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SQUID-Detected Liquid State NMR in Microtesla Fields
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Nuclear magnetic resonance (NMR) experiments performed in magnetic fields on the order of microtesla
yield line widths comparable to the lifetime limit even in grossly inhomogeneous magnets. The potential loss
in sensitivity is overcome by combining prepolarization in fields on the order of millitesla and signal detection
with a Superconducting Quantum Interference Device (SQUID). The enhanced spectral resolution attainable
in microtesla fields enables NMR studies of pure liquids and solutions without the need for strong magnets.
We have investigated a variety of heteronuclear systems in both the weak andJsta@umnging regimes. Six
different nuclear species have been detected with the same experimental apparatus. NMR signals of thermally
polarized protons were obtained in fields as low as 554 nT.

Introduction reduction in cost and complexity, advantages here include

Th h he hi f nucl . NMR improvedT; (longitudinal relaxation time) contrast, as well as
roughout the history of nuclear magnetic resonance (NMR) ye ejimination of distortions due to spurious gradients in the

spectroscopy anq magnetic resonance im.aging (MRY), there h.ascase of samples with inhomogeneous magnetic susceptibility.
been a drive to higher and higher magnetic field strengths. This Despite considerable interest and continued effort, however
drive has been fueled by the need for increased spin polarization,I ow-field NMR remains more of a curiosity than a i)ractical '
'd’T‘pro"?d d(e:tectlorii stinsmw.ty,.tandf Ei\jigder dcivlagi'c?l ds.h'ﬂ diagnostic tool. The principal obstacle to low-field studies is
ISpersion. urrently the majority o an SHUCIES  the inherently low sensitivity. In a conventional pulsed NMR

utilize magnetic fields in the range of tesla to tens of tesla. experiment, the static magnetic field serves a dual purpose, as

Nevertheless, since the very early days of NMR, researchersy,i, nojarizing field and detection field. This leads to a quadratic
have explored the possibility of performing NMR experiments dependence of the NMR signal strength on the magnitide
in much lower magnetic fields, on the order of the Earth’s field of the static field: for a nuclear moment, the thermal

(~50 uT). In 1954, the Varian laboratories r(?ported switched 4 qnetizationiBy/ksT scales linearly with the strength of the
fields experiments with detection in the Earth’s magnetic field. polarizing field, while the voltage induced in the receiver coil,

This initial work encompas‘sed high preqision measurements of yia Faraday'’s law, scales with Larmor frequency, and hence
the strength of the Earth's magnetic field, the simultaneous ith the strength of the detection field. In the majority of
detection of'H and *°F signals; as well as relaxation time  nrevious low-field NMR studies, the low sensitivity often
measurements in low fieRiThese early experiments inspired | ocossitated sample volumes on the order of liters, and thus
researchers to study geomagnetisto, perform geophysgal severely limited the range of possible useful applications. In
investigations of seawatérgroundwatef, and Antarctic ice, general, to perform practical NMR experiments in low field it

and to evaluate sugar content in plafts. is necessary to address both the problems of low thermal

of (very) bulky samples that cannot be inserted into a magnet. araday detector.

But in addition they capitalized on instrumental simplicity

(compared to high-field setups); it was realized that with concepts

relatively inexpensive and easy-to-maintain equipment one can o .

study a variety of NMR phenomena, includidecoupling in In ‘magnetic fields of the order of microtesla, thermal

pure liquidsS and relaxation of body fluid&These experiments ~ Polarizations are extremely small, of the order of ¥ONuclear

were considered a useful supplement to high-field NMR, and Polarizations can be significantly enhanced, however, by pre-

promised the perspective of making NMR more mobiie, taking polarIZIng the spinsina Strong transient flé*d?repolarlzauon

it out of the traditional laboratory environment. in a field on the order of millitesla leads to an enhancement of
In the past two decades, low-field MRI applications have SPIn magnetization by 3 orders of magnitude. The enhanced

attracted particular attentidf. Apart from the substantial ~Magnetization is available in the detection field for a time
comparable td;. As slight variations in the local polarization

* Address correspondence to this author. over the sample volume have negllglt_)le effect on the d_etec_ted
§ Department of Chemistry. signal, the demands on the homogeneity of the polarization field
U Department of Physics. are insignificant. In comparison with other, nonthermal polariza-
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determining the degree of achievable polarization. The time to Pyrex

achieve the final magnetization is dictated by the longitudinal insert \ .

