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The standard coherent averaging theory treatment of the reso-  with
nance offset interaction is compared to exact calculations for
multiple-pulse solid-state NMR experiments. Significant differ-
ences between coherent averaging approximations and exact re-
sults are revealed, even for idealized conditions. A revision of the
standard analysis is proposed as a way of improving the descrip-
tion of the off-resonance dynamics in these experiments. We use
the insights obtained from this investigation to derive a qualita-
tively new type of homonuclear decoupling sequence, and evaluate
the performance and advantages of this sequence with both sim-
ulations and experimental tests. © 1999 Academic Press R

Key Words: coherent averaging theory; homonuclear decou-  whereJ is the Dyson time ordering operat@®) @ndV(t) is the
pling; multiple-pulse dynamics; solid-state NMR. internal Hamiltonian in the so-called toggling fran®:(

U (t) = T ex —if ,(t")dt' L, 3]

Uy(t) = T expl —i jt V(t)dt' !, [4]

V(t) = U VU, (). 5]

INTRODUCTION
An exact expression fdd,(T) can usually be obtained, but

Coherent averaging theory was first conceived by Haeb&Qt SO forUy(T). In a coherent averaging theory approach,
len and Waugh 1, 2) to analyze the dynamics of homo-1om for Uy(T) is found by applying
nuclear spin systems in solids during multiple-pulse NMR ~
experiments. In the treatment they proposed, the rotating- Uy(T) = exp[—iVT}, [6]
frame Hamiltonian was assumed to be the sum of a time-
independent ternV, consisting of interactions of the spinsyhereV is a time-independent “effective” Hamiltonian that is
with internal magnetic fields, and a time-dependent, piecgpproximated by truncating the Magnus expansi®nd) of
wise constant term#(,(t), representing the interaction ofy(t).
the spins with modulated radiofrequency (rf) fields gener- Haeberlen and Waugh were originally concerned with intel
ated by the experimental apparatus: nal HamiltoniansV containing two types of interactions: the
homonuclear dipolar coupling and the effective resonance o
set interaction, described by the Hamiltoniaitg and %€,
H(t) = Ha(t) + V. [1] respectively. The coherent averaging theory analysis of tl
second of these interactions is the focus of this paperThis
investigation is motivated by a recent report revealing larg
At the end of a periodically repeated decoupling sequencediécrepancies between exact calculations and the standard
cycle timeT, the state of a system with this Hamiltonian iserent averaging theory description of the off-resonance d
determined by the time development operdidiT), which, namics in multiple-pulse NMR experiment8)(In examining
according to coherent averaging theory, can be written the results of a multiple-pulse decoupling experiment, accura
evaluations of the effective resonance offset Hamiltorign
and cross terms involving(; are desired for several reasons
U(T) = U(MUWT), [2] The first is that the frequency dependence%f must be
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TABLE 1
Multiple-Pulse Homonuclear Decoupling Sequences and Corresponding Resonance Offset Hamiltonians
Name Pulse sequerfce FeLoP Precession axis Offset scale factdr
- 1, 1 1
WAHUHA (20) (XY(YX) 328 8l + 1y + 1) ﬁ(l, 1, 1) ﬁ
o 1 1 V2
MREV-8 (8, 28-30 (XNYX(XN)(YX) gE;N:1 8i(ly + 1y) *,5(1, 0.1 3
N
o __ 2 1 2
BR-24 (14) (YX)XY)(YX)(XY) 52?':1 8i(hy + 1y + 1ag) *5(1, 1,1 33
(XN (YX)(XY)(XY) v N
(YX) XN (YX)(YX)

® Sequences specified according to the scheme of Burum and RA)m (
® Zeroth-order coherent averaging theory values, neglecting finite pulse widths.

known in order to relate the spectra measured by multiplshow that for the best known of the homonuclear multiple
pulse techniques to the chemical shifts of the sample. Tyjpitlse sequences, there is an interaction representation disti
cally, multiple-phase spectra are interpreted according to Zesm the toggling frame, which in important respects repre
roth-order coherent averaging theory, which predicts that teents a superior frame of reference for the treatment of mul
observed frequencies are equal to the resonance offsets qoa-pulse dynamics. The insights on the dynamics obtained
tained in¥€; multiplied by a constant scale factor characteristithis new interaction representation are used to derive a que
of the multiple-phase sequencg, ). If ¥, contains large tatively new homonuclear decoupling sequence with chara
higher order terms, however, then chemical shift spectra deristics that in certain circumstances are superior to any otf
rived on the basis of zeroth-order assumptions will contagequence proposed to date.

systematic, nonlinear errors. The magnitude of this error is

quantified in later sections. THEORY

_ The second purpose for investigating the approximation of

¥ is to find explanations and remedies for the distortions al@bmparison of Coherent Averaging Theory with Exact
artifacts that afflict multiple-pulse spectra, such as carrier- Calculations

frequency and image line2,6, 8—1). Strategies for elimi- . . .
! . In this section, we compare standard toggling-frame cohe
nating these unwanted effects have been proposed in the pasi, : o .

) ! ._."ent’averaging theory approximations with exact results for
but have not been entirely successful, due mainly to dewatlo&?n le spin svstem. Throuahout this paoer we shall consid
from idealized zeroth-order behavio6)( These effects are p'e Spin Sy ’ g Paper,

especially troublesome in multiple-pulse spectra with severoarl]Iy homonuclear collections of spirparticles in rigid solids.
P y ple-p P To isolate the action of the resonance offset on the sp

lines dispersed over large bandwidths. . . . . . S
. . . dynamics, we specify a single-spin rotating-frame Hamiltonia
Our final reason for examining off-resonance multiple-pul o
consisting only of a resonance offset term. Zeroth-orde

dynamics is to elucidate the off-resonance line-narrowing per- . L .
. gnus expansion approximations of the toggling-frame re
formance of homonuclear decoupling sequences. Seveldl S : |
. . ; onance offset Hamiltonians for three multiple-pulse exper
workers, including Haeberlegt al. (12), Pines and Waugh . :
; -~ ments are gathered in Table 1. We will assume that the effe
(13), Rhimet al.(8, 14, and Garrowaygt al. (15), have studied ;
of the resonance offset can be neglected during rf pulses,
the effects of the resonance offset on the performance of ear ly .
i ; : -expressed by the equations
multiple-pulse sequences, especially with regard to resolution.
The standard treatment, as developed in this past work, has
been to include higher order Magnus expansion terms in the
approximation ofV. Such calculations are feasible for short 9¢(t) = w,(cosél, + sin ¢l,) during pulse of phasé,
sequences, but in general the evaluation and interpretation of
Magnus expansion terms beyond second order, particularly (7]
cross terms, can be prohibitively complex, and are of limited
utility. A different approach that did not require the evaluatiowhere we have adopted the usual definition of the rotating-fran
of higher order terms would be preferable, both for analyzingaxis as the direction collinear with the applied magnetic field,
existing experiments and for developing improved new ones. the offset of the rf carrier from the resonance frequency of tt
In this paper, we propose an alternative to the standasgin, andw, is the rf field amplitude in radians's
toggling frame as the starting point for a revised coherentAny motion of an isolated spifiparticle can be represented

averaging theory analysis of multiple-pulse dynamics. Was a rotation in a three-dimensional Cartesian spa6el()).

