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Markus von Kienlin

NMR spectroscopy has become an indispensable part of
molecular structure determination and verification processes
in all fields of chemical and biostructural research. Only
recently have the emerging field of combinatorial chemistry,
in which large compound libraries need to be characterized,
and the demand for quality control of compound depositories
in pharmaceutical industry shown that the sample throughput
achievable with setups used in modern NMR laboratories is
too low and prevents efficient application of NMR spectro-
scopy in the above-mentioned contexts. The two automated
setups nowadays in use comprise a) automated sample
changers that position one NMR sample tube after the other
in the magnet and b) the pumping of single samples in a
capillary system to a properly designed flow-through probe.[1]

Both approaches are designed for sequential sample input and
lack any aspect of parallelization.

A setup with four detection volumes mounted into a home-
built flow-through probe was described in the literature.[2] The
application of an inhomogeneous magnetic z-field together
with a tailored data processing was used to measure and
decompose the spectra. This method, however, is restricted to
measurements of only four samples in parallel and necessi-
tates a coil around each sample tube. Therefore, a specially
adapted NMR probe is needed.

To increase the parallelization and the sample throughput,
as well as circumventing the need for additional costly
hardware, we propose[3] the combination of a technique
widely applied in the field of medical NMR spectroscopy
known under the acronym CSI[4] (chemical shift imaging) with
a compartmented detection volume realized by a bundle of
1-mm NMR-suited glass capillaries (Figure 1).[5] Each capil-
lary is filled with a different solute. The acquisition of regular
NMR data on such a compartmented detection volume results
in a spectrum that is identical to that obtaind from a mixture
of all the compounds in a single-volume detection cell. The
decomposition of the data to single spectra is a prerequisite
for getting useful information. We adopted the CSI technique
that is in use in magnetic resonance imaging (MRI) to
perform this task.[6] A typical question to be answered in
medical applications of this technique is what is the spatial
distribution of substances in certain organs within a human
(animal) body. CSI combines spatial information (organs, for
example, liver, or arbitrary coordinates) with chemical
information (for example, the NMR spectrum of glucose).

Figure 1. Schematic drawing (A and B) and cross section (C) of a nine-
capillary bundle (A) to fit into a standard 5.0 mm NMR tube. The bundle is
fixed at the bottom and the top in carriers made of plexiglas (B) in our in-
house workshop. The upper carrier is integrated in a cylindrical module
made of the same material to enable proper positioning in the NMR tube.
To circumvent the need for cleaning the containers, disposable low-price
capillaries can be used if a large number of samples have to be measured
without significant loss of spectral quality.

The principle of the method rests on the application of
controlled inhomogeneous magnetic field pulses (gradient
pulses) to obtain information on the spatial distribution of
spins within a sample volume.

Only recently were x- and y-direction gradient coils
integrated in NMR spectrometers used in analytical chemistry
for the purpose of coherence pathway selection and solvent
suppression.[7] This hardware feature is commercially avail-
able for NMR spectrometers and meets exactly the require-
ments necessary to obtain spatially resolved chemical shift
information. An exemplary pulse sequence suited for the
acquisition of simple x,y-resolved one-dimensional (1D)
1H NMR spectra is shown in Figure 2. The three-dimensional
(3D) data set obtained comprises two spatial (x,y) dimensions
and a spectral one. The initial phases of the free induction
decays (FIDs) that were acquired as a function of the

