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Singlet Order Conversion and Parahydrogen-Induced Hyperpolarization of *C Nuclei

in Near-Equivalent Spin Systems
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Abstract: We have demonstrated two radiofrequency pulse methods which
convert the nuclear singlet order of proton spin pairs into the magnetisation
of nearby C nuclei. These irradiation schemes work well in the near-
equivalence regime of the three-spin system, which applies when the
difference in the two 'H->C couplings is much smaller than the 'H-'H
coupling. We use pulse sequences to generate thermally polarized singlet
states in a reproducible manner, and study the singlet-to-magnetisation
transfer step. Preliminary results demonstrate a parahydrogen-enhanced **C
polarisation level of at least 9%, providing a signal enhancement factor of
more than 9000, using 50% enriched parahydrogen.

Introduction

Hyperpolarized substances display greatly enhanced nuclear spin
order, giving rise to nuclear magnetic resonance (NMR) signals
enhanced by up to 5 orders of magnitude relative to standard
thermal polarisation. The large signal enhancement enables
important applications such as the in vivo characterisation of
human cancer’. In parahydrogen-induced polarisation (PHIP), the
hyperpolarized substances are generated by chemical reactions
of hydrogen gas which has been enriched in the para spin
isomer®*®, PHIP may be used to generate small *C-labelled
molecules in a hyperpolarized state, with many potential
applications in molecular imaging”™%*2.

Hydrogenation reactions with para-enriched hydrogen yield a
product displaying strongly enhanced nuclear singlet order,
meaning a population difference between the singlet state and the
triplet manifold™®.

Singlet order is an example of a long-lived state (LLS), with a
relaxation time longer than the spin-lattice relaxation time
constant T; which governs the decay of ordinary nuclear
magnetisation®*?*, Techniques have been developed for

converting nuclear magnetisation into long-lived singlet order, and
20-25

vice versa. For example, the SLIC (spin-lock-induced
crossing)®?# and M2S/S2M (magnetisation-to-singlet/singlet-to-
magnetisation)?***3? methods are designed to operate in the

near-equivalence regime, in which the two nuclei involved in the
singlet state have a much larger spin-spin coupling than any
interactions which break exchange symmetry, such as a chemical
shift difference between the two spins, or asymmetric couplings to
a third nucleus.

When PHIP is used for *C magnetisation enhancement, it is
necessary to convert hyperpolarized proton singlet order into
nuclear magnetisation of a different spin species. One promising
concept involves side-arm hydrogenation, in which a desired
substrate is chemically bonded to a side arm able to react with
para hydrogen; the enhanced polarization transferred via para
hydrogenation is then converted to spin polarization at one (or
more) site of the substrate before chemical cleavage of the side
arm to liberate the hyperpolarized agent.*® A series of techniques
have been developed for the transformation of singlet order into
heteronuclear magnetisation. These include field switching and
resonant radiofrequency pulse sequences®*’. The first pulse
sequences of this kind were developed by Goldman and co-
workers® but are not well-suited to the important near-equivalence
regime relevant to the promising sidearm-hydrogenation
procedures.®® Kadlecek and co-workers proposed a set of more
general solutions™™.

In this paper we demonstrate that the techniques developed in the
field of long-lived states may be applied to the problem of
converting singlet order into heteronuclear magnetisation. The

SLIC method may be applied almost directly, while the S2M
sequence may be adapted by changing the pulse sequence loop
numbers and definition of the echo delay. These sequences are
relatively short, only involve radiation on a single radiofrequency
channel, and provide an efficient transfer of nuclear singlet order
into heteronuclear magnetisation, in the near-equivalence regime.
Furthermore, the S2hM (singlet-to-heteronuclear-magnetisation)
method is well-compensated for resonance offset, without the
addition of extra 180° pulses.

In the first part of the next section we show results for singlet NMR
techniques, applied to thermally polarized nuclear spin systems,
to generate nuclear singlet order. The amount of singlet
polarization generated this way is many orders of magnitude
smaller than when parahydrogen is used. However, the thermal
procedures are fully reproducible and allow a robust
characterisation of the conversion process from proton singlet
order to *3C magnetization by removing chemical reaction rates
from the dynamics. We use a simple test system (natural
abundance **C in fumaric acid) to explore the behaviour of the
SLIC and S2hM sequences, and compare these methods to some
previously-described procedures in the near-equivalence context.
In the second part of the results section, a preliminary
demonstration of parahydrogen-induced polarization of **C nuclei
using the SLIC method is given. The theory section provides the
guantum theory of the SLIC methods in this 3-spin-1/2 context.
The appendix provides the definitions of the polarizations used in
this paper, and discusses the associated operators.
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Figure 1: (a) Molecular structure of fumaric acid showing the J-couplings in
the 1-°C isotopomer.

(b) **C spectrum obtained by a single (/2), °C pulse, showing the 1:2:1
triplet associated with a near-equivalent AA'X system.

(c) Bc spectrum obtained using the pulse sequence in Figure 2(a), with
proton singlet order converted into Bc magnetisation by the SLIC pulse.

