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1
DETECTION OF J-COUPLING USING
ATOMIC MAGNETOMETER

RELATED APPLICATIONS

This application is the national phase application of Inter-
national application number PCT/US2010/030897, filed Apr.
13, 2010, which claims priority to and the benefit of U.S.
Provisional Application No. 61/168,795, filed on Apr. 13,
2009, which is hereby incorporated by reference in its
entirety.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support under
Contract No. DE-AC02-05CH11231 awarded by the U.S.
Department of Energy and with support from the National
Institute of Standards and Technology, a non-regulatory
agency within the U.S. Department of Commerce. The gov-
ernment has certain rights in this invention.

BACKGROUND OF THE INVENTION

The present invention relates to the field of nuclear mag-
netic resonance and, more particularly, to the field of detec-
tion of J- or scalar coupling.

Nuclear magnetic resonance (NMR) endures as one of the
most powerful analytical tools for detecting chemical species
and elucidating molecular structure. The fingerprints for
identification and structure analysis are chemical shifts,
nuclear Overhauser effects, and scalar couplings of the form
JI;°L,. The latter yield useful information about molecular
spin topology, bond and torsion angles, bond strength, and
hybridization. NMR experiments are conventionally per-
formed in high magnetic fields, requiring large, immobile,
and expensive superconducting magnets. However, detection
of NMR at low magnetic fields has recently attracted consid-
erable attention in a variety of contexts, largely because it
eliminates the need for superconducting magnets. Additional
advantages of low and zero field NMR include extremely
homogeneous fields (both spatially and temporally) for nar-
row lines and the appeal of measuring small contributions to
the Hamiltonian in the absence of a much larger Zeeman
interaction.

One-dimensional and two-dimensional spectroscopy (see,
S. Appelt, H. Kithn, F. W. Hésing, B. Bliimich, Chemical
analysis by ultrahigh-resolution nuclear magnetic resonance
in the Earth’s magnetic field, Nat. Phys. 2 (2006) 105-109;
and J. N. Robinson et al., Two-dimensional NMR spectros-
copy in Earth’s magnetic field, J. Magn. Res. 182 (2006)
343-347, respectively) have been demonstrated in the Earth’s
magnetic field using inductive detection. J-resolved spectra
have been detected with superconducting quantum interfer-
ence device (SQUID) magnetometers in ~p 7T fields (see, R.
McDermott et al., Liquid-state NMR and scalar couplings in
microtesla magnetic fields, Science 295 (2002) 2247-2249).
Atomic magnetometers have been used to perform one-di-
mensional spectroscopy (see, I. M. Savukov, M. V. Romalis,
NMR detection with an atomic magnetometer, Phys. Rev.
Lett. 94 (2005) 123001; 1. M. Savukov, S. J. Seltzer, M. V.
Romalis, Detection of NMR signals with a radio-frequency
atomic magnetometer, J. Magn. Res. 185 (2007) 214-220;
and M. P. Ledbetter et al., Zero-field remote detection of
NMR with a microfabricated atomic magnetometer, Proc.
Natl. Acad. Sci. (USA) 105 (2008) 2286-2290) and for remote
detection of magnetic resonance imaging in low magnetic
fields. Nuclear magnetic resonance in a zero-field environ-
ment has been detected indirectly using field cycling tech-
niques (see, D. B. Zax, A. Bielecki, K. W. Zilm, A. Pines,
Heteronuclear zero-field NMR, Chem. Phys. Lett. 106 (1984)
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550-553;and D. B. Zax, A. Bielecki, K. W. Zilm, A. Pines, D.
P. Weitekamp, Zero field NMR and NQR, J. Chem. Phys. 83
(1985) 4877-4905). However, this practice does not remove
the requirement for a superconducting magnet.

Low Field Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR), conventionally
detected in multi-tesla magnetic fields, is a powerful analyti-
cal tool for the determination of molecular identity, structure,
and function. With the advent of prepolarization methods and
alternative detection schemes using atomic magnetometers or
superconducting quantum interference devices (SQUIDs),
NMR in very low-(~earth’s field), and even zero-field, has
recently attracted considerable attention. Despite the use of
SQUID:s or atomic magnetometers, low-field NMR typically
suffers from low sensitivity compared to conventional high-
field NMR.

NMR ' inlow or zero magnetic field has long been viewed
as a curiosity due to the low nuclear spin polarization, poor
sensitivity of inductive pickup coils at low frequencies, and
the absence of site-specific chemical shifts.

Despite the use of atomic magnetometers or SQUIDS,
low-field NMR using samples thermally prepolarized in a
permanent magnet typically suffers from low signal-to-noise
ratio compared to inductively-detected high-field NMR, in
part because of the low polarization available from thermal-
ization in a permanent magnet.

While parahydrogen induced polarization (PHIP) has been
investigated in a variety of magnetic fields, ranging from the
earth’s field to high field, observation of the resulting NMR
signals has always been performed in finite magnetic field.

SUMMARY OF THE INVENTION

An embodiment of a method of detecting a J-coupling of
the present invention includes providing a polarized analyte
adjacent to a vapor cell of an atomic magnetometer and mea-
suring one or more J-coupling parameters using the atomic
magnetometer. According to an embodiment, measuring the
one or more J-coupling parameters includes detecting a mag-
netic field created by the polarized analyte as the magnetic
field evolves under a J-coupling interaction.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is described with respect to particu-
lar exemplary embodiments thereof and reference is accord-
ingly made to the drawings in which:

FIG. 1 illustrates a system 100 for detecting J-coupling in
accordance with an embodiment of the present invention.

FIGS. 2A and 2B provide graphs that show the response of
an atomic magnetometer to test fields of varying frequency
and the noise floor of the magnetometer, respectively.

FIGS. 3A and 3B provide graphs of a raw signal and a
Fourier transform of the raw signal, respectively, which were
obtained with a sample of **C enriched methanol following
an excitation pulse with area B, T ,(y,~y)=2.4 rad.

FIGS. 4A and 4B provide graphs of J-coupling data for
methanol.

FIGS. 5A and 5B provide graphs of experimental and
simulated zero-field NMR spectra for ethanol 2 (**CH,—
12CH,—OH) and ethanol 1 (**CH,—"*CH,—OH), respec-
tively.

FIG. 6 is a plot of noise as a function of frequency, the
smaller plot insert in the main panel shows the optical
response vs. frequency for an alternative arrangement where
a second, pump laser has been employed along with a first,
probe laser.

FIG. 7 shows a scheme for detecting parahydrogen induced
polarization at zero magnetic-field in accordance with an
exemplary embodiment of the present invention.



US 9,140,657 B2

3

FIG. 8 shows a single-shot zero-field PHIP IJ-spectra
(imaginary component) of ethylbenzene-p*>C (a) and ethyl-
benzene-a.>C (b), polarized via addition of parahydrogen to
labelled styrene, as obtained via the present invention.

FIG. 9 shows a zero-field J-spectrum (imaginary compo-
nent) of ethylbenzene, produced via parahydrogenation of
styrene with >C in natural abundance, as obtained via the
present invention.

FIG. 10 shows a zero-field PHIP spectra for several com-
pounds in accordance with an exemplary embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

Scalar couplings of the form JI, I, between nuclei impart
valuable information about molecular structure to nuclear
magnetic-resonance spectra. Examples of the present inven-
tion demonstrate direct detection of J-spectra due to both
heteronuclear and homonuclear J-coupling in a zero field
environment, where the Zeeman interaction is completely
absent. It is shown here that characteristic functional groups
exhibit distinct spectra with straightforward interpretation for
chemical identification. Detection is performed with a micro-
fabricated optical atomic magnetometer, providing high sen-
sitivity to samples of microliter volumes. In examples of the
present invention, linewidths of 0.1 Hz were obtained and
scalar-coupling parameters with 4-mHz statistical uncer-
tainty were measured. It is anticipated that the technique
described here may provide a new modality for high-preci-
sion “J spectroscopy” using small samples on microchip
devices for multiplexed screening, assaying, and sample
identification in chemistry and biomedicine.

The present invention provides for the direct detection of
hetero- and homonuclear scalar coupling in a zero field envi-
ronment or a low field environment using an optical atomic
magnetometer. Examples of the present invention show that
characteristic functional groups have distinct spectra, with
straightforward interpretation for molecular structure identi-
fication, allowing extension to larger molecules and to higher
dimensional Fourier NMR spectroscopy. A magnetically
shielded, zero field environment provides high absolute field
homogeneity and temporal stability, which provides a capa-
bility to obtain 0.1-Hz linewidths without using spin echoes,
and to determine scalar coupling parameters with a statistical
uncertainty of 4 mHz. Such linewidths and measurement
uncertainties are far better than were previously available for
J-coupling measurements, providing a super-sensitive means
for detection of subtle differences in chemical structure.

As used herein, the term “‘zero field” refers to a static
magnetic field having a zero or near-zero magnitude in which
the magnetic field is small enough that the larmor precession
frequency is small. For a sample with protons, a smallest
competing timescale is the relaxation rate, so that the preces-
sion frequency should be less than 1/(2xnT,) or ~100 mHz,
corresponding to about 2.5 nT. Thus, a zero field includes a
static magnetic field of 0.1 nT or an oscillating magnetic field
with a near zero average magnitude. As used herein, the term
“low field” refers to a static magnetic field having a magni-
tude less than about 1 mT and more typically less than about
100 pT. Zero field and low field are in contrast to high field
(i.e. a static magnetic field having a high magnitude), where a
typical high field in the context of NMR has a magnitude on
the orderof3to 10 T.

