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Techniques for heteronuclear broadband decoupling have
improved enormously over the three decades since noise
decoupling wasfirst introduced (1), initially through various
forms of composite-pulse decoupling (2—7) and more re-
cently with methods based on adiabatic fast passage (8—
15). The principal aimisto increase the effective decoupling
bandwidth AF* without increasing the radiofrequency
power dissipation in the sample. In order to be able to com-
pare different schemes, it is useful to define a figure of merit
that measures decoupling ‘‘efficiency’’ in some rationa
manner. Since the effective bandwidth achieved by decou-
pling with noise or composite pulsesis linearly proportional
to the radiofrequency intensity B,, the figure of merit in
common use has been

AF*
-8k 1
(yBa127) s

This dimensionless parameter has served its purpose well
for these **hard-pulse’’ methods of decoupling. Noise decou-
pling (1) delivers a figure of merit £ = 0.3, WALTZ-16
(6) achieves the value £ = 1.8, and GARP (7) gives § =
4.8. However, when we analyze the performance of adiabatic
pulses, we find that the effective bandwidth increases as the
square of the radiofrequency intensity B, rather than linearly,
so that = cannot readily be used to compare different adia-
batic schemes. This is unfortunate because the effectiveness
of adiabatic decoupling depends on optimizing severa in-
strumental parameters.

We propose to define a new figure of merit for adiabatic
decoupling in terms of effective bandwidth divided by the
mean radiofrequency power

_ AF*Jis
[vB.(RMS)/27]2’

[2]

where B, (RMS) isthe constant radiofrequency intensity that
would have the same power dissipation as the actual ampli-
tude-modulated B, field. The inclusion of J,s allows for the
fact (discussed below) that decoupling becomes proportion-
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ately more difficult as J;s increases. If al the frequencies
are expressed in hertz, this form of & is dimensionless and
on the order of unity. The original figure of merit = would of
course be retained for noise or composite-pulse decoupling.
Spin inversion is achieved if the sweep rate satisfies the
adiabatic condition,
| do/dt| < yBes, [3]
where Bg; is the effective radiofrequency field, determined
by B, and the offset AB, and @ is the inclination of this
effective field with respect to the x axis of the rotating frame.
It is usual to define an adiabaticity parameter (16) that, in
principle, should be large compared with unity:
Q(t) = yB«i/| do/dt]. [4]
The rate df/dt is a function of both the sweep rate, the

radiofrequency intensity B,, and the offset from resonance
AB. Then the formula for adiabaticity becomes (16)

y(B2 + AB?)¥?
| B,(dAB/dt) — AB(dB,/dt)|

Q(t) = [5]

The critical stage of any adiabatic sweep is the point where
B, sweeps through resonance for a given chemical species,
so putting AB = 0 we obtain

yB3

Q= (aaB/an)

[6]

If we restrict the analysis to a linear frequency sweep, then

dAB  27AF
dt 4T

: (7]

where AF is the total sweep range and T the duration of the
sweep. In the adiabatic decoupling schemes of interest here,
the radiofrequency field B, is at its maximum level,
B,(max), at resonance. Thus,
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FIG. 1. Experimenta effective bandwidths AF* recorded for WURST

decoupling plotted as a function of the square of the mean radiofrequency
level, [ yB.(RMS)/2r]2. The proton signal of **C-enriched sodium formate
(Jen = 200 Hz) was observed at 500 MHz, while the *C signal was
decoupled. A 20-step phase cycle was used (see text). The sweep duration
(T = 1 ms) and the adiabaticity factor (Q, = 1.2) were held constant; the
other instrumental parameters are indicated in Table 1. The abnormally
high bandwidth represented by the square arises from a reoptimization of
the parameters with respect to the 151 Hz coupling in methyl iodide.

{yBo(max)} T

Q=5 AF

(8l

We now introduce a quality factor £ = AF*/AF, the
ratio of effective bandwidth to total sweep range, and a
power factor f = B,(RMS)/B,(max), which takes account
of the fact that the radiofrequency level is brought smoothly
to zero at the extremities of the sweep. Both £ and f are
numbers less than unity; for efficient decoupling schemes,
they are closeto unity. It followsthat the eff ective bandwidth
varies as the square of the mean radiofrequency level:

& yB:(RMS)} *T

AF* =
27TQ0f2

(9]

