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Abstract

Recent ultrafast techniques make it possible to obtain nD NMR spectra in a single scan. However, an important sensitivity decrease is
observed when the excitation duration is increased, which is necessary to improve resolution. A detailed, theoretical and experimental
study of sensitivity losses in ultrafast experiments is carried out on the example of J-resolved spectroscopy. The importance of molecular
diffusion effects during both encoding and acquisition phases is shown by numerical simulations and experimental results. Other possible
sources of signal-to-noise decrease are also considered, such as transverse relaxation, homonuclear J-couplings or chemical shift effects.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Two-dimensional Nuclear Magnetic Resonance (2D
NMR) [1,2] is a powerful analytical tool used in a wide
range of applications, from the study of chemical structures
and dynamics to pharmaceutical and medical applications.
However, it suffers from long acquisition times due to the
necessary collection of numerous t1 increments to obtain
spectra with a good resolution.

Recently, a method based on ultrafast imaging tech-
niques was proposed by Frydman and co-workers [3,4],
allowing the acquisition of 2D NMR spectra within a sin-
gle scan. In this so-called ‘‘ultrafast 2D NMR” technique,
the usual t1 encoding was initially replaced by a discrete
spatial encoding, followed by a detection block based on
Echo Planar Imaging (EPI) [5]. However, this discrete
encoding suffered from several drawbacks which led to its
replacement by a continuous encoding scheme [6], using a
pair of continuously frequency-swept pulses applied during
a bipolar gradient. Unfortunately, this method involves an
amplitude modulation which is incompatible with phase-
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modulated techniques such as COSY [1] or J-resolved spec-
troscopy [7]. Three different alternatives were then pro-
posed [8–10] to obtain a phase-modulated encoding in
order to circumvent these limitations. Tal’s encoding
scheme [8] consists of a 90� continuous excitation per-
formed by a chirp pulse with a linear frequency ramp
applied during a positive gradient, immediately followed
by a 180� chirp pulse applied during a positive gradient.
A slightly different version of Tal’s encoding pattern was
suggested by Andersen and Kockenberger [9], in which
the second gradient is reversed. Finally, Pelupessy pro-
posed a double spin echo method [10] starting with a 90�
non-selective pulse, followed by a pair of identical 180�
chirp pulses applied during alternated gradients. Based
on these continuous phase-modulated excitation schemes,
we have proposed [11] a modification of the acquisition
scheme to obtain J-resolved spectra where coupling con-
stants are encoded along the direct m2 domain. In a recent
paper [12], we showed that when resolution in the ultrafast
dimension is improved by increasing the duration Te of the
excitation pattern, dramatic sensitivity losses and intensity
distortions are observed. Molecular diffusion appeared to
be the main cause of signal-to-noise ratio decrease, but
its effects were not studied in details.
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Fig. 1. (a) Pulse sequence for the acquisition of ultrafast 2D J-resolved
spectra, using the phase-modulated encoding scheme proposed by
Pelupessy. The Gc gradient prior to acquisition is adjusted to set the
middle of the chemical shift range in the middle of the detection period Ta.
The 180� pulse phase is alternated (y, y, �y, �y) to avoid undesirable
stimulated echoes. (b) Ultrafast 500 MHz J-resolved spectrum acquired in
500 ms on a 100-mmol L�1 ethyl acetate sample in DMSO-d6 at 303 K,
using the above pulse sequence with Te = 60 ms.

152 P. Giraudeau, S. Akoka / Journal of Magnetic Resonance 192 (2008) 151–158
In this paper, a thorough, theoretical and experimental
quantitative study of sensitivity losses in ultrafast experi-
ments is carried out. Diffusion effects during both encoding
and acquisition phases are carefully analyzed by numerical
simulations and experimental results. Other possible
sources of sensitivity losses are also considered, such as
transverse relaxation, homonuclear J-couplings or chemi-
cal shift offset effects.

2. Results and discussion

In order to evaluate the various sources of sensitivity
losses, our recently developed ultrafast J-resolved scheme
[11] was applied to a model compound (100 mM ethyl ace-
tate sample in DMSO-d6) presenting various J-coupling
patterns. Its ultrafast 2D J-resolved spectrum is presented
on Fig. 1 together with the corresponding pulse sequence,
based on Pelupessy’s continuous phase-encoding scheme
[10]. In the following study, Pelupessy’s encoding scheme
and Tal’s scheme with inverted gradient (as described in
[12]) will be considered, as they were shown to have the
same efficiency concerning resolution aspects [12].

