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Recent multiple-quantum MAS NMR experiments have shown
that a change in the rotor phase (and, hence, in the Hamiltonian)
between the excitation and reconversion periods can lead to infor-
mative spinning-sideband patterns. However, such “rotor encod-
ing” is not limited to multiple-quantum experiments. Here it is
shown that longitudinal magnetization can also be rotor-encoded.
Both homonuclear and heteronuclear rotor encoding of longitudi-
nal magnetization (RELM) experiments are performed on dipolar-
coupled spin-1/2 systems, and the corresponding sideband pat-
terns in the indirect dimension are analyzed. In both cases, only
even-order sidebands are produced, and their intensity distribu-
tion depends on the durations of the recoupling periods. In het-
eronuclear experiments using REDOR-type recoupling, purely
dipolar sideband patterns that are entirely free of effects due to the
chemical-shielding anisotropy can be generated. Advantages and
disadvantages of the heteronuclear RELM experiment are dis-
cussed in the context of other methods used to measure hetero-
nuclear dipolar couplings. © 2000 Academic Press

Key Words: recoupling; spinning-sideband patterns; magic-an-
gle spinning; rotational-echo double resonance (REDOR); hetero-
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INTRODUCTION

pattern at slow speeds generally resembles the shape of t
static powder spectrunB(4).

In recent years, unusual sideband patterns have been c
served in the indirect dimension of multiple-quantum (MQ)
MAS experiments on both dipolar-coupled spin-13211) and
guadrupolar g, 12—14 systems; the patterns were particularly
striking in cases where the evolution of total spin coherence
was monitored. A total spin coherence is defined asNan
guantum coherence either in an isolated clusteN afipolar-
coupled spins or in an isolated quadrupolar nucleus with
spin-quantum number df/ 2. For an isolated pair of dipolar-
coupled spin-1/2 nuclei, it was found that certain multiple-
guantum excitation sequences could generate double-quantt
patterns with sidebands appearing only at odd-integer multiple
of the spinning frequency7(10. Patterns with only even-
order sidebands could be obtained for triple-quantum spectra
isolated clusters of three dipolar-coupled spi@sds well as
for N-quantum spectra of spiNf2 (N = 3, 5) nuclei with
1n° = 0 and a negligible second-order quadrupolar interactio
(9). In cases where such total spin coherences were not excit
or where appreciable amounts of undesired interactions (i.€
chemical-shielding anisotropy) were present, both even- ar
odd-order sidebands were generated, but the patterns still d
fered significantly from the corresponding single-quantur

Magic-angle spinning (MAS)]) is a well-established tech- \as spectra. Unusual sideband patterns were also observed

nique for improving the sensitivity and resolution of solid-statg,e indirect dimension of MQMAS spectra of quadrupolar
nu_clegr magnetic resonance (NMR) spectra. In cases Whereﬁt]@ei with significant second-order quadrupolar perturbation
spinning frequency exceeds the magnitudes of the anisotropie_1 4.

internuclear interactions, narrow spectral lines can often bep general feature of such multiple-quantum sideband pa
obtained. However, it is frequently useful to acquire spectra {Bis is that the width of the sideband pattern could be made
the so-called “slow-spinning” regime, where the MAS fregjgnificantly exceed the strength of the relevant internal Harr
quency is less than the static powder linewidth. If the lingronian (5,6, 12, 13. Yet, despite their unusual form, the
shapes are dominated by inhomogeneous interactions (e-g-'ptgﬁerns were found to depend in a predictable way upon t
chemical-shielding or the heteronuclear dipolar interactiorg}trength of the dipolar or quadrupolar coupling and the dura
slow magic-angle spinning will split the spectrum into a patteif,ns of the excitation and reconversion periods, and thu
of narrow spinning sidebands spaced by integer multiples ) aple information could be extracted from them.

the rotation frequency2j. The relative intensities of these Tphe generation of these MQ sideband patterns has be
sidebands contain information about the nature of the domingging to be due to several effects, {, 9, 10, 12-1)4 (1)

anisotropic interactions, and the envelope of the sidebaidior encoding” of the dipolar or first-order quadrupolar in-
teraction (plus residual chemical-shielding terms in somt

1 To whom correspondence should be addressed. F42-6131-379320. Case$) d_Ue to the change in I’O.tOI’ phase (and, hen_ce, in t
E-mail: spiess@mpip-mainz.mpg.de. Hamiltonian) between the multiple-quantum excitation anc
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reconversion periods; (2) rotor modulation of non-total M@hielding interactions can all affect the precession frequencie
coherences due to dipolar or quadrupolar evolution during thémultiple-quantum coherences. In fact, the effects of dipola
t, period; and (3) rotor modulation of all MQ coherences dueouplings and chemical shielding are magnified by the multi
to evolution under the chemical-shielding anisotropy (CSAJle-quantum orderl@). Nonetheless, if total spin coherences
interaction during thet; period. However, there is nothingcan be excited in an isolated dipolar cluster or in an isolate
inherently multiple-quantum about any of these processes. Tquadrupolar nucleus, these coherences will not evolve und
latter two are simply manifestations of the conventional sidéie dipolar or first-order quadrupolar interaction, respectivel
band-generating mechanism in MAS spectra, that is, evolutibfy 9, 13. Furthermore, if the chemical-shielding and second:
under an internal Hamiltonian made periodic by sample rotarder quadrupolar anisotropies are also small, the rotor-enco
tion (2). The rotor-encoding phenomenon arises from the rotang process will be the dominant factor determining the form o
phase dependence of the average Hamiltonians of certtiie sideband pattern. However, in the case of rotor-encode
pulse sequences used for “excitation” and “reconversiotdngitudinal magnetization, one does not need to worry abot
(6,7, 10,12, 1% Itis a purely spatial mechanism and does ndhe extent to which the above approximations are justifiec
require concomitant spin evolution durirtg (6, 9, 19. For rotor encoding is thenly possible mechanism for sideband
pulse sequences in which it is present, it often provides tgeneration inw,. Thus, sideband patterns from rotor-encodec
dominant contribution to the sideband intensities observedlongitudinal magnetization should augment the other tech
the w, dimension. nigues in yielding particularly clear-cut dipolar patterns.
Phenomena related to rotor encoding in powdered samples$n this paper we examine the sideband patterns generated
have been known for many years. For instance, early attemmtor encoding of longitudinal magnetization for both homo-
to combine chemical-shift exchange spectroscopy with slavuclear and heteronuclear dipolar-coupled spin-1/2 system
MAS led to spurious sidebands in two dimensions when th#e demonstrate that it is possible to generate sideband pattel
phase of the rotor at the end of the mixing time was not thbat depend only on the heteronuclear dipolar coupling and tt
same as the phase at either the start or the end df {heriod durations of the encoding periods. Finally, we discuss thi
(15-17%. Clearly, these extra sidebands are manifestations ofeehnique in the context of other NMR methods for distance
type of spectral “encoding” of the change in rotor phaseneasurement in solids.
However, we restrict ourselves here to the definition of rotor
encoding relevant to the multiple-quantum experiments dis- THEORY
cussed above: namely, that the Hamiltonians for both the
“excitation” and the “reconversion” periods must depend ex- | this section, the basic ideas behinotor encoding of

plicitly upon the rotor phase. In this case, rotor-encoded sidggitudinalmagnetization (RELM) will be outlined in a gen-
bands will appear only in the, dimension of the two-dimen g4 way. Subsequently, actual pulse sequences that can

sional spectrum, and the information that is encoded in thes&q for heteronuclear and homonuclear RELM will be exam
sideband patterns will be determined primarily by the Hamilsoq in more detail.

tonians of the “excitation” and “reconversion” periods.

