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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 /2 pulse. The method is
technically simple, does not require strong RF fields, and is feasi-
ble at high spinning frequencies. In [®C,,"*N]-glycine, with an
internuclear “*C-"C distance of 0.153 nm, we achieve a double-
quantum filtering efficiency of =56%. In [11,20-"C,]-all-E-reti-
nal, with an internuclear *C-"C distance of 0.296 nm, we obtain
=45% double-quantum filtering efficiency. © 2000 Academic Press

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

I. INTRODUCTION

Radiofrequency recoupling methods are often limited by th
difficulty of implementing heteronuclear decoupling during the
multiple-pulse sequence. In the case'i recoupling in or
ganic solids, intense RF irradiation is applied at tHeLarmor
frequency while the®*C multiple-quantum excitation is under
way. The required RF fields are usually directed proportion:
to the spinning frequency. For example, in the case of Q7 (
the RF field on the recoupled specie.g.,*C) corresponds
to a nutation frequency of seven times the spinning frequenc
wn: = To,. Effective heteronuclear decoupling requires &
nutation frequency for the second spin spedie&@.g., 'H)
which is large enough to satisfy,, = 3wy, (9). Technical
limitations on probe performance limit the application of suct
sequences to spinning frequencies of around 6 kHz. Rece
developments relax these requirements somewiltati(l), but
the difficulties associated with heteronuclear decoupling al
still expected to present a considerable obstacle in many cc
texts.

In this paper, we present an approach basedotational
resonanc€28-33, a phenomenon in which spin recoupling is

Multiple-quantum techniques are becoming increasingly ifkchieved without RF irradiation. This greatly simplifies the

portant in the NMR of magic-angle-spinning (MAS) solidstask of heteronuclear decoupling, allowing the use of efficier
Multiple-quantum coherences are exploited to improve spectfapdulation scheme86—-39 and making it possible to achieve
resolution a_), to suppress Signa|s from isolated Spins-ﬂg ( gOOd multiple—quantum excitation effiCienCieS, even at h|g|
11), and to estimate local molecular structure through intern&Pinning frequencies, without using a complicated RF puls
clear distancesl@—18 and molecular torsion angle$7-26. Sequence.

Itis difficult to excite multiple-quantum coherence with high Rotational resonance is established if a small integer mult
efficiency in powdered solids. In systems of coupled spins-1/2l€ of the spinning frequency, matches the isotropic shift
the excitation of double- or zero-quantum coherence requifégquency difference of two spin sites, denojeahdk,
the participation of the isotropid-coupling or the direct di-
pole—dipole coupling. Thd-couplings are usually small, but
have been used successfully in some ca2&s (The direct

dipole-dipole couplings are difficult to exploit because theyheren denotes the order of the rotational resonance. Und
are strongly orientation-dependent and are usually efficienlyose conditions, the homonuclear dipole—dipole coupling pa
quenched by the magic-angle sample rotation. _ . ticipates in a resonant exchange of energy between the m:
~ Most multiple-quantum excitation methods use applied Rscopic sample rotation and the nuclear spins. Rotation
flelds to recouple the h(_)monuclear_ d|pole—d|pole interactionSsonance leads to spectral broadening and splitting as well
in the presence of magic-angle spinnid-(1). In favorable 5 enpanced exchange of longitudinal magnetization betwe
cases, it is possible to pass as much as 73% of'ie the spin sitesZ9-31).

spin-pair signal through multiple-quantum coherergel1(). Nielsenet al. (32) exploited rotational resonance for double-

quantum excitation in MAS solids. TransverS€ magnetiza
 To whom correspondence should be addressed. E-mail: mhi@physc.siti€#n was allowed to evolve at the = 1 rotational resonance

0 — 0’ = Noy,
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w2 pulse. Around 25% of th&C signal was passed through
double-quantum coherence for a compound with direct
bonded™C-"*C pairs.

One factor limiting the efficiency of this method is its 7x7 b
unfavorable orientation dependence. In general, three ELS LS
angles are required to describe the orientation of a moleci ﬂ | l | ” I I
with respect to the sample holder (see below). In a powder, i i
three angles are stochastic variables. The rotational resona

and converted into double-quantum coherence by applyingI ﬁ %

double-quantum excitation method described by Niekseal. g_<> /A

(32) depends (in ideal circumstances) on two of the thre 1 : S

angles. This strong orientation dependence degrades the « i

ciency of the excitation. T 4 Rz
In this article, we excite double-quantum coherence in © OO0 ®

different way, namely by exploiting the mechanical excitatio |

of zero-quantum coherence at rotational resonance. @1 sz 953 '?54 (ﬁrec
At rotational resonance, a differential in longitudinal mag qf)dig

netization of the two sites is spontaneously converted into G 1 pul . iation of doubl o

zero-quantum coherence by the sample rotation itself. Thi{ o. 1. Pulse sequence for excitation of double-quantum coherence
X . . i rotational resonance and associated coherence transfer pathway diagram.

process is rapid and efficient, and the amplitude of the zero-

quantum coherence depends on only one of the three orienta-

tional Euler angles, |n.|deal cwcumstance; The zero-quant uantum filtering efficiency at the = 1 rotational resonance
coherence may readily be transferred into double-quant hdition

