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ABSTRACT: Organophosphorus compounds are a wide and
diverse class of chemicals playing a crucial role in living organisms.
This aspect has been often investigated using nuclear magnetic
resonance (NMR), which provides information about molecular
structure and function. In this paper, we report the results of
theoretical and experimental studies on basic organophosphorus
compounds using zero-field NMR, where spin dynamics are
investigated in the absence of a magnetic field with the dominant
heteronuclear J-coupling. We demonstrate that the zero-field NMR
enables distinguishing the chemicals owing to their unique
electronic environment even though their spin systems have the
same alphabetic designation. Such information can be obtained just
in a single measurement, while amplitudes and widths of observed
low-field NMR resonances enable the study of processes affecting spin dynamics. An excellent agreement between simulations and
measurements of the spectra, particularly in the largest frequency J-couplings range ever reported in zero-field NMR, is
demonstrated.

In recent years, zero-field nuclear magnetic resonance
(NMR) has been demonstrated as an alternative NMR

modality enabling identification, characterization, and quanti-
fication of molecular structures, through observation of unique
J-coupling information.1−6 The basic principle of zero-field
NMR spectroscopy is access to indirect spin−spin interactions
(J-coupling) due to a vanishing Zeeman interaction in the
absence of an applied magnetic field,7,8 and averaged out direct
spin−spin couplings occurring in isotropic liquids.9 Owing to
J-coupling, yielding useful information about the electronic
structure and conformation of molecules, zero-field NMR can
be used for chemical analysis and fingerprinting.2,3 Zero-field
NMR enables the high-resolution measurement of spin−spin
couplings with remarkably narrow resonance line widths as a
result of the high absolute field homogeneity and long spin
coherence times.10,11 Furthermore, the greater skin depth at
low frequencies enables measurement of samples and
monitorization of chemical reactions inside metal containers.12

Since in zero-field NMR spin dynamics occurs up to 1000 Hz,
an inductive detector is replaced by a sensor sensitive in a near
DC frequency range. Atomic magnetometers are often used for
this purpose with the main advantages being low-price, small
size, and noncryogenic operation, while the ever-growing
commercial availability of such sensors leads to technical
simplicity and near-zero maintenance.13,14 While the zero-field
J-spectroscopy has been successfully used for thermal studies of
isotopically enriched compounds containing 13C, 15N nuclei,
here we exploit naturally abundant phosphorus-31 (31P)
nucleus.

Natural phosphorus-containing compounds play vital roles
in cell structure, energy metabolism, pH homeostasis, bone
mineralization, etc.15 On the other hand, some of the
organophosphorus compounds are highly toxic chemicals
used as herbicides, insecticides, or fungicides.16,17 The
naturally abundant isotope of phosphorus (31P), present in
these compounds, is an attractive target for NMR, due to its
100% natural abundance and spin-1/2.18 The in vivo detection
of phosphorus-containing metabolites, including inorganic
phosphate, adenosine triphosphate (ATP), and phosphocrea-
tine, by a 31P magnetic-resonance spectroscopy, provides
information on intracellular pH, cellular energy metabolism,
and the phospholipid metabolism in cells.18,19 This type of
information is valuable for diagnosis and even prognosis of a
tumor,20,21 despite presenting some challenges such as a long
measurement time and complex postprocessing procedure.22

In this paper, we report the results of theoretical and
experimental studies on basic organophosphorus compounds
using zero-field NMR. In order to investigate the relatively
large spin systems, compared to previous J-spectra studies, we
measured trimethyl phosphate and trimethyl phosphite, whose
J-spectra can be analyzed and identified using a straightforward
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interpretation method. We also measured dichlorvos and
dimethyl phosphite to examine slightly more complex
molecules and evaluate the efficiency of zero-field NMR for
a wide range of J-coupling values, which contains the
resonances with the largest J-coupling values ever reported in
zero-field NMR spectroscopy. We show the analysis of their
spin system using the first-order perturbation theory. Further,
we present the comparison of the simulated and experimental
J-spectra.
Methods of interpretation of zero-field NMR spectra were

introduced in a few studies.3,4,10 In a simple XAn nuclear spin
system, composed of a heteronucleus X and a set of n
magnetically equivalent nuclei A, the total nuclear spin

