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We introduce a simple strategy to access and readout nuclear singlet order based on the alternate repe-
tition of hard pulses and delays. We demonstrate the general applicability of the method by accessing
nuclear singlet order in spin systems characterized by diverse coupling regimes. We show that the
method is highly efficient in the strong-coupling and chemical equivalence regimes, and can overcome

some limitations of other well-established and more elaborated pulse sequences. A simulation package
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is provided which allows the determination of pulse sequence parameters.
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1. Introduction

Nuclear magnetic resonance (NMR) experiments are restricted
by the relaxation of longitudinal magnetization in solution, which
decays with the characteristic time constant T,. Long-lived states
(LLS) offer a promising means to alleviate this limitation [1-15].
In pairs of spin-1/2 homonuclei, the LLS is unaffected by in pair
dipole-dipole relaxation and showcases extended lifetimes with
respect to Tq. The LLS is defined as the imbalance between the pop-
ulation of the exchange-antisymmetric nuclear singlet state and
the mean population of the exchange-symmetric nuclear triplet
states (referred to as nuclear singlet order) and has a relaxation
time constant denoted Ts.

Since the first successful demonstration of LLS [1], an increasing
effort has been devoted to: the extension of LLS lifetimes in
strongly-coupled spin systems [16], LLS in multi-spin
environments such as methyl groups [17-24], and the theoretical
elucidation of the principle mechanisms responsible for LLS
relaxation [25-28]. These developments lead to the synthesis of a
13C,-naphthalene derivative with a LLS lifetime exceeding one
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hour in room temperature solution [29-31]. Proof of principle
experiments to image the prolonged lifetime of singlet order have
also been demonstrated [32,33]. Other important applications
include: the contrast enhancement provided by LLS for protein-
ligand binding interactions [34-36], drug screening using hyperpo-
larized LLS [37], nuclear singlet multimers (NUSIMERs) [38], and
the introduction of a singlet tag (STAG) that can be incorporated
into a number of biomolecules [39].

Preparation and detection of LLS requires the following steps:
(i) excitation: longitudinal magnetization is converted into a
long-lived population imbalance; (ii) evolution: the long-lived
order evolves during a free evolution delay t.,; (iii) conversion:
the evolved state is transformed into detectable magnetization.
LLS are typically prepared by using the M2S [40,41], SLIC [42]
and Sarkar [43] pulse sequences, and their variants [44-46],
depending on the coupling regime between the participating
homonuclei. A comprehensive and detailed description of the
current methods has also been published [47]. Access to LLS is
provided by small differences in chemical shift or asymmetric
J-couplings to magnetic nuclei outside of the singlet pair
[9,40-42,48,49]. The individual methods are ultimately restricted
to a distinct coupling regime, i.e. SLIC and M2S sequences are
employed under strong-coupling and chemical equivalence condi-
tions, and the Sarkar method is used for weakly-coupled systems.

Here we propose an adaptable method based on a repeated
module of a single hard pulse and a delay. The pulse sequence
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can be used to generate LLS for pairs of spin-1/2 nuclei character-
ized by a diverse range of coupling regimes. Experimental demon-
strations are presented for the cases of a '3C labelled naphthalene
derivative ('3C,-I), 1-'3C labelled disodium fumarate ('*C-II) and
the dipeptide alanine-glycine (Ala-Gly), see Fig. 2a, c and e, respec-
tively. The pulse sequence is flexible with respect to the use of
small or large flip angle pulses. The delay between hard pulses
and the number of repetitions is simple to optimize, and can be
predicted in the strong-coupling and chemical equivalence limits
or simulated based on prior knowledge of the spin pair J-
coupling and chemical shift difference. The pulse sequence is
highly efficient and rapidly interconverts transverse magnetization
and singlet order under strong-coupling and chemical equivalence
conditions. A refocused variant of the ADAPT sequence is also
demonstrated, and performs well in the strong-coupling limit.
Since a similar strategy has recently been implemented to achieve
heteronuclear polarization transfer in PHIP and SABRE experiments
[50,51], we name the sequence homonuclear ADAPT. We provide a
custom-made SpinDynamica code that simulates the pulse
sequence for a pair of spins experiencing any coupling regime [52].