This dependence of effective bandwidth on the radiofre-
quency power (rather than the radiofrequency intensity) is
confirmed by experiments to decouple **C from protons in
enriched sodium formate (*Joy = 200 Hz) in solution in
heavy water. The measurements were carried out on aVarian
Unity-500 spectrometer and employed a sweep duration T
= 1 ms, and an adiabaticity factor Q, = 1.2. The 20-step
phase cycle was constructed from the (0°, 150°, 60°, 150°,
0°) cycle of Tycko et al. (17) nested within the (0°, 0°,
180°, 180°) cycleof Levitt and Freeman (2). Figure 1 shows
the experimentally observed decoupling bandwidths AF*
plotted as a function of the square of the mean radiofre-
quency intensity, [ yB,(RMS)/2x]?. There is an obvious
linear relationship. Figure 2 shows that an effective band-
width in excess of 1 MHz can be covered at the highest
setting of B,(RMS), entailing a sweep rate of over 1 GHz
s~t. A more redligtic radiofrequency level, yB,(RMS)/2r
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= 3 kHz, delivers an effective bandwidth of 44 kHz, which
easily covers the entire range of **C chemical shiftsin any
present-day high-resolution spectrometer.

The most serious practical limitation on broadband decou-
pling at high figures of merit is the introduction of cycling
sidebands into the decoupled spectrum (18). These are more
obtrusive if the adiabatic condition is not properly fulfilled
(low Q) and if the pulse repetition rate isinsufficiently high
in comparison with the coupling constant (13). Thisis why
it is easier to achieve a wide effective bandwidth if the
coupling constant J;s is small. Thisis quantified in terms of
a parameter

m = 1/(JsT), [10]
where mis a small positive number, usually between 4 and
6. The sweep rate is therefore a compromise between two
requirements—it must be slow enough to satisfy the adia-
batic condition and a fast enough so that J,sT =~ 0.2.
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FIG. 2. Experimental offset dependence of WURST decoupling in **C-
enriched sodium formate, showing results corresponding to the last four
points of Fig. 1: (a) yB,(RMS)/27r = 8.5 kHz, (b) yB,(RMS)/2r = 10.5
kHz, (c) yB,(RMS)/2r = 12.2 kHz, (d) yB,(RMS)/27 = 14.3kHz. The
fixed parameterswere T = 1 ms, m = 5, Q, = 1.2, with J = 200 Hz. The
variations in the height of the decoupled line are probably attributable more
to limitations in the radiofrequency circuitry at these very high bandwidths
than to changes in decoupling efficiency.
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We may now rewrite ® in terms of the practical parame-
ters, substituting Eq. [9] in Eq. [2]:

_ 27T§\J|ST _

o = 2ré

Qof? B mQyf?’

[11]

This expression acts as a guide to the optimization of decou-
pling performance by choosing the most suitable instrumen-
tal settings. First of al, we decide on the permissible radio-
frequency power, which is proportional to [ B,(RMS)]?. We
then ensure that the sweep duration T is short enough that
several complete adiabatic sweeps are made in atime of 1/
(Jis); this usually means that the parameter mis about 4 or
5; otherwise, the cycling sidebands become too obtrusive.
At the same time, we adjust the relationship of the sweep
rate to B,(max) so that the adiabaticity factor Q, islow, but
not so low that the adiabaticity condition is violated. It is
important to maintain the adiabatic condition over a wide
fraction of the sweep range AF*/AF; this implies that a
broad central section of the sweep should have a constant
sweep rate and a uniform radiofrequency intensity. For
WURST decoupling (11, 13, 15), this requires a reasonably
high index n in the expression for the pulse envelope:

Ba(t) = B2(max){1 — [sin(5t)|"}. [12]
Thisisacompromise setting, because the larger n, the nearer
the power factor f approaches unity, whereas Eq. [11] im-
plies that we should employ a low power factor, provided
that this does not increase the peak radiofrequency to the
point that the probe capacitors might break down. Note that
for wide sweep ranges the appropriate setting of n becomes
proportionately larger.