As mentioned above, rotor encoding is not limited to mu
tiple-quantum coherences. Previous pap6érg) have already
shown that, in theory, longitudinal magnetization should also A schematic of the basic pulse sequence used for RELM |
be rotor-encoded by the pulse sequences used to excite dougieen in Fig. 1. The pulse sequence consists of several stage
guantum coherences, but, to our knowledge, this has neVée first stage is a preparation period during which the systel
been experimentally demonstrated. The phase cycles of d@muplaced in a desirable initial state. For the heteronuclez
ble-quantum experiments were always designed to cancel RELM experiment discussed below (see Fig. 2), this usuall
contributions from longitudinal magnetization duribg Re- consists of a cross-polarization step followed by a flip-bacl
cently, a multiple-quantum-like pulse sequence was usedpolse on theS channel to creaté&, magnetization. For the
monitor the decrease in the amount of longitudinal magnetizaemonuclear RELM experiment presented in this paper (se
tion as a function of the duration of the multiple-quanturirig. 3), there is no preparation period at all, and the equilibriun
excitation and reconversion periods8). However, this filter state of the system is the starting point. The next stage of tt
experiment was carried out under static conditions to meas@asgeriment is the first “encoding” period,,.;, during which
residual couplings in elastomers and, by definition, does rtbe spin system evolves under an internal NMR Hamiltonian
involve rotor encoding. In order for the rotor-encoding mechanism to function, the

One reason for recording spectra of rotor-encoded longitamplitude of the average Hamiltonian for the encoding perio
dinal magnetization is that it allows the selective examinatianust depend on the Euler angle,describing the phase of the
of the rotor-encoding processdependentf the effects of true internuclear vector with respect to the rotor phase. The sin
t, evolution. It is well known that internal NMR Hamiltoniansplest such encoding sequence consists of two 90° pulses wi
do not cause longitudinal magnetization to precess in theshort period of free dipolar evolution between theédnl1(.
rotating frame whereas dipolar, quadrupolar, and chemicélewever, such a sequence can only generate sidebands wt

brinciples of RELM
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FIG. 1. Schematic illustration of the principle of rotor encoding in the RELM experiment. The two encoding periods must have average Hamiltonians
depend explicitly on the rotor phase. In the simplest case, these two average Hamiltonians are identical. The encoding periods are separated k
rotor-synchronized dephasing and a non-rotor-synchronized evolutioperiod. Whert, equals zero, the two encoding sequences have the same initial rot
phase. A4, is incremented, the rotor-phase dependence of the second encoding period changes relative to that of the first encoding period. This lez
amplitude modulation of the signal in thie dimension even if no coherences evolve during this time.

the dipolar coupling is significantly larger than the spinningn the RELM experiment. However, during the tinte the
frequency. In the general case, a recoupling sequence muspbase of the rotor will change from its initial value (see Fig. 1)
applied. Laboratory-frame recoupling sequences suadiotas Let us now consider an experiment in which the pulse sequen
tional-echodoubleresonance (REDORZR(), dipolarrecovery applied during the first encoding period is applied again in
at the magic angle (DRAMA) (21), or back to back (BABA) second encoding period,,., after the timet,. (This second
(22) have the propery dependence for RELM, but rotating-encoding period is analogous to the “reconversion” period in
frame sequences such as @B)(and its derivatives do not. multiple-quantum spectrum.) The Hamiltonian for the secon

Up to this point, the pulse sequence strongly resemblescoding period will differ from the Hamiltonian for the first
previous pulse sequences for multiple-quantum spectroscamcoding period if the rotor phase has changed, and bo
of dipolar-coupled spins, with the first encoding period corrédamiltonians will affect the signal that is eventually detected
sponding to the “excitation” period in a multiple-quantunA series of FIDs which are amplitude-modulated as a functiol
experiment. However, longitudinal magnetization is also genf the change in rotor phase or, in other words, as a function «
erated by the recoupling sequences applied during (see t, is, therefore, obtained. Fourier transformation of this ampli
below). In a typical multiple-quantum experiment this longitude-modulated signal leads to a sideband pattem, in
tudinal magnetization is phase-cycled away, but by using aThe rotor-encoding mechanism described above is, of cours
different phase cycle, it is possible to cycle away the multipl@lso present in the multiple-quantum experiments described pr
guantum magnetization instead. viously. However, since no evolution occurs during thperiod

True zero-quantum coherences (between two or more spiimsiRELM, the RELM sideband patterns are influenced only by the
cannot be separated from longitudinal magnetization by phadamiltonians of the two encoding periods. Thus, if the recouplin
cycling (19), but such coherences will decay faster (at a rate bfamiltonian is purely dipolar and free of chemical-shielding
1/T3°°) than the single-spin longitudinal magnetization termeffects (as is the case in the heteronuclear sequence descril
(at a rate of 1T,). By waiting an integral number of rotor below), the resulting RELM sideband patterns will also be purel
periods, therefore, it should be possible to suppress true zedipolar. In contrast, double-quantum coherences are affected di
guantum coherences while retaining longitudinal magnetiziag t, by both chemical-shielding evolution and couplings to
tion. For an isolated two-spin system, a pulse sequence thanhote spins. The sidebands generated in a double-quantum:
will not generate any true zero-quantum coherences can g@iment will, therefore, depend on several parameters, and inte
designed. For more complicated spin systems, howeverpratation of their intensities can be more ambiguous than in tt
pulse sequence that generates zero-quantum coherences is REf:M case.
erable, as will be discussed below. _ )

A non-rotor-synchronized evolution, ds, period follows Hetéronuclear RELM Using REDOR-Type Recoupling
the dephasing period. Since the precession frequency of lonS€equences
gitudinal magnetization is not affected by internal NMR Ham- Figure 2 shows the pulse sequence used for the heter
iltonians, one cannot properly speak of an “evolution” perioduclear RELM experiments described in this paper. During th
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FIG. 2. Pulse sequence for a heteronuclear RELM experiment involving REDOR-type recoupling. A cross-polarization step is typically used to pi
sufficientS-spin polarization §,) for the start of the experiment. Each encoding period consists of a REDOR-type recoupling train of 180° pulses bracket
90° pulses on the carbons. For systems with more tharl epi, an extra 90° pulse on thespins is required (as described in the text). A dephasing perioc
with a duration equal to an integral number of rotor periods follows the first encoding period, ang#r®d follows the dephasing period. Another dephasing
period (which need not be rotor-synchronized) follows the second encoding period, and the signal is detected after a 90° réaedpplsese cycling@4)
is used for the 180° pulse train on thehannel. The coherence transfer pathway foiSbkpins is depicted below the pulse sequence, and the phases of the pul
are given in Table 1.

erated by cross polarization from the protons followed by a ; (3]
flip-back pulse on thé& channel.

Encoding of the heteronuclear dipolar interaction is achieved
by using a REDOR 240, 29 pulse train as the recouplingWherer
sequencel(l, 25-2J. First, a 90° pulse is used to generéle pennp vne recoupling train, all chemical-shielding anisot-
magnetization. Then the REDOR pulses are appliedNigy, opy and offset effects have been removed, and only a n
rotor periods. At the end of this time, the magnetization Wi[lweteronuclear dipolar evolution remains '

have evolved according to In a heteronuclear double-quantum experimégt (L1, the
second term in Eq. [1] would be converted into double (an
S,c0NeneiP15(0)) + 2SI ,SiN(NepeiP5(0)), [1] zero)-quantum magnetization by a 90° pulse applied tol the
spins, and the first term in Eqg. [1] would be cycled away.
However, in the RELM experiment, it is the first term in Eq.
where® s has the form [1] that is retained and the second one that is suppressed. Th
a 90° pulse about the'y or —y axis is applied to thé& spins
Dy to convert theS, term into longitudinal §,) magnetization
Dty =-—"72 \E sin 28,ssin(wgt + v5), [2] (with alternate storage along thez and —z axes to suppress
“R axial peaks). For the case of an isolate® spin pair, no 90°
pulses need be applied to tHespins, and the remaining

