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A new probe design is presented for obtaining homonuclear, hete-
ronuclear, and inverse detected NMR spectra from more than one
sample in the same total data acquisition time as for a single sample,
thus increasing data acquisition efficiency. Specifically, a two-coil

of mass limited sample2). Using such coils, Fisheet al.

(3) have designed a two-coil probe, with each coil electrically
isolated from the other using a copper ground plane, and th
impedance matching networks isolated similarly. Using two in-

system, with each solenoidal coil impedance matched to 50 €2 at both
proton and nitrogen frequencies, has been designed for operation
at 11.7 T with an observe volume of 15 uL for each coil. Isolation
between the two frequencies for each individual coil, and at each
frequency between coils, was greater than 30 dB. Two-dimensional
COSY and HMQC spectra were obtained with negligible NMR
cross-talk between the two coils. © 2001 Eisevier Science

Key Words: solenoidal coils; parallel data acquisition; high
throughput; HMQC spectroscopy; electrical decoupling.

dependent duplexer/preamplifier stages and two receivers, ¢
multaneous acquisition of tWidC spectra was demonstrated. In
later publications, the same research group introduced a meth
termed “multiplex NMR” @—6) in which four coils were ar-
ranged vertically and connected in parallel. Application of a
magnetic field gradient in the vertical direction during data ac:
quisition, and subsequent deconvolution of the spatially deper
dent frequency shifts in successively acquired spectra, yielde
spectra corresponding to each of the four compounds. In a
alternative approach, Let al. (7) showed that both one- and
two-dimensional proton spectra could be obtained from sepe
rate samples contained in four electrically isolated solenoide
High-resolution nuclear magnetic resonance (NMR) speceils using a radiofrequency switch to separate the data fror
troscopy is typically a single input, single output system inwhickach coil. The data showed minimal loss in sensitivitp o)
either a set of time-sequential experimentsis run on anindividuaimpared to spectra obtained from a single coil, resulting ir
sample or a single experiment is performed on samples intan: increase in throughput effectively equal to the number o
duced successively into the magnet. Until recently there had beils.
no demonstration of parallelism in high-resolution NMR data An important next step in the continued development of
acquisition. The major reason for this has been the requirementiltiple-coil probes is the ability to acquire heteronuclear date
for multiple transmit/receive coils to be placed within a homasets, either via direct detection or, more importantly, using
geneous region of the magnet. Oldfield &cquired solid-state indirect detection technigques such as heteronuclear multipl
spectra from three nucletid, 2’Al, and *’O) from three differ- quantum coherence (HMQC), heteronuclear single quantur
ent samples placed in the same magnet, with spectral linewidtdmherence (HSQC), or heteronuclear multiple bond coherenc
of approximately 1 ppm. For high-resolution liquid state spe¢HMBC). In the case of two coils, each double-tuned to pro-
troscopy, the magnetic field homogeneity over each sample migst and nitrogen frequencies, for example, the design of such
be improved to obtain linewidths of a few hertz or less, limitprobe must provide not only efficient electrical decoupling be-
ing the physical dimensions of the active region of the detectdvgeen the proton and nitrogen frequencies for each individue
to approximately 2 cm in length and 5-10 mm in width focoil, but must also provide a high degree of decoupling betwee
most magnets. Since conventional saddle or Helmholtz coils &als at each frequency. In this paper, one such design is pr
already close to these dimensions it is necessary to use maehted and used to acquire two-dimensional COSY and HMQ(
smaller coils for incorporation of multiple detectors, for examspectra from two compounds in the same time that a single-co
ple, solenoidal “microcoils” which have been used for studiggobe can acquire data from one sample.

INTRODUCTION

1090-7807/01 $35.00 254

© 2001 Elsevier Science
All rights reserved.



