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Parahydrogen induced polarization (PHIP) is a powerful hyperpolarization technique. However, as the
signal created has an anti-phase characteristic, it is subject to signal cancellation when the experiment
is carried out in inhomogeneous magnetic fields or in low fields that lack the necessary spectral resolu-
tion. The use of benchtop spectrometers and time domain (TD) analyzers has continuously grown in the
last years and many applications are found in the food industry, for non-invasive compound detection or
as a test bench for new contrast agents among others. In this type of NMR devices the combination of low
and inhomogeneous magnetic fields renders the application of PHIP quite challenging. We have recently
shown that the acquisition of J-spectra in high magnetic fields not only removes the anti-phase peak can-
cellation but also produces a separation of thermal from hyperpolarized signals, providing Parahydrogen
Discriminated (PhD-PHIP) spectra. In this work we extend the use of PhD-PHIP to low and inhomoge-
neous fields. In this case the strong coupling found for the protons of the sample renders spin-echo spec-
tra that have a great complexity, however, a central region in the spectrum with only hyperpolarized
signal is clearly identified. This experimental approach is ideal for monitoring real time chemical reaction
of pure PHIP signals.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Hyperpolarization techniques have become relevant tools in the
Nuclear Magnetic Resonance (NMR) community. In particular,
Para-Hydrogen Induced Polarization (PHIP) is a relatively new
technique which has significantly grown in the last two decades.
Traditionally, NMR has dealt with the detection of nuclear spins
in thermal equilibrium with an external magnetic field, resulting
in a signal proportional to the small population difference, deter-
mined by a Boltzmann distribution, between the eigenstates of
the Zeeman interaction Hamiltonian. One way to improve the
NMR sensitivity consists in the direct hydrogenation of non-
saturated compounds with molecular hydrogen enriched in its
para-state (p-H2) prior to the NMR experiment. In 1986, Bowers
and Weitekamp reported a method to obtain large nuclear-spin
polarization by exploiting the state of parahydrogen during a
hydrogenation reaction [1]. The first results, where the reaction
occurs in the presence of the same magnetic field of the NMR
experiments, confirmed the predictions and inspired the acronym
PASADENA (Parahydrogen And Synthesis Allow Dramatically
Enhanced Nuclear Alignment) [2]. Since then, the technique has
been continuously expanding in the field of NMR, as can be seen
by its wide range of applications, including the investigation of
the kinetics of inorganic reactions in either homogeneously or het-
erogeneously catalyzed reactions [3–6], applications related with
magnetic resonance imaging [7–10], intramolecular hyperpolariza-
tion transfer [11–15], or its use as a natural system with long lived
states [16–21].

The NMR signal acquired after the reaction with p-H2 in the
PASADENA protocol is significantly different from the thermal
counterpart. If we restrict the discussion to the case where the for-
mer parahydrogen protons form an isolated AX spin system in the
target molecule, the spectrum displays two antiphase peaks
[22,23]. This is due to the exclusive presence of a longitudinal
two-spin order term in the density operator, which is present after
the hydrogenation of the target molecule has been carried out. This
is in turn the initial state for the NMR experiment, and is propor-
tional to Iz

1Iz
2. Therefore, any source of field homogeneity results

in partial signal cancellation, which can be quite considerable as
the antiphase separation equals the J-coupling constant value, nor-
mally in the range of a few Hertz in most liquid samples. The most
common situation, when working at high magnetic fields, is that
the p-H2 protons are weakly coupled to other protons in the prod-
uct molecule, that is, the chemical shift difference dm is much
higher than the J-coupling constant. In this case the spectrum con-
sists of a collection of antiphase signals centered at the chemical
shifts of the corresponding 1H’s. The inverse situation is present,
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for instance, when working at low magnetic fields, in which the
system is in the inverse weak coupling regime (dm� J). Even in this
case chemical shift and J-coupling information can be acquired
with PHIP, and experiments in a home-made system with a mag-
netic field lower than 20 mT and homogeneity below one ppm
have been recently reported [24–26].

