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The cyclic irradiation sidebands appearing in homonuclear adi-
batic decoupling are calculated in detail, which reveals the origin
f the antisymmetric sidebands. The sidebands can be inverted by
nserting an initial decoupling with a different period, but the
ame f1rms as the main decoupling that is required for Bloch–
iegert shift compensation. The sidebands can be eliminated in a
road decoupling range by adding spectra of opposite sidebands.
ased on this scheme, an offset-independent double-adiabatic de-
oupling, named Bloch–Siegert Shift Eliminated and Cyclic Side-
and Trimmed Double-Adiabatic Decoupling, or “BEST” decou-
ling for short, is constructed, which not only compensates the
loch–Siegert shift as shown earlier by Zhang and Gorenstein

1998) but also eliminates residual sidebands effectively. © 1999

cademic Press

INTRODUCTION

Homonuclear decoupling has been used intensively in tr
esonance multidimensional NMR (1–3), especially for13CO–

13Ca decoupling for13C- and15N-double-labeled proteins. As
ther applications, it simplifies the spectrum and enhance
ignal-to-noise ratio (4). To minimize disturbances of near
MR peaks, homonuclear decoupling requires a decou
rofile of sharp edges. One of the best decoupling schem
diabatic decoupling (5–9). Not only does it have an ide
ecoupling profile for homonuclear decoupling (10, 11), but it
lso has the highest ratio of decoupling range divided by
oot-mean-square value of the RF field strength,f 1rms, which in
urn minimizes sample heating.

As in heteronuclear adiabatic decoupling (12–16), homo-
uclear adiabatic decoupling also introduces significant
ands due mainly to a long decoupling period compared

he inverse of sampling rate or dwell time. The origin of
idebands is, however, different. In heteronuclear adia
ecoupling, the sidebands, often referred to as decou
idebands, are created by the periodic modulation of cou
y the RF field. In homonuclear,13CO–13Ca decoupling, fo
xample, the sidebands, termed cyclic irradiation sideba
re introduced mainly by direct irradiation of the decoup
F field, while the effect of the modulation of the coupling
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uite small because of small13CO–13Ca coupling constan
17, 18).

Unlike heteronuclear decoupling, homonuclear decoup
nevitably introduces frequency shifts of all peaks, as dis
red by Bloch and Siegert (19). The amount of the Bloch
iegert shift depends onf 1rms of the decoupling field and th

requency difference between the NMR peak and the de
ling carrier frequency (18–24).
The Bloch–Siegert shift was reduced partially by McC

nd Mueller (23) with a compensating field situated on
ther side of the NMR peaks. Unfortunately, it only elimina
ompletely the Bloch–Siegert shift for the central (midpoin
he decoupling and compensating pulses) point. A red
ffset-dependent Bloch–Siegert shift still remains, which
e experimentally problematic, especially at very high m
etic fields. Recently, we have introduced a double-adia
ecoupling (18), which causes a spectrum contraction b

actor ofl 5 [1 2 ( f 1rms/Df ) 2], wheref 1rms is the root-mean
quare value of the decoupling field andDf is one-half of the
requency difference between the two decoupling pulses.
pectrum contraction, by nature, is the Bloch–Siegert
ntroduced by two nearby decoupling fields, and it can
ompensated in a quite broad decoupling range by a d
volution time t91 5 [1 1 ( f 1rms/Df ) 2] t 1 (18). Besides, thi
ouble-adiabatic decoupling also reduces significantly the
lic irradiation sidebands, especially for peaks in the ce
egion of the spectrum. For large offset,63 kHz for example
here are about 2% residual sidebands with sideband nu

5 61. Also, the decoupling sidebands will not be redu
y the compensating pulse, which is far off-resonance to
oupled spins.
To eliminate the residual sidebands and to compensat

loch–Siegert shift, a constantf 1rms during decoupling is re
uired; otherwise, the Bloch–Siegert shift in the freque
omain will not be easily predicted. This prevents the us
any schemes in heteronuclear adiabatic decoupling for

nating sidebands, such as the bilevel adiabatic decoupling13)
nd the adiabaticR-variation (25).
In this contribution, the origin of the antisymmetric sid

ands and their amplitudes are discussed in detail. The i
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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282 ZHANG AND GORENSTEIN
ion of the sidebands by insertion of an initial decoupling w
he samef 1rms as the main decoupling is then introduced,
nally this scheme is adapted for double-adiabatic decou
18), referred to as Bloch–Siegert Shift Eliminated and Cy
ideband Trimmed Double-Adiabatic Decoupling, or “BES
ecoupling for short.