(d) 3C spectrum obtained using the pulse sequence in Figure 2(b), with
proton singlet order converted into Bc magnetisation by the S2hM pulse
sequence. All spectra show the carbonyl spectral region and were obtained
with 64 transients, acquired at a magnetic field of 11.7 T. No H decoupling
was used during data acquisition. A phase shift of m/2was applied to
spectra (b) and (c) relative to spectrum (d).
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Results and Discussions

Most of the results shown below were obtained on an unlabelled
sample of 0.86 M fumaric acid in degassed dimethyl sulfoxide
DMSO-ds (Figure 1a). All experiments studied the *C NMR
signals from the naturally occurring ~2% of fumaric acid
molecules with a **C nucleus at the carboxylic acid site (1-'3C).
This isotopomer comprises a AA'X spin system of two chemically
equivalent protons and one **C, with a *H-'H J-coupling of 3Juu=
15.7 £ 0.4 Hz.

The ordinary **C NMR spectrum without *H decoupling, shown in
Figure 1(b), displays a 1:2:1 triplet structure, with the peak
splitting given by the mean of the two 'H-*C J-couplings,
(et IcH)2 = 4.9 £ 0.3 Hz.

This paper is mainly concerned with the near-equivalence regime,
which is defined as 6 < 30°, where 8 = arctan(AJ¢y/2/yy) (Note:
some workers in the field use the angle 6; = /2 —8). The
couplings in fumaric acid give 6 = 6.2°, which makes it a
convenient test system for evaluating pulse sequences to mimic
polarization transfer across a large number of bonds. In this
regime, it is not possible to determine the Jcy and 3Jcy couplings
individually from the NMR spectrum. The difference between the
heteronuclear couplings AJey = 2Jen - 2Jen = 3.4+ 0.3 Hz was
estimated by data from the singlet NMR experiments (see below).
The estimates of the individual heteronuclear couplings are
therefore 2Jcp= 3.2+ 0.2 Hz and 3Jcn= 6.6 + 0.2 Hz. It should be
noted that the methods described here provide a useful way of
estimating J-couplings in the near-equivalence regime.

Previous experimental work on the conversion of proton singlet
order into heteronuclear magnetisation employed parahydrogen
reactions to generate singlet order, which makes quantification
difficult. For the present work we generated proton singlet order in
a reproducible manner from thermal equilibrium proton
magnetisation, using techniques developed in the context of
LLSZO-SZ.
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Figure 2: Pulse sequence for characterising the transformation of 'H
singlet order into *C magnetisation. A SLIC sequence on the proton
channel generates singlet order, followed by a Tqo filter to remove any
signals not passing through singlet order. The transformation of proton
singlet order into **C ma%netisation is achieved by:

1a2 A SLIC pulse on the ~°C channel applied on resonance with the target

C site.

b2 An S2hM pulse sequence using strong, non-selective, pulses on the
¢ channel, separated by delays. In practice, composite m pulses are
used.

The pulse sequences are shown in Figure 2. Singlet order is
generated on the protons by applying a SLIC pulse sequence at
the proton resonance frequency. The radiofrequency field
amplitude is set to match the proton nutation frequency with the
proton-proton  J-coupling  wf,. =2mJyy. This  condition
establishes a resonance, in which the difference between the two
'H-13C J-couplings drives oscillations from proton magnetisation
into proton singlet order. As shown in the Theory section, the
amplitude of the proton singlet order is proportional to
sin*(w Ay T8c /2V2), in the absence of relaxation and other

imperfections, and is maximised at ¥, = vV2/Ajc; (described
further in the Theory section).

The 'H SLIC sequence is followed by a "Tgo filter”, used to
suppress NMR signals not passing through proton singlet order®
(see the Supporting Information). This is the sequence
[Gl]-9054,7°-[Gz]-9054,7°90180°-[Gg]. G1, G, and Gz are z pulsed-field-
gradients with a sine-bell shape. The relative strengths were 10, -
10 and -15 G cm, and the durations were 8.8, 4.8 and 4.0 ms.
We employed two different methods for converting the proton
singlet order into *C magnetisation, both of which operate in the
near-equivalence regime and only employ radiofrequency (rf)
irradiation on the **C channel.

1. SLIC method (Figure 2a). A weak unmodulated rf field is
applied at the resonance frequency of the "target" **C site. If the
amplitude of the *3C field is such that the **C nutation frequency
matches the *H-'H J-coupling w§,;c = 27 Juy, proton singlet order
oscillates into transverse '*C magnetisation, locked in the
opposite direction to the rf field. In the absence of relaxation and
other imperfections, the amplitude of transverse *C
magnetisation is proportional to sin?(r Ajcy 7$,¢ /2), SO that the
13C magnetisation yield is optimised after an interval 5, =
1/A]cy (see the Theory section). A similar conversion procedure
(albeit in a 4-spin system) is used in high-field SABRE (signal
amplification by reversible exchange) experiments?’.
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Figure 3: Amplitudes for the conversion of proton singlet polarization into 3c Zeeman polarization in 1-
3C-fumaric acid: simulations (solid blue lines) and experimental results (black points). The vertical scale
in all plots is normalised such that 1 corresponds to 100% conversion from proton singlet order into 3c
polarization. A conversion amplitude of 1 indicates that pure parahydrogen, if reacted without loss, would
give rise to fully polarized 3C nuclei. All amplitudes are negative to indicate magnetisation generated
opposite to the pulse phase. The best-case transfer amplitude was 54.0% for SLIC and 59.3% for S2hM.
(a) SLIC pulse sequence as a function of SLIC duration z&;,. with a fixed amplitude a)SCL,C/Zn = 15.7 Hz.
(b) SLIC pulse sequence as a function of 13C nutation frequency with a fixed duration TSCL,C = 280 ms.

