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Abstract

The angular information content of residual dipolar couplings between nuclei of fixed distance makes the accurate and sign-sensitive
measurement of (1JCH + DCH) and (2JHH + DHH) couplings highly desirable. Experiments published so far are typically highly special-
ized for the effective measurement of a subset of couplings. The P.E.HSQC presented here, is an E.COSY based experiment which allows
the simultaneous measurement of all heteronuclear and homonuclear couplings within CH, CH2, and CH3 groups in a single spectrum
with the necessary precision and sign information. The simplicity of the approach and the absence of artefacts like phase distortions due
to antiphase evolution make it ideally suited for coupling determination of organic molecules at natural abundance.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Since the introduction of residual dipolar couplings
(RDCs) in biomolecular NMR spectroscopy there is a vast
number of experiments available for measuring heteronu-
clear one-bond couplings based on various principle tech-
niques [1–13]. Most of these experiments are designed for
IS spin systems, but a number of methods are also specifi-
cally designed for the needs of I2S [14–20] and I3S spin sys-
tems [21–24]. Because of the fixed geometry and the large
dipolar couplings expected in the latter spin systems, it
seems advantageous to also be able to measure the 1H,
1H-couplings within the spin groups. But all pulse
sequences capable to do so have in common that at least
two if not more subspectra have to be acquired for the
extraction of a complete set of couplings.

A detailed examination of spectra shows in addition that
in most experiments homonuclear coupling evolution is not
fully suppressed and slight phase distortions in the presence
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of larger 1H, 1H-couplings can be observed (see e.g., slices
of spectra shown in [14,13]). Only the SPITZE-HSQC [19]
with HEHAHA transfer steps avoids this homonuclear
antiphase evolution due to isotropic mixing conditions
present during transfer periods with the disadvantage of
a very limited bandwidth. In principle, homonuclear anti-
phase evolution could also be compensated by the applica-
tion of CPMG-type pulse trains with homonuclear
isotropic mixing conditions during the INEPT-type trans-
fer steps [25–29], but this approach is power consuming
and the common 13C-bandwidth of �130 ppm for 1H,
13C one-bond correlation experiments cannot be covered
by conventional probeheads at high-field spectrometers.

Here, a single, very simple experiment based on the
E.COSY-principle for the simultaneous measurement of
heteronuclear and homonuclear couplings within IS, I2S,
and I3S spin systems is presented. The experiment is
derived from the P.E.COSY [30] by transferring the origi-
nal idea to the heteronuclear case and uses the same prin-
ciple as the heteronuclear E.COSY experiment discussed
in [31]. The resulting cross peaks in I2S and I3S spin sys-
tems cover roughly the same area in the two-dimensional
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Fig. 1. Pulse sequences of the P.E.COSY and several versions of the
proposed P.E.HSQC. (a) The original P.E.COSY as the starting point for
the heteronuclear experiments introduced in this article, (b) the P.E.HSQC
with purge gradients and additional versions with ZQ-suppression
schemes for artefact reduction (c) and even partial decoupling during t1

for improved multiplet appearance (d). All filled rectangles correspond to
90� pulses and open rectangles to 180� pulses along x unless specified
otherwise. Thin bars annotated with b correspond to pulses with a flip
angle of approximately 36� for the E.COSY-type multiplet patterns.
Delays are set to D = 1/(41JCH) in all cases. Phase cycling was applied
according to U1 = 8(x), 8(�x), U2 = x,�x, U3 = 4(x), 4(�x), and
Urec = x,�x,x,�x,�x,x,�x,x. ZQ-suppression schemes were applied
using 50 and 30 ms adiabatic CHIRP-pulses with simultaneous gradient
pulses as described in [34]. j indicates the scaling of the splitting in the
indirect dimension: j = 1 corresponds to full coupling evolution, j = 0 to
full decoupling, and j = 0.1 leads to splittings that are scaled to 10% of the
active coupling. Phase sensitive spectra are obtained in the States-TPPI or
TPPI manner by phase cycling U2 and Urec accordingly.
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spectrum as in a t2-coupled HSQC but the tilt of the
E.COSY patterns allows the determination of homonuclear
(2JHH + DHH) couplings with their signs relative to the cor-
responding heteronuclear one-bond couplings.

