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ABSTRACT: We report the acquisition and interpretation of
nuclear magnetic resonance (NMR) J-spectra at zero magnetic
ﬁeld for a series of benzene derivatives, demonstrating the
analytical capabilities of zero-ﬁeld NMR. The zeroth-order
spectral patterns do not overlap, which allows for straightforward determination of the spin interactions of substituent
functional groups. Higher-order eﬀects cause additional line
splittings, revealing additional molecular information. We
demonstrate resonance linewidths as narrow as 11 mHz,
permitting resolution of minute frequency diﬀerences and
precise determination of long-range J-couplings. The measurement of J-couplings with the high precision oﬀered by zero-ﬁeld
NMR may allow further reﬁnements in the determination of molecular structure and conformation.

■

magnetic ﬁelds,22−25 do not require cryogens, and can be
microfabricated,26−28 has led to recent experimental demonstrations of zero-ﬁeld29−32 and near-zero-ﬁeld33 NMR and
MRI.34−36 We achieve high signal-to-noise ratio in zero-ﬁeld
NMR J-spectra using magnetometers based on microfabricated
millimeter-scale vapor cells,26 which permits the use of 50−250
μL sample volumes, much smaller than typical samples for
Earth’s-ﬁeld experiments. Additionally, the use of μ-metal
magnetic shielding yields extremely homogeneous ﬁelds,
allowing for the measurement of linewidths as narrow as 11
mHz, necessary for precise determination of J-coupling
frequencies.
In the absence of magnetic ﬁelds, the Zeeman interaction,
and thus the chemical shift, vanishes, leaving an isotropic ﬂuid
system to evolve only under electron-mediated scalar couplings
(J-couplings) between spins in a molecule. Even in the absence
of chemical shifts, the high sensitivity of J-couplings to subtle
changes in geometry and electronic structure makes them a
valuable source of chemical information. Owing to continued
progress in quantum chemical calculations of spin−spin
couplings,37−39 there now exists a number of techniques for
analysis and interpretation of J-coupling constants, ranging
from empirical Karplus40-type equations to newer techniques
involving spin−spin coupling density surfaces,41,42 double ﬁnite
perturbation theory calculations,43 and decomposition of J-

INTRODUCTION
Nuclear magnetic resonance (NMR)1,2 is among the most
powerful analytical tools available to the chemical and biological
sciences for chemical detection, characterization, and structure
elucidation. However, the high magnetic ﬁelds required for
conventional NMR necessitate large, immobile, and expensive
superconducting magnets, limiting the use of the technique. As
an alternative, detection of NMR at low and zero magnetic
ﬁelds has attracted attention in recent years as a tool for
chemical analysis not limited by the disadvantages of
superconducting magnets. Moreover, utilization of nonthermal
polarization and encoding techniques which do not rely on
chemical shifts has enabled NMR experiments to be performed
in the absence of applied magnetic ﬁelds.3,4
Inductive coils have been used for NMR detection at low
ﬁelds (∼0.5 G),5,6 however, such techniques do not extend fully
to zero ﬁeld and are potentially limited by dramatically
increased spectral complexity in the low, but far from zero,
ﬁeld regime, 10−7 T < B < 10−3 T.7,8 In the past, acquisition of
truly zero-ﬁeld spectra was time-consuming, requiring cycling
between zero and high magnetic ﬁeld to measure the response
point-by-point, and was generally useful only for the
simpliﬁcation of complex spectra of polycrystalline or
amorphous solids.9−16 More recently, superconducting quantum interference devices (SQUIDs)17 have been used to detect
NMR18−20 and MRI21 signals at low ﬁelds, though SQUID
detectors still require cryogenic temperatures. The advent of
atomic magnetometers that are sensitive at low or zero
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Figure 1. J-spectra of a series of benzene derivatives, highlighting the eﬀects of diﬀerent 13CHn groups and their increasing displacement from the
aromatic ring. Clusters of peaks appear at J for CH groups, at 3J/2 for CH2 groups, and at J and 2J for CH3 groups. The spread of the peaks within
the clusters decreases as the distance of the 13C label from the aromatic ring increases. Signals at multiples of 60 Hz are the result of line noise.