COMMUNICATIONS 255

MATERIALS AND METHODS S, parameter between the two coils. At 500 MHz the value
of $1 between the proton channels of the two coils-85 dB

Coil design. The two-coil probe was designed to operatghowing excellent isolation. At 50 MHz there is greater than
in a wide-bore (89 mm) 500-MHz magnet and to allow sealegh dB of isolation between the two nitrogen channels. She
sample tubes to be placed in each coil. Each solenoid was faBgtween the proton channel of coil 1 and the nitrogen channe
cated identically using 5 turns of 24 AWG circular cross-sectiasf coil 2 was also measured: at 500 MHz the coupling is in the
copper wire (California Fine Wire Co., Grover Beach, CA), optinpjse floor at below-80 dB, and at 50 MHz the value is ap-
mally spaced, wrapped around a 2.67-mm outer diameter (0.@goximately—65 dB. Similar numbers are recorded for e
2.57-mm inner diameter (i.d.) 3-cm length of polyimide tubpetween the proton channel of coil 2 and the nitrogen channe
ing (Polymicro Technologies, Phoenix, AZ). The two solenoidsf coil 1.
were mounted atthe same heightwith a spacing of 6 mm betweeq,, 4y are modifications. The only hardware addition to the

coils: a vertical, grounded copper sheet (Sheldahl, G2300Q4, 4414 spectrometer setup is two stand-alone radiofrequen
15um copper thickness) was placed symmetrically between g ohes ysed to control which coil is connected to the trans
cails. Impedance-matchlng_ for both.prolton and f!'”oge” Cha][f'ﬂtter and receiver chains at any one time. The switch used i
nels was accomplished using the circuit shown in Fig. 1. T%esingle-pole-five-throw (SP5T) device (Model 3506-16-7000,

impedance-matching networks for the two coils were housedifs e Microwave Inc.). This operates from DC to 18 GHz, with

shielded copper boxes and were placed att®ach other 0 5 eagred insertion loss of 0.1 dB at 500 and 50 MHz. Th

rgduce coupling. The coil; were surrounded by a c_:onta?nerfillf'&ﬂaﬁon between channels is greater than 60 dB, with a max
with FC-43 (3M Corporation, St. Paul, MN), a fluid which hag, m switching time of 15 ms. The position of the switch is
amagnetic ;usceptlbll|ty very.S|m|Iar to that of the copper COI&ontrolled by TTL outputs from the Varian Inova console. The
The outer diameter of the entire assembly was 3.4 cm. Sampig,qq e has five spare lines (SP1-SP5) which can be set to hi
tubeg (_2.5-mm od., 2.2-mm_ 'd W|Imad WG-1364-25A) cap+5 V) or low (0 V) from within the pulse program. The switch
be slid in and out of the polyimide tubing. for the proton channels is controlled by lines SP1 and SP2, an

Electrical characterization. The quality Q) factor of each the switch for the nitrogen channels by lines SP3 and SP4, &
of the solenoids was measured to-b&50, with less than 2% Shown in Fig. 2. The TTL signal is fed into an integrated circuit
difference between the coils. Interactions between the two cditéLN2003AN), which is an array of open-collector Darlington
were measured using a network analyzer (HP 8751A Hewlettansistors. Five of the open-collectors are connected to the fiv
Packard, Palo Alto, CA) via th&; parameter. This parameterinputs. The common connection of the switch goes to a powe
can be used to measure the isolation between the two op@tPply operating at+28 V. It should be noted that this low-loss
ational frequencies of a Sing]e CO”, or the isolation betweé’f\”t(:h obviates the need for multlple preamplifiers as describe
frequency channels in different coils. TISs; parameter mea- in & previous paper7.
sures the ratio of the output voltage as a function of the inputNMR spectroscopy. NMR spectroscopy was performed on
voltage, with the condition that the input is impedance-matchat Inova spectrometer (Varian NMR Instruments, Palo Alto,
to 50 Q. For coil 1, theS; between the proton and nitrogenCA) with a 500-MHz, wide-bore (89 mm) magnet (Oxford In-
channels was measured a60 dB at 500 MHz and-35 dB struments, Oxford, England). The two coils were initially filled
at 50 MHz. For coil 2 these values weré0 dB at 500 MHz with a 10% H0/90% D,O mixture for shimming. The probe
and—35 dB at 50 MHz. Equally important is the value of théheight was adjusted so that the two coils were at the center ¢

0.8-8 pF 5%(.)41}:[&2;;313 Solenoidal coil
oL LT o]
; : 5 | 04-45pF |
Nitrogen 12 PEF /l/r O
0.8-8 pF | oaaspr | chamnel

