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Abstract

Adiabatic proton decoupling has been optimized in order to obtain accurate quantitative measurements of intensities on 13C NMR
spectra. For each offset, the minimum adiabaticity factor (Km) reached during the pulse was computed. This Km profile was used to
optimize the peak value and the swept frequency range of the adiabatic pulses. With a cosinus amplitude modulation, offset-indepen-
dent-adiabaticity, and the M4P5–M4P9–M4P5 0–M4P9 0 phase cycle, an accuracy of 2& for the 13C NMR measurements was reached.
An approach using bi-labeled 13C acetic acid and ethanol at 99% allowed a fine experimental determination of the uniformity of the
decoupling profile. The comparison with WALTZ-16 highlights the improvements in the uniformity of the proton decoupling.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Quantitative 13C NMR can be used for numerous
applications like titrations, measurements of kinetic iso-
topic effects (KIE) [1], and authentication [2]. The acqui-
sition conditions needed to obtain quantitative
measurements with a precision of 1% are well known
[3,4]. However, for applications such as quantification
of 13C isotopomers (i.e., isotopic distribution measure-
ments for the elucidation of biosynthesis mechanisms at
natural abundance), the order of the accuracy and preci-
sion required is about 1&. Indeed, in natural conditions,
the 13C/12C isotope ratios present a very restricted range
of isotopic deviations: the difference in this ratio between
two molecules, or two sites of the same molecule, is nev-
er higher than 50& and often close to a few per thou-
sand. Moreover, to recognize such a small amount of
13C nuclei, a signal-to-noise ratio greater than 1000 and
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a homogeneous response over all the effective bandwidth
are essential.

It has been shown in previous works that inhomoge-
neous proton decoupling over the 1H bandwidth consti-
tutes a severe limitation for high accuracy in 13C NMR
[5]. Only adiabatic pulses present sufficient efficiency to
reach this goal. Up to now, many developments have been
proposed in order to perform an efficient adiabatic decou-
pling [6–11]. However, the aim of these works was to
obtain a decoupling on wider and wider bandwidths with
an accuracy of several percent. It was not the accurate
quantification of 13C intensities.

In the present work, we show that it is possible to
define a proton decoupling scheme to reduce to a mini-
mum the spectrum distortions introduced by imperfect
broadband decoupling using adiabatic pulses. The opti-
mization of the shape, the duration and the phase cycle
is described to reach a very uniform 1H decoupling. To
assess the accuracy reached on the 13C NMR intensity
measurements, we used bi-labeled 13C–13C two-carbon
molecules.
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2. Method

2.1. Adiabatic pulses

During an adiabatic pulse with a duration Tp, the
amplitude of the RF field is modulated between 0 and
xmax

2 and the frequency is modulated from �DF to +DF

x2ðsÞ ¼ xmax
2 f ðsÞ with xmax

2 ¼ cBmax
2 ; s ¼ t

T p

and

s 2 � 1

2
;
1

2

� �

and f(s) is a dimensionless function varying between 0
and 1.

DxðsÞ ¼ DxmaxgðsÞ with Dxmax ¼ 2p:DF

and g(s) is a dimensionless function varying between �1
and 1.

The adiabaticity factor at the reduced time (s) and for
the offset X, (K(X,s)), is [11–13]:

KðX; sÞ ¼ xeffðX; sÞ
j dh

ds j
� T p

¼
T p � ðDxmaxÞ2 xmax
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It must be noted that K(X,s) is directly proportional to
the pulse duration Tp. This is why (K/Tp) will be used
below to discuss the influence of other parameters.

As can easily be seen from Eq. (1), the modulation func-
tions f(s) and g(s) have a great impact on the evolution of K

according to the reduced time s or the offset X and many
different combinations have been previously proposed
[6,8,12–16]. In order to improve the efficiency of the adia-
batic pulses at the extremities of the frequency bandwidth,
some offset-independent-adiabaticity (OIA) pulses have
been developed [11,12]. The g(s) function is calculated from
the f(s) function according to:

gðsÞ ¼
T p � xmax

2

� �2

K0Dxmax

Z
ðf ðsÞÞ2 ds ð2Þ

where K0 is the on-resonance adiabaticity (the adiabaticity
obtained at sX when the pulse frequency is equal to the res-
onance frequency (i.e., Dxmaxg(sX) = X).