#(t) = 81, during free evolution,
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With the Hamiltonians as given in Eq. [7], the rotation corre- (g) ¥
sponding to periods of free evolution is about thexis e
through the angledt, wheret is the duration of the free
evolution period. The motion corresponding to evolution dur-
ing a rf pulse of duratiom, is described by a rotation about the
rotating-frame axis (cos, sin ¢, 0) through an angle,t,. We

write the mathematical operators corresponding to these roti
tions in the formR,(¢), wherea is the axis of the rotation (i.e.,

+X, =y, *2) and ¢ equals the angle of the rotation.

The equivalence of the motion to simple rotations implies
that the evolution during a multiple-pulse sequence can b
represented as a product of rotation operators. For the fou(c) 7
pulse WAHUHA sequence, this product is 2

Rr(lp) = RZ(STE) R)’((ﬂ-/ 2) RZ(STS) Ry( / 2) RZ(87|) II
X Ry(7 2) R8¢ Ry(1/ 2) R(87p), [8] "

with the idealized free evolution times, 7, 7,, and 7, satis- L4
fying the relations

T = 27, [9]
T =Tyt Te [10]
T= 06T, [11]

The timer, is the duration of the period preceding the first
pulse of the sequence, is the duration of the period following
the last pulse of the sequence, andenotes the cycle time of .
the sequence. The vectors the normalized precession axis of : / [/

. . . . . = It \»._ | S/
the product rotation, which we specify with the spherical polar Vi e W
longitudinal and azimuthal anglgsand vy, respectively. ~V ~J

Givens, 1, andr,, the parameterg andr can be computed

. . . FIG. 1. Effective precession axes as a function of resonance offset f
e_X3_Ct|y (8) and the true offset SC?“_”_Q factor in the ideal puls@/aHuHA (a, b), MREV-8 (c, d), and BR-24 (e, f) sequences. The fan-shape
limit calculated fromys via the definition

surfaces are exact results fay= 7. = 75 (a, ¢, ) andr, = 0, 7. = 27 (b, d,
f), evaluated over the ranger74 = |8T| (WAHUHA), 27 = |8T| (MREV-8),
and 5m/2 = |8T| (BR-24). The vectors forming the surfaces represent th
S= ’ i‘ ) [12] d_irections of the prece_ssion axes drawn from the origin, With_len_gths propo
oT tional to the true scaling facto®. The () and (+) symbols indicate the
direction of increasingT. The only resonance offset value where the zeroth
. . . order predictions from Table 1 and the exact result coincidess0, marked
The results of such a calculation are shown in Fig. 1 for thljlg 0. The separation between adjacent lines on the surfaces represents 1/
WAHUHA, MREV-8, and BR-24 sequences. In each case, th@ Nyquist theorem-limitedT range.
offset range is limited by the Nyquist sampling theore) to
values within the bounds/S = |8T|, with S taken from the
zeroth-order coherent averaging theory data in Table 1.
The discrepancy between the exact result and the coherent
averaging theory calculation is considerably reduced by adding
the first- and second-order Magnus expansion corrections to _ : 3 5 ) )
the zeroth-order expression. The plots in Fig. 2 illustrate the Hy = 18 [(27y7e — 75+ 27p7s — Tl + (2707 — T
improvement when these terms are included for the WAHUHA 5
sequence. The effective offset Hamiltonian evaluated to second + 2775 — 479l — 277 + T, (14]
order has been reported for WAHUHA in the ideal pulse limit

wherer, = 7, = 75 (2); we have rederived these higher ordeThe zeroth-order term is unchanged.
terms not assuming that = 7., with the results The symmetry of the left series of curves in Fig. 2 represen

2

§€§”=€(Tb— Te)(lx_ Iy)’ [13]
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Symmetric Asymmetric In fact, the exact calculations of tiieandS curves for the case
wherer, # 7, (right series) are identical to the exg®tandS
curves for the symmetric case wherg= 7, (left series). A
proof of this assertion is given in Appendix A. This assertior

75.0

é’) does not necessarily apply\fis approximated by a truncated
g Magnus expansion. Becau#t” is nonzero whem, # ., the
= second-order coherent averaging theory expressions, fgr

60.0 60 and S will contain some odd component, which is observed.

-180.0 0.0 180.0 -180.0 0.0 180.0
Approximations ofi(y and ¥
90.0
The validity of approximating/¢, with a Magnus expansion

g of the toggling-frame homonuclear dipolar Hamiltonig(t),
%’ truncated to low orders, has been confirmed by both expe
>

0.0 mental and mathematical investigatioris 2, 7, 22-2Y. The
ultimate resolution in most circumstances is determined by tf
largest of the nonzero terms in the Magnus expansion, whi
are typically higher order cross terms involving the dipola
Hamiltonain#, (2, 7, 8, 14, 15, 28—33 Nonethelesszeroth-
order coherent averaging theory alone is a valuable way
analyze the decoupling performance of these sequences, e
when higher order terms are not zero.

At first glance, therefore, the finding that; deviates sig-
800 00 7800 500 00 800 nificantly from the zeroth-order Magnus expansion tétif?
appears to be contradicted by the success of the zeroth-or
approximation in modeling#,. Since resonance offsets are
FIG. 2. WAHUHA precession axis parameters as functions of resonanf?pica“y smaller than homonuclear dipolar interactions, w

offset for an isolated spihnucleus, withr, = 7. = 7, (left) andr, = 0, 7, = iaht expect better. not worse. agreement between zero
27 (right). The three curves in each plot represent the exact result (somg p ’ » ag

curve), the zeroth-order coherent averaging theory result (horizontal dot@Eder résonance Offset calculations and_the exact reSL_“tS-
line), and the coherent averaging theory result calculated to third (left) or There is no inconsistency, however, in the conclusion th:

second (right) order (dashed curve). The offset from the carrier frequencytise zeroth-order coherent averaging theory approximation

designated on the abscissa as a product with the sequence cyclaSTlme,accurate for§€d, but inaccurate fOT%a- As Haeberlen has

evaluated over the range315 = 6T = 315°. . o
shown @), for decoupling sequences constructed from “soli
echo pulse groups”1d), higher order Magnus expansion

. . . . . dipolar terms are small arify ~ #{” = 0, provided that the
a notable contrast to the right series, and is a manifestation :
. . .window lengths are short compared to the inverse root of tt
the underlying symmetry of the toggling-frame offset Hamil- . . . )
. . N ; second moment of the dipolar-broadened linewidth. Since th
tonian. The toggling-frame offset Hamiltonian (which we de- -

. . . . vy (0) . . .
e, () o h vrsion ol WAHURA wit, - . - 7 s (151 Sl Stetedls s n et spproxalon
symmetric in the sense that;(t) = ¢,(T — t). Wang and d 9 P

Ramshaw 2Z1) have shown that for Hamiltonians with thisCIaSS of multiple-pulse sequences.

. The resonance offset interaction on the other hand is n
property, all odd-order terms of the Magnus expansion ale ressed during a multiole-pulse sequence A~ 0
identically zero. It follows that the effective offset Hamiltonia pp 9 bie-p que )

3 r|ndeed, the usual objective is to maximiz&® in order to
must be an odd function of the offset frequency to all orders . . . .
. . . . _improve spectral dispersion. The evolution of the spin syste

and the scale factor and effective precession axis coordinate
or

. ue to this interaction accumulates during the sequence, &
must be even functions of the offset frequency to all orders. . . .
. ; .. _Nigher order nonlinear Magnus expansion terms become cri
sequences with an asymmetry introduced by, e.g., specifying . S
in approximating/(;.

