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In high-field nuclear magnetic resonance (NMR) spectroscopy,
the sensitivity of the xenon chemical shift to its environment
has been exploited to study porosity and surface interactions in
materialg, as well as to probe xenon interactions with molecules
and proteinsin solution. In recent years, polarization enhancement
through optical pumpirfgtechniques has further advanced the
utility of xenon NMR® and magnetic resonance imaging (MRI)
from high’ (several Tesla) to ultralow magnetic fielti$Despite
the emergence of research in low-field MRI using laser-polarized
xenon, the chemical shift 0f°Xe, widely studied and used at
high fields, still remains unexploited at mT fields. The possibility
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Figure 1. Schematic diagram of SQUID spectrometer and NMR
spectrum ba 1 mL sample of 2.67 M aqueous solution of trifluoroacetic
acid in a magnetic field of 1.98 mT. The spectrum, an average
accumulation of 40000 scans at room temperature, shbivand 19F
signals at 84.3 and 79.3 kHz, respectively.

of obtaining analytical information or performing chemical shift
selective imaging without the need for high magnetic fields is an
exciting prospect in many circumstances in chemistry and
biomedicine.

In this communication we demonstrate examples of analytical
information obtainable from ultralow field NMR, highlighting in
particular the observation of chemical shifts at such fields. The
resolution of chemical shifts in the mT range for common NMR
nuclides, such asH and *°C, is normally impractical, beyond
the issue of sensitivity, because of limitations of spectral resolution
due to transverse relaxation. However, certain analytical informa-
tion, such as the identity and concentration of different nuclei in
the same sample, can still be obtained. Figure 1 shows a schematic
of the SQUID ultralow field NMR spectrometéiand a spectrum
from a 1 mLdeuterated-trifluoroacetic acidfO solution in water
in a static magnetic field of 1.98 mT. The sample consists of
2.67 M deuterated-trifluoroacetic acid to which water is added
to provide spin concentrations of alidiM for °F and 12 M for
IH. The resonance signals fl and°F, at 84.3 and 79.3 kHz
respectively, were excited by irradiation with a single pulse

(10) The detector used in these measurements is a dc SQUID magnetometer
fabricated from thin films of the high transition temperature superconductor
YBa,CuwO;—« in a “flip-chip” arrangement (Ludwig, F.; Koelle, D.; Dantsker,

E.; Nemeth, D. T.; Miklich, A. H.; Clarke, J.; Thomson, R. Eppl. Phys.

Lett. 1995 66, 373.). A SQUID measures magnetic flux directly, and its
frequency-independent response enables the sensitive detection of NMR signals
at ultralow fields. The magnetometer is operated in a vacuum and cooled to
77 K by a sapphire rod that is thermally anchored to a liquid nitrogen Dewar
(see Figure 1). Two pairs of coils provide a magnetic field of up to 4 mT.
Their homogeneity, calibrated using a proton sample, is 100 ppm at 2 mT for
a cylindrical sample geometry (0.4 cm in radius and 0.42 cm in height). A
third pair of coils arranged perpendicularly to the axis of the static field
provides the excitation pulses.
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(kHz) Figure 3. SQUID-detected NMR spectrum showing chemical shifts of

Gas Inlet laser-polarized xenon flowing over polypropylene at room temperature
in a magnetic field of 2.54 mT. The peak at 30.071 kHz (0O ppm) arises
from the free xenon gas while the peak at 30.077 kH2d0 ppm) is

due to xenon adsorbed on polypropylene. The low-field chemical shifts
are consistent with the sharp peaks obtained by high-resolution high-
field NMR at 4.3 T shown as the lower trace. The upper frequency scale
(KHz) corresponds to the low-field spectrum.

consistent with high-field result8.The line widths, substantially
higher than susceptibility-limited broadenitiggre dominated by
the inhomogeneity of the magnetic field, as evidenced by the
SQUID Spectrometer appearance of'gp'rrechoes. folllowin.g refocusing 189)ulses.
Additional significant contributions include broadening caused
Figure 2. Schematic diagram of apparatus used to circulate laser by gas flow and exchange between the free and adsorbed xenon,
polarized'?%Xe and spectrum of SQUID-detected NMR signal of laser- as indicated by the increase in line widths when the gas flow-
polarized xenon gas (1 atm natural abundance) at room temperature. Thaates are increasé€lt is anticipated that high spectral resolution
magnetic field is 2.28 mT corresponding to a resonance frequency of will be possible with enhancements to the apparatus currently
27 kHz. under way, including the design of more homogeneous magnets
including shim coils, and modifications to the optical pumping
apparatus to enable stop-flow and variable-temperature experi-
ments. To the best of our knowledge, these experiments demon-
strate the first resolution 3f°Xe chemical shifts obtained at such
low magnetic fields.

In summary, we have used a SQUID detector incorporated into
an optical pumping NMR spectrometer to resolve the chemical
shift of 12°Xe in different physicochemical environments in a static
magnetic field of 2.54 mT. These results open the way for the
. ; use of xenon chemical shifts for diagnostic chemical and
power of this technique. biomedical NMR analysis, and chemical-shift resolved MRI and

Figure 2 Sho"‘t’s a scgeimatlc %f the C|rtc_:ulat|ng flow op?clzal microscopy in molecules, materials, and organisms at ultralow
pumping apparatus used to provide a continuous Source ot 1asely4gnetic fields. In particular, the combination of laser polarization
polarized xenoH and a spectrum of laser-polarized xenon in a

o X . d SQUID detecti ill ble th tensi f NMR,
magnetic field of 2.28 mT. With the X 10" enhancement in and SQ e ecion witl snab’e the extension of xenon

o ; . . . . a powerful high-field probe of molecular conformation and
polarization from optical pumpint,a signal-to-noise ratio (SNR) environmentsS to the regime of low-field
of 20 is obtained after only 100 scans, despite the fact that the ' '
spin density in gaseous, natural abundati®ée is about 3000 Acknowledgment. This work was supported by the Director, Office
times lower than for protons in liquid water. Figure 3 shows a of Science, Office of Basic Energy Sciences, Materials Sciences Division
spectrum obtained from optically pumped xenon flowing through of the U.S. Department of Energy under Contract No. DE-ACO03-
powdered polypropylene at 2.54 mT (upper trace). Also shown 76SF00098.
is a spectrum of Xe in polypropylene obtained in a highly ) ] ) ] )
homogeneous 4.3 T high-field magnet (lower tréé&he sample Supporting Information Available: Further mformatlon about the
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ppm arises from the free xenon gas, while the peak at about 200 Is material Is available free of charge via the Internet at http://pubs.acs.org.
ppm corresponds to xenon adsorbed on the polypropylene,JA011064S

Pumping Cell

applied at 82 kHz. At such low fields the thermal nuclear spin
polarization is minuscule~1079), presenting a significant chal-
lenge for signal acquisition using conventional NMR detectors.
With the enhanced sensitivity of SQUID detection only 40000
averages were required. Such multinuclei NMR can be a useful
tool for nuclide selective imaging and a diagnostic probe for
molecular structure and chemistry. The added ability to resolve
chemical shifts at ultralow fields, for which optically pumped
xenon is uniquely suited, would further extend the analytical
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