2. Theory

Shortly after the introduction of the E.COSY principle
[32,33] the so-called P.E.COSY or b-COSY experiment
for the sign-sensitive coupling measurement between three
coupled spins was introduced [31,30]. Instead of the long
phase cycling schemes used in most of the previous exper-
iments, a simple b-pulse is applied for conversion of anti-
phase magnetization into single quantum terms with the
well-known E.COSY pattern. A compromise between a
good signal-to-noise ratio and a clean E.COSY type multi-
plet pattern for three coupled spins in a non-phase cycled
experiments is achieved when 30� 6 b 6 40� [30].

The P.E.COSY can, of course, easily be transferred to
the heteronuclear case by simply applying identical pulses
on both protons and the heteronucleus. However, since
the aim of the experiment is the conversion of antiphase
magnetization, the initial excitation might be extended by
an INEPT-step, which causes cosine-modulated inphase
signals in the indirect dimension that potentially allow
the application of simple 180� pulse decoupling schemes.
The corresponding experiment termed P.E.HSQC is shown
in Fig. 1b with details of the pulse sequence in the caption.
As it turns out, a heteronuclear E.COSY experiment is
already discussed in [31] where the problem corresponds
to an activation or deactivation of a single spin by the mix-
ing pulse. In this case the flip angle for the E.COSY mixing
pulse on the single spin 1/2 can have an arbitrary value,
with a 90� pulse resulting in the highest possible signal
intensity.

Although no coherence order selection or other removal
of 12C-bound proton magnetization is applied, in our
hands this basic experiment resulted in spectra of high
quality with very little artefacts. Nevertheless, a further
improved version of the P.E.HSQC is given in Fig. 1c with
two adiabatic pulse/gradient combinations for efficient
removal of all coherences including ZQ-terms [34]. The first
ZQ-suppression scheme in this context is simply applied to
destroy all coherences from previous scans and therefore
clean up the starting polarization. We found that this trick
slightly reduces t1-noise in cases where the relaxation delay
between scans is chosen too short. The second ZQ-suppres-
sion scheme ensures pure absorption spectra by the efficient
removal of all unwanted homonuclear and heteronuclear
coherences before acquisition. It therefore remarkably
improves the appearance of signal quality.

Finally, a further variant of the experiment is shown in
Fig. 1d: Since the preparation scheme of the P.E.HSQC
results in cosine-modulated inphase signals in the indirect
dimension, the very large multiplet-patterns can be reduced
in size by partial decoupling. By choosing the factor j in
the pulse sequence scheme of Fig. 1d, the splitting due to
coupling evolution of the 1JCH coupling is reduced to the
same factor as demonstrated experimentally for j = 0.1
in Figs. 3(c)–(c00) and 5.

The expected multiplet patterns of the P.E.HSQC for IS,
I2S, and I3S spin systems are compared in Fig. 2 with con-
ventional t1- and t2-coupled (a, a 0, a00), and t2-coupled
HSQC experiments (b, b 0,b00). For the simple IS case the
multiplet is split by the 1JCH coupling in both dimensions
and no additional information or multiplet reduction is
gained (c). For the I2S and I3S spin systems, however, the
resulting multiplet patterns of the P.E.HSQC show an
E.COSY-type displacement that reveals the relative sign
of (2JHH + DHH) vs. (1JCH + DCH) couplings and allows a
simplified measurement of the homonuclear couplings
(c 0, c00).
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Fig. 2. Qualitative schematics for the expected multiplet patterns for IS,
I2S, and I3S spin systems for a fully coupled HSQC (a), a t1-decoupled, t2-
coupled HSQC (b), and the P.E.HSQC of Fig. 1b–d (c). Filled circles
correspond to positive multiplet components, open circles to negative
signals. Relative signal intensities are guided to the eye by the signal
thickness. Scaling with j refers to partial decoupling according to the
sequence described in Fig. 1d. Homonuclear splittings within I3S spin
systems are only visible if samples are partially aligned and residual
dipolar DI1I2 -couplings are present.
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The relative multiplet intensities of the P.E.HSQC for
the three different spin systems have been performed and
evaluated by numerical simulations. For a fair comparison
the relative intensities of IS, I2S, and I3S spin systems,
resulting from a t2-coupled HSQC, shall be examined first:
the signal of a proton in the IS spin system splits in two, so
that the maximum intensity of a multiplet component is
equivalent to a normalized intensity of 0.5. In a I2S spin
system considering diastereotopic protons, the same
amount of magnetization is split both by the heteronuclear
and by the homonuclear scalar coupling, leading to a rela-
tive intensity of only 0.25 for the multiplet components. In
methyl groups, three degenerate protons contribute to the
signal, which, in partially aligned samples, leads to a dou-
blet of triplets with an intensity of the strongest component
of 0.75.