couplings and the Ramsey44 terms (Fermi contact, spin dipole,
diamagnetic spin orbit, and paramagnetic spin orbit) into
orbital contributions.45,46 Using these techniques, it has been
possible to solve problems of molecular conﬁguration,47−50
bond character,51 molecular motion,52,53 and intermolecular
interactions.54,55 We have developed a method for the
interpretation of zero-ﬁeld J-spectra wherein a preferred basis
set for the spins is determined by the one-bond coupling
between two heteronuclei, and smaller long-range couplings are
treated as perturbations on this primary zeroth-order
interaction. For systems consisting of three sets of magnetically-equivalent spins, this analysis leads to simple analytical
expressions that fully describe the zero-ﬁeld spectra.
In order to demonstrate the viability of J-spectroscopy for
chemical ﬁngerprinting, we measured high-resolution zero-ﬁeld
J-spectra for a series of labeled aromatic molecules:
benzene-13C1, benzaldehyde-α-13C1, benzyl alcohol-α-13C1,
toluene-α-13C1, and acetophenone-β-13C1. The general qualitative structures of the spectra are consistent with patterns
reported previously for simpler spin systems, and furthermore,
the spectra for diﬀerent molecules are unique and easily
distinguished from one another. The narrow linewidths (as low
as 11 mHz for benzene-13C1) permit precise measurement of
long-range J-couplings, which encompass a wealth of chemically-relevant information.

phenyl-ring protons. Diﬀerences in molecular structure (i.e.,
functional groups) give rise to signiﬁcantly diﬀerent spectra,
with little overlap between spectra for diﬀerent molecules. The
general qualitative structure, being dependent on the strong
one-bond coupling, provides information about the substituent
functional group (peaks around 1JCH for CH, 3/2 × 1JCH for
CH2, and two sets of peaks around 1JCH and 2 × 1JCH for CH3),
and the measurement of splittings from long-range J-couplings
provides quantitative information about electronic structure
and molecular conﬁguration, as discussed below. Because nearly
all peaks are resolved (with the exception of the peaks in
acetophenone, where the couplings to the methyl group are
small), the high-frequency portion of the spectrum (generally
100−300 Hz) is suﬃcient to fully determine all coupling
frequencies without the need for consideration of the lower
frequency peaks, which are often aﬀected by low-frequency
noise and potentially by spectral overlap in mixtures.
Zeroth-Order Energy Levels. The basic qualitative
structures of these spectra are consistent with previous work,
with peaks at nonzero frequency arising due to J-couplings in
molecules containing spins with at least two diﬀerent
gyromagnetic ratios. The simplest examples include 13C−1H
in formate (13CHOO−), 13C−1H2 in formaldehyde (13CH2O),
and 13C−1H3 in methanol (13CH3OH). We refer to these
systems as XA, XA2, and XA3, respectively, where X is 13C and
An represents a set of equivalent protons. Neglecting all
couplings other than 1JCH, the molecules in this study have
spectra that correspond to these simple XAn systems. The
energy levels are given by

■

RESULTS AND DISCUSSION
Zero-Field J-Spectra. The zero-ﬁeld J-spectra for the
indicated compounds are shown in Figure 1. For ease of
comparison, the vertical axis has been normalized. The signalto-noise ratio in the benzyl alcohol spectrum is somewhat lower
on account of broader lines, which we suspect is related to
hydrogen bonding. The spectrum for each molecule is
dominated by a strong one-bond heteronuclear J-coupling,
which is then perturbed by long-range couplings involving the

1

E0 =

J CH
2

[FA(FA + 1) − K (K + 1) − S(S + 1)]

(1)

where S = 1/2 is the spin quantum number associated with the
operator S, representing the 13C spin, K = 1/3, 1, 3/2, ... are the
possible spin quantum numbers of the operator K = ∑jIj,
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Figure 2. Experimental (upper trace) and simulated (lower trace) spectrum of benzene-13C1 in the neighborhood of 1JCH. Inset shows ﬁtting of two
high-frequency peaks with 11 mHz half-width at half-maximum, consistent with Fourier resolution limited by 80s acquisition time.

