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ABSTRACT

Selective 2D J-resolved spectroscopy delivers 2D spectra where exclusively homonuclear
couplings to a selected spin feature as doublets along the indirect dimension, facilitating their
measurement. The original experiment, SERF, uses frequency-selective pulses in order to
manipulate the evolution of particular couplings. This basic principle has been improved and
expanded upon in many follow-up experiments over the years. Experiments using the
Zangger-Sterk or PSYCHE pulse sequence elements have resulted in variants called G-SERF
and PSYCHEDELIC respectively, and allow observation of a wider spectral bandwidth and
decoupling of spins with close chemical shifts. Also strategies to achieve high-resolution full
absorption mode line shapes have been proposed. Finally, homonuclear decoupling methods
have been introduced to suppress couplings to non-selected spins in the spectrum and thus
avoid spectral overlap. Rather than providing a historic and comprehensive overview of the
many different variations of SERF, this article presents the selective 2D J-resolved
spectroscopy as a modular experiment, where these various features can be introduced to fit a

particular situation. Advantages and drawbacks of each variation is discussed.



1. INTRODUCTION

Couplings between protons represent a wealth of structural information, as they provide
insight to molecular constitution, configuration and conformation. However, accurately
measuring their values from simple 1D spectra can be very complicated. If one proton is
involved in many couplings, it leads to intricate multiplets where the individual splittings may
be difficult or impossible to resolve. This worsens when different multiplets overlap in the
spectrum. For this reason, much effort has gone into developing experiments where the
readout provides just one selected coupling at a time, i.e., a simple doublet, while maximally
avoiding any interference from other spectral responses. Seminal work was performed by
Stefan Berger in 1995, reporting the SERF (Selective ReFocusing) 2D experiment.! Derived
from 2D J-resolved spectroscopy (see emrstm0579.pub2),? it uses doubly selective pulses to
pick a pair of protons so that only the coupling between these two protons is observed as a
doublet along the indirect dimension. The basic principle of using frequency-selective pulses
to tailor which 'H-'H couplings appear in the spectrum laid the foundation for many follow-
up experiments that further improved and facilitated coupling measurement for increasingly
challenging cases. These innovations mostly occurred in parallel with advances in 2D J-
spectroscopy in general® and with the emergence of pure shift NMR spectroscopy* (see
emrstm1362). The latter is not surprising, given that pure shift methods likewise edit the
manifestation of homonuclear couplings in the spectrum. Besides frequency-selective pulses,
as used in SERF, several other pulse sequence elements that refocus coupling evolution (so-
called Active Spin Refocusing (ASR) elements) have been proposed in the context of pure
shift methods. These ASR elements can equally be applied in SERF, resulting in variants such
as G-SERF® and PSYCHEDELIC.”

Rather than providing a historical perspective or a comprehensive summary of known

selective 2DJ experiments — of which excellent reviews already exist,*” most notably the



one by Stefan Berger® — the purpose of this article is to present a ‘technical manual’ of all the
pulse sequence components that make up modern variants of the SERF experiment. This
didactic overview make readers familiar with all basic underlying principles, allowing them to
make an informed choice on which particular SERF variant best suits their needs or how to
design their own experiments.

2. MAIN TEXT

2.1 The basic selective 2DJ experiment

A selective 2DJ experiment is any 2D homonuclear J-resolved experiment that uses
frequency-selective pulses so that the spectrum only features a limited number of
homonuclear couplings in the indirect (F1) dimension. The basic principles of how chemical
shift and homonuclear coupling evolutions can be manipulated will first be introduced. Only
protons that are coupled under the weak coupling regime will be considered, allowing the use
of product operator formalism (see emrstm1310). Under the condition of strong coupling,
more complicated secondary order effects occur whose description fall outside the scope of
this article.!%!3 We first consider the basic spin echo, i.e., the original homonuclear 2DJ
sequence (Figure 1A).2. Consider a spin I (the “observed” spin) with two coupling partners S
(the “selected” spin) and X (the “passive” spin). To represent the senses of chemical shift and
coupling evolutions, the use of the shift product operator basis is the most convenient.
Assume that, after 90° pulse excitation, spin I has coherence order of +1 immediately after the
excitation pulse, and thus a negative sense of chemical shift evolution. The spin-states of X
and S are denoted as p and q respectively, which each can be either « or f. The inverted spin-
states of X and S are then denoted as p and g, so that, for instance, if p = a thenp =  and
vice versa. Chemical shift and coupling evolutions during the 2DJ sequence can then be

derived:
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with m and n equal to +1 or —1 depending on whether p and g are equal to & or Srespectively.
Figure 1A introduces a diagram representing the sense of chemical shift evolution (equivalent
to a coherence transfer pathway (CTP) diagram, except for its opposite sign) and the
evolution of the Jix and Jix couplings throughout the sequence. Such diagram provides the
same information as the product operator analysis, and is very useful to quickly visualize and
evaluate which type of information has built up or has been refocused during the sequence.
The hard 180° pulse reverses the sense of chemical shift evolution of I, so that it is refocused
over ¢ and sampled during #,. Because the hard 180° pulse also inverts the spin-states of S
and X, the sense of Jix and Jis coupling evolutions are not reversed and thus build up during
t1, with the same sense of evolution as during . After double Fourier transform the resulting
2D spectrum (Figure 1A) shows four lines, representing all possible combinations of spin-
states of S and X. The chemical shift information is found only along F>, and since the
couplings were equally encoded during both # and #,, the individual peaks within the
multiplet are dispersed parallel to a —45° axis between F and F>. Because chemical shift and
coupling information are encoded along different angles in the 2D spectrum, these two types
of spectral information are essentially separated. This facilitates multiplet analysis relative to
the 1D spectrum where multiplets can overlap. It is standard procedure to tilt the 2DJ spectra
by 45° to align the multiplets fully along F, thus creating a (J,5)-representation.!* In practice,

the 2D data is sheared, which distorts slightly the line shapes. <Figure 1 near here>



Whereas in full 2DJ spectrum all homonuclear couplings evolve during #, a selective 2DJ
spectrum aims to sample only the evolution of a selected coupling (or couplings) during #;. It
is clear that this requires an inversion of the Jix coupling evolution, which can be done using a
so-called Active Spin Refocusing (ASR) element. This is an element that has the property of
reversing the sense of chemical shift evolution of the observed spin I without inverting the
spin-states of its coupling partners X and S. Several such ASR elements have been proposed,
as will be discussed in the following section. Figure 1B shows a 2DJ sequence where the hard

