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Abstract
Improved NMR detection of mass limited samples can be obtained by taking advantage of the mass
sensitivity of microcoil NMR, while throughput issues can be addressed using multiple, parallel
sample detection coils. We present the design and construction of a double resonance 300-MHz dual
volume microcoil NMR probe with thermally-etched 440-nL detection volumes and fused silica
transfer lines for high-throughput stopped-flow or flow-through sample analysis. Two orthogonal
solenoidal detection coils and the novel use of shielded inductors allowed the construction of a probe
with negligible radio-frequency cross talk. The probe was resonated at 1H–2D (upper coil)
and 1H–13C (lower coil) frequencies such that it could perform 1D and 2D experiments with active
locking frequency. The coils exhibited line widths of 0.8 to 1.1 Hz with good mass sensitivity for
both 1H and 13C NMR detection. 13C directly detected 2D HETCOR spectra of 5% v/v 13C labeled
acetic acid were obtained in less than 5 min. Demonstration of the probe characteristics as well as
applications of the versatile two-coil double resonance probe are discussed.
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INTRODUCTION
Microcoil NMR [1;2] probes address the need to increase the intrinsic sensitivity of NMR for
small samples. Smaller diameter detection coils increase the signal-to-noise ratio (SNR) for
mass limited samples, thus improving the mass sensitivity[3–7]. The use of microcoils with
solenoidal geometry results in an additional increase in sensitivity because they capture more
magnetic flux than Helmholtz geometry coils. The construction of solenoidal microcoil NMR
probes with flow-through[4] or sealed-sample[8;9] designs provides improved sensitivity and
good resolution for small and low concentrated samples as little as nanoliters to several
microliters[10]. With improved sensitivity, microcoil flow-NMR can be used to advantage in
conjunction with a variety of chromatographic techniques[11–16]. In particular, the use of
microcoil NMR probes provides a better match to the sample volumes that elute off
chromatographic columns, resulting in a significant improvement in hyphenated NMR
techniques.
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1H NMR has been main focus of the initial microcoil NMR work, and single resonance circuits
with single or multiple sample microcoils have been employed to acquire 1D and 2D
homonuclear data with improved sensitivity and good resolution[17–20]. The development of
probes that incorporate multiple microcoils, such as Multiplex NMR[17;19;20] and two to
eight-coil systems[18;21;22] has been driven by a desire to achieve higher sample throughput.
Multiply tuned resonance circuits employing single sample coils that are based on a variety of
circuit designs[23;24] have also been used in microcoil probes to acquire 1D and 2D
homonuclear experiments[16;25]. However, little work has been done to date to employ
multiple resonance circuits in conjunction with multiple sample microcoils. One example is
the work by Zhang et al.[9], who designed a 15 μL observe-volume two-coil probe that operated
at 15N and 1H frequencies. Both sample coils were mounted at the same height in this probe.
The authors used the probe to demonstrate the acquisition of COSY and HMQC spectra at 500-
MHz from two sealed samples in the same time that it takes to acquire a single spectrum with
a standard probe-head. There are a variety of ways to expand on this multiple coil, multiple
frequency microcoil NMR idea, such as different observe-volumes (smaller for mass limited
samples, potentially larger for concentration limited samples); different frequencies between
the multiple coils for variety of experiments; inclusion of a lock frequency for maintaining the
line shapes for longer acquisitions; and addition of sample transfer lines for both analysis of
flow-samples and easier hyphenation of NMR with other analytical tools.

With these incentives, we report the construction and characterization of a versatile double
resonance 300-MHz dual volume double resonance microcoil NMR probe. The upper coil is
tuned to 1H/2D frequencies and the lower coil to 1H/13C frequencies. The observe-volumes of
both the coils are 440 nL. The oval sample cell has been designed to improve the fill factor
using a quick-thermal-etching technique that requires only 10 min to etch a single cell. The
detection coils with different multiple resonances allow for homonuclear and heteronuclear
1D or 2D NMR experiments for structural analysis. A 2D lock channel has been incorporated
into the resonant circuit of the upper coil to improve the line shape for longer 2D acquisitions
on either sample coil. A variety of experiments can performed by using one or both of
the 1H/13C frequencies, and a combination of experiments can be run with or without the lock.