Hamiltonian ̂ is dominated by the heteronuclear J-coupling
interaction of the coupling constant JXA and is given by

J J JS I S I S I
i

n

A i
i

n

A i AXA , XA , XA∑ ∑̂ = ̂· ̂ = ̂· ̂ = ̂· ̂
(1)

where Ŝ and IÂ,i are the spin vector operators corresponding to
the spin X and the individual spins A, while IÂ denotes the total
spin of all A nuclei, respectively. Due to the dominant scalar
interaction, the spins IA and S couple into the total spin F, F̂ =
IÂ + Ŝ. Energy levels defined by three quantum numbers S, IA,
and F are given by

E
J

F F I I S S
2

( 1) ( 1) ( 1)A A
XA= [ + − + − + ]

(2)

where F ranges from |IA − S| to IA + S by unity. For the XAn
spin system, the observable transitions between the states are
found by employing the selection rules: ΔIA = 0 and ΔF = 0,
±1.1 Using these rules one can show that for a system of spins
1/2 (S = IA,i = 1/2) the spectrum consists of (n + 1)/2 lines at
frequencies from JXA to (n + 1)JXA/2 with JXA intervals.
Analogously, if n is even, the spectrum consists of n/2 lines at
frequency from 3JXA/2 to (n + 1)JXA/2 with JXA intervals.3

Trimethyl phosphate and trimethyl phosphite are XA9 spin
systems dominated by the 31P−1H three-bond J-coupling (due
to low abundance, the effect of the 13C nuclei is negligible)
(Figure 1a). Since all 1H nuclei are magnetically equivalent in
these compounds, using the rules described above, the
frequencies of the allowed transitions and hence the NMR
line positions are JPH, 2JPH, 3JPH, 4JPH, and 5JPH (Figure 1b).
Yet, due to their unique electronic environment, the JPH-
coupling values of trimethyl phosphate and trimethyl
phosphite are slightly different (11 and 10.5 Hz, respectively),
and hence the resonances are observed at slightly different
frequencies (Figure 1c). The experimental spectrum agrees
well with the results of the simulations (Figure 1c,d). Owing to
narrow line width, all lines are clearly distinguished in the
spectra, allowing for chemical differentiation of these
compounds despite constituting the spin systems with the
same alphabetical designation, XA9.
More complex spin systems, (XAn)Bm, contain a hetero-

nuclear (X) and two sets of equivalent nuclei (n number of A
nuclei and m number of B nuclei) with a stronger JXA coupling
compared to the other couplings (JXB, JAB). The J-spectra of
such spin systems can be explained using the perturbation
theory. The gist of it is that the weaker couplings, by causing
energy level shifts, lead to splitting main spectral lines arising
from the stronger J-coupling interaction.3 To examine the
(XAn)Bm spin systems in more detail, we define additional spin
operators which are the spin vector operator of all B nuclei

(I IB i
n

B i,̂ = ∑ ̂ ) and total spin operator (F̂T = IB̂ + F̂) with FT
being a total-spin quantum number ranging from |IB − F|, |IB −
F| + 1, ..., IB + F − 1, IB + F. As shown in refs 1, 3, and 4 using
these spin quantum numbers, the first-order perturbation
theory energy shift (E1) from a zero-order energy level can be
derived as

E
J J

F F F F I I
2

( 1) ( 1) ( 1)T T B B
1 XB

1
AB
1

=
+

[ + − + − + ]

(3)

where JXB
1 and JAB

1 represent scaled J-coupling constants that
can be written as
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To find observable transitions between shifted energy levels,
we employ the following selection rules: ΔIA = ΔIB = 0, ΔFT =
0, ±1,3 which allows us to approximately determine the
position of the split lines. To predict the frequency of the lines
more precisely, the higher-order terms must be included. This
is especially true in cases where closely spaced spectral lines
correspond to transitions that are degenerate to first-order.
The spectral lines with a distance of up to 0.1 Hz, degenerate
in first order perturbation theory, can be distinguished by
including second-order corrections or by exact numerical
diagonalization as shown in ref 4. However, the first-order
perturbative calculation can provide an intuitive, qualitative
interpretation of zero-field spectra. As examples of (XAn)Bm
spin systems, two organophosphorus compounds, dichlorvos
and dimethyl phosphite, were investigated using zero-field
NMR. Their molecular structural and relevant J-couplings are
shown in Figure 2, while below we present the detailed
discussion of their J-spectra.