-180.0 0.0 180.0

Scale factor S

0T, degrees OT, degrees

unequal values fot, and ., odd-order terms of the MagnusC

expansion of the_ toggll_ng—fram_e Hamllt_oman will not be Zerci\’/‘odiﬁcations of the Coherent Averaging Theory Approach
and the precession axis coordinates will no longer necessarily

be even functions of the offset frequency. Thes 6T curves _ The analysis above implies that the time average alone

in the right series, for which, # 7., display the appearance of(t) in the toggling frame, i.e.%Y, is a questionable ap-

this asymmetry. The curves for the exact calculatio 6 8T  proximation of ;. It is natural to inquire if there is another
andSvs 8T in the right series, however, are even functions ohteraction representation that would lead to a more satisfa
the offset frequency, the asymmetrydsf(t) notwithstanding. tory and tractable treatment of the off-resonance dynamics.
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The choice of interaction representation is determined by th), 5, and%{} are the contributions t&{” of the three free
definition of 9¢,(t). The customary definition i$€,(t) = evolution intervals, andt{’, and %) are the contributions of
¥ 4(t), where¥,(t) is the Hamiltonian corresponding to thethe two rf pulse intervals. We have computéff) and{), but
Zeeman interaction of the spins with the rf fields. This impliethe equations are lengthy and we do not reproduce them he
the following form for the multispin internal Hamiltoniavi:  Instead, we make the assumption ttyas short compared td

and write#$ as

V="%,+ %;, [15]
_ 1 _ _
1 N %éO) = f (Tl% g??'_ + 72% EJ(?)Z + 73% g?g;) [22]
%dZE_E djk(3|zj|zk_ Ij"k)r [16]
J"kfkl > ~ 7
: Expressions fofty), %%, and %) appear in Appendix B.
N
Hs= >, il 4. [17] Comparison of Interaction Representations

An analysis of multiple-pulse line-narrowing sequences i

) ) ) the toggling frame differs in a number of ways from an analysi
An alternative to the toggling frame is suggested by Eq. [8}, {he offset-toggled frame:
The alternative we consider is defined by the relations ~
1. In the offset-toggled framef(,(t) is not a piecewise

Y,(t) = HA(t) + Ky, 1g] constant function of time, even_in the ideal pulse limit. Fur
1(B) = (V) + 3 [18] thermore, sequences for whick(t) is symmetric in the
V=%, [19] toggling frame (such as WAHUHA) lose their symmetry in the

offset-toggled frame, except on resonance.

The influence of the resonance offset interaction on the evo-2- The transformation off(, to the offset-toggled frame
lution of the spin system is treated exactly in this new fram&annot be described as the rotation of a second-rank irreducil
and the troublesome approximationd6f by truncated Magnus SPherical tensor in the ideal pulse limi,(7, 34, 3. The
expansions is avoided. We call this new interaction represdfnsformation ofit, must be treated as a linear operation on
tation the “offset-toggled frame.” nine-dimensional bilinear Cartesian tensor space.

A number of the key features of this approach can be 3- Ui(t) anddty(t) in the toggling frame are independent of

appreciated by analyzing the two-pulse solid echo sequerBg Offset frequencies of the coupled spins. In the_offse
7:~(),—7—(Z),~, in the offset-toggled frame. The solid echd°99led frame, however, both, () and3t.(t) (and hencét.)
sequence is the basic unit of virtually every homonucledf€ complicated functions of thi.

decoupling sequence developed to date, and the properties ¢ Because of the dependencef(t) on the offset fre-

longer sequences are largely derived from this ubi).(We guencies, the offset-toggled frame and the rotating frame w
simplify the calculations by assuming that, > 8, for all not coincide in the observation window except when the offs

spins, and frequencies of coupled spins are equal to zero.
The derivation of Eq. [22] exemplifies most of these items
N Although we were able to obtain an analytical expression f
Fa(t) = D 81, during free evolution, # for the solid echo sequence, the calculation quickly grow
=1 in complexity as the sequence length increases. Generalizi

from Eq. [22], however, we can infer that$ in the offset-
toggled framewill not equal zeroexcept for pairs of dipolar-
#1(t) = 2 wi(cosdl, + singl,)  during pulse coupled spins that are exactly on resonance.
=1 of phasep. Despite the difficulties of deriving analytical expressions, i
is possible to evaluat#” numerically. The result would be an

Following standard formulas for the Magnus expansio‘:ﬁ(watIon of the form

(2, 4,7, 22-2% % can be evaluated by piecewise integration
of #4(t). The result is

N

B 1 N X,Y,Z
O = Ejkzl die 2 Aup(8, 8914 o [23]
_ 1 _ _ _ _ B £k a,pB
W = 3 ImFH@Q+ A+ 7T+ T+ T )
whered; and§, are the resonance offset frequencies ofjthe
[21] andkth spins, respectively. By analogy with the offset scaling
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WAHUHA MREV-8 the direction of the precession axis as a function of offse
frequency is also minimized with this choice of acquisitior
time.

Early studies of multiple-pulse decoupling sequence
(8,12, 14, 1% have demonstrated that line-narrowing perfor
mance measurably worsens when the spectrometer carrier
quency is not on resonance. Equation [23] and Fig. 3 symboli:
the explanation a zeroth-order calculation in the offset-toggle
frame provides for this effect, including the observation thz
line-narrowing performance depends on the sign of the offs
frequency. Unlike the zeroth-order theory in the toggling
frame, a zeroth-order analysis in the offset-toggled frame c:
be used to predict the functional dependence of the resoluti
on the offset frequencies. At least part of the offset dependen
of the spectral resolution is attributable to pulse errors ar
other instrumental imperfections, which we have not consic
ered. As we shall see in later simulations, however, most maj
line-broadening phenomena caused by the resonance off
interaction can be accounted for by the zeroth-order theory,
embodied by Eq. [23].

FIG. 3. Dipolar coupling scaling factob(§;, 6,) in the offset-toggled Theoretical models based on a second averagir
frame, plotted as a function of the resonance offsets of the two dipolar-coupled 7, 12, 13 of the dipolar interaction in the toggling frame
spins. (a) Symmetrized WAHUHA sequence with= 7. = 7.. (b) Asym- can in principle account for many of the nonlinear offset
metric WAHUHA sequence withr, = 0 and 7. = 2r.. (c) Symmetrized gependent phenomena observed in multiple-pulse decoupli
TRZEX'gnsgf“zngf with;, = 7. = 7.. (d) Asymmetric MREV-8 sequence with o, e iments. Nevertheless, an exact analysis of multiple-pul

’ ‘ 7 dynamics in the presence of a resonance offset interacti
reveals at least two difficulties with the traditional secont
n%veraging approach. The first is that the coordinates of tl
effective offset precession axis are not independent of tt
resonance offset, as has been assumed in second avera
treatments. While second averaging calculations can be mc

factor S, we define a normalized dipolar coupling constal
scaling factorD(§;, 6y):

XY,z ified to account for this effect, the results are considerabl
D(8;, 8 =6 Y2[> (A8}, 8)2]"2 [24] more complicated than have been previously assumed.
B The second difficulty becomes apparent when one conside

the situation where dipolar-coupled spins have different cher

The factor of 6" is required for normalization of the spinical shifts. Second averaging analyses, as previously form
operator part of the dipolar coupling Hamiltonian defined bikated, provide no guidance when coupled spins precess ab
Eq. [2]. different effective axes and with different effective frequencie

