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Symmetry principles in the nuclear magnetic resonance of spinning solids:
Heteronuclear recoupling by generalized Hartmann—Hahn sequences
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General symmetry principles for rotor-synchronized pulse sequences in magic-angle spinning
solid-state nuclear magnetic resonance are presented. The theory of symmetry-based pulse
sequences using pulse elements is presented for the first time. The symmetry theory is extended
to the case of generalized Hartmann—Hahn sequences, in which rotor-synchronized rf irradiation is
applied simultaneously to two isotopic spin species. The symmetry principles lead to heteronuclear
selection rules. The symmetry theory is used to design pulse sequences which implement
heteronuclear dipolar recoupling at the same time as decoupling homonuclear spin—spin
interactions, and which also suppress chemical shift anisotropies. A number of specific pulse
sequences based on these principles are listed. Experimental demonstrations are given of
heteronuclear two-dimensional correlation spectroscopy, heteronuclear multiple-quantum
spectroscopy, and the estimation of internuclear dipolar couplings20@1L American Institute of
Physics. [DOI: 10.1063/1.1377031

I. INTRODUCTION Heteronuclear recoupling methods face a number of
);nethodological challenges associated with the type of

The determination of molecular structural parameters b : ) o P
nuclear spin system involved and with instrumental limita-

solid-state nuclear magnetic resonarib®IR) has recently . - )
made much progress, with the successful development ¢{oNS- For example, it is often desirable to recouple fteé
methods for the accurate determination of internucleafronuclear dipole—dipole interactions, without simulta-
distancel?and interbond angleé€-3°Many of these meth- Neously  recoupling  the homawuclear dipole—dipole
ods are compatible with magic-angle spinnidAS),3-32in interactions. In addition, it is often desirable that the evolu-
which the sample is rapidly rotated about an axis at thdion of the nuclear spin system is insensitive to chemical
“magic angle” tan 1v2 with respect to the static magnetic Shift interactions, both isotropic and anisotropic. In a nonori-

field in order to achieve good spectral resolution and signagnted sample such as a powder, there are further complica-
strength. tions, since the recoupling effect depends in general on the

Although MAS is an essential component of many real-molecular orientation. In most cases it is desirable that the
istic applications of solid-state NMR, it has the disadvantagedrientation dependence of the recoupling be as weak as pos-
of strongly attenuating the effect of geometrically informa- sible, so as to obtain good overall efficiency in a orientation-
tive spin interactions, such as the direct magnetic dipole-ally disordered sample such as a powder. The recoupling
dipole couplings between neighboring nuclear spins. As amnethodology should also be robust with respect to deviations
result, the techniques for geometry determination often emin the amplitude of the applied rf field. In addition, it is
ploy recoupling pulse schemes, in which resonant radio-sometimes necessary that the pulse sequences are feasible at
frequency(rf) fields are applied to the nuclear spins, in ordervery high magic-angle spinning frequencies.
to suspend the averaging effect of the magic-angle rotation The Hartmann—HahitHH) method is the archetypical
over a defined time interval. This makes it possible to exploitheteronuclear solid-state NMR method. This early scheme
the recoupled spin interactions for the determination of moinvolves the simultaneous application of two unmodulated rf
lecular geometry, without sacrificing the good sensitivity andfields, each resonant with a different spin species, and with
resolution provided by MAS. amplitudes chosen so that the two nutation frequencies

There are many different types of recoupling pulse sematch exactly’® HH matching allows a transfer of spin po-
quences, depending upon the targeted spin interattth. |arization between different spin isotopes, through the het-
For example, there exists a wide range of pulse sequences fgfonuclear dipolar interaction. Hartmann—Hahn cross polar-
recoupling the direct dipole—dipole interactions betweengzation (HH-CP) is widely employed in solid-state NMR for
spins of the same isotopic type. These are caletho- the enhancement of signals from nuclei with low gyromag-
nuclear recoupling methods. This article focuses on thenetic ratios and is an essential component of high-resolution
methodology oheteronuclearecoupling, in which the mag- MR in solids® The Hartmann—Hahn method was origi-
netic dipole—dipole interactions between unlike spins are repa|ly developed for static solids but may be used in MAS

coupled. NMR if the rf field amplitudes are adjusted so that the two
nutation frequencies differ by a small integer multiple of the

dElectronic mail: mhi@physc.su.se spinning frequency. This is called a HH sideband
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TABLE |. The qualitative properties of selected heteronuclear recoupling sequences. A check mark means that the corresponding sequenceated the indi
property in a first order theoretical description. A cross means it does not have this property.

Single-channel sequencégsadiation atk-spin Larmor frequengy

v encoding KK-DD K-CSA K-CSA K-offset rf field rf field
Sequence Ref. of SK-DD decoupling decoupling insensitivity insensitivity = compensation requirements
R® 1,2 J X X X ) X low
SPI-R 25 X X X J ) J low
REDOR 3,4 X X X J J J high
C-REDOR 48 X J X N N J low/moderate
T-MREV 28, 29 J ) X X N N moderate
R1 17 J J X X J N moderate
Two-channel sequencésradiation atk- and S-spin Larmor frequencigs
HH-CP 35, 36 J X N N N X moderate
LG-HH-CP 18 V ) N N X X moderate
two-channel
symmetry-based this paper N N N J N J moderate
sequences

condition®” The sensitivity of the HH method to experimen- the rf irradiation is assumed to be resonant with khspins.
tal imperfections may be reduced by sweeping the amplituddll of the pulse sequences recouple the first-order hetero-
of one of the radio-frequency fields so as to pass through theuclear direct dipolar interactiofabbreviatedsK-DD).
appropriate matching conditiofi."6~8 The third column in the table indicates whether the re-
In its original version, the Hartmann—Hahn method doescoupledSK dipolar interaction is % encoded.’2° This prop-
not decouple the homonuclear interactions. In many casesyty is explained in more detail below. Briefly-encoded
this makes the method unsuitable for extracting accurate mgaulse sequences have a lower orientation dependence than
lecular structural information. In static solids, homonucleamon-y-encoded pulse sequences, and as a result generally
decoupling may be combined with HH-CP by setting one orfunction better in a powder sample. The fourth column indi-
both of the rf fields off resonance, so as to satisfy the Lee-eates whether the homonuclear dipole—dipole interactions
Goldburg conditior®®? A sideband version of Lee— betweenK spins are decoupled. Generally speaking, homo-
Goldburg Hartmann—Hahn cross polarizatitG-HH-CP) nuclear decoupling oK spins is also a desirable property,
has been applied to MAS solids, allowing the determinatiorsince it greatly simplifies the spin dynamics and reduces the
of distances between nuclei of different types, even in thepproximations that must be made when analyzing the ex-
presence of strong homonuclear couplitg¥ perimental results. The fifth column indicates whether the
A different group of heteronuclear recoupling methodspulse sequence effectively removes the chemical shift anisot-
involves the application of radio-frequency fields to only oneropy (CSA) interactions of theK spins in the first-order av-
of the spin species. This type of heteronuclear recouplingrage HamiltoniafA’ The sixth column indicates whether the
was first achieved in MAS NMR by setting the amplitude of evolution of theS spins is insensitive to the CSA of thé
the rf field so that the nutation frequency matches a smalspins. This is a slightly weaker condition than that given in
integer multiple of the spinning frequency. This is calledthe fifth column, since in some circumstances, commutation
rotary resonance recoupling IR? It was also suggested properties cause the evolution of the relev&repin coher-
that the unmodulated rf field could be replaced by discrete ences to be insensitive to tikespin CSA, even if that CSA
pulses every half rotor peridef Experiments of this kind interaction is not fully decoupled. The seventh column indi-
were first performed by Gullioet al, and form the basis of cates whether the sequence is compensated for isotropic
the highly successful REDORRotational Echo Double chemical shift or resonance offsets of tapins. The eighth
Resonance method®* Numerous applications and exten- column indicates whether the sequence is compensated for rf
sions of REDOR have appear&d®® field amplitude variations. The ninth column indicates the
The original version of REDOR employs very stromg rough rf field requirements of the sequence. In all cases,
pulses, which are assumed to be very short compared to thkese “judgments” are based on first-order average Hamil-
sample rotation period. This condition is hard to meet at highonian theory’’ They should be regarded as a provisional
MAS spinning frequencies. Modulated versions ofWere  basis for discussion, rather than a definitive assessment.

suggested for use at high MAS frequend&® It was dem- With these reservations in mind, all existing sequences
onstrated that in some circumstances REDOR itself functiondisplay a mixture of positive and negative qualities. For ex-
quite satisfactorily even under fast MAS conditidfis. ample, the REDOR sequericedisplays an array of robust

Table | summarizes a variety of existing heteronuclearfeatures with respect to théspin interactions. The sequence
recoupling sequences and displays their qualitative propeis well-compensated for rf field errors atdspin chemical
ties. This table assumes that there are two spin species, callstifts, both isotropic and anisotropic. However, it has its
hereSandK. In the case of single-channel pulse sequencesjegative side too. REDOR is netencoded, which implies
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that the signal modulations due to the heteronuctain- The single-channel symmetry principles have also been
teractions are relatively weak in powder samples. In addiapplied to the problem of heteronuclear recoupling in the
tion, the homonuclear dipolar interactions betwéespins  presence of strong homonuclear couplings. For example, a
are also recoupled. This can cause trouble when the sequensiegle-channel heteronuclear recoupling sequence with the
is applied to strongly interacting spins. REDOR also re-symmetry Rlé was demonstratet. The qualitative proper-
couples the&k-spin CSA interactions, but this turns out not to ties of this sequence are also given in Table I. As may be
be a problem in most applications, since the relevant reseen, the sequence has a number of desirable features, but
coupled interactions commutsee the contrasting marks in retains an undesirable sensitivity to the CSA of the irradiated
columns 6 and 7 REDOR was originally designed for work K spins. It is difficult to accomplish-encoded heteronuclear

at low spinning frequencies and has high rf field require-decoupling with rf irradiation on a single rf channel while
ments. However, recent results indicate that REDOR may iisimultaneously removing the sensitivity of the sequence to

fact be usable even at high MAS frequendigs. the K-spin CSA. The symmetry theory alone does not lead to
A recent variant of REDOR, called C-REDJR, solutions of this kind.
achieves homonuclear decouplitepe Sec. IV beloy In this paper the symmetry principles are extended to the

As a second example, consider the sideband Leecase of a heteronuclear spin system exposed to simultaneous
Goldburg Hartmann—Hahn methdd.In this case the re- resonant irradiation on two rf channels. Such sequences may
coupled heteronuclear interactions arencoded, indicating be regarded ageneralized HartmansHahn methodsWe
favorable performance in a powder. The sideband LG-HHshow that it is possible to design pulse sequences that pos-
method also strongly attenuates thespin CSA interactions. sess all of the desirable features in Table I, at least on the
However, the decoupling of the homonucléaspin DD in-  level of first-order average Hamiltonian theory. As shown
teractions is expected to be imperfect. The original Lee-below, the extended symmetry theory leads to a large num-
Goldburg scheme for homonuclear decoupiitig known to ~ ber of possible solutions. We show experimental results for
be relatively poor and has long been superseded by mogome of the more promising pulse sequences.
accurate schemes in the case of high-resolution proton The rest of this paper is organized as follows. In Sec. Il
spectroscop$®~>* In addition, the use of LG decoupling is We present the symmetry theory for single-channsf,@nd
well-established for static samples, but its performance mafN, sequences. Much of this work has not been presented
be degraded in rapidly rotating samples, due to interferencexplicitly before. In Sec. Il these principles are generalized
effects between the rf pulse sequence and the MAS rotatioi© the case of dual synchronizedNfand RN, sequences. In
For this reason, we have on|y given the LG-HH method aseC. IV we |dent|fy a list of candidate Symmetries for the
bracketed tick mark in column 4. In addition, the LG methodtask of heteronuclear recoupling and present some specific
is sensitive tok-spin chemical shifts and rf field amplitude Pulse sequences based on these principles. In Sec. V we
errors. show some experimental results, including applications to

The table shows that the REDOR and LG-HH methoddheteronuclear two-dimensiondRD) correlation spectros-
are roughly complementary in their strengths and weakcoPy, heteronuclear multiple-quantum NMR, and hetero-
nesses. nuclear distance estimations. The applications and limita-

A different approach to pulse sequence design exploit§ons of the new pulse sequences are discussed.
symmetry principles for rotor-synchronized rf fields in MAS
NMR.1"%® These principles allow the recoupling and decou-
pling properties of a wide range of pulse sequences to bl- SINGLE-CHANNEL ROTOR-SYNCHRONIZED PULSE
assessed, at least to a first approximation, by evaluating a seFQUENCES

of simple integer inequalities. The results of these inequali- e first consider the case of a rotor-synchronized pulse
ties may be deduced by a diagrammatic technique withowequence applied to one rf channel. The symmetry rules for
detailed calculation. In addition, it is possible to identify setsihjs situation have been described befdr& but the detailed
of pulse sequence symmetries that lead to the recouplingheory has not yet been presented for the case Nff Be-
properties of interest, at least in a first approximation. quences. The discussion here will establish the notation and

Briefly, the symmetry theory may be applied to two |ay the groundwork for the two-channel case.
broad pulse sequence classes, denoted in genétala@d

RN; . The meaning of these symbols is explained in detai
below. The numberhl, n, andv are small integers, called the Consider a system of coupleégispins, subjected to me-
symmetry numbers of the pulse sequence. chanical sample rotation at a fixed frequeney about a
So far, the symmetry principles have only been pre-fixed axis. The spin Hamiltonian in the presence of a rf pulse
sented for the case of rf irradiation on a single rf channelsequence is given by
These single-channel symmetry principles have led to a large
selection of promising pulse sequences for heteronuclear (1= Hr(D)FHin(1), @
decoupling!”*®>  double-quantum  homonuclear recou- where the internal spin Hamiltoniald;(t) is time depen-
pling, 1114176 zero-quantum homonuclear recouplificand  dent because of the sample rotation, while the rf spin Hamil-
selection of homonucleakcouplingst’>"*8In addition, the  tonianH «(t) is time dependent because of the modulation of
symmetry principles provide insight into a variety of existing the rf fields. The rf propagator from a time pointto a time
methods, such as REDO® RFDR® and TPPM® pointt, is denotedU 4(t,,t,), and solves the equations

A Euler angles of the rf rotations
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t However, in general, the link between the Euler angles and
0 v TE the rf irradiation parametergulse flip angles and phages
a &0 sometimes not obvious.
nty B. Notation for time points
o & oo Eq |e0e| N Consider a general rotor-synchronized pulse sequence as
0 T T8 ¢ T+, &, ¢+ shownin Fig. 1a). The pulse sequence is built &f ele-
£, t, £, tnoy ments, denoted?,, where g=0,..N—1. The whole se-

guence spans exactlyrotational periods. Each elemefit,
has the same duratiorc=nr, /N, wherer,=2m/w,. The
b ¢ duration of the entire sequence is denotedN7e=nr, .
Figure Xa) defines the convention used for denoting
/N time points in this paper. The time poitftdefines the instant
at which the element’, starts. The notation, defines an

@)y | @k [ooe| @y |00 [Ehmay arbitrary time point in the intervaltg,t. ,[, i.e., ty=<t,
<tg,;. The time points are related through=to+qe.
The notationt, refers to a time point in the intervato,tg[,
i.e., within the first element,.

