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A Two-Dimensional Experiment That Separates Decoupling Sidebands
from the Main Peaks1
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Broadband decoupling techniques generate undesirable cycling
sidebands. The new two-dimensional technique described here al-
lows separation of these sidebands from the main peaks by spread-
ing the sideband responses in the indirectly detected dimension (F1)
according to their frequency separations from the parent peaks,
leaving the main resonances at zero frequency in F1. This trace at
zero frequency shows a thousandfold suppression of the residual
sidebands, making possible the detection of very weak signals from
dilute constituents of the sample. The experimental results can be
displayed as one-dimensional “quiet decoupling” spectra without
any significant loss of sensitivity. The new technique (DESIRE—
decoupling sideband resolved spectroscopy) is simple, robust, and
straightforward to implement. C© 2001 Academic Press

Key Words: cycling sidebands; sideband suppression; broadband
decoupling; quiet decoupling; two-dimensional spectroscopy.
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Modern broadband decoupling schemes involve the app
tion of aperiodicsequence of radiofrequency pulses, and a
consequence, the decoupled spectra always include some
of cycling sidebands that arise from residual pulse imperfecti
Although numerous techniques for reducing sideband intens
have been suggested in the past (1–8), the degree of suppressio
is never perfect. This can be a major nuisance, particular
biochemical studies where it is important to identify some
tremely weak signals comparable in intensity with the cycl
sidebands from much stronger responses.

We describe here a new two-dimensional experiment that
arates decoupling sidebands from their parent peaks. A virtu
sideband-free spectrum is obtained, suitable for the observ
of the responses from very dilute species under investiga
The component of the total magnetization that gives rise to
cling sidebands is frequency-modulated, and this proper
exploited to disperse the sidebands into theF1 dimension while
the spectrum of interest appears on the trace at zero freque
1 Presented in part as a poster at the 42nd Experimental NMR Confere
Orlando, FL, 11–16 March 2001.
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The key to this new suppression technique is to allow
magnetization from the cycling sidebands to evolve during tht1
interval without any concomitant evolution of the magnetizati
from the parent peaks. This is achieved by a 180◦ pulse on the
I spins that brings all chemical shifts to a focus at the end
the evolution period. Signal acquisition takes place duringt2
under broadband decoupling conditions where both the pa
and sideband signals evolve together.

The pulse sequence is shown in Fig. 1. Following the exc
tion pulse on theI spins, evolution of the heteronuclear spin–sp
coupling (JIS) during the variable interval1 is refocused by the
180◦ pulse on theS spins. At the point where theJIS coupling
is fully refocused, a 180◦ pulse is applied to theI spins. The
purpose of this pulse is to refocus theI -spin chemical shift evo-
lution; it does not affect the evolution of theJIS coupling. At this
point, heteronuclearS-spin decoupling is switched on. Durin
the following periodt1 the frequency-modulated components
magnetization (the cycling sidebands) evolve and accumu
phase shifts that eventually determine the initial phases of
signals detected during the acquisition period. In complete c
trast, the magnetization from the parent signals is refocuse
the 180◦ pulse and starts the acquisition interval with zero ph
shift, just as in a conventional pulse–acquire experiment. C
sequently, in the resulting two-dimensional spectrum, only
cycling sideband frequencies appear in theF1 dimension while
the parent peaks are all confined to the trace atF1 = 0. Parent
signals and decoupling sidebands both evolve duringt2 so the
sidebands are dispersed along diagonals that pass throug
corresponding chemical shift frequencies on the traceF1 = 0.
Since the time-domain signals evolving duringt1 have no imag-
inary parts, the spectrum is symmetrical about the lineF1 = 0,
so the sidebands fall along two symmetrically related diagon
reminiscent of those observed in “reflected” two-dimensio
J-spectra (9, 10).