as determined by average-Hamiltonian theory for a two-spaftiphase magnetizatio® ;) can simply be allowed to decay
system using the secular approximation. Hesgjs the MAS during a dephasing time that lasts an integral number of rotc
frequency, ang3,s and y,s are Euler angles representing theeriods. In fact, this dephasing time is not strictly necessary fc
orientation of the dipolar vector with respect to the rotoan isolated two-spin system since antiphase magnetization ¢
reference frameD s is the dipolar coupling constant (in unitsbe separated from longitudinal magnetization by phase cyclin
of angular frequency) However, when more than orespin is present, the situation

preparation periodS-spin longitudinal magnetization is gen- 5 (Mo)ﬁ YiYi
i =

i is the internuclear distance. Note that at the end of -
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becomes more complicated, as will be discussed below, atlifferent contributions would be unequal. Fortunately, simul-
pulses should also be applied to thepins. taneous 90° pulses abolf and S, at the end of the first
Since no evolution occurs duririg, we can proceed imme encoding period will convert th&,1 12 term into S,1 (1 2.
diately to calculating the form of the modulation during th&he latter term is a combination of antiphase double-quantut
second encoding period. Again, a 90° pulse conv@risiag and antiphase zero-quantum terms, and it should decay (alo
netization into transverse magnetization which evolves undgith the single-quantum antiphase terms) during the rotor
the REDOR-type recoupling Hamiltonian, and only the magynchronized dephasing period. Then only the first term of Ec
netization proportional tdS, is retained at the end of the[6] will contribute to the RELM spectrum.
encoding period. However, because the rotor has acquired aihe above treatment can be extended to systems with mo
additional phasewgt,, the modulation duringr.., will, in  than twol spins, and it can easily be showgj that, as in the
general, be different from that in,... The signal generated in REDOR experiment, an extra cosine factor is obtained for eac
the indirect dimension of the two-dimensional experimemtdditionalS-I coupling (assuming homonuclear couplings car
therefore has the form be neglected). In the case of RELM, of course, e&chh
coupling also acquires a cosine factor from the second enco
S(ty; t, = 0)  (COYNenci®5(0))cod NenesfP (1)), [4] ing period. Thus, analytical expressions for RELM sidebant
patterns can be derived even for complicated spin topologie
where the brackets represent a powder average over all potigeneral, such expressions will depend not only on internt
ble orientations. By inserting Eq. [2] into Eq. [4] and using thglear distances but also on the angles between the internucle

relation @8) vectors. . -
A particularly simple case is that of a methyl group, where

rapid threefold jumps average the positions of the three C—|
bonds 29-3J). Since the effects of homonuclear couplings
® between the methyl protons can be neglected for REDOI
= Jo(X) + 2 D, I x)coq 2kwgt + 2ky;), [5] recoupling R9), the carbon longitudinal magnetization will
k=1 acquire three cosine factors (one for each C—H bond) in eac
encoding period, leading to a signal of the form

cog x sin(wgt + ;)

one can see that only even-order sidebands (at positionsg
with m = 0, =2, =4, ...) will be present in the frequency S(t;; t, = 0) = (€O Ngnei®, w5(0))COL Ngpei®, @5(0))
domain. The intensities of these sidebands depend only on the

strength of the dipolar coupling, allowing spin-pair distances to X COYNenciP125(0)) COL NenctP (1))
be extracted by fitting the sideband patterns. For short recou- X COYNenefP 25(t1))

pling times, only low-order sidebands are observed; higher-

order sidebands grow in as the recoupling time is increased. A X COINenctP as(ty)))- [71

more detailed examination of the sideband intensities is prlg- idealized hvl . ; ional
sented in the Appendix. or an idealized methyl group (i.e., perfée} rotational sym

For multispin systems the situation becomes slightly mor%)etry, equivalent C—H bond lengths), the three frequencies a

complicated. For instance, evolution under heteronuclear dip -entltcfr:e(g“”s - q)"z’ls Th(b'mﬁf)' Furtgergngre, ;che fast Jll_JmpS
lar couplings to twol spins (neglectind-spin homonuclear abou 3 axis scale the etiective .- dipo'ar coupling by

; ! :
coupling) produces the following terms at the end of the firEtz(cos6), which equals- 5 for a perfect tetrahedron. Using the
encoding period: frigonometric relation

.00 Nore0,15(0)) COS N 5(0)) cos(5) =3 (3c0f5) veotn). @
+ 25y| (zl)Sin(Nenclq)l ‘”S(O))COS( Nenclq)l ‘Z’S(O))
+ 25, 2008 Ngpei®; 05(0))SIN(Ngne @, 25(0)) where /3 = N« sP,(cos(70.53°)) andps is the dipolar phase

for a non-motionally averaged C—H pair, one can see that tt

— 481 M1 PSiN(Ngpe ) 05(0)) SiN(Nene @ 25(0)).  [6]  dephasing of a methyl group in a REDOR experiment (anc
similarly, the methyl group pattern in the dipolar dimension of ¢

A 90° pulse abous, alone will store not only the first term of separated local fiel®@) or other heteronuclear dipolar correlation
Eq. [6] as longitudinal magnetization but also the last term ekperiment) is equivalent to the sum of the dephasing due to ol
Eq. [6] as three-spin dipolar ordeB{"1?). Although the motionally averaged C—H pair (i.e., with one-third of the dipolar
rotor modulation due to such a term can easily be calculatéusteraction of a static C—H pair) and the dephasing due to a stat
sideband analysis is complicated by the fact that the relaxati@rH pair, with weighting factors of 0.75 and 0.25, respectively
time of such a multispin term would most likely differ fromThis weighting has been mentioned previously in the literatur
that of the single-spin term, and thus the weighting of th@0, 39 although it was derived by a different argument (popu-
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FIG. 3. Pulse sequence for the homonuclear RELM experiment involving BABA recoupling. The offset-compensated, four-rotor cycle version of the E
experiment 22) was used during each encoding period. Phase cycling of the pulses is described in the text.

