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We describe a new technique for double-quantum excitation in
magic-angle-spinning NMR of powdered solids. The technique is
designed to efficiently excite double-quantum coherence in the
vicinity of a rotational resonance condition. The offset from rota-
tional resonance allows the double-quantum filtered signals to be
observed with high resolution and sensitivity. The method uses
rotational excitation of zero-quantum coherence, assisted by ra-
diofrequency pulse cycles. The zero-quantum coherence is con-
verted into double-quantum coherence by a frequency-selective
inversion sequence. Experiments on [®C,, “N]-glycine demon-
strate a double-quantum filtering efficiency of =41% at a sample
rotation frequency of 8.300 kHz, which is 1.600 kHz away from the
n = 1 rotational resonance. We achieve 32% double-quantum
filtering efficiency at a spinning frequency of 9.250 kHz, which is
2.550 kHz away from rotational resonance. © 2001 Academic Press

Key Words: multiple-quantum coherence; double-quantum co-
herence; zero-quantum coherence; rotational resonance; spin ech-
o0es; magic-angle spinning.

INTRODUCTION

double-quantum coherence exploiting rotational resonan
(20-28. This method uses zero-quantum coherences whi
are mechanically excited by the sample rotation. The meche
ically excited zero-quantum coherences are converted in
double-quantum coherences by frequency-selective spin inv
sion. The method has been shown to be very effective, even
molecular systems with a fairly large internuclear distanc
(19). The technique has also been applied to systems of mc
than two spinsZ9). However, the overall signal amplitude in
this experiment is degraded by the necessity of acquiring t
NMR signals under rotational resonance conditions. The spe
tral peaks are broadened or split by the homonuclear dipol
dipole couplings 20-27.

In this article, we show that it is possible to achieve me
chanical excitation of zero-quantum coherence, and hence d
ble-quantum coherence, at a spinning frequency which is di
placed from rotational resonance. This is done by manipulatir
the zero-quantum dynamics of the coupled spins by insertil
RF cycles, as in the rotational resonance echo schen
(30, 31). Most of the spin evolution is still performed without

Several methods have been proposed for excitation of d@Rplied RF fields, reducing problems associated with protc

ble-quantum coherence in powdered solids under magic-a

nggcoupling. At the same time, the signal detection is performe

spinning (—10. These methods have been employed in tH¥f rotational resonance, which improves the resolution ar

context of internuclear distance estimatiods-8, 13 and in
the determination of molecular torsional angl&2-1§. Most

sensitivity.
We present results or’L,, **N]-glycine, spinning at 8.300

of these schemes employ intense radiofrequency (RF) irradi&liz in afield of 4.7 T, which is 1.700 kHz away from the=

tion at the Larmor frequency of the recoupled spin species. Infotational resonance (6.700 kHz). The experimental doubl
most cases, a strong decoupling field must also be applééantum excitation efficiency at this spinning frequency wa
simultaneously at the Larmor frequency of a second spi?1%. Ata sample rotation frequency @f/2m = 9.250 kHz,
species (commonly protons). The RF field amplitudes are oftéfhich is 2.650 kHz away from the = 1 rotational resonance,
proportional to the sample rotation frequency, making doublée achieve=32% double-quantum excitation efficiency for
quantum excitation difficult at high spinning frequencies due b€ same sample.
limited probe performance. In systems with large internuclear

distances, long double-quantum excitation and reconversion

intervals are necessary and the efficiency is degraded by pulse
imperfections. The pulse sequences in Fig. 1 are suitable for doubl

Recently we presented a techniqued)(for excitation of quantum excitation in the magic-angle spinning (MAS) o
powdered solids containing isolated pairs of spin-1/2 nucle

! Present address: Department of Chemistry, University of Washingto-l;,he top rowl denotes RF _f|elds gpplled at the Larmor fre:
Seattle, WA 98195, guency of the abundant spin species, commonly protons. T
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¥ ox ®,), then the duration of C is set to one-half of a rotatione
|xeiza TPPM period, 7. = 7,/2, wherer, = [27lw,|.
. Ideally, the C sequence acts asyale,meaning that it leaves
X VX Y X the spins unperturbed if all interactions other than the RF fie

A
X XX X y
a - H_H_I] @__[I\NW are neglected3). Since the cycle has a finite duration, the
[\

S ﬂﬂ@ @(@ @, % :© @ ®;; orientation of the rotating sample is different before and afte
the cycle, which causes modified spin dynamics in the subs
b g ' H\/\M quent interval. This idea has been used before to excite ro
- tional resonance echoe3(, 31 and for sideband suppression

6] Tee 18] 8] Texc t (39).

The purpose of the C sequence in this experiment is to ass
the excitation of zero-quantum coherence. In Fig. la, tt
interval 7., is divided into two intervals;r, separated by a
&, &y O3 &, 05 Pg Drec single C element of duration. (Fig. 2). The optimum value of
Tee 1S determined by the effective dipole—dipole coupling

fG. 1 Pul or the off rotational ai b]gtween the two spins§; and S,, and the sample rotation
.1 ulse sequences for € OIT rotational resonance excitation .
ﬁdeguency,w,, as discussed below.

double-quantum coherence and associated coherence transfer pathway di o
gram. After the zero-quantum excitation delay,, two =/2-pulses,

with phasesp = 0 and¢$ = /2, follow with an intermediate
delay é. This two-pulse sequence selectively rotates the spi

Larmor frequency of the dilut&spins, typically®C or P in one of the sites byr, converting the zero-quantum coher-

nuclei. Scheme a is used relatively close to rotational re<g2c€ into double-quantum coherence.

