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A new methodology for producing hyperpolarized '*C nuclei in small organic systems via parahydrogen
induced polarization (PHIP) is proposed: ADAPT (Alternating Delays Achieve Polarization Transfer). The
theoretical foundation of the process is investigated in some detail and experimental examples demon-
strating the viability of the approach are provided as well. The number of adjustable parameters is fewer

than most of other conversion schemes. The achieved theoretical heteronuclear polarization is close to
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unity for any examined magnetic equivalence regime. The duration of the pulse sequence, which was suc-
cessfully implemented, can be shorter than other established methods reducing possible relaxation
losses. The conversion scheme is robust to B; inhomogeneities, but more sensitive to off-resonance RF

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Hyperpolarization techniques [1-6] are deemed fundamental to
overcome the sensitivity limitations of nuclear magnetic resonance
(NMR) allowing recording signals enhanced by up to 5 orders of
magnitude compared to standard thermal polarization.

One important route is to perform hyperpolarization in aqueous
solutions that could be subsequently infused in vivo in order to
image metabolic reactions [7], as well as the exploitation of the
large signal enhancement for an early stage detection or treatment
response to therapy in tumors [8,9]. Material and surface charac-
terization could also benefit from enhanced signals [10,11], and
in general all scientific strategies using magnetic resonance.

One of the most promising and cost-effective methods is repre-
sented by parahydrogen induced polarization (PHIP). In PHIP
hydrogen gas enriched in the 'H para-state, described by an
antisymmetric nuclear wave function with respect to the homonu-
clear spin exchange, reacts with a substrate target system contain-
ing a hydrogenable functionality. Upon hydrogenation the proton
pair results highly polarized.

However, proton longitudinal relaxation time T, in solution is
typically in the range of seconds and this sets a major limitation
on the available time to use this large polarization [12-14].
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An alternative is to transfer singlet parahydrogen spin order to
longer lived low gamma nuclei ('3C,’>N, .. .) which are then observ-
able for a longer period of time [15]. In general, prolonging the sig-
nal lifetime represents a major challenge at the very root of many
mainstream research investigations including the area of long-
lived spin orders discovered by Levitt [16-23] and also pursued
by the groups of Bodenhausen [24,25] and Warren [26,27].

Ways to achieve polarization transfer to slowly decaying nuclei
include field cycling transport [28] and methods based on radiofre-
quency (RF) pulses [15,29-31].

In 1996 Bargon and co-workers adapted the INEPT sequence [32],
originally designed to transfer magnetization from 'H nuclei to a
heteronucleus via spin-spin coupling, to create PH-INEPT, PH-
INEPT+ and INEPT(+7/4) pulse schemes, which are effective in
transferring polarization when the two protons originating from
parahydrogenation are in chemically inequivalent positions [33,31].

In 2005 Goldman proposed a novel approach, consisting of
strong RF pulses spaced out by carefully chosen intervals
[29,30,34], to transfer polarization from parahydrogen to a
heteronucleus. In this seminal paper the external magnetic field
is assumed low enough to neglect any proton chemical shift differ-
ence. Therefore, the three-spin system is of the form AA'X. How-
ever, for near equivalent systems, the Goldman scheme is long.

A further generalization has been investigated in 2010 by
Kadlecek and co-workers. The theoretical polarization transfer,
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disregarding the effect of refocussing RF pulses, achieved by the
Kadlecek schemes is always close to 100% [35,34].

Ongoing research in our laboratory, recently submitted for pub-
lication, has shown that the conversion from para-order to
heteronuclear magnetization in a near equivalent system of the
form AA'X can be also achieved by means of a SLIC (Spin Lock
Induced Crossing) sequence originally designed to access singlet
order in pairs of inequivalent homo-nuclei [36].

Here we propose, test and investigate a class of techniques able
to achieve heteronuclear polarization transfer faster than the Gold-
man and Kadlecek methods assuming a pair of chemically equiva-
lent 'H nuclei and a heteronucleus; in the near equivalence limit
the theoretical performance is close to 100%, whereas far from
magnetic equivalence it is always more than 90% for all the pre-
sented cases. The class of pulse sequences is compact and simply
consists of a heteronuclear single pulse and a delay repeated m
times: [0, — A,],,, (see Fig. 2). For near equivalent systems the delay
A, is synchronized to the effective precession frequency which
depends on the J-coupling network of the system, and the optimal
m produces a duration broadly in the range of 1/AJ.

We name this method ADAPT, (Alternating Delays Achieve
Polarization Transfer). It can be used with strong and/or small o RF
pulses, when the conversion becomes essentially a DANTE sequence
[37,38]. The phase of the strong pulse is assumed to be along x.

In order to endow the reader with a practical recipe, we begin
by first describing the examined spin systems, and then the pulse
sequence providing an analytical expression for the delay and
number of loops to use in the near equivalence regime (for exam-
ple the system in Fig. 1a).

An experimental validation shows how proton scalar order can
be transferred to heteronuclear polarization in thermal fumaric
acid and how ADAPT,, has been successfully applied to the polar-
ization transfer to the carbonyl carbon of (unlabelled) dimethyl
maleate-dg, obtained by the catalytic reaction of the dimethyl ester
of acetylene dicarboxylic acid in acetone-dg in a PHIP experiment.

A theoretical comparison, via numerical optimization, with
other previously proposed methods will show how ADAPT,, typi-
cally performs a considerable transfer in a reduced experimental
time for molecular systems over a range of diverse magnetic equiv-
alence conditions.

The detailed theoretical analysis, although forming a consistent
part of the present investigation, is presented in Appendices A and
B for the interested reader.

2. ADAPT parameters under near equivalence regime
2.1. Spin system definition

In order to investigate the polarization transfer via RF irradia-
tion, we model the product molecule by including a pair of chem-
ically equivalent 'H nuclei and a heteronuclear spin. The resulting
three-spin system can be classified near magnetic equivalent when

U“X
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m times

Fig. 2. (a) ADAPT, (Alternating Delays Achieve Polarization Transfer). The optimal
delay and the number of repetitions for near equivalent systems are reported in
Table 1.

the heteronuclear J-coupling imbalance (AJ) is smaller than the
homonuclear 'H-'H J-coupling, and far from magnetic equivalence
in the opposite case. Other nuclear spins in the product molecule,
like 2H nuclei (see Fig. 1b), as well as the effect of relaxation pro-
cesses on the polarization transfer are neglected in a first approx-
imation. The chemical equivalence of proton nuclei is a good
approximation for symmetric systems at any magnetic field and
it is still acceptable for non-symmetric systems when the external
magnetic field is sufficiently low. This convention will be adopted
in the analysis below.

2.2. Pulse sequence

ADAPT,, pulse sequence is built on a set of three optimal param-
eters: the flip angle o, the delay A, and the number of loops m.
Once the flip angle has been chosen, only two linearly independent
parameters are left to be determined: A, and m.

2.3.a,A, and m

We report in Table 1 an analytical expression for the determina-
tion of the ADAPT,, parameters in the near equivalence limit.

A general three-step route to determine the right set of param-
eters, for any magnetic equivalence regime, is provided later in
Section Appendix B.5.

We first propose to select the flip angle «. This choice is flexible
and depends on the degree of magnetic equivalence of the system
under analysis. As a rule of thumb, when 0 < 1, we suggest the
following:

o< 180  when 0<1: near equivalence (1)

o = 180 does not produce any transfer as described in Appendix B.9.
In addition, if the system is far from equivalence, large flip angle
pulses do not always perform well but the experiment can still be
optimized according to the recipe presented below in Sec-
tion Appendix B.5 using small values of a.

