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ABSTRACT

Coupled pairs of spin-1/2 nuclei support one singlet state and three triplet states. In many circumstances, the nuclear singlet order, defined
as the difference between the singlet population and the mean of the triplet populations, is a long-lived state that persists for a relatively long
time in solution. Various methods have been proposed for generating singlet order, starting from nuclear magnetization. This requires the
stimulation of singlet-to-triplet transitions by modulated radiofrequency fields. We show that a recently described pulse sequence, known as
PulsePol [Schwartz et al., Sci. Adv., 4, eaat8978 (2018)], is an efficient technique for converting magnetization into long-lived singlet order.
We show that the operation of this pulse sequence may be understood by adapting the theory of symmetry-based recoupling sequences in
magic-angle-spinning solid-state nuclear magnetic resonance (NMR). The concept of riffling allows PulsePol to be interpreted by using the
theory of symmetry-based pulse sequences and explains its robustness. This theory is used to derive a range of new pulse sequences for
performing singlet-triplet excitation and conversion in solution NMR. Schemes for further enhancing the robustness of the transformations
are demonstrated.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0103122

. INTRODUCTION

Long-lived states are configurations of nuclear spin state pop-
ulations, which, under suitable circumstances, are protected against
important dissipation mechanisms and, therefore, persist for unusu-
ally long times in solution.' ** The seminal example is the singlet
order of spin-1/2 pair systems, which is defined as the population
imbalance between the spin I = 0 nuclear singlet state of the spin pair
and the spin I = 1 triplet manifold.”"” Nuclear singlet order may be
exceptionally long-lived, with decay time constants exceeding 1 h in
special cases.'® The phenomenon of long-lived nuclear spin order
has been used for a variety of purposes in solution nuclear mag-
netic resonance (NMR), including the study of slow processes such
as chemical exchange,””® molecular transport,”’ *’ and infrequent
ligand binding to biomolecules,”’ " as well as quantum information
processing.’""” The dynamics of nuclear singlet states is also cen-
tral to the exploitation of parahydrogen spin order in hyperpolarized

NMR experiments.”® %" Smglet NMR has also been applied to
imaging and in vivo experlments, PIIAE and related techmques
such as spectral editing’*”” and low-field spectroscopy.' > *

Several methods exist for converting nuclear magnetization
into singlet order in the “weak coupling” regime, meaning that
the difference in the chemically shifted Larmor frequencies greatly
exceeds the J- couphng between the members of the spin pair.”
Methods for the “near-equivalent” and “intermediate coupling”
regimes (where the chemical shift frequency difference is weaker or
comparable to the J-coupling) include the magnetization-to-singlet
(M2S) pulse sequence™ and variants such as gM2S$** and gc-M2S,”’
the spin-lock-induced crossmg (SLIC) method,” '* and slow passage
through level anticrossings. "

Recently, a new candidate sequence has emerged, namely, the
PulsePol sequence, which was originally developed to implement
electron-to-nuclear polarization transfer in the context of diamond
nitrogen-vacancy magnetometry.” *’ PulsePol is an attractively
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simple repeating sequence of six resonant pulses and four inter-
pulse delays. The Ph.D. thesis of Tratzmiller® reports numerical
simulations in which PulsePol is used for magnetization-to-singlet
conversion in the near-equivalent regime of high-field solution
NMR. These simulations indicate that PulsePol could display sig-
nificant advantages in robustness over some existing methods such
as M2S and its variants. In this article, we report the following: (i)
the confirmation of Tratzmiller’s proposal by experimental tests; (ii)
the use of symmetry-based recoupling theory, as used in magic-
angle-spinning solid-state NMR,” ™’ for elucidating the operation
of this pulse sequence and predicting new ones; (iii) the PulsePol
sequence and its variants may be used to excite singlet-triplet coher-
ences; (iv) the robustness of the singlet-triplet transformation may
be enhanced further by using composite pulses.

The PulsePol sequence was originally derived using average
Hamiltonian theory with an explicit solution of analytical equa-
tions.”" In this article, we demonstrate an alternative theoretical
treatment of PulsePol derived from the principles of symmetry-
based recoupling in magic-angle-spinning solid-state NMR.**"’
This theoretical relationship is surprising since the singlet-to-triplet
conversion in solution NMR appears to be remote from recou-
pling in rotating solids. Nevertheless, as shown below, the problem
of singlet-triplet conversion may be analyzed in a time-dependent
interaction frame in which the nuclear spin operators acquire a
periodic time dependence through the action of the scalar spin-spin
coupling. The time-dependent spin operators in the interaction
frame may be treated in a similar fashion to the anisotropic spin
interactions in rotating solids, in which case the periodic time
dependence is induced by the mechanical rotation of the sample.
In both contexts, selection rules for the average Hamiltonian terms
may be engineered by imposing symmetry constraints on the applied
pulse sequences.

One common implementation of PulsePol corresponds to the
pulse sequence symmetry designated as R4} by using the notation
developed for symmetry-based recoupling.”" " As shown below,
the spin dynamical selection rules associated with R43 symmetry
explain the main properties of the PulsePol sequence. Furthermore,
this description immediately predicts the existence of many other
sequences with similar properties. Some of these novel sequences are
demonstrated below.

PulsePol deviates from the standard construction procedure for
symmetry-based recoupling sequences in solids. The deviation is
subtle but invests PulsePol with improved robustness. Incorporating
composite pulses can increase the robustness further.

Il. THEORY
A. Spin Hamiltonian

The rotating-frame spin Hamiltonian for a homonuclear two-
spin-1/2 system in high-field solution NMR may be written as

H(t) :Hcs+H]+Hrf(t), (1)
where the chemical shift Hamiltonian is given by
Hcs = Hx + Ha ()

and the individual Hamiltonian terms are

ARTICLE scitation.org/journalljcp

1
Hy = E‘UZ(IIZ + L),

1
Hp = E‘UA(IIZ - L), (3)

Hj = wjI; - I,.

Here, ws is the sum of the chemically shifted resonance offsets
for the two spins, wa is their difference, and w; = 271J is the scalar
spin-spin coupling (J-coupling).

The interaction of the spin pair with resonant radiofrequency
fields is represented by the Hamiltonian term H,¢(t). The rotating-
frame Hamiltonian for the interaction of the nuclei with a resonant
time-dependent field is given by

Hrf(t) = wnm(t){cos ¢(t) (le + sz) + sin ¢(t) (Ily + IZy)}) (4)

where the nutation frequency wny: is proportional to the radiofre-
quency field amplitude.

The terms Hy, Hj, and H, all mutually commute. The term
H,j, on the other hand, commutes, in general, with neither H; nor
H,s. We consider here the case of “near-equivalent” spin pairs,”*’
for which |wa| <« |wyl. In this case, the term H, may be treated as a
perturbation of the dominant terms Hy and H,y.