2. Pulse sequence

For a homonuclear spin-1/2 pair, a suitable basis set
X ={]1),|2),|3),|4)} is the simultaneous eigenbasis of the opera-
tors I - I, and I,:

) 2 2 2 2
B B o
2) =1+ 15+ B 4 )
38z (1)
2 2
_ B _ 1pn)
4) =% - 13

using standard Dirac notation. The initial equilibrium state is pro-
portional to longitudinal Zeeman order p, = I, where (@) is the
time point defined in Fig. 1. The initial 90, pulse converts I, into
transverse magnetization I,. In the adopted basis set, the matrix
representation of p, =1, contains elements along the diagonal
and is written as:

Po = I o =([1)(1] = [2)(2]) (2)

The effect of the ADAPT sequence is to produce an approximate
7 rotation in the subspace spanned by the vectors |1) and |4), whilst
leaving the population of the state |2) approximately unperturbed.
P is consequently expressed by the population imbalance:

Py o< —(14)(4] - 2)(2]) 3)

By recognizing that [2) = (|T_1)/2+ |To)/V2+|T;1)/2) and
|4) = |So), it becomes apparent that the ADAPT method accesses
the homonuclear population imbalance between the singlet and
triplet manifolds.

The parameters A, and m, of the homonuclear ADAPT cycle are
chosen to maximise triplet-singlet population conversion for a
given o. In the strong coupling regime (as shown in Eqs. (S22)
and (S23)):

o
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with we and 0 (defined in Eq. S8) related to the effective precession
frequency and the degree of chemical inequivalence between
homonuclei.

The inverse of A, is proportional to the effective nutation fre-
quency e defined in S8. In the magnetic equivalence limit, weg
approaches the value of the homonuclear J coupling. The total
duration of the sequence for any tip angle is proportional to
1/wx with w, (see S8) being the degree of magnetic inequivalence
in the spin system. Intuitively, there is a close analogy between
homonuclear ADAPT and the Spin Lock Induced Crossing (SLIC)
sequence [42].

CW irradiation may be applied to sustain the population imbal-
ance p,, minimizing coherent relaxation effects induced by the
chemical shift difference w,/2m [26]. At this point, it is possible
that the density operator p, may include terms other than singlet
order. Ty filtration may be used to select solely the long-lived
component p, [21,53,54], which is subsequently reconverted to
transverse magnetization for detection: p, = . For further details,
including advantages and disadvantages of the ADAPT pulse
sequence, see the Electronic Supporting Information (ESI).

3. Results and discussion

We selected o = 18° and o = 90° as representative cases for
small and large ADAPT pulse flip angles, respectively. The choice
of o # 7 is arbitrary and when combined with the appropriate A,
the ADAPT sequence can perform magnetization to singlet order
conversion. The different coupling regimes are presented below.

3.1. The strong-coupling limit: >C,-1

Two spin-1/2 nuclei are strongly-coupled in the case that the
homonuclear J-coupling exceeds the isotropic chemical shift differ-
ence: @; > w,. This is the case for the two central '*C nuclei of
13C,-1, see Fig. 2a. The relevant part of the experimental '*C NMR
spectrum of 3C,-I is shown in Fig. 2b. The spectrum is consistent
with a J-coupling of w;/2m =54.6 £ 0.2 Hz and a chemical shift
difference of w,/27m =12.8 +0.1 Hz between the '3C sites, as
reported previously [30].

