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Hyperpolarization has found many applications in Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging
(MRI). However, its usage is still limited to the observation of relatively fast processes because of its short lifetimes. This
issue can be circumvented by storing the hyperpolarizationin a slowly relaxing singlet state. Symmetrical molecules hyper-
polarized by Parahydrogen Induced Hyperpolarization (PHIP) provide a straightforward access to hyperpolarized singlet states
because the initial parahydrogen singlet state is preserved at almost any magnetic field strength. In these systems, which show a
remarkably long1H singlet state lifetime of several minutes, the conversionof the NMR silent singlet state to observable mag-
netization is feasible due to the existence of singlet-triplet level anti-crossings. Here, we demonstrate that scaling the chemical
shift Hamiltonian by rf irradiation is sufficient to transform the singlet into an observable triplet state. Moreover, because the
application of one long rf pulse is only partially converting the singlet state, we developed a multiconversion sequence consisting
of a train of long rf pulses resulting in successive singlet to triplet conversions. This sequence is used to measure the singlet state
relaxation time in a simple way at two different magnetic fields. We show that this approach is valid for almost any magnetic
field strength and can be performed even in the less homogeneous field of an MRI scanner, allowing for new applications of
hyperpolarized NMR and MRI.

1 Introduction

Nuclear Magnetic Resonance (NMR) is a very important ana-
lytical technique widely used in chemistry, physics, medicine
and biology. Despite its widespread use, the application of
NMR is sometimes hindered because of its low sensitivity:
due to the small Zeeman splitting of the energy levels com-
pared with the thermal energy at room temperature, the po-
larization of a sample is very small even at high magnetic
fields1,2. Hyperpolarization techniques such as DNP1,3, CIDNP4–6,
laser polarized noble gases7–9 and the here used parahydro-
gen Induced Polarization (PHIP)10–12 method have been in-
troduced to overcome this limitation. PHIP employs a hydro-
genation reaction with parahydrogen (pH2) enriched gas, that
adds the two hydrogen atoms of a pH2 molecule pairwise into
a target molecule. Parahydrogen is the nuclear spin singlet
state isomer of the H2 molecule and the relative orientation
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of its nuclear spins (antisymmetric with respect to spin per-
mutations) is conserved after the reaction. As a result of this
non-equilibrium state, the observed NMR signal is dramati-
cally increased13,14 .

However, the hyperpolarization approach is restricted to
relatively short time scales (depending on the spin-lattice re-
laxation time T1 of the hyperpolarized nuclei, typically on the
order of several seconds to at best a few minutes). This life-
time issue limits the application of hyperpolarization to the
observation of sufficiently fast processes, e.g. fast chemical
reactions15,16 or metabolism pathways17–19. Thus, during the
last few years, a lot of research was conducted to overcome
this issue. One possibility is to reduce the number of relax-
ation partners of the hyperpolarized nuclei by simply deuter-
ating the molecule19. Another and even more promising ap-
proach is the storage of the hyperpolarization in a slowly re-
laxing singlet state which can be formed by two strongly cou-
pled spins1

2
20,21. For this purpose, typically an rf pulse se-

quence is applied to convert transverse magnetization intosin-
glet state order. Levitt and coworkers22,23 have developed the
known M2S (magnetization to singlet) pulse sequence, which
consists of two trains ofπ pulses. The temporal window be-
tween pulses is carefully synchronized with the evolutionsdue
to scalar coupling and chemical shifts of the particular pair.
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Using PHIP, it has been shown that the original singlet
state of parahydrogen can be preserved in a target molecule
at low fields24,25 or even at high fields26, resulting in an ex-
tension of the relaxation time up to one order of magnitude.
At low fields, the two former pH2 spins remain strongly cou-
pled in the target molecule and, consequently, the singlet state
remains an eigenstate which is naturally preserved. At high
field, this is in general more complicated since the chemical
shift difference of the two spins prevents the singlet statefrom
being an eigenstate. In our previous work we showed that this
problem can be overcome by using a Symmetrical molecule
where the pH2 atoms remain chemically equivalent and thus
strongly coupled at every magnetic field strength26,27. The
symmetrical molecules allow for long storage of the pH2 sin-
glet state. However, the singlet state (total spin 0) is not ob-
servable by NMR and must be converted into a triplet state
to achieve observable magnetization. For dimethyl maleate, a
symmetrical molecule, an anti-crossing of singlet and triplet
levels at a particular magnetic field, in the following we call
this the resonance field, was identified which allows for the
transition to occur27. Moving the sample to that resonance
filed thus leads to observation of the NMR signal of the triplet
state. In the present work, we show that it is possible to con-
veniently generate the singlet-triplet transition insidethe ob-
servation field of an MRI scanner or NMR spectrometer with-
out moving the sample by applying an off-resonance long rf
pulse (also known as Continuous Wave (CW) for historical
reasons). With this approach we are able to eliminate the need
to physically move the sample which would be a problem for
in vivo applications. To demonstrate the versatility of thepro-
posed method, the experiments are performed in a clinical 1.5
T magnetic resonance imaging (MRI) system and in a 7 T
magnet for NMR spectroscopy.

