pulse is applied. The following perio
(b f c), denotes free evolution under chemical shifts. T
eads to a rotation around thez-axis through an angle1p/2 for
spins in sitej . The (p/ 2)x pulse (c f d) is followed by a
second period of free evolution, (d f e), which also gives
1p/2 rotation about thez-axis. The final (p/4)y# pulse bring
the magnetization vector back to the positivez-axis, indicating
restoration of the initial longitudinal magnetization for spin
site j .

In order for this sequence to work properly, it is esse
that the signs of phase shifts and rotating-frame prece
frequencies correspond. The recommendations of Refs41)
and (42) must be followed rigorously.

These geometrical arguments apply strictly only when
three-pulse sequence is applied to longitudinal magnetiza
The propagator formulation given in Eq. [28] is more gen
and may be applied to any state, including zero-quan
coherence.

The first three-pulse sequence in Fig. 1 is applied to tr
verse magnetization created by the cross-polarization
quence. Correct operation of the three-pulse sequence i
context requires that the phase of the firstp/4 pulse is change
by p. The initial (p/4)y# pulse may be regarded as a contrac
of a (p/ 2)y# pulse followed by a (p/4)y pulse. The (p/ 2)y#

converts the cross-polarized transverse magnetization ont
gitudinal magnetization, while the (p/4)y pulse forms the firs
element of the three-pulse sequence shown in Fig. 2
discussed above.

Mechanical Excitation of Zero-Quantum Coherence

The zero-quantum dynamics during the intervalt may be
treated using a fictitious spin-1/2 formalism (53). In this sec
ion, we employ the same notation for reference frames, E
ngles, and spin interaction parameters as given in Ref.34).

Zero-quantum dynamics.The high field MAS Hamiltonia
or an isolated spin pair in a rotating solid may be written
31)

H 5 H 0 1 H 23, [29]

where

H 0 5 v S
isoSz

14 1 vA~Sz
12 2 Sz

34! [30]

H 23 5 v D
isoSz

23 1 vBSx
23 [31]

and the CSA interaction is ignored for simplicity.
The termsvS

iso andvD
iso represent the sum and difference

the instantaneous chemical shift frequencies, respectivelyvS
iso

5 v j
iso 1 v k

iso, vD
iso 5 v j

iso 2 v k
iso. The termsvA andvB are

orientation dependent and represent different componen
the spin–spin coupling (see below). Equations [30] and

e,
p

h
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101DQ EXCITATION IN ROTATIONAL RESONANCE NMR
employ single-transition operators (53), using the basis setu1&
5 u1 1

2 , 1 1
2&, u2& 5 u1 1

2 , 2 1
2&, u3& 5 u2 1

2 , 1 1
2&, u4& 5 u2 1

2 , 2 1
2&.

The transformation of the dipole–dipole interaction betw
pins j andk from its principal axis system to the laborat
rame is specified by three Euler angle triplets,V jk

PM, VMR, and
VRL, as described in Ref. (34). The anglesVMR 5 { aMR, bMR,
gMR} are random variables in a powder. The anglesVRL 5
{ a 0

RL 2 v r t, bRL, gRL} specify the time-dependent relations
of the rotor frame and the laboratory frame. For exact ma
angle spinning, the second Euler angle is given by the m
angle,bRL 5 tan21(=2).

The relevant spin dynamics during the intervalt are de
cribed by the homogeneous part of the Hamiltonian,H 23 (Eq.

[31]), which represents the interaction of the spin system
a pseudo-field in the {u2&, u3&}-subspace (zero-quantum spac
The pseudo-field has a longitudinal componentvD

iso, and a
transverse componentvB, which is dependent on time a
orientation and is conveniently represented as a Fourier s

vB~t, V MR! 5 O
m522

12

v B
~m!~V MR!eimvrt, [32]

where

v B
~m!~V jk

MR! 5 2bjk O
m9522

2

D 0m9
2 ~V jk

PM! D m9m
2 ~V MR!

