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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,
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
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ing scheme; synchronized sampling; adiabatic decoupling; decou-
pling sidebands.

INTRODUCTION

A RF pulse train, composed of repetitive pulses, is co

monly employed in traditional spin decouplint)(The quality

of decoupling relies on how the pulses manipulate the s;ﬁ’H

wheref, andr; are the phase and width of thth pulse, and\

is the offset. In Eq. [1a], 2f,7; = ¢; (A = 0) is the rotational
angle under on-resonance conditions. When the RF fiel
strength increases frof to f’; the pulse width must decrease
accordingly fromr; to 7| in order to keep the on-resonance
rotational angle invariant, i.e.,

¢i{(A =0) = ¢i(A =0) = 27fi7{ = 27f;7,. [2]

To keep both the rotational anglg; and the axisn; (Egs.
[la—1d]) invariant, the offset also needs to be increased ac
cordingly fromA to A’ so that

AT A
i .
pYvith proper settings of all of the pulse widths (Eg. [2]), the

overall rotation introduced by successive rotations of all of the
Ises or, equivalently, the decoupling effect for offsef at

interactions  couplings for instance) under unfavorable conXF- field strength= f, is then the same as that for offsetA’

ditions, such as large offset, inhomogeneity of the RF field, a

low RF field strength.

AY RF field strength= f4 (Egs. [1, 3]). It follows that the
decoupling rang@f, which relates to the largest offsét,,, at

For decoupling sequences with constant RF field strefgth which decoupling result is acceptable, is proportiondl ta.e.,

such as MLEV-16 %), WALTZ-16 (3), and GARP 4), the
decoupling range\f is proportional tof, or f,,, while for

adiabatic decoupling it is proportional {¢,,. To understand
this, we consider first an arbitrary decoupling sequence W\R/rhereE

constanf,. The rotational angle; and axisn; of theith pulse
in the sequence can be expressed as

Af

Efy,

(4]

is a constant and is termed the figure of mesit7).
For MLEV-64 8), WALTZ-16, and GARP decoupling se-
guencesgE ~ 2.2, 2.2, and 4.8, respectively.

For adiabatic decoupling, however, both pulse phase an

¢ =2 fo + A% = 27t |1 + (A/fy) 27, [1a] amplitude change during the frequency sweep to meet th
condition of adiabatic inversion. As an example, we conside
n = fi _ cog6;) [1b] the offset-independent adiabatic decouplifg11). To derive
O 1+ (Af)2 1+ (Aff)? such a decoupling sequence, it is sufficient to construct :
sin(6,) decoupling sequence with the frequency swé@p and the
I i 1 amplitudef,(t) of the pulse satisfying the relationship dflj
LN VAL [ic]
A df(t)
= — 1d —— = 2mfi(t), 5
M T 1+ (A2 [dl Q at ' Bl
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FIG. 1. Adiabatic decoupling phasé(t, ) (0 = t = 2T) for spin-flip occurring atr = T/4, + = T/2, andr = 3T/4, respectively (top), and their
corresponding FIDY) « cos[9(t, 7)] with a sampling dwell time of 0.5 ms (solid circles), where spin—spin relaxation is neglected. The FIDs are refocuse
T/2, T, and 3I/2 for spin inversion timer = T/4, T/2, and 3/4, respectively, and they are all refocused &t 2

whereQ is the adiabaticity factorl@). Integrating both parts of T
Eq. [5] over the decoupling period, one obtains L(M=T ex{ —i J 27(JLS, + AS,
0
af =27 12 6
= q Thms (6] + i (0)S + f1y<t>sy>dt]
where f.,.s = (L/VT)V/[; f2(t)dt is the root-mean-square ~1, [9]

value of the RF field strength. For constant RF figld= f,
A similar result as Eq. [6] was derived in Re6)(
For adiabatic o!ecouplmg,z the figure of mef can be e 4 certain range df, whereT is the Dyson time ordering
defined by the ratio oAf to f 3¢ i.€., operator.
In practice, however, sampling has to occur during the
Af = Ef2, . [7] d_ecoupling _perio_ds to mee_t the _Nyquist_ frequenzy),(espe?
cially for adiabatic decoupling with relatively long decoupling
period. This nonsynchronized decoupling introduces devia