coherence by a selectiverotation of one of the spins in each 14 method described here may be compared with tt
coupled spin pair. In the work described below, this selectiygrean sequence of Veradt al. (3), which has achieved very
m-rotation is achieved by a simple RF pulse sequence consi§isi spin-pair selectivity£80%) in some circumstances. Al-
ing of three pulses separated by two delays. Reconversion bugh the DREAM sequence does pass spin-pair NMR sign:
the double-quantum coherence into zero-quantum coherencgigygh a double-quantum state, the passage occurs at differ
carried out by a further selective inversion sequence, afihes for different molecular orientations, so the overall dou
rotational resonance drives the zero-quantum coherences bggkguantum filtering efficiency of DREAM, at any one time, is
to the initial state of longitudinal difference magnetizationyg|atively low. As a result, it is not possible to exploit the high
which may be converted into observable signal by a stroi2g  efficiency of DREAM for double-quantum determinations of
pulse. molecular geometry. The rotational resonance method d
This method is very efficient because the relevant transigdribed here is a true double-quantum excitation method a
stepszero-quantum coherencg double-quantum coherencemay be used for any experiment that requires double-quantt
= zero-quantum cohereneel proceed rapidly and retain full coherence, providing that the isotropic chemical shifts ar
control of the coherence phases. The reconstruction of longisfficiently well-separated.
tudinal magnetization at the end of the pulse sequence has theike all rotational resonance techniques, the method is ve
form of a three-dimensional rotational resonance eB8084, selective for spin pairs with isotropic shift differences satisfy
and occurs with high efficiency in a powder. In ideal circuming the rotational resonance condition. In some cases, this i
stances a double-quantum filtering efficiency ©73% is serious limitation. In other situations, such as in multiple-spi
achievable. systems, the high degree of selectivity may lead to a usef
In principle, sequences such as C7 and varia®s9)( simplification of the spin dynamics.
achieve the same theoretical double-quantum coherence filter-

ing efficiency. However, the rotational resonance method per- Il. PULSE SEQUENCE
mits a much faster excitation and does not require strong RF
fields on two irradiation channels. Figure 1 shows the RF pulse sequence for rotational res

For C,-labeled glycine, with an internucleaiC—°C dis nance excitation of double-quantum coherence through a m
tance of 0.153 nm39), we were able to pass théC signals chanically excited zero-quantum state. The coherence trans
through double-quantum coherences with an experimental pathway diagram shows the history of coherence orders cc
ficiency of =56%, at then = 1 rotational resonance. tributing to the final NMR signal. The pulse sequence i

In [11,20-2°C,]-all-E-retinal, which has &’C—°C internu suitable for organic solids containing isolated pair$*6fspins
clear distance of 0.296 nmt@), we achieve=45% double- (denotedS), as well as abundantd spins (denoted). The
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reference frequency of ti&spin channel is denotead,; and is transverse difference magnetization by a strong nonselecti
given in terms of theS-spin carrier frequency bw,. = 7/2 pulse, and the NMR signal is collected in the subseque
—weameSign(y) (41, 42, wherevy is the magnetogyric ratio of time intervalt,. Fourier transformation of the NMR signal
the spins. The reference frequency is selected to be equal toytledds an NMR spectrum with opposite signs for the peak
mean of the isotropic shift frequencies of tBepin site§ and associated with the two spin sites.
K, i.e., we = 3 (0] + ©¢°). The pulse sequence assumes that The signal passing through double-quantum coherence
then = 1 rotational resonance condition is satisfied’ = w, time point[ is collected by cycling the phases of the pulse
wherewy’ = o*° — o’ sequence blocks according to standard procedu#®s The
The circled numbergl-] denote specific time points within phases of the pulse sequence blodkse, . . . ¢, and the RF
the pulse sequence. The symbdls. .. ¢s, ¢ denote the receiver phase,.. are cycled according to
overall RF phases of pulse sequence blocks. The syfihol
denotes the radiofrequency phase during signal detection, 2mm
while the symbold,, denotes the phase shift applied to the ¢1 =
digitized complex signal (postdigitization phase shift). These
phases are described in detail in Ref4l)(and @2). All 2w
symbols take into account the sign of the Larmor frequency by = n, roor(
and the mixing scheme of the RF signadd (42.
The pulse sequence starts by a ramped cross—polarization(brec: _ 2]
sequence which transfers magnetization from the abundant 4
I-spins to theS-spins @3, 44. For the rest of the sequence, a
two-pulse phase modulation scheme (TPPM) is applied on there the function floorf) returns the largest integer not
I-spin channel 36). greater thanx. Here m is the transient countemn = O,
The cross-polarization sequence creates transv@is@n 1 ...n,, — 1, whereny, is the number of transients in a
magnetization along thg-axis in the rotating frame. This is complete phasecycle,,; = n,n,n;n,. In the present case, the
followed by a sequence of three strong RF pulse&f,—A— cycling parameters were;, = 1;n, = 1, n; = 4; n, = 2;
(ml2),—A—(w/4),, where the interval between the pulses is,, = 8. On each transient, the postdigitization phéggwas
A = 7,/2 and the sample rotation period is defined= adjusted to satisfy the equation
|27/ w,|. This three-pulse sequence transforms the cross-polar
|z¢d transverse magnetization into IopgltL_JdlnaI magnetization, baig= —2¢s + 23 + by — rec [3]
with opposite signs for the two spin sites, while partially
compensating for chemical shift anisotropy. The operation
this sequence is discussed below.

ng

———|, (for2=p=4),
nlnz...np_l) ( p=4)

%is phase cycle selects signals passing throuagt){guantum
T - . coherence at time poirif in Fig. 1.

In the following intervalr, the longitudinal difference mag- The phases of the individual RF pulses are specified wi
netization at time point] is converted into zero-quantum, spect to the phases of the bloeks b,, &, andd, according
coherence by the mechanical rotation of the sample, under{ €he notationx, y, X, y in Fig. 1. I':or'example, the last

influence of the homonuclear dipole—dipole couplings. Tl}ﬁree—pulse sequence which is notateg &, v} has the RF

optimum excitation !ntervalf depends on the size of thephases s + 72, s, bs — w2}, The final w2 pulse has the
through-space couplings. At the = 1 rotational resonance,phased) )
4 .

the optimal intervalr is given approximately by = [2"*z/b, ],
where by, = —(uo/4m)y,ydilry is the dipole-dipole coupling
constant expressed in radsandr,, is the internuclear distance.
A second three-pulse sequencer/4),—A—(m/2),~A—
(ml4), is applied between time poini$ andJ. This sequence
converts the zero-quantum coherence into double-quantum coThe double-quantum excitation scheme discussed here
herence with high efficiency and full preservation of phasémsed on the conversion of zero-quantum coherence into dc
(see below). ble-quantum coherence, and vice versa, through the select
A third three-pulse sequence, applied between time pointinversion of spins in one of the coupled sites.
and time point], converts the double-quantum coherence back There have been many proposed methods for accomplishi
into zero-quantum coherence, again with full transfer of the selective spin inversion. Early applications of rotationa
phase information. The zero-quantum coherence is driven mesonance employed a long weak RF pulse, or a long train
chanically into longitudinal magnetization during the followshort pulses, at the Larmor frequency of one of the site
ing interval 7, forming a rotational resonance echo of longitu¢46, 47. These methods lead to losses through relaxation al
dinal difference magnetization at time point are susceptible to interference with the chemical shift anisc
The longitudinal difference magnetization is converted intmpy (CSA). In addition it is difficult to achieve good selec-