(c) S2hM pulse sequence as a function of loop number n, with delay 7 fixed at 15.8 ms.

(d) S2hM pulse sequence as a function of delay 7, with loop humber n=7 . Each experimental point is a
result of 4 transients, using a delay between transients of 60 s.

Experimental results showing the oscillatory transfer of proton
singlet order into transverse **C magnetisation under the **C SLIC
sequence are shown in Figure 3(a). The data points were
obtained by repeating the pulse sequence in Figure 2(a) for
different *3C SLIC durations. The experimental data points were
normalised by calibration experiments, such that a value of 1
would correspond to 100% conversion of proton singlet
polarization into **C Zeeman polarization, as described in the
Appendix. An optimal transfer amplitude of 54.0% is obtained at a
SLIC duration t§&,,, = 280 ms.

The experimental polarization conversion amplitude for SLIC, as
derived from the spectral integral, is plotted against =*C rf
amplitude (expressed as a nutation frequency) in Figure 3(b). This
shows a distinct peak at 15.7 Hz, corresponding to the match of
Wy c With 27 [y,

The **C NMR spectrum, obtained by the pulse sequence in Figure
2(a) using a **C SLIC pulse of duration 280 ms, is shown in Figure
1(c). The weak outer components of the *H-coupled **C multiplet
are in agreement with the theory of the SLIC singlet-to-
magnetisation transfer process. The singlet order between the
protons is converted predominantly into *C coherences involving
the *H singlet state and the central *H triplet state, both of which
make up the central peak of the **C multiplet.

Numerical simulations of the conversion amplitudes, using the
SpinDynamica software platform®*, are shown by solid blue lines
in Figure 3.

2. S2hM sequence (Figure 2b). The homonuclear singlet-to-
magnetisation (S2M) sequence®?**32 comprises a strong /2
pulse and a delay, on either side of two 7 pulse echo trains, with
the second echo train being twice as long as the first. The S2M
sequence is adapted to perform heteronuclear singlet-to-
magnetization transfer by making the two echo trains equal in
repetition number, as depicted in Figure 2(b). We refer to this
sequence as S2hM (singlet-to-heteronuclear-magnetisation).

The theoretical values of the intervals T and loop numbers n are
given by

v =1/(4T5u + BJca/2)7) )
n = round(r/(4 arctan(&/cy/2Jun))) (2)
The S2hM sequence converts proton singlet order into

heteronuclear magnetisation in a near-equivalent 3-spin-1/2
system, with a near-100% theoretical conversion amplitude.
Although the S2hM sequence is a factor of ~m/2 longer than
SLIC, it is more robust with respect to resonance offset and
magnetic field homogeneity, especially when composite 1 pulses
are used*.

Figure 3 (c) and (d) show experimental conversion amplitudes for
proton singlet order into transverse *C magnetisation using the
S2hM sequence, as a function of the echo interval T and loop
number n. An optimal transfer amplitude of the conversion step of
59.3% was obtained for echo interval ¢ = 15.8 ms and loop
number n = 7 (see Supporting Information).

The **C NMR spectrum, obtained by the pulse sequence in Figure
2(b) using an S2hM sequence on the *C channel, is shown in
Figure 1(b). The spectrum has a similar appearance to that
obtained using SLIC.

The SLIC and S2hM sequences are both efficient in converting
proton singlet order into heteronuclear magnetisation, in the near-
equivalence regime, where 6 < 30°. Two other sequences known
to the authors work well in this regime: Kadlecek Case 2b"*, called
here K2b, and a modified Goldman sequence which incorporates
a number of “pumping pulses” to build up magnetization on the
target nucleus®. These hard-pulse sequences work similarly to
S2hM, but have more adjustable delay periods, which is
advantageous when 6 is near 30°. For comparison, these two
hard-pulse sequences were also applied to fumaric acid in the
same way as S2hM and SLIC, and give transfer amplitudes of
50.2% (Goldman) and 54.5% (K2b). The complete sequences are
given in the Supp. Info. For all four sequences explored here, the
correspondence of experimental results with simulations is
acceptable, except for an additional loss in experimental signal
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Figure 4: Conversion amplitudes as a function of resonance offset from the
target carbon resonance in 1-C-fumaric acid: simulations (solid blue lines) and
experimental results (black points). The vertical scale is the same as in Figure
3.

(a) SLIC pulse sequence using amplitude wSCL,C/Zn=15.7 Hz and duration
T&,1c= 280ms.

(b) S2hM pulse sequence using delay 7=15.8 ms and loop number n=7.

(c) Kadlecek pulse sequence using delays 7, , 3=31.6 and 7,=7.9 ms, with loop
number n=5. A complete sequence is shown in the Supp. Info.

(d) Goldman pulse sequence using delays 7,4 3,=31.6 and 7,=15.8 ms, with
loop numbers n,;=5 and n,=7. A complete sequence is shown in the Supp. Info.
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strength observed, presumably associated with relaxation and rf
inhomogeneity. The detailed reasons for the loss in conversion
efficiency are not yet completely understood.

A favourable feature of SLIC is its high rate of transfer. In the
near-equivalence limit, the duration of the SLIC method required
to provide complete transfer is a factor of 2/m shorter than S2hM,
K2b and modified Goldman schemes. SLIC performs the transfer
on fumaric acid in 280 ms, compared to the 460 ms required for
the hard-pulse methods.