Experimental results and numerical simulations demonstrating
the transfer of '3C,-I magnetization to singlet order under the
ADAPT,5 sequence are shown in Fig. 3a and b, respectively. The
integrals of the singlet-filtered data points were normalized rela-
tive to the NMR signal amplitude induced by a single 90° pulse.
An optimal transfer efficiency of 39.9% is obtained by using
myg = 53 and Ag = 0.9 ms. Details of ADAPTy pulse sequence opti-
mization are shown in the Electronic Supporting Information (ESI).
The agreement of experimental results with numerical simulations
is adequate, except for a noticeable loss in experimental conver-
sion efficiency relative to the theoretical maximum of ~2/3 [55-
57], which is associated with radiofrequency field imperfections
and relaxation. A small deviation between theoretical and experi-
mental loop numbers is also observed. One tentative explanation
for the discrepancy could be imperfections regarding the initial
90° pulse duration calibration. The cumulative error introduced
by multiple ADAPT cycles could be conducive to the mismatch
between simulated and experimental results. The experimental
dependence of the ADAPT;g singlet-triplet transfer on the hard
pulse flip angle is shown in the Electronic Supporting Information
(ESI). In addition, off-resonance contributions to the spin system
evolution were not considered in the simulations. Despite the rel-
evance of these details, we did not investigate this issue further.

We implemented the SLIC and M2S pulse sequences to deter-
mine the singlet lifetime Ts as a benchmark for the performance
of the ADAPT pulsed method. The SLIC and M2S experimental opti-
mization protocol has previously been described elsewhere [40-
42]. The SLIC and M2S pulse sequences used the parameters
detailed in Table 1.
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Fig. 1. Sequence of radiofrequency events used to convert, and subsequently reconvert, observable magnetization into singlet order, and measure the LLS lifetime Ts. Tapapr
indicates the duration of the ADAPT excitation and conversion blocks, with Tapapr ~ m, x A,. Singlet order is allowed to evolve for a time 7.,. On resonant continuous wave
(CW) rf-irradiation may be applied to impose strong-coupling during t.,. The Ty, filter, described in Refs. [21,53,54] and the ES], retains only singlet order at the end of t.,. The
variable evolution delay 7., is incremented to monitor the decay of singlet order. @ denotes the time point at which the spin density operator is evaluated.
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Fig. 2. (a) Molecular structure of the naphthalene derivative >C,-I. Black filled circles denote the '3C labelling sites. R; = CD3, Ry = CD(CD3),. (b) Relevant part of the
experimental '>*C NMR spectrum of 0.2 M '3C,-I in degassed tert-butanol-d, solvent acquired at 16.45 T (176 MHz) with 16 transients (for the full '*C spectrum, see the ESI).
The small outer components of the AB spectral pattern are indicated by arrows. (c) Molecular structure of 'C labelled disodium fumarate. (d) Relevant portion of the
experimental '"H NMR spectrum of 0.37 M '3C-II in degassed D,0 solution acquired at 16.45 T (700 MHz) with a single transient (for the full 'H spectrum, see the ESI). (e)
Molecular structure of the dipeptide Ala-Gly. The pair of protons participating in the LLS is circled in grey. (f) CH, portion of the experimental 'H NMR spectrum of 0.1 M Ala-
Gly in degassed D,0 solution acquired at 16.45 T (700 MHz) with 2 transients (for the full 'H spectrum, see the ESI). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

o
&

Normalized Signal Intensity m

Normalized Signal Intensity

Normalized Signal Intensity

0 20 40 60 80 100 120 0 10 20 30 40 5 0 5 10 15 20

> z 2z
% 0] A R Ry G 06 4 e 3
e N\ 2 Hi - 2
5 Y 8 i Na s
E Sy R 3 £ i o H £
= \ = =
g o4 i i % 0.4 I g
@ 17 % 2 4
=1 ! 2 3
£ 02 i | % 02 &
. 5
2 0| mRmmm—— Soaems Z 0.0 ” =—om z . % 8 g
0 02 0.4 06 08 1.0 12 1.4 16 1 0 5 10 15 20 25 a0 0 4 8 12 16 20 24 28 32
ADAPT Delay (ms) ADAPT Delay (ms) ADAPT Delay (ms)

