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C H E M I C A L  P H Y S I C S

Long-lived states of methylene protons  
in achiral molecules
Anna Sonnefeld, Aiky Razanahoera, Philippe Pelupessy, Geoffrey Bodenhausen, Kirill Sheberstov*

In nuclear magnetic resonance (NMR), the lifetimes of long-lived states (LLSs) are exquisitely sensitive to their en-
vironment. However, the number of molecules where such states can be excited has hitherto been rather limited. 
Here, it is shown that LLSs can be readily excited in many common molecules that contain two or more neighbor-
ing CH2 groups. Accessing such LLSs does not require any isotopic enrichment, nor does it require any stereogenic 
centers to lift the chemical equivalence of CH2 protons. LLSs were excited in a variety of metabolites, neurotrans-
mitters, vitamins, amino acids, and other molecules. One can excite LLSs in several different molecules simultane-
ously. In combination with magnetic resonance imaging, LLSs can reveal a contrast upon noncovalent binding of 
ligands to macromolecules. This suggests new perspectives to achieve high-throughput parallel drug screening 
by NMR.

INTRODUCTION
In nuclear magnetic resonance (NMR), the memory of spin systems 
is normally limited by longitudinal relaxation. However, long-lived 
states (LLSs) have lifetimes TLLS that can be substantial longer than 
T1 (1–3). The discovery of LLSs and the invention of methods to ex-
cite them have opened new perspectives, in particular for revealing 
interactions between potential drugs and target proteins (4–6), for 
the observation of hyperpolarized metabolites (7–10), for probing slow 
chemical exchange (11), for determining rates of slow diffusion (12, 13), 
for storing nuclear hyperpolarization (14–17), for selecting signals 
of interest in peptides and proteins (18, 19), and for detecting sig-
nals of metabolites in magnetic resonance imaging (MRI) (19–22).

In molecules with two magnetically equivalent spins, such as in 
gaseous hydrogen H2, the population of the singlet state - of the 
two proton spins can be enhanced with respect to its thermal equi-
librium, thus giving rise to a singlet-triplet population imbalance 
PSTI. This imbalance can persist for a long lifetime TLLS because the 
conversion of populations between the singlet and triplet manifolds 
is forbidden by symmetry. In molecules with CH2 groups, a popula-
tion imbalance PSTI between the singlet and triplet manifolds of 
the two protons can be readily excited when the chemical equiva-
lence of the two nuclei is lifted, i.e., when they have distinct chemical 
shifts (23). This occurs for diastereotopic pairs of protons in chiral 
molecules, where the degeneracy of the chemical shifts is lifted by 
the presence of (possibly remote) stereogenic centers (24, 25). The 
larger the difference in chemical shift between the protons of a meth-
ylene group, the greater the “leakage” of population between singlet 
and triplet states, thus resulting in shorter lifetimes TLLS. This effect 
can be attenuated by shuttling the sample to low fields or by “sus-
taining” the LLS by strong radio-frequency (RF) irradiation at high 
fields. Both approaches suffer from obvious disadvantages.

This paper shows that one can also create LLSs involving two meth-
ylene protons that are chemically equivalent (i.e., having identical 
chemical shifts), provided that they are magnetically inequivalent, 
i.e., having distinct scalar couplings to other nuclei, such as the pro-
tons of nearby CH2 groups. A similar approach was demonstrated 
previously for magnetically inequivalent 13C and 15N spin pairs 

(26–31) and for pairs of protons coupled to deuterium (32), but this 
requires isotopic enrichment. Pairs of geminal protons in CH2 groups 
are good candidates for supporting population imbalances with long 
lifetimes, since the intrapair dipole-dipole interaction does not cause 
any relaxation of their singlet-triplet population imbalance. Singlet- 
triplet imbalances are further “protected” against coherent dissipa-
tion by geminal J-couplings (33), which lift the degeneracy between 
the singlet and the central triplet states. Therefore, LLSs in magnet-
ically inequivalent CH2 groups do not require any external manip-
ulations to be sustained, as was confirmed for all molecules with 
LLSs studied in this work.

To use LLSs as sensors for binding in drug screening, one must be 
able to excite LLSs in a broad range of potential drug molecules. The 
ability to use magnetic inequivalence in aliphatic segments greatly 
increases the number of potential ligands that can be screened. Accel-
erating the throughput of drug screening requires methods for parallel 
detection (34) or MRI of bundles of capillaries (35). Proof-of-principle 
experiments illustrating this idea are presented in this work.

