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The cyclic irradiation sidebands appearing in homonuclear adi-
abatic decoupling are calculated in detail, which reveals the origin
of the antisymmetric sidebands. The sidebands can be inverted by
inserting an initial decoupling with a different period, but the
same f,.,s as the main decoupling that is required for Bloch—
Siegert shift compensation. The sidebands can be eliminated in a
broad decoupling range by adding spectra of opposite sidebands.
Based on this scheme, an offset-independent double-adiabatic de-
coupling, named Bloch-Siegert Shift Eliminated and Cyclic Side-
band Trimmed Double-Adiabatic Decoupling, or “BEST” decou-
pling for short, is constructed, which not only compensates the
Bloch-Siegert shift as shown earlier by Zhang and Gorenstein

quite small because of smalfCO-°C, coupling constant
(17, 18.

Unlike heteronuclear decoupling, homonuclear decouplir
inevitably introduces frequency shifts of all peaks, as disco
ered by Bloch and Siegertl9). The amount of the Bloch—
Siegert shift depends o, of the decoupling field and the
frequency difference between the NMR peak and the decc
pling carrier frequencyl8-29.

The Bloch—Siegert shift was reduced partially by McCo
and Mueller 23) with a compensating field situated on the
other side of the NMR peaks. Unfortunately, it only eliminate

(1998) but also eliminates residual sidebands effectively. © 1999

Academic Press

completely the Bloch—Siegert shift for the central (midpoint o
the decoupling and compensating pulses) point. A reduc
offset-dependent Bloch—Siegert shift still remains, which ce
be experimentally problematic, especially at very high may
netic fields. Recently, we have introduced a double-adiaba
decoupling 18), which causes a spectrum contraction by |
Homonuclear decoupling has been used intensively in tripfctor of A = [1 — (f,,J/Af)?], wheref,, is the root-mean-
resonance multidimensional NMR+3), especially for*CO- square value of the decoupling field aaflis one-half of the
3C, decoupling for*C- and"N-double-labeled proteins. As in frequency difference between the two decoupling pulses. T
other applications, it simplifies the spectrum and enhances 8fectrum contraction, by nature, is the Bloch-Siegert sh
signal-to-noise ratio4). To minimize disturbances of nearbyintroduced by two nearby decoupling fields, and it can k&
NMR peaks, homonuclear decoupling requires a decouplingmpensated in a quite broad decoupling range by a dilat
profile of sharp edges. One of the best decoupling schemesvslution timet; = [1 + (f./Af)*]t, (18). Besides, this
adiabatic decoupling5-9. Not only does it have an ideal double-adiabatic decoupling also reduces significantly the c
decoupling profile for homonuclear decoupliri( 11, but it clic irradiation sidebands, especially for peaks in the centr
also has the highest ratio of decoupling range divided by thegion of the spectrum. For large offset3 kHz for example,
root-mean-square value of the RF field strenéth,, which in there are about 2% residual sidebands with sideband num
turn minimizes sample heating. n = *1. Also, the decoupling sidebands will not be reduce
As in heteronuclear adiabatic decouplint€169, homo- by the compensating pulse, which is far off-resonance to fti
nuclear adiabatic decoupling also introduces significant sidesupled spins.
bands due mainly to a long decoupling period compared withTo eliminate the residual sidebands and to compensate
the inverse of sampling rate or dwell time. The origin of th8loch-Siegert shift, a constaf,, during decoupling is re-
sidebands is, however, different. In heteronuclear adiabatjgired; otherwise, the Bloch—-Siegert shift in the frequenc
decoupling, the sidebands, often referred to as decouplidgmain will not be easily predicted. This prevents the use
sidebands, are created by the periodic modulation of couplingainy schemes in heteronuclear adiabatic decoupling for elil
by the RF field. In homonucleaCO-"C, decoupling, for inating sidebands, such as the bilevel adiabatic decoufli®)g (
example, the sidebands, termed cyclic irradiation sidebandsd the adiabati®-variation @5).
are introduced mainly by direct irradiation of the decoupling In this contribution, the origin of the antisymmetric side-
RF field, while the effect of the modulation of the coupling i®ands and their amplitudes are discussed in detail. The inv
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sion of the sidebands by insertion of an initial decoupling with £/ @®
the samd s as the main decoupling is then introduced, and

finally this scheme is adapted for double-adiabatic decoupling T
(18), referred to as Bloch—Siegert Shift Eliminated and Cyclic
Sideband Trimmed Double-Adiabatic Decoupling, or “BEST” /i max * 0
decoupling for short. l
| 7 |