In contrast to the t2-coupled HSQC, the P.E.HSQC in
all cases has an additional splitting in the indirect dimen-
sion and therefore can be expected to have reduced multi-
plet intensities. For the I2S spin system, nevertheless, the
magnitude of the multiplet components is identical to the
t2-coupled HSQC with �0.25 per proton spin. The IS
spin system results in four multiplet components, which
again resembles an intensity of 0.25 per proton spin. The
most complex multiplet, finally, is observed in dipolar
coupled I3S spin systems as qualitatively visualized in
Fig. 2c00. The relative ratios of the four different multi-
plet component intensities taken from simulations are
0.27:0.16:�0.07:0.06 for a flip angle b = 36�. Most impor-
tant for measuring (1JCH + DCH) and DHH coupling
constants are the outermost multiplet components with
the highest signal intensity of 0.27. The signal intensities
for the three different spin systems therefore are very simi-
lar and even can help reducing artifacts like t1-noise from
very intense methyl signals. In all cases the multiplets are
at least as intense as the signal of an I2S spin system in a
t2-coupled HSQC.

DHH couplings in methyl groups generally contain the
same structural information as the corresponding one-
bond DCH couplings. Since methyl groups rotate fast
around the principle axis, which in most cases is along a
C–C bond, all orientations are averaged except the angle
a relative to this principal axis. For DCH couplings, the
interatomic vector describes an angle of aCH = 109� and
for DHH couplings this angle is aHH = 90�. A geometrical
scaling factor between these two vectors then is given by
sgeo = (3cos2aHH � 1)/(3cos2aCH � 1) = 3/2 [35]. In addi-
tion, the size of dipolar couplings depends on the inverse
cube of the interatomic distance and the participating
gyromagnetic ratios. DHH and DCH couplings are therefore
proportional with a constant scaling factor DHH ¼
sgeocH r3

CH=ðcCr3
HHÞDCH. A comparison of the strong dipolar

coupling limit in the homonuclear case (Hdip
I1I2
¼ 2pDI1I2

ð2I1zI2z � I1xI2x � I1yI2yÞ ¼ 2pDI1I2
ð3I1zI2z � I1I2Þ) versus

the weak dipolar Hamiltonian (Hdip
IS ¼ 2pDISð2IzSzÞ) for

the heteronuclear coupling leads to an additional scaling
of the observed splitting of sHam = 3/2 [35]. With cH/
cC � 4, rCH = 1.08, and rHH = 1.76, theory predicts a 2.08
times larger splitting for homonuclear compared to hetero-
nuclear methyl RDCs, which closely resembles the experi-
mentally derived factor 2.3 [36]. Altogether three pairs of
DCH and DHH couplings in methyl groups have been mea-
sured for the ethyl ester (Fig. 5) which fulfill the theoreti-
cally predicted ratio within the error of measurement
(Table 1). With the relative sign of (1JCH + DCH) and
DHH in methyl groups as obtained in the P.E.HSQC,
unambiguous and accurate determination of dipolar cou-
plings can be achieved even if very strong alignment would
result in DCH > 1JCH and therefore negative (1JCH + DCH)
values.