representing the sum of the equivalent proton spins, and FA =
0, 1/2, 1, 3/2, ... are the possible quantum numbers of the total
angular momentum FA = K + S.
Because the observable in our experiment is a vector
operator, the selection rule for observable coherences is ΔFA
= 0, ± 1. Also, because the zero-ﬁeld Hamiltonian commutes
with both K2 and S2, ΔK = ΔS = 0. As a result, the allowed
nonzero transition frequencies are 1JCH for XA systems, 3/2 ×
1
JCH for XA2 systems, and both 1JCH and 2 × 1JCH for XA3
systems. Similarly, the structure of the zero-ﬁeld J-spectra for
benzene-13C1 and benzaldehyde-α-13C1, both of which are
zeroth-order XA systems, consists of a cluster of peaks near
1
JCH. The spectrum for benzyl alcohol-α-13C1, to zeroth order
an XA2 system, consists of peaks near 3/2 × 1JCH, and the
spectra of toluene-α-13C1 and acetophenone-β-13C1, which are
zeroth-order XA3 systems, consist of peaks near 1JCH and 2 ×
1
JCH.
Phenyl Perturbations. Beyond the zero-order structure of
the zero-ﬁeld spectra, additional splittings arise due to
couplings between the XAn spin systems and the ring protons.
Because all couplings involving the ring protons are at least 15
times smaller than 1JCH (see Supporting Information, SI), these
couplings may be treated as a perturbation to the XAn system.
In keeping with notation described previously, the molecules
studied in this report may be considered (XAn)BB′CC′D spin
systems, where B and B′ are the ring protons in the ortho
positions, C and C′ are the protons in the meta positions, and
D is the proton in the para position. It is apparent from Figure
1 that as the 13C label is further displaced from the aromatic
ring, the spreading of the peaks decreases, with the greatest
peak spreading for benzene-13C1, in which the label is part of
the ring, and almost no spreading for acetophenone-β-13C1, in
which the label is four bonds from the nearest spin on the ring.
Comparison with Simulation. The experimental spectra
are in excellent agreement with simulations (performed via
numerical diagonalization of the density matrix), as demonstrated in Figure 2 for the high-frequency portion of the zeroﬁeld J-spectrum of benzene-13C1. The simulated spectrum fully
reproduces the multiplet structure, with peak frequencies in
agreement to within ∼10 mHz. Achieving this level of