2.1. Sensitivity losses during encoding period

In a previous study [12], dramatic signal-to-noise losses
were observed when increasing the average time Te spent
by magnetizations in the transverse plane, which is defined
in [12] for each excitation scheme. Fig. 2 shows the evolu-
tion of ethyl acetate peak intensities as a function of Te for
Pelupessy’s scheme. In order to compare signals under sim-
ilar conditions, intensities were determined in separate
experiments for the three peaks. In each case, the excitation
frequency was set on the relevant signal in order to cancel
chemical shift offset effects. Moreover, each observed peak
was set in the middle of the acquisition window to make
sure that signals are compared under the same acquisition
conditions (see Section 2.2). A dramatic intensity decrease
is observed when Te increases, with similar evolutions for
each of the three peaks, which confirms the results obtained
in Ref. [12]. Experiments performed using Tal’s excitation
scheme with inverted gradient show the same evolution
with even more important sensitivity decrease. This evolu-
tion may a priori originate from various sources such as
transverse relaxation, molecular diffusion or homonuclear
J-coupling modulations.

We measured the transverse relaxation times of ethyl
acetate, and the following values were obtained: 0.9 s for
the quadruplet at 4.05 ppm, 4.6 s for the singlet at
2.00 ppm and 3.6 s for the triplet at 1.19 ppm. These values
are much higher than the duration of the excitation period,
which limits the influence of transverse relaxation. The
maximum magnetization decrease due to relaxation at the
end of a 180 ms encoding period would be 18% for the qua-
druplet, 4% for the singlet and 5% for the triplet. Regard-
ing the intensity decrease observed on Fig. 2 for
Te = 180 ms (53–59%), it is clearly demonstrated that
transverse relaxation is not the main cause of sensitivity
losses.

In several papers [8,10], molecular diffusion was sup-
posed to be responsible for sensitivity losses in continuous
encoding ultrafast experiments, but to our knowledge, its
effects were never studied in a quantitative way. They are
quite easy to understand if we remember that for two gra-
dient pulses placed on each side of a 180� pulse, the inten-
sity I of the observed signal, observed as a fraction of the
signal intensity in the absence of a gradient, I0 is given by
[13]:

I
I0

¼ expð�b � DÞ ð1Þ
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Fig. 3. Simulation of signal losses due to diffusion during excitation, for
ultrafast spectra acquired with Pelupessy’s encoding scheme [10] (
for Te = 60 ms and for Te = 120 ms) and with Tal’s encoding
scheme with inverted gradient [8,9] (—– for Te = 60 ms and - - - - - - for
Te = 120 ms). Simulations are performed for 0.011 T m�1 excitation
gradients and for a diffusion coefficient D = 1.0 � 10�9 m2 s�1. Curves
obtained at zero frequency are represented, but simulations performed at
different frequencies show that diffusion losses do not vary significantly
over the 1H chemical shift range. Transverse relaxation was not considered
in this model.
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Fig. 2. Influence of the excitation period duration Te on peak intensity for
ultrafast J-resolved spectra of a 100-mmol L�1 ethyl acetate sample in
DMSO-d6, for the singlet at 2.00 ppm (—j—), for the triplet at 1.19 ppm
(—�—) and for the quadruplet at 4.05 ppm (- - -N- - -). The simulated
curve (-.-.-.) for the singlet at 2.00 ppm is also represented. In order to
compare intensities with equal dependence to diffusion and offset effects,
measurements were performed on separate experiments for each signal.
Each peak was set in the middle of the acquisition window and the
excitation frequency was set on the relevant signal. Average intensities for
three consecutive experiments are plotted relatively to the singlet peak
intensity for Te � 0. Intensities were divided by the number of corre-
sponding protons.
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where b is a function of the amplitude and duration of the
gradient pulses, also depending on the time between the on-
set of the two gradients. D is the self-diffusion constant. In
the case of Pelupessy’s scheme, we shall call sp(X1,z) the in-
stant when the first chirp pulse addresses an internal chem-
ical shift X1 at a particular z position [8]. This instant sp is
given by

sp X1; zð Þ ¼ X1 � Op
i þ ceG

p
e z

Rp ð2Þ

where Op
i is the initial frequency offset of the chirp pulse

characterized by a sweep rate Rp, and Gp
e is the amplitude

of the encoding gradient. It can be shown (cf. Appendix
A) that the diffusion factor bPel for the whole excitation
scheme is given by

