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A new decoupling scheme termed “synchronized adiabatic de-
coupling” is developed for use in the indirectly detected dimen-
sion. After each increment, the decoupling sequence is replaced by
another one with different period T or different initial period T ini

so that sampling always occurs at the end of a complete decou-
pling period. The effects of J coupling are therefore completely
averaged out for all data points. As a result, all decoupling side-
bands disappear and the center band increases correspondingly.
Since the synchronized adiabatic decoupling does not require
conventional editing techniques to cancel the sidebands, it is useful
in high-field gradient-enhanced multidimensional experiments
with only a single scan per increment. © 2000 Academic Press

Key Words: synchronized adiabatic decoupling; dynamic puls-
ing scheme; synchronized sampling; adiabatic decoupling; decou-
pling sidebands.

INTRODUCTION

A RF pulse train, composed of repetitive pulses, is c
monly employed in traditional spin decoupling (1). The quality
of decoupling relies on how the pulses manipulate the
interactions (J couplings for instance) under unfavorable c
ditions, such as large offset, inhomogeneity of the RF field
low RF field strength.

For decoupling sequences with constant RF field strengf 1,
such as MLEV-16 (2), WALTZ-16 (3), and GARP (4), the
decoupling rangeDf is proportional tof 1 or f 1rms, while for
adiabatic decoupling it is proportional tof 1rms

2 . To understan
this, we consider first an arbitrary decoupling sequence
constantf 1. The rotational anglew i and axisni of the i th pulse
n the sequence can be expressed as

w i 5 2p Îf 1
2 1 D 2t i 5 2pf1Î1 1 ~D/f1!

2t i, [1a]

nxi 5
f1xi

f1Î1 1 ~D/f1!
2 5

cos~u i!

Î1 1 ~D/f1!
2 , [1b]

nyi 5
sin~u i!

Î1 1 ~D/f1!
2 , [1c]

nzi 5
D

2 , [1d]

f1Î1 1 ~D/f1!
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whereu i andt i are the phase and width of thei th pulse, andD
is the offset. In Eq. [1a], 2pf 1t i 5 w i (D 5 0) is the rotationa
angle under on-resonance conditions. When the RF
strength increases fromf 1 to f91 the pulse width must decrea
accordingly fromt i to t9i in order to keep the on-resonan
rotational angle invariant, i.e.,

w9i~D 5 0! 5 w i~D 5 0! 5 2pf91t9i 5 2pf1t i. [2]

To keep both the rotational anglew i and the axisni (Eqs.
[1a–1d]) invariant, the offset also needs to be increase
cordingly fromD to D9 so that

D9

f91
5

D

f1
. [3]

With proper settings of all of the pulse widths (Eq. [2]),
overall rotation introduced by successive rotations of all o
pulses or, equivalently, the decoupling effect for offset5 D at

F field strength5 f 1 is then the same as that for offset5 D9
at RF field strength5 f 91 (Eqs. [1, 3]). It follows that th
decoupling rangeDf, which relates to the largest offsetDmax at
which decoupling result is acceptable, is proportional tof 1, i.e.,

Df 5 Jf1, [4]

whereJ is a constant and is termed the figure of merit (5–7).
or MLEV-64 (8), WALTZ-16, and GARP decoupling s
uences,J ' 2.2, 2.2, and 4.8, respectively.
For adiabatic decoupling, however, both pulse phase

mplitude change during the frequency sweep to mee
ondition of adiabatic inversion. As an example, we cons
he offset-independent adiabatic decoupling (9–11). To derive
uch a decoupling sequence, it is sufficient to constru
ecoupling sequence with the frequency sweepf(t) and the
mplitudef 1(t) of the pulse satisfying the relationship of (11)

Q
df~t!

dt
5 2pf 1

2~t!, [5]
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111SYNCHRONIZED ADIABATIC DECOUPLING
whereQ is the adiabaticity factor (12). Integrating both parts o
q. [5] over the decoupling period, one obtains

Df 5
2p

Q
Tf1rms

2 , [6]

where f 1rms 5 (1/=T)=* 0
T f 1

2(t)dt is the root-mean-squa
value of the RF field strength. For constant RF fieldf 1 5 f 1rms.
A similar result as Eq. [6] was derived in Ref. (6).

