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Beyond the 7', Limit: Singlet Nuclear Spin States in Low Magnetic Fields
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Low-field nuclear spin singlet states may be used to store nuclear spin order in a room temperature
liquid for a time much longer than the spin-lattice relaxation time constant 7. The low-field nuclear
spin singlets are unaffected by intramolecular dipole-dipole relaxation, which is generally the
predominant relaxation mechanism. We demonstrate storage of nuclear spin order for more than 10
times longer than the measured value of 7. This phenomenon may facilitate the development of nuclear
spin hyperpolarization methods and may allow the study of motional processes which occur too slowly
for existing NMR techniques. This is the first time that the memory of nuclear spins has been extended
well beyond the 7, limit in a system lacking intrinsic magnetic equivalence.
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One of the principal factors contributing to the wide-
ranging utility of nuclear magnetic resonance (NMR) is
the relatively long lifetime of nuclear spin order. This
allows NMR spectroscopists to follow processes such as
diffusion, flow, and slow molecular motion [1,2], and to
contemplate using NMR for quantum computation [3,4].
The relaxation of the nuclear spins back to thermal equi-
librium, and hence the lifetime of the nuclear spin mem-
ory, is characterized by a time constant 7; known as the
longitudinal, or spin-lattice, relaxation time constant. In
many cases, this parameter is of the order of seconds,
although it may be much longer in special cases. Major
changes in T can usually only be achieved by changing
the isotopic composition of the sample or by changing its
physical state. The sophisticated manipulation of nuclear
spin interactions by radio-frequency (rf) pulse sequences,
so prevalent in modern NMR [1], has always been re-
stricted to a time frame set by the intrinsic 7, limit. For
example, the study of nuclear cross relaxation, which is
exploited in molecular structure studies [5], is impeded
by competing 7; relaxation. NMR studies of flow and
diffusion are also 7'} limited. Experiments which seek to
enhance NMR signals by hyperpolarization phenomena
[6-10] have great potential in NMR spectroscopy and
NMR imaging, but are hampered by the need to use the
hyperpolarized substance within a time of the order of T';.
NMR quantum computing is also limited by the memory
time 7.

In this Letter we demonstrate the storage of nuclear
spin order for a time much longer than 7. So far, we have
demonstrated this phenomenon on molecules containing
pairs of inequivalent protons, in which the main mecha-
nism for nuclear spin relaxation is the modulation of the
intramolecular dipole-dipole coupling by molecular mo-
tion. The extension of nuclear spin memory beyond the T
limit is achieved by creating nuclear spin singlet states in
low magnetic field (20 mT or less). These states are anti-
symmetric with respect to spin exchange, and are unaf-
fected by intramolecular dipole-dipole relaxation. The
low-field singlet (LFS) population therefore relaxes with
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a time constant much longer than T;. This is a clear
experimental realization of the “noiseless subsystem”
concept developed in the context of quantum comput-
ing [11-16].

The LFS states are generated by adiabatic transfer
from nonequilibrium high-field states. The singlet states
are allowed to decay in low field and then transferred
adiabatically back to high field where they can be de-
tected as perturbations of conventional NMR signals.
LFS states have been observed to decay with a time
constant T pg = 104 = 55, in a sample for which the
measured 7T is 16.8 = 0.3 s under identical conditions.
To our knowledge, this is the first demonstration of nu-
clear spin order storage for significantly longer than 7 in
a system lacking intrinsic magnetic equivalence. This is
also the first experimental implementation of a “noise-
free subspace’ [14] which is immune to realistic dipole-
dipole relaxation.

The experimental procedure for investigating the life-
time of LFS states is sketched in Fig. 1. In its simplest
form, the experiment applies to an ensemble of mole-
cules, each containing a pair of spin-1/2 of the same
isotopic type, but with different chemical shifts 6, and
85, and a mutual scalar coupling J. The experimental
procedure uses a physical transport of the sample be-
tween two different magnetic field strengths, By;g, and
Biow, where Byigy > Byoy, as shown in Fig. 1(a). The
transport processes from high to low field, and vice versa,
take times TErlansp and Tffgnsp, respectively, which are as-
sumed to be less than 7. The low-field storage interval
71 may be much longer than 7. The transport between
the two magnetic fields is synchronized with two rf pulse
sequences denoted A+ and B in Fig. 1(b), specified below,
and applied at the Larmor frequency of the spins in the
high magnetic field.

