31p nuclear spin singlet lifetimes in a system with switchable
magnetic inequivalence: experiment and simulation
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31p NMR spectroscopy and the study of nuclear spin singlet relaxation phenomena are of interest in particular due to the
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importance of phosphorus-containing compounds in physiology. We report the generation and measurement of relaxation

of 3!P singlet order in a chemically equivalent but magnetically inequivalent case. Nuclear magnetic resonance singlet state

lifetimes of 3'P pairs have heretofore not been reported. Couplings between 'H and 3!P nuclei lead to magnetic inequivalence

and serve as a mechanism of singlet state population conversion within this molecule. We show that in this molecule singlet

relaxation occurs at a rate significantly faster than spin-lattice relaxation, and that anticorrelated chemical shift anisotropy

can account for this observation. Calculations of this mechanism, with the help of molecular dynamics simulations and ab

initio calculations, provide excellent agreement with the experimental findings. This study could provide guidance for the

study of 3!P singlets within other compounds, including biomolecules.

Introduction

In  nuclear magnetic (NMR) spectroscopy,
information can often be encoded and then stored in protected
magnetization modes. Nuclear spin singlet states could
potentially allow for extended information storage, although
the conditions facilitating long lifetimes are not always easy to
predict.

Since the first demonstration in 2004 of generating long-
lived NMR singlet order in organic molecules in solution? 2,
there has been considerable interest in the study of singlet
states in various compounds, and we wish to point to recent
comprehensive reviews describing the relevant NMR theory
and progress in the field3-%. For a two spin-1/2 system, one may
write the triplet and singlet states in terms of the spin states as
follows:
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These states can be populated in such a way that singlet order
(SO) is overpopulated from its equilibrium value. SO can be
written as

a-Department of Chemistry, New York University, New York, NY, USA.
b-School of Chemistry, University of Southampton, Southampton, UK

Email: alexej.jerschow@nyu.edu
Electronic Supplementary Information (ESI) available: additional NMR spectroscopy
data, including decoupled spectra and SLIC pulse sequence optimization results,
details on molecular dynamics simulations, and information on Ry/R; curve fitting.
See DOI: 10.1039/x0xx00000x

+1
1
SO = [Se)Sol -3 Z | T Xl

m=-1

Once populated, SO relaxes to its equilibrium value with a time
constant that can significantly differ from Ti. For example, SO
between 13C nuclei in a 13C,-labeled naphthalene derivative in
degassed and deuterated acetone at 0.4 T has been reported to
have a lifetime of 70 min, representing a 60-fold increase over
T1 relaxation?. SO has been utilized in a variety of applications,
including measurements of slow flow and diffusion® or
rearrangement®, determination of molecular
geometryl0. 11 gspectral isolation of desired protein or
metabolite moieties’?14, and storage of hyperpolarized
magnetization!> 16, Because SO can be difficult to generate and
cannot be directly detected via the NMR coil, specialized
chemical transformations!?> 18 and/or NMR pulse sequences
have been designed to populate the singlet state and to
subsequently convert it back to detectable magnetization.
These conversion methods include the ‘Sarkar’ method?, the
magnetization-to-singlet/singlet-to-magnetization (M2S-S2M)
sequencel> and modified versions thereofl®20, spin-lock
induced crossing (SLIC)21, and adiabatic-passage spin order
conversion (APSOC) typel2 22, 23 sequences. The choice of the
conversion sequence and the level of conversion depend on the
relative magnitudes of chemical shift differences and J-
couplings, the expected bandwidth, the anticipated lifetimes,
and inhomogeneities of both the main magnetic field (Bo) and
the applied radiofrequency field (B1)20.