CYCLIC IRRADIATION SIDEBANDS |Tini| T | T time

As demonstrated earliet 7, 18, the cyclic irradiation side- FiG. 1. Gaussian-shaped adiabatic decoupling with an initial decouplir
bands are introduced by the irradiation of a cyclic decouplirgriod T, and the main decoupling perictl As T, varies, the phases of
field near a NMR line. The decoupling field creates not onﬁ}debands will change accordingly while the phase of the central peak rema
the sidebands but also a Bloch-Siegert shift. It was shown tHgg"anged. In particular, the sidebands<{ *1) are inverted iffi, = T/2.
both the sidebands and the Bloch—Siegert shift were caused

mainly by a time-dependent first-order average Hamiltonian inpq periodic phase modulation can be calculated easily:
the rotating frame X8),

9(t) = 2a[H()/1]t. 4
?_6(1)(11) _ firms(t) | = _|:firms(t) - 1:irms [ J [ ]
2Af 7 2Af, ‘ If the shape of the decoupling pulse is symmetric with respe
/ f2 to the middle point of a period, i.e.,
_ZAfllz:H(t)_ZAfllzy [1] - -
f1<2—t)=f1<2+t), 0=t=T/2, [5]

wheref (1), defined as

from Egs. [2]-[5], it is easy to derive that

1 t
fumdt) = tj fitar 122] £2,(T/2) = £2,(T) [6]
and and
Frems T) = Firms, [2b] H(T/2) =0 [7a]
I(T/2) = 0. [7b]

is a time-dependent root-mean-square value of the RF field

f,(t), andAf, is the decoupling carrier frequency minus NMRt can be further shown that the phase modulation is antisyt
peak frequency. The second term on the right side of Eq. [Tjietric with respect to the middle point,

which introduces a Bloch-Siegert shift, can be removed by
introducing a second rotating fram26, 27 with a rotating T T

frequency equal to the Bloch-Siegert shift, i.e,/27 = 1(}(2_ t) = _"9(2+ t) , 0=t=T/2. (8]
|f%..d 2AF;]. We call this particular second rotating frame the

Bloch—Siegert rotating frame. In the Bloch—Siegert rotating phase modulation, created by a Gaussian shaped pulse (v

frame, the first-order average Hamiltonian reduces to T. = 0), is shown in Fig. 1. Since a Gaussian shape
symmetric, the phase modulation appears to be antisymme

F) = — ffms(t) — f:lz.rmsl — H g1 With respect to the middle point of the period as expected. It
BS 2Af, zl ’ 8] this antisymmetric phase modulation, which resembles a si

function, that creates antisymmetric sidebands.

which is periodic with a period of andH(nT) = 0. The FID(t) in the Bloch—Siegert rotating frame is then the
In the Bloch-Siegert rotating frame the Bloch-Siegert shi@riginal FID (without the decoupling pulse), defined g&),

term disappears, but a periodic interaction (Eq. [3]) remairi§nes the phase modulation,

Therefore, the spins will precess with their own frequency on

average and the precession is phase modulated by the periodic ~ FID(t) = g(t) X [cog9(t)) + i sin(I(t))]. [9]

interaction. It is this periodic phase modulation that results in

the cyclic irradiation sidebands. For smalld(t), which corresponds to a low RF decoupling an
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TABLE 1
Amplitudes of Cyclic Sidebands for a Gaussian-Shaped
Decoupling Scheme
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Sideband number n = -2 -1 0 1 2 =
e 9
> 3