For the instrumental parameters used to obtain the results
of Fig. 1, we find that ® varies only within the range 0.96 to
1.02 for the sodium formate sample (Jis = 200 Hz). Thus,
® = 1 is areasonable value for routine decoupling experi-
ments, but it is by no means the largest possible figure of
merit. Experiments previoudly reported (15) set out to ‘‘sall
closeto thewind’ in order to achieve a very high bandwidth
for a given radiofrequency power. The sample was enriched
methyl iodide (Joy = 151 Hz) and the instrumental parame-
ters were yB,(RMS)/27n = 5.6 kHz, T = 1.5 ms, n = 240,
and Q, = 1, yielding a bandwidth of 290 kHz, corresponding
to a relatively high figure of merit & = 1.40 (Fig. 1). Note
that these experiments employed very high values for &, f,
and n (Table 1), typica of situations where a high figure of
merit is the prime concern. An example of a very small cou-
pling (Jsy = 11 Hz) is provided by {*P} H decoupling in
trimethyl phosphite (15), where the pulse duration can be
increased to 15 ms and the mean radiofrequency level reduced
to 0.92 kHz. This gives an effective decoupling bandwidth of
66 kHz and a figure of merit & = 0.86.
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TABLE 1
Effective Bandwidths AF* and Figures of Merit & for WURST
Decoupling with J = 200 Hz, Qy = 1.2and T = 1.0 ms

yB,(RMS)/ AF*

27 (kH2) & fP n° (kHz2) @
2.67 0.68 0.77 20 34 0.96
2.98 0.73 0.79 25 44 1.00
3.25 0.74 0.81 30 52 0.98
3.53 0.77 0.84 40 62 1.00
3.77 0.78 0.85 45 70 0.98
3.99 0.78 0.85 50 78 0.98
4.40 0.78 0.87 60 94 0.98
4.80 0.81 0.88 70 114 0.98
5.78 0.83 0.89 100 166 1.00
7.16 0.84 0.92 150 252 0.98
8.52 0.90 0.93 200 360 1.00

10.51 0.93 0.94 300 560 1.02

12.18 0.93 0.95 400 740 1.00

14.28 0.95 0.95 400 1040 1.02
5.60 0.97 0.96 240 290 1.40¢

a¢ is the ratio of the effective decoupling bandwidth to the total sweep
range.

®f is the ratio B,(RMS)/B,(max).

°n is the exponent in the expression for the WURST pulse envelope

(Eq.[12]).
9 Obtained with J = 151 Hz, m = 4.4, Q, = 1.0, T = 1.5 ms.

The penalty for procuring very high figures of merit is
a higher level of cycling sidebands (18) in the decoupled
spectrum, because with high & values one comes closer to
violating the two essential conditions, JsT < 1 and Q, >
1. This can serioudy interfere with the detection of weak
signals, for example, in two-dimensional nuclear Overhauser
spectroscopy (NOESY ) with isotopically labeled biological
macromolecules. Somerelief can be obtained by *‘ asynchro-
nous'’ decoupling—starting signal acquisition at arandomly
selected point in the decoupling cycle, so that the cycling
sidebands have a variable phase (13) and tend to cancel
(19). A more certain remedy is to increase the sweep rate
and increase the radiofrequency level, thus accepting alower
figure of merit ®. Fortunately, the high bandwidths attainable
by WURST decoupling leave ample leeway for such adjust-
ments.

We illustrate this question of spectral purity with a
{ *3C} H decoupling experiment on **C-enriched sodium ace-
tate, performed on aVarian UNITY plus 750 MHz spectrom-
eter. The idea is to demonstrate the effect that cycling side-
bands would have on a two-dimensional proton NOESY
experiment when **C synchronous decoupling is employed.
The proton frequency wasincremented over 2.5 kHz to simu-
late a strong diagonal response while the decoupler fre-
guency was incremented over a range of 64 kHz, giving
effective decoupling in the central region of +15 kHz. Set-
ting the contour level at 0.2% of the maximum proton re-
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sponse highlights the cycling sidebands. The results are com-
pared with those from WALTZ-16 (6) and GARP (7) de-
coupling, using the same decoupler level, yB,(RMS)/2r =
4 kHz. As expected from earlier investigations (18), GARP
shows the most obtrusive cycling sidebands, WALTZ-16
provides arather better performance, while WURST-2 gives
a much higher spectral purity in the decoupled region (Fig.
3). These results were achieved by increasing the adiabat-
icity factor Q, to 1.7, and by reducing the sweep duration
T to 0.5 ms, giving an effective decoupling bandwidth AF*
= 30 kHz. The apodization of the amplitude profile was
deliberately made very mild (n = 2). These very conserva-
tive operating conditions (® = 0.28) could be used in any
situation where cycling sidebands might present a problem.
We conclude that adiabatic fast passage provides inherently
more compl ete spin inversion than the composite pul ses used
in WALTZ-16 and GARP.
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