nance, while scheme b may be used further away from rota\tr @ short delayA, double-quantum coherence is con
Yﬁ_rted back into zero-quantum coherence by a similar tw

tional resonance (see below). The appropriate choice of sp . _ .
ning frequency for these two schemes is discussed un &{se secigence: Lhe dde![_zayls ac.jjlg’t?d su_cr: that the 'Eterv?l
Theory. The bottom row is a coherence transfer pathwr tc\:\rlepeenriolr;sepom and timepoint1s an integer numboer o

diagram for theS-spins. The following intervalr,,, including the C sequence, con
The Symbolsp, . . . ds, ¢rec denote the overall RF phases OI:/erts the zero-quantum coherence back into a state of longi

pulse sequence blocks. The symidol, denotes the postdigi dinal difference magnetization. The last2-pulse generates

tization phase shift32). All of these symbols take into accounttransverse magnetization, which is observed in the integval

the si_gn of the Lgrmor freq_uency and the mixing scheme of theA strong *H decoupler field is employed throughout the
le”s],lgnalls, as dlscussedtlntF:)eBZ,(Sa.d larizi double-quantum excitation and reconversion sequence. In |

ith € Eu s¢€ se_qugnces Sh?r y rarrrllpe ((:jross-po ariz ft)n (experiments described here, we employed a TPPM modulati
with p _ase_d> = 0toac \eve ennhance transverSespin scheme §9) in order to improve the quality of the decoupling.
magnetization along the axis of the rotating reference frame. The sequence in Fig. 1b is designed to operate at a sam

Free precession of transverse magnetization occurs under the:. frequency farther away from the rotational resonanc

subsequent delay. If the spectrometer reference frequency igongition. Both intervalsr., are divided into three subinter
set to the mean of the two isotropic shift frequenci®s, = a5, each of duratiom, separated by two C elements. The
3 (0 + o¢°) and the delay is given by = |7/(0* — o°)|,
the #/2-pulse generates longitudinal difference magnetization, -
i.e., positivez magnetization for one of the two coupled sites X X
and negativez magnetization for the other. This sequence
neglects chemical shift anisotropy. If the chemical shift anisot-
ropy is considerable, other sequences could be employed in- @
stead 85, 36.

Mechanical excitation of zero-quantum coherence is accom-
plished in the following intervat,,.. In Fig. 1a, the intervat.,,
is interrupted by a short RF sequence, denoted C. The C !
sequence is composed of two pulses of equal duration, but with T
opposite RF phases. The total duration of the sequence C |
depends on the sample rotation frequengyand the closest T
rotational resonance condition. If the spinning frequency is exc
close to the first-order rotational resonand:e}s(’ - o = FIG. 2. Expansion of the intervat.,. in Fig. 1a.

flhoan
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duration of the C elements is chosen in the same way as for treus chemical shift frequencies, i.85° = 0* + ©°, o5’
sequence in Fig. la. = ;" — w¢". The termsw, andw; are orientation-dependent

The signal passing through double-quantum coherenceaatl represent different components of the spin—spin coupli
time point O is collected by cycling the phases of the pulsésee Ref. 19)).
sequence blocks according to standard procedu@s The Equations [4] and [5] employ single-transition operator
phases of the pulse sequence blogksd,, . . . , s and the RF (41), using the basis sét) = |+3, +3), [2) = |[+3, —2), |3) =

receiver phaseb,. are cycled according to | =3, +3), |4) = | =3, —3). The relevant spin dynamics during the
interval 7., are governed by the homogeneous part of th
2mm Hamiltonian,H?® (Eq. [5]), which represents the interaction of

1=l + N, the spin system with a pseudo-field in th@){ |3)}-subspace

(zero-quantum space2d). The pseudo-field has a longitudinal
_ L0, 4T componentw;’, and a transverse componeat. The longi
bp=bp n, floor <n1n2. . .npl>’ (for2=p=6) tudinal componenty,° is both time- and orientation-indepen
5 dent in the absence of CSA. The transverse compoagns
brec = %m [1] orientation-dependent and also time-dependent due to the se

ple rotation. It is convenient to represesy as a Fourier series,

where the function floor X) returns the largest integer not -
greater thax. Herem is the transient countem = 0, 1, ..., t QMR) = (m)( () MR) gimart

) . . , = e'mer) 6
ne — 1, whereny, is the number of transients in a complete @al ) E @g"( ) [6]
phasecyclen, = n;n,n;n,nsne. In the present case, the
cycling parameters weme, = 1;n, = 1; n; = 1; n, = 4; _ _ . .
Ne = 1:Ng = 2: N = 4: Ny, = 8. On each transient, thewhsri thl%onentatmn—dependent Fourier components are giv
postdigitization phase, was adjusted to satisfy the equatiorﬁn ef. @9). . .

The zero-quantum part of the spin density operator may |

_ ) ) described by a fictitious spin-1/2 vector, denotedpby pre
bag = ~2h3 + 264+ bs ~ drec [2] cessing around the pseudo-field. The compongntcorre
sponds to longitudinal difference magnetization, while th

This phase cycle selects signals passing throdgh{quantum ansverse components?® and p?, correspond to zero-quan
coherence at time poirifl in Fig. 1. The initial phase®?, tum coherences.

m=-2

‘1’2’,' e b were all set to zero, except faps, which was At rotational resonances° = ne,), the frequency of the
o_p.tlmlzed experimentally to obtain maximum 2Q filtering efnth Fourier component ab, matches the frequenay’. The
ficiency (see below). magnitude and phase of the on-resonant Fourier component

denotedB, and ¢, with
THEORY

(n — idn
Zero-Quantum Dynamics wg' = By [7]

The theoretical treatment of these experiments is similar ¢ real quantitiesd, and ¢,, are orientation-dependent and
that for the on rotational resonance case, explored in B8). ( are given in Ref. 19).