relaxation timeT;. I lI: Radiation
The consequences of Faraday’s law can be circumvented by shields

detection with a Superconducting Quantum Interference Device

(SQUID) > The dc SQUID consists of a superconducting loop LN,

interrupted at two points by Josephson junctions. When ap- LHe

propriately biased with a static current, the voltage across the

SQUID oscillates quasisinusoidally as a function of the magnetic . . I I

flux threading the SQUID loop, with perio®, = h/2e. Thus, Plckup cofl Sample cell

the SQUID is a flux-to-voltage transducer. To enhance its

sensitivity to magnetic fields, the SQUID is generally operated insert tail: Polarization

with a flux transformer, consisting of a pickup coil that is tightly 80 mm long = | et

coupled to the sample and an input coil that is tightly coupled ;; ::: ‘Tj x o -SQUID

to the SQUID loop. In the case of a superconducting flux "' Precession field coils

transformer, which operates on the principle of flux conservation _. ) . )
Figure 1. Schematic (not to scale) of the cryogenic insert designed

in a closed superconducting .|00p’ the SQ.UlD. magnetometer. 'S for SQUID-detected liquid-state NMR. For a detailed description see
broadband, and can detect signals at arbitrarily low frequenciesi,e text.

without losing sensitivity.

~SQUIDs were first used in the 1980s to detect low-field NMR  giameter of 22 mm. This compartment is surrounded by a liquid
signals (for a review see ref 16). However, the majorlt_y of nitrogen (LN) jacket with an outer diameter of 100 mm to
SQUID NMR studies have been performed on samples in the reqyce the heat load of the insert on the LHe bath. In the 80
solid state, at liquid helium temperatures. Recently there has ym |ong tail section of the insert, however, the LHe bath is
been increased interest in extending SQUID NMR techniques gxposed directly to thermal radiation from the inner compart-
to samples in the liquid state, and in particular to systems of ent, The separation of the sample space from the LHe bath in
biological relevance. Kumar et.&ldemonstrated NMR spectra  this region is 5 mm. A single, continuous vacuum jacket serves
from animal tissue measured at room temperature in fields of a g isolate the central compartment of the insert from the LN
few milliteslas. Seton et &P used SQUIDs to image room-  jacket (and from the LHe bath in the tail region), and to isolate
temperature samples in a field of 10 mT, and Schlenga®tal  {he | N, jacket from the LHe bath; the walls of the vacuum
used a SQUID magnetometer fabricated from the high transition gpace are silvered, with a slit running the length of the insert.
terrpgra(;ure 1) super(‘ionductor YBCO to image th]?rrlr(;aII¥ 5 The upper part of the insert is surrounded by six Styrofoam
pqranze proton samples at room temperature in a field of 2., jia4ign baffles, which are covered with aluminum foil; these
mt. . ) . reduce the heat load on the bath due to gaseous convection and

In our experiments we exploit the frequency-independent yjrect radiation from the top of the dewar. When the sample is

sensitivity of the SQUID to detect NMR signals in much lower .t heated. the system consumes roudhL of LHe perday.
fields, of the order of microtesla. Recently, we demonstrated A G-10 fiberglass frame is suspended around the tail section

that NMR detection in microtesla fieldsvhere proton Larmor : . :
) of the insert. This frame supports the SQUID and SQUID pickup
frequencies are of the order of tens or hundreds of hders circuit, as well as a pair of magnetic field coils, which produce

to a reduction in the contribution of inhomogeneous broadening the detection field for NMR experiments

to the point where the line width approaches the lifetime limit . -

even in extremely inhomogeneous fiefdsThe narrowing of Detec’;or agd IS?eLaJtljgut. Thetdgte(_:ttlz)r IS a tIOW éransmon

the signal band leads to an enhancement of spectral resolutior}demfera uret c Qt Th op_erka € V\.'ll han l;.n un% ’ sup?rcton-

and, in the case of SQUID detection, of the signal-to-noise ratio ucting nput circuit. The pickup coll IS configured as a first-
order axial gradiometer, with two, two-turn coils wound in the

NR). . . ) ; : :
(SNR) . . . - opposite sense and connected in series with the input coil of

