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Abstract

We have recently demonstrated, in the context of para-hydrogen induced polar-
ization (PHIP), the conversion of hyperpolarized proton singlet order into het-
eronuclear magnetisation can be efficiently achieved via a new sequence named
S2hM (Singlet to heteronuclear Magnetisation). In this paper we give a detailed
theoretical description, supported by an experimental illustration, of S2hM.
Theory and experiments on thermally polarized samples demonstrate the pro-
posed method is robust to frequency offset mismatches and radiofrequency field
inhomogeneities. The simple implementation, optimisation and the high con-
version efficiency, under various regimes of magnetic equivalence, makes S2hM
an excellent candidate for'a widespread use, particularly within the PHIP arena.
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1. Introduction

Nuclear magnetic resonance (NMR) offers a privileged observatory for the
local chemical environment of nuclear spin species and has been widely used
for the characterization of molecules and their dynamics in the liquid state.
However, experimental polarisation values in the order of ~ 107° and relatively
short T decay times (a few tens of seconds at best, for 'H in room temperature
solutions) are the two Achilles’ heels that many strategies try to overcome.

Hyperpolarisation techniques have been developed to enhance signal strength
[1,2,3,4, 5,6, 7, 8, 9] and long-lived spin states have been shown to prolong
the lifetime of hyperpolarized nuclear spins [10, 11, 12, 13, 7, 15, 8, 16, 17, 18,
19, 20, 21, 14, 22, 23, 24].

Within the field of hyperpolarisation, the introduction of para-hydrogen in-
duced polarization [2] (PHIP) allowed for dramatically enhanced proton sig-
nals, and introduced the challenge of transferring polarization from hyperpo-
larized proton singlet order, which is the population imbalance between the
singlet and the average triplet manifolds [35], to heteronuclei with a longer 7.
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This problem quickly attracted attention and emerged as a prolific investiga-
tion area [25, 26, 27], and several methods have been developed to perform the
task [28, 29, 30, 26].

Singlet order is also the main objective in the research field of LLS (Long-
Lived States). Therefore, it is probably of no surprise that recently the Levitt
group showed how the spin-lock induced crossing (SLIC) method [32], originally
presented in the LLS context, can be used to achieve polarization transfer by
means of weak RF excitation with an amplitude corresponding to the proton-
proton J coupling [33].

On the same topic, one of us proposed the ADAPT pulse sequence [34],
a hard-pulse version of SLIC based on the repeated alternation of RE pulses
and delays. ADAPT is convenient because it accomplishes the singlet to het-
eronuclear order transformation with good efficiency, under a broad range of
magnetic equivalence conditions, and faster than any previous hard-pulse based
method. A major disadvantage, common to other techniques widely used in
PHIP research [29, 31, 30, 26], is that it is dependent on the radiofrequency
offset.

Our previous contribution [33] also introduced a novel sequence, named
S2hM (singlet to heteronuclear magnetization), that is capable of accomplishing
singlet to heteronuclear order transfer under near magnetic equivalence condi-
tions and, importantly, in an offset-independent manner.

In this paper, using the single transition operator formalism, we elucidate
the theory behind S2hM, stressing the robustness of the method to RF off-
set mismatches and radiofrequency field inhomogeneities. Despite the apparent
similarities with S2M (the sequence developed to convert singlet order into lon-
gitudinal magnetization in homonuclear systems [11, 12, 24]), this method runs
entirely on the heteronuclear channel and performs a different quantum me-
chanical evolution in the spin space detailed below. In the following analysis,
we assume a near magnetic equivalent three-spin-1/2 system comprising two
chemically equivalent spins-1/2 coupled to a third spin-1/2. The symmetry of
the system is broken by a difference in the heteronuclear J couplings.

In the experimental session, we generate thermally polarised singlet order
viathe M2S sequence [24], described in detail in section 3.2.

This paper deals with a 3 spin-1/2 system sketched in Fig. 1. Two spin-1/2
of the same kind (I-spins) make up a singlet pair; these two spins are assumed
chemically equivalent, i.e. they have the same chemical shift frequency. A third
spin is coupled to the singlet pair but belongs to a different nuclear species (S-
spin). The scalar coupling frequency between the two spins in the singlet pair,
|J12| is assumed bigger than the absolute difference between the two heteronu-
clear couplings, | J13—Jas|: the two I-spins form a spin system that is classified as
chemically-equivalent but magnetically-inequivalent [34]. A difference between
heteronuclear scalar couplings is a condition to promote polarization transfer
from singlet order.
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Figure 1: A three-spin system formed by two chemically equivalent homonuclear spins (1 and
2), and a heteronuclear spin (3). The system is assumed in near equivalence regime, i.e. for
|J13 — Jog| < Ji2 with Jiz # Jos.

