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Some nuclear spin systems support long-lived states, which display greatly extended
relaxation times relative to the relaxation time of nuclear spin magnetization. In
spin-1/2 pairs, the such a long-lived state is given by singlet order, representing the
difference of the population of the nuclear singlet state and the mean population of
the three triplets. In many cases, the experiments with long-lived singlet order are
very time-consuming because of the need to wait for singlet order decay before the
experiment can be repeated; otherwise spin order remaining from a previous mea-
surement may lead to experimental artefacts. Here we propose techniques for fast
and efficient singlet order destruction. These methods exploit coherent singlet-triplet
conversion; in some cases, multiple conversion steps are introduced. We demonstrate
that singlet order destruction enables a dramatic reduction of the waiting time be-
tween consecutive experiments and suggest to use this approach in singlet-state NMR

experiments with nearly equivalent spins.
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I. INTRODUCTION

Experiments with nuclear singlet spin order!'™ are attracting increased attention in Nu-
clear Magnetic Resonance (NMR). In systems of spin-1/2 pairs, singlet order, representing
the population imbalance between the singlet and triplet states, is often long-lived, in the
sense that its relaxation time Ts is much longer than the relaxation time 77 of the longitu-
dinal nuclear spin magnetization. The increased Ty lifetime is due to the fact that nuclear
singlet order is protected against some of the relaxation mechanisms. Specifically, singlet
order is immune to relaxation driven by the intra-pair dipole-dipole coupling, which often
gives the dominant mechanism for T} relaxation. Very large ratios Ts/T; have been demon-

4-6

strated in various cases The extended lifetime of nuclear singlet spin order paves the

way to a number of new NMR applications, for example, to studies of slow processes’ 4,
characterization of protein-ligand binding'? and storage or transport of enhanced nuclear

6.14723 = The mechanisms of singlet order decay have been studied in some

spin polarization
detail*?* revealing the role of various fluctuating interactions, e.g., chemical shift anisotropy,

spin-rotational interaction, etc.

A special case of systems possessing a long-lived singlet state is given by molecules with
pairs of nearly-equivalent spins, in which the non-equivalency is achieved by a small chemical
shift difference®. In this case the J-coupling is much greater than the difference in the NMR
frequencies of the two nuclei. Consequently, the singlet state is almost an eigenstate of the
system even at a high external magnetic field. A similar situation is met when the two spins
are chemically equivalent but magnetically non-equivalent?® 27, due to a small difference in
J-couplings to other spins in the molecule. Remarkably, in systems of nearly-equivalent spins

the long-lived state can be sustained even at high fields in the absence of spin-locking®.

Since the singlet state is nearly an eigenstate of the system, experiments with pairs of
nearly equivalent spins require special care. For instance, generation and readout of the
singlet state should be done using special pulse sequences. The known NMR methods for
magnetization-to-singlet (M2S) conversion (utilized to generate the singlet order) and reverse
singlet-to-magnetization (S2M) conversion (used for singlet-state readout) in such spin pairs
include a CPMG-based NMR pulse sequence with pulses synchronized with the J-driven
spin evolution?®, SLIC (Spin-Locking Induced Crossing) method?® and APSOC (Adiabatic-

Passage Spin Order Conversion) method3’?!. However, since singlet order relaxes very
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slowly, the repetition rate of NMR experiments becomes low: in general, the delay between
subsequent NMR experiments should be long enough that not only spin magnetization but
also the singlet order relax to their equilibrium values. In practice, such delays should be
of the order of 37Tg to 5Ts, instead of the much shorter delay of 37T} to 57T}, sufficient for
the spin magnetization to relax. For very long T relaxation times, which are of interest for
many applications, the relaxation delay becomes so long that repetitive experiments might
become very time consuming.

In this work, we propose a family of methods aimed at fast Singlet Order Destruction
(SOD) in pairs of nearly equivalent spins. The SOD block can be combined with singlet-
state NMR experiments in a straightforward way to speed them up. We demonstrate fast
destruction of singlet order under the action of the SOD techniques and also a significant
reduction of the measurement time using two examples. The first one is dealing with exci-
tation of the “forbidden” transitions®? in a strongly-coupled spin pair: in these experiments
we analyze the nutation curves measured after excitation by a weak selective NMR pulse.
We clearly demonstrate that the proposed SOD schemes provide a strong reduction of the
repetition time also avoiding the detrimental influence from the previous experiment. The
second example is given by measurements of the typical singlet order decay kinetics where

the SOD block also enables a similar reduction of the total time of the experiment.