Additionally, the efficiency of the sequence is tested ex-
perimentally and the very advantageous possibility to gener-
ate multiple singlet-triplet conversions within the same train of
acquisitions is shown. With the multiconversion methodology,
the relaxation lifetime of the singlet state Ts in the two men-
tioned magnetic fields is measured and the results are com-
pared.

2 Energy level anti-crossings allow singlet-triplet
transition

In our previous publications26,27we have shown that even
though the original singlet state of the pH2 molecule is pre-
served in a symmetrical molecule it is possible to use it as a
source of observable hyperpolarization by inducing a singlet-
triplet transition. A thorough study27 demonstrated that this is
possible because of the existence of energy level anti-crossings.
In the next subsection we will briefly review how the singlet-

triplet transition generating high observable polarization can
be simply achieved by moving the sample to a dedicated ex-
ternal magnetic field B0.
2.1 Field cycling: changing B0

When acetylenedicarboxylic acid dimethyl ester is hydro-
genated with parahydrogen to generate maleic acid dimethyl
ester, the atoms of the pH2 molecule occupy chemically equiv-
alent vinylene (V) positions in the symmetrical molecule28,
see Fig. 1. For this reason, both spins remain strongly coupled
for every magnetic field strength. A 4-spin system is used to
model the relevant coupling network of maleic acid dimethyl
ester (Fig. 1). The model considers two pairs of chemically
equivalent spins. The first pair comprises the two former pH2

atoms (the vinylene protons are denoted as V and V’). The
second pair is formed by the two methyl groups that can be
simplified as single spin 1/2 due to their fast rotation and are
denoted as M and M’.

Fig. 1 Hydrogenation with pH2 of acetylenedicarboxylic acid
dimethyl ester generates maleic acid dimethyl ester. After
hydrogenation the former pH2 protons are at the vinylene group
positions, V and V’. On the right side, the product molecule is
superimposed by the 4-spin model with each methyl group
simplified as singlet spin12 , M and M’.

This particular class of a 4-spin system is normally de-
noted as an AA’XX’ system and the Hamiltonian in the labo-
ratory frame is written as:

H
Lab = H

Lab
z +HJ (1)

with the isotropic part of the chemical shift Hamiltonian
being:

H
Lab

z = 2πνV(I
z
V + Iz

V′)+2πνM(I
z
M + I z

M′). (2)

The parameterνV corresponds to the chemically equiva-
lent protons in the vinylene group andνM represents the chem-
ical shift of the chemically equivalent methyl groups, the J-
coupling Hamiltonian is given by:

HJ =2π (JV,V′ I V · I V′ +JM,M′ I M · I M′)

+2π JV,M (I V · I M + I V′ · I M′)

+2π JV′,M (I V′ · I M + I V · I M′) .

(3)

By choosing a suitable basis constructed as the direct product
of the eigenstates of the two strongly coupled former parahy-
drogen protons (V and V’) and the eigenstates of the methyl
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groups (M and M’), the eigenvalue problem of equation (1) is
solved27. Essentially, the problem is reduced to solving the
eigenvalue problem of the 2×2 matrix (H̃ Lab):

H̃
Lab =

π
2

(
JV,V ′ −3JM,M′ +4νV

√
2
(
JV,M −JV,M′

)
√

2
(
JV,M −JV,M′

)
JM,M′ −3JV,V ′ −4νM

)

(4)
By solving the corresponding eigenvalue equation the pres-

ence of a level anti-crossing between the eigenstates
∣∣∣TV,V ′

+1 SM,M′
〉

and
∣∣∣SV,V ′

TM,M′
+1

〉
(as defined in Eq. (5) in ref27) at an exact

defined value of the external magnetic field is identified. The
magnetic field at the resonance condition that gives rise to the
anti-crossing, BR, is such that:

(νV −νM)|BR
≈ JV,V ′ (5)

The preceding approximation is valid since the coupling
JV,V′ is, at least, one order of magnitude larger than the other
couplings in the molecule. The condition (5) results for maleic
acid dimethyl ester in BR = 0.1 T.