2. Pulse Sequence

The scheme for the storage of polarisation as singlet order and the subsequent
detection through a heteronucleus is reported in Fig. 2. The core of the pulse
sequence is the S2hM block which converts the singlet order of I-spins into
transverse order of the S-spin. When compared to an S2M sequence [11, 12,
35, 24], S2hM shows the following features: the sequence is run entirely on the
heteronuclear channel and the length of the echo train is different, reflecting
different spin dynamics.

The optimal values for the sequence parameters, under the assumed near
magnetic equivalence regime, are:

o= w2y (W) + (wF)?)
n = round[r/(4ArcTan(w?] /w}?))]. (1)

where wl* and w§ are the homonuclear and heteronuclear imbalance in J cou-
plings respectively, introduced later in eq. 3. To generate the singlet order we
used a modified version of the M2S pulse sequence (a variant of the M2S se-
quence for two-spins-1/2, described in Ref. [11, 12, 24] and of the one used for
four-spins-1/2, presented in Ref. [13]) where the echo delay and the number of
echoes have been adjusted to 7 (same as in S2hM), n; = 2n and ny = n, fol-
lowing the theory described below. These modifications are necessary because
the I-spins are chemically-equivalent. The M2S block is followed by a Tgg-
filter [12, 24] that suppresses all NMR signals not passing through I-spin singlet
order. An optional storage delay, 74, follows and can be made variable with the
purpose of measuring the singlet order decay time, T's through detection on the
heteronuclear channel.

As demonstrated below, the overall effect of the method in Fig. 2 is to convert
longitudinal order of the I-spins into singlet order of the same spins (M2S) and
then convert this latter into transverse order of the S-spin (S2hM).
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Figure 2: Pulse sequence to prepare singlet order (M2S) and convert it into heteronuclear
magnetisation (S2hM). The conversion block, S2hM is the core of the paper. The Too block
filters out any signals not passing through I-spins singlet order [12, 24]. The * indicates that
the 180 degrees pulse is a 90y180x90y composite pulse whose overall phase has been cycled
as o= {z,2,9,9,9,2,2,9,Y,Y, T, %, z,y,y, x} during the n-repetitions of the echo. The state
of the system at the point ¢ in the pulse sequence is described by the density operator p;.

T =m/(2y/(w}?)? + (w3)?), n1 = round[r/(2ArcTan(w?} /wl?))], ny = n1/2 and n = na (see
Eq. 3). The time interval 74; has been introduced as a singlet storage delay with the intent
of measuring the singlet decay rate via detection on the heteronucleus.
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3. Theory

3.1. Spin Hamiltonian

The coherent liquid-state nuclear spin Hamiltonian expressed in the rotating
frame of both I and S spins is:

H =0l I+ (0F +wi) 1.0, + (0F —wF) L., (2)
with
wi? =2mJs
w¥ = m(Ji3 + Jos) (3)
wd =7(J1z — Jas)
and where chemical shifts terms have been ignored implying that either the two

I-spins are chemically equivalent or that any inequivalence is small enough to
be ignored.

3.2. I-spins M2S

In this subsection we describe the singlet order preparation step (M2S,
Fig. 2).

3.2.1. Bases Functions
To define a convenient basis for the spin system above we start defining the
singlet and triplet sub-basis of spin-1 and spin-2 as:

ST¥= {|S82),[T4%),|Ti2), |72 )} (4)
with
|S§2>—7 a1 fB2) — [fraz))
IT32) = —= |0z152> + [Braz2)) (5)

|T112> = |a1a2>
|T13) = 6152)
and-the Zeeman sub-basis for spin-3 as:
7° = {as, fs} (6)
We then take the direct product between the two sub-bases to obtain:
STZ = ST @ 73

= {557 as), | T % as),

12ﬁ3>) ‘T112053>,

T3 as), [T1%65), |23 85)
® O
(7)

32Bs),
®

with the basis re-arranged for convenience.



w 3.2.2. Spin Hamiltonian in single-transition spin operator formalism
104 The matrix representation of the Hamiltonian in Eq. 2 expressed in the STZ
105 basis is:

O @ 6 O ® ©® @
12 A
Q-2 = o 0 0 0 0 0
UJA 0.112
@ %= 2 0 0 0 0 0 0
A
@| o o - _ef 0 0 0 0
w w12
Hlstz=®]| 0 0 -5 2- 0 0 0 0
®| o 0 0 0 Iwh+20w%) 0 0 0
) 0 0 0 0 0 (@12 - 2w%) 0 0
@ 0 0 0 0 0 0 1 (wh? = 2wF) 0
0 0 0 0 0 0 0 1(wh? + 2w%)