formalism in the zero-quantum subspace. trajectory. A simplified picture is obtained by transforming intc
The high field MAS Hamiltonian for an isolated spin pair iry frame which rotates at the frequensyin the case ofi = 1
a rotating solid may be written a3 rotational resonanc@l). If off-resonant terms are ignored, the
zero-quantum vectop®® nutates around a time-independen
H=H%+H%, [3] transverse field of magnitudg, and phaseb, (Fig. 3a).In the
following equations, the use of the zero-quantum rotatin
where frame is denoted by the symbel. The zero-quantum density
operators in the laboratory frame and zero-quantum rotati
HO = 0595 4 ,(S2 — S34) [4] frame are related bﬁzQ(t) = R§3(—wrt)sz_(t) RZ(+ w,t).
_ If the experiment is conducted off rotational resonance, tt
H? = 0§82 + wsS{ [5] zero-quantum dynamics may be described by a nutation abt
a tilted field, denotedv.y in Fig. 3b. The tilt angled and the
and the CSA interaction is ignored for simplicity. nutation frequencyw.s depend on the sample rotation fre

iso iso

The termswy® and wy° represent the sum of the instantaquency and are given by
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pZ2=sin B sin 6S3* + (1 — cosB)cosh sin § SZ°

+ (cos?0 + cosp sin?0)S23, [12]

23
Sz

In Fig. 4a, this evolution is shown for the case tigat .

The cycle C acts as a rotation of th& vector by— about
the z-axis of the zero-quantum rotating frant&® (Fig. 4b).
The relevant part of the density matrix after the cycle C i
therefore

0g

~7Q _ _ i ; 23 _ _ : 23
= —sinB sin 6S 1 - cospB)coshHsind S
FIG. 3. Effective fields in the rotating zero-quantum frame; (a) at exact PO B X ( B) 4
rotational resonance and (b) off rotational resonance. + (cos’0 + cosp sin?0)S22, [13]

After release from the cycle C (time poift to time point

1 Bn ), the fictitious spin-1/2 again nutates through an angjte
6 = tan <|wi§o - nwrl) [8] ., about the tilted field (Fig. 4c).
. The zero-quantum components of the density operator
werr = {(@5° — nw)? + B2 9] timepointd are

In a powder, a distribution of phases, nutation frequencies, and

. . : (B
tilt angles is present. pE? = 2 cos sin(26)sin B sm2<2 S

Pulse-Assisted Excitation of Zero-Quantum Coherence + % (4 cos{26)sin4<§> - sin28>sin 29 S

Figure 2 shows the interval,,. on an expanded scale. The
total _interval is given byre,. = 27 + 7, V\_/he_re 7c Is the + (1_2 sin2(20)sin4<B)>S§3. [14]
duration of the cycle C. If. = 3 7,, and the spinning frequency 2
is close to then = 1 rotational resonance, then the cycle C _ S _
rotates the fictitious spin-1/2 vectd1) through the angle-7 If the tilt of the effective field is adjusted such thtat= =/8 and

about thez-axis of the zero-quantum rotating frame, as ddbe nutation angles are adjusted toe , then thep™ vector

scribed in Ref. 19). ends up along thg-axis as shown in Fig. 4d. This correspond:
In Figs. 4a—4d, the desired spin dynamics during is t0 a perfect conversion of longitudinal difference magnetiz

visualized for a single molecular orientation, neglecting tHéon into zero-quantum coherence. Note that fifé vector

chemical shift anisotropy. The effective fialgd, (white arrow) Wwould return to thez-axis during the second interva] if the

and the fictiious magnetization vector (black arrow) areycle C were not applied.

shown. The effective field is in thez plane. In a powder, the distribution in the magnitude of the effec
The p* vector is initially along theS?*-axis, denoting lon

gitudinal difference magnetization, (time pointin Fig. 1a).

The relevant part of the density matrix in the zero-quantuf ;

rotating frame may be written // N

1 e
PR =5 (S.~ S = S [o] L

neglecting inessential factors.

During the first periodr, p*° rotates about the pseudo-field/-

wer through an anglgs, given by

B = weyT. [11] FIG. 4. Spin dynamics in the rotating zero-quantum frame under the puls

sequence in Fig. la. Frames (a) to (d) denote excitation of zero-quantt

. o . coherence. Frames (e) to (h) denote reconversion of zero-quantum cohere

If relaxation is ignored, the relevant part of the density matrixo longitudinal difference magnetization. Black arrows denote the magne

at time point is given by zation; white arrows denote the field.
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tive field wey and the tilt anglesd) makes it impossible to §is chosen to bé = m/w}°. The single-spin rotation operators

achieve optimum zero-quantum excitation for all moleculare given by

orientations at the same time. Nevertheless, the rotation se-

guence in Figs. 4a—4d may be set up for the most probable R.(B) = exp(—iBS,}. [19]

value of the near-resonant dipolar comsy@)x (h the case

n = 1, this is given byB*"® = b, /(2V'2), whereb; = : .

—(wol4m)y,y Al is the dipole—dipole coupling constantSUD.poshe that the zero-quantl,!m p;art of t_he spin den.sny ope

expressed in rad $ andr is the internuclear distance. Thistor’ In the zero-quantum rotating frame, Is given at time poir
. . _ O by

value ofB,, occurs for molecular orientation anglggz = /4

and 37/4. Close to then = 1 rotational resonance, this

i inni 1 _
corresponds to a choice of spinning frequency 570 =~ A 5 (e'd’ZQSj’Sk* n e"(”ZQSfS[), [20]
L iso __ [Sle/ bjk l Z . .
o, = |o] ol = 2 [2 tar(w/8) [15]  whereA and¢“? are the amplitude and the phase of the excite
\ zero-quantum coherence. The corresponding expression for
) zero-quantum density operator in the usual rotating frame i
and intervals
5 2Q Lieat (b2
22 7| pTn=A 5 (S; Skexpli(¢® + wtn)}
=" sin(w/8) [16]
" + S Scexpl—i (62 + wto)}).  [21]
1
Tc= 5 T [17] )
2 The two-pulse sequence leads to the following double-quantt

spin density operator:

The spread of different field magnitudes and tilt angles de-
grades the doul_nle-_qua_mtur_n filtering efficiency in a p_owder. PR = UppZU 2t [22]
However, the distribution in th@haseof the pseudo-field,
associated with the Euler anglg, is not harmful for the
zero-quantum excitation. The trajectories for molecular orien-
tations with different values of the Euler anglgz may be
generated by rotating the pictures in Fig. 4 about#exis.  \here

In another context, strong nonselectirepulses were used
to improve the exchange dynamics of longitudinal difference
magnetization in pairs of spins-1/2 off rotational resonance
(42, 43. However, this method depends on the phase of the
effective field and hence on the angjgs. As a result, the This represents the conversion of zero-quantum into doubl

methods in Refs 42, 43 are relatively inefficient in a powder. quantum coherence, with faithful transfer of the phase info
mation.

Excitation of Double-Quantum Coherence If the spectrometer reference frequency is set to the mean
the two isotropic shift frequencies, and chemical shift aniso

The following fours/2-pulses, time pointl = [ in Fig. 1a, ropy is neglected, then there is no precession of double-quz
convert zero-quantum coherence into double-quantum cohgjim coherence during the intervAl

ence and vice versa.
If chemical shift anisotropy and dipole—dipole couplings arreconversion of Double-Quantum Coherence
neglected over the short internv@lthe arguments given in Ref.

(19) may be repeated to write the effect of the two-pulse The second two-pulse sequence is the same as the first
sequence in the conventional rotating frame: transforms the excited double-quantum coherences back il

zero-quantum coherence. The zero-quantum part of the s
density operator at time poiff is therefore

Up=R (;) Ry() sz( - ;) [18]

assuming that the spectrometer reference frequency is set to the _
mean of the two isotropic shift frequencies and that the delay + §/Scexp[—i(¢?? + otn)}). [25]

1 .
=A5 (€7S'S) + e7'*™SS,), [23]

PP = ¢ + oty [24]

P2 = A (S Siexpli(67 + wito)}
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Transforming back into the zero-quantum rotating frame, weg

b
get
1
ﬁéQ = A E (Sjis;exp{i(d)zo + wrtD - wrtD)}

+ S S, exp{—i(¢p™ + oty — wty)}). [26]

The delayA is chosen such that the time poinisandO are U

separated l_)y an integer number of rotational periods. Under_‘i_0 =T 00 20 40 T30 o0 20 2%
these conditions, the term,(t; — ty) may be neglected and /2% (kHz) wl2m (kHz)

the zero-quantum coherence is reconstructed at time point

with complete preservation of phases.

FIG. 5. Excitation of *C, double-quantum coherence above the= 1
rotational resonance condition i€, *°N]-glycine. The upper spectrum in (a)
is an ordinary CP/MAS spectrum, while the lower spectrum is a double
A Zero-Quantum Echo quantum filtered spectrum acquired with the pulse sequence in Fig. 1a. B

. . . spectra were acquired at a sample rotation frequen@mr = 8.300 kHz. The

During the intervall = [J, the zero-quantum coherence ispper spectrum in (b) is a CP/MAS spectrum, while the lower spectrum w:
reconverted into longitudinal difference magnetization. Thigquired with the pulse sequence in Fig. 1b. Both spectra in (b) were acquir
process is visualized for a single molecular orientation in Figt @ sample rotation frequeney/2m = 9.250 kHz.
4e = Fig. 4h. In a powder, the simultaneous refocussing of
many zero-quantum vectors at th@xis represents an echo of
longitudinal difference magnetizatioBq, 31). ence in a powder. However, the increased offset from rot

tional resonance leads to enhanced resolution.

Further Away from Rotational Resonance

o . . Nonidealities
Improved spectral resolution is obtained if the sample rota-

tion frequency is set further away from the rotational resonanceThe arguments stated above neglect chemical shift anis
condition. In theory, this makes double-quantum excitatiapy, the distribution of molecular orientations, and the dure
more difficult, since the tilt anglé of the effective fieldw.s in  tions of the pulses (except for that of the C element). |
the zero-quantum frame becomes smaller (Fig. 2). To compgactice, the intervals and the phase; are adjusted empir
sate for this, one may insert more RF cycles C in the intervatglly in order to achieve optimal efficiency.

Tee A pulse sequence with two cycles is shown in Fig. 1b.
Each interval,, is divided into three subintervals, separated
by two cycles, C, so that,,. = 37 + 27.. Approximate optimal

settings for this sequence, based on the trajectory ofithe The spectra in Fig. 5 demonstrate double-quantum excitati

V(_actor for thg most pro.bable component of the resonant d'p0|i%_a sample of £C,, N]-glycine. The spectra in Fig. 5a were
dipole coupling, are given by

obtained at a sample rotation frequengy2= = 8.300 kHz in
afield of 4.7 T, which is 1.700 kHz above the= 1 rotational
bji resonance condition, which occurs at a spinning frequency

RESULTS

o = o — o = ‘f— [27] ; _
22 tan(w/12) 6.700 kHz. The upper spectrum is an ordinary CP/MAS spe
— trum, while the lower spectrum is a double-quantum filtere
_ ’2\"2 77‘ sin(w/12) 28] spectrum, acquired with the pulse sequence in Fig. 1a. T
N bix m pulse sequence parameters were 308 us, A = 90.6 us,
1 Tc = 60.2 us, andg; = 8°.
=5 T [29] A measure of the double-quantum filtering efficiency i

obtained by comparing the peak integrals in the CP/MA
spectrum with the peak integrals in the double-quantum filtere
The geometric arguments in Fig. 4 may readily be extendeddpectrum. The measured peak integrals reveal a double-qu
show that this sequence also leads to optimal double-quanttum excitation efficiency of=41%.