lations of spin states from perturbation theory). The relativghere @2)
weighting of the sum and difference dipolar tensors thus arises
naturally from product-operator theory. D,
For the methyl group in a RELM experiment, the time-domain di(1) = o 32 sin 28;;sin(wgt + vy) [10]
signal in the indirect dimension consists of a product of two R
cosine-cubed terms: one containidgs(0) and one containing ] ] ) ] )
®(t,) (see Eq. [7]). Using Egs. [7] and [8] one can show that trihd the dipolar coupling constarﬁl,., is defined acpordlng to
methyl group RELM signal will consist of 9/16 of a RELM Ed: [3]- Note that the spherical ten(sl?r ope(g;ators in Eq. [9] ar
pattern for a C—H pair with one-third of the static coupling p|uge(f1|)ng)d according 103¢) T, = 1.7 + I;7 and T,., =
1/16 of the RELM pattern for a C—H pair with the full static!=''=» wherel. = I, * il,. The termT,, corresponds to
coupling plus 3/16 each of patterns due to cross terms involvil@jditudinal magnetization while the terriis..., represent dou
both reduced and full couplings. The pattern for the C—H pair wiff{e-duantum coherences. , o
one-third of the static coupling dominates the appearance of thé'S in the heteronuclear RELM experiment, the longitudinal
spectrum since that pattern has the highest net intensity and fARgNetization (see Eq. [9]) at the end of the encoding period
intensity is concentrated in the fewest sidebands. RELM sideb&Fine-modulated. The change in rotor phase dutingil
patterns for an ideal methyl group can easily be simulated. Tregi@nge the effective modulation frequency during the secon
ments of nonidealized methyl groups (i.e., with unequal bofificoding period, leading to a signal of the form
lengths and deviation from perfect tetrahedral symmetry) have
been described in the literaturg3|. S(ty; t, = 0) o (COLNgne®(0))cOLNenefP1i(t1))).  [11]
Since the centerband in the, dimension of the RELM
experiment can have contributions from spins which rela¥ote that Eq. [11] has the same form as Eq. [4]. By using Eq
during the course of the experiment (leading to axial peaks) &$ one can again show that only even-order sidebands will b
well as fromS spins that are not coupled kepins, its intensity generated.
is inherently unreliable. However, since the higher-order side-The above derivation (Eqgs. [9] and [10]) assumed an isolate
bands do not suffer from such effects, it is possible to neglegiin pair with negligible chemical-shielding anisotropy on both
the centerband and fit the relative intensities of the remainiggins_ For three or more Strong|y Coup|ed homonuclear Spir
sidebands. This is the approach that is followed in this pap@sven without any chemical-shielding anisotropy), it is no
longer possible to derive analytical formulas for the sideban
intensities, except in rare cases of particularly favorable geon
etries, because the dipolar Hamiltonian will not commute witt
The RELM method is not limited to heteronuclear interadtself at two different times. Furthermore, the BABA sequence
tions; Fig. 3 shows a possible pulse sequence for homonucligg all laboratory-frame homonuclear recoupling sequence
spins, which uses the BABA29) recoupling sequence duringdeveloped to date, recouples not only the homonuclear dipol;
the two encoding periods. For an isolated spin pair with netjteraction but part of the chemical-shielding anisotropy a:
ligible chemical-shielding anisotropy, the state of the spit€ll. Thus, the sideband patterns that are obtained will deper
system after the first BABA encoding period is given by ~ 0n the magnitudes and orientations of the CSA tensors of bo:
spins (as will be demonstrated below). Unfortunately, the
T1,€0 Nenei®1,(0)) — 2i(T, 5 — T5,-5)SiN(Nene 1, (0)), homonuclear recoupling sequences that are least sensitive
CSA orientations (such as C7) do not have the appropfiate
[9] dependence for the rotor-encoding mechanism to function.

Homonuclear RELM Using the Back-to-Back Recoupling
Sequence
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TABLE 1 to suppress double-quantum coherences during the evoluti
Full 64-Step Phase Cycle for the Heteronuclear RELM period. Further cycling of the read pulse in steps of 90
Experiment (see Fig. 2) suppresses unwanted coherences present during the sec
dephasing period. To prevent axial peaks du€& toelaxation,
d1 {+X =X} the phase of the last 90° pulse in each encoding period is cycle
b2 {—V}es . . .
by {—X 5} to alternately store the magnetization alohg or —z during
ds {+X X +y +y =X =X —y —y}q the subsequent dephasing period. Full cycling through all pos
¢s {+y +y =X =X =y =y +X +x}g sible combinations of-z and —z magnetization (along with
bs {=X X Zy Hy FX =X +Y ~y}e the rest of the phase cycling described above) leads to a 64-st
i; EI;;X}“ phase cycle. In practice, however, it was found that even
bo {—X +X} 16 { X =X} 16 partial phase cycling of the- z and —z magnetization (the first
b {—x X {-y +y}. {+x =}, {+y —y}. {+x —=x}, {+y -y}, 32 steps of the cycle shown in Table 1) gave rise to the san
{=x+xta{-y +y}a centerband intensities. Since axial peaks only distort the cel
be {Hxe {Hyhe {=xbe { Vb {Xds {H¥}a {~X}s { ¥} terband intensity and since it is usually not advisable to includ
Note.The subscripts indicate how many times the phase sequence in bratgé% centerband in fits of RELM spectra, one could also choos
should be repeated. to omit the axial-peak-suppression cycling entirely and use

16-step phase cycle. In all experiments presented in this pap

however, at least a 32-step phase cycle was employed. In t

For these reasons, the homonuclear RELM experiment pgxperiments which used cross polarization, spin-temperatu
sented in this paper (see Fig. 3) is expected to have limitaiernation was also included (see Table 1), but the phases

utility for nuclei other than protons (which have small CSAhe flip-back pulses were correspondingly adjusted so that tt
tensors). total length of the phase cycle was unaffected.

Additional experimental details are given in the figure leg-
EXPERIMENTAL ends. To process each data set, a complex Fourier transfo
was performed over thé, dimension followed by a cosine
Experiments were performed on a Bruker DSX spectrometgeal) Fourier transform over the dimension, which is purely
with a 'H frequency of 300.2 MHz and &C frequency of amplitude-modulated. In fact, it is not possible to use TPP
75.49 MHz and on a Bruker DRX spectrometer with'td  with longitudinal magnetization since one cannot phase shift
frequency of 700.1 MHz and &C frequency of 176.05 MHz. zeroth-order coherence.
Commercial Bruker double-resonance 2.5-mm MAS probes,To test the performance of the pulse sequences, initial e
which permit spinning frequencies of up to 35 kHz, were usqueriments were carried out on a sample of triplg-labeled
for all experiments. Typical 90° pulse lengths wereu2 L-alanine (obtained from lIsotec, Inc.) mixed with natural-
(w,/(27) = 125 kHz) on both channels. In experiments whergbundance-alanine (from Aldrich) in a ratio of 1:9. Hetero-
a cross-polarization step was used, the proton 90° pulse lengtitlear RELM experiments were also performed on natura
was 3us (w,/(27) = 83.3 kHz), and an ascending linear rampabundance-tyrosine: HCI, which was prepared by dissolving
was performed over the first matching sideband on the carhotyrosine (Fluka) in concentrated hydrochloric acid and evap
channel. Contact times were optimized to provide maximuorating. HomonucleatH RELM experiments were performed
3C signal intensity. TPPM35) dipolar decoupling with alter on natural-abundance trichloroacetic acid (Hoechst), which i
nating 30° phases and flip angles of approximately 179&ry hygroscopic. Before measurements were performed c
(3.8-us pulses of strength,/(27) = 125 kHz) was used during this sample, it was dried under vacuum overnight, and a glov
detection. Typical dephasing delays)(after the cross-polar box was used to transfer it to a 2.5-mm rotor. The rotor was nc
ization step and before the read out pulse were 10 ms. T¢waled, but the endcaps fit tightly enough to slow the rate ¢
rotor-synchronized dephasing delay (after the first encodimgter absorption to an acceptable level, permitting 1 day’
period) was in the range of 4Q0s to 1 ms. For such relatively worth of experiments to be performed.
short dephasing delays, active rotor synchronization was noflo extract an internuclear distance from a spinning-sidebar
necessary although it could easily be implemented by trigggrattern, a nonlinear least-squares fit of the analytical spectru
ing the rotor synchronization before each encoding pe8)l ( (the cosine Fourier transform of Eq. [4], [7], or [11]) to the
Recycle delays were 1-3 s for all samples except for tlesperimental spectrum was performed using the Levenberg
trichloroacetic acid, where a 15-s recycle delay was usddarquardt algorithm from Numerical Recipe36]. The dipo-
Between 64 and 128, slices were recorded for each experilar coupling constantl;), a scaling factor for the peak inten
ment. sities, and the time constant for apodization of the simulate
The phase cycles for the RELM experiments are indicatedfD were all varied freely to minimizg?, but the centerband
Figs. 2 and 3 and Table 1. In both experiments, the phases@dion was excluded from the fit. The signal-to-noise ratio o
the pulses in the first encoding period are cycled (as a blodke experimental spectrum was used to estimate the stand:
relative to those of the second encoding period in steps of SBviation of the measured data, and the error bars for th
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Experiments Simulations
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FIG. 4. 'H-C RELM spectra of-alanine under various conditions. The experimental spectra (which were recorded on a 300-MHz spectrometer)
the left side of the figure and the best-fit simulations are on the right side. In all cases the intensity of the centerband was omitted from thedfi{n{ejHiine)
carbon withwg/(27) = 30 kHz andNgy.; = Nz = 2, (b) thea carbon withwg/(27) = 20 kHz andNg,; = Neq, = 4, and (c) the (methyl) carbon with
wpl/(27) = 20 kHz andNg, = Nene, = 4.