B. Propagators

The propagator U, (t) generated by a Hamiltonian term Hp is
a unitary time-dependent operator solving the differential equation

d .
aUA(t) = —iHa(t)Ua(t) (5)

with the boundary condition U (0) = 1. Since H,s and Hy commute,

the propagator U(t) under the total Hamiltonian of Eq. (1) may be
written as follows:

U(t) = Uy (t) Use(t) Ucs (), (6)

where the propagator Ucs(t) solves the differential equation

%ch(t) = —iﬁcs(t)f]cs(t) (7)

with the boundary condition Ucs(0) = 1. The interaction-frame
chemical shift Hamiltonian Hcs(#) is defined as follows:

Hcs(t) = Urf(t)JrU[(t)THch](t)Urf(t). (8)

Equation (8) shows that the chemical shift terms acquire a double
modulation in the interaction frame: first from the action of the
J-coupling, and second from the action of the applied rf field.

Since the J-coupling is time-independent, the propagator Uy
has the following form:

Uj(t) = exp{-iHjt} = exp{—iwjtl; - I, }. 9)
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The singlet and triplet states of the spin-1/2 pair are defined as
follows:

1S0) =27 (o) ~ |Bar)).

|T41) = |aa),
" (10)
|To) = 27 (|ap) + |Ba)),
IT-1) = |BB).

Since the singlet and triplet states are eigenstates of Hj, with eigen-
values —3wy/4 and +wj/4, respectively, the propagator U; may be
written as follows:

U;(t)—exp{+13w/t}|So)(So|+exp{ 11w1t}Z|TM (Tum). (11)

The rf propagator Uy(t) corresponds to a time-dependent
rotation in three-dimensional space, described by three Euler angles,

Une(t) = R(Que(1))
= Re (0 (1) )Ry (Ber (1) )Rz (e() ) (12)

with
R, (0) = exp{-ifl,}. (13)

The action of the modulated radiofrequency field on the spin sys-
tem may, therefore, be described in terms of a time-dependent set of
three Euler angles, Qu¢(t) = {ae(t), B:(2), yc(£)}.

In general, it is possible to modulate the amplitude wny(¢) and
the phase ¢(t) of the rf field in time, in order to generate any desired
trajectory of Euler angles Q.¢(¢).

C. Spherical tensor operators

It is convenient to define two spherical tensor spin operators of
rank-1, denoted as Tf and T, where the superscripts denote their
parity under exchange of the two spin-1/2 particles as follows:

(12)T,,(12)" =T,

L (14
(lz)Tlm(lz) :_Tlm)

where m € {+1,0,-1} and (12) denotes the particle exchange oper-
ator. The gerade spherical tensor operator is constructed from the
total angular momentum and shift operators for the spin system,

=271+ 1),
TIO =l + I, (15)
=271y + Ip).

g
Tl +1

Tg

1-1

The ungerade spherical tensor operator of rank-1 plays a prominent
role in the current theory. It has the following components:

T’er] = |T+1)<SO|,
TYo = |To){Sol, (16)
TV, = [To1) (S0l

ARTICLE scitation.org/journalljcp

Each component is given by a shift operator between the singlet state
and one of the three triplet states. The adjoint operators are given by

1+1 = [So){T+1l,
= 1S0)(Tol, (17)
T’ft—l = [So)(T-1|-

Both sets of operators T and T{ transform irreducibly under
the three-dimensional rotation group,

+1
R(Q)T,R'(Q) = ZIT{;’H,@}/H(Q),
=

R(Q)leRT(Q)_ Z le [4}4(0)

w=1

(18)

Here, @;‘/H(Q) represents an element of the rank-A Wigner rotation
matrix.*

The gerade spherical tensor operator TS obeys the stan-
dard relationship between its components under the adjoint
transformation,*

TgT (-1t _, (19)

However, the analogous relationship does not apply to the compo-
nents of the ungerade spherical tensor operator TY.

D. Interaction frame Hamiltonian

The chemical shift Hamiltonian terms, given in Eq. (3), may be
written in terms of the m = 0 spherical tensor operator components
as follows:

1
Hz Ew;’]l‘lo,

1 (20)
_ 2 u ut
HA—Z(UA( 10+T10).
From Eq. (11), these operators transform as follows under the
propagator Uj:

1
U (DHs Uy (1) = Jws T, on
21
1 u .
U]T(t)HAU](t) = Eam('ﬂ‘lfo exp{+iwst} + ']I‘IE exp{—za)/t}).

This may be combined with Egs. (8), (12), and (18) to obtain
the following expression for the interaction-frame chemical shift
Hamiltonian:

+1 +1

Hes() = 30 30 Humu(1), (22)

m=—1 pu=-1

where each term has the form
Himiu(t) = 0imipduo(=Bie(t)) expli(mawyt + uy(t)) } Quany (23)

in which d[io (B) is an element of the rank-1 reduced Wigner matrix.
The amplitudes wimix and spin operators Qy,,;,, take the following
values:
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1 u
@411 = S Wn Qr+11u = Ty

Qiow = 1!4 (24)

Qi-11u= (*UIATTT,W

1
w101 = iwz,

W1 -11p = EwA’

where p € {+1,0,-1}. Note that the singlet-triplet excitation terms
have quantum number m = +1, while the resonance offset term has
m=0.

For the terms wgm, and Qg above, the rank of the interac-
tion under rotations of the spins is specified as A = 1. On the other
hand, the “pseudo-space-rank” £ = 1 has no physical meaning and is
introduced to establish a correspondence with the notation used in
magic-angle-spinning solid-state NMR.”* %/

RO RY

909y 180, 90, 904, 180, 90.g

WW

180
90-90-¢ b 90-90-¢

9090+q>1 80,

9090+¢

T T

n
[standard]

FIG. 1. Standard implementation of an RN} sequence for singlet-triplet conver-
sion. (a) A basic R-element denoted Z2° is selected. This element induces a
rotation about the rotating-frame x-axis through an odd multiple of 7. In the current
case, the element Z2° is given by the composite pulse 90g18090g9 With delays
7 between the pulses such that its overall duration is g = n/(NJ). The conju-
gate sequence Zis generated from Z2° by a change in the sign of all phases.
(b) The sequence Z2° is given a phase shift of +¢, while the sequence Zis
given a phase shift of —¢, where ¢ = 7v/N. (c) The pair of sequences (%°)

and (%’D )—¢ is repeated N/2 times to give the standard implementation of an
RN} sequence (d).

ARTICLE scitation.org/journalljcp

E. Symmetry-based sequences

Symmetry-based pulse sequences” ®” were originally devel-

oped for magic-angle-spinning solid-state NMR, where the sample
is rotated mechanically with the angular frequency w, such that
its rotational period is given by 7, = |27/w,|. In the current case
of singlet-triplet excitation in solution NMR, the J-coupling plays
the role of the mechanical rotation. The relevant period is therefore
given by 17 = [27/wy| = [J7'].

In the current context, a sequence with RN, symmetry is
defined by the following time-symmetry relationship of the rf Euler
angles B..(t) and y,.(¢), which applies for arbitrary time points #,”* "

ﬂrf(t + —) Bue(t) £,

er(HW) yee(t) = el >

A complete RN, sequence has a duration of T = ntj, and is cyclic,
in the sense that the net rotation induced by the rf field over the
complete sequence is through an even multiple of 7.

