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A dual channel probe for the simultaneous acquisition of NMR
ata from multiple samples has been developed. This multiplex
robe consists of two noninteracting sample coils that are each
apable of detecting NMR signals at the same resonant frequency
ith good sensitivity and resolution. 13C free induction decays for

he two samples, methanol (13C, 99%) and carbon tetrachloride
13C, 99%), were acquired simultaneously at 75.44 MHz using a
ingle transmitter pulse and separate NMR receivers. S/N mea-
urements are comparable to those observed using single coils. No
vidence of cross talk is evident in the spectra even after consid-
rable signal averaging. The probe demonstrates the feasibility of
ignificant parallelism in NMR, which will be of interest in situa-
ions where high throughput analysis is desired. © 1999 Academic Press
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Parallel detection methods are advantageous in situa
here multiple measurements are required, and such me
re routinely applied to a large number of analytical techni

o improve sensitivity, precision, and throughput. For exam
nalytical techniques based on Fourier transform metho
lternatively employing imaging detectors allow multip
ampling of entire spectral regions. Emerging areas su
ombinatorial chemistry (1–3) and high throughput screeni
4), which rely on the rapid analysis of large numbers
amples, benefit greatly from the development of such m
ds. Parallel detection methods, as applied to multiple sam
re beginning to be implemented in a number of diffe
nalytical methods (5, 6). To date, however, such metho
ave not been developed for NMR spectroscopy, particu

or the observation of the same nuclei in different samp
reviously, separate lock samples were often incoporated
lectromagnet-based spectrometers. More recently, the o
ation of three samples (one liquid and two solids) u
eparate probes tuned to observe different nuclei in the
igh-field magnet was reported (7). NMR measurement

hough invaluable for structural analysis, are normally mad
single sample at a time.
We describe below a new type of NMR probe that emp

arallel, noninteracting sample coils to allow for simultane
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etection of multiple samples. This approach has the pote
o increase significantly the throughput of NMR measurem
hich have until now been limited to serial data acquisit
his multiplex probe is designed to interface to a normal N
pectrometer, with minor modifications to the hardware. T
odifications, as well as data acquisition procedures for
rototype two-coil probe, are discussed below.

EXPERIMENTAL

A schematic diagram of the multiplex probe is shown in
for a dual channel configuration used in the initial exp
ents. The resonant circuit for each channel is based

ransmission line design (8, 9), which conserves space a
educes complexity in the sample region of the probe. LC
ircuits located near the sample region were tuned close
he transmitter frequency using a 4 turn, 4 mm inductor o
olenoid geometry wrapped from 20 gauge insulated ma
ire and fixed 11 pf tuning capacitors (ATC Corp.). T

nductors were attached to a 30 mm long glass tube meas
mm o.d., and 2 mm i.d. using epoxy cement. Sealed

ample tubes (2 mm o.d. and 6 mm long) were placed w
hese glass tubes. The inductors were electrically isolated
ne another by a horizontal piece of copper-plated circuit b

hat was grounded to the probe body. In this manner, cros
as all but eliminated between the two circuits. A fixed 32
atching capacitor was added between the end of the
ission line and the tank circuit. Variable tuning (3–11 pf)
atching capacitors (Voltronics Corp.) for each of the t

ircuits were placed in a single aluminum box located
elow the NMR magnet to allow for easy tuning and match
f the circuits. The regions containing the variable capac
ere electronically isolated from one another by an alumi
late. As a result, the two coils are independently tunable
o not exhibit any coupling due to mutual inductance w

hey are tuned and matched to the same resonant freque
The data were acquired at 7.4 Tesla (correspondin

5.440 MHz for13C) using a Varian Unity Plus spectromete
onjunction with a separate, home-built receiver in the ma
llustrated in Fig. 2. The home-built NMR receiver is based
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161COMMUNICATIONS
super-heterodyne configuration, and is built around a
lexer, mixer/preamp module, phase sensitive detector an
pectrum analyzer. This receiver and its use as part of a
pectrometer will be described in more detail in a subseq
ublication (10). The transmitted RF excitation pulse from
ingle power amplifier was split through a power splitter
he two outputs were routed through crossed diodes and
equent, independent duplexer/preamp stages connec
ach of the NMR receivers. Besides reducing amplifier n

he crossed diodes act to isolate the NMR signals from i
ering with one another during data acquisition. The lo
85.94 MHz) and intermediate (10.5 MHz) oscillator frequ
ies for the home-built receiver were supplied by two PTS
ynthesizers. These synthesizers were phase locked
ommercial transmitter with a 10 MHz reference signal.
ultaneous data acquisition was accomplished by usin
/D card in the commercial system and a separate 400
igital scope (Tektronix), which was part of the home-b
eceiver. The trigger pulse for initiating data acquisition
or blanking the preamplifier on the home-built receiver
upplied through an external logic line provided by the Va
pectrometer and controlled by the pulse program. All ex
ments were performed using a standard 90° pulse wit
roton decoupling.
Methanol (13C, 99%) and carbon tetrachloride (13C, 99%)
ere purchased from Cambridge Isotope Laboratories and
ithout further purification. The two NMR samples were p
ared by freezing approximately 4mL of each liquid into 2 mm

FIG. 1. Schematic diagram of the multiplex dual channel probe
arallel RF circuits. See text for a detailed description.
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.d. Pyrex glass tubes using a liquid nitrogen Dewar. The
f the sample tubes were then sealed with a small torch.