II. THEORY

In this work, we aim to destroy singlet spin order, which is defined as the singlet-triplet

population imbalance:
1
SO:PS—<PT>, where(PT):§{PT++PTO+PT7} (1)

Here P; is the population of the corresponding state; (Pr) is thus the average population
of the three triplet states. To perform fast singlet order destruction we propose a SOD
technique presented in Figure 1. The idea of SOD is repetition of the following two steps.
The first step is equalizing the populations of the triplet states. According to eq. (1) and
the fact that ), P, = 1, the populations after equalization are defined as

3.-50+1 1— 50

P Pr) =
S 4 a<T> 4

(2)
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The second step is exchanging the populations of the singlet state and one of the triplet
states. In this particular case, it does not matter, which of the three triplet states is chosen,
as they all have the same population. For the sake of generality, we assume that exchange
of populations is not necessarily complete. Hence, we introduce the population exchange
efficiency, by presenting the population exchange as a rotation on the Bloch sphere by the
angle 6; here 6 = m corresponds to complete exchange of the populations. After rotation,
the singlet state population Pé becomes equal to

/ 0 0
PS:P5COSQ§+<PT>SH]2§ (3)

By using eq. (1) we rewrite this expression as

P:g:i—i-%(élcosgg—l) (4)

and the singlet order becomes SO’ = (4P — 1)/3. By using eq. (4) we obtain

;SO 0
SO = —=(4cos* = —1 5
3 < cos” 5 ) (5)
Hence, we can see that when Cosg = %, ie., 0= %ﬂ, singlet order becomes zero independent

of its initial value. It is worth mentioning that some techniques allow one to set the 6 angle
equal to a value of choice, whereas, e.g., in APSOC, it is hard to set 6 equal to a precise
value (when APSOC pulses are optimized 6 is close to 7). Nonetheless, the SOD scheme is
still applicable: when 6 # 2* SOD can be implemented by repeating the cycle (conversion)-
(triplet equalization) multiple times. In such a scheme, singlet order decays exponentially
with the number of cycles, n. For instance, when 6§ = 7 (exact exchange of populations) the

SO dependence on n is as follows:

1
(=3)"
where SO;,; is the initial spin order. Thus, when § = 7 we obtain SO(n = 1) = —S0;,;/3,
SO(n = 2) = SO;,;/9, etc. The SOD procedure should be repeated until singlet order is

SO(n) = SO (6)

completely erased.

The SOD block can be integrated in protocols of NMR experiments with singlet spin
order. In this work, we analyze how singlet order decays upon application of the SOD
block and also demonstrate how the proposed method can be used to speed up experiments

involving long-lived singlet order.
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FIG. 1. Singlet Order Destruction (SOD) scheme proposed in this work. The SOD block (subplot

a) includes equalization of the triplet state populations, followed by an T" <+ S conversion element.

After triplet equalization and conversion (subplot b) singlet order becomes smaller. When the
2

rotation angle is § = = complete singlet order destruction will occur in single step, i.e., n = 1.

Otherwise, the sequence should be repeated until complete singlet order destruction.

Another approach to singlet order destruction is given by dynamic coupling of the long-
lived singlet state with the fast-relaxing triplet manifold. A possible method is to apply a
pseudo-cw SLIC pulse?®, which is a resonant radiofrequency (RF) pulse with the amplitude
matched to J. As a result, the singlet order can be destroyed on the timescale of T;. This
method is not nearly as fast and efficient as the SOD method; for this reason, it is discussed

only in Supplementary Material.

III. METHODS
A. Sample preparation

All experiments were performed using a specially designed naphthalene derivative* with
two 13C labels (hereafter, *C,-I), which constitute a pair of nearly equivalent spins possess-
ing a long-lived singlet state. To prepare the sample, we place an acetone solution of ¥Cy-I
in a sealed microcell insert, which was positioned in a standard 5 mm NMR tube and fixed
approximately 1 cm above the bottom. The NMR tube with the insert inside was filled with
protonated acetone and sealed. As a result, the entire sample is located inside the NMR
coil and high homogeneity of both static By field and RF-field is achieved3?:33.