180° pulse is replaced by an ASR element. The product operator analysis of this sequence is:
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As the ASR element does not invert the spin-states of X and S, coupling evolution is reversed
and thus also refocused over #1. This can be observed visually from the diagram in Figure 1B.
As no information is sampled along 71, all lines of the multiplet are now found parallel to 7> in
the resulting 2D spectrum, meaning no separation of chemical shift and coupling information.
In order to selectively reintroduce the coupling evolution to spin S, a soft 180° inversion pulse
is introduced that only affects spin S (Figure 1C). This frequency-selective pulse will be
referred to from now on as the Qs-selective pulse. Since the duration of such a soft pulse is
usually long, chemical shift and coupling evolutions during the pulse cannot be neglected, and
may also be complicated by Bloch-Siegert effects.!> For this reason, a complementary Qs-
selective pulse is performed at the start of the sequence, so that phase evolutions taking place
during these pulses cancel out thanks to the refocusing properties of the ASR element. The
product operator analysis of this sequence is (neglecting for simplicity chemical shift and
coupling evolution taking place during both frequency-selective 180° pulses, as they cancel

out):
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Exclusively the coupling evolution with spin S is now encoded in #1. As shown in Figure 1C,
this leads to a 2DJ spectrum where the splittings due to the coupling with X remain parallel to
F», but those from the coupling with S are again parallel to a —45° axis. The latter coupling is
thus effectively separated from both chemical shift and the passive coupling information.
When a projection is made onto the F axis, the Jis coupling is effectively found as a simple
doublet response, greatly facilitating its extraction by avoiding all complications arising from
the crowding of lines within a full multiplet. Just as the full 2DJ spectrum, the selective 2DJ
spectrum can be tilted by 45°, in this case delivering a (Jis, 0 + Jix)-representation. Because
the sense of Jis coupling evolution during #1 and #, is identical, just as in the classical 2DJ
experiment, the experiment of Figure 1C is referred to as Normal type (N-type). Figure 1D
shows an alternative sequence where the positions of the #1/2 delays and the Qs-selective
pulses are swapped. The result from product operator analysis (or inspection of the diagram in
Figure 1G) is in this case:

[~XPS4 e~ imn]ists gin(mjix+njis)tz piQit, 4)
The sense of Jis coupling evolution during #; is opposite relative to #,, and this experiment is
thus named the Reversed type (R-type). The Jis couplings are dispersed parallel to a 45° axis
rather than a —45° axis in the resulting 2D spectrum.
Although the selective 2DJ experiment singled out a single coupling, a number of important

issues remain at this point. First, all experiments in Figure 1 will deliver 2D spectra with



peaks possessing the phasetwist line shape,!! which is highly unfavorable for accurate
coupling measurement. Approaches to fix this issue will be discussed in the section “Full
absorption mode line shapes*. Second, the passive couplings remain along /2, meaning that a
pure chemical shift dimension is not obtained and multiplets may still overlap. The
suppression of passive couplings in F> will be dealt with in the section “Homonuclear
decoupling: pure shift spectroscopy”. Before addressing these issues, the question of how
active spin refocusing is achieved will first be addressed in the following section.

2.2 Active spin refocusing

Different ASR elements are available (Figure 2), and its choice will define the class of the
selective 2DJ experiment. Each ASR element comes with its own advantages and limitations,
and the best choice mainly depends on the problem at hand. The most straightforward ASR
element is simply another frequency-selective 180° pulse, this time set to the resonance
frequency of spin I and thus here referred to as a ()-selective pulse. All signals that fall
outside the bandwidth of the Qr-selective pulse are edited out of the spectrum by phase
cycling or by pulsed magnetic field gradients (see emrstm1344 and emrstm0164). Such
selective 2DJ spectra are named SERF (SElective REfocusing) experiments, and is equivalent
to the original experiment proposed by Facke and Berger (which used a single (€21,Qs)-
biselective 180° pulse, Figure 3).! The active spin refocusing is here thus achieved solely by
exploiting the difference in resonance frequency between spin I and its coupling partners X
and S. As will become clear when discussing the other ASR elements, the main advantage of
SERF is that it generally suffers the lowest sensitivity penalty, as the only magnetization
losses come from pulse imperfections and relaxation during the soft pulse. The main
limitation of SERF is that it only works well when the spectral band excited by the Q-
selective pulse only contains resonances of spins that are not coupled to each other. If this is

not the case, active spin refocusing breaks down and more complicated multiplets will be



found in F1. As shown in the original work by Fécke and Berger (Figure 3),! the SERF
experiment is thus mostly used to measure couplings one by one by setting both the ;- and
Qs-selective pulses to a single resonance each. Occasionally, it is feasible to simultaneously
select more than one spin (11, I,..) with the Qi-selective pulse that are coupling partners of the
selected proton S without violating the aforementioned limitation (i.e., I1, I»,.. are not coupled
to each other), but in general one cannot expect to observe all coupling partners of spin S in
one SERF spectrum. This makes SERF to most restrictive class of selective 2DJ experiments.
<Figure 2 near here> <Figure 3 near here>

A second class of selective 2DJ experiments is G-SERF (Gradient SElective REfocsing), first
proposed by Giraud et al.® It makes use of the Zangger-Sterk ASR element,'® which
essentially is a (Qi-selective 180° pulse extended with a magnetic field gradient applied
simultaneously (see emrstm1528). The magnetic field gradient disperses the resonance
frequencies of all spins spatially across the sample in a linear fashion. Typically z-gradients
are applied, though xy-gradients have been used!’. In this way, a different spectral region is
affected by the Qr-selective pulse at each spatial coordinate in the sample (Figure 4A). To
ensure that at a certain spatial coordinate a spin is not excited along with a coupling partner,
the bandwidth of the Qr-selective pulse must be chosen less than the minimal difference in
resonance frequency found between any pair of coupled observed spins. Active spin
refocusing is then achieved for each spin in one experiment at different spatial coordinates in
the sample. The strength of the magnetic field gradient determines the spectral range that is
dispersed over the active volume of the sample, and thus the total spectral band that will be
observed in the G-SERF spectrum. The advantage of this approach is thus that active spin
refocusing can be achieved for a broad range of chemical shifts, making it possible to
simultaneously observe all couplings involving the selected spin S. However, the sensitivity is

much reduced compared to the SERF experiment, as the detected nuclei are limited to a slice



of the sample. The thickness of the slice is proportional to the ratio between the bandwidth of
the Qr-selective pulse with the total spectral bandwidth to be observed (controlled by the
magnetic field gradient strength). The strength of the G-SERF experiment is thus its
tunability, as it allows trading broadband character for sensitivity. Its weakness is that the
sensitivity penalty can be very severe when active spin refocusing must be achieved when
coupled spins have small chemical shift differences. This also means that an optimal setup of
Zangger-Sterk element greatly relies on having the assignment of the spectrum available.
Furthermore, the long duration of the magnetic field gradient may lead to significant
diffusional and convectional signal attenuation'® (see emrstm1388). A positive effect of
detecting only a reduced volume is that line broadening due to magnetic field inhomogeneity
is much reduced, meaning sharper lines along F», especially when very inhomogeneous
samples are studied. Although generally applicable to any situation, G-SERF will be the most
effective when only a limited chemical shift range is of interest or the spins that have to be
decoupled have large chemical shift differences. <Figure 4 near here>

