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The application of the G-SERFph pulse sequence is presented on enantiomeric mixtures dissolved in a chi-
ral liquid crystal. It aims at editing, within one single 2D spectrum, every proton coupling which is expe-
rienced by a given proton site in the molecule, and leads to real phased T-edited spectroscopy (T = J + 2D).
This NMR experiment is based on the combination of homonuclear semi-selective refocusing techniques
with a spatial frequency encoding of the sample. This approach, which consists in handling selectively
each coupling in separate cross sections of the sample, is applied to the visualization of enantiomers dis-
solved in a chiral liquid crystalline phase. Advantages and limits of this methodology are widely
discussed.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Gradient encoded spectroscopy [1–9] has recently aroused a
great interest in very different fields of Nuclear Magnetic Reso-
nance. The implementation of radiofrequency (r.f.) fields that are
applied simultaneously to pulsed field gradients has led to a wide
range of achievements as diverse as the recording of single scan
multi-dimensional experiments, or J-resolved spectroscopy
[1,6,8,10] . . . The methodology behind these applications can be
divided in two groups. In the first of them, the combination of
frequency swept pulses with a field gradient results in the acquisi-
tion of different evolution periods s for molecules which are in
different parts of the sample [3,7]. This irradiation scheme, which
creates a spatial time encoding of the whole spectrum throughout
the sample, represents a good alternative to other analogous
encoding techniques, in sofar as it allows for a significant simplifi-
cation of the pulse sequences. It constitutes now the basis for
Ultrafast (or single scan) NMR spectroscopy [7]. Spatial time encod-
ing techniques have also been used for more specific purposes,
such as implementing Zero Quantum filters [2], or running differ-
ent INEPT transfers at the same time, which is the cornerstone of
QQ-HSQC experiments.[5] This latter experiment derives from
the parallel acquisition approach [11,12].
ll rights reserved.

d).
The second group is referred to as spatial frequency encoding. It
is based on the use of semi-selective pulses [13], still in the
presence of a field gradient, which allow to handle different spin
coherences in different parts of the sample. This methodology has
also generated considerable developments in the field of parallel
acquisition experiments. It has been used for instance to acquire
broadband homodecoupled 1H spectra [14]. More recently,
we have presented the Gradient encoded homonuclear SElective
ReFocusing experiment (G-SERF), which originates from this latter
approach: a spatial frequency encoding is created along the sample,
which allows to select, in separate cross sections, each interaction
which is involved in the coupling network around a given proton
site. On the resulting 2D spectrum, each coupling can be straight-
forwardly assigned and measured, on a fully resolved multiplet, at
the resonance frequency of the coupling partner [15]. The great
simplification of pure J-resolved spectra which are acquired using
this approach, potentially paves the way for the investigation of
more complex spin networks.

A particularly challenging case is the visualization of enantio-
mers which are dissolved in a weakly orienting chiral liquid crystal
solvent [16]. In this kind of anisotropic medium, intermolecular
interactions in the spin Hamiltonian are averaged to zero by trans-
lational and rotational diffusion of the molecules in the mesophase,
whereas there is only a partial averaging of intramolecular spin
interactions [17]. The magnitudes of these partially-averaged
interactions depend on the orientational order of the molecules
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Fig. 1. (a) The structure and atomic labeling of both enantiomers of propylene
oxide (1,2-epoxypropane). Covalent bonds are displayed as sticks which are
coloured in yellow (resp. white or red) around carbon atoms (resp. proton, oxygen
atoms). (b) The broadband excitation spectrum, recorded on propylene oxide
dissolved in PBLG, and (c) the proton spectrum which was acquired using a semi-
selective Gaussian pulse (of duration 20 ms – the nutation angle of this excitation
pulse was set to 270�), applied together with a rectangular z pulsed field gradient of
0.2 G/cm strength. An NMR tube is drawn along the spectrum, in order to illustrate
the spatial frequency encoding of proton lines according to their resonance
frequencies. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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in the liquid crystalline phase [18]. Furthermore, in a chiral aniso-
tropic solvent, enantiomers do not have the same orientational
order [19,20]. Consequently, all the order-dependent NMR
interactions, namely the chemical shift anisotropy, the residual
dipolar coupling or the quadrupolar splitting, will be different for
each isomer. In other words, NMR spectra of enantiomers dissolved
in a chiral liquid crystal are different. Among all the chiral liquid
crystals which can be used as an NMR solvent for chiral discrimi-
nation, lyotropic phases made of poly-c-benzyl-L-glutamate
(PBLG), dissolved in chloroform or DMF, constitute probably the
most commonly used oriented medium (other chiral anisotropic
NMR solvents can also be found in the literature [21–23]).