An embodiment of a system for detecting J-coupling in
accordance with an embodiment of the present invention is
illustrated in FIG. 1. The system 100 includes an optical
atomic magnetometer, a fluid handling system 101, magnetic
shields 114, coils 120, and an oven 122. According to an
embodiment, the atomic magnetometer includes a laser 116
(e.g., an external-cavity diode laser that produce light at the
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4

D1 resonance), an alkali vapor cell 112 (e.g., an *’Rb alkali-
vapor cell), a photo-diode 118, a lock-in amplifier 132, polar-
izers 128, and a quarter wave plate 130. According to an
embodiment, the fluid handling system 101 includes a syringe
pump 102, a reservoir 104, a polarization volume 106, a
Halbach array 108 (e.g., 1.8-T Halbach array), a solenoid
124, a detection volume 110 (e.g., an 80-uL detection vol-
ume), and a pressurized reservoir 126.

In operation, the syringe pump 102 pushes fluid from the
reservoir 104 into the polarization volume 106, which is
within the Halbach array 106, and then into the detection
volume 110, which is adjacent to the alkali-vapor cell 112.
The vapor cell 112 and the detection volume 110 are housed
within the oven 122, which is inside the set of magnetic
shields 114. Circularly polarized light from the external-cav-
ity diode laser 116 at the D1 resonance is used to optically
pump and probe the alkali spin polarization within the vapor
cell 112. The circularly polarized light that passes through the
vapor cell 112 is detected by the photodiode 118. The set of
coils 120 inside the magnetic shields 114 is used to zero the
residual magnetic field, apply pulses to the sample in the
y-direction, and to oscillate a small magnetic field in the
z-direction. The oven 122 heats the vapor cell 112 to ~170° C.
to maintain sufficient alkali vapor density. The detection vol-
ume 110 may be separated from the vapor cell 112 by a gap so
that it operates at a lower temperature than the vapor cell 112.
Also, the detection volume 110 may be cooled, for example,
by attaching it to a heat sink that is outside of the oven 122. In
an alternative embodiment, the oven 122 is replaced by a heat
source that is attached to the vapor cell 112. The solenoid 124
provides a quantizing magnetic field (about 50 uT) to help
maintain the orientation of the polarization of the analyte as it
is transferred from the polarization volume 106 to the detec-
tion volume 110. The pressurized reservoir 126 receives the
analyte after ithas been analyzed in the detection volume 110.
Linear polarizers 128 are used to polarize light from the laser
116. A quarter wave plate 130 circularly polarizes the laser
light. A lock-in amplifier 132 detects the signal from the
photodiode 118. A data acquisition system 134 may record
the signal from the photodiode 118. A spectrum analyzer 136
may be used to view the data acquired in experiments.

An embodiment of a method of detecting a J-coupling of
the present invention includes providing a polarized analyte
adjacent to the vapor cell 112 of the atomic magnetometer and
measuring one or more J-coupling parameters using the
atomic magnetometer. According to an embodiment, a fluid
analyte is polarized in a strong magnetic field (e.g., the Hal-
bach array 108), which produces the polarized analyte, and
then the polarized analyte flows into the detection volume 110
within a zero field region adjacent to the vapor cell 112 of'the
atomic magnetometer. Pulses can then be applied to prepare a
superposition of eigenstates of the J-coupling Hamiltonian,
which then evolve freely, without influence of any external
field, producing a time dependent magnetization. The mag-
netic field from the polarized sample is detected by the atomic
magnetometer. Advantages of working in a zero field envi-
ronment include a homogeneous field and temporal stability.

According to an embodiment of the present invention, the
atomic magnetometer works as follows. A single, circularly
polarized laser beam optically polarizes orientation in the
ground state of the alkali atoms enclosed in the vapor cell 112.
A fully polarized vapor is transparent to the circularly polar-
ized light. A small magnetic field applied to the alkali vapor
induces precession of the oriented alkali vapor about the
magnetic field, reducing the intensity of the transmitted light
which is monitored by the photodiode, thereby producing a
measure of the magnetic field. To move away from low fre-
quency noise, a 1.8 kHz modulation of the magnetic field is
applied, with amplitude of about 15 nT. This results in modu-
lation of the transmitted light at the second harmonic. An
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offset in the magnetic field from the J-coupling of the polar-
ized analyte results in a first harmonic, which is detected by
the lock-in amplifier. The amplitude of the modulation field is
sufficiently small and the oscillation frequency sufficiently
fast that their effect on the nuclei to be measured averages to
zero. It is emphasized that the single beam embodiment dis-
cussed here and shown in FIG. 1 is only one possibility. Other
embodiments using two beams to pump and probe either
orientation or alignment of the alkali vapor, each with various
advantages, are possible. In the implementation depicted in
FIG. 1, the magnetometer is sensitive to the z component of
the magnetic field. Since the line from the sample to the
detection volume lies along the z direction, it is the z compo-
nent of the magnetization which is detected.

In the implementation discussed here, polarization of the
sample is produced via thermalization in a large magnetic
field in a remote location (e.g., the Halbach array 108). How-
ever, other methods of polarization are possible, such as spin-
exchange optical pumping, para-hydrogen induced polariza-
tion, or dynamic nuclear polarization. Regardless of the
prepolarization method, high sensitivity is achieved by the
close proximity of the vapor cell 112 to the detection volume
110.

According to an embodiment of the present invention,
scalar coupling is accomplished as follows. Polarized fluid
flows into the detection volume 110 in a zero field environ-
ment. A pulse of DC current is applied to one or more of the
coils 120, which applies a magnetic field pulse that rotates
spins with different gyromagnetic ratios by different angles
about the magnetic field pulse. This places the system in a
superposition of eigenstates of the J-coupling Hamiltonian,
leading to quantum beats. Evolution due to the J-coupling
Hamiltonian produces a modulation of the z component of the
magnetization at the quantum beat frequencies, which is then
detected by the magnetometer.

In another embodiment, an additional laser can be
employed, yielding approximately a factor of 10 improve-
ment in sensitivity. In this alternative configuration, and with
reference to FIG. 1, this second, pump laser is circularly
polarized and propagates in the y direction (out of the page).
In this embodiment, the pump laser passes through polarizers
and a quarter wave plate the same as polarizers 128 and
quarter wave plate associated with diode (i.e. probe) laser
116. The pump laser is tuned to the center of the pressure
broadened D1 transition of ®’Rb. This polarizes the atoms
along the direction of the pump beam propagation. In this
arrangement, quarter wave plate 130 is removed from laser
116, which facilitates tuning of the two lasers, the probe laser
now linearly polarized, propagating in the x direction, and
tuned two or three pressure broadened line widths off reso-
nance. In the presence of a magnetic field in the z direction,
the alkali spins rotate into the x direction. This produces
optical rotation of the probe beam. This optical rotation can be
detected using a balanced polarimeter consisting of a Wollas-
ton prism (other polarizing beam splitters could work as well)
and two photodiodes.

Operational results for the two laser arrangement are
shown at FIG. 6, which in the larger box depicts the sensitivity
of'the magnetometer as a function of noise vs. frequency. The
darker trace shows the actual magnetic field noise of the
magnetometer, the lighter trace shows optical noise of the
probe beam when the pump beam is blocked. The smaller
insertis a plot of optical response vs. frequency, the upper line
a plot for in phase responses, the lower line a plot for out of
phase responses.

The use of atomic magnetometers yields greatly improved
sensitivity compared to inductive detection at low- or zero-
magnetic field because the atomic magnetometers sense mag-
netic field directly, rather than the time derivative of flux
through a pickup coil. Furthermore, in contrast to SQUIDS,
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atomic magnetometers do not require cryogenics. Examples
of the present invention achieved efficient coupling to small
samples by making use of millimeter-scale magnetometers
(see, V. Shah, S. Knappe, P. D. D. Schwindt, J. Kitching,
Subpicotesla atomic magnetometry with a microfabricated
vapor cell, Nature Photonics 1 (2007) 649-652) manufac-
tured using microfabrication techniques (see, S. Knappe et
al., Atomic vapour cells for chip-scale atomic clocks with
improved long-term frequency stability, Optics Letters 30
(2005) 2351-2353). Examples of the present invention
employed an 80-ul. detection volume. Examples of the
present invention also used magnetic shielding, which per-
mits operation in a laboratory environment, where perturba-
tions to the Earth’s magnetic field may limit the magnetic
field homogeneity and stability.

Operation at zero field eliminates the chemical shift but
retains substantial analytical information in simplified spec-
tra determined by both heteronuclear and homonuclear scalar
couplings. The 1*CH, group provides an example of the sim-
plification afforded by spectroscopy in a zero field environ-
ment. The Earth’s field spectrum consists of eight lines (see,
S. Appelt, F. W. Hasing, H. Kuhn, B. Bliimich, Phenomena in
J-coupled nuclear magnetic resonance spectroscopy in low
magnetic fields. Phys. Rev. 4 76 (2007) 023420), while, as
shown here, the zero-field spectrum consists of just two lines,
without loss of spectral and analytical information. It is
believed that this will facilitate controllable extension into
multidimensional spectroscopy with the incorporation of
zero-field decoupling and recoupling sequences (see, C. J.
Lee, D. Suter, A. Pines, Theory of multiple pulse NMR at low
and zero field, J. Magn. Res. 75 (1987) 110-124; and A. Llor,
Z. Olejniczak, A. Pines, Coherent isotropic averaging in zero
field NMR: 1. general theory and icoshedral sequences, J.
Chem. Phys. 103 (1995) 3966-3981).