In such conditions, K0 is independent of X and equal
amounts of RF energy are delivered to every isochromat
in the bandwidth [13]. In the following, this will be called
the offset-independent-adiabaticity procedure (OIA).

2.2. Adiabatic decoupling

As we have already mentioned, the aim of this work is
the optimization of the decoupling conditions in order to
perform quantitative measurements of 13C intensities with
high accuracy (close to 1&). The efficiency of an adiabatic
decoupling scheme is driven by: (a) the ability of the
adiabatic pulse to perform an inversion of the magnetiza-
tion over the decoupled bandwidth, (b) the pulse duration,
which must be short compared to the T2 and the inverse of
the coupling constant, (c) the pulse sequence preceding
the decoupling sequence and finally (d) the phase cycle
applied during decoupling to obtain compensation of the
residual pulse imperfections [8,10,17]. An imperfect
decoupling results in a residual splitting Jr; the aim of
decoupling optimization is to reduce the value of Jr as
much as possible in order to minimize its influence on the
line shape.

Furthermore, some limitations have to be taken into
account: (i) the maximum voltage permitted by the probe,
which determines xmax

2 and (ii) the RF heating of the sam-
ple, which depends on the material inside the tube, the duty
cycle of the decoupling and the energy deposed on the sam-
ple by one RF pulse determined by the root-mean-square
value xrms

2 .
The efficiency of an adiabatic pulse to rotate the magne-

tization from the +z to the �z position is closely related to
the adiabaticity factor K. In agreement with previous work
[13], Fig. 1 shows that K depends on s and X. For each off-
set, the pertinent parameter seems, therefore, to be the min-
imum value Km reached by K during the pulse [13]. It can
be expected that, for a uniform efficiency, Km needs to be
independent of the value X inside the decoupling
bandwidth.

For the purpose of this paper, we have examined four
pulse shapes, the f(s) and g(s) functions of which are listed
in Table 1. The evolution of Kð0;sÞ

T p
is plotted in Fig. 1a for

these pulses. xmax
2 values were chosen in order to obtain

the same xrms
2 value for the four pulses and DF were chosen

in order to obtain the same value of K0 (Table 1). It can be
observed that Km is not always obtained on resonance as
has been previously claimed in numerous papers
[8,9,11,13,18]. Furthermore, Fig. 1b shows the evolution
of KðX;sÞ

T p
for two offsets (center and extremity of the proton

decoupled bandwidth at 500 MHz) for the cos/sin pulse.
Here, Km has different values and is not reached at the
same time by the two isochromats.

In Fig. 2, the calculated values of Km/Tp are plotted
versus X for the four shapes studied. A calculation was
made for X values covering the proton chemical shift at
500 MHz and the pulse parameters xmax

2 and DF were
the same as for Fig. 1. The g(s) functions were those given
in Table 1 for Fig. 2a or those obtained from the offset-
independent-adiabaticity (OIA) procedure (Eq. 2) for
Fig. 2b. It appears that, in such conditions, the four puls-
es induce very different Km profiles in terms of flatness
and average value. However, in all cases, application of
the OIA procedure significantly improves the flatness of
the profile. Furthermore, a monotone and symmetric
reduction of Km is observed from the center (Kc

m) to the
extremity (Ke

m) of the bandwidth. A flat Km profile can



Fig. 1. Evolution of the reduced adiabaticity ( K
T p

) during the pulse; (a) for different shapes and an isochromat at the center of the swept frequency range:
Hyperbolic-secant (dotted line), tanh/tan (dotted and dashed line), WURST-20 (solid line) and cos/sin (dashed line). xmax

2 and DF are those indicated in
Table 1 (same xrms

2 and K0

T p
¼ 2:4 104 s�1 for the four pulses). (b) for a cos/sin adiabatic pulse for two isochromats: at the center of the swept frequency

range (solid line) and at the extremity of the swept frequency range (dashed line).