Similarly to other anisotropic systems, where proton spins are
connected together by a dipolar network, solutes dissolved in
PBLG/organic solvent usually show proton spectra that are too
complex to be useful as such [24]. It should be noted that proton
spectroscopy is 106 times more sensitive than deuterium which
has provided the first simple spectral discrimination at natural
abundance. However, methods had to be sought to enhance the
resolution in these proton spectra. Indeed, in a PBLG phase, the
proton spectrum is often composed of broad multiplets: although
several 1H NMR experiments have been recently developed in that
field, the resulting signals still need to be resolved [25–28]. In this
context, Béguin et al. have recently shown that SElective ReFocus-
ing (SERF) experiments allow to dramatically reduce the number of
interactions that contribute to proton lineshape in PBLG/CDCl3 sol-
vent, and lead to the observation, for each enantiomer, of a single
proton-proton overall coupling T (T = J + 2D, with J and D being
the scalar and dipolar coupling, respectively) [29].

In this paper, we present the application of the (phaseable) G-
SERFph experiment to a chiral compound dissolved in a PBLG/
CDCl3 chiral solvent. We demonstrate that an enantiomeric visual-
ization can be achieved easily, for a given proton site, through the
whole dipolar network around it, with a single 2D spectrum. We
also evaluate the robustness of this pulse sequence when it is used
to probe fully coupled systems, through (i) an analysis of the
experimental artifacts that may be generated, and (ii) a compari-
son to analogous data that are yielded by a SERFph pulse sequence
which has given the best resolved data so far [30]. Finally, we dis-
cuss the advantages and drawbacks of this methodology, regarding
the great number of structural constraints which have to be col-
lected in dipolar coupled proton systems, when the size of the spin
network increases.
2. Results and discussion

2.1. Sample preparation and spatial frequency encoding calibration

Propylene oxide (Fig. 1a) was chosen as a chiral model organic
compound in order to illustrate the properties of the G-SERFph
pulse sequence on molecules dissolved in a chiral liquid crystalline
phase. The NMR sample was obtained by diluting 55 mg of a
mixture of propylene oxide (enantiomeric excess in R: 25%) in a
liquid-crystalline phase composed of 100 mg of poly-(c-benzyl)-
L-glutamate (PBLG, purchased from Sigma, D.P. = 782) and
677 mg of CDCl3, using standard procedure described elsewhere
[31]. The resulting 5 mm NMR tube was then sealed in order to
avoid solvent evaporation, and centrifuged back and forth until
an optically homogeneous birefringent phase was obtained.

All the NMR experiments were carried out on a 14.1 T Bruker
Avance II spectrometer, using a 5 mm 2H/1H cryogenically cooled
probe equipped with a z field gradient coil. The probe temperature
was set to 304 K. A preliminary calibration of the spatial frequency
encoding was performed, in order to select the volume from the
sample along which the proton spectrum is encoded. This step,
which depends on both the strength of the encoding field gradient,
and the selectivity of the r.f. field, is of particular importance for
anisotropic samples, due to the broad lines of their 1H spectra.
These parameters, as well as the offset of the soft pulse, were ad-
justed so that the resulting spectrum has the same intensity profile
as a reference broadband excitation spectrum (shown in Fig. 1-b).

Fig. 1c shows a typical encoded 1H spectrum which was re-
corded at the end of the calibration step of the spatial frequency
encoding. As it was already described [15,32], slightly narrower
linewidths can be measured on this spectrum (compared with
the standard broadband spectrum presented above), due to the fact
that each line comes from a restricted volume of the sample.