Nuclear magnetic resonance is a powerful analytical tool
for determination of molecular structure and properties.
There are generally a number of terms in the NMR Hamilto-
nian that can be used for understanding molecular structure,
including the Zeeman interaction, dipole-dipole coupling,
quadrupole coupling, and scalar coupling discussed here.
While operation at zero field eliminates the Zeeman interac-
tion, all other terms in the NMR Hamiltonian remain. The
present invention demonstrates that it is possible to detect the
scalar coupling interaction in a zero field environment. Scalar
couplings yield information about the presence of covalent
bonds, bond angle, torsion, and strength. As a more “blunt
instrument”, they could be used as a marker to determine if a
reaction has occurred, for example, to see if a drug molecule
has bound to the appropriate receptor. If used to monitor the
products of a reaction, catalyzed, by enzymes or microreac-
tors, J-couplings could be used to optimize the performance
of the catalyst.

The present invention could be widely used in both pure
research environments, as well as industry. For example; the
invention could be used to evaluate the effectiveness of an
experimental catalyst by monitoring covalent bonds in the
product of the reaction. The pharmaceutical industry could be
potentially interested in this invention because it may aid in
drug discovery programs by providing a tool to monitor
whether a drug molecule has bound to a receptor. More gen-
erally, the present invention may find application in a chemi-
cal production facility by monitoring concentrations of reac-
tants, products, or un-wanted by-products, where such
process information may be used to adjust process param-
eters.

The present invention may also find applications in secu-
rity monitoring, for example, in the detection of liquid hydro-
carbons, which often have more energy per unit mass than
TNT. While an existing technique for detection of solid
explosive compounds employs NQR (nuclear quadrupole



US 9,140,657 B2

7

resonance) spectroscopy, it does not work for liquids. One
particular security monitoring application may be in an air-
port screening machine that detects liquid explosives by find-
ing a recognized J-coupling spectra.

At zero magnetic field, the Hamiltonian for a network of
spins coupled through scalar interactions is

H=hZJ,I1, (Eq. 1)

where the sum extends over all distinct spin pairs and J ; is the
J-coupling parameter for spins j and k. The observable in the
present invention is the z component of the magnetization of
the sample (see Experimental section below),

M,(0) = fmTr(p(t)Z y jlj,z], (Eq. 2)

J

where n is the number density of molecules, y, is the magne-
togyric ratio of the j-th spin, and p(t) is the density matrix. The
temporal evolution of an arbitrary system of spins can be
determined by diagonalizing the Hamiltonian to find the

eigenstates |¢,) and eigenvalues E,, and expressing the ini-

tial density matrix as a sum of the operators I¢,,? ¢ ¢, |, each of
which evolves as €%, where w,_,=(E_~E,)/ .

Because I, are vector operators with magnetic quantum
number zero, observable coherences are those between states
that differ by one quantum of total angular momentum F,
IAFI=1 with AM =0. This selection rule can be used for
prediction of the positions of peaks and for interpretation of
spectra. For instance, consider the case of 1*CH,,, where the
J-coupling J -, between all N heteronuclear pairs is identical.
Since the protons are all equivalent, the homonuclear J-cou-
plings can be ignored (see ref 2). Denoting the total proton
spin by K and the **C spin by S, Eq. (1) can be rewritten

H,~=21,XK-S, which has eigenstates IF%,K*S*F_} with
eigenvalues

EF,K:hJLZC[F(F+1)—K(1<+1)—S(s+1)]. Ea- 3

The selection rules above yield the observable quantum-
beat frequencies w=(Eg, /> x=Bx_1/» £} 8 =1y (K+Y2) for
K=v4. For the methyl group, ““CHj, two lines are expected,
one at I, and another at 2 J ., corresponding to coupling of
the *C nucleus with the proton doublet or quadruplet states.
For the methylene group, *CH,, a single line at 3 J,,./2 is
expected due to coupling with the proton triplet state. In more
complicated molecules, homonuclear couplings or higher-
order effects of heteronuclear couplings can result in a split-
ting of the lines—however, the positions of the multiplets can
be determined by the above argument.

Experimental:

A schematic of the zero-field spectrometer 100 is shown in
FIG. 1. The detection volume 110 and the vapor cell 112 of
the optical-atomic magnetometer are housed inside a set of
magnetic shields 114 and coils 120 to create a zero-field
environment to a level of 0.1 nT. A syringe pump 102 cycles
fluid analyte between the polarization volume 106 and the
80-uL detection volume 110 via a 50-cm long tube with inner
diameter of 250 um. The prepolarizing volume is placed in a
compact (5 cmx5 cmx10 cm) 1.8-T Halbach array 108. A
pressurized reservoir 126 aids refilling the syringe on the refill
cycle. The flow rate is 50 pl/s, yielding an average fluid
velocity of 100 cm/s and transit time of 0.5 s from magnet to
detection region (small compared to the longitudinal relax-
ation rate of the samples measured here). A solenoid 124
provides a “guiding field” in transit from the ambient labora-
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tory field to zero field to ensure that the initial magnetization
points towards the atomic magnetometer.

The central component of the magnetometer is a vapor cell,
with inner dimensions 2.7 mmx1.8 mmx]l mm,
containing *’Rb and 1200 Torr of N, buffer gas, fabricated
using the techniques described by Knappe et al in Optics
Letters. The atomic magnetometer operates in the spin-ex-
change relaxation-free (SERF) regime (see, 1. K. Kominis, T.
W. Kornack, J. C. Allred, M. V. Romalis, A sub-femtoTesla
multichannel atomic magnetometer, Nature 422 (2003) 596-
599), in which relaxation of the alkali polarization due to
spin-exchange collisions is eliminated. As described by Shah
et al. in Nature Photonics, a single circularly polarized laser
beam is used here, which is tuned to the center of the pressure
broadened Rb D1 transition, propagating in the x direction, to
optically pump and probe the alkali polarization. A magnetic
field in the z direction rotates the alkali polarization away
from the direction of light propagation, and correspondingly,
the absorption of the light increases. In order to avoid inter-
ference from low-frequency noise, a modulation of the z
component of the magnetic field is applied at a frequency
V,oa—1.8 kHz, with amplitude similar to the width of the
alkali Zeeman resonance (about 15 nT in the vapor cell used
here). The z component of the magnetic field due to the
sample leads to modulation of the transmitted light at the first
harmonic of the modulation frequency, which is monitored
with the lock-in amplifier 132. FIG. 2A shows the response of
the magnetometer to a small oscillating test field as a function
of frequency. FIG. 2B shows the sensitivity of the magnetom-
eter (the sharp peaks are for calibration) after normalizing the
measured noise and calibration signals by the frequency
response of the magnetometer, yielding a noise floor of about
200 fTA/Hz, flat from about 3 Hz to 300 Hz.

Data presented in this work was acquired as follows: Fluid
polarized by the Halbach array 108 flows into the detection
volume 110, and at t=0, flow is halted and a pulse of DC
magnetic field is applied in the y direction with magnitude B,
and duration T,,. This rotates the proton and 13C spins by
different angles due to the different magnetogyric ratios,
placing the spin system into a superposition of eigenstates of
the J-coupling Hamiltonian, Eq. (1). The ensuing quantum
beats lead to a time-dependent magnetization, the z compo-
nent of which is detected by the atomic magnetometer. The
transfer of the sample from high field to zero field is adiabatic
as no quantum beats are observed without application of an
excitation pulse. Adiabatic transfer results in equilibration of
the spin-temperature parameters of the two species via the
J-coupling interaction, the initial condition for simulations
presented below.

Experiments were performed with *C enriched methanol
(**CH,—OH), ethanol 1 (**CH,—'>CH,—OH), and ethanol
2 (**CH,—'*>CH,—OH) obtained from Cambridge Isotope
Laboratories. Methanol and ethanol 2 data were acquired
with no further sample preparation. Ethanol 1 data were
acquired following several freeze-thaw cycles under vacuum
to help remove any dissolved gases, e.g. O,, however the
linewidth and longitudinal relaxation time was similar for
ethanol 1 and ethanol 2.

Results and Discussion:

Measurements on methanol, '>*CH,OH, are presented in
FIGS. 3A and 3B for a pulse area a=B, T, (v;-y-)=2.4 rad
(T,=0.66 ms). The signal in the time domain after averaging
11 transients is shown in FIG. 3A. There is a large, slowly
decaying component of the signal due to the relaxation of
static components of the total magnetization, as well as a
smaller, high frequency component due to scalar coupling.
Overlaying the data is a decaying exponential with time con-
stant T,=2.2 s. In displaying these data, the decaying expo-
nential was first subtracted, filtered the remaining signal with
a pass band between 120 and 300 Hz and then added the
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decaying exponential to the filtered data. This eliminates
transients at the beginning and end of the data set due to the
digital filter. The Fourier transform of the signal is shown in
FIG. 3B after correcting for the finite bandwidth of the mag-
netometer, revealing a simple structure consisting of two
peaks (offsets inserted for visual clarity). This spectrum is in
agreement with the discussion of 1*CH, given above, assum-
ing that the homo- and heteronuclear coupling of the OH
group are averaged to zero under rapid chemical exchange.
Independently fitting the low- and high-frequency portions of
the data to complex Lorentzians yields central frequencies
v,=140.60 Hz and v,=281.09 Hz with linewidths (half-width
at half-maximum) Av,=0.10 Hz and Av,=0.17 Hz. These
values are in agreement with the value found in the literature
of J;~140.6 Hz for methanol.

The amplitudes of the low- and high-frequency peaks as a
function of pulse area are shown by triangles and squares,
respectively in FIG. 4A. Using the formalism discussed
above, one can show that if the polarized part of the density
matrix prior to the excitation pulse is of the form

P=ﬁZ iz,

J

the amplitude of the two resonances is given by

A1 =201 ~Yn)sin(B, T, (Yuty.))sin(B

T(WhYe))> A2=54,/4 (Eq. 4)

The lines overlying the data are theoretical predictions, in
agreement with the data. This dependence can be understood
as follows: Following the pulse, the protons and **C nuclei
precess around the total angular momentum F, and hence the
time dependent magnetization is produced in a direction
transverse to F. The projection of the transverse component of
F along the 7 axis following the pulse is modulated according
to sin B, T, (y,+y.), and the amplitude of the time dependent
part of the magnetization transverse to F is determined by the
phase difference accrued by protons and *C nuclei during the
pulse, yielding the final sin B, T, (v,~v,) factor in Eq. 4.