agreement between experiment and simulation required the
use of precise values of the benzene J-coupling constants
presented in ref 56, which include the inﬂuence of 13C isotope
eﬀects. Small frequency diﬀerences are likely artifacts of limited
precision in the literature values for the coupling constants or
slight diﬀerences in sample preparation. Peak intensities are
well-reproduced, with small variations likely arising due to
insuﬃcient prepolarization time or nonadiabatic shuttling
between the prepolarization ﬁeld and the detection region.
High Resolution from Narrow Resonances. Because we
operate in zero magnetic ﬁeld, the absolute ﬁeld homogeneity is
exceptional, and extensive magnetic-ﬁeld shimming is not
required. Inhomogeneous broadening is negligible, and spectral
lines are extremely narrow, which allows for very precise
measurements of line positions and coupling parameters. The
zoomed inset in Figure 2 shows the two peaks at 167.089 and
167.179 Hz ﬁt to the sum of two Lorentzians, each with a halfwidth at half-maximum of 11 mHz. This line width is
comparable to the Fourier resolution of the spectrum, which
is limited by the 80 s acquisition time. It is likely that the
intrinsic line width is actually narrower, as the near-zero-ﬁeld
T2* of unlabeled benzene has been measured on the same
instrument to be 21 s.57 Since the zero-ﬁeld T2* is probably
similar to this value, we expect that the intrinsic line width is
less than 10 mHz.
Consistent Splittings from Phenyl Perturbation. For
the −13C(O)H functional group (XA subsystem) and
−13CH3 functional group (XA3 subsystem), addition of angular
momentum yields states with K = 1/2 and FA = 0, 1. The zeroorder spectrum of these groups includes a peak at frequency
1
JCH, which corresponds to a transition with ΔFA = ± 1
between states with K = 1/2. When the spins of either
functional group are weakly coupled to the spins of a phenyl
group, the perturbation splits this peak into a consistent
multiplet pattern. To demonstrate that the eﬀect of the ring
proton perturbation is qualitatively similar for diﬀerent
functional groups, Figure 3 shows a comparison of the K =
1/2 peaks in the spectra of benzaldehyde-α-13C1 (red trace) and
toluene-α-13C1 (blue trace), with the benzaldehyde spectrum
shifted without scaling to lower frequency for the purpose of
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K = 1/2 multiplets in the benzaldehyde-α-13C1 and tolueneα-13C1 spectra are associated with important diﬀerences
between the two molecules. Speciﬁcally, the J-coupling
constants depend on electronic structure, which in turn
depends on substituent electron-donating/withdrawing eﬀects
and the spatial orientation of the substituent with respect to the
plane of the ring. The variation in the nJCH couplings is
primarily dependent on the electronegativity of the substituent,
with a more strongly electron-withdrawing substituent leading
to a larger coupling between the substituent 13C and ring
protons. The nJCH couplings in benzaldehyde-α-13C1 are thus
larger than in toluene-α-13C1, as the more electronegative
aldehyde substituent more strongly attracts the π-electron
density of the aromatic ring, increasing the overlap with the 13C
nucleus. The nJHH benzylic couplings between the substituent
protons and the aromatic protons have been studied,58−61 and
they feature a dependence on the angle by which the
substituent protons are rotated out of the plane of the ring.
The couplings are given as
4

J (H, CH n) = 6.90p⟨sin 2 θ ⟩ − 0.32⟨cos2 θ ⟩

5

π

σ

J (H, CH n) = 5J ⟨sin 2 θ ⟩ + 5J ⟨sin 2(θ /2)⟩

(2)
(3)

and
6

J (H, CH n) = 6J 90 ⟨sin 2 θ ⟩

(4)

where θ is the angle by which the substituent C−H bond twists
out of the benzene plane, p is the mutual atom−atom
polarizability, 5Jπ is the σ−π electron contribution to the
5
J(H, CHn) coupling, 5Jσ is the σ-electron component, and 6J90
is the value of 6J(H, CHn) when the substituent C−H bond is
perpendicular to the plane of the benzene ring. Key diﬀerences
between the toluene and benzaldehyde nJHH couplings arise
because of diﬀerences in these parameters. The most striking
diﬀerences are related to the angle θ, and the 6J(H, CHn)
coupling is an illustrative example. Because the methyl group in
toluene rotates freely, the expectation value of sin2 θ is 0.5, for a
coupling of −0.52 Hz, whereas in benzaldehyde, the formyl
proton is essentially in the benzene plane, and the coupling is
only −0.018 Hz.
The intermediate calculated spectra in Figure 3 were
produced by varying the nJCH and nJHH couplings in linear
fractional increments between the values for toluene-α-13C1 and
benzaldehyde-α-13C1, leaving the intraring couplings constant.
The agreement with the benzaldehyde spectrum is good, with
the simulation fully reproducing the multiplet structure. Slight
disagreements are the result of minute diﬀerences in intraring
couplings that are aﬀected by diﬀerences in aromatic ring
electron densities induced by substituent eﬀects. Including
these eﬀects, which cause changes of ∼0.02−0.2 Hz (the eﬀects
are strongest for the four-bond couplings, followed by the
three- and then ﬁve-bond couplings), gives full agreement, as
indicated by the uppermost traces in Figure 3.
J-couplings measured in these zero-ﬁeld experiments agree
with the values determined by high-ﬁeld NMR (see SI).
Because the zero-ﬁeld spectra generally have enough peaks to
determine all J-coupling frequencies, and thus provide enough
information for chemical identiﬁcation and elucidation of
electronic structure, topology, and spatial conﬁguration, the
presence of chemical shifts may not always be necessary for
chemical identiﬁcation and analysis.