METHODS
Detection Cell Fabrication

Detection cells for the probe were created using a thermal HF etching technique that is similar
in principle to one described in previous work[26;27]. However, a quick-etch technique very
similar to that described in our previous publication[28] was applied and is summarized in Fig.
1. Briefly, 0.5 cm of the middle portion of a 7–8 cm section of 1.8 mm OD, 127 μm ID fused
silica glass tubing (Polymicro, Phoenix, AZ) was wound with 30 AWG Nichrome wire (10 cm
long, six turns). Thermal etching was performed by passing a 2 A current from voltage source
(Beckman Industrial, Taiwan) and simultaneously flowing 48% HF through the glass tubing
using a Harvard syringe pump (Harvard Apparatus, Holliston, MA). The pump was
programmed for a 2 min infuse and 2 min refill, and then 3 alternating cycles of 1 min infuse
and 1 min refill, thus resulting a total etch time of 10 min. Each end of the 0.5 cm center-etched
section of the glass tubing was cooled with chilled nitrogen gas resulting in an enlarged etched
volume of approximately 1 μL. The etched tube was bent into a U-shape with a torch. At this
point, the tip of a 65–70 cm length of fused silica capillary tubing (360 μm OD, 70 μm ID) was
inserted into each end of the sample holder and glued using polyimide sealing resin (Supelco,
Bellefonte, PA). There was no need to etch the two ends of the sample tube with above protocol
to fit the transfer line since the ends were being etched sufficiently from the infuse/refill flow
of heated HF during the etching period. The second detection cell was etched, bent and glued
with transfer lines similarly.
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Probe Construction
A standard bore (40 mm OD) probe body was constructed in a similar fashion to our previous
work[28]. For each detection cell, two and one-half turns using two parallel wires (~40 nH
with 2 cm leads), were manually wound with 150 μm OD round copper wires (California Fine
Wire, Grover Beach, CA) and affixed to the sample cell using Quicktite© superglue (Henkel
Loctite, Rocky Hill, CT). The coil length of 0.8 mm created an active sample volume of 440
nL. The two sample cells were then placed one cm apart and oriented orthogonally on a
specially designed U-shaped Ultem plastic support (Fig. 2). AutoDesk Inventor Professional
2008 software was used to design the spatial layout of the rf coils, sample container and
structural elements of the probe.

The upper and lower coils were tuned and matched using the double-resonance RF design
illustrated in Fig. 3, which features LC trap and pass elements tuned for use at 7 tesla. A 5 cm,
0.181 in. OD, 50 Ω semi-rigid coaxial cable (Haverhill Manufacturing, Haverhill, MA) was
used to connect the coils to the rest of the resonant circuit, and with this transmission line in
place, the final coil/lead inductance was measured to be ~100 nH. Fixed value capacitors (ATC,
Huntington Station, NY) and shielded 5 mm tunable inductors (Coilcraft, Cary, IL) were used
in the trap and pass circuit elements, whereas fixed and tunable capacitors (0.1–9 pF,
Voltronics, Denville, NJ) were used to provide tuning and matching. A single coil double
resonance circuit tuned and matched to 1H/2D frequencies (300 and 46.05 MHz) is shown in
Fig. 3. The circuit is based on previous NMR resonant circuit designs [16;23;25] and
incorporates a high frequency trap (10 pF, 28 nH), low band pass filter (66 pF, 79 nH), and a
variable length transmission line[28;29] that is used both to tune the circuit and to connect the
sample coil leads to the other circuit components. A similar circuit design (not shown) with
different capacitor and inductor values was used for tuning and matching the 1H/13C (75.44
MHz) frequencies used for the lower detection coil. Each of the coil components was placed
at the same level and connected to their respective detection coil with 5 cm transmission lines.
Tunable non-magnetic shielded inductors (Coilcraft, Cary, IL) were used both to provide
flexibility in tuning the trap and pass components to their respective frequencies, and to
minimize the rf cross talk of the components. Shielded inductors have been widely used
commercially, mainly in microwave and tele-communication circuit designs to configure traps,
as tuning elements, and to prevent magnetic coupling and rf interferences that is especially
important in densely packed circuit boards [30–32]. It proved advantageous to incorporate this
concept while putting together all the tuning, matching, trapping and passing elements for the
four resonances in a single probe circuit board of 38 mm circumference. In addition, a grounded
copper sheet was placed between the reactive components of the two circuits to minimize the
rf cross talk. As a result of this shield and the use of shielded inductors, it was relatively
straightforward to keep the proton resonances from interacting. Finally, the detection cells and
their transmission lines were surrounded by a delrin container holding FC-43 Fluorinert (3M,
St. Paul, MN) to reduce the line broadening effects that can arise due to susceptibility
mismatching of the probe materials[1].