FIG. 1. Circuit diagram for each coil in the two-coil probehead, with each coil impedance matchedt@b600 and 50 MHz for proton and nitrogen
frequencies, respectively. Copper shielding is indicated by the broken lines.
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FIG. 2. Schematic showing the two switching networks controlled by the TTL signals from four of the spare lines (SP1-SP4) of the Varian Unity consc

the magnet by minimizing the frequency shifts produced frooptimum values between the two data acquisition periods. i
changes in the Zshim. practice, this is not possible due to the long settling times o
Chemicals. Sucrose, adenosine triphosphate (ATP), and fof€ currents in the shim coils, particularly those in the higher-
mamide were purchased from Sigma Chemicals (St. Louis, M@yder shims. Therefore, in order to make experiments relevar
15N-labeled ammonium chloride was from Aldrich Chemical® practical implementation, a “compromise” value of the shim
(Milwaukee, W), and RO was from Cambridge Isotope Labo-Settings was chosen for experiments utilizing both coils. In thi
ratories (Andover, MA). case the linewidths increased to 5 and 6 Hz, respectively, fc
the two coils. In part, these relatively large linewidths were due
RESULTS to the inability, through software control, to change any of the
values of the shim currents between successive acquisitions.
The linewidths for the two coils, when optimized separatelis restriction were to be lifted, or pulsed-field gradients used a
using an automatic shimming routine with all higher-ordesupplementary, y, andz shims, the linewidths could probably
shims, were 1.5 Hz for coil 1 and 1.8 Hz for coil 2 for thebe reduced considerably. These linewidths are certainly large
H,0O/D,0 solution. Since the coils were arranged with the lontpan ideal for small-molecule NMR work, but nevertheless rea
axes aligned as closely as possible toxlais of the shims, the sonable for heteronuclear studies of larger molecules.
shim currents for optimal linewidth varied mainly in the current The test solutions used were 20 mM sucrose and 20 mM ATF
through they, xy, andx?—y? shim coils. The coil sensitivity was both in D,O, in coils 1 and 2, respectively. Figures 3a and 3b
measured using a solution of 0.1% ethylbenzene in deuterastw two COSY spectra acquired with sequential switching be
chloroform, giving a signal-to-noise of 98: 1 for a one-pulsaveen coils 1 and 2. As only a small proportion of the relaxation
experiment, with 1 Hz line broadening applied. time in multidimensional NMR is used for data acquisition, se-
Practical implementation of multiple-coil spectroscopy witlquential sampling of the signal from coil 1 and coil 2 leads to
a single receiver involves signal acquisition from one coil durmprovements in the efficiency of data acquisition. For a typica
ing the relaxation delay for the second coil. Ideally, the valug€30SY experiment, the relaxation delay might be setto 2 s. It
of all of the shim currents would be switched to the respectitke experiments shown in Fig. 3, the time between beginnint
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data acquisition on coil 1 and the initial 9pulse of the COSY a -364
sequence applied to coil 2 (and vice versa) was 1 s, and so the ef-
fective relaxation time for each sample is 2 s. Since spectra from |-362
both samples have been acquired, the NMR sample throughput 360
has doubled. For the data shown in Fig. 3 the signal contamina- Q 0 é
tion between coils is below the noise level and cannot be mea- [.358
sured. The pulse program is adapted from the standard Varian
COSY sequence by the simple addition of lines in the software [-356
code turning the spare lines on and off at appropriate times: no
hardware modifications are needed to the spectrometer. A A AR AR 354
i . ) 77 76 15 74 13 72 171

For inverse detection experiments, samples{-labeled
ammonium chloride at a concentration of 1 M in@and unla- FPM
beled neat formamide were placed in coils 1 and 2, respectively. b
For both coils, the 90pulse width on the proton channel was 272
8 us at a power level 0f~20 W, and the nitrogen 9Qpulse 070

width was 16us at a power level of25 W. The standard Varian
HMQC pulse sequence was adapted as described previously for w w 268 B
the COSY sequence. Four scans with appropriate phase cycling ] .