The symmetry numbers N, n, and v take integer values. In the
case of RN, sequences, N must be even, while n and v are uncon-
strained. As discussed below, the symmetry numbers define the
selection rules for the spin dynamics under the pulse sequence.

The RN, Euler angle symmetries in Eq. (25) do not define
the pulse sequence uniquely. Nevertheless, there is a standard
procedure” " for generating these Euler angle symmetries, which
is sketched in Fig. 1. The procedure is as follows:

o Select an rf pulse sequence, known as a basic R-element, des-
ignated as Z°. This sequence may be arbitrarily complex, but
must induce a net rotation of the resonant spins by an odd
multiple of 7 about the rotating-frame x-axis. If the dura-
tion of the basic element % is denoted as 7z, this implies the
condition

Urf(TR) = Rx(pﬂ), (26)

where p is an odd integer.

e The duration of the basic element 7z is given by
r = (n/N)J ™', where n and N are the symmetry numbers
of the RN}, sequence.

e Reverse the sign of all phases in Z°. This leads to the
conjugate element designated A

e Give all components of the basic element %° a phase shift of
+7mv/N. This gives the phase-shifted basic element denoted
as ‘@g—nv/l\] '

e Give all components of the conjugate element %" "a phase
shift of —7v/N. This gives the element Vl /N

e The complete RN, sequence is composed of N/2 repeats of
the element pair, as follows:

RNZ = {‘%(-)i—nv/N‘%(lnv/N}N/z' (27)
The complete RN, sequence has an overall duration of

T=Nwm=n". (28)

J. Chem. Phys. 157, 134302 (2022); doi: 10.1063/5.0103122
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F. Selection rules

The propagator for a complete RN, sequence is given from
Eq. (6) by

U(T) = Uy(T)Us(T) Ucs(T). (29)

From the definition of an RN, sequence, the complete sequence
propagators Uj(T) and U,¢(T) are both proportional to the unity
operator and may be ignored. The operator Ucs(T) corresponds to
propagation under a time-independent effective Hamiltonian,

fjcs(T) = eXp{—iﬁcsT}. (30)

In the near-equivalence limit (Jwy| > |wal, |ws]), the effective Hamil-
tonian Hcs may be approximated by the first term in a Magnus
expansion,“‘ ”

Hes = H(Cls), (31)
where
7(1) +1 +1 7(1)
HCS = Z Z Hlmly’ (32)
m=—1pu=-1
64-67

In common with many recent papers, this article uses a num-
bering of the Magnus expansion terms that differs from the older
literature®” "' by one.

The individual average Hamiltonian terms are given by

7D :T“fTH (t) dt (33)
Imly o Imly >

where the interaction frame terms Hymi,(t) are given in Eq. (23).
The Euler angle symmetries in Eq. (25) lead to the following
selection rules for the first-order average Hamiltonian terms of RN,

64-67
sequences:

ﬁéin)/\y(to) =0 if mn—puv+ %Z,\, (34)
where Z) is any integer with the same parity as A. This selection rule
may be visualized by a diagrammatic procedure.””*°

In the current case, A = 1 for all relevant interactions, so that
Z) is any odd integer. The Hamiltonian components for which
mn — pv is an odd multiple of N/2 are symmetry-allowed and may
contribute to the effective Hamiltonian. A symmetry-allowed term
with quantum numbers {m, y} and ranks £=1=1 is given, in
general, by

ﬁﬁn)ly = Klmlywlmllemly) (35)

where the amplitudes w11, and spin operators Qy,,,;, are given in
Eq. (24).
The scaling factor xgy,3, of 2 symmetry-allowed term is given by

. TV
Kﬁmly = exp(_zyﬁ)Km/\‘u; (36)
where K, is defined with respect to the basic element A,

Ko = 7 [ " dio (1)) expi(uyfe(t) + mayt)}ae. (37

ARTICLE scitation.org/journalljcp

Here, % and y% represent the Euler angles describing the rotation

induced by the rf field under the basic element.”**’
Symmetry-based pulse sequences are designed by selecting

combinations of symmetry numbers N, #, and v such that all desir-

able average Hamiltonian terms Hz(zin),\ﬂ are symmetry-allowed, while
all undesirable terms are symmetry-forbidden. In most cases, the
basic element %° is selected such that the scaling factors #g, are

maximized for the desirable symmetry-allowed terms.

G. Transition-selective singlet-triplet excitation

Table I shows some sets of symmetry numbers {N, #n, v} under
which the average Hamiltonian terms with quantum numbers
{€,m,A, u} ={1,£1,1,£1} are symmetry-allowed, while all other
terms are symmetry-forbidden and are suppressed in the aver-
age Hamiltonian. In particular, all resonance-offset terms, which
have m =0, are symmetry-forbidden in the first-order average
Hamiltonian, for the symmetries in Table I.

For example, consider the symmetry R4}. The term
{t,mAu}={1,1,1,1} is symmetry-allowed since the
expression nm—vy evaluates to 3x1-1x1=2, which
is an odd multiple of N/2=2. On the other hand, the
term  {{,mApu}={1,1,1,-1} is symmetry-forbidden, since
nm—vyu evaluates to 3x1—-1x(—1)=4, which is an even
multiple of 2. Similarly, the resonance-offset term {¢,m,A,u}

TABLE I. A selection of RN;, symmetries that are appropriate for symmetry-based

singlet-triplet conversion in solution NMR. These symmetries select H%M terms

with quantum numbers {¢, m, A, u} given by {1, 1,1, +1}. Changing the sign of v
selects the terms {1, +1, 1, ¥1} instead. Scaling factors x1441 are given for the basic
R-element in Eq. (48), in the limit of radiofrequency pulses with negligible duration.

RN:: Ki111

R4;! —0.264
R4} -0.512
R45! 0.307
R4} 0.038
R4,* -0.029
R6;> —0.104
R62 -0.291
R6;2 0.360
R6g" 0.253
R6}, 0.068
R8;? -0.137
R8;! -0.371
R8! -0.498
R8? -0.495
RSy 0.385
R107* -0.110
R10;° -0.215
R10;> -0.309
R10;! -0.389
R10} -0.491
R102 -0.511
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={1,0,1,-1} is symmetry-forbidden since nm — vy evaluates to
3x0-1x(-1) =1, which is not an integer multiple of 2.

