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Nuclear magnetic resonance (NMR) has become indispensablethe system will reach thermal equilibrium in the polarizing field of
for physics, chemistry, biology, and medicine. High magnetic fields 250 uT. Applying the high temperature approximation and con-
of up to 20 T flux density impose serious technical demands on sidering that in the applied polarization field the spin interactions
field homogeneity necessary to resolve line widths of a few hertz. are much smaller than the Larmor frequencia®, the initial
At ultralow magnetic fields around AT, line widths of 1 Hz and density matrixpp is given by
less are easily achievéd.The corresponding low Larmor frequen-
cies prohibit the use of narrow-band radio frequency circuits, but Py = Z wk(p) S, 2)
amplitude and precession of the nuclear magnetic moments can be
detected with a SQUID (Superconducting Quantum Interference where constant terms have been neglected. After turning off the
Device)? SQUIDs are very sensitive magnetic sensors measuring polarization field att = to, the spins evolve in the much weaker
the precession of a nuclear paramagnetic moment in a broad bandjetection field directed along The Larmor frequencies @ of
receiving mode, enabling the novel simultaneous detection of the the different nuclei are very close (similar to strongly coupled
precession of different nuclei, such #4 and3'P. At low fields, homonuclear systems in high-field NMR), and their separation is
chemical shifts in liquids are negligible, and the spectra reflect pre- of the same order as thlecoupling energies. The Hamiltonian for
dominantly the electron-mediated scalar interactio.demonstrate  t > t, includes therefore (a) the full scalar coupling, and (b) the
the potential and limits of heteronucleicoupling spectroscopy,  Zeeman interaction of the different nuclei in the detection field
we present spectra of 2,2,2-trifluoroethanol and trimethyl phosphate. with the frequenciess @

Following recent pioneering works,the detection fields were fur-

ther decreased, and the instrumental spectral re_solutlon was im- A, = Z wk(d) S,+ Z JSS (3)
proved to 50 mHz at 100 Hz Larmor frequericyhis enabled a 5

detailed numerical analysis dfcoupling-dominated spectra in the
nT range.

The liquid sample was kept at room temperature and polarized
for 2 s by amagnetic field of 25QuT. After switching off the
polarizing field, the sample was lefhiia 2 orders of magnitude
weaker detection field, which was oriented perpendicular to the
polarization field. The precession of the sample’s nuclear magnetic The Larmor frequencies dH at different detection fields were
moment about this field was detected by a I SQUID determined by measuring distilled water prior to the experiments.
gradiometef. The signal was Fourier transformed to obtain the ~ J-coupling constants were determined by high-field measure-
spectra. The whole setup was operated in a magnetically shieldedments at 500 MHz t8J(H,F) = 8.8 + 0.3 Hz and®J(H,F) < 0.1
room of less than 10 nT residual fieldfo adapt the well-known  Hz in trifluoroethanol, and t8J(H,P)= 11.0+ 0.5 Hz in trimethyl
numerical analysis of high-field specfrahe presented ultralow  Phosphate. Larmor frequencies were referenced.® With 42.57
field experiment is analyzed in greater detail; the polarization field, Hz for H, 40.05 Hz for'%F, and 17.23 Hz fof'P. The stick spectra
pointing in thex-direction, was perpendicular to the detection field, Were calculated using eq 4. Stick spectra were convolved Using

The signall(t) is given by the expectation value of the transversal
component of the magnetization of the different nuélei:

I(t) = tracep(t) Z 7S p(t) = exp(=iH t)pg exp(H) (4)

pointing in thez-direction2 After switching off the polarizing field, ~ Values between 0.5 and 1.2 s until the best visual fit to the
the magnetization relaxes toward thexis due to the detection  €xperimental data was given.

field. The SQUID measures thecomponent as an oscillating Spectra of 2,2,2-trifluoroethanol acquired at detection fields
signal. This is equivalent to the usual high field case, where the between 444 nT and 3.34T are shown in Figure 1. The spectra
initial polarization directed along is rotated into thex—y-plane, were simulated as an ¢R,B’) system. Brefers to the uncoupled

for example, by a 90pulse. However, all relevant operators are in - OH group. Note that the spectrum at 993 nT was displayed already
the laboratory frame and not in the rotating frame. The relevant in,? where the vertical axis erroneously was scaled an order of

parts of the Hamiltonian fok nuclei are therefore given by magnitude too high.
R R R Spectra of trimethyl phosphate exhibit two major groups of pro-
H, = Z 0P8 + Z 3 SS (1) ton signals (Figures 2 and 3a). The spectra were simulated as an
S

(ABg) system. Although the transition frequencies were too close
whereJ,; are the strengths of the mutual spispin couplings, and to be separated, the frequency window allowed the differentiation
o are the individual Larmor frequencies of the spins according of two additional groups of transitions (Figure 2, arrows). To ana-
to the polarizing field. Assuming a sufficiently long polarizing time, lyze the dependence of the spectral separatiaf the two main
peaks from the detection field, the trimethyl phosphate spectra

T Otto-von-Guericke UniversitaMagdeburg. ; ; i
* Friedrich-Schiller UniversitaJena. were snpulated in steps of 10 Hz and broadened with, &f
§ Physikalisch-Technische Bundesanstalt Berlin. 0.3 s (Figure 3b).
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Figure 1. 2,2,2-Trifluoroethanol at (a) 444 nT, (b) 993 nT, and (c) 3.34
uT. The solid line was calculated by convolving the stick spectra with a
of 1 s (a, b) and 0.78 s (c). The Larmor frequencies of uncoulsedl)
andH (1) nuclei were determined by a simulation with(H,F) = 0 Hz.
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Figure 2. Trimethyl phosphate at 937 nT. The solid line was calculated
by convolving the stick spectra with® of 0.55 s.
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Figure 3. (a) Trimethyl phosphate and numerical simulation at 549 nT.
(b) Solid line: heuristical fit to the numerical simulation of the spectral
separatioma of the main peaks as a function of the Larmor frequency.
Dots: experimental results.
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Trifluoroethanol has the same primary molecular structure as

ethanol, except that the methyl protons are exchanged by fluorine.