In FIG. 3A, there is a slowly decaying exponential with a
time constant T,=2.2 s, and on top of this, a smaller, oscillat-
ing signal due to coupling of the ' *C with the protons. The real
and imaginary parts of the spectrum are represented in FIG.
3B by the upper and lower traces, respectively. The low-
frequency and high-frequency peaks correspond to the cou-
pling of the *C nucleus with the doublet and quadruplet
states of proton angular momentum, respectively.

In order to determine the stability of the J-coupling mea-
surement, a series of 100 transients were acquired following
the application of a pulse with area a=2.4 rad, the first maxi-
mum of the response in FIG. 4A. The raw data were binned
into sets of ten, averaged, Fourier transformed, and fit to
complex Lorentzians. The position of the low-(triangles) and
high-(squares) frequency peaks are shown as a function of bin
number in FIG. 4B. The mean frequencies of each peak are
indicated by the solid lines overlying the data with
v,=140.566(4) Hz and v,=281.082 (3) Hz. As mentioned
above, these values appear to be in agreement with the value
found in the literature, however, these data deviate slightly
from the '*CH, model discussed above because v,/2 differs
from v, by about 25 mHz. It is suspected that this small shift
is the result of residual coupling to the OH group, and simu-
lation indicates that it would require a coupling of only 0.4 Hz
to produce a shift of this magnitude and sign. The statistical
uncertainties in these measurements are orders of magnitude
smaller than the range of frequencies associated with J-cou-
plings, providing a sensitive probe for subtle differences in
chemical structure.
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In FIG. 4A, triangles and squares show the dependence of
the amplitude of the low-and high-frequency resonances in
13C enriched methanol on pulse area, respectively. The solid
lines overlaying the data are theoretical predictions in FIG.
4A. In FIG. 4B, the center of the low (triangles) and high
(squares) frequency resonances as a function of bin number,
each bin consisting of the average of 10 transients. From these
data, the mean value of the central frequency for the two
peaks was determined to be 140.566(4) and 281.082(3) Hz, as
indicated by the solid lines overlaying the data.

As mentioned above, homonuclear J-coupling between
equivalent spins cannot be observed. In high-field NMR
experiments, this is often overcome by differences in chemi-
cal shift between different functional groups. At low or zero
magnetic field, where chemical shifts are unresolved or non-
existent, homonuclear non-equivalence can occur through
different heteronuclear J-coupling environments (see, e.g.,
ref 15). For example, in ethanol 1, **CH,—'*CH,—OH, or
ethanol 2, 1*CH,—'2CH,—OH, the protons in the methyl
and methylene groups couple to the 1*C nucleus differently,
yielding observable effects due to homonuclear J-coupling.
FIGS. 5A and 5B show experimental spectra for ethanol 2 and
ethanol 1, obtained after averaging 475 and 210 transients,
respectively. Simulated spectra, presented below the data, are
in agreement with experiment. In the simulations, the values
of'coupling constants obtained from high-field measurements
were used, which, for ethanol 1 are I, =140.4 Hz,
1, P=4.6 Hz and 1,,,=7.1 Hz and for ethanol 2 are
1, P=125.2 Hz, 1,,.2=-2.4 Hz and ]1,,,,’=7.1 Hz, where
the superscript denotes the number of bonds separating the
interacting nuclei. These spectra can be interpreted as fol-
lows: The Hamiltonian is dominated by the one-bond hetero-
nuclear J-coupling. Hence, neglecting any other couplings,
for ethanol 1, one expects a single peak at 31,."/2 due to
coupling between the *C nucleus and the triplet proton state
of the methylene group. In ethanol 2, one expects two peaks
at J,.} and 2J,,.' due to coupling between the '*C nucleus
and the doublet or quadruplet states of the protons on the
methyl group. Homonuclear couplings and two-bond hetero-
nuclear couplings result in a splitting of these peaks, as well
as the appearance of a set of peaks at low frequencies.

As shown in FIG. 5, to the extent that the signal is above the
noise level, experiment and simulation are in agreement. The
positions of the multiplets are determined by the one-bond
heteronuclear J-coupling and the splittings within the multip-
lets are due to homonuclear J-coupling and two-bond hetero-
nuclear J-coupling.

Simulation and further experimental results not presented
here indicate that spectra rapidly become quite complex in
molecules such as doubly labeled ethanol, where there are
multiple one-bond heteronuclear and homonuclear cou-
plings. Future work is planned to explore methods for selec-
tive and broadband decoupling of heteronuclear scalar cou-
plings for simplification of zero field spectra. Compounds
containing nitrogen (present in many biologically relevant
molecules) can be labeled with '’N which will provide an
additional means for manipulating the nuclear spin Hamilto-
nian. Lastly, while the present results were obtained in a zero
field environment, spectral features in the complementary
low field (~50 uT) regime can also be observed with an atomic
magnetometer. As demonstrated Savukov et al. in J. Magn.
Res., atomic magnetometers can also be used for direct detec-
tion of NMR in finite fields.

Finally, in the present work, the magnetometric sensitivity
is about 200 fT/VHz, with a vapor cell volume of about 4.8
mm?®. Laser intensity fluctuations are the dominant source of
noise and are about a factor of 50 larger than photon shot
noise. A straightforward path to improved sensitivity would
be to incorporate a second, low noise laser, and monitor
optical rotation, which would cancel common mode noise.
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Fundamentally limiting the sensitivity of an atomic magne-
tometer is spin-projection noise (see, D. Budker, M. V. Roma-
lis, Optical Magnetometry, Nature Physics 3 (2007) 227-
234), and in Ledbetter et al., Proc. Natl. Acad. Sci., it was
estimated that, for millimeter-scale vapor cells with optimal
values of parameters such as light power, cell temperature,
and buffer gas pressure, spin-projection noise is on the order
of 0.1 f{TAVHz, indicating that there is still a great deal of room
for improved magnetometric sensitivity. Hyperpolarization
techniques such as dynamic nuclear polarization or parahy-
drogen-induced polarization can also be employed to yield
much larger signals, making possible the detection of natural-
abundance samples.

In conclusion, direct detection of pure J-coupling NMR at
zero magnetic field using an optical atomic magnetometer has
been demonstrated. For characteristic functional groups, such
as '*CH,, the zero-field spectrum is simpler than Earth-field
spectra while retaining all information about the J-coupling
network. Linewidths as low as 0.1 Hz were obtained, hetero-
nuclear J-coupling constants with 4-mHz statistical uncer-
tainty were measured, and homonuclear J-coupling was
clearly observed. Zero-field relaxation rates can also easily be
measured with only a single pulse. The sensitivity is sufficient
to obtain simple spectra from 80 puL of fluid in a single shot.
Further optimization of magnetometric sensitivity and geom-
etry is expected to yield improved performance with detec-
tion volumes at the level of 1 pL. It is anticipated that the
technique described here will find wide use in analytical
chemistry. Applications to multiplexed screening, assaying
and identification of samples from chemistry to biomedicine
with mobile, miniaturized devices are also envisaged. One
particular application that is envisioned is in monitoring
changes of scalar couplings in the products of enzyme cata-
lyzed reactions.

Parahydrogen Enhanced Zero-Field Nuclear Magnetic Reso-
nance

The present invention provides direct detection of zero-
field NMR signals generated via parahydrogen induced
polarization (PHIP), enabling high-resolution NMR without
the use of any magnets. The sensitivity is sufficient to observe
spectra exhibiting '*C—'H scalar nuclear spin-spin cou-
plings (the so-called J-couplings) in compounds with >C in
natural abundance in a single transient. The resulting spectra
display distinct features that have straightforward interpreta-
tion and can be used for chemical fingerprinting.

The present invention removes the obstacles of low nuclear
spin polarization and poor sensitivity of inductive pickup
coils at low frequencies. The present invention can obtain
high-resolution, high signal-to-noise ratio, zero-field NMR
spectra that are rich in information. This facilitates the devel-
opment of portable sensors for chemical analysis and imaging
by elimination of cryogenically cooled superconducting
magnets. Additionally, working in low or zero magnetic-field
yields narrow lines and accurate determination of line posi-
tions, due to the high absolute field homogeneity and stability.
These features have enabled chemical analysis via '**Xe
chemical shifts® and spin-spin or J-couplings between
'H—'3C, '"H—*°Si, and ‘H—"°F in low- or zero-magnetic
field* > °. Atomic magnetometers”-® and SQUIDs® are sensi-
tive to low-frequency signals, offering dramatically improved
signal-to-noise ratio (compared to inductive pickup coils) in
low-field NMR™ '°* ™ and magnetic resonance imaging**>.

To avoid low polarization available from thermalization in
a permanent magnet difficulty, the present invention could
produce large nuclear spin polarization in zero-field NMR by
employing the technique of parahydrogen induced polariza-
tion (PHIP), whereby order from the singlet state of parahy-
drogen is transferred to a molecule of interest, either by
hydrogenation'**%'%'7, or through reversible chemical
exchange'® '°. By flowing molecular hydrogen through an
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iron oxide catalyst at sufficiently low temperature, it is pos-
sible to realize nearly 100% conversion of orthohydrogen to
parahydrogen. This results in significant signal enhance-
ments compared to that obtained using thermal polarization,
which is typically in the range of 107>-107°, Before proceed-
ing, it is worth noting that light induced drift can also be used
for enrichment of nuclear spin isomers in other molecules®:
21, although the demonstrated enrichments are significantly
lower, on the order of 2%. When combined with sensitive
atomic magnetometers for detection of nuclear spin magne-
tization, PHIP enables NMR without any magnets. The sen-
sitivity is sufficient to easily observe complex spectra exhib-
iting 'H—"'3C J-couplings in compounds with **C in natural
abundance in just a few transients, a task that would require
considerable signal averaging using thermal prepolarization.

