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a b s t r a c t

A method to achieve NMR of dilute samples in the earth’s magnetic field by applying para-hydrogen
induced polarization is presented. Maximum achievable polarization enhancements were calculated by
numerically simulating the experiment and compared to the experimental results and to the thermal
equilibrium in the earth’s magnetic field. Simultaneous 19F and 1H NMR detection on a sub-milliliter sam-
ple of a fluorinated alkyne at millimolar concentration (�1018 nuclear spins) was realized with just one
single scan. A highly resolved spectrum with a signal/noise ratio higher than 50:1 was obtained without
using an auxiliary magnet or any form of radio frequency shielding.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

NMR spectroscopy is a powerful analytical tool for non-
destructive investigations in material science, chemistry and
biology. The resolving power of the technique depends on the
chemical shift dispersion, which is linearly dependent on the
magnetic field strength. Recent applications of low field NMR
[1–3] nevertheless demonstrated the possibility of obtaining
analytical information in the absence of strong magnetic fields. In
contrast to using chemical shift, as is common in high field NMR,
the information at low field is obtained from heteronuclear
couplings resolved with high accuracy. The main disadvantage of
NMR at such low fields is its inherent low sensitivity; therefore,
concentrated samples (typically 1021–1025 nuclear spins) pre-
polarized at higher magnetic fields are required.

The aim of this study was to develop a method to measure low
field NMR on dilute samples by exploiting the sensitivity gain pro-
vided by nuclear spin hyperpolarization. Several techniques [4–7]
are nowadays available to increase the population differences of
the nuclear spin states far beyond thermal equilibrium. Here, we
present a theoretical description and report on the results of an
NMR measurement performed at earth’s field, using Para-Hydrogen
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Induced Polarization [8–10] (PHIP) as hyperpolarization method.
The NMR data we present have been acquired with just one scan
on a sub-milliliter sample at millimolar concentration (�1018

nuclear spins).
2. Theory

PHIP requires a fast chemical reaction between the para- spin
isomer of molecular hydrogen (p-H2) and an organic substrate
(typically an alkene or an alkyne) [4–6,8,11]. Depending on the
magnetic field strength during the hydrogenation, PHIP experi-
ments are classified as PASADENA [8,11,12] (high field) or
ALTADENA [9,13] (low field). Recently, optimized versions of PHIP
have been proposed relying on RF irradiation [10,14] or magnetic
field cycling (FC) [13,15] to convert the proton spin order of the
p-hydrogenated product into longitudinal magnetization. Notice-
ably, nuclear hyperpolarization has been recently obtained also
via reversible association of an organic substrate with p-H2 [16],
thereby lifting the stringent requirement of a p-hydrogenation
reaction.

The conversion of spin order to proton and heteronuclear longi-
tudinal magnetization in a FC experiment has been discussed in
the original paper of Jóhannesson et al. [15]. In Fig. 1A we summa-
rize his conclusions for the specific case of a 1H, 19F spin system.
For simplicity we present a reduced spin system consisting of
two protons from p-H2 and a single 19F nuclear spin. The energy
diagrams in Fig. 1A were drawn considering a 100% p-H2 enrich-
ment and assuming the same scalar coupling network (3JHH =
12.5 Hz, 3JHF = 8.4 Hz, 4JHF � �0.8 Hz) as found in the hydroge-
nated product, 4,4,4-trifluoro but-2-enoate, used in the experiment
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Fig. 1. (A) Energy diagram at zero field and at earth’s field (50.50 lT) of a (1H,
1H,19F) spin system; the energy values were calculated assuming the same H–H and
H–F coupling constants as found in 4,4,4-trifluoro but-2-enoate and by using the
expressions given in Ref. [15]. The populations of the /1� and /2� eigenstates are
represented with a black and white circle, respectively. The gray arrows indicate the
transitions corresponding to the signals observed in the earth’s field NMR spectrum
(B) Field dependence of the coefficients defining the eigenstates /1� (left) and /2�
(right) in the Zeeman eigenbasis.
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(see below). The eigenstates at zero field and earth’s field (cB0/2p:
1H = 2152 Hz, 19F = 2020 Hz) are expressed below in the Zeeman
eigenbasis; expressions for the value of the coefficients can be
found in [15].