The structure and NMR spectrum of **Cs-I in deuterated acetone are shown in Figure 2.
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From the spectrum, one can readily see that the spins are strongly coupled, i.e., the coupling
strength, J, is much greater than the difference, dv, in their Zeeman interactions with the
By field. As a result, in the spectrum there are two strong lines in the center of the spectrum
(with the splitting between them equal to approximately dv?/2J) and two weak satellites,

4. In the present case, at the

which are spaced by ~ J from the center of the spectrum
magnetic field By = 16.4 T the satellites are approximately 120 times weaker than the
central lines. The satellites correspond to NMR transitions between the outer triplet states,
|T%), and the state, which is only slightly different from |S): the intensity of these lines is
thus strongly reduced as singlet-triplet transitions are forbidden transitions in NMR. Due
to the fact that the spin system is strongly coupled, singlet order can be sustained for a

time period of Tg > T} even at high field in the absence of spin-locking; in the present case,

TS ~ 30T1

ocD, ocD,
D;CO 0CD(CD;),
2
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FIG. 2. Doubly '3C-labelled naphthalene derivative, 13Cy-I, with the '3C labels highlighted and
its 13C NMR spectrum at By = 16.4 T. In a 20 mM solution in acetone-dg 3Cs-I has T3 = 7 s
and Tg = 217 s at By = 16.4 T in the absence of spin-locking. The strong inner peaks of the
NMR quartet are split by 0.9 Hz (see inset). One of the small outer peaks of the AB spectrum is

enlarged.
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B. NMR pulse sequences

The blocks of the general SOD scheme illustrated by Figure 1 can be implemented in
different ways. In this work, we used the following methods for triplet equalization and

T < S conversion.

Triplet equalization. To equalize the populations of the triplet states, one can use a
90-degree pulse, which, however, generates unwanted spin coherences. In the simplest way,
these coherences can be destroyed by applying a magnetic field gradient. A more complicated
but also more efficient method makes use of the so-called Tyo-filter,>*35 which wipes out any
spin order but singlet order. The Tyy-block comprises RF-pulses with properly set phases
and magnetization flip angles and magnetic field gradients, see Figure 3(c). A comparison of
the performance of the different triplet equalization elements is presented in Supplementary

Material.

Triplet-singlet conversion. Spin order conversion can also be performed in various
ways: here we consider in detail two conversion methods, APSOC and a J-synchronized

CPMG-based sequence.

The APSOC method3%3136  see Figure 3a, swaps the populations of the singlet state and
a triplet state of choice by adiabatic correlation of states in the RF-rotating frame upon
a slow increase of the RF-field strength, v4. Indeed, is one of the eigenstates at v; = 0 is
approximately equal to the singlet state, and it is correlated with the |T'.) or |T_) state,
which are the eigenstate at a high v;. The conversion pathway, |S) — |T}) or |S) — |T-),
is chosen by setting the RF-frequency. To achieve a high degree of adiabaticity with a
moderate pulse duration, we use optimized shapes3337 of the APSOC pulses, introducing
“constant adiabaticity” pulses. Finally, it is important to note that the APSOC pulse with
an increasing v;(t) correlates the singlet state with the |T.) states, as introduced in the

“tilted” frame with the quantization axis parallel to the RF-field in the rotating frame.

In the J-CPMG method, see Figure 3b, we use a train of pulses, with the delays adjusted
to the value of the J-coupling, 7; = 1/4.J; here each pulse is a composite 180° pulse. This
pulse sequence performs a rotation in the space spanned by the |S) state and the central
triplet |7p) state. By changing the number of pulses, n;, in the pulse train, it is possible to

vary the rotation angle 6. Details of this method are given elsewhere®®.