An intermediate regime is present when using commercial
benchtop spectrometers, or time-domain (TD) analyzers. At these
low magnetic fields, typically ranging from 0.5 to 1.4 Tesla, strong
coupling will most certainly be present (dm � J). Additionally the
general low homogeneity of these magnetic fields will produce a
significant cancellation in PASADENA experiments. The use of spin
echoes was recently introduced in a way to refocus the magnetic
field inhomogeneities, in order to obtain PHIP signals in a TD ana-
lyzer operating at 0.54 Tesla, namely time domain PHIP (TD-PHIP)
[27]. In this case the echo time would be given by 1=ð4JÞ for a two-
spin system in the weak coupling regime. However, in larger spin
systems the echo time must be chosen to maximize the signal
based on the distribution of J-coupling values of the system [10].
At low field extreme care must be taken before applying the same
strategy, as the top of the spin echoes are no longer free of chem-
ical shift evolution. These results are of great importance for an
area that is increasingly growing within the applications of TD-
NMR and even in high resolution low-field spectroscopy [28,29].
The use of hyperpolarization as a contrast agent or site specific tra-
cer could be very important in terms of a simplification of the
information obtained on the particular systems under study.

We have recently addressed the problem of inhomogeneous
broadened multiplets in PASADENA experiments at high magnetic
field by acquiring J-spectra under PHIP conditions. In the weak
coupling approximation the evolution with the terms in the spin
Hamiltonian linear on spin operators, as magnetic field inhomoge-
neities or chemical shifts, are refocused during a CPMG-like train of
radio-frequency (rf) pulses [30,31], whereas evolutions with the
terms in the spin Hamiltonian bi-linear on spin operators, e.g.
the J-coupling evolution, remain unmodified [32]. In principle very
complex spectra are expected in this type of experiment as all the
chemical shift information is lost, thus all the multiplets collapse at
zero frequency. The information can be simplified by performing
data acquisition with a digital filter accurately centred at the
desired multiplet, namely partial J-spectroscopy. We were able to
obtain partial J-spectra practically free of peak cancellation [33].
Additionally, the pulse train can be used to separate contributions
between parahydrogen induced signals and those arising from
thermal backgrounds. These can be originated by a larger amount
of molecules with resonance frequencies near the frequencies of
the sites in the target molecule occupied by the former p-H2 pro-
tons (e.g. solvent signals) or by thermal contributions of the prod-
uct molecule when a reaction advances and the conversion is lower
[34]. The difference in the evolution of polarization terms com-
pared to longitudinal two-spin order terms under the pulse train
provides a mechanism to obtain Parahydrogen-Discriminated PHIP
(PhD-PHIP) signals [35] which appear shifted by half of the spectral
width compared to thermal signals.

In the present work we explore the performance of the method at
lower magnetic fields, where the weak coupling approximation is no
longer valid. We demonstrate that PhD-PHIP can be applied at low
and inhomogeneous magnetic fields in a TD-analyzer; in this case
all the spins are strongly coupled and a digital filter can no longer
be implemented to remove the presence of large background signals
or the superposition of different multiplets at zero frequency. We
present numerical simulations for two and three spin systems show-
ing that signal discrimination occurs even in the strong coupling
regime. Experimental results in a complex spin system are included
along with an example where the dynamics of a chemical reaction of
only the hyperpolarized fraction of the sample is monitored.
2. Theory

2.1. Evolutions under weak and strong couplings

In an isotropic liquid, the rapid tumbling of molecules averages
out the direct dipole–dipole coupling between nuclear spins. The
interaction of N spins-1/2 is, therefore, fully described by the
isotropic part of the chemical shift and the isotropic J-coupling
(or indirect dipole–dipole coupling) Hamiltonians [22,23].