Comparing Eq. [7] with Eq. [6], we find that tions for those sampling points acquired not at a multiple of the
decoupling periods (2T for adiabatic decoupling). Fortu-

onT nately, these deviations will be corrected at the end of the

E = 9 [8] decoupling periods (Fig. 1). Therefore, there is no long-termr

accumulation effect. Nevertheless, the periodic deviatior
causes severe sidebands in adiabatic decoupling and cons
for the offset-independent adiabatic decoupling. quently reduces center band intensity. The sidebands can |
From Eqgs. [4] and [6], one can see that adiabatic decoupliagncelled effectively by properly editing the spectra obtainec
has a much higher decoupling efficiency than the traditionaith different decoupling sequences or perio@,(23. To
decoupling schemes with constdntespecially for broadband eliminate the sidebands for= *=2, a minimum of two scans
decoupling T, 11, 13-18 As a matter of fact, the adiabaticare required and fon = *2 andn = *4 four scans are
decoupling has reached the highest decoupling index @), necessary. The intensity loss of the center band cannot &
defined by the relationship dff = Z(f,.9" (18). In addition, recovered by this method. The sidebands for= =1,

the adiabatic decoupling is much less sensitive to the inhomb3, . .., which have zero intensities under on-resonance de
geneity of the RF field, which is one of the most importantoupling conditions, can be minimized with proper initial
factors to be considered in pulsed NMR. adiabatic decoupling2d).

In theory, spin interactions are minimized on average only at The decoupling sidebands can also be reduced significant
the end of decoupling periods for most decoupling scheméy, varying decoupling periods within a single decoupling
i.e., the propagator, which governs the evolution of the densigquence to spread out the sidebands in a broad raBge ¢
operator 19, 20, make it effective, this decoupling usually requires a long cycle
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time, making the scheme impractical in multidimensional It ost=r
NMR, especially in the indirectly detected dimension. 9, 1) ={mI2r—1) 7=t=T+r1, 0=7=T. [12]
Sampling only at the end of decoupling periods is referred to It —2T) T+r=t=2T

as synchronized decoupling. It is limited only to a rather
narrow spectral window for synchronized adiabatic decoupling

in the directly detected dimension due to the long decouplifRegardless of the inversion time 9(t, 7) has a period of 2
period. In the indirectly detected dimension, however, aftahd &(0, ) = &(2T, 7) = 0 as shown in Fig. 1.

each increment there will be an acquisition time and a relax-The free induction decay (FID) can be calculated directly
ation delay of hundreds of milliseconds to seconds that fi&m Eq. [11],
sufficient for substitution of a new sequence. In this way, each

sampling point corresponds to its own decoupling sequence, :
which allows the data to be acquired at the end of a complete FID() = Trio(t, 7)1+ 1)}

decoupling period. Consequently, all decoupling sidebands « co§ d(t, 7)]. [13]
disappear and the center band increases correspondingly. To

achieve this synchronized decoupling, each decoupling pulse ) h | od it i difficul desi
may have different period or different initial periodT;,. By varying the puise period, it Is not difficult to design
synchronized decoupling pulses except for a couple of initia

sampling points with dwell time smaller than These initial
PRINCIPLES points can be acquired with a strong decoupling pulse and sho
decoupling period 26). As an example, we consider a 2D
For adiabatic decoupling, a complete refocusing ef/olu- experiment with a spectral width of 2 kHz in the indirectly
tion, disregarding the offsets, actually occurs at (Fig. 1) detected dimension, which leads to a dwell time of 0.5 ms. The
(24) assuming that the spin-flip during the frequency sweeptisain adiabatic decoupling, referred to as main decoupling ir
instantaneous2@, 24. The instantaneous spin-flip is equivathe following, consists of a train of decoupling pulses with a
lent to a strongr pulse applied at the time of spin inversionperiod of T = 2 ms, which is too long for appropriate syn-
The J evolution under the interaction of the adiabatic decowhronized decoupling. To overcome the problem, two initial
pling for a time of I can be described by the density operatadiabatic decoupling pulses with the same pefigdare in
formalism (1, 24), serted in the beginning of the decoupling pul28)( As noted
above, the two adiabatic decoupling pulses refocud thigase
evolution (or J modulation) of all decoupling offsets. For

o(2T) = e (eI T InSe 1EMLSTg ImSe AL, 1 1 s, the decoupling pulsd ][ Tw]-main decoupling

% @i(271S) i TSI (27l S) T mSigi(2nIlS) (T-7) can be used as synchronized decoupling for sampling numbe
of 1,5, 13, 21, and® + 5(n = 3), which corresponds to the
= g 1@MS)(T-7gimIS) T -i@mlSIT| sampling times of 0, 2, 6, 10, and {8+ 4) X 0.5 ms,

respectively. Similarly, forT,;, = 1.25 ms, the decoupling
pulse can be used for sampling numbers of 6, 14, 22, antl 8
6(n = 3). Another six decoupling sequences with = 1.5,
1.75, 2, 2.25, 2.5, and 2.75 ms are needed for all the othe
sampling points as shown in Figs. 2 and 3.