7
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FIG. 3. Building blocks of the SOD pulse sequence. Subplots (a) and (b) schematically show
the APSOC and J-CPMG sequences, respectively. The APSOC pulse (a) is a shaped pulse with
adiabatically increased RF-field amplitude with a duration 74psoc, maximal amplitude v{"** and
frequency v, ¢, which is slightly shifted from the center of the spectrum (as shown schematically
by a wavy arrow). Parameters of the APSOC pulses used here: v = 100 Hz (maximal strength
of the RF-field), Tapsoc = 0.34 s (pulse duration), A = 10 Hz (off-set of the RF-field from the
center of the spectrum). The J-CPMG block (b) comprises a train of composite 9071809990 pulses
with a delay, 77, matched to the J-coupling value; the cycle is applied n; times to achieve the
desired degree of spin order conversion. Parameters of J-CPMG used here: 7; = 4.63 ms and
ny = 6 (to achieve § = 2F) and n; = 8 (to achieve § = 7. Subplot (c) shows the Ty filter,
which comprises RF-pulses and pulsed field gradients. The white and black boxes represent 90
and 180-degree pulses, respectively. The gradient durations are {dy,ds,d3} = {4.4,2.4,2.0} ms,
the gradient sterngths are {G1, G2, G3} = {0.75,2.25,0.51} mTxcm™. The time interval 7, equals
1.8 ms. The gradient duration was randomly varied with the amplitude +15% to avoid gradient

correlation through Ty repetition
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IV. RESULTS AND DISCUSSION

A. Singlet order destruction

First of all, we demonstrate that the proposed SOD scheme enables singlet order destruc-
tion on a time scale much shorter than T and even shorter than 7;. The timing scheme of
the experiment is shown in Figure 4. First, the longitudinal magnetization is converted into
singlet order by an APSOC pulse with an adiabatically ramped-up RF-field strength (M2S
step). To estimate singlet spin order generated in this manner, we apply the Ty, filter?,
followed by another APSOC pulse with an adiabatically decreased RF-field strength (S2M
step). A 90° pulse is applied to induce a free induction decay; the signal amplitude is de-
termined from teh NMR spectrum obtained by Fourier transformation of the free induction
decay. As shown before,3® such a scheme allows one measuring the time trace of singlet

order relaxation. Note that in this experiment the APSOC pulses30:31:36

perform spin order
conversion in the following way. The APSOC pulse with an adiabatically increased RF-field
converts the population of the |7 ) state (as defined in the frame with z being the quanti-
zation axis) to that of the |S) state. The pulse with a decreased v4(t) amplitude works in
the opposite way, performing the S — T, conversion and generating z-magnetization from

singlet order.

Singlet lifetime measurements were performed by varying the relaxation delay between
the APSOC pulses. In the present case we measure the decay time traces in the presence of
a SOD block; hence, to increment the relaxation delay we vary the number of cycles, n, in

this block. The resulting NMR signal is measured as a function of the number of cycles.

The singlet order decay curves are shown in Figure 5. One can see that all proposed
schemes provide complete desctruction of singlet order on the timescale much shorter than
Ts. In the case of exact population exchange, Figures 5a and 5b, the APSOC method and
J-CPMG provide the same efficiency and the n-dependence is the same for both methods.
Nevertheless, J-CPMG enables faster singlet order destruction because a single conversion
step has a shorter duration. The n-dependence of singlet order contains oscillations coming
from the fact that after each population swapping the SO value changes the sign according

to eq. (6). In each cycle, the SO magnitude is reduced by approximately a factor of 3.

The result for the SOD sequence using J-CPMG with the optimized rotation angle,

9
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FIG. 4. Experimental protocol for measuring singlet order decay curve under the action of different
SOD schemes. The number of the SOD cycles, n, is varied to increment the relaxation period.
In case (a) the SOD block comprises the Ty filter followed by an APSOC pulse, optimized for
T, — S conversion. In case (b) the Tpg filter is followed by a J-CMPG block optimized such that

9:7ror0:2§.

0 = %’r, is shown on Figure 5c. Here we acheive an even faster destruction of singlet order,
which almost completely disappears within a single cycle. Nevertheless, in the n-dependence
one can see small fluctuations, presumably coming from partial refocusing of the spin order
by magnetic field gradients, which are used in the Ty filter. Despite this, the performance

of this method is very good.

We compare the obtained relaxation curves with monoexponential curves, which decay
with the characteristic relaxation times of the system under study, i.e., with 7} and T (see
Figure 6, these two curves are not originating from an experiment but only schematically
represent the decay of magnetization and singlet order). As one can see, the proposed SOD

schemes wipe out the singlet order much faster than both 77 and Tys.