To the best of our knowledge, the present invention allows
for the direct observation of PHIP in a zero-field environment.
The present invention shows that polarization can be trans-
ferred through a number of chemical bonds to remote parts of
a molecule, and that zero-field spectroscopy can be used to
distinguish between different isotopomers in ethylbenzene,
the product of hydrogenation of styrene. The mechanism by
which observable magnetization is generated from the
parahydrogen derived singlet order requires only the presence
of a heteronucleus, similar to the work of Aime??, in contrast
to a more commonly observed mechanism relevant to high
field, which requires chemical-shift differences at the sites of
the parahydrogen derived protons. Furthermore, the present
invention could be of particular interest in the context of
recent work demonstrating that the lifetime of singlet polar-
ization in low fields can considerably exceed the relaxation
time T, oflongitudinal magnetization®** >*. These demonstra-
tions of increased singlet lifetime relied on field cycling and
high field inductive detection, and our methodology may
provide for more direct observation and exploitation of these
effects.

Zero-Field NMR

Zero-field NMR spectroscopy of samples magnetized by
thermal prepolarization in a permanent magnet was discussed
in Mcdermott* and Zax*’. In an isotropic liquid at zero mag-
netic field, the only terms in the NMR Hamiltonian are the
spin-spin J-couplings, H,=2# J ;1 -1,. In the important case of
AX,, systems, where both A and X are spin-% particles, and
each X spin couples to A with the same strength J, the result-
ing zero field J-spectra are simple and straightforward to
interpret, consisting of a single line at J for AX, a single line
at3J/2 for AX,, and two lines, one at Jand one at 2 J for AX ;.
For larger molecules, as employed in the present work, long-
range couplings to additional spins lead to splitting of these
lines, however, the overall positions of the resulting multip-
lets remain unchanged. Presently we rely on numerical spin
simulations (presented in detail in the Supplementary Infor-
mation) to understand the splitting pattern, however we
anticipate that an approach based on perturbation theory will
likely yield simple rules for interpretation of the zero field
splitting pattern.

Zero-field spectroscopy using parahydrogen induced
polarization differs from the case of thermal polarization in
both the initial density matrix and in the method of excitation.
In the case of homogeneous catalysis, the product molecule
starts out with two parahydrogen derived spins in a singlet
state. Averaging over random hydrogenation events and sub-
sequent evolution under the J-coupling Hamiltonian lead to
an equilibrium density matrix described by pairs of hetero-
nuclear and homonuclear scalar spin pairs, pe=2a,l T,
which bears no magnetic moment, and is static under the
J-coupling Hamiltonian. Observable magnetization oscillat-
ing along the z direction, to which the magnetometer is sen-
sitive, can be produced by applying a pulse of DC magnetic
field B in the z direction. Immediately following such a pulse,
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the density matrix contains terms of the form sin (I, I~
L 1), where n=Bt,(y,~v,), t, is the pulse duration, and v, is
the gyromagnetic ratio of spin j. Subsequent evolution under
the J-coupling Hamiltonian results in terms in the density
matrix of the form (I, -, ) sin 1 sin(J,t), which produces
magnetization oscillating in the z direction. The dependence
on m highlights the role of a heteronucleus in the symmetry
breaking of the parahydrogen derived scalar order. Numerical
spin simulations of the propagation of the parahydrogen
derived scalar order through the molecule and the dependence
of the coherence amplitude on pulse area m for a hetero-
nuclear spin pair with scalar order are presented in the
Supplementary Information.

Spectroscopy with Zero-Field PHIP

The zero-field spectrometer used in this work is similar to
that of McDermott* and is shown in FIG. 7(a). The noise
spectrum of the magnetometer is shown in FI1G. 7(6), and the
pulse sequence is shown in FIG. 7(c). Zero-field PHIP spec-
troscopy was performed with the present invention in hydro-
genation reactions of styrene (which forms ethylbenzene) and
3-hexyne (hexene and hexane), 1-phenyl-1propyne (1-phe-
nyl-1propene) and dimethylacetylenedicarboxlyate (dimeth-
ylmaleate). Parahydrogen was bubbled through the solution
for ~10 s, the flow was halted, and excitation pulses of DC
magnetic field were applied in the z direction with n=n/2 for
13C and protons. The resulting z magnetization was recorded
by the atomic magnetometer. The rate of hydrogenation can
be monitored by the signal amplitude as a function of time.

FIG. 7 shows a scheme for detecting parahydrogen induced
polarization at zero magnetic-field in accordance with an
exemplary embodiment of the present invention. The experi-
mental setup is shown in FIG. 7(a), including a microfabri-
cated alkali vapor cell mounted inside a set of coils used for
applying magnetic field pulses. The alkali vapour is optically
pumped with a circularly polarized laser beam, resonant with
the D1 transition of ®Rb. A linearly polarized laser beam,
tuned about 100 GHz off resonance, is used to probe the alkali
spin-precession. The magnetometer is primarily sensitive to
magnetic fields in the vertical (z) direction. A 7 mm inner-
diameter glass tube contains the sample, and a V32" inner-
diameter teflon tube is used to bubble parahydrogen through
the solution. A set of magnetic shields surrounding the mag-
netometer, not shown, isolates the magnetometer from exter-
nal magnetic fields. The magnetic field noise spectrum of the
magnetometer is shown in FIG. 7(5). Above 100 Hz, the noise
floor is about 0.15 nG/Hz'?. The experimental pulse
sequence is shown in FIG. 7(c).

Single shot, zero-field PHIP spectra of ethylbenzene-f>C
(labelled '>CH, group), and ethylbenzene-a'*C (labelled
13CH, group), synthesized from labelled styrene, as obtained
via the present invention, are shown in black in FIG. 8 (@) and
(b), respectively. The ethylbenzene molecule is shown in the
inset, with the blue carbon indicating the § label, and the
green carbon indicating the o label. The spectrum of ethyl-
benzene-B>C in FIG. 8(a) can be understood in terms of the
discussion above, with multiplets at '], and 2x'J,,., and
additional lines at low frequency. Here the superscript indi-
cates the number of bonds separating the interacting pair, and
for ethylbenzene-p'*C, '1,,,~126.2 Hz*S. Isolated lines in the
complex spectrum fit to complex Lorentzians with half-
width-at-half-maximum (HWHM) of about 0.1 Hz. It should
be noted that this spectrum is similar to the correspondingly
labelled ethanol-B'*C spectrum reported in McDermott™,
although careful inspection reveals small splittings of some
lines due to long-range (at least four-bond) homonuclear
couplings to protons on the benzene ring. The blue trace
shows the result of a numerical simulation accounting for
eight spins, including the six spins on the ethyl part of the
molecule and the two nearest protons on the benzene ring.
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The simulation reproduces most of the features of the experi-
mental spectrum quite well, including small splittings of sev-
eral lines.

The zero-field PHIP spectrum of ethylbenzene-o'>C
shown in FIG. 8 () is qualitatively similar to the zero-field
spectrum of ethanol-a®>C [4], with a multiplet at
roughly %2x'J ;¢ (*];=126.2 Hz, measured in house with a
300 MHz spectrometer) and features at low frequency. Many
additional lines in the spectrum indicate that long-range cou-
plings to the protons on the benzene ring are important. Since
the ethanol-B*>C spectrum does not display such complexity,
the largest perturbation to the ethyl part of the molecule must
be due to three-bond >, couplings. The green trace shows
the result of numerical simulation, consisting of the six spins
on the ethyl part of the molecule and the two nearest protons
on the benzene ring. Simulation again reproduces most of
features of the experimental spectrum, although careful
inspection shows a number of additional splittings in the
experimental spectrum, indicating that couplings to more
remote spins on the benzene ring not included in the simula-
tion, are important. It is worth emphasizing that, despite the
similarity of the one-bond heteronuclear J-couplings, the
spectra associated with different isotopomers display strik-
ingly different features, which appear in different parts of the
spectrum, facilitating easy assignment ofisotopomers to their
respective peaks.

FIG. 8 shows a single-shot zero-field PHIP J-spectra
(imaginary component) of ethylbenzene-p>C (a) and ethyl-
benzene-a.'>C (b), polarized via addition of parahydrogen to
labelled styrene, as obtained via the present invention. The
inset shows the ethylbenzene molecule with the  and «
positions indicated by the blue and green carbons, respec-
tively. The blue and green traces in FIG. 8(a) and FIG. 8(5),
respectively, are the results of numerical simulations.

The sensitivity of the magnetometer and the degree of
parahydrogen induced polarization are sufficient to detect
J-spectra in compounds with '*C in natural abundance, in
accordance with an exemplary embodiment of the present
invention. FIG. 9 shows the zero-field PHIP spectrum of
ethylbenzene with **C in natural abundance, obtained in just
eight transients via the present invention. The spectrum
shown in FIG. 9 is the sum of spectra associated with the .
and f isotopomers shown in FIG. 8, as well as isotopomers
that carry *°C in one of four non-equivalent positions on the
benzene ring. The high frequency parts of the spectrum aris-
ing from the c. and f§ isotopomers are highlighted in green and
blue, respectively. The part of the signal arising from the
benzene ring with a single **C is amultiplet centred about the
one-bond coupling frequencies (typically about 156 Hz in
aromatic systems), and also a multiplet in the low-frequency
range. The high-frequency component is highlighted in red.
Interestingly, spectra associated with the o or [} isotopomers
do not overlap with spectra associated with isotopomers with
a '>C on the benzene ring. It is also noteworthy that if the
hydrogenation is performed in high field, large chemical shift
differences between protons on the benzene ring and the
parahydrogen derived protons would inhibit the transfer of
polarization to the benzene ring.