(8)
ws and therefore the Hamiltonian can be decomposed-into the direct sum of 4
w7 orthogonal bi-dimensional subspaces according to:

H=HZaoH*oH® H®, 9)
108 With: 12
H'? = —w?IiQ + w?I}f — %112
H34 y 7w12134 o (.AJAIS4 . ﬁ134
§ J “z J *x
b 4 (10)
H% = W T + WTJ]_SG
H™S = _ 518 &+ L?178
- J*z 4

o  where the superscript s (r,s € {1,2,...,8}) indicates the subspace spanned by
uo the r-th and s-th functions in the STZ basis and I}” is the single-transition spin
ur - operator [36, 37] along the k-axis for the rs subspace defined as:

s __ 1

L = 1 (1) (sl + Is) (e

s 1

L = o () (sl — ) {r) a1
I = 2 (1) ] — Is) {s)

17 = (|r) (rl + ) (s)

2 that satisfies the following commutation rules:

a 181 - 0 Fosb
[Ime] - {—iI? (cyclic) ifa=p .
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Furthermore, by introducing:
A
0 = arctan (leQ) (13)
Wy
we = /(W) + wF)? (14)

the Hamiltonian operators for the subspaces spanned by kets 1, 2 and 3, 4 can
be rearranged as:

2?2 —  p2 (r—0)I2 — wy’ 112
= wek, ! 1

34— R34 0) T34 — W}ﬁ 134 15
= welt) (m+0)I; 1 (15)

with RZS (0) being the rotation superoperator that rotates an operator by the
angle 6 about the k-axis of the subspace spanned by kets r and s.
The total Hamiltonian of Eq. 2 in this single transition spin operator formalism
is finally given by:
12
H=uw, [3?1!2 (r— )12 + Rz4 (r +6) 124} o (15— IZS)J*’TJ (112 4134 — 156 _ 178)
(16)

3.2.8. BEwvolution in single-transition spin operator formalism

Because the Hamiltonian in Eq. 16 appears as a direct sum of Hamiltonians
defined within independent subspaces, the associated propagator results as the
product of 4 propagators acting, independently, in each subspace, i.e.:

U (r)& U (1) U (1) U (1) U™ (7) (17)
with
Urs (T) _ e—iH”’r (18)

The propagator in each subspace is written as:

12
0% () = R 0) R (wor) B (o 40) 8 (— L)
12
U (1) = R¥(r+0) R (wer) R (—7 — 0) (“’4%)
N . R w12
U (r) = R (wjr)d™ (i’]’)
U78 _ R?S o )é?S L}]Q 19
(1) P (—wiyT e (19)
with
(i)rs (¢) efzkblrs (20)
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All 7% (¢) terms and the propagators U5 (7) and U™ (1) contribute only to
the signal phase and can be ignored in the following, for the sake of simplicity.
The relevant propagator for the free evolution during a time interval 7 and for
6 < 1 can then be approximated by [24]:

Y
~ R (wer) R (wer)

and, for 7 = 7/(2w,) reduces to:

o () = w3 e () =

Within the same approximations, the propagator that describes the evolution
during an echo block of the kind 7 — 180, — 7 with 7 = 7/(2w,) can be approx-
imated as [24]:

i () ~ R R -20) (23)
We

The approximation # < 1 is valid under the assumption of near magnetic equiv-
alence (see eq. 13).

8.2.4. M2S pulse sequence description
The initial thermal equilibrium state of the I-spins is represented by the
density operator [33]:

1. 1,
po"*s = él + ZP}Z (I, +1,.) (24)
with b B
eq Y150
~ 25
pIz 2]€BT ( )

where 7i'is the reduced Plank constant, kp is the Boltzmann constant, T is the
temperature, By is the static magnetic field and 7; is the gyromagnetic ratio
of I-spins (valid at high temperature regimes, i.e. for kgT > |hy;Bg|). The
unity operator does not participate to the evolution and is therefore ignored in
all successive calculations. The first 90y radiofrequency pulse rotates the initial
state by 90° about the y-axis to give:

1
p'?8 = ZPIZ (I, +1o,)