The number of loops m can only be changed in integer steps and
a different conversion efficiency may result by adjusting the angle
o.. Small flip angle pulses also require more repetitions.

Fig. 1. In panel (a) the molecule of fumaric acid used to validate ADAPT,, via thermal conversion of proton scalar order into '*C transverse magnetization. In (b) the product
molecule dimethyl maleate-dg used in the PHIP experiment to convert para-order into heteronuclear transverse magnetization. The proton nuclei are labelled 1 and 2,
whereas 3 indicates the 2% natural abundant '*C nucleus. The assumed J-coupling network is indicated for both systems in Hz.
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Table 1
Parameters table for the A, delay and the number of loops for ADAPT, in the near

equivalence limit. wer = 27\/J% + (4)/2)* and 0 = arctan (%)

Parameters for near equivalent systems

Ay

%2 arccos < cos(ot/2) cos(6) )
Deff

cos (x/2)? cos (0)>+sin (2/2)?
m

Round T
oun [2 arccos (%e"“ ((1 +ei*) cos (#) +c0s(0) (i—i cos(o:)+sin()) sin (A'%) ) )}

3. Validation
3.1. Thermal experiment

ADAPTg has been applied to transfer polarization from thermal
singlet order to the carbonyl carbon on an 8.6 M solution of fuma-
ric acid in DMSO-de.

Fig. 3a illustrates the heteronuclear conversion result: singlet
order, defined as the population imbalance between the singlet
and the average triplet proton manifolds, is generated upon appli-
cation of a SLIC [36] pulse sequence on the proton channel of
amplitude w!,. =27 x 15.7 rad s7!, and duration t,. = 335 ms.
The proton and carbon 90 degree pulses are 15.5 pis and 21 pis at
11W and 9.5W respectively. A Ty filter [39] is subsequently
applied to suppress signals not passing through 'H singlet order.
Finally, a *C ADAPTyo with Agy = 16.3 ms and m = 18 converts sin-
glet order into heteronuclear magnetization. The ADAPTgo param-
eters have been experimentally optimized to perform optimal
transfer. Fig. 3b shows a control experiment as in Fig. 3a, but with-
out the proton SLIC pulse. In Fig. 3¢ a carbon pulse acquire signal
displaying the 1:2:1 triplet structure with a splitting correspond-
ing to the average heteronuclear J-coupling: ~5 Hz.

In the near equivalence regime, the spectrum does not immedi-
ately allow to determine the individual heteronuclear J-couplings.
The J-coupling imbalance has been coarsely assumed to be
AJ = 4.2 Hz, returning ), = 2.9 Hz and 3, = 7.1 Hz. The number
of acquisitions in Fig. 3a and b is 2, in Fig. 3c is 1. Proton singlet
order is generated via SLIC in a controlled and reproducible way

3C signal

166.8 166.6 166.4 166.2 166.0 Ppm

Fig. 3. In panel (a) 3C spectrum of the carbonyl region of fumaric acid upon
conversion of 'H singlet order into heteronuclear magnetization. The pulse
sequence applied is a 90,-SLIC on the proton channel, followed by a singlet order
filter Too, and a ADAPTq on the carbon channel; in panel (b) the same experiment as
in (a) but removing the proton SLIC part; in panel (c) 90, and acquisition on the
carbon channel.

in this thermal experiment. In a single-shot PHIP experiment the
same control and reproducibility is difficult to achieve.

The theoretical predicted values according to the expression
reported in Table 1 for ADAPTgy are Agg = 15.9 ms and m = 17.
The tiny discrepancy between theoretical and experimental
parameters can be attributed to the approximate knowledge of
the starting J-coupling network.

Fig. 4 presents a >C offset dependence investigation of the
heteronuclear transfer for fumaric acid. A set of 251 experiments
has been performed by varying the 13C offset irradiation in steps
of 1 Hz within the range between 20806.87 and 21056.87 Hz in
Fig. 4a-c. The interdelay between experiments is 60s, and the
number of acquisitions per point is 2. A SLIC sequence is used to
populate proton singlet order as described above. Immediately
after Too filtration a conversion scheme is applied to perform
heteronuclear transfer. In panel a) ADAPTy is used with parameters
Ag = 1.63 ms and m = 180; in panel (b) ADAPTyq is used with
parameters Agp = 16.3 ms and m = 18; in panel (¢) ADAPT;¢; is
used with parameters Ajg; = 28.43 ms and m = 12.

ADAPT, achieves heteronuclear conversion in the on-resonance
region around 20.9 kHz. For ADAPTg other spectral regions with
significant hetero-conversion can be identified. The spacing
between bands is of the order of 1/Ag = 61.3 Hz. Similarly, the
spacing between bands for ADAPT 4, is about 1/Ass = 35.2 Hz.
The analysis of the offset dependence of the heteronuclear conver-
sion is presented in Section Appendix B.11.

3.2. PHIP experiment

ADAPTyy, and ADAPTy are applied to achieve heteronuclear
polarization transfer in dimethyl maleate-dg. We describe below
the experimental preparation method and results. The relevant J-
coupling parameters are represented in Fig. 1b.

3.2.1. Preparation

The procedure followed to produce parahydrogen requires
room temperature hydrogen gas to flow through a U-shaped metal
tube over a charcoal catalyst at 77 K [12,13,5]. At this temperature
the hydrogen gas is ~50% enriched in the para-state. Higher para
enrichment can be achieved with lower temperatures. For the
experiments presented here the hydrogen gas flow was set to
75 mL/min at 77 K. The gas is collected in an aluminium canister
and results enriched in the parahydrogen fraction. The hydrogen
gas flow was maintained for three hours until the canister pressure
reached around 2 bars.

A 5mM solution of dimethyl acetylene dicarboxylate-dg and
24 mM of Rh(dppb)(COD) (hydrogenation catalyst,
dppb = diphenylphosphinobutane, COD = cyclooctadiene) catalyst,
was dissolved in acetone-dg at room temperature and transferred
in two different 5 mm NMR tube subsequently loaded into a
11.75T NMR magnet. A 1/8” PFA (perfluoroalkoxy) tubing had
been previously inserted into the NMR tube and used to bubble
para- H, gas from the canister at a rate digitally controlled via a
flow meter.

During each polarization transfer experiment parahydrogen
was bubbled for 15 s into the NMR sample tube at a flow rate of
25 mL/min. Immediately after bubbling a conversion pulse scheme
is applied on the 3C channel on resonance with the 13COO fre-
quency offset. A CW irradiation of 27.7dB and 1.7 mW, corre-
sponding to a 200 Hz nutation frequency, was applied on the 'H
channel while acquiring the 3C signal.

3.2.2. Results
In Fig. 5a is reported the single-transient 13C spectrum of a solu-
tion of 5 mM dimethyl ester of acetylene dicarboxylic acid and
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61.3 Hz

Be Signal

35.2 Hz

ADAPT
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ADAPTg, 61.3 Hz
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20.85 20.90 20.95 21.00‘ KHz

20.94 20.96  20.98 KHz
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Fig. 4. Offset dependence of the polarization transfer in fumaric acid: panels on the right are just an expansion of the left figures for the region between 20.92 and 21.04 kHz.
A set of 251 experiments per panel has been conducted varying the 3C irradiation frequency in step of 1 Hz. The on-resonance frequency is 20931.87 Hz. The conversion
schemes used are: in (a) ADAPTy with o =9,A9 =1.63ms and m =180, in (b) ADAPTg, with o =90,A9 = 16.3 ms and m =18, and in (c) ADAPT;s, with
o =162, A5, = 28.43 ms and m = 12. The spectral range investigated is between 20.8 and 21.06 kHz corresponding to -1 ppm for *C at 11.75 T. The theoretical expected
polarization transfer is ~83% for ADAPTqo, ~91% for ADAPTy,, and ~90% for ADAPT; disregarding relaxation effects. The distance between conversion bands, as predicted in

Section Appendix B.11, is indicated for both ADAPTg, and ADAPT;g;.