I11. THEORY

Frequency-Selective Spin Inversion
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R.(B) = RL(B)RL(B), [5]

<|

where

X
al b cL_ld e| |f RL(B) = exp{—iBS,} 6]

andup = x, Y, orz. Uy, denotes the free precession propagatc
A i A for the spin system over the time intervéls> ¢ andd = e,
. > indicated in Fig. 2. Relaxation is neglected.
T If the dipole—dipole coupling is neglected over the relatively
r short intervalA, the pulse sequence propagator may be facto

FIG. 2. Expanded view of the second and third three-pulse sequencesi.ze‘d

Usp= U%U Iépa [7]
tivity. It is also possible to use a free precession delay in
conjunction with two strongr/2 pulses. However, this methodyhere
is also sensitive to chemical shift anisotropy. Sequences of four
or five 7 pulses were developed in order to compensate the _ o m =
spin evolution accurately for chemical shift anisotrogg)( Ubp= R‘y< - 4> Ul.de, d) RJX<2> Ul.dc, b) Rly(4) [8]
These methods are rather elaborate and are susceptible to pulse
imperfections. In the current paper, we employ a relatively AT VAT o™
simple three-pulse sequence which is partially compensated for 3~ Ry( - 4) Ufed€ d) Rx( 2) UfedC, D) Ry( 4) )
the chemical shift anisotropy of one of the two sites. This

sequence is well suited to most applications of rotational r@Sere U, andU% denote individual propagators for sgjimnd
onance since, in many cases, only one of the two coupled siégs k over the three-pulse sequence.

has a large chemical shift anisotropy. The free precession propagators are given by

The pulse sequence in Fig. 1 employs three such three-pulse
sequences. The first three-pulse sequence is a little different - i
fro?n the others and will be sxamineg later. We consider now Uted, D) = RP(C, b)) [10]
the second and third three-pulse sequences, using an analysis Uk.(c, b) = RYX®Xc, b)). [11]
method that was originally developed in the context of com-
posite pulses49, 50. Hered!(c, b) is the integrated precession angle of spimthe

The second three-pulse sequence is presented on antgie intervalb = c:
panded scale in Fig. 2. The phases denote the directions of the
spin nutation axes, taking into account the sense of the Larmor ®i(c, b) = Dl c, b) + ®L (c, b), [12]
precession, as described in Re#1,42. The sequence lasts
one full rotor periodr, and consists of twar/4 pulses and one
/2 pulse. The sequence assumes thatrthe 1 rotational
resonance condition is satisfiedy® = *° — o = o,. In
the discussion below, we assume thatlenotes the most
shielded site, and denotes the least shielded site, i.e.,
s > 0 in the case of spins with a positive magnetogyric ratio
(41, 42. c
The propagator of the three-pulse sequence may be written 1 fc, b) = j wjaniscmdt_ [14]

b

where

®l(c, b) = f w'sodt [13]

b

_ ™ ™ ™ In these equationg* is the isotropic chemical shift frequency
Use = RV( 4) Ured @, d) RX( 2) Ured €, b) Ry( 4)’ [4] of spinj, andw,-a”‘s"(tj) is the instantaneous contribution of the
chemical shift anisotropy to the precession frequency attime
Similar equations apply to spik
where the strong nonselective RF pulses are assumed to lead ta the case of exact magic-angle rotation, the integrate
spin rotations of the form precession angle has the property
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cbja\nisc(Tr + tOv tO) = 0, [15] and
wheret, is an arbitrary time point and the rotor period is given Uk~ re — ™ R ™ oK
by 7, = |27/ w,|. Equation [15] corresponds to the formation 3P o4/ 2
of a rotational echoH1).
If the duration of the RF pulses is ignored, Eq. [15] leads to % R'§<Tr> R'Z‘( _T. Gk) R';(W>
the properties 2 2 4
PlyedC, b) + Dlefe, d) =0 [16] - R5( 4> Ri(~0R ( ) (=
(I)I;I’HSC(C b) + ®anls<(ev d) = 0 [17]
><R< ) "(ek)R< ) RY(—r)
If the spectrometer reference frequency is set to the mean of
the isotropic_shift frequencies, then the free precession propa- = exp{ gk 5 (S, — Sky)}R';(—qr)
gators are given by V2
o1
. N Xexp[—lﬂkf(su SKX)}RE(—W)
U]free(cv b) = <2+ BJ> [18] \’2
) 1
e ot L -5
Ulede, d) = R,<2 - 9,) [19] V2
1
u x exp{iekr (S + SKQ}RW. [25]
Uk.dc, b) = RE( ) + 0“) [20] V2
. T . If the CSA is small compared to the spinning frequenc
Uted®, d) = Rz| — 507, [21] (Jof"™r,| < 1,|wi™ < 1), the angle®’ and#* are small. The
theoreme"’*e"B = e"**® allows the following approximation
Where for the propagators:
0 = Dlydc, b) [22] U= Ri 200 Ri(m) 126]
9= dk (c, b). [23] Uk = R5(|26% R¥(m). [27]

The propagators for the three-pulse sequence may be simplif
through the following reasoning:

ddifse equations indicate that for negligible CSA, spins in th
least shielded site (spit%) are rotated byr around thec-axis,

while spins in the most shielded site (spi¥ are rotated byr
around thez-axis.

ol

= Riy<— Ry(—6)) R‘(

;
R
|

Ri(ﬂ- RI(GJ)RJ'(_
AW/ v

T

v )
2/ Ridm)

( ) ( + 01) R (77) In the following discussion, we neglect the CSA of spins ir
"\ 4 the most shielded sited{ = 0). This is reasonable because
spins in more shielded sites (aliphati€) usually have small
)RZ(GJ) RJ< >Rjz(77) shielding anisotropies, while spins in less shielded sites (ar
matic, olefinic *C) often have large shielding anisotropies.
With this approximation, the propagator for the three-puls
) sequence may be written

Uge= RY(m) R(,20%) Ri(m). [28]

B 0' ( This indicates that the three-pulse sequence inverts the Ic
= exp i S: ~ S gitudinal magnetization of spins in the less shielded kite

while compensating for the chemical shift anisotropy of tha

X exp{ —if) = (S,+ S )} RL(r) [24] Site. Atthe same time, the longitudinal magnetization of spin
5 S in sitej is left unchanged, if the CSA of sifeis neglected.