3 e2ima 0
RL

dm0
2 ~b RL! 1 2pJdm50. [33]

The zero-quantum part of the spin density operator ma
described by a fictitious spin-1/2 vector, denoted byr23, pre-
cessing around the pseudo-field. The longitudinal compo
r z

23 corresponds to longitudinal difference magnetizat
while the transverse componentsr x

23 and r y
23 correspond t

zero-quantum coherences.
At rotational resonance (vD

iso 5 nv r), the frequency of th
nth Fourier component ofvB matches the frequencyvD

iso. The
magnitude and phase of the on-resonant Fourier compone
denoted by the real quantitiesBn andf n, with

v B
~n! 5 Bne

ifn. [34]

Both Bn and f n are orientation dependent. In the absenc
CSA, they are given by

Bn 5 uv B
~n!u [35]

fn 5 2n~g MR 1 a 0
RL!. [36]

At rotational resonance,r23 describes a complicated spi
trajectory. A simplified picture is obtained by transforming i
a frame which rotates at the frequency of the on-reso
n

c-
ic-

th
.

es,

e

nt
,

are

f

nt

dipole–dipole coupling component (34). If off-resonant term
are ignored, the vectorr23 nutates around a time-independ
transverse field of magnitudeBn and phasef n (Fig. 4).

The pseudo-field depicted in Fig. 4 is shown for a sin
molecular orientation. In a powder, a distribution of phases
magnitudes is present.

Mechanical excitation of zero-quantum coherence.The
zero-quantum density matrix at time point① (Fig. 1) is in a
state of pure longitudinal difference magnetization,

r ①
ZQ .

1

2
~Sjz 2 Skz! 5 Sz

23, [37]

neglecting inessential factors.
The zero-quantum density operator nutates around the

verse, time-independent fieldBn, in the following intervalt
(Fig. 4). If relaxation is ignored, the relevant part of the den
matrix at time point② is given by

r ②
ZQ . Sz

23cosQ 1 Sx
23sinQ cosf 1 Sy

23sinQ sin f

5 Sz
23cosQ 1

1

2
$eifSj

2Sk
1 1 e2ifSj

1Sk
2%sinQ, [38]

where the amplitude and phase of the excited zero-qua
coherence are specified by

Q 5 Bnt [39]

f 5 fn 2 p/ 2. [40]

FIG. 4. Mechanical excitation of zero-quantum coherence, represen
a fictitious spin-1/2 trajectory in the rotating zero-quantum frame. The
tious spin-1/2,r23, initially along Sz

23 (denoting longitudinal difference ma-
etization), nutates about the pseudo-fieldBn through an angleQ, toward the

transverse plane (denoting zero-quantum coherence). The phasef n and mag-
nitude Bn of the pseudo-field are determined by the direct dipole–d
oupling and the molecular orientation.
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102 KARLSSON ET AL.
Q is the nutation angle around the effective field (Fig. 4).
maximum amount of zero-quantum coherence is produc
the nutation angleQ is equal top/2.

The phase anglef n and the magnitudeBn are both strongl
orientation dependent. In a powder, the distribution in the v
of Bn makes it impossible to achieve optimum zero-quan
excitation for all molecular orientations at the same ti
However, the distribution in the value off n is not harmful fo
the zero-quantum excitation. In this respect, the rotat
resonance excitation of zero-quantum coherence is anal
to the excitation of double-quantum coherence by seque
such as HORROR (6) and C7 (7–10).

Excitation of Double-Quantum Coherence

The second three-pulse selective inversion sequence
verts zero-quantum coherence at time point② into double
quantum coherence at time point③ (Fig. 1). The effect of th
hree-pulse sequence may be calculated using the propag
q. [28]:

r ③
DQ 5 U3P

1

2
~eifSj

2Sk
1 1 e2ifSj

1Sk
2!U 3P

21sinQ

5 2
1

2
~ei ~f1Î2u k!Sj

2Sk
2 1 e2i ~f1Î2u k!Sj

1Sk
1!sinQ,

[41]

using the transformation relationships

Rz~u !Sj
6Rz~2u ! 5 e7iuSj

6 [42]

Rx~u !Sj
6Rx~2u ! 5 Sjx 6 i $Sjycosu 1 Sjzsin u%. [43]

Equation [41] indicates a conversion of zero-quantum
herence into double-quantum coherence. Note that the C
the least-shielded spins appears as an additional phase s
the excited double-quantum coherence by the angle=2u k.

All terms in the density operator which do not correspon
double-quantum coherence have been omitted from Eq.
Cycling of the radiofrequency phase suppresses signal c
bution from these terms.

Conversion of Double-Quantum Coherence to Zero-Quan
Coherence

The three-pulse sequence between time points③ and ④
converts double-quantum coherence back into zero-qua
coherence (Fig. 1).