Fig. 3. Conversion amplitudes for the transfer of transverse magnetization to singlet order for (a,b) 0.2 M '3C,-I in degassed tert-butanol-d;, solvent, (c,d) 0.37 M '3C-II in
degassed D,0 solution and (e,f)* 0.1 M Ala-Gly in degassed D,0 solution using the pulse sequence shown in Fig. 1. Experiments were performed at 16.45 T ('H Larmor
frequency = 700 MHz, '3C Larmor frequency = 176 MHz) and 25°C with two transients per data point. Experimental data: black open circles; simulations: black dashed lines.
The signal intensity is normalized such that 1.0 corresponds to the thermal equilibrium signal intensity. The maximum simulated signal intensity is 2/3. The optimal
conversion efficiency was 39.9% for 1*C,-1I, 35.2% for '>C-1l and 17.7% for Ala-Gly. The delay between successive experiments is 65 s for 'C,-I, 175 s for '>C-Il and 125 s for Ala-
Gly. (a) Optimization of ADAPT;g loop number for *C,-I with A fixed at 0.9 ms. (b) Optimization of ADAPT;g delay for *C,-I with m;s fixed at 53. (c) Optimization of
ADAPTy loop number for '3C-II with Agy fixed at 16.0 ms. (d) Optimization of ADAPTg, delay for '3C-II with my, fixed at 33. (e) Optimization of ADAPTg, loop number for Ala-
Gly with Ag fixed at 17.9 ms. (f) Optimization of ADAPTg, delay for Ala-Gly with mg, fixed at 7. *Absolute value of the normalized signal intensity plotted.
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Table 1

Experimental conversion efficiencies (), durations (D), parameters and singlet lifetimes (Ts) for '*C,-I obtained by using the ADAPT;g, ADAPTg, SLIC and M2S pulse sequences.
1B3C,-1 €/% D/ms A,/ms m, vs[Hz T /ms A/ms m n, Ts/s
ADAPT;s 39.9 549 0.9 61 - - - - - 13.07 £0.03
ADAPTy 341 58.5 4.5 13 - - - - - 13.12£0.05
SLIC 394 55.1 - - 54.6 55.1 - - - 13.17£0.03
M2S 35.1 88.7 - - - - 4.66 6 3 13.31£0.06

The M2S sequence takes 88.7 ms to achieve singlet-triplet inter-
conversion using optimized experimental conditions, a factor of
~2[m longer than the ADAPT;g and SLIC methods, see Table 1.
The efficiencies of the SLIC and M2S sequences were estimated
from spectral integration as 39.4% and 35.1%, respectively. The SLIC
pulse conversion efficiency was found to be remarkably similar to
that of the ADAPTg sequence. A comparison of the offset depen-
dence for the ADAPT;g, SLIC and M2S pulse sequences is given in
the Electronic Supporting Information (ESI), in conjunction with a
refocused ADAPT sequence which achieves broadband singlet-
triplet conversion.
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Fig. 4. Experimental relaxation curves for (a) 0.2 M '3C,-I in degassed tert-butanol-
dyo solvent, (b) 0.37 M '3C-Il in degassed D,0 solution and (c) 0.1 M Ala-Gly in
degassed D,0 solution. Experiments were performed at 16.45T ('H Larmor
frequency = 700 MHz, '3C Larmor frequency = 176 MHz) and 25°C with two tran-
sients per data point. Decays curves were obtained by implementing the following
pulse sequences: (a) ADAPT;g (red open squares), SLIC (blue filled diamonds), M2S
(black open circles); (b) ADAPTq, (red open squares), SLIC (blue filled diamonds),
M2S (black open circles); (c) ADAPTyo (blue open circles), Sarkar sequence (black
open circles). All signal amplitudes were normalized with respect to the first data
point. All fitted curves have a single exponential form. The delay between
successive experiments is 65s for C,-I, 175's for 3C-II and 125 s for Ala-Gly.
CW irradiation (nutation frequency = 3 kHz) was used to sustain the LLS of Ala-Gly
during the evolution delay t.,. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