These doubly diagonal patterns of sideband responses
clearly evident in the two-dimensional spectrum of proto
decoupled from carbon-13, shown in Fig. 2. The sample used
demonstration was a partially decomposed mixture of13CH3I
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FIG. 1. Pulse sequence for separation of decoupling sidebands from
main peak. The duration of the delays on each side of the 180◦(I ) pulse are
equal,1 = δ + t1. The fixed delayδ is equal to or longer than the duratio
of the composite 180◦(S) pulse. It can be used to adjust the phase of the stro
est or closest sideband to reduce interference from the phase twist.
cycles:ϕ = −x,+x,+y,−y; receiver+x,−x,+y,−y.

(δH= 1.95 ppm, 1JCH= 151 Hz) and 13CH3P(O)(OCH3)2

(δH= 3.5 and 1.25 ppm,1JCH= 129 Hz), which contained a fai
number of impurities. The protons of the methoxy groups
not coupled to carbon-13. The sideband-free “parent” spect
runs along the traceF1 = 0. Responses at nonzero frequenc
in F1 represent the separations of sideband responses from
parent peaks. They allow any cycling sidebands that are
partially suppressed by the decoupling protocol to be prop
identified. The trace at the top of Fig. 2 was derived from the fi

t1 increment of the two-dimensional experiment and represe

with 128 increments, 4 scans per increment, sw1= 8928 Hz,B2(max)= 2.23 kH
The strongest sidebands, appearing at approximately 210 Hz from the ma3
the top shows the sidebands before suppression.
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In Fig. 3 the main spectrum from adecoupling sideband
resolved spectroscopy (DESIRE) experiment recorded us
GARP-1 decoupling (9) is compared with a conventiona
GARP-1 decoupled spectrum. The sample is the same as
used in Fig. 2 and the tallest peak (CH3I) has been truncated a
2.5% in both spectra. A dramatic reduction of sideband inten
has been achieved.

The degree of sideband suppression in the DESIRE ex
iment largely depends on (a) the number of increments int1,
(b) the length of the decoupling sequence, (c) the length of in
vidual (composite) inversion pulses in the decoupling sequen
and (d) the overall stability of the spectrometer hardware.
order to minimize relaxation losses, the variable delays1 and
t1+ δ need to be as short as possible. A high degree of sideb
suppression can be achieved ift1 is set to an integer multiple
of the duration of the decoupling cycle or supercycle. This c
responds to the requirement of “stroboscopic detection” in
theory of spin decoupling (11, 12). The optimum number of in-
crementsni is determined as

ni = 2kmN, [1]

wherem is a positive integer, usuallym= 1, k is the number of

nts

wn in Fig

phase cycling steps in the decoupling sequence, andN is a pos-
der
the integral over allF1 values, showing all the normal residual

sidebands.

FIG. 2. The two-dimensional DESIRE spectrum of protons in a mixture of13CH3I and 13CH3P(O)(OCH3)2 recorded at 500 MHz on a Varian INOVA
spectrometer using GARP-1 decoupling of carbon-13. Only the responses at 1.25 and 1.95 ppm are coupled to carbon-13. The pulse sequence is sho. 1,

itive integer, a power of 2, that corresponds to the highest-or
harmonic that needs to be eliminated (5, 6). The time increment
z. A 90◦(X)180◦(Y) 90◦(X) composite pulse was employed as the 180◦(S) pulse.
in CHI peak (1.95 ppm), were phased by adjusting the delayδ to 2.5 ms. The trace at
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FIG. 3. Comparison of (a) the spectrum of the same sample acquired using conventional synchronous GARP-1 decoupling (128 transients) and (b) the
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corresponding DESIRE spectrum. Note the considerable reduction in cycl

in t1 is calculated asTd/(2N), whereTd is the length of a single
(composite) inversion pulse in the decoupling sequence. N
that subharmonic sidebands (5, 6) can only be eliminated ifk
is an even number. Hence decoupling sequences employin
of the iterative phase cycling schemes wherek is an odd integer
(13, 14) may require the number of increments to be doub
(m = 2) to achieve optimum suppression of subharmonic s
bands.