2.2. 1H G-SERFph 2D spectrum

Fig. 2 shows the 2D spectrum which was recorded on propylene
oxide dissolved in the PBLG/CDCl3 solvent, using the G-SERFph
pulse sequence. In the refocusing block, the offset of the first and
third semi-selective pulses (which are inversion pulses) was set
at the H2 resonance frequency, so as to edit every coupling involv-
ing this proton (the detail of the pulse sequence, and notably the
protocol for the calibration of the pulses, have been published
elsewhere[15]).

The duration of these two non-encoded pulses was determined
so that they invert properly the signal from H2 (i.e. the proton spin
whose couplings are being edited on this spectrum). The gradient-
encoded refocusing pulse was calibrated through a direct optimi-
zation of the first experiment of the G-SERFph pulse sequence
(corresponding to t1 = 6 ls) in order to minimize signal distortions.
In particular, we have experimentally determined that the
gradient-encoded refocusing pulse had to be longer than the
gradient-encoded excitation pulse, in order to observe an efficient
refocusing of the interactions (we discuss further which kind of
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Fig. 2. The G-SERFph proton 2D spectrum which was recorded on propylene oxide
dissolved in a chiral liquid crystalline solvent composed of PBLG and CDCl3 (the
positive projection of the rows is shown above the spectrum). The signal at H2

chemical shift (in red) is phased as a negative peak. All the semi-selective pulses
have a Gaussian shape. The nutation angle of the excitation pulse was calibrated at
270�. The duration of the initial gradient-encoded excitation pulse (respectively the
second gradient-encoded refocusing pulse) was 20 ms (resp. 40 ms). The offset of
the non-encoded soft inversion pulse, of duration 6 ms, was set at the resonance
frequency of H2 (red arrow). The sample was frequency encoded by a rectangular z
pulsed field gradient of 0.2 G/cm strength. Gradient coherence selection was
achieved by sine-shaped gradient pulses of 0.75 ms duration and 26 G/cm strength,
followed by recovery delays of 0.25 ms. Another sine-shaped gradient of 1.5 ms
duration and 42 G/cm strength, followed by a recovery delay of 0.2 ms was used in
the z gradient filter. A phaseable 2D map was obtained with TPPI. Each of the 768
increments in t1 were acquired with 8 scans and a 2 s recycle delay between scans,
with maximum acquisition times of 3.84 s in t1 and 2 s in t2 (corresponding to the
acquisition of a free induction decay over 6242 points). Data were processed using
zero-filling up to 1024 points in t1, and 8192 points in t2, automatic baseline
correction in both dimensions and symmetryzation in the indirect domain. This
spectrum was recorded in 10.5 h (due to the great number of points acquired during
t1, in order to obtain a high-resolution spectrum in F1). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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artifacts this experimental setting can give rise to). The r.f. field
strength of the non-encoded inversion pulses was also adjusted
over a direct optimization of a G-SERFph 1D spectrum.

We observe, at H1 (resp. H3 and H4) chemical shift, two doublets
whose splittings T12

R and T12
S (resp. T23

R=S and T24
R=S) can be assigned to

each enantiomer (Fig. 3a). This spectrum allows the measurement
of all the coupling network from the spin H2 in both enantiomers,
as is illustrated in Fig. 3b.

Furthermore, the coupling values which are measured directly
on the G-SERFph spectrum allow to fully interpret the analogous
multiplet (Fig. 3c) extracted from a classical J-resolved experiment
[33] recorded on the same sample. This signal contains exactly the
same information about the coupling network around H2, but
would have been impossible to assign without additional data.

The same G-SERFph data were recorded with offsets set at H1,
H3 and H4 resonance frequencies. The resulting 2D spectra are
shown in Fig. 5 (for H1) and in supplementary data in Fig. S2
(the complete set of multiplets which can be extracted from all
the G-SERFph spectra which were recorded on this sample is
presented in supplementary data in Fig. S3).