There are several approaches to create LLSs in strongly coupled 
spin pairs, including magnetization-to-singlet (M2S) sequence (24, 36) 
and symmetry-based pulse sequences (37). More specific pulse se-
quences were developed to transfer singlet order from strongly cou-
pled protons enhanced by para-hydrogen to a heteronucleus such 
as 13C (38–41). We believe that spin-lock–induced crossing (SLIC) 
(25, 42–44) and polychromatic variants (poly-SLIC) (45) are the 
most appropriate methods for exciting LLSs in methylene protons, 
as discussed below.

RESULTS
A selection of common molecules with aliphatic chains where LLSs 
can be excited by SLIC is shown in Fig. 1. The optimum SLIC pa-
rameters and relaxation properties are summarized in Table 1. The 
conditions for LLS excitation are similar for all compounds so that 
several independent LLSs can be excited simultaneously in mixtures 
of molecules with aliphatic chains.

Excitation of singlet states in methylene chains
A spin system with two magnetically inequivalent CH2 groups can be 
classified as AA’XX ’ in Pople’s notation (46). Magnetic inequivalence 
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between the protons of a methylene group is due to differences 
between the vicinal out-of-pair J-couplings. These couplings obey 
Karplus-type equations with coefficients that depend on functional 
groups and solvent properties (47, 48). Except in rare cases where 
all three rotamer populations are equal, the population-weighted 
averages of the vicinal J-couplings are unequal, i.e., 3JAX = 3JA′X′ ≠ 
3JAX′ = 3JA′X.

This makes it possible to populate LLSs using SLIC. The optimum 
RF amplitude (nutation frequency)    1  SLIC   and duration SLIC of the 
SLIC pulse depend on only two parameters

   2 J  intra   =      2   J  A A ′     +      2   J  X X ′              
J =      3   J  AX    –   3   J  A X ′    

    (1)

The RF amplitude should match the sum of intrapair J-couplings 
2Jintra, while the duration should be inversely proportional to the 
difference between the out-of-pair couplings J

     1  SLIC  =∣2 J  intra  ∣    
   SLIC   = 1 / ( √ 

_
 2   ⋅ ∣J∣)

   (2)

A single-SLIC pulse must be applied on resonance with the chem-
ical shift of the CH2 group of interest. Poly-SLIC can be used to ir-
radiate several CH2 groups in the same molecule simultaneously. 
The optimum conditions of the SLIC pulse are different in this case, 

requiring a weaker amplitude    1  poly−SLIC  =∣ J  intra  ∣  and a longer dura-
tion poly − SLIC = 1/∣J∣ (45).

The parameters for SLIC pulses with a single RF were optimized 
for all 14 molecules in Fig. 1, as reported in Table 1. The optimum 
RF amplitudes 25 ≤    1  SLIC   ≤ 29 Hz are similar for all compounds, 
since the geminal two-bond J-couplings lie within a narrow range 
of 12.5 ≤ ∣ 2J∣ ≤ 14.5 Hz. The optimum pulse durations vary 
over a broader range of 110 ms ≤ SLIC ≤ 845 ms. In the case of 
-mercaptoethanol, where the optimum duration is SLIC = 845 ms, 
this reflects the small difference J = 0.8 Hz. In this case, it is not 
immediately apparent from the conventional spectrum that one is 
dealing with an AA’XX’ rather than an A2X2 system. The closer the 
systems are to magnetic equivalence, the more the multiplets take 
on the appearance of triplets with a binomial 1:2:1 intensity distri-
bution. Nevertheless, the CH2 protons in -mercaptoethanol, 
taurine, and -alanine can be addressed by SLIC. The Supplemen-
tary Materials show that the difference between the chemical shifts 
of the AA’ and XX’ spins should be at least 60 Hz [0.1 parts per 
million (ppm) at 500 MHz] for LLS excitation. For aliphatic chains 
comprising three or more methylene groups, at least one of them 
should have a distinct chemical shift, as we observed in the case 
of pentanol.

The LLSs created by SLIC are delocalized, since RF irradiation at 
the chemical shift of a selected CH2 group also excites LLSs associated 
with one to two neighboring CH2 groups (45). Superpositions of LLSs 
in aliphatic chains involving more than four spins can have several 
relaxation rates (45, 49). However, all experimental decays observed 
in this work could be fitted with monoexponential decays. The Sup-
plementary Materials show that a unique state is excited in AA’XX’ 
systems in molecules with two pairs of CH2 protons, in contrast to 
longer chains (45), and that the yields of the excitation and recon-
version of the LLS can be expressed in analytical form.