/1� ¼ c�1 jaabi þ c�2 jabai þ c�3 jbaai
/2� ¼ c�1 jbbai þ c�2 jbabi þ c�3 jabbi
/1þ ¼ cþ1 jaabi þ cþ2 jabai þ cþ3 jbaai
/2þ ¼ �cþ1 jbbai � cþ2 jbabi � cþ3 jabbi
/1;0 ¼ 1

ffiffi

3
p ðjaabi þ jabai þ jbaaiÞ

/2;0 ¼ 1
ffiffi

3
p ðjbbai þ jbabi þ jabbiÞ

jaaai; jbbbi

ð1Þ

at zero field and

w1� ¼ c�jabai þ cþjbaai
w2� ¼ cþjabbi þ c�jbabi
w1þ ¼ cþjabai � c�jbaai
w2þ ¼ c�jabbi þ cþjbabi
jaabi; jbbai; jaaai; jbbbi

ð2Þ

at earth’s field.
After p-hydrogenation and sudden jump to zero field, only en-
ergy levels corresponding to eigenstates with a total magnetic
quantum number Mz = +/�½ are populated [15]. For an in-depth
discussion about the eigenstates of a three-spin system at low-field
and the population distribution after p-hydrogenation see [17,18].
The population distribution within these energy levels depends on
the strength of H–H as well as H–F scalar coupling interactions. In
the case of our spin system, ca. 80% of the total population is
equally distributed between the /1� and /2� eigenstates (circles
black and white in Fig. 1A). For the sake of clarity, the remaining
20% population (almost uniformly distributed among the other en-
ergy levels) is not displayed in Fig. 1A and not further considered.

During adiabatic remagnetization, the eigenstates smoothly fol-
low the Hamiltonian change while the populations of the corre-
sponding energy levels are left unperturbed. As a consequence,
only two energy levels remain considerably populated during the
whole remagnetization process.

The eigenstates transformation from zero field to earth’s field
can be followed by numerical methods. In Fig. 1B, the conversion
of the two highly populated eigenstates at zero field (i.e. /1� and
/2�) is shown. /1� (black circle) transforms to |aab>, in agreement
with the emissive 19F signal in the earth’s field NMR spectrum of
Fig. 3, which corresponds to the transition |aab > ? |aaa>. In con-
trast, /2� (white circle) transforms to eigenstate w2�: this is con-
sistent with the 1H absorptive signal in the earth’s field NMR
spectrum of Fig. 3, originating from the transition w2�? |bbb>.

The optimal magnetic field profile during remagnetization de-
pends on the scalar coupling network as well as on the gyromag-
netic ratios of the nuclear spins in the p-hydrogenated molecules.
Adiabatic remagnetization of (1H, 13C) spin systems has been pre-
viously achieved with a linear or exponential profile of approxi-
mately 1–5 s duration [15,19]. In the present case, where both 1H
and 19F T1 relaxation times at earth’s field are on the order of
1 s, a faster remagnetization is desirable. We therefore calculated
the shortest possible remagnetization trajectory satisfying the gen-
eral requirements posed by the approximate adiabatic criterion
[20,21] within a 0.01 tolerance (see below). The time dependence
of the magnetic field during remagnetization was determined for
the hyperpolarized spin system of 4,4,4-trifluoro but-2-enoate
(i.e. three equivalent 19F spins and two 1H spins). The ramp from
low to high field (Fig. 2A) was divided in 100 steps of equal ampli-
tude; the duration of each individual step was determined under
the condition that the transition probability between any pair of
eigenvectors [20] be less than 0.01. Our approach resulted in a
remagnetization profile of approximately 210 ms, substantially
shorter than 1H and 19F T1. The nuclear magnetization for 1H and
19F during the remagnetization, calculated under the assumption
of an adiabatic process, is shown in Fig. 2B (dashed curve): a spin
polarization of ca. 60% (i.e. twice the expectation value hIzi, see
[15]) is predicted for both nuclear species at the end of the
trajectory. Comparable results were obtained by numerically
solving the Liouville–von Neumann equation to determine the
evolution of the density matrix during the remagnetization. The
oscillations of the longitudinal magnetization displayed in Fig. 2B
(full curve) are due to the evolution of off-diagonal terms of the
density matrix [10]. Given the short duration of the remagnetiza-
tion the effects of longitudinal- and cross relaxation were assumed
negligible and, therefore, not included in the calculation.
3. Experimental results and discussion