CYCLIC IRRADIATION SIDEBANDS

As demonstrated earlier (17, 18), the cyclic irradiation side
ands are introduced by the irradiation of a cyclic decoup
eld near a NMR line. The decoupling field creates not o
he sidebands but also a Bloch–Siegert shift. It was shown
oth the sidebands and the Bloch–Siegert shift were ca
ainly by a time-dependent first-order average Hamiltonia

he rotating frame (18),

*# ~1!~t! 5 2
f 1rms

2 ~t!

2Df1
I z 5 2F f 1rms

2 ~t! 2 f 1rms
2

2Df1
I zG

2
f 1rms

2

2Df1
I z 5 H~t! 2

f 1rms
2

2Df1
I z, [1]

heref 1rms(t), defined as

f1rms~t! 5 Î1

t E
0

t

f 1
2~t9!dt9 [2a]

nd

f1rms~T! 5 f1rms, [2b]

s a time-dependent root-mean-square value of the RF
1(t), andDf 1 is the decoupling carrier frequency minus NM
eak frequency. The second term on the right side of Eq
hich introduces a Bloch–Siegert shift, can be removed

ntroducing a second rotating frame (26, 27) with a rotating
requency equal to the Bloch–Siegert shift, i.e.,v r / 2p 5
f 1rms

2 / 2Df 1u. We call this particular second rotating frame
loch–Siegert rotating frame. In the Bloch–Siegert rota

rame, the first-order average Hamiltonian reduces to

*# BS
~1!~t! 5 2F f 1rms

2 ~t! 2 f 1rms
2

2Df1
I zG 5 H~t!, [3]

hich is periodic with a period ofT andH(nT) 5 0.
In the Bloch–Siegert rotating frame the Bloch–Siegert s

erm disappears, but a periodic interaction (Eq. [3]) rema
herefore, the spins will precess with their own frequenc
verage and the precession is phase modulated by the pe

nteraction. It is this periodic phase modulation that resul
he cyclic irradiation sidebands.
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The periodic phase modulation can be calculated easil

q~t! 5 2p@H~t!/I z#t. [4]

f the shape of the decoupling pulse is symmetric with res
o the middle point of a periodT, i.e.,

f1ST

2
2 tD 5 f1ST

2
1 tD , 0 # t # T/ 2, [5]

rom Eqs. [2]–[5], it is easy to derive that

f 1rms
2 ~T/ 2! 5 f 1rms

2 ~T! [6]

nd

H~T/ 2! 5 0 [7a]

q~T/ 2! 5 0. [7b]

t can be further shown that the phase modulation is anti
etric with respect to the middle point,

qST

2
2 tD 5 2qST

2
1 tD , 0 # t # T/ 2. [8]

phase modulation, created by a Gaussian shaped pulse
ini 5 0), is shown in Fig. 1. Since a Gaussian shap
ymmetric, the phase modulation appears to be antisymm
ith respect to the middle point of the period as expected.

his antisymmetric phase modulation, which resembles a
unction, that creates antisymmetric sidebands.

The FID (t) in the Bloch–Siegert rotating frame is then
riginal FID (without the decoupling pulse), defined asg(t),

imes the phase modulation,

FID ~t! 5 g~t! 3 @cos~q~t!! 1 i sin~q~t!!#. [9]

or smallq(t), which corresponds to a low RF decoupling a

FIG. 1. Gaussian-shaped adiabatic decoupling with an initial decou
eriod Tini and the main decoupling periodT. As Tini varies, the phases
idebands will change accordingly while the phase of the central peak re
nchanged. In particular, the sidebands (n 5 61) are inverted ifTini 5 T/ 2.
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283“BEST” HOMONUCLEAR ADIABATIC DECOUPLING
s always the case in homonuclear decoupling, Eq. [9] red
o