D(5;, 8,) is a scalar function that can be visualized as ia the observation frame.
hypersurface above thé( 6,) plane. A representative series
of th_ese hypersurfaces appears in Fig. 3. T_hese figures illustidig ation of a New Multiple-Pulse Decoupling Sequence
the imperfect performance of line-narrowing sequences away ~
from resonance. Even in zeroth order, the effective bilinearThe nonlinearity of#; in the toggling frame and its atten-
coupling deviates significantly from zero as the carrier fretant complications can be neglectedT is sufficiently small.
quency is moved off resonance. When the two spins haVle experimental requirement is a spectrometer that can ge
different chemical shifts, it is effectively impossible to null theerate decoupling sequences with cycle tinfethat are short
apparent homonuclear bilinear couplings with any of thesempared to the inverse of the offset frequencies. In fact, tf
decoupling sequences. suppression of nonlinear resonance offset dynamics often |

Together with Fig. 2, Fig. 3 also elucidates how the appeayuires cycle times that are shorter than those needed to ens
ance of a multiple-pulse spectrum is affected by the time in thieat %, ~ 0. Prominent deviations from linear behavior are
sampling window where the complex data are digitized. Fobserved in multiple-pulse spectra, even when the entire che
example, noting Fig. 3, one might infer that the midpoint of thigal shift range occupies no more than the middle 10% of
sampling window is a better place to acquire data than the esehjuence’s Nyquist bandwidth, and rapidly increase as NM
of the window for optimal line narrowing. The variability oflines move outside this rangé)(
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- < < %l 7 - v ol - 1/8
x|yl ¥y |yXly|x| X [X]y yIX| x [x[y|x[y| ¥ [¥X \l, %?):5(377*1)%5- [26]
){ T ){ T
I:I = 180° pulse [ =90° pulse These results were computed by integraﬁiﬁg{t) and §€a(t)

= during both windows and pulses.
FIG. 4. Pulse phases and timing of the EMSL-30 homonuclear decoupling Radiofrequency inhomogeneity can significantly impair the

sequence. One complex datum per EMSL-30 cycle is acquired at the paiffectiveness of multiple-pulse sequences. This interaction ¢

indicated by the arrow. The sequence duration, including windows, is equalﬁg modeled by a Hamiltonian of the form
30t,, with 7, = 7, = 3t, andt, = 90° pulse time.

#.(t) = 0 during free evolution,

The problems associated with the long cycle times and
nonlinear offset effects would be minimized if the toggling-
frame resonance offset Hamiltonigif,(t) commuted with
itself at all times. For Hamiltonian%(,(t) that are self-com-
muting for allt, the only nonzero term in the Magnus expan-
sion would be the linear terni©. wherex; is the spatial coordinate of thith spin. Evaluating the

For multiple-pulse decoupling sequences consisting of coeroth-order Magnus expansion term fift(t), integrating
catenated solid echo pulse groups, which include virtualver both pulses and windows in the toggling frame, we finc
every non-windowless sequence developed to détét) will
not commute with itself in the toggling frame. Also, for most FO = Q. [28]
cases of practical interest, the requisite short cycle times are ¢
difficult to achieve with current instrumentation; but even if
they were not, the duty cycles required, the power deposited ifEMSL-30 is fundamentally different from most previous
the sample, and the length of the acquisition times woufBultiple-pulse sequences in a number of respects: the windo
approach undesirably high values. We conclude that the dfi-EMSL-30 are a determinate length; EMSL-30 contains n
resonance dynamics of sequences composed of solid e€Abd echo pulse groups; EMSL-30 utilizes both 90° and 18C
pulse groups is highly nonlinear, even if the spectromete@'ses? and the effective resonance offset precession axis
performance is considered to be ideal. parallel to the rotating-frame-axis and does not deviate from

Based on these observations, we infer two rules to guide fiiés direction as the offset frequency is varied, provided éhat

development of improved decoupling sequences using a tGg-0-
gling-frame analysis: The free evolution periods in EMSL-30 can be altered c

inserted before the first pulse without changing the zerotl

1. It is desirable to have the effective precession axis loeder effective Hamiltonians displayed in Egs. [25], [26], anc
parallel to the rotating-frame-axis 6). Spectral artifacts will [28], provided that the sum of all free evolution periods equal
be reduced and the effective bandwidth of the sequence V@l Simulated and experimental tests indicate some variatic

N
H (1) = D) wy(X))(cosdl,; + sindly,) during pulse
j=1 of phasep, [27]

double if such a precession axis can be stipulated. _ in decoupling effectiveness as the durations of free evolutic
2. Pulses and windows should be arranged so #hgt) periods are adjusted. A key factor in optimizing the perfor
commutes with itself for all times. mance of the sequence is to ensure tH4? is zero when

_ integrating both to the midpoint and to the end of the sequenc
Given the need to ensure th#t, ~ 0, the second rule may Development of the earliest multiple-pulse decoupling se
seem impossible to obey. Higher order Magnus expansiqnences was guided by the realization that long, highly refine
terms that arise becaugé,(t) does not commute with itself decoupling sequences could be constructed by concatenat
can nevertheless be minimized by keeping the sequence cyHerter subunits that themselves H#d ~ 0 (1, 2, 7, 14, 15,
time short and eliminating windows in the sequence, especiaflg, 29, 33, which ensures that homonuclear dipolar evolutio
intervals wherej ;(t) # ;. is suppressed over both short and long timescales during |
Following these principles, we have developed a new mulhole sequence. By analogy with this past work, versions
tiple-pulse sequence called EMSL-30 (Fig. 4), after Bmei- EMSL-30 composed of subunits that periodically suppress tf
ronmentalMolecularSciencesLaboratory 86). The EMSL-30 homonuclear dipolar evolution within the sequence may k
dipolar and resonance offset zeroth-order Magnus expansixpected to be more effective than variants Witf? = 0 only
terms in the toggling frame are at the end of the sequence.
Windowless and semiwindowless homonuclear decouplir
_ sequences have been proposed by Buetial. (37), Liu et al.
P =0, [25] (38), and Hafner and Spies9). Unlike the windowless
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sequences, EMSL-30 contains gaps that permit sampling of the EMSL-30 BR-24 MREV-8
entire multiple-pulse transient in one scan. EMSL-30 is also

distinguished from these past sequences byzttgection of

its precession axis.

Hohwy and co-workers, who independently realized theZ
desirability of decoupling sequences with an effective preces- ‘ ‘ e i
sion axis parallel to the-direction, have recently proposed > A “ i H ‘
longer sequences with characteristics similar to those of A A : ‘
EMSL-30 @0, 41). Initial results reported by them indicate that ° g M | K M M
the decoupling performance of their sequences is comparabld L “ l | [
to the best of previous sequences, and is superior in certajs — _4_04“_0 - _i_o - = -
respects, such as decoupling uniformity over a range of offsets.

Their promising findings are consistent with the analysis pre- Unscaled frequency (kHz)
sented here, which implies that the advantages of having the

. . . sy . FIG. 5. Simulated EMSL-30, BR-24, and MREV-8 spectra of an isolatec
precession axis collinear with include other factors beS|destWO_Ioroton spin system with, — —,. Values ofs, are 0.0 kHz (a, e, i), 3.0

artifact suppression and broader bandwidths. kHz (b, f, ), 6.0 kHz (c, g, k), and 9.0 kHz (d, h, I). The EMSL-30 and
MREV-8 spectral, widths have been truncated to the middle 8.0- and 11.0-kt
sections, respectively, while the entire BR-24 spectral width is displayed.