In the presence of a sufficiently high magnetic field B0, all the
spins are weakly coupled, i.e. the chemical shift difference between
any pair of spins is much larger than their J-coupling constant. The
Hamiltonian in the rotating frame can be written as [22,23]:

Hweak ¼
XN

i¼1

2pmiI
z
i þ

XN

i<j

2pJijI
z
i Iz

j : ð1Þ

As the chemical shift and J-coupling terms in Eq. (1) commute,
the spin evolution can be calculated by taking into account one
term at a time. During a CPMG pulse sequence, the evolution with
the terms of the Hamiltonian linear on spin operators, as the first
term in Eq. (1) are refocused at t ¼ ntE , with tE being the echo time.
On the other hand, evolutions with the terms in the Hamiltonian
bilinear on spin operators, as the second term in Eq. (1), are unaf-
fected by the rf pulses. The stroboscopic acquisition of the NMR
signal at t ¼ ntE and the subsequent Fourier transformation yield
what is known as J-spectrum [36,37], a superposition of multiplets
centered at zero frequency, with no chemical shift information. By
setting a digital filter centred at the desired chemical shift
frequency during the acquisition, all the other multiplets can be
filtered out and a partial J-spectrum is obtained [37].

In the context of weak coupling limit, we have recently demon-
strated that the PHIP density operator just after the chemical reac-
tion in PASADENA, which is essentially a linear combination of
longitudinal two-spin order terms / Iz

i Iz
j

� �
, evolves appreciably

differently during the train of refocusing pulses compared to the
thermal density operators (i.e. polarization terms). PHIP-induced
signals present and odd–even modulation with the 180� pulses
(resembling the evolution of thermal signals under a Carr–Purcell
pulse sequence). The result of the application of a Fast Fourier
Transform (FFT) to such a data set is the combination of two differ-
ent spectra centered at half of the spectral width with respect to
each other. Thus, a natural mechanism for signal separation is
present [35], allowing the discrimination between signals originat-
ing from parahydrogen from that originated from thermal back-
grounds, which could mask out the hyperpolarized contributions.

In low magnetic fields the situation is manifestly different. The
spins are no longer weakly coupled and the full isotropic part of the
J-coupling Hamiltonian is retained, leading to:

Hstrong ¼
XN

i¼1

2pmiI
z
i þ

XN

i<j

2pJijIi � Ij: ð2Þ

The chemical shift and J-coupling Hamiltonians in Eq. (2) do not
commute and the evolution must be calculated with the full
Hstrong. Consequently, chemical shift information is also present at
the top of the spin echoes, introducing additional modulations to
the spin echo amplitudes which are strongly dependent on tE. Free-
man and Hill [37] refer to this kind of spectra as spin-echo spectra. At
the end of the chemical reaction, the density operator contains not
only two-spin order terms, as polarization difference and zero-
quantum terms might be present depending on the chemical shifts
and the J-coupling network. In order to determine a priori if there
will be a separation between PHIP and thermal contributions in
spin-echo spectroscopy numerical simulations are then mandatory.
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2.2. Simulations of the evolution under strong couplings for 2- and 3-
spin systems

As stated above, the full Hamiltonian Hstrong has to be consid-
ered in the evolution of density operators during a CPMG-like
pulse sequence. To explore the feasibility of achieving a fre-
quency discrimination of PHIP from thermal signals we have per-
formed numerical simulations on 2- and 3-strongly coupled spin
systems using a 45� rf pulse for excitation and an MLEV-4 phase
cycle for the train of refocusing pulses [38]. The dynamics during
the pulse sequence were calculated by solving the Liouville–Von
Neumann equation at t ¼ ntE with the Hamiltonian of Eq. (2). A
FFT of the simulated data set was then carried out without the
usual shift of the spectrum by N/2, being N the number of points
in the spectral dimension [35], rendering simulated spin-echo
spectra.