In Fig. 2a the corresponding energy levels are plotted as
a function of the external magnetic field B0. From the plot it
is clear that the simple physical movement of the sample to
the resonance magnetic field BR allows the singlet-triplet con-
version and consequently the observation of the pH2 enhanced
singlet state. This method was experimentally verified, in par-
ticular the marked field dependence of singlet to triplet con-
version, and the lifetime of the singlet state (TS= 4 min) was
obtained26,27.

2.2 Chemical shift scaling: changing B1

The use of long rf pulses to scale the Hamiltonian inside
the magnet is a common strategy in traditional NMR1,2. It
is also not new in singlet state NMR29–32, where it is used,
e.g., to preserve the singlet state: a long rf pulse with suffi-
cient intensity applied between the resonance frequenciesof
two inequivalent spins suppresses the difference in chemical
shift among the pair. Thus, the nuclear spins become effec-
tively chemically equivalent, which is a requirement to iso-
late the singlet from the triplet states. This is not necessary in
our experiments because, as explained above, chemical equiv-
alence naturally occurs in symmetrical molecules, for every
magnetic field strength.

Here, the long rf pulse is used to scale the chemical shift
part of the relevant Hamiltonian to access the level anti-crossing
region in order to convert the singlet to a triplet state.

For that purpose, it is useful to rewrite the Hamiltonian of
the AA’XX’ system of equation (2) now in the rotating frame
as30:

a)

b)

Fig. 2 Energy level anti-crossing allows the singlet-triplet transition
necessary to observe the pH2 singlet state, at a well defined
resonance position. The resonance condition can be reached either
by a) field cycling experiment, i.e. changing the B0 field. b) scaling
the chemical shift interaction by applying an rf B1 field.

Hz = 2πΩΣ [(I
z
V + I z

V′)+(Iz
M + Iz

M′)]

+2πΩ∆ [(I
z
V + Iz

V′)− (Iz
M + Iz

M′)]
(6)

whereΩΣ = νr f − 1
2(νV +νM) is the offset of the carrierνr f

andΩ∆ =−1
2(νV −νM).

If the system is irradiated by a continuous rf field, the
Hamiltonian governing the system can now be written as:

H = Hr f +Hz+HJ (7)

with
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Hr f = 2πν1(I
x
V + Ix

V′ + Ix
M + Ix

M′) (8)

whereν1 corresponds to the B1 rf amplitude andHz and
HJ are defined as (6) and (3), respectively. The rf field is
assumed to be inx direction for simplicity, without loss of
generality.

In the following calculations, the J-coupling Hamiltonian
is not included, since it is composed of scalar contributions
which are not affected when rotating the reference frame. Start-
ing with the Zeeman and rf terms of the Hamiltonian:

H = 2πν1(I
x
V + Ix

V′ + Ix
M + Ix

M′)

+2πΩΣ [(I
z
V + Iz

V′)+(Iz
M + Iz

M′)]

+2πΩ∆ [(I
z
V + Iz

V′)− (Iz
M + Iz

M′)] ,

(9)

it is possible to perform a frame transformation to a more
convenient set of coordinates (x̂′,ŷ′,ẑ′) such that thêz′ axis:

ẑ′ = sin(β )x̂+cos(β )ẑ (10)

is aligned with an effective field, with direction (β ) and
intensities (νe f f) defined by:

tan(β ) =
ν1

ΩΣ
(11)

νe f f =
√

ν2
1 +Ω2

Σ. (12)

The Hamiltonian is written in the new reference frame,
omitting the primes in the notation, as:

H = 2πνe f f(I
z
V + Iz

V′ + Iz
M + Iz

M′)

+2π cos(β )Ω∆ [(I
z
V + Iz

V′)− (Iz
M + Iz

M′)]

+2π sin(β )Ω∆ [(I
x
V + Ix

V′)− (Ix
M + Ix

M′)] .