The singlet lifetime of '3C,-I was estimated by using the
ADAPT g pulse sequence, see Fig. 4a (red curve). This shows a sin-
gle exponential decay with a singlet relaxation time constant
Ts =13.07 £ 0.03 s. The spin-lattice relaxation time was estimated
from a separate inversion-recovery experiment to be
T, =686 + 4 ms. The ADAPTy, pulse sequence was also used to esti-
mate the singlet lifetime, returning Ts = 13.12 £ 0.05 s.

Fig. 4a denotes the decay of singlet order measured by imple-
menting the SLIC (blue curve) and M2S (black curve) pulse
sequences. The two curves have the following time constants: SLIC:
Ts=13.17+£0.03s; M2S: Ts=13.31+0.06s. These values are in
good agreement with the values of Ts determined by using the
ADAPT g and ADAPTg pulse sequences.

As demonstrated in Fig. S9 of the Electronic Supporting Infor-
mation (ESI), different ADAPT schemes for excitation and reconver-
sion of singlet order can additionally be used.

3.2. The chemical equivalence limit: >C-II

The constituents of a spin-1/2 pair are chemically equivalent in
the case that the chemical shift difference between the two sites is
zero: w, = 0. This is the case for the two trans-protons of >C-II, see
Fig. 2c. The relevant region of the experimental 'H NMR spectrum of
13C-11 is shown in Fig. 2d. The spectrum corresponds to a chemically
equivalent proton pair with the following ]-coupling network:
O)yn /2T =157+ 0.4 Hz; Wsy /2T = Jyic +Juoc = 10.0 £ 0.3 Hz;
Wp /2T = Jyic — Juac =4.2 £ 0.2 Hz.

Results illustrating the ADAPTqo-mediated transfer of '3C-II
magnetization to singlet order are presented in Fig. 3c and d. A
maximal conversion efficiency of 35.2% is obtained by using an
ADAPTgo loop number mgo = 33 and delay time Agg = 16.0 ms. The
agreement between experimental results and numerical simula-
tions is satisfactory. The experimental parameters and conversion
efficiency determined from the optimization of the ADAPT;g
method are shown in Table 2.

It has previously been demonstrated that singlet order conver-
sion methods which work well in the strong-coupling regime can
also be implemented in the chemical equivalence limit
[9,48,49,58]. For the case of '3C-II, the SLIC and M2S pulse
sequence parameters are given in Table 2. The total duration of
the M2S sequence is considerably longer than the ADAPT;g and
SLIC techniques.

The singlet lifetime of '>C-Il was measured by using the
ADAPTy conversion sequence, Fig. 4b (red curve). This shows a
single exponential decay with a singlet relaxation time constant
Ts =36.7 £ 0.7 s. The longitudinal relaxation time was estimated
from a separate inversion-recovery experiment to be T; =33.3 +
0.5s. The ADAPT,g pulse sequence is additionally employed to
track the decay of nuclear singlet order, yielding Ts =36.8 £ 0.5 s.

The blue and black curves in Fig. 4b highlight the decay of pro-
ton singlet order measured by using the SLIC and M2S pulsed
methods, respectively. The two curves have the following time
constants: SLIC: Ts =34.8 +0.7 s; M2S: Ts =34.8 £ 0.7 s. These val-
ues are in good agreement with the values of Ts estimated by using
the ADAPTyo and ADAPT;g pulse sequences.
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Table 2
Experimental conversion efficiencies (), durations (D), parameters and singlet lifetimes (Ts) for '3C-1I obtained by using the ADAPTgq, ADAPT;g, SLIC and M2S pulse sequences.
Be-n €/% D/ms Ay/ms m, vs/Hz T, /ms A/ms n n, Ts/s
ADAPTyo 35.2 342.0 3.2 106 - - - - - 36.7+0.7
ADAPT;g 36.2 384.0 16.0 24 - - - - - 36.8+0.5
SLIC 49.2 332.7 - - 15.7 332.7 - - - 348 +0.7
M2S 47.0 697.8 - - - - 15.8 14 7 348+0.5

As demonstrated in Fig. S10 of the Electronic Supporting Infor-
mation (ESI), different ADAPT schemes for excitation and reconver-
sion of singlet order can be used.