As usual, the thermal initial density operator before the first r.f.
pulse corresponds to the total polarization operator, qthð0Þ /

P
iI

z
i .

In the case of PHIP, the chemical reactions have to be considered. A
single reaction consists in the evolution of the p-H2 density opera-
tor with the Hamiltonian of the product molecule until dqpr=dt ¼ 0.
The ensemble average is obtained by taking the time average of a
single evolution of qpr assuming that the chemical reaction lasts
longer than the characteristic time of any internal evolution. This
yields the PHIP density operator at the end of the reaction qPHð0Þ
(further details of the simulation method can be found in Refs.
[15,39]).

First we consider the case where the former parahydrogen
protons (H1 and H2) form an isolated strongly coupled two-spin
system at the product molecule, i.e. an AB spin system [23].
Simulations were carried out with the following conditions:
m1 ¼ 1 ppm, m2 ¼ 1:5 ppm, J12 ¼ 7 Hz, B0 ¼ 0:45 Tesla (correspond-
ing to x0=2p ¼ 19:86 MHz proton Larmor frequency) and
tE ¼ 15 ms. The density operator after the chemical reaction results
in:

qPH
ABð0Þ ¼ �1� Iz

1Iz
2 þ 0:4772� Iz

1 � Iz
2

� �

� 0:3183� Ix
1Ix

2 þ Iy
1Iy

2

� �
þ 0:0125� Ix

1Iy
2 þ Iy

1Ix
2

� �
; ð3Þ

and the simulated spin-echo spectrum (see Fig. 1A) presents a
single antiphase doublet, which is the fingerprint of longitudinal
two-spin order, at the center of the spectral window. If the system
is consists in equal parts of PHIP and thermally polarized species,
the initial density operator is then: qPH

ABð0Þ þ qth
ABð0Þ. In this case

the spin-echo spectrum shown in Fig. 1B has the additional in-
phase doublet at the border of the spectral window corresponding
to the thermal signals.

The next step in complexity is to consider the case where the
former parahydrogen protons are strongly coupled to each other
as well as to a third spin in the target molecule, forming a strongly
coupled three-spin system (or ABC spin system [23], as schemati-
cally shown in Fig. 1C). The values used in this simulation are:
m1 ¼ 6:0 ppm, m2 ¼ 5:8 ppm, m3 ¼ 6:25 ppm, J12 ¼ 10:2 Hz, J13 ¼
17:2 Hz, J23 ¼ 1:8 Hz, B0 ¼ 0:45 Tesla and tE ¼ 15 ms. The density
operator after the chemical reaction is composed by a series of
terms, and can be written in a compressed manner as:

qPH
ABCð0Þ ¼

X3

ði<jÞ¼1

aijI
z
i Iz

j þ
X3

ði<jÞ¼1

kij Ix
i Ix

j þ Iy
i Iy

j

� �
þ
X3

i¼1

biI
z
i

þ d Iz
1Ix

2Ix
3 þ Iz

1Iy
2Iy

3

� �
þ � Ix

1Iz
2Ix

3 þ Iy
1Iz

2Iy
3

� �
; ð4Þ

where aij; bi; kij; d and � are constants obtained from the simulation.
The spin-echo spectrum in this case presents an antiphase doublet
in the center of the spectral window plus contributions from higher
spin order terms that fall in the border of the spectral width, as
shown in Fig. 1C. These contributions cannot be separated from
the ones arising from thermally induced signals as shown in
Fig. 1D, where the same fraction of PHIP and thermal density oper-
ators were used as the initial state of the system.

This is the major difference with the weak coupling limit, in
which all the information of the hyperpolarized species is in the
center of the spectrum, and thus separated from thermal signals.
It is to be expected that larger spin systems will have a much more
complex structure than the simple case addresses in our simula-
tion, however it is quite clear that a significant fraction of the
hyperpolarized signals will be located in the center of the spectral
window, and more important, that only hyperpolarized signals will
be in this spectral region, thus PhD-PHIP can still be applied at low
field and has a great potentiality to monitor hydrogenation pro-
cesses as discussed in the last section.