Some applications of these pulse sequences involve
manipulations of the spins in a low magnetic field, in order to
minimize proton chemical shift. Low-field electromagnets often
have a limited field homogeneity and suffer from instability and
drift. The performance of these methods in the presence of a
frequency mismatch between the applied rf frequency and the
Larmor frequency of the spins (resonance offset) is therefore an
important characteristic. Figure 4 shows the performance of the
singlet-to-magnetization procedures as a function of resonance
offset. Although these data were obtained on fumaric acid in high
field, they provide valuable information on the performance of the
same pulse sequences in the low-field context.

Figure 4a shows the resonance offset performance of the SLIC
sequence. The method is highly sensitive to resonance offset, as
expected for a weak rf field. Figure 4b shows that S2hM, on the

other hand, is highly robust with respect to resonance offset. The
Kadlecek and Goldman sequences display a strongly oscillatory
transfer with respect to resonance offset (Figure 4c and d). For
example, the conversion amplitude of the K2b sequence changes
sign every ~21 Hz, which corresponds to a field difference of
~2 UT. These sequences may be offset-compensated by including
two pairs of 180° pulses on both the *C and *H channels in every
pulse sequence delay®'®, but this adds much complexity and
presumably gives rise to additional losses due to pulse
imperfections.

Parahydrogen-Induced Polarization

In Figure 5, we show a preliminary result demonstrating
parahydrogen-induced **C NMR signal enhancement on the
molecule dimethyl maleate. The Jun coupling for this molecule is
known to be 11.6 Hz®, and we make the assumption the AJcy
value is approximately the same as we determined for maleic
acid, 10.5 Hz. This would mean the spin system has a relatively
high 6 value for a molecule in the near-equivalence limit of
6 = ~24°, but it serves as a useful model system for obtaining
preliminary results. We enriched H, gas in the parahydrogen spin
isomer by passing it over a charcoal catalyst at 77 K. This was
bubbled for 15 s into a solution of 5 mM dimethyl acetylene
dicarboxylate-ds and 30 mM Rh(dppb)(COD) (hydrogenation
catalyst, dppb=diphenylphosphino butane, COD=cyclooctadiene),
dissolved in acetone-ds, at room temperature in an NMR tube
already loaded in the high-field (11.7 T) magnet. Immediately after
bubbling, a **C SLIC pulse of duration 95 ms was applied. The
Fourier transform of one **C signal transient is shown in Figure
5(a).

After the reaction had completed, an attempt was made to acquire
the unenhanced *3C spectrum by acquiring 1024 single-pulse
transients using 90 ° pulses separated by a relaxation interval of
60 s. The signal could not be detected, as shown in Figure 5(b).
Independent experiments determined the *C T, of the carbonyl
site to be 44 s. We estimate that the parahydrogen-induced signal
enhancement in Figure 4a was at least 9000, corresponding to a
13C polarization level of more than 9%. This estimate takes into
account a signal loss of ~23% in the unenhanced spectrum due to
partial saturation by the 90 ° pulses®, and was later confirmed by
comparing the hyperpolarized peak intensity to that of a **C-
labelled standard (boc-gly-OH-1-*3C). A further enhancement by a
factor of ~3 would be available by enriching the H, gas with
parahydrogen at a temperature of 25 K instead of 77 K.

The demonstration in Figure 5 was performed on a molecular
system in which the relevant isotopomer of the reaction product
contains only three spins-1/2 (neglecting the deuterons), with
identical proton chemical shifts. The same procedure could be
performed on more general molecules in low magnetic field, so
that any chemical shift difference between the protons becomes
unimportant.

Theory

In this section we present the quantum theory of the Spin-Lock
Induced Crossing (SLIC) procedures, as shown in Figure 2a. The
principles of the S2hM sequence will be presented in a separate
paper.

Singlet and Zeeman Polarization

One of our aims in this paper is to connect the singlet NMR of
thermally polarized systems with the field of parahydrogen-
enhanced NMR. For this purpose we now discuss the definitions
of polarization levels, and the associated quantum operators used
in spin-dynamical calculations and theory.

The term polarization is commonly used in NMR to denote the
degree of alignment of nuclear spin magnetic moments with an
external axis, typically the external magnetic field. For isolated
spins-1/2 with Zeeman eigenstates |a) and |B), representing spin
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Figure 5. ®*C NMR spectra of the COO site of dimethyl maleate-ds,
obtained by the catalytic reaction of the dimethyl ester of acetylene
dicarboxylic acid with para-enriched hydrogen, in the NMR magnet.

a) A 3¢ spectrum acquired after bubbling the para-enriched hydrogen
gas for 15 s and applying a B¢ sLic pulse with duration 95 ms, at the
frequency of the BCOO resonance. No proton decoupling was used
during signal acquisition.

b) An attempt to acquire the BC NMR spectrum after completion of the
reaction by acquiring 1024 single-pulse transients separated by a delay of
60 s. The catalyst gives rise to the structure around 133 ppm. The vertical
scale in (b) has been reduced by 32 so as to equalize the noise. Both (a)
and (b) have line broadening of 2.3 Hz applied, but the inset spectrum
does not. The NMR signal enhancement factor is approximately 9000.

angular momenta of +#4/2 and — /2 in the field direction, the
Zeeman polarization, denoted here p,, is given by
Ng—n
p,=—F
Ny + ng

(3)

where n, and n; are the populations of states |a) and |B)
respectively. The value of p, is bounded by +1, i.e. =1 < p, < +1,
with p, = +1 indicating complete alignment of the spin angular
momenta along the external field, and p, =—1 indicating
complete spin alignment in the opposite direction.