= %pf}i [(‘T112a3> + ’Tigla3>) <T012a3‘ + (’T11253> + ‘Ti2l53>) <T01233‘

+[Toas) ((Ti%as| + (THas]) + |T5*Bs) ((T178s] + <T121»6’?\)])
26

UMQS () = R;Q (m—0) RiQ (weT) R!? (—m+0) ]%24 (m+6) 1%24 (weT) Rfﬁ (= —0)
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Successively, a series of n; = g5 echo blocks of the form 7 — 180, — 7 with
7 = 7/(2w.) is applied. The propagator for a single echo event, in the limit
0 < 1, is given in Eq. 23 and the total propagator after n; echoes becomes:

ni

~ T N ~

s ()]~ a2 R em (27)
We

This propagator acts by interchanging ‘T&2a3> with —¢ ‘So a3> }Tolzﬂ3> with

| 263> while leaving all other functions unchanged. Accordingly, the density
operator after this event becomes:

A1 = ooptt [(118705) + [75305)) (S120s] = (11%8) +JT58 )T (557
15§ (0] + (T3] ) = [ ST + (123
(28)

The following 90x radiofrequency pulse rotates the actual density operator by
90° about the x-axis. It interchanges (|T112a3> + iTi%a3>) with —iv/2 |T0120z3>,
(‘T112/3’3> + |T12153>) with —iv/2 |T01253> leaving ‘562043> and ‘5(1)2[33> unaltered.
The resulting density operator after this event is:

M2S __

P 412[\ ag) (So”as| — |Ty*Be) (e Bs| + |Sg*as) (To aua| = [55°Ba) (To” Bs]]

= o -1

(29)
Successively, the system s left to evolve under the internal Hamiltonian for
the time interval 7 = a1/(2we). The related propagator is given in Eq. 22 and
corresponds to a 90° rotation about the z-axis of the 1,2 and 3,4 sub-spaces that

leads to: )
piWQS 2p1z (112 _ I34) (30)

Finally, a'series of ny = J; echo blocks of the form 7—180, —7 with 7 = 7/(2w,)
is applied, corresponding to a rotation of 90° about the x-axis of the 1,2 sub-
space and of —90° about the x-axis of the 3,4 sub-space (see Eq. 23 and Eq. 27)
and leading to:

1
pM2S — 2plz (112 4 134)

L (31)
:—ZpIZ(I I, +I; 1 )
corresponding to a population imbalance of the kind:
A1 = =02 (5¥70) (SP0s| = [T3s) (T%0s] + 5120) (52|~ 13260) (1334
(32)
The operator amplitude (A — B) given by:
(B]4)
A— B)y=——— 33
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with
(B|A) = Tr{BT A} (34)

extracts the coefficient of the operator B contained in operator A [33]. The
Zeeman polarisation of spins 1 and 2 along the x-axis (corresponding to the
polarisation level operator after the first 90y pulse in the M2S pulse sequence)
is therefore derived as:

with
Py =21, (36)

being the Zeeman polarisation level operator along the x-axis. The singlet
polarisation level operator for a spin pair j,k in a spin system made by N spins
is given by: _

pir =27V .1, (37)

S

Therefore, the operator amplitude:
P = (p > PI%) (39)

extracts the amount of singlet polarisation, p#*, contained in the generic den-
sity operator p. For the three spin system discussed in this paper the singlet
polarisation level operator is therefore:

1
Pl = 1, T, (39)

and we can use Eq. 38 to figure out the theoretical efficiency of the I-spins M2S
as:
2
PE(M2S) = (p3"** — P?) = opi! (40)
The value of 2/3 coincide with the maximum transformation amplitude for the
conversion of Zeeman order into singlet order under unitary transformations
[24]. Fig. 3 shows the trajectories of Py, + Pa, (gray) and P12 (black) versus

time for the M2S pulse sequence with 7 = 64 ms, n; = 8 and ny = 4.

3.8.-S-spin S2hM

In this subsection we describe the S2hM pulse sequence for the conversion
of singlet order into heteronuclear magnetisation (S2hM, Fig. 2).

3.3.1. Basis Functions

When discussing the S2hM sequence it is convenient to use a slightly different
basis than the one used above for the M2S block. Following the convention
adopted in Ref. [34], we use the basis built as the direct product between the
ST'? basis of Eq. 4 and the eigenbasis of the operator I, written as:

x2={]A%) [Zas)} (41)

10
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Figure 3: Trajectories of the polarization level operators Pi, + P2, (gray) and ph? (black)
versus time for the M2S pulse sequence with 7.= 64 ms, n; = 8 and ng = 4.

with
A% = |53 |las))
|Zas) = I53 + |as))
The resulting STX basis is therefore:
STX = STH#¥'® %3

- |S(%2Ag’zﬁ>a ‘1—’()12Eiﬁ>7 ‘1—’()12A25>7 |S(%223B>7 |T112Aiﬁ>> |T112Eiﬁ>v }TE%A35>7 |Ti21236>

@ ® ©® @
(43)
where the basis functions have been re-arranged for convenience.