SIMULATIONS

Methods and Parameters order are 55.24 kHz (MREV-8), 22.55 kHz (BR-24), and 56.3:

The simulated multiple-pulse NMR transients we report hekktz (EMSL-30).
were computed by numerically integrating the equations qf : .
motion of the density matrix4@, 43. The programs we have Two Protons withs, = s,
written to perform these calculations incorporate € objects Figure 5 shows simulated spectra of a two-proton, single
contained in the mathematical shell of the GAMMA libraryorientation spin system for EMSL-30, BR-24, and MREV-8
created by Smitlet al. (44). In every simulation shown below, The carrier frequency has been positionedsse= —5,. The
the Hamiltonian during rf pulses includes the dipolar anihterproton distance is 2.03 A and the magnetic field is pe
resonance offset interactions in additiontq. pendicular to the interproton vector in these calculations. The

In most multiple-pulse experiments, the sampling windosimulations reveal that the performance of EMSL-30 is sup
and 90° pulse width cannot be shortened below certain minier to that of BR-24 and MREV-8 in several respects. The firs
mum values. We have assumed that these minimum valuesiara its greater effectiveness in suppressing the dipolar splittir
4.8 us for the sampling window, and 146 for the 90° pulse of the two chemical shift resonances at nonzero offsets. Whi
width, for all simulations. Given these values, the MREV-& residual dipolar splitting is clearly observable in the MREV-
and BR-247 value, as corrected for finite pulse widtt® 85, and BR-24 spectra foé, = —8§, = 6.0 kHz, the EMSL-30
is 3.2 us, giving us MREV-8 and BR-24 cycle times of 38.4spectra show no reduction in line-narrowing effectiveness
and 115.2us, respectively. For EMSL-30, the 16 90° pulse resonance offsets 50% larger. A second feature to observe
width implies a cycle time of 48.0.s. In all cases, the data arethat the zero-frequency spin-lock “pedestal” and other spectr
acquired at the end of the last window of the cycle. artifacts are less prominent in the EMSL-30 spectra, despite t

Each EMSL-30 spectrum was obtained from two interferaise of a phase-cycling scheme in the calculation of the BR-:
grams, the first computed with a prepulse phase of 90° andwad MREV-8 interferogramsby.
receiver phase of 0°, and the second computed with a prepuls€or all three sequences, associated with an increase in
phase of 270° and a receiver phase of 180°, and the resolftiset difference 8, is the formation of a splitting in the
were added. The flip angle of the prepulse wa2 in both resonances of the two protons. This splitting is the manifest
cases. The simulated BR-24 spectra are products of a two-diep of the incomplete suppression of the two-proton dipols
phase cycle®) that minimizes the DC and image frequencynteraction and the growth Gk, as the offsets increase. In the
artifacts caused by the tilted axis precession of the magnetizase of MREV-8, the growth 0¥, is indicated, in zeroth
tion. Similarly, the MREV-8 spectra are products of a four-steprder, by the antidiagonal of Fig. 3d.
phase cycle. The versions of BR-24 and MREV-8 programmedEMSL-30 has two additional advantages over BR-24 an
in these simulations are shown in Table 1. MREV-8 that are not visible in these or the succeeding simt

The range of frequencies that are contained in spectra ddted spectra. The first is that 100% of the spin magnetizatic
tained with these sequences can be estimated from the offsmttributes to the spectral intensity of an EMSL-30 exper
scaling factors given in Table 1 and Eq. [26]. For the cyclment, while about 68 and 60% of the magnetization is pre
times specified above, the scaled spectral widths in zerstbrved in BR-24 and MREV-8 experiments, respectively, afte
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EMSL-30 BR-24 MREV-8 MREV-8 is the most effective in suppressing the residuc
splitting of the three sequences. This is partly explained
a NL n : Lo A ﬂ observing that MREV-8 has the shortest cycle time, and s
. ﬂ i n o these simulations actually almost satisfy the coherent avere
* ing assumptionT * > & over the entire offset range. The
c h j H q ‘ relative magnitude of, in the offset-toggled frame may be
estimated, in zeroth order, by considering the diagonal of Fi
d h K ' r ] 3d. This figure reveals that within the range of offsets shown i
' ‘ A Fig. 6,%, is scaled to less than 10% of its undecoupled valu
e ' s and thus does not produce a splitting that can be resolved in t
simulation.
[ LI |
QJ o o Two Protons withs; = 0,8, # 0
4.0 0.0 -4.04.0 0.0 -4.0 5.0 0.0 -5.0 We conclude from Fig. 6 that in the absence of puls

imperfections and chemical shift differences of coupled spin
the carrier frequency should be tuned exactly on resonan
FIG. 6. Simulated EMSL-30, BR-24, and MREV-8 spectra of an isolate¥ith the NMR lines for optimum decoupling. In Fig. 7 we
proton pair spin system with, = §,. Resonance offsets are9.0 kHz (a, h, examine the performance of these sequences if the two coup
0); —6.0 kHz (b, i, p);=3.0 kHz (c, j, g); 0.0 kHz (d, k, ); 3.0 kHz (e, I, s); spins have different resonance frequencies and one spin is
6.0 kHz (f, m, t); and 9.0 kHz (g, n, u). resonance.
For all three sequences, obvious spectral distortions appe
. . o ) ) as early a®, = +3.0 kHz. The off-resonance line is the most
phase cyc;lmg. There is a loss in signal mte_nsny_for.the lattgistorted in the EMSL-30 and BR-24 spectra, but for MREV-¢
two experiments because a fraction of the signal in single-SGa&@ on-resonance line has a larger residual splitting than t
BR-24 and MREV-8 spectra is contained in undesired artifagf.resonance transition.
lines ). These artifact signals are canceled by the phaserpese results suggest that the resolution of a single res
cycllng, but Fh|s procedure results in a partial subtraction gince in a multiline spectrum may not always be improved k
signal intensity. The second unseen advantage of the EMSLigfling the spectrometer frequency to the desired line if tr
sequence is that it has a larger effective bandwidth than thgonant spin is strongly coupled to spins that are far o

other two sequences. While the cycle time of MREV-8 igsonance. In cases where strong couplings between spins v
shorter in these simulations, the range of offsets that can be

contained in an EMSL-30 spectrum is slightly larger than that
for MREV-8 due to the smaller offset scaling factor of EMSL-

Unscaled frequency (kHz)

. . EMSL-30 BR-24 MREV-8
30. Without the use of phase cycles, the effective spectral
width of the BR-24 and MREV-8 experiments is halved, anda A | [ NN I | |
the advantage of EMSL-30 would be even greater. i ﬂ \ o |
b M
Two Protons withs, = 6, c U ] ‘ A q l

Simulated spectra of two dipolar-coupled protons with iden-
tical resonance offsets are shown in Fig. 6. Besides the reso-
nance offsets, all other parameters are the same as those 4
Fig. 5. The decoupling of the two protons by EMSL-30 in the ¢ u
range—3.0 = 8, = 3.0 kHz is essentially complete. Spectral
artifacts cannot be seen without substantial vertical expansioh—A
of the baseline, even for the larger offsets. The major distortiorﬂ
to appear at higher values 6f is the formation of a residual 3
dipolar splitting.