Rotational conformers and magnetic inequivalence
In aliphatic chains comprising adjacent CH2 units, the parameter 
J (and hence the optimum duration SLIC) reflects the fact that 
the populations of rotamers are not equal. These populations can be 
affected by the following factors:

1) Steric hindrance between bulky groups can cause one of the 
rotational conformers to be preferred. Compounds with small sub-
stituents and short aliphatic chains or weak intramolecular interac-
tions are therefore less likely to have accessible LLSs. For example, 
no LLS could be excited by SLIC in propanol, but all CH2 groups in 
butanol (X) and pentanol (XIII), except for their CH2OH groups, 
have accessible LLSs.

2) Electrostatic interactions between charged groups can stabilize 
one of the rotational conformers, thus granting access to the LLS. At 
neutral pH, only two of the three CH2 groups in -aminobutyric acid 
(GABA) were accessible. At pH 12, all three methylene groups be-
come accessible.

3) If a compound contains H-bond donors and acceptors, some 
rotational conformers can be stabilized by intramolecular H-bonds.

The relation between J and the populations of rotamers is dis-
cussed in the Supplementary Materials. For the smallest J value of 
0.8 Hz that we could exploit to excite LLSs by SLIC, the deviation 
from equal rotamer populations must be at least 7%, whereas for the 
largest observed J value of 6.5 Hz, it is estimated to be as large as 
80%. Here, 100% corresponds to the limit where only the anti rotamer 
would be populated.

Fig. 1. A selection of common molecules with methylene groups where LLS 
can be excited. The CH2 groups that were experimentally found to be accessible 
for excitation of LLSs by SLIC are emphasized in pink. In the case of (chiral) lysine 
(VII), the diastereotopic  and  CH2 groups feature distinct chemical shifts, so that 
LLSs can be excited by a variety of methods, while the protons of the  and  CH2 
groups have nearly degenerate chemical shifts, where LLSs can be best excited by 
SLIC. With the exception of pentanol (XIII) and trimethoxy(propyl)silane (XIV), all 
compounds were measured in D2O.
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Polychromatic SLIC applied to mixtures
The poly-SLIC approach can be applied to observe LLSs simulta-
neously in different molecules in a mixture. Figure 2A shows a 
conventional NMR spectrum of a mixture containing sodium 
trimethylsilyl-propanesulfonate (DSS), ethanolamine, -alanine, 
taurine, and GABA. Figure 2B shows a spectrum of the same mixture 
after excitation of LLSs and reconversion into observable magnetiza-
tion using a superposition of five poly-SLIC pulses with a common 
RF amplitude    1  SLIC    = 27 Hz and a common duration SLIC = 319 ms. 
Within each molecule, only one methylene group was irradiated. 
The integrated intensities of the signals varied between 0.5 and 
1.2% of their amplitudes in the conventional spectrum for an LLS 

relaxation interval of rel= 3 s. In such a mixture, the RF amplitude 
and duration of SLIC pulses cannot be optimized simultaneously for 
all compounds. For -alanine, the signal was weak because    1  SLIC   and 
SLIC deviated from their optimum values. Although the LLSs were 
created with relatively low yields, the signal-to-noise ratio was suf-
ficient with eight scans at 10 mM concentrations.

When using optimized SLIC parameters, typical LLS-derived in-
tegrated signal intensities for monochromatic SLIC were ca. 5% of 
the integrated signal intensity in a conventional one-dimensional 
(1D) spectrum. Theory predicts that single-SLIC excitation and re-
conversion pulses in a four-spin system can provide a maximum 
yield of 14% of the magnetization of the irradiated spin pair. For 

Table 1. Optimized SLIC parameters and relaxation properties of the studied molecules. Unless otherwise specified, all compounds were measured in 
D2O. Unless specified otherwise, the pH was controlled using a phosphate buffer adjusted to neutral pH. 