Cc 2 — % We use the notatioBy to refer to the rf propagator up to
a general time point, within an element?,,, starting from

W\ the beginning of that element. The notatidprefers to the rf
propagator up to a general time poigtwithin an element

nT,

@ | (@) | @) oo @)z “q,» accumulated over the whole pulse sequence. The nota-
v tion E, refers to an rf propagator of one complete element
£q-

FIG. 1. Definitions of rotor synchronized pulse sequendas.Pulse se- 0

quence built up oN elementsZ,, whereq=0,1,...N—1. The whole se- Sq: Ur‘f(tq ltq)u (6)
quence spans exactly rotational periods. A selection of time points is o

indicated.(b) One way to implement alg; sequence. The basic elemeéfit Aq: Urf(tq o), (7)

is given by a rf cycle. The R; sequence is composed Wfphase-shifted 0 0

cycles.(c) One way to implement a R, sequence. The basic elemerit Eq: Urf(tq+ 1'tq)- 8

implements ar rotation about thex axis. The element?’ is obtained from
.7 by changing the sign of all phases. Th&lRsequence is composed of
N/2 phase-alternatingz.72’ pairs. —

P g7 p Aq=S4Eq-1Eq-2 " Ep. 9

The Euler anglesQq={aq,Bq,vqt =1a(ty),B(ty), ¥(ty)}
refer to the accumulated rf rotations up to a general time

These propagators are related through

d ) oint t, within the element‘:
Gt Un(tt) = —IH (DUt L), @ P |

Aq: R,( aq)Ry(Bq) R,( ')’q)- (10
Urf(taata):l- (3)

C. The basic element

Suppo;e that the rf pulse sequence is !nitiateq at time pg)int In the sequences to be described, all the eleméptare
[see Fig. 1)]. The rf propagator from time poinf up to aN  derived in a specified way from a given pulse sequence of
arbitrary time point may be expressed in terms of thr_e_e time 4 ration re=n7, /N, known as the basic element, and de-
dependent Euler angle3(t) ={a(t), B(t), y(1)}, describing o104 here0. The properties 0f° depend on the symmetry
the rotation of the spins induced by the rf field: class of the pulse sequence and will be described below.
0y _ In general the basic elemefif is never actually applied

Unltto) =R a(DIR,LAM IR ¥(1)]. @ to the spin system, only the derived elemefitshave that
HereR,=exp{—i¢#S } is the operator for a rotation of spis  honor. Nevertheless, it is convenient to denote the rf propa-
through the angles around the axig=(x,y,z) in the rotat- ~ gators of the basic elemed? by using the superscript “0.”
ing frame. If the rf fields are applied at the Larmor frequencyFigure Xa) defines the convention used for denoting time
of speciesS the operatoS, is given by points inside the basic elemefif. The basic element starts

at time point 0 and finishes at time point. The notatiort®

s=>s (5) defines an arbitrary time point inside the interf@lr[, i.e.,
X5 T 0=<t%< 7. The time pointt® inside the basic elemerit®
_ ) and the time point, inside the first element, are related
where the sum is taken over &lspins. through
In general, the rf propagator for any rf pulse sequence
may be written in terms of the Euler angles as in F). t0=to—tg. (12)
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The rf field Hamiltonian of sequence® is denotedH(t)  sequencE (7 '=360,360.), or in the POST-C* and the
and the rf propagator under the basic eleméhis denoted spC-5 sequencks(Z =90,360,327Q,). Here the standard
U%(tO,O). The accumulated propagator undé€? at time  notation for rf pulse sequences is uség; whereé is the
point t® and the corresponding Euler angles are flip angle (nutation frequency multiplied by the pulse dura-
P=A=R,(a")R,(BY)R,(+°) = U%t°0). 12 tion) and ¢ is the rf phase, taking into account the sign of the
A@IR(BIR(Y)=Un(t50 (12 gyromagnetic ratié>®2 The flip angles and the phases are
The propagator under the entire basic elenihts denoted  written in degrees.
EO:U?f(TE,O). (13) There are also other ways of constructingN/Cse-

guences which satisfy Eql4) (see below.
In generalE® (the propagator under the basic elemésinot
equal toE, (the propagator under the first element in the
pulse sequenge E. Definition and implementation of R N}, sequences

A general RN} sequence is defined by the following

D. Definition and implementation of C N}, sequences time-symmetry relationships for the Euler angles of the rf
A general Q\; sequence on th8spins is defined by the propagators:
following time-symmetry relationships for the Euler angles 27y
of the rf propagator at time pointg: Bq=Botdm  vq= Yo~ 9 (17)
27y whereq=0,1,...N—1. The duration of each eleme#t, is
,BqZIBO- 'Yq:')’O_Tq- (14 tl

re=n7, /N, andN, n, andv are integers, called the symme-
try numbers of the pulse sequence. There are no restrictions
on the Euler anglex,.

Figure Xc) shows one possible construction scheme for
a RN} sequence. The method starts by choosing a basic ele-
ment of durationrg. In this case, the rf propagator of the
basic element has the property

Here q=0,1,..N—1 and the duration of each element is
me=n7,/N.

Equation (14) defines the symmetry class of theNC
sequences, through the three symmetry numBers andv.
The Euler angless, and y, of the rf propagator at time
points separated by a multiple @ are connected to each
other by a simple symmetry transformation. Note that the E°=R (Z,7), (18
CNy symmetry implies no restrictions on the _angh_né. whereZ,, is an odd integefu stands for “ungerade). This

Figure Xb) shows one possible construction scheme for.

» . . implies that the basic element rotates the spins by an odd
CNy s(equen.ces. The method 'starts by choosing a basic eIﬁiultiple of 7~ about thex axis in the rotating frame. In this
ment#°, which has the following propagator,

case the basic element is donatet] to confirm with stan-
EC= Ru(Zgm), (15 dard notation in heteronuclear decoupling theBiyhe basic
element” may therefore be a singler{, pulse, or a com-
Iposite pulse with the same overall rotation. In general, the
basic element2 may contain rf pulses of any possible
c[)hase, but the overall rotation operator must obey (E§).
The construction principle for R, sequences continues
deriving a second basic element, denatéd, which is
related to.72 by changing the sign of all rf phases. The rf
propagator under2’ may be derived from that unde# by

a 7 rotation about thex axis:

whereZ, is an even integefg stands for “gerade). This
implies that the basic element returns spins to their initia
states(disregarding a possible sign changé all interac-
tions other than that with the rf field are ignored. The basi
element is therefore a cycle in the sense of Haeberlen ar‘g
Waugh” and will henceforth be denoted. Some examples 2
of " sequences are given below.

As shown in Fig. 1), a ON; sequence may be con-
structed by concatenating cyclic elements, each of which
is phase shifted by 2/N with respect to the preceding ele- EY =R (7)E°R (m)". (19

ment, i.e., . . : '
If the basic element contains amplitude modulated rf fields

Zq= () 2zvqiN - (16  (i.e., all phase changes are multipliesmf then.72’ and.7
This implies that the first element, of the QN” sequence is '€ identical. In all other case_@frand.%f are different se-
the same as the basic element, and hence that duences. For example, if.%2=905018%,90y, then
(0,80, 70) = (2°,8%7°). In Appendix A we prove that this - = 90-9018%90-go.

procedure generates a¢ sequence conforming to E(L4). A RN, sequence may be constructed by concatenating
The symmetry numbersand v are called space and spin /2 phase-shifted7.7" pairs as follows:
winding numbers, respectively, since they define the helical () 20N for q=even

modulations of the two parts of the Hamiltonian, as dis- “q (20

cussed in Ref. 56. (#)—aun  for q=odd.

The choice ofZ is free within the constraints of Eq. Note that the first elemernf, of a RN} sequence is not equal
(15). For example, the basic rf cyclg could be a simple to the basic elemen#. The procedure is illustrated in Fig.
360° pulse around the axis as in the SC14 sequenrt¢Z  1(c). In Appendix A we prove that this procedure generates a
=360Q,), or a composite 360° pulse, as in the original C7RN; sequence conforming to EGL7).
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TABLE !I. Homonuclear spin interactions in gsohd rotatlr_]g at the magic [AI/?‘n]R defines the rotational properties of the spin inter-
angle with respect to the external magnetic field, and their properties with

respect to spatial and spin rotations. The spatial components mvtid action under mechanical rotation of the sample, keeping the

of rank| is obtained in the rotor fixed frame by transforming
Space  Space  Spin Spin it from the principal axis system as follows:
rank component rank  component
Interaction | m N %
| A |
Al JR= Al IPDL, Q8D (Qur). (24

isotropic chemical shift 0 0 1 -1,0,1 [Aim] m;n, (A I Doy (eI Dyl Qi) (24)
CSA 2 -2,-1,1,2 1 -1,0,1 ’
homonuclear isotropid 0 0 0 0 The Euler anglngMZ{agM ,,B/F\,M ,)//F\,M} describe the rela-

coupling tive orientation of the principal axis frame of the interaction
homonuclear dipolar 2 -2-112 2 -2710.L2 A and a molecule-fixed frame, and depend on the molecular
coupling .
and electronic structure. The Euler angle€)yr
={amr,Bumr:Ymr} relate the molecular frame to a frame
fixed on the rotor, and are random variables in a powder.
From the definition of R} symmetry[Eq. (17)], any ~From Eq.(22) and the definitiorty=to+q7e, the peri-
RN’ sequence is also a §(2)” sequence, even though its odic symmetry of the I.aboratory frame spin mteracyon_terms
construction principles are quite different. This implies that™r the rotor-synchronized pulse sequence shown in Ka. 1
RN? symmetry is a stronger version of 8{2)” symmetry. My be expressed

This property is reflected in the more restrictive selection 2.m
rules for AN} sequences compared td\{; sequencegsee H,’}m\o(tq)=Hf}mo(to)ex;{i Tq]. (25
below).

G. Interaction frame symmetry

F. Spin interactions Average Hamiltonian theofy requires a transformation

In a system of coupled spirSthe internal spin Hamil-  of the spin interaction terms into the interaction frame of the
tonian in Eq.(1) at time pointt may be written rf field. The interaction frame Hamiltonian at time poigt

may in general be written

Hi(©)= > Himo(t), (2D B B

o Hitg= > Hina(ty), (26)

where the symbolA represents the type of interaction AL, p
(chemical shift, spin—spin couplingind also the indices of \yhere

the spins involved in the interaction.

The quantum numbeism, and indicate the symmetry FA - TH T A H ot A}, 5
of the term with respect to rotations of the spin polarizations tm(ta) = Tr{Tf;Tfﬂ} A (27)

and with respect to spatial rotations of the sample. In general . _
the termH},, (1) transforms as an irreducible spherical ten-In this case n takes all possible valuesu=-Xx,
sor of rankl for spatial rotations and rank for spin rota- —M—l,...ix. The rotation properties of spherical tensor
tions. The components indicem and x take valuesm operator§

=—I,—1+1,..)] for space andu=—\,—\+1,..\ for _ _ _ A

spin. Table Il contains a list of interactions in a homonuclearRZ( VIR AR ) TR IR (BIRA(7)

spin system, the corresponding values for the rdrdasd \, N ) A

and the possible components and » under magic-angle :%: duo(—Brexpli wyiTy, (28)
rotation of the sample. In the high-field approximation the

internal Hamiltonian contains only elements wigia=0. lead to the following form of the interaction frame terms:
Terms withu#0 are generated by the applied rf figlsee | N A i i A

below. Because of the sample rotation, the tetid), o(t) is ~ Himna(ta) = duol— Ba) @im €XPli Ly +imartg} Ty, . (29)

periodically modulated: The symmetry of the terms depend on the symmetry of the

Hiso(1) = i explima, T (2 pulse sequence.

(i) CN; sequencesEquations(14) and(29) may be used to

R A Rl — show that the G} symmetry of the pulse sequence imposes
im=[Aim]"dmo( Br)EXPY —iMag, }, (23 the following periodic symmetry on the interaction frame
terms:

with the complex amplitudes

wherea?, denotes the initial rotor position angk, defines
the angle between the rotor axis and the static magnetic field _ _ 2

direction(Bg, = arctanv2 for magic angle spinningd.,, is a Hitu(tg) = Hﬂnm(to)exp[ i - (mn- ,U«V)} : (30
reduced Wigner element. Note thﬁo(,@m)zo in the case

of exact MAS.TQM is the uth component of the spin tensor (i) RN} sequencesEquations(17) and (29) lead to the fol-
of rank \ from interactionA. lowing symmetry of the interaction frame terms:
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2 mln_/.Lqué NZ,
Im)\M(tq) Hlm)\/,L(tO)eX I _(mn IU'V) d (Wq) AND
(31) Hp2M=0 if { mon—pu,v#NZ (41)

AND

Sinced? 4(7q)=(—1)%, this symmetry may be written in
e (My+my)n—(po+ py) v#NZ,

the more convenient form
whereZ is any integer.