Fig. 2. Evolution of the minimum reduced adiabaticity ðKm

T p
) over the observed frequency range (corresponding to 12 ppm 1H at 500 MHz). (a) for different

shapes: hyperbolic-secant (dotted line), tanh/tan (dotted and dashed line), WURST-20 (solid line) and cos/sin (dashed line). (b) for adiabatic pulses with
the same amplitude modulation functions as in (a) but with frequency modulation functions computed according to Eq. 2 in order to obtain an offset-
independent-adiabaticity.

Table 1
Adiabatic full passage pulses

Shape f(s) g(s) ðxmax
2 Þa (kHz) DFb (kHz)

HS f(s) = sech(2.b.s)c g(s) = tanh(b.s) 122.2 18.75
cos/sin f(s) = cos(p Æ s) g(s) = sin(p Æ s) 75.2 11.96
WURST-20 f(u) = (1 � jsin(ps)j20) g(s) = 2 Æ s 60.0 12.14
tanh/tan f(s) = tanh(eÆ(1 � j2sj))d gðsÞ ¼ tanðj�2sÞ

tanðjÞ
e 56.0 137.00

a Calculated to obtain the same xrms
2 for the four pulses.

b Calculated to obtain K0/Tp = 2.4 · 104 s�1.
c sech(b) = 0.01.
d e = 10.
e tan(j) = 20.
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therefore be obtained if the following condition is
fulfilled:

Kc
m � Ke

m 6 n ð3Þ

where n only depends on the accuracy desired.
Fig. 3 shows the evolutions of Kc

m=T p and Ke
m=T p with

DF for the four shapes studied. As for Fig. 2, calculations
were also made with g(s) computed according to the OIA
procedure. As can be observed in Fig. 3, for each shape
there is a threshold value DFopt above which Eq. 3 is ful-
filled. The corresponding value of Km

T p
will be called Kopt

m

T p
in
the following and is therefore equivalent to the highest
value of Km

T p
for which a flat Km profile is obtained. Thus,

the hypothesis of this work is that DFopt is a good choice
to obtain an efficient and uniform decoupling.

The values of DFopt and Kopt
m

T p
are indicated in Fig. 3 (dot-

ted lines) and given in Table 2. The four shapes induce very
different values of DFopt and Kopt

m . However, when the OIA
procedure is used, a significant reduction of the DFopt dis-
persion is always observed. Kopt

m is quite different for the
four pulses and the higher value is obtained for the cos/
OIA shape.



Fig. 3. Minimum reduced adiabaticity (Km

T p
) as a function of the swept frequency range. Km

T p
was computed for two isochromats: at the center of the swept

frequency range (solid line, Kc
m

T p
) and at the extremity of the swept frequency range (dashed line, Ke

m

T p
). Hyperbolic-secant (a), cos/sin (b), WURST-20 (c) and

tanh/tan (d). Curves on the right (e–h) were computed with the same amplitude modulation functions as curves on the left but with frequency modulation
functions computed according to Eq. (2) in order to obtain offset-independent adiabaticity. Dotted lines indicate DFopt and Kopt

m

T p
corresponding to the higher

value of Km

T p
for which Kc

m�Ke
m

T p
6 100 s�1.

Table 2
Optimized parameters for flat Km profiles

Shape Kopt
m

T p

a (104 s�1) DFopt
a (kHz) Shapeb Kopt

m

T p

a (104 s�1) DFopt
a (kHz)

HS 0.74 62 sech/OIA 0.98 23
cos/sin 1.1 26 cos/OIA 1.61 14
WURST-20 1.45 20 WURST/OIA 1.40 16
tanh/tan 0.67 487 tanh/OIA 1.07 21

a Corresponding to the higher value of Km

T p
for which Kc

m�Ke
m

T p
6 100�1 s�1.

b With frequency modulation computed according to Eq. (2).
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2.3. Comparison of experimental data

A sample of a bi-labeled 13C–13C two-carbon molecule
contains four carbon isotopomers. Three are detectable
by 13C NMR and appear on the corresponding spectrum.
On a proton decoupled 13C NMR, the spectrum of the
13C1–13C2 isotopomer presents two doublets and the
spectrum of each mono-labeled isotopomer presents one
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singlet. The isotopic enrichment only influences the ratios
between the doublets and the singlets. However, the ratio
(r) between the areas of the two doublets is an intra-molec-
ular ratio and is therefore perfectly defined (1.000) [5].