Observed -0.014 0.073  0.995 -0.068  0.016 o
Calculated -0.015 0.071  0.995 —0.069  0.019 g 5

o
2
= .10 , ‘ .
8

; - - S 0 0.5 I L5 2

is always the case in homonuclear decoupling, Eq. [9] reduces

to Decoupling Time (ms)

5 . FIG. 2. A period of phase modulation of transverse magnetization in th
FID(t) = g(t) X [(1 — 94(1)/2) +id(1)]. [10] Bloch—Siegert rotating frame created by a Gaussian-shaped decoupling pu
A(t) = finaexpl—a(t — T/2)?] with « = 5 (kHz)’, T = 2 ms,fipa = 2.72
The NMR line in the Bloch-Siegert rotating frame can b?;zh:::f“ms = 1.44 kHz, located 23.2 kHz higher than the NMR peak
expressed as duency.

FT{FID(1)} = FT{g(h} = FT{(1 — 9% (1)/2) +i9(1)},  Further, all theA, are real because of the symmetry-@ft)
[11] as shown in Eq. [8]. Also, sincé(t) = [fZ.t) — find
and bothf 7,,(t) andf?,, « fZ.., one getsd(t) « f2 .. It

whereFT{ g(t)} is the original line andFT{i¥(t)} contrib- follows that

utes to discrete antiphase sideband amplitudes, while
FT{( — 9%(t)/2)} contributes to discrete small symmetrical

sideband amplitudes.

The relative amplitudes of the sidebands can be obtained #ich agrees well with the calculated results shown in Fig. :
calculating the Fourier coefficients, Similarly, one can see from Egs. [3] and [4] thi,| is

inversely proportional ta\f,.
The field dependence of the amplitudes of the cyclic irrad
17 . ation sidebands can be understood by the following analys
— _ 2 H i(nN27t/T)
An TJ [(1 = 9%0)/2) +id(t)]e dt. [12] As the external magnetic field increases, the decoupling ran
0 andAf, increase linearly, while the decoupling powerfgf,

|An| o fimax o irmsv [14]

The amplitudes of the cyclic irradiation sidebands for
—2 to 2 together with the observed results are shown in 0.1
Table 1. Hered(t) is obtained using Eq. [4] with the -
parameters shown in Fig. 2, and the experimental results~ (.08
are obtained with the same conditions. The central pealﬁ
from the experiment is normalized to the calculated value.;;  0.06
The positive sidebands are slightly higher than their coun-3
terpart negative sidebands. This is caused partly by th% 0.04
term FT{( —97%(t)/2)}, which creates small positive side- %
bands that are added to the antisymmetric sidebands. Sinc
the small positive sidebands contribute to the integral of
the peak, they will reduce the amplitude of the central
peak slightly. Similar to heteronuclear decoupling, homo- 0 1 2 3 4
nuclear decoupling will also introduce decoupling side-
bgnds, which will also be added to the main antisymmetrical flmax (kHz)
sidebands.

Disregarding the small symmetric contribution, one obtainsFIG. 3. Amplitudes|A,| of cyclic irradiation sidebands fan = 1 as a
antisymmetric sidebands, function offlm_ax(=1.89f1,ms) (sol_id circles), calculated with Egs. [2]-[4], and

[12]. The solid curve is a function dR\,l = AfZ . (Or 1ALl o T30 T2,

whereA is a constant and is defined in such a way that the solid circle and cur
A, = —A_,. [13] match atfyp, = 1.5 kHz.

0.02
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increases as a function of the square root of the decoupliogmpensation. This characteristic is shown in the following
range for adiabatic decoupling,(19. It turns out thatA,|(«=  According to the definition of the rms value,
f2.JAf,) is independent of magnetic field for adiabatic decou-
pling. For other decoupling schemes with a decoupling index
<2 (12), however, the sideband amplitudes will increase as 1 [T f2 Tini