100 KARLSSON ET AL.

sequence. This simulation neglects CSA effects. From tin

pointa = b, the (r/4), pulse is applied. The following period,

(b = c¢), denotes free evolution under chemical shifts. Thi:

leads to a rotation around tlzeaxis through an angle /2 for

spins in sitej. The (i/2), pulse ¢ = d) is followed by a

) second period of free evolutiond & €), which also gives a
// + /2 rotation about the-axis. The final (/4), pulse brings
/ the magnetization vector back to the positevaxis, indicating

) restoration of the initial longitudinal magnetization for spins ir
ey T sitej.
In order for this sequence to work properly, it is essentic

FIG. 3. Simulation of spin trajectories under the three-pulse sequené@,at the §|gns of phase shifts and rOtatlngfframe precessi
starting with longitudinal magnetization. Plot (a) shows trajectories of the tif€gquencies correspond. The recommendations of Réf§. (
of the magnetization vector for the least shielded kit@lot (b) shows the and @2) must be followed rigorously.
traj'ect_ory. for t_he mqst sh_ielded sife In (a) two traject_ories_are shown; tht_a These geometrical arguments apply strictly only when th
tsr?e“dclgp\e :Z ?nscllrlT(;Jéztlon without CSA; the dashed line is a simulation in Wh'cfhree—pulse sequence is applied to longitudinal magnetizatic

' The propagator formulation given in Eq. [28] is more genere
and may be applied to any state, including zero-quantu

The physical mechanism of the three-pulse sequencec@herence.
visualized in Fig. 3. The lettera—f refer to the time points  The first three-pulse sequence in Fig. 1 is applied to tran
indicated in Fig. 2. It is assumed that the initial state for spin@rse magnetization created by the cross-polarization s
in both siteg and spinsk corresponds to positive longitudinalquence. Correct operation of the three-pulse sequence in t
magnetization. This state is represented by a vector along tumtext requires that the phase of the first pulse is changed
z-axis in the rotating frame. by 7. The initial (w/4), pulse may be regarded as a contractiol

Figure 3a shows simulated trajectories of the tip of thef a (w/2), pulse followed by a f/4), pulse. The {/2),
magnetization vector for the spins in the least shieldedksiteconverts the cross-polarized transverse magnetization onto Ic
under the three-pulse sequence. Simulations are shown fagitadinal magnetization, while ther(4), pulse forms the first
single molecular orientation. The simulation parameters agement of the three-pulse sequence shown in Fig. 2 al
found in Ref. 62). The unprimed lettera— indicate a simulation discussed above.
in which the CSA is equal to zero. The primed letter5()
indicate a simulation in which the CSA is taken into account. Mechanical Excitation of Zero-Quantum Coherence

The tpattha > bt ShOV\('jS trlﬁ tr?J;cT;}ory oflthe 'It'lr? of thte The zero-quantum dynamics during the intervainay be
magnetization vector under the firstr/g), pulse. The nex treated using a fictitious spin-1/2 formalisi®3j. In this sec-

rotatlor},b = C, indicates free e\{olutlon }Jnder Isotropic Chemfion, we employ the same notation for reference frames, Eul
ical shifts for half a rotor period, which leads to -an/2

rotation around the-axis in the case of negligible CSA. Theangles, and spin mteragnon para_metfars as given |r_1 Bé)‘. (
trajectory ¢ = d indicates the evolution under ther(2),  <€ro-quantumdynamics.The high field MAS Hamiltonian
pulse. The pathd = e shows another £ /2), rotation, for an isolated spin pair in a rotating solid may be written a
generated by free evolution under the isotropic shifts. Finall@l)
the pathe = f shows the trajectory under the last/@), pulse.
This trajectory terminates exactly at thez axis if CSA effects H=H%+HZ, [29]
are ignored.

The dashed pata > b=> ¢’ > d' > e = f' in Fig. 3a where
shows the motion of the magnetization vector in the case of

finite CSA for sitek. In this case, t_he rotation .undbrj c'is HO = 03°S14 4 ,(S12 — S39) [30]
through an angle larger thari2, while the rotation undet’ = ’s coceos ’s
e’ is through an angle smaller thari2 (Eq. [16]). As may be H% = 0°S;” + wsS; (31]

seen, the deviations in these two rotations compensate each

other to first order, leading to a final positibhwhich is close and the CSA interaction is ignored for simplicity.

to the —z axis. This indicates that the three-pulse sequenceThe termsws® and w}° represent the sum and difference of

leads to a polarization inversion spins in siteswhich is the instantaneous chemical shift frequencies, respectiughy;

compensated for CSA to first order. = 0° + 02 0 = 0° — o The termsw, and w; are
Figure 3b shows simulated magnetization vector trajectoriesentation dependent and represent different components

for spins in the most shielded sife under the three-pulsethe spin—spin coupling (see below). Equations [30] and [3
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employ single-transition operators3j, using the basis sét)
=l+5 2. 2=+z, -2 =[-2,+ 4 =[-3,—-2

The transformation of the dipole—dipole interaction between
spinsj andk from its principal axis system to the laboratory
frame is specified by three Euler angle triple®s,”, O™, and
O, as described in Ref34). The angle)"® = {«"%, %,

v are random variables in a powder. The angfe¥ =
{af" — w,t, B*, ™'} specify the time-dependent relationship
of the rotor frame and the laboratory frame. For exact magic-
angle spinning, the second Euler angle is given by the magic-
angle,B™ = tan {(V2).