bPel ¼
2

3
c2 Gp

e

� �2 ðspÞ3 þ dp � spð Þ3
h i

ð3Þ

where dp is the duration of the 180� chirp pulse. In this
model, gradient decay and build-up times are not consid-
ered, as they are very short compared to dp. For compari-
son, a similar analysis can be carried out in the case of Tal’s
scheme with inverted gradient. As an example, we studied
the case where the duration dp/2 of the 90� chirp pulse is
twice the duration dp of the 180� chirp pulse. As indicated
by Eq. (7) in Ref. [8], it is required that both gradients have
the same amplitude (Gp
e ¼ �Gp=2

e ). The corresponding diffu-
sion factor bTal is given by (cf. Appendix A)

bTal ¼
1

3
c2 Gp=2

e

� �2
dp=2 � sp=2
� �3

þ dp=2

2
� sp=2

2

 !3
2
4

þ sp=2

2

� �3

þ dp=2

2

 !3
3
5 ð4Þ

where sp/2(X1,z) is the instant when the first chirp pulse
a ddresses an internal chemical shift X1 at a particular z po-
sition [8]. This instant sp/2 is given by

sp=2 X1; zð Þ ¼ X1 � Op=2
i þ ceG

p=2
e z

Rp=2
ð5Þ

where Op=2
i is the initial frequency offset of the chirp pulse

characterized by a sweep rate Rp/2.
Starting from Eqs. (3) and (4), we calculated signal

losses due to diffusion effects for various z coordinates,
for a given chemical shift X1. We performed simulations
for both Pelupessy and Tal’s schemes, for different Te val-
ues. The results are presented on Fig. 3, for a diffusion coef-
ficient D = 1.0 � 10�9m2 s�1 corresponding to the
experimental value for the ethyl acetate sample (see Section
4). It can be observed that diffusion losses during excitation
highly depend on the position z. Moreover, diffusion losses
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increase at high Te, which confirms the experimental
results. Symmetrical profiles are obtained for Pelupessy’s
excitation scheme, probably due to the symmetric nature
of the encoding scheme, whereas it is not the case for Tal’s.
Simulations are shown for X1 = 0, but results obtained for
different X1 values show that the intensity profile does not
vary significantly over the usual 1H chemical shift range,
because it is much lower than the frequency dispersion
induced by the excitation gradients. It demonstrates that
chemical shift offset effects are not predominant in contin-
uous encoding ultrafast experiments.

Starting from these simulations, we can calculate the
average attenuation at the end of the excitation period over
the whole sample, which will determine the intensity
decrease for 2D peaks. This attenuation is plotted on
Fig. 4 as a function of Te for both encoding schemes and
for two different diffusion coefficients, corresponding to
the ethyl acetate sample (D = 1.0 � 10�9m2 s�1) and to a
100 mmol L�1 3-ethyl bromopropionate sample in CDCl3
(D = 1.7 � 10�9m2 s�1). The curve profile obtained for
ethyl acetate is similar to the experimental one (Fig. 2).
For comparison, the theoretical curve for the singlet at
2.00 ppm was reported on Fig. 2 after taking into account
the effect of transverse relaxation by multiplying the theo-
retical curve by e�t=T 2 . Similar evolutions are observed for
both experimental and theoretical curves, even though
the theoretical model seems to overestimate intensity
losses. This difference may be due to experimental errors
in the measurement of diffusion coefficients or transverse
relaxation times. The simulated results obtained for 3-ethyl
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Fig. 4. Simulation of average signal losses due to diffusion during
excitation, for ultrafast spectra acquired with Pelupessy’s encoding scheme
[10] ( for D = 1.0 10�9 m2 s�1 and —– for D = 1.7 � 10�9 m2 s�1),
with Tal’s encoding scheme with inverted gradient [8,9] ( for
D = 1.0 � 10�9 m2 s�1 and for D = 1.7 � 10�9 m2 s�1) and with the multi-
echo scheme for 2n = 6 echoes (–.– for D = 1.0 � 10�9 m2 s�1 and for
D = 1.7 � 10�9 m2 s�1). Simulations are performed for 0.011 T m�1 exci-
tation gradients. Curves obtained at zero frequency are represented, but
simulations performed at different frequencies show that diffusion losses
do not vary significantly over the 1H chemical shift range. Transverse
relaxation was not considered in this model.
bromopropionate (Fig. 4) confirm that intensity losses
depend on the diffusion coefficient D. Finally, the simula-
tions show that Tal’s scheme is more sensitive to diffusion
effects than Pelupessy’s, which corroborates the experimen-
tal results. Moreover, Pelupessy’s excitation pattern is eas-
ier to implement in routine procedures [12], consequently
the following experiments will focus on this encoding
scheme.