24 mM [Rh(dppb)(COD)]|BF4 catalyst in acetone-ds before the
parahydrogenation reaction. The two peaks at about 29.9 ppm
and 206.7 ppm are assigned to the solvent used.

Addition of para enriched hydrogen gas converts the dimethyl
ester of acetylene dicarboxylic acid into dimethyl maleate-dg
which is a symmetric molecule with the two 'H nuclei sensing
the same local magnetic field. Fig. 5b shows the '*C spectrum, after
parahydrogenation, averaged over 1024 acquisitions in the 3COO
region between 120 and 200 ppm. The inter-delay between con-
secutive scans was set to 60 s. The multiplet structure at about
133 ppm has been attributed to the catalyst.

The assumed J-coupling values for dimethyl maleate-dg return
the parameters 6 ~ 0.4 ~ 23.08° and we; ~ 83.3 rad s™! as per Eq.
(A.8). The parameters Ago = 18.85 ms and m = 5 for the ADAPTyg
pulse sequence were used. The parameters for ADAPTg are
Ag = Ago/]o and m = 50.

Fig. 5 in panels (c) and (d) shows the carbonyl region when
ADAPTyo and ADAPTy are applied according to the protocol
described in Section 3.2.1 immediately after the parahydrogena-
tion reaction respectively. The peak at 165.4 ppm has been
assigned to the carbonyl carbon of dimethyl maleate-dg. The iden-
tical duration of ADAPT9g and ADAPTg is 94.25 ms.

The signal enhancement for the *COO nuclei has been esti-
mated in the range between 665 and 1600 for the investigated con-
version schemes.

4. Simulations
4.1. Conversion

Fig. 6a and b shows a numerical simulation of ADAPTgo, ADAPTy
valid for the system presented in Fig. 1b. The horizontal axis displays
the number of loops varied in integer steps, whereas the vertical axis
represent the delay used; The delay is indicated as Agy or Ag for
ADAPTyo and ADAPTy in Fig. 2 respectively. The black circle in each
panel summarizes the experimental conditions used and described
in Fig. 5. An 88% and 92% theoretical efficiency for ADAPTyq and
ADAPTy assuming on-resonance irradiation on the 3C spin is
predicted.

4.2. Robustness

Simulations in Fig. 6¢ and d consider the simultaneous incidence
of B; inhomogeneities and off-resonance RF irradiation for ADAPTo,
ADAPTy under the J-coupling network presented in Fig. 1b so to
address the robustness of the proposed class of methods.

B, is varied between £10% in 1% increments. This means that
the flip angle o can vary between 81° and 99° for ADAPTy and
8.1° and 9.9° for ADAPT,. The error on B, is also assumed to be sys-
tematic, and therefore the angle o does not fluctuate throughout
different cycles in ADAPT,,.
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Fig. 5. >C NMR spectra of the COO site of dimethyl maleate-dg, obtained by the catalytic reaction of the dimethyl ester of acetylene dicarboxylic acid (at 5 mM concentration)
in acetone-dg with para-enriched hydrogen, in 11.75 T NMR magnet at 300 K. The assumed J-coupling network in Hz is indicated for the product molecule. (a) '*C spectrum
with a single-pulse transient in the region 15-325 ppm. Panels (b)-(d) report only the '3C 120-200 ppm spectral region where the COO resonance frequency occurs. In (b) 1*C
spectrum after 1024 acquisitions. The multiplet structure in the region around 133 ppm is attributed to the [Rh(dppb)(COD)]BF4 catalyst (at 24 mM concentration). Panels (c)
and (d) show the '*C spectrum acquired after bubbling the para-enriched hydrogen gas for 15 s and applying in (c) a '*C-ADAPTg with A, = 18.85 ms with 5 repetitions, in
(d) a '*C-ADAPTy with A, = 1.885 ms with 50 repetitions. Every spectrum has a 2 Hz line broadening applied. The NMR signal enhancement factor for the COO resonance peak

is ~665-1600 for ADAPTy and ADAPTy, respectively.

The 3C offset irradiation is varied between +1 ppm (~ £125 Hz
at 11.75T) in steps of 0.01 ppm (~ +1.25 Hz). The total number of
simulated points per panel is 861. Off-resonance irradiation by
ADAPTyy in Fig. 6¢ is characterized by the presence of bands
equally spaced out by approximately 0.4 ppm; for ADAPTy in
Fig. 6d the only region representing significant heteronuclear con-
version is for on-resonance RF irradiation.

4.3. Numerical simulations of other relevant systems

In order to test the ADAPT, outside the near equivalence
domain, we have numerically simulated some systems reported
in Refs. [29,34] and compared the achieved heteronuclear polariza-
tion and the conversion time with those performed by Goldman
and Kadlecek sequences sketched in Fig. 7.

Table 2 summarizes the results for TMVS (trimethylvinylsilane),
TIFBU  (trifluoro but-2-enoate), MEPA1/ MEPA2 ([2-(2-
Methoxyethoxy) ethyl]ethyl acrylate), SUC (succinic acid), HEP
(hydroxyethylpropionate) and BIMAC (2-(2-methoxyethoxy) ethyl
acrylate). The J-coupling values used in the simulation are reported
in Ref. [34] and also presented in Table 2 under the molecule’s
name. The systems in Table 2 are sorted according to increasing
values of 0 defined in Eq. (A.8).

For the Goldman sequence in Fig. 7a we used the values
reported in Ref. [34] for the timings t§, t, 5, t§, t§. For Kadlecek2a
and Kadlecek2b in Fig. 7b and c the timings t£4, ¢Ka, ¢kb, (Kb (K0 Kb
and number of loops n3 have been calculated according to equa-
tions reported in Ref. [35].

The pulse sequences (a), (b) and (c) in Fig. 7 convert proton sin-
glet population, described by the operator { (1 — 4l - I), into 3C
longitudinal polarization represented by the operator %. The class
of ADAPT,, sequences returns directly the transverse '*C polariza-
tion 5. All numerical calculations were performed by
SpinDynamica.

5. Discussion
5.1. Parameters determination

A three-step recipe, detailed in Section Appendix B.5, provides
the optimal setting to perform a polarization transfer experiment.
The strategy used can be applied in any magnetic equivalence
regime. Large or small flip angle pulses can be considered. More
repetitions are required when using small « excitation pulses.

In the near equivalence limit, when 0 < 1, the parameters opti-
mization leads to almost 100% heteronuclear conversion, and an
analytical expression for the parameters determination has been
presented in Table 1. In general, increasing values of 0 reduces
the possibility of using large flip angle pulses, but a considerable
conversion can still be achieved resorting to small o angles (see
Table 2). The performance of ADAPT, worsen in the limit of
0 — m/2, and when o — 7 (see Section Appendix B.9).