X ei(z’ﬂ'leSz)(T* T)e *i(27TJ|z&)Tei(27TJ|zSZ)T

=1, [10]

where the first spin-flip occurs atand the second one @t+

7. Equation [10] shows that the density operatoi2T) is EXPERIMENTAL

refocused no matter when tt&spin flips (Fig. 1). One can

show that, at timd, o(T) is refocused only for on-resonance The main and all the initial adiabatic decoupling pulses are
decoupling, with thes spin inverted in the middle of the pulseconstructed as offset-independent adiabatic decoupling puls:
period (r = T/2). Synchronized decoupling, therefore, shoulgased on Ref1(1) with a 34-kHz frequency sweep and a phase

occur at a multiple of Z instead ofT. cycle of (0°, 150°, 60°, 150°, 60°)2¢, 29 for the main
It follows from Eq. [10] that the density operator can b@ecoupling. All the decoupling pulses have a WURST-2 shap
expressed as f(t) = fimall — SIRA(BY)], —7/2 = Bt = @/2 (16). The

main adiabatic decoupling has a peribd 2 ms,f;,., = 5.00
_ ; kHz, and f = 0.61f = 3.05 kHz. To satisfy the
t, 1) = l,co§ 9(t, + 21, Ssin O(t, , 11 ms T dmax
olt, 7) $9( )] /S, 7] [11] condition of adiabatic inversionl{, 12, the RF strength for
different initial periodsT,; is set according to the formula
where the adiabatic decoupling pha%@, 7) for 0 =t = 2T  f,dTii) = VT/T, fina (EQ. [6]), whereT andf,,,, are the
is defined asZ4) period and field strength of the main adiabatic decoupling
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FIG. 2. Adiabatic decoupling with decoupling phasg(t, - = T/2) and 2 3

its FID(a) = cos[d(t, = = T/2)] sampled at a dwell time of 0.5 ms (solid Decoupling Time (ms)

circles) (top), and synchronized adiabatic decoupling with different decoupling

periods for different sampling points (bottom). The periddeelated to their ~ FIG. 3. The FID(t,) sampled in synchronizing with the decoupling peri

decoupling phases areT,, = 2 ms, T, = 1 ms, Ty, = 1.25 ms,Ty; = 1.5 ods (except for several initial data points). To achieve synchronized decouplin

MS, Tos = 1.75MSTos = 2 MS, Te = 2.25 Ms Ty, = 2.5 ms, Ty = 2.75 ms.  different initial decoupling periods, are used for different sampling points

9y has aT; = 1 ms and a main decoupling &f= 2 ms. The initial five data and, to achieve constant adiabatidy different initial decoupling amplitudes

points of FID(b) are calculated from the phasg. A, are used for different periodE,,. At t; = 6 ms, for example, the initial
decoupling has a perio@,, = 1 ms and an amplitudd,, = V2A

respectively. For example, the RF strength for an initial dsidebands fon = =2 at*=0.5 kHz appear as expected. Figure
coupling with Ty, = T/2 is f1,{(T/2) = VT/(T/2)f;.x = 4bis obtained using synchronized adiabatic decoupling (SAD
V 2f e with a total of eight decoupling sequences of different initial

The adiabatic inversion profiles of all the decoupling pulses
are tested first using the Bloch equatio8,(30 programmed
in C language. The inversion profile provides a measure of the
decoupling effects. An isolatels spin4 system is often as- 13
sumed in adiabatic decoupling. In the case thatStspin is
coupled to another spi’, **C—C coupling, for example, the
effect of theS' spin is barely noticeable (see Figs. 4, 5, and 6).
This lies in the factor that th& spin, unlike the decoupling A A
with composite pulses, is inverted adiabatically by the effective
field fo(t) = VA?(t) + fi(t), which is usually much greater b
than theJss coupling between th& andS’ spins. Therefore,
the local field (at theS spin) created by th&' spin has little
effect during theS spin inversion.

Experiments were performed on a Varian Unit-Plus 600-
MHz NMR instrument with a Varian 5-mm HCN triple-reso-
nance probe and a sample'dfl- and “*C-labeled (-COOH is re———— :
unlabeled) N-acetylglycine in DO. A gradient COSY se 08 06 04 02 0 02 04 -06 0.8 kitz
quence is employed, detecting the methyl protons (diagonakiG. 4. Methyl *H spectra ofN-acetylglycine in theF; dimension from
peak) and decoupling the directly bond€g. the traces of two-dimensional gradient COSY spectra with a single scan pe

Figure 4 shows the spectra of the methyl protons inRhe in_crement and with or_l-resonanlfé: adia_batic QecouplingT(: 2 ms) (a) aqd

with SAD (b). In the directly detected dimension, a WALTZ decoupling is

(indirectly detected) dimension from the traces of the gradleu ed. A total of 128 increments and a spectral width of 2 kHz intthe

COSY spectra. Figure 4a is obtained with the main decoupliggnension are used in the experiments. The center peak is truncated at abc
of T = 2 ms under on-resonance decoupling conditions. The 31% level.

n Wi A ~
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a sidebands, but not the in-phase sidebandst, ilimension
vanish as shown in Fig. 4.