Moreover, two kinds of artifacts are observed on this spectrum
(which did not appear when the G-SERF experiment was applied to
an isotropic sample under similar experimental conditions [15]).
On the one hand, although signals at H2, H3 and H4 resonance fre-
quencies show very weak artifacts, a careful study of the whole
series of G-SERFph spectra recorded on this sample (Figs. 2 and
5, and in supplementary data) reveals that the strongest artifacts
only appear at the H1 (methyl protons) resonance frequency. We
note here that in an anisotropic solvent, methyl protons have the
same chemical shift, but are dipolar coupled to each other, so that
they actually constitute a strongly coupled A3 spin system [34]. On
the other hand, another unexpected signal is observed at H2 reso-
nance frequency (i.e. the proton spin whose couplings are being
edited in this experiment). A negative singlet is observed, whereas
the coherence transfer pathway which has been set should not
leave any signal at this chemical shift [15]. In the following, we de-
scribe in detail how the G-SERFph sequence deals with (i) any mis-
calibration of the excitation and/or refocusing soft pulses, and (ii) a
difference in selectivity between the different gradient-encoded
pulses, in order to explain how unwanted coherence pathways
are removed (or not).
2.3. Effect of selection gradients and phase cycling on experimental
artifacts

During a gradient encoded homonuclear selective refocusing
experiment, two kinds of sequence imperfection need to be taken
into account.

Firstly, pulse miscalibration may cause the creation of unde-
sired coherences. In the G-SERFph pulse sequence, the desired
coherence transfer pathways are selected by both the phase cy-
cling of the three excitation or flip-back soft pulses (which are
independently cycled), and gradient selection: two gradient pulses
are applied before and after the first two successive pulses, in the
middle of the t1 delay, in order to select the coherence pathway
associated with a perfect refocusing block [15]. We note here that
since a selective refocusing is performed within each cross section,
selection gradients have to be strong enough to achieve a complete
dephasing and rephasing of coherences within these cross sections.

Secondly, we observe that some additional signals, which are
more specific to this experiment, arise from the difference in selec-
tivity between the spatially encoded excitation and refocusing
pulses. Fig. 4 describes how the magnetization from a given proton
spin, whose signal is encoded in a particular region of the sample,
interacts with each selective irradiation. Note that the G-SERFph
experiment which is simulated in Fig. 4 is set for the edition of
H2’s couplings: the results which are presented here for H4 would
lead to the same result if one considered the cross sections where
H1 or H3 (instead of H4) are encoded.

The desired signal originates from the magnetization pathway
(b): in this cross section, proton spins H4 are excited by the first,
spatially-encoded, excitation pulse. Then, in the refocusing block,
the two non-encoded and the spatially encoded pulses act on H2

and H4 coherences respectively. During the resulting spin evolu-
tion, all the interactions that involve H4 are refocused, except the
H2–H4 coupling T24. For first order spin systems however, three dif-
ferent artifacts can appear:

(i) In magnetization pathway (a), proton spins H4 only undergo
a selective excitation pulse. Due to the action of the non-
encoded inversion pulses, T24 is then refocused, whereas
every other interaction is evolving during t1.

(ii) In magnetization pathway (c), proton spins H2 are excited by
the first spatially encoded pulse, but are not affected by the
spatially encoded refocusing pulse. Every interaction which
involves H2 is then refocused by the non-encoded refocusing
pulses.

(iii) Conversely, in pathway (d), H2 spins are affected by the
whole sequence of spatially encoded, as well as non-
encoded refocusing pulses. No interaction is thus refocused
for these proton spins.
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Sub-signals (a) and (d) do not contribute to the overall spec-
trum since they are removed by gradient selection. Finally, only
the sub-spectra originating from magnetization pathways (b)
(which corresponds to the desired evolution of H4 under T24) and
(c) appear on the overall spectrum.

Interestingly, from all the artifacts that could be expected, only
the latter can be observed on the spectrum. This analysis indicates
that the biggest artifacts, which are observed at H1 resonance fre-
quency, are actually mainly due to a second-order coupling effect.
These signals, which are created by coherence transfers during
refocusing pulses, follow the same coherence transfer pathways
as the desired signals. Thrippleton et al. have proposed methods
that allow to suppress these artifacts, some of them being also
based on the use of a frequency sweep during pulses [35]. We note
however that second-order systems can provide useful additional
information such as the relative sign of the coupling interactions
in some spin systems. Nevertheless, the determination and the
understanding of the contribution of second-order effects to the
lineshape in A3 spin systems, as well as the experimental suppres-
sion of the corresponding artifacts in a G-SERFph experiment,
require further simulations and methodological developments
which are out of the scope of this paper.