3. Results and discussion

3.1. Thermal and PHIP spin-echo spectra

In order to test the behavior of PhD-PHIP at low magnetic fields,
experiments were performed in a Bruker Minispec mq20 operating
at �20 MHz 1H-Larmor frequency (B0 � 0:45 Tesla). The B0 inho-
mogeneity results in a line width of �200 Hz for the used sample
volume. The hyperpolarized molecules were obtained by means
of the chemical reaction depicted in Fig. 2A, consisting in the
hydrogenation of 1-hexyne into 1-hexene. This complex spin
system is suitable to evaluate the performance of the method.
The former parahydrogen protons, labelled as H1

⁄ and H2
⁄, occupy

chemically inequivalent sites at the product molecule, interacting
with three other spins with relatively large coupling constants.
Additionally, all the protons are separated [5 ppm, which repre-
sents a range of 100 Hz at the magnetic field strength of the
spectrometer.

As the chemical shift differences relative to the coupling con-
stants for the protons H1

⁄, H2
⁄, H3 and H4�5 are:

� m	1 � m	2
�� ���J12 � 1:7
� m	1 � m3

�� ���J13 � 1:0
� m	2 � m3
�� ���J23 � 0:36
� m	1 � m4

�� ���J14ð5Þ � 10:5
� m	2 � m4
�� ���J24ð5Þ � 48we assume that negligible hyperpolarization
will be transferred to H4�5. Therefore, nine protons with ther-
mal polarization remain in the product molecule and ten from
the 1-hexyne molecules which have not yet been hydrogenated.
The signals corresponding to these protons will interfere with
the PHIP signal.

Fig. 2B shows the spin-echo spectra before the hydrogenation
process acquired with tE ¼ 15 ms. A small signal in the center of
the spectral window is present due to imperfections in the 180�
pulses which are not present if a 90� excitation pulse is used. The
thermal signal is located at the border of the spectrum as
predicted. After the chemical reaction with p-H2, a dominant anti-
phase doublet appear at the center of the spectral window
(Fig. 2B), which are much stronger than those in the borders. It is
worth noting that both spectra are displayed in the same vertical
scale, and that many features appear in the baseline of the
hyperpolarized spectra, which greatly exceed the noise level. We
have carried out numerical simulations on a seven spin system
(data not shown) and, even though the exact features cannot be
reproduced with such a small system, the presence of the structure
indicates that these signals arise from higher spin order terms. The
relative intensity of the antiphase peaks with respect to the
in-phase ones that appear on the spectrum borders is dependent
on the echo time used, as we are dealing with a strongly coupled
system.



Fig. 1. (A) Simulations of a spin-echo spectrum using 2 strongly coupled spins in a low magnetic field. (B) Same as (A) but adding a thermal operator to the PHIP initial density
operator. (C) Simulated spin-echo spectra of 3 strongly coupled spins without and with (D) thermal operators in qAMB

0 respectively.