The relevant spin dynamics during the intervabre de-
scribed by the homogeneous part of the Hamiltonkfi, (Eq.
[31]), which represents the interaction of the spin system with
a pseudo-field in the|2), |3)}-subspace (zero-quantum space).
The pseudo-field has a Iongitudinal componarff’, and a FIG. 4. Mechanical excitation of zero-quantum coherence, represented |
transverse componenig, which is dependent on time and® fictitious spin-1/2 trajectory in the rotating zero-quantum frame. The ficti

. . . . - ious spin-1/2,0%, initially along SZ* (denoting longitudinal difference mag
orientation and is Convememly represented as a Fourier Serﬁ%%tation), nutates about the pseudo-fiBldthrough an angl®, toward the

transverse plane (denoting zero-quantum coherence). The phas®l mag

+2 nitude B, of the pseudo-field are determined by the direct dipole—dipole
wg(t, Q MR) _ E w<Bm>(Q MR)eimwrt, [32] coupling and the molecular orientation.
m=-2
where dipole—dipole coupling componer4). If off-resonant terms

are ignored, the vectq® nutates around a time-independent
) transverse field of magnitud®, and phasep, (Fig. 4).
mOMRYy = _p D2 .(QPY D2, (MR The pseudo-field depicted in Fig. 4 is shown for a singls
s (2;c) i 2 Diw(QE)DLm(QM molecular orientation. In a powder, a distribution of phases ar
magnitudes is present.

X e M dZo(BRY + 2738, [33] Mechanical excitation of zero-quantum coherenc&he
zero-quantum density matrix at time point (Fig. 1) is in a
The zero-quantum part of the spin density operator may Bite of pure longitudinal difference magnetization,
described by a fictitious spin-1/2 vector, denotedpby pre-
cessing around the pseudo-field. The longitudinal component 1
p2® corresponds to longitudinal difference magnetization, pER= 5(S:—Sd) = S, [37]
while the transverse componeni$® and p;°® correspond to
zero-quantum coherences. o _
At rotational resonances(’ = nw,), the frequency of the Neglecting inessential factors.
nth Fourier component ab, matches the frequenay?®. The The z_ero-quantum dens!ty ope_rator nutates arqund the tra
magnitude and phase of the on-resonant Fourier component'4iEse, time-independent fie.,, in the following intervalr
denoted by the real quantiti&, and ¢,,, with (Fig. 4). If relaxation is ignored, the relevant part of the densit
matrix at time point] is given by

m=-2

n — idn
wg = B,e'". [34]
pi? = S%0s0O + Si%in® cos$ + Si%inO sin ¢

Both B, and ¢,, are orientation dependent. In the absence of

; 1 )
CSA, they are given by = S2%0s0 + 5 {e'*S/ S, + eSS, }sin®, [38]
Bn = |og| [35]
where the amplitude and phase of the excited zero-quantt
b= —N(y"R + aft). [36] g ' q

coherence are specified by

At rotational resonancey® describes a complicated spiral
trajectory. A simplified picture is obtained by transforming into
a frame which rotates at the frequency of the on-resonant b= ¢,— 7wl 2. [40]

® = B,r [39]
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is the nutation angle around the effective field (Fig. 4). Thehe CSA-induced phase shift generated by the second thre
maximum amount of zero-quantum coherence is producedpiflse sequence is compensated by the third three-pulse
the nutation angl® is equal tom/2. quence. The phase of the zero-quantum coherence at time pc
The phase anglé, and the magnitudB, are both strongly 0 is preserved when it is delivered back at time paintThis
orientation dependent. In a powder, the distribution in the valpeoperty is essential for obtaining good efficiency in a powde
of B, makes it impossible to achieve optimum zero-quantum
excitation for all molecular orientations at the same timd&otational Resonance Echo of Longitudinal Difference
However, the distribution in the value @, is not harmful for Magnetization

the zero-quantum excitation. In this respect, the rotatlonal.l_he zero-quantum coherence is driven back into longitudin

resonance excitation of zero-quantum coherence is analogaH'F‘erence magnetization during the evolution intervabe-

to the excitation of double-quantum coherence by sequences™ .. ; i .
such as HORRORS] and C7 7-10. een time point§] and. The zero-quantum density operator

before the lastr/2 pulse is given by
Excitation of Double-Quantum Coherence

The second three-pulse selective inversion sequence corp?® = %{e‘d’Sj’Sk+ + €'*SS; }sin® cos® — S2sin®0.
verts zero-quantum coherence at time pdihtinto double-
quantum coherence at time poift(Fig. 1). The effect of the [45]
three-pulse sequence may be calculated using the propagat%

Eq. [28]: r?lfy the last term is converted to observable transverse me

netization by the lastr/2 pulse.
In the absence of relaxation, the efficiency for the entir
pDe = Uap% (ei¢sj—3k+ + e"¢Sj+S,:)U;F}sin® ';[ﬁnsfer proces :> 0 is sif®, where0 is g_iver_1 in Eq_. [39]. _
e maximal achievable double-quantum filtering efficiency i
1 - - a powder is=73%, which is the same as for HORRO& and
=-3 (e V295 g + e T V2SS sin®,  C7 (7). In principle, the efficiency may be further enhancec
using composite pulse schemégl)
[41] The transfer of density operator components between tl
zero-quantum and double-quantum frames is sketched for a
of molecular orientations in Fig. 5. Note that the pattern o
. - zero-quantum phases shown in diagrans preserved through
R,(0)S/R,(~0) = e™''S} [42]  the transfer into double-quantum coherence (diagfgnand
R(6)S R(—6) = S, + i{S,cos6 + S,sin6}. [43] ©ON reconversion into zero-quantum coherence (diagr&m
The preservation of the phase pattern is essential for the ft
g]ation of the partial rotational resonance echo in diagfam

using the transformation relationships

Equation [41] indicates a conversion of zero-quantum c
herence into double-quantum coherence. Note that the CSA of .
the least-shielded spins appears as an additional phase shi |(r)1]gle-Quantum Signal
the excited double-quantum coherence by the angB®*. Transverse magnetization is observed in the interval after tl