(13)

If ΩΣ
νe f f

≪ 1, the last term at the right side of equation (13)

(a non-secular term) is negligible for the dynamics. Under this
condition, it is straightforward to rewrite equation (13) in the
following way:

H = 2πν̃V(I
z
V + Iz

V′)

+2πν̃M(Iz
M + Iz

M′),
(14)

with ν̃V = νe f f +cos(β )Ω∆ andν̃M = νe f f −cos(β )Ω∆.
It results clear that the dependence on the spin operators

of equation (14) is the same as for equation (2). The same
procedure applied before works for the Hamiltonian (14). The
same basis is chosen and the problem reduces to solving the
eigenvalue problem of the 2×2 matrixH̃ :

H̃ =
π
2

(
JV,V ′ −3JM,M′ +4ν̃V

√
2
(
JV,M −JV,M′

)
√

2
(
JV,M −JV,M′

)
JM,M′ −3JV,V ′ −4ν̃M

)

(15)
Again, an energy level anti-crossing is found and the reso-

nance condition is rescaled as follows:

cos(β )|βR
(νV −νM)|B0

≈ JV,V′ . (16)

In the previous equation the scaling of the resonance con-
dition achieved by applying a long rf pulse at a well defined
offset and with a well defined power, becomes evident and can
be obtained for every observation field B0 by fulfilling:

cos(βR) =
BR

B0
. (17)

In practice, it is useful to rewrite the relationship between
the RF pulse strength,ν1, and the RF offset,ΩΣ, as:

ν1 = tan

(
arccos

(
BR

B0

))
ΩΣ. (18)

The requirementΩΣ 6= 0 must be satisfied.
As an illustration, in Fig. 2b the solution of equation (15)

is plotted as a function of the applied rf field B1, for a fixed
offset of the carrierΩΣ = 100 Hz and at an observation field
B0 = 1.5 T.

3 Experimental results

3.1 Conversion sequence

In figure 3a, the designed pulse sequence is shown. The initial
π
2 pulse is applied to ensure that any possible initial magne-
tization created during the transportation of the sample tothe
observation field is suppressed. A waiting period time, TW,
precedes the singlet-triplet conversion by the long rf and the
excitation pulses.

The spectrum shown of PHIP-hyperpolarized maleic acid
dimethyl ester in Fig. 3b was obtained after a waiting period
of TW = 3 min, which ensures that the hydrogenation reac-
tion has finished when the conversion sequence starts, thus
no new singlet state is generated during the measurements.
The spectrum was acquired in the 1.5 T MRI scanner with
ν1 = 1355.27 Hz, ΩΣ = 100 Hz fulfilling the condition in
equation (18). The spectrum shows the 180◦ phase difference
between the vinylene and the methyl group predicted theo-
retically and observed experimentally with the field cycling
method27. The amount of singlet state converted into observ-
able triplet state depends on how the level anti-crossing region
is approached33,34. The amplitude of the vinylene peak was
studied as a function of the long rf pulse power (ν1) and dura-
tion (dr f ) to optimize the conversion, these results are shown
in Supplementary Information. The used valuesν1 = 1355.27
Hz anddr f = 5 sec resulted from this study.
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Fig. 3 a) Pulse sequence for singlet-triplet conversion by applying a
long rf pulse. b)Spectrum of PHIP-hyperpolarized maleic acid
dimethyl ester obtained after a waiting time TW = 3 min at 1.5 T.
The peaks corresponding to the vinylene and methyl groups are
tagged with V,V’ and M,M’, respectively.

3.2 Multiconversion experiments

The application of the long rf pulse is only partially converting
the singlet into the triplet state, allowing for the application
of a train of long rf pulses with successive singlet to triplet
conversions (see Fig. 4a) to achieve multiconversion.

Fig. 4 a) After the waiting time TW, a train of long rf pulses and
acquisitions form the multiconversion sequence. b) Integral of the
vinylene signal plotted as a function of the number of conversions,
TW = 3 min,∆t = 25 s,ν1 = 1355.8 Hz anddr f = 5 sec.