5.2. Experimental validation

The thermal experiments presented in Fig. 4 for fumaric acid
show the offset dependence of the polarization transfer mecha-
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Fig. 6. Polarization transfer countour plots simulating numerically the performance in (a) of ADAPTq, and in (b) of ADAPT, for dimethyl maleate-dg. The coherent evolution
Hamiltonian assumes the maleic acid J-coupling network indicated in Fig. 1b previously measured. The number of loops is varied in integer steps and no relaxation is
included. Heteronuclear conversion efficiency in (c) for ADAPToo and in (d) for ADAPT, assuming on the horizontal axis a B; inhomogeneity of +10%, and an off-resonance *C
irradiation of +1 ppm on the vertical axis. The black full circle in each panel refers to the experimental condition for experiments in Fig. 5. The number reports the absolute

value of the theoretical polarization transferred to *COO.
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Fig. 7. Pulse sequences to achieve heteronuclear polarization transfer: (a) Goldman, (b) Kadlecek2a, and (c) Kadlecek2b. (a)-(c) are discussed and compared in Ref. [34]. We
have not included, unlike in Ref. [34], any refocusing pulse. Sequences (a)-(c) convert singlet population operator into longitudinal *C polarization I5,/4.
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Table 2

Numerical simulations comparing ADAPT,, with Goldman and Kadlecek pulse sequences. In particular the delays, number of loops, total duration, and achieved heteronuclear
polarization (P) are indicated for TMVS (trimethylvinylsilane), TIFBU (trifluoro but-2-enoate), MEPA1/MEPA2 ([2-(2-Methoxyethoxy) ethyl]ethyl acrylate), SUC (succinic acid),
HEP (hydroxyethylpropionate) and BIMAC (2-(2-methoxyethoxy) ethyl acrylate). The J-coupling values in Hz taken from Ref. [34] and the angle 0, defined in Eq. (A.8), are
indicated in the first column: the subscripts 1, 2 indicate 'H nuclei and 3 refers to the *C nucleus.

Molecule 6 J (Hz) Sequence Timings (ms) Loops Duration (ms) P (%)
TMVS : 0 =16.78° ADAPTyq Agp = 16.84 m=8 134.0 99
J12=14.6J13=153J,3=6.5

Kadlecek2b tkb —22.42 ny =1 200.0 97
kb = 36.45
b =32.79
kb =8.42
Goldman t§ =32.79 ng =2 344.0 96
t¢ =18.10
t§ =30.76
t§ =32.79
t§ =32.79 n, =6
TIFBU : 0 = 16.90° ADAPTy, Agg = 19.67 m=8 157.4 98
J12=12.5],3=8.4,3=0.8
Kadlecek2b t'fb — 2537 ny =1 232.0 97
kb = 42.79
tkb = 38.27
kb =9.83
Goldman tg — 3827 n =2 401.5 96
t$ =20.88
t§ =36.18
t§ =38.27
t$ =38.27 n, =6
MEPAL1 : 0 = 25.09° ADAPT,s Ass =9.81 m=8 78.5 98
1.8
Kadlecek2a tke = 29.81 117.6 100
57 =29.01
Goldman tg —29.81 196.3 96
MEPA2 : 0 = 35.98° ADAPTy Agp = 17.00 m=4 68.0 92
J12=12.6J13=15.853=-2.5
ADAPTyq Agp = 18.20 m=10 182.0 100
Kadlecek2a ke =12.90 85.5 100
tke =29.80
Goldman f1G —20.80 74.6 95
t§=21.71
t§ =32.11
SUC: 0 =39.23° ADAPT, Ag =3.77 m=22 83.0 93
J12=6.62J13=4.2 J,;=—6.61
Kadlecek2a t'1<ﬂ —20.10 148.0 100
54 = 54.06
Goldman flc —33.96 134.0 98
t§ = 41.53
t§ = 58.51
HEP : 6 = 40.34° ADAPT, Ag =3.29 m=21 69.0 94
J12=7.57J13=7.24J,3=—-5.62
ADAPT,; A1y =4.75 m=15 71.2 95
Kadlecek2a ke = 16.34 125.0 100
the = 46.33
Goldman t§ =28.28 114.8 99
t§ = 36.20
t§ =50.34
BIMAC : 0 = 47.83° ADAPT, Ag =21 m=18 37.8 100
J12=12.00;3=24.00 /55 =—2.5
Kadlecek2a t'fﬂ —572 59.7 100
ke =24.13
Goldman t“ =13.18 62.5 100
t§ =21.38
t§ =27.97

nism via ADAPT,,. The '3C offset has been varied in steps of 1 Hz in bands depends on the ADAPT, implemented and is of the order
a spectral region +1ppm (~125.7Hz) far from the '*C on-  of 1/A, (indicated in Fig. 4 for ADAPTgy and ADAPT:e, and
resonance condition. The spacing between significant conversion described in Section Appendix B.11).
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The spacing between bands can be reduced by setting up an
experiment that uses longer delays A,. This can be achieved by
implementing in the near equivalence limit an ADAPT,, with large
o hard pulses, thus obtaining significant conversion across a large
spectral window. ADAPT;e; in Fig. 4 shows that some significant
conversion is achieved across 90% of the region between 20.92
and 21.0 kHz. In the same spectral region ADAPT9g and ADAPTg
convert significantly only across 50% and 20% respectively.

This may become important for the class of experiments where
a precise offset calibration is difficult. However, whenever the 13C
off-resonance offset frequency is 1/(2A,) zero conversion is also
expected. As a result, the offset problem is mitigated but not com-
pletely eliminated, despite using kHz 1*C pulses.

Fig. 5 demonstrates the suitability of ADAPT,, in transferring
polarization from parahydrogen to !3COO carbon nuclei in
dimethyl maleate-dg in a PHIP experiment. The signal enhance-
ment in the carbonyl region is 665, 1600 for ADAPTg and ADAPTy
respectively.

Several steps can be optimized to achieve a better polarization
transfer, as for example: cooling hydrogen at a lower temperature
(a factor of ~3 would be available by enriching the H, gas with
parahydrogen at 20 K instead of 77 K), using a higher catalyst con-
centration in the sample preparation, using a higher temperature to
foster the catalytic reaction, sustain the proton spin order during
para-hydrogenation via decoupling irradiation. In addition, the
beginning of the polarization transfer experiment after parahydro-
genation was manually triggered. This is surely a source of irrepro-
ducibility for an optimal experimental protocol. Once the J-coupling
network is correctly established for dimethyl maleate-dg, the opti-
mization according to the recipe described in Section Appendix B.5
should lead to improved heteronuclear conversion.

We did not investigate further all of these important practical
steps as the primary goal was to demonstrate the polarization
transfer possibilities of ADAPT,.

The lower enhancement achieved by ADAPTy may also suggest
an imperfect calibration of the '3C offset as, according to simula-
tions in Fig. 6 and experiments in Fig. 4, this may have a more sev-
ere effect when using small flip angle pulses.

All theoretical polarization values reported in the simulation
are close or larger than 90%. However, to the best of our knowl-
edge, full conversion has not been achieved experimentally so
far. Reported polarization yields range up to a maximum of 50%
[30], and for dimethyl maleate-dg, in the present study, the mea-
sured polarization is not more than 1%. We assumed for dimethyl
maleate-dg the same J-coupling network as for maleic acid. This
might be a poor approximation and introduce errors that may cru-
cially affect the transfer.

Moreover, the effect of deuterated parts in the investigated
molecular systems is not accounted for in the present model, and
no evolution under incoherent effects is analyzed. We did not try
to investigate how relaxation impacts the polarization transfer effi-
ciency in this class of experiments.