At time point ④ we obtain the density operator

r ④
ZQ 5 U3Pr③

DQU 3P
21

5
1

2
$eifSj

2Sk
1 1 eifSj

1Sk
2%sinQ. [44]
e
if

e
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The CSA-induced phase shift generated by the second
pulse sequence is compensated by the third three-puls
quence. The phase of the zero-quantum coherence at time
② is preserved when it is delivered back at time point④. This
property is essential for obtaining good efficiency in a pow

Rotational Resonance Echo of Longitudinal Difference
Magnetization

The zero-quantum coherence is driven back into longitu
difference magnetization during the evolution intervalt be-
ween time points④ and⑤. The zero-quantum density opera
before the lastp/2 pulse is given by

r ⑤
ZQ 5

1

2
$eifSj

2Sk
1 1 eifSj

1Sk
2%sinQ cosQ 2 Sz

23sin2Q.

[45]

Only the last term is converted to observable transverse
netization by the lastp/2 pulse.

In the absence of relaxation, the efficiency for the en
transfer process①f ⑤ is sin2Q, whereQ is given in Eq. [39]
The maximal achievable double-quantum filtering efficienc
a powder is.73%, which is the same as for HORROR (6) and
C7 (7). In principle, the efficiency may be further enhan
using composite pulse schemes (54).

The transfer of density operator components betwee
zero-quantum and double-quantum frames is sketched fo
of molecular orientations in Fig. 5. Note that the pattern
zero-quantum phases shown in diagram② is preserved throug
the transfer into double-quantum coherence (diagram③) and
on reconversion into zero-quantum coherence (diagram④).
The preservation of the phase pattern is essential for the
mation of the partial rotational resonance echo in diagram⑤.

Single-Quantum Signal

Transverse magnetization is observed in the interval afte
last p/2 pulse. Fourier transformation of the quadrature
tected signal gives a spectrum with two peaks, with amplit
proportional to the longitudinal magnetizations of sitesj andk
before thep/2 pulse. Since the spin density operator cont
longitudinal difference magnetization at time point⑤, the
double-quantum filtered spectrum consists of one positive
and one negative. Each peak displays a splitting, due t
recoupling of the homonuclear dipole–dipole coupling at
tational resonance.

IV. RESULTS

[ 13C2,
15N]-Glycine

The spectra in Fig. 6 demonstrate the excitation of dou
quantum coherence at rotational resonance for a samp
[13C2,

15N]-glycine, in which the13C–13C distance is 0.153 nm
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103DQ EXCITATION IN ROTATIONAL RESONANCE NMR
The two spectra were acquired under the same experim
conditions and are shown on the same vertical and horiz
scale.

The spectrum in Fig. 6a is a single-quantum spectrum
tained by ordinary cross-polarization. The spectrum displa
considerable rotational resonance splitting due to the h
nuclear 13C–13C dipolar coupling (29). Both peaks displa
entral features which may be attributed to imperfect he
uclear decoupling (35). Isotopomeric impurities may al
ontribute.
Figure 6b is a double-quantum filtered spectrum obtaine

he pulse sequence in Fig. 1, using the excitation intervat 5
363ms. The measured peak integrals reveal a double-qua
excitation efficiency of.56%. The rotational resonance sp
ings of both peaks are equal tovsplit/2p 5 610.3 Hz. If this
plitting is converted into a distance through the semi-em
al equation of Verdegemet al. (14), g 2\/r 3 5 3.25 3

107(v split 1 14p), then the result isr 5 0.156 nm,which is
very close to the X-ray distance ofr 5 0.153 nm. Inaddition,

ote that the anomalous features in both peaks are suppr
his behavior is not understood fully yet. In a recent ana

35), we show that anomalous peaks in rotational reson
pectra are often associated with strongly relaxing signal
onents. It is likely that such strongly relaxing compon
ive poor double-quantum excitation and hence are suppr

n the double-quantum filtered spectrum. In addition, the
le-quantum filtration selects orientational components

FIG. 5. Coherence transfer steps under the pulse sequence in Fig.
top row represents the fictitious spin-1/2 dynamics in the zero-quantum
space. Each vector represents the zero-quantum state for a different mo
orientation. The bottom row represents the corresponding double-qu
states. The numbers①–⑤ denote the time points given in Fig. 1. At①, each
vector is along theSz