The aforementioned results highlight the influence of
molecular diffusion effects. However, another usual source
of sensitivity modulation in 2D NMR experiments is the
effect of homonuclear J-couplings. Their influence on the
ultrafast encoding process should also be considered, as it
was never addressed before. To evaluate it, we calculated
the phase evolution during the encoding process for differ-
ent multiplets characterized by a coupling constant J. As
an example, at the end of the two-pulse excitation process,
the phase for each component of a doublet is given by

/0
P ¼

2 � T e

L
� X1z� p � J � T e ð6Þ

Similar expressions can be obtained for other coupling pat-
terns. In this expression, it can be noticed that there is no
J � z term, consequently J-couplings do not affect the spa-
tial encoding constant C. This result confirms the experi-
mental curves (Fig. 1) where it can be observed that
multiplets undergo the same intensity decrease as the sin-
glet when increasing Te. The constant relative intensity dif-
ference observed between the three signals is the same as
the one observed on a conventional J-resolved spectrum
acquired under similar conditions (result not shown). This
is due to the well-known effect of J-couplings on 2D J-re-
solved peak volume [14] that originates here from the con-
ventional dimension of our ultrafast experiments.

Eq. (6) also reveals an interesting feature of ultrafast J-
resolved spectroscopy based on Pelupessy’s scheme [11]. As
the phase at the end of the encoding process does not
include any J � z term, signal position in the k/m1 dimension
is not affected by coupling constants. In other words,
homonuclear-decoupled spectra can be obtained in a single
scan without any post-FT processing such as the common
tilt operation, thus providing a solution to a recurrent
problem in 1H NMR spectroscopy. This can be checked
on the experimental spectrum (Fig. 1), where the multiplets
appear aligned along m2 axis. It is not the case for Tal’s
encoding scheme, as shown in Ref. [8].

The aforementioned results show that molecular diffu-
sion is the main source of sensitivity decrease during the
encoding process, as J-couplings have no influence and
because relaxation and chemical shift effects do not affect
peak intensity in a significant manner. Diffusion effects
were studied on J-resolved spectra but can be generalized
to any ultrafast 2D-pulse sequence based on continuous
phase-encoding, as they do not depend on the following
mixing or acquisition periods. The first conceivable solu-
tion to limit diffusion losses is to use weaker gradient
amplitudes. However, the results presented above were
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Fig. 5. Intensity losses (average values for three successive experiments)
depending on the echo position, for the ethyl acetate singlet on an ultrafast
J-resolved spectrum acquired with the following parameters:
Ge = 0.032 T m�1, Te = 60 ms, Ga = 0.047 T m�1 and Ta = 6.9 ms. Peak
position was modified by slight adjustments of the Gc gradient prior to
acquisition. Excitation frequency was set on the relevant signal.
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already obtained with the smallest amplitude available on
our spectrometer (2% of maximum strength), and lower val-
ues would lead to important signal distortions. Another
solution is to use the multi-echo encoding scheme recently
proposed in [12]. In this pulse sequence based on Pelup-
essy’s technique [10], the two 180� chirp pulses are replaced
by a succession of shorter 180� pulse pairs applied during
alternated gradients. The duration of 180� pulses is given
by Te/(2n), where 2n is the number of echoes. For identical
Te values, theoretical spatial encoding level and resolution
are the same as in Pelupessy’s scheme, but diffusion effects
are reduced because shorter gradients are employed. To
check this assessment, we simulated the intensity losses
due to diffusion for a 2�n = 6 echo excitation, by applying
Eq. (3) three times successively. A symmetrical z-depen-
dence of the intensity losses is obtained, as the multi-echo
scheme is based on Pelupessy’s excitation pattern. We plot-
ted on Fig. 4 the theoretical average attenuation at the end
of the excitation period, as a function of Te, for two different
diffusion coefficients. The results obtained confirm that dif-
fusion losses should be considerably reduced when using the
multi-echo excitation scheme. For example, the simulated
intensity losses are 72% for Te = 180 ms with the two-pulse
encoding scheme with 0.011 T m�1 gradients applied to the
ethyl acetate sample. For n = 3 with the same Te, they
should be reduced to only 22%. However, the multi-echo
scheme suffers from drawbacks [12] which reduce its effi-
ciency, and should be optimized in later works.