internuclear distance were determined from the covariantg,, = 4. Since the dipolar coupling to the directly bound
matrix calculated by the algorithm. These error bars do nptoton is very strong and is expected to dominate the signe
include the effects of pulse imperfections, etc., which migline can treat the system as an isolated spin pair and fit
also be expected to affect the measured sideband intensitig&leband pattern to the Fourier transform of Eq. [4]. Note tha
Density matrix simulations were performed using thehe dipolar coupling constar,s, is the only adjustable NMR

GAMMA (37) simulation package and carrying out a smallparameter. The best-fit spectra are shown on the right-hat
step numerical integration of the Liouville-von Neumangide of Fig. 4. The distances extracted from the fits wers
equation. Typical time steps were on the order of Q& 1.15+ 0.03 A for the spectrum in Fig. 4a and 1.140.01 A

Powder averaging was performed with 2200 crystallite oriefor the spectrum in Fig. 4b, and consistent values were ot
tations distributed over the sphere according to the methodtafned for spectra recorded at other excitation times and spil

Chenget al. (39). ning frequencies (data not shown). Figure 4c shows a sideba
Numerical integration of the formula for the sideband interpattern for thed (methyl) carbon in-alanine forwg/(27) = 20
sities (see Appendix) was performed using MATLABOY. kHz andN...; = Neno = 4. This pattern was fit to a simulation
based on Eg. [7] and assuming an idealized methyl group.
RESULTS AND DISCUSSION corresponds to a rigid C—H distance of 1.320.01 A. As

) expected from theory, the pattern is dominated by the pattel
Heteronuclear RELM with Ne: = Nenco for a C—H coupling scaled by with low-intensity higher-order

To test the pulse sequence of Fig. 2, proton—carbon RELMaks (from the stronger effective coupling and the cros
experiments were performed on a sample of 10% fully labelé@rms) also present.
L-alanine over a variety of different spinning frequencies and The distances obtained using RELM are slightly longer tha
recoupling times. High spinning frequencies20 kHz) were the distances determined from neutron diffraction (1.093 A fo
used to lessen the effects of homonuclear couplings amdhg methine carbon, 1.08 A for the methyl carbof0)( How-
protons 4, 10). ever, solid-state NMR measurements generally give longe
Figures 4a and 4b show sideband patternsirfor the « distances than neutron diffraction measuremefis 42, and
(methine) carbon of-alanine under different experimentalthis has been attributed to differences in the ways the tw
conditions. For the spectrum in Fig. 4a, the spinning frequeneyperiments probe vibrational averagir{45.
was 30 kHz andN,.; = N... = 2 while for the spectrum in  Because the modulation ity depends only on the rotor
Fig. 4b, the spinning frequency was 20 kHz aNd,., = phase, the entire information content of a RELM experimen
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FIG. 5. 'H-"C RELM spectrum of -tyrosine: HCI for wg/(27) = 25 kHz andNe, = Nenz = 2. 128t slices were acquired with 1024 transients each
(total acquisition time: 2 days) on a 300-MHz spectrometer. A two-dimensional contour plot of the RELM experiment is shown along with a skyliioe proje
onto the direct axis; the carbons that are not directly bound to protons undergo the least dephasing and, therefore, have the highest inteasikpeBintiehtal
and the simulated RELM sideband patterns for the C6 carbon (circled in the formula) are also shown. The internuclear distances extracted woomthis <
are listed in Table 2.

can be obtained from a single rotor period tgfevolution. carbon magnetization (from cross polarization), all of the car
Furthermore, sincel, > 7, the signal will hardly decay bons inc-tyrosine- HCI contribute to the directly detected
during this time. This means that one can skip the ususifjnal. This contrasts with polarization-transfer method:
procedure of multiplying the time-domain signal by an increagt1, 47 where signal from carbons that are not directly bounc
ing exponential function before replicating the FID and Fourido protons is not observed at short recoupling times. In fact, th
transforming it. However, replication of a single rotor period afarbons without nearby protons produce strong, albeit uninte
evolution has been shown to lead to artifacts from correlatedting, signals in the RELM experiment since they do no
noise @6). Although these effects are generally minor, wendergo significant dipolar dephasing.
chose to avoid them by simply acquiring several (usualg) Unlike in a previous heteronuclear double-quantum experi
rotor periods worth of evolution ity (with the rotor period not ment (L1), there is nothing intrinsic about the dipolar couplings
necessarily being a multiple of thie step). The FID was then in methylene groups that prevents sideband patterns from bei
multiplied with a Gaussian damping function to eliminateecorded. However, the strong homonuclear coupling betwee
truncation artifacts. It is important to realize that the linewidthihe protons causes rapid relaxation, and the signal-to-noise f
in all of the experimental spectra shown in this paper athe methylene group in the experiment of Fig. 5 was signifi:
almost entirely generated by the data-processing procedure aadtly poorer than that for the methine groups. Furthermore
do not reflect true relaxation. For applications in which sengiensity matrix simulations (data not shown) demonstrated th:
tivity is limited, however, it would be possible to collect athe combination of finite pulse lengths and strong homonucle:
RELM spectrum with very few, slices (one rotor period of coupling (of nearly the same magnitude as the spinning fre
evolution).

To demonstrate the possibility of applying RELM to a

natural-abundance sample, experiments have been performed TABLE 2

on L-tyrosine- HCI. Figure 5 shows a contour plot of the 2D C-H Bond Lengths as Determined from the RELM Spectrum
RELM spectrum forog/(2m) = 25 kHz andNo = Newo = 2 of L-Tyrosine - HCI (see Fig. 5)

along with the R_ELM sideband patter.n for one of the carbons. Atom Distance (A)

The carbon assignments are given in Réfl)( and Table 2

lists the C—H distances for the methine and the phenylene c2 1.16+ 0.05

carbons as determined from fits of the RELM sideband pat- G5 1.13+0.03

terns. The spectrum shown in Fig. 5 took approximately 2 days g? ﬁgf 8-85

to acquire. As the sideband pattern shows, the signal-to-noise cs 115+ 0.05

ratio is quite high; a satisfactory spectrum could have been
obtained in less time. Because this experiment started withNote.Peak assignments are given in Fig. 5.
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guency) significantly damps the higher-order sideband intemacoupledS spins. This is because the signal from &gpin
sities, and this effect was confirmed experimentally. No athat is not coupled to am spin will contribute only to the
tempt was, therefore, made to fit the sideband pattern for tbenterband intensity, and the centerband intensity is neglect
methylene carbon. in RELM fits. The same advantage is obtained from a two

So far, we have considered only directly bound protons @imensional version of REDOR, thetendeddipolar modula-
our fits of sideband patterns. However, as mentioned undiem (XDM) experiment 24, 49, in which the positions of the
Theory, the time-domain RELM signal acquires a pair df80° pulses are systematically varied to generate sidebal
cosine factors for each proton in the sample, and thus RELpatterns. However, the dipolar sideband patterns in the XDN
sideband patterns are potentially sensitive to remote-spin ekperiment, although scaled, retain the shape of the conve
fects. Analytical simulations, which used proton geometrigmnal MAS dipolar sideband pattern. This contrasts strongl
obtained from diffraction studies, were, therefore, performed tath the RELM experiment, where very different sideband
assess the effects of these remote spins, and it was found gadterns can be generated by choosing different values
when directly bound species are present, remote spins do N@tD s/wr (see Figs. 4a and 4b). It should be noted that th
significantly perturb the relative sideband intensities. This eansferredecho double resonance (TEDOR)5(Q, 51 experi-
plains the good agreement between the experiments and rient also circumvents the problem of uncoupled spins;
spin-pair simulations. rotor-encoding analog of the TEDOR experiment has bee