11
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8.8.2. Spin Hamiltonian in single-transition spin operator formalism
The matrix representation of the Hamiltonian in Eq. 2 expressed in the STX
basis becomes:

©
®

® @O 6 6 © ©

Of-2L <« o 0o 0 0 0 0
@ 4 < 0 0 0 0 0 0
0 0 < = 0 0 0 0
@ w4§ Bw}z
(Hsre — @ o 0 2% -=- 0 0 0 0 (44)
®| o o o o o« € g0
UJ42]: (—U21]2
©®] o 0 0 0 % =& 0 0
@ o o o o o o @ e
o
0 0 0 0 0 00 =5 2o

and therefore the Hamiltonian can be decomposed in the direct sum of 4 or-
thogonal bidimensional subspaces according to:

H = H12 D H34 @ H56 @ H78, (45)
with:
2 a2 g A2 &112112
' J tz J *tx 4
3. a3y A3 ﬁlm
— J *tz J tx 4
5 — w2156+w.71]2156
- J*x 4
12
H™® = —w I8¢ WTIl?s (46)

Using the same definitions for # and w. given in Eq. 13 the Hamiltonians for
the subspaces spanned by kets 1,2 and 3,4 can be rearranged as:

2 — R2(xr_p I127L¥11277 R2(_p 1127‘*’752112
- wey(ﬂ' )z 4 - wey( )z 4

3 — R34 (p 1347“’7}]2134 A7
— w RO - (47)

and the total Hamiltonian of Eq. 2 in this new basis and within the single
transition spin operator formalism is finally given by:

12
H =, [R(0) T — R (—0) 12| +¥ (BF — 1)+ (17 417 — 112 - 1)
(48)

12



207

208

209

210

212

213

214

215

216

217

218

219

220

221

222

223

224

225

8.8.3. Ewolution in single-transition spin operator formalism

As above, the evolution under the Hamiltonian in Eq. 48 during the time
interval T can be expressed as the product of the evolution in the 4 individual
subspaces:

U(r)=U(r)U (1)U (1) U™ (7) (49)
with:
02 (r) = RIZ2(-0) R? (~w.r) R (0) 12 (-‘2%)
Ut (1) R3(0) R2* (w,T) 1%34 (—6) &34 ( %137')
U°s (1) RS (WZT) P56 <QZJ2 >
U (r) = R™8 (7&]27') P78 (leQT> (50)
T J 4

The propagators [/ (1) and Um (1) can be'ignored since this sequence operates
on singlet order which is confined within the subspaces spanned by the spin
functions 1,2 and 3,4 (see Eq. 31)s The superoperators % (¢) can also be
ignored for the sake of simplicity since they only contribute to the phase of the
signal. The final form of the propagator for the free evolution during a time
interval 7 and for < 1 can therefore be approximated as [24]:

USQhM (r) = R;Q(_e) R? (—w,r) R;Q (6) Rg‘l (6) R2* (wer) R§4(—9)
~ Rf(—wer)}?i‘l(weﬂ (51)

and, for 7 = 7/(2w,) reduces to:

() ~ (D@ e

Within the same approximations, the evolution during a echo block 7 —
1805 — 7 with 7 = 7/(2w,) can be approximated [24] as:

i ()~ AR en R ) (53)
We
8.8.4. S2hM pulse sequence description
The starting density operator at the beginning of S2hM is generally equal
to:
1
PigZhM = —§p§11 I (54)
with pL representing the I-spin singlet polarisation which, in the case it is gen-
erated by the M2S sequence described above, is equal, at best, to (2/3)p7? (see

13
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Eq. 40) and, in the case it is generated by an ideal reaction with pure parahy-
drogen, is 1 instead. This can be rewritten in terms of single transition spin
operators as:

1 1
prhkf _ ip?i (IiQ _ 134) 4 gpig(].lQ + 134 _ 156 _ 178) (55)
with all unity operators neglected in the following as they do not participate in
the evolution.
The first event in the S2hM is a series of n = 5 echo blocks of the form
T — 180, — 7 with 7 = 7/(2w,). The propagator for the event is derived from

Eq. 53, in the limit < 1, as:

o ()] =2 () 2 () (56

corresponding to a rotation of 90° about the x-axis of the 1,2 and 3,4 sub-spaces.
The density operator after this event is:

L e
p5*MM = ol (R L) (57)

This density operator evolves for a time interval T = 7/(2w,) under the propa-
gator in Eq. 52 to become:

1
py = Spit (-1 - 1Y) (58)
The propagator for the successive 90x pulse, written in this basis and within the
single-transition operators formalism, is R1% (—7/2) R3* (—7/2). When applied

to p32hM it generates:

L e
i = ot (L2 + 1Y) (59)
Finally, a second echo train of n = f; blocks of the form 7 — 180, — 7 with
T =7 /(2we) produces a final rotation of 90° about the x-axis of the 1,2 and 3,4

sub-spaces (Eq. 56) yielding:

L.
P = it (17 4 1)
1

= 7Zpig (IS'c - 411z12213x)

(60)

corresponding to a single peak centred at the chemical shift of the S-spin plus
an out-of-phase term giving rise to an out-of-phase multiplet signal also centred
at the chemical shift of the S-spin and spaced by w?. To extract the amount
of transverse order contained into p2"™ we use the same technique as above

consisting in evaluating the following operator amplitude:

Paa(S2hM) = (p§*"M — Py, ) = —pk (61)
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meaning that the transfer between singlet order of spin-1 and 2 into heteronu-
clear transverse magnetisation of spin-3 operated by a S2hM pulse sequence has
a theoretical maximum efficiency of 1.

Fig. 4 shows the trajectories of P12 (gray) and P3, (black) versus time for
the S2hM pulse sequence with 7 = 64 ms and n = 4.

1.0

0.5}

0.0}

- 0.5}

1

%0 02 04 06 08 10

t/s

Figure 4: Trajectories of the polarization level operators Pi'? (gray) and Ps, (black) versus
time for the S2hM pulse sequence with 7 = 64 ms and n = 4.

3.4. Robustness

Fig:'5 shows the result of a numerical simulation aimed at calculating the
amplitude of the singlet to heteronuclear polarization transfer implemented by
the-S2hM pulse sequence as a function of the 3C frequency offset and con-
sidering a £10% B; inhomogeneity. The simulation uses the parameters for
2,5-thiophenedicarboxylic acid reported in Fig. 6. The error on the B; offset
is assumed to be systematic and equal on every cycle of the echo train. The
conversion is particularly robust to frequency offset mismatch as opposed to
SLIC and ADAPT [34] while more sensitive to B; inhomogeneities (Fig. 5a).
However, the incidence of B; errors is removed by implementing composite 180°
pulses (Fig. 5b).

Table 1 reports the results of numerical simulations on a variety of chemical
systems (typically used in parahydrogen experiments [26, 34]) with the intent
to compare S2hM with other singlet to heteronuclear order conversion method-
ologies. The table is meant to demonstrate that although the analysis of the
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Figure 5: Simulated conversion efficiency for the S2hM pulse sequence in Fig. 2 in the case
of 2,5-thiophenedicarboxylic acid and plotted as a function of the resonance offset and pulse
imperfection; a) using a single hard 180° pulse in the echo trains and b) using 180° pulses
replaced by composite pulses of the kind 90y180x90y.

S2hM pulse sequence presented above is done in the near equivalence limit, the
method can still be applied outside this regime with good performances. De-
spite taking longer than other methods, S2hM achieves a significant polarization
transfer under diverse conditions of magnetic equivalence. This flexibility, to-
gether with the robustness with respect to frequency offset mismatches and By
inhomogeneities, makes the method applicable in a variety of real systems.

4. Results and Discussion

To test the methodology we used a sample of 2,5-thiophenedicarboxylic acid
(Fig. 6) where the two protons on the thiophene ring make up the I-spins and
the natural abundant carbonyl-'3C spin (abundance ~2%) is the S-spin. The
compound.-was purchased from Sigma-Aldrich and used without further purifi-
cation in a 0.4 M solution in DMSO-dg, degassed by Ns-bubbling to remove
dissolved oxygen. The molecule was chosen to stress some advantages of S2hM
over the SLIC method: SLIC requires continuous irradiation for some hundreds
of milliseconds at a nutation frequency that matches Jio, which for this systems
corresponds to such a low power that the instrument is unable to supply with
the required stability.

In near-magnetic-equivalence conditions, the single quantum 'H and '3C-
NMR spectra only contain information on the proton-proton coupling, w'?/27
= 3.9 Hz and the mean of the two heteronuclear couplings, w§/27r = 1.7 Hz.
The optimal values for 7, ny, ny and n (requiring individual values of the het-
eronuclear couplings) were experimentally determined by running a 90y-M2S-
Toofilter-S2hM experiment (Fig. 2) at variable values of n with n; = 2n, no =n
and 7 fixed within a range of expected values (Fig. 7a shows the case 7 = 63
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Molecule  (Jy2, i3, Jo3) (Hz) 6 (°) | sequence timings (ms) loops  duration (ms) P
SohM 17.50 2 B7.5 91%
ADAPTq, 16.84 8 1310 99%
TMVS  (146153,65) 168\ 10 jocekah  (22.42,36.45,32.70,8.42) 1 200.0 97%
Coldman  (32.79,18.10,30.76,32.79,32.79)  (2,6) 314.0 96%
S2hM 20.00 2 180.0 93%
ADAPTq 19.67 8 157.4 98%
.