2 — 2 —

linirms — T Aini(t)dt -

ni
0

) - 1max
field increases. Tini
ni

INVERSION OF THE CYCLIC IRRADIATION T\ 212
SIDEBANDS X exp —apn| t — > dt

One of the effective ways to cancel the sidebands is to 2 (Tm tT  T)\212
invert them, followed by adding the two FIDs. This can =T j exp{ —04<-|-__— 2) ] dt, (17]
be accomplished in heteronuclear decoupling either by de- " "
laying the initial sampling with a spin echo as demonstrated
by Kupte (15), or by using a bilevel decoupling with a
strong initial decoupling pulse as shown by Kepet al. Where Eq. [16] has been used. A new variable tT/T;, can
(13). Both methods work quite well in heteronuclear decode inserted in Eq. [17], resulting in
pling under certain conditions. However, the spin echo
method suffers signal loss of the magnetization due to
spin—spin relaxation. The bilevel decoupling will disturb the _, _ f fmax
magnetization of interest that is not too far away from the " tnirms — T
decoupling pulse and will cause an unpredictable Bloch—
Siegert shift.

insTeOrtma:/r?r:nEEZI S(dee?:?)irgljiing(t)? :alfi |13’er(i)(;]§ gznts;mﬁqlgi I?Since no assumption is made ab@yt in the above derivation,

. . ) o h lati Eq. [18]) is true f ini I Eq. [16
decoupling, i.e.,T;,; = T/2 (Fig. 1). However, this initial hoel-drsealon( a. [18]) is true for anyy; as long as Eq. [16]
gecoup:!ng _pulsg thSt have thet Sf;]mggl ash tg_e matm hi tEquation [18] shows that all the Gaussian decoupling s

ecoupiing In order to compensate the BIOCh—=SIEgert Shilancag constructed with the relationship of Eq. [16] will hav

51158)tﬁeAlrSrloéi;1t (Ijseggl(jSISirS]grngz ehave the same inversion baﬂae samd s and therefore have the same contribution to th

| ) N G ; haped oul Bloch-Siegert shift.
N our experiments, a Laussian-shaped puise, Under the two-stage decoupling, tRéD (t) is modulated

;
J exd —a(u— T/2)?]2du=f2,. [18]
0

as
A() = fimaexd —a(t — T/2)?], [15]
FID(t)
is used. The frequency-independent adiabatic inversion _
(10, 16 is constructed according to Réf6. The initial decou- glt) X [1+i9,(D)], for 0=t <Ty,=T/2,
pling also has a Gaussian shape, with the same amplit,ige - T [19a]
and the same inversion bandwidth as the main decoupling g(t) x [1+ iﬁ(t - 2)] , for TI2=t,
pulse (Fig. 1). It has a period df,, = T/2 and [19b]
= T)Z [16] where the small contributions frond’;(t) and 9°(t) are
n Tini neglected for simplicity.9,,(t) is created by the initial

decoupling pulse and has a periodTof = T/2, while 9(t)

. . is created by the main decoupling pulse and has a period
Equation [16] ensures that both the initial and the ma Equation); [19a] and [195] cgar? be consideredpas ",
decoupling have the same cutoff amplitude at the beginnir]g'l,DS

Aii (0) = A(0), and at theend,A;;(T) = A(T), of a period.
The cutoff amplitude in our case is about 0.7% of the peak

value. T
It is important to note that this initial Gaussian decoupling FID,(t) = g(t) X [1 + iﬂ(t + 2)] , for 0=t,
has an rms value of RF field;,ns €qual to that of the main

decoupling, which is exactly needed for Bloch—Siegert shift [20a]
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and
a Wl
FID (1) Pemy L3¢ LnLen i~ coon
T
_ g(t)x{1+i{ﬁim(t)— ﬁ<t+2>]},f0r 0=t<T/2, — A ,___\[___,_/__
0, T/2 <t. b W
[20b]
FID,(t) differs from the originaFID (t) (Eq. [11]) in that the — V A~
modulation 9(t) has a time shift of half period/2, which I
corresponds to a phase shift in the frequency domain, i.e., c
FT{io(t+ T/2)} = e "“T2FT{ie(t)}, [21]
~ N
wherew = n2#/T. It follows that —~/> I
d
. . —1, for odd|n|
—i(w _ A—i(nm) _ !
e =e )_{ 1, for even|n| - [22]

