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ABSTRACT: Nuclear singlet states are nonmagnetic
states of nuclear spin-1/2 pairs that may exhibit lifetimes
much slower than the relaxation of the component spins in
isolation. This feature makes them attractive vehicles for
conveying nuclear hyperpolarization in NMR spectroscopy
and magnetic resonance imaging experiments and for
reducing signal losses in other NMR experiments caused
by undesirably fast nuclear spin relaxation. Here we show
access to "°C, singlet states in a symmetrical oxalate
molecule by substituting one or more '°O nuclei by the
stable nonmagnetic isotope '®0. The singlet relaxation
time of the *C, pair in [1-'%0,"*C,]-oxalate is 2—3 times

longer than the spin—lattice relaxation time T).

O ne of the most promising recent developments in NMR

spectroscopy and magnetic resonance imaging (MRI)
concerns the development of nuclear hyperpolarization
methods, which provide access to substances exhibiting order-
of-unity nuclear spin polarization under ambient conditions.
Hyperpolarized substances provide NMR signals that can be
more than 10* times stronger than materials in ordinary
thermal equilibrium." ™ This enormous enhancement in signal
strength has opened up new classes of NMR experiments. One
prominent example is the imaging of metabolism in vivo,
allowing the detection and assessment of cancer.®

A hyperpolarized material is far from thermal equilibrium.
The enhanced nuclear spin order typically decays in a near-
exponential process with a time constant T, called the spin—
lattice or longitudinal relaxation time. In favorable cases this
time constant may be as long as 1 min, but in many cases it is
much shorter. The entire NMR or MRI experiment, including
transport of the hyperpolarized material, introduction into the
subject, transport to the site of interest, and the NMR or MRI
procedure, must all be conducted while the spin order remains
detectable above the thermal noise of the system. This time
span is usually a small multiple of T) and strongly constrains
the applications of the method.

In principle the hyperpolarization lifetime may be extended
by exploiting long-lived nuclear spin states, which are collective
states of coupled nuclei exhibiting, in favorable circumstances,
greatly extended lifetimes. In the case of two spins-1/2, the
long-lived mode of nuclear spin order involves the spin-zero
singlet state,*” denoted (laff) — |pa))27'", where a and
denote spin angular momentum projections +#/2 along an
external axis. Experiments have demonstrated singlet order
lifetimes of more than 20 min,®™'° and several experiments
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have demonstrated enhanced spin hyperpolarization lifetimes
using singlet order."' '

In most cases, the exploitation of nuclear singlet states
requires external intervention to suppress the effect of chemical
shifts, which otherwise interconvert the long-lived singlet state
and the rapidly relaxing triplet states of the spin pair.
Procedures involve the transport of the sample into a region
of low magnetic field,'"*" the application of radio frequency
fields,"®"” or the use of chemical reactions to change the
symmetry of the molecule.'” All of these methods work in
certain circumstances but have a variety of practical drawbacks.

One way to avoid these problems is to work with molecules
which exhibit near-magnetic equivalence.'®'® This implies that
the chemical shifts at the two nuclear sites are very similar, but
not identical. A strict condition for near-magnetic equivalence is
lw®Adl < 127]l, where A§ is the difference in chemical shifts, |
is the scalar spin—spin coupling, @° = —yB’ is the resonance
frequency of the nuclei in the static magnetic field B®, and y is
the nuclear gyromagnetic ratio. The most important feature of
near-equivalent spin-1/2 pairs is that the long-lived singlet
order is maintained without any external intervention. This
avoids the need for transporting the sample into a low-field
region |B%l < 127]/(yAd)l, applying resonant radio frequency
fields for long times, or inducing chemical reactions. The long-
lived singlet order in near-equivalent systems may be accessed
by applying customized radio frequency pulse sequences which
exploit the small but finite chemical shift difference."®"” These
pulse sequences, denoted M2S (magnetization-to-singlet) and
S2M (singlet-to-magnetization), exploit carefully timed spin—
echo sequences to transport short-lived magnetization to and
from long-lived singlet order.