23-axis, denoting longitudinal difference magnetizat
After the excitation intervalt (time point ②), the vectors approach t
ransverse plane, indicating excitation of zero-quantum coherence. Zero
um coherence is converted into double-quantum coherence by the thre
equence (② f ③), shown as a projection of zero-quantum vectors onto
ouble-quantum transverse plane. A second three-pulse sequence rec
ouble-quantum coherence back to zero-quantum coherence, retain
hase of each vector in the zero-quantum space. Mechanically driven ev

n the interval④f ⑤ leads to the formation of a rotational resonance ech
egative longitudinal difference magnetization at time point⑤.
tal
tal

b-
a

o-

o-

y

um

i-

sed.
is
ce

-
s
sed
-

h

trong rotational resonance splittings, which are less sen
o the relaxation effects described in Ref. (35). Any additiona
ontributions due to isolated spin impurities are also
ressed, since isolated spins-1/2 cannot support double-

um coherences.

11,20–13C2]-all-E-Retinal

This sample is a more challenging case for double-qua
excitation, since the13C–13C distance is 0.296 nm. All fou
spectra in Fig. 7 were acquired under the same experim
conditions.

Figure 7a shows a single-quantum spectrum of all-E-retinal
(no isotopic labeling). The C11 and C20 peaks are indicate
arrows. The C11 peak is superimposed on a resonance
C12; the C20 peak is superimposed on a resonance from
(55).

The spectrum in Fig. 7b is a single-quantum spectrum
10% [11,20–13C2]-all-E-retinal. This spectrum shows stro
C11 and C20 peaks which are broadened by the rota
resonance effect.

In order to remove the natural abundance13C peaks,
weighted version of the spectrum in Fig. 7a was subtra
from the spectrum in Fig. 7b. The result is shown in Fig.
The weighting factor was adjusted for optimal suppressio
the natural abundance peaks. The small remaining signa
due to isotope shifts and the different linewidths in the
samples. The C11 peak in Fig. 7c reveals a typical rotat
resonance lineshape, with a prominent splitting. The spli
of the C20 peak is partially obscured, as discussed in Ref.35).

Figure 7d shows a double-quantum filtered spectrum o
0% [11,20–13C2]-all-E-retinal sample, obtained with t

FIG. 6. Spectra of [13C2,
15N]-glycine at then 5 1 rotational resonance

a field of 9.4 T (v r / 2p 5 13,330Hz). (a) CP/MAS spectrum. (b) Doub
quantum filtered spectrum acquired with the pulse sequence in Fig. 1 (t 5 363
ms). The double-quantum filtering efficiency was 56% in this sample.
expanded spectral regions are shown.
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104 KARLSSON ET AL.
pulse-sequence in Fig. 1, using an excitation intervalt 5 2789
ms. The two peaks show typical rotational resonance
shapes, with prominent splittings. The separation betwee
maxima of the C11 peak is 80.6 Hz: The separation betw
the maxima of the C20 peak is 73.2 Hz. Signal contribut
from impurities are totally suppressed, and the anomalous
of the C20 peak is eliminated.

The empirical equation of Verdegemet al. (14), g 2\/r 3 5
.253 107(v split 1 14p), may be used to estimate the13C–13C

distance from the peak splittings. The C11 peak splitting y
a distance estimate of 0.300 nm, while the C20 peak spl
yields 0.304 nm. Both of these estimates are rather close
X-ray distance of 0.293 nm. These distance estimates
presumably be improved by a more rigorous analysis inco
rating chemical shift anisotropy and the lineshape ana
given in Ref. (35).

A comparison between the peak integrals in Figs. 7c an
yields an estimate of 45% for the double-quantum excita
efficiency. This is remarkably high for two13C sites separate

y 0.296 nm. The very high double-quantum excitation

FIG. 7. Spectra of all-E-retinal. Each spectrum was acquired at a sam
rotation frequency of 12,190 Hz, corresponding to then 5 1 rotationa
resonance between the C11 and C20 sites in the field of 9.4 T. (a) CP
spectrum of natural abundance all-E-retinal. (b) CP/MAS spectrum of 10
[11,20–13C2]-all-E-retinal. (c) Difference spectrum of (a) and (b), with
weighting factor adjusted to remove the signals from the isolated13C spins. (d

ouble-quantum filtered spectrum of 10% [11,20–13C2]-all-E-retinal obtaine
with the pulse sequence in Fig. 1 (t 5 2789 ms). Two expanded spect
regions are shown.
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ciency is due to a very narrow zero-quantum coherence
i.e., negligible relaxation of zero-quantum coherence du
the excitation interval. In another study (56), we measured th
ero-quantum relaxation time constant in this sample.
xperiment was performed at a spinning frequencyv r / 2p 5