Molecule Number    1  SLIC   (Hz) SLIC (ms) Irradiated CH2 (Fig. 1) T1 (s) TLLS (s) TLLS/T1

-Aminobutyric acid (GABA) I 26 220
1 1.8 11.7 6.5

2 2.0 10.5 5.3

-Alanine II 29 540
1 3.1 17.1 5.5

2 3.1 17.4 5.6

Acetylcholine III 29 120
1 2.0 5.8 2.9

2 2.2 5.7 2.6

Taurine IV 28 520
1 3.2 19.3 6.0

2 3.3 17.8 5.4

Homotaurine V 26 180

1 2.3 8.1 3.5

2 2.3 10.6 4.6

3 2.5 8.6 3.4

Dopamine VI 27 500
1 0.7 3.9 5.3

2 0.8 4.2 5.6

l-lysine VII 27 205
1 0.8 2.9 3.6

2 1.0 2.8 2.8

Vitamin B1* VIII 26 250
1 0.9 6.0 6.7

2 0.9 5.6 6.2

DSS IX 27 110

1 1.7 7.0 4.1

2 1.7 8.4 4.9

3 1.7 7.6 4.5

Butanol X 25 200
1 3.6 12.5 3.5

2 3.9 14.7 3.8

-Mercaptoethanol XI 25 845
1 5.6 25.4 4.5

2 5.7 25.8 4.5

Ethanolamine XII 25 190
1 2.5 12.1 4.8

2 2.5 12.3 4.9

Pentanol† XIII 26 190

1 4.6 6.5 1.4

2 3.8‡ −‡ −‡

3 3.8‡ −‡ −‡

Trimethoxy(propyl)-silane† XIV 28 125 1 3.5 8.0 2.3

2 3.9 7.3 1.9

*Measured in D2O without buffer to control the pH.   †Measured in CDCl3.   ‡Spectral overlap prevented the determination of individual T1 and TLLS values.
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double-SLIC excitation, we typically observed LLS-derived integrated 
signal intensities of ca. 10%. The Supplementary Materials show that 
for double-SLIC applied to two neighboring CH2 groups, the the-
oretical yield can reach 28% of the total magnetization. By using unitary 
constraints (50) adapted to take spin symmetry into account (51), 
one can verify that this corresponds to the maximum yield after ex-
citation and reconversion.

In Fig. 2B, only signals that stem from LLSs are observed. All 
other peaks are removed from the spectrum, particularly the peaks 
of water and the methyl protons of DSS. Thus, the proposed poly- 
SLIC sequence acts like a singlet-state filter (20, 22). This filter can 
be adapted to select the response of a molecule of interest. This can 
be achieved by using poly-SLIC excitation of delocalized LLSs in 
several CH2 groups of a chosen molecule, as shown below. The prob-
ability that several methylene signals of different molecules over-
lap is low.

The decay curves of the four LLS signals were obtained simulta-
neously (Fig. 2C) so that their lifetimes TLLS could be determined in 
parallel. The observed lifetimes TLLS in different molecules in Fig. 2C 
range from 5.9 s for DSS to 20.6 s for taurine. Comparisons of TLLS 
measured under the same conditions may provide insight into the 
stochastic fluctuations that are responsible for the relaxation of 
LLSs. The shortest-lived LLS in this mixture was observed in DSS, 
which can be explained by its slower rotational diffusion and by the 
presence of the Si(CH3)3 group (see Fig. 1). All nine methyl pro-
tons contribute to LLS relaxation through dipole-dipole interactions. 
Ethanolamine and taurine, on the other hand, have only two CH2 
groups, which contribute less to LLS relaxation.

LLS contrast in MRI experiments
Figure 3 shows the results of MRI experiments where poly-SLIC se-
quences were used for the excitation and reconversion of LLSs before 
applying gradients for phase and frequency encoding. The LLS-MRI 
pulse sequence used is shown in Fig. 4B. Two examples illustrate 

how LLSs can be used to generate contrast in MRI. In both cases, a 
5-mm NMR tube with a coaxial insert was used where the two com-
partments were filled with different solutions.

In the first example, both the outer and inner compartments were 
filled with a 250 mM solution of DSS. Bovine serum albumin (BSA) 
was added only to the outer compartment with a concentration of 
0.25 mM. For an LLS relaxation interval rel = 0.1 s < < TLLS, the sig-
nal intensities in both inner and outer tubes were comparable. How-
ever, the signals from the outer compartment were attenuated when 
rel was increased to 1 or 6 s (Fig. 3B). This reflects the difference of 
the LLS lifetimes between the inner (TLLS ≈ 8 s) and outer compart-
ments (TLLS ≈ 4 s) due to nonselective binding of DSS to BSA. Al-
though DSS is not a drug and BSA is not a medically relevant protein 
target, one observes a pronounced contrast even for a 1000:1 con-
centration ratio, exacerbated by nonselective binding and adhe-
sion of BSA to glass surfaces. We did not observe any contrast in 
T2-weighted MRI maps, although T2 should be sensitive to binding 
in the fast-exchange regime at high fields.