FID ~t! < g~t! 3 @~1 2 q 2~t!/ 2! 1 iq~t!#. [10]

he NMR line in the Bloch–Siegert rotating frame can
xpressed as

FT$FID ~t!% 5 FT$g~t!% p FT$~1 2 q 2~t!/ 2! 1 iq~t!%,

[11]

hereFT{ g(t)} is the original line andFT{ iq(t)} contrib-
tes to discrete antiphase sideband amplitudes, w
T{( 2q 2(t)/ 2)} contributes to discrete small symmetri
ideband amplitudes.
The relative amplitudes of the sidebands can be obtaine

alculating the Fourier coefficients,

An 5
1

T E
0

T

@~1 2 q 2~t!/ 2! 1 iq~t!#ei ~n2pt/T!dt. [12]

he amplitudes of the cyclic irradiation sidebands forn 5
2 to 2 together with the observed results are show
able 1. Hereq(t) is obtained using Eq. [4] with th
arameters shown in Fig. 2, and the experimental re
re obtained with the same conditions. The central p

rom the experiment is normalized to the calculated va
he positive sidebands are slightly higher than their co

erpart negative sidebands. This is caused partly by
erm FT{( 2q 2(t)/ 2)}, which creates small positive sid
ands that are added to the antisymmetric sidebands.

he small positive sidebands contribute to the integra
he peak, they will reduce the amplitude of the cen
eak slightly. Similar to heteronuclear decoupling, ho
uclear decoupling will also introduce decoupling si
ands, which will also be added to the main antisymmet
idebands.
Disregarding the small symmetric contribution, one obt

ntisymmetric sidebands,

A 5 2A . [13]

TABLE 1
Amplitudes of Cyclic Sidebands for a Gaussian-Shaped

Decoupling Scheme

Sideband number n 5 22 21 0 1 2

Observed 20.014 0.073 0.995 20.068 0.016
Calculated 20.015 0.071 0.995 20.069 0.019
n 2n
es
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urther, all theAn are real because of the symmetry ofq(t)
s shown in Eq. [8]. Also, sinceq(t) } [ f 1rms

2 (t) 2 f 1rms
2 ]

nd bothf 1rms
2 (t) and f 1rms

2 } f 1max
2 , one getsq(t) } f 1max

2 . It
ollows that

uAnu } f 1max
2 } f 1rms

2 , [14]

hich agrees well with the calculated results shown in Fig
imilarly, one can see from Eqs. [3] and [4] thatuAnu is

nversely proportional toDf 1.
The field dependence of the amplitudes of the cyclic irr

tion sidebands can be understood by the following ana
s the external magnetic field increases, the decoupling r
ndDf 1 increase linearly, while the decoupling power orf 1rms

FIG. 2. A period of phase modulation of transverse magnetization in
loch–Siegert rotating frame created by a Gaussian-shaped decoupling
(t) 5 f 1maxexp[2a(t 2 T/ 2)2] with a 5 5 (kHz)2, T 5 2 ms,f 1max 5 2.72
Hz, and f 1rms 5 1.44 kHz, located 23.2 kHz higher than the NMR pe
requency.

FIG. 3. Amplitudes ?An? of cyclic irradiation sidebands forn 5 1 as a
unction of f 1max(51.89 f 1rms) (solid circles), calculated with Eqs. [2]–[4], a
12]. The solid curve is a function of?An? 5 lf 1max

2 (or ?An? } f 1max
2 } f 1rms

2 ),
herel is a constant and is defined in such a way that the solid circle and
atch atf 5 1.5 kHz.
1max
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284 ZHANG AND GORENSTEIN
ncreases as a function of the square root of the decou
ange for adiabatic decoupling (8, 12). It turns out thatuAnu(}
1rms
2 /Df 1) is independent of magnetic field for adiabatic dec
ling. For other decoupling schemes with a decoupling in
2 (12), however, the sideband amplitudes will increase

eld increases.