Near-magnetic equivalence may occur naturally as the result
of remote chemical asymmetry in the molecule'”"? or by weak,
long-range J-couplings to other nuclei.”’>*! In the current work
we demonstrate a different approach. Near-magnetic equiv-
alence may be induced in an otherwise symmetric molecule by
substituting nearby atoms by a different spin-zero isotope of the
same element. The change in the atomic mass modifies the
vibronic motion of the molecular environment and causes small
isotope shifts that are usually of the order of parts-per-billion
(ppb).** These small isotope shifts are sufficient to provide
access to long-lived singlet order through the M2S and S2M
pulse sequences.

Isotope shifts of “C induced by '*O substitution are
illustrated in Figures 1 and 2. Figure la shows natural-
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Figure 1. *C NMR spectra recorded at 9.4 T following dissolution of
(a) natural-abundance and (b) 99% '3C,-enriched ['°0,]-oxalic acid in
a 1:1 mixture (by concentration) of D,'°0:D,**0 at 30 °C. The *O
isotopologues formed during acid-catalyzed exchange resolve as
separate peaks, due to the '8O isotope shift. The width of each
displayed region is 0.15S ppm (15 Hz), centered at 162.02 ppm
(referenced to tetramethylsilane).

abundance >C NMR spectra of oxalic acid ((COOH),)
dissolved in '80-enriched water (1:1 D,'°0:D,'*0), at 30 °C).
Initially, a single "*C NMR line is observed in the spectrum, (¢
~ 162 ppm). The natural isotopic abundance of oxygen is ca.
99.8% °0, 0.2% %0, and therefore essentially all oxalate starts
as the ['°0,] isotopologue.”® At later times, peaks at lower
chemical shift appear, as acid-catalyzed '0/'°O exchange
populates the other isotopologues.** No couplings are observed
with the hydroxyl protons since these are averaged by rapid
chemical exchange.

At equilibrium the "*C spectrum contains nine peaks. This is
consistent with the fact there are the nine distinct permutations
of '%0 and '®0 around ["*C,] oxalate, each isotopologue bein
resolved through the isotope shift between '°O and '*0.°7*
The “triplet of triplets” intensity pattern is consistent with '*O-
induced *C isotope shifts that are additive and depend on the
number of chemical bonds separating the '®O and the "*C
nuclei. It also implies that the two-bond isotope shift does not
show dependence upon the OCCO dihedral angle. As Figure
2a illustrates, substitution over the '>*C—O bond at the 1:1 ratio
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Figure 2. Isotope splitting patterns in the '*C NMR spectra of oxalic
acid. The dotted lines show the correlation of 'O isotopomers
between the two isotopologues: (a) ['*C,] and (b) [C,].

of 0 to O generates a 1:2:1 mixture of [1,1-1%0,],
[1,1-°0'0]-, and [1,1-'*0,]-oxalate. The '3C resonance
frequency in these isotopologues is respectively 0, 1, and 2
times the one-bond isotope shift from that of [*°O,]-oxalic acid,
therefore giving the appearance of a triplet multiplet pattern.
160,, 1%0'%0, and 0, substitution at the second carbon site
splits the apparent “triplet” pattern a second time, this time by
the two-bond isotope shift.

The isotope shifts were determined to be 'AC(**0) = —32
+ 1 ppb and 2AC(**0) = =7 + 1 ppb for the one- and two-
bond shifts, respectively. Here we follow the convention®
where the isotope shift is defined as the change in chemical shift
upon substitution of the lighter by the heavier nucleus:
"AC("0) = 6.(**0) — 6.(*°0), where n denotes the number
of chemical bonds between '*O and *C.

Figure 1b shows the isotopic equilibration of ["*C,]-oxalic
acid in '®O-water. In this case, the spectrum at equilibrium
comprises five peaks with intensity ratio 1:4:6:4:1, spaced
equally by the mean of 'AC(**0) and *AC(**0). This spectral
pattern confirms that the C, spin pairs remain nearly
equivalent, despite the isotope shifts, and that the differences
in chemical shift between the nuclear sites are always smaller
than the carbon—carbon ] coupling. For each "C, isotopo-
logue, the NMR spectrum contains a single line at the average
isotope shift of the spin pair. In [1-'%0,,"*C,]-oxalic acid, one of
the carbons is shifted by 'AC(**0) relative to [*°O,,"*C,]-
oxalic acid, while the other is shifted by >2AC(**0). The average
chemical shift is therefore (*AC(**0) + *AC(**0))/2. The
peaks in the spectrum of [“C,]-oxalic acid correspond to
isotopomers with 0, 1, 2, 3, and 4 atoms of '*Q, reading left to
right (see Figure 2b).