The distinct advantage of ADAPT, in the examined cases is to
perform more than 90% theoretical polarization transfer faster than
other concurrent methodologies; a weakness is the dependence of
the transfer on the '3C offset as shown for the thermal conversion
of fumaric acid in Fig. 3d.

5.3. Simulations

The simulation in Fig. 6a and b indicate that other values for Agg
and Ay may produce a more favourable theoretical polarization
transfer, higher than 88% or 92%. The reason for reporting these val-
ues is that the experimental session came first and we were only
concerned in showing that a transfer was possible rather than opti-

mizing it. The subsequent theoretical formalization showed that
the optimal Ag, differs in general from 7/2wef, initially guessed.

For example if the o =3Z, an ADAPT;os With Aygs = 23.56 ms
and m = 5 is expected to achieve a theoretical conversion of >99%.

In the simulations presented in Fig. 6¢ and d, if on-resonance
irradiation (>C reference offset equal to zero) is considered the
theoretical hetero-nuclear polarization transfer ranges between
72% and 90% for a variation of B; in the range +10%.

The presence of significant hetero-nuclear conversion in some
well-defined off-resonance regions in the range &1 ppm for differ-
ent ADAPT,, schemes is analyzed in Section Appendix B.11.

Essentially a replica of the on-resonance conversion pattern is
expected whenever:

oAy =2k for k=0,+1,42... )

For the PHIP product molecule Agy = 18.85 ms and the first bands
for k = &1 are anticipated when:

10°
Woff = 2TVoff = iZTCW =421 x 53.05 Hz (3)

Voif = 53.05 Hz corresponds to about 0.42 ppm in a at 11.75 T mag-
net as the one used in our experiments and assumed in simulations.
On the contrary ADAPTy in Fig. 6 seems to display heteronuclear
conversion only on-resonance.

According to the justification in Section Appendix B.11:
Ag = 1.885 ms is ten times smaller than Aqy and the first off-
resonance conversion bands are expected, according to Eq. (2), at
+4.2 ppm away from the resonance offset.

Although both ADAPTg, and ADAPTy are predicted to achieve
significant heteronuclear polarization transfer, the robustness to
offset imperfections is better when using 90° (or larger as can be
seen for fumaric acid in Fig. 4) pulses rather than small flip angles.

Simulations seem also to indicate that for ADAPTgq using pulse
angles about 5% smaller may improve the polarization transfer of
few percent for this specific J-coupling network.

Overall the correct offset determination is paramount to the
success of the polarization transfer: Fig. 6 suggests that an off-
resonance irradiation of 0.25 ppm corresponding to about 30 Hz
at 11.75 T produces a loss of more than 70% in the polarization
transfer irrespective on the B; inhomogeneities.

If working on resonance on the *C channel (or at the centre of
the side bands) the loss in polarization transfer for B; imperfec-
tions is up to a maximum of about 30% for a 10% aberration of
the RF pulse.

5.4. ADAPT,, vs Kadlecek and Goldman sequences

Table 2 compares ADAPT, to Goldman and Kadlecek pulse
sequences indicated in Fig. 7 for some molecular ensembles
assuming 'H chemical equivalence.

A magnetic inequivalent system is characterized by a large 0
value, defined in Eq. (A.8), as for the molecules SUC, BIMAC and
HEP. Although for these systems Goldman and Kadlecek schemes
achieve the highest polarization transfer, ADAPTy can theoretically
transfer about 93% of polarization in SUC (0 = 39.23) in about
80 ms, i.e. 40-45% faster than Kadlecek2a and Goldman sequences.
Similarly, for HEP (0 = 40.34) a conversion of about 95% is achieved
for ADAPT;, in 71.25ms compared to 100% of Kadlecek2a in
125 ms and 99% of Goldman in 114.82 ms. In addition, ADAPTqo
achieves a theoretical 92% of polarization transfer in MEPA2
(0 =35.9) in 68 ms, whereas Kadlecek2a reaches 100% in 85.5 ms
and Goldman completes 95% in 74.62 ms. We also report a 100%
of polarization transfer in MEPA2 for ADAPTyo in 181.25 ms, i.e.
slower than Kadlecek2a and Goldman.
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Other simulated systems are less magnetic inequivalent: TMVS
(6 =16.78), TIFBU (0 = 16.9), MEPA1 (0 = 25.09). In particular for
TMVS a 98% conversion is achieved by ADAPTyg in 134.0 ms versus
97% of Kadlecek2b in 200 ms and 96% of Goldman in 343.97 ms.
Therefore, ADAPTqq is about 35% and 60% faster than Kadlecek2b
and Goldman respectively. Identical figures in terms of polariza-
tion and transfer duration are found for TIFBU, which indeed has
a very similar 0 parameter. Finally, for MEPA1 (0 = 25.09), ADAPT5
achieves 98% polarization transfer in 78.5 ms. Kadlecek2a and
Goldman achieve 100% and 96% in 117.6 ms and 196.34 ms
respectively.

A possible inconvenience of using sequences looped multiple
times is that the repetition can obviously only be implemented
in integer steps preventing in some cases full theoretical polariza-
tion conversion.

The computational effort to optimize ADAPT,, is minimal: a sin-
gle timing A,, and an integer parameter m. A total of two indepen-
dent parameters rather than 5 timings, 2 loops and 1 angle in
Goldman sequence or 4 timings and 2 integer loops in Kadlecek2b.
On the other hand Kadlecek2a requires also to set only two timings.

In summary numerical simulations suggest that an equal or bet-
ter polarization transfer is achieved by ADAPT,, in nearly magnetic
equivalent systems in a shorter time compared to Kadlecek and
Goldman schemes. A very good performance of more than 90% polar-
ization conversion is also predicted far from magnetic equivalence in
a much reduced experimental time compared to other methods.

6. Conclusion

We have demonstrated the transfer of nuclear spin polarization
from parahydrogen to '*COO nuclei in dimethyl maleate-dg by
applying ADAPT,, with « = 90, 9. We also have shown that ADAPT,,
may be used to convert 'H singlet order into heteronuclear 3C
transverse magnetization in fumaric acid. The ADAPT,, is a simple
and compact procedure involving loops of o RF pulses and delays.
In the limit of a small flip angle & ADAPT,, is a DANTE sequence, but
is serviceable to achieve polarization transfer even with strong 90°
(or larger) RF pulses. However, the performance decreases when
o — 7. The methodology is based on the optimization of the
inter-delay between pulses and the number of loops to perform.

An analytic description of ADAPT,, is presented in the appendix,
emphasizing the geometrical character of the spin evolution. In
addition, numerical simulations, by comparing ADAPT,, to Gold-
man and Kadlecek schemes, illustrate the applicability of the
method even far from magnetic equivalence. The methodology is
generally applicable with a theoretical polarization transfer perfor-
mance, in all investigated cases, higher than 90%. In particular in
the near equivalence limit, for the investigated cases, ADAPT,
achieves the largest polarization transfer in the shortest time.

When ADAPT,, is applied with small flip angles, more repeti-
tions are needed for near equivalent systems. If the number of
loops required by ADAPT,, is less than one, the user can try to
implement a ADAPT,, with o < a.

An experimental investigation on fumaric acid shows the
heteronuclear offset dependence of the proposed method for ADAPT,,
ADAPTqo, ADAPT 6,. The dependence of ADAPTgy and ADAPT, to B
inhomogeneities and 3C offset imperfections for dimethyl maleate-
ds is also numerically presented. The impact of off-resonance *C irra-
diation on the polarization transfer, for near equivalent systems, can
be mitigated by resorting to stronger RF pulses.