The heteronuclear RELM technique has obvious similaritiéstroduced recentlyl(l) and will be discussed in more detail in
with the REDOR experiment. Of course, the recoupling mech-separate publicatior7).
anism in REDOR and RELM is exactly the same; what differs
i; the way in \{vhich the dipolar_ coupling informa_tion appeargieteronuclear RELM with M, # N
either as a build-up curve of difference-spectra intensities as a
function of recoupling time or as a sideband pattern recordedConventionally, multiple-quantum experiments have bee
for a specific recoupling time. performed subject to the constraif# T = |HexcTexd

In order to extract a reliable dipolar coupling for a spin paifl9, 52. Such pulse sequences lead to efficient reconversion
from a RELM experiment, it is necessary to recouple lontpe multiple-quantum coherences into longitudinal magnetize
enough so that bottt2 and +4 sidebands appear. The totation. Furthermore, it is common to 8¢, = |%..d so that the
number of recoupling periodf\N... + N..» necessary to durations of the excitation and reconversion sequences a
produce such a spectrum corresponds roughly with the positiequal 7, 53.
of the first minimum in the REDOR curve (see Appendix). However, in the case of the RELM experiment, there is nc
Thus, for any case where REDOR oscillations can be seen, ¢heriori reason to seN.,.; = N, Since no coherences are
RELM experiment can be performed. RELM experiments ubeing reconverted during the second half of the experimen
ing over 30 rotor periods of recoupling (in each encodin@Even in experiments where coherences are being reconverte
segment) have already successfully been performed for a nbh;.; andN.,., do not necessarily have to be equél (50, 5).)
directly bound C—H pair 48), and longer encoding timeslt is, therefore, of interest to explore what happens wNep,
should also be possible. # Nenea

It is difficult to say whether REDOR or RELM can be As discussed above, the Fourier transformation of Eq. [4
performed in a shorter experimental time. At high spinninigads to a sideband pattern where only even-order sideban
frequencies, only a few, slices are needed to obtain a RELMare present. The intensities of these sidebands are determir
spectrum. For instance, a pattern comparable to the one shdwrnntegrals of products of Bessel functions (see Appendix, Ec
in Fig. 4a could have been obtained by acquiringtLlPoints [A4]), and the arguments of the Bessel functions depend on tf
with an increment of 3.33%s at a spinning frequency of 30parameteriN,,.D s/ wg andNg,.D s/wg. For the caséN,,, =
kHz. The minimum number of slices required for a REDORI,,., these sidebands necessarily have positive intensity (:
experiment is not so well defined, but it is probably similaishown in the Appendix), but fd¥,.; # N, both positive and
One must keep in mind that each point on a REDOR build-ugegative intensity sidebands are possible.
curve is generated from the difference of two separate experBy using Eq. [A4] or by performing analytical simulations
iments, and nearly all REDOR build-up curves published wf the Fourier transform of Eq. [4], it is possible to identify
date have at least five points on them. Since the REDOR signambinations of encoding durations that produce negative
is generally concentrated in centerbands while the RELMtensity sidebands for a given dipolar coupling strength. Fig
intensity is necessarily spread out over sidebands, one might 6a shows an experimental RELM pattern for éhearbon
assume that fewer scans are needed for a REDOR experimant.-alanine withNg,.; = 2, Newo = 1, andwp/(27) = 19.4
However, the subtraction procedure required for REDOR diHz. The intensities of the-2 sidebands are clearly negative.
creases the signal while increasing the noise. It is, therefofdye best-fit simulation (in which, as usual, the centerban
hard to quantify whether REDOR or RELM is more efficientintensity is not included in the fit) corresponds to a C-H

One advantage of RELM over conventional REDOR is thalistance of 1.10+ 0.01 A.
one does not have to worry about background signals fromAs the spinning frequency is increased, the magnitudes ¢

enc2
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FIG. 6. 'H-"C RELM spectra of the methine carbon iralanine withN...; = 2 andN.... = 1. The experimental spectra (recorded on a 300-MHz
spectrometer) are on the left side of the figure and the best-fit simulations are on the right side. Centerband intensities were not included )r-te fit.
wr/(27) = 19.4 kHz the+2 sidebands are clearly negative, (b) éay/(27) = 20.1 kHz the+2 sidebands have zero intensity, and (c)daf(27) = 20.8 kHz
the =2 sidebands are positive.

the negative-intensity sidebands decrease and eventually realcase distortions of the outer sidebands were sometimes ¢
zero. Upon further increase of the spinning frequency, tlserved (data not shown). For symmetric versions of the RELN
sidebands reappear but this time with positive intensity. Tlexperiment, no phase distortions were observed on either spe
Zero crossing occurs at a spinning frequency of approximatétpmeter, and identical sideband patterns could be recorded.
20.1 kHz, and the best fit to the zero-crossing spectrum corig-also unclear why the best-fit distances extracted from th
sponds to an internuclear distance of 1:41.01 A (see Fig. experiments of Fig. 6 are slightly shorter than those determine
6b). Figure 6¢c shows a spectrum recorded at a spinning ffesm the experiments in Figs. 4a and 4b (although they are sti
qguency of 20.8 kHz. Although the excitation and reconversigrobably within the experimental error).
periods are still unequal, all sidebands are now positive. The
best-fit distance is 1.12 0.02 .A.in this case. Homonuclear RELM

The parameter space describing the intensities of the various
sideband orders as a functionf,..D s/ wg andNg,.D s/ wg iS To demonstrate the possibility of performing RELM on
complicated due to the many zero crossings of the Besseimonuclear spin systems, spectra of trichloroacetic acid we
functions, and it is not possible to provide simple “rules afecorded using the pulse sequence of Fig. 3. As mentione
thumb” for determining which pair (or pairs) of sidebands wilearlier, homonuclear RELM using the BABA sequence cat
be inverted under which conditions. However, for a given sehly produce easily interpretable spectra for the case of effe
of conditions the sideband intensities can easily be calculatictly isolated spin pairs with minor chemical-shielding anisot-
using the information provided in the Appendix. ropy. Trichloroacetic acid fulfills the first of these conditions;

In principle, zero crossings could provide a very sensitive single-crystal neutron diffraction study showed that it, like
measure of internuclear distances, but the sideband patterngifi@any other acetic acids, crystallizes in dimer pairs, with the
encoding periods of unequal length might be more affected pyotons being 2.457 A apar54). While the proton chemical-
spectrometer imperfections than the patterns for equal-lengtielding anisotropy is not smalA¢“® = 13.5 ppm), the
encoding periods. When thé,.; # N.... RELM experiment relative orientation of the CSA and dipolar tensors has previ
was performed on one of our spectrometers (the DRX-70@)sly been determined from a single-crystal NMR stusl) (
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Experiments Simulations
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FIG. 7. HomonuclearH RELM spectra of trichloroacetic acid. The experimental spectra (recorded on a 700-MHz spectrometer) are on the left side
figure and the best-fit simulations are on the right sidew@27) = 25 kHz andN¢,; = Nene, = 4 and (b)wr/(27) = 25 kHz andNey; = Nenez = 8.