All terms in the density operator which do not correspond fast #/2 pulse. Fourier transformation of the quadrature de
double-quantum coherence have been omitted from Eq. [4fdcted signal gives a spectrum with two peaks, with amplitude
Cycling of the radiofrequency phase suppresses signal conptieportional to the longitudinal magnetizations of sitesmdk
bution from these terms. before then/2 pulse. Since the spin density operator contain

longitudinal difference magnetization at time pointl, the
Conversion of Double-Quantum Coherence to Zero-Quantuiuble-quantum filtered spectrum consists of one positive pe
Coherence and one negative. Each peak displays a splitting, due to t

The three-pulse sequence between time pointand [J recoupling of the homonuclear dipole—dipole coupling at ro

converts double-quantum coherence back into zero-quantiftfional resonance.
coherence (Fig. 1).

At time point 0 we obtain the density operator IV. RESULTS
péo — UappBQU ETF:,L [13C2,15N]-G|yCIne

The spectra in Fig. 6 demonstrate the excitation of double
quantum coherence at rotational resonance for a sample

1 .
= _[ei¢*S gt *S+*S15in @
2 {€'5; S + €'%5/S,}sin®. [44] [*C,,"*N]-glycine, in which the”®*C-"C distance is 0.153 nm.
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Zero Quantum strong rotational resonance splittings, which are less sensiti
g2 to the relaxation effects described in R&F5), Any additional
é contributions due to isolated spin impurities are also suy
J\ e ikl pressed, since isolated spins-1/2 cannot support double-qu
57 ' tum coherences.
Double Quantum

[11,20-°C,]-all-E-Retinal

This sample is a more challenging case for double-quantu
excitation, since the’C—°C distance is 0.296 nm. All four
I spectra in Fig. 7 were acquired under the same experimen
54 @ conditions.

g1t ' Figure 7a shows a single-quantum spectrum oEatétinal
no isotopic labeling). The C11 and C20 peaks are indicated !

= : - ows. The C11 peak is superimposed on a resonance fr
top row represents the fictitious spin-1/2 dynamics in the zero-quantum syb . the C20 Ki . d f C
space. Each vector represents the zero-quantum state for a different molec %2’ e peak 1S supenmposed on a resonance irom

orientation. The bottom row represents the corresponding double-quant(ﬁ@-
states. The numbefS-[] denote the time points given in Fig. 1. AL, each The spectrum in Fig. 7b is a single-quantum spectrum ¢

vector is along theSZ*-axis, denoting longitudinal difference magnetization 004 [11,20i3C2]_a||-E-retina|_ This spectrum shows strong

After the excitation intervalr (time point 00), the vectors approach the C11 and C20 peaks which are broadened by the rotatior
transverse plane, indicating excitation of zero-quantum coherence. Zero-quan-onance effect

tum coherence is converted into double-quantum coherence by the three—pﬂ?s%
sequencel{ = (), shown as a projection of zero-quantum vectors onto the IN order to remove the natural abundan€€ peaks, a
double-gquantum transverse plane. A second three-pulse sequence reconweighted version of the spectrum in Fig. 7a was subtracte

double-quantum coherence back to zero-quantum coherence, retaining fflggm the spectrum in Fig. 7b. The result is shown in Fig. 7c
phase of each vector in the zero-quantum space. Mechanically driven evolufﬂqe Weighting factor was adjusted for optimal suppression X
in the intervall] => [ leads to the formation of a rotational resonance echo ?E | abund ks. Th I . . Is |
negative longitudinal difference magnetization at time paint e natural abundance peaks. € small remaining signals

due to isotope shifts and the different linewidths in the tw

The two spectra were acquired under the same experimer?@lrlnples' The C11 peak in Fig. 7c reveals a typical rotation

conditions and are shown on the same vertical and horizortaP°"ance lineshape, with a prominent splitting. The splittin
scale of the C20 peak is partially obscured, as discussed in RB. (

The spectrum in Fig. 6a is a single-quantum spectrum o _I:igure 7d ?E‘OWS a douple-quantum filtereo! spectrym of th
tained by ordinary cross-polarization. The spectrum display Q% [11,20°C,J-all-E-retinal sample, obtained with the
considerable rotational resonance splitting due to the homo-
nuclear *C—*C dipolar coupling 29). Both peaks display
central features which may be attributed to imperfect hetero-

nuclear decoupling35). Isotopomeric impurities may also
contribute. M
Figure 6b is a double-quantum filtered spectrum obtained by L

si

FIG. 5. Coherence transfer steps under the pulse sequence in Fig. 1.

the pulse sequence in Fig. 1, using the excitation interval
363 us. The measured peak integrals reveal a double-quantum

excitation efficiency 0#=56%. The rotational resonance split- 0.5 kiz M
tings of both peaks are equal t&,/2m = 610.3 Hz. If this
splitting is converted into a distance through the semi-empiri- b w

cal equation of Verdegenet al. (14), y*A/r® = 3.25 X
10" (wepi + 14), then the result is = 0.156 nm,which is
very close to the X-ray distance of= 0.153 nm. Inaddition,
note that the anomalous features in both peaks are suppressed. l L !
This behavior is not understood fully yet. In a recent analysis -80 40 0.0 4.0 8.0
(35), we show that anomalous peaks in rotational resonance w/2r (kHz)
spectra are often associated with strongly relaxing signal com-
ponents. It is likely that such strongly relaxing componentsF!G: 6 Spectra of fC;, *N]-glycine at then = 1 rotational resonance in
. . a field of 9.4 T @,/27 = 13,330Hz). (a) CP/MAS spectrum. (b) Double-
Q'Ve poor double—quantulm excitation and hence ,a,re suppres&@ tum filtered spectrum acquired with the pulse sequence in Fig=1363
in the double-quantum filtered spectrum. In addition, the doys). The double-quantum filtering efficiency was 56% in this sample. Twi
ble-quantum filtration selects orientational components wittipanded spectral regions are shown.