Most NMR singlet-state studies have involved pairs of 1H,
13C, and 15N nuclei. Long-lived states of 19F spins have recently
been studied as well?4. As the field of singlet-state NMR
approaches biological study, there may be increasing interest in
studying singlet states between 31P nuclei. 31P has a high natural
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abundance and is biologically prevalent, particularly in the form
of mono-, di-, or triphosphate groups attached to biomolecules.
These 31P nuclei tend to couple via scalar J-coupling with
neighbouring spins (for example in polyphosphates); therefore,
many biological molecules are likely to sustain 31P NMR singlet
order. It has been speculated that long-lived 31P nuclear singlets
could play a role in quantum effects within neuronal
processes?5. To date, there have not been any reported
measurements of singlet state lifetimes of 31P nuclei, in part
perhaps because it is not straightforward to identify suitable
molecules with weak inequivalence that would allow the
generation and sustainment of SO in these compounds.

In this study, we therefore considered a case of chemical
equivalence, but mild magnetic inequivalence that could be
used to populate the singlet state and could also be switched
off by decoupling26. The molecule tetrabenzyl pyrophosphate
(TBPP) fits such requirements (Figure 1a). Another reason for
this choice was that the time-averaged structure in solution
may display a local inversion symmetry, a property known to
enable particularly long singlet lifetimes?’. Yet, as shown below,
the lifetimes observed in this compound are surprisingly short.
A combination of molecular dynamics (MD) and ab initio
calculations is used to identify anticorrelated chemical shift
anisotropy (CSA) as the primary mechanism responsible for
these short lifetimes.

Materials and methods
Chemicals

Tetrabenzyl pyrophosphate was purchased from Sigma Aldrich
(St. Louis, MO, USA). Deuterated chloroform (CDCl;, 99.8%
enrichment) was purchased from Cambridge Isotope
Laboratories (Tewksbury, MA, USA). All NMR studies used a
sample of TBPP dissolved in CDCl; at a concentration of 80 mM.

NMR experiments

All NMR experiments were performed using a Bruker 9.4T NMR
spectrometer (400 MHz 1H frequency) equipped with a double-
tune, direct-detect NMR probe. The 90° pulse lengths for 1H
and/or 3P were calibrated on the day of each experiment. All
pulse sequences used a total repetition time of at least 5 times
the maximum T;. Standard pulse-acquire 'H and 3P NMR
spectra were acquired using the following parameters: 8k
complex points, 8 scans, 8 kHz spectral width, 1 s acquisition
time, 1 Hz spectral resolution. The 31P T; was measured using an
inversion-recovery sequence with the same acquisition
parameters except for a 4k spectral width and 4k complex
points.

A spin-lock induced crossing (SLIC) pulse sequence?! as
shown in Figure 2a was used for singlet-triplet transfer
optimization as well as singlet relaxation measurements. All
SLIC pulse sequences included a zero-rank filtration sequence
prior to the singlet-to-magnetization transfer pulse, as
described in Tayler et al?2® and indicated in Figure 2a, using
11.1% of the maximum spectrometer gradient amplitude for
the gradient pulses. This filter removed undesired rank-one and
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rank-two spin operators while preserving singlet order. A two-
step phase cycle was also utilized, similar to that used by
Kiryutin et al'2, in order to eliminate signal arising from z-
magnetization excited by the second spin-lock pulse. Prior to
singlet relaxation measurements, an optimization sequence
was performed, in which the signal was measured as a function
of both spin-lock pulse duration and amplitude. Acquisition
parameters were the same as those used for conventional NMR
spectroscopy, as listed above. A minimum delay of 1 ms was
used in between the spin-lock pulse and the zero-rank filter. The
optimal spin-lock pulse parameters were then used to measure
singlet relaxation by incrementing the singlet relaxation delay.
These experiments used the same acquisition parameters as
above with the following exceptions: the spectral width was 4
kHz, and the number of complex points was 4k. Singlet
relaxation measurements were also performed with
continuous-wave irradiation during the singlet relaxation delay:
1000 Hz on the 3!P frequency and/or 300 Hz irradiation on
either the methylene or phenyl 1H resonance frequency.

For the low-temperature NMR experiments, the sample
temperature was decreased using a liquid nitrogen evaporator
(Bruker, Billerica, MA, USA). The sample temperature was
calibrated over the entire temperature range using a pure
methanol temperature standard.