INVERSION OF THE CYCLIC IRRADIATION
SIDEBANDS

One of the effective ways to cancel the sidebands
nvert them, followed by adding the two FIDs. This c
e accomplished in heteronuclear decoupling either by

aying the initial sampling with a spin echo as demonstr
y Kupc̆e (15), or by using a bilevel decoupling with
trong initial decoupling pulse as shown by Kupc˘e et al.
13). Both methods work quite well in heteronuclear dec
ling under certain conditions. However, the spin e
ethod suffers signal loss of the magnetization du

pin–spin relaxation. The bilevel decoupling will disturb
agnetization of interest that is not too far away from
ecoupling pulse and will cause an unpredictable Blo
iegert shift.
To invert the sidebands withn 5 61, one can simpl

nsert an initial decoupling of half period as the m
ecoupling, i.e.,Tini 5 T/ 2 (Fig. 1). However, this initia
ecoupling pulse must have the samef 1rms as the main
ecoupling in order to compensate the Bloch–Siegert
18). Also, it is necessary to have the same inversion b
s the main decoupling pulse.
In our experiments, a Gaussian-shaped pulse,

A~t! 5 f1maxexp@2a~t 2 T/ 2! 2#, [15]

s used. The frequency-independent adiabatic inver
10, 16) is constructed according to Ref.16. The initial decou
ling also has a Gaussian shape, with the same amplitudef 1max

nd the same inversion bandwidth as the main decou
ulse (Fig. 1). It has a period ofTini 5 T/ 2 and

a ini 5 aS T

Tini
D 2

. [16]

quation [16] ensures that both the initial and the m
ecoupling have the same cutoff amplitude at the beginn
ini (0) 5 A(0), and at theend,Aini(T) 5 A(T), of a period
he cutoff amplitude in our case is about 0.7% of the p
alue.
It is important to note that this initial Gaussian decoup

as an rms value of RF fieldf 1inirms equal to that of the ma
ecoupling, which is exactly needed for Bloch–Siegert s
ng

-
x
s

to

e-
d

-
o
o

e
–

ift
d

n

g

n
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ft

ompensation. This characteristic is shown in the follow
ccording to the definition of the rms value,

f 1inirms
2 5

1

Tini
E

0

Tini

A ini
2 ~t!dt 5

f 1max
2

Tini
E

0

Tini

3 expF2a iniS t 2
Tini

2 D 2G 2

dt

5
f 1max

2

Tini
E

0

Tini

expF2aS tT

Tini
2

T

2 D
2G 2

dt, [17]

here Eq. [16] has been used. A new variableu 5 tT/Tini can
e inserted in Eq. [17], resulting in

f 1inirms
2 5

f 1max
2

T E
0

T

exp@2a~u 2 T/ 2! 2# 2du 5 f 1rms
2 . [18]

ince no assumption is made aboutTini in the above derivation
he relation (Eq. [18]) is true for anyTini as long as Eq. [16
olds.
Equation [18] shows that all the Gaussian decoupling

uences constructed with the relationship of Eq. [16] will h
he samef 1rms and therefore have the same contribution to
loch–Siegert shift.
Under the two-stage decoupling, theFID (t) is modulated

s

FID ~t!

5 5
g~t! 3 @1 1 iqini~t!#, for 0 # t , Tini 5 T/ 2,

g~t! 3 F1 1 iqSt 2
T

2 DG , for T/ 2 # t,
[19a]

[19b]

here the small contributions fromq ini
2 (t) and q 2(t) are

eglected for simplicity.q ini(t) is created by the initia
ecoupling pulse and has a period ofTini 5 T/ 2, while q(t)

s created by the main decoupling pulse and has a peri
. Equations [19a] and [19b] can be considered as
IDs,

FID 1~t! 5 g~t! 3 F1 1 iqS t 1
T

2 DG , for 0 # t,

[20a]
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285“BEST” HOMONUCLEAR ADIABATIC DECOUPLING
nd

FID 2~t!

5 5g~t! 3 H1 1 iFqini~t! 2 qSt 1
T

2 DGJ , for 0 # t , T/ 2,

0, T/ 2 # t.