Of the six '®O isotopologues of '*C,-oxalate indicated in
Figure 2b, three exhibit asymmetric substitution patterns and
are suitable for '3C, singlet NMR. These are the
['%0,,'%0,,C,]-oxalate and ['°0,,'*0,,*C,]-oxalate, both of
which have a '*C chemical shift difference A5l = (32 — 7) =
25 ppb, and the [1,1-'%0,;2,2-'%0,;"3C,]-oxalate, which has
IASCl = 2%(32 — 7) = 50 ppb. The C peak of the latter
isotopologue, however, coincides with that of the symmetric
[1,2-1%0,;1,2-'80,;"3C, ]-oxalate (see also Figure 2b), which
makes it more difficult to observe cleanly.

In previous work'®'® we have shown that the zero-quantum
transition between the singlet and triplet states (layf,) =+
la,3,))272 of strongly coupled spins can be stimulated using
trains of spin echoes, i.e., repetitive sequences of the form [z/
2]-180,°—[7/2], where [7/2] is a delay of duration 7/2, and
180,° denotes a resonant radio frequency pulse of flip angle
180° and phase ¢. The evolution operators associated with the
180° pulse and the two free-evolution delays both commute
with the sum z angular momentum operator. The two states
evolve in an isolated zero-quantum subspace. The interchange
of (layBy) + lay$,))27"% and (lyB,) — layB,))27Y/% requires a
train of N = round[#/I2 arctan(Av/])I] synchronized echoes,
where the total duration of each spin echo, 7.4, = 7 + 7,
assuming 7, as the pulse duration, is set to 7.4, = 172(P +
AV*)'? for spin—spin scalar coupling J and chemical shift
frequency difference Av = —y:B°ASc/2x.

The J-coupling J = 'Jc does not appear in the spectroscopy
of ordinary ['°O,]-oxalate, where the two C sites are
magnetically equivalent, and so was not initially known. The
magnitude of 'Jo was therefore determined “directly” on the
unsymmetrical ['°0;'%0,]- and ['°0,'®0;]-oxalates (both with
chemical shift difference A = (32 — 7) = 25 ppb), done using
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Figure 3. Decay of singlet spin order in ['°0;,'*0,,'*C,]-oxalate and ['%0,,'*0;,"*C,]-oxalate at 30 °C: (a) i—iv, detail of the pulse sequence used,
and v, spectra obtained for different waiting times in the high field (single scan); (b) regular 1d *C spectrum, for comparison (single scan). The
displayed regions are centered at 162.02 ppm (referenced to tetramethylsilane). All radio frequency pulses are applied on-resonance.

the procedure described in the Supporting Information. The
coupling was determined as |'Jccl 869 + 0.15 Hz,
corresponding to 7.4, = 5.75 + 0.01 ms and N = 55 at 9.4 T.

To convert longitudinal magnetization of oxalate into singlet
spin order, resonant spin echo trains were applied within the
M2S pulse sequence shown in Figure 3a. To ensure the longest
lifetimes, dissolved paramagnetic oxygen (O, gas) was removed
from the sample. This was done prior to insertion to the 9.4 T
NMR magnet by bubbling the [*C,]-oxalate solution for 15
min with oxygen-free nitrogen gas, then degassing under
vacuum.

The mechanism of the M2S sequence has been discussed at
length in past work."®'? The series of events is briefly as
follows: the initial 90° radio frequency pulse and then a train of
N = 55 spin echoes is applied to convert the equilibrium
longitudinal '3C, polarization into singlet—triplet single-
quantum coherences. Composite pulses [90,1804,90,], are
used for the inversions,”® with the overall phases ¢ cycled
through a compensatory four-step list ¢ = (0°,0°,180°,180°) in
order to minimize rf amplitude and frequency offset errors. The
coherences are converted into singlet—triplet zero-quantum
coherence by the second 90° radio frequency pulse, whose
phase is shifted 90° from the first pulse. A second spin echo
train, this time consisting of round[N/2] = 27 echoes, finally
executes a 90° rotation of the zero-quantum transition to result
in a singlet—triplet population difference. Using 7,4, = 5.75 ms,
the total duration of the conversion is 0.42 s. This duration is
short compared to the typical transverse relaxation time T, for
an isolated "*C, pair in a small molecule, which means that
relaxation losses across the M2S conversion are small.