excitation for molecular orientations with the most probable To illustrate the dependence of the double-quantum excit
value of the recoupled dipolar interaction. The overall efftion efficiency on the sample rotation frequency and the exc
ciency of the sequence with two C cycles in eaghinterval tation timer,,., a series of experiments was carried out usin
is lower than that with a single C cycle, because the motiee pulse sequence in Fig. 1a (which contains one cycle C) a
complicated evolution leads to increased destructive interfersimilar sequence containing no C cycles. Figure 6 compal
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Double-Quantum Filtering Efficiency

Ref. @5), except for the isotropic shift difference which was
increased in magnitude by 2.2 ppm.

We attribute this small discrepancy to the general difficult
of measuring isotropic chemical shifts in systems with stron
dipole—dipole couplings, as well as a possible isotope effect
C chemical shifts when substituting atN nucleus by*N.
The crystal structures of the two samples may also diffe
Simulations using the parameters reported in R&%) are in
clear discrepancy with our experimental results, while a sme
adjustment of the isotropic shift difference leads to agreemel

Figure 6a shows a gratifying match between simulations at

b 0.6 : experimental results. The highest double-quantum filtering e
,'f‘, ficiency is obtained, as expected, at the rotational resonar
04 ~ "1“. condition w/2m = 6.700 kHz. Rather surprisingly, intense
:". 'y double-quantum filtered signals, but with opposite sign, a
02 O : | also obtained ab /27 = 7.400 kHz, which is 0.700 kHz above
0 A A\ . A'A : | rotational resonance.
Y_.‘ N M ;' v | [ Figure 6b shows that the insertion of one C cycle in th
02 ' W/ interval 7., as in the pulse sequence in Fig. 1a, leads |
‘.v.' “«" : displacement of the optimal excitation to a position well of
04—25 50 60 70 80 90 rotational resonance. The pulse sequence parameters-\were

MAS Frequency o,/ 2r (kHz)

308 us,A = 90.6 us, 7c = 60.2us, andpy = 8°. The RF field

during the sequences C corresponded to a nutation frequel
FIG. 6. The dependence of double-quantum filtering excitation"i@,} of |wSJ27T| = 32.4 kHz. As may be seen. a good match
nu . . H

*N]-glycine on the sample rotation frequency. (a) Excitation atrhe 1 . . . . . .
rotational resonance condition using a pulse sequence similar to that in Fig.bﬁtWeen experiments and simulations is maintained for tf

but containing no C cycles. Only the spinning frequency was varied. TRUIS€ sequence. Optimal double-quantum excitation is o
rotational resonance condition is indicated by the dashed vertical line. (b)
Excitation above then = 1 rotational resonance condition using the pulse
sequence in Fig. 1la varying only the spinning frequency. The pulse sequen 0.6
parameters were optimized for the spinning frequeag@?m = 8.300 kHz,
indicated by the dashed vertical line.

the rotation-frequency dependence of the double-quantum ex-
citation efficiency for the two pulse sequences.

Figure 6a shows the spinning frequency dependence of the
double-quantum filtering efficiency for a sequence with no
inserted C cycles, optimized at the= 1 rotational resonance.

Double-Quantum Filtering Efficiency

The pulse sequence parameters were 350 us, A = 0.5 us, 0.6

and ¢4 = 0. The solid curve shows the experimental results, 04 X

while the dashed curve shows the results of numerical simu- ' 0N

lations using the SIMPSON progrard4). The simulations 0.2 \‘ L

employed a powder average of 8816 crystal orientations and an 0 e G \ ‘ e N y

integral step size of,/200. Other parameters were the same as 02 ' \ 7

in the experimental setup. Pulse imperfections and relaxation ’ h H

were ignored in the simulations. The spin Hamiltonian param- 0.4 '\ .

eters used for the simulations in Figs. 6 and 7 are as follows: ¢ -

b/2m = —2.135kHz, §° — §° = —133.2 ppm,5;™° = 0 200 400 . 60/0“3 800 1000 1200
exc

—19.4 ppm,y; = 0.98, {ajPM, J-PM, 'yjPM} = {99.4°, 146.0,
138.9}, 6i"°= —74.5 ppmm, = 0.88, {ay", B, v} = FIG. 7. The dependence of double-quantum filtering efficiency'ie;
{—0.7°,88.5° 42.5°, and;, = 53.1 Hz,where a deshielding *N]-glycine on the excitation intervalr... (a) Excitation at then = 1
convention is used throughout for the chemical shifts, the Iaqgﬁtr:%n?o rgsgyszge gsl;dltlwa:igﬁe?eszﬁjiﬁii ::sc;?:;;es en:] IF(;?(b ;:mbeur:t;;
. 3 . 13 H . exc .

j refers tc_) the 2°C site, and the labé{ refers to t_he 1-C site. data; dashed lines represent simulations. (b) Excitation aboven tke 1
The z-axis of the molecular reference franh is along the rotational resonance condition using the pulse sequence in Fig. 1a and vary