[20b]

ID 1(t) differs from the originalFID (t) (Eq. [11]) in that the
odulationq(t) has a time shift of half periodT/ 2, which

orresponds to a phase shift in the frequency domain, i.e

FT $iw~t 1 T/ 2!% 5 e2i ~vT/ 2!FT $iw~t!%, [21]

herev 5 n2p/T. It follows that

e2i ~vT/ 2! 5 e2i ~np! 5 H21, for oddunu
1, for evenunu . [22]

orrespondingly, all the sidebands with odd numberunu are
nverted while the others remain unchanged.

Similarly, if Tini 5 T/4 all the sidebands are inverted w
sideband numbern 5 62, 66, 610, . . . , while a phas

hift u 5 2np/ 2 is introduced for othern. If Tini 5 3T/4, all
he sidebands are inverted with a sideband numbern 5 62,

6, 610, . . . , while a phase shiftu 5 2n3p/ 2 is intro-
uced for othern. Practically, it is often sufficient to elimina
nly the sidebands withn 5 61 and62. In this case only fou
xperiments are necessary withTini 5 0, T/4, T/ 2, and 3T/4.
dding up all the four experiments cancels the sidebands
). Indeed, only two experiments are required to eliminate

arge main sidebands withn 5 61.
TheFID 2(t) (Eq. [20b]), which is nonzero only in the initi

eriod ofT/ 2, will create a spectrum spread over a rang
/T and has an amplitude approximatelyT/ 2Tacq of the side
and amplitude (n 5 1), whereTacq is the acquisition time i

1 dimension. This small disturbance can be neglected as
sTacq @ T, which is always the case practically.

EXPERIMENTAL

In all the experiments, a15N- and 13C-labeled (-COOH i
nlabeled)N-acetylglycine (Fig. 4) is used with a gradie
ersion of HSQC (28). During the13CH3 evolution (t 1) time a
omonuclear decoupling at13CO is applied with a frequenc
hifted excitation (27, 18). All the decoupling pulses have
aussian shapeA(t) 5 f 1maxexp[2a(t 2 T/ 2)2]. Gaussian
diabatic decoupling gives the quite sharp decoupling pr

hat is desired for homonuclear decoupling, and it is eas
onstruct anf 1rms invariant decoupling with different perio
ut nearly the same decoupling width. However, other sh
ulses could equally be utilized. The main decoupling hasa 5
ig.
e

f

ng

le
to

ed

(kHz)2, T 5 2 ms,f 1max 5 2.72kHz, andf 1rms 5 1.44kHz.
he RF power level is increased 6 dB for the “BEST” dec
ling, which corresponds to double the amplitude. Thef 1rms and

he RF power, however, have been increased only by a f
f =2 and 2, respectively, because of the interference o

wo decoupling pulses. The offset-independent adiabatic
oupling is constructed according to Ref. (16) with an 8-kHz
requency sweep and a phase cycle of (0°, 150°, 60°, 150°
29, 30). The initial decoupling period is constructed accord
o Eq. [16]. All the experiments were performed on a 600-M
arian Unit Plus NMR instrument with a Varian 5-mm HC

riple-resonance probe.
The 13C traces from HSQC spectra are shown in Fig

btained using the decoupling scheme shown in Fig. 1,
ifferentTini . Figure 4a is obtained withTini 5 0, which shows

normal spectrum under homonuclear decoupling wi
loch–Siegert shift of 45.0 Hz. The sidebands appear t
ntisymmetric because of the antisymmetric phase modu
Fig. 2) as discussed above. The sidebands will also be inv

FIG. 4. Methyl 13C spectra from the traces of two-dimensional HS
pectra using a sample of double-labeledN-acetylglycine. The spectra a
btained using the decoupling sequence shown in Fig. 1, withTini 5 0 (a),Tini