For isolated spins-1/2, the spin density operator p(p,)
corresponding to an isolated spin-1/2 ensemble with Zeeman
polarization p, is given by

1
p(pz) = Eﬂ + pzlz
(4)

where 1 is the unity operator. For an ensemble of N-spin-1/2
systems {I;, I, ... I}, in which spins I; have a Zeeman polarization
P1z» SPins I, have a Zeeman polarization p,,, etc., (and all
polarizations are statistically independent), the corresponding spin
density operator is given by

1 1 1
P(P12 P2z ) = (Eﬂ + plzllz) (Eﬂ + p22122> (Eﬂ + pNzINz)

(5)

The quadratic (and higher order) terms are insignificant for
thermally polarized systems with small p-values, but become
important at high polarization levels.

Define the operator amplitude (A — B) as follows:

(A—- B)= M
(BIB)
(6)
where the Liouville bracket is defined*”
(B|A) = Tr{B1A}
()

and BT is the adjoint of A. If the operator A may be expressed as
A = aB + (terms orthogonal to B)
(8)

then a = (A - B). The operator amplitude (4 — B) extracts the
coefficient of operator B contained in operator A, by calculating a
suitably normalized projection of A onto B.

The Zeeman polarization of spins I; may be derived from an
arbitrary density operator p as follows:

Pjz ={p = Pjz)
(9)

where the Zeeman polarization level operator P;,, is defined:
sz = 21_N1jz
(10)

This corresponds to the operator with coefficient p,, in Equation 5.
Equations 9 and 10 provide a rigorous method for deriving the
Zeeman polarization level of single spins-1/2 from a general
density operator.

The term polarization level operator is used here to avoid
confusion with the polarization operator defined by Ernst and co-
workers, which has a different meaning®®.

Polarizations along different axes are constructed in a similar way.
For example, the polarization of spins /; along the x-axis may be
derived from the density operator through the operator amplitude
(p = Pj,) where P, = 217V,

The mean polarization of several spins may be calculated by
applying the operator amplitude construction to the summed
polarization level operators, for example:

1
;l(pjz +pkz + "'pnz) = (p i sz +sz + "'Pnz)

(11)

The definition of the operator amplitude in Equation 6 takes care
of the normalization.

Singlet Polarization

Consider now an N-spin-1/2 system in which spin pairs {Ij,Ik}
possess a degree of singlet order, caused either by manipulations
of a thermally polarized spin system, or by the injection of singlet
order into the system through a reaction with para-enriched
hydrogen. The singlet polarization of the spin pair, denoted pé'k is
defined as the difference between the singlet population and the
mean of the triplet state populations. A density operator
representing a state with singlet polarization p_é"‘ for spin pairs
{I,,1,} is given by



p(p;"k) =2"M1+ pé’kPSj’k + (operators orthogonal to stk)
(12)

where the singlet polarization level operator, denoted st'k, is
defined as follows:
jk _ _
Pl = 227Ny, -1,

(13)

The singlet polarization may be obtained from an arbitrary spin
density operator as follows:

pl* = (p - P
(14)

in similar fashion to the Zeeman polarization (Equation 9). The
singlet polarization is bounded as follows: —1/3 Spé'k < +1,
where the maximum value of +1 indicates complete singlet
polarization (as in pure parahydrogen), and the minimum value of
—1/3 indicates complete depletion of the singlet state (as in pure
orthohydrogen). For example, pure parahydrogen is described by
a 2-spin-1/2 density operator (N = 2):

1
p(pure pHp) = 21— 1; - I
(15)
and has singlet polarization ps = +1. 50% enriched parahydrogen
(as generated by catalytic equilibration at ~77 K) is described by a
2-spin-1/2 density operator (N = 2):
(50% pH )—1]1—1[ -1
p o pHy) = P 3l
(16)
and has singlet polarization ps = +1/3.
Strong Zeeman polarization is accompanied by the depletion of
singlet populations and hence negative singlet order. This is

revealed by applying the procedure of Equation 14 to the density
operator in Equation 5:

. ) 1
ps" = (P12 P2z ) = ) = =2 pjapic
(17)

The generation of singlet order by strong Zeeman polarization has
been exploited in the context of dynamic nuclear polarization®%,

Thermal Polarization
Spin species at thermal equilibrium in a static magnetic field B,
and temperature T exhibit Zeeman polarizations of the form

hy;B
eq _ =0
Pjz tanh{ZkBT}
(18)
where y; is the magnetogyric ratio of species I; and kg is the

Boltzmann constant. At high temperature (kgT > |hy;Bo|) this
simplifies to

eq o hy]BO
Piz = 4,1

(19)

This is an infamously small number of the order 10° in most
circumstances. Thermal singlet polarization for homonuclear spin

pairs is given by — (pfz")z/B, which is of the order 10 and may be
ignored.

SLIC Theory

The Principles of the Spin-Lock-Induced Transfer (SLIC) method
have been extensively discussed in the case of a homonuclear
spin-1/2 pair, where a chemical shift difference induces singlet-to-
magnetization polarization transfer, and vice versa®?®® and also
for heteronuclear 4-spin systems.?’?%4° Here we present the
theory of SLIC for a pair of chemically equivalent protons
experiencing differential J-couplings to a third spin of different
isotopic type, examining the result of SLIC matching conditions on
both spin species. In order to make the connection between
thermally polarized singlet NMR and parahydrogen-enhanced
NMR we use the polarization definitions presented above.