The simplicity of the ADAPT, sequence, the small number of
parameters to optimize and the applicability in diverse conditions
of magnetic equivalence could favour the dissemination of the
method. The proposed scheme achieves significant heteronuclear
transfer faster than other examined strategies.

ADAPT,, might prove to be important when transferring polar-
ization at longer proton distances where the difference in
heteronuclear J-coupling is increasingly small, and at low magnetic
fields where the homonuclear difference in chemical shift is mini-
mized even for non symmetric systems.
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Appendix A. Theory

We present a model for understanding and predicting how the
high parahydrogen polarization can be efficiently transferred to
the 13C nuclei in a three-spin system for observation. The proton
nuclei are assumed chemically equivalent.

The theoretical result can be applied to analyse either the
experiment regarding the parahydrogenation of dimethyl acety-
lene dicarboxylate-dg and Rh(dppb)(COD) presented in Section 3.2
and those concerning other, more general, asymmetric molecular
systems when the external static magnetic field By is sufficiently
low to disregard any chemical shift difference between like nuclei.

We begin by modelling the product molecule in Fig. 1b as a sys-
tem formed by two 'H and one '3C nuclei prototyping a quantum
mechanical nuclear spin ensemble in solution. Other nuclear spins,
such as the deuteron nuclei, are neglected.

The labels 1, 2 and 3 in Fig. 1b indicate the two protons and the
carbon nuclei respectively. The analysis below includes the follow-
ing steps: definition of the coherent nuclear spin Hamiltonian and
its matrix representation in a convenient symmetrized basis set;
identification of the four 2 x 2 subspaces allowing the complete
representation of the J-coupling Hamiltonian #; as a direct sum
of independent contributions; the geometrical representation of
H; (see Fig. A.8); the Hamiltonian evolution superoperator under
free evolution and in presence of strong idealized pulses; the geo-
metrical representation of ADAPT,, as trajectory in orthogonal sub-
spaces (see Fig. B.9).

A.1. The coherent Hamiltonian and the symmetrized basis set

Assuming the proton nuclei chemically equivalent, and on-
resonance '2C RF irradiation, we write the coherent Hamiltonian
in the rotating frame as follows:

Heoh = H]

Wy + W
2
where w; = 27J,, ws = 27(J13 + J53) and wa = 27(J;3 — J»3). A con-
venient symmetrized basis set STX to represent Eq. (A.1) is formed
by the direct product of the singlet-triplet basis for 'H spins 1 and 2,

and the eigenbasis for the Is, operator of 13C spin 3:

STX = ST{]EZ) ® X3

()5

)
H] = CL)]]] I+ Izl3; + 2 A Ip,I3, (A1)

(A2)

A member of STX is for example —(| $2,)® | a3)— | $3,)® | B3)).
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Fig. A.8. Geometric representation of H'7 H*® H** H*® in panels (a)-(d) respec-
tively. The evolution in the subspaces 17 and 35 is an effective rotation with angular
velocity wer about an axis tilted by an angle 0 from the relative z direction.

ADAPT,,

17 subspace 35 subspace

Fig. B.9. Evolution in (a) of the vector I}7, and in (b) of the vector —I2° for an on-
resonance ADAPTy sequence for the far from equivalence system of succinic acid.
The SUC J-coupling are listed in Table 2. Parameters used in simulation are
o =1/20,Ag =3.77 ms and m = 22. The projection |I7 + I°| determines a 93%
conversion. Evolution in (c) of the vector 1;7, and in (d) of the vector —1135 for an on-
resonance ADAPTyo sequence for the near equivalence system of maleic acid. The J-
coupling network is sketched in Fig. 1. The ADAPTy, parameters considered are
o =1/2, Agp = 18.85ms and m = 5. The projection |I!” + I**| amounts to a 88%
conversion (see also Fig. 6). Simulation performed with SpinDynamica package.

From now onward, in order to keep the notation lighter, we will

drop the subscript labels. STX is formed by the following 8 (= 2*)
elements:

1) = (15" o)— 5", )

12)=—(T" o)~ | T, )

13) = (1T~ | T° )

|4 =—(T "= | T, )

15) = (15", 0+ | S°, )

16)=(T" o)+[T"5)

17) = (IT% o)+ | T°, )

18)=(T " o+ |T".p)) (A3)

Any operator proportional to I3, will have a diagonal representation
in STX: this property is convenient when analyzing the rotation
induced on spin coordinates by pulse events as o, acting on 3C
nuclei. The matrix representation of #; is not block diagonal, but
a visual inspection of Eq. (A.4) reveals that it is the direct sum of
4 orthogonal 2 x 2 subspaces:

I A 2 ) R [P L
alf -2 o0 0o 0 0 0 20
Qf o % 0o 0 0 == 0 0
Bl o 0 % 0 -2 0 0 0
" @l oo 0 0 < 0 0 0 e
G0 0 - (0 -3 9 0 0
G o —-== 0o o0 0 L 0 0
af == o 0 0 0 0 < 0
@\ 0 0 0 < 0 0 0 <
(A4)
H) = H'7 o H%® o H* ®H48, (A5)

where the superscripts r,s in H” refer to the pair of eigenkets | r)
and | s), reported in Eq. (A.3). For every subspace a set of single tran-

sition  operators, with cyclic commutation relationships
(I, I;] =il ©, can be defined:
> s ) 1)
r 0 1/2 r 0 —i/2
];“5 — < ‘ / I;a _ < ‘ /
(s|\1/2 0 sl \if2 o
(A6)
I8 Ir)1s)
r [ 1/2 0 r 1 0
e (Y e
|\ 0 —1/2 R

In the notation [, rsisalways one of the pairs in the set
S={17,26,35,48} for all j in the set {x,y,z}. E* is the identity
operator in the rs subspace for rs € S.

It is of practical importance to note that a fictitious spin-1/2 for
each individual subspace mimics the trajectory of the system, and
that each individual subspace can be monitored independently.

The Hamiltonian operators H” (with rs € S) in Eq. (A.5) can be
equivalently expressed using the single transition operators of
Eq. (A.6) as:
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H7 = 760]1;7 B %1)1(7 B %E”

2 — 77[§6+%E26

H = oyl — %Iis _ %Eas

H %I;‘S ‘Zf E*® (A7)

The geometrical representation in Fig. A.8, shows how the evolution
in the subspaces 17 and 35 is an effective rotation with angular fre-
quency g about an axis tilted by 0 from the vertical direction. As a
result H'” and H* in Eq. (A.7) can be reformulated in the following
way:

ey w,
H = —weRY (0)) — Z’E”
H® = 0 R (O)F° - 2LE®  with,

0 = arctan (&)
20)]

(,UA2

Weff = CO]Z + (7) (A.8)
where ﬁf(()) is the rotation superoperator acting on the operator I

and performing a 0 rotation about the y axis of the rs subspace for
rs e {17,35}.