In this report, we begin with a detailed description of the the SQUID so as to form a superconducting circuit. The pickup
low-T. SQUID spectrometer. Further examples are presentedloopS have a diameter of 38 mm and a baseline of 80 mm, and

which illustrate the various possibilities of obtaining structural o )
information in microtesla fields. Spectra &, 2H, 13C, 19F are wound from 75ém Nb wire directly on the fiberglass frame.
: i Lo The 11-turn, thin-film Nb input coil is integrated onto the

31p, and!?9Xe were acquired with the same system. Our initial ) ;
" i SQUID washer. The SQUID itself is of the Ketchen-Jaycox
studies ofJ-coupled systems are extended to heteronuclear type2! and was fabricated by using an allliftoff Nb-AIOx-Nb

systems in the strong coupling regime, demonstrating the . . .
p)(/)tenti al for applying gt]hese F;ec?miqges to a wide variegt]y of junction technology. The peak-to-peak modulation of the voltage

samples. Imaging applications are excluded from the discussion,;cg’svj;ﬁ]_iéggéz ':;Siﬂgszﬁgh:ﬁiﬂiﬁegzgz IinrFr):rrl?t?l'dhe
and will be the subject of a forthcoming paper. P ’

SQUID chip is enclosed in a superconducting lead box. In this

way, the SQUID chip and the stray inductance associated with

the superconducting contacts in the input circuit are well
Cryogenic Insert. The main design goal for our low-field  shielded from external magnetic field fluctuations.

SQUID NMR spectrometer was to achieve thermal isolation of ~ As shown in Figure 2, the SQUID is operated in a flux-locked

the room temperature sample from the 1@wSQUID, which loop'> with flux modulation at 2 MHz; the small-signal

is maintained at liquid helium (LHe) temperature and, at the bandwidth of the loop is about 700 kHz, and the slew rate is

same time, to obtain a high filling factor. Figure 1 shows our greater than 10d/s at the relevant frequencies. During spin

cryogenic insert. manipulations the feedback loop is disabled by shorting the
The central compartment of the insert, which is at atmospheric capacitor across the integrator. The signal from the flux-locked

pressure and into which the sample is lowered, has an internalloop passes through a sample-and-hold stage (to remove the

Materials and Methods
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T=300K chemical shifts and-couplings?? The chemical shift scales with
i-----fl‘i---T---é-z- PR the strength of the externally imposed magnetic field. Fyr
DA ' : chemical shifts extend to about 10 ppm, while for atoms such
| TH{ E %g as xenon with a large, easily polarized electron cloud, chemical
B S = shifts can extend to hundreds or thousands of parts per million.
» B, : lock-in Thus even for a nucleus such &#8Xe with a large chemical

____________________ [« oscillator detector shift range, the chemical shifts which occur in microtesla fields
3 (~1072 Hz) are much smaller than the lifetime limited widths
<«— integrator - of the resonance lines~l Hz); as a result, chemical shift
I information is lost in such low fields.
By contrast, electron-mediated scalar couplings between
computer|—>—  reset nuclei, or J-couplings, are field independent. Consequently,

. - . . . J-couplings are preserved in microtesla fields, and the strength
Figure 2. Circuit configuration for detection of low-frequency NMR. . . . . . .
The SQUID is operated in a flux-locked loop. The NMR signal is of the J-couplings yields direct information about chemical

coupled to the SQUID via a superconducting flux transformer bqnding in a moleculg. Due tO_ negligible chem_ical ;hifts in
configured as an axial gradiometer. microtesla fields the spins of a given nuclear species will always

appear equivalent; therefore homonucldarouplings are not
arbitrary offset at the output of the loop) and a set of analogue directly observable. In heteronuclear systems, however, the
filters before digitization. Signal averaging is performed in differences between Larmor frequencies in microtesla fields are
software. of the same order of magnitude as tfeoupling values.