Figure 7 shows homonucledaH RELM spectra of trichle not significantly distort the relative intensities of the even-orde
roacetic acid for two different excitation times. The spectipeaks.
were fit to the Fourier transform of Eq. [11], and the centerbandTo estimate the extent to which CSA effects perturb the
intensity was excluded from the fits. The distances extractsgectra of trichloroacetic acid, density-matrix simulations wert
from the fits were 2.67= 0.04 and 2.79- 0.02 A for Figs. 7a performed for an isolated pair of protons. The internuclea
and 7b, respectively. These distances differ quite significantlistance was set to 2.66 A, and eight rotor cycles of th
from 2.457 A, but there are several possible explanations. Firstmpensated BABA sequence at a spinning frequency of 25
as mentioned above, internuclear distances measured by NkHz were used for each encoding period. Figure 8a shows tt
are known to be slightly longer than distances measured siynulated RELM spectrum for the case of no CSA wherea
diffraction (43—49. Second, many carboxylic acid dimers ar&ig. 8b shows the simulated RELM spectrum when the CS/
known to undergo complicated motion, including tunneling (gtarameters are include8s). Although the chemical-shielding
low temperatures) and two-site jumps (at higher temperatur@sjisotropy parameter for trichloroacetic acid is only 13.5 ppm
(56-59. The possibility of such dynamics was neglected ithis corresponds to 9.45 kHz for protons at a Larmor frequenc
this analysis although, if present, a two-site jump would lead &5 700.1 MHz. Thus, it is approximately 50% larger than the
an averaging of the dipolar tensors corresponding to eadipolar coupling between the spins. A comparison of Figs. 8
tautomer and, thus, the static two-spin approximation woushd 8b shows that the chemical-shielding anisotropy doe
not be strictly applicable. Third, the chemical-shielding anisoirfluence the relative intensities of the peaks; in particular, th
ropy is not small §5), and the BABA recoupling sequence iSCSA damps the intensities of the outer sidebands relative to tt
sensitive to chemical-shielding effects. Due to all of these2 sidebands. Nonetheless, the number of sidebands and
factors, the distance extracted from the RELM measuremegeneral features of the pattern (i.e., thé& sidebands being
cannot be considered to be highly accurate, but the data shawore intense than th&4) remain the same.
in Fig. 7 do demonstrate that rotor encoding of longitudinal In contrast, homonuclear RELM spectra can be profoundl
magnetization is possible in the homonuclear case. altered when the chemical-shielding anisotropy paramete

Unlike the heteronuclear RELM spectra presented in thygeatly exceeds the dipolar coupling between the spins. As ¢
previous sections, the experimental spectra in Fig. 7 shaxample, Fig. 8¢ shows a simulated homonuclear RELM pat
small sidebands of the “wrong” (i.e., odd) order. The origin akrn for a pair of’P nuclei that are 2.925 A apart and have no
these sidebands cannot be precession under the chemi€C&8A. Eight cycles of BABA recoupling at a spinning fre-
shielding or dipolar interaction during because such preces quency of 29.4 kHz were used for each encoding perioc
sion does not occur in the RELM experiment. However, deteading to a RELM pattern with smal:4 sidebands. This
sity-matrix simulations show that slight misadjustments of thgattern represents the lower threshold of patterns that could |
pulse length (by-0.2 us for the RF field strength and spinningfit if the centerband intensity is to be ignored. Figure 8d show
frequency used in this experiment) can lead to small odd-ordesimulation which uses the same conditions as those in Fig. |
sidebands even for an isolated spin pair with no chemicaxcept that the CSA parameters of JNgO, - 10H,0 are now
shielding anisotropy and no resonance offset. Fortunately, theluded £9). This large CSA (15.3 kHz at a static field
simulations also show that the presence of such sidebands dsiesngth of 11.7 T) leads to nearly complete suppression of tt
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FIG. 8. Simulations of homonuclear RELM spectra with and without chemical-shielding anisotropy. The four-rotor cycle, offset-compensated B
sequence was used in all cases. Ideal (zero-width) pulses were applied on resonance, and the step size of the calculations was 500 ns. (a)'SimHlatior
RELM for trichloroacetic acid with the chemical-shielding anisotropy neglected. The parameters useghZre= 25 kHz,N¢.; = Neneo = 8, andD,/(27) =
6339 Hz. (b)Simulation of*H-"H RELM for trichloroacetic acid with the chemical-shielding anisotropy (at 700 MHz) included. The CSA parameters used v
based on those found in Re&5) with Aocs = 13.5 ppmmcs = 0.067, and the Euler angles of the principal-axes system of the CSA relative to the dipolar a
being set to s = 270°, Bcs = 100°) for both spins. All other parameters were the same as those in (a). (c) SimulatiBr*t# RELM for Na,P,O; - 10H,0
with the chemical-shielding anisotropy neglected. Relevant parameterswaer) = 29.4 kHz,N¢y.; = Neno = 8, andD,/(27) = 787 Hz. (d) Simulation
of *P-2'P RELM for Na,P,0; - 10H,0 with the chemical-shielding anisotropy (at 500 MH# frequency) included. The CSA parameters used were based ¢
those found in Ref.59) with Aocs = 75.6 ppm,ncs = 0.216, and the Euler angles of the principal-axes system of the CSA relative to the dipolar axis be
(acs = 100.773°,Bcs = 157.375°%,ycs = 259.071°) for one of the spins andd = 100.773°,Bcs = 22.725°,vcs = 280.929°) for the other spin. All other
parameters were the same as those in (c).

sidebands relative to the centerband. Furthermore, even if the CONCLUSIONS
sensitivity of the spectrometer were great enough to allow

these sidebands to be observed (which is unlikely), their num-The experimental results presented above demonstrate tt
ber and relative intensities do not correspond with those gftor encoding of longitudinal magnetization can be used t
Fig. 8c. generate spinning-sideband patterns with intensities that a
In cases (such as this) where the CSA is significantly greatitermined by the properties of the pulse sequences used |
than the dipolar coupling, the RELM sideband patterns will b@e encoding. The effective Hamiltonians for these pulse se
sensitive to the relative orientation of the CSA and dipolzquences must depend on the phase of the rotor (i.e., the Eu
tensors although for some orientations the patterns may notgifyjley), but the two encoding periods need not be identical. Ir
so deleteriously affected. Unfortunately, the relative orientgact, by choosing encoding periods of unequal length, it i
tions of the CSA and dipolar tensors is often not known angbssible to generate negative-intensity sidebands in certa
can be difficult to measure. It is beyond the scope of this papgises. Such sideband patterns are extremely sensitive to
to explore the dependence of sideband intensities on C8#ength of the dipolar coupling and, therefore, can provid
magnitudes and orientations, but as Fig. 8 makes clear, arzguable structural information.
must proceed with caution in the case of large chemical-While homonuclear RELM sideband patterns can easily b
shielding anisotropies. Similar caution is also required wheyenerated, they suffer from the drawback that the homonucle
analyzing sideband patterns from double-quantum experimergsoupling sequences developed to date also recouple part
which use the BABA sequence on nuclei other theip pro-  the chemical-shielding anisotropy. This is particularly true of
tons represent a special case because their dipolar couplingsfagelaboratory-frame sequences which have the necessary
strong and their chemical-shielding anisotropies are relativalyr-phase dependence for rotor encoding. Even when su
small. sequences are designed such that their zeroth-order aver:
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Hamiltonians (assuming perfegpulses) do not depend on thepossible to incorporate them into multidimensional correlatior
CSA (22, 60, they are still too sensitive to residual chemicalexperiments. Furthermore, sideband patterns could also pos
shielding effects to generate easily interpretable sideband faltr be used to study motional averaging effects and loce
terns for nuclei, such a8P, which have large CSAs. For suchopologies. Such studies are currently underway in our grou
nuclei, rotor-synchronized multiple-quantum build-up curves
(which rely on total intensities rather than sideband patterns) APPENDIX
are a better alternative for distance determinatiéf, 62.
However, the homonuclear RELM experiment should be ap-Under Results and Discussion, a series of spectra was pr
plicable to protons with their typically small CSA values. sented where the intensities of the sidebands went through