Simulation

Simulation of NMR spectra was performed using the Spinach
MATLAB package?® (http://spindynamics.org/group/). Scalar
coupling and chemical shift parameters were determined by
minimizing the residual between simulated and experimental
spectra using MATLAB’s “fminunc” function. Both the 31P and
the 1H spectra were fitted together to improve the
convergence. The H and 31P peak linewidths were also fitted
along with the parameters mentioned above. All H peaks were
assumed to have the same linewidth, and the same held for all
31p peaks.

CSA performed  with
SpinDynamica v. 3.6 (pre-release version)3° using the function
Ovaloid (which was based on a procedure described
previously3®. 32), Molecular graphics were created using
Mathematica’s MoleculePlot3D function for the tensor
visualization plot and VMD?33 for the molecular dynamics (MD)
snapshot.

MD simulations were performed using Amber2034. The
system was prepared in antechamber using the general Amber
force field (GAFF). The molecule was prepared and solvated by
CHCl; in an isotropic box of 50 A size using Amber’s
antechamber and tleap programs. Following that, the system
energy was minimized using 3000 steps with the steepest
descent method and 2000 steps with the conjugate gradient
method. Then the system was heated to the desired
temperature in 20,000 steps using a Langevin thermostat with
gamma_In=5. Stabilization at the target temperature was
performed at constant temperature (gamma_In=5) and
pressure, using a Berendsen barostat with a pressure relaxation
time of 1 ps, for 100,000 steps. A short production run of 10,000
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Figure 1 — Coupling patterns in tetrabenzyl pyrophosphate determined via spectral simulation. (a) Chemical structure of TBPP with indicated chemical shift differences and
J-coupling constants. Each 3!P nucleus couples to four proximal 'H nuclei three bonds away, as well as to one another. The 'H nuclei on each methylene carbon are chemically
inequivalent and therefore exhibit J-coupling to one another. (b) Simulated 3P (top) and methylene H (bottom) NMR multiplets overlaid on experimental data, using the

chemical shift and coupling constants indicated in part (a).

steps was performed using the NVE ensemble conditions.
Following that, a production run of 20 million steps was
performed using Amber’s GPU code (pmemd.cuda). A timestep
of 0.2 fs and a cutoff of 11 A for electrostatic interactions were
used throughout. Periodic boundary conditions were used for
heating, stabilization, and production, and the SHAKE algorithm
for hydrogen bonds was used for stabilization and production.
Stabilization and equilibration were checked by monitoring
density, temperature, diffusion, and energy which were found
to remain close to equilibrium values.

Second rank correlation times were extracted from the
production trajectories using the MDAnalysis package3> for the
P-P and P=0 internuclear vector reorientation motion.

100 random conformations of the TBPP molecule were
extracted from the trajectory. These conformations were
equilibrated with Gaussian16 (using the B3LYP DFT functional
with a 6-31G(d) basis set and implicit chloroform solvent) to
find the local minimum in order to avoid overestimates of the
tensors due to instantaneous vibrational or torsional
excursions. 69 of these optimizations converged according to
Gaussian’s frequency calculation. CSA tensors were calculated
for these converged conformations using the same
functional/basis set combination.

The CSA tensors were then separated into their traceless
symmetric and antisymmetric components. For the relaxation
expressions, two types of averages of the tensor norms were
calculated: (1) Individual tensor norm averages for spin-lattice
relaxation rate (R1) calculations; (2) the averages of the norms
of the differences of the tensors of the two phosphate nuclei
were calculated for the singlet state relaxation rate (Rs)
calculations.

While CSA relaxation is often studied using only the
symmetric part of the tensor, it is well known that the
antisymmetric portion can contribute significantly to
relaxation?- 36,37,

The expressions for the R; component calculations are
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Here, dgym and gy, designate the traceless symmetric and the
antisymmetric tensor components, respectively, and |[|o||
indicates the Frobenius norm of a tensor, i.e. the square root of
the sum over the squares of all tensor elements. 7, is the second
rank correlation time. For isotropic motion, one may assume
that the first rank correlation time 7; = 37,.