All symmetries in Table I select Hamiltonian components with
quantum numbers {¢,m,A,u} = {1,£1,1,+1} while suppressing all
other terms. In this case, the first-order average Hamiltonian is given
through Eq. (24) by

77 (D)
Heg = %1411 4101 411 +1Q1 411 41 + K1 —11 101 —11 -1Q1 11 -1

1
= EwA{K1+11+1T'f+1 + (K1+11+1TT+1)T}- (38)

Therefore, the first-order average Hamiltonian generates a selective
rotation of the transition between the singlet state |So) and the lower
triplet state |T1), as shown in Fig. 2(a),

g 1 —isr ist
ALY :Ewﬁzt(e SIS Tar| + ™| T )Sol). (39

The singlet-triplet nutation frequency and phase depend upon the
scaling factors as follows:

wrsx};t = walk141141] = walK1-11-1]5 (40)

¢st = arg(x1-11-1) = arg(—x1111)- (41)

a RN

|T_1) Q0

7o)

T 1) m@

b RN;”

S0)

T

To) | i&

1T 1) 200

1S0)

FIG. 2. Energy levels and approximate eigenstates of a J-coupled two-spin-1/2
system in the near-equivalence limit. (a) An RN? sequence, with symmetry num-
bers chosen to select terms {m, u} = {1, +1} and suppress all others, induces
a transition between the |Sy) and |T.+) states. Suitable symmetries are given
in Table |. One example is R4§'1. (b) If the symmetry number v is changed in
sign, average Hamiltonian terms with quantum numbers {m, u} = {+1, 1} are
selected. In this case, there is selective excitation of the transition between the
|So) and |T_;) states. One example is R4 ™.
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If a set of symmetry numbers {N,n,v} selects the terms
{€,m,\,u} = {1,+1,1,+1}, then the set of symmetry numbers
{N, n,—v} selects the terms {¢,m, A, u} = {1,£1,1,F1}. As indicated
in Fig. 2(b), the change in the sign of v leads to a selective rotation of
the singlet state and the upper triplet state.

In either case, the dynamics of the system may be described by
a two-level treatment. Define the single-transition operators’*’* for
the transitions between the singlet state and the outer triplet states
as follows:

1
LX) = S (Ta){Sol + S0)(Taal),
1
BT = S (T (Sol = 800 Teal), (42)

1
' - 5(|Tﬂ)<T¢1| =[S0 }{Sol)-

These operators have cyclic commutation relationships, "’

[I§T<i)’IyST(¢)] _ iIST(*). (43)

For the symmetries in Table I, the first-order average Hamilto-
nian in Eq. (39) may be written as follows:

AL =G (1) cosgr + 57 singr). )

Assume that the density operator of the spin ensemble is pre-
pared with a population difference between the lower triplet state
and the singlet state. This arises, for example, if the system is in ther-
mal equilibrium in a strong magnetic field. This state corresponds to
a density operator term of the form

p(O) ~ IET(+)’
omitting numerical factors and orthogonal operators. Suppose that
an integer number p of complete RN, sequences is applied, with
symmetry numbers selected from Table I. The excitation interval
is given by 7 =pT, where T = N7y is the duration of a com-
plete RN, sequence. From the cyclic commutation relationships
in Eq. (43), the density operator at the end of the sequence is
given by

(45)

p(r) 2 B cos(whur) = ') sin(whu) cos(gsr)
+ IjT(J’) sin(whet) sin(¢st). (46)

This suggests the following phenomena:

1. Excitation of Singlet-Triplet Coherence. If the interval 7 is cho-
sen such that wyy, 7 is approximately an odd multiple of 7/2,
the resulting density operator contains terms proportional to
the transverse operators I ST and I fT(Jr), indicating the exci-
tation of singlet-triplet coherence.”’ In practice, the evolution
time 7" is restricted to integer multiples of the basic element
duration 7z. In the absence of dissipative effects, the excitation
of a singlet-triplet coherence is optimized by completing the
following number of R-elements:

n* ~ round(7r/(4wnytr)) (ST coherence excitation).

J. Chem. Phys. 157, 134302 (2022); doi: 10.1063/5.0103122
© Author(s) 2022

157, 134302-6


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

2. Generation of Singlet Order. If the interval 7 is chosen such that
w357 is approximately an odd multiple of 7, the term I ZST(+) is
inverted in sign. This indicates that the populations of the sin-
glet state and the outer triplet state are swapped. This leads
to the generation of singlet order, which is a long-lived differ-
ence in the population between the singlet state and the triplet
manifold." ™ In the absence of relaxation, the conversion of
magnetization into singlet-order is optimized by completing
the following number of R-elements:

n* = round(7/(2wintr)) (SO generation). (47)

It follows that the application of an RN, sequence to a near-
equivalent two-spin-1/2 system in thermal equilibrium leads either
to the excitation of singlet-triplet coherences, or to the genera-
tion of singlet order, depending on the number of R-elements that
are applied. Experimental demonstrations of both effects are given
below.

There are technical complications if the number of applied R-
elements does not correspond to an integer number of complete RN,
sequences. In such cases, the operators Uy and Uy in Eq. (6) lead
to additional transformations. If the total number of completed R-
elements is even, the main consequence is an additional phase shift
of the excited coherences, which is often of little consequence. On
the other hand, if the number of applied R-elements is odd, then
the propagator U, swaps the |T41) and |T-;) states, exchanging the

IET(i) operators.

H. Implementation
1. Standard implementation

The standard implementation of an RN, sequence is sketched
in Fig. 1 and described by Eq. (27).

There is great freedom in the choice of the basic element %°
upon which the sequence is constructed. In this paper, we concen-
trate on the implementation shown in Fig. 1, in which the basic
element is a three-component composite pulse,”* with two 7 delays
inserted between the pulses,

A = (9090 — T — 1809 — T — 900p), (48)

where degrees are used here for the flip angles and the phases.
This composite pulse generates an overall rotation by 7 around the
rotating-frame x-axis,”” and hence is an eligible basic element %° for
the construction of an RN, sequence.

The scaling factor x1111, and hence the nutation frequency of
the singlet-triplet transition, depends on the choice of the basic ele-
ment. In the case of the basic element in Eq. (48), the scaling factor
is readily calculated in the limit of “6-function” pulses, i.e., strong rf
pulses with negligible duration. The scaling factors x1.41141 are given
for general N, n, and v by

N -
Kisllal = 2‘/2%(—1)““(" NICN) Gin? (nm/2N).  (49)
The scaling factors for a set of RN, symmetries appropriate for
singlet-triplet excitation are given in Table I. The scaling fac-
tors with the largest magnitude are offered by sequences with the
symmetries R4§, RSé, R8>, and RlO%.
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Since the scaling factors in Eq. (49) are real, the effective nuta-
tion axis of the singlet-triplet transition has a phase angle of zero,
¢gr = 0. This result applies to the basic R-element in Eq. (48), in the
d-function pulse limit.

The implementation of an RN, sequence by the procedure in
Fig. 1 provides selective excitation of the transition between the sin-
glet state of a near-equivalent spin-1/2 pair and one of the outer
triplet states. However, the sequence performance is not robust with
respect to the rf field errors. It is readily shown that a deviation of
the rf field from its nominal value induces a net rotation around
the z-axis, which accumulates as the sequence proceeds. This causes
a degradation in the performance in the case of radiofrequency
inhomogeneity or instability.