2mq AN
mw(tq) H|mw(t0)exp{ [ —( mn—puv— —) ] (32) (i) RN; sequencesThe selection rules are

N 2
. . — . N
The main difference between the two symmetries is thaH(}nM=0 if mn—puv# EZ*' (42
the spin rankn appears in Eq(32). This has major conse-
quences. ( N
mln_,u,lV7& EZ)\l
AND

H. Average Hamiltonian and selection rules N
_Z)\
2

HA2XA1 O |f < mzn_,leV#Z

One may analyze theNy and RN} sequences using the 21

Magnus expansidh of the effective Hamiltonian in the in- AND
teraction frame:

N
(My+mMy)n=(pat ) v# 525,

H=HWO+H@+H® 4. (33 ‘ 43)
where the first two ordef2®® are given by whereZ, indicates any integer with the same parity\as
Equation(42) may be deduced as follows. From Eg§2)
ml):-l-flftg”dtn(t) (34) and the symmetry arguments given in the appendix of Ref.
0 ’ 55, we get
A o if AN
H?=(2iT)" 1f dt’f dfAt)Am]. (39 Himy, =0 i mn=uv=—7-#N2Z, (44)

whereZ is an integer. This may be written as
The first order term is given by

_ N
B B Hipm,=0 if mn—pv#(2Z+\) 5. (45)
HY= > Hiww (36) 2
AddimA,p Now if A is even, then Z+\ is an even integer, while X
where is o.dd Z+\ is an odd integer. Hence the inequality is
equivalent to
1 _ N
Hlm)\,u T J'to dtHlm)\,u(t) (37) Hﬁ\'\)\M:O if mn_,LlJl?& EZ)\Y (46)

The second order term may be written in the following way:whereZ, is an integer with the same parity as(i.e., if A
=even, thenZ,=0,+2,*+4,...; if A\=o0dd, thenZ,==*1,
H@ = H;\iXAl’ (389 £3,%5,..). The second order selection rule E43) may be
Az.2A4,1 derived by using similar arguments to those in Ref. 55.
The selection rules for @{/2), sequences are a subset
of the selection rules for R; sequences. This reflects the
fact that the symmetry elements for [IR),, are a subgroup

where the vectord and 2 represent the sets of quantum
numbers (1,m1,)\1,,u1) and (,,m,,\,,u0), respectively.

XA
The termsH " are given by of the symmetry elements forNg (see above
Ot In order to elucidate the use of these selection rules,
HA2XA1 (2iT)~ 1] 0 dt’f dt consider the design of g-encoded homonuclear double-

quantum recoupling sequence. A sequence of this type may
0] (39) be generated by imposing the following propertigsTerms
lamyhgpg 7 with spin rank\ =2 and spin componenjgs= %+ 2 should be
symmetry allowed in the first order average Hamiltonign.
The term withu= —2 should be associated with only one
spatial rotational componen(ii) All other homonuclear di-
() CNp, sequencesThe following selection rules were de- polar terms and all CSA terms should be suppressed. Solu-

><[H (t)H

[PUY YIS

The periodic symmetries given in Eq80) and(32) lead to
selection rules for these average Hamiltonians:

rived in Ref. 55: tions of the type R} and N} may be found by scanning
. through many combinations of symmetry numbirs), and
Him,=0 if mn—uv#NZ, (40 4 and testing the conditior), (ii), and(iii ) using Eqs(40)
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and (42). This search turns up a large number of possiblel. Pulse sequence propagators
solutions, including C¥ (Ref. 11, C14 (Ref. 56, and R14

(Ref. 17, The effective propagator of the pulse sequence may be

approximated using the first and second order approximation
for the effective Hamiltonian. Strictly, the effective Hamil-
tonians propagates the spin system from the time n&im

I. Scaling factors the time pointty+ T. However, if the internal spin interac-

The magnitude of the symmetry-allowed terms dependéions are not too large, the average Hamiltonian is often

on the pulse sequence. In general, a symmetry-allowed terffund to be a good approximation for intermediate time
in the first order effective Hamiltonian has the form points as well. In this case, the propagators up to time point
t° are given by
q

A _ A ; 0 0 A
Himy o= Kimn [ Aim] ™ exp{—im(ap ~ ot} T, - 4D (i) N2 sequences

g A : : — J— —
the tglat the phase df ., , depends on_the starting time U(to,tg)%Rx(quw)exp{—i(H<1)+ H@)qre). (53)
point ty of the pulse sequence. The scaling factg, , of )
the symmetry-allowed term with quantum numbers(ii) RNy sequences
(I,m,\, 1) is given by

ut2td)
I 1 1o A
Kima = Amo( BrU) TE th dto do(—Bo) me(qZuw)Rz< B %q)exp{—i(ﬁ(luﬁ(z))qﬁ}.
X expli[ wyo+ M (to—t)]}. (48 (54)
The symboldy, Bo, andy, refer to time points and rf Euler Note that the first and second order average Hamilto-

angles within the first pulse sequence elemégt niansH® and H® depend on the starting time poitﬂ of
It is convenient to define the scaling factor with respectyq pulse sequence.

to the basic element® upon which the pulse sequence is
constructed. The definition depends on whether Ny, ©r
RN/ sequence is applied:

The results discussed above allow the design of a variety
of rotor-synchronized pulse sequences for many different
purposes is solid state NME:>>*¢n the following, these
(i) CN; sequences concepts are generalized to rf fields applied simultaneously

to two rf channels.
Klm)\,u:dlmO(BRL)Km)\,u- (49

(i) RN} sequences
- I1l. DUAL ROTOR-SYNCHRONIZED PULSE
K.mmd'mo(ﬁRL)exp( —mw] Koy - (50 ~ SEQUENCES
In the following we discuss a number of different classes
of rotor-synchronized rf pulse sequences which are applied
simultaneously at the Larmor frequencies of one or two dif-
N LT 0 . 0 o ferent spin species, denot&khndK. For exampleS andK
K= Te fo dt*d,o(—BY)expfi(ny +mot)}. (51 may comprise two rare spin species, immersed in a pool of
abundant spins, denotédOne common case i8=1°C, K
The symbolst®, B°, andy° refer to time points and rf =15\, andl =H. In the following we assume that the abun-
Euler angles within the basic elemefi. dant! spins are decoupled from the r&8andK spins by the
The calculation oK, , for general basic element® is  application of a suitably modulated strong rf field at the
discussed in Appendix B. In the specific case of amplitudg-spin Larmor frequency.
modulated rf fields, the calculation is straightforward. If the
basic elementZ® consists of amplitude-modulated rf fields
with phase 0 orm, the Euler angles are given by In a system of couple® andK spins the internal spin
Hamiltonian at time point may be written

In both cases the factofs,, , are defined with respect
to the basic element®, according to

A. Heteronuclear spin interactions

10 T
B= f dtong(t), »'=7. (52
° Hi()= 2 Him oo, (55)
Here w,,(t) is the rf field amplitude expressed as a nutation AmAsAk

frequency(negative values corresponding to phase where the symbolA represents the type of interaction

In general, if two symmetries I¢; and CN;' allow the (chemical _shift,_ homon_uclear spin-spi_n ;oupling, het_ero-
same term [(m,\, 1), then the scaling factokm,,, is the puclear spin—spin coupllr)gand also the indices of the spins
same for these two pulse sequences, providing the basic éRvolved in the interaction. As before, the sum over the pa-
ements#? are identical. If two sequencesN® and FN:' rameterA runs over the different mteracuor@qmq— and
allow the same term, on the other hand, then the two Sca”naetero?\uclearas well as over the relevant spin indices. The
factors k|, have the same amplitude but differ by a phase!®™ H|meKS,LSxKMK(t) includes both homo- and heteronuclear
factor, if the basic elements are identical. interactions for thes andK spins:
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TABLE Ill. Heteronuclear spin interactions in a solid rotating at the magic angle with respect to the external
magnetic field, and their properties with respect to spatial and spin rotations. The spatial components with
=0 disappear for exact magic-angle spinning, in the ¢as2.

S K
Space Space Spin Spin Spin Spin
rank component rank  component rank  component
Interaction | m Ns Ms Nk 7%
heteronuclear 2 -2,-1,1,2 1 -1,0,1 1 -1,0,1
dipolar coupling
heteronuclear 0 0 1 -1,0,1 1 -1,0,1
isotropicJ coupling
HY oD = Hlf:nsA (1), (56)  e€mploy the same type of symmetry. The spin winding num-
sts s bersv for the SandK spins are denoteds and vy , respec-
A _ A tively. The following combinations are possible.
Himooneey (1) =Himy, (V) (57) y g p
(@ S:CN S K:CN'¥. This type of synchronized dual C se-
|/:T15}\K3M (D= oSk explime,t} quence is denoted ;S
SMKMEK . .
AsklMAs ms M K (b) S:CN!SK:RN'K. This type of mixed C and R se-
A A H S, VK
XTHs THK uence is denoted K,
Asits ' Mghk (58) g OR

. _ () S:RN/SK:CN¥. This type of mixed R and C se-
The sum overA g is taken over all heteronuclear interac-

. . ) uence is denoted RCS 'K,
tions and all relevant heteronuclear spin pairs. The ternzd) g'RNVS K:RN'K Th'mf ‘ hronized dual R
H sk K(t) transforms as an irreducible spherical tensor SRS RCRN, T THIS ype of synchronized dual ik se-

IMAgreghic uence is denotedNR'S"K,
of rank | for spatial rotations, rank g for S-spin rotations, a M{

and rank\ ¢ for K-spin rotations. The components indigas
ms, and ug have valuesn=—1,—-1+1,...] for space,ug
=—Ng,—Agt1,..Ag for S spins, and ux=—N\g,— Ak
+1,...A¢ for K spins. Table Ill contains a list of hetero-
nuclear interactions and the corresponding values for th
ranksl, Ag, and\y, and components, ug, andug , under ,332 85, ﬁg:ﬁg—i— q, (62)
magic-angle rotation of the sample.

The symmetries of the Euler angles under the rf fields
are analogous to those for the single channel rotor-
synchronized sequences. For example, for aNgfﬂK se-
guence, the rf Euler angles obey the symmetries

The modulation amplitudes;s¥ of the heteronuclear s_ s 277Vsq K_ . K_ 27TVKq 62

interactions are written as before as Ya= Yo N T YaT Yo N
A A :

S =[ ARSI Bru) expl —imagyt, (59
where the amplitudes of the rahkensor of interactiom\ g s | o |
may be transformed from the principle axis frame to the a = CNYSVK
rotor fixed frame through the usual chain of transformations: K | CNZx | "

A A [ A [
[ALIR= 2 [A 597D (9D (Qur). (60)
mm S | CN?s |
The Euler angleﬂﬁfAK orient the principle axis frame of the b — CRN,SVK
heteronuclear interaction with respect to the molecular axis K| i |
frame.
L . S | RN

B. Classification of dual synchronized pulse c RCNVSVK
sequences K | CNZx n

There exist four different possibilities for applying the
CN; and RN; sequences simultaneously at the Larmor fre-
quency of theSandK spins(Fig. 2) In each case the number S | RN | —
of basic elementBl and the total number of rotor periodss d K | RN* | RN,

the same in each sequence. However, the phase increment
parameter and the symmetry class C or R may be differentg|g, 2. possibilities of dual R” and Q\* sequences in a heteronuclear spin

for the two channels. The basic e|emefﬁ% and Zﬁ may  system composed of speci@and K. (@) A CN’S""% sequence(b) A
also be different on the two channels, even if both channelsrN;S'*¢ sequence(c) A RCN!'S"*¢ sequence(d) A RNS'"¢ sequence.
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where the rf propagators on the two channels are expressgiif) RCN'S'" sequences

as
H H i
US(t.t) = RSSO IRSLASD IR ¥3(1) ], 69 Mmgushyoncta) = Himgugh o (o) X0 T g7 | mn—ssvs
AN
Uri(tt0) =RE[ (O IRTIB(DIRT[¥(V)], (64) — pv— %) ] (70
anq Ri‘: exp{—i¢S} is_ the operato'r for a rotation of a§ (iv) RN’S" sequences
spins around the rotating-frame axis= (x,y,z) through the
angle ¢. RK—exp{—lquX} is the correspondlng spin rota- -\ 2mq
tion operator. As usual the notatiof; |nd|cates,85(tq) Hin g s (ta) = Hima g ey (T0) X I | mn—psvs
wheret, |s a t|me point in the mtervaﬂtq,tqﬂ] and simi-
larly for yq Bq yq 3 3 (Mgt AN -
Analogous to the single-channel case, the Euler angles KKV 2 : 7D
a2, B2, and? refer to the accumulate®tspin rf rotation up
to a time pomtt0 within the basic element?, whereas the p. Average Hamiltonian
Euler anglesy, B2, andyg refer to the accumulated-spin . :
rf rotation up to a time point® within the basic element?. The average Hamiltonian terms are given by
HY= B 72
ALmAg,us N, K Atttk 72
C. Interaction frame symmetry
. . where
As in the single-channel case, the terms of Esp)
maybe transformed into the interaction frame of the two rf B
fields at the Larmor frequencies of tiSeandK spins: Him guargug = 1 ft dtHIm)\S,uS}\K,u (t) (73
0
A= > i (t) e
ALm\g, mg Mg K IMAgitghichnc ™
H?) = Hy2* M, (74)
where ug and uk take all possible valuegis= —\g, —\g Az.2A11

+1,.., hs, and ug=—Ng,~Act+1..\¢. The terms for where the vectord and 2 represent the quantum numbers
,us=)_\3=0 anduk=A=0 are the same as those defined NI, My N1 st Mk mis) and (5,Ma N sp, fhsps Moy ik2)
the single channel case: respectively. The termsl)2*"* are given by