For adiabatic decoupling, the figure of meritJ can be
defined by the ratio ofDf to f 1rms

2 , i.e.,

Df 5 Jf 1rms
2 . [7]

Comparing Eq. [7] with Eq. [6], we find that

J 5
2pT

Q
[8]

or the offset-independent adiabatic decoupling.
From Eqs. [4] and [6], one can see that adiabatic decou

as a much higher decoupling efficiency than the traditi
ecoupling schemes with constantf 1, especially for broadban

decoupling (7, 11, 13–18). As a matter of fact, the adiaba
decoupling has reached the highest decoupling index (n 5 2),
defined by the relationship ofDf 5 J( f 1rms)

n (18). In addition
the adiabatic decoupling is much less sensitive to the inh
geneity of the RF field, which is one of the most impor
factors to be considered in pulsed NMR.

In theory, spin interactions are minimized on average on
the end of decoupling periods for most decoupling sche
i.e., the propagator, which governs the evolution of the de
operator (19, 20),

FIG. 1. Adiabatic decoupling phaseq(t, t) (0 # t # 2T) for spin-flip
corresponding FID(t) } cos[q(t, t)] with a sampling dwell time of 0.5 ms
T/ 2, T, and 3T/ 2 for spin inversion timet 5 T/4, T/ 2, and 3T/4, respect
g
al

o-
t

at
s,
ty

L~T! 5 T expF2i E
0

T

2p~JIzSz 1 DSz

1 f1x~t!Sx 1 f1y~t!Sy!dtG
< 1, [9]

over a certain range ofD, whereT is the Dyson time orderin
operator.

In practice, however, sampling has to occur during
decoupling periods to meet the Nyquist frequency (21), espe
cially for adiabatic decoupling with relatively long decoupl
period. This nonsynchronized decoupling introduces de
tions for those sampling points acquired not at a multiple o
decoupling periods (2nT for adiabatic decoupling). Fort
nately, these deviations will be corrected at the end o
decoupling periods (Fig. 1). Therefore, there is no long-
accumulation effect. Nevertheless, the periodic devia
causes severe sidebands in adiabatic decoupling and
quently reduces center band intensity. The sidebands c
cancelled effectively by properly editing the spectra obta
with different decoupling sequences or periods (22, 23). To
eliminate the sidebands forn 5 62, a minimum of two scan
are required and forn 5 62 and n 5 64 four scans ar
necessary. The intensity loss of the center band cann
recovered by this method. The sidebands forn 5 61,
63, . . . , which have zero intensities under on-resonanc
coupling conditions, can be minimized with proper ini
adiabatic decoupling (24).

The decoupling sidebands can also be reduced signific
by varying decoupling periods within a single decoup
sequence to spread out the sidebands in a broad range (25). To
make it effective, this decoupling usually requires a long c

curring att 5 T/4, t 5 T/ 2, andt 5 3T/4, respectively (top), and the
lid circles), where spin–spin relaxation is neglected. The FIDs are refo
y, and they are all refocused at 2T.
oc
(so

ivel
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112 ZHANG AND GORENSTEIN
time, making the scheme impractical in multidimensio
NMR, especially in the indirectly detected dimension.

Sampling only at the end of decoupling periods is referre
as synchronized decoupling. It is limited only to a ra
narrow spectral window for synchronized adiabatic decoup
in the directly detected dimension due to the long decou
period. In the indirectly detected dimension, however, a
each increment there will be an acquisition time and a re
ation delay of hundreds of milliseconds to seconds th
sufficient for substitution of a new sequence. In this way,
sampling point corresponds to its own decoupling seque
which allows the data to be acquired at the end of a com
decoupling period. Consequently, all decoupling sideb
disappear and the center band increases corresponding
achieve this synchronized decoupling, each decoupling
may have different periodT or different initial periodT ini.

PRINCIPLES

For adiabatic decoupling, a complete refocusing ofJ evolu-
tion, disregarding the offsets, actually occurs at 2T (Fig. 1)
(24) assuming that the spin-flip during the frequency swee
instantaneous (22, 24). The instantaneous spin-flip is equi
lent to a strongp pulse applied at the time of spin inversi
The J evolution under the interaction of the adiabatic dec
pling for a time of 2T can be described by the density oper
ormalism (1, 24),

s~2T! 5 e2i ~2pJIzSz!~T2t!e2ipSxe2i ~2pJIzSz!Te2ipSxe2i ~2pJIzSz!tI x

3 ei ~2pJIzSz! t

eipSxei ~2pJIzSz!TeipSxei ~2pJIzSz!~T2t!