The spin Hamiltonian for the system of two I-spins-1/2 and one S-
spin-1/2, in the presence of resonant rf fields with phase 0, is
given in the high-field limit by

H =2nj51y - 1 + 21)1311, 83, + 21)3315, 53,
+w‘£lut(11x + 12x) + wrslut53x

(20)

where the rf field amplitudes for the two species are expressed as
nutation frequencies w,, and w;,,. Chemical shift terms have
been ignored, implying that the two I-spins are chemically
equivalent, or that the static field is sufficiently low that chemical
shift frequencies are insignificant. The rf irradiation is assumed to
be exactly on-resonant for both channels. The Hamiltonian may
be written

1
H=wyl; I + (‘)IESE(Ilz +15,)S3,

1
+w£§§ (Ilz - 122)532 + w111ut(11x + 12x) + wrslut53x

(21)

where w;; = 21);5, wis = 21(J13 + J23) and wfy = 21(J13 — J23)-
The SLIC condition for the I-spins is given by w!,, = w, and
w3, = 0, while the SLIC condition for the S-spins is given by
Wnye = 0 and wyye = ;.

The singlet and triplet states for the two I-spins are defined as
follows:

1542) = 7 (la1z) — |Brcx2)) (22)
ITiE) = layaz) (23)
IT32) = Z (o) + 1Braz)) (24)
IT22) = |B1B2) (25)

where |a,8,) indicates a state with angular momentum + 1/2 for
spin I;, and angular momentum —1/2 for spin I,, along the static
magnetic field, etc. A basis for the three-spin system may be
constructed from the direct product of the singlet and triplet states
for the I-spins, and the Zeeman states |a3) and |B;) for the S-spin:

STZ = {1S5°), IT+3), |To?), IT2E}@{les) , 1B5)}
(26)



A new basis STX, which is suitable for representing the spin
dynamics during SLIC, is defined by rotating each of the STZ
basis kets by /2 about the y-axis:

STX = {Ry (m/2)[1)°"% - R, (rr/2)|n)*"*}

(27)
where R, (8) = exp{—if(Ly + L, + S3,)} and n = 8.

I-Spin SLIC

The pulse sequence starts with a (/2), pulse applied to the I-
spins. The initial thermal equilibrium state of the I-spins may be
represented by the density operator p,, = (1/8)1+ p;,'P,,, Where
the thermal equilibrium polarization is defined in Equation 19 and
the polarization level operator is defined in Equation 10:

1
PIz = Z(Ilz + IZZ)

(28)

The unity operator is ignored in subsequent calculations. The
second term is rotated by the pulse into the operator

p(O) = pIEzqPIx p1z 2 (le + IZx)

(29)

This is the starting condition for the evolution under the
radiofrequency field.

In the case of I-spin SLIC irradiation (wl,; = w; and w3y, = 0),
the matrix representation of the Hamiltonian in Equation 21, in the
basis STX is given by:

/—3\/§w,, 0 0 0 0 -wi 0 ok \
I 0 5V2w; 0 0 -0 0 ok 0 I
| o 0 V2w; O 0 o 0 ok |
Horeqy = 1 I 0 0 0 -3V2wy; w& 0 Wik 0 I
W2 0 - 0 o —3V2w,; 0 0 0
-0 0 ok 0 0 5V2w; O 0 ‘
0 w0 W 0 0 V2w,; 0 /
wh 0 wf 0 0 0 0 —3V2wy
(30)

An approximate “secular” form of this matrix may be constructed
by removing all off-diagonal elements between non-degenerate
diagonal elements:

3Bw; 00 0 0 0 0wh/V2
0 50,0 0 0 0 0 0
0 Ow; 0 0 00 0
yeee 1| 0 0 0-3w, 0 0 0 0
SLIC(D) 0 00 0 30,0 0 0
0 00 0 0 50,0 0
0 00 0 0 0w O

ws/N20 0 0 0 0 0 —3w,

(31)

This approximation is justified if || « |w;| and |wf| < lw,l, i.e.
the near-equivalence regime.

Equation 31 shows that states #1 and #8 of the STX basis are
mixed by the spin Hamiltonian. Since state #1 is derived by a
(m/2) rotation of the state [Si?)®|a3), while state #8 is derived by
a (mw/2) rotation of the state |T!?)®|B;), this mixing allows
population transfer between the singlet and triplet states of the I-
spins, catalysed by the differential couplings to the S-spin. I-spin

magnetisation is therefore converted into I-spin singlet order
under the action of the I-spin SLIC pulse.
The evolution of the system from an initial state of [-spin
polarization along the rf field is as follows:

p(®) = p} exp{—iHSSffC(,)t}P,Zexp{+iHssffC(,)t}

(32)

where relaxation is neglected. A SpinDynamica calculation shows
that this is given by

1 o wist
p(t) = TPz {3 + COS<2\/§ I

1. wf5t>
+=psin? [ —= |1, -1
3P1z <4\/§ 112

>(311x12x I- Iz)

- ipeq sin?
24 1z 4\/—
pIz ( > (Ily - IZy)SSZ

a),ASt
2\/—p1z sin (leIZy - IlyIZX)SSZ
(33)

All terms on the right-hand side of Equation 33 are orthogonal.
The singlet order generated by the I-spin SLIC sequence is given
by

PLE) = (p(6) - Ply = — Zped sine (215
3 1z 4\/2

(34)

which has a maximum magnitude of (2/3)p;! at a SLIC duration

thc =V2/lis —Ja3l. For weakly polarized systems, the
conversion of (2/3) of the Zeeman polarization into singlet
polarization is the best possible, under any unitary
transformation**

§-Spin SLIC
We now examine the action of the S-spin SLIC pulse on a state of
proton singlet order, expressed by the density operator:

1
p(thye) = piPi = _Epéh Iz

(35)

where p} is the I-spin singlet polarization. In the case where the
singlet polarization is generated from thermal I-spin Zeeman
polarization by the I-spin SLIC sequence, as described above,
this initial polarization is given (in the best case) by

eq
(36)

However, if the singlet polarization were generated by an ideal
reaction with pure parahydrogen, the singlet polarization would be

ps = 1.