Filnguod D =Fins, , (D), (66) Hy2M=(2iT)" ft"”dt’J dt
9 %
A H=H" (1), 6 N A
lmoo}\K#K( = Mt ® ©7 X[ zmzxszl’vsz)‘KzﬂKz(t )’Hllinl)‘ﬁ”“Sl}‘Kl”‘Kl(t)]'
The symmetries of the interaction frame terms may be de- (75
duced by a straightforward extension of the results given ifrpe relevant symmetries D and H® for the four dif-
the previous section. The relevant symmetries are ferent sequence classes are
(i) CN, '™ sequences (i) CN’S” sequences
Hlm)\S;LSAK,u.K(tq) Hlj}n)‘S'U’S)‘KMK:O if mn— MsVs— /.LKVKQ& NZ, (76)
. 2mq
HlmxSMSxK,LK(to)eX I (MN= psvs— pkvi) |- MiN— psvs— pkavk#NZ
AND
(68 m,n— - #NZ
TTASXAL_ A 21— s2Vs™ MK2PK
(i) CRN”S"’¢ sequences B 0
n q (Ma+my)N—(us2+ps1) vs
—(pk2t uk1) vk #NZ.
~IA _ A H 27Tq Vg,V
Himi g (ta) = Hima gugheun (L) EXP T == | MN—1svs (i) CRN’S"¥ sequences
AN . N
BT | [ (69) Hitngugre =0 I M= pugve— pug v # 52, (79
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MN— usiVs™ ikak# 5 Ly,

AND

— m,n— Vg— vkF 52
ApXAq_ : 2™ Ms2Vs™ Mk2VKT 5 4y,

Hy3 =0 |if

AND

(my+my)n— (et ps1) vs

N
~ (2t mk) VKT 5 Lnptng-

(79
(iii) RCN_®"* sequences
_ _ N
Himvgugreu =0 If M= psvs— puxve# 525 (80)
MiN= ws1Vs— Uik # 5 ng
AND
Hizhg it MoN = wsaVs™ 2Pk # 5 Lh,

AND

(Mmy+mpn— (st mst) vs

N
~ (2t k) VK F 5 g ing:
(81)

(iv) RN "¢ sequences

_ _ N
Hi/}nKS,LLS}\K,U,KZO if MN—psvs— ukvk® 5 Zigin (82)

g AXA

H2;1 0

MiN = Ls1Vs™ M1V 7 5 Lag ag,

AND
MoN = LsaVs™ M2V # 5 Lagyag, 83
AND

(My+my)n— (st pmsi) vs

~(kat Bk VKT 5 Dngag agp gy

The selection rules foH® permit a classification of the

Symmetry principles in NMR 367

E. Scaling factors

The magnitude of the symmetry allowed terms depends
on the pulse sequence. In general, a symmetry allowed term
in the first order effective Hamiltonian has the form

—\ o
Himag:600™ Himh gug (84)
—\ o
Himoon e = Himn ey (85
A _ SK A ; 0 0
Him quah i = K|m>\s,¢s>\KMK[A|mSK Rexp{—im(ag —o/to)}
As A
X S K

T)\S#STAKMK, (86)
where «X MKk is the scaling factor of the symmetry-
allowed term with the quantum numbers

(I.m,As, ms, A, ) given by
[t

B e =GB 7 [t 0~ BRI~ )
0

xexplil wsyy+ mkve+ Mo (to—t9) 1} (87)

The symbolsty, 85, BX, v5, andy§ refer to time points
and rf Euler angles within the first pulse sequence element.
It is convenient to define the scaling factor with respect
to the basic elements2 and #%.
(i) CN; "% sequences
SK | SK
Kimiguahig — Amol BRUKEN guan sy - (88)

(i) CRN '™ sequences
SK [ o VK| sK

Kimhguahiy — Amo( BRL EXP) _ULKT} Kihguarguy - (89

(i) RCN/S""* sequences

SK I . TPs| sk
Kimhguahyiy — Amo( BRL) EXP) _lﬂsW} Kinguagu - (90)

(iv) RN'S""K sequences

SK Al ) TVg TVK
Klm)\s,us)\K,uK_dmO(:BRL)eXp{_l(/'LS_N TN )]
SK
XK\ ggh s (91)
whereK3x o . is defined with respect to the basic ele-

ments#2 and # and is given by

SK _ -1 "E 0 0y A 0
Kk g g = TE Jo dt'd, So(—B9)d, o~ Bk)

X expli (usye+ ukyg+mo )} (92)

The symbolg®, B, B2, y2, andy} refer to time points and
rf Euler angles within the basic elemeri§ and #2.

The calculation of the ter{; ., for general basic

pulse sequences on the basis of their recoupling and decogrememsgg anngK is discussed in Appendix B. In the spe-

pling properties. The selection rules feit? allow the pre-

cific case of amplitude modulated rf fields, the calculation is

diction of the number and type of symmetry-allowed higher-straightforward. If the basic elements?, #° consist of
order terms. These terms often determine the practicamplitude-modulated rf fields with phase 0 amdthe Euler

performance of the pulse sequences.

angles are given by
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t0 t0
B2= fo dtwS (1), BY= JO dtw,(1), (93)
ar s
yg=§, 7&25- (99

Herew (t) andw’ (t) are the rf field amplitudes expressed
as nutation frequencieghegative values corresponding to

phasemw).

F. Pulse sequence propagators

A. Brinkmann and M. H. Levitt

termgeneralized HartmanAHahnsequence to refer to rotor-
synchronized heteronuclear recoupling sequences which in-
volve rf irradiation at the Larmor frequencies of both in-
volved spin species.

1. REDOR-type recoupling

One possible form for the recoupled heteronuclear aver-
age Hamiltonian is as follows:

(99

The effective propagator of the pulse sequence may bahere the sum is taken over all heteronuclear spin pairs. In
expressed in terms of the first and second order averaghis caseus=ux=0. Such an average Hamiltonian is, for

Hamiltonian terms:

(i) CN, '™ sequences

Ut ) ~RY(aZem)RE(qZE m)exp{ —i (HM + H @) g rg}.

(95)
(if) CRN'S'"™ sequences
o 2
U(to,t8)~Rf(quSTf)R!f(qzﬁﬁ)RzK(— EVKQ)
xexp{—i(HY+H®)qre}. (96)
(i) RCN'S'"¢ sequences
. 2wy
U(to,tg)”Rf(qzﬁTr)Rf(_ N Sq R!f(ngﬂ)
X exp{—i (HY+H?2)qrg}. 97)
(iv)
RN " sequences
. 2
U(to,tg)“Rf(qZSW) Rf( - _T\'IVsq) RE(QZEW)
2 _ _
XRE| — WNVKq>exp[—i(H(l)+H(2))qTE}'
(98)

whereZg,Zs are even integers arigf}, Z;; are odd integers.

example, generated by a REDOR sequence applied to one of
the spin specie$? One advantage of this type of average
Hamiltonian is that the termS,,K,, commute for different
spin pairs. This means the evolution of the heteronuclear
spin system can be described as the superposition of the evo-
lution of isolated spin pairs. One disadvantage of such a
Hamiltonian is that it cannot bg encoded because the term
for (us,uk)=1(0,0) is always associated with both the
=1 components and/or both the= =2 components. The
lack of v encoding reduces the amplitude of dipolar oscilla-
tions in powdered samples and makes quantitative distance
measurements more difficult.

Another issue is the possible influence of recoupled
homonuclear dipolar interactions and CSA interactions.

If CN; or RNy sequences are applied on a single rf chan-
nel, it is not possible to decouple the CSA interaction of the
irradiated spins at the same time as recoupling the hetero-
nuclear dipolar interactions, since these terms have the same
symmetry properties under rotations of a single spin species.
As a result, any single-channelNg or RN; sequence ap-
plied to theK spins necessarily recouples the=0 compo-
nents of theK-spin CSA if it is designed to recouple the
us=ux=0 components of theSK dipolar interactions.
However, these recouple®K and K-spin CSA interactions
commute, so this particular recoupling effect is relatively
harmless.

It is possible to generate a recoupled heteronuclear dipo-
lar Hamiltonian of the form of Eq(99), at the same time as

In the following section these results will be applied to decoupling the homonuclear dipolar interactions of the irra-
the problem of heteronuclear recoupling of two spin speciesdiated spins. Some suitable single-channel symmetries are

IV. SELECTIVE HETERONUCLEAR RECOUPLING

A. Types of heteronuclear recoupling

R12, R1%, R1%, R13, R16, R16, R16, R2¢, R2Q,

etc. All of these solutions suppress isotropic chemical shift
terms in the first order average Hamiltonian, but also re-
couple the CSA interactions of the irradiated spins, as men-

There are several different types of average Hamiltotioned above. In addition, the recoupled heteronuclear dipo-
nians which achieve heteronuclear recoupling. The choice dar interaction is noty encoded. These solutions may be
pulse sequence depends not only on the form of the reregarded as variants of REDOR with fottrpulses per rotor
coupled interactions but also on the removal of unwantegeriod instead of two. A similar effect is achieved by the
terms in the average Hamiltonian and on the desirability of recently described C-REDOR sequent®shich are based
encoding. In this paper we concentrate on the design obn ON; symmetries.
y-encoded rf pulse sequences which recouple the hetero- The standard REDOR sequeféean also be viewed in
nuclear dipolar interactions, but which also decouple all thehe framework of the R, sequences. For example, the
homonuclear dipolar interactions, all isotropic chemicalphases of the 180° pulses in the REDOR sequences have
shifts, and all chemical shift anisotropies. In the following phases 0°, 90°, 0°, 90°, if the XY-4 phase cyéles used.
we discuss the generation of several possible average Hamilhis case is therefore equivalent to four 180° pulses in
tonians suitable for heteronuclear recoupling. We use théwo rotor periods with the phases45°, +45°, —45°, +45°,
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REDOR together with the XY-4 phase cycle can therefore b&101), is generated by imposing the following propertiés:
viewed as an R}l sequence, becausev/N=—45° in this  First order average Hamiltonian terms with spin ranks
case. If the XY-8 phase cydeis used for the 180° pulses, (As,Ak)=(1,1) and spin components.§,uk)=(—1,—1)
REDOR is equivalent to the supercycled sequenceynd (1, 1) should be symmetry allowedii) The term with
R451R4%. In the case of the XY-16 phase cytI&®EDOR is (us, k) =(—1,—1) should be associated with only one
equivalent to the supercyclgR4, 1R4%]0[R4_2_ "R43]:150- spatial rotational component, denoted hené. The term
The symmetry anaIyS|§ of %4Sh°‘,NS that in general a with (us,uk)=(1,1) is therefore associated with the space
e e o SoTAnent (1) Allthr etronuler dpoa i
action terms, all homonuclear dipolar interaction terms, and

forms to R4 symmetry, the choice of the pulse element hemical shi . houl ;
only effects the scaling factor, in first order average Hamil-chémical s ift anisotropy terms should be suppressed for

tonian theory. This explains the successful use of REDOR a0th spin speciess and K. Tables IV and V show some
high spinning frequencie¥. two-channel solutions which fulfill these conditions. All the

The two-channel selection rules in E¢#6), (78), (80), symmetries in Tables IV and V represent generalized HH
and (82 do not give rise to any solutions in which the sequences which recouple the heteronuclear dipolar terms
us= uk =0 heteronuclear dipolar terms are recoupled, at thevith (m,us,ux)=(1,—1,—1) and(—1, 1, 1. There also
same time as all homonuclear dipolar coupling terms arexist solutions form= =2, which are not shown here, be-
removed. On the other hand, dual sequences do make it pogause in general these sequences have a smaller scaling fac-
sible to remove all chem?cal shift anisotropy terms in t_he firsttor Kﬁnszﬂ \.... for the recoupled heteronuclear dipolar in-
order average Hamiltonian at the same time as achieving Bracti STKEK

: I ! . eractions.

heteronuclear dipolar Hamiltonian of the form given in Eq.

(99). So far we did not explore this class of solutions further.  1able IV contains solutions of the type CE>"™. Al
these symmetries decouple the heteronuclear isotdogici-

pling between the two spin species as well as imposing het-

2. Single-quantum heteronuclear recoupling eronuclear dipolar recoupling. Thespin isotropic chemical
Another possible form for the recoupled heteronucleaShifts are also removed. Table V contains solutions of the
average Hamiltonian is type RNS™. Al of these symmetries retain the

(m,us,uk)=(0,0,0) component of the isotropic hetero-
(1) _ o + nuclear J coupling, as well as decoupling the isotropic
Hsk s;K (0siSskKic + 05SsKic)- (100 chemical shifts of both spin species.
Figures 3 and 4 explain the operation of I%'i&h detail
This type of Hamiltonian may be generated by applyindyR using space—spin selection diagraf@&SS diagramsintro-

sequences to the-spin species, as discussed in Refs. 17 an@uced in Ref. 56. For this case the selection rules E®.
68. However, these symmetries also recouple Khepin  and(82) apply.

CSA, and the recoupled-spin CSA andSK dipolar interac- Figure 3a) indicates that the symmet®185° blocks all
tion do not in general commute. Another possibility is to usehomonuclearK-spin interactions in the first order average

Ve UK . . .
dual RN > sequences, where the chemical shift anisotropy, mittonian. The levels in Fig. (@) indicate the total value
is removed for both spin species in the first order averagey Mn— vk . The superposition ahnand — uy v is bro-

gi‘gyogigfomz 3;'1“;2”5 (r)]f trr]us III<|nd are Ingt%RSt ' ken into two stages, so as to separate the effects of spatial
' ; an » which all recouple the 1erms —+iions and spin rotations of the nuclei. The “barriers”
(m,us,uk)=(1,0,1) and(—1, 0, —1). However, these so- . ) .