5 e2i ~2pJIzSz!~T2t!ei ~2pJIzSz!Te2i ~2pJIzSz!tI x

3 ei ~2pJIzSz!~T2t!e2i ~2pJIzSz!Tei ~2pJIzSz!t

5 I x, [10]

where the first spin-flip occurs att and the second one atT 1
t. Equation [10] shows that the density operators(2T) is
refocused no matter when theS spin flips (Fig. 1). One ca
show that, at timeT, s(T) is refocused only for on-resonan
decoupling, with theS spin inverted in the middle of the pul
period (t 5 T/ 2). Synchronized decoupling, therefore, sho

ccur at a multiple of 2T instead ofT.
It follows from Eq. [10] that the density operator can

expressed as

s~t, t! 5 I xcos@q~t, t!# 1 2I ySzsin@q~t, t!#, [11]

where the adiabatic decoupling phaseq(t, t) for 0 # t # 2T
is defined as (24)
l

to
r
g
g
r

x-
is
h
e,
te
ds
To

lse

is

-
r

d

q~t, t! 5 H pJt 0 # t # t
pJ~2t 2 t! t # t # T 1 t, 0 # t # T.
pJ~t 2 2T! T 1 t # t # 2T

[12]

Regardless of the inversion timet, q(t, t) has a period of 2T
and q(0, t) 5 q(2T, t) 5 0 as shown in Fig. 1.

The free induction decay (FID) can be calculated dire
from Eq. [11],

FID~t! } Tr$s~t, t!~I x 1 iI y!%

} cos@q~t, t!#. [13]

By varying the pulse periodT, it is not difficult to design
synchronized decoupling pulses except for a couple of in
sampling points with dwell time smaller thanT. These initia
points can be acquired with a strong decoupling pulse and
decoupling period (26). As an example, we consider a
experiment with a spectral width of 2 kHz in the indirec
detected dimension, which leads to a dwell time of 0.5 ms.
main adiabatic decoupling, referred to as main decouplin
the following, consists of a train of decoupling pulses wi
period of T 5 2 ms, which is too long for appropriate sy
chronized decoupling. To overcome the problem, two in
adiabatic decoupling pulses with the same periodT ini are in-
serted in the beginning of the decoupling pulse (23). As noted
above, the two adiabatic decoupling pulses refocus theJ phase
evolution (or J modulation) of all decoupling offsets. F
T ini 5 1 ms, the decoupling pulse [T ini][ T ini]-main decoupling
can be used as synchronized decoupling for sampling num
of 1, 5, 13, 21, and 8n 1 5(n $ 3), which corresponds to th
ampling times of 0, 2, 6, 10, and (8n 1 4) 3 0.5 ms

respectively. Similarly, forT ini 5 1.25 ms, the decouplin
pulse can be used for sampling numbers of 6, 14, 22, andn 1
6(n $ 3). Another six decoupling sequences withT ini 5 1.5,
1.75, 2, 2.25, 2.5, and 2.75 ms are needed for all the
sampling points as shown in Figs. 2 and 3.

EXPERIMENTAL

The main and all the initial adiabatic decoupling pulses
constructed as offset-independent adiabatic decoupling p
based on Ref. (11) with a 34-kHz frequency sweep and a ph
ycle of (0°, 150°, 60°, 150°, 60°) (27, 28) for the main
ecoupling. All the decoupling pulses have a WURST-2 s

1(t) 5 f 1max[1 2 sin2(bt)], 2p/ 2 # bt # p/ 2 (16). The
main adiabatic decoupling has a periodT 5 2 ms,f 1max 5 5.00
kHz, and f 1rms 5 0.61 f 1max 5 3.05 kHz. To satisfy th
condition of adiabatic inversion (11, 12), the RF strength fo
different initial periodsT ini is set according to the formu
f 1max(T ini) 5 =T/T ini f 1max (Eq. [6]), whereT and f 1max are the

eriod and field strength of the main adiabatic decoup
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113SYNCHRONIZED ADIABATIC DECOUPLING
respectively. For example, the RF strength for an initial
coupling with T ini 5 T/ 2 is f 1max(T/ 2) 5 =T/(T/ 2)f 1max 5
=2f 1max.

The adiabatic inversion profiles of all the decoupling pu
are tested first using the Bloch equations (29, 30) programme
in C language. The inversion profile provides a measure o
decoupling effects. An isolatedIS spin-12 system is often a
sumed in adiabatic decoupling. In the case that theS spin is
coupled to another spinS9, 13C–13C coupling, for example, th
effect of theS9 spin is barely noticeable (see Figs. 4, 5, and
This lies in the factor that theS spin, unlike the decouplin
with composite pulses, is inverted adiabatically by the effec
field f 1eff(t) 5 =D 2(t) 1 f 1

2(t), which is usually much great
han theJSS9 coupling between theS andS9 spins. Therefore
the local field (at theS spin) created by theS9 spin has little
effect during theS spin inversion.