3.3. The weak-coupling limit: Ala-Gly

Two spin-1/2 nuclei are weakly-coupled in the case that the
homonuclear J-coupling is smaller than the isotropic chemical shift
difference: w; < wa. This is the case for the two vicinal protons of
Ala-Gly, see Fig. 2e. The CH, portion of the experimental 'H NMR
spectrum of Ala-Gly is shown in Fig. 2f. The spectrum is consistent
with the following parameters: w;/2m=172+0.1Hz and
/21 = 79.8 + 0.4 Hz. These parameters are consistent with the
literature [59].

A relevant distinction between strong- and weak-coupling
regimes is the singlet precursor state. In the strong-coupling
regime, singlet order is close to an exact eigenstate of the spin
Hamiltonian. The singlet and central triplet states represent two
approximately disconnected eigenstates, linked only by a small dif-
ference in isotropic chemical shift. As a result, the precursor state
populated at the end of a singlet excitation scheme is long-lived
without intervention from rf-fields or sample shuttling to low field
[26,40,60]. However, the singlet precursor state in a weakly-
coupled system is far from an approximate eigenstate of the spin
Hamiltonian, and does not directly correspond to well-defined sin-
glet order as the large chemical shift difference causes strong mix-
ing between the singlet and triplet states. The precursor state
populated after a singlet excitation sequence is projected onto sin-
glet order by externally applied CW fields used to sustain the long-
lived spin order during evolution intervals.

Results demonstrating the transfer of proton magnetization to
singlet order under the ADAPTyo sequence are reported in Fig. 3e
and f. An optimal transfer efficiency of 17.7% is obtained by using
an ADAPTyq loop number of mgy =7, although an ADAPTgy loop
number between m=3 and m =8 achieves >10% triplet-singlet
conversion efficiency, and an inter-delay of Agy =17.9 ms, with
other efficient delay periods also permissible. The experimental
results are in adequate agreement with the numerical simulations.

A CW field amplitude of 3 kHz was used to sustain the LLS of
Ala-Gly during the evolution period 7.,. A relaxation curve for pro-
ton singlet order is shown in Fig. 4c (blue curve). This shows a
monoexponential decay with time constant Ts=21.0£0.6s. The
experimental time constant is in agreement with previous singlet
lifetime measurements on this polypeptide [59]. The longitudinal
relaxation time was estimated from a separate inversion-
recovery experiment to be T; =1.57 £ 0.01 s. The decay of proton
singlet order was additionally tracked by using the ADAPT,g pulse
sequence, see the Electronic Supporting Information (ESI) for more

details. A single exponential decay curve was observed, with sin-
glet relaxation time constant Ts=20.0 + 0.4 s. The two measure-
ments are within experimental error.

The Sarkar sequence [43] is a well-known and efficient strategy
to access LLS in the weak-coupling regime. The Sarkar sequence
was consequently chosen as a comparative method for the mea-
surement of Ts in weakly-coupled systems. The timings and con-
version efficiency of the Sarkar sequence are given in Table 3.

The black curve in Fig. 4c corresponds to the decay of proton
singlet order measured by using the Sarkar sequence. The monoex-
ponential decay has the following singlet relaxation time:
Ts =21.6 £ 0.6 s. The experimental decay time is in excellent agree-
ment with the singlet lifetimes measured by the ADAPT;g and
ADAPT4o methods.