The energy level picture at time point (1) in Fig. 1(c)
shows the four Zeeman energy levels, with energies in the
order E,, <E,3 <Eg, <Epg, assuming that 6, > §;, the
gyromagnetic ratio vy and the J coupling are both positive,
and that the spin system is weakly coupled in high field.
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FIG. 1. (a) Sequence of magnetic fields used in the experi-
ment. The sample is transported from a region of high mag-
netic field, Bygn, into a region of low magnetic field, By, in a
time Ttrlansp. After remaining in By, for a time 7, the sample
is transported back into Bypg, in a time Tt(f;nsp. (b) Pulse
sequence performed at the Larmor frequency of the spins in
high field. (c) Idealized sequence of spin state populations
during the experiment. The four high-field energy levels belong
to the states | 88), |aB), |aa), and | Ba), reading in a clockwise
direction starting with the upper state.

In thermal equilibrium at ambient temperature, the
lowermost level |aa) has a small excess population
(depicted by the filled balls), while the uppermost level
|BB) has a slightly depleted population (depicted by
the white balls). These population differences are very
small in the case of conventional thermal polarization,
but may be of the order of 1 in spin hyperpolarization
experiments [6—10].

The first pulse sequence may be performed in two
versions, A, and A_, given by the two-pulse sequences
A+ =90y — 71 — 90599, where the symbol B, denotes a
strong, nonselective pulse with flip angle 8 and phase ¢
(both angles are specified in degrees). The delay 7, is set
to the value Iw/wfghl, where a)glgh = —¥Bpgn(8; — 8)).
It is readily shown by standard methods [2] that the
sequence A, exchanges the population of state |aa)
with that of |a8) and that of |Ba) with that of |B8).
Hence, at time point (2), a nonequilibrium population
distribution is generated, in which level |a8) has an
excess population, while |Ba) has a depleted population,
as shown in Fig. 1(c). The sequence A_ may be used
instead of A, to generate a depleted population of the
|aB) state at the time point (2). The sequence A_ ex-
changes the population of state | ) with that of | Ba) and
that of |a8) with that of |38).

During the interval Tirla)nsp, the sample is transported to
a region of low magnetic field B, which is of the order
of millitesla. In low field, it is convenient to discuss the
behavior of the nuclear spins using the four eigenstates of
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the pure J coupling Hamiltonian HH ; = 2#J1, - I,. The
four J coupling eigenstates may be classified as the three
components of a triplet state, plus a singlet state. The
triplet state components, denoted |T}) = |aa), |T) =
(1/v2)(|aB) + |Ba)) and |T_;) = |BB), have the same
J coupling eigenvalue of +%7TJ . The singlet state, de-
noted |S,) = (1/4/2)(laB) — |Ba)), has a J coupling ei-
genvalue of —%77']. The triplet and singlet states are
energy eigenstates of the nuclear spins in zero magnetic
field. The energy level diagram in this case is depicted
next to time point (3) in Fig. 1(c).

If the transport from high to low field is fast compared
to 7, but slow compared to the J coupling and if J = 0,
the excess population of the high-field eigenstate |a8) is
transferred adiabatically into an excess population of the
low-field eigenstate |S,). Similarly, the depleted popula-
tion of the high-field eigenstate | Ba) is transferred adia-
batically into a depleted population of the zero-field
eigenstate |T). These adiabatic transfer processes have
been exploited before in the context of parahydrogen-
enhanced NMR [9]. The idealized distribution of the
singlet and triplet state populations is shown at time point
(3) in Fig. 1(c). This assumes pure adiabatic transfer and
neglects T, relaxation during the transport interval.