We defined the parameter D as:

D ¼ ðr � 1Þ � 1000 ð4Þ

Accurate quantitative conditions for measurements of
carbon site-specific isotopic ratios of bi-labeled two-carbon
molecules are reached if D = 0& is obtained over a full
decoupler offset range. Thus, it appears that bi-labeled
13C–13C two-carbon molecules are good models to investi-
gate the influence of acquisition conditions on the accuracy
of the measurement, by studying the evolution of the
parameter D with the distance between the decoupler offset
and the proton resonance frequency.

As stated previously, the uniformity of the decoupling
over the proton chemical shift range is a very important
factor in the case of 13C NMR quantitative measurements
with high precision. In these conditions, the figures of merit
previously proposed are not pertinent, so we use a new
parameter L:

L ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1D

2
i

q
n

ð5Þ

with D, parameter defined above and n, number of explored
frequencies.

The smaller the L parameter, the more the decoupling
schemes enable D values close to zero to be obtained over
all the observed frequency range. Thus, it corresponds to
the decoupling conditions that allow accurate measurement
of 13C NMR intensities.

The demonstration of the efficiency of a decoupling
strategy is usually performed by measuring the relative
intensity of cycling sidebands versus the center band height
[8,14,19–21]. This strategy is currently more accurate than
measurement of the amplitude or the width of the center
band [17]. Furthermore, these cycling sidebands can be
undesirable in many applications because they can interfere
with measured lines, especially when they come from very
intense lines, such as those of solvent [19]. However, to
measure 13C intensities at natural abundance within a few
per thousand, a signal-to-noise close to 1000 (or higher)
is necessary. That requires very high concentrations and
thus the solvent peaks have intensities of the same order
as those of the analyzed molecules [2,5]. In addition,
cycling sidebands are less intense at high power levels
[19,20]. For these reasons, cycling sidebands are not detect-
able on 13C NMR spectra performed on natural abundance
and high concentration samples in the experimental condi-
tions recommended in this paper (results not shown).
3. Results

First, bi-labeled acetic acid in D2O solution was used. In
this case, only one proton chemical shift is coupled to
carbons. The 1H–13C coupling with the carbonyl carbon
is very easy to remove because of its small JCH coupling
value. The parameter D is essentially driven by the efficien-
cy of the methyl group decoupling. Furthermore, no
1H–1H homonuclear coupling is present thus avoiding
interference by homonuclear Hartman–Hahn transfer [22].

We recorded on acetic acid 13C NMR proton decoupled
spectra using WURST-20 pulses with frequency modula-
tion calculated according to Eq. (2) (OIA) and the M4P5
phase cycle: a nested combination of the MLEV phase
cycle [23] and that proposed by Tycko et al. [24]. The
xmax

2 values ranged from 24 to 56 kHz. The decoupling off-
set was chosen to equal the CH3 proton frequency. For
each spectrum, the D value was measured. The results are
reported in Fig. 4a with the value of 1/Km calculated for
the same conditions. There is clearly a close correlation
between 1/Km and the uniformity of the decoupling. Then,
the subsequent WURST-20 experiments were performed
using a xmax

2 value of 56 kHz.
Next, the influence of the frequency range swept DF was

studied. Proton decoupled 13C NMR spectra were recorded
for three DF ranges of 9, 20 and 29 kHz at 0, 1250 and
2500 Hz from the CH3 proton frequency. For each spec-
trum, the D value was measured and compared to 1/Km.
The results are plotted in Fig. 4b. Because the measured
D values were found symmetrical on each side of the CH3

proton offset, only positive offsets are shown. Like for the
variation of xmax

2 , a close correlation can be observed
between 1/Km and the parameter D. Furthermore, the more
accurate measurements on average of the three offsets cor-
respond to DF = 20 kHz, which is perfectly consistent with
Fig. 3g. The same behavior of D versus xmax

2 and DF was
observed for all the adiabatic shapes studied.