: . . . on the right-hand side of each diagram have holes separated
lutions all recouple thé&-spin homonuclear dipolar interac- bv N units. Th " f the hol d ined bv th
tions as well as th&K heteronuclear dipolar interactions. We yr units. e.posmons of the holes fare et(_arrr_me y the
did not investigate these sequences further. parity of A , which corresponds to the inequality in the sym-

metry theorem Eq(42). For the homonuclear dipolar cou-
plings Ak is even and therefore the position of each hole
3. Double-quantum heteronuclear recoupling corresponds to an even multipledf2, i.e., 0,+18, =36,....
For the chemical shift anisotropyi is odd so that the posi-
tion of each hole corresponds to an odd multipldNé2, i.e.,
+9, £27,.... Pathways which pass through a hole indicate
—0 o o space—spin components which are symmetry allowed in the
HSK:SZK (05185 Ky + 05 Sg Ky ). (10D first order average Hamiltonian. FiguréaBshows that R13
symmetry for theK spins suppresses &lspin homonuclear

This type of selective recoupling cannot be achieved by apdipolar coupling componentém={+1,£2} and ux={0,
plying an rf pulse sequence to only one of the two spin*1,%2}) and all K-spin CSA componentsm={+1,+2}
species. and ux={0,=1}) in the first order average Hamiltonian.

A dual-channel rotor-synchronized pulse sequence, genFhis symmetry also suppresses katbpin isotropic chemical
erating ay-encoded average Hamiltonian of the type Eq.shift terms(m=0 andux={0,%1}).

The following heteronuclear recoupled Hamiltonian also
has a favorable form:
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TABLE 1V. Inequivalent CFN;S‘”K sequences leading tg-encoded heteronuclear double-quantum recoupling, with suppression of all chemical shift
anisotropies and homonuclear dipolar coupling terms. The symmetry-allowed terms are in all cases girepdyk)={(1,—1,—1),(-1,1,1). Se-
quences withN=<24, n<9, N/n<7 are shown. If ¢5,vc)=(vs,v) is a suitable solution, thenvf ,vg) is also a suitable solution with the same
symmetry-allowed terms. Sequences with symmetry-allowed terms givemys(xk) ={(1,11),(—1,—1,— 1)} may be constructed by reversing the sign

of both v§ and v . All sequences decouple the heteronuclear isotrdmioupling and remove aK- spin isotropic chemical shift terms.

N n Vg 2% N n Vg 2%
14 3 2 2 22 6 -2 7
14 3 -5 -5 22 6 —4 9
16 3 1 4 16 7 -3 4
16 3 -4 -7 16 7 -4 5
18 3 -1 7 18 7 -1 3
18 3 1 5 18 7 1 1
18 3 -2 8 18 7 -6 8
18 3 2 4 18 7 -8 -8
: : E g 2 7 : :
20 7 -2 5
20 3 -1 8 20 7 -5 8
20 3 -2 9 20 7 -8 -9
22 7 -2 6
20 4 -1 7 22 7 2 2
20 4 1 5 22 7 -5 9
20 4 -3 9 22 7 -6 10
20 4 3 3 22 7 -9 -9
7 : g e 2 i - ;
24 7 1 4
22 4 1 6 24 7 -3 8
22 4 -5 -10 24 7 —4 9
2 ; . ; : i SR
24 4 1 7
24 4 -3 11 20 8 -1 3
24 4 3 5 20 8 1 1
24 4 -5 -11 20 8 -3 5
24 4 -7 -9 20 8 -5 7
y : : : 2 : S
14 5 -6 -6
16 > -t 4 gg g 791 -10
16 5 —4 7
. : 2 ; u : T
18 5 2 2
18 5 -3 7 16 9 3 -4
18 5 -7 -7 16 9 4 -5
22 5 -2 8 20 9 -3 4
22 5 2 4 20 9 —4 5
22 5 -3 9 20 9 -5 6
22 5 3 3 20 9 -6 7
: ¥ : 2 ; s ;
22 9 1 1
24 5 -1 8 22 9 -3 5
24 5 1 6 22 9 -6 8
24 5 3 4 22 9 -8 10
24 5 —4 11 22 9 -10 -10
: : R 2 ; - :
24 9 1 2
16 6 1 1 24 9 -2 5
16 6 -7 -7 24 9 —4 7
20 6 -1 5 24 9 - 8
20 6 s o 24 9 -7 10
24 9 -8 1
24 9 -10 -11

Downloaded 10 Jul 2001 to 130.237.185.120. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 1, 1 July 2001 Symmetry principles in NMR 371

TABLE V. Inequivalent m:s'”K sequences leading tgencoded heteronuclear double-quantum recoupling, with suppression of all isotropic chemical shift
terms, chemical shift anisotropies, and homonuclear dipolar coupling terms. The symmetry-allowed terms are in all cases wives, by)={(1,—1,
—1),(-1,1,1). Sequences with<24,n<9, N/n<7 are shown. If ¢5,v)=(v§,vx) is a suitable solution, therv( ,v¢) is also a suitable solution with

the same symmetry-allowed terms. Sequences with symmetry-allowed terms giveryby, fx) ={(1,11),(—1,—1.— 1)} may be constructed by reversing

the sign of bothwg and v . All sequences retain ther(,us, k) =(0,0,0) component of the heteronuclear isotrapimoupling.

N n Vg 2% N n Vg 2%
14 3 2 -5 22 6 -2 -4
22 6 7 9
16 3 1 —4
16 3 4 -7 16 7 -3 -4
16 7 4 5
18 3 -1 -2
18 3 1 —4 18 7 -1 -6
18 3 2 -5 18 7 1 -8
18 3 4 -7 18 7 3 8
18 3 5 -8
18 3 7 8 20 7 1 -8
20 7 -2 -5
20 3 -1 -2 20 7 2 -9
20 3 2 -5 20 7 5 8
20 3 5 -8
20 3 8 9 22 7 -1 -6
22 7 -2 -5
20 4 -1 -3 22 7 2 -9
20 4 1 -5 22 7 5 10
20 4 3 -7 22 7 6 9
20 4 5 -9
20 4 7 9 24 7 -1 -6
24 7 1 -8
22 4 1 -5 24 7 -3 -4
22 4 6 -10 24 7 4 -11
24 7 6 11
24 4 -1 3 24 7 8 9
24 4 1 -5
24 4 3 -7 20 8 -1 -7
24 4 5 -9 20 8 1 -9
24 4 7 -11 20 8 -3 -5
24 4 9 11 20 8 3 9
20 8 5 7
14 5 1 -6
22 8 1 -9
16 5 -1 —4 22 8 2 -10
16 5 4 7
14 9 1 -6
18 5 -2 -3
18 5 2 -7 16 9 3 4
18 5 6 7 16 9 —4 -5
22 5 -2 -3 20 9 -3 -6
22 5 2 -7 20 9 —4 -5
22 5 3 -8 20 9 4 7
22 5 4 -9 20 9 5 6
22 5 8 9
22 9 -1 -8
24 5 -1 —4 22 9 1 -10
24 5 1 -6 22 9 -3 -6
24 5 3 -8 22 9 3 10
24 5 4 -9 22 9 5 8
24 5 6 -11
24 5 8 11 24 9 -1 -8
24 9 1 -10
16 6 1 -7 24 9 -2 -7
24 9 2 -11
20 6 -1 -5 24 9 —4 -5
20 6 5 9 24 9 4 11
24 9 5 10
24 9 7 8

Downloaded 10 Jul 2001 to 130.237.185.120. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



372 J. Chem. Phys., Vol. 115, No. 1, 1 July 2001 A. Brinkmann and M. H. Levitt

a SPACE SPIN b SPACE SPIN
p=2 :

v=8 V=7
K: DD . FIG. 3. Space—spin selection diagram
. - for the dual R1§® sequence(a) Sup-
I pression of all CSA and homonuclear

dipole—dipole coupling components
for the K spins.(b) Suppression of all
CSA and homonuclear dipole—dipole
coupling components for thg spins.
The mirror image pathways stemming
from m=—1, m=—2 have been sup-
pressed for simplicity.

Figure 3b) shows the corresponding levels for the total +18, =36,... in this case. Figure 4 shows that only hetero-
value ofmn— ugvs. This figure shows that the R{8ym-  nuclear dipolar components withm(us, ug)=(1,—1,—1)
metry for theS spins suppresses d@spin homonuclear di- are symmetry allowed [and by implication, also
polar coupling componentsn={=1,+2} and us={0,+1, (m,ug,ux)=(—1,1,1). The selection of terms withug
+2}) and all Sspin CSA componentém={*+1,=2} and +ux=*2 indicates heteronuclear double-quantum recou-
ns={0,=1}) in the first order average Hamiltonian. The pling of the nuclear spin system. Furthermore, the fact that
S-spin isotropic chemical shift termém=0 and us={0, the (us,ux)=(—1,—1) term is associated with only one
+1}) are also suppressed. spatial rotational componentn=1) leads toy encoding of

Figure 4 shows the selection of heteronuclear couplingshe recoupled dipolar Hamiltonian. The phase but not the
terms by the Rl§8 sequence. The levels in Fig. 4 indicate amplitude of the recoupled heteronuclear double-quantum
the total value ofmn—ugvs— ukvk broken into three Hamiltonian depends on the Euler anglgg.
stages. The barrier at the right-hand side has holes separated The application of simultaneous E7or POST-C# se-
by N units, corresponding to Eq82). The position of the quences achieves this type of heteronuclear recoupling, but
holes is determined by the parity of the swg+\x. For  also recouples the homonuclear dipolar interactions of both
heteronuclear dipolar couplingss+ X\ is even and there- spin speciesS andK.%°
fore the holes are placed at even multiplesNg2, i.e., 0,

4. Zero-quantum heteronuclear recoupling

SPACE SPIN S SPIN K Zero-quantum heteronuclear recoupling sequences pro-
p=1 vide an average Hamiltonian with the following form:
»(mv Hss I‘K)=(1! '1! '1)
v=8 T ( — —
x/ HG= 3, (0aSS K+ 03STKy). (102
prer N=18 . X
SK: DD '"j X/ ’ ><><></— Heteronuclear zero-quantum recoupling as in @62 may
;I";s S be achieved by changing the sign of eithgror v in Tables

IV and V. The corresponding changes its sign as well. For
example, the sequence R?P4 recouples the terms
(m,ps, k) =9{(1,—1,1),(-1,1,— 1)}, which corresponds to
heteronuclear zero-quantum recoupling.

No generalized HH sequences were found that accom-

FIG. 4. Space-spin selection diagram for the dual JR@quence, contin-  plish y-encoded heteronuclear double- and zero-quantum re-
ued. Selection of a single heteronuclear double-quantum dlpole—dlpol%Ou lina at the same time

component, with quantum number(us, uk) =(1,—1,—1). The mirror Pl'h 9 I d d d h lati
image pathways stemming from= —1, m= —2 have been suppressed for e symmetry-allowed terms depend on the relative

simplicity. sense of the rf phase shifts on tBeandK-spins channels. It

n=1
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TABLE VI. Magnitudes of the scaling factors for a selection of RI'S"K and CRN/S'"% sequences. The
symmetry-allowed terms are showm’ is the space component of the symmetry allowed term with
(ms,pux)=(—1,—1), as used in Eqg103 and(110).

Symmetry n,ws ) m’ K K |«
R22,6°° (1,1,9 (-1,-1,-1) -1 9027Q270,,90) 90,270,279, 0.221
R22° (1,-1,-1) (-1.1,2 1 90,4360180,590)  90;5:360,180,590, 0.122
R24’ (1-1-1 (-1,1D 1 90g036%180,590 9010360180890,  0.114
R24 571 (1,1, (-1,-1,-1 —1  601g0300,60;50 60,50303,6019 0.093

Symmetry 0, us, k) m’ 7S 728 |«
CR2G %% (1,-1,-1) (-1,1,2 1 90,360,270, 90,50360,180,590, 0.118

is important to take into account the sign of the gyromag-be a factor of 3 larger than that on ttfgand K spins to
netic ratioy of the irradiated spin species and the rf mixing achieve good heteronuclear decoupfd? although recent
scheme on the spectrometer when implementing the setudies indicate that this requirement might be weakened at

quences shown hefé? higher MAS spinning frequencie$.

In order to identify good candidate sequences we
B. Heteronuclear double-quantum recoupling employed a combinatorial approach. We selected a variety of
sequences composite pulse element& which are known to be robust

In the case ofy-encoded heteronuclear double-quantumfrom experience in other fields.For the cyclic element we
recoupling, the first order average Hamiltonian is given byused Z=90,360,3270,. For the m-rotation elements we
Eqg. (101). This is provided by generalized HH sequencesconsidered=9031:90;590s15, 90,5270, 60155300,60;50,
which recouple the heteronuclear double-quantum termgg,.;90,904,90,90,,090,, 909090;501809090,90q0,

(M, s, pm) ={(mM’,=1,—1),(=m",1,1)}, wherem' is the 450,270,535, 360)270,5090), 90:50360,180,5,90;,
symmetry—allowed space component, equahto=*+1 de- 90,360,,270150, 90,270,270,7,90,. In the case of basic el-
pending on the chosen symmetry. The recoupled throughs e niq which are not purely amplitude modulated we also
space het_eronu_clear dipolar mte_ractu_)n depe_znds on the MPested the phase-inverted basic element on one chaseel
lecular orientation and the starting time point of the dual .
recoupling sequencagz example beI0\.)l. The pulse. sequencgs Were tested. numeri-
cally on an artificial two-spin system including CSA interac-

wsk(QMR,tg):bskKeim’(wrtg—agL—mw tions, using all symmetries in Tables IV and V and their
) derivatives. Sequences passing preliminary tests were exam-
> E d(O%T)](IBsk )d:-r?r)nf(:BMR) me_d further under a variety of condmops_, including miss-set
m=-2 rf fields. A selection of the most promising sequences were

sk tested experimentally.
XemoRu T AR, (103 The dual sequences RP4and R22° with the basic
wherek corresponds to scaling fact@by, 1.11-1 in EQ. (86). elements 75= 7%= 90,5,360,180,5.90, proved to be rela-
The magnitudes of the scaling factors for a selection of pulsévely robust with respect to rf amplitude errors, isotropic
sequences are listed in Table VI. The Euler andlg%, chemical shifts, and chemical shift anisotropies. Experimen-
={ad;.Bow Yo describe the transformation of each het-tal results for these sequences are presented below. In simu-
eronuclear dipole—dipole coupling from its principal axis jations, the same symmetries performed well with the basic
system to a molecule fixed frame. The thr(_)ugh-space dipo'%lements%S;%K:36Q,270180900_ However, the experi-
coupling constant between two spisandk is given by mental performance of these sequences was slightly worse,
o VsVl for reasons that are unclear.
bok=— 4 3 (104 The sequence CR288 with the basic elementg ™S
_ S , =90,360,5270, and .77K=090,4,360,180,590, or .7<
et eSO S TR SPICE - pens 021150 e el s, T i
oK .
on the choice of the basic elements for the two channels,” o020 Was found to perform slightly better ex-
Generally speaking, it is desirable to choose the basic elé)_erlmentally.