In the context of singlet-state relaxation, it was shown
specifically that the antisymmetric component could become a
major relaxation contribution3’. In that work, the expressions
for the Rs components were provided in the fast motion regime.
Outside of that regime, the expressions become

sym _2 21 37
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i 2
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where Adgy, and Adggy,; represent the symmetric and the
antisymmetric component of the difference between the
tensors at the two phosphorus sites.

For the R; calculations, the correlation time for the P=0
bond reorientation was used, and for the Rs calculation, the one
for the P-P internuclear vector was used.

Data processing and analysis

The pulse-acquire and inversion-recovery NMR data were
processed using Bruker TopSpin software. The SLIC pulse
optimization data were read into MATLAB and processed using
custom scripts. For the singlet relaxation experiments, spectra
were processed and integrated in TopSpin and fitted to an
exponential decay in MATLAB. Changes in singlet relaxation rate
constant with 3P or H irradiation were calculated as
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percentage change relative to singlet relaxation without any
irradiation at each temperature.

Results and discussion
Simulation of NMR spectra

Simultaneous fitting of both the 3P NMR spectrum and the
methylene 'H NMR multiplet via spin system simulation
provided further insights into the interactions between 3P and
1H nuclear spins within the TBPP molecule. The results of
spectral fitting are displayed in Figure 1, along with the
extracted values for the J-coupling constants. Excellent
agreement between simulation and experimental results were
obtained by modelling the TBPP molecule as each 3P nucleus
exhibiting 3-bond J-couplings to four *H nuclei on the methylene
carbons nearby, as indicated in Figure la. The magnetic
inequivalence is established by the differences in coupling
constants between each 3!P nucleus to a given 'H nucleus; in
particular, the four H on each side of the molecule couple to
the nearby 31P nucleus, but not to the 31P on the opposite side
of the molecule. Longer-range couplings to the phenyl protons
appeared to be too small to be considered. A similar case of
chemical equivalence and magnetic inequivalence has been
reported previously between 13C nuclei in diethyl oxalate26. The
hypothesis that the Jpu couplings give rise to the magnetic
inequivalence between 31P spectra is further supported by the
observation that the 31P spectrum with 1H decoupling gives rise
to a singlet, rather than a doublet of doublets (Supplementary
Figure S1a, ESI).

Another intriguing finding is that the 'H nuclei on each
methylene carbon are chemically inequivalent, with a chemical
shift difference of 0.0089 ppm (3.6 Hz at 9.4 T). This finding
suggests that the methylene H pairs should also be able to
sustain SO. This is confirmed by the observation that the 31P-
decoupled H spectrum appears to be a strongly coupled
doublet of doublets (Supplementary Figure S1b, ESI). Spectral
fitting on this multiplet gave similar chemical shift and J-
coupling parameters to those obtained via the simultaneous
spectral fitting results shown in Figure 1b.

Optimization of singlet NMR parameters

The NMR simulation results suggested that 3P SO between the
two 3P nuclei in the pyrophosphate moiety of TBPP could be
populated. In order to characterize the 3P SO, we performed an
optimization of the spin-lock pulses utilized in the spin-lock
induced crossing (SLIC) pulse sequence?! (Figure 2a), in order to
identify the optimal locking pulse length and amplitude. In the
absence of relaxation, the optimal spin lock amplitude should
be equal to the homonuclear J-coupling between nuclei, and
the optimal pulse duration should be equal to 1/(+/2Av), where
Av normally corresponds to the chemical shift frequency
difference between the pair of spin-1/2 nuclei?l. For our case,
however, the inequivalence arises from the differences in 1H-31P
J-coupling constants between each 31P nucleus in TBPP. This has
been observed to be the case when studying the NMR singlet of
15N,15N’-azobenzene, which also displays chemical equivalence
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Figure 2 — Optimization of 3!P singlet generation for TBPP using the SLIC pulse
sequence. (a) Schematic of the SLIC pulse sequence utilized in this study. Subscripts
indicate relative pulse phases. Spin-lock (SLIC) pulses induce singlet-triplet
transitions in order to prepare and read out the singlet state. A filtration sequence
was utilized before the second spin-lock pulse to remove undesired spin
coherences. Some experiments, such as those shown in Figures 3c and 5, included
31p and/or H decoupling, indicated with hatched-fill rectangles. (b) Spin-lock pulse
optimization results. The signal arising from the singlet state is plotted in colour as
a function of pulse length and nutation frequency.

and magnetic inequivalence, using the SLIC pulse sequence3s.
We therefore expected the optimal pulse length to relate to the
value of 3Jpy obtained by spectral fitting.