Figure 3. Comparison of K = 1/2 peaks of benzaldehyde-α-13C1 (red
trace) and toluene-α-13C1 (blue trace) spectra. The benzaldehydeα-13C1 spectrum has been shifted to lower frequency by 48.86 Hz for
the purpose of illustration, but it has not been scaled. Intermediate
simulated spectra are produced by incrementally varying the longrange substituent-to-ring 13C−1H and 1H−1H coupling constants by a
uniform fraction of the diﬀerences between the values for the two
molecules (Δ). The general structure of the peaks is similar because of
the identical spin topology, with small quantitative diﬀerences arising
due to geometric diﬀerences and substituent eﬀects. The ﬁt is in
reasonable agreement with the benzaldehyde spectrum, even when
adjustments to the intraring couplings constants are not included.

illustration. The smooth black traces show simulated spectra,
obtained by smoothly interpolating J-coupling parameters, as
discussed below. While there are small diﬀerences in the
multiplet structures, many features are present in the spectra of
both molecules, for example, the three peaks at the lowerfrequency end of the spectrum (around 123 Hz for toluene)
and the three larger peaks at the higher-frequency end (around
128 Hz for toluene). The multiplets have a similar structure
because the network of couplings involving the ring couplings is
(BB′CC′D) is topologically identical for any molecule
containing a phenyl group. The qualitative similarity of the
multiplet patterns facilitates chemical ﬁngerprinting analysis.
Variations in the splittings and central frequencies of multiplets
allow for diﬀerentiation between the spectra of similar
molecules.
Physical Signiﬁcance of Diﬀerences Between Benzaldehyde and Toluene. The diﬀerences that arise between the
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time. The acetophenone-β-13C1 spectrum was the result of averaging
1180 transients, each with 20 s polarization time and 16 s acquisition
time. The benzyl alcohol-α-13C1 spectrum was the result of averaging
2300 transients, each with 20 s polarization time and 8 s acquisition
time. It is worth noting that while these experiments require several
hours of signal averaging using thermal polarization at 2 T,
improvements in magnetometric sensitivity and sample polarization
may signiﬁcantly reduce acquisition times.
High-Field NMR Measurements. High-ﬁeld NMR spectra (see
SI) of labeled benzaldehyde and toluene were collected on a Bruker
Avance 300 MHz (7.04 T) spectrometer with a Bruker 5 mm 1H/13C
liquids probe. No 13C or 1H decoupling was performed. Careful FID
shimming was performed in order to maximize resolution for the
observation of JCH/JHH splitting patterns. Long acquisitions (4 s) were
performed, and negative Lorentzian line-broadening (−0.1 Hz) was
applied to enhance spectral resolution. The same degassed samples
used for the low-ﬁeld measurements were used for the high-ﬁeld
measurements.
Simulations. Zero-ﬁeld J-spectra were simulated by numerical
diagonalization of the density matrix. The time-dependent magnetization was determined by evolving the initial thermally-polarized
density matrix under the J-coupling Hamiltonian as described in ref 29.
Speciﬁc J-coupling frequencies were either taken directly from the
literature (as in the case of benzene-13C1) or were determined by
manually reﬁning literature and/or measured values to optimize
agreement with experimental spectra (for benzaldehyde-α-13C1 and
toluene-α-13C1). No iterative ﬁtting algorithms were used, though such
methods may allow for easier extraction of high-precision J-coupling
frequencies in the future.