,—9 1 1 DS
ment so as to maximize the scaling fackotAt the same it is The sequence R22 _x‘”th the basic elements?
desirable to choose a sequence which is robust with respect 2002702707090 and 72" =900270,;27090, has a

to chemical shift anisotropies, isotropic chemical shifts, andeélatively high scaling factor for the recoupled heteronuclear
rf amplitude errors. In addition the applied rf fields should bedipolar interactiongsee Table Vi but proves rather sensitive
minimized. This is particularly important in systems whereWith respect to isotropic chemical shifts.

the abundant spins should be decoupled during the recou-  Note the importance of the relative sense of the rf phase
pling sequence. Normally the rf field on thespins needs to shifts on the two channels. For example, the sequence
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R227’6*’9 with basic elemen%5=.%3K=90027090270270900 In order to facilitate implementation of these pulse se-
only has a scaling factor withe|=0.046 and has a much duences, we now give some of them explicitly. The general-
worse performance than the similar sequence willf  ized HH sequence R$4 with the basic pulse sequence ele-

=90y270270,790, and.Z2X= 901270y, 27090 . ments.725= 72X = 90,4,360,180,5.90, is given by

S [90y0 36055 1800 905y 90150 36030 180190 905002
K: [90235 3605 18025 90525 901575 3603075 1801575 905074

where the superscript 12 indicates 12 repetitions of the bracketed elements, timed to span a total of nine rotor periods.
The generalized HH sequence I-%ﬁ:with the basic pulse sequence elemerits=.7=90,5360,180,590, is given by

St [90s5360 360364 1805364 907360 9010636 360636 18010635 90sead
K: [90229.09 36049.09 180229.09 9049.09 90130.91 360310.91 180130.91 90310.91111
where the superscript 11 indicates 11 repetitions of the bracketed elements, timed to span a total of seven rotor periods.
The generalized HH sequence Rﬁ?g with the basic pulse sequence elememtS=90,270,;270,790, and .72
=909270,727%90, is given by
St [9031001 270001 270091 9031001 901900 27031009 27013909 90s9.0d ™
K: [90286.36 270196.36 27016.36 90286.36 9073.64 270163.64 270343.64 9073.64]11

where the superscript 11 indicates 11 repetitions of thdorm in thet, dimension, and a cosine Fourier transform in
bracketed elements, timed to span a total of seven rotor pehe t; dimension, in order to obtain the 2D spectrum
riods. S(wq,w5).

Figure 6 shows an experimental spectrum obtained with
the pulse sequence shown in Fig. 5 on a sample of
[98%-U-13C,96% —99%-ULN]-L-histidine-HCI-H,O at a
field By=9.4T and a spinning frequency ot /27

In this section we demonstrate some different applica=14.000kHz. The sample was purchased from Cambridge
tions of the generalized HH sequences. Isotope Laboratories and used without further purification.
The experiments were performed on a Chemagnetics
Infinity-400 spectrometer using a filled 4 mm zirconia rotor.

Heteronuclear recoupling sequences may be used to ac- The spectrum in Fig. ®) was obtained using a cross
quire two-dimensional heteronuclear correlation spectrdolarization time of 600us. The recoupling was achieved
(HETCOR.”>"4Such spectra correlate the isotropic chemi-using a R2§°>~*° sequence, with basic pulse elements given
cal shifts of coupled heteronuclei. Figure 5 shows an appro-
priate pulse sequence for this purpose. This is appropriate for
two spin specie$ andK in the presence of abundant spins
with a high gyromagnetic ratio. A common practical case is | -[ -|:|
I='H; S=3C; K=1°N. The sequence starts with ramped
cross polarization to enhance théspin magnetizatior®
The transverse magnetization on tKespins is allowed to
evolve for an intervat,; and is then converted into longitu- s RNVS MVW
dinal magnetization by ar/2 pulse. A generalized HH se- n
guence is applied to th8 and K spins in order to transfer &S <I>S
longitudinal magnetization between the spin species. The mix readi™rec
pulse sequence diagram in Fig. 5 indicates I‘ﬂgPVK se- P 7 dig
guence: In practice, any of the sequences in Tables IV and V K (| 1 RINVK
might be used. The transferred longitudii@spin magneti- : | n
zation is converted to observable magnetization by/2 . X
read pulse and detected in the subsequent period. The time- E‘Pprepé P
proportional phase incrementatiofiPPl) procedure may be
used for obtaining pure-absorption 2D peak shdpéstwo- —t— Tmix ——ty—
dlmen5|0na! data matrls(tl’tZ) IS gomplled b.y acquinng a FIG. 5. Radio frequency pulse sequence for two-dimensional heteronuclear
set of transients with incrementation of the interval The  corejation spectroscopy between specteand K, in the presence of an
data matrixs(t,t,) is subjected to a complex Fourier trans- abundant specigswith high gyromagnetic ratio.

V. APPLICATIONS

A. Heteronuclear correlation spectroscopy

I
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FIG. 6. (a Molecular structure
of L-histidineeHCl. We use the
nomenclature recommended by the
IUPAC (Ref. 90. (b) Experi-
mental two-dimensional heteronuclear
BBC-N correlation spectrum of
[98%-U —3C,96% —99%-U 25N ]-L-
histidine HCI-H,O at a field of By
=9.4T and a spinning frequency of

w,/21 [kHZ]

6, @ iii ,/27m=14.000 kHz, obtained using
, a R24°71° sequence with basic
; N\ |
R-sequence irradiation was applied
€ whereas thaw, dimension is the"*N
sites is indicated. The sense of the fre-

the pulse sequence in Fig. 5. The
b -4 recoupling was achieved using
elements .725= 72X = 60,5;300,60; g5
NH, The interval during which the
0 was 1.61 ms. The; dimension is the
BBC  single-quantum  dimension,
2 ' ,_/ single-quantum dimension. The as-
signment of the peaks to the molecular
A & guency axes respects the signs of the
gyromagnetic ratiogRefs. 61 and 62

84 6 4 2 0 2 4 6 84 6 4 2 0 2 4 6

w,f21 [kHZ]

by .725= 72X = 60,5,300,60,50. In total qmix=60 basic ele- knowledge other than the molecular structure. The assign-
ments were used, leading to a total mixing intervalrgpf, =~ ments of the peaks are indicated in the figures.

=1.61ms. The evolution interval, was incremented in We have also obtained similar heteronuclear correlation
steps of 5us. Continuous-wave proton decoupling was usedspectra to that shown in Fig(l® using the adiabatic cross-
during the R sequences with a proton nutation frequency opolarization method®"® In principle, the pulse sequences
119 kHz. TPPM decoupliffy with a proton nutation fre- described here should be less susceptible to interference from
quency of 83 kHz was used during the evolution intetyal homonuclear couplings. However, so far we have not been
and the data acquisition. The signal in thedimension was able to demonstrate this advantage decisively.

apodized with a cdsfunction and converted into the fre-
guency domain using a cosine transform.

The experimental 2D spectrum in Fig. 5 allows the di-
rectly bonded®N—-'°C connectivities to be traced. The as- Figure 8 shows a rf pulse sequence for pasSngnd
signment of théC and!*N spectra may be completed using K-spin signals through heteronuclear multiple-quantum co-
a double-quanturt®C spectrum of the same sample, ob-herence. The sequence starts with two successive ramped
tained under identical conditions, as shown in Fig. 7. Thiscross-polarization sequences to enhanceShand K-spin
spectrum was obtained with the modified SC14 pulsemagnetizations. The following/2 pulses on both th& and
sequenc® described in Appendix C. The two spectra in K spins convert the cross-polarized transverse magnetiza-
Figs. 6b) and 7 may be used to completely assign tff@  tions into longitudinal magnetizations. The ramped cross-
and >N peaks to the molecular sites, without any externalpolarization field and ther/2 pulse on theS-spin channel

B. Heteronuclear double-quantum oscillations

[oCs] 7 é. co Y4
R A A 4 T4
8 ‘_\
A A u (aaﬁ)

a h FIG. 7. Experimental two-dimensional homonuclear
I double-quantum *3C  spectrum of [98%-U-*°C,

A @8 96% —99%-U-N]-L-histidine-HCI-H,0 at a field of
By=9.4T and a spinning frequency ofv /27
=14.000 kHz, obtained using a modified SC14 se-
quence, as described in Appendix C.

w,/27 [kHZ]
[

3

8

[ fe—
84 6 -4 -2 0 2 4 6 4 6 4 2 0 2 4 &

w,/2m [kHz]
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FIG. 8. Radio frequency pulse sequence for pasSisgin signals through  where the function flodr) returns the largest integer not
heteronuclear double-quantum coherence. The phaggs, ®hep D5 greater tharx
DK, I, OX, anddF,qrefer t Il rf ph f the pul i

ex: Prer Wrer ANTreaq [EIET 10 OVETA 17 PNASES OF NS PUSE SEAUENCE = Tha hhasab® depends on whetha C or a Rsequence

blocks. The rf receiver phase during signal detection is denbfgcand the . e v ) .
postdigitization phase b3, . is used on theS spins. For Rl 5", this phase is

Po5=0. (106

For CRN/S'"* sequences, this phase is given by
have the phase®} ., and &5~ /2, respectively, where

s . L 27y
(I)prep|s the (_)vgrall rf phasKe of the_ preparation |nterval for the Po5= N Sqex_ (107)
Sspins. A similar phas@ ., applies to thek-spin prepara-
tion.

In practice this means that the phase is continuously incre-

The heteronuclear double-quantum recoupling sequence . iad during the C sequence on @ispins under the in-
of duration e, converts the sum longitudinal magnetization (.. 21s+  and +
ex re-

into heteronucleat*2)-quantum coherence. The excitation In the case of a multipl& andK-spin system, a longer
part of the sequence con5|st'sqg.f( bagc elements, Whe[PeX, hase cycle is necessary in order to suppress signals passing
is an even integer. The excitation interval is therefore give hrough homonuclear double-quantum coherenceg,,fis

€

by 7ex=Qexre- The overall phase of the excitation block is 5, oen integer, the appropriate 32-step phase cycle is speci-
denoteddg, for the Sspins andbg, for theK spins. For the g throughg ’ pprop PP y P

X
experiments described in this section, there is no interval

between the excitation and reconversion pulse sequénce, — ®p .= Ph o= PS=PE=0,
=0.

The excited double-quantum coherences are converted s, T 7 m, 0S
into longitudinal magnetization by applying othgy. basic Pre= 2 * 2 Myt roor( 16 B

elements. The reconversion block has duratiog= Q.

and overall phasé)ﬁefor the Sspins and phas@ﬁ,for theK PK = ™ "
. o re L =5t 5 m,

spins. The longitudinal magnetization created by the recon- 2 2
version sequence is converted into observable magnetization (108
by a /2 read pulse, whose phase is denoilﬁiad._ q)rseadzf+ th+ zfloor( ﬂ),

The complexS-spin NMR signal is detected in the sub- 2 2 2 4
sequent period using a rf receiver ph&%e and postdigiti- s
zation phase shifb§,.%! Prec=0,

The pulse sequence phases are cycled in order to select

. . ™ m; m; ™

signals passing through heteronuclear double-quantum co- (pgig:Eﬂoor Z)_W floor] 1_6) — M,

herence. The phase-cycles are conveniently specified alge-

braically using the transient counten=0,1,2,..., which is  \here the transient counter takes the valogs0,1,...,31.

incremented on every acquired transient. The followingThe phaseb%S is specified in Eqs(106) and (107).

phase cycles are constructed according to the procedure in  Experimental results for 10%2-13C*N]-glycine at
Ref. 79. _ o _ Bo=9.4T are shown in Fig. 9. A sample §2-13C>N]-

In the case of isolate8—K spin pairs a relatively short giycine was purchased from Cambridge Isotope Laborato-
phase cycle may be used since homonuclear multipleries cocrystallized with natural abundance glycine in a mo-
quantum coherence cannot be excited. In this case and if |ecuylar ratio of 1:9 and used without further purification. The
is an even integer, the 16-step phase cycle for dd[*R¥  experiments were performed on a Chemagnetics Infinity-400
and CFN:S””K is specified by spectrometer using a filled 4 mm zirconia rotor.
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03 03 same time(the “symmetric procedure). In the right-hand

02 a gf/\ e column [plots (e)—(h)], the excitation interval giving the
K e maximum efficiency for the case.,= 7. was first deter-
04 o1 o mined. The excitation interval was fixed to this value while
0 02 the reconversion interval was incremented, startingr,at
0 4 8 12 16 20 24 4 6 8 10 12 14

=0. In general, the method in the right colurtthe “asym-
metric procedure) provides larger amplitude modulatioffs.