This example illustrates the use of MRI for simultaneous acqui-
sition of NMR spectra on multiple samples (35). Such experiments 
can be generalized to study a number of capillary samples that con-
tain different drug molecules or target proteins, with different con-
centrations, etc. Signal enhancement by hyperpolarization might be 
required if the sample volumes are small. This should allow one to 
increase the throughput of NMR drug screening experiments.

In the second example, the outer tube contained a solution of 
GABA, whereas the insert contained a solution of homotaurine. 
Figure 3C shows the conventional 1H NMR spectrum of this sample 
with overlapping signals stemming from the CH2 groups of GABA 
and homotaurine near 3 ppm. Despite this overlap, a complete sep-
aration of the GABA and homotaurine signals can be achieved by 
using LLS- MRI with different poly-SLIC excitation schemes. This 
exploits the fact that not all CH2 signals of the two molecules over-
lap so that a highly selective excitation can be achieved in mixtures.

Fig. 2. Simultaneous observation of LLSs in a mixture. The mixture contained ca. 10 mM ethanolamine, taurine, -alanine, GABA, and DSS in a 50 mM phosphate buffer 
in D2O. (A) Conventional 1H NMR spectrum of the mixture acquired with eight scans. (B) Spectrum acquired after a poly-SLIC sequence with five RFs indicated by wavy 
arrows in (A), with eight scans and an LLS relaxation interval rel = 3 s. The spectrum is scaled by a factor of 50 with respect to (A). (C) LLS decays of four molecules 
measured simultaneously. The LLS lifetimes were determined from monoexponential fits, ignoring weak initial oscillations that can be neglected after rel > 1.3 s: 
TLLS (taurine) = 20.6 ± 2.3 s, TLLS (ethanolamine) = 14.1 ± 0.7 s, TLLS (GABA) = 8.9 ± 0.3 s, and TLLS (DSS) = 5.9 ± 0.5 s.
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Fig. 3. LLS contrast in MRI experiments. (A) Axial LLS-MRI of a sample placed in two concentric tubes. Both compartments contained ca. 250 mM DSS in D2O, but the 
outer compartment also contained 0.25 mM BSA. LLSs were excited by triple-SLIC and reconverted by single-SLIC after rel = 0.1 s (pulse sequence of Fig. 4B). The LLS-MRI 
resembles a normal MRI of this sample, because no contrast is observed for rel < < TLLS. (B) Cross sections extracted from 2D images obtained with different rel = 0.1, 1, or 
6 s. The LLS-derived signal intensity decreases in the outer compartments for rel = 1 and 6 s. In the latter case, the resolution is reduced because gradient strengths 
Gx and Gy were decreased by a factor of 2 to improve the sensitivity. (C) Proton spectrum of a sample containing 1 M GABA in the outer tube and 1 M homotaurine 
in the inner tube. The wavy arrows indicate the frequencies used for poly-SLIC excitation and single-SLIC reconversion pulses applied at the chemical shifts of 
GABA and homotaurine. The RF amplitude of the excitation pulse was set to 13 Hz to fulfill both the double- and triple-SLIC conditions and excite an LLS in either GABA 
or homotaurine. A single-SLIC reconversion pulse with an RF amplitude of 26 Hz was applied at 3 ppm where signals of GABA and homotaurine overlap. The asterisk 
denotes a weak signal of acetone. (D) Axial MRI where an LLS was excited in GABA by double-SLIC [two wavy arrows in (C)] and reconverted by single-SLIC applied to the 
overlapping signal at 3 ppm. (E) Axial MRI where an LLS was excited in homotaurine by triple-SLIC [three wavy arrows in (C)] and reconverted by single-SLIC on the over-
lapping signal at 3 ppm.
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DISCUSSION
LLSs involving geminal pairs of protons in CH2 groups in achiral 
aliphatic chains have been excited and observed using mono- and 
polychromatic SLIC pulses. The lifetimes TLLS of the LLSs were found 
to be significantly longer than T1. This broadens the range of ligands 
that can be screened using LLS binding experiments. The discovery 
that LLSs can be excited and observed in taurine, homotaurine, GABA, 
dopamine, and acetylcholine opens the opportunity of combining 
singlet-state NMR methods with MRI to detect biologically active 
molecules and neurotransmitters (52). MRI scans of a metabolite of 
interest can be obtained with high molecular selectivity, as was demon-
strated in LLS-MRI experiments with GABA and homotaurine. Se-
lective excitation can be achieved by simultaneous selective irradiation 
of several methylene groups with chemical shifts that are character-
istic for a given molecule.