To summarize, most of the artifacts which come from pulse
imperfections in the G-SERFph pulse sequence can be removed,
for first-order spectra, by standard phase cycling and gradient
selection procedures, except a negative singlet which marks the
frequency of the proton spin whose couplings are being edited.
This latter line does not stop other multiplets from being analyzed,
since it does not overlap with any of them. However, as is often the
case with chiral oriented media, strongly coupled spin systems
contribute to the creation of coherences that cannot be removed
by standard coherence selection techniques. Nevertheless, they
provide second-order sub-spectra which do not hinder the analysis
of the different spin–spin interactions.

2.4. Comparison of SERFph and G-SERFph spectroscopies

In this section, we compare the G-SERFph experiment with the
analogous data that can be acquired using our latest development
of the SERFph pulse sequence.[30] We have acquired a G-SERFph
spectrum which we have set for the edition of the couplings
around methyl protons H1 (Fig. 5a). We have also run, under the
same experimental conditions, the series of four SERFph experi-
ments which allows to gather the same collection of correlation
spectra (Fig. 5b). Note that since the G-SERFph pulse sequence uses
semi-selective irradiations in order to generate a spatial frequency
encoding, the z gradient filter in both experiments has been imple-
mented with semi-selective flip-back and excitation pulses,
whereas the SERFph sequence which is presented by Beguin
et al. uses hard pulses [30]. The use of soft pulses presents the
advantage of avoiding the creation of zero quantum coherences
which would evolve during the z gradient filter, and could cause
lineshapes distorsions.

For each proton site of the molecule, we observe the same cor-
relation pattern in the G-SERFph and SERFph experiment, except
for methyl protons H1 (the structure of these multiplets is dis-
cussed further). We remark that the assignment of the couplings
is straightforward with the G-SERFph spectrum (although the
identification of each enantiomer is not possible without addi-
tional reference data), whereas running a SERFph experiment
requires that the coupling partners of a given proton site have
already been identified, in order to set the offsets of the soft pulses
adequately. The multiplets that can be extracted from the data pre-
sented in Fig. 5 are displayed in Fig. 6. At H2, H3 and H4 chemical
shifts (Fig. 6a–c), we observe the same multiplet structures in
the G-SERFph spectrum as in each related SERFph spectrum. H2

spin (respectively H3 and H4) is coupled to the three methyl pro-
tons H1 and his signal is splitted into a quartet (with intensity ratio
1:3:3:1) for each enantiomer.

Furthermore, we observe that the enantiomeric differentiation
is obvious for H2, but much less easy to probe for H3, since the cou-
plings T13

S and T13
R are too small to produce measurable splittings.

Nevertheless, a thorough analysis of the correlation pattern at H3

chemical shift (Fig. 7) allows to assign to each enantiomer multi-
plet structures whose resolution is actually only limited by the
proton linewidth (which is about 0.6 Hz for this sample).

Carrying on the multiplet analysis, a single quartet is observed
for H4 spin (Fig. 6c), which means that the overall coupling
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between H1 and H4 is the same for both enantiomers (T14
S ¼ T14

R ):
the enantiomeric differentiation cannot be visualized using this
interaction.

Finally, the only differences that are observed between SERFph
and G-SERFph correlations involve the protons from the methyl
group. On the one hand, in Fig. 6d (above), the SERFph experiment
has been set to let evolve only the coupling between the H1 proton
spins. For this strongly coupled A3 spin system, each proton H1

interacts during t1 with the two other spins H1 of the methyl group,
and leads to the observation of two triplets (one per enantiomer),
as expected. On the other hand, the structure of the multiplet
which is observed on the G-SERFph spectrum (Fig. 6d below), at
H1 resonance frequency, is less intuitive. First, it is negative
because the last semi-selective pulse from the refocusing block
leads to an inversion of the H1 signal. Second, its multiplicity
corresponds to the addition of two ‘‘first-order’’ triplets (one per
enantiomer) and two ‘‘second-order’’ doublets with splittings T11