The third ASR element that has been used for selective 2DJ experiments is the PSYCHE
element (Pure Shift Yielded by CHirp Excitation), first introduced by Foroozandeh et al.'®
This class of selective 2DJ experiments are referred to as PSYCHEDELIC (Pure Shift
Yielded by CHirp Excitation to DELiver Individual Couplings).” Rather than exploiting
frequency differences, PSYCHE uses low flip angle RF-pulses to achieve the inversion of the
observed spins with retention of the spin-states of its coupling partners. This principle bears a
strong analogy to the z-COSY and anti-z-COSY experiments.?’?! To understand PSYCHE, it
is very instructive to first analyze the effect of two pulses with low flip angle £., as in such z-

COSY experiments. The effect of the first RF-pulse with flip angle S is:
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+zero-, single-, and multiple-quantum terms
The zero-, single-, and multiple-quantum coherences are then eliminated using a zero-
quantum filter.?? Thus, only considering further the population terms, the effect of the next -

pulse is:
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+ other terms with coherence order different from -1
The terms with coherence orders different from —1 are easily suppressed using phase cycling
or pulsed field gradients. The remaining terms can be divided into three categories. Firstly,
the I XPS? term, where the spin-states of the coupling partners have not changed, is what
leads to active spin refocusing and produces the wanted responses in the selective 2DJ
spectrum. Secondly, the terms where the —1 coherence order ends up on spin I and the spin-
state of spins X and/or S are inverted will not lead to a refocusing of all coupling evolutions in
the selective 2DJ sequence, and thus result in additional responses in the spectrum known as
‘recoupling artefacts’.?* Thirdly, terms are generated where the —1 coherence order ends up on

spins S or X. These deliver responses in the 2DJ spectrum that may be called ‘z-COSY

11



artefacts’, as it is these that produce the cross-peaks the z-COSY experiment.?’ However, in
selective 2DJ experiments they are not desired, and will have similar intensity to the wanted
responses. The latter two categories of unwanted responses must thus be attenuated, while
retaining the first category. To deal with the z-COSY artefacts, the Spulses of the PSYCHE
element are given as frequency-swept (chirp) pulses applied simultaneously with a magnetic
field gradient (Figure 2C).!- 23 This setup essentially adds a spatially dependent phase to the
magnetization of spin I in the first half of the PSYCHE element by an amount that is
determined by the chemical shift of spin I. In the second half of PSYCHE, another spatially
dependent phase term is added with opposite sense by an amount determined by the chemical
shift of the spin where the —1 coherence order ended up. The resulting net phase terms of the
product operators of the first two categories in equation 6 will thus be zero, but the operators
of the third category experience a net phase term proportional to the difference in chemical
shift between spin I and X or S, leading to an attenuation of the z-COSY artefacts in a very
similar way as in zero-quantum filters.?? Longer frequency-swept pulses will lead to overall
better suppression of these artefacts, but this is traded for sensitivity, since this will also result
in higher relaxation, diffusion and convection losses during the PSYCHE element.?* Next, in
order to reduce the recoupling artefacts relative to the wanted responses, the flip angle fis
kept sufficiently low. Equation 6 shows that the intensity of the wanted responses is
proportional to sin?(B) (1 + cos?(B))?, while the most intense recoupling artefacts are
proportional to sin*(B) (1 + cos?(f)). The artefact to signal ratio is thus

sin?(B)/(1 + cos?(B)). For B= 20°, the intensity of the recoupling artefacts is thus only
about 6% relative to the wanted responses. The idea is thus to choose a compromise value of
the flip angle, so that it is high enough to have sufficient sensitivity for the desired responses,
but low enough so that the recoupling artefacts are sufficiently weak and ideally fall below

the noise level. Typically, flip angles between 10° and 25° are chosen, resulting in a
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sensitivity penalty relative to the 1D 'H spectrum of about an order of magnitude.!® Note that
the intensities of both the wanted and artefact responses were derived here explicitly for a
spin with two coupling partners. For N coupling partners of spin I, the intensities of the
desired responses and the most intense recoupling artefacts will be respectively

2=+ 5in2(B) (1 4 cos2(B))N and 2N+ sin*(B) (1 + cos2(B))V~1. In principle, the
sensitivity penalty is thus slightly different for each multiplet, especially for higher flip
angles. Finally, in practice, the frequency-swept pulses in PSYCHE are amplitude-modulated
(saltire pulses) rather than phase-modulated, implying frequency is swept in both directions
simultaneously, providing better sensitivity without reducing the signal to recoupling artefact
ratio compared to unidirectional sweeps.!® 2324

Overall, the PSYCHE element is thus all about trading sensitivity for spectral purity, i.e., the
absence of unwanted responses. This contrasts with the Zangger-Sterk element, where in
principle perfect spectral purity can be achieved, but a compromise must be made between
sensitivity and observed spectral bandwidth. PSYCHE is thus a good general use ASR
element, as it imposes nearly no restrictions on the observed bandwidth of the spectrum,
delivers good sensitivity with a spectral purity that is usually satisfactory, and works well
even when coupled spins have close chemical shifts. Also its setup is independent from
chemical shifts, so that spectral assignment is not needed beforehand. However, the Zangger-
Sterk element will typically outperform PSYCHE both in terms of sensitivity and spectral
purity in cases where only a limited region of the spectrum is of interest and the coupled
protons are a priori known to have sufficiently large chemical shift differences.

Finally, other ASR elements have been described, such as BIRD? and time reversal.?® These
will not be discussed here, as they have not yet found direct application in selective 2DJ
experiments (although BIRD has been used in a related setup to measure geminal 'H-'H

couplings??).
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2.3 Full absorption mode line shapes

Just as in classical 2DJ spectroscopy, the peaks in selective 2DJ spectra using the
experimental setup as described in Figure 1 will feature the so-called phasetwist line shape
(Figure 5A).!"! This is very damaging to both spectral resolution and the accuracy of coupling
measurement, and ways to avoid this line shape warrant considerable attention. To analyze its
origin and remedies, a two-spin IS spin system will be considered here for simplicity. First,
the explicit expressions of the one-dimensional absorption (4) and dispersion (D) mode line
shapes are introduced. This is done along Fi for peaks at coordinates mnj;g and —mnjg, and

along F> at coordinate (); + mnJs. <Figure 5 near here>

i T
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It is seen that the absorption mode line shape is symmetric and the dispersion mode line shape
is anti-symmetric relative to the middle of the F-axis:
A [-w,] = AT [w,] (11)
Df [-w] = —=D5 [w] (12)
To understand the origin of the phasetwist line shape, consider the time-domain signal coming
from the I~ S? term detected at the end of the N-type selective 2DJ experiment (Figure 1C and
equation 3, without the Jix coupling and including the effects of 7> relaxation):
sy(ty, ty) = el™MJistig=t1/Tz o lQu+mnis)ts o =t2/Tz (13)

Fourier transform with respect to #1 and £ provides the peak shape of one half of the doublet:

14
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The real part of this shape is the phasetwist line shape, and it is an inseparable mixture of the
absorption and dispersion mode line shapes (Figure 5A).!! The presence of the dispersion
component gives the phasetwist line shape a much wider profile than the full absorption mode
line shape (Figure 5B) with both negative and positive tails. Not only does this impair spectral
resolution, partial overlap between two peaks will influence the positions of their maxima in a
complex way, thus spoiling coupling measurement accuracy. The dispersion components can
be purged by time-domain weighting and magnitude mode processing, but at a severe cost in
sensitivity.?® Avoiding the phasetwist line shape altogether is greatly preferred. Fortunately, it
is possible to modify the selective 2DJ experiment so that full absorption mode line shapes
are delivered.
In the context of selective 2DJ spectroscopy, two approaches have been used. The first is
the z-filter (Figure 6).% First applied to SERF (the resulting experiment called SERFph),30-3!
the z-filter is appended to the sequence and consists out of two hard 90° pulses sandwiching a
zero-quantum filtration step, such as an adiabatic frequency-swept 180° pulse applied during
a weak magnetic field gradient.?? Assuming perfect 90° pulse rotations, a z-filter purges all
homonuclear antiphase coherences, retaining only in-phase magnetization. This is illustrated
for an N-type selective 2DJ sequence, placing the z-filter between the #; incremented delays
and the direct acquisition period (Figure 6A). We consider in this case explicitly both possible
spin-states of S during #1. The terms obtained just before the z-filter can then be split into an
in-phase and an anti-phase term, where the latter is then purged by the z-filter:

[~S%eimistip—t1/T2 4 [~SB g~iM/ist1p—t1/T2

= 17(S% + S#) cos(m);sty) e~/ + i 17(S* — SF) sin(1/st,) e 11/

in—phase anti—phase

(15)

z—filter

I |- (57 + 55 cos(sty) e/

15



Besides the —1 — —1 coherence order pathway, the z-filter equally permits the +1 — —1

pathway, yielding an identical result:

[*S%e—iMist1p—t1/T2 | [+§BpiM/ist1o—t1/T2
(16)

z—filter

—— 17(S% + S#) cos(1st,) e 11/ T2
The total detected signal coming from either the I=S% and I-S# term during the #, acquisition
period is thus the sum of both these pathways:
Sn.zr(tr, t2) = 2 cos(Tisty) et/ T2l tmniis)ts o=t /T (17)
Which, after Fourier transform with respect to £, becomes:
sn,zf (L1, w2) = 2 cos(1isty) e VT2t (A, +iD,) (18)
At this point, only the real part of the data is considered, and subsequent Fourier transform

with respect to #1 provides the final 2D spectrum:

Sy zr(wy, wz) = FT {Re{sN,zf (t1, 0)2)}}
(19)
= (ATA, + ATA,) +i(Df A, + DT A4y)
The real part of the z-filtered selective 2DJ spectrum now features full absorption mode line
shapes. However, for each response in >, two peaks are now found along F1, at ;g and
—TJis, and so a doubling of the total number of peaks in the 2D spectrum compared to the
non-z-filtered experiment (Figure 1C). A z-filter essentially destroys the bijective relation
between the spin-states of S during #1 and those during #,. The practical consequence of the
resulting ‘rectangular’ 2D pattern is that the Jis splitting can no longer be removed from the
F» axis by 45° tilting. <Figure 6 near here>
A second approach to achieve full absorption mode line shape was introduced by Pell and
Keeler for full 2DJ spectroscopy, and so generally referred to as the Pell-Keeler method.*? Tt

involves recording two 2DJ datasets that differ only in their sense of coupling evolution

during #1. The original Pell-Keeler method for full 2DJ spectra required the introduction of an
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ASR element to manipulate the sense of coupling evolution of all couplings simultaneously.
However, for selective 2DJ experiments, only the evolution of couplings to the selected spin S
must be controlled, since the passive couplings are anyway refocused during #1, an insight that
was first described for the PSYCHEDELIC experiment.” As was already shown in Figures 1C
and D, this is easily achieved by reshuffling the relative order of the #1 incrementation delays
and the Qs-selective pulses, resulting in either an N- or an R-type selective 2DJ experiment.
The way by which this leads to full absorption mode line shapes is very similar to the
echo/anti-echo processing method used in 2D NMR.* Consider the signals obtained from

both the N- and R-type spectra, including the effects of relaxation:

SN(t]_; tz) — eiﬂn]IStle—tl/TZei(QI'l'T[TL]IS)tZe—tz/TZ

(20)
SR (t1; tz) — e_iT[nJIStle_tl/TZei(QI-l_T[n]IS)tZe_tZ/TZ
Taking for each the Fourier transform with respect to z:
sy(ty, w,) = e™istie=t/T2 (A, +iD,)
1)

sp(ty, w;) = e"Mistie=t/T2 (4, +iD,)
These datasets are then recombined into new ones, after taking the complex conjugate of the
R-type dataset:

5+(t1; wy) = Sy(ty, wy) + Sg(ty, w,)" = Zemnhstle_tl/TzAz

(22)
57 (t1, wp) = —i(sy(ty, @3) — Sp(ty, w,)7) = 2e™Jistig=t/T2,
Finally, after Fourier transform with respect to #1:
S+((U1, 0)2) = ZAIAZ + ZlD]-_l_AZ
(23)

S_((Ul, 0)2) = ZAIDZ + ZlD]-_l_DZ
The real part of s*(w;, w,) has full absorption mode line shape. Although in practice this
method is usually applied on time domain data in the way just described, it is very instructive

to consider it from the perspective of frequency domain data. Taking the Fourier transform
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with respect to both #1 and #, of the N- and R-type signals, as shown in Figure 7A and 7B,
both spectra display phasetwist line shapes:
sy(wy, wz) = (A7 Az — DfD;) + i(AT D, + D' 45)
(24)
sg(wy, ;) = (A7 A; — D1 Dy) + i(A1D; + Dy Az)