It is challenging to predict in advance in which occasions the LLS 
will be practically inaccessible by SLIC. This depends on the rotamer 
populations and the associated magnitude of the magnetic inequiva-
lence. For example, we were not successful in exciting LLSs in meth-
ylene groups of propanol, -ketoglutarate, and serotonin. In these 
cases, the protons of the corresponding methylene groups were too 
close to magnetic equivalence. Furthermore, no LLS could be excited 
by SLIC in the CH2OH groups of butanol and pentanol and in the 
CH2COOH group of GABA at neutral and acidic pH.

The experimental signal amplitudes after excitation and recon-
version were comparable with the theoretical calculations of the 
yield, provided that the effects of RF inhomogeneity B1 and T1rho 
relaxation during the long SLIC pulses were taken into account. 
SLIC pulses with an adiabatic variation of the RF amplitude (53, 54) 
can improve the performance of single-SLIC in cases where T1rho of 
geminal protons is long enough, but the adiabatic approach is not 
compatible with poly-SLIC. Although adiabatic pulses are more 
robust with respect to B1 inhomogeneity, they tend to be long, even 

for “fast” constant adiabaticity sweeps (54). In general, the SLIC meth-
od is superior to methods such as M2S in terms of power deposition 
(25) but more sensitive to B1 and B0 (55). M2S can only be used 
when it is applied to either AA’ or XX’ nuclei. When both AA’ and 
XX’ spins are simultaneously irradiated by M2S pulse trains, no LLS 
is created, as we observed experimentally and confirmed by simula-
tions. M2S could be performed with selective pulses, but this would 
sacrifice some of its advantages with respect to SLIC. In its current 
version, M2S is not appropriate to convert the magnetization of both 
AA’ and XX’ pairs into LLS.

Our methodology can benefit from hyperpolarization methods 
such as parahydrogen-induced polarization (56) and signal amplifi-
cation by reversible exchange (SABRE) (57), since aliphatic protons 
can often be hyperpolarized by these methods. Molecules such as 
dopamine and common alcohols such as butanol and pentanol, where 
we observed LLSs, may be hyperpolarized by SABRE or SABRE- 
Relay (58). Alternatively, dynamic nuclear polarization can be used 
to hyperpolarize LLSs directly, since the high temperature approxi-
mation can be violated by microwave irradiation of electron spins 
to bring about very low spin temperatures (8, 59). Since it is not nec-
essary to sustain the LLS by any RF irradiation, the transport of hy-
perpolarized samples is greatly simplified.

Our methods seek to achieve the highest possible contrast be-
tween the lifetimes TLLS of a given molecule in different environ-
ments, such as a drug that is either freely tumbling in solution or 
partly bound to a macromolecular target such as a protein or nucleic 
acid, where TLLS

bound << TLLS
free, thus providing a strong contrast 

upon binding. This should improve titration experiments aimed at 
determining dissociation constants (60). LLSs involving protons are 
particularly suitable for such purposes. The contrast arises, inter 
alia, because the environment of achiral molecules loses its plane of 
symmetry upon binding to a target, i.e., the symmetry of the drug 
molecule is broken in the drug/target complex.

MATERIALS AND METHODS
The SLIC pulse sequence is shown in Fig. 4A. Multiple frequencies 
for poly-SLIC were generated by the addition of phase-modulated 
rectangular pulses as explained in the Supplementary Materials. To 
remove the spin order of ranks 0 < l ≤ 3, a single-scan T00 filter was 
used (61), consisting of three Gz gradient pulses, each followed by a 
recovery delay of 200 s and interleaved with three nonselective 90° 
pulses with an RF amplitude of 10 kHz. The three gradients had si-
nusoidal shapes and durations of 4.4, 2.4, and 2.0 ms, while their 
amplitudes were set to 10, −10, and 15% of the maximum field gra-
dient Gz = 50.05 G/cm = 0.5 T/m. The first RF pulse of the T00 filter, 
applied between the first and second gradients, had a phase  = 90° 
(i.e., along the y axis), and the second and third pulses were applied 
after the second and third gradients, with phases  = 54.7° and 0°, 
respectively. A four-step singlet order selection phase cycle (18) was 
used in all experiments, by alternating the phases of the excitation 
SLIC pulses (y, −y, y, −y) and of the reconversion SLIC pulses (y, y, −y, 
−y), while the phase of the receiver followed the pattern (y, −y, −y, y).

