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ABSTRACT: We have recently demonstrated that
sensitive and chemically specific NMR spectra can be
recorded in the absence of a magnetic field using
hydrogenative parahydrogen induced polarization
(PHIP)' > and detection with an optical atomic magneto-
meter. Here, we show that non-hydrogenative para-
hydrogen-induced polarization*™® (NH-PHIP) can also
dramatically enhance the sensitivity of zero-field NMR. We
demonstrate the detection of pyridine, at concentrations as
low as 6 mM in a sample volume of 250 L, with sufficient
sensitivity to resolve all identifying spectral features, as
supported by numerical simulations. Because the NH-
PHIP mechanism is nonreactive, operates in situ, and
eliminates the need for a prepolarizing magnet, its
combination with optical atomic magnetometry will
greatly broaden the analytical capabilities of zero-field
and low-field NMR.

he past decade has witnessed increasing interest in the

development of low-cost portable NMR spectrometers.”
Such spectrometers promise to enable chemical analysis at
greatly reduced cost in environments not accessible to standard
high-field NMR technology. Detection of analytes at low
concentrations primarily requires sensitive detectors and
sufficient nuclear polarization. The weak thermal polarization
of nuclear spins has given NMR the reputation of being an
inherently insensitive method. For example, even in magnetic
fields of superconducting magnets, the polarization obtained
does not exceed 107*

A variety of available hyperpolarization techniques such as
dynamic nuclear polarization (DNP),*® chemically induced
DNP (CIDNP),'® spin-exchange optical pumping
(SEOP)"'™" of noble gases, and parahydrogen induced
polarization (PHIP)'™>'*" suggest that sensitivity limitations
given by the Boltzmann thermal polarization can be overcome
for a large range of analytes. All these hyperpolarization
techniques, DNP,'*™'? CIDNP,>*~** SEOP>* and PHIP,****
have been shown to greatly enhance sensitivity of low-field
NMR experiments where thermal polarization is even lower.

Of equal importance, sensitive low-field NMR detectors of
nuclear magnetization have been developed. These include
systems based on inductive detectors,”**>” superconducting
quantum-interference devices (SQUIDs),"”** ™ and optical
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magnetometers.”*>' ~>* These technologies, in varying stages of
maturity, permit the sensitive detection of low-frequency NMR
signals, including NMR spectra in Earth’s magnetic field.

Combinations of hyperpolarization and novel detection
schemes are thus particularly attractive in unconventional or
portable NMR applications. For example, we have recently
demonstrated that high-resolution and high SNR spectra can be
recorded at zero field using PHIP from standard hydrogenative
processes and an atomic magnetometer.”* In the present
contribution, we describe the first NMR experiments in zero
field employing non-hydrogenative parahydrogen induced
polarization (NH-PHIP) producing signal amplification by
reversible exchange (SABRE).*”® Following the approach used
in refs 24, 31, and 35, we work at zero magnetic field by
eliminating the Earth’s magnetic field with y-metal shields, and
we use an all-optical rubidium magnetometer for detection. In
addition to cryogen-free and potentially portable nature of our
technique, the magnetically shielded environment has high
absolute spatial and temporal homogeneity. We demonstrate
that this technique enables the detection of small quantities of
analyte (down to 6 mM in a sample volume of 250 uL, i.e., 100
nL as neat liquid) while retaining all analytically useful spectral
information of the zero-field spectrum. The sensitivity of the
present experiments is also illustrated by the first observation of
zero field NMR signals from nitrogen-15 in natural abundance.
In contrast to previous work at high magnetic field*™¢ and at
low magnetic field,*>*® the NH-PHIP process presented here
evolves entirely at zero field. The spectra exhibit significant
shifts in line positions as a function of the molecular
environment, in this case, due to solvent effects. The acquired
spectra are in agreement with computer-simulated spectra,
showing the dependence on the topology and parameters of the
J-coupling network and demonstrating the high information
content of zero-field spectra. It is important to note that the
NH-PHIP method is not limited to a specific substrate but can
be used on a growing class of compounds containing nitrogen-
heterocycles™” as well as amino acids and peptides.®

The experimental setup employed here was similar to that
used in previous work.>**" The sample was contained in a
standard 5 mm NMR tube placed directly above a zero-field
alkali-vapor magnetometer. This detector consists of micro-
fabricated S mm X 2 mm X 1 mm rubidium cell, thereby
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reducing much of the size requirements associated with
traditional high-field NMR. The sample, with a total volume
of 250 uL, was composed of pyridine (Sigma CAS# 34322-45-
7) and Crabtree’s catalyst (1,5-cyclooctadiene)(pyridine)-
(tricyclohexylphosphine)-iridium(I) hexafluorophosphate
(Sigma CAS# 64536-78-3) in anhydrous methanol (Sigma
CAS# 67-56-1) as solvent. The sample was held at a
temperature of 40 °C. The tube was connected to a gas
manifold and parahydrogen was bubbled through the solution
at a flow rate of SO sccm at a pressure of 70 psig (5.8 bar).
Bubbling was stopped 0.3 s prior to acquisition. All measure-
ments were performed at a catalyst-to-analyte ratio of 1:6 by
weight (following ref 25.). The sensitivity of the magnetometer
to fields in the vertical direction (i.e., the direction of detection)
is about 1 nG/Hz'? in the frequency range of 0—20 Hz, where
signals occur in the present work.