Correspondingly, all the sidebands with odd numpérare
inverted while the others remain unchanged. ¢
Similarly, if T, = T/4 all the sidebands are inverted with
a sideband number = +2, =6, £10, ..., while a phase
shift & = —n/2 is introduced for othen. If T,,; = 3T/4, all
the sidebands are inverted with a sideband number 2,  ————————
+6, +10, ..., while a phase shift = —n3m/2 is intro- 34 32 30 28 26 24 22 20 ppm
duced for.Othen' Pra(.:tica”y' it is often SUfﬁ_Cient to eliminate FIG. 4. Methyl ®C spectra from the traces of two-dimensional HSQC
only the sidebands with = +1 and=2. In this case only four spectra using a sample of double-labeldcetylglycine. The spectra are
experiments are necessary with; = 0, T/4, T/2, and J/4.  obtained using the decoupling sequence shown in Fig. 1, Tith= 0 (), Tun
Adding up all the four experiments cancels the sidebands (FigT/2 (b), T = T/4 (c), andT,,; = 3T/4 (d). Spectrum (e) is the sum of the
4). Indeed, only two experiments are required to eliminate tfr (@ to d) spectra. The central peak is truncated at 40% level.
large main sidebands with = *=1.
TheFID ,(t) (Eqg. [20b]), which is nonzero only in the initial
period of /2, will create a spectrum spread over a range 8f(kHz)’, T = 2 ms,fip, = 2.72kHz, andfy,s = 1.44kHz.
4/T and has an amplitude approximatdly2T ., of the side- The RF power level is increased 6 dB for the “BEST” decou
band amplituder{ = 1), whereT,, is the acquisition time in Pling, which corresponds to double the amplitude. T:he and
t, dimension. This small disturbance can be neglected as Idhg RF power, however, have been increased only by a fac

asT., > T, which is always the case practically. of V2 and 2, respectively, because of the interference of tl
two decoupling pulses. The offset-independent adiabatic ¢
EXPERIMENTAL coupling is constructed according to Ret6) with an 8-kHz

frequency sweep and a phase cycle of (0°, 150°, 60°, 150°, 6
In all the experiments, &N- and **C-labeled (-COOH is (29, 30. The initial decoupling period is constructed accordin
unlabeled)N-acetylglycine (Fig. 4) is used with a gradiento Eq. [16]. All the experiments were performed on a 600-MH
version of HSQC 28). During the**CHj; evolution ¢,) time a Varian Unit Plus NMR instrument with a Varian 5-mm HCN
homonuclear decoupling atCO is applied with a frequency triple-resonance probe.
shifted excitation 27, 1§. All the decoupling pulses have a The **C traces from HSQC spectra are shown in Fig. ¢
Gaussian shapA(t) = f..exp[—a(t — T/2)?]. Gaussian obtained using the decoupling scheme shown in Fig. 1, wi
adiabatic decoupling gives the quite sharp decoupling profiferentT,,. Figure 4a is obtained with,,, = 0, which shows
that is desired for homonuclear decoupling, and it is easy @ normal spectrum under homonuclear decoupling with
construct arf,,,s invariant decoupling with different periodsBloch—Siegert shift of 45.0 Hz. The sidebands appear to |
but nearly the same decoupling width. However, other shapadtisymmetric because of the antisymmetric phase modulati
pulses could equally be utilized. The main decouplingdas (Fig. 2) as discussed above. The sidebands will also be inver
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if the decoupling pulse moves from one side of the NMR peak W
to the other as demonstrated and explained ead®r Figure o u
4b shows the spectrum with,, = T/2. The sidebands with a Bemy13¢ LN Len —coon

n = =1 are inverted, but the sidebands= *2 remain
unchanged as theory predicts. Therefore, the sidebands (
+1) can be eliminated by adding Figs. 4a and 4b. This will be
sufficient for most applications, since the remaining sidebands - —
are quite small. The spectra for initial decoupling perlog =