Experiments were performed on a Varian Unit-Plus 6
MHz NMR instrument with a Varian 5-mm HCN triple-res
nance probe and a sample of15N- and 13C-labeled (–COOH i
unlabeled)N-acetylglycine in D2O. A gradient COSY se-
quence is employed, detecting the methyl protons (diag
peak) and decoupling the directly bonded13C.

Figure 4 shows the spectra of the methyl protons in thF 1

(indirectly detected) dimension from the traces of the grad
COSY spectra. Figure 4a is obtained with the main decou
of T 5 2 ms under on-resonance decoupling conditions.

FIG. 2. Adiabatic decoupling with decoupling phaseqa1(t, t 5 T/ 2) and
its FID(a) } cos[q(t, t 5 T/ 2)] sampled at a dwell time of 0.5 ms (so
circles) (top), and synchronized adiabatic decoupling with different decou
periods for different sampling points (bottom). The periodsT related to thei
decoupling phasesq areTa1 5 2 ms,Tb1 5 1 ms,Tb2 5 1.25 ms,Tb3 5 1.5

s,Tb4 5 1.75 ms,Tb5 5 2 ms,Tb6 5 2.25 ms,Tb7 5 2.5 ms,Tb8 5 2.75 ms
qb9 has aT ini 5 1 ms and a main decoupling ofT 5 2 ms. The initial five dat
points of FID(b) are calculated from the phaseqb1.
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idebands forn 5 62 at60.5 kHz appear as expected. Fig
b is obtained using synchronized adiabatic decoupling (S
ith a total of eight decoupling sequences of different in

g
FIG. 3. The FID(t 1) sampled in synchronizing with the decoupling p-

ods (except for several initial data points). To achieve synchronized deco
different initial decoupling periodsT ini are used for different sampling poin
and, to achieve constant adiabaticityQ, different initial decoupling amplitude
A ini are used for different periodsT ini. At t 1 5 6 ms, for example, the initi

ecoupling has a periodT ini 5 1 ms and an amplitudeA ini 5 =2Amain.

FIG. 4. Methyl 1H spectra ofN-acetylglycine in theF 1 dimension from
he traces of two-dimensional gradient COSY spectra with a single sca
ncrement and with on-resonance13C adiabatic decoupling (T 5 2 ms) (a) an
with SAD (b). In the directly detected dimension, a WALTZ13C decoupling i
used. A total of 128 increments and a spectral width of 2 kHz in tht 1

dimension are used in the experiments. The center peak is truncated a
the 31% level.
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114 ZHANG AND GORENSTEIN
periodsT ini (Figs. 2 and 3). Since all the FID(t 1) data points ar
cquired under synchronized conditions (except for a

nitial data points), the effects of theJ coupling are complete
removed. As a result, the sidebands disappear in the spe
and the central band is enhanced about 5%, which is almo
sum of the intensities of the sidebands forn 5 62.

The spectra shown in Fig. 5 are obtained with 4-kHz
resonance decoupling in thet 1 dimension and no decoupling
thet 2 dimension for both the main decoupling (Figs. 5a and
and SAD (Figs. 5c and 5d). In thet 2 dimension each peak
plit into two as plotted in Figs. 5a and 5b and 5c and 5d
o the J coupling. Both spectra in Figs. 5a and 5b sh
ntiphase between the sideband numbern and 2n, which is
ontributed mainly from the sine modulation of the te
I ySzsin[q(t, t)] (Eq. [11]). The antiphase sidebands betw
igs. 5a and 5b with the same sideband numbern come mainly

from the antiphase term 2I ySzsin[q(t, t)] (Eq. [11]). All the
idebands, no matter in phase or antiphase, are effec
uppressed using SAD as shown in Figs. 5c and 5d. How
ith proper decoupling in thet dimension the antipha

FIG. 5. Methyl 1H spectra ofN-acetylglycine in theF 1 dimension from
he traces of two-dimensional gradient COSY spectra with a single sca
ncrement and with 4-kHz off-resonance13C adiabatic decoupling (T 5 2 ms)
a and b) and with SAD (c and d). For both cases, no13C decoupling is applie
n the directly detected dimension. The peak in thet 2 dimension is split into
wo (a and b and c and d) separated by theJ coupling constant. The phases
he two peaks are different and are adjusted separately. A total o
ncrements and a spectral width of 2 kHz in thet 1 dimension are used in t
xperiments.
2

w

um
the

-

)

e

n

ely
er,

sidebands, but not the in-phase sidebands, int 1 dimension
vanish as shown in Fig. 4.