All experiments are performed in a copper mesh Faraday cageAccordingly, the fine structure of liquid-state spectra in mi-
to shield the SQUID from radio frequency interference. The crotesla fields is still resolvable. Typical ranges of heteronuclear
belly of the LHe dewar is lined with a superconducting Pb sheet, J-coupling frequencies can be found, for example, in Jardetzky
and the dewar is surrounded by a single-layer mu-metal shield and Robertg3
to attenuate the magnetic field of the Earth and external magnetic In general, the character of tdespectrum is determined by
fluctuations. the relative size of the coupling strengthbetween nuclei and

Microtesla Field NMR Experiments. To perform the NMR  the differenceA in Larmor frequency of the coupling partners.
experiments, a Pyrex cell containing the liquid sample is lowered |f the J-coupling values are much smaller than the difference
into the tail section of the cryogenic insert; the sample is in Larmor frequencies (the so-called weak coupling limit), the
maintained at a temperature near 300 K with a resistive heater.J-coupling HamiltonianH; = 27351 S simplifies to H; =
A polarizing field is applied to the sample by using a single- or 27J51,S, (the sums extend over all spin pairs). The correspond-
double-layer solenoid wound directly on the Pyrex sample cell ing spectra show the known first-order splittings and their
and oriented along the axis of the SQUID gradiometer. The interpretation is straightforward.
detection field is provided by a set of coils located in the LHe  The other extreme of strong couplidg> A is realized as
bath, each consisting of 66 turns of Cu-clad NbTi wire wound the strength of the magnetic field is reduced to zero. Whereas
on a 90-mm-diameter frame; the separation of the coils is 55 the total magnetization of a homonuclear spin system does not
mm. evolve undeH;, there is evolution in a heteronuclear system,

At the beginning of the pulse sequence, a current of order 1 owing to the different polarizations of unlike spins. Consider
A is applied to the polarizing coil, generating a field on the for example al-coupled pair of spind/,, | and S. The initial
order of 1 mT. This polarizing field is maintained for a time  density matrix (without constants of motion) in the high-

that is long compared to the samplg (typically several temperature approximation can be written
seconds). At the same time an orthogonally directed field on
the order of microtesla is applied via the detection field coils. 0o = ql, + asS, (1)

Nonadiabatic removal of the polarizing field induces precession

in the much weaker detection field. Rapld SW|tCh|ng of the Whereaxz _(1/Z)yXBp/kT Hereyz is the partition function of
polarizing field is achieved by closing a field-effect transistor the system,yx the magnetogyric ratio of nucleus %, the
shunt to divert current from the polarizing coil; a reed relay in  strength of the polarizing field (assumed to be along the
series with the coil is then opened to prevent coupling of high- getection direction), k Boltzmann’s constant, anfithe absolute
frequency interference to the SQUID gradiometer via the temperature. After evolution undel for a timet the observable
polarizing coil. The sudden switching of the polarizing coil coherences are weighted according to
induces magnetic transients, apparently due to relaxation of

aramagnetic impurities in the Pyrex of the cryogenic insert, _1 _
\?vhich sgturate thg detector and pr)(/)duce a dead'ﬁmge on the ordef)(t) = 7A@+ ag (8~ ag) cos(@r)]l +
of tens of milliseconds. To counteract signal loss due to Yol(a + ag) — (& — ag) cos(2rI)]S, (2)
magnetization dephasing during this time, a sg@oho is
employed to refocus the sample magnetization. The echo is For a homonuclear pair (wheeg = as), the coefficients of
formed by reversing the direction of the measurement field, and Ix andS; in (2) are both constant. For a heteronuclear pair, each
therefore the sense of precession of the nuclear 3piR®Id coefficient oscillates with frequency; but their sum is again
reversal is accomplished simply by energizing a single pole, constant. In our experiments, the observableljsH S,), so
double throw reed switch that connects the detection coil (and that no net oscillation will be seen. However, in the field cycling
an appropriate series resistor) to either® or—12 V regulated experiments of Zax et al. the observable was either S,
supply. and as a result an oscillating signal could be detettédhe

High-Resolution NMR in Microtesla Fields. In conventional way to detect a signal in zero field is to break the symmetry
one-dimensional liquid-state NMR, information about the with oscillating or static field pulses and acquire the signal point
molecules under investigation is obtained primarily from by point. However, this possibility was not explored in this work.
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60 Hz
~— — =~

21.9uT

933 Hz
11.5uT A

490 Hz 65 70 75 80 85 90 95
7.7 uT

327 Hz

A/\“ 0 50 100 150 200 250 300 (Hz)
3.5uT

14I8 o Figure 4. 'H spectrum of 5 mL of water (80 averages, room
temperature). The resonance appears at 23066 Hz, corresponding

to a magnetic field of 554t 14 nT. The protons were thermally

polarized in a field of~2 mT. Note that the baseline is flat down to

about 1 Hz. The inset shows the two proton spectra obtained with equal

and opposite currents in the static field coil that produced fields of
1.8 uT +1.8uT. The 7-Hz separation of the Larmor frequencies corresponds

77 Hz to a residual field of (7 Hz)/2[42.58 Hzl] = 80 nT.

Figure 3. 'H spectra of 5 mL of water (single shot, room temperature).