S

and T11
R . We indicate here that since T11

R � 2 � T11
S , the second order

doublet from the R enantiomer overlaps the external lines of the
first order triplet from the S enantiomer. We remark here that
the analysis of the multiplet that is extracted from the G-SERFph
spectrum for the methyl protons H1 is less obvious, since (i) the
values of the couplings T11

S and T11
R lead to a signal overlap, and

(ii) this second order spectrum shows a more complex multiplicity
as well as a partial distorsion. Nevertheless, even in the case of an
A3 spin system which does not yield exactly the same pattern in
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refocusing pulses were set in order to irradiate H1 spins on the one hand, and H2, H3 or H4 spins on the other hand, so that multiplets with splittings T1�i (i = 2, 3 or 4) are
obtained for each enantiomer at H2, H3 or H4 resonance frequencies respectively. Gaussian pulses of 8 ms were used for the excitation as well as the refocusing pulses.
Gradient coherence selection was achieved by sine-shaped gradient pulses of 1.5 ms duration and 10 G/cm strength, followed by recovery delays of 150 ls. Another sine-
shaped gradient of 1 ms duration and 5 G/cm strength, followed by a recovery delay of 200 ls was used in the z gradient filter. Phaseable 2D spectra were obtained with
Quadrature Sequential Mode. Each of the 768 increments in t1 was acquired with 4 scans and a 1.5 s recycle delay between scans. The free induction decay was acquired over
6242 points. Data were processed using zero-filling up to 1024 points in t1, and 8192 points in t2, automatic baseline correction in both dimensions and symmetrization in the
indirect domain. In the last SERFph experiment, the two pulses at t1/2 were replaced with a single refocusing soft pulse at H1 resonance frequency. Each SERFph spectrum was
recorded in 7.5 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(below) spectra which are shown in Fig. 5.

320 D. Merlet et al. / Journal of Magnetic Resonance 209 (2011) 315–322
the SERFph or in the G-SERFph experiment, the same couplings can
be extracted.

To conclude for this part, the lineshape analysis, on datasets
which were acquired using either the SERFph or the G-SERFph
approach, shows that the spatial frequency encoding did not intro-
duce any distorsion resulting from uncontrolled spin evolutions
during the selective refocusing block. We also observe that the
linewidth in the indirect dimension is almost the same in the
G-SERFph and in the SERFph spectra (Figs. 6 and 7): we deduce that
the spatial encoding does not introduce any relaxation process
which could broaden the lines in F1 dimension. Finally, the same
analytical content can be extracted from both kinds of spectra,
whose resolution is the same. However, the lower sensitivity
which is inherent to the gradient encoding approach may be the
only issue that may prevent the G-SERFph experiment from being
fully suitable for the analysis of enantiomeric mixtures, in a chiral
oriented medium.

2.5. Sensitivity vs experimental time

The G-SERFph experiment is intrinsically less sensitive than a
SERFph experiment, because only a spatially-restricted cross
section in the sample gives rise to the signal at a given resonance
frequency. The loss in sensitivity can be estimated to Dm/c.G.l,
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where Dm is the spectral width which is excited by the semi-selec-
tive pulse, c is the gyromagnetic ratio, G is the gradient pulse
strength and l is the sample height detected by the probe. At a very
low concentration, a longer experimental time may be needed to
record a gradient encoded spectrum.