2.2. Sensitivity losses during acquisition period

It is also interesting to consider possible diffusion losses
during the acquisition period. In particular, for our ultra-
fast J-resolved pulse sequence, the duration Ta of acquisi-
tion gradients is not negligible and diffusion losses may
occur. To evaluate it, we plotted ethyl acetate singlet 2D
peak intensity as a function of its position along the ultra-
fast k/m1 domain (Fig. 5) 8. Peak position was adjusted by a
slight modification of the purge gradient Gc placed just
before acquisition. It can be observed that the peak inten-
sity is modulated by its position along the ultrafast domain.
It is maximal when the peak is set in the middle of the
acquisition window, whereas the minimum value (approx-
imately 70% of maximum intensity) is reached on the edges
of ultrafast domain.

In order to make sure that the position-dependent sensi-
tivity losses did not come from the encoding process, we
also observed the singlet peak on the first echo as a func-
tion on the position. Its intensity did not vary significantly
over the k/m1 range contrary to the 2D peak intensity,
which proves that the corresponding losses are due to the
acquisition process. Moreover, it also shows that the slight
adjustments of Gc gradient amplitude, which were neces-
sary to vary the singlet position, do not significantly affect
sensitivity.

In order to characterize diffusion effects during the
acquisition process, we applied Eq. (1) to our EPI-based
J-resolved detection scheme. To perform this calculation
it should be kept in mind that this scheme leads to two
interleaved datasets, consequently two echoes in the same
dataset are separated by a 2�Ta duration. Neglecting the
duration of the 180� hard pulses, it can be shown that
the intensity decrease between two successive echoes in
the same dataset is given by

Inþ1

In
¼ expð�bacq � DÞ ð7Þ

where D is the diffusion coefficient, and where In+1 and In

the relative intensities of the two successive echoes. The dif-
fusion parameter bacq is given by

bacq ¼
2

3
c2G2

a s3 þ T a � sð Þ3
� �

ð8Þ

where Ga is the amplitude of the acquisition gradient and
where s 2 [0; Ta] is the time when the signal is refocused,
i.e. the position of the echo along the ultrafast domain.
Starting from these equations, we simulated sensitivity
losses in the course of the whole ultrafast J-resolved acqui-
sition process. The results are plotted in Fig. 6 for the odd
dataset of a 64-gradient acquisition, with gradient parame-
ters and diffusion coefficients corresponding to the experi-
mental conditions of Fig. 5. Transverse relaxation was
not considered in this model, as it affects all echo positions
in a similar way. The simulated curve confirms that the sig-
nal decreases much faster when the echo is placed on the
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edges of the ultrafast domain. This faster exponential de-
cay, which comes in addition to transverse relaxation, leads
to a more important line broadening and consequently to a
non-uniform signal-to-noise decrease depending on the po-
sition of the echo peak.

These results show the influence of diffusion effects dur-
ing J-resolved ultrafast acquisition. An important conse-
quence will be the difficulty to perform accurate
quantitative measurements with such an acquisition
scheme, as all signals in a given sample will not be
affected by diffusion in the same manner. A solution could
be to perform several ultrafast experiments while succes-
sively placing relevant signals in the centre of the ultrafast
domain. However, it must be noticed that diffusion effects
during acquisition are specific to the J-resolved detection
scheme, as it uses long acquisition gradients (typically a
few ms). Other ultrafast 2D-pulse sequences require
shorter acquisition gradients because a bigger spectral
width is usually observed in the conventional dimension.
Simulations performed with Ta = 200 ls (typical value
for homonuclear ultrafast experiments) show that molec-
ular diffusion effects during acquisition are almost non-
existent in this case.

In most ultrafast pulse sequences, a mixing period is
present between excitation and detection periods. How-
ever, this mixing period is the same as the one used in con-
ventional experiments. Consequently, the expression of
diffusion or transverse relaxation effects during this period
remains the same as the ones obtained with the conven-
tional pulse sequence. Moreover, diffusion losses during
the acquisition period are not affected by this mixing per-
iod, as they only depend on the acquisition gradient
parameters.