C—C bond. These parameters were taken from “molecule 1"tite delaysr. The excitation intervat,,. equals 2 + .
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tained atw /27 = 8.300 kHz, as expected. However, théected with a delay between transients of 3 s. Typital
irregular behavior of this pulse sequence with respect to spRF-fields during the C sequences corresponded to a nutat
ning frequency indicates that it should not be relied on teequency of|lw;/ 27| = 32 kHz. Typical amplitudes ofH
provide a clean frequency-selective excitation of double-quatecoupler fields corresponded to nutation frequencies
tum coherence. |wnd 277 = 90 kHz to 110 kHz. TPPM decoupler scheme:
Further simulations (not shown) predict only a minor depemvere employed with pulse durations of between 4.3 angi6.7
dence of the double-quantum excitation on the RF field arand phase alternations of between 6 and 18°.
plitude during the sequence C. The simulated double-quantum
filtering efficiency has only a weak dependence on the RF field
for nutation frequencies that differ from the optimum setting by
+6 kHz. . . . . . .
Figure 7 shows the dependence of the double-quantum eP‘]-The dipolar recoupling technique pre_sented_ in this arucl
. . . ... shares many of the features of the experiment discussed in F
ficiency of the same pair of experiments on the excitatio . . .
: . 2), which usesr pulses to achieve recoupling. Both method:
interval .. Figure 7a shows the results for the pulse sequence . L
. : employ RF irradiation to compensate for the offset from th
without C cycles at a sample rotation frequency of 6.600 kHZ, . o
rgtational resonance condition. However, the current expel

which is very close to rotational resonance. Again, there is . .
y 9 .ment uses RF cycles instead of pulses, which leads to a

good agreement with the simulated curves, with the remainmé:]d . ; -
) . : . . . féduced orientation dependence and hence better efficiency
differences being attributable to relaxation. The rapid oscilla-

tions in the excitation profile have been observed befagg. ( a powder.

Figure 7b shows the corresponding results for the sequenceThe off rotational resonance recoupling method could

in Fig. 1a, at a sample rotation frequency of 8.300 kHz. mployed for the determination of internuclear distances

i . . o owdered solids and for the generation of double-quantu
rather sharp maximum in the double-quantum filter efficien . : : o
: . a . _ oherences which may be used in torsional angle estimatic
is achieved atr.,. = 460 us (corresponding ta = 200 us).

. o ; : . . 12-19. The method allows one to achieve good ZQ-excite
Interestingly, strong excitation (with opposite sign) is als . ) . : .
obtained atr.,, = 660 us (corresponding te = 300 us) |onf9r particular pairs of Iabgled spins, without suffering _frgrr

The specterX; in Fig. 5b demonstrate double—quantur.n exci%he signal loss associated with rotational resonance splitting

a_
tion further away from the rotational resonance condition,

CONCLUSIONS

Other possibilities exist for off rotational resonance excite
. . . o tion of double-quantum coherences. For example, the positi
using two "_‘S‘”ted _cycl_e s in both the excitation anq th? recot¥ the rotationacl resonances may be shifted bypapplying;J rep
version periods as in Fig. 1b. The upper spectrum in Fig. 5bi{ﬁ/e RF pulses 46) or by weak off-resonance RF fields
an ordinary CP/MAS spectrum acquired at a sample rotati . " . :

frequencye,/2m = 9.250 kHz, which is 2.550 kHz above the?é]e’ 28. Such shifted rotational resonance might be combine

- . . with the scheme discussed in Reff9) to give efficient double-
n = 1 rotational resonance condition. The lower spectrum was o ! o .
ntum excitation as well as high sensitivity detection.

acquired with the pulse sequence in Fig. 1b. The experlmengggeveral groups have described broadband double-quant

arameters were = 199 us, A = 67.0us, 7. = 54.1us, and . : . . o
3)2 = 4°. The peak intggrals in thigexgerimentpibndicate Elecouplmg sequences which are suitable at high spinning fr

double-quantum excitation efficiency 6£32%. The rapid quency 8, 10. These methods place high de.mands on_tl‘
spinning allows thé®C—C J-coupling to be partially resolved probe performance but are the methods of choice when simi

. . taneous recoupling of many spins is required or when tt
in the double-quantum filtered spectrum. . . . !
precise chemical shift frequencies are unknown. The meth

described in this paper is selective for pairs of spins satisfyir
the shifted rotational resonance condition and is relative

[°C,, **N]-Glycine (98% “C, 96-99%N) was purchased umrilgsmdz\r/]ggg for the probe electronics or the pulse prograi

from Cambridge Isotopes and used without further purification We recently used the technique described here to perfo

or c_1||ut|c_)n. A_pproxw_nately 59 mg was pa_cked na Chema@f\_lCCN torsional angle estimates in a labeled sample of tt
netics zirconium oxide rotor with outer diameter 4 mm. The.

experiments were performed on a Chemagnetics CMX-2 boepude Gly-Gly-Gly €7).

spectrometer operating at a magnetic field of 4.7 T. A Che-

magnetics triple-resonance MAS probe with a 4-mm spinner ACKNOWLEDGMENTS

module was used. The spinning frequency was stabilized?to

Hz. The cross-polarization interval was equal to 2 ms in all The Swedish National Science Foundation and thieaG&ustafsson Foun-
experiments. Thé*C, RF-field intensity was ramped to-in dation for Research in the Natural Sciences and Medicine are acknowledc

ducibilitvad). Tvoical tati f ies d for supporting this research. C.E.H. is the recipient of a Marie Curie Individu:
crease reproducibil y3( ) ypical nutation frequencies aur- Fellowship (HPMF-CT-1999-00199) from the European Union. J.S.a.d.G.

. s 3 .
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All spectra in Fig. 5 were acquired using 32 transients, caluthors thank Ole G. Johanessen for technical assistance.

EXPERIMENTAL



246

10.

11.

12.

13.

14.

15.

REFERENCES

. R. Tycko and G. Dabbagh, Double-quantum filtering in magic-
angle-spinning NMR spectroscopy: An approach to spectral sim-
plification and molecular structure determination, J. Am. Chem.
Soc. 113, 9444-9448 (1991).

. N. C. Nielsen, F. Creuzet, R. G. Griffin, and M. H. Levitt, Enhanced
double-quantum nuclear magnetic resonance in spinning solids at
rotational resonance, J. Chem. Phys. 96, 5668-5677 (1992).