2. Riffled implementation

In magic-angle-spinning NMR, error compensation is often
achieved by the use of supercycles, i.e., repetition of the entire
sequence with variations in the phase shifts, or in some cases, cyclic
permutations of the pulse sequence elements.”” *’ PulsePol achieves
very effective compensation for the rf pulse errors by a much sim-
pler method, namely, a phase shift of just one pulse by 180°. This
simple modification may be interpreted as a modified procedure for
constructing sequences with RN, symmetry, but with built-in error
compensation.

Consider two different basic elements, denoted here as %’OA and
22, as shown in Fi g.3(a). In the depicted case, the two basic elements
differ only in that the central 180° pulse is shifted in phase by 180°,

% = (9099 — 7 — 180 — T — 9099,

(50)
8% = (909 — T — 180150 — T — 9099).
Under ideal conditions, both of these basic elements provide a net
rotation by an odd multiple of 7 about the rotating-frame x-axis,
and hence are eligible starting points for the RN,, construction pro-
cedure. Furthermore, in the §-function pulse limit, the Euler angle
trajectories generated by these sequences are identical. This implies
that in the case of ideal, infinitely short pulses, the elements 27 and
% are completely interchangeable. The modified RN, construction
procedure sketched in Fig. 3 exploits this freedom by alternating the
phase shifted “A” basic element (%%)W/N with the phase-shifted
conjugate “B” element (3?%/ ) —v/N-
The alternation of two different basic elements, as shown in
Fig. 3, resembles the “riffling” technique for shuffling a pack of cards,
in which the pack is divided into two piles, and the corners of the
two piles are flicked up and released so that the cards intermingle.
Therefore, the procedure in Fig. 3 leads to a riffled RN, sequence.
Under ideal conditions, and for pulses of infinitesimal duration,
the “standard” and “riffled” construction procedures have identi-
cal performance. However, an important difference arises in the
presence of the rf field amplitude errors. The errors accumulate
in the “standard” procedure, but cancel out in the “riffled” proce-
dure. Hence, the procedure shown in Fig. 3 achieves more robust
performance with respect to the rf field errors than the standard pro-
cedure in Fig. 1. However, it should be emphasized that this form
of error compensation does not apply to all basic R-elements, and
that even in the current case, strict RN, symmetry is only main-
tained in the limit of §-function pulses. Nevertheless, within these
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FIG. 3. The construction of a riffled RN} sequence for singlet-triplet conversion.
(@) Two basic R-elements are used; the elements Rg and Rg have identical
properties under suitable approximations; however, they have opposite responses
to pulse imperfections. In the current case, Rg is given by the composite pulse
90991809909, with delays = between the pulses such that its overall duration is
g = n/(NJ). The element R & is identical but with a 180° phase shift of the
central pulse (dark shade). The conjugate sequence R OB' is generated from ROB
by a change in the sign of all phases. (b) The sequence Rg is given a phase shift
of +¢, while the sequence ROB/ is given a phase shift of —¢, where ¢ = nv/N.
(c) The pair of sequences (R )4 and (Rg’)_qa is repeated N/2 times to give a
riffled RN, sequence (d). PulsePol is an example of a riffled RN} sequence (see
text).

caveats and restrictions, this error-compensation procedure is pow-
erful and useful. As discussed below, error-compensation by riffling
is responsible for the robust performance of PulsePol.

To see how a PulsePol sequence’ * arises from the rif-
fled RN, construction procedure, start with the pair of basic
R-elements given in Eq. (50). Consider the symmetry R43, which
is appropriate for transition-selective singlet-triplet excitation, as
shown in Table I. This symmetry implies that each R-element has
duration 7x = (3/4)] ' and, hence, that the delays between the
pulses are given by 7= 1x/2 = (3/8)J7" in the S-function pulse
limit.

The phase shifts +7v/N are equal to +45° in the case of R4}
symmetry. Hence, the pair of phase-shifted elements is given by

(=%)%)+45 = (90135 — 7 — 18045 — 7 — 90135),

o (51)
(%’% )45 = (90_135 — T — 180_225 — 7 — 90_135).
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This pair of elements may be concatenated, and the pair of elements
repeated, to complete the riffled implementation of R43,

R4 [riffled] = (25) 445 () )-a5(F)) a5 (A5 ) -5, (52)

If the riffled R4} sequence is given a —45° phase shift, we get

(@) ss(5 )5, = (2)o(h)-s0
= 9090 -7 180() -7 9090
. 90_130 -7 180_270 -7 90_13().

Adjusting the phases to the range [0,360°] gives
9090 -7 1800 -7 9090 . 90130 -7 18090 -7 90130, (53)

which is the version of PulsePol shown in Fig. 3(b) of Ref. 61. The
—45° phase shift is of no consequence for the interconversion of
singlet order and magnetization.

The riffled construction procedure may be deployed for the
other symmetries in Table I. For example, the riffled implementation
of R8§, using the basic elements in Eq. (50), is as follows:

3 T g 4
R8; [riffled] = | (%4 )+675(%p )-675
=[90157.5 — T — 180¢7.5 — 7 — 901575
- 90-1575 — T — 1801125 — T — 90—157.5]4, (54)

where the superscript indicates four repetitions and the interpulse
delays are given by 7 = 7x/2 = (7/8)J " in the §-function pulse limit.
Some sequences of this type have been proposed in the form of
“generalized PulsePol sequences.”"”"’

The performance of these sequences may be made even more
robust by using composite pulses for the 90° or 180° pulse sequence
elements.”*”>*""% Some examples are demonstrated below.

1. EXPERIMENTAL
A. Sample

Experiments were performed on a solution of a *C;-labeled
deutero-alkoxy naphthalene derivative (13C2—DAND), whose molec-
ular structure with its relevant NMR parameters is shown in Table II.
Further details of the synthesis of (**C,-DAND) are given in
Ref. 84. This compound exhibits a very long >C; singlet lifetime
in low magnetic field.'® The current experiments were performed
on 30 mM of *C,-DAND dissolved in 500 ul isopropanol-ds. The
two *C sites have a J-coupling of 54.39 + 0.10 Hz and a chemical
shift difference of 7.50 + 0.2 Hz in a magnetic field of 9.39 T. The
solution was doped with 3 mM of the paramagnetic agent (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) in order to decrease the T
relaxation time, allowing for faster repetition of the experiments, and
was contained in a standard Wilmad 5 mM sample tube.

B. NMR equipment

All spectra were acquired at a magnetic field 0f9.39 T. A 10 mm
NMR probe was used with the radiofrequency amplitude adjusted
to give a nutation frequency of wny/(27) ~ 12.5 kHz, correspond-
ing to a 90° pulse duration of 20 us. It was verified that the signs of
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TABLE II. Chemical structure of '3C,-DAND (1,2,3,4,5,6,8-heptakis(methoxy-d)-7-
((propan-2-yl-dy Joxy)naphthalene-4a,8a-["3Cy]) with its relevant NMR parameters
in a magnetic field of 9.39 T. The singlet-triplet mixing angle is defined as
Ost = tan™ (wA/ZnJ).24

OR1 OR1
R10 OR2 R, = CD;
R, = CD(CDy),
Rlo OR1 e — 13C
OR] OR]
Jec/Hz 54.39 + 0.10
AS/ppb 75.0 2.0
wa/(27) [Hz [@9.4 T] 7.50 +0.20
Ost/° 7.85+0.22

radiofrequency phase shifts correspond to the rotating-frame
Hamiltonian in Eq. (4), taking into account the sense of precession
and the radiofrequency mixing scheme.””"