3. Experimental

Altogether five samples were used in the studies
presented. The three isotropic samples were dissolved in
CDCl3 (strychnine, ethyl ester) and DMSO-d6 (pentapep-
tide). For the strychnine sample the solvent was purified
with Al2O3 to remove any residual acid. Sample concentra-
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Fig. 3. Experimental multiplet patterns for IS, I2S, and I3S spin systems for a t1-decoupled, t2-coupled HSQC (a), a fully coupled P.E.HSQC (b) and a
P.E.HSQC with partial decoupling according to j = 0.1 (c). IS and I2S spin systems are recorded on a strychnine sample dissolved in CDCl3 and the I3S
spin system on a cyclic pentapeptide with N-methylation (see text for details). Grey signals correspond to negative contour levels. While the E.COSY-type
pattern of the left and central I2S spin system can nicely be seen, strong coupling leads to the removal of E.COSY displacements in the overlapped right
most I2S multiplet.
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tions have been�35 mM for the pentapeptide cyclo-(D-Ala-
Ala–N-Me–Ala-Ala-Ala), 100 mM for strychnine, and
150 mM for the ethyl ester of 5-dimethylphosphinyl-4-phe-
nyl-2-(4-chlorophenyl)-2,3,4,5-tetrahydropyrrol-3-carboxylic
acid (see [37] for synthesis and characterization). Two further
samples were prepared in so-called alignment media, i.e.
in a stretched poly(dimethylsiloxane) gel (PDMS-gel) and
the liquid crystalline phase of poly(c-benzyl-L-glutamate)
(PBLG). The crosslinked PDMS gel as a member of poly-
mer gel-based alignment media for organic solvents with
arbitrarily scalable alignment [38–41] was prepared in house
using the procedure described in [42,43]. For the gel with a
deuterium splitting of CDCl3 of 37 Hz we used a dry PDMS
stick of 3 mm diameter and an accelerated electron irradia-
tion dose of 200 kGy. The concentration of ethyl ester put
on top of the already swollen gel corresponds to 150 mM,
resulting in an estimated concentration inside the gel of
�90 mM. For PBLG we followed the lengthy procedure
described in [44–47] to obtain a sample with a final concen-
tration of �300 mM and a deuterium splitting of 495 Hz
(Fig. 4).

Most spectra were recorded on a Bruker AV500 spec-
trometer equipped with a 8 mm diameter probehead operat-
ing at 499.977 MHz for protons and 125.739 MHz for 13C.
The spectra of the ethyl ester inside the PDMS gel and the
spectra of the pentapeptide in DMSO were recorded on a
Bruker DMX600 spectrometer equipped with a 5 mm TXI
inverse-detected probehead operating at 600.132 MHz for
protons and 150.907 MHz for 13C. No spinning was applied
and temperature was controlled in all cases by Bruker
BVT2000 or BVT3000 temperature units to be 298 �K.
Spectra on partially aligned samples were acquired without
lock on the solvent. Spectra for all samples were obtained
using either the pulse programs shown in Fig. 1b–d or a
Bruker standard HSQC without t2-decoupling. Only HSQC
data and data acquired with the sequence of Fig. 1c and d
with j = 0.1 are presented in this article. In all cases spectra
were recorded with spectral digitization of 1024 (t1) and
8192 (t2) data points. The spectral widths for protons and
13C varied from sample to sample and were as follows: for
the strychnine sample 5252.1 Hz (1H), 15087.4 Hz (13C);
for the pentapeptide sample 3004.8 Hz (1H), 10058.2 Hz
(13C); for the unaligned ethyl ester sample 5252.1 Hz (1H),
10057.7 Hz (13C); for the ethyl ester in PBLG: 5252.1 Hz
(1H), 10058.2 Hz (13C) and for the ethyl ester in PDMS
7183.9 Hz (1H), 12072.7 Hz (13C). The T1-relaxation delay
for all recorded spectra was set to 1 s. Spectra were pro-
cessed using Bruker Topspin version 1.3 under Linux. All



Table 1
Couplings measured from spectral regions shown in Fig. 5

Spin systema Coupling type diso(1H) (ppm)b Couplings in CDCl3
(Hz)

Couplings in PDMS/CDCl3
(Hz)

Couplings in PBLG/CDCl3
(Hz)

IS (a) 1JCH + DCH 3.44 136.1 ± 1.6 139.7 ± 0.8 262.6 ± 10.0
I2S (b) 1JCH1

þ DCH1
3.51 147.7 ± 0.8 148.4 ± 1.3 197.2 ± 2.0

1JCH2
þ DCH2

3.62 147.7 ± 0.8 148.7 ± 2.0 202.2 ± 2.0
1JH1H2

þ DH1H2
3.51/3.62 �10.6 ± 0.8 �9.8 ± 1.3 15.8 ± 3.0

I3S (c) 1JCH + DCH 0.70 127.8 ± 0.8 127.6 ± 0.8 145.3 ± 3.0
DHH 0.70 �0.8 ± 0.8 40.0 ± 3.0

I3S (d) 1JCH + DCH 1.20 128.1 ± 0.8 127.8 ± 0.8 119.1 ± 2.0
DHH 1.20 �0.9 ± 0.8 �19.1 ± 3.0
1JPH + DPH 1.20 �12.7 ± 0.8 �12.5 ± 1.3 �8.8 ± 3.0
1JCP + DCP 1.20 66.4 ± 5.0 67.1 ± 5.0 73.5 ± 5.0