. N. C. Nielsen, H. Bildsge, H. J. Jakobsen, and M. H. Levitt, Double-
quantum homonuclear rotary resonance: Efficient dipolar recovery
in magic-angle spinning nuclear magnetic resonance, J. Chem.
Phys. 101, 1805-1812 (1994).

. Y. K. Lee, N. D. Kurur, M. Helmle, O. G. Johannessen, N. C.
Nielsen, and M. H. Levitt, Efficient dipolar recoupling in the NMR of
rotating solids: A seven-fold symmetric radiofrequency pulse se-
quence, Chem. Phys. Lett. 242, 304-309 (1995).

. M. Hohwy, H. J. Jakobsen, M. Edén, M. H. Levitt, and N. C. Nielsen,
Broadband dipolar recoupling in the nuclear magnetic resonance of
rotating solids. A compensated C7 pulse sequence, J. Chem. Phys.
108, 2686-2694 (1998).

. C. M. Rienstra, M. E. Hatcher, L. J. Mueller, B. Sun, S. W. Fesik, and
R. G. Griffin, Efficient multispin homonuclear double-quantum re-
coupling for magic-angle spinning NMR: *C-"*C correlation spec-
troscopy of U-"*C-erythromycin A, J. Am. Chem. Soc. 120, 10602—
10612 (1998).

. D. M. Gregory, M. A. Mehta, J. C. Shiels, and G. P. Drobny,
Determination of local structure in solid nucleic acids using double
guantum nuclear magnetic resonance spectroscopy, J. Chem.
Phys. 107, 28-42 (1997).

. M. Hohwy, C. M. Rienstra, C. P. Jaroniec, and R. G. Griffin, Fivefold
symmetric homonuclear dipolar recoupling in rotating solids: Ap-
plication to double quantum spectroscopy, J. Chem. Phys. 110,
7983-7992 (1999).

. M. Carravetta, M. Edén, X. Zhao, B. A., and M. H. Levitt, Symmetry

principles for the design of radiofrequency pulse sequences in the

nuclear magnetic resonance of rotating solids, Chem. Phys. Lett.

321, 205-215 (2000).

A. Brinkmann, M. Edén, and M. H. Levitt, Synchronous helical

pulse sequences in magic-angle spinning NMR. Double quantum

recoupling of multiple-spin systems, J. Chem. Phys. 112, 8539—

8554 (2000).

B.-Q. Sun, P. R. Costa, D. Kocisko, P. T. Lansbury, and R. G.

Griffin, Internuclear distance measurements in solid state nuclear

magnetic resonance: Dipolar recoupling via rotor synchronized

spin locking, J. Chem. Phys. 102, 702-707 (1995).

X. Feng, Y. K. Lee, D. Sandstrom, M. Edén, H. Maisel, A. Sebald,

and M. H. Levitt, Direct determination of a molecular torsional

angle by solid-state NMR, Chem. Phys. Lett. 257, 314-320

(1996).

K. Schmidt-Rohr, Torsion angle determination in solid *C-labeled

amino acids and peptides by separated-local-field double-quan-

tum NMR, J. Am. Chem. Soc. 118, 7601-7603 (1996).

X. Feng, M. Edén, A. Brinkmann, H. Luthman, L. Eriksson, A.

Gréslund, O. N. Antzutkin, and M. H. Levitt, Direct determination of

a peptide torsional angle iy by double-quantum solid state NMR,

J. Am. Chem. Soc. 119, 12006-12007 (1997).

X. Feng, P. J. E. Verdegem, Y. K. Lee, D. Sandstrom, M. Edén, P.

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

M. H. Levitt, Direct determination of a molecular torsional angle in

the membrane protein rhodopsin by solid-state NMR, J. Am.

Chem. Soc. 119, 6853-6857 (1997).

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

KARLSSON ET AL.

P. R. Costa, J. D. Gross, M. Hong, and R. G. Griffin, Solid-state
NMR measurement of ¥ in peptides: A NCCN 2Q-heteronuclear
local field experiment, Chem. Phys. Lett. 280, 95-103 (1997).

M. Hong, J. D. Gross, and R. G. Griffin, Site-resolved determination
of peptide torsion angle angle ¢ from the relative orientations of
backbone N-H and C-H bonds by solid state NMR, J. Chem. Phys.
B 101, 5869-5874 (1997).

S. Ravindranathan, X. Feng, T. Karlsson, G. Widmalm, and M. H.
Levitt, Investigation of carbohydrate conformation in solution and
in powders by double-quantum NMR, J. Am. Chem. Soc. 122,
1102-1115 (2000).

T. Karlsson, M. Edén, H. Luthman, and M. H. Levitt, Efficient
double-quantum excitation in rotational resonance NMR, J. Magn.
Reson. 145, 95-107 (2000).

E. R. Andrew, A. Bradbury, R. G. Eades, and V. T. Wynn, Nuclear
cross-relaxation induced by specimen rotation, Phys. Lett. 4, 99—
100 (1963).

M. G. Colombo, B. H. Meier, and R. R. Ernst, Rotor-driven spin
diffusion in natural abundance **C spin systems, Chem. Phys. Lett.
146, 189-196 (1988).

D. P. Raleigh, M. H. Levitt, and R. G. Griffin, Rotational resonance
in solid state NMR, Chem. Phys. Lett. 146, 71-76 (1988).

M. H. Levitt, D. P. Raleigh, F. Creuzet, and R. G. Griffin, Theory and
simulations of homonuclear spin pair systems in rotating solids,
J. Chem. Phys. 92, 6347-6364 (1990).