Hyperpolarization of both 1H and 19F nuclear spins was ob-
tained using a diabatic-adiabatic field cycling (FC) scheme [15] fol-
lowing p-hydrogenation. We chose a fluorinated compound as it
allows for simultaneous detection of both hyperpolarized nuclear



Fig. 2. (A) Profile of the magnetic field strength B0 versus time for the adiabatic remagnetization. The curve was calculated with a 0.01 tolerance (see text). (B) Buildup of 1H
and 19F longitudinal magnetization during the remagnetization assuming an adiabatic process (dashed) or solving the Liouville–von Neumann equation in steps of 20 ls
(full). The calculations were carried out neglecting the effects of spin relaxation and assuming a p-H2 enrichment of 80% as used for the experiment (see below).

Fig. 3. Single-scan earth’s field NMR spectrum (in black) of 310 ll hyperpolarized 4,4,4-trifluoro but-2-enoate (2), 9 mM in perdeuterated acetone. A signal/noise ratio higher
than 50:1 was estimated from peak intensities and RMSD noise of the spectrum (0.03 lV/Hz). The multiplets displayed in red are obtained by simulating the complete field
cycling experiment (i.e. para-hydrogenation + adiabatic remagnetization + excitation + detection at earth’s magnetic field). Insert. FID acquired at earth field (50.50 lT) after
hydrogenation of 4,4,4-trifluoro but-2-ynoate (1) with 80% enriched parahydrogen and diabatic–adiabatic field cycling. 1H and 19F signals were acquired for 2 s after a RF
pulse of 0.7 ms, corresponding to a �90� flip angle, and with a pre-acquisition delay of 25 ms.
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species at earth field [22]. We could therefore compare the at-
tained hetero nuclear polarizations and validate our results against
our theoretical prediction. In addition, our choice simplified the
experimental setup as the 1H–19F strong coupling condition re-
quired during the field cycling (see above) can be achieved already
at magnetic field strengths of a few microTesla.

The NMR sample we used consisted of 310 ll of oxygen-free
solution of 4,4,4-trifluoro but-2-enoate (2) 9 mM in deuterated
acetone. It was obtained by p-hydrogenation of 4,4,4-trifluoro
but-2-ynoate (1) using 15 mM [Rh(cyclo-octadiene) dyphenyl-
Scheme 1. Production of 4,4,4-trifluoro but-2-eno
phosphanyl butane)] [BF4] as catalyst and 80% enriched p-H2 at
0.2 MPa (2 bars). The reaction (Scheme 1) was carried out in 5 s,
resulting in a 95% yield, as established by conventional high field
1H NMR after the earth’s field (EF) NMR experiment.