The dipolar splitting is suppressed for a slightly wider range Unscaled frequency (kHz)
of frequencies by BR-24. Although the line does not divide
over this range, the intensity of the unsplit line decreased!G- 7- Simulated EMSL-30, BR'-24, and MREV-8 spectra of an isolatec

.. L two-proton spin system. One proton is exactly on resonance, and the resona
visibly, even _fOI’ offsets within=3.0 kHZ' Also, the zero- offset of the second proton is 9.0 kHz (a, h, 0); 6.0 kHz (b, i, p); 3.0 kHz (c
frequency artifact can be clearly seen in every off-resonance): 0.0 kHz (d, k, r);—3.0 kHz (e, I, s):—6.0 kHz (f, m, t); and—9.0 kHz
spectrum. (g, n, u).
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EMSL-30 BR-24 MREV-8 the three-proton simulations, for_, = 2.03 A andbelow, all

three sequences appeared to be effective in suppressing
two-spin homonuclear dipolar evolution for a range of offsets
| ‘ This finding reveals the significant influendéspin correla-

J tions, N > 2, may have in determining the resolution of

multiple-pulse spectra for spin systems with more than tw
strongly coupled spins, and suggests that relatively sm:

changes in the geometry of the proton network can result
major differences in decoupling performance. Past investig
ok v ﬂ “ﬂ )i tions on two-spin systems, such as experiments on gypst

single crystals45), provide some evidence that strong dipola
interactions may in fact be more readily eliminated by multi

B M%MLMW )M_ A Ll ple-pulse sequences when the spins are coupled in pairs rat
3.0 0.0 -3.

..... 3‘0 4‘.0 ‘ 0..0 ‘ 40 5j0. — .010. — 50 than in Iarger networks.

Unscaled frequency (kHz) EXPERIMENTS

FIG. 8. Simulated EMSL-30, BR-24, and MREV-8 spectra of an isolated

three-proton spin system. The protons form an equilateral triangle, with fethods and Parameters

interproton distance of 3.23 A (a, e, i); 2.56 A (b, f, j); 2.03 A (c, g, k); and 1.61

A, h. Experimental results were obtained on a Chemagneti
CMX Infinity console, operating at a proton Larmor frequency
of 299.99 MHz. A Chemagnetics CRAMPS probe was used ft

large chemical shift differences exist, the optimal position f@ll experiments. The rf pulse times and phases were tuned &

the carrier frequency may be at some intermediate frequencglibrated according to standard proceduré8—49 on the
proton resonance of poly(dimethylsiloxane) (P(DMS)). Tht

Three Protons 90° pulse width was 1.as, and the MREV-8 and BR-24 cycle

. . . . times were 48.0 and 1443, respectively, with short and long
The effects of higher order spin correlations on decouP“Q/gindow lengths adjusted for finite pulse widths as reported &

performance are considered in three-proton simulations repre- "~ i i .
sented by the spectra in Fig. 8. These simulations also revé}iﬁhrmg (85). Data for the MREV-8 and BR-24 experiments

. . . . ere acquired at the ends of the long windows, immediate
the distortions that develop in multiple-phase spectra as the : .
. N . _before the first pulse of the next cycle. The versions of BR-2

homonuclear dipolar coupling increases. In these calculations, . . . o
. . _and MREV-8 implemented in these experiments are specifit

the three protons are assumed to be positioned at the vertices .
in Table 1. Four- and eight-step phase cycles were employed

an equilateral triangle, with the magnetic field pointing orthoglhe BR-24 and MREV-8 experiments, respectively, to suppre

onally to th‘? planfa deﬂ_ned by th_e three protons. The IorOtO%rsﬁfacts caused by the tilted axis precession of the magneti:
are magnetically inequivalent, with resonance offsets of 1.

B . . . 1ion (6). A four-step phase cycle of the prepulse and receive
1.5, and—4.1 kHz. The values of the dipolar couplings in hases was used in the EMSL-30 experiments.

crease in the ratio of 1:2:4:8 going from spectra (a) to (d). THe Levitt and co-workers49—51 and Waugh 18) have previ-

Fhucl)zi fs(;qgizn%e parameters and phase cycle are the Sam(gausfl described ways to improve the performance of cycli

L . heteronuclear liquid-state decoupling sequences. These me
All three sequences are effective in suppressing the homo- . : . : e ;

) . . . , Pds consist of iterative rules for grouping modified versions ¢
nuclear dipolar interaction for internuclear distances down aodecou lina sequence to form lonaer sequences called su
2.56 A. The zero-frequency artifact is seen in the MREV-8 anCd les IE)/Iosgc ofq[he specific rules ?he d(lvelo od cannot E
BR-24 spectra, even for couplings and offsets that are smales P y P

compared to the inverse cycle time. With slight expansion gapted for homonuclear decoupling sequences such

. : : . ... MREV-8 or BR-24, but some of the ideas can be applied t
the vertical scale, mirror image artifacts also become visible IE}\/ISL-SO For example. error terms in the effective dinolar an
the BR-24 and MREV-8 spectra. : pe. P

As the internuclear distance is decreased to 2.03 A aﬁq'ft Hamiltonians of EMSL-30 with the transformation prop-

. . T . er
below, there is a rapid degradation in line-narrowing perfor-
mance of both MREV-8 and EMSL-30. BR-24 performs better

in the strong coupling simulations, but the resolution is af- R(m# R, (m) = —%. [29]
fected, too, by the decrease in interproton distance from 2.56 to
2.03 A. can be eliminated to zeroth order by concatenating EMSL-

All of the two-proton simulations shown in Figs. 5—7 weravith a version of itself modified by a shift of the phases of al
computed assuming an internuclear distance of 2.03 A. Unligelses of 180°. Similarly, error terms obeying the equality
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R(m/2)# R, Y(wl2) = —%,. [30] 20

are eliminated to zeroth order by concatenating EMSL-30 with %
a version of itself modified by a shift of the phases of all pulsesz

by 90°. A zeroth-order analysis of the EMSL-30 error terms %)
would suggest, therefore, that the supercyRl® .P.,,Ps., -

whereP, denotes an EMSL-30 sequence with all pulse phasesg

shifted by¢ radians, would achieve a decoupling performance @
that was superior to a single EMSL-30 cycle. We have indeed

found that the spectra are significantly improved by substitut- .20 . . . : . L
ing the EMSL-30 supercycle (which we denote EMSL-30s) for -180 0 180
EMSL-30. In this paper, we show only EMSL-30s experimen- 8T, degrees

tal results. Despite the longer cycle time of EMSL-30s, the
interferogram was acquired at the rate of one point per
EMSL-30 cycle, or four points per EMSL-30s cycle, thus 10
preserving the bandwidth of the original EMSL-30 sequence.

T T T M s v T T T

=
=
s
e
Frequency Offset Measurements 7))

)-

The scaling of NMR frequency offsets by multiple-phase & -5
sequences was experimentally determined by measuring th%
position of the proton resonance of P(DMS) relative to the ~~ -10
spectrum center as a function of the spectrometer carrier fre-

quency. We have compared the predictions of the zeroth-order 360  -180 0 180 360
coherent averaging theory with experimental results for 8T, degrees

MREV-8 and BR-24 (Fig. 9) by plotting thdeviationof the
measurements from the zeroth-order theoretical values,

evaluated with circles are experimental data and bars are full-width half-height linewidth:
Solid curves are the deviations calculated using the exact theory.