Hence, our measurements clearly show that the proposed SOD method can swiftly erase
the singlet order. Henceforth, we will use the SOD variation with the Tjy filter followed by
an APSOC pulse.

10
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FIG. 5. Singlet order as a function of the number of SOD cycles, n, obtained using the protocol
shown in Figure 4. In case (a) the SOD element consists of the Ty filter followed by an APSOC-up
pulse. In cases (b) and (c) the SOD element comprises the Tp filter followed by a J-synchronized
echo trains, which exchanges the populations of the Ty and S states. The number of echo cycles is

8 (b) and 6 (c). In all cases, the signal intensity is normalized by that of the thermal NMR signal.

B. Measurement of the nutation curves for forbidden transitions

In this subsection, we demonstrate how the SOD method can be applied to nutation
experiments on forbidden transitions; such experiments are of interest for generating singlet-
triplet coherences. In this case, we excite the corresponding coherences®? by using a selective
RF-pulse of a variable duration. The forbidden transitions are the transitions between the
7)) states and the state, which almost coincides with |S). If the pulse is selective, which
is guaranteed by using a low RF-field strength and a Gaussian pulse envelope, only the
transition of interest is excited and the difference in the populations, (Pr, — Ps), is converted
into the coherence, which is detected by measuring the intensity of the corresponding NMR
line. This method gives rise to an enhancement of this line: upon complete conversion
of the population difference into the coherence, the intensity of the forbidden transition

increases by a factor of about 6.4 for 13Cy-1, as shown previously.?? At the same time, the

11
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FIG. 6. Comparison of the experimental singlet order decay curves obtained using SOD (blue
circles) with monoexponential curves, decaying with characteristic times 77 = 7.14 s (red line) and

Ts = 220 s (green line).

populations of the |S) and |7} ) states become different from their equilibrium values and
singlet order is generated. For this reason, repetition of experiments of this kind require
that both magnetization and singlet order relax back to their equilibrium values before the

next experiment.

The results of the nutation experiments are shown in Figure 7. In this case, the nutation
pattern is a sine function with its period determined by the RF-field strength; upon com-
plete conversion of the population difference into the coherence a significant enhancement of
the NMR line intensity is found, which is about 6. The simplest way to achieve equilibrium
values of both magnetization and singlet order is to introduce a relaxation delay of about
3-Ts to 5-Ts. However, this straightforward method is impractical when Ty is long: in
the present case, the delay of 5 - Ts would correspond to approximately 1200 s rendering
the repetition time very long. At the same time, complete relaxation of singlet order is
a pre-requisite for accurate measurement of the nutation curve: when the delay between
subsequent experiments is 5 - 7} (which is only 35 s, i.e., much less than Ts) the nutation
patterns are strongly distorted and the maximal NMR line enhancement drops by approxi-
mately a factor of 2. In this situation, the proposed SOD method gives a remedy: one can

obtain exactly the same nutation curve as for a very long delay but using a much shorter

12
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repetition time. In the example shown in Figure 7 the duration of the SOD block is only
7 s, and it is followed by a delay of 5 - T7. Hence, a reduction of the total time required to
run the experiment is given by approximately a factor of Ts/T} =~ 30. This example clearly
shows that the SOD methods proposed here can significantly speed up experiments with

long-lived singlet order.

FIG. 7. Nutation patterns for excitation of a single “forbidden” transition obtained using a se-
lective Gaussian pulse. (a) Pulse sequence with a relaxation period of 5 - 7] between subsequent
measurements. (b) Pulse sequence using the SOD block prior to the relaxation delay. (c) NMR
spectrum with the forbidden transition indicated. (d) Nutation patterns obtained by using the
pulse sequences (a) (red circles) and (b) (green stars, blue half-filled circles). The SOD block du-
ration is 7 s (corresponding to 18 repetitions of SOD); the frequency of the pulse was set equal to
the frequency of the high-field forbidden transition; the same phasing was used to obtain all NMR
spectra. For each point, 4 scans were performed. All spectra were normalized by the line intensity
in the thermal NMR spectrum; the resulting spectrum comes from 128 acquisitions using a 12 Hz

Gaussian pulse of 0.3 s duration. The solid line shows the simulation by a decaying sine function.