The heteronuclear RELM experiment presented above is tarzero crossing as the spinning frequency was varied. T
more versatile. The REDOR recoupling sequence refocuses tinelerstand how such zero crossings originate, it is useful
chemical-shielding anisotropy; therefore, the sideband pattesxamine the intensities of the spinning sidebands in mor
obtained are purely dipolar. This contrasts with previouslyetail. When the RELM experiment of Fig. 2 is applied to an
presented heteronuclear double-quantum experimégtsl() isolated heteronuclear spin pair, the time-domain signal has tt
in which the sideband patterns were influenced by chemicédlowing form (see Egs. [2] and [4]),
shielding evolution during,. Although the experiments pre
sented in this paper were restricted to protons and carbons, thS(tl; t, = 0)
heteronuclear RELM experiment can easily be modified to
measure internuclear distances between two rare nucleisuchas 1 (2~ T
BC and N, as is commonly done in REDOR experiments. = A”TJ d%sf sin BsdBs
Since proton coupling effects could then be eliminated by 0 0
radiofrequency decoupling, the high spinning frequencies used

X cos( N

Dis . .
enct g 2 \JE sin 2B,ssin ’YlS)

in this paper would no longer be necessary, and the MAS
frequencies typically used in REDOR experiments (a few kHz)
should suffice. Ds_ -~ . _
Both REDOR and RELM measure heteronuclear dipolar X 005<Nencsz 22sin 2B,ssin(wgt; + V|s)>, [A1]
coupling constants, but they do so in different ways, with the
REDOR expenment probing total |nt.enS|ty as a ﬂ.mcuon.ov]:/here the powder averaging over the Euler an@gsandy,s
recoupling time and the RELM experiment generating a Sldﬁ- S i !
) ' . as been explicitly included. Substituting Eq. [5] into Eq. [A1],
band pattern for a given recoupling time. Although hetero- . ) . B
. [egrouping, and using the relation cés¢ ¢) = cos 0 -
nuclear sideband patterns can also be generated by other t%%s_qb ~ sin 8- sin ¢ lead to
nigues such as XDM24, 49, rotor-encoding-based methods
provide the experimentalist with an unprecedented degree of
control over the appearance of the sideband pattern. A varietys(tli t,=0)

of spinning-sideband patterns (with spectral widths approach- . .
ing 1 MHz) can be generated at a single spinning frequency, — %f d%sJ sin Blsdﬁus[ Jo(U)Jo(V)
0 0

w

and negative sidebands can also be created.

While the heteronuclear RELM experiment has the advan-
tage of generating sideband patterns that are free of chemical- * ®
shift effects, it also has the corresponding disadvantage that + 2J30(V) D) Ja(u)cod2kys) + 2Jg(U) >, Jon(V)
site resolution in the proton dimension is not available. In k=1 n=1
contrast, heteronuclear double-quantum experiments allow one . :
to determine which types of protons are in the vicinity of a x{ cos2nys)cod2nwgty) = sin(2nyis) sin(2nogty)}

given type of carbonl(, 11, 47. Furthermore, multiple-quan- P

tum experiments can be used as filters to select minimum + 4 > D () d(v)cod 2ky,s){cog2ny,s)
cluster sizes whereas the direct dimension of the RELM ex- n=1 k=1

periment will contain signals from both coupled and uncoupled

spins. For a thorough examination of a given system, a com- X cos(2nwgty) — sin(2ny,9sin(2nwety)} |, [A2]

bination of approaches will likely be desirable, and an in-depth

investigation of a variety of heteronuclear experiments (involv-

ing multiple-quantum coherences, dipolar order, transvers@ereu = (NgeDis/wr)2V2 sin 28, andv = (NeeDis/

magnetization, and antiphase terms) is the subject of a forthz)2V/2 sin 28,s. After integration ovety,s, most of the terms

coming publication 47). in Eq. [A2] vanish. However, the integral over
A potential advantage of sideband approaches such aas(Xys)cos(y,s) is nonvanishing for the case in whigh

RELM, as compared to build-up curves, is that it may bandn are equal. Thus, Eq. [A2] simplifies to
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S(ty; t, = 0) a

06

™ 1 * 04r

= 2 Jo(u)Jo(v) + E Jon(U) Jzn(V) COS 2N WRt,) o2t
0 n=1 ’

X sin BisdBis. [A3] l

Since cos(Rwgt,) = (€'~ + e ?"r)/2 itis clear that the
intensities of thex=2 - n sidebands are proportional to

wWR

117 Dis_
lion = E Jan| Nenci 2\,f2 sin 2BIS
0 1.2 I L L L L L L ! L L 1
15 16 17 18 19 20 21 22 23 24 25

Dis . -
X ‘]Zn( Nenczwil: 2 \’2 S|n ZBIS) S|n BISdBIS' [A4] (DR/(ZT[) [kHZ]

0.25

Equation [A4] can be easily evaluated using a computer. Fig-
ure 9a shows the intensity of the2 sidebands (calculated
from Eq. [A4]) as a function of the spinning frequency s, 020 1
= 2,Ng:= 1, andD¢/(27) = 21,990 Hz.These conditions
correspond to those used in the experiments of Fig. 6, and the
presence of the zero crossing at approximately 20.1 kHz is
readily apparent. Analogous curves can be constructed for
other sideband orders, dipolar coupling strengths, and recou- o0.10 |
pling durations.

WhenNg.; = Neneo = Neno EQ. [A4] simplifies to

005 T

1" D — 2
2 J |:‘]2n( NencuTIS 2,2 sin ZBIS) ] sin B;sdBis.  [A5] 0.00
R .
0

N

D og

enc’

Since sinfs) is positive over the range 0 to, it is clear that kG, 9. (a) Intensity of the+2 sidebands (normalized to the centerband)
Eq. [A5] can never be negative. Thus, when the number af a function of the spinning frequency for the experiment of Fig. 2 With,
excitation and reconversion periods is equal, only sidebandg: Neno = 1, andDs/(2m) = 21,990 Hz. Acrossover from negative to
with positive intensity are obtained. Figure 9b shows the th ositive |r1t_ensﬂy occurs at a spinning frequency of apprOX|_mater 20.1 kHz
ical relative intensities for the centerband and - ) Intensities of the centerband and th@, =4, =6, and+8 sidebands as a
oretical re : . iiﬁ%," — 7 function of the product of the excitation time and dipolar coupling strength for
i6, andi8 S|debands fOF thIS case. The '[Ota| RELM IntenSItﬁﬁe experiment of F|g 2 WmNencl = Nencz = Nenc The inset depicts the total

is given by intensity of the RELM experiment, which was calculated using Eq. [A6] and
truncating aftem = 7.

lreim=1lo+ 2 E |40 [A6] causes the intensity at long recoupling times to decay towal
n=1 zero in both experiments. For encoding periods of unequc
length et 7 Nened), the total RELM intensity decays to
since the sidebands are symmetric (ilg,, = | ,, = |.,,). Vvalues lower than 0.5 even when relaxation effects are ne

As can be seen from the inset in Fig. 9b, the total RELMlected.

intensity as a function of increasing encoding time starts at 1.0,To obtain an accurate measure of the internuclear distan
decays monotonically toward 0.5, and then oscillates about Q(&e., by neglecting the centerband), it is necessary thatbath
This behavior results from the cosine—cosine form of thend =4 sidebands be generated. As can easily be seen frc
RELM modulation (see Egs. [4] and [11]) and is the counteFig. 9b, this condition corresponds tiN{D /wgr) ~ 1.5.
part to the previously simulated sine—sine-modulated doublice two encoding periods are needed for the RELM expel
qguantum build-up curvesr) which start at zero intensity butiment, the total recoupling duration is given byN2¢s) =~ 3 -
also eventually oscillate about the limit of 0.5. In practice, df2#/D,s). Comparison with the universal REDOR cungs)
course, transverse relaxation during the encoding pericgt®ows that this amount of recoupling approximately equals th
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amount of recoupling necessary fAlS/S, to reach its first 15. A. F. de Jong, A. P. M. Kentgens, and W. S. Veeman, Two-
local minimum in a conventional REDOR experiment.
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