I3S (e) 1JCH + DCH 1.43 128.2 ± 0.8 126.5 ± 0.8 101.5 ± 3.0
DHH 1.43 �4.4 ± 0.8 �60.0 ± 3.0
1JPH + DPH 1.43 �12.7 ± 0.8 �12.2 ± 1.3 �3.8 ± 3.0
1JCP + DCP 1.43 68.5 ± 5.0 69.1 ± 5.0 79.4 ± 5.0

a Letters in parentheses indicate annotation of the spin systems in Fig. 4.
b Chemical shifts are for the isotropic sample in CDCl3. In alignment media chemical shifts change slightly.

Fig. 4. Ethyl ester of 5-dimethylphosphinyl-4-phenyl-2-(4-chlorophenyl)-
2,3,4,5-tetrahydropyrrol-3-carboxylic acid used for experiments in Fig. 5.
Letters indicate spin systems for which couplings are reported in Table 1.

P. Tzvetkova et al. / Journal of Magnetic Resonance 186 (2007) 193–200 197
dimensions were apodized with 90� shifted quadratic sine
bell functions and in spectra shown in Fig. 5 linear predic-
tion has been applied. Matrices were zero filled to 2k points
in the indirect dimension before Fourier transform. The
spectrum shown in Fig. 6 was acquired using offset and
rf-amplitude compensated BEBOP and BIBOP pulses taken
from [52] with 337.5 and 307.5 ls duration for the carbon
channel. The pulses cover a bandwidth of 20 kHz and can
tolerate B1-field inhomogeneities up to ±20%. BEBOP
and time-reversed BEBOP pulses for transfers according
to 2IzSz fi 2IzSy and 2IzSy fi 2IzSz are applied as described
in [48].
4. Discussion

The introduced P.E.HSQC has several advantages and
disadvantages compared to previously published experi-
ments. The main disadvantage is certainly the detected
antiphase magnetization which does not allow heteronu-
clear decoupling schemes to be applied. The experiment
therefore leads to split signals in the direct detected dimen-
sion and has its major application in the measurement of
coupling constants in contrast to heteronuclear decoupled
HSQC and HMQC based methods. The signal-to-noise
ratio of the P.E.HSQC has been compared in detail with
a t1-decoupled, t2-coupled HSQC experiments without
sensitivity enhancement. Although generally signal intensi-
ties are reduced in the P.E.HSQC, it is equivalent for meth-
ylene groups as the least intense signals. Sensitivity
enhanced HSQC experiments considering matched delays
optimized for methylene spin systems theoretically should
give a

ffiffiffi

2
p

better sensitivity. The P.E.HSQC is also not opti-
mized in terms of resolution, as a number of experimental
schemes are available that provide separated multiplet
components in a number of subspectra [19,13] that seem
to be more appropriate for larger molecules with significant
overlap.

The main advantage of the P.E.HSQC is the simplicity
of its approach. The setup of the experiment is very
straightforward with very low power consumption and
without limitation with respect to bandwidth as for the
SPITZE-HSQC [19]. Two novel uses of the ZQ-suppres-
sion scheme are introduced that lead to reduced t1-noise
and pure absorptive detection. The resulting spectra do
show very little artefacts and can be interpreted very easily.
Phase distortions due to homonuclear couplings as
observed for some HSQC variants are not present in the
P.E.HSQC.

Usually heteronuclear correlation experiments do not
take into account strong coupling artefacts and the
P.E.HSQC is no exception. As is shown in Fig. 3a 0–c 0 for
the righthand signal, second order effects severely distort
the E.COSY pattern of the P.E.HSQC. The two protons
of the methylene group with chemical shifts only a few
Hz apart interchange a and b states in both t1 and t2 evo-
lution periods due to the strong coupling condition and the
required condition of conserved spin states for the E.COSY
displacement cannot be met. In such a case, couplings can-
not reliably be measured without fitting the complete mul-
tiplet structure including all coupled spins.