3. Conclusions

The theoretical and experimental results mentioned in
this paper highlight the influence of molecular diffusion
on single-scan experiments. Its effects during encoding
phase are general to all ultrafast pulse sequences, whereas
acquisition diffusion effects are only significant in the J-
resolved case. It is also shown that homonuclear J-cou-
plings have no influence on sensitivity, and that chemical
shift offset effects are not significant.

Finally, diffusion effects should be reduced as much as
possible by employing weak excitation gradients and also
by reducing the diffusion coefficient. This can be achieved
by working in a viscous solvent (e.g. DMSO) at the lowest
temperature possible. Our new multi-echo encoding
scheme could also provide a solution to limit diffusion
effects. Later works will consider the optimization of this
encoding scheme, in particular by optimizing chirp pulse
adiabaticity [15].

The limitation of molecular diffusion effects makes it
possible to use higher Te values, thus increasing resolution
in the ultrafast dimension. Optimized ultrafast 2D experi-
ments could then replace conventional techniques in a wide
range of applications, provided that sufficient S/N is avail-
able. Applications in various magnetic resonance domains
are expected, from ultrafast in vivo spectroscopy to ultra-
fast nD NMR enhanced by Dynamic Nuclear Polarization
(DNP) [16].

4. Experimental

In order to obtain a 100-mmol L�1 solution, 9.8 lL of
ethyl acetate, purchased from Rectapur, were dissolved in
1 mL of DMSO-d6. After homogenization, the sample
was filtered and analyzed in a 5-mm tube.

NMR spectra were recorded at 303 K on a Bruker
Avance 500 DRX spectrometer, at a frequency of
500.13 MHz with a triple resonance TBI probe including
z-axis gradient. Transverse relaxation times were measured
using a classical Carr–Purcell–Meiboom–Gill (CPMG)
pulse sequence [17]. Diffusion coefficients were measured
using a Pulsed Gradient Spin Echo experiment (PGSE)
[13] with various gradient amplitudes ranging from 0 to
0.31 T m�1.

The ultrafast 2D J-resolved spectrum presented on
Fig. 1 was obtained with 0.011 T m�1 excitation gradients
and 30 ms Wurst-8 pulses [18] with a sweep range of 9.4
kHz. The same parameters were used for the experiments
presented in Fig. 2, but the chirp pulse duration was mod-
ified to reach the desired Te value. For the experiments pre-
sented in Fig. 5, 0.032 T m�1 excitation gradients were used
together with 30 ms Wurst-8 pulses with a sweep range of
28.3 kHz.
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The J-resolved detection block was formed of 64 detec-
tion gradients of duration Ta = 6.9 ms each. The acquisi-
tion gradient amplitude Ga was 0.047 T m�1 for
experiments in Figs. 1 and 5, and 0.097 T m�1 for experi-
ments in Fig. 2. For each experiment, the gradient Gc

was set to adjust the echoes at the desired position.
All spectra were processed in the same way: zero-filling

once and shifted sine squared apodization function in m2

dimension. All spectra were analysed using the Bruker pro-
gram Topspin 2.0. Peak intensities were determined on 2D
sum projections along the ultrafast axis. The specific pro-
cessing for ultrafast spectra was performed using our
home-written routine in Topspin.
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Appendix A. Calculation of diffusion factors in ultrafast
experiments

The diffusion factors given in Eqs. (3) and (4) can be cal-
culated by considering the model described by Canet in
Ref. [19]. When a gradient g0 is applied along the z axis
during a duration t, the resulting magnetization can be cal-
culated by

Mðz; tÞ ¼ wðz; tÞ exp �ð2ipm0 þ 1=T2Þt½ � ðA1Þ

In this expression, w(z,t) represents the evolution under
molecular diffusion effects, and can be studied indepen-
dently from precession and transverse relaxation effects.
According to Canet [19], w(z,t) can be obtained by

wðz; tÞ ¼ wðz; 0Þ exp �icg0ztð Þ exp �Dc2g2
0t3=3

� �
ðA2Þ

In order to determine diffusion effects in an ultrafast exper-
iment, it is necessary to calculate the attenuation due to dif-
fusion effects when several successive gradients are applied.
For n gradients gi applied during ti, the global attenuation
can be obtained by applying Eq. (A2) n times successively:

wðz; tÞ ¼ wðz; 0Þ
Yn

i¼1

exp �icgiztið Þ exp �Dc2g2
0t3

i =3
� �

ðA3Þ

In the case of ultrafast excitation schemes, it is also neces-
sary to account for successive inversion effects. Conse-
quently, each excitation scheme should be divided in
several successive blocks. For Pelupessy’s scheme [10], this
decomposition depends on the instant sp when the first
chirp pulse addresses an internal chemical shift X1 at a par-
ticular position z. When taking into account the effects of
gradient inversion and 180� pulses, Eq. (A3) leads to the
signal attenuation due to diffusion at the end of the excita-
tion scheme:
wPel spð Þ¼w0 exp �icGp
e zsp