RESULTS AND DISCUSSION

Representative data taken with the multiplex dual cha
robe are shown in Fig. 3.13C samples were used to dem
trate the capabilities of the probe primarily due to the ho
uilt receiver’s limited frequency range. Each spectrum is
esult of a single acquisition using a 10ms 90° pulse and
ransmitter power of 3 Watts measured at the output o
ransmitter amplifier. Figure 3a shows the proton spin-cou

13C-methanol quartet centered at 50.3 ppm relative to T
cquired using the commercial spectrometer. The frequ
omain spectrum from this system is a result of a com
ourier transform of 32,768 real and imaginary points.
-coupling is 141 Hz and the linewidth is approximately 9.2
FWHM). Figure 3b shows a13C singlet from carbon tetrachl
ide at 96 ppm relative to TMS acquired using the home-
pectrometer. The data from the home-built system was
ained on a single channel (i.e., not in quadrature); co
uently, only 15,000 real data points were acquired. These
ere then processed using a cosine (real) Fourier trans
he linewidth is approximately 10.7 Hz (FWHM). No e
ence of cross talk was observed in the spectra, even
onsiderable signal averaging was performed (100 aver
ot shown), to better than 1% of the signal intensity.
Signal to noise measurements showed that the probe

ensitivity that compares favorably with that of commerci
vailable liquids probes, in agreement with known res
bserved for mass-limited samples in small NMR coils (11–
3). Despite the relatively poor fill factor of the 2 mm o
amples inside the 4 mm o.d. sample coils used in t
xperiments, we found the integrated, mass-limited sensi
f this probe to be roughly twice that of our 5 mm hig
esolution probe due to its smaller coil diameter. This ca
ation takes into account the total integrated signal inten
rom an uncoupled ASTM13C sensitivity sample (0.6 ml 40
,4-dioxane in benzene-d6) and the differences in linewidth

his sample (1 Hz) as compared to the methanol sample u
ur experiments.
Although the achievement of very high spectral resolu
as not the primary aim of this work, the resolution dem
trated thus far is obviously a current limitation. Our exp
ents show that the spectral resolution in the two coi
rimarily limited by magnetic susceptibility mismatches

ween the coils, the glass sample holders, and the samp
greement with previous work (11, 13). Initial attempts to us

arger fill factors resulted in somewhat larger linewidths. R
dies to this situation include the use of smaller samples
oils or by the incorporation of a susceptibility matching fl
round the sample region and coils (13). A limitation to the

ormer approach will be the ultimate LOD that can be obta
n non-13C-enriched samples as the sample sizes bec

d
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162 COMMUNICATIONS
maller. Another possibility would be the use of zero magn
usceptibility magnet wire (14). We are pursuing these avenu
o explore the trade-offs between high spectral resolution
arge numbers of sample coils in the probe.

There are a number of refinements that can be envision
mprove the utility of the multiplex probe. Currently, the ne
or multiple receivers is one factor complicating the desig
ore parallel NMR detection schemes. Nevertheless,

eceiver systems have been proposed and implement
agnetic resonance imaging (15). One approach would be

onstruct multiple, phase-locked receivers on a single b
hose outputs are digitized by a multiplexed A/D card.
rimary limiting factors in such experiments would be
umber of isolated sample coils which could fit into the
ogenous region of the magnet, and the number of inpu

he A/D card being used, which is determined by the spee
he digitizer and the necessary spectral width. Another pos
cheme to increase the parallelism of NMR detection is to
n imaging approach whereby gradient pulses would be us

requency label the different samples depending on their
ion in space. Only a single NMR receiver is needed in
ase, and the requirement on gradient strength is modes
pectral resolution will again be a limiting factor, but
ombining this technology with NMR micro-coils (11, 13) a
ubstantial number of samples could be simultaneously
yzed. Work on implementing this imaging methodology is
rogress at this time (16).
In summary, we have shown that the development of pa

FIG. 2. Schematic diagram of the spectrometer system used to acq
y a commercial NMR spectrometer (Varian Unity Plus) operating at 75.4
eceiver operating at the same frequency and phase locked (reference
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ethods for the detection of multiple NMR samples at
ame resonant frequency appears viable, and has suf
ensitivity and resolution to be of use in a variety of appl
ions. For example, there is a growing need for the r
nalysis of large numbers of compounds in the pharmace

ndustry to identify potential drug candidates. Parallel N

the data including RF connections to the probe. One sample (methano
Hz for13C, while the other sample (carbon tetrachloride) is detected by a home

o the main oscillator of the Varian spectrometer.

FIG. 3. Proton coupled13C NMR spectra acquired simultaneously us
the multiplex probe. Both spectra were acquired using a single 90° puls
the same 50 kHz spectral widths: (a) 4ml of 13C enriched methanol detec
using the commercial spectrometer; (b) 4ml of carbon tetrachloride detect
using the home-built receiver.J coupling evident in the methanol spectrum
141 Hz. No evidence of cross talk was observed in the spectra.
uire
4 M
d) t
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163COMMUNICATIONS
etection methods will be advantageous in applications su
ombinatorial chemistry (17) where the demand for signi
antly increased throughput is increasing. Additionally, th
re a growing number of applications where NMR detec
ethods are used in conjunction with liquid chromatogra

18–21). Implementation of a multiplex NMR probe wi
xisting LC-NMR techniques would allow further develo
ent of this approach.
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