The duration of a G-SERFph experiment is first and foremost im-
posed by the minimum number of scans (which we have set to 8
[15]), which is necessary to complete a correct phase cycling. Fur-
thermore, if the spatial frequency sweep which is induced by the
pulsed field gradient is adjusted to the width of the spectrum (here
2 ppm), then each signal (whose width can be estimated to
0.1 ppm) is encoded in a cross section which represents 5% of the
total sample: the sensitivity of a G-SERFph experiment does not so-
lely depend on the amount of the molecule, but also on the width
of its spectrum ! Nevertheless, even in the case of a ‘‘standard’’
spectrum width (about 10 ppm), the sensitivity ratio (1% of the
corresponding SERF experiment) will be the same as that of a 2D
HSQC 1H–13C experiment compared to a 1D 1H spectrum. More-
over, although all the spectra were recorded on a relatively concen-
trated sample in order to highlight the pulse sequence properties
(and notably to study the existence of potentially weak artifacts)
within a reasonable experimental time, all the data which were ex-
tracted from the G-SERFph experiment (Fig. 5) could have been ac-
quired with a significantly less concentrated sample. Less than 11 h
were necessary to record each G-SERFph spectrum, whereas the
acquisition of a single SERFph experiment, with a phase cycling
which has been limited to four steps, required 7 h. This is due to
(i) the restricted spectral width in the indirect dimension
(100 Hz), and (ii) the long lifetime of refocused coherences during
t1. Finally, for this sample, the acquisition of the whole set of SERF-
ph spectra which are necessary to collect every coupling involving
H1 spin (i.e. one by one) lasted 28 h. This protocol is more than two
times longer than a spatial encoding approach which consists in
editing every coupling within one –though less sensitive- G-SERF-
ph spectrum.

More generally, for a spin system which is composed of n fully
coupled, non-equivalent proton sites, nðn�1Þ

2 SERFph experiments
have to be recorded in order to measure every coupling constant.
The G-SERFph spectroscopy requires only (n � 1) spectra to pro-
vide every measurements -and assignments- of the same coupling
network. We stress here the potential of gradient encoded selective
refocusing spectroscopy as a tool for acquiring more rapidly all the
information about large spin networks.
3. Conclusion

In conclusion, we have applied a G-SERFph pulse sequence to
the edition of the coupling network in an enantiomeric mixture
dissolved in chiral anisotropic solvent. We have demonstrated
the quality of the resulting data, which is comparable to what
can be obtained using state of the art selective refocusing tech-
niques. The implementation of a spatial frequency encoding in a
SERFph pulse sequence provides several potential probes of the
enantiomeric discrimination which takes place in the chiral liquid
crystalline phase, or in any sample where stereoisomers interact
with a chiral agent. We have been able to measure, on a model chi-
ral organic compound, every overall 1H homonuclear coupling
from G-SERFph spectra, and we could run the complete set of
experiments faster than with the standard SERFph approach, de-
spite their lower sensitivity.

This application of a frequency sweep to sample spatial encod-
ing, in order to probe specific interactions in separate parts of the
sample, paves the way for a generalized strategy for editing NMR
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interactions in multi-dimensional experiments: this method is
suitable for every structural study where a great number of NMR
constraints are required to elucidate -for instance- the differential
ordering effect of a given chiral solvent on flexible enantiomers. It
should apply to most of the organic compounds whose NMR spec-
trum (which has to be encoded along the NMR sample) is resolved
enough, so that relevant spins nuclei whose couplings are being
investigated are spectrally separated. In this context, the use of high
magnetic fields should contribute to improve the resolution as well
as the sensitivity of G-SERFph experiments, and hence facilitate the
study of larger molecular systems. We append here that the com-
bination of G-SERF spectroscopy with other techniques that are
routinely used to simplify NMR spectra in chiral liquid crystalline
solvents, such as Variable Angle Sample Spinning (VASS[29,36]),
should allow to apply this approach to molecular systems where
dipolar couplings have to be scaled down, in order to produce
first-order spectra.
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Appendix A. Supplementary data

The J-resolved spectrum recorded on the propylene oxide sam-
ple that is studied in this paper (Fig. S1). The G-SERFph proton 2D
spectra which were acquired for the edition of the coupling net-
works around H3 (Fig. S2a) and H4 (Fig. S2b) proton spins, respec-
tively. The sums of the columns from the four G-SERFph spectra
which were recorded for the edition of the coupling networks
(Fig. S3). A table displaying the overall homonuclear proton cou-
plings (T = J + 2D) in the propylene oxide sample which is studied
in this paper (Table 1). Supplementary data associated with this
article can be found, in the online version, at doi:10.1016/
j.jmr.2011.01.030.
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