The polarizing field was fixed at2 mT, while the measurement field

was varied from 21.9 to 1.8T. A spectral window of 60 Hz around

the proton Larmor frequency is shown at each field strength. All spectra

have the same vertical scale. The line narrowing and the accompanying

improvement in signal-to-noise ratio are clearly visible.

Finally, if the two interactions enter as equivalent partners,
the full HamiltonianH = w|l; + wsS, + 27JI' S (for a spin
pair) has to be considered. The terms)@,S; + 1,S)) (the so-
called flip-flop terms) lead to an oscillatory exchange of 70 75 80 85 90 95 100 105 110 (Hz)
magnetization between two coupled spins. The interpretation Figure 5. 123Xe spectrum of2 mL of hyperpolarized xenon gas at

of the resulting spectra is less intuitive, but can be accompllshed7.4 4T (1 average, room temperature). An SNR of several hundred
by means of analytical or numerical simulations. Some examples 3n4 3 line width of~1 Hz are obtained.

are presented later in this paper.

Results by acquiring two proton spectra with opposite currents applied
Figure 3 illustrates the effect of line narrowing in low, very to the measurement field coil as well as by acquiring a series
inhomogeneous measurement fielfi#\ series of signals was  of field reversal spir-echoes with different echo times (only
obtained from a 5-mL sample of water. All spectra were the contribution of the measurement field coils is refocused,
acquired without signal averaging in a single shot. The sample but not that of the residual field). Both measurements showed
was polarized in a field of around 2 mT in all experiments, so the projection of the residual field onto the direction of the
that the initial sample magnetization was always the same. Themeasurement field to be on the order of 100 nT. The residual
measurement field was varied from 29 (uppermost trace)  field seemed to change with each fill of the LHe cryostat,
to 1.8uT (lowest trace). Because the detector is untuned, the suggesting perhaps different patterns of magnetic flux trapped
NMR signal strengththat is, the area under the NMR linés in the Pb shields.
independent of the strength of the detection field for a fixed  For the sake of comparison with a nonthermal polarization
sample magnetization. On the other hand, the width of the NMR technique, in Figure 5 we show a spectrum of gaseous xenon,
line is determined by the absolute homogeneity of the detection which was hyperpolarized by spin exchange with optically
field, which is enhanced by reduction of the detection field pumped Rb vapor to a polarization of some parts in 100.
strength. As the detection field strength becomes lower and The magnetization corresponds roughly to that of liquid water
lower, the NMR lines become narrower and narrower, and the in a field of 1 T. The single shot SNR here was a few hundred,;
peak height grows. In this way, SQUID detection of the NMR the line width is~1 Hz.
signal in decreasing fields leads to an enhancement of both Earlier2°we showed that when phosphoric acid and methanol
signal-to-noise ratio (SNR) and spectral resolution. Whereas theare esterified the product trimethyl phosphate exhibits a distinct
signal is not visible in a measurement field-e20 uT, a clear J-coupling signature, whereas the reactants do not. The expected
peak with an SNR of~10 can be seen upon reducing the first-order spectrum of trimethyl phosphate observed in a field

measurement field by 1 order of magnitude. of 6.4 uT consists of a proton line split into a doublel =
The lowest proton NMR frequency that we measured was 10.4 & 0.6 Hz, J¥/6v = 0.06, wheredv is the difference in
23.6+ 0.6 Hz, corresponding to a magnetic field of 55414 Larmor frequencies) as shown in Figure 6a. An example of the

nT. Figure 4 displays the spectrum obtained from a 5-mL sample sensitivity of “pure J-spectroscopy” (i.e. without resolved