C. Pulse sequences
1. Singlet-triplet excitation

The excitation of coherences between the singlet state and
the outer triplet states of 13C,-DAND was demonstrated using the
pulse sequence in Fig. 4(a). On each transient, a singlet destruction
block? is applied followed by a waiting time of ~5T) to establish
thermal equilibrium. This ensures an initial condition free from
interference by residual long-lived singlet order left over from the
previous transient. After thermal equilibration in the magnetic field,
an RN, symmetry-based singlet-triplet excitation sequence of dura-
tion Texc is applied, and the NMR signal is detected immediately
afterward. Fourier transformation of the signal generates the >C
NMR spectrum.

2. Singlet order generation

The generation of singlet order is assessed by the pulse sequence
scheme in Fig. 4(b). After the destruction of residual singlet order
and thermal equilibration, an M2S or an RN,; sequence of duration
Texe is applied to generate singlet order. This is followed by a Too

SOD———— RNj f—
" I500]-{ RN oo FNE [

FIG. 4. High-field NMR pulse sequences used in this work. (a) After a singlet-order
destruction sequence (SOD)20 and a waiting interval to establish thermal equilib-
rium, an RN, sequence is applied to thermal equilibrium magnetization, exciting
coherences between the singlet state and one of the outer triplet states. (b) Pro-
cedure for estimating singlet order generation. An RN, sequence is applied to
generate singlet order, followed by a Ty singlet-order-filtering sequence,*®’ and a
second RN} sequence to regenerate z-magnetization. The NMR signal is induced
by applying a composite 90° pulse (grey rectangle).
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singlet filter sequence.® This consists of a sequence of rf pulses and
pulsed field gradients that dephase all signal components not asso-
ciated with nuclear singlet order. The singlet order is reconverted to
z-magnetization by a second RN, sequence of equal duration to the
first, or by an S2M sequence (time-reverse of the M2S sequence).;‘('
The recovered z-magnetization is converted to transverse magne-
tization by a composite 90° pulse, and the NMR signal is detected
in the following interval. The signal amplitude serves as a measure
of the singlet order generated by the excitation sequence, and the
efficiency of recovering magnetization from the singlet order. The
maximum theoretical efficiency for passing magnetization through
singlet order is 2/3.%

The RN;; sequences may be constructed by either the stan-
dard or the riffled procedures. M2S and S2M sequences may be
substituted for the first and last RN, sequences, respectively. The
90° readout pulse in Fig. 4(b) was implemented as a symmetrized
BB1 composite pulse.”””’ The details of the composite pulse, the
SOD sequence, and the Tqo pulse sequence modules are given in the
supplementary material.

IV. RESULTS
A. Transition-selective singlet-triplet excitation

In systems of near-equivalent spin-1/2 pairs, the chemical shift
difference induces a slight mixing of the singlet state |So) with the
central triplet state |To). This effect lends signal intensity to the
single-quantum coherences between the singlet state and the outer
triplet states | Tx1), which generate the outer lines of the AB quar-
tet. These peaks are feeble for two independent reasons: (i) the
coupling of the singlet-triplet coherences to observable transverse
magnetization is weak in the near-equivalence limit, and (ii) the
singlet—triplet coherences are excited only weakly by conventional
single-pulse excitation. The first of these factors is an intrinsic prop-
erty of a singlet-triplet coherence. On the other hand, the second
factor may be overcome by using a suitable excitation sequence
to generate the desired coherence with full amplitude. Many such
schemes have been devised.”! This effect is useful since the frequen-
cies of these peaks provide an accurate estimate of the internuclear
J-coupling, which can be difficult to estimate in the near-equivalence
regime.

Figure 5(a) shows the 13C NMR spectrum of the 3C,-DAND
solution. The strong central doublet is due to the two triplet-triplet
coherences. The outer peaks of the AB quartet, which correspond
to the weakly allowed singlet-triplet coherences, are barely visible in
the spectrum, even after vertical expansion [Fig. 5(b)].

Greatly enhanced excitation of the outer AB peaks is achieved
by the pulse sequence in Fig. 4(a) using an excitation sequence of
symmetry R4} constructed by the riffled procedure (Fig. 3) and with
the number of R-elements satisfying Eq. (47). The strong enhance-
ment of the outer AB peaks, relative to the spectrum induced by
a single 90° pulse, is self-evident in Fig. 5(c). Note that chang-
ing the sign of the symmetry number v switches the excitation to
the opposite singlet-triplet transition [Fig. 5(d)]. The experimental
pulse sequence parameters are given in Table III.

In the high-temperature limit, the sign of the J-coupling makes
no difference to the appearance of the spectrum since chang-
ing the sign of J simultaneously swaps the outer triplet state that
the singlet state is coupled to and the spectral frequencies of the

J. Chem. Phys. 157, 134302 (2022); doi: 10.1063/5.0103122
© Author(s) 2022

157, 134302-9


https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0103122

The Journal

ARTICLE scitation.org/journalljcp

of Chemical Physics

o
—l

L x12
c ] o
d I x12
—T
frequency /Hz

FIG. 5. Enhanced singlet-triplet coherent excitation. (a) Conventional *C spec-
trum of 13C,-DAND using a single 90° pulse for excitation, showing strong signals
from the triplet-triplet coherences. (b) Vertical expansion (by a factor of 12) of
the conventional "*C spectrum. Additional signals are visible from minority iso-
topomers, with the outer peaks barely visible. The strong central peak is truncated.
(c) Spectrum obtained by applying four elements of a riffled R4g sequence, show-
ing a strongly enhanced outer peak. The construction procedure in Fig. 3 was
used, starting from the basic elements in Eq. (50). (d) Spectrum obtained by apply-
ing four elements of an R43‘1 sequence, showing the enhancement of the other
outer peak. All spectra were obtained with a total of 256 transients and the same
processing parameters. No line broadening is applied.

TABLE IIl. Experimental parameters for the R43i1 sequences used to obtain the
results in Figs. 5(c) and 5(d). The parameters have the following meaning: wp is
the radiofrequency pulse amplitude, expressed as a nutation frequency; g is the
duration of a 90° pulse; g is the duration of a single R-element; 7 is the interval
between pulses within each R-element (see Fig. 1); n is the number of R-elements
in the excitation sequence; Texc is the duration of the excitation sequence.

Wnut [ (27) 12.5 kHz
T90 20 us
TR 13 800 us
T 6860 us
ng< 4

Texc 55.2 ms

excited singlet-triplet transition. The more complex behavior in
hyperpolarized spin systems will be discussed in a future paper.