Electrical Characterization
The isolation of any two intra-ports within each coil circuit (1H and X) and two inter-ports
between the upper and lower coils was measured using a 2 GS/s oscilloscope (Tektronix TDS
380, Beaverton, OR). Real-time measurements of incident and reflected power was performed
by passing a radio frequency pulse from the desired transmitter channel (1H or X) to the
corresponding incident probe port through a 50 dB directional coupler (BIRD Electronics,
Cleveland, OH). Attenuators were used to prevent damaging the oscilloscope electronics. The
incident signal consisted of a 5 μs radio frequency pulse at the optimized 90° flip angle (see
‘Experimental Section’ below) through the transmitter, and using a 1.8 sec delay between
pulses.
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NMR Experiments
A Varian INOVA 300 MHz NMR spectrometer was used to evaluate the probe for NMR
performance. Two separate samples of 40 mM sucrose (Sigma-Aldrich) and 5% v/v
enriched 13CH3

13COOH (Cambridge Isotope, Andover, MA) were prepared in D2O. The
enriched 13CH3

13COOH sample was prepared by diluting 5 μL 100% 13CH3
13COOH in 95

μL D2O. The sucrose sample was injected into the upper cell and the acetic acid sample in the
lower cell using a 100 μL Hamilton syringe (Hamilton, Reno, NV) and syringe adapter (VICI
Valco, Houston, TX). At 40 dB transmitter pulse power, 1H 90° flip angles for the upper and
lower coils were 6.8 μs and 5.4 μs, respectively. The 13C 90° flip angle for the lower coil was
2.4 μs at 50 dB. With the lock channel engaged at all times, the upper coil was utilized for the
1D 1H experiments with solvent suppression using a presaturation pulse, whereas, the lower
coil was used for 1D 1H and 13C (coupled and decoupled) experiments. Directly-detected 13C
2D HETCOR (coupled), and INADEQUATE (phase-sensitive and 1H decoupled) experiments
were performed to show the utility of the probe in structural analysis. Because the NMR
spectrometer consisted of one 1H channel, the spectrometer channel was manually connected
to the 1H probe port of the desired coil for either the 1D or 2D proton experiment.

RESULTS AND DISCUSSION
Measurements of the electrical performance of the probe generally showed very good results,
indicating a good radio frequency design and construction. The power isolation of any two
intra-ports, 1H to 2D (upper coil) and 1H to 13C (lower coil), was measured to be less than
0.75% (−21 dB). The power isolation of any two inter-ports between the upper and lower coil
was found to be less than 0.004% (−44 dB). Proper intra-port isolation within each coil ensures
maximum power transfer to the sample coil from one port with minimal power leakage to the
other port, while the proper inter-port isolation between upper and lower coils minimizes the
radio frequency cross talk. Initially, both coils were shimmed with a sample consisting of a 1:9
H2O/D2O mixture with the optimized shim center placed at the lower coil. Each coil required
its own unique shim values for optimal performance in terms of the full width half maximum
(FWHM) line widths, which were measured to be 0.8 Hz (lower coil) and 1.1 Hz (upper coil).
When the upper coil was centered in the magnet, the upper coil could be shimmed to 0.8 Hz
FWHM, but the lower coil had a poorer line width (~2 Hz), but without any distortion in the
line shape. The lock level stayed stable at all the times, and lock level fluctuation after changing
the corresponding shim values for each coil was minimal.

The signal-to-noise ratio of a single scan for the anomeric peak of sucrose at 5.4 ppm observed
in either of the coils was close to 28.8 with the receiver gain set to 40 dB. The limit of detection
(LOD) for the largest peak at 3.8 ppm using the 40 mM sucrose sample with solvent suppression
and a 30 min acquisition was approximately 330 pmole for both coils, as shown in Fig. 4 (the
lower coil spectrum is not shown). This picomole detection limit is similar to previous micro
coil probe efforts[10].

Figures 5A and 5B show 1D 1H (coupled) and 13C (coupled) spectra, respectively, collected
from the lower coil for a sample of 5% v/v 13CH3

13COOH in D2O. The LOD for the 13C=O
peak at 176 ppm for this sample located in the lower coil was 3.5 nmol for a 40 min acquisition
using a 1D 13C experiment (Fig. 5B). The 1H decoupling efficiency of the lower coil was tested
by acquiring a standard WALTZ decoupled 13C experiment (Fig. 6). A decoupling power of
only 17 dB (12.6 mW) was required to achieve effective decoupling.