FIG. 9 shows a zero-field J-spectrum (imaginary compo-
nent) of ethylbenzene, produced via parahydrogenation of
styrene with *>C in natural abundance, as obtained via the
present invention. These data result from averaging 8 tran-
sients following a pulse of magnetic field in the z direction
with n=mt/2. The high frequency components of the signals
arising from the e and f§ isotopomers are easily recognizable
from the spectra shown in FIG. 8, and are highlighted by the
green and blue bands, respectively. The signal in the neigh-
borhood of 156 Hz is due to isotopomers with '*C on the
benzene ring, and is highlighted in red.
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To further illustrate the capabilities of zero-field PHIP as a
method for chemical fingerprinting in accordance with an
exemplary embodiment of the present invention, spectra
obtained from several different hydrogenation reactions are
presented in FIG. 10(a) phenyl propyne (forming phenyl
propene upon hydrogenation) with a labelled '*CH, group,
FIG. 10(b) dimethyl acetylenedicarboxylate (dimethyl male-
ate) with '>C in natural abundance, and FIG. 10(c) 3-hexyne
(hexene and hexane) with *C in natural abundance. These
spectra in FIG. 10 are the result of averaging 1, 6, and 32
transients respectively. The phenyl propene spectrum dis-
plays characteristics similar to the ethylbenzene-B*>C spec-
trum, although the phase and splitting pattern is clearly dif-
ferent since neither of the parahydrogen derived protons are
part of the labelled group. The dimethyl maleate spectrum
shown in FIG. 10() is the superposition of two different 1*C
isotopomers, and can approximately be understood as fol-
lows: For a three-spin system, where one of the parahydrogen
derived spins has a strong coupling to a >C nucleus, one can
show that the spectrum consists of two lines centred around
the strong coupling frequency, and an additional low fre-
quency peak.

The antiphase lines centred about 165 Hz in FIG. 10(6)
correspond to the isotopomer where the '°C is directly
bonded to one of the parahydrogen derived spins, and is
accompanied by a contribution at low frequency. The other
three-spin isotopomer, where the strongest coupling to the
13C nucleus is through two bonds, nominally gives rise to
three lines at low frequency. There are some residual split-
tings in the low-frequency part of the spectrum, which will be
the subject of future investigation. The spectrum obtained in
the hexyne reaction in FIG. 10(c) is the sum of three different
13C isotopomers. For labelled *CH, groups, signal arises
at '], and 2x' T, where ',,,~125 Hz. For labelled >CH,
groups, the contribution to the signal is centred about 3 J/2,
producing signal in the range of 170 to 200 Hz. Long range
couplings to other spins yield additional splitting.

FIG. 10 shows a zero-field PHIP spectra for several com-
pounds in accordance with an exemplary embodiment of the
present invention. In FIG. 10(a) parahydrogen is added to
1-phenyl-1-propyne, labelled with **C in the CH, group. In
FIG. 10(b), parahydrogen is added to acetylene dimethylcar-
boxylate with 1*C in natural abundance. In FIG. 10(c) parahy-
drogen is added to 3-hexyne with *C in natural abundance
FIG. 10(¢). In FIG. 10(a) and FIG. 10(b), the imaginary
component is presented; in (c), magnitude is presented.

Observations

The present invention can operate in zero magnetic field.
Working in small but finite fields on the order of 1 mG may
yield additional information regarding molecular structure,
albeit at the expense of additional spectral complexity.>”

A common objection to low- and zero-field NMR is that
spectra become complex as the number of spins increase, as
exemplified by comparison of the ethanol-a'*C spectrum
reported in McDermott* and the ethylbenzene-o. **C obtained
vai the present invention. The increasing complexity of spec-
tra with spin system size is a feature that is also encountered
in standard high-field NMR, and has been successfully
addressed by application of multi-pulse sequences and mul-
tidimensional spectroscopy. The theory of multiple pulse
sequences for zero-field NMR has been worked out some
time ago®®, and presumably, many of the techniques devel-
oped for high field could be adapted to zero-field.

The present invention achieved linewidths of about 0.1 Hz.
For '*C—H J-coupled systems, the dispersion in signal is
about 300 Hz, so roughly 1500 lines can fit in a spectrum
without overlapping. This is similar to what may be achieved
in a 400 MHz spectrometer if proton chemical shifts ranging
over 6 ppm and proton linewidths of about 0.5 Hz are
assumed.
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The sensitivity of the magnetometer used in the present
invention was about 0.15 nG/Hz!"? using a vapour cell with a
volume of 10 mm?>. Sensitivities about 2 orders of magnitude
better have been achieved in larger vapour cells*®, which will
enable measurements on larger samples with much lower
concentration.

The present invention provides NMR without the use of
any magnets by using parahydrogen induced polarization and
a high sensitivity atomic magnetometer with a microfabri-
cated vapour cell. The mechanism by which the symmetry of
the singlet states is broken in zero field relies only upon the
presence of heteronuclear J-coupling and not chemical shifts,
in contrast to many experiments performed in high field.
Hydrogen-carbon J-couplings through at least three bonds,
and hydrogen-hydrogen couplings through four bonds are
observed. It has been observed that polarization is naturally
transferred through several bonds to remote parts of the mol-
ecule. This can be contrasted with in-situ hydrogenation in
high field, where chemical shifts larger than J-couplings pre-
vent efficient polarization transfer without the use of auxiliary
RF pulses. Sensitivity is sufficient to perform J-spectroscopy
on samples with >C in natural abundance with very little
signal averaging. The resulting spectra, while exhibiting a
large number of lines, can easily be divided into different
parts, which can directly be assigned to different isotopomers
of the molecule at hand. While the present invention may
appear limited to molecules to which hydrogen can be added,
recent advances using iridium complex catalysts enable
polarization of molecules without hydrogenation'®'°, sig-
nificantly expanding the scope of applicability of zero-field
PHIP. Since the development of zero-field NMR is still at an
early stage it is not possible to fully gauge its competitiveness
with high field NMR or portable lower resolution versions
thereof, but it clearly has potential to become a low cost,
portable method for chemical analysis.

EXAMPLE

The invention will be described in greater detail by way of
a specific example. The following example is offered for
illustrative purposes, and is intended neither to limit nor
define the invention in any manner.

Experimental Setup

The zero-field spectrometer of the present invention is
similar to that of McDermott* and is shown schematically in
FIG. 7 (a), including an atomic magnetometer, consisting of
a Rb vapour cell and two lasers for optical pumping and
probing, operates in the spin-exchange relaxation-free®
regime. The cell is placed inside a set of magnetic shields (not
shown), and residual magnetic fields are zeroed to within =1
UG. The vapour cell has dimensions 5 mm[12 mm[]1 mm,
contains ®*’Rb and 1300 torr of N, buffer gas mm, and was
microfabricated using lithographic patterning and etching
techniques.

The cell is heated to 210° C. via an electric heating element
wound around an aluminium-nitride spool. The sensitivity of
the magnetometer is about 0.15 nG/Hz"? above 120 Hz, and
the bandwidth is in excess 0of 400 Hz. A set of coils can be used
to apply sharp, =1 G DC pulses in arbitrary directions to
excite NMR coherences, and a separate set of coils (not
shown) controls the ambient magnetic field inside the shields.
Mixtures of catalyst, solvent, and substrate could be brought
into proximity of the atomic magnetometer via a glass sample
tube.

The sample was maintained at 80° C. by flowing air
through a jacket surrounding the glass tube. In experiments at
lower temperature, it was found that there was some nonuni-
form broadening of spectra, presumably due to the presence
of catalyst in solid form. Parahydrogen was bubbled through
the solution via 0.8 mm inner-diameter tube for several sec-
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onds at a pressure of about 70 PSI and flow rate of about 120
standard cc/min. Bubbling was halted prior to application of
excitation pulses and signal acquisition. Data were acquired
with sampling rate of 2 kS/s. In acquiring the spectrum of
styrene with natural-abundance **C, the phase of the excita-
tion pulses was cycled with respect to that of the 60 Hz line
frequency in order to reduce the line noise and its harmonics.

Production of Parahydrogen

Parahydrogen was produced at 29 K by flowing hydrogen
gas through a bed of iron oxide catalyst in a setup similar to
that described in Koptyug>® and then stored in an aluminium
canister at room temperature and initial pressure of 150 PSI.
Conversion of hydrogen to parahydrogen was about 95%, and
storage lifetime was in excess of one week.

Sample Preparation

Isotopically labeled styrene was obtained from Cambridge
Isotope Labs. Natural-abundance styrene and Wilkinson’s
catalyst’* were obtained from Sigma-Aldrich. Styrene hydro-
genations were performed with 300 pL. styrene and 4 mG
Wilkinson’s catalyst, Tris(triphenylphosphine)rhodium(I)
chloride (CAS #14694-95-2). The 1-phenyl-propyne and
dimethyl acetylenedicarboxylate reactions were performed
with 100 plL substrate in 300 ml tetrahydrofuran, catalyzed by
1,4-Bis(diphenylphosphino)butane](1,5-cyclooctadiene)
rhodium(I)Tetrafluoroborate, (CAS #79255-71-3). The hex-
yne reaction was performed in a solution of 50% tetrahydro-
furan with 5 mL total and 30 mG Wilkinson’s Catalyst. Most
of'this volume does not contribute to signal since it is far from
the magnetometer.
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CONCLUSION

It is to be understood that the above description and
examples are intended to be illustrative and not restrictive.
Many embodiments will be apparent to those of skill in the art
upon reading the above description and examples. The scope
of the invention should, therefore, be determined not with
reference to the above description and examples, but should
instead be determined with reference to the appended claims,
along with the full scope of equivalents to which such claims
are entitled. The disclosures of all articles and references,
including patents, patent applications, and publications, are
incorporated herein by reference for all purposes.