4.5 kHz, under a proton decoupler level correspondin
vnut

I /2p 5 90 kHz. In that study, the zero-quantum relaxa
time constant was estimated to beT2

ZQ 5 32 6 2 ms. The
expected efficiency in the double-quantum experiment ma
estimated by assuming the same value for the zero-qua
relaxation rate constant and by using the approximate d
function exp(2t /(2T2

ZQ)) for the conversion of longitudin
difference magnetization into zero-quantum coherence34).
The total relaxation loss over the twot periods is expected
be only around 8%, which corresponds to a total efficienc
around 65%. The additional losses are probably due to im
fect coherence transfer by the three-pulse sequences a
creased zero-quantum damping at high spinning frequen

V. EXPERIMENTAL

Samples

[ 13C2,
15N]-Glycine (98% 13C, 96–99%15N) was purchase

from Cambridge Isotopes and used without further purifica
or dilution. Approximately 59 mg was packed in a Chem
netics zirconium oxide rotor with outer diameter 4 mm.

Natural abundant all-E-retinal was purchased from Sigm
and used without further treatment. Approximately 49 mg
packed in a 4-mm CMX-zirconium rotor.

[11,20–13C2]-all-E-Retinal was synthesized as describe
Ref. (57). The labeled retinal was recrystallized from liq
n-pentane with a ninefold excess of natural abundance r
(Fluka, Switzerland) at280°C. Approximately 45 mg of th
10% [11,20–13C2]-all-E-retinal was packed in a Chemagne
zirconium oxide rotor with outer diameter 4 mm.

Experiments

All experiments were performed on a Chemagnetics C
400 spectrometer operating at a magnetic field of 9.4
Chemagnetics triple-resonance MAS probe with a 4-mm
ner module was used. The spinning frequency was stabiliz
62 Hz. The TPPM sequences were implemented by switc
the 1H RF phase between the values6fTPPM at time interval
tTPPM. The TPPM parameters are specified for each case b

In the experiments on the [13C2,
15N]-glycine sample (Fig. 6

the sample rotation frequency wasv r / 2p 5 13 330 Hz
corresponding to then 5 1 rotational resonance in this fie
The cross-polarization interval was equal to 3.2 ms. The13C2

RF field intensity was ramped (44). Thep/2 pulse duration wa
3.10 ms on the1H spins and 4.3ms on the13C spins. During
acquisition the decoupler field corresponded to the nut
frequencyvnut

I /2p . 109 kHz. The TPPM parameters w
fTPPM 5 16° andtTPPM 5 4.4 ms.
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105DQ EXCITATION IN ROTATIONAL RESONANCE NMR
In the double-quantum filtered spectrum (Fig. 6b), the
coupler field (BI) during excitation and reconversion cor-
sponded to a nutation frequencyvnut

I /2p . 151 kHz. The
PPM parameters werefTPPM 5 11° andtTPPM 5 3.2 ms. The
xcitation intervalt was equal to 363ms. The two spectra

Fig. 6 both consisted of 32 transients, collected with an i
mediate delay of 5 s.

In the experiments on all-E-retinal (Fig. 7), the samp
rotation frequency wasv r / 2p 5 12 190 Hz, corresponding
the n 5 1 rotational resonance for the C11–C20 sites in
field. The cross-polarization interval was equal to 3 ms.
13C2 RF field intensity was ramped (44). The p/2 pulse dura-
tion was 3.0ms on the1H spins and 4.5ms on the13C spins

uring acquisition the decoupler field corresponded to
utation frequencyvnut

I /2p . 104 kHz. The TPPM paramete
werefTPPM 5 15° andtTPPM 5 5.4 ms.