Due to the insufficient memory of the acquisition system to
hold all the adiabatic decoupling sequences, SAD is actuall
performed with eight COSY experiments, each with a different
———A—‘\r—“ Y A initial period T, as discussed above. The final COSY data are
b constructed from the eight 2D data tvia C program.

To perform the synchronized decoupling with a single exper-
iment, one needs to either increase the memory of the acqu
sition system or develop a dynamic pulsing scheme (DPS

\ where the decoupling pulses, some other parameters, and ev
the whole pulse sequence can be changed after each scan.

As in the MAS experiment with synchronized sampling,
SAD is limited to a rather narrow spectral width in the directly
detected dimension, but DPS mentioned above can still b
adapted to multidimensional experiments. After each scan th
adiabatic decoupling pulse in the directly detected dimensiol
d can be replaced as well with a new one of different pefiiod
In this way, the sidebands in the directly detected dimensiol
will not be coherently added when performing Fourier trans-
formation. Ideally, the reduction of sidebands will bex nt
fold, whereni andnt are the number of increments and number

of transients in a 2D experiment, respectively. The reduction o
b i S i sideband intensities becomes even greater for higher dimel

FIG. 5. Methyl 'H spectra ofN-acetylglycine in them, dimension from Slon_al experiments. .
the traces of two-dimensional gradient COSY spectra with a single scan perF|gure 6 shows the spectra of the methyl protons inkhe
increment and with 4-kHz off-resonan&€ adiabatic decouplingl(= 2 ms)  (directly detected) dimension from the traces of the gradien
(a and b) and with SAD (c and d). For both cases;*@odecoupling is applied HSQC spectra. Figure 6a is obtained with the main decoupling
in the directly detected dimension. The peak in thelimension is splitinto of T = 2 ms under on-resonance decoupling conditions. Ir

two (a and b and c and d) separated byteupling constant. The phases of dition to the sidebands fan = +2 at ~0.5 kHz. the

the two peaks are different and are adjusted separately. A total of Zg - N
increments and a spectral width of 2 kHz in thedimension are used in the sidebands fon = +1 at=0.25 kHz appear as well. They are

experiments. referred to as coherence sidebands and are caused mostly

periodsT,, (Figs. 2 and 3). Since all the FID{ data points are a
acquired under synchronized conditions (except for a few

initial data points), the effects of thlecoupling are completely

removed. As a result, the sidebands disappear in the spectrum

and the central band is enhanced about 5%, which is almost the

sum of the intensities of the sidebands for *2.

The spectra shown in Fig. 5 are obtained with 4-kHz off- _—AﬁFJ*Jt’_A_—_
resonance decoupling in thedimension and no decoupling in b
thet, dimension for both the main decoupling (Figs. 5a and 5b)
and SAD (Figs. 5¢c and 5d). In the dimension each peak is
split into two as plotted in Figs. 5a and 5b and 5c and 5d due
to the J coupling. Both spectra in Figs. 5a and 5b show
antiphase between the sideband numiend —n, which is
contributed mainly from the sine modulation of the term
21,S,sin[0(t, )] (Eq. [11]). The antiphase sidebands between
Figs. 5a and 5b with the same sideband nunmb@me mainly
from the antiphase terml S,sin[9(t, )] (Eq. [11]). All the FIG. 6. Methyl *H spectra ofN-acetylglycine in theF, dimension from

ideband tter i h tih ffecti the traces of two-dimensional gradient HSQC spectra wWith adiabatic
sidebands, no matier in phase or anuphase, are eriecty oupling T = 2 ms) (a) and with DPS (b). A total of 64 increments and a

suppressed using SAD as shown in Figs. 5¢ and 5d. HOWeMgkctral width of 4 kHz in the, dimension are used in the experiments. The
with proper decoupling in theé, dimension the antiphasecenter peak is truncated at about the 16% level.

08 06 04 02 0 -02 -04 -06 kHz
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the antiphase and/or double-quantum coherences created prior

to the adiabatic decouplin@, 32. Figure 6b is obtained with
DPS of total 64 decoupling sequences of different peribds
from 1/T = 1000 to 370 Hz inl10-Hz steps. After each,

1.

increment a new decoupling sequence in the directly detected

dimension is substituted with a frequernfcys 1/T as far apart
as possible to the previous and the following ones in order tg
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