of water after 80 averages. The line width is on the order of 1 chemical shifts) to molecular structure is given in Figure 6b:
Hz, comparable to the natural line width of tap water. The lower Dimethyl methyl phosphonate has a structure very similar to
limit in field strength is given by the residual background trimethyl phosphate, the only difference being the absence of
magnetic field due to imperfect screening of the Earth’s field one oxygen between the phosphorus and one of the three methyl
by the mu-metal shield surrounding the dewar or to flux trapped groups (see inset). In the corresponding spectrum, acquired in
in nearby superconducting objects. We measured the componena field of 3.74T, two doublets can be identified, corresponding
of the residual field along the direction of the measurement field to the signals arising from the directly bonded methyl group
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(@)
(@)
10.4 Hz
[ Il
: H,C —0— P—0—CH,
200 300 200 (Hz)
(b) 11.0 Hz (b) 2
~ F,C—C—OH
50 55 (Hz)
(c) F3C —CHz—OH
. : . : . : H;C-CH,—OH
100 140 180 220 (Hz)
Figure 6. (a)*H spectrum of 5 mL of trimethyl phosphate at 6% h ) L

(735 averages, room temperature, polarizing fie®l mT). The nine 40 45 50 55(Hz)
equivalent protons are split into a doublet dueJtooupling to the
phosphorus nucleus. The coupling constant is 10.8.6 Hz. (b)*H
spectrum of 5 mL of dimethyl methyl phosphonate at 85 (200
averages, room temperature, polarizing field mT). Two groups of
protons are distinguishable: the six equivalent protons with-&CH

O—P coupling are split into a doublet witf = 11.0+ 0.6 Hz; the
three equivalent protons with aHC—P coupling are split into a doublet
with J?> = 17.7+ 0.6 Hz. The spectrum still has first-order character.
The modulations in the noise at 120 and 180 Hz are due to analogue
filters that remove the harmonics of the 60-Hz line signal.

Figure 8. (a)*H and*°F spectrum of 5 mL of 2,2,2-trifluoroethanol

at 1.2uT (100 averages, room temperature, polarizing freRImT).

A second-order spectrum is visible between the frequencies of the
uncoupled nuclei (indicated by the dashed lines). The inset shows a
stick spectrum of a strongly coupledBy spin system in the limit of
Jlov — . Although J/dv is only 3.11 in 2,2,2-trifluoroethanol at 1.2
uT, the analytically calculated values show good agreement with the
experimental data. (bfH and °F spectrum of 5 mL of 2,2,2-
trifluoroacetic acid at 1.2uT (100 averages, room temperature,
polarizing field~2 mT). The two singlets corresponding to the two
isotopes are clearly separated. {&) and °F spectrum of a 5-mL

@ (b) mixture of 2,2,2-trifluoroethanol and fully protonated ethanol at 1.2
uT (100 averages, room temperature, polarizing field mT). The
additional peak assigned to fully protonated ethanol is clearly distin-

1 guishable from the multiplet due to 2,2,2-trifluoroethanol.
in Figure 8a: The spectrum of 2,2,2-trifluoroethanol acquired
60 80 100(Hz) 60 80 100 (Hz) at 1.1uT (¥ = 8.75 Hz,J%/6v = 3.11) extends mainly between
Figure 7. (a) *H spectrum of 5 mL of dimethyl methyl phosphonate ~ the frequencies of the uncoupled fluorines and protons, which
at 1.9uT (200 averages, room temperature, polarizing fie@l mT). are indicated by dashed lines. For comparison we show a

Strong coupling effects are evident. The peak marked with an asterisk spectrum of 2,2,2-trifluoroacetic acid, where the protons and
'(SAdEl;e t‘/’_\ rg)mdu_al water '“dthe _St";‘_mmde_- (b)thumer;]c?l i‘mU'ﬁ“O“ of a flyorine nuclei show no resolvelicoupling (Figure 8b). Figure
3B + AeB) spin system describing dimethyl methyl phosphonate at ; ;
1.94T (2 = 17.7 Hz,J* = 11.0 Hz,0v = 48.2 Hz). The simulated ?a also shows t?e. St';'.‘ S‘tf]eclt_:“m.lf’(p.%te? fro{“ anlalyz'”gltze
spectrum shows good agreement with the experimental data. requen_cles con a!ne |n_ _e amiitonian o a§ “_’“9 y couple
A3B; spin system in the limit 08/0v — .25 In this limit, only