o b 2: f Figures 9a) and 9e) illustrate the performance of R24
02 04 with the basic elementg2S= 725 = 90,:360,180,390,. The

results were obtained at a spinning frequency «gf2

§’ o ) -01 =6.000kHz, using a cross-polarization contact time of 1.1
Q % 4 s 12 16 20 24 24 6 & 10 12 14 ms for 1°C and 3 ms for'>N. Continuous wave decoupling
E was used with the proton nutation frequencies 114 and 81
w o3 kHz during the R sequences and acquisition, respectively.
g oz c The S and K-spin nutation frequencies during the %54
' sequence were both 32 kHz.
0.1 - Figures $b) and 9f) were obtained with the sequence
0 ) R22® again using the basic elements?S=.7K
0 4 8 12 16 20 2 =90,5,360,180,390,. The S and K-spin nutation frequen-
03 cies during the R&ﬁ sequence were both 37.7 kHz. The
03 d 02 h other experimental conditions were the same as in Figs. 9
02 01 and 9e). The experimental result clearly shows that this se-
0.1 v/ 0 f"'\\ quence has a slightly larger scaling factor than ﬁ%ee
0.1 \/ Table VI).
% 2 4 6 & 10 12 12 =% 7 & Figures 9c) and 9g) demonstrate the performance of a
mixed C/R sequence. In this case the symmetry GR28
(Tex + Tre) [ms] was used with the basic elemeritS’=90,360,5,27Q, and

/)” K p— 1 H H
FIG. 9. Symbols: Experimental double-quantum filtered efficiencies ob-72 = 45&270,g0. The S and K-spin nutation frequencies
tained on 10% labelef2-3C,**N]-glycine with the pulse sequence shown during the CRZQQ'_8 sequence were both 34.3 kHz. The

in Fig. 8 as a function of,,+ 7. (8)—(d) The excitation and reconversion gther experimental conditions were as in Fig&) @nd de).
intervals are incremented simultaneousty,& 7). (€)—(h) The excitation Figures 9d) and gh) illustrate the sequence R{Z%*g

interval was fixed, whiler,, was varied(a)—(d) The following symmetries . s K
and basic pulse sequence elements were Wapdnd (e): R247 with .72° with - the elements .72°=90y270yp270,;090, and .72

= 77K=90,5360)180,590; (b) and (f): R22® with 75= 7K =90y270,7,i270,90,. The results were obtained at a spin-
=90,45360,180,590, ; (c) and(g): CR20; ¥~ 8 with #5=90,3605270;and  ning frequency of w,/27=5.500kHz, using a cross-
7= 450270;50; and (d) and (h: R22, %79 with /7°= 9027027070 polarization contact time of 80@s for 13C and 2.4 ms for
and .72 =90y270,7,27090,. The following values ofr, were usedi(e) 15 - - -
2.250 ms{f) 2.212 msyg) 1.983 ms; andh) 1.273 ms. S;Iid lines: accurate N. Contmuous wave decoupling was u_sed with the proton
numerical simulations of the amplitudes, multiplied by an exponential func-nutation frequencies 109 and 69 kHz during the R sequences
tion and a vertical scale factor. The following results were obtained for theand acquisition, respectively. Tig& andK-spin nutation fre-
heteronuclear dipolar coupling constants, the fitted relaxation time conquencies during the Rg§r9 sequence were both 34.6 kHz.
stants, and the factors (a) and (e): (bgk/2m,Tg,f )=(888 Hz,14.1 ms, . N . " . .
0.51); (b) and (f): (bgy/2m, Tg,f)=(908 Hz,16.2 ms,0.52)(c) and (g): The ra_pld oscillations in these plots con_flrm that this choice
(bs/27,Tr,f ) =(904 Hz,11.6 ms,0.46); and) and (h): (b2 Tr,f)  Of basic elements provides a large scaling factor for the re-
=(916 Hz,11.9 ms,0.5). Dashed lines: average Hamiltonian simulations igeoupled heteronuclear interactions, as shown in Table VI.
noring the heteronucledrcoupling, using the same values of the parameters The solid lines in Fig. 9 are the results of accurate two-
bsk/27,T,f as for the solid line curves. The dashed lines and solid lines a%nin simulations. using the spin interaction parameters given
nearly superimposed. Powder averaging was performed using 1154 orienta—p ! 9 P P . 9 .
tions 0z, chosen according to the ZCW schefiRef. 9. in Ref. 81. In ea_ch case the hetronuclgar dipolar coupl!ng
constant was varied to obtain the best fit between numerical
simulations and experimental results. A multiplicative factor
f exp[—(7ext+ 7o)/ TR} Was applied to the numerical simula-
_ _ tions to take into account the relaxation during the recou-
Figure 9 shows the experimental heteronuclear doublepling sequence and the fact that the cross-polarization proce-
quantum filtering(2QF) efficiencies for a variety of pulse dure does not provide equ& andK-spin magnetizations. In
sequences, plotted as a function of the pulse sequence intgjractice, the fit of the heteronuclear dipolar coupling con-
val e, + 7. In all cases the efficiencies were estimated bystant is insensitive to the values éind the relaxation time
dividing the °C peak integrals obtained by the pulse se-constantTk.
guence in Fig. 8 by the peak integrals in a simple ramped The best fits for the heteronuclear dipolar coupling con-
cross-polarization experiment, using the same number of agtants are as followga) and(e) 888 Hz,(b) and(f) 908 Hz,
quired transients. In the left-hand column of Fig[@lots  (c) and(g) 904 Hz, and(d) and (h) 916 Hz. In all cases we
(a—(d)], the excitation and reconversion intervalg andr,.  obtain dipolar coupling constants in the range 202 Hz.
were kept equal to each other, both being incremented at thEehis is in good agreement with the coupling constant of 894
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co €74. a B co €7 4. a B
a bl R A T
3 ] le— A (@, NH;)
2 A 6re)
i L
I
1 S . 7,69 FIG. 10. Experimental two-dimensional hetero-
| . L nuclear double-quantum®C—'>N spectra of[98%-
. & | (e6) U-13C,96%—99%- U-L5N]-L-histidine: HCI-H,O at a
E ‘_\ 1 field of By=9.4 T and a spinning frequency af,/27
X, 4 (e €) =14.000 kHz, obtained using the pulse sequence in
ke Fig. 8. The recoupling was achieved using a g24°
b Q 4 J sequence with basic pulse elements?S=.7%"
3" L A (@, NH,) =60,50300:60,59. The excitation and reconversion
31 | intervals are given byr,,=1232.1us and (a) 7,
rLL 6pe) =589.3us and(b) 7,=2464.3us. Thew, dimension
2 / is the °C single-quantum dimension, whereas thg
B ': TAA . dimension is thé*C—N double-quantum dimension.
1
‘ _— v . (6,67
0 |
'_\ L"‘r (€,€)
1% 4 2 0 2z 4 6 8 6 4 2 0 2 4 6 8
w,[21 [kHZ]

Hz determined by recent REDOR studies at different sample= 60,55300,60,5. The excitation part of the sequence was
spinning frequencie¥. The distance between the C and N the same for the two experiments, and consisted.gf 46
nuclei estimated by neutron diffraction is 0.149 Fhwhich  basic elements, corresponding to an excitation interval of
corresponds to a heteronuclear dipolar coupling constant of,, =1232.1us.
926 Hz. The discrepancy between NMR and neutron dis- In Fig. 10 the reconversion sequence consisted of
tance estimations is presumably due to motional averaging af .= 22 basic elements, corresponding to a reconversion in-
the dipolar coupling constant, as well agnisotropy. terval of 7,,=589.3us. In Fig. 1Gb) the reconversion se-
The dashed lines in Fig. 9 are results of simulations Usguence consisted of,.= 92 basic elements, corresponding to
ing the average Hamiltonian E@101) with the recoupled 3 reconversion interval of o= 2464.3us.
heteronuclear dipolar interaction E.03. In all cases the These two-dimensional spectra display the frequencies
same factorf and exponential decay function were used asyf heteronuclear double-quantum coherences indhedi-
for the numerical exact simulations. The average Hamilyhension and the frequencies of single-quantti® coher-
tonian simulations agree very well with the numerical exactapces in thew, dimension. The double-quantum frequencies
simulations. The good agreement may be attributed to thgre equal to the sums of the isotropic chemical shift frequen-
moderate chemical shift anisotropy of tHéC, site. For cies of the'3C and!*N nuclei, measured in Hz, taking into

larger CSA values one would expect larger deviations. account the signs of the gyromagnetic rafib€ In the
Further simulationgnot shown indicate that the effect present case 08=13C and K=15N, the two spin species
of the heteronuclear isotropitcoupling is negligible. have opposite signs for their gyromagnetic ratios. In this case
the positions of double-quantum peaks in thg dimension

. when specified in ppm are given by tliferenceof the
C. Heteronuclear multiple-quantum spectroscopy chemical shifts of the two spins specified in ppm.

The pulse sequence shown in Fig. 8 may also be used to Figure 1@a) shows the two-dimensional heteronuclear
produce two-dimensional heteronuclear multiple-quantunflouble-quantum spectrum for a relatively short reconversion
spectra, in which the frequencies of the heteronudlesd)-  interval (r.=589.3us). In this case, the only peaks of sig-
guantum coherences are measured in a second frequency gificant amplitude arise from coherence transfer between a
mension. This is done by fixing the intervats and 7, and ~ double-quantum coherence involving neighboring sps
by incrementing the interval,. The phase cycle must also andK; into a single-quantum coherence of s@in which is

be adjustedsee below. a member of the same pair. These have been cdilextt
Figure 10 shows experimental two-dimensional heteroipeaks'?6
nuclear double-quantum spectra 0f{98%-U-3C, In Fig. 10b) an extended reconversion interval af

96% —99%-U-LN]-L-histidine HCI-H,0 at B,=9.4T and =2464.3us is used. A greater variety of peaks is now ob-
a spinning frequency ob,/27=14.000 kHz. In both cases, served, some of which are negative. These additional peaks
the heteronuclear recoupling was achieved using aR2¥  are due to a variety of processes. For example, double quan-
sequence, with the basic elements given b§°=.7%K tum coherence may be excited between sg#sand K
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FIG. 11. Average Hamiltonian simulations of the spectral amplitudes of the 12 possible two-dimensional heteronuclear double-quantum kpeiftthepea
heteronuclear spin system in the imidazole ring@8%-U-3C,96% —99%-U-X°N]-L-histidine- HCI-H,0 as a function of the reconversion interval. The

excitation interval wasre,=1232.1us. The plots show the amplitudes of the spectral peaks corresponding to transfer processes from a heteronuclear
double-quantum coherenc&;(K,) to a single quantum coheren&, denoted §; ,K|)—S,: (@) (J,,€)—€1; (D) (82,€)—v: (©) (52,€)—2; (d)
(v.0)—€1; (& (v,01)— v () (7,61)— 62 (Q) (€1,01)—€1; (W (€1,61) > () (€1,81)—2; () (€1,€2)—€1; (K) (e1,€2)—y; and (1) (e1,€2)

—&,. Solid lines: Simulations using the average Hamiltonian of the recoupled heteronuclear dipolar interactiofi)1Eged (103), as well as a 70 H4

coupling between the and §, carbon sites, Eq.109). Dashed lines: average Hamiltonian simulations withoutythes, J coupling. Vertical dashed lines

indicate the reconversion intervatg used in Fig. 107,.=589.3us andr,.= 2464.3us. The geometry of the spin system was obtained from Ref. 83. Powder
averaging was performed using 1154 orientatifngs, chosen according to the ZCW schefifef. 91).

which are not directly bonded but are located some distanceross peaks caused by recoupled heteronuclear interactions
away from each other. The extended reconversion interval ibetween neighboring nuclei appear in Fig(0

able to reconvert these distant double-quantum coherences In addition there are strong positive indirect double-
into single-quantum coherence of sghin the same pair. quantum peaks betweeidy,¢,) andy, and betweent, 6,)

This is called adistant direct processin addition, the and ;. These peaks are due to homonucléatouplings
double-quantum coherence between siBpandK; may be (see below. _ o

converted into single-quantum coherence of a third §in e examined the spin dynamics in the heteronuclear
if the spinS, also has a heteronuclear couplingktp. This ~ [IVe-Spin system of the imidazole ring by average Hamil-
transfer is called amdirect processin addition, the hetero- tonian simulations. Figure 11 shows the two-dimensional

nuclea conerence between sp@anc, may b converted "°ITONLCEE Soube e peak ampliuces for e 1
into single-quantum coherence of a third s@p if S; and P P P 9

are linked by a network of homonucleicounlings the reconversion interval.. The dashed lines correspond to
S yanet vcoupiings. the case where the average Hamiltonian includes only the
A close examination of the spectrum in Fig.(&Pindi-

recoupled heteronuclear dipolar interactions, Ed61) and

cates multiple o.rigins for the new cross peaks. For example(,103)_ The molecular geometry was obtained from Ref. 83.
there are negative cross peaks between the double-quantuffe solid lines correspond to the case where the homo-

coherences of th&C—*N pair (65, €5) with the c single-  nycleard coupling of around 70 Hz between theand 5,
quantum coherences of sitg. This cross peak arises by carpon sites was also included:

indirect transfer through the two recoupled heteronuclear

spin—spin interactions betweea$y and e, and betweere; HJ-Jk:Zml}iosj.sk_ (109
and e,. Similar processes account for the negative cross

peaks betweenvy( ;) ande;, between €,,6;) andy, and This term has the symmetry numberd,nf,\g,us)
also between €;,¢e,) and d,. Indeed allpossibleindirect  =(0,0,0,0) and is therefore symmetry allowed under any
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CN’” or RN” sequence. The vertical lines in Fig. 11 indicate T
n n S€4 g oS =K =q>§x:q>§x=zmi,

the two reconversion intervals, for which the experimental prep  prep

two-dimensional spectra are shown in Fig. 10. These simu- L

lations show clearly that the homonuclear isotropicou- Spp N T m m 0s
pling has a considerable effect on the peak amplitudes for Prelta) = 2 2" oty 2 M roor( 16) B
larger values ofr,.. Figures 11c), 11(e), 11(g), and 11j) 1

show the peak amplitudes of the direct peaks observable in  @K(t,)= T —m oty + Imt,