13C-directly-detected 2D HETCOR spectra of the same acetic acid sample were obtained from
the lower coil. Both coupled (Fig. 7) and decoupled HETCOR spectra (not shown) were easily
obtained with good sensitivity and resolution in less than 5 min using 32 increments and 8
scans per increment. In Fig. 7, HETCOR plot correlates the carbon multiplet at 20 ppm to the
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proton multiplet at 1.5 ppm. In addition, a 2D INADEQUATE (phase sensitive and 1H
decoupled) spectrum was obtained at 64 increments, 36 scans per increment. The spectral data
was processed with sinebell appodization and is shown in Fig. 8. A long pre-delay of 5 sec was
used to prevent overheating of both the probe and the sample during long experimental period.
The Jcc coupling between methyl and carbonyl carbons was measured to be the same value of
56.6 Hz at both peak positions in the F2 dimension, as shown in the figure.

The sensitivity, resolution, flow design, and variety of 1D/2D homonuclear/heteronuclear
NMR experiments offered by the probe provide important capabilities for future applications
in separation-based metabolomics studies. Multidimensional chromatographic-NMR studies
using different hyphenation techniques can be employed with this two coil probe either in
stopped-flow or flow-through mode. One such approach could be to send metabolic eluates
from a chromatographic column to the top coil of the probe, and any interesting/unknown peak
could be sent to the lower coil for 2D NMR structural analysis. Another technique could be to
collect chromatographic bands in different storage loops and use an automatic sample handler
to send the bands selectively to desired coil of the dual volume probe. In addition, to expedite
the whole analytical process, instead of using a single channel receiver, spectrometers with
two 1H channel receivers, if available, can be configured to connect to each of the 1H channels
of the probe, to allow faster analysis of flow-samples. Alternatively, hardware modifications
[5] can be made for single receiver systems. The future work of our dual volume probe will be
focused on such applications.

CONCLUSIONS
The design and evaluation of a dual coil, double resonance microcoil NMR probe is described
which has the flexibility to carry out a number of 1D and 2D NMR experiments using sample
flow injection or hyphenation with HPLC or other separation methods. This versatile microcoil
NMR probe can be utilized to acquire spectra of metabolites or other small molecules of interest
using as little as 400 nL sample volumes and sub-nmol analyte quantities. We have shown that
high resolution and good line shape can be achieved using this 1H/13C and 1H/2D circuit design.
The probe has good sensitivity as we were able to acquire spectra in a short time from either
sample coils with negligible cross talk. The probe should be useful in a variety of applications
including structural identification where small volume samples are encountered.
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Figure 1.
Quick-thermal etching procedure for creating capillaries showing the main components used
to create the sample detection region. A detailed description of the procedure is provided in
the text. The result is an enlarged oval-shaped detection volume within the probe coil.
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Fig. 2.
Left: Probe head image created on AutoDesk Inventor Professional 2008. Right: Real image
of probe head to show cell and transmission line tuning element placement.
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Fig. 3.
Single coil/double resonance circuit diagram.
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Fig. 4.
1H NMR spectrum of 40 mM sucrose detected in the upper sample coil with water presaturation
and 1024 scans (~30 min) resulting in a LOD of 330 pmol for the largest peak at 3.8 ppm.
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Fig. 5.
Fig. 5A: Single scan 1H (coupled) spectrum of 5% v/v 13CH3

13COOH detected in the lower
sample coil.
Fig. 5B: 13C (coupled) spectrum of 5% v/v 13CH3

13COOH (512 scans; ~40 min) in the lower
coil, resulting in a LOD of 3.5 nmol for the carbonyl peak located at 176 ppm.
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Fig. 6.
13C (decoupled) spectrum of 5% v/v 13CH3

13COOH (512 scans; ~40 min) detected in the lower
coil. A decoupling power of 17 dB was used. 13C-13C coupling is still evident in the spectrum.
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Fig. 7.
HETCOR (coupled) spectrum of 5% doubly 13C labeled acetic acid (CH3COOH) acquired in
4 min 43 sec (32 increments and 8 scans per increment). Only the methyl-carbon directly
attached to its protons are visible (as a quartet of doublets) in the HETCOR plot.
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Fig. 8.
INADEQUATE (phase-sensitive and 1H decoupled) spectrum of 5% v/v 13CH3

13COOH in
D2O acquired in the lower coil of duo-volume probe. Parameters include nt= 36, ni= 64, d1=
5 secs, at= 200 ms and sinebell appodization. The insets show the 13C-13C coupling measured
from center to center of the contour plot to be 56.6 Hz for the two regions. (Sum of the offsets
in the F1 dimension is scaled to 0 Hz).
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