In Fig. 4b the decay of the vinylene signal is plotted as a
function of the number of conversions (n) for a fixed repetition
period (∆t = 25 sec). The relaxation constant of the singlet
state Ts can not directly be obtained from these experiments,
since some external factors as the conversion efficiency and
the spin-lattice relaxation unavoidably influence the results.

However, by performing a few experiments with different
repetition periods combined with a suitable data processing, it
is possible to take into account these intrinsic factors.

The initial signal (after the first conversion) is given by:

S0 = ξAS(TW), (19)

with AS(TW) being the amplitude resulting from those molecules
in the singlet state after the waiting time TW. Strictly, the con-
version fractionξ is actuallyξ (ν1,dr f ), as mentioned above,
i.e. the effectiveness of the conversion depends on the power
(ν1) and duration (dr f ) of the long rf pulse.

After the next conversion (n= 1), the observed signal is

S1 = [AS(TW)−ξAS(TW)]ξ exp(−∆t
Ts
)

= S0(1−ξ )exp(−∆t
Ts
). (20)

and after n conversions the signal is:

Sn = S0(1−ξ )nexp(−n∆t
Ts

) (21)

As can be seen from equation (21) the first signalS0 can be
used for normalization. This is an advantage of the multicon-
version method with respect to the field cycling method previ-
ously used for the Ts measurement26. With this normalization
it is possible to get rid of the influence of the external fac-
tors, like the conversion of the hydrogenation reaction or the
amount of sample inside the rf coil (experiments using more
than one sample are necessary to obtain the characteristic Ts

decay with both methods).
By rearranging the last equation it is possible to write,

Sn

S0
= exp(−Dc(∆t)n) (22)

with the characteristic decayDc defined as,

Dc(∆t) =
1
Ts

∆t − ln(1−ξ ). (23)

Based on equation (23) we can infer the singlet state re-
laxation time Ts and the conversion fractionξ . To this end the
multiconversion sequence was applied for different repetition
periods,∆t. For each∆t the amplitude of the vinylene signal
was plotted as a function of the number of conversions and an
exponential decay as shown in Fig. 4b, was obtained. Next,
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the extracted characteristic decay constants, Dc, and their de-
viations were plotted as a function of their corresponding rep-
etition period∆t as shown in figure 5. After a linear fit, the
characteristic singlet state relaxation time Ts and the conver-
sion fractionξ were calculated, from the slope and intercept,
following expression (23).

Fig. 5 Exponential characteristic decay constantDc as a function of
the repetition time∆t for experiments at a)1.5 T and b)7 T. The
given error values for each data point are assigned after each
exponential fit of the decay curves. The results of the linear fittings
are displayed in the respective figures.

Moreover, these experiments were performed in two dif-
ferent magnets: a 1.5 T clinical MRI system and a 7 T NMR
spectrometer. The corresponding results are plotted in Fig. 5.
For the conversion fraction the valuesξ = (6.8±0.7)% at 1.5
T andξ = (6±1)% at 7 T were obtained. For the singlet state
relaxation, the characteristic times resulted in Ts= (3.9±0.4)
min for the 1.5 T magnet and Ts = (4.2±0.8) min for the 7
T magnet. Both values agree, within the margin of error, with
the Ts = 4 min obtained before with the field cycling method

in the 7 T magnet26.
As the duration of the long rf pulse (5 seconds) is compa-

rable to the characteristic relaxation times of the tripletstate
(T1 ≈ 10 sec and T∗2 some milliseconds) the amplitude of the
observed signal after the conversion is also influenced by these
relaxation mechanisms. However, because of the used nor-
malization method, these quantities will not affect the values
obtained for Ts andξ after the linear fitting.

4 Sample and instrumentation

The samples used for the experiments consist of a mixture of
500 mg dimethyl acetylenedicarboxylate (99%, Sigma Aldrich)
and 10 mg (0.23mol%) of the hydrogenation catalyst [1,4-bis
(diphenylphosphino) butane] (1,5-cyclo-octadiene) rhodium (I)
tetrafluoroborate, dissolved in 2.6 g of acetone-d6 (99.9%D,
Sigma Aldrich). They were prepared in argon atmosphere and
filled into 10 mm NMR pressure tubes sealed with a septum
cap. pH2 enriched to 93% was prepared with a Bruker pH2

generator and stored in aluminum cylinders.
At earth magnetic field, the sample was heated up to 70◦C

and pressurized with 4 bar of parahydrogen. For the experi-
ments performed with the 7T magnet, the sample was shaken
at earth field and then transported to the observation field. In
the clinical magnet it was possible to shake the sample in the
bore of the magnet, i.e. the observation field. In all experi-
ments the used waiting time was TW = 3min to ensure that the
hydrogenation reaction has finished before starting the conver-
sion sequence.