Taking the complex conjugate of the R-type #1 time domain data (equation 21) is equivalent to
reversing the Fi-axis in the frequency domain, as shown in Figure 7C, positioning the 2D
peaks at the same position as in the N-type spectrum. Considering relations 11 and 12;, this
becomes:

sp(—wy, ;) = (A7 A, + D' Dy) + i(A]D; — Dff 43) (25)
From this it is clear that sy (w;, w;) + sSg(—wq, w,) = s* (w4, w,). Figure 7D illustrates that
indeed the dispersion components of the phasetwist line shape of the N-type and Fi-reversed
R-type spectra cancel out, but the absorptive parts add up. <Figure 7 near here>
Both z-filter and Pell-Keeler strategies have specific benefits. The z-filter is more prone to
artefact signals that result from unwanted coherence transfer pathways that seep through via
pulse imperfections,** while the long delay needed for zero-quantum suppression leads to
relaxation losses. In contrast, the Pell-Keeler method introduces no additional RF-pulses or
delays relative to the parent selective 2DJ experiment, thus generally providing the cleanest
and most sensitive result. Also, the Pell-keeler method retains the property of dispersing the
selected couplings along a —45° axis, thus reducing the likelihood of multiplet overlap in
crowded spectra compared to z-filtered spectra. The main advantage of the z-filtered approach
is that it is faster, allowing full absorption mode line shapes using just one transient per #
increment, while the Pell-Keeler method requires recording both N- and R-type datasets.
Furthermore, a z-filter purges any homonuclear anti-phase magnetization, thus also in cases
where the ASR element turns out not fully effective. For instance, under conditions of weak

molecular alignment, residual dipolar couplings (RDCs) are present (see emrstm1240 and
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emrstm1194), and in contrast to scalar couplings these manifest themselves in the spectrum
between equivalent protons. Typical cases are geminal 'H-"H RDCs between chemical shift
degenerate protons within methyl or methylene groups. Bandselective and Zangger-Sterk
elements fail to discriminate between chemical shift degenerate protons, meaning splittings
from the dipolar couplings between them also appear along F together with the couplings
chosen via the selective pulses. (Incidentally, PSYCHE can decouple such protons, but
additional artefact peaks appear.®®) Since for such couplings the sense of evolution during #; is
not controlled by the selective pulses, the Pell-Keeler method breaks down and phasetwist
line shapes are obtained,® but the z-filter will still work.>® Similarly, a z-filter also provides
full absorption mode line shapes for geminal 'H-'H scalar coupling evolution that is not
refocused by the BIRD element.?’

2.4 Homonuclear decoupling: pure shift spectroscopy

On the one hand, the purpose of full 2D J-resolved spectroscopy is the separation of
multiplets from chemical shift information, thus avoiding multiplets from clashing. On the
other hand, selective 2DJ spectroscopy aims to single out an individual coupling to facilitate
its extraction, but all passive couplings remain along F>. Figure 8B shows an example of a 2D
PSYCHEDELIC experiment that uses the Pell-Keeler method for absorption mode line
shapes, applied on 17B-estradiol.” Selection of proton H9 develops individual couplings along
F for protons H8, Hl1ae and H11(3. However, because H8 and H11f have close chemical
shifts, the multiplets formed by the passive couplings along F> overlap, complicating the
extraction of the individual couplings along F1. It would be very useful if all passive
couplings would be suppressed in F>, so that multiplet overlap is entirely avoided. Figure 8E
shows a PSYCHEDELIC spectrum where exactly this is achieved using pure shift methods,
and only couplings to H9 are found along F1 and F>. It is clear that the spectrum drastically

simplifies, and measurement of all couplings to H9 becomes straightforward. Pure shift
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experiments*> are closely related to 2D J-resolved spectroscopy, and their combination with
selective 2DJ methods is a logical one since they are based on the same principle of active
spin refocusing as already discussed above. <Figure 8 near here>

Consider an ASR element in combination with a hard 180° pulse, as in the sequence of Figure
9A. As seen from the phase evolution diagram, the sense of chemical shift evolution taking
place before and after these two pulses is identical and thus builds up during #1, while
coupling evolution during ¢ is refocused. By incrementing ¢, an interferogram can be
constructed by measuring a single complex time domain point at the end of the second #1/2
period for each increment. By pasting these together, an FID is constructed that contains pure
chemical shift information. This method, first proposed by Garbow, Weitekamp and Pines,?
would take an unreasonable amount of #; increments and thus experimental time to obtain a
1D spectrum with useful digital resolution, discouraging its application. Zangger and Sterk
were the first to realize that the number of # increments can be drastically reduced by
measuring a chunk of time domain data (of duration z.;) rather than sampling individual data

points.'® This setup was further improved by Morris and coworkers®’-3

as shown in Figure
9B. Homonuclear couplings are refocused in the middle of each chunk, but because couplings
evolve at a much slower rate than chemical shifts, we can get away with sampling many time
domain points before and after that point. The price to pay is the presence of so-called
chunking artefacts in the final pure shift spectrum. This will be illustrated here assuming two
spins I and S. By inspecting the chemical shift and coupling evolution diagrams in Figure 9B,
it can be seen that in the middle of the chunk chemical shift has evolved over a net period # +

7.»/2, while coupling evolution is perfectly refocused, resulting in the terms:

[~S@eiu(ti+Tcn/2) 4 [~§B piQu(t1+Tcn/2) — (I_S“ + 1—5ﬁ)ei91(t1+fch/2) (26)

With I7S% + 1~SP representing in-phase magnetization of spin I. At the edges of the chunk,

coupling evolution is not perfectly refocused. For instance, at the end of the chunk:
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[~S@eiu(ti+Tch) pinlisTen/2 4 [~GB oiQu(t1+Tch) oiM1sTch/2
= (178 + 175 )ein(ta¥7er) cos (i 7cp /2) 7)
— i(I7S% — 1SB)eihltr+wen) sin(mjig T,p, /2)
With I-S% — ISP representing anti-phase magnetization of spin I. Only the in-phase
component represents detectable signal. The signal intensity at the edges of the chunk are thus

attenuated by a factor cos(m/is 7., /2) relative to what would have been obtained if only

chemical shift had evolved. The ideal pure shift FID, as would be obtained by the experiment

of Figure 9A, is represented by emlt{, with t; the time domain of the reconstructed FID. The
difference between this ideal pure shift FID and the reconstructed FID obtained by using data

chunking of Figure 9B is what represents the chunking artefacts:

e (1 — cos(is[{t; (mod 7c)} — e /21)) (28)
The Fourier transform of this function is a periodic set of overtone peaks centered around Qi
that are interspaced by 1/z; and harmonically decline in intensity. The intensity of these
chunking artefacts relative to the parent pure shift signal is proportional to
1 — cos(m/is 7.1/ 2). Keeping the chunk duration sufficiently short so that 7, < 2/m/;s will
thus keep these artefacts at acceptable levels. In practice, this is achieved with chunks of 10-
20 ms long, typically about two orders of magnitude longer than the dwell time and thus
greatly boosting the acquisition speed relative to the experiment of Figure 9A. <Figure 9 near
here>
A second strategy to obtain a pure shift FID is shown in Figure 9D, known as real-time
acquisition.*” In this case, the combination of an ASR element and 180° pulse is repeated
several times per transient rather than spread over different increments, and data chunks are
measured in between the pulses. Coupling evolution is refocused close to (but not exactly
at*’) the middle of the chunk. Just as in the interferogram approach, the data chunks are

recombined to yield a pure shift FID. Also, a short ASR echo must be applied as a preparation
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step before the start of acquisition so that the ASR element already discards signal before the
start of data acquisition, for instance signals falling outside the pulse bandwidth in case of a
Qu-selective pulse. Compared to interferogram acquisition of data chunks, the obvious
advantage of the real-time method is the greatly reduced experimental time, essentially falling
back to a single transient. The drawback is that magnetization losses occurring between the
chunks, such as from relaxation or pulse imperfections, are additive, resulting in an apparently
increased signal decay during the pure shift FID and thus broader resonances compared to the
interferogram experiment. Especially for long ASR elements, such as highly selective (-
selective pulses or Zangger-Sterk elements, this can be problematic. Also, the PSYCHE
element is incompatible with this approach,’® since each time it is applied it will independently
act as a magnetization filter, as opposed to Qr-selective pulse, Zangger-Sterk or BIRD
elements.