CONCLUSIONS
Zero-ﬁeld NMR J-spectroscopy has been demonstrated for a
series of benzene derivatives, yielding unique, well-resolved, and
information-rich spectra that are well suited for chemical
ﬁngerprinting. Long relaxation times and consistent ﬁeld
homogeneity give rise to extremely narrow resonance linewidths and enhanced resolution. The narrow linewidths allow
for measurement of J-coupling frequencies with greater
precision than is typically achieved using other techniques.
Conveniently, in the molecules studied here, zero-ﬁeld spectra
are all nonoverlapping, which facilitates analysis of mixtures
without the need for higher-dimensional spectroscopy. The
existence of consistent qualitative spectral patterns allows for
quick assignment of (XAn)BB′CC′D spin systems, so that
implementation of search algorithms with zero-ﬁeld simulations
should yield precise J-coupling values. While all samples
measured in this study consist of selectively 13C-labeled
molecules, ideally one would have the capability to measure
samples with 13C in natural abundance. This may be achieved
by incorporating hyperpolarization techniques or by improvements in magnetometric sensitivity. Regarding the latter, we
estimate that the fundamental limits of sensitivity are ∼100
times lower than the present noise level.23 Implementation of
hyperpolarization techniques should extend the applicability of
zero-ﬁeld NMR experiments to more “normal” (dilute, natural
abundance) samples, as has been demonstrated for systems
amenable to parahydrogen-induced polarization.3,4
Combining this new technique for the precise measurement
of electron-mediated scalar couplings with quantum chemistry
calculations should provide detailed information about
molecular conformation and electronic structure. This contribution supports the development of zero-ﬁeld NMR as a
technique complementary to high-ﬁeld NMR, enabling
precision measurement of couplings. Furthermore, the absence
of superconducting magnets in zero-ﬁeld NMR facilitates cost
eﬀectiveness and portability.
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Tables of coupling values used for simulated J-spectra of
benzene-13C1, benzaldehyde-α-13C1, and toluene-α-13C1. Highﬁeld 13C spectra for benzaldehyde-α-13C1 and toluene-α-13C1
without 1H decoupling, which served as a starting point for the
determination of nJCH couplings that were not available in the
literature. This material is available free of charge via the
Internet at http://pubs.acs.org.
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MATERIALS AND METHODS