Figure 1 illustrates the NH-PHIP transfer process, which
occurs when parahydrogen and the analyte are in reversible
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Figure 1. NH-PHIP transfer mechanism. Hydrogen and pyridine bind
reversibly to the catalytic intermediate. Polarization is transferred from
parahydrogen to pyridine through the network of J-couplings.

exchange via an iridium-based catalytic intermediate. During
the time period in which an analyte molecule and a
parahydrogen molecule are simultaneously bound to the same
metal complex, a J-coupling network is formed, causing the
singlet spin order of parahydrogen to spread throughout the
metal complex; in particular, scalar spin order develops among
the spins of the analyte, which persists in the analyte after the
complex dissociates.” This scalar spin order is a form of
polarization not bearing magnetization and without direction-
ality, since there is no magnetic field along which alignment of
the polarization could occur. Fortunately, spin order involving
heteronuclear pairs can be converted to observable magnet-
ization by application of a DC magnetic-field pulse. A coil is
used to apply these pulses in the vertical direction. Such a DC
pulse breaks the symmetry of the initial state for heteronuclear
pairs because it rotates nuclei with differing gyromagnetic ratio
by differing angles. Thereby the pulse creates the coherences
whose ensuing evolution produce observable oscillations of the
vertical component of magnetization. The duration of the pulse
is short and the amplitude is strong compared to the J-
couplings such that evolution under the J-couplings can be
ignored during the pulse. Scalar spin order transferred to
homonuclear 'H pairs is not excitable because it has singlet
character and the symmetry is not broken by a pulse acting on
nuclei with identical gyromagnetic ratio. The Supporting
Information (SI) provides a more detailed description of the
experimental setup, as well as a discussion of the polarization
process. Additionally, a two-spin model is presented that
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describes the effect of the DC-pulse on a heteronuclear singlet
and the ensuing evolution under the J-coupling Hamiltonian.
A single-shot transient and the imaginary part of its Fourier
transform obtained with '*N-labeled pyridine are shown by the
solid blue curves in Figure 2a,b. The single-shot signal-to-noise
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Figure 2. (a) Single-shot transient and (b) the imaginary part of its
Fourier transform for NH-PHIP polarized pyridine. The solid blue
trace in panels a and b shows data acquired with a 250 uL sample after
10 s of bubbling parahydrogen through a solution containing
Crabtree’s catalyst (0.6 mM), with methanol as solvent and '>N-
labeled pyridine as analyte at a concentration of 40 mM. (b) Spectrum
(red-dashed line) obtained from pyridine at natural abundance of *N
(0.36%) at a concentration of 3 M, which implies a 10 mM
concentration of '*N-containing pyridine. (c) A numerically simulated
spectrum is provided for comparison.

of the largest peak is close to 300 at a noise floor of 1 nG. The
dashed red curve in Figure 2b shows that it is possible to
acquire identical spectra from pyridine with N at its low
natural abundance of 0.36%. For the unlabeled sample, the
concentration of the analyte was larger by a factor of 75 than
for the labeled sample.

Note, however, that the signal does not scale linearly with the
concentration of the analyte but is dependent on many
parameters such as exchange rates and the concentrations of
parahydrogen, catalyst, and analyte.

The spectrum can be approximately understood as follows:
The largest J-coupling in '“N-pyridine is the two-bond
coupling, *Jyy, between the N and the two equivalent nearest
protons, approximately forming an AX, system. Such a system
yields a peak at 3J/2.%" Since *Jy;; = 10.14 Hz (see Supporting
Information (SI)), we expect signal at ~15.3 Hz. Long-range
couplings to other protons produce a number of additional
sidebands and a small shift of the largest peak to ~15.6 Hz.
Note that the imaginary component of the Fourier transform is
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shown (without additional phasing). In these NH-PHIP
experiments, the imaginary part is absorptive because the
evolution starts from a nonmagnetized state (see SI). These
features are also reproduced by a simulation shown in the solid
red trace Figure 2c. (Details concerning the simulation are
provided in the SI.) Interestingly, despite the excellent SNR for
the "N containing isotopomers of pyridine, it was not possible
to detect *C-pyridine isotopomers at their natural abundance
(see SI). We attribute this to the low (1.1%) abundance of *C
and the higher signal complexity in isotopomers with both *C
and N, as discussed in the SL