Fig. 2. (A) Scheme of the chemical reaction from 1-hexyne (educt) to 1-hexene
(product). 1H spin-echo spectra of 1-hexyne (B) and hyperpolarized 1-hexene (C)
for tE ¼ 15 ms.
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We now turn our attention to the effect of the echo time on the
spin-echo spectra. Each spectrum in the left column of Fig. 3 corre-
sponds to an independent experiment of enriched p-H2. On the
right column the spectra of a commercial sample of the product
molecule are shown. All the spectra were normalized to the highest
feature of the corresponding sample spectrum obtained for
tE ¼ 21 ms. For the product molecule, the area of the spectra
slightly increases with decreasing echo time, consistent with the
fact that for shorter echo times the first digitalized echo point has
a higher intensity. However, for tE ¼ 3 ms a loss of intensity indi-
cates that the sequence timing is no longer optimized for this sam-
ple. In the case of the hyperpolarized sample, for short echo times
(tE ¼ 3 ms) the antiphase doublet at zero frequency is of the same
order of magnitude as that of the thermal species (right column).
These small antiphase signals are a consequence of small errors in
the rf pulses, as confirmed by numerical simulations. For longer
echo times (tE ¼ 9 ms) the hyperpolarized signal exceeds the level
of the artifact present in the center of the spectral window and a
destructive interference due to high order terms in the density
operator of the hyperpolarized species renders a small signal in
the borders of the spectral window. For longer echo times
(tE ¼ 15 ms) the hyperpolarized signal maintains its amplitude
but is better resolved. Again, thermal signals are cancelled out at
the borders of the spectrum. As already mentioned, many features
that exceed the noise level appear for these echo times. For even
longer pulse separations (tE ¼ 21 ms) these features increase with
respect to the central antiphase signal. It must be taken into
account that, as no digital filtering is included in this type of exper-
iment, the presence of aliasing cannot be disregarded at longer echo
times. A precise description of the features of these spectra require
numerical simulations considering the full twelve spin-system,
which is currently too demanding for standard calculations. Even



Fig. 3. Spin echo spectra for different echo times. For short tE the evolution with J-couplings is perturbed by the rf pulses. Left: 1H spin-echo spectra of hyperpolarized 1-
hexene and thermal 1-hexyne. Right: 1H spin-echo spectra of 1-hexene diluted and deuterated acetone.
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though the spectra are far too complex to be completely described,
the presence of the antiphase signal in the center of the spectrum is
a clear indicator of the presence of hyperpolarization and can be
used for on-line chemical reaction monitoring, free of thermal
signal contributions. A correct choice of the echo time depends on
the particular system under study, and can be determined by com-
paring the result obtained on the product molecule as shown
before.
Fig. 4. Reaction of 1-hexyne monitored with the PhD-PHIP protocol. As the reaction
time increases the amount of thermal species increases accordingly, however, if pH2

is not provided to the sample (point 2), the signal level decreases to zero intensity
(point 3), reflecting the fact that in the central part of the spectral window only
hyperpolarization is detected. The point 4 is included to point out that the signal
intensity is lower than the maximum achieved intensity, due to the fraction of the
educt molecules that have reacted and will be thermally polarized for the rest of the
experiment.
3.2. Monitoring a reaction at low magnetic field

For this particular system and magnetic field intensity,
tE ¼ 15 ms seems to be a reasonably choice to observe the PHIP sig-
nal by means of the PhD-PHIP method. A non-reacted sample was
placed in the bore of the magnet and left for 15 min. in order to
reach thermal equilibrium. In order to obtain a hyperpolarized sig-
nal, bubbling of p-H2 inside the NMR tube was performed during
20 s. A 5 s waiting time is left before the pulse sequence applica-
tion to ensure that the sample is free of gas bubbles. Results are
displayed in Fig. 4, where the time variable tr denotes the time
elapsed since the reaction has started. The intensities were
obtained by integration in the range as shown in the figure inset.
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The higher frequency peak area was inverted in order to render
non-zero values.

The point labelled as 1 is the initial state, prior to the first bub-
bling. The subsequent data has negligible intensity as the catalyst
is to be activated before a pairwise hydrogenation with the target
molecule can occur. This is an indicator of the accuracy of the inte-
gration range selection. After two bubbling/measurement cycles
non-negligible signal is obtained, and the intensity grows rapidly
until the point marked as 2, corresponding to ten cycles. Bubbling
was interrupted while measurements were performed at the same
time intervals, to show that the intensities recorded are related
only to PHIP. Five spin-echo spectra were collected with decreasing
intensity, which are present due to ongoing reaction between tar-
get molecules and dissolved gas remaining from previous bubbling
steps. Finally, all the residual gas was consumed and the state
where the sample has only thermally polarized spins is reached
(point 3).