T/ 2 (b),Tini 5 T/4 (c), andTini 5 3T/4 (d). Spectrum (e) is the sum of t
our (a to d) spectra. The central peak is truncated at 40% level.
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286 ZHANG AND GORENSTEIN
f the decoupling pulse moves from one side of the NMR p
o the other as demonstrated and explained earlier (18). Figure
b shows the spectrum withTini 5 T/ 2. The sidebands wit
5 61 are inverted, but the sidebandsn 5 62 remain

nchanged as theory predicts. Therefore, the sidebandsn 5
1) can be eliminated by adding Figs. 4a and 4b. This wi

ufficient for most applications, since the remaining sideb
re quite small. The spectra for initial decoupling periodTini 5
/4 and 3T/4 are shown in Figs. 4c and 4d, respectively. N

he sidebands withn 5 62 are inverted but the sidebands w
5 61 have790° (Fig. 4c) and7270° (Fig. 4d) phase shift
s also predicted. By adding all four spectra (Figs. 4a to 4d

he sidebands withn 5 61 and62 are entirely eliminated a
hown in Fig. 4e.
For Tini 5 T/4 5 0.5 ms initial decoupling, the inversio

rofile may degrade becauseTini is too small. To avoid thi
roblem, two decoupling periods, one withTini 5 1.0 ms and

he other 1.5 ms, are used. The total initial decoupling tim
hen 2.5 ms. Since it is 2 ms (a single period) longer thanT/4,
t will give the same phase shift asTini 5 T/4.

The irradiation sidebands can also be reduced signific
y a double-adiabatic homonuclear decoupling used to
ensate Bloch–Siegert shift (18). It is quite effective for sma
ffsets. For a large offset,63 kHz, for example, residu
idebands are about 2% withn 5 61 and negligibly small fo
he rest of the sidebands. The double-adiabatic decou
owever, has no effect on the decoupling sidebands.
By inserting an initial double-adiabatic decoupling per

ini(5T/ 2) into the double-adiabatic decoupling (18), the re-
idual sidebands withn 5 61 will also be inverted an
herefore can be eliminated. Since the initial double-adia
ecoupling has the samef 1rms as the main double-adiaba
ecoupling, the Bloch–Siegert shift can be eliminated wi
ilated evolution time as demonstrated recently (18). As men-

ioned above, we call this particular double-adiabatic de
ling the “BEST” decoupling.
The experimental results obtained with this BEST decoup

re shown in Fig. 5. ForTini 5 0, an antisymmetric residu
idebands (n 5 61) appears in Fig. 5a and the sidebands
nverted with an initial decouplingTini 5 T/2 as shown in Fig. 5b

hen these two spectra are added, the residual sideband
5 61 are cancelled as shown in Fig. 5c.

CONCLUSIONS

In homonuclear decoupling, the antisymmetric sideband
aused by an antisymmetric phase modulation in the Bl
iegert rotating frame. The phase modulation results from
irect cyclic irradiation of a nearby decoupling field. Unl

he symmetric sidebands observed in most heteronuclea
oupling, the antisymmetric sidebands make no contributio
eak integration since the counter parts cancel. Therefore
ill not reduce the intensity of the central peak. The sideb
mplitudesuA u are proportional tof 2 and inversely propo
n 1rms
k

e
ds

,

ll

is

tly
-

g,

ic

a

u-

g

e

ith

re
–
e

e-
to
ey
d

ional to the frequency difference between the peak and
ecoupling carrier frequency. Also,uAnu are independent o
agnetic field for adiabatic decoupling. But for other dec
ling schemes, they increase as magnetic field increases
idebands can be eliminated by inserting an initial decou
ith the samef 1rms as the main decoupling pulse. This sche
an be implemented in the double-adiabatic decoupling (18) to
onstruct the BEST decoupling, which eliminates not only
loch–Siegert shift but also the residual sidebands.
The scheme, inserting an initial decoupling, can also be

n heteronuclear adiabatic decoupling to eliminate sideb
S. Zhang and D. G. Gorenstein, unpublished). More im
antly, it also eliminates the subharmonic decoupling sideb
14, 15) without requiring an echo delay, which may reduce
bserved magnetization in spins with short spin–spin re
tion times. The details of the application of this metho
eteronuclear decoupling will be discussed elsewhere.
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FIG. 5. Methyl 13C spectra from the traces of two-dimensional HS
pectra using a sample of double-labeledN-acetylglycine. The spectra a
btained using “BEST” decoupling, with a13C decoupling offset of22.5 kHz
ndTini 5 0 (a) andTini 5 T/ 2 (b). Spectrum (c) is the sum of spectra (a)
b). The central peak is truncated at 40% level.
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