Figure 1. (a) Structural formula and heteronuclear J-coupling
interactions in trimethyl phosphate (left) and trimethyl phosphite
(right). (b) Energy levels and observable transitions for a XA9 spin
system. The manifolds are grouped by the quantum number IA, and
each manifold is labeled by its quantum number F. For clarity, only a
single magnetic sublevel is shown in a manifold and just one transition
between two states is marked. (c) Experimental and (d) simulated J-
spectra of trimethyl phosphate and trimethyl phosphite. The
experimental spectra are the result of 128 averaged transients.
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Dichlorvos is an example of the (XA6)B spin system, which
is composed of one 31P spin, six equivalent 1H spins with
three-bond couplings JPH

A = 11.4 Hz, and another, single 1H
spin with a three-bond coupling JPH

B = 5.2 Hz.17,23 A weak (<0.1
Hz) six-bond homonuclear J-coupling between inequivalent 1H
nuclei are negligible in this system. In Figure 3a, the zero-order
energy-level structure is shown. The levels are split and shifted
due to weak JXB and the frequencies of the observable
transitions are calculated using the first-order perturbation
(Figure 3b). The reason for the small, systematic difference
(≈0.42 Hz) between estimated frequencies of lines and
experimental results is the inadequate separation between the
weak and strong J-coupling values which reduces the precision
of the first-order correction provided by a perturbative
calculation. The ΔFT = ±1 transitions at lower frequencies
(<3.5 Hz) are not evident in experimental spectra due to
spectral overlap (6 transitions within a 2-Hz window), short
relaxation time, and excessive flicker (1/f) noise, while the
peaks resulting from ΔFT = 0 transitions are barely visible in J-
spectra due to their low relative amplitudes and fast relaxation
rate of this compound resulting in a spectral broadening and
overlap (Figure 3c). On the other hand, as shown in Figure 3c,
a good agreement between the measurement and the
numerical simulation is demonstrated. The ∼2.5 times broader
line width (0.85 Hz) in the J-spectra of dichlorvos compared to
that of trimethyl phosphate is a result of a fast relaxation rate
which might be caused by the longer rotational correlation
time of this larger compound.24 Quadrupolar nuclei, 35/37Cl,
are neglected from spin system analysis, due to their fast
relaxations.25

Dimethyl phosphite is a (XA)B6 spin system with a coupling
topology similar to that of dichlorvos. The main difference
from dichlorvos is the strongest J-coupling between 31P and
single 1H instead of six equivalent 1H nuclei. The one-bond
coupling between 1H and 31P is JPH

A = 695 Hz, and the three-

bond coupling between six 1H and 31P equals JPH
B = 11.7

Hz.17,26 The splitting of the zero-order energy levels for XA
and (XA)B6 spin systems is demonstrated in Figure 4a,b. Weak

four-bond homonuclear J-couplings (<0.5 Hz) between
inequivalent 1H nuclei are neglected in this analysis. The J-
spectrum of dimethyl phosphite can be split into two frequency
ranges which arise from the presence of weak and strong
couplings in the molecule. The high-frequency (670−720 Hz)
transitions represented as v1−10 and the low-frequency (5−25

Figure 2. Structural formulas and heteronuclear J-couplings for (a)
dichlorvos and (b) dimethyl phosphite investigated as examples of
(XAn)Bm systems.

Figure 3. Schematic energy level structure for (a) XA6 to (b) (XA6)B spin systems and related observable transitions. For a perturbed XA6 spin
system, v0−6 denotes the high frequency (>3.5 Hz) ΔFT = ±1 transitions. The manifolds are grouped by quantum number IA, and each manifold is
labeled by its quantum number F or FT. Only a single sublevel in each manifold and a single transition at each frequency are shown for clarity. (c)
Experimental spectra (blue solid line), transition frequencies (v0−6) predicted by a first-order perturbation theory (black dashed lines), and the
simulated zero-field spectra (solid yellow line) for dichlorvos. The experimental spectrum is the result of 128 averaged transients.