TIFBU - (1258408) 169 | e qocekah,  (25.37.42.79,38.27,9.83) i 232.0 97%
Coldman  (38.27,20.88,36.18,38.27,38.27) " (2.6 4015 96%
SohM 15.00 3 195.0 91%
o ADAPT,5 9.81 8 78.5 98%
MEPAL — (12.6,10.0-1.8) - 251 | 1, q1ccekaa (20.81,20.01) - 117.6 100%
Goldman (29.81) - 196.3 96%
SonM 1350 3 1215 90%
.| ADAPT 17.00 4 68.0 92%
MEPAZ  (12.6,15.8-25)  36.0 | 1 j1ocekan (12.90,29.80) ) 85.5 100%
Goldman (20.80,21.71,32.11) ; 74.6 95%
S2hM 25.00 2 225.0 91%
. o .. | ADAPT, 3.77 22 83.0 93%
Suce (6:6:4.2-6.6) 3921 g qlecekaa (20.10,54.06) ; 148.0 100%
Goldman (33.96,41.53,58.51) - 134.0 98%
SohM 22.00 9 198.0 9%
ADAPT}, 4.75 15 1.2 95%

-5 /
HEP (7:6,72:56) 4030 ., flecek2a (16.34,46.33) : 125.0 100%
Goldinan (28.28,36.20,50.34) ; 1148 99%
S2hM 13.00 1810 2%
, ADAPT, 2.1 18 37.8 100%
BIMAC — (12.0,24.0-28) " AT 84 1, q1ocek2a (5.72,24.13) 59.7 100%
Goldman (13.18,21.38,27.97) - 62.5 100%

Table 1: Numerical simulations testing S2hM versus ADAPT, Goldman and Kadlecek pulse
sequences.  In particular the delays, number of loops, total duration, and achieved heteronu-
clear polarization (P) are indicated for TMVS (trimethylvinylsilane), TIFBU (trifluoro but-
2-enoate); MEPA1/MEPA2 ([2-(2-Methoxyethoxy)ethyl]ethyl acrylate), SUC (succinic acid),
HEP (hydrexyethylpropionate) and BIMAC (2-(2-methoxyethoxy)ethyl acrylate). The J cou-
pling values in Hz taken from Ref. [26] and the angle 6, defined in equation 13, are indicated.
The ADAPT parameters are taken from Ref. [34]. Timings: 7 for S2hM, A, for ADAPT,,
(tfz, tgx,...) for Kadlecek2x and (tg, t?,...) for Goldman. Loops: n for S2hM, m for
ADAPT,, ng for Kadlecek2b and (n1,n2,...) for Goldman.
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Figure 6: Molecular structure (13C-isotopomer) and 3C-NMR pulse-acquire spectrum of a
0.4M sample of 2,5-thiophenedicarboxylic acid in DMSO-dg.

ms, black points) and, successively, fixing n = 4 (best value in the optimisation
above) and varying 7-to find its optimal value to be 7 = 64 ms (see Fig. 7b,
black points). Using the analytical expressions for 7 and n a value of w5 /21 =
0.8 Hz is found. The individual value of the two heteronuclear couplings is then
found by solvinig the system of equation w4 /27 = 0.8 Hz and w¥ /27 = 1.7 Hz
giving Jy3 = 2.5 Hz and Jos = 0.9 Hz and 6 = 11.6° (see Eq. 13)

Fig. 7 shows a plot of the area under the signal resulting after the pulse se-
quence in Fig. 2 versus (a) n and (b) 7. Experimental values are represented by
black circles whereas simulated values are indicated by grey squares . Exper-
imental points have been scaled using the procedure reported in Ref. [33] and
detailed in the Appendix. This procedure captures the individual efficiencies of
M2S and S2hM. The experimental maximum transfer amplitude between the
singlet order of spins-1 and 2 into heteronuclear transverse magnetisation of
spin-3 is 0.5 (see Appendix). We have obtained similar experimental efficiencies
on other systems with SLIC, Goldman and Kadlecek methods [33]. The sim-
ulated transfer amplitude for the same transformation is 0.9. The discrepancy
between experiments and simulation is attributed to relaxation phenomena and
experimental imperfections which where not included into the simulations for
the sake of simplicity. The experimental efficiency of the M2S on the I-spins
was found to be 0.32 against a simulated value of 0.59.