� 	
exp �Dc2 Gp

e

� �2
spð Þ3=3

h i
� exp icGp

e z dp� spð Þ
� 	

exp �Dc2 Gp
e

� �2
dp� spð Þ3=3

h i
� exp ic �Gp

e

� �
z dp� spð Þ

� 	
� exp �Dc2 �Gp

e

� �2
dp� spð Þ3=3

h i
� exp �ic �Gp

e

� �
zsp

� 	
� exp �Dc2 �Gp

e

� �2
dp� spð Þ3=3

h i
ðA4Þ

which can be easily simplified by

wPel spð Þ ¼ w0 exp � 2

3
Dc2 Gp

e

� �2
spð Þ3 þ dp � spð Þ3

� �
 �
ðA5Þ

Expression (A5) leads to the diffusion factor bPel given in
Eq. (3). A similar analysis can be carried out for Tal’s
scheme with inverted gradient [8,9]. When both gradients
have the same amplitude (Gp

e ¼ �Gp=2
e Þ, Eq. (7) in Ref. [8]

leads to dp = �dp/2/2. Moreover, we assume that the spoi-
ler gradient after excitation has the same amplitude as the
excitation gradients and is applied during dp. If sp/2 (Eq.
(5)) is the instant when the 90� chirp pulse addresses an
internal chemical shift X1 at a particular position z, the
attenuation due to diffusion at the end of the excitation
scheme is given by

winv
Talðsp=2Þ ¼ w0 exp

"
� 1

3
Dc2ðGp=2

e Þ
2

 
dp=2 � sp=2
� �3

þ dp=2

2
� sp=2

2

 !3

þ sp=2

2

� �3

þ dp=2

2

 !3!#
ðA6Þ
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[9] N.S. Andersen, W. Köckenberger, A simple approach for phase-
modulated single-scan 2D NMR spectroscopy, Magn. Reson. Chem.
43 (2005) 791–794.



158 P. Giraudeau, S. Akoka / Journal of Magnetic Resonance 192 (2008) 151–158
[10] P. Pelupessy, Adiabatic single scan two-dimensional NMR spectros-
copy, J. Am. Chem. Soc. 125 (2003) 12345–12350.

[11] P. Giraudeau, S. Akoka, A new detection scheme for ultrafast J-
resolved spectroscopy, J. Magn. Reson. 186 (2007) 352–357.

[12] P. Giraudeau, S. Akoka, Resolution and sensitivity aspects of
ultrafast J-resolved 2D NMR spectra, J. Magn. Reson. 190 (2008)
339–345.

[13] T.L. James, G.G. McDonald, Measurement of the self-diffusion
coefficient for each compound in a complex system using pulsed-
gradient Fourier transform NMR, J. Magn. Reson. 11 (1973) 58–61.

[14] P. Mutzenhardt, F. Guenneau, D. Canet, A procedure for obtaining
pure absorption 2D J-spectra: application to quantitative fully J-
decoupled homonuclear NMR spectra, J. Magn. Reson. 141 (1999)
312–321.
[15] E. Tenailleau, S. Akoka, Adiabatic 1H decoupling scheme for very
accurate intensity measurements in 13C NMR, J. Magn. Reson. 185
(2007) 50–58.

[16] L. Frydman, D. Blazina, Ultrafast two-dimensional nuclear magnetic
resonance spectroscopy of hyperpolarized solutions, Nat. Phys. 3
(2007) 415–419.

[17] S. Meiboom, D. Gill, Modified spin–echo method for measur-
ing nuclear relaxation times, Rev. Sci. Instrum. 29 (1958) 688–
691.

[18] E. Kupce, R. Freeman, Adiabatic pulses for wideband inversion and
broadband decoupling, J. Magn. Reson. A 115 (1995) 273–276.

[19] D. Canet, J.-C. Boubel, E. Canet Soulas, La RMN, Concepts,
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