In the same way as for selective 2DJ experiments, Qs-selective pulses can be introduced in
pure shift experiments to reinstate couplings to a selected spin. The sequence of Figure 9C
shows this for an interferogram setup. Couplings to spin S are refocused at the start of the first
chunk (#1 = 0) instead of its middle, and experience a net evolution during #;. An example of
such interferogram experiment is the ‘1D’ version of the PSYCHEDELIC experiment (Figure
8D).” Also real-time pure shift experiments can be modified in a similar way by including
selective pulses in between the data chunks (Figure 9E). Examples are the real-time SERF
experiment, that uses two Qs-selective 90° pulses surrounding the hard 180° pulse,*!' and the
Quick-SERF experiment that uses a Qg-selective 180° pulse.*? It must be noted that these Qs-
selective pulses further increase the total delay between data chunks, and thus further broaden
resonances in the spectrum compared to the parent real-time pure shift experiment.

Selective reintroduction of couplings in pure shift spectra can be very useful to measure

individual couplings, taking just the same experimental time as the parent pure shift
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experiment. However, coupling and chemical shift information are mixed in a single
dimension, and the resulting doublets may thus again overlap (Figure 8D). In addition,
spectral resolution may be limited by magnetic field inhomogeneities, which can be especially
cumbersome when measuring small couplings (although approaches exist that can relieve this
problem to a certain extent*}). The most optimal resolution for coupling measurement can
thus be achieved by combing the selective 2DJ experiment, where the F1 dimension does not
suffer from magnetic field inhomogeneities, with pure shift resolution along F>.

2.5 Coupling measurement with maximum resolution: pure shifted selective 2DJ
experiments

With all building blocks in hand, the selective 2DJ experiment featuring exclusively
couplings to the selected spin can be described. In principle, both types of pure shift
acquisition can be combined with either the z-filter or Pell-Keeler methods, with an overview
given in Figure 10. When an interferogram pure shift acquisition is used, the result is a
pseudo-3D experiment, while using the real-time acquisition retains a 2D experimental setup.
<Figure 10 near here>

For z-filtered approaches (Figure 10A-B), the pure shift acquisition schemes of Figure 9C or
9E is simply appended to the sequence of Figure 6A. This results in a selective 2DJ
experiment where along F> only singlets appear, i.e., both couplings to the passive and
selected spins are removed (as illustrated in Figure 10F). This thus immediately delivers a
(J1s,0)-representation, without having to tilt the spectrum by 45°. Note that in the case of the
interferogram experiment of Figure 10A, two ASR elements are needed in total, as chemical
shift and pure Jis encoding occur on opposite sides of the z-filter element. This has some
negative consequences. In SERF and G-SERF experiments, the signal losses from relaxation,
pulse imperfections or diffusion during the Qi-selective pulses are additive with the number

of times they are applied, which may be problematic especially when very selective (and thus
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long) pulses are used. Also, it has been shown that non-ideal coherence selection within the
ASR element and pulse imperfections within the z-filter can conspire to create additional
artefact responses in the spectrum.* More critically, PSYCHEDELIC experiments are not
compatible with this setup, since applying a PSYCHE element twice results in severe signal
losses as described above. The real-time pure shift experiment of Figure 10B can function
with the same number of ASR elements as its parent real-time pure shift experiment, since the
initial magnetization filtration step of the parent experiment is taken care of by the ASR
element used for the selective coupling evolution (in practice, 7; relaxation during the z-filter
may require also phase cycling). Since PSYCHE is also incompatible with real-time pure shift
acquisition, a z-filtered PSYCHEDELIC experiment with pure shift acquisition is in general
not feasible. Examples of experiments using the strategy of Figure 10A are BSD-SERF#* and
PS-GSERF*, while an example of the strategy of Figure 10B is push-G-SERF.*

Compared to z-filtered methods, the Pell-Keeler method turns out very well-suited for
designing pure shifted selective 2DJ sequences with an economic use of ASR elements.
Indeed, comparison of the Pell-Keeler selective 2DJ sequence (Figure 1C-D) with the
interferogram selective pure shift sequence of Figure 9C shows that the former is easily
merged with the latter, creating a pseudo-3D experiment (Figure 10C). This setup delivers a
pure shifted 2DJ spectrum where the Jis couplings are present in both F> and F1, dispersed
along a —45° axis (Figure 10D). After performing a 45° tilt, a (Jis,d)-representation is
obtained. Only one ASR element is used, making this setup compatible with PSYCHEDELIC
experiments and providing a frugal use of Qr-selective pulses in SERF or G-SERF
experiments. The original PSYCHEDELIC experiment makes use of this strategy.” In theory,
also the real-time selective pure shift experimental setup of Figure 9E should be compatible
with the Pell-Keeler selective 2DJ experiment, but such experiments have not yet been

reported.
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Alternatively, it is possible to directly obtain a (Jis,0)-representation using the Pell-Keeler
method, and thus a similar spectrum as the z-filtered experiments of Figure 10A. This is done
simply by moving some of the delays needed for pure shift acquisition (Figure 10E) in such a
way that the senses of Jis coupling evolution are opposite during the two #,/2 periods and
equal during the two 7.4/4 periods, so that also this coupling is suppressed by the pure shift
acquisition scheme. The TSE-PSYCHEDELIC experiment makes use of this experimental
setup.®® In principle, the same can be achieved using the real-time pure shift acquisition of
Figure 9D, but also in this case no examples have as of yet been described. Because of the full
pure shift resolution in F2, the resulting N- and R-type spectra now turn out to be equivalent,
suggesting that it would suffice to measure just the N-type spectrum and let a copy function as
the R-type spectrum. However, there are a good reasons to independently measure the R-type
experiment anyway. First, the pure shifted N- and R-type spectra are only perfectly equivalent
assuming the weak coupling condition, since strongly coupled spins lead to additional
responses in 2DJ spectra that may be scattered in a pattern that is non-symmetrical in F.!1-12
A second, more general problem arises at the level of the chunking artefacts. In contrast to the
Jix coupling evolution, the Jis couplings experience a net evolution during #;, meaning the
magnetization of spin I will not be purely in-phase in the middle of the chunk relative to the
Jis couplings. Applying the same explicit treatment as in the progenitor pure shift experiment
(equation 26-28), the magnetization of spin I in the middle of the data chunk for the N- and R-

type sequences is:
(I—Saeilnjlstl + I—SBe—i/'ln]lstl)eiﬂl(tz+‘rch/2)
= (I7S% + 17SP) cos(m/ist,) eih(ta+Tcn/2) (29)
+iA(17S% — 17SF) sin(m/ist,) e ta*Ten/2)
with 4 =+1 for the N-type and 4 =—1 for the R-type experiment. A #;-dependent mixture of

in-phase and anti-phase magnetization is thus obtained. The coefficient of the in-phase term
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represents the detectable signal, with the cos(m/ist;) term indicating that an in-phase doublet
along F'; will be obtained after double Fourier transform. At the end of the data chunk, the

coupling to spin S will have evolved into:

(I—Saeiﬂhs(ltﬁfch/Z) + I-sﬁe—iﬂhs(ltﬁfch/z))eiﬂl(tz+fch)

= (I‘S“ + I‘SB)(cos(njlstl) cos(T/isT.qp)
— Asin(1jisty) sin(1s e )) e H(E2+7en) (30)
+i(17S* — I7SP) (A sin(1sty) cos(W/isTer)

— cos(1/isty) sin(1isTcp)) etz +Ten)

Clearly, the amount of in-phase magnetization found at the edges of the chunk relative to the
middle is different from what was found for the progenitor pure shift experiment (equation
27). When the interferogram would have been constructed measuring individual data points

rather than using data chunks, an ideal pure shift FID would be obtained, represented by

cos(m/ist;) emlté, with t; the time domain of the reconstructed FID. Similar to equation 28,
the difference between this ideal pure shift FID and the reconstructed FID obtained by using

chunks is the contribution leading to the chunking artefacts:

cos(mist;) e (1 — cos(1;s[{t; (mod 7c)} — e /2]))
(31)

—Asin(1isty) eifut2 sin(/is[{tz(mod 7cp)} — Tcn/2])
The first part in this expression starting with the factor cos(m/;st,) represents chunking
artefacts that behave in the same way as in the progenitor pure shift spectrum (see equation
28), with intensities proportional to 1 — cos(1/;s T.,/2) relative to the parent signal, and will
appear along £ as in-phase doublets. This part of the chunking artefacts is identical in the N-
and the R-type experiments. The second part starting with the factor A sin(m/ist;) represents
the additional contribution to the chunking artefacts caused by the presence of anti-phase

magnetization in the middle of the data chunk. Note that experiments using z-filtration avoids

this contribution by purging the anti-phase magnetization before pure shift acquisition.** The
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Asin(m/igt,) term implies that this part of the chunking artefact behaves as an anti-phase
doublet along F1 in the final 2DJ spectrum, and has an opposite sign in the R-type experiment
relative to the N-type experiment. At the level of the chunking artefacts, the N- and R-type
experiments are thus not equivalent, meaning full absorption mode line shapes of these
artefacts can only be achieved by independently measuring both types of spectra. Importantly,
the intensities of the anti-phase part of the chunking artefacts relative to the parent pure shift
signal are proportional to sin(/is 7., /2). To keep chunking artefacts small, 7, must be kept
sufficiently short relative to m/is. Thus assuming /15T, /2 < 1, the relative intensity of the
chunking artefacts that are in-phase along F approximates to 2/ t2,/8, while for the
additional anti-phase contribution this is TJis T, /2. The intensity of the anti-phase
contribution to the chunking artefacts thus increases faster with 7., than is the case for the in-
phase contribution, and thus imposes shorter chunk lengths than what would have been
sufficient for z-filtered experiments or the Pell-Keeler experiment of Figure 10C. Rather than
shortening 7 in these experiments, they can be removed in a simple way.*> 4 The anti-phase
character along /| implies that this contribution is cancelled by summing the spectrum with
its Fi-reverse, while responses in-phase along F are left intact by this operation. However,
this only works when all responses have absorption mode line shapes, as these do not invert
sign upon Fi-reversal (see equation 11). When peaks possess phasetwist line shapes, whose
dispersion mode component invert sign upon Fi-reversal (see equation 12), the anti-phase
contribution of the chunking artefacts will not be fully suppressed. The Pell-Keeler method is
thus central for minimizing chunking artefact intensities.>> 4’ In practice, this operation can be
achieved by taking the sum of sy (t;, w3) and sz (t;, w3) datasets and zeroing the imaginary
part prior to Fourier transform along #;.%’

In summary, a variety of different approaches are available to obtain pure shifted selective

2DJ experiments. The Pell-Keeler method combined with interferogram acquisition allows for
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any ASR element, including PSYCHE, while its economical use of RF-pulses leads to clean
and sensitive spectra.*’ Methods using a z-filter retain their advantage of obtaining full
absorption mode line shapes in half the amount of transients relative to the Pell-Keeler
method.

In most cases, immediate delivery of a (Jis,0)-representation is preferred in order to avoid line
shape distortions resulting from 45° tilting. This is the case for z-filtered experiments or the
Pell-Keeler experiment of Figure 10E. However, z-filters, as well as the procedure for
suppressing anti-phase chunking artefacts in the experiment of Figure 10E, inherently
symmetrize the spectrum along F1. This may be unfavorable in cases where significant
secondary order effects are present, since these produce responses that are non-symmetrical
along F1.!""12 In such cases, the Pell-Keeler experiment of Figure 10C may be preferred.
Finally, it must be mentioned that in practice pulse sequences are sometimes designed in a
slightly different way than depicted in the schemes shown in Figure 10 in order to
accommodate other advantageous features. The original PSYCHEDELIC experiment’
combines the Pell-Keeler method and interferogram PSYCHE pure shift acquisition as in
Figure 10C, but uses Broadband Inversion Pulses (BIP) instead of regular 180° pulses.*®
These were found so robust against B; field inhomogeneity and Bo offsets that pulsed field
gradients or phase cycling may be omitted.’> However, BIP pulses used as refocusing pulses
must always be applied in pairs in order to cancel out phase errors, and the sequence was
designed with four such pulses to accommodate this. Another example is push-G-SERF,
which combines a z-filter with real-time pure shift Zangger-Sterk acquisition.*¢ Rather than
using hard 90° RF-pulses, this sequence uses -selective 90° pulses applied during a
magnetic field gradient, similar to the Zangger-Sterk ASR element. This has the advantage of
avoiding excitation of spins that would anyway not have been inversed by the Zangger-Sterk

element, thus reducing the need to further suppress these signals. Also, since in this way the
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selected spins are not affected by the z-filter 90° pulses, zero-quantum coherences are not
formed and thus need not be suppressed. On the downside, the Qi-selective pulses can
become quite long when they need to be very selective, and the large number of such pulses
in the sequence can result in considerable relaxation and diffusion losses.