US 9,140,657 B2
19 20

Near-zero-field nuclear magnetic resonance

We investigate nuclear magnetic resotiance {NMR) in neas- ze"ﬂ-ﬁszl*‘ where the Zeeman interac-

tion can be treated as a perturbation te the eleciron mediated scalar interaction {f-coupling). This

is tn stark contrast to the high field case, wheve het-emnuclear -couplings are normally tx em*ed as
a smusll perturbation. We show that the presence of very smaii magnetic flelds results in splitting

of the zer

ield NMR lines, imparting cousiderable addiiional information to the pure zero-field
spectra. Experimental results are in good agreersent with first-order perturbation theory and with
full numerical simulation when perturbation theory breaks down. We preseut simple rules for un-
derstanding the splitting patierns in near-zero-fleld NRR, which can be applied to wmolecules with
pon-trivial spectra.

Nuﬁiea- £
performed ,' igh etic fields, on the order of 16
T in order to maximize C-le-n‘-ua} shifts and to achieve
hipgh nuclear spin polarvization and efficlent detection via
inductive pickup. The advent of various pre- or hyper-
polarization schemes, and aliernative methods of detec-
tion based on superconducting aquanium iuterference de-
vices (SQUIDS) {1 or atomic {2, 3] magnetometers has
enabied NMR experiments in very low {=searth’s field)
and even zero msgnetic feld, Genel’a&ing significant ex-
perimenial [4-16] aud theovotical interest {12, 17, 18}
Low-feld NMR ecarrvies the advantage of providing high
absolute field homogeneity, vielding narrow resonance

OnAance e\'perimem@ are typically

3

;.7

lines and accurate determination of coupling parame-
ters [9, 14]. Further, elis xmntlo 1 of cryogenically cooled
superconducting magnets facilitates the development of

portable devices for chenic 1 analysis and bmaging. In
this ?age 4, atomic magnetometers are an ideal tool be-
sause, in contrast to SQUIDs, they do not reqguire cryo-
genic cooling. Recent work using atomic magnetoimeters
o detect NMR was performed at zero field, in pari. be-
eanse of the need to match the resonance Deguencies nf
the nuclear spins and the mwaguetometer's alkali sph
which have very different gyromagnetic ratios 114, 16 ]
hiag been pointed out that zero-field NMR leaves some
ambiguiby in determination of chersical groups, and that
this ambiguity can be removed by application of small
magnetic helus 7.

fleve, we examine, experimentally and theoretically,

the effects of small snagnetic felds in near-zerc-feld
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(NZF3} NMR. We show that application of weak mag-
netic felds re su‘.ts i wputt ng of the zero-feld (ZF} lines,
restoring information about gyromagnetic ratios t} at Is
lost in 2 F NMR. Iu the regime where the Zeeman ef-
fect can be treated as & perturbation, we chserve high-
resolution spectra with easy-to-understand splitting pat-
terns that are in good qualitative and quantitative agree-
ment with frst-order perturbation theory, This work rep-
resents the first observation of NMR under such condi-

tions, forming the basis for a new type of NMR spec-
troscopy that serves as a complament to high-feld NMR,
are almost always treated

where heteronuclear coupliy
as & small parturbation to the much larger Zeeman inter-
action. «‘«e also examine the case in which the Zeeman
are comparable to the J-coupling energles, re-
sulting in spectra of maximal corplexity.

The Hamiltonian in the presence of J-couplings and a

F and uulike sping with gy-
romagns t ¢ ratio y; and Jy, I8 the scalar r‘ou)lmgf be

Here I; represen

tween spins j and & In the ab»ﬂr-"c of magnetic | e?:ds,
the sphe -u::u sym mu;y of the Hamiltonian “i chates that
eigenstates |b,) ave alsc eipe usiafe& of £2 and f., wheve

f is the total aug 11 ‘ynomestun § =) F,, with energy
b,,, and degeneracy 2f + 1. A )pl‘-(ratlon of & magnetic
feld £, lifts this degeneracy, splitting the ZF NMR lives.

We first examine the effects of very small magnetic
fields on a COHN system, W‘th N equi \alr‘ui profous
s perturbation theory. ? eeo field, the unperiwbed
gy levels are given by Z(f, ) = J /2 [ r-{—~ D—k{k+
Vesl{s4 D)) j where & = .‘,'2, 1,‘3/.4... ave the possi-
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ble sp guantum numbers of the operaior k describing
the sum of the equivalent pmto“ sping, and s = 1/2 is
the spin quantum number associated with the operator
s, representing the YO spin. To frst order in B, eigen-
states are those of the unperturbed Hamiltonian, and
?’eemai ."l hifts of thp sigenv aiues can be read from the ¢

w5, \: (fw.ﬂ,\mbé,f'rnf)

™My,

Here v, and ~, are the proton and 19C gyromm;netic
ratios, and {ksmpmg|fm) are the Clehsch-Gordan coef-
ﬁ(:ients. The observable in ow e}«'penmem is the total
s magnsetization, M.{t) « Tep(i) 3 i Liayy, where siY s
the time dependent depsity mabrix. W}' ing fi in terms
of the raising and lowering operators, we obtain selec-
tion rules for ohservable coherences: Af = 0,41 anﬂ
Arny = 1, valid in the limit where |y B << {J1.
the case at hand with & equi vaiem protons, there is an
additional selection rule, A% = 0, since, in the absence
of chemical shifts, the Hamiltonian commutes with k2.
Experimentally, we examine the case of N =1 and
N = 3. In the former case, & E/E the zevo- helu levels
are a singlet with f = 0 and viplet with f = [ In
the presence of a small n'gagnetu: ,ﬁeldi the singlet ;evel is
unperturbed, while the triplet leveis split, as shown by
hﬂ ma nifoids on t (a)

he left of Fig. 1(a). In the following,

5 hetween the

fm " denotes the h@q\ie ney of fransit
states |f, 17'r) and {f',m’). Employing E(; ("‘! -md the
selection rules, one finds a %mg} .mo for transitions with
Af = U between states with [ = 1, and a doublet for
transitions with &f = 41 ‘uetwex,u states wmh f 1 and
F= 0

§=

Lonpxl o2/ 1oy ‘e
""Lym': = Byl + v}/2, (3)
Lt o . »
Yoo T J 2B, Cyi 4 ")'(t)/fzf» {4}

the case of N = 3, & is eisher 1/2 or 3/2,
b= 1/2 transition frequencies ave given by Fq. (i,’. The
/4 manifoids are shown on the 1‘ig§\t of Fig. 1{a)},
and coherences belween {f = 1, mys) anc =2, my+ 1
ocenr at frequencies given by

B, B, .
w27y B 6002 D50, (9

There ave two additiona} transitions for states with & =
3/2 with Af == 0 that ocowr near zero frequency,

2amnyEd Iz oA L) s
2.m5 = {3y + Yei Bz Jdik =372, {6}
Clmgdld = N 4L ; Sy
i SR U TR ¥ S B S0 e i)

“iomg

Equations. {3)-{7) constitute a set of eleven transitions,
three appearing near zero frequency, two near J, and six

24
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If‘: i anaann ‘i’
(a) k=112 k=302

—prepolatizing magnet
- Shigld

\{ijias/puismg coils
\
\
Probe beam

Vapor celt

FIG. 1 {color onling) (a) Brergy levels for & “*CHy group.
Energy levels for a =CH group are given by the maniiold
on the left. b) Exper mental setup for nesr-zere-field specs
troscopy, des i in the text.

near 2, rept
u'ulp These
the Supp ]cu in Ref. {17}

We now malk } Evan in more comi-
plex molecules wn L a(id hom-.l nou- e>q‘1iv' alent sping, the
zero-feld elgenstates are also those of £2 and f,. There-
fore, the NZF splitting patterns can be used 1o idewtify
the angular momenta of states mvolved in the zero-
field transitions: [ransitions between levels with f =
and 1 will produce doublets, transitions between levels
with six liues,

>l herﬂ 1"eak

= NZAT NMR spu‘“m*i of 2 18 CH,
2 i : in more r{e thin

with f == 1 and 2 will produce a multiplet
and so on. (,_): The k,eiection
dowi as i
duce 3151 3
erence |1
her of i
visible

Exporiments we 'mmm usiag an apparalus sim-
Har to if Ref: 4, 18] and depicted in Fig. L
Saraples {typically ~s 200 L} were contained in a § mun
NMHR tube, and ppeumatically sh htﬂ"d between a 1.8
T prepolarizing magoet and 8 magpetically shiclded en-
closnre, housing a microfabricated ¥ Rb vapor cell, t
central component of the asomic magnetometer. The
s optically pumped by :-d 1'ecterl, circudarly polar-
tzed las ‘lsght, tuned to the center of the DL i
ar 1(1 probed by y- " «d, linearly polarized light, tuned
. "

bout 1 36 GP'/, L0 e of 1 bransiti

> IR Uy~
g:' np is U\’ + 1}*’, most clearly

e

p(nzu meter, }»ms {magnet
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a 50 200
1«‘1(‘ 2: Spectra for % la HYBCOOH, in

he indicated magu t,ic i Id ihf- spectra ave the result of
averaging eight transients. The insel shows the splitting of the

two lines centered about J as a function of magnetic field.

oin cohercuces, are appiied via a
i the wagnetometer Is primarily
e x direction with naise floar of

/Hz. As the bias field is increased,
the 111Jg1““'()“i)€t67 esporise moves to higher frequencies,
compromising the low-frequency sensitivity hy about &
factor of 5 for 8B, = 3 mG. To maintain a quantization
axis dwing transit of the sample, a solenoid provides a
“eniding” field. The guiding feld s turned off suddenly
prior {0 acquisition of data, and o pulse applied in the
z-direction with avea such that the preton sping rotate
through = 45 and the carbon spins rotate through = 7
{about 480 ps), maximizing the amplitude of sero-field
signals.