In the case of S-spin SLIC irradiation (w3, = w;; and wk,, = 0),
the matrix representation of the Hamiltonian is given by:

—2w; 0 0 0 0 —wfs 0 wly
0 3V2w; O 0 -w& 0 s 0
0 0 3V2w; 0 0 Wl 0 wls
Hsprees) = 1 0 0 0 3V2w; wly 0 0¥ 0
W2 0 - 0 oy -5V2w; 0 0
| 0% 0 wk 0 0 —V2w; 0 0 |
\ 0 oy 0wk 0 0 —2w; 0 }
whs 0 ws O 0 0 0 —V2wy,
(37)

An approximate “secular” form of this matrix may be constructed
by removing all off-diagonal elements between non-degenerate
diagonal elements:

—wy 0 0 0 0 —-wA/N2Z 0 WA/N2

0 3w; 0 0 0 0 0 0
0 0 3w; 0 0 0 0 0
1 0 0 03w,; O 0 0 0
SLIcs) = g 0 0 0 0 —5w,; O 0 o
—wA/N20 0 0 0 —w; 0 O

\ 0 0 0 0 0 0 -w; O /
wh/N2 0 0 0 0 0 0 —wy

(38)

Again, this approximation is justified if |of| < lw,| and |wl| «
|wy,l, i.e. the near-equivalence regime.

The evolution of the system from the initial state in Equation 35 is
given by

ipysec

1 . ’
p(t) = —Epfc exp{—l suc(s)t’} I - lzexp{—i-lesffc(s)t }

(39)

where t = tf,, + t' A SpinDynamica calculation shows that this is

given by
1, wist’
p(t) = —gbs 2 + cos 5 I 'L,

A gt

1 wist
_Epsl* sin? (%) Bl — 1 - 1)

1 [(wit'
+EP5’* sin (T (11x12y - I1y12x)53z

wist’

1
+Zp§5in( 2 )(112_122)5331

A

! L sin? wist
4Ps 4

!

) (S3x - 41121225395)

(40)
The operators in the last term may be written as follows:
Sax = 41,12,S3x = 2(1{”1‘28 + Iflg)S3x
(41)
using the spin-1/2 “polarization operators” I = 1/2 +1I;, and

If =1/2-1,. Equation 41 indicates transverse S-spin
magnetization with intensity concentrated on the central
components of the spectral multiplet, as observed experimentally.
The penultimate term in Equation 40 indicates the presence of

some out-of-phase which also observed
experimentally.
The optimal S-spin polarization generated along the rotating-frame

x-axis is given by:
pi(T) = (p(T) > PF) = (p(T) - P3,) = —Pf

terms, are

(42)

where T =tl,c+15,,.. Hence, the S-spin SLIC sequence
achieves a theoretical maximum of 100% conversion from I-spin
singlet order into S-spin transverse polarization. In an ideal case
where the [-spin singlet order to thermal I-spin Zeeman
polarization p;; by an I-spin SLIC sequence, the final S-spin
polarization is equal to (2/3)p;,. If complete I-spin singlet order
were generated by a reaction with pure parahydrogen, then 100%
S-spin polarization would be achieved in the absence of losses.

Conclusions

In summary, we have shown that it is possible to quantitate the
processes  underlying parahydrogen-induced  polarization
experiments by using singlet NMR techniques on thermally
polarized samples, allowing the reproducible characterisation and
optimisation of the relevant pulse sequences. We have
demonstrated two pulse sequence methods for converting the
singlet order of one spin species into magnetisation of a different
spin species, in the important near-magnetic-equivalence regime,
where the difference between the two heteronuclear couplings is
much smaller than the homonuclear coupling. The SLIC method
achieves the transfer faster than any of the hard-pulse sequences
described so far, and is extraordinarily simple and requires
minimal rf power. However, the SLIC method is very sensitive to
resonance offset, although it might be made more robust with
respect to resonance offsets and field inhomogeneity by
modulating the amplitude and/or the frequency®. The S2hM
scheme is a factor ~m/2 longer than SLIC, but is much less
sensitive to resonance offset than SLIC, and also the other single-
channel hard-pulse sequences described in the literature. The
power requirements of S2hM may be minimized by employing
moderately weak rf pulses. These sequences are likely to be
useful at low field, in which case the proton pair may be
chemically asymmetric, as is the case for most side-arm
hydrogenation molecular targets. This may lead to convenient,
cheap, and transportable routes to hyperpolarized materials with a
wide range of applications.