In a final experiment, the pulse sequence in Fig. 2 was run with the optimal
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Figure 7: Experimental (black circles) and simulated (grey squares) conversion efficiencies for
the S2hM sequence plotted versus (a) n and (b) 7 and obtained using the pulse sequence in
Fig. 2. Experimental points have been scaled using the procedure reported in Ref. [33] and
detailed in the Appendix.
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values of 7 = 64 ms, n; = 8, ny = 4 and n = 4 varying the time delay 74 in
order to measure the lifetime of the proton singlet order via detection on the
carbon channel. The area under the NMR signal acquired on the '3C-channel
is plotted against 75 in Fig. 8. The experimental points (black circles) were
fitted to a single exponential to find the decay time constant of the singlet order
Ts = 18.0 & 0.7 s. The values of the longitudinal order decay constant for 'H
and '3C were measured using saturation recovery experiments and were found
to be TH =254 0.1 s and T¢ = 5.0 4 0.1 s, respectively.
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Figure 8: Normalised '3C-signal area plotted versus 7s¢ as obtained using the pulse sequence
in Fig. 2 for a 0.4 M sample of 2,5-thiophenedicarboxylic acid in DMSO-dg. The experimental
points (black circles) are fitted to a single exponential function (solid grey curve) to yield the
value of the singlet order decay time Ts = 18.0 £ 0.7 s.

5. Conclusion

In conclusion, we have presented and described a pulse sequence that ac-
complishes the task of converting two spins-1/2 homonuclear singlet order into
heteronuclear magnetization. A theoretical description and experimental vali-
dation have been provided in the near equivalence regime. Only two parameters
(n and 7) need to be optimized experimentally, and the sequence performs with
significant conversion yields even far from magnetic equivalence. The robust-
ness of the pulse sequence with respect the frequency offset mismatches and field
inhomogeneities makes S2hM it a good candidate for widespread use within the
PHIP arena. At high values of 6 the sequence duration is longer than all other
proposed methods which may be a drawback for some application.
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Appendix A.

To measure the efficiency of the '*C S2hM conversion step ({PZ 2Zhh! P?)),

we employed the calibration scheme shown in Figure A.9.©A more detailed de-
scription can be found in reference [33].
We determine the efficiency of the conversion from I-spin Zeeman polarization
(P!) to S-spin Zeeman polarization (P) by calibrating the integrated signal
amplitude from experiment 1 (a4) against a pulse-acquire carbon signal in ex-
periment 2 (ap) (for experiments numbers refer to Fig A.9).

ax = fp(PI B pI(PL Y pS) (A.1)
ag = fpesqz (A.2)

where f is an instrumental factor common to all experiments. From this we
deduce

eq
<P M2§ ><PI S2hMPS>:p§§a7A:7ﬁafA (A.3)
Pr. aB Y1 ap
M2S

To eliminate the loss in efficiency due to the step <PI — PS>, we introduce
experiments 3‘and 4 (see Fig. A.9). The corresponding signal amplitudes are as
follows:

ac = f(p N p) (A4
= 2 (P! M PLY(PL SN PE (P! BT pS) (A.5)

There is a unitary bound on the conversion from thermal Zeeman polarization
between two spins to singlet order between the same spins. At the low polariza-
tion level of a thermally polarized system, this transformation has a maximum
amplitude of 2/3, and this factor is included in Equation 5.

We approximate the oscillation between Zeeman polarization and singlet order
on the I-spins as having an efficiency symmetric with respect to time reversal,

and can therefore say:
3 aD
P ply~ /2 A6
< z S> 2 ac ( )
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The experimental value of the quantity in Eq. A.6 is 0.31 for the 2,5-thiophenedicarboxylic

acid sample used in the main paper. The efficiency of the *C S2hM conversion

is then given by
<p1 S@)ﬁp5>w\/§ww ac (A7)
s o V2qrag\ap '

where a factor of \/g is reintroduced to account for the maximum possible

efficiency of the I-spin M2S. The experimental value of the quantity in Eq. A.7
is 0.50 for the 2,5-thiophenedicarboxylic acid sample used in the main paper.
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Figure A.9: Pulse sequences for calibration of the conversion efficiency of the S2hM sequence.
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Highlights

1. The S2hM pulse sequence converts singlet order into heteronuclear
magnetisation

2. S2hM is designed to be robust to applied RF field offset and
inhomogeneities

3. S2hM works for long-range transfer, and is tested here on thermally
polarized samples