Contrasting ADAPT cycles may be implemented to excite and
reconvert proton singlet order of Ala-Gly as demonstrated in
Fig. S11 the Electronic Supporting Information (ESI).

4. Numerical simulations using SpinDynamica

As demonstrated in Section 3.3, the applicability of the ADAPT
pulse sequence is not solely limited to systems in the strong-
coupling and chemical equivalence limits. For weakly-coupled spin
pairs, an analytical treatment such as the analysis developed in the
Electronic Supporting Information (ESI) is neither obvious nor
straightforward. In this case, a more reasonable and faster
approach would be to implement a numerical routine that is sim-
ple to use and can be modified according to specific user needs in
order to determine the optimum ADAPT sequence parameters A,
and m,.

A short numerical code suitable for these purposes is given in
the Electronic Supporting Information (ESI). The SpinDynamica
[52] routine simulates the effects of the pulse sequence in Fig. 1
to the end the first ADAPT cycle, i.e. the transformation of trans-
verse magnetization to singlet order. The code produces a 2D con-
tour plot as a function of the ADAPT delay A, and the loop number
m,, see Fig. 5. Bright yellow regions indicate optimal values of A,
and m,, and provide a straightforward indication of the relevant
parameter space to search experimentally.

A numerical simulation of the ADAPT;g sequence for '3C,-I
returns A;g = 0.9 ms and myg = 61, see Fig. 5a. These values are in
good agreement with the experimental data, see Fig. 3a and b,
and the parameters predicted by the analytical formalization, see
the Electronic Supporting Information (ESI). Fig. 5b reports a
numerical simulation for Ala-Gly using the ADAPTg pulse
sequence. The simulation computed the following parameters:
Ago = 17.2 ms and mgo = 5. These values are in approximate agree-
ment with the experimentally determined parameters although a

Table 3

Experimental conversion efficiencies (¢€), durations (D), parameters and singlet lifetimes (Ts) for Ala-Gly obtained by using the ADAPToo, ADAPT;g and Sarkar pulse sequences.
Ala-Gly €% D/ms A,/ms my T1/ms To/ms Ts/s
ADAPTyq 17.7 86.0 17.2 5 - - 21.0+0.6
ADAPT; g 6.8 127.2 21.2 6 - - 20.0+0.4
Sarkar 11.0 35.3 - - 14.5 6.3 21.6+0.6
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Fig. 5. Simulated 2D contour plots of homonuclear ADAPT transfers for (a) '>C,-1 and (b) Ala-Gly. Longitudinal magnetization is converted to singlet order under the action of
the coherent spin Hamiltonian given in Eq. (S1). The experimental parameters for '*C,-I and Ala-Gly are given in Section 3. No relaxation was included in the simulations.

discrepancy remains, see Fig. 3¢ and d. Numerical trajectories
detailing the conversion of magnetization to singlet order are pre-
sented in the Electronic Supporting Information (ESI).

5. Conclusions

We have conceived an alternative pulse sequence to access
long-lived singlet order based on a repeated pulse-delay module.
The homonuclear ADAPT method has been experimentally vali-
dated for a large range of coupling regimes, and has been compared
against commonly used long-lived state preparation procedures.
The sequence efficiently converts magnetization to singlet order
in the strong-coupling and chemical equivalence regimes. A refo-
cused homonuclear ADAPT sequence, demonstrated in the strong-
coupling limit, overcomes issues related to spin system evolution
under a resonance offset, making the sequence general and robust.
Analytical expressions for the delay A, and the number of loops m,,
have been derived under strong-coupling and chemical
equivalence conditions, and are in good agreement with the exper-
imentally determined parameters. A custom-made SpinDynamica-
based routine is provided to numerically calculate the delay
between hard pulses and the number of loops. As the pulse
sequence is easy to implement and flexible with respect to the
hard pulse flip angle, we believe that the homonuclear ADAPT is a
promising method for use in the future applications of long-lived
states.
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