104 KARLSSON ET AL.

@) - ciency is due to a very narrow zero-quantum coherence pe:

/ i.e., negligible relaxation of zero-quantum coherence durin
the excitation interval. In another studyg), we measured the
zero-quantum relaxation time constant in this sample. Th
experiment was performed at a spinning frequengi2m =
4.5 kHz, under a proton decoupler level corresponding t
wnd2m = 90 kHz. In that study, the zero-quantum relaxatior
time constant was estimated to Bé° = 32 = 2 ms. The
expected efficiency in the double-quantum experiment may |

estimated by assuming the same value for the zero-quantt

function expE 7/(2T59)) for the conversion of longitudinal

difference magnetization into zero-quantum cohererg. (
— The total relaxation loss over the twgperiods is expected to
100 Hz

a M

Bl

LJML

relaxation rate constant and by using the approximate dec

(& J{ !

) ‘ 00k be only around 8%, which corresponds to a total efficiency c
around 65%. The additional losses are probably due to impe

—

fect coherence transfer by the three-pulse sequences and
creased zero-quantum damping at high spinning frequency.

1
— ﬂ
W‘( 100 Hz 100 Hz { V. EXPERIMENTAL

L Samples

L 1 I " ) )
80 60 40 5 kI-ZILO 60 80 [°C,,"*N]-Glycine (98% *C, 96—-99%"N) was purchased
u’/ 7 (kHz) from Cambridge Isotopes and used without further purificatio
FIG. 7. Spectra of allE-retinal. Each spectrum was acquired at a sampl@" Q|Iut|9n. Approxwpately 59 mg was pe_‘Cked in a Chemag
rotation frequency of 12,190 Hz, corresponding to the= 1 rotational Netics zirconium oxide rotor with outer diameter 4 mm.
resonance between the C11 and C20 sites in the field of 9.4 T. (a) CP/MASNatural abundant al-retinal was purchased from Sigma

[Slpfgté“g‘co]f;f‘gﬁ'tixr”?Ca;”g?ﬁzf;e:::r‘ea'-ségl tﬁﬂ“"{ﬁi;"g‘;‘;“&"“ V\%?;A’aand used without further treatment. Approximately 49 mg wa
yeU— Lolmall-E- . ’ i 1 I

weighting factor adjusted to remove the signals from the isold@dpins. (d) packed mlsa 4-mm CMX_-ZIrcomum rOtor', . .
Double-quantum filtered spectrum of 10% [11,2%5,]-all-E-retinal obtained [11720_ CZ]'a”'E'Re“nal was SynthES|Zed as described ir

with the pulse sequence in Fig. ¥ & 2789 us). Two expanded spectral Ref. (57). The labeled retinal was recrystallized from liquid
regions are shown. n-pentane with a ninefold excess of natural abundance retir
(Fluka, Switzerland) at-80°C. Approximately 45 mg of the
10% [11,20--C,]-all-E-retinal was packed in a Chemagnetics
zirconium oxide rotor with outer diameter 4 mm.

/
7

N~

pulse-sequence in Fig. 1, using an excitation interval 2789
us. The two peaks show typical rotational resonance lin
shapes, with prominent splittings. The separation between 11__3)((3 eriments
maxima of the C11 peak is 80.6 Hz: The separation betweenp
the maxima of the C20 peak is 73.2 Hz. Signal contributions All experiments were performed on a Chemagnetics CMX
from impurities are totally suppressed, and the anomalous fodD0 spectrometer operating at a magnetic field of 9.4 T. .
of the C20 peak is eliminated. Chemagnetics triple-resonance MAS probe with a 4-mm spi
The empirical equation of Verdegeet al. (14), y*4/r® = ner module was used. The spinning frequency was stabilized
3.25X 10"(wqn + 14a), may be used to estimate tH€—°C =2 Hz. The TPPM sequences were implemented by switchir
distance from the peak splittings. The C11 peak splitting yieldse "H RF phase between the valugsh.-q, at time intervals
a distance estimate of 0.300 nm, while the C20 peak splittingsp,. The TPPM parameters are specified for each case belc
yields 0.304 nm. Both of these estimates are rather close to thén the experiments on thé’C,,*N]-glycine sample (Fig. 6),
X-ray distance of 0.293 nm. These distance estimates nthg sample rotation frequency was/27 = 13 330 Hz,
presumably be improved by a more rigorous analysis incorpmerresponding to the = 1 rotational resonance in this field.
rating chemical shift anisotropy and the lineshape analysitie cross-polarization interval was equal to 3.2 ms. Tl
given in Ref. 85). RF field intensity was ramped4). Then/2 pulse duration was
A comparison between the peak integrals in Figs. 7c and 3d.0 us on the'H spins and 4.3us on the™C spins. During
yields an estimate of 45% for the double-quantum excitati@tquisition the decoupler field corresponded to the nutatic
efficiency. This is remarkably high for twBC sites separated frequencyw,./27 = 109 kHz. The TPPM parameters were
by 0.296 nm. The very high double-quantum excitation effiprppy = 16° andrrppy = 4.4 us.
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In the double-quantum filtered spectrum (Fig. 6b), the dence magnetization exchange experiments. In addition, or
coupler field B') during excitation and reconversion correone sample is needed in the current experiment, since t
sponded to a nutation frequenay,./2m = 151 kHz. The double-quantum filtration effectively suppresses the natur
TPPM parameters wel@ppy = 11° andrpy = 3.2 us. The abundance background.
excitation intervalr was equal to 36%s. The two spectra in  Single-quantum rotational resonance lineshapes have be
Fig. 6 both consisted of 32 transients, collected with an inteainalyzed to obtain internuclear distances and tensor orien
mediate delay of 5 s. tions (14-16, 58, 58 However, the single-quantum rotational