T/4 and 3[/4 are shown in Figs. 4c and 4d, respectively. Now,

the sidebands with = *£2 are inverted but the sidebands with b
n = *£1 havex90° (Fig. 4c) and+270° (Fig. 4d) phase shifts,

as also predicted. By adding all four spectra (Figs. 4a to 4d), all

the sidebands with = £1 and=*2 are entirely eliminated as

shown in Fig. 4e. % &
For T,;, = T/4 = 0.5 ms initial decoupling, the inversion I

profile may degrade becaudg, is too small. To avoid this

problem, two decoupling periods, one with; = 1.0 ms and ¢

the other 1.5 ms, are used. The total initial decoupling time is
then 2.5 ms. Since it is 2 ms (a single period) longer théh
it will give the same phase shift &s,, = T/4. J
The irradiation sidebands can also be reduced significantly A
by a double-adiabatic homonuclear decoupling used to com- T P T T O T T T OO
pensate Bloch—Siegert shift§). It is quite effective for small 34 32 30 28 2624 22 20 ppm
offsets. For a large offset;3 kHz, for example, residual FiG. 5. Methyl *C spectra from the traces of two-dimensional HSQC
sidebands are about 2% with= *=1 and negligibly small for spectra using a sample of double-labeldcetylglycine. The spectra are
the rest of the sidebands. The double-adiabatic decouplifBtained using “BEST” decoupling, with'&C decoupling offset of-2.5 kHz
however, has no effect on the decoupling sidebands. andT;,; = 0 (a) andT.n._: T/ 2 (b). Spectrum (c) is the sum of spectra (a) anc
By i ting an initial double-adiabatic decouplin eriog) )- The central peais truncated at 40% level
y Inserting pling p
T..(=T/2) into the double-adiabatic decoupling8j, the re-

sidual sidebands witin = *1 will also be inverted and ional to the frequency difference between the peak and t
therefore can be eliminated. Since the initial double-adiabaEc q y P

decouping has the sare,, as the main double-adiabatic, “S8 (O CAREES R S FEHEICRR &
decoupling, the Bloch—Siegert shift can be eliminated with g ping.

dilated evolution time as demonstrated recentl§)(As men- ping schemes, they'ln'crease as magpetlc f'e.lc.j nereases.
. : . : . sidebands can be eliminated by inserting an initial decouplir
tioned above, we call this particular double-adiabatic decou- . : .

. ) y - with the samd s as the main decoupling pulse. This schem
pling the “BEST” decoupling.

The experimental results obtained with this BEST decouplir? an be implemented in the dpuble qdlaba}tlg decoupllayto
R o : . . nstruct the BEST decoupling, which eliminates not only tt
are shown in Fig. 5. Fol,; = 0, an antisymmetric residual . . . :
X . L : Bloch—Siegert shift but also the residual sidebands.
sidebandsr( = *1) appears in Fig. 5a and the sidebands are . : — .
The scheme, inserting an initial decoupling, can also be us

inverted with an initial decoupling, = T/2 as s_hown n Fig. Sb. in |Qeteronuclear adiabatic decoupling to eliminate sideban

When these two spectra are added, the residual sidebands ‘(\é Zhang and D. G. Gorenstein, unpublished). More impo
L g . . G. , .

n = =1 are cancelled as shown in Fig. ¢ tantly, it also eliminates the subharmonic decoupling sideban

(14, 19 without requiring an echo delay, which may reduce th

observed magnetization in spins with short spin—spin rela

. . . ation times. The details of the application of this method t
In homonuclear decoupling, the antisymmetric sidebands are : . .
aheteronuclear decoupling will be discussed elsewhere.

caused by an antisymmetric phase modulation in the Bloc
Siegert rotating frame. The phase modulation results from the
direct cyclic irradiation of a nearby decoupling field. Unlike

the symmetric sidebands observed in most heteronuclear de-

coupling, the antisymmetric sidebands make no contribution to_ .
This research was supported by NIH (Al27744), NIEHS (ES06676), tf

peak Integration since the counter parts cancel. Therefore, tIWéfch Foundation (H-1296), the Lucille P. Markey Foundation, and th

will not reduce the intensity of the central peak. The sidebardaly and Smith Foundation. Building funds were provided by NiF

amplitudesA,| are proportional td I, and inversely propor- (1CO6CA59098).
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