Next, the influence of the value of Tp was explored. Pro-
ton decoupled 13C NMR spectra were recorded (xmax

2 value
of 75.2 kHz and DF = 14 kHz) at 0, 1250 and 2500 Hz
from the CH3 proton offset of the acetic acid. Several dura-
tions of the adiabatic sweep from 100 to 700 ls were tested.
For these experiments, the phase cycle used was M4P5. The
results are plotted in Fig. 5 for the adiabatic pulse cos/OIA.
The more accurate measurements on three offsets were
obtained for Tp = 200 ls with D values between 0& and
2&. 100 and 300 ls gave acceptable D results between
0& and 4&, whereas with 500 and 700 ls, the accuracy
was about 6–10& in spite of the best values of on-reso-
nance adiabaticity. The same results were obtained for
the four studied pulse shapes.

To improve the efficiency of the decoupling, several
phase cycles were tested. L was evaluated from 3 offsets
(0, 1250 and 2500 Hz according to Eq. 5) for seven phase
cycles. The results obtained for a 200 ls cos/OIA pulse
are given in Table 3 with the number of phases for each
cycle. The best decoupling efficiency was obtained with
the phase cycle combination: M4P5–M4P9–M4P5 0–
M4P9 0 [21]. When the same experiments were performed
with Tp = 600 ls, the phase cycle M4P5 was found to be
the more efficient.



Fig. 4. Comparison between 1/Km (lines) and D values in & (h) obtained on the acetic acid molecule and for a WURST-20 pulse (Tp = 700 ls).
(a) DF = 29 kHz and xmax

2 ranged from 24 to 56 kHz. (b) xmax
2 ¼ 56 kHz and DF = 9 (h), 20 (e) and 29 kHz (s).

Fig. 5. D values (in &) for the acetic acid molecule and the decoupling
sequence cos/OIA with xmax

2 ¼ 75:2 kHz, DF = 14 kHz for three decou-
pling offsets, 0, 1250 and 2500 Hz, and five pulse durations: e 100, h 200,
m 300, s 500, n 700 ls.

Table 3
Efficiency of different phase cycles evaluated with the cos/OIA pulse
(xmax

2 ¼ 75:2 kHz, DF ¼ 14 kHz, Tp = 200 ls)

Phase cycle No. of phases in cycle L

M4P5 20 1.06
M4T5 20 1.66
M4P9 36 2.43
P5P5P5 125 0.75
P5P9 45 1.69
M4P50 20 1.88
M4P5–M4P9–M4P50–M4P90 112 0.65

L was evaluated from three offsets (0, 1250 and 2500 Hz) according to
Eq. (5).
Note: M4 = 0�, 0�, 180�, 180�; P5 = 0�, 150�, 60�, 150�, 0�; T5 = 0�, 120�,

60�, 120�, 0�; P9 = 0�, 15�, 180�, 165�, 270�, 165�, 180�, 15�, 0�; P50 = 0�,
330�, 60�, 330�, 0�; P90 = 0�, 195�, 180�, 345�, 270�, 345�, 180�, 195�, 0�.
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Finally, the robustness of the optimized decoupling
(cos/OIA, xmax

2 ¼ 75:2 kHz, Tp = 200 ls, DF = 14 kHz,
M4P5–M4P9–M4P5 0–M4P9 0) in relation to the presence
of homonuclear coupling was evaluated by a comparison
between the results obtained on bi-labeled acetic acid with
those obtained on bi-labeled ethanol. Proton decoupled
13C NMR spectra were recorded from �2.5 kHz to
+2.5 kHz around the CH3 proton offset for acetic acid
and around the mean proton offset ðmCH3

þ mCH2
=2Þ for eth-

anol. The same measurements were performed with
WALTZ-16 for comparison. For each spectrum, the D val-
ue and L parameters were calculated. The results of D mea-
surements are presented in Fig. 6. The cos/OIA decoupling
gave very close results for the two molecules with D values
lower than 2& inducing an L parameter of 0.42 and 0.44
for acid acetic and ethanol, respectively, while L values
obtained with WALTZ-16 were 1.9 and 10.7.
4. Discussion

The results shown in Fig. 4 clearly demonstrate that Km,
the minimum adiabaticity for a given isochromat, is a good
criterion to predict the best values of xmax

2 and DF for an
efficient decoupling. The profile of 1/Km over the decoupled
frequency range is highly correlated to the uniformity of
the proton decoupling. The optimal choice for these
parameters can therefore be performed by simple computa-
tion, avoiding tedious experimental procedures.