Figure 2b displays the signal arising from the singlet as a
function of spin-lock pulse nutation frequency and duration.
Singlet-triplet interconversion was maximized at a pulse
nutation frequency of 14.6 Hz and a pulse length of 60 ms. The
pulse nutation frequency matched well with the Jpp value of 17.3
Hz predicted by simulation. The optimal pulse duration,
however, was shorter than anticipated, corresponding to a
frequency of 11.8 Hz, using the equation in the preceding
paragraph, rather than 3Jpy = 8.4 Hz. It is possible that this
discrepancy is due to singlet relaxation during the spin-lock
pulse.

The optimal pulse nutation frequency and length did not
deviate more than 5.4% and 7.7%, respectively, of the optimal
values at room temperature over the whole temperature range
(Supplementary Figure S2, ESI).

We also obtained further evidence that the TBPP 31P singlet
state is accessible via the Jpn couplings rather than a small 31P

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 — Measurement and simulation of 31P spin-lattice and singlet relaxation for
TBPP. (a) Example stacked spectral plot of 3!P singlet order decay. 'H decoupling
was applied during acquisition. (b-c) 31P relaxation rate constants of (b) longitudinal
magnetization (R;), and (c) singlet order (Rs), as a function of temperature.
Experimental and simulated data are plotted on the same graph. Both H and 3P
irradiation were applied during the singlet relaxation delay. The major relaxation
contribution arises from the symmetric component of the CSA, and the
antisymmetric portion is very small (red-filled area).

chemical shift difference. When we performed the SLIC pulse
optimization described above while applying decoupling at the
methylene 1H frequency during both spin-lock pulses, we
observed a linear increase in the optimal spin-lock nutation
frequency with increasing decoupling power, as well as a
decrease in signal arising from the singlet at high decoupling
powers (Supplementary Figure S3, ESI). Therefore, the J-
couplings between 31P and *H nuclei were identified as the main
enablers of singlet-triplet conversion.

Measurement and simulation of 31P spin-lattice and singlet
relaxation

In order to characterize the longevity of 31P SO, we compared
measurements of the spin-lattice relaxation rate (R1) and singlet
relaxation rate (Rs). Figure 3a displays an example stacked
spectrum of signal decay arising from the 31P singlet.
Surprisingly, the 31P singlet of TBPP decayed 1.5-2 times faster
than spin-lattice relaxation over a range of temperatures
between 297 and 221 K (Figure 3b-c). We hypothesized that CSA
might be the cause of this unexpected finding. We therefore
performed molecular dynamics (MD) simulation to model the
CSA-dependent 31P relaxation of TBPP in CDCls (Figure 4). In
order to calculate R; and R relaxation rates according to Egs.
(1-4), we extracted correlation times from the MD trajectories
and combined these with the CSA tensors obtained from ab
initio calculations as described in the methods section. The
average difference tensor norms were: 261.0 and 27.8 ppm for
the symmetric and antisymmetric components, respectively.
The standard deviations for these were found to be 7.7 and 9.2
ppm, respectively. A plot for the tensor norms for the tensors
of all converged conformations is shown in Supplementary
Figure S4. These calculations produced a very good
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Figure 4 — (a) Snapshot of MD simulation structure of TBPP solvated in CDCls. (b)
Representative snapshot with visualization of the symmetric portion of the CSA
tensors.

correspondence with the experimental values for R;, and a
moderate overestimation of Rs values over the temperature
range studied (Figure 3b-c). We therefore concluded that CSA
was the dominant relaxation mechanism in TBPP, leading to a
very short-lived singlet state. The intramolecular dipolar
coupling mechanism (P-H couplings) can be estimated to be
much smaller than the CSA contribution, and does not lead to
shortening of the singlet lifetime with respect to R;.