Sample Preparation. Benzene-13C1, benzaldehyde-α-13C1, benzyl
alcohol-α-13C1, toluene-α-13C1, and acetophenone-β-13C1 were obtained from Cambridge Isotopes Laboratory. Samples were degassed
via several freeze−thaw cycles under vacuum and ﬂame-sealed in 5 mm
NMR tubes.
Zero-Field NMR Measurements. Samples were thermally
polarized in a 2 T magnet and pneumatically shuttled into a zeroﬁeld detection region where the ﬁeld of the nuclear spins was
measured using an alkali-vapor atomic magnetometer. As the sample
was shuttled to the detection region, a solenoid produced a guiding
ﬁeld in order to keep the initial magnetization aligned vertically. Once
the sample reached the detection region, the solenoid was turned oﬀ,
and a DC magnetic ﬁeld pulse with area γHBt ≈ 4π was applied in an
orthogonal direction to maximize the IZ−SZ components of the
density matrix, thus maximizing the signal (see forthcoming work by
Butler, et al. for additional details). A more thorough description of the
apparatus can be found in refs 29 and 33.
Spectra for benzene-13C1, benzaldehyde-α-13C1, toluene-α-13C1, and
acetophenone-β-13C1 were acquired without heating or cooling the
sample, at roughly 35 °C. To compensate for hydrogen-bonding linebroadening eﬀects in benzyl alcohol-α-13C1, the spectrum was taken at
70 °C. The benzene-13C1 spectrum is the result of averaging 220
transients, each with 100 s polarization time and 80 s acquisition time.
The benzaldehyde-α-13C1 spectrum was the result of averaging 256
transients, each with 60 s polarization time and 40 s acquisition time.
The toluene-α-13C1 spectrum was the result of averaging 222
transients, each with 60 s polarization time and 40 s acquisition
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S.; Blümich, B. Phys. Rev. A 2010, 81, 23420.
(8) Halse, M. E.; Callaghan, P. T.; Feland, B. C.; Wasylishen, R. E. J.
Magn. Reson. 2009, 200, 88−94.
(9) Bielecki, A.; Zax, D. B.; Thayer, A. M.; Millar, J. M.; Pines, A. Z.
Naturforsch. A 1986, 41, 440−444.
(10) Bielecki, A.; Zax, D. B.; Zilm, K. W.; Pines, A. Rev. Sci. Instrum.
1986, 57, 393−403.
(11) Millar, J. M.; Thayer, A. M.; Bielecki, A.; Zax, D. B.; Pines, A. J.
Chem. Phys. 1985, 83, 934−938.
(12) Thayer, A. M.; Millar, J. M.; Pines, A. Chem. Phys. Lett. 1986,
129, 55−58.
(13) Weitekamp, D. P.; Bielecki, A.; Zax, D.; Zilm, K.; Pines, A. Phys.
Rev. Lett. 1983, 50, 1807−1810.
(14) Zax, D. B.; Bielecki, A.; Kulzick, M. A.; Muetterties, E. L.; Pines,
A. J. Phys. Chem. 1986, 90, 1065−1069.
(15) Zax, D. B.; Bielecki, A.; Zilm, K. W.; Pines, A. Chem. Phys. Lett.
1984, 106, 550−553.
(16) Zax, D. B.; Bielecki, A.; Zilm, K. W.; Pines, A.; Weitekamp, D. P.
J. Chem. Phys. 1985, 83, 4877−4905.
(17) Greenberg, Y. S. Rev. Mod. Phys. 1998, 70, 175−222.
(18) Black, B.; Majer, G.; Pines, A. Chem. Phys. Lett. 1993, 201, 550−
554.
(19) McDermott, R.; Trabesinger, A. H.; Muck, M.; Hahn, E. L.;
Pines, A.; Clarke, J. Science 2002, 295, 2247−2249.
(20) Trabesinger, A. H.; McDermott, R.; Lee, S. K.; Muck, M.;
Clarke, J.; Pines, A. J. Phys. Chem. A 2004, 108, 957−963.
(21) Kelso, N.; Lee, S.-K.; Bouchard, L.-S.; Demas, V.; Mueck, M.;
Pines, A.; Clarke, J. J. Magn. Reson. 2009, 200, 285−290.
(22) Allred, J. C.; Lyman, R. N.; Kornack, T. W.; Romalis, M. V. Phys.
Rev. Lett. 2002, 89, 130801.
(23) Budker, D.; Romalis, M. Nature Phys. 2007, 3, 227−234.
(24) Dang, H. B.; Maloof, A. C.; Romalis, M. V. Appl. Phys. Lett.
2010, 97, 151110.
(25) Kominis, I. K.; Kornack, T. W.; Allred, J. C.; Romalis, M. V.
Nature 2003, 422, 596−599.
(26) Knappe, S.; Gerginov, V.; Schwindt, P. D. D.; Shah, V.;
Robinson, H. G.; Hollberg, L.; Kitching, J. Opt. Lett. 2005, 30, 2351−3.
(27) Shah, V.; Knappe, S.; Schwindt, P. D. D.; Kitching, J. Nat.
Photonics 2007, 1, 649−652.
(28) Romalis, M. V. Nat. Photonics 2007, 1, 613−614.
(29) Ledbetter, M. P.; Crawford, C. W.; Pines, A.; Wemmer, D. E.;
Knappe, S.; Kitching, J.; Budker, D. J. Magn. Reson. 2009, 199, 25−29.
(30) Savukov, I. M.; Romalis, M. V. Phys. Rev. Lett. 2005, 94, 123001.
(31) Theis, T.; Ganssle, P.; Kervern, G.; Knappe, S.; Kitching, J.;
Ledbetter, M. P.; Budker, D.; Pines, A. Nat. Phys. 2011, 7, 571−575.
(32) Theis, T.; Ledbetter, M. P.; Kervern, G.; Blanchard, J. W.;
Ganssle, P. J.; Butler, M. C.; Shin, H. D.; Budker, D.; Pines, A. J. Am.
Chem. Soc. 2012, 134, 3987−3990.
(33) Ledbetter, M. P.; Theis, T.; Blanchard, J. W.; Ring, H.; Ganssle,
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