FIG. 9. Deviation from linearity of the frequency shifts observed in
I\ﬂ?EV—S (top) and BR-24 (bottom) experiments as a functiors®f Filled

— (b3 _ g0
A=(8" STo)T, [31] Solid-State Proton Spectra

Figure 10 shows EMSL-30s, BR-24, and MREV-8 protor
where 8§ is the measured offse8 is the zeroth-order spectra of a dimethylnaphthalene single crystal measured
coherent averaging theory scale factor, ahds defined by three different carrier frequencies. The same number of sce
wppus) — Wy The zeroth-order scaling factors for MREV-8 andvas acquired for each spectrum.

BR-24 were calculated using the equations of Buretral. The resolution of the EMSL-30s and BR-24 spectra is con
(37), which include a correction for finite pulse widths. parable, and the resolution of the MREV-8 spectra is the wor
The discrepancy between the experimental results and tifethe three. The BR-24 and MREV-8 spectra in all case
zeroth-order theoretical predictions is systematic, and canmointain a pronounced zero-frequency spike indicative of tt
be explained by experimental error or an incorrect choice of tircomplete cancellation of the “pedestal” signal by the phas
scale factor. Pulse imperfections, which were quantified duricgcle ©). This artifact is absent in the EMSL-30s spectrum.
the tuning procedure, are not of sufficient size to account forAn important advantage of multiple-pulse sequences lik
the discrepancy. The nonlinearity of the measured frequenESL-30s havingit” « 3, is demonstrated by the intensities
offset is particularly significant at the extrema of the spectruraf the EMSL-30s spectra compared to the intensities of tt
where the zeroth-order approximati®n' > & does not hold. other two sequences. Although each spectrum represents
As shown by the solid curves in Fig. 9, the nonlinear offseame number of scans, the EMSL-30s spectra clearly cont:
calculated using the exact theory correlate well with the eriore signal than the BR-24 and MREV-8 spectra. As dis
perimentally measured offsets over the entire Nyquist banclissed above and elsewhe®, Gignificant amounts of signal
width of the multiple-phase spectrum, even near the ends of theéensity in MREV-8 and BR-24 spectra are lost in the form o
spectrum where nonlinear effects are greatest. The agreemergvoidable spectral artifacts. EMSL-30s is not afflicted b
between theory and experiment is further improved as the ddlyese artifacts, and thus EMSL-30s spectra contain consids
cycle and the 90° pulse width are decreased. ably more useful signal than MREV-8 and BR-24 spectra.
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FIG. 10. Mutiple-pulse proton spectra of a dimethylnaphthalene single crystal. The carrier frequency increases in 4-kHz increments from left to rig|
decoupling sequences were EMSL-30s (a, b, c), BR-24 (d, e, f), and MREV-8 (g, h, i). The position of the carrier frequency in each spectrum is at C

Figure 10 shows only a fraction of the total spectral widths CONCLUSION
acquired in these spectra. Based on the zeroth-order scaling
factors, the range of offsets that can be observed in the experThe critical first step in a coherent averaging theory analys
imental spectra can be estimated to be 56.3 kHz (EMSL-30s§, multiple-pulse dynamics is the choice of an interactiol
18.0 kHz (BR-24), and 44.2 kHz (MREV-8). For higher fieldepresentation. In making this decision, the main task is
measurements or nuclei with larger chemical shift ranges, suttifferentiate between interactions that have a large, eas
as™F, the increased spectral width will be an attractive featuemalyzed effect on the spin system’s dynamics and those tt
of the EMSL-30s experiment. have a small, perturbative effect.

The results displayed in Fig. 11 confirm that EMSL-30s Low-order coherent averaging theory approximations au
works equally well in CRAMPS application$Z%, 53. Each accurate when the terms in the perturbation HamiltoMare
spectrum in this figure is the sum of an equal number of scassall in both the original framandthe interaction frame. The
While the EMSL-30s lines appear to be wider at the base thdiscrepancy we have discovered between coherent averag

BR-24 resonances, the half-height linewidths are less. theory results and exact calculations arises because the re
m ° J/\j\w
fmﬁqu~Aﬂﬂwv d «_ﬁJLMAAA&M___
IS IO 'Y
8.0 ' 0.0 ' 8.0 8.0 ' 0.0 ' 8.0

Scaled frequency (kHz) Scaled frequency (kHz)

FIG. 11. Proton CRAMPS spectra of fumaric acid monoethyl ester powder acquired with 1 kHz sample spinning. The carrier frequencies increase b
from left to right. The decoupling sequences were EMSL-30s (a, b), BR-24 (c, d), and MREV-8 (e, f). The position of the carrier frequency in eath sp
is at 0.0 kHz.
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nance offset is a small interaction in the rotating frame butantained in a chemical shift range that is narrow relative to tt
large interaction in the toggling frame (comparedd) if %, Nyquist bandwidth, the resolution of on-resonance BR-2
is included in part o¥. In cases where it is found thdtis not spectra is still as good or better than EMSL-30 spectra obtain
small relative tol ~*, one must question the validity of approx-with current spectrometer technology.
imating V with only low-order terms, or else reevaluate the The off-resonance effects reported in this paper will becon
specification of the interaction representation. increasingly prominent in future NMR experiments performe
In this paper, the latter approach is followed. We havat higher fields on improving instrumentation. Gains in resc
determined from this treatment that spectra obtained by midtion and sensitivity will not be commensurate unless ne\
tiple-pulse homonuclear decoupling methods become signgequences with better off-resonance characteristics are devis
cantly distorted when the spectrometer carrier frequency is offCoherent averaging theory and the concept of effectiv
resonance, even if the spectrometer’s performance is otherwitmmiltonians have influenced the analysis and formulation
ideal. The magnitude of many of these distortions, includirtgne-domain magnetic resonance experiments beyond the or
residual dipolar line broadening, nonlinearity of offset freinal applications in homonuclear decoupling sequences in s
quency scaling, and tilted axis precession artifacts, can iols. Some examples include multiple-quantum NMR exper
quantified in the offset-toggled frame over the entire Nyquistents 60), solution-state heteronuclear decoupling sequenc
bandwidth, which is not readily accomplished in the traditionl8, 49-51, 6], numerous multidimensional NMR mixing
toggling frame. schemes43), zero-field NMR in high field 48), and rf-driven
In investigating the off-resonance dynamics of nuclear spiegectron spin echo envelope modulation (ESEEM) spectro
during multiple-pulse irradiation, simulations can be an importaobpy 62). As is the case in decoupling experiments with the
aid. In experimental studies, many difficult-to-quantify factorshemical shift Hamiltonian, the goal in many of these exper
affect the observed outcome, including pulse imperfections, nanents is to specify and maximize an effective Hamiltonian thz
ideal instrument performance, and relaxation effects. Furthes-different from the rotating-frame Hamiltonian. It has beel
more, it is usually not feasible to vary systematically certaidemonstrated here that there is potentially an inconsistency
parameters, e.g., chemical shifts and spin—spin couplings, asscaleulating large, nonzero effective Hamiltonians with low-
ated with the sample in order to elucidate the influence of theseler approximations, except for the shortest cycle times.
quantities on dynamics. The combination of these factors inteembination of exact calculations, numerical simulations, an
feres with attempts to isolate the effect of a single interaction, suehaluation of higher order terms is essential in these situatio
as the resonance offset. Time-domain simulations are an app&al-determining if the deviation from the desired effective
ing alternative for such investigations. Hamiltonian is significant and affects experimental observ:
NMR spectrometer design has been a prime focus of effotisns.
to improve the performance of multiple-pulse experiments.
Unless the spectrometer, probe, and transmitter are well de- APPENDIX A
signed and tuned, instrumental deficiencies will indeed se-
verely limit the resolution that can be observed in a solid-stateln this appendix, we prove two propositions about the rote
homonuclear decoupling experiment. As calculations in tii@n matrixR,(y) given in Eq. [8]: (@) and 8 are independent
offset-toggled frame, exemplified by Fig. 3, indicate thougt®f the values ofr, andr,, provided that the sum, + 7. is held
spectrometer performance will not be the ultimate resolutiofixed; and (b)S and B are invariant with respect to a change in
limiting factor for dispersed spectra obtained with WAHUHAthe sign ofé.
MREV-8, BR-24, or related sequences. On a well-tuned NMR To prove (a), we consider two rotation operators of the forr
spectrometer, further improvements in off-resonance decdiven by Eq. [8]:
pling results will only be achieved by utilizing sequences such
as EMSL-30 based on different design principles. R (1) = R(87¢1) Ry(7/2) R (879 R(7/2) R(7)
EMSL-30 is superior to previously described sequences in
other respects, in?:luding b[;ndwidth),/ sensitivity, anqd freedom X Ry(w/2) R{(879 Ry(m/ 2) Ry(8y,), [Al]
from tilted axis precession artifacts. Multiple-phase decoupling R,,(yr,) = R,(87¢,) Ry(7/2) R(879) R/(7/2) R,(87)
sequences having an effective precession axis parallel to the
rotating-framez-axis will also be preferable in 2D experi- X Ry(m/ 2) R(879) R/ 2) R/(875), [A2Z]
ments, such as heteronuclear correlation measuremets (
57), homonuclear dipolar shift correlation experimenss)( with
and solid-state COSY method43, 59. On the other hand,
BR-24, which is designed to be self-compensated for pulse Tert To1 = Te2T T2 [A3]
sequence imperfections, seems to achieve better line narrowing
when spectrometer performance is deficient, especially néaom Eq. [A3], we can writer,; = 7y, + 7, @and Ty = Te, —
resonance. For multiple-pulse spectra with all of the lines, and
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R.(¥1) = R(874) R, ($2) R, (87y). [A4] _