Singlet order was then stored undisturbed in high field for a
time Ty (Figure 3a-ii), at the end of which a filtration
sequence fGl]—9054'7c—[G2] =905, 7°90,50o—[G;] was applied,
where Gy, G, and G; are z pulsed-field-gradients (sine-bell
gradient pulses were used, with respective strengths +0.8, —0.8,
and —0.8 G cm™! and durations 4.4, 2.4, and 2.0 ms; see Figure
3a-ii). The three gradients induce a rotation of the nuclear spin
polarization through an angle dependent on their position
within the sample volume. The distribution of rotations is
determined by the radio frequency pulses, which are chosen to
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cause destructive interference of NMR signals passing through
spherical tensor operators of ranks one and two.” To a good
approximation, this leaves only NMR signals passing through
rank-zero spin operators, which correspond to singlet nuclear
spin order. This is a more general version of the “only
parahydrogen spectroscopy” (OPSY) method, often used in
parahydrogen-enhanced NMR.***" A similar effect is achieved
in low-field singlet NMR by shaking the sample inside a
magnetically shielded chamber."

After filtration, singlet order was converted to in-phase
transverse magnetization via the S2M sequence (equal to M2S
applied in reverse chronological order), with the signal from
observable triplet—triplet coherences then acquired (Figure 3a-
iv).

Figure 3a-v displays spectra for singlet storage times up to
Ttorage = 90 s in high field. These show signals corresponding to
[1°0,'%0,]- and ['°0,'80;]-oxalates, while signals from the
symmetric oxalates are absent (compare the reference spectrum
of the [*C,]-oxalate, Figure 3b). No signal is observed from
the unsymmetrical ['°0,'®0,] isotopologue because the
chemical shift difference is exactly twice that for ['°0;'*0]
and ['°0'0,] oxalates. The interchange of the states (laf) +
1pa))27? for the former isotopologues requires half the
number of echoes as for the latter. This implies a 360° rotation
(i.e., a refocusing) in the zero-quantum subspace of ['°0,'%0,],
and has the outcome that no singlet order is generated.

Integrals for ['°05'80,]- and ['°0,'80;]-oxalate are fit by a
monoexponential decay curve exp(Tsmmge/ Ts) to a relaxation
time constant Tg = 55 + S s. This decay constant is nearly 3
times longer than the T relaxation time of nuclear triplet spin
order, which was measured later at 9.4 T on the same sample
by inversion—recovery as 21 + 0.5 s.

Despite the degassing precautions taken to eliminate
dissolved paramagnetic oxygen,> the singlet lifetime is much
shorter than expected for an isolated pair of *C spins, which
may display lifetimes in excess of 10 min in solution."®

This suggests the presence of additional relaxation
mechanisms for the '*C, nuclear singlet state. In the present
case, it is likely that spin—rotation plays a role,* since the
moment of inertia of the oxalate anion is small, and the twisted
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equilibrium geometry of the molecule causes the spin—rotation
tensors of the two '*C sites to have different orientations.
Similar arguments apply to relaxation via chemical shift
anisotropy (CSA). Intramolecular dipolar or scalar relaxation
may also contribute, as oxalic acid dissolved in water exists
mainly in the bound monoanion form (C,HO,”) owing to its
high acidic strength (pK, = 1.5 for the diprotic species, 4.5 for
the dianion). Longer singlet lifetimes may be expected at lower
magnetic field, where CSA is vanishingly small.

In summary, we have shown that the change in '*C chemical
shift upon 'O/'®O substitution generates an asymmetry
between the carbon sites in oxalic acid. While in ['3C,]-oxalate
the isotope-induced asymmetry is 30 times weaker than the
spin—spin ] coupling, it is sufficiently large that it allows
coherent access to the nuclear singlet eigenstate. We expect the
concept of isotope-induced symmetry breaking to be useful in
singlet NMR of other molecules, plus the spectroscopy of
strongly coupled spin pairs in general. Apart from ®O and 'O,
shifts from by other isotopic pairs may be exploited, for
example 328 and %S, and ¥°Cl and ¥Cl.
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Determination of 'Jo coupling in oxalic acid from spin—echo
measurements. This material is available free of charge via the
Internet at http://pubs.acs.org.
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