Cycling sidebands that are closer to the parent line are m
difficult to eliminate and require longert1 evolution times. The
inner sidebands (5, 6) are typically caused by a poor inversio
profile of the basic 180◦ pulse in the given decoupling sequenc
or because of inaccurate calibration of the radiofrequency fi
Adiabatic pulses have the advantage of being less sensiti
radiofrequency calibration errors (15). It is essential that the ef
fective bandwidth of the 180◦(S) pulse be at least as wide as tho
in the following decoupling sequence. This can be achieved
either composite or adiabatic pulses (9). Alternatively, the same
pulses that are used for theS-spin decoupling can also be em
ployed for refocusingJIS, as described earlier (7). This has the
advantage of reducing some of the sidebands at the initial s

In addition to more conservative use of decoupling power,

abatic decoupling (15) has the advantage of producing cyclin
sidebands fewer than those of conventional decoupling schem
ng sidebands. Both spectra have been truncated at 2.5% of the tallest (CH3I) peak.
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giving a simpler DESIRE spectrum. The degree of sideba
suppression achievable with adiabatic decoupling is shown
Fig. 4. A relatively long (Td= 2 ms) WURST-40 waveform (16)
covering a 20-kHz bandwidth and phase cycled according
the MLEV-4 scheme (9) was employed to produce an extensiv
pattern of sidebands. This made genuine peaks in the spec
from minor components essentially impossible to recognize (
Fig. 4a). We chose to suppress sidebands up to the fourth
monic, N = 4. A considerable improvement of sideband su
pression was obtained by applying a sine-squared window fu
tion in thet1 dimension. This required doubling the number
increments toni = 64 (m= 2). In order to minimize the subhar
monic sidebands, a 1-ms constant adiabaticity WURST-40 pu
was employed as the 180◦(S) pulse. A sideband-free spectrum
obtained from the two-dimensional data set is shown in Fig.
The vertical scale has been increased by a factor of 100. On
few residual responses from the sidebands can be identified
strongest of which is the eighth-order sideband marked by
asterisk (∗). Its intensity is only 2.4× 10−5 of the main (CH3I)
peak, demonstrating a remarkable suppression factor of 100

The two-dimensional version of this technique can easily
reduced to a one-dimensional “quiet decoupling” form by addi

g
es,

all the time-domain traces in the same memory location; the
Fourier transform then gives the required trace atF1 = 0. This
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FIG. 4. Comparison of spectra of the same sample recorded employing adiabatic decoupling (WURST-40) with a 4-step MLEV phase cycle (9) and a WURST-
40 defocusing pulse (7), sw1= 4000 Hz, 64 increments, 4 transients per increment, decoupling pulse lengthTd = 2 ms, decoupling bandwidth 20 kHz, adiabaticity

factor Q = 2.5, B2(rms)= 2.31 kHz, B2(max)= 2.79 kHz. (a) The Fourier transform of the firstt1 increment, showing the cycling sidebands; the strongest is
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2.4% of the parent (MeI) peak. (b) The DESIRE spectrum. (c) The same,
marked by an asterisk (∗) and is 2.4× 10−5 of the parent signal, representing

would also simplify the task of sideband suppression in m
complex multidimensional experiments. The expected appl
tions of DESIRE will normally involve dilute species requirin
extensive time-averaging, so there would be no increase in t
spectrometer time.

To conclude, the proposed technique allows an extremely h
degree of sideband suppression in decoupling experiments
provides the means to identify any incompletely suppressed s
bands in the final spectrum. The new method should be us
for detection of minor components in spectra of high dynam
range. Apart from slight loss due to spin–spin relaxation d
ing the short interval 21, the sensitivity should be comparab
with that of conventional one-dimensional spectroscopy, an
any case, for decoupled spectra of very dilute solutions, i
the residual cycling sidebands (rather than noise) that limit
effective sensitivity.
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5. Ē. Kupc̆e, R. Freeman, G. Wider, and K. W¨uthrich,J. Magn. Reson. A122,
81 (1996).
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