An NMR spectrum of 4,4,4-trifluoro but-2-enoate (2) with sig-
nals substantially above the noise level was acquired at earth’s
field (50.5 lT) in a single scan (Fig. 3). Two signals with compara-
ble integrals and opposite sign are found in the spectrum, experi-
mentally confirming the prediction about opposite polarizations
reported earlier [15]. The multiplet structure of 1H and 19F signals
ate (2) from 4,4,4-trifluoro but-2-ynoate (1).
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results from H–H and H–F couplings (3JHH = 12.5 Hz, 3JHF = 8.4 Hz,
4JHF � �0.8 Hz). The two signals roughly resemble a quartet and a
triplet with a splitting of ca. 3.5 Hz. A more careful analysis of these
‘‘deceptively simple’’ structures [23] reveals a complex peak pat-
tern, consistent with the H–H (and partially H–F) strong coupling
regime. A linewidth of �0.7 Hz was estimated for the multiplets
components, illustrating the magnetic field homogenenity within
the sample. This is quite remarkable, considering that the spectrum
was acquired indoor without sample shimming, in close proximity
to armed concrete floor and ceiling. The shape and relative inten-
sity of the two multiplets is in very good agreement with the result
of a simulation of the complete FC experiment (Fig. 3 in red4), using
standard propagation methods (relaxation not included). This
supports the notion of scalar-couplings [15,24,25], rather than
cross-relaxation, as being the driving force of the hyperpolarization
process by diabatic FC.

The core of the NMR setup consists of a solenoid coil used for RF
excitation and signal detection. The solution containing 4,4,4-
trifluoro but-2-ynoate (1) was centered on the axis of this coil in
a small glass sphere (ca. 350 ll) connected to an evacuated cham-
ber of ca. 12 ml. Whilst placed inside the coil this reaction chamber
was instantaneously filled with 80% enriched p-H2 to form 4,4,4-
trifluoro but-2-enoate (2). After the p-hydrogenation, the magnetic
field was reduced from 150 lT to approximately zero field (<3 lT)
in less than 1 ms. The field strength was then adiabatically in-
creased up to earth’s field. During the adiabatic remagnetization
the spin order originating from p-H2 evolves coherently in 19F
and 1H longitudinal magnetization. RF irradiation and signal detec-
tion take place in situ, with no additional dead time for sample
transfer. While non-inductive detection systems (e.g. SQUID [1])
could have offered a higher sensitivity, we have here privileged
the simplicity and portability of a conventional inductive coil.

The spin polarization experimentally obtained using the calcu-
lated magnetic field profile, was estimated by comparison with the
earth’s field 1H NMR spectrum of a sample of 3.9 ml water (�1023

proton spins). This reference spectrum was acquired in 16 scans,
repetitively polarizing the water protons at 15 lT for 5 s, while
keeping all other experimental parameters unchanged. From the
comparison of the signal integrals, a spin polarization of ca. 3%
was estimated for both 1H and 19F, corresponding to a 108-fold
polarization enhancement with respect to thermal equilibrium.
In part, the discrepancy with the (20 times larger) predicted
enhancement might be explained in terms of singlet–triplet mixing
during the reaction, which converts the long-lived state originating
from p-H2 [18] into faster relaxing terms (i.e. H–F longitudinal spin
order). Such interconversion between singlet and triplet states
could be prevented by selective proton irradiation [10,26,27] dur-
ing the reaction.

4. Conclusion

A method to measure earth’s field NMR on dilute samples,
exploiting the sensitivity gain provided by PHIP, was presented.
PHIP dramatically lowers the requirements for earth’s field NMR
to sample volumes and concentrations common to high field
NMR investigations. The method has enabled us to measure earth’s
field NMR even under non-ideal conditions (e.g. indoor and using a
conventional coil).

5. Experimental

Para-hydrogen (p-H2) was produced at 20 K in the presence of
iron oxide and stored at a pressure of 0.2 MPa (2 bars) in an alumi-
4 For interpretation of color in Fig. 3, the reader is referred to the web version o
this article.
f

num bottle for later use [28]. The level of p-H2 enrichment was as-
sessed by recording a high field 1H NMR spectrum using a Varian
UnityINOVA (500 MHz, 1H frequency) before starting the earth’s
field NMR experiment.