% 0 =

d1l—
Waugh (8) has shown that from the matrix form Bf,(¢,) in
the irreducible representation of the rotation gr&@i(2) (63),

one can computé, via the relationship
llll =2 Cosil(gll 2)1 [A5] g_e(o)
d2

where(, is the trace oR, (¢1,). Since, by Eq. [A4]R,,({,) and
R.,(1,) are related by a similarity transformation, their traces
must be equal, angt, = ¢, by Eq. [A5]. A similar argument
can be constructed to shogi = B,. By hypothesisg. i, Ty1,
Te» and 7, can have any values, subject to the constraint
represented by Eq. [A3]. Thus, Proposition (a) is provednd
B are independent of the valuesgfand ., provided that the
sumr, + 7. is held fixed. From Eq. [12], we infer that the same
statement applies t6.

The equalitiesy, = ¢, andB, = B, both derive from a more
fundamental property of rotation operators,

RrX(X) Rr(‘l’) Rr_Xl(X) = Rr'(d]): [AG]
with r’ = R, (x)r.

Proposition (b) follows directly from (a). The quantiti€s
andp are invariant with respect to a change in the sigd far
at least one combination af and . valuesyviz., 7, = 7.. We
have discussed earlier how this invariance derives from
the symmetry of the WAHUHA toggling-frame Hamilto-
nian, #(t), and seen in Fig. 2 the confirmation thatand S
are even functions odT. If 8 andS are even functions 3T
for one pair ,, 7o) values, however, then they must be even
functions of 8T for all pairs of @, 7.) values, provided that
7, + 7. is fixed, since all curves for fixet], + 7. must coincide
by Proposition (a). This proves Proposition (b).

As exemplified by Eq. [14], odd-order terms in the Magnus
expansion of the WAHUHA toggling-frame Hamiltonian
d€s(t) are not zero whem, # 7.. Based on this observation,
one might expect thgs andS could not be even functions of
8T unlesst, = 7.. It is interesting to observe, therefore, that
this expectation is incorrect. We conclude that while individual
odd-order terms of this operator expansion are not zero, the
sum of the odd-order terms must converge to zero foall
Unlike a Fourier or Chebyshev series, the convergence of the
sum of odd-order Magnus expansion terms to zero is possible
because: (1) the function that is being expanded does not
commute with itself at different times; and (2) each term in the
expansion is not orthogonal to all of the other terms.

0 (0)
g =

APPENDIX B

99, %%, and ¥ in Eq. [22] can be calculated by straight-

forward applications of known formulag)( The results are where§;, =

1
2,2, Gd2llac-

[

Mz

2,

1
2 E i (141 4COS &:COS &1y —

jk=1
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N

SiNAj1 — &) (gl + 1yl

k:
j#k

+ (gjl

X (Ileyk_

&q) '[cog§ —
ijlxk)}a

i) — 1]
(B1]

jk{_|zj|zk5ind§j2 — &)

X
**u

] k

+ Iyilud 2 singjisin &y — sind €, — &)
X €08 ;€08 & ] + Il {2 coséjcoséy
— sind &, — &)sSin &sin &
+ Ll 2 singjcoséy + sind§, — &)
X €0S&;Sin €] + 11l 2 coséjisin &y
+ SiNd§j, — &) SiN §:C0S ] + (&, —
X [cog &), — &) — 1111 wc0Sék
Lilyisin &iq — Iyl ac0s &1 + 1yl sin 1)1,
(B2]

&o) 7t

N

XJ kaOS g] 1S|n gkl
j#k

— Iyl 4Sin &;C08 &y + 1yl sin &sin &)
SiNd(§js — &a)SiN &SN §i2]
+ (lcoséj; — 1y;sin &1)1,d 2 cOséj,Sin &y,

+ sind &3 — &xs)Sin &;,C08€,]

+ (14€0S &y — 1y Sin €)1, 2 sin &,c0s €y,

+ sind &3 — &) COSEjpsin &)

+ 141,42 sing,sin &, — sind§j3 —
Sindfjs — &)

X [14j1,4C0S £;1€0S &y + 1l SN £,C0S &y

X [2 cos§,coséy, —

§k3)
X COS§;,C0S &y,] —
+ 1yl €0S &1SiN &g + 1yl 4 SiN €;1SiN 4]
— (3 — &) '[cod &z — &) — 1]
X [1,4c08&o(1yc0S &)1 + 14sin &)
— 1,,c08&,(1 KOS €yy + 1ysin &)
— Sin &1 ;1408 &1C0S &y + |yl 4 SiN £;;C0S
— Iyl oS &1Sin &y — 1yl usin &4sin &)
+ Sin &(1 41 K0S &1COS &4y + |4l uCOSEj3Sin &y
= lylysSin &:€08 &y — 1yl wsin &4sin &) 1},

(B3]
6, and &y, =

oo, N =1, 2, 3.
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