For comparison with the NH-PHIP experiments, we
performed measurements of thermally polarized 'N-labeled
pyridine. These experiments were performed with an identical 5
mm NMR tube. A sample of 250 uL neat (14 M) **N-labeled
pyridine was polarized in a 1.6 T permanent magnet and then
pneumatically shuttled to the zero-field region for detection.*®
The time for transfer of the sample from the magnet into the
detection region was approximately 250 ms. The NMR tube
traveled in a solenoid that provided a “guiding field,” ensuring
that the spins remained magnetized parallel to the guiding field
during the shuttling. Upon arrival of the sample in the zero-field
region, the guiding field was turned off suddenly with respect to
any spin dynamics that occur under the influence of the J-
couplings, and the spectrum shown in Figure 3 was acquired.
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Figure 3. Spectrum obtained after averaging 128 transients of neat
"“N-labeled pyridine, prepolarized in a 1.6 T permanent magnet and
shuttled into the zero-field region for detection. (a) Experimental data;
(b) simulated spectrum.

Note that for this experiment, evolution starts from a
magnetized state and it is the real part of the Fourier transform
that is absorptive, as in conventional 1D NMR. (see SI.)
After averaging 128 transients, the SNR of the main feature
centered near 17 Hz is ~70. Comparison of this value to the
single-shot SNR of ~300 for the NH-PHIP measurements gives
an estimate of the achieved sensitivity enhancement: scaling by
\/ 128 for the number of averages and by 14 M/40 mM for the

difference in concentration reveals a sensitivity gain of ~1.7 X
10* with NH-PHIP.

Additionally, a frequency shift of the main peak of (1.2 +
0.1) Hz is observed. For NH-PHIP measurements in methanol,
the main peak is centered around 15.6 Hz and shifts to 16.8 Hz
in the neat liquid. The frequency shift is presumably due to the
change in the microscopic environment associated with the
presence of the solvent. This effect has been documented in
detail in measurements performed at high field with cryogeni-
cally cooled magnets,*”** but the experiments presented here
demonstrate that similar information can be extracted using
zero-field spectroscopy with optical detection.

Finally, we show that NH-PHIP is particularly promising for
analysis of compounds in low concentration. Table 1 provides
the signal-to-noise ratio obtained for five different concen-
trations of '*N-pyridine.

All measurements were performed at a catalyst-to-analyte
ratio of 1:6 by weight. For concentrations down to 40 mM, the
signal appears independent of the amount of analyte, and is
presumably dictated by the amount of dissolved parahydrogen.
This is in agreement with the findings by Gong et al.*® At a
concentration of 6 mM, the main peak at ~15.6 Hz has an SNR
of ~15. At that concentration, smaller peaks that are 10—30
times weaker than the main peak have an SNR on the order of
one, and spectral information is lost at lower concentrations. At
the expense of spectral information, it is possible to go to even
lower concentrations, as demonstrated in ref 25.

In conclusion, we have demonstrated that NH-PHIP can be
used in zero-field NMR spectroscopy. Polarization, in the form
of scalar order, can be obtained at zero magnetic field, which
can be converted to magnetization solely through the presence
of a heteronucleus. The sensitivity is enhanced by 4 orders of
magnitude as compared to measurements using thermally
prepolarized samples at 1.6 T. While inductive detection at zero
field is generally insensitive, the optical magnetometer enables
the acquisition of information-rich J-coupling spectra that can
be used for chemical identification and fingerprinting, as
demonstrated by our results and their agreement with
numerical simulation and theory (see SI). The combination
of nonperturbative hyperpolarization and detection by optical
methods that we demonstrate here will broaden the
applicability of low and zero-field NMR in chemical analysis.
NH-PHIP works on a wide and still growing range of
analytes.”*”*® The presented analysis suggests that all NH-
PHIP substrates are polarizable and detectable under identical
zero-field conditions. In the future, we expect the combination
of sensitive optical magnetometers with general hyperpolariza-
tion techniques such as NH-PHIP to enable chemical analysis
in locations not accessible by traditional bulky and expensive
NMR technology, thereby making NMR more widely
accessible.

Table 1. Signal-to-Noise Ratio (SNR) of the Largest Spectral Peak at 15.6 Hz as a Function of Analyte Concentration”

concentration 6 mM 12 mM

SNR 20 + 20 160 + 20

160 mM
290 + 20

40 mM 80 mM
300 + 20 280 + 20

“Above 40 mM pyridine concentration, we observe constant SNR of about 300. All identifying spectral features have SNR > 1 for concentrations

down to 6 mM. In these experiments, the noise floor was about ~1 nG.
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Further experimental details; development of a two-spin model
for NH-PHIP at zero field; comparison of the two-spin model,
experiment and simulation; explanations of the simulations and
for the choice of J-coupling values employed therein. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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