For NMR a B1 and an optional polarization coil were positioned
exactly in the isocentre of a Helmholtz pair. The magnetic field
strength through the sample was modified with the Helmholtz
pair, oriented approximately 67� from the horizontal plane set to
produce a magnetic field parallel or opposite to the earth’s mag-
netic field. The accuracy of the alignment between earth’s mag-
netic field and the Helmholtz field was determined not to be
better than 2.7�, which determined a small field component ori-
ented perpendicular to the earth’s magnetic field. Numerical simu-
lations indicate a modest decrease (ca. 5%) of 1H and 19F spin
polarization at the end of the remagnetization step due to this
residual magnetic field (approximately 2 lT, corresponding to
m(1H) � m(19F) � 6 Hz immediately after the jump from earth field
to low field). The setup allows for in situ measurement of NMR
spectra, without additional ‘‘dead periods’’ for sample transfer to
an NMR spectrometer.

Chemicals were purchased from Sigma–Aldrich. Care was taken
to degas all chemicals and glassware used in the experiment. For
activation 160 ll of the catalyst solution was injected into the
evacuated reactor and pressurized with 0.2 MPa (2 bars) H2. After
60 s of gentle mixing the catalyst was assumed activated and the
reactor was evacuated once more before introducing 150 ll of
the substrate solution.

Before starting the para-hydrogenation reaction and field cycling
experiment the reactor, now containing the activated catalyst and
substrate, was connected to the p-H2 vessel (0.2 MPa/2 bars) and in-
serted into the NMR coil setup (see above).

Immediately after the remagnetization, performed using the
calculated adiabatic trajectory (see above), an NMR spectrum of
the hydrogenated product was acquired at earth’s field.

The NMR spectrum of the hydrogenated product was acquired
following a 0.7 ms (�90�) RF pulse at a frequency of 2090 Hz (ex-
actly between 19F and 1H Larmor frequencies at earth’s field) and
a 25 ms B1 coil ring-down delay. Total acquisition time was 2 s
in which a total of 32 k real points was recorded. The free induction
decay (FID) was processed with scripts implemented in MATLAB�

using 90� shifted square sine-bell apodization, prior to zero-filling
to 64 k real points, and Fourier transformation.

The evolution of the hyperpolarized spin system during field
cycling, RF irradiation and detection period was calculated by stan-
dard propagation methods, with a full non-truncated Hamiltonian.
The simulation was carried out as numerical integration of the
Liouville time-dependent differential equations in constant time
steps of 20 ls (for the 210 ms adiabatic remagnetization), 0.7 ls
(for the 0.7 ms RF pulse) and 200 ls (for the acquisition period)
using MATLAB�. The effects of relaxation were not accounted for
in these simulations. The calculated FID was processed in a similar
fashion as the acquired FID (see above).
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Am. Chem. Soc. 130 (2008) 15047–15053.
[20] A. Messiah, Quantum Mechanics, vols. I and II, Dover Publications, Mineola,

New York, United States of America, 1961.
[21] D. Comparat, Phys. Rev. A 80 (2009) 012106.
[22] M.E. Halse, P.T. Callaghan, J. Magn. Magn. 195 (2008) 162–168.
[23] E.D. Becker, High Resolution NMR: Theory and Chemical Applications,

Academic Press, 2000.
[24] S.E. Korchak, K.L. Ivanov, A.V. Yurkovskaya, H.-M. Vieth, Phys. Chem. Chem.

Phys. 11 (2009) 11146–11156.
[25] L. Kuhn, J. Bargon, In Situ NMR Methods in Catalysis, 2007, pp. 25–68.
[26] G. Pileio, M.H. Levitt, J. Chem. Phys. 130 (2009) 214501–214514.
[27] P.R. Vasos, A. Comment, R. Sarkar, P. Ahuja, S. Jannin, J.-P. Ansermet, J.A.

Konter, P. Hautle, B. van den Brandt, G. Bodenhausen, Proc. Natl. Acad. Sci.
U.S.A. 106 (2009) 18469–18473.

[28] K.F. Bonhoeffer, P. Harteck, Naturwissenschaften 17 (1929) 182.


	NMR at earth’s magnetic field using para-hydrogen induced polarization
	1 Introduction
	2 Theory
	3 Experimental results and discussion
	4 Conclusion
	5 Experimental
	Acknowledgments
	References