Fig. 10@). Figures 11a), 11(d), 11(h), and 11l) show the 2 2 2

peak amplitudes for the negative indirect peaks in Figb/L0 - - m, (110
Figures 11b) and 11f) correspond to the positive indirect @rsead=5+ Emt+ Efloor( Z)’

peaks in Fig. 1), which cannot be explained by purely

recoupled heteronuclear interactiofdgashed lines If the q>r5eC=0,

homonuclead coupling between ther and §, carbon site is

considered, these simulations explain the occurrence of the ;s _ ™ M My ™

positive indirect peaks in Fig. 16) (solid lines. The homo- Pdg=75 floor 7= ﬂoor( 16) > M

nucleard coupling has such a strong effect because it has thﬁssuming that an even number is chosergfgr
same order of magnitude as the scaled recoupled heter
nuclear dipolar interaction kbsy|~84 Hz). The weak posi-
tive indirect double-quantum peaks between NH;) and

8 The phase
&5 is specified in Eqs(106) and(107). m’ corresponds to
that given in Eq(103) and depends on the chosen symmetry.
; X Table VI specifiesm’ for the experimental sequences. A
CO may be attributed to the homonucledrcoupling be- 4 _gimensional data matris(t; ,t,) is compiled by acquir-
tween thea gnd co _carbon sites. ) ing a set of transients with incrementation of the intetyal
Another interesting feature visible in Fig. 10 is that the 1o gata matrixs(t, ,t,) is subjected to a complex Fourier

spectrum of Fig. 1@&) appears to be “cleaner” than that in ansform in the, dimension, and a cosine Fourier transform
F_|g. 6. _The ratio of the direct pgaks to the indirect peaks S the t, dimension, in order to obtain the 2D spectrum
higher in the heteronuclear multiple-quantum spectrum. Th'%(wl,wz).
effect may be understood using the results for recoupled
muItlpIe?sp|r_1 dynamics preser_ned in Ref. 5_6. _For short = CONCLUSIONS
conversion intervals, the amplitudes of the indirect peaks in
multiple-quantum filtered spectra are proportional to the In this paper we showed that it is technically possible to
cube of the coupling constants multiplied by the reconverconstruct rotor synchronized rf pulse sequences on two
sion interval, while the amplitudes in conventional correla-radio-frequency channels. The pulse sequence symmetries
tion spectra are proportional to the first power of the samenay be adjusted to obtain selective heteronuclear recoupling
quantity. It is therefore much easier to suppress long-rangbetween different spin species, while suppressing homo-
peaks and indirect peaks in multiple-quantum and multiplenuclear dipole—dipole couplings and chemical shift anisotro-
guantum-filtered spectra. This property should be useful fopies. We showed a number of experimental results, including
the spectral methodology of assignment in the solid stat@eteronuclear shift correlation spectroscopy, the estimation
NMR of multiply labeled materials. of heteronuclear coupling constants, and heteronuclear
The spectra shown in Fig. 10 were obtained on a Chemultiple-quantum NMR.
magnetics Infinity-400 spectrometer using a filled 4 mm zir-  Where are these generalized HH sequences expected to
conia rotor. The two spectra were obtained using a crosbe useful?
polarization interval of 2 ms. The evolution interval was The measurement of distances between spins is unlikely
incremented in steps of 2&s. Continuous-wave proton de- to be a primary area of application. Existing methods such as
coupling was used during the recoupling sequence with & DOR** appear to do a good job, even at long hetero-
proton nutation frequency of 125 kHz. TPPM decouplingnuclear distances. REDOR is also a much simpler pulse se-
was used during the evolution intertaland the data acqui- quence and appears to be highly robust. The fact that it is not
sition with a proton nutation frequency of 101 kHz. The y encoded does not appear to be a serious impediment in
signal in thet; dimension was apodized with a édanction  practice, although it would be desirable to obtain more
and converted into the frequency domain using a cosinenarked dipolar oscillations, if no other sacrifices were nec-
transform. essary. Nevertheless, the dual rotor-synchronized pulse se-
The phase cycle for heteronuclear double-quantum NMRjuences described here are not expected to compete with
is similar to that given in Eq108), but with implementation REDOR unless homonuclear decoupling is important.
of the time-proportional phase incrementati@Pl) proce- Heteronuclear correlation spectroscopy is also unlikely
dure used to obtain pure absorption two-dimensional spectri@ benefit much from the sequences presented here. Simpler
with discrimination of positive and negativew; methods such as adiabatic Hartmann—Hahn cross polari-
frequencie<?® In addition to the transient countet, we need  zatior/®’® may be a more efficient and reliable way to
the evolution increment counter, denoted, which is incre-  achieve qualitative magnetization transfer between spin spe-
mented between different valuestgf The transient counter cies.
takes the valuesn,=0,1,...,31 and the phase specifications  The new pulse sequences may find their main applica-
are tion in heteronuclear multiple-quantum spectroscopy, as
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demonstrated in Fig. 10. As mentioned above, heteronucledtor ON; sequences, the first element and the basic element

multiple-quantum spectra are generally cleaner than singleare identical, so we get

guantum correlation spectra, providing fewer assignment 2 2
. e . . mVy mV

ambiguities. In addition, the evolution of the heteronuclear ~ A;=R,| ap+ —q+zgq77> Ry(Bo)Ry| yo— —q)_

multiple-quantum coherence is sensitive to correlated local N N

fields, allowing the estimation of nuclear torsional angles and (A7)

other angular constrainfé. This proves that the Euler angl@sand y have the symmetry
The theorems discussed here may also be applied t@€fined in Eq(14).

other problems, such as the selective recoupling of hetergs g >

nuclearJ interaction§-8” and the implementation of high- "

quality heteronuclear decoupling at the same time as homo- Here we prove that the sequence shown in Fig) with

nuclear recoupling. Extension of the two-channel results t®ulse sequence elements given by E20) is a R\; se-

three or more channels is also possible. Work in these dire¢luence according to the definition in EJ.7).
tions is in progress in our laboratory. The following relationship between the propagators for

the rf field within each elemeni, of the RN} sequence and

the propagator for the rf field within the basic elemenitis
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propagator&, are given by

2TV
quEqZ'“EOZRx(qZuﬂ')RZ( _TQ) (A10)
APPENDIX A: IMPLEMENTATION OF C N; AND RN}, ) ] )
SEQUENCES The accumulated propagator up to time pajnmay be writ-

ten as follows:
A. CNj sequences
) ) Ag=S4Eq-1Eq-2Eo (A11)
Here we prove that the sequence shown in Fi) With

pulse sequence elements given by Etg) is a (N, se- =Rx(qw)Rz<%)S°Rz< _ﬂ)

guence according to the definition in Ed4). N
The propagator§, are in this case given by P
27y 27v \T XRx[Q(Zu_l)W]Rz<_TQ>- (A12)
Se=Re| 4 SR, TQ) (A1)

Since Z,—1 is even, the propertyRJq(Z,—1)m]
and =R,[q(Z,—1)] applies. Since a rotation through an even
Eq= EO— Ry(Z). (A2) multiple of 7 commutes with all other rotations, we get

The accumulated propagator up to time pajnmay be writ- Aq=Ry(q) Rz( v +q(Zy— 1)77) SORZ( T 2my q)
ten as follows: N N N

Aq=SqEq-1Eq-2Eo A3 _R(qmR,| %+ %Jrq(zu—l)w) Ry(8°)
27y 27y

RN

Since a rotation operator through an even multiplerois

independent of the rotation axis it is valid thRy(Z4q) T o, T TV
=R,(Z4qm) and therefore =Ryl =5 |R(AMR,| a™+ S+ -+ a(Zy—D)m

A=R| 2™ q|R, — 2™ gl Ryz A5 mv 27y

q— Nz Tq z _Tq o quF)- (AS5) XRy(BO)RZ( ,),O_W_ N q)
Since a rotation through an even multiple ofcommutes
with all other rotations, Eq(12) may be used to get ZRZ[— T =19 a0+ T4 % +q(Zu—l)w}
0 27y 0 0 27y
quRz a +Tq+zgq77 Ry(ﬁ IR, ¥ _Tq . R ( 50 R o TV 27y AL3
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and hence
0 o TV 2Ty
,Bq:ﬁ +qm,  yq=v "N N qg. (A14)
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A 2 A rat N
D}, () =2 D (81D}, (2p),

o ®5)
D}, /(00)=D}, . (Qo).

This leads to the following values for the Euler angles of thej ihe f field is modulated smoothly, the scaling factor may

first element

0 0 s
Bo=B" Y=y~ (A15)
and hence
27y
Bq:,B0+Q7T, ')’q:'yo_TQ- (A16)

This proves that the Euler angl@sand y have the symmetry
defined in Eq(17).

APPENDIX B: GENERAL SCALING FACTORS
A. Single-channel sequences

Assume that the basic elemefit is built of a sequence

be calculated by approximating the modulations as a se-
quence of small rectangular elements and taking the limit of
a large number of steps.

B. Dual sequences

The results from the previous section may be generalized
for the case of dual sequences. In this case we assume that
the basic elements2 and#} are divided into a synchronous
sequence oft rectangular pulses with flip angles and phases

S S S ;
(go)¢§,(§1)¢§, U () | 65, On the S spins and
(gg)(,,g,(g?)(ﬁg, O (AN 4% __ on theK spins. The durations
of the pulses are given by, 74,...,71_1. The nutation fre-

quency of the pulse with indep is w5? and ;P on theS

and K spins, respectively, so thafy=wnim, and &

= wr'fdf’rp. If different pulse sequences are used onShand

of M rectangular pulses with flip angles and phase§<'3pi” channels, the division between different elements

(500) ¢Ol(§l) byt (g‘ﬁ— l)zf;m71

N-1
@nye Onyp - -

angles in the following way:

aa a
Qp:(Ap.BpaGp): ¢p_51_§p:_¢p+5 . (B1)
The factorKp,, , in Eq. (51) is given by
n-1
— PP
Km)\;L_ pZO Te Kmx,u,’ (BZ)
where the individual pulse contribution& , are
K=Kl
R%}zM:eXp{imwTTo}Z DTLM/(QO)KS'}EM/’
7
(B3)
p—1
Kﬁ,’fﬁﬂzexp{imw, > Tp,]Z D) (D K .
pr:O Ml
The termsk®) , are given by
KP = At [ Pdtd By | exsi
map = EXP — 1 nAp} T, . td,o ”T_p explimo,t}.
(B4)

The Wigner element®* ,(©),) are defined through the it-
M p

eration

., o, - The durations of the pulses are given by
T0:T1:-- -1, Where&,=wf,m,. Define the pulse Euler

and rf nutation frequencies must be simultaneous on the two channels. For example, the

choice #2=90,527Q, and #p=27Q0,90,50 must be reen-
coded as”2=90,5,180,90, and £ =90,180,90,40.

Define a set of pulse Euler angles in the following way:

o aa
n§=<AS,B§,G§>=(¢§—5,—5§,—¢§+5 , (BB

(B7)

K_/ aK pK ~Ky_ | ,k_ ™ K K, T
Qp_(ApaBp1Gp)_(¢p_51_§pa_¢p+5 .

SK
The factoerS#SAKMK

in Eq. (92) is given by
N1

SK
K =
MAgughk ik pzo Te

Tp%(p)
MAgughic iy ?

(B8)

where the individual pulse contributiof§®), \ .

are
—_ k(0

(0
Kink Kk gpugher

MAsughhi

~(1) o . Ag
KmxsysxKuK_eXp{'merO} Z’ DMS#
Mg Mg

(09
S
xD”KM,(ﬁg)K“)

! r
My ERNS

(B9)

p—1
K (P - i
K,T‘]’AS#SKKMK—exp{|mwr > TP/J

As S
P 2 DL @)

’
Mgk

A 0K (p)
XD (OS5 K N
MK”K( p-1) MAsighkrK

The termsK (P)

miguehcuy 1€ given by
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KP = exp— i (usAS+ e AR)} The case of smooth rf modulations may be handled by using
MhsrshiiK P « the limit of larget.
T t t
_ p A A
X1, lfo dt dﬂio( BST—D) d&o( B;fT—p) APPENDIX C: MODIFIED SC14
In this appendix we describe the modified SC14 se-
Xexgimw,t}. (B10) PP

guence used to obtain the results shown in Fig. 7. The super-
The Wigner elementﬁ)zssu,s(ﬁg) and DZ';M},((Q*;) are de-  cycle is given by

fined through the iterations SC14=C14;(0..6)-[I1*- C14,%(7..13 -1 ] o7

X C14(7..13 -[I1,1- C14,°(0..6) - Io] ../

As XS\ _ As XS As S
DM%(QP)—EH DW,S,(Qp,l)DM,éMé(Qp), (B11) D
A X[C14(0..6)],,-[T1,*- C14,°(7..13 - T . g7
D, (B9)=D° (03, (B12) X[C14/(7..13],-[M; ' C14,°(0..6) MoJg 7,
and where the notation C:ﬁ(lql..qz) indicates the use of the

elementsq; to g, of the sequence Ci.4The notationlT ,

indicates the insertion of a-pulse element with the phage

and H(Zl indicates the deletion of ar-pulse element. The

notation[---], indicates an overall phase shift of the brack-

DK ,(QS)ZD)\K ,(Qg)_ (B14) eted sequence by. The full modified SC14 sequence may
BRH HKMK be written as follows:

KMk

ARk — A K Ak K
DWK(QP)‘% D (@5 )D ) (05, (B1Y

36Q) 360128.57 360257.14 36025.71 360154.29 360282.86 36051.43

180205.71 36077.14 3603;08.57 360_180 36051.43 360282.86 360154.29 180205.71

360.!.80 360308.57 36077.14 360205.71 360334.29 360.].02.86 360231.43

180571 3605714 36012857 360 3603145 36010286 36033420 1805571

360180 3603;08.57 36077.14 360205.71 36%34.29 360102.86 360231.43

18025.71 360257.14 360128.57 36Q) 360231.43 360102.86 360334.29 18025.71

360y 36012857 3605714 360571 36015429 3605286 36143

180205.71 36077.14 360308.57 3GQSO 36051.43 360282.86 360154.29 180205.711 (Cl)
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