Figure 2. CSI pulse sequence for spatially x- and y-resolved 1D 1H spectra.
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independently incremented gradient pulse strengths contains
the information on the x and y position of the spins within the
capillary bundle. The number of increments Ni and the
strength Gi of the gradient pulses applied along a certain
dimension i2 {x,y,z} determine the so-called field-of-view
(FOVi), which is given by 2p(gH Gi tg Ni)ÿ1. The spatial
resolution is given by FOVi/Ni. All the FOVi values must be
set large enough to comprise the diameter of the object along
the corresponding direction (for example, the diameter of the
capillary bundle) to avoid folding. The spatial resolution must
be set high enough to resolve the individual capillaries in the
image. The parameters of the spectral dimension can be
optimized as usual to enable extraction of chemical informa-
tion as needed (chemical shift, J couplings, integrals). The
spectral information is obtained as usual by Fourier trans-
formation (FT) of the all FIDs with respect to the acquisition
time. The image of the sample is obtained by independent FT
of the data with respect to both incremented gradient
strengths. It is clear from the theory of NMR imaging[8] that
small ªcross-talkº between extracted traces cannot be circum-
vented completely. Numerical simulation based on theory
shows that the expected transfer of amplitudes between
spectra in our experimental setup is below 6 % of the intensity
of the spectrum of interest. This unwanted ªcontaminantº can
be further reduced by use of optimized spatial sampling
schemes.[9]

In Figure 3 we show the skyline projection of the data
acquired as described in the Experimental Section after FT
only with respect to the spatial dimensions. The expected

Figure 3. Cross-sectional image of the bundle of 1-mm capillaries obtained
by FTalong the spatial dimensions only. The contours code for spin density.

image of our object is clearly visible. The expanded regions of
the spectra shown in Figure 4 were extracted after an addi-
tional FT with respect to the acquisition time, which was
obtained from orthogonal traces taken out of the 3D data set
at the x,y coordinates of the maxima located in each capillary.
This task can be automated using known peak-picking
algorithms. No cross-talk between the traces is seen at the
given signal-to-noise level.

Figure 4. Expanded regions of the extracted 1H 1D NMR spectra obtained
with (A) and without (B) filling the interstice between the capillaries with
[D6]DMSO. The spectra allow for the extraction of chemical shifts and
J couplings larger than 5 Hz. The reduced spectral resolution relative to
those obtained from a standard setup can be explained by contributions to
the B0-field inhomogeneity from susceptibility jumps in our sample
geometry. Nevertheless the quality of the spectra is high enough for
structure validation of known structures needed for quality control of
compound libraries. The signal-to-noise ratio measured fits (with the
exception of the spectrum in trace 4) nicely with the expected value when
taking into account the small detection volume per capillary. The result in
trace 4 can be explained by a higher initial sample concentration. Trace 3 is
blank as this substance has no aromatic moietyÐsignals are visible in other
regions of this spectrum.

CSI is not restricted to the 1D homonuclear pulse sequence
used here to extract chemical information. Multidimensional
homo- and heteronuclear pulse sequences play a substantial
role in modern NMR spectroscopy. The modification of most
pulse sequences in use to include the spatial encoding part
shown in Figure 2 prior to the detection of the signal is
straightforward. As will be discussed below, a substantial
decrease in the spectrometer time needed per sample by using
the CSI technique is only achieved if the time needed for
sample replacement dominates the total cycle time per sample
in the conventional setup. This prerequisite can not be
fulfilled by any multidimensional NMR experiment. The
x,y-encoding scheme of an arbitrarily compartmented ar-
rangement can easily be expanded by an additional incre-
mentation of the strength of the z-gradient pulse to obtain
spatial information along the z dimension of the compartment
arrangement to obtain 3D spatial information.[10] This enables
the application of the method to further optimized geometries
of compartmentation.

The experimental time that allows a single scan per gradient
setting is 5 min for our geometry of 9 samples. For compar-
ison, an automated standard setup allows the acquisition of a
simple 1D proton spectrum within 5.5 min per sample (typical
cycle time in our service NMR department including auto-
mated sample exchange, shimming, locking). Thus, we have
shown that an increase in the throughput of samples by a
factor of roughly ten is readily achieved by use of CSI-based
methods, and this can be performed on any commercially
available state of the art NMR spectrometer. The only
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It has long been known that mixtures of organolithium
derivatives (e.g., alkyls, amides, or enolates) and heavier
alkali metal alkoxides (e.g. tert-butoxides or tert-pentoxides)
can exhibit special proton-abstracting powers well beyond the
capability of the lithium compounds on their own.[1] A forest
of literature has grown around this superbasicity focussing
mainly on its exploitation in organic synthesis[2] and, to a
lesser extent in polymerization.[3] Yet for all this accumulated
knowledge, there is still much uncertainty about the precise

additional hardware needed is a miniaturized compartmented
sample container suitable for NMR spectroscopy. For a
typical small molecular weight substance, 30 mg dissolved in
a capillary is enough to provide a spectrum of sufficient
quality to deduce the structural integrity of the substance and
impurities in the 10 % range.