The clinical scanner is an 1.5 T MRI system, Magnetom
Sonata, Siemens and a finger coil was used in the experiments.
The 7 Tesla magnet is equipped with a Bruker Avance II con-
sole.

5 Discussions

The ability to store the initial hyperpolarized state originating
from pH2 as a singlet state at nearly every magnetic field and
to convert it to an observable NMR signal just by applying an
r.f. pulse, may open up many new applications for hyperpolar-
ized NMR. We have demonstrated that the method works even
in the inhomogeneous magnetic field of an MRI scanner thus
it might be very useful for in vivo MRI, using PHIP polarized
molecules as contrast agents.

As mentioned above, the application of a long rf pulse is
not new in singlet state NMR29,30,32, however in this work
it is used with a different purpose. In the previous studies,
the long rf pulse sequence was applied to force a spin system
to a state that is not an eigenstate, and depending on the spin
system the requirements for the spin-locking pulse can be very
demanding31. On the other hand, in this work the initial pH2
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singlet state is preserved without any pulse application and
the long rf pulse is applied only for observation. Therefore
relatively short pulses which deposit not too much energy in
the sample can be used.

The multiconversion method developed offers the possi-
bility of accessing the characteristic singlet state relaxation
time Ts in a simple way or to subsequently use the singlet state
signal for different purposes within the same experiment. The
experiments were performed in two different magnets to show
not only the generality of the method but also, to get some
hints on Ts relaxation mechanisms. Within the margin of er-
ror, the same Ts values were obtained at 1.5 T and 7 T. It can
then be inferred that, as expected for this particular symmetri-
cal molecule, chemical shift anisotropy is not the mechanism
producing the observed Ts relaxation. Further studies are in
progress to identify the leading relaxation mechanisms forthis
kind of symmetrical molecules.

The results introduced here represent a new approach to
induce the singlet to triplet conversion other than the dedi-
cated pulse rf sequences proved to work among chemically
inequivalent20,35; nearly equivalent23,36 and equivalent37spin
pairs. For instance, in the last case37, Feng et al. have shown
for a doubly labeled13C molecule the possibility to induce the
transition without breaking the molecular symmetry and with-
out moving the sample, using a different approach. In this
work they showed that the sequence M2S-S2M, can also be
used if the spin pair is chemically equivalent but not magnet-
ically equivalent. One of the requirements of the mentioned
sequence is that the temporal intervals between pulses and to-
tal number of applied pulses, must satisfy a particular condi-
tion function of the couplings of the molecule. To this end,
all relevant parameters must be known. On the other hand,
the method presented here using the scaling of the chemical
shift Hamiltonian, does not strictly require the knowledgeof
all coupling parameters. As previously demonstrated27, the
resonance magnetic field can be obtained empirically, e.g.,in
a field-cycling experiment. Thus, the scaling factor can be
obtained without any previous knowledge of the molecule pa-
rameters.

The efficiency of the conversion sequence presented in this
work (approx 6%) is similar to the one obtained by Feng et.
al. (approx 5%). These values are not very encouraging when
compared to the efficiency reported for example in the case
of nearly equivalent spins by Laustsen et.al.36 (50%) or to the
theoretical estimation for the M2S sequence (67%). We as-
sume that this difference is based on the fact that when dealing
with chemically equivalent spins the singlet state is essentially
an eigenstate at every magnetic field and the transition is less
probable to occur and thus more difficult to induce. However,
as shown in this work, this low conversion can also be an ad-
vantage since it allows for multiconversion experiments.

The theoretical understandings of level anti-crossings in-

troduced in our previous work27 and by Mieselet. al.38 to-
gether with the here presented results might be also exploited
for transferring the singlet state enhanced signal to only one
specific nucleus in the molecule at any magnetic field strength.

Finally, we have shown that the necessary lifetime pro-
longation of hyperpolarization by singlet state storage, can be
achieved in a comfortable way using PHIP polarized symmet-
rical molecules and long rf pulses converting it into an observ-
able signal enhancement.
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