A problem for conventional HSQC experiments mea-
sured on partially oriented samples is the wide distribution
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Fig. 5. Measurement of (1JCH + DCH) and (2JHH + DHH) couplings of an
ethyl ester (Fig. 4) in CDCl3 (a,a 0), aligned in a stretched PDMS/CDCl3
gel (b,b 0), and aligned in PBLG/CDCl3 (c, c 0) using the pulse sequence
shown in Fig. 1d. Clearly the E.COSY-patterns are visible for the
unaligned and aligned CH2 group and the three aligned CH3 groups. A
right tilt as visible in (a) for the CH2-group corresponds to a negative 1H,
1H-coupling relative to the scaled 13C, 1H-coupling in the indirect
dimension. Two of the methyl groups are additionally split by 1H–31P
and 13C–31P couplings. It should be noted that sign reversal takes place for
the 1H, 1H-coupling of the methylene group upon alignment in PBLG.
This would most likely be left undetected and maybe even misinterpreted
in conventional coupled HSQC-spectra.
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Fig. 6. Comparison of the P.E.HSQC experiment acquired on strychnine
with standard 13C hard pulses and BEBOP and BIBOP shaped pulses as
previously described for HSQC and HMBC experiments [48]. (a) Contour
plot of the BEBOP/BIBOP experiment and the hard pulse experiment
shifted in the carbon dimension for better comparison. The inlet shows the
aromatic region. Dotted lines and corresponding letters indicate slices
drawn underneath. Simple letters represent slices through hard pulse cross
peaks while slices through BEBOP/BIBOP cross peaks are marked with a
prime. Slices for the aromatic (b,b 0), central (c, c 0) and far aliphatic
(d,d 0, e, e 0) regions are chosen to cover the whole offset range. Improve-
ments in signal to noise due to the application of shaped pulses are
visualized by horizontal lines. For the CH2 group shown in (d,d 0,e,e 0)
dashed lines guide the sign-sensitive measurement of (2JHH + DHH)
couplings using the E.COSY-type displacement.
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of heteronuclear one-bond couplings. Resulting phase dis-
tortions and signal losses due to imperfectly matched
delays increase strongly with the duration of transfer peri-
ods. Here, again, the P.E.HSQC has a significant advan-
tage over other HSQC-based schemes since only a single
INEPT step is needed for preparation and no delay for
the back-transfer needs to be matched which otherwise
could lead to substantial losses in signal intensity.

Hard pulses usually do not equally cover the full 13C-
chemical shift range [48]. For even further improved pulse
sequence performance optimized broadband pulses can be
implemented, as for example the optimal control derived
BEBOP and BIBOP pulses with excellent offset behavior
and B1-field compensation [48–53]. An experimental com-
parison of a standard hard pulse vs. a BEBOP/BIBOP
pulse version of the P.E.HSQC is given in Fig. 6. For all
cross peaks a significant improvement in terms of signal-
to-noise can be observed, leading to an �12% increased
sensitivity onresonant and up to a 35% increase at the
edges of the carbon chemical shift range.

For the case that no gradients are available, experiments
can be modified by introducing well-known 13C-filtering
schemes like the BIRD-element [54], spin-lock purge pulses
[55] or simultaneous application of both schemes [56,57].
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Very good performance of the P.E.HSQC has been
achieved without gradients (spectra not shown) by the
simultaneous application of a BIRD element and two
spin-lock purge pulses with only slightly increased t1-noise
due to residual 12C-bound magnetization.

5. Conclusion

The P.E.HSQC is introduced as a single, easy to apply
experiment for simultaneous, sign-sensitive measurement
of (1JCH + DCH) and (2JHH + DHH) couplings. Similar to
the well-known P.E.COSY for homonuclear correlations,
the final mixing step in the heteronuclear correlation
experiment is achieved by a b-pulse. Additional features
for cleaning the spectra and scaling of the splittings due
to large (1JCH + DCH) coupling in the indirect dimension
are proposed. Due to the E.COSY pattern additional
information regarding sign and size of homonuclear cou-
plings within the spin systems is gained in comparison to
t1-decoupled, t2-coupled HSQC experiments, while retain-
ing roughly the same signal area for I2S and I3S groups.
The spectral quality of the P.E.HSQC is very good with
practically no phase distortions. The P.E.HSQC might
well be expected to become a standard experiment for
measuring (1JCH + DCH) and the corresponding
(2JHH + DHH) couplings in small to medium-sized
molecules.
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