266
_ 264
a 3.0
. 77 16 15 14 13 72 1.1
o B.P 3.5 PPM
]
s 15F
¥ N1 4.0
oa
- b FIG. 4. HMQC spectra acquired serially from the two coils. (a) Coil 1
o 4.5 contains 1 M1°N-labeled (50%-labeled) ammonium chloride ip@ with
512x 128 x 2 (States) complex data points, effective TR 2 s, direct dimension
[5.0 spectral width 5000 Hz, indirect dimension 1000 Hz. The data were zero-filled
o R to 512x 512 and processed using shifted sine-bell squared weighting in bott
[55 dimensions. Thé>N chemical shifts were referenced to €4D,. (b) Coil 2
contains unlabeled formamide with identical data acquisition and processin
55 50 45 40 35 parameters.
PPM
b 35 gave excellent suppression of the proton signals not attached
15N in the two-dimensional HMQC spectra shown in Fig. 4.
=) 4.0
. DISCUSSION
@ 45 _ . .
8 As modern high field NMR spectrometers require consider-
M50 able financial investment, any method of increasing the numbe
of samples that can be studied by each spectrometer has gre
Fss significance. By designing a probehead containing two double
tuned solenoidal coils, we have demonstrated the acquisition c
RaErraEar 6.0 multidimensional high-resolution NMR spectra from two sam-
) : 04540 ples in the same time that it takes to acquire a single spectrul
PPM

with a standard probehead. Homonuclear and inverse-detectic
spectra have been shown, as these types of experiments con:
FIG.3. COSY spectra acquired serially from the two coils. (a) Coil 1 contl-_Ite the_VaSt majority of NMR eXpe.“memS- Direct detected tWO_‘
tains 20 mM sucrose in £ID with 512 x 128 complex data points zero-filed dimensional heteronuclear experiments have also been carrie
to 512x 512, an effective TR of 2's, 4 transients, data processed with shifteqit (data not shown). In the current configuration, where spectr
sine-bell we|ght|ng in both 'd|men5|ons, symmetn;ed and dlsplaygd in magiza ghtained serially, simpler probe designs incorporating activ
tude mode. (b) Coil 2 contains 20 mM adenosine triphosphate® With data . fthe ive” coil tainlv b .. d H
acquisition and processing parameters identical to those in (a). The spectrurqeréunmg 0 . e pa;swe C(,)' can C_er amn y_ € envisioned. How-
presented as an expanded region from within the full spectrum to show m&¥er, _the ultimate am of this work IS tru? S|mU|tan90L_JS d_alta ac
clearly the isolation between the proton channels. quisition from multiple samples. This relies on the availability of
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NMR spectrometers with multiple receive channels, and these REFERENCES

have become commercially available only very recently. Al-

though this work has shown results from only two samples, pré- E- Oldfield, A multiple-probe strategy for ultra-high-field nuclear magnetic
liminary data show that it should be possible to increase this to "6S0nance spectroscopyMagn. Reson. A07,255-257 (1994).

at least four, while still maintaining adequate spectral resolutiofy M- E-Lacey, R. Subramanian, D. L. Olson, A. G. Webb, and J. V. Sweedler

. . . . High-resolution NMR spectroscopy of sample volumes from 1 nL tal0
and good electrical isolation. For the full range of NMR experi-  ~.om. Re\09(10), 3133-3152 (1999).

ments to be performed on samples from small organics to Pre:- G, Fisher, C. Pettuci, E. MacNamara, and D. Raftery, NMR probe for the
teins, it will be necessary to incorporate further frequency chan- simuitaneous acquisition of multiple samplésMagn. Reson 38,160~
nels and to integrate pulsed field magnetic field gradients into the 163 (1999).

multiple-coil design. The optimal method of adding such func4. E. MacNamara, T. Hou, G. Fisher, S. Williams, and D. Raftery, Multiplex
tionality is currently under investigation. The possibility of using sample NMR: An approach to high-throughput NMR using a parallel coil

multiple coils with “saddle” geometries is also being studied.  ProbeAnal. Chim. Acte897,9-16 (1999).
5. T. Hou, E. MacNamara, and D. Raftery, NMR analysis of multiple samples
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