Figure 4. Schematic energy-level structure of the (a) XA and (b)
(XA)B6 spin system with observable transitions (dashed arrows). The
high- and low-frequency transitions are denoted by v1−10 and v2−9* ,
respectively. The manifolds are grouped by the quantum numbers IA
and IB, and each manifold is labeled by its quantum number F or FT.
(c) Experimental spectra (solid blue line), transition frequencies
predicted by a first-order perturbation theory (black dashed lines),
and simulated zero-field spectra (solid yellow line) for dimethyl
phosphite. The experimental spectrum is the result of 128 averaged
transients.
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Hz) transitions represented as v2−9* were calculated using the J-
coupling values given above (Figure 4c). It is noteworthy that
the first-order calculation still produces systematic lines shifts,
and more notably does not reproduce additional line splitting
seen both in the experiment and exact numerical simulations
(Figure 4c). The spectrum of dimethyl phosphite is the zero-
field J-spectrum with the highest frequency range reported to
date. After averaging 128 transients, a signal-to-noise ratios
(SNRs) of the strongest line in the J-spectrum in low- and
high-frequency ranges are ∼100 and ∼25, respectively,
stemming from a limited response of the sensor above its
bandwidth. The simulated and experimental J-spectra yet again
present an adequate agreement at both low and high
frequencies (Figure 4c).
A major limitation of measurements presented in this study

is the low thermal polarization provided by the permanent
magnet resulting in low amplitudes of the observed lines. This
leads to the use of highly concentrated samples or, in many
cases, long measurement times (averages of many transients)
to obtain a sufficient SNR. For instance, the detectable
concentration limit of the molecules in this study is about 1 M
in a single scan. To observe zero-field spectra of diluted
phosphorus compounds, e.g., such as those present in
biological samples, this limitation needs to be overcome. The
hyperpolarization methods such as parahydrogen-induced
polarization (PHIP),27,28 signal amplification by reversible
exchange (SABRE),14,29 dynamic nuclear polarization (DNP),5

etc., which already have been used in zero-field NMR studies,
have the potential to facilitate the observation of the important
molecules in living cell metabolism.30−32 The use of hyper-
polarization methods, providing about 4 orders of magnitude
signal enhancement, reduces the detectable concentration limit
to under the millimolar level.29 The hyperpolarization of 31P
nuclei in phosphocreatine and inorganic phosphate has been
shown in physiological aqueous solution via dissolution
DNP.33 In addition, 31P hyperpolarization in a phosphine, a
phosphine oxide, a phosphine sulfide, and a phosphonate ester
has been achieved via SABRE, resulting in a substantial signal
enhancement.34,35 Another constraint is the finite magneto-
meter bandwidth, which reduces the sensitivity of the
measurements of the phosphorus compounds with stronger
one-bond 31P−1H J-couplings, as shown in Figure 4c. This
limitation may be lifted by detecting an oscillating field in a
given frequency range. Several atomic-magnetometer schemes
can detect oscillating magnetic fields in a tunable frequency
range.36,37

We investigated organophosphorus compounds using a new
modality of NMR, zero-field J-spectroscopy. We analyzed J-
spectra of basic organophosphorus molecules using straightfor-

ward interpretation methods and demonstrated the ability of
chemical identification of compounds forming spin systems of
the same alphabetical designation with only small differences in
the J-coupling constants. In addition to the first zero-field
spectra for 31P−31H systems, we presented the J-spectrum in
the broadest frequency range ever reported in zero-field NMR,
which enabled us to study the chemicals with weak and strong
J-coupling interactions simultaneously. Strong agreement
between high-spectral-resolution measurements and simula-
tions confirmed that the zero-field NMR can be used for
chemical fingerprinting of phosphorus compounds. The
analysis and identification of more complex molecules are
the subjects of ongoing research. Zero-field NMR techniques,
with their promise of portability and low-cost, combined with
the ability (shown here) to study naturally abundant
phosphorus compounds, can be attractive for the cell
metabolism studies. In particular, we plan to use it either to
assess energy metabolism via measurement of the important
phosphorylated metabolites such as ATP, phosphocreatine,
and glucose-phosphate or to evaluate tumor differentiation by
analysis of phospholipids.20,22,38,39