Due to the insufficient memory of the acquisition system
hold all the adiabatic decoupling sequences, SAD is act
performed with eight COSY experiments, each with a diffe
initial periodT ini, as discussed above. The final COSY data
constructed from the eight 2D data with a C program.

To perform the synchronized decoupling with a single ex
iment, one needs to either increase the memory of the a
sition system or develop a dynamic pulsing scheme (D
where the decoupling pulses, some other parameters, an
the whole pulse sequence can be changed after each sc

As in the MAS experiment with synchronized sampli
SAD is limited to a rather narrow spectral width in the dire
detected dimension, but DPS mentioned above can st
adapted to multidimensional experiments. After each sca
adiabatic decoupling pulse in the directly detected dimen
can be replaced as well with a new one of different perioT.
In this way, the sidebands in the directly detected dimen
will not be coherently added when performing Fourier tra
formation. Ideally, the reduction of sidebands will beni 3 nt
old, whereni andnt are the number of increments and num
f transients in a 2D experiment, respectively. The reductio
ideband intensities becomes even greater for higher d
ional experiments.
Figure 6 shows the spectra of the methyl protons in thF 2

(directly detected) dimension from the traces of the grad
HSQC spectra. Figure 6a is obtained with the main decou
of T 5 2 ms under on-resonance decoupling condition

ddition to the sidebands forn 5 62 at 60.5 kHz, the
idebands forn 5 61 at60.25 kHz appear as well. They a
eferred to as coherence sidebands and are caused mo

FIG. 6. Methyl 1H spectra ofN-acetylglycine in theF 2 dimension from
he traces of two-dimensional gradient HSQC spectra with13C adiabatic
decoupling (T 5 2 ms) (a) and with DPS (b). A total of 64 increments an
pectral width of 4 kHz in thet 2 dimension are used in the experiments.

center peak is truncated at about the 16% level.
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115SYNCHRONIZED ADIABATIC DECOUPLING
the antiphase and/or double-quantum coherences create
to the adiabatic decoupling (31, 32). Figure 6b is obtained wit
DPS of total 64 decoupling sequences of different periodT,
from 1/T 5 1000 to 370 Hz in10-Hz steps. After eacht 1

increment a new decoupling sequence in the directly det
dimension is substituted with a frequencyf 5 1/T as far apar
as possible to the previous and the following ones in ord
reduce interference. As expected, the sidebands are re
significantly, but the center band remains the same sinc
sidebands are spread out in a broad range, resemblin
scheme of varying the period in a single decoupling sequ
The advantage of this method over the varying period lie
that it can be used with short acquisition time in both
directly and the indirectly detected dimensions, especiall
multidimensional experiments with insufficient samp
points.

DISCUSSION

Unlike any other decoupling schemes, SAD completely
moves the effects of theJ coupling in the indirectly detecte

imension. As a consequence, all of the sidebands caus
he residualJ modulation are removed without editing te
iques and the center band is enhanced correspondingly
uitable for use in high-field gradient-enhanced multidim
ional NMR experiments with only a single scan per in
ent.
This scheme of synchronization can also be used in

xperiments where synchronized or stroboscopic sampli
equired in the indirectly detected dimension but the p
eriod is much longer than the dwell time. One of the ex

ments in solids is the separated local field experiment1),
where the period of the multiple pulse can be altered after
increment to meet the synchronized condition.

SAD can also be applied to homonuclear decoupling,13CO–
13Ca decoupling, for example. It is important to note that
sidebands, termed cyclic irradiation sidebands (23, 33), are
introduced mostly by direct irradiation of the decoupling
field rather than by the modulation of theJ coupling, and th
cyclic irradiation sidebands have a fundamental frequenc
1/T rather than 1/ 2T (24, 33). In addition, the Bloch–Siege
shift of all peaks will be introduced by the homonuclear
coupling (23, 33–37), which can be removed by a compen
ing field and dilated evolution time (23, 33).
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6. E# . Kupče and R. Freeman, J. Magn. Reson. A 115, 273 (1995).

7. R. Fu and G. Bodenhausen, J. Magn. Reson. A 117, 324 (1995).

8. S. Zhang, J. Wu, and D. G. Gorenstein, J. Magn. Reson. A 123, 181
(1996).

9. U. Haeberlen and J. S. Waugh, Phys. Rev. 175, 453 (1968).

0. M. Mehring, “High Resolution NMR Spectroscopy in Solids,”
Springer-Verlag, Berlin, 1976.

1. R. M. Bracewell, “The Fourier Transformation and Its Applications,”
McGraw-Hill, New York, 1965.
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