B. Magnetization-to-singlet conversion

The experimental performance of some magnetization-to-
singlet conversion schemes was tested on a TEMPO-doped solution
of *C,-DAND by using the pulse sequence protocol in Fig. 4(b). A
selection of singlet-filtered NMR spectra is shown in Figs. 6(b)-6(f).
In all cases, the pulse sequence parameters were optimized for
the best performance. The optimized parameters are given in the
supplementary material.
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FIG. 6. '°C spectra obtained after (a) a single 90° pulse, or (b)—(f) after filtering
the '3C NMR signal through singlet order by using the scheme in Fig. 4(b). (a)
Standard *3C spectrum obtained with a single 90° pulse. (b) Singlet-filtered spec-
trum obtained with M2S for singlet order excitation and S2M for reconversion to
magnetization. (c) Singlet-filtered spectrum obtained with a pair of R4; sequences.

(d) Singlet-filtered spectrum obtained with a pair of R8§ sequences. Both (c) and
(d) use the standard implementation of RN; sequences, as in Fig. 1, using the
basic element in Eq. (48). (e) Singlet-filtered spectrum obtained with a pair of rif-
fled R4; sequences. (f) Singlet-filtered spectrum obtained with a pair of riffled R8§
sequences. Both (e) and (f) use the riffled implementation of RN sequences, as
in Fig. 3, using the basic elements in Eq. (50). All pulse sequence parameters are
given in the supplementary material.

Figure 6(a) shows the unfiltered >C NMR spectrum of *C,-
DAND. The different linewidths of the two doublet components
are due to the cross-correlation of the fluctuating dipole-dipole and
chemical shift anisotropy interactions.”!

Figure 6(b) shows the spectrum obtained by applying an M2S
sequence to generate singlet order, suppressing other spin order
terms, and regenerating magnetization from singlet order by apply-
ing an S2M sequence. Approximately 50% of the spin order is lost by
this procedure, as may be seen by comparing the spectra in Figs. 6(a)
and 6(b). The theoretical limit on passing magnetization through
singlet order is 2/3 ~ 67%.

The results obtained by using RN, sequences with different sets
of symmetry numbers are shown in Figs. 6(c) and 6(d). The stan-
dard RN, construction procedure in Fig. 1 was used. The number
of R-elements was selected according to Eq. (47). The results are
slightly inferior to the M2S sequence. Some of these spectra exhibit
perturbed peak intensities. This is unexplained.

Riffled RN, sequences constructed by the procedure in Fig. 3
display an improved performance, which is distinctly superior to
M2S, as shown in Figs. 6(e) and 6(f). The improvement is attributed
to the increased robustness of the riffled procedure with respect to a
range of experimental imperfections, as discussed further below.

Note that the riffled R4; sequence only differs from
PulsePol”' *’ by an overall phase shift [Eq. (52) and (53)]. The
increased robustness of PulsePol with respect to M2S/S2M in the
context of singlet/triplet conversion has been anticipated by the
simulations of Tratzmiller.*”

The singlet order relaxation time T is readily estimated by
introducing a variable delay before the second RN, sequence in
Fig. 4(b). Some results are shown in the supplementary material.
The estimated relaxation time constants are T's = 89.4 + 4.3 s and
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FIG. 7. Experimental "°C signal amplitudes (white dots) for the protocol in Fig. 4(b) using riffled RN sequences for both the excitation and reconversion of singlet order.
The following symmetries were used: (a) R4g, (b) R8§, and (c) R10§. The number ng of R-elements in the RN; sequences for singlet excitation and reconversion is varied
simultaneously (top horizontal axis). The corresponding total duration of each sequence is shown on the lower horizontal axis. All sequences were implemented by the
riffled procedure in Fig. 3 using the basic elements in Eq. (50). The signal amplitudes are normalized relative to that generated by a single 90° pulse. Light blue trajectories
show numerical simulations (excluding relaxation) with the pulse sequence parameters given in the supplementary material.

Ty =3.41 £0.05 s. Although Ts is much larger than T\, the relax-
ation of singlet order is faster than that observed in previous experi-
ments.'® This is attributed to the TEMPO doping of the solution in
the current case.

Figure 7 shows the dependence of the singlet-filtered NMR
signals on the number of R-elements ng, used for both the excita-
tion and reconversion sequence. The corresponding total sequence
durations Texc = Trecon = HRTR = nR(n/N)]_1 are also shown. Clear
oscillations of the singlet order are observed, as predicted by Eq. (46).
The singlet order oscillations induced by R83 are slightly slower
than those for R43, as expected from the theoretical scaling factors
reported in Table I. The R103 sequence induces a relatively slow
oscillation, corresponding to the small value of x1111 for this symme-
try. In all cases, numerical simulations by SpinDynamica software”
show qualitative agreement with the experimental results.

The improved robustness of the riffled implementation of RN,/
with respect to the rf amplitude variations is illustrated by the exper-
imental results in Fig. 8. These plots show the singlet-filtered signal
amplitudes as a function of the rf field amplitude by using the pro-
tocol in Fig. 4(b). Two different pulse sequence symmetries are
explored: R4§ (blue, left column) and R83 (red, right column). The
horizontal axis represents the rf field amplitude expressed as a nuta-
tion frequency wnu. The horizontal coordinates are given by the
ratio wnut/ w2, where the nominal nutation frequency @, is used
to calculate the pulse durations, which are kept fixed. Row a shows
that the R4} and R8} sequences are both fairly narrowband with
respect to the rf field amplitude when the standard RN, protocol
is used (Fig. 1). Row b shows that their robustness with respect to
rf amplitude errors is greatly improved by the riffled variant of the
RN, protocol, inspired by PulsePol (Fig. 3). Their tolerance of rf
amplitude errors is increased further when the central 180° pulses
of the basic R-elements are replaced by ASBO-11 composite pulses®
(I'OW C). The use Of 6013018002401804200240130180060180 composite
pulses® provides less improvement (row d). For comparison, the
experimental performance of the M2S/S2M protocol ™ is shown by
the grey lines in row d. The performance of M2S/S2M is clearly
inferior to that of the riffled RN, sequences.

Another important characteristic of pulse sequences for the
generation and reconversion of singlet order is their robustness with
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FIG. 8. Experimental *C signal amplitudes of '3C,-DAND solution, obtained by
the protocol in Fig. 4(b), as a function of relative nutation frequency wpy /wgut,
where “’gm represents the nominal nutation frequency used for the calculation of
pulse durations. The traces correspond to the experimental amplitudes for convert-
ing magnetization into singlet order and back again, normalized with respect to the

signal generated by a single 90° pulse. Left column (blue): R4g sequences. Right

column (red): R8§ sequences. (a) Standard RN} sequences using the basic ele-
ment in Eq. (48). (b) Riffled RN}, sequences using the basic elements in Eq. (50).
(c) Riffled RNy sequences with all central 180, pulses replaced by an ASBO-11
composite pulse.®? (d) Riffled RN? sequences with all central 180, pulses replaced
by a 601918002401g94200240150 18060159 composite pulse.®? The grey lines in
(d) show the experimental response of the M2S/S2M protocol. All experimental
details are given in the supplementary material.
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respect to resonance offset, defined here as Aw = %wz, where wy is
the sum of the chemically shifted offset frequencies [see Eq. (3)]. A
robust performance with respect to resonance offset is usually desir-
able since it renders the sequence less sensitive to inhomogeneity
in the static magnetic field, which can be particularly important in
low-field applications.