14 out of the total of 34 transitions have nonvanishing intensities

(3?2 = 17.7 £ 0.6 Hz) and the two other methyl group®¥ & and the spectrum consists of six resonance lines. The qualitative
11.0+ 0.6 Hz). Althoughdv is only a few times larger thah agreement with the measured spectrum is good although the
(J¥ov = 0.19; B¥/6v = 0.12), the first-order character of the approximationJ/dv — o is rather poor and the intensities of
spectrum is maintained. the individual lines are somewhat influenced by the s@oho.
However, when the field strength is decreased tquI.@nd However, in numerical simulations we found that the latter effect

consequentlyJ-coupling becomes stronger relative to the is small in the range of echo times we used (on the order of
Zeeman interaction{/ov = 0.36,J%/6v = 0.23), the spectrum 100 ms). Figure 8c depicts a spectrum of a mixture of 2,2,2-
of dimethyl methyl phosphonate (Figure 7a) exhibits a more trifluoroethanol and fully protonated ethanol. The good spectral
complicated shape. Its interpretation is no longer straightforward; resolution allows for a clear discrimination of the proton singlet
however, the comparison with a numerical simulation (Figure of fully protonated ethanol against the multiplet arising from
7b) shows good agreement. The additional peak in the experi-2,2,2-trifluoroethanol, even though the spectral separation is less
mental spectrum (marked with an asterisk in Figure 7a) is due than 2 Hz.
to uncoupled spins of residual water in the sample. Finally we present a first approach to the spectroscopy of
When J-coupling becomes the dominant term, the spectra solutes. Figure 9 shows the spectrum of an approximately 1 M
again turn out to be relatively simple. An example is depicted solution of carbonyl-labeled glycine (see inset) in heavy water,
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2H Since our SQUID magnetometer is operated with an untuned

H o H input circuit, detection is broadband. Moreover, the pulse
Lo sequence employed in our experiments involves switched static
Hz"'ﬁ’ C —OH fields rather than resonant spin manipulation; thus excitation

also occurs over a broad band. Our experimental technique is
130 150 170 (Hz) therefore ideally suited to studies of systems containing nuclei
with different magnetogyric ratios. A spectrum containing
phosphorus and proton resonances was shown previglisy.
the current article, we show the simultaneous detection of
protons and deuterons (Figure 9) as well as a spectrum featuring
protons and fluorine nuclei (Figure 8). The ability to perform
carbonyllabeled glycine (see inset) in@at 3.7.T (5525 averages, _multln_uclear studies without ch_anglng the measurement system
room tgmperaturg,ypolari(zing field)2 Eﬂ, echoﬂtinge 167 ms).gThe is an important feature of our mstrumentatl.on.
two equivalento-protons are split into a doublet due dazoupling to The data presented here are an expansion of former results
13C. The coupling constant is® 1 Hz as determined by the line shape  showing resolved-coupling in the weak coupling regime. They
of the doublet. The second inset displays the proton region of the demonstrate how the concept of “pulespectroscopy” can be
spectrum in magnitude mode in order to show the doublet structure expanded to a broader class of samples. It is a well-known fact
more clearly. The deuterons of the solvent resonate as a singté686 in NMR that spectra become considerably simpler if one enters

of the proton frequency. ThEC triplet that should appear at 40 Hz is th K i . This factor | f th
below the noise level. The modulations in the noise at integer multiples € weak coupling regime. IS factor IS one of the reasons

of 60 Hz are due to analogue filters that remove the harmonics of the Why recent decades saw the development of ever stronger
60-Hz line signal. magnets for NMR. The examples shown here (Figure 8)

demonstrate that in the “very strong coupling regime” the spectra
acquired in a field of 3.7 T with an echo time of 167 ms. A once again become more readable, although their interpretation
J-modulated doublet centered at 158 Hz is discernible, with a is still not as straightforward as for first-order spectra. However,
line shape consistent with a coupling strength= 5 + 1 Hz. analytical and numerical simulations proved to be very useful
In addition, a singlet due to deuterium is evident at 24 Hz. The (Figures 7 and 8), and at least may allow one to narrow the
relative intensity of the lines from the two hydrogen isotopes range of possible conformations if the structure is not known.
is determined only by their respective spin densities and In addition, Figures 6b and 7a give examples in which varying
differences in thermal equilibrium magnetization (proportional the field strength and hence the rafidv allows the experi-
to y2I(I + 1), wherey is the magnetogyric ratio arlidthe spin menter to tune to a favorable ratdv. Such tuning is easily
quantum number). The detection sensitivity is the same for the achieved given the small magnetic fields involved.
two isotopes.

50 100 150 200 250 (Hz)
Figure 9. H, ?H, and*3C spectrum of 5 mL ba 1 M solution of
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