Fig. 3 shows that the OIA procedure significantly
increases the optimal value of Km. The only exception is
the WURST-20 pulse. However, in this case, the impact
of the OIA procedure is very low. Furthermore, among
the pulse shapes explored, the best results were obtained
for the cos/OIA shape.

Conversely, Km does not allow the determination of the
best value for the pulse duration Tp as shown in Fig. 5.
Because the adiabaticity K is directly proportional to Tp

(Eq. 1), it could be expected that the decoupling efficiency
would increase (or D decrease) when Tp is increased. This is
not the case and Fig. 5 clearly shows that the parameter L

is minimum for Tp near to 200 ls and significantly increas-
es when Tp is higher than 500 ls. A shorter value of Tp

allows a faster repetition of the decoupling scheme in rela-
tion to the 1/JCH constant. Furthermore, it has been shown
that homonuclear coupling can disturb the decoupling



Fig. 6. D values (in &) as a function of the decoupling offset for the acetic acid molecule (. . .d. . .) and for the ethanol molecule -n-). (a) The decoupling was
performed using WALTZ-16 with xmax

2 ¼ 53:1 kHz. (b) The decoupling scheme used cos/OIA pulses with xmax
2 ¼ 75:2 kHz, Tp = 200 ls, DF = 14 kHz

and the M4P5–M4P9–M4P50–M4P90 cycle. Note the difference in vertical scale between a and b.
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efficiency [22] and that there is a direct relationship between
this efficiency and the pulse duration [25]. In addition, the
Km calculation does not take into account the influence of
instrumental imperfections, such as non-linearity or insta-
bility of the decoupler amplifier. The Tp values reported
in Fig. 5 were therefore related to all these effects and can-
not be explained by taking only the Km values into account.
This is why a comparison with experimental data is essen-
tial to avoid erroneous conclusions.

Two hundred microseconds (200 ls) is quite a short
duration for an adiabatic pulse and it is not surprising that
long phase cycles significantly improve the decoupling per-
formance. Similar results were obtained by Skinner and
Bendall [21] with an HS pulse.

After optimization of xmax
2 , DF, Tp and the phase

cycling, the adiabatic pulse cos/OIA enables an accuracy
of 2–3& over the decoupled frequency range. The use of
acetic acid compared with ethanol highlights that this
result is independent of the presence of intramolecular 1H
coupling.

Furthermore, although many adiabatic decoupling
schemes have already been proposed, the proton decou-
pling is most often performed with the WALTZ-16
sequence, probably because the aim of these more recent
decouplings was essentially to increase the decoupled band-
width rather than to improve the uniformity of the decou-
pling. That is why we have compared the performance of
the cos/OIA pulse with that of WALTZ-16 in Fig. 6. A
dramatic decrease in the parameter L was observed when
the cos/OIA was used and the sensitivity to H–H coupling
was significantly reduced. The optimized decoupling
scheme can therefore be used for proton decoupled quanti-
tative 13C NMR with an expected accuracy near to 2&.

In this paper, we have examined the performances of
four pulse shapes. We have chosen them because they are
some of the most studied in previous papers and because
of their different properties. The on-resonance adiabaticity
of the hyperbolic-secant pulse [14] is independent of the off-
set X [12,13]. However, this is only true when xmax

2 ¼ Dxmax

[8], which explains why the performance of this pulse was
improved by the OIA procedure when xmax
2 6¼ Dxmax

(Fig. 3). The cos/sin pulse [15] enables a time-independent
adiabaticity to be obtained for X = 0 when xmax

2 ¼ Dxmax.
The on-resonance adiabaticity factor of the WURST-20
pulse [8] is the same for all offsets in the broad central
region. The tangential frequency sweep of the tanh/tan
pulse [16] allows a linear evolution of the angle h during
the time course of the pulse. Furthermore, thanks to a very
slow frequency sweep in the central region and over very
wide frequency ranges, high adiabaticity factors can be
obtained in the central region.