If the storage field is exactly zero and if intramolecular
dipole-dipole coupling provides the only relaxation
mechanism, the singlet state population is stable indefi-
nitely, while the populations of the three triplet states
rapidly equilibrate. In practice, the LFS state population
decays with a long time constant Tjpg, due to other
relaxation mechanisms and to the small field B,,. The
expected population distribution after a time 7 g in low
field, where Ty pg = Ty p > T, is sketched next to time
point (4) in Fig. 1(c). The singlet population may be read
out by adiabatic transport of the sample back into high
field during the interval Tﬁnsp. This transforms the LFS
population into a population of the high-field |a8) state,
as depicted for time point (5) in Fig. 1(c). The population
of the |aB) state is converted into observable NMR
signals by the pulse sequence B, given by 90, — 7, —
180g) — 73 — 9045, where the delays are given by
7, = |7/ Q)| + [1/(4J)] and 73 = [1/(4J)]. A calcu-
lation using standard methods [2] shows that this se-
quence converts the |a@B) state population into signal
components which provide antiphase NMR signals cen-
tered at the chemical shift &, after Fourier transforma-
tion. NMR signals deriving from T relaxation during the
transport interval, on the other hand, only generate NMR
signals at the chemical shift §;. The interesting NMR
signals deriving from LFS storage are therefore cleanly
separated from signals with a trivial origin. By repeating
the experiment with different values of 71 and observing
the behavior of the NMR signals at the chemical shift d,,
it is possible to study the slow decay of the LFS state.

The NMR experiments were performed on a
Varian Infinity+ at a field of By, = 9.4 T, using an ac-
tively shielded 89 mm bore magnet and a standard 5 mm
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high-resolution NMR probe. The 90° pulse duration was
around 12 us. The sample was transported between the
high and low fields using the standard pneumatic sample
elevator. The air pressure of the elevator was adjusted in
order to accelerate the transgort times. The transport
times Tirla)nsp =9=*1s and TEra)mp = 13 * 25, measured
from when the sample is fully loaded into the coil to when
the sample is outside the magnet bore. The field B, were
estimated using a Hall-effect Gauss meter, with zero-field
calibrated to an accuracy of approximately 10 T using a
Mumetal shield far from the magnet. For a storage field
B,w = 20 mT, the sample was elevated to the top of the
magnet bore and allowed to remain there for the time 7.
For the lower fields, the sample was carried physically to
calibrated locations within the stray field of the magnet,
or in the case B, = 0, into the magnetically shielded
chamber.

The sample was 500 ul of a 17.7 mM solution
of  2,3-dibromothiophene in  dimethylsulfoxide-d®
(DMSO-d®), contained in a 5 mm high-resolution NMR
tube equipped with a Young valve to facilitate degassing.
The sample contained a water impurity in approximately
27 mM concentration and it was subjected to three freeze-
pump-thaw degassing cycles, each lasting over 30 min, to
remove dissolved oxygen.

A conventional proton NMR spectrum, obtained at a
field Byjgn = 9.4 T, is shown in Fig. 2(a) and displays the
two doublets of a typical AX spin system, with chemi-
cal shifts 6§, =7.11 ppm, 6, =7.72ppm, and J =
5.7Hz. An inversion-recovery series (not shown),
shows that the T'; time constants for the inequivalent sites
are very similar in high field [T,(8,) = 16.5 0.2 s;
T,(6,) = 17.1 = 0.2 s]. Figure 2(b) shows the spectrum
obtained after the singlet-storage sequence in Fig. 1, us-
ing a storage time 7 g = 100 s, and a storage field By,,, =
1.8 = 0.5 mT. The pulse sequence delays were 7; = 2.05,
7, = 44.64,and 73 = 43.61 ms. The spectrum in Fig. 2(b)
shows diagnostic antiphase signals at around 0, =
7.72 ppm and an antiphase dispersion structure around
6, ="7.11 ppm. The antiphase signals around &, =
7.72 ppm in Fig. 2 are due to long-term storage of nuclear
spin order in the LFS state during the delay 7 . This may
be proved by replacing the sequence A, by A_, which
leads to a change in the sign of the LFS population with
respect to equilibrium. Figure 2(c) shows the expected
change in sign of the diagnostic antiphase signals around
0, = 7.72 ppm. The signals around &, = 7.11 ppm are
also perturbed, but in a more complicated way, since
these signals are superpositions of several contributions.
Since the total interval Tirla)nsp + 7+ Tifgnsp = 120 s ex-
ceeds T by a factor of 7, the spectra in Figs. 2(b) and 2(c)
prove that the memory of the nuclear spin system has
been extended significantly beyond the 7T limit. Figure 3
shows the measured decay of the singlet population in low
field, derived by monitoring the 7.72 ppm antiphase sig-
nals as a function of 71 . In a field By, = 1.8 = 0.5 mT,

the time constant for the singlet decay is estimated to be
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FIG. 2. (a) Conventional '"H NMR spectrum of the solution
of 2,3-dibromothiophene (inset) in DMSO-d®. (b) Spectrum
generated by the sequence in Fig. 1, using the preparation
sequence A, and a storage time 7 r = 100s. (c) Spectrum
generated by the sequence in Fig. 1, using the preparation
sequence A_ and a storage time 7 = 100 s. Expanded sec-
tions of the spectra from 7.76 to 7.68 ppm are shown for (b) and
(c). All spectra were obtained from a single signal acquisition.
The spectra in (b) and (c) are expanded vertically by a factor
of 2 compared to (a).