Figure 9 compares the resonance-offset dependence of several
pulse sequences for the generation and reconversion of *C, sin-
glet order in the solution of "*C,-DAND. The left column compares
different schemes that have R4} symmetry. The right column com-
pares different schemes that have R85 symmetry. All experimental
parameters are given in the supplementary material.

Figure 9(a) shows the resonance-offset dependence of RNj,
sequences constructed by the standard protocol of Fig. 1 using the
basic R-element of Eq. (48). The resulting sequences have a strong
dependence on resonance offset, with the R83 sequence displaying a
particularly undesirable offset dependence.
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FIG. 9. Experimental "*C signal amplitudes of '3C,-DAND solution, obtained
by the protocol in Fig. 4(b), as a function of resonance offset Aw. The plot-
ted points correspond to the amplitude for converting magnetization into singlet
order and back again, normalized with respect to the signal generated by a
single 90° pulse. Left column (blue): R4g sequences. Right column (red): R8§
sequences. (a) Standard RN} sequences using the basic element in Eq. (48).
(b) Riffled RNy sequences using the basic elements in Eq. (50). (c) Riffled
RN} sequences with all central 180, pulses replaced by an ASBO-11 compos-
ite pulse.?® (d) Riffled RN} sequences with all central 180, pulses replaced by
a 601g918092401g94200240159 1800601590 composite pulse.?? The grey lines in (d)
show the experimental response of the M2S/S2M protocol. All experimental details
are given in the supplementary material.
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Figure 9(b) shows the resonance-offset dependence of riffled
RN, sequences using the pair of basic R-elements in Eq. (50). Rif-
fling clearly stabilizes the resonance offset dependence, with the
improvement being particularly striking for R83.

Figures 9(c) and 9(d) explore the effect of substituting the
central 180° pulse of the basic R-elements with composite pulses.
Although ASBO-11 composite pulses® do not change the perfor-
mance of R4j very much, they do lead to a significant increase in
the bandwidth of R83 [Fig. 9(c)]. An even more pronounced effect
is observed upon replacing all single 180° pulses with seven-element
6015018002401304200240150180060180 composite pulses®” [Fig. 9(d)].
The resonance-offset bandwidth of R83 with seven-element compos-
ite pulses® is particularly impressive.

The gray lines in Fig. 9(d) show the experimental offset depen-
dence of the M2S/S2M protocol.” All riffled RN, sequences have
clearly superior performance to M2S/S2M. To put this in context,
even the M2S/S2M protocol is regarded as relatively robust with
respect to the resonance offset, being first demonstrated on a sample
in an inhomogeneous low magnetic field.” Some other techniques,
such as SLIC,” are far more sensitive to the resonance offset than
M2S.
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FIG. 10. Experimental "*C signal amplitudes (white dots) for (a) R44, (b) R8%, and

(c) M2S as a function of the relative inter-pulse delay mismatch Az/z°, where
70 represents the nominal inter-pulse delay. For the M2S sequence, the nominal
inter-pulse delay is given by 70 = 1/(4J), whereas for R-based sequences, the
nominal inter-pulse delay is given by 7° = n/(NJ) (neglecting pulse durations in
both cases). The R-sequences were implemented using the riffled procedure in
Fig. 3. The final 3C signal amplitudes were referenced with respect to a single
13C pulse-acquire spectrum. Light blue trajectories represent the numerical simu-
lations with the pulse sequence parameters given in the supplementary material.
Relaxation was neglected in all cases.
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The results for the dependence of the singlet order conversion
on the pulse sequence intervals are shown in Fig. 10. Both the R4}
and R83 sequences display an improved tolerance to misset of the
pulse sequence intervals compared to M2S.

V. DISCUSSION

The results shown in this paper indicate that PulsePol is a very
attractive addition to the arsenal of pulse sequences for the manip-
ulation of nuclear singlet order. The PulsePol sequences provide a
high degree of robustness with respect to common experimental
imperfections, which is found to be superior to the existing methods
such as M2S/S2M, especially when combined with composite pulses.
This robustness is likely to be particularly important for applications
to imaging and in vivo experimen‘ts.z‘;“;5

In addition, PulsePol is a relatively simple repeating sequence
of six pulses. This structure has many advantages over M2S, which
performs the magnetization-to-singlet-order transformation in four
consecutive steps.”® For example, the PulsePol repetitions may be
stopped at any time in order to achieve a partial transformation of
spin order. This is more difficult to achieve for M2S and its variants.

The theoretical relationship between PulsePol and symmetry-
based recoupling sequences in solid-state NMR is unexpected.
Nevertheless, this theoretical analogy immediately allows the con-
siderable body of average Hamiltonian theory developed for
symmetry-based recoupling to be deployed in this very different
context. This immediately allows the use of symmetry-based selec-
tion rules for analyzing the existing PulsePol sequences and for
designing new variants.

All of the work reported in this paper uses the same set of basic
elements given in Egs. (48) and (50). There is clearly scope for using
different basic elements within the RN, symmetry framework.

As discussed above, PulsePol may be interpreted as a variant
implementation of RN;, symmetry involving the alternation of two
different basic elements, which compensate each other’s imperfec-
tions. Such riffled RN, sequences are more robust with respect to a
range of experimental imperfections. The same principle might be
applied to symmetry-based recoupling sequences in magic-angle-
spinning solids. Extensions are also possible, involving more com-
plex interleaved patterns of multiple basic elements. We intend to
explore such “riffled supercycles” in future work.

In magic-angle-spinning solid-state NMR, symmetry-based
pulse sequences have been used to address a wide variety of spin
dynamical problems,” " including multiple-channel sequences for
the recoupling of heteronuclear systems.””’ Such extensions should
be possible in the solution NMR context as well.

Variants of M2S/S2M sequences have been applied to het-
eronuclear spin systems.”” *° This has important applications in
parahydrogen-induced polarization.” It is likely that riffled RN
sequences are also applicable to this problem.

The theory of symmetry-based recoupling in magic-angle-
spinning solids was originally formulated by using average Hamil-
tonian theory, as sketched above. It is also possible to obtain the key
results using Floquet theory,”””* which may have advantages in cer-
tain circumstances. Floquet theory should also be applicable to the
current context.

In summary, the PulsePol sequence is an important inno-
vation that has potential applications in many forms of magnetic
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resonance. It sits at the fertile intersection of diamond mag-
netometry, quantum information processing, solid-state NMR,
parahydrogen-induced hyperpolarization, and singlet NMR in
solution.

SUPPLEMENTARY MATERIAL

The supplementary material includes further experimental
details on the implementation of the composite pulses, the M2S
sequence, the Too filter, the SOD filter, and the experiments
measuring the T} and Ts relaxation times.
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