As the bubbling/measurement cycles are continued, a revival of
the reaction occurs and the intensities reach almost the same level
as before. At point denoted as 4 the intensity represents � 90% of
the maximum achieved intensity, as part of the 1-hexyne has
reacted into the product molecule between points 2 and 3. After
50 min since the start of the experiment, the reaction has ceased.
Consequently, the central part of the spin-echo spectrum has zero
intensity. It must be taken into account that a substantial degree of
evaporation of the sample occurred in the final stages of the exper-
iment, which must also be considered to interpret the rapid decay
present after 35 min.

This simple experiment shows that PhD-PHIP is an extremely
sensitive tool to monitor chemical reactions at low magnetic fields
even with a poor degree of homogeneity.
4. Experimental details

4.1. NMR experiments

Experiments were carried out at 0.45 Tesla with a Bruker
Minispec mq20 spectrometer. A modified CPMG pulse sequence
was used, where the initial 90� pulse was replaced by a 45� and
a pair-alternated phases, transverse to the excitation pulse, were
adopted for the refocusing pulses ðyyyyÞ. The pulse lengths were
set to 1.4 ls and 5.2 ls for exciting and refocusing pulses respec-
tively. The temperature of the sample was controlled during the
experiments using a Bruker BVT3000 temperature control. A vari-
able number of refocusing pulses were used depending on tE in
order to acquire the signal time decay, additionally, all the exper-
iments were acquired in a single shot. Hyperpolarization was
achieved by bubbling p-H2 into the sample settled within the coil
for 20 s. In all cases a waiting period of 5 s was introduced before
detection to ensure that no bubbles were present in the sensitive
volume.
4.2. Sample preparation

Samples were prepared under controlled nitrogen atmosphere.
They consisted in a solution of 0.443 g of acetone-d6, 0.015 g of
1-hexyne and 0.010 g of catalyst (Rhodium complex: CAS 79255-
71-3; Rh dppbð Þ CODð Þ½ 
BF4). All components were acquired from
Sigma Aldrich and used without further purification.

Parahydrogen was prepared by letting normal hydrogen to
repose at 77 K in activated charcoal during 30 min., being after-
ward stored in stainless steel cylinders (Swagelok, Germany) at
�4 bars. Plastic 4 mm OD tubing was used for the transfer lines
and electromagnetic valves (Festo KG, Esslingen, Germany) were
used to accurately control the gas delivery to the sample.
5. Conclusions

In this work we show that PhD-PHIP can be applied even in the
limit of strong coupling, i.e. when the chemical shift difference
between the former parahydrogen protons in the target molecule
is comparable to their coupling constant. In this condition spin-
echo spectra are obtained, in contra-position with the J-spectra
obtained in the weak coupling limit. In both cases discrimination
of PHIP signals from thermal ones is achieved by acquiring the evo-
lution of the signal in the top of a CPMG-like sequence. Even
though the separation is not complete in the strong coupling
regime, the most significant part of the PHIP signals present an
odd–even effect that render the spectral separation upon a fast
Fourier transformation. We showed that the method is extremely
sensitive and can be applied for instance to monitor online chem-
ical reactions.

The possibility to detect the degree of hyperpolarization achiev-
able with a low-cost portable magnet is very promising and will
most certainly widen the applications of PHIP. The gas delivery
setup is quite simple, as in these types of magnets there is practi-
cally no stray field as is the case in high field magnets. Additionally,
the sequence is very robust and of straightforward application even
for non NMR experts. Nevertheless, extension of this approach to
even lower magnetic fields is still an open subject. The signals in
the spin-echo spectrum center arise only from PHIP independently
of the magnetic field intensity. However, the fraction of hyperpolar-
ization after the chemical reaction remains in a combination of sin-
glet states, with the consequent signal reduction.
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