2.6. Conclusion

Following the pioneering SERF experiment by Féicke and Berger,' a large variety of selective
homonuclear 2D J-resolved experiments have emerged. Several other extensions of SERF, G-
SERF or PSYCHEDELIC experiment have not been discussed in this article, including
removal of signals from spins not coupled to the selected spin by using a selective TOCSY or
COSY step,*- spatial encoding of the Qs-selective pulse using echo planar spectroscopic
imaging,’! use of a perfect echo to compensate for some of the constraints of the ASR
element,>? or expansions to heteronuclear coupling constants,*->* to name but a few.®? This
list is expected to continue expanding. This article offered a detailed outline of the basic
principles that most of these experiments — and likely also future experiments — are based
upon. At the time of writing, not every conceivable combination of ASR element, strategy to
obtain full absorption mode line shape, and pure shift acquisition method has yet been
demonstrated. However, all basic building blocks are well understood, and it is fair to say that
the selective 2DJ experiment can be considered as modular, and that an informed choice can
be made about the optimal combination given a particular purpose. When new or improved
approaches for active spin refocusing are devised, it should be straightforward to incorporate
them in selective 2DJ experiments.
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Figure 1

Pulse sequences of (selective) 2D J-resolved experiments, diagrams representing the sense of
phase evolutions during the pulse sequences, and schematic representations of the resulting
2D spectra. Narrow and wide black rectangles are respectively 90° and 180° hard RF-pulses.
The blue rectangle represents the ASR element. Green shaped pulses are 180° Qs-selective
RF-pulses. Phase cycles and pulsed field gradients for CTP-selection are omitted for
simplicity. The red, blue and green lines indicate the senses of phase evolution due to
chemical shift of spin I (Q), Jix couplings and Jis couplings respectively. (A) Original 2DJ
experiment; (B) ASR echo experiment; (C) Normal-type selective 2DJ experiment; (D)

Reversed-type selective 2DJ experiment.
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Figure 2
Active spin refocusing elements. (A) (y-selective 180° pulse; (B) Zangger-Sterk element; (C)
PSYCHE element. Grey rectangles on line G indicate magnetic field gradients. Trapezoidal

pulses with double arrows are low-power frequency-swept chirp pulses of flip angle f,

sweeping frequency in both directions simultaneously (saltire pulses).
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Figure 3

(A) Original SERF experiment, with Qi-selective 90° excitation pulse and (€21,Qs)-biselective
180° pulse. (B) Molecular structure of androsterone. (C) SERF 2D spectrum, with proton 14
as spin S and proton 15e as spin I, revealing the Jise,14 'H-'H coupling. Reprinted from

reference 1, with permission from Elsevier.
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Figure 4

(A) Mechanism of the Zangger-Sterk element. The magnetic field gradient makes the
resonance frequencies vary linearly with spatial location, in this example spreading the
signals from molecules within the active volume of the sample over a 400 Hz range. The Q-
selective 180° pulse excites a narrow bandwidth (40 Hz in this example), so that each
resonance is excited only in a particular slice. The thickness of the slice is determined by both
the field gradient strength and the bandwidth of the Qi-selective pulse. To achieve active spin
refocusing, coupling partners must be excited in non-overlapping slices, as determined by the

bandwidth of the Qi-selective pulse. (B) Planar and 3D structures of strychnine. (C) G-SERF
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spectrum, with the Qs-selective 180° set to proton 15b. Parts B and C are reproduced from

reference 6, with permission from Wiley.
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Figure 5

(A) Phasetwist line shape. (B) Full absorption mode line shape.
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Figure 6

(A) Pulse sequence of a z-filtered selective 2DJ experiment. RF pulses and diagrams
representing the sense of phase evolutions are as described in Figure 1. The adiabatic z-filter
(AZF) is indicated, with the trapezoidal pulse with arrow a 180° frequency-swept chirp pulse
applied during a magnetic field gradient to suppress zero-quantum artefacts.?? (B) Schematic

representation of the resulting 2DJ spectrum, showing a symmetric pattern along F1. (C)
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Structures of (R)- and (S)-propyleneoxide. (D) Original SERF spectrum of an enantiomeric
mixture of (R)- and (S)-propylene oxide dissolved in CDCl3 and the chiral alignment medium
poly-(y-benzyl)-L-glutamate, inducing residual dipolar couplings with different values for
each enantiomer, allowing enantiomeric excess analysis. The methyl protons are selected by
the Qs-selective pulse. The phasetwist line shapes obstructs analysis. (E) SERFph experiment
on the same sample. The z-filter produces absorption mode line shapes, delivering cleaner

results. Parts D and E are reproduced from reference 31, with permission from Wiley.
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Figure 7

[lustration of the Pell-Keeler method. Positive contours are colored black, negative ones red.
Simulated 2DJ spectra of a two-spin system, showing one of both doublets. (A) N-type
spectrum. (B) R-type spectrum. Both spectra feature phasetwist line shapes. (C) Fi-reverse of
the R-type spectrum. (D) Sum of the N-type and the Fi-reverse of the R-type spectra,
providing full absorption mode line shapes. Reprinted from reference 32, with permission

from Elsevier.
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Figure 8

(A) Molecular structure of 173-estradiol. (B) PSYCHEDELIC spectrum using the Pell-Keeler

method, with the Qs-selective pulse set to proton 9a (indicated by the grey area), revealing

the 90.-83, 9a-11a and 9a-11P couplings in F1. The residual 8 and 11 multiplets along F>

overlap. (C) PSYCHE pure shift spectrum. (D) 1D PSYCHEDELIC spectrum with a Qs-

selective pulse set to proton 9a.. (E) PSYCHEDELIC spectrum using the Pell-Keeler method

and interferogram pure shift acquisition, featuring only couplings involving 9a in both F and

F> dimensions as doublets dispersed parallel to a —45° axis.
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Figure 9

Pulse sequences for pure shift acquisition. (A) Interferogram acquisition strategy with
measurement of individual data points.?> (B) Interferogram acquisition strategy using data
chunking. ! 3738 (C) Interferogram pure shift experiment with Qs-selective pulses. (D) Real-
time pure shift acquisition.* (E) Real-time pure shift experiment with Qgs-selective pulses.
Black and blue RF pulses are as described in Figure 1. The green shaped pulses which are Qs-
selective 180° or 90° pulse as indicated. Diagrams representing the sense of phase evolutions

are as in Figure 1, except in (A) and (B) where the blue line represents evolution of all
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homonuclear couplings. d'is a short delay to accommodate for instance pulsed field gradients.
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Figure 10

Pure shifted selective 2DJ pulse sequences. (A) Z-filtered selective 2DJ experiment with
interferogram pure shift acquisition. (B) Z-filtered selective 2DJ experiment with real-time
pure shift acquisition. (C) Pell-Keeler selective 2DJ experiment with interferogram pure shift
acquisition, with the positions of the #1-delays for the N- and R-type spectra indicated. This
experiment delivers 2DJ spectra with couplings dispersed parallel to —45° axis as shown in
(D). (E) Pell-Keeler selective 2DJ experiment with interferogram pure shift acquisition,
delivering spectra with couplings parallel to F as shown in (F). RF-pulses, delays and

diagrams are as described in Figures 1, 6 and 9.
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