O. B. Peersen, S. Yoshimura, H. Hojo, S. Aimoto, and S. O. Smith,
Rotational resonance NMR measurements of internuclear dis-
tances in an a-helical peptide, J. Am. Chem. Soc. 114, 4332-4335
(1992).

A. E. McDermott, F. Creuzet, R. Gebhard, K. van der Hoef, M. H.
Levitt, J. Herzfeld, J. Lugtenburg, and R. G. Griffin, Determination
of internuclear distances and the orientation of functional groups
by solid-state NMR: Rotational resonance study of the conforma-
tion of retinal in bacteriorhodopsin, Biochemistry 33, 6129-6136
(1994).

P.R. Costa, B. Sun, and R. G. Griffin, Rotational resonance tickling:
Accurate internuclear distance measurements in solids, J. Am.
Chem. Soc. 119, 10821-10830 (1997).

M. Helmle, Y. K. Lee, P. J. E. Verdegem, X. Feng, T. Karlsson, J.
Lugtenburg, H. J. M. de Groot, and M. H. Levitt, Anomalous rota-
tional resonance spectra in magic-angle spinning NMR, J. Magn.
Reson. 140, 379-403 (1999).

K. Nomura, K. Takegoshi, T. Terao, K. Uchida, and M. Kainosho,
Determination of the complete structure of a uniformly labeled
molecule by rotational resonance solid-state NMR in the tilted
rotating frame, J. Am. Chem. Soc. 121, 4064-4065 (1999).

S. Dusold and A. Sebald, Double-quantum filtration under rotation-
al-resonance conditions: Numerical simulations and experimental
results, J. Magn. Reson. 145, 340-356 (2000).

T. Karlsson, M. Helmle, N. D. Kurur, and M. H. Levitt, Rotational
resonance echoes in the nuclear magnetic resonance of spinning
solids, Chem. Phys. Lett. 247, 534 (1995).

T. Karlsson and M. H. Levitt, Longitudinal rotational resonance
echoes in solid state nuclear magnetic resonance: Investigation of
zero quantum spin dynamics, J. Chem. Phys. 109, 5493-5507
(1998).

M. H. Levitt, The signs of frequencies and phases in NMR, J. Magn.
Reson. 126, 164-182 (1997).

M. H. Levitt and O. G. Johannessen, The signs of frequencies and

phases in NMR: The role of radiofrequency mixing, J. Magn. Reson.
142, 190-194 (2000).



34.

35.

36.

37.

38.

39.

40.

41.

DOUBLE-QUANTUM EXCITATION OFF ROTATIONAL RESONANCE

G. Metz, X. Wu, and S. O. Smith, Ramped-amplitude cross polar-
ization in magic-angle-spinning NMR, J. Magn. Reson. A 110,
219-227 (1994).

H. Geen, M. H. Levitt, and G. Bodenhausen, Preparing initial con-
ditions for rotational resonance in solid-state NMR spectroscopy,
Chem. Phys. Lett. 200, 350-356 (1992).

O. N. Antzutkin, Sideband manipulation in magic-angle-spinning
nuclear magnetic resonance, Prog. NMR Spectrosc. 35, 203-266
(1999).

U. Haeberlen and J. S. Waugh, Coherent averaging effects in
magnetic resonance, Phys. Rev. 175, 453 (1968).

J. Hong and G. S. Harbison, Magic-angle spinning sideband elim-
ination by temporary interruption of the chemical shift, J. Magn.
Reson. A 105, 128 (1993).

A. E. Bennett, C. M. Rienstra, M. Auger, K. V. Lakshmi, and R. G.
Griffin, Heteronuclear decoupling in rotating solids, J. Chem. Phys.
103, 6951-6958 (1995).

R. R. Ernst, G. Bodenhausen, and A. Wokaun, “Principles of Nu-
clear Magnetic Resonance in One and Two Dimensions,” Claren-
don Press, Oxford, 1987.

S. Vega, Fictitious spin-1/2 operator formalism for multiple quan-
tum NMR, J. Chem. Phys. 68, 5518-5527 (1978).

42.

43.

44,

45.

46.

47.

247

D. K. Sodickson, M. H. Levitt, S. Vega, and R. G. Griffin, Broad
band dipolar recoupling in the nuclear magnetic resonance of
rotating solids, J. Chem. Phys. 98, 6742-6748 (1993).

A. E. Bennett, J. H. Ok, R. G. Griffin, and S. Vega, Chemical shift
correlation spectroscopy in rotating solids: Radio frequency-driven
dipolar recoupling and longitudinal exchange, J. Chem. Phys. 96,
8624-8627 (1992).

M. Bak, J. T. Rasmussen, and N. C. Nielsen, SIMPSON: A general
simulation program for solid-state NMR spectroscopy, J. Magn.
Reson. 147, 296-330 (2000).

R. A. Haberkorn, R. E. Stark, H. van Willigen, and R. G. Griffin,
Determination of bond distances and bond angles by solid-state
nuclear magnetic resonance. **C and N NMR study of glycine,
J. Am. Chem. Soc. 103, 2534-2539 (1981).

R. G. S. Spencer, K. W. Fishbein, M. H. Levitt, and R. G. Griffin,
Rotational resonance with multiple-pulse scaling in solid-state
nuclear magnetic resonance, J. Chem. Phys. 100, 5533-5545
(1994).

C. E. Hughes, P. Ramasubrahmanyan, T. Karlsson, H. Luthman,
and M. H. Levitt, NCCN torsional angle measurement spectros-
copy using nitrogen 14, Experimental NMR Conference, Asilomar,
CA, April 2000.



	INTRODUCTION
	PULSE SEQUENCES
	FIG. 1
	FIG. 2

	THEORY
	FIG. 3
	FIG. 4
	FIG. 5

	RESULTS
	FIG. 6
	FIG. 7

	EXPERIMENTAL
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