Trimethyl phosphate (CAS# 512-56-1), trimethyl phosphite
(CAS# 121-45-9), dimethyl phosphite (CAS# 868-85-9), and
dichlorvos (CAS# 62-73-7) were sourced from Sigma-Aldrich.
The neat liquid samples (0.15−0.2 mL) were transferred into
standard 5 mm NMR tubes and degassed multiple times using
the freeze−pump−thaw method, until the pressure over the
frozen liquid reached <10−4 mbar. Then the tubes were flame-
sealed under a vacuum.
A single-beam spin-exchange relaxation free (SERF) atomic

magnetometer is used for zero-field NMR measurements. A
schematic of our zero-field NMR setup is shown in Figure 5.
The three-layer mu-metal shields are used to attenuate the
external magnetic field while a ferrite shield (not shown in
Figure 5) is used as an innermost layer to reduce magnetic
noise, originating from thermal Johnson currents induced in
mu-metal. An absolute-zero-magnetic-field region is provided
by a set of coils located within the shielding. The field
shimming at the position of the NMR sample was performed
using a neat 13C-formic acid ZULF signal by minimizing
splitting of a single J-spectrum line. A rubidium-87 (87Rb)
vapor cell (3 × 3 × 3 mm3), containing about 300 Torr of N2
as a buffer gas, is placed on a resistively heated ceramic
element. The temperature of the cell is held at 160 °C to
preserve sufficient alkali vapor density and operate in the SERF
regime.40 To optically pump and probe the alkali polarization
and hence measure the magnetic field, circularly polarized,
resonant (795 nm) light is used to illuminate the cell and its
intensity after passing through the cell is measured by a

Figure 5. Schematics of the experimental setup. After thermal prepolarization in a 1.8-T Halbach magnet, a sample is transferred to the magnetic
shield, to the vicinity of the 87Rb vapor cell. The Z-component of the magnetic field, originating from the sample, is measured by monitoring the
intensity of light traversing a vapor cell.
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photodiode. In the setup used in this work, the magnetic field
is modulated along the z-direction at high-frequency (14 kHz)
while the photodiode signal is demodulated at this frequency.
The phase-sensitive signal from a lock-in is used for
magnetometric purposes, with the z-axis being a sensitive
direction. The magnetometric sensitivity of a setup presented
in this work reaches a 60 fT/ Hz level, while the
measurement bandwidth is above 400 Hz (sensitivity drops
significantly above the frequency).
The samples are thermally polarized for 20 s using a 1.8-T

Halbach magnet41 placed above the magnetic shield and
mechanically shuttled into a zero-field detection region (inside
the shield). During the transfer, taking 300 ms, a guiding field
of roughly 100 μT is applied by a solenoid coil. When the
sample reaches the detection area the guiding field is turned off
suddenly to generate an oscillating NMR signal.7 As a
complementary approach, a sharp transverse DC magnetic-
field pulse along the y axis following turning off the solenoid is
used to obtain signals with a higher amplitude (see Supporting
Information). Pulses were calibrated using an ultralow field
(∼50 nT) proton precession signal from a water sample.
A signal-baseline drift present in the magnetometer readout

is removed by subtracting a high-order polynomial from the
signal, while a digital notch filter has been used to remove 50
Hz magnetic noise and its overtones. Due to the finite
bandwidth of the magnetometer, an initial recuperation period
of approximately 100 ms of the signal has to be removed, while
missing data points are replaced by backward prediction using
Burg’s autoregressive all-pole model method.42 To correct for
the nonoptimal acquisition time and minimize spectral leakage,
the signal is apodized by decaying exponential and then zero-
padded to ensure sufficient spectral resolution. The last step of
data processing consists of an automatic phase correction using
an ACMA algorithm.43 The entire data processing is done
using Python. Supporting zero-field NMR spectra simulations
are performed by a numerical diagonalization of the density
matrix, using the high-performance library for spin simu-
lations.10,44 For the spin simulations, the J-coupling values are
taken directly from the literature, providing a match between
simulations and experimental data.
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