A.2. Temporal evolution
The temporal free evolution of the spin system can be deter-

mined, according to the Liouville Von-Neumann equation, by direct
exponentiation of the terms in Eq. (A.7):

U(A,) = U7 (A,) U (A,) U (A,) U%(A,)

US(Ay) =e ™% withrse$ (A.9)
By taking advantage of the following identity:

e s O = RB(O)RE (werr )R (-0) (A10)
the propagator for the individual subspaces is:

077 (Ay) = e R ()RY (~werA,)RY (—6)

025 (A,) = e R (-2

0% (Ay) = 4% R25 (—0)R (0er &) R (0)

U%(A,) = e #ME" 18 (‘;2 A,) (A11)

l/j”(Aa)ﬁx _ (E' (Cos(wenAa) +icos(0) Sm(wﬁm))

lez sm(9) Sln(weffo) e*T'*(COS(uEffAX)

0% ()0, — €% (cos(21) — jcos(0) sin(2eL2))
ief sin(0) sin(2:g2z)

It can be verified that the ST X matrix representations of a « pulse
with phase x on the 13C channel corresponds to clockwise rotations
of o about the z axis of each individual subspace respectively:

Uy = e ™» =R (—a

)R2(~0) R (~at) R (~) (A12)

The propagators in Egs. (A.11) and (A.12) avail us a detailed descrip-
tion of the ADAPT,, pulse sequence.

Appendix B. ADAPT analysis
B.1. Operators

For the investigated dimethyl maleate-dg, in a first approxima-
tion, the state produced upon hydrogenation is the population of
the singlet state. This initial state and the observable I3, *C trans-
verse magnetization are related to the following single transitions
operators:

1

1
(117411 L) = 4(15”71535)

1S0)(S0 = +5 =L

I 1
2z b Te) =5 =5 (I + 1)

¥ =3 (B.1)

The cartesian representation of I?° and I2® contains elements pro-
portional to I3, as well, however the evolution of interest for these
subspaces can be neglected as the initial singlet population state,
according to Eq. (B.1), has non-zero components only onto the sub-
spaces 17 and 35. Therefore the presented formalization of the
pulse sequences is restricted to the subspaces 17 and 35, and we

will focus on the evolution of the vectors I)” and —I2°. We also
always assume idealized, instantaneous strong pulses.
By inspecting Eq. (B.1) it is apparent that starting from an initial

order proportional to Il” — > any effective conversion scheme
117 135

should maximize an operator proportional to |I,” + I7’|, thus per-
forming a selective inversion in one of the subspaces.

B.2. Coherent evolution

Using Eqs. (A.11) and (A.12), the evolution under a single cycle
amounts to the following rotations in subspaces 17 and 35
respectively:

U7(A)U, = eF4E R (0) - RY (~werAs) - RY (0) - RY (~20) (B2)

~

U (M) U, = e4%F°R¥(—

0) - R (werry) - R¥(0) - R®(—0)  (B3)

The matrix representations of Eqs. (B.2) and (B.3), as a general func-
tion of the parameters o, A,, 0, e, in their relative 2 x 2, 17 and 35
subspaces (disregarding the phase factors) is:

ie¥ sin(0) sin(2gl) )

i cos(0) sin(21%2))

ie? sin(6) sin(2g2) )

7" (cos(2r2) + i cos(0) sin(242))

B.3. Effective rotation angles

We now use the fact that a positive arbitrary rotation by an
angle 6 about a direction specified by a unitary vector
n = {ny,n,,n,} can always be represented by [40,41]:
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Rn(0) = cos(6/2)E —isin(5/2)0q with,

On = Nx0x + Ny0y, + N,0;

gi-0i=1 Vie{xyz}

(0%, 0y] =10,0 (B.4)

where g;Vi € {x,y,z} are the Pauli matrices, E is the identity matrix
and the symbol © indicates cyclic commutation relationship. The
products in Egs. (B.2) and (B.3) can then be expressed as a single
rotation by an angle o} and 63 about an axis specified by
n' = {n,7,n)7, n}7} and n*> = {n}>,n}> n3*} respectively:

U"(A,)U, =RV (5}7) and U*(A,)U, = R¥(s3) (B.5)

The effective angles )} and o633 are:

oLk =2arccos <cos (%) cos (wefzfA“) —cos(0)sin (%) sin (w%wA“))

(B.6)

82 = 2arccos G et ((1 + e™) cos <w%an> + cos(0)(i —icos(x)
+sin(a)) sin <w%fA“> )) (B.7)
When ADAPT, includes m loops, the effective rotation spans an

angle molj, and maZ; about the axes n'7 and n3 respectively.

B.4. Effective rotation axes
The rotation axes related to 6.} and 637 are also non-trivial func-

tions of o, A,, 0, weg that we report for completeness. The compo-
nents along x,y,z of n'” are:

cos (2) sin(0) sin <weffAu>

\/l - (cos( ) cos (cog@) cos(0) sin (2) sin (wem))z

sin () sin(0) sin (wm)

\/] - COS( ) cos (“’effA‘) cos(0) sin (%) sin (weffAﬁ>)2

nl7 — e #i ( (-1+e%)cos (wefm) (1+e")cos(@)sin (we“)) (B.8)

2\/1 - (cos( ) cos (wem) cos(0)sin (2) sin (U,em>)2

The components along x,y, z of n? are:

V2 cos (2) sin(0) sin (weffm)

B.5. Parameters determination

Egs. (B.8) and (B.9) provide the general expression for the axes
orientation in the subspaces 17 and 35. The experimentalist has
the freedom to set up the value for the parameters A, and o,
whereas 0 and w.g depend on the J coupling network of the system
under analysis. Different choices of the A, and o parameters
impact on the orientation of the rotation axes in each subspace
producing different rotations of the initial vectors I}’ and —°.

The proposed parameters optimization is a three-step process:

1. Choose the angle «
2. Determine the optimal A, so to move the rotation axis n*® into
the transverse plane of the 35 subspace:

nis (o, Ay, 0, ) =0 for some A, =A (B.10)

Olopt

3. Adjust the number of loops m'7 and m?® so to achieve the high-
est projection |IV7 +I2°|:

7= 25]# for some integer k
bis
m = 5 (B.11)

depending on the ratio m*/m!7:

m3
Mope = M if Round( ) >1 near equivalence

m17 +m35

5 (B.12)

Mope = Round( ) otherwise
where the subscript opt refers to the optimized value of the cor-
responding parameter and the dependence of nZ; on o, A,, 0, Wefr
has been made explicit. The integer k in Eq. (B.11) is chosen to
return a value of m'7 as close to m3> as possible. The angle o«
can be modified and the whole procedure repeated if necessary.
Essentially o and A, are chosen to move the rotation axis n** on
the transverse xy plane in the 35 subspace. The consequent
choice of mgp, produces a ~ 2km (for some k =1,2,...) rotation
of I7 about the axis n'7, and a ~ 7 rotation of —135
n?®,

about the axis

In the limit of 0 <« 1 (near magnetic equivalence regime) the
expressions of o and A, have also been reported in Table 1. If the
system is strongly inequivalent and 0 — /2 then ADAPT, is not
an extremely efficient method of transferring polarization and
the best choice of m may return less than 90% polarization transfer.

n’=-
2
\/2 —2cos (%) cos <“E“A’> + (1 — cos(x)) cos (0)? sin (25)*> — cos(0) sin(cr) sin(werrAy)
: : Wegt Ay

o V2 sin (%) sin(0) sin ( i )

\/2 —2cos (% ) cos <“’E“A“>2 + (=1 + cos()) cos (A)* sin (“’E“)2 — cos(6) sin(o) Sin(egAy)

—io Wefr Ay io et Ao,

s er (( 1+e‘°‘)cos( L )+(1+e“)cos(9)sm( 1 >)

(B.9)

\/f\/Z —2cos (%)2 cos (%)2 + (=1 + cos(a)) cos (0)* sin (%)2 — cos(0) sin(o) sin(wegAy)
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B.6. Polarization

The heteronuclear polarization as a function of the number of
repetitions mep is:

1 ~ R ~
P(mope) = 5 (17 RY (mopeo”) - I+ 12° - R3S (moped™) - —12°)

(B.13)

Intuitively in the near equivalence regime when 0 <« 1,n}7 is only
slightly tilted from the vertical axis of the subspace 17, and as a
result the rotation about this axis gives a high z-projection almost
irrespective on the number m of loops performed by ADAPT,, (see
Fig. B.9c).