T gs = 104 = 5's, with no appreciable field dependence
for magnetic fields less than B, = 20 mT. We have
analyzed the dynamics of spin pairs in low magnetic field
and predict that a significantly enhanced singlet decay
will only be observed at fields greater than several hun-
dred mT, for this system. This theory will be presented
elsewhere.

The zero-field singlet state may be used as a long-term
repository for nuclear spin order, protected from intra-
molecular dipole-dipole relaxation. A strong spin relaxa-
tion mechanism may therefore be ‘“turned off” by a
change in the applied magnetic field combined with the
exploitation of a special nuclear spin state. This phenome-
non should not be confused with the field dependence of
T,, which is very mild for the sample studied here.
Instead of changing T, the low external field suppresses
the chemical shift difference and renders the spins mag-
netically equivalent. Intramolecular dipole-dipole relaxa-
tion is symmetric with respect to spin exchange, and
cannot interconvert the singlet and triplet states, which
have different exchange parity. In effect, the singlet nu-
clear spin state of 2,3-dibromothiophene is an analogue of
parahydrogen, which is also a long-lived nuclear spin
singlet, due to its intrinsic magnetic equivalence [8—10].

The storage effect should be observable in systems of
larger numbers of spins as long as magnetic equivalence
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FIG. 3. Decay of the diagnostic antiphase signals as a func-
tion of time 7 g. The top and bottom halves indicate the
integrated amplitudes of the two components of the antiphase
multiplet centred at 7.72 ppm. The symbols represent measure-
ments at different storage fields By,,. The vertical scale is the
integrated amplitude of the spectral peaks as a percentage of
their amplitude in an ordinary one-pulse NMR experiment. The
solid line fits to decaying exponential functions with time
constant Tirg = 104 s. The singlet decay is independent of
the storage field in this regime.

can be switched on and off by a change in the external
magnetic field strength. We are currently exploring four-
proton systems of the form X-CH,-CH,-Y which should
display a similar property. A key feature of the current
phenomenon is that a new symmetry element of the spin
Hamiltonian is introduced by an external agent, in this
case the near-removal of the external magnetic field.
Analogous effects are expected when the molecular sym-
metry is switched by, for example, photoisomerization or
other chemical reactions. Experiments may be contem-
plated in which nuclear spin order is trapped, stored for
extended periods, and released by magnetic field changes
or by light-induced isomerization events.

Singlet storage effects may be observable entirely in
high magnetic field if a suitable rf pulse sequence is used
to suppress chemical shift differences [17]. Analogous
“zero-field experiments in high field” have been per-
formed in solid-state NMR [18,19].

In the system studied here, singlet decay is observed
to accelerate when the proton concentration in the solution
is increased. This indicates that intermolecular proton-
proton relaxation is a strong contributor to the singlet
relaxation and that very long lifetimes may only be
achievable in highly dilute solutions. Singlet relaxation
is also expected to be caused by paramagnetic impurities
such as dissolved oxygen, intermolecular interactions
with solvent deuterons, and scalar relaxation of the sec-
ond kind [20] via the Br nuclei. It remains to be seen
whether the phenomenon is broadly applicable or whether
it is limited to highly specific systems.

Despite these reservations, we feel that the first ob-
servation of spin memory extension beyond the 7 limit
in a system lacking intrinsic magnetic equivalence is
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suggestive of a new range of NMR experiments, which
exploit longer time scales than currently accessible. The
long lifetime of LFS states is expected to facilitate
nuclear hyperpolarization experiments, especially those
involving parahydrogen [8—10], it may create new possi-
bilities in the exploitation of NMR for quantum compu-
tation [3,4], for imaging [21], for flow and diffusion
studies [22], and for biomolecular structure determi-
nation [5].
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