As the achievable signal-to-noise ratio is determined only
by the sensitivity of the NMR probe and the number of spins
in the detection volume, the method presented here by no
means generates an improvement in the sensitivity of the
NMR equipment. The gain in throughput is based solely on
the reduction of the lengthy time required for frequent change
of samples. This is only possible at the relatively high
concentration of samples available in all fields mentioned in
the introduction. Automation of the manually difficult filling
of the capillary bundles is currently in progress in our
workshop.[11] Further miniaturization of the diameters of the
capillaries is due to limitations of available technology for
automated liquid handling is not advisable.

The application of large diameter (7 ± 10 mm) probes to
increase the number of capillaries included in the detection
volume is hampered by the lower intrinsic sensitivity of these
probes, which reduces the quality of the spectra. This
limitation might change in the near future if cryogenic
technology[12] becomes available for larger diameter probes.
A simple geometry for positioning 19 capillaries in a standard
detection volume is described in the technical section. A
bundle of flow-through capillaries measured by use of the CSI
technique might also help to further increase the throughput
of samples.

Experimental Section

For the experiments presented here each capillary tube was filled with
10 mL by using a syringe. The nine substances dissolved at concentrations
below 10 mm in deuterated dimethyl sulfoxide ([D6]DMSO) were arbitra-
rily obtained from our routine NMR laboratory. The solvent served as an
internal lock. All data presented were taken on a DMX 600 Bruker
spectrometer equipped with a standard triple-axis gradient TXI probe
housing all the gradient coils. The temperature was set to 300 K. The NMR
experimental parameters were set as follows: Proton pulse 8 ms; interscan
delay 1 s; eddy current compensation d 2 ms. FIDs of 4 K complex time
points were acquired in the digital filtering and quadrature detection mode
of DMX spectrometers. The x- and y-gradient pulses (tg� 1 ms) were
ramped in 16 steps from ÿ5 to �5 Gcmÿ1 to obtain the needed spatial
resolution of 300 mm. The 3 Gcmÿ1 Gz gradient was used to remove 1808
pulse imperfections.

This acquisition gave a data matrix of (16� 16)spatial� 4Kcomplex,time data
points. Eight dummy scans were allowed for thermal equilibration of the
spin system prior to acquisition of the data. The data were processed using a
matched exponential filtering along the chemical shift dimension and time-
centered sine functions along both spatial dimensions together with first
order phase correction (as needed) in all dimensions. Small truncation
artifacts seen for multiplets are due to evolution of J-coupling during the
spin-echo delays d of the pulse sequence. A final data matrix of (64�
64)spatial� 8Kchemical shift data points was obtained after zero filling. A bundle
of capillaries (and interstice) filled with a 90 % H2O/D2O mixture was used
for a standard two-step z-gradient shimming protocol for the determination
of initial shim settings. Low order off-axis shims were adjusted manually.
The intercapillary space was originally filled with the same solvent as used
in the capillaries to improve the homogeneity of the magnetic field over the
bundle. Our highly symmetric arrangement comprises one central capillary
surrounded by a second layer with eight capillary tubes. In the course of the
experiments it turned out that the distortion of the magnetic field

homogeneity introduced by the removal of the intercapillary liquid is
negligible (Figure 4.). If the bundle is included in a standard NMR tube
with a glass wall of 0.4 mm the active detection volume of the spectrometer
cannot be filled completely with capillaries. The outer NMR tube is not
necessary as the intercapillary liquid can be removed. Therefore, a bundle
of 19 capillaries consisting of a central capillary surrounded by a second
layer of 6 and a third layer of 12 capillaries will perfectly fill the available
detection volume. Currently work is in progress in our laboratory to build
such an improved geometry.
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