In the experiments on aleretinal (Fig. 7), the sample resonance lineshapes are considerably disturbed by relaxat
rotation frequency was,/ 27 = 12 190 Hz, corresponding to phenomena3s), making the analysis of the lineshape difficult.
then = 1 rotational resonance for the C11-C20 sites in thiehese difficulties appear to be suppressed to a large extent
field. The cross-polarization interval was equal to 3 ms. Thke double-quantum filtered spectra presented here. We plar
¥C, RF field intensity was ramped{). The 7/2 pulse dura investigate this matter further.
tion was 3.0us on the'H spins and 4.5us on the**C spins. It should also be possible to estimate spin—spin distances
During acquisition the decoupler field corresponded to thmeasuring the amplitude of the double-quantum filtered sign
nutation frequenc,./2m = 104 kHz. The TPPM parametersas a function of one (or both) delays in Fig. 1. This would
were ¢rppy = 15° andrrppy = 5.4 us. provide a double-quantum filtered version of the standar

In the double-quantum filtered spectrum (Fig. 7d), the désngitudinal magnetization exchange experiment.
coupler field B') during excitation and reconversion corre o
sponded to a nutation frequenay,/2m = 139 kHz. The Angular Investigations
TPPM parameters weréppy = 7° andtrppy = 4.3 us. The The evolution of double-quantum coherences under heter
excitation intervalr was equal to 278%s. All experiments nuclear local fields may be used to estimate molecular torsi
were collections of 512 transients, with a delay of 10 s betweangles {9-26. The experiment described here is particularly
each transient, except for the spectrum in Fig. 7a, for whietell adapted to preparation 6€C, double-quantum coherences

4096 transients were collected. in labeled peptides and proteins, since the chemical shifts
carboxyl andx-carbons are well-suited to rotational resonanc
VI. DISCUSSION studies. The HCCH and NCCN double-quantum heteronucle

local field experiments are expected to benefit from the scher

The technique presented here offers an easy and effici@fgcribed in this paper. _
method for double-quantum excitation in powdered solids. The!n addition, the efficient long-range double-quantum excite

method is feasible at high sample rotation frequencies tjgn described here introduces further possibilities for molec
systems with long internuclear distances. ular structure studies. For example, the estimation of angl

We envisage two major applications of this method: (}?etween pairs of CN bonds separated by distances of 0.5 nm

measurement of internuclear distances; (ii) preparation of ddio"® should allow study of protein secondary and tertiar

ble-quantum coherences for other purposes, for example, §fucture, as well as molecular assembly and ligand bindin
gular estimations. Efficient multiple-quantum excitation over long distances is

prerequisite for many applications of spin counting throug|
multiple-quantum excitation6().

Furthermore, the highly selective properties of rotationz

Currently, most measurements of internuclear distances ussonance should facilitate work with heavily labeled sample
ing rotational resonance have exploited the trajectories of 10{i-8).
gitudinal difference magnetizatioB1). This is a time-consum-  In this article we have concentrated on the first rotatione
ing procedure for several reasons: exchange experimergsonance condition. The experiment could also be modified
performed on large biomolecules often require the preparatiproduce double-quantum coherence at higher orders of rof
of two different samples, one of which is selectively labeled &bnal resonance. This is expected to be of importance at hi
the spin sites of interest, and the other one is nonlabeled. Thagnetic fields, where the = 1 rotational resonance some-
spectrum of the nonlabeled sample is used to remove tiiraes requires an impractical spinning frequency.
natural abundance background. Also, in order to obtain a singleThe rotational resonance approach also has some strc
magnetization exchange trajectory, several individual expelimitations. The rotational resonance recoupling is effectiv
ments have to be carried out to trace the exchange processnly for pairs of spins with chemical shifts exactly satisfying

In the double-quantum filtered experiments presented heilee rotational resonance condition and with chemical shi
the spectrum displays prominent splittings which should alloanisotropies smaller than the isotropic shift separation. Eff
a direct estimation of the relevant internuclear distance througient double-quantum excitation at long distances requires ve
a lineshape analysis. This allows a major reduction of tlweell defined isotropic shifts and is intolerant of structura
experimental time compared to ordinary longitudinal differdisorder.

Internuclear Distance Measurements
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In the case of large chemical shift anisotropies, the three- troscopy of U-**C-erythromycin A, J. Am. Chem. Soc. 120, 10602
pulse sequence used in these experiments degrades the effil0612 (1998).

ciency of the excitation of double-quantum coherence. In suéf M- Hohwy, C. M. Rienstra, C. P. Jaroniec, and R. G. Griffin, Fivefold

symmetric homonuclear dipolar recoupling in rotating solids: Ap-

systems other frequency selective inversion sequences may beplication to double quantum spectroscopy, J. Chem. Phys. 110,

contemplated4g). _ _ _ 7983-7992 (1999).
The double-quantum filtered speqtrum dlsplays_' Splittings. A Brinkmann, M. Edén, and M. H. Levitt, Synchronous helical pulse
due to the recoupled homonuclear dipolar interaction at rota- sequences in magic-angle spinning NMR. Double quantum recou-

tional resonance. These splittings encode useful structural in- pling of multiple-spin systems, J. Chem. Phys., in press.
formation, but also degrade the sensitivity of the experimendg. F. Creuzet, A. McDermott, R. Gebhardt, K. van der Hoef, M. B.

We have recently developed a modification of the pulse se- SPiker-Assink, J. Herzfeld, J. Lugtenburg, M. H. Levitt, and R. G.
Griffin, Determination of membrane protein structure by rotational

quence which allows the experiment to be conducted off rota- resonance NMR: Bacteriorhodopsin, Science 251, 783-786 (1991).

tional resonance6a). These experiments also show hlgh dOLEL'S. O. B. Peersen, S. Yoshimura, H. Hojo, S. Aimoto, and S. O. Smith,
ble-quantum excitation efficiency and, compared to the Rotational resonance NMR measurements of internuclear dis-
experiments performed on rotational resonance, a further im- tances in an a-helical peptide, J. Am. Chem. Soc. 114, 4332-4335
provement in the signal-to-noise ratio. (1992).

14. P. J. E. Verdegem, M. Helmle, J. Lugtenburg, and H. J. M. de
Groot, Internuclear distance measurements up to 0.44 nm for
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