However in the far from equivalence regime, the angle formed
by the axis n'” with the vertical axis can be very large, meaning
that the vector I’ can be significantly tilted away from the vertical
axis (see Fig. B.9a). Typically under this regime is worth consider-
ing small flip angle pulses and a higher number of repetition loops
to be calculated as mqp.

B.7. Duration

The duration of the pulse sequence, neglecting the short pulse
duration (in the ps range), is simply the duration of the interval
A, multiplied for the number of repetitions m. Therefore, once
the optimization process has been completed, the duration is cal-
culated as:

duration = A, X Mgp (B.14)

B.8. Example

As an example let us consider TMVS (trimethylvinylsilane). We
use the J coupling network in Hz units reported in Ref. [34]:
J12 =14.6,],5 = 15.3,],; = 6.5. The system, according to Eq. (A.8),
is described by the following parameters: 0= 0.2927 and
Wer = 95.8098 rad s~ . The steps to follow are:

1. set the angle. For example o =%

2. the parameter Agg can be numerically determined solving the
equation n%;, = 0. The solution is Agy = 16.84 ms.

3. the effective angles can be obtained resolving Eqs. (B.6) and
(B.7): 6% =0.4199 and 6! ~ w. This leads to m'” = 8.0024
and m3 = 7.48176 for k = 4. We have chosen my; = 8

4. The theoretical polarization is 98.8% calculated by Eqgs. (B.6) and
(B.7)

5. The total duration is ~134 ms

B9. au=m

As a special case, let us consider « = m: ADAPT g9 becomes a
train of 7 pulses. It can be verified that the rotation axes are:

n'7 = n3

sin(0) sin(wegr Ay /2)

= 0’ — 1)
\/1 — cos2(0) sinz(wefan/Z)

B COS(WeffAy/2)
V1 - €082(0) sin (@erAs /2)

(B.15)

As a result I” and —I2° are rotated so to remain always the mirror
image of one another, and no heteronuclear conversion is to be
expected for an ADAPT, 5o independently on A, and the number of

cycles used. Eq. (B.15) assumes a perfectly homogeneous B; field.
If that is not the case, some significant conversion can still be
attained for some values of A, and m.

B.10. Geometrical evolution

The effective rotation of mol; and mo3; about the axes
n'7 = {nl7,nl7 nl”} and n* = {n3> n3> n¥} produced by an opti-
mized m-cycle ADAPT,, sequence, results in a selective inversion
in the 35 subspace.

The number of loops to achieve the close to 100% polarization
transfer has to simultaneously rotate the vector —135 by ~ m angle
in the 35 subspace and also to determine a ~ 2k rotation in the 17
subspace, for some integer k, in order to achieve the highest value
of the projection |I)” + I2°| « I3, (see also panels (a)-(d) in Fig. B.9).

Depending on the 0 angle and on the effective frequency e,
large or small flip angle pulses serve the purpose. As an approxi-
mate rule, 90° (or larger) pulses can be used in the near equiva-
lence regime, like in Fig. B.9c and d, whereas small flip angles are
indicated in general and when it is a poor approximation to con-
sider 0 < 1, like in Fig. B.9a and b. When the flip angle o is suffi-
ciently small ADAPT,, becomes a DANTE pulse sequence [37,40]
capable to promote heteronuclear polarization transfer.

B.11. Off-resonance conversion bands

The underlying assumption of the theoretical analysis is that
the 13C pulses are applied on resonance. However, this might not
always be the case, and in some low magnetic field parahydrogen
experiments the exact control of the heteronuclear offset might
not be trivial.

In presence of an off-resonance irradiation on the 3C spin in
addition to H; the following term should be considered:

Hrroff = Wrel3x + Woftl3;

= o Ry (Oofr)l3,

QRF
Ooff = arctan
° (woff)

_ |2 2
Wy = 4/ Wogr + WRe

The formal analysis that has been performed above considering
wor = 0 and representing the coherent Hamiltonian in a double-
rotating frame, could be reproduced for Hgr o by choosing a frame
tilted from the vertical direction by an angle 6.. We will not
attempt such an analysis here but rather qualitatively justify the
presence of conversion bands detected in experiments of Fig. 4
and simulations in Fig. 6 providing a practical recipe to predict their
position.

Let us consider for simplicity a single-cycle ADAPT, formed by a
RF pulse and a delay. If the initial operator upon parahydrogena-
tion is the proton scalar order, it will not be affected by the 3C
pulse. Subsequently during the free evolution delay, no RF irradia-
tion is present and only the z component of Hgg o in Eq. (B.16) can
be considered.

Although in general Hggof in Eq. (B.16) does not commute with
H; for the presence of transverse RF components, in absence of RF
pulses the evolution under J-coupling and under the offset Hamil-
tonian wegls; can be considered in any order as [wol3,, H;] = 0. We
can obtain the state of the system, after one cycle, by propagating
the on-resonance state upon the action of the evolution operator:

(B.16)

exXp(—iofAulsz) = Raz(@ofrAy) (B.17)

As a result the vectors I17 and > will then be transformed after one
cycle into:
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a ®,=0 b =Tt/ Agq c W,;=2T/ Ay,
1
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c
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-1 o - z
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Fig. B.10. Fumaric acid trajectories of the vectors I}’ in blue and —I2° in black under ADAPTq, for: (a) on resonance '3C irradiation, (b) off-resonance '3C irradiation
1/Aq0 = 30.6 Hz between the on resonance and the first conversion band and in (c) at 1/(2Aq9) = 61.3 Hz away from resonance at the centre of the first conversion band. The
ADAPT parameters are the same used in the experiments in Fig. 4: Agg = 16.3 ms and m = 18.

Ra(@ofAy) - I - Ry (—woiAy) = I if oA, = 2k

35
=-P

if oA, =T+ 2kTT
R (0orAy) - —12° - Ry (—oiiAy) = —I° if oA, = 2km

= I;7 if oA, =T+ 2kn
(B.18)

Whenever wqygA, = 2kt for some integer k, the off-resonance
evolution under scalar couplings would lead to the same
on-resonance results already presented (see also Fig. B.10a and c).

When woA, = T + 2kx for any integer k the vectors I}’ and

—I2° are transformed onto subspaces 35 and 17 respectively.
Therefore the projection of the transformed vectors into their
original subspace is zero. In practice, no conversion is expected
for an off-resonance irradiation such that wegA, = m + 2km for
any integer k (see Fig. B.10b). In the intermediate case, the vectors
17 and —I2° will evolve under J-coupling in a way that depends on
the resonance offset, the evolution delay and also the angle o.

The important experimental parameter is represented by the
distance between consecutive conversion bands: wgA, = 27. For
near-equivalent systems one can choose an angle « as large as pos-
sible. In this way the conversion bands are closer to one another
and possible off-resonance problems are mitigated, but never elim-
inated with the current strategy. This is experimentally confirmed
in Fig. 4 for fumaric acid and in simulations in Fig. 6 for dimethyl
maleate-de.
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