The observation of a very short singlet lifetime between the
31p nuclei in the studied compound is quite different from many
studies with other nuclei, where Ts is generally longer than Ti.
Indeed, most relaxation mechanisms affecting 71 do not
influence the SO relaxation as strongly, including dipole-dipole
couplings, scalar couplings and even interactions with
paramagnetic species?, where generally some degree of
correlation exists. CSA, on the other hand, can cause stronger
singlet relaxation than spin-lattice relaxation depending on the
relative orientation of the CSA tensors of the two participating
spins10, This situation appears to be the case for the significant
shortening of singlet lifetimes in TBPP.

It has recently been shown that chemical exchange
phenomena, such as reversible protonation, can induce singlet
relaxation through modulation of isotropic chemical shifts3®.
We do not anticipate a significant contribution from this
mechanism in the current study, since the solvent is aprotic.

As described above, CSA will not lead to singlet relaxation if
the molecule exhibits inversion symmetry between the two
spins?. Only the averaged structure of TBPP, however, displays
some limited inversion symmetry, but none of the
conformers do. Upon examination of
representative tensors, it was found that the major components
of the tensors pointed along the P=0 double bond. In all
conformations examined, these bonds were not aligned for the
two phosphorus nuclei (the second rank order parameter
(P,(cos 8)) for the relative angle was determined to be -0.2,
corresponding to an angle of approximately 60°). This is due to
the bridging oxygen bonds. Hence, a significant degree of
anticorrelation of the tensors is observed, which is the source of the
shortening of T.

instantaneous

Manipulation of singlet relaxation via spin irradiation

We investigated the effect of spin locking on the singlet
relaxation rate by applying strong continuous-wave irradiation
on 31P and/or H between triplet-to-singlet and singlet-to-triplet
conversions. The 1H irradiation frequency was set to either the
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Figure 5 — Effects of radiofrequency irradiation on 3P and 'H resonances during
singlet relaxation, as a function of temperature. All percentage changes in R, are
relative to R, without locking at the respective temperature. Error bars represent
standard deviation.

methylene *H resonance or the phenyl 1H resonance. In general,
irradiation on either the 1H or 31P nuclei had a stronger effect
on R; at higher temperatures than at lower temperatures
(Figure 5). Additionally, irradiating the methylene 1H resonance
produced a larger Rs decrease than irradiating either the phenyl
1H resonance or the 31P multiplet. Decoupling *H nuclei directly
deactivates the singlet-triplet leakage relaxation pathway, and
therefore it is expected that irradiating the more strongly
coupled methylene protons will have the largest impact on
lengthening the singlet lifetime. Applying a strong, 1000 Hz spin-
lock to the 31P spins produces a much weaker effect, and the
reason is currently not understood.

Conclusions

We have reported the characterization of singlet order between
two magnetically inequivalent 3P nuclei within tetrabenzyl
pyrophosphate. SO is accessed via the 1H-31P couplings, leading
to magnetic inequivalence. We have also demonstrated that SO
relaxes more quickly than longitudinal magnetization, and that
the large CSA present within the compound is the primary
relaxation mechanism. In particular, an anticorrelation of the
tensors can be identified as the origin for these effects.
Furthermore, the agreement between measured and calculated
relaxation rates is very good, given the many assumptions that
go into mimicking the solvated system with MD simulations,
and the crudeness of extracting CSA tensors from snapshots via
ab initio calculations.

These findings have important ramifications for the singlet-
state lifetimes in other 31P-bearing compounds, since relatively
large CSA tensors are commonly found within phosphates and
other biological molecules containing phosphorus. If CSA
dominates the relaxation of singlet order within biological
diphosphates, then this finding would suggest that exposure to
a high magnetic field might cause phosphorus-based
effects of quantum processes?> to become
negligible. On the other hand, this result does not preclude the
existence of such processes at low fields.

physiological
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