Appendix
The solid blue lines in Figures 3 and 4 represent the simulated
conversion amplitudes from I-spin (*H) singlet order to S-spin
(*3C) x-polarization, i.e.
a= (P> )
(43)

where the transformation amplitude under a unitary propagator U
is defined

U
(A— B) = (UAUt - B)
(44)
In Figures 3 and 4, the numerically simulated conversion

amplitudes a are plotted against parameters such as time, pulse
sequence intervals, rf amplitude, and resonance offset, for various



procedures. In all cases, a = 1 represents complete conversion
of I-spin singlet polarization into S-spin x-polarization.

Comparison of these curves with experimental measurements is
not straightforward. Although the degree of S-spin x-polarization
has a direct correspondence with the integrated amplitude of the
S-spin NMR signal, no direct NMR measurement of proton singlet
polarization is available.

The results of the four different experiments shown in Figure 6
were used to obtain a calibrated measurement of the conversion
amplitudes from I-spin singlet order to S-spin x-polarization. All
experiments conclude with detection of the S-spin (**C) NMR
signal, so that their amplitudes are directly comparable.
Experiment (1) involves direct excitation of thermal equilibrium
S-spin magnetization and detection of the S-spin signal under
I-spin decoupled conditions. The integrated signal amplitude is
given by

ag = fpss
(45)

assuming that enough time is left between transients for full
thermal equilibration, as was the case here. The instrumental
factor f is common to all four experiments.
Experiment (2) involves conversion of thermal equilibrium I-spin
magnetization into S-spin magnetization by a refocussed INEPT
method, followed by S-spin detection. The INEPT pulse sequence
and relevant parameters are given in the Supporting Information.
H
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Figure 6: Pulse sequences used to calibrate the conversion amplitude of
the *C SLIC pulse. Details of the INEPT pulse scheme are included in
the Supplementary Information.
The integrated signal amplitude is given by
e INEPT
ap = fPIZq (le — st)
(46)

where the INEPT transformation of I-spin polarization into S-spin
polarization has a maximal amplitude of 1. The experimental

INEPT conversion amplitude may be determined by comparing
the signal amplitudes in these two experiments:

_Ps, %@ _Vs%
P A® Y9

I INEPT s
<Pz — Pz )exp

(47)

The experimental INEPT conversion amplitude was found to be
~0.67 in our experiments.

Experiment (3) involves generation of I-spin singlet order from
thermal [-spin z-polarization using a SLIC scheme, followed by
suppression of other density operator components using a Too
filter (see Supporting Information for the implementation), followed
by another filtration step and reconversion to I-spin z-polarization,

INEPT transfer to S-spin polarization, and detection. The
integrated signal amplitude is given by
sLic! sLict INEPT
ag = Foid (Pl —= PO (PE— P (B} — BS)
(48)

where the Ty filters have been implicitly included in SLIC!, for the
sake of brevity.

The transformation amplitude brackets under the I-spin SLIC
sequence are related as follows:

PP
IZIE

stict

sLic!
P 25 Pl

(P{ == P})

(49)

This may be proved as follows: For brevity, denote P! as 4, and B}
as B. Assuming purely unitary evolution under a Hamiltonian H,
the “forward” transformation amplitude may be written

“ v Tr{Btuaut} Tr {BTexp{—iHT} A exp{+iHT}}
e d = =
1B 1B112

(50)

where H includes the I-spin rf field and the interaction terms. By
using the invariance of the trace to cyclic permutation, and
assuming that the operators A and B are Hermitian, we get:

U Tr {ATexp{+iHT} B exp{—iHT}}
=8 = HE

(51)

The antilinear operator K,, as defined by Weitekamp** may be
applied to all terms inside the trace. This operator takes the
complex conjugate of all terms, reversing the sign of any y-
angular momentum operators, but leaving x and z-operators
invariant. The operators A and B are invariant to transformation by
K,. Since the coupling Hamiltonian H° is also invariant under
transformation by K,, and the SLIC scheme only employs rf fields
of phase 0, the total Hamiltonian H is also invariant under
transformation by K,. We get:

T {KoAT K exp{Ko(+iHDKT} KoBKY exp{Ko(—iHOK] )
- 112

l=

(A- B)

Tr {A*Texp{—iH*r} B* exp{+iH*T}}
1B112
_ Tr{ATUBUT}
IR




Pl llAlI?
BII?
(52)

Equation 49 follows by assuming that the non-unitary dissipative
terms have a roughly equivalent effect in both directions. The ratio
of the operator norms is

IP{IZ _3
[1BHI1Z 2
(53)
and hence
~ —fp (b1 gy | (s T sy
(54)
This leads to
a 3 suc 2
_® ~ = (P, Ps)
a@ 2
(55)

The experimental amplitude ratio was found to be ag)/ag = 0.24
from which we deduce an experimental transformation amplitude
(P! - P{) = 0.4 for the conversion of thermal I-spin z-polarization
into I-spin singlet order by the I-spin SLIC sequence, followed by
Too filtering. This should be compared with the theoretical
maximum of 2/3 =~ 0.67.

Experiment (4) involves generation of I-spin singlet order from
thermal I-spin z-polarization using a I-spin SLIC scheme, followed
by a Too filter and conversion into S-spin polarization using a S-
spin SLIC scheme.

The integrated signal amplitude is given by

eq (pl SUCT s
a@ = fpi; (P —>Ps (P{— B
(56)

The transformation amplitude for the S-spin SLIC sequence may
therefore be derived from the experimental amplitudes as follows:

( suc 3}/5a@ a_@
2)/1(1@ ag)

These are the experimental points plotted in Figures 3 and 4.

(57)
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