Ethanol exhibits only a single line at low fields because without a
chemical shift allH are magnetically equivalent and the multiplets
disappear. In trifluoroethanol, fluorine and hydrogen have different
Larmor frequencies and make up agBA system with an additional
singlet of the OH proton.

In ultralow detection fieldsJ-coupling is of the same order of
magnitude as the Larmor frequency differedeg(=vy — vg). Var-
iation of the detection field strength yields spectra reflecting the
transition fromJ/ov = 7.86 overd/ov = 3.51 toJ/6v = 1.04 (Figure
1). Our instrumental resolution allowed a separation of four main
peaks even at/ov = 3.51° Increasingl/ov further led to merged
lines due to their natural lifetime broadeningsd¥g). These physical
rather than technical constraints limit the resolution of plispec-
troscopy.

A different situation is met in trimethyl phosphate, ang/system
of nine equivalent protons and one phosphorus nucleus. Simulating
the ABy system reproduces the main features of the spectra (Figure
2). The corresponding stick spectra make clear that a large number
of lines causes broadening into two asymmetric peaks where most
of the substructure remains hidden: however, in the intermediate
detection field at)/ov = 0.46, two shoulders in the outer wings of
either doublet peak indicate some substructure (Figure 2) which
coincides with the simulated spectrum. Above 150 Hz, the peak
separatiom\ approaches the value of the coupling constagtt,P)
(Figure 3by?

The3P multiplet was below noise level as the expected intensity
of the 3P signal is aboutNpyr?)/(Npyr?) = 1/60 less than théH
intensity, whereNp andNy are the number oflP and!H nuclei in
the molecule. The detection of tR& multiplet would therefore
require an increase of the SNR by several orders of magnitude.

The presented technique allows one to vary the magnetic field
of the low-field NMR spectrometer over several octaves. The set
of spectra recorded in this way enables a broad variatialidof,
providing specific information on the coupled spin system. Homo-
geneous line broadening may blur details of the spectra, but spectral
simulations help to disentangle the resonance lines and to identify
the detection windows where the spectral resolution reveals the
maximum information. This may allow new measurement tech-
nigues to analyze SQUID-based broad bammbupling-dominated
spectroscopy at ultralow fields.

The instrumental resolution of our setup scales with the Larmor
frequency. At the low fields of our study, it ranges from around 10
to 75 mHz?Z and it is beyond the physical limit which is given by
the natural homogeneous line width of the investigated model
systems {300 mHz). The instrumental and natural linewidths will
become equal to 15T.

The signal-to-noise level of our setup could be further amended
by 1-2 orders of magnitude by (i) increasing the polarization field
to a few mT, and (ii) by increasing the filling factor using a pick-
up coil, which is wound around the sample. Low-field NMR could
open up a whole new set of new applications, ranging from
simultaneously monitoring NMR/EPR reactidiagw-field imaging®
to simultaneous NMR/MEG measureméftsr even to NMR
quantum computing, where different isotopes could be used
simultaneously as qubifs.

Acknowledgment. We thank D. Gutkelch for manufacturing

the experimental setup, H. Koch for his steady advice, and H.-H.
Limbach for support with high-field NMR measurements.

References

(1) McDermott, R.; Trabesinger, A. H.; Mk, M.; Hahn, E. L.; Pines, A,;
Clarke, J.Science2002 295, 2247-2249.

(2) Burghoff, M.; Hartwig, S.; Trahms, L.; Bernarding, Appl. Phys. Lett.
2005 87, 054103.

(3) Clarke, J., Braginski, A. 1.,
Weinheim, Germany, 2004.

(4) Corio, P. L. Structure of High-Resolution NMR SpectrAcademic
Press: New York, 1966.

(5) Trabesinger, A. H.; McDermott, R.; Lee, S. K.;"®y M.; Clarke, J.;
Pines, A.J. Phys. Chem. 2004 108 957-963.

(6) Matz, H.; Drung, D.; Hartwig, S.; Gross, H.; Kz, R.; Miller, W.; Vass,
A.; Weitschies, W.; Trahms, LAppl. Supercond1999 6, 577-583.

(7) Erne, S. N.; Hahlbohm, H. D.; Scheer, J.; Trontelj, ZBinmagnetism
Erne, S. N., Ed.; deGruyter: Berlin, 1981; pp-737.

(8) (a) Lurie, D. J.; Petryakov, S.; Zweier, J. Magn. Reson. Med2002
47, 181-186. (b) Mwssle, M.; Myers, W. R.; Lee, S.-K.; Kelso, N.;
Hatridge, M.; Pines, A.; Clarke, J. Proceedings of the ISMRM, 13th
Scientific Meeting and Exhibition, Miami Beach, FL, 2005; International
Society for Magnetic Resonance in Medicine, 2005, San Francisco, CA,
410. (c) Matlachov, A. N.; Volegov, P. R.; Espy, M. A.; George, J. S.;
Kraus, R. H., JrJ. Magn. Resor2004 170, 1-7. (d) Glaser S. Angew.
Chem., Int. Ed200l 40, 147-149.

JAO55273E

EdsThe SQUID HandbogkWiley-VCH:

J. AM. CHEM. SOC. = VOL. 128, NO. 3, 2006 715