The f(s) function is quite sharp in the case of the HS
pulse while it is flatter for WURST-20 or tanh/tan pulses.
The cos/sin pulse has an intermediate sharpness. As has
previously been shown [12], pulses with the sharpest f(s)
functions provide the largest K factors but they need a
higher peak RF power for the same xrms

2 (Table 1 and
[12]). Furthermore, Fig. 3 shows that, when the flatness
of the Km profile is considered, the intermediate shape of
the cos/sin pulse gives the best results although the perfor-
mance of the WURST-20 pulse is not very different.

Clearly, this study does not include all the pulse shapes
potentially useful for adiabatic decoupling. However, the
strategy proposed can be used to investigate other modula-
tion functions. As an example, the cos2/OIA pulse
(WURST-2) [11], has a value of Kopt

m only 3.7% higher than,
a peak RF power only 15.5% higher than, and a Km versus
DF behavior very close to that of the cos/OIA pulse for the
same xrms

2 . It is therefore highly probable that this pulse
will give good results.

5. Conclusion

A very flat proton decoupling profile can be obtained
thanks to adiabatic pulses while computation of the Km

profile can be used in order to optimize the peak value
and the swept frequency range. With cosinus amplitude
modulation, offset-independent-adiabaticity, and the
M4P5–M4P9–M4P5 0–M4P9 0 phase cycle, it is possible to
reach an accuracy of 2& for the 13C NMR measurements.
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Our optimization of the adiabatic pulse parameters was
based on the minimum adiabaticity. This approach enabled
us to achieve our goal in terms of the uniformity of the
decoupling. However, further improvements could be
obtained by using a more sophisticated approach. For
instance, the Numerically Optimized Modulation (NOM)
procedure [13], in which the amplitude and frequency mod-
ulation functions are simultaneously distorted, ensures that
Km does not fall below a given threshold level for a given
range of xmax

2 and X values.

6. Experimental

6.1. Material

Bi-labeled acetic acid and ethanol in 13C at 99% on the
two carbon sites were purchased from Eurisotope, France.

6.2. Sample preparation

Acetic acid: 0.5 ml of the sample was diluted with 0.5 ml
of D2O.

Ethanol: 0.6 ml of the sample was diluted with 0.2 ml of
H2O and 0.2 ml of acetone-d6.

6.3. NMR experiments

The quantitative 13C NMR spectra were recorded using
a Bruker DRX 500 spectrometer fitted with a 5 mm o.d.
dual probe 13C/1H carefully tuned at the operating fre-
quency of 125.76 MHz. The experiments were performed
at 303 K.

The inter-pulse delay (TR) was selected on the basis of
the longitudinal relaxation times (ethanol: T max

1 ¼ 16:2 s
and TR = 114 s; acetic acid: T max

1 ¼ 27:4 s and
TR = 192 s). In order to obtain quantitative measurements
for the two sites with an accuracy close to 1&, a repetition
time greater than 7 times the longest T1, associated with a
flip angle of 90� was chosen (pulse width 4.9 ls). The T1

values were determined by using an inversion recovery
sequence, with 12 inversion-time values ranging from
50 ms to 100 s and by using the T1 processing software of
the spectrometer.

The number of points used to define the pulse wave-
forms was always higher than the product 2.5Tp2DF in
order to avoid any profile overlapping [26].

Decoupling was applied only during acquisition and a
value of 1 s for the sampling period was chosen in order
to limit the heating effect of decoupling and to minimize
NOE. Furthermore, taking into account the line broaden-
ing of 2 Hz, it is sufficient to avoid any truncation of the
FID. Measurement conditions were therefore matched to
quantitative analysis. A signal-to-noise ratio of 1500 is
necessary to achieve an accuracy of 1&. Consequently,
a suitable scan number was chosen according to the
respective concentration (NS = 12 for acetic acid and 16
for ethanol).
6.4. Data processing

The free induction decays were processed by an expo-
nential multiplication inducing a line broadening of 2 Hz.
The curve fitting was carried out in accordance with a
Lorentzian mathematical model using Perch Software
(PERCH NMR Software�, University of Kuopio,
Finland).
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