LLS experiments of strongly coupled spin pairs can be time- 
consuming since the recovery delays must be set to 5 TLLS, unless 
one uses singlet order destruction filters (62). In this work, we have 
not observed any saturation effects despite using recovery delays on 
the order of 5 T1, much shorter than 5 TLLS. This can be explained 
by the low conversion yields (63).

Fig. 4. SLIC pulse sequences. (A) Pulse sequence to study the relaxation of LLSs of 
one or several CH2 groups in chains of methylene groups. A 90°x pulse is followed 
by a (mono- or polychromatic) SLIC pulse to excite the LLS. The second (mono- or 
polychromatic) SLIC pulse reconverts the LLS back to magnetization, which is then 
detected. The phases of the first and second SLIC pulses are alternated between y 
and −y together with the receiver phase (18). The decay of the LLS is observed by 
acquiring a set of 1D spectra with a variable delay trel.  FID, free induction. (B) Com-
bination of the SLIC pulse sequence with MRI, using phase encoding with Gy gradients 
that are incremented in consecutive experiments, and a Gx frequency encoding 
gradient to observe gradient echoes. FID, free induction decay.
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NMR spectra of the individual compounds listed in Table 1 and 
of the mixture in Fig. 2 were obtained at 298 or 300 K with either a 
5-mm iProbe or 10-mm Broad-Band Observe (BBO) probe in a 
Bruker 500-MHz WB magnet (B0 = 11.66 T) equipped with a “Neo” 
console. The concentration of each compound in the mixture was 
around 10 mM. The solution was adjusted to pH 7 with 50 mM 
phosphate buffer in D2O. The samples were not degassed. All poly- 
SLIC pulses had a common RF amplitude    1  SLIC   = 27 Hz and a com-
mon duration SLIC = 319 ms.

Monoexponential fitting was used to extract TLLS relaxation 
times. In a few cases, a weak oscillatory behavior attributed to zero- 
quantum coherences was observed. The fitting was restricted to data 
points where such oscillations had decayed.

The MRI images were obtained without temperature stabilization 
at approximately 295 K in a 5-mm Micro2.5/MicWB40 probe with a 
Bruker 800-MHz WB system (B0 = 18.8 T) using the pulse sequence 
shown in Fig. 4B. The proton linewidth was typically between 15 
and 20 Hz, leading to a reduction of the yield during the highly 
selective SLIC pulses.

A concentric NE-5-CIC tube (Newera-spectro) with an outer diam-
eter of 2 mm and an inner diameter of 1 mm was inserted inside a 
normal 5-mm NMR tube with an inner diameter of 4 mm. The first 
sample contained a 250 mM solution of DSS in D2O in both the inner 
and outer compartments and 0.25 mM BSA (0.1%) in the outer com-
partment. The second sample contained a 1 M solution of GABA in 
D2O in the outer compartment and a 1 M solution of homotaurine 
in the inner compartment. The interscan recovery delay in LLS-MRI 
experiments was 2 s. In the experiments carried out on the DSS sam-
ple, the Gx gradient strength was set to 4.4 G/cm, and the Gy gradient 
strength was linearly ramped in 16 steps from −4.4 to 4.4 G/cm. For 
the experiment with rel = 6 s, all gradient strengths were decreased by 
a factor of 2, and the Gy gradient strength was incremented in eight steps. 
In all cases, 64 scans were acquired for each gradient step. In experi-
ments with GABA and homotaurine, the same procedure was used, ex-
cept that 16 scans were acquired for each step. 2D images were obtained 
by 2D Fourier transform with a matched sine square window function.

The Supplementary Materials additionally refer to (64–66). The 
raw data and Spin Dynamica (65) codes supporting the conclusions 
of the paper are available through the Zenodo repository under 
https://doi.org/10.5281/zenodo.7158746.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.ade2113

View/request a protocol for this paper from Bio-protocol.
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