ZF and NZF spectra for formic acid (HPCOOH) are
shown in Fig. . 2. The %} spectrum consisis of a sin-
gn ffue at J = 222 Hz, as well as a BC component,

suppressed heve for clarity. The NZE spectrum arising
nom the OCH group is as discussed above: a doublet
with frequencies J + B,f"",«,-l + Vel /2 az‘d an additional
ine at B,{vy, + v.}/% a2 4.7 Hz, The large peak at 7.5

used o excite NME
set of cotlz. At zero §
sensitive to felds in
about 40 — 50 fT/V/

o

¢

7

Hz corresponds to the uncoupled OH group. The asym-
metry in the doublet centered aband J, reprodeced by a
full numerical calculation, @ due to higher-order correc-
tions to the eigenstates. The peaks are well deseribed by
Lorentzians, with half-width at halfb-maxiwum 22 0.1 He.
and the locations of the peaks can be determined with
an uncertainty of about 1 mwHg The inset shows the
splitting of the line at J as a function of magnetic field,
displayving « linear depe'-"’ mmee. The slepe is in ag Poe-
ment with that p;edlc ted by Eg. (4), {7 + ¥e). at the
level of about (‘ 1%.

-

case of a PCH;
spectra for aseio*i)t:‘;ipﬁ [3CHLCON
For &, = 0, tb <pex*hum x:unqbﬁo of a zeve-frequency
i 2 and & penrlc nb 2. A;‘p?icatiun of a
plits the zers- Aeqbl\.:('\ peak ing ) J rée
tines, whose [tequencies ave given by \p (3},{6}, and
{7). The smallest peak at 11.2 Hz Loﬂe&pomh to ar

=

28



US 9,140,657 B2

29

]
. ﬁ L K. = 264w J i&“‘

a0 256 360

CN in
‘I)Cukb

zero-field and in a field of
are wail described by BEggz -

unceupled proton due to an unknown solvent o the sam-
ple. The ling at J splits into a deublet, whose frequen-
cies arc given by Eq. (4), and the |
uix lines, whose frequen are given by Eq. (8). The
itting of the lines rlt Joand 2J clearly reveals the de-
encracy ol the zero-eld levels. As with the formic acid
spectrum, there is some asymmetry prasent in the mul-
: } h is reproduced
relative amnﬁ—
--qum of m@ hnm centered about 2 Fare roughly in the
3:6:6:3:1 as expecied rom hrst-order peudiba‘uon
theory {see Supplementary Information).
To illustrate the utilic v of \T?F \T\?R we exa
case of fully labeled :
;581‘() GPM *s}'

in thP }--)tt(q t trace ol Fig.
iy (lem which lines correspond to
An expanded view of the
& Lrom b -,he mﬁgf of 110 to 180 Hz is pro-
vi cd 81 d compared to l,hc trwn obtained in the in-
dicated fHnite roagoetic s. We see the appearance
centered at }11‘ 126, and 151 Hu, indicat-
i occur Between manifolds with
ing to note that these
doublets display different < ings due to diferences i
the Landé g factors for mr) different manifolds 111\«01‘v«3d
in these transitious. The Ln(‘ at 131 He aplits st indo ¢
doublet, which split into a g doublets. Unecan shu
that such o splitting pattel noarises fora f=1f
{see Supplementary Information). The small vero-field
peak at 188 He splits into four lines, barely abow the
noise, indicating an additional f = 1 = f == 1 transi-
tions. Finally, the zero-Held pe%k at 155.5 Hx splits into
xiot indicating AN = 1 e+ f=2 The
x lines in this multiplet appear _;si(ie-(n'i” compared
{0 11 16 six line multiplet obsorved at ZEJ' m 2-acetonityt
due to 2 reversal in relative magnituc [ the Landé g
factor.

F=0and /=1 Ii

¥

The multiplicity of the peaks in this part of the sp
tro can be understood as follows: nse we start

30
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o

e

0 s 100 155 200 250 300
frequency (H2)

FIG. 4: Effects of small magnetic felds on fully labeled ace-
> BCHIPCHN, The bottom trace siom the ontire
zero-field spectrwm. The upper {races show an expanded view
of the central part of the zero-flald spe(tt,mm, a5 well as the
specira iu the indicated finite fields.

with a 3CHs group, and counfine our attention to the
1 e 0 transition with iotal proton 3}'11 = 1/2, yield-
ing tmmxtnms 11 the weighborhood of Yen. Addition of
the second ' its thebe levele: [ = | splits to 3/2,

1/2 wa m'o.J s, and [ = D maenifolds splits to 1x2 Ad-
dition of the N spws these so we now have f, = 2 ov
b, fo = Lor 0, and j = 1 or OA 55‘01' now, we ignore
sransitions between f, «» fp because they cccur atb low
frequency. Employing the Af = 1 rule we mcprxt three
L «» { transitions, producing donhlets: f, — | = fo = {}
fi ] = O e f, = 1. Transitions be-

tween f, :
and transitions with Af ]
and between fi = 1 f(, =1 yield nndtipleis with four
More details are presented 1o the Supplementary

lda A nnltiplet with six lues,

Inf
n wqt@-ﬂc with small conplings, such as 1-ac acid
{CH;4 ]SF'OOH which has a two-bond coupling, *Jop =
8.8 Hy, it is possible in explore the regime in which the
Zeeman interaction is comperable to the J-coupling. Fig-
ure 5§ shows experimental spectra for i-acetic acid for the
i nagnetic . The large peask that does not
split is due to the -mw\nlr\ O group, while ihe resat
of the spectram corresponds o the CHy 2C part of the
molecule. Initially, the spectrum appears similar to the
2-acetonitrile spoctrum, with a doublet &t J, and an ad-
ditinnal doublet at 27 composed of several unresolved
lines. As the magnetic field is increased, additional line
i the multiplet at 2.7 E“cww.e resolved. At the higl
magnetic mds, Lhe s;)u,m' m fiispla_, he highest com-
ploxi n the perturba-
tive smcoth trace al the

1q
18
58
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top of the plot shows the log of the absorptive compoenent
of a ng;i esclution numerical simulation, reproducing all
features of the data, to the extent that Hnes are resolved.
Mok ) & ‘
o
[N § { ] i i 4 .
U T W T N
1
£.08 ;

006

402

Frequency (1hz)

£ Experi: nental  spectra for -
CHa "«”O‘ JH) i the indicated magretic fields. The
ve ai the top of the plol presents the result of a
full pumerical simulation with high vesolution.

Ca* eful P‘(’\i niuation re
e (V4 1Y = 16 Les,
?‘j‘

in conclusion,
clear magnetic reso
netic fields can be
- Jecouplings.

oup
predicied in Rel.

A‘

we have investigated near-zevo-fisld mu-
e, where i ef)'e{ of mag-
2l as s perturbation to the
505 work represenis a new form of
A\Mi{ spectroscopy, complernentary to high-field NMR,

1 which beteromclear scalar couplings arve almost always
1;1 atod as a sraall perturbation to the dominant Zeoman
interaction. We find that the presence of sm:ﬂi fields
pmdugew splitting of zero-fieid lines. The splitting pai-
terps have easy-to-understend rules and data are in ex-
cellent agreeinent with the predictions of Brst-order per-
turbation theory. It is interesting to note that the phe-
gomenclugy cheerver here is similar 1o that of atomi
qpyc'tr(mmpy of pmiti-electron atoms, and intuidion de-
veloped in the latter fleld may be applied to interpreta-
tien of NZ2IF NMR spectra. We bave also invesiigated
the cage where Zeeman and J-couplings are comparable,
esulting in signals with much higher can pie} ity, poten-
ful for NMR quantuw compuiing [{7].
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What is claimed is:

1. A method of detecting a J-coupling comprising:

(a) providing an analyte in a detector cell adjacent to a
vapor cell of an atomic magnetometer, the analyte being
polarized, the detector cell and the vapor cell being
housed in a magnetic shield that isolates the detector cell
and the vapor cell in a static magnetic field;

(b) applying a magnetic field pulse to the analyte in the
detector cell; and

(c) detecting a magnetic field generated by the analyte
using the atomic magnetometer as a magnetization of
the analyte evolves under one or more J-coupling inter-
actions.

2. The method of claim 1 further comprising:

polarizing the analyte before operation (a).

3. The method of claim 2 wherein polarizing the analyte
employs a polarization technique selected from a group con-
sisting of thermalization in a magnetic field, spin-exchange
optical pumping, para-hydrogen induced polarization, and
dynamic nuclear polarization.

38

4. The method of claim 1 further comprising:

transporting the analyte to the detector cell.

5. The method of claim 1 wherein the one or more J-cou-
pling interactions are selected from a group consisting of a
heteronuclear scalar coupling, a homonuclear scalar cou-
pling, and a combination thereof.

6. The method of claim 1 further comprising:

generating a graph of the one or more J-coupling interac-

tions.

7. The method of claim 1 wherein a magnitude of the static
magnetic field is less than about 2.5 nanotesla.

8. The method of claim 1 wherein a larmor precession
frequency of the analyte is less than about 100 mHz in the
static magnetic field.

9. The method of claim 1 wherein a magnitude of the static
magnetic field is less than about 100 microtesla.

10. The method of claim 1 wherein the magnetic field pulse
is applied by applying a pulse of DC current to coils posi-
tioned in the magnetic shield.

11. The method of claim 1 wherein a magnitude of the
static magnetic field is less than about 1 millitesla.
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