13
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C. Singlet order decay measurements

Perhaps, the most obvious application of the SOD method is given by Ts measurements.
Such experiments are commonly done in the following way: one generates singlet order using
an M2S conversion element, let the population imbalance relax during a time period 7,
eliminate any residual spin order by using the Tj filter, convert the singlet order back to
magnetization and measure the NMR signal. By varying the evolution time we can get a
monoexponetial decay curve: by fitting the relaxation trace we determine the conversion
efficiency and the T decay time. One should note, however, that application of the outlined
pulse sequence can generate non-thermal singlet order, which persists if the delay between
subsequent experiments is not sufficiently long, and may affect subsequent measurements.
To avoid such experimental artefacts and reduce the time between the experiments, we
propose to use the SOD sequence followed by a much shorter delay of 5 - T;. The result of
a T's measurement using the SOD method is shown in Figure 8.

It is important to note that the experimental curves obtained using either a long waiting
time of 5 - Ts or the SOD block between subsequent experiments are exactly the same, i.e.,
they are monoexponentially decaying curves. When the waiting time is reduced to 5-7; and
the SOD block is not used, there is a small rise of the singlet order at short 7., times, i.e.,
the shape of the relaxation trace is distorted. Here we refrain from a detailed analysis of this
effect and only provide a brief intuitive explanation of the experimental finding. To analyze
the observed effect, we assume that 7., = 0, i.e., that the Ty filter is applied immediately

after the APSOC pulse. At thermal equilibrium the state populations are equal to
1 1 1
PT+:Z(1+A)7 PT7:Z(]-_A)7 PTOZPS:Z (7)
where A = h;’% is the Boltzmann factor, 7 is the nuclear gyromagnetic ratio. After the 7', —

S conversion step followed by application of the Ty filter the average triplet population, (Pr),

is smaller than that at thermal equilibrium, being equal to (Pr) = 1= = 1(1 — 2). After

the S — T conversion step, the situation is opposite: Pg = i(l — %), i.e., the singlet
state is underpopulated and (Pr) = % = ;11(1 + %), i.e., the mean triplet population is
greater than that at equilibrium conditions. During the delay of 5-T7 triplet relaxation takes
place. If we neglect singlet state relaxation and assume complete relaxation in the triplet
manifold, the population of the T, state can be written as Pr, = (Pr)(1+A) = 1(1+ 12),

which is greater than the value at thermal equilibrium (7). Hence, singlet order is increased

14
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FIG. 8. Singlet order decay obtained using the APSOC sequence. (a) Pulse sequence with a
relaxation period of 5T} or 5 - Tg between subsequent measurements. (b) Pulse sequence using
the SOD block and a relaxation delay of 5 - T7; here the SOD block of a duration of 7 s consists
of 18 cycles with a APSOC pulse followed by application of the Tpy filter. (c¢) Singlet order decay
time trace obtained by using the pulse sequences (a) (red circles and blue triangles) and (b) (black
squires). The signal intensity is normalized to that of the thermal NMR spectrum. The parameters

of APSOC pulse are the same as in Fig. 3.

after the subsequent S — T, conversion step, which is in agreement with the experimental

observation.

V. SUMMARY

In this work, we propose efficient schemes for singlet order destruction in pairs of nearly
equivalent spins. These schemes utilize singlet-triplet conversion and an element (a field

gradient or Tyo-filter), which removes residual spin order in the triplet manifold. We are able

15
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to demonstrate that the times required to wipe out the singlet order are much shorter than
the T relaxation time and are even shorter than the T} relaxation time. Consequently, such
schemes can be used to reduce dramatically the total time of experiments with long-lived
singlet order by minimizing the relaxation delay between subsequent measurements. Hence,
we suggest to use the SOD techniques as blocks in pulse sequences used in singlet-state
NMR experiments dealing with pairs of nearly equivalent spins. We can clearly demonstrate
that without SOD such experiments take unreasonably long time or lead to artefacts or lack
of reproducibility. Strongly coupled spin pairs can be encountered in molecules specially
designed for experiments utilizing remarkable properties of singlet states or in experiments
performed at low fields, where the differences in NMR frequencies are reduced and become
smaller than J-coupling.

SUPPLEMENTARY MATERIAL

See Supplementary Material for discussion of SLIC-based singlet order destruction and

implementation of the triplet equalization element in the SOD sequence.
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