In the double-quantum filtered spectrum (Fig. 7d), the
coupler field (BI) during excitation and reconversion cor-
sponded to a nutation frequencyvnut

I /2p . 139 kHz. The
PPM parameters werefTPPM 5 7° andtTPPM 5 4.3 ms. The

excitation intervalt was equal to 2789ms. All experiment
were collections of 512 transients, with a delay of 10 s betw
each transient, except for the spectrum in Fig. 7a, for w
4096 transients were collected.

VI. DISCUSSION

The technique presented here offers an easy and effi
method for double-quantum excitation in powdered solids.
method is feasible at high sample rotation frequencie
systems with long internuclear distances.

We envisage two major applications of this method:
measurement of internuclear distances; (ii) preparation of
ble-quantum coherences for other purposes, for example
gular estimations.

Internuclear Distance Measurements

Currently, most measurements of internuclear distance
ing rotational resonance have exploited the trajectories o
gitudinal difference magnetization (31). This is a time-consum
ng procedure for several reasons: exchange experim
erformed on large biomolecules often require the prepar
f two different samples, one of which is selectively labele

he spin sites of interest, and the other one is nonlabeled
pectrum of the nonlabeled sample is used to remove
atural abundance background. Also, in order to obtain a s
agnetization exchange trajectory, several individual ex
ents have to be carried out to trace the exchange proc
In the double-quantum filtered experiments presented

he spectrum displays prominent splittings which should a
direct estimation of the relevant internuclear distance thr
lineshape analysis. This allows a major reduction of

xperimental time compared to ordinary longitudinal dif
-
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ence magnetization exchange experiments. In addition,
one sample is needed in the current experiment, sinc
double-quantum filtration effectively suppresses the na
abundance background.

Single-quantum rotational resonance lineshapes have
analyzed to obtain internuclear distances and tensor or
tions (14–16, 58, 59). However, the single-quantum rotatio
resonance lineshapes are considerably disturbed by rela
phenomena (35), making the analysis of the lineshape diffic
These difficulties appear to be suppressed to a large ext
the double-quantum filtered spectra presented here. We p
investigate this matter further.

It should also be possible to estimate spin–spin distanc
measuring the amplitude of the double-quantum filtered s
as a function of one (or both)t delays in Fig. 1. This woul
provide a double-quantum filtered version of the stan
longitudinal magnetization exchange experiment.

Angular Investigations

The evolution of double-quantum coherences under he
nuclear local fields may be used to estimate molecular to
angles (19–26). The experiment described here is particul
well adapted to preparation of13C2 double-quantum coherenc
in labeled peptides and proteins, since the chemical shi
carboxyl anda-carbons are well-suited to rotational resona
studies. The HCCH and NCCN double-quantum heteronu
local field experiments are expected to benefit from the sc
described in this paper.

In addition, the efficient long-range double-quantum ex
tion described here introduces further possibilities for mo
ular structure studies. For example, the estimation of a
between pairs of CN bonds separated by distances of 0.5
more should allow study of protein secondary and ter
structure, as well as molecular assembly and ligand bin
Efficient multiple-quantum excitation over long distances
prerequisite for many applications of spin counting thro
multiple-quantum excitation (60).

Furthermore, the highly selective properties of rotatio
esonance should facilitate work with heavily labeled sam
18).

In this article we have concentrated on the first rotati
esonance condition. The experiment could also be modifi
roduce double-quantum coherence at higher orders of

ional resonance. This is expected to be of importance at
agnetic fields, where then 5 1 rotational resonance som

imes requires an impractical spinning frequency.
The rotational resonance approach also has some s

imitations. The rotational resonance recoupling is effec
nly for pairs of spins with chemical shifts exactly satisfy

he rotational resonance condition and with chemical
nisotropies smaller than the isotropic shift separation.
ient double-quantum excitation at long distances requires
ell defined isotropic shifts and is intolerant of structu
isorder.
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In the case of large chemical shift anisotropies, the th
pulse sequence used in these experiments degrades th
ciency of the excitation of double-quantum coherence. In
systems other frequency selective inversion sequences m
contemplated (48).

The double-quantum filtered spectrum displays splitt
ue to the recoupled homonuclear dipolar interaction at

ional resonance. These splittings encode useful structur
ormation, but also degrade the sensitivity of the experim

e have recently developed a modification of the pulse
uence which allows the experiment to be conducted off

ional resonance (61). These experiments also show high d
le-quantum excitation efficiency and, compared to
xperiments performed on rotational resonance, a furthe
rovement in the signal-to-noise ratio.
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