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Abstract: The development of microfluidic processes requires
information-rich detection methods. Here we introduce the
concept of remote detection exchange NMR spectroscopy
(RD-EXSY), and show that, along with indirect spatial
information extracted from time-of-flight data, it provides
unique information about the active regions, reaction path-
ways, and intermediate products in a lab-on-a-chip reactor.
Furthermore, we demonstrate that direct spatial resolution can
be added to RD-EXSY efficiently by applying the principles of
Hadamard spectroscopy.

M icrofluidics exhibit revolutionary new technological
capabilities due to the precise and flexible channel design,
efficient heat exchange, high mechanical stability, and eco-
nomical use of reactants.'l Microfluidic processes, such as
chemical reactions, protein crystallization, cell growth, drug
discovery, and health diagnostics,”! are traditionally moni-
tored by optical, electrochemical, and mass spectrometry
methods.”! Nuclear magnetic resonance (NMR) spectrosco-
py” is one of the most powerful analytical techniques,
because it provides versatile spectroscopic, spatial, and
dynamic information, and, contrary to optical methods, it
allows the noninvasive, tracer-less analysis of opaque materi-
als. The versatile analytical toolbox of NMR spectroscopy can
also be exploited in microfluidic applications, if the sensitivity
is boosted by using ultrasensitive miniaturized coil designs,
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such as microsolenoids, planar surface coils or microcoils,
microstriplines, and microslots,””! or by increasing the nuclear
spin polarization degree by hyperpolarization methods, such
as spin-exchange optical pumping or parahydrogen-induced
polarization techniques.! Remote detection NMR, in which
the encoding of spin coherences and the detection of signal
are spatially separated,”! allows characterizing the whole
microfluidic channel network while utilizing the high sensi-
tivity of microcoils,® thereby enabling time-of-flight (TOF)
imaging of flow and chemical reactions of fluids in micro-
fluidic devices.[®**]

Here we demonstrate that novel remote detection based
NMR methods provide an unforeseen combination of
detailed chemical and spatial information by investigating
the gas phase hydrogenation reaction of propene into
propane in a lab-on-a-chip reactor. The reactor consists of
36 parallel microchannels (length 1cm, cross section 50 x
50 um?) coated with platinum catalyst (see the Supporting
Information). The reaction temperature was about 40°C. The
experimental setup (Figure 1a) includes a large birdcage coil
around the reactor chip that is used, along with magnetic field
gradients, for encoding chemical and spatial information in
the nuclear spin coherences of fluid molecules in the chip. The
information is read out by an ultrasensitive microsolenoid®
wound around the outlet capillary when the fluid flows out.
The detection coil is about 800 times more sensitive than the
encoding coil,™ and this huge sensitivity gain enables
reaction imaging in spite of the extremely small channel
volumes and low density of gas. The resolution of the 'H
detection coil spectrum (Figure 1b) is high enough to
distinguish the propane and propene signals, and therefore
it is possible to process separate TOF images corresponding to
the reagent and the reaction product (Figure 1d and
Movie S1). The images corresponding to the shortest TOF
show the signal of the gas close to the chip outlet, because this
gas arrives first at the detection coil, and the gas in the upper
part of the reactor is detected at longer TOF. In order to get
a high enough signal-to-noise ratio (SNR), 32 scans were
accumulated.

The images processed using the propane (reaction prod-
uct) signal show that the reaction yield is larger in the
outermost channels than in the middle channels because of
a slower flow velocity and a longer overall flow path in the
former.”! By determining the position of the maximum signal
amplitude as a function of time, we estimated that the flow
velocity in the outermost and middle channels was about 27
and 41 mms™', respectively. However, as described in our
previous work,” the images do not show the active reaction
regions along the flow direction accurately, because the
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Figure 1. Remote detection NMR imaging of propene hydrogenation to

propane in a lab-on-a-chip reactor. a) Experimental setup including the
reactor chip (gray) as well as encoding (light gray) and detection
(black) coils. b) "TH NMR spectrum of the flowing gas mixture mea-
sured by the detection coil (the number of accumulated scans was
128). c) The TOF imaging pulse sequence. d) TOF flow images
processed using the propane or propene methyl group signal of the
detection coil spectrum. The sum of the images is shown on the right.
The number of consecutive free induction decays (FIDs) collected
during one scan was 40 and the time resolution (the time between the
detection pulses) was 23 ms. The number of accumulated scans was
32, the resolution in the y and z directions was 0.5 and 1.75 mm,
respectively, and the total experiment time was 2 h 44 min. (A colored
version can be found in Figure S2.)

spatial encoding in spin coherences is preserved in the
reaction, and the propene molecules that convert to propane
after the encoding also contribute to the images constructed
using the detected propane signal. Consequently, even the
signal from the inlet capillary is visible in the images
processed using the propane signal at TOF of 666-804 ms,
although there is no catalyst (and thus no propane) in the
capillary. Furthermore, TOF images cannot expose reaction
intermediates and whether the reaction is reversible or
irreversible, because the chemical information is read out
after the reactor.

Remote detection exchange spectroscopy (RD-EXSY)
provides a solution to the above-mentioned issues. Its pulse
sequence (Figure 2a) includes preparation and evolution
periods similar to the conventional 2D EXSY, but the
signal is detected outside the reactor by a train of detection
coil m/2 pulses. The sequence is also equivalent to the
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Figure 2. Remote detection exchange spectroscopy (RD-EXSY). a) The
pulse sequence of RD-EXSY. b) 2D TOF EXSY spectra along with
corresponding TOF images showing the position of the molecules
during the signal encoding (left: propane-encoded; right: propene-
encoded images). The number of complex data points was 256 in the
direct and 64 in the indirect spectral dimensions. The spectral width
was 40 ppm in the direct dimension and 7 ppm in the indirect
dimension. The number of accumulated scans was 128 and the total
experiment time was 2 h 15 min. The signals measured at four
successive TOF instances were summed up to increase the SNR and
consequently the effective TOF resolution in the images was

4%23 ms=92 ms. (A colored version can be found in Figure S3.)

sequence used for measuring an indirect remote detection
spectrum;m however, now it is, for the first time, used in
exchange spectroscopy. Apart from correlating the chemical
information in the chip with that in the detection coil, RD-
EXSY includes unique TOF information that can be con-
verted into spatial information by correlating the results with
the TOF images. The diagonal signal at 6, = d, =0.9 ppm (see
Figure 2b and Movie S2) arises from the spins that were in the
propane methyl group both during the signal encoding and
detection. Its amplitude decreases with increasing TOF, and
at TOF =689 ms, it is almost zero, because, as the TOF
images in Figure 2b show, this signal arises from the
molecules encoded in the upper part of the reactor, and the
propane concentration in that region is very low. The cross
peak at 6,=1.7 ppm and 6,=0.9 ppm, in turn, originates
from the spins that were in the propene methyl group during
encoding, but turned into the propane methyl group due to
the hydrogenation prior to detection. The amplitude of the
cross peak increases with increasing TOF, because the
molecules have more time and reactor space to react after
the indirect spectral encoding. The existence of the cross peak
unambiguously shows that propene is converted into propane
between the encoding and detection events and that the
encoding of spin coherences is preserved in the reaction.
Furthermore, as there is no cross peak on the other side of the
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diagonal, RD-EXSY confirms that the reaction is irreversible.
This kind of information is extremely valuable when inves-
tigating more complex reactions. RD-EXSY spectra may also
reveal reaction intermediates with a sufficiently long lifetime
on the NMR time-scale, but in this reaction no such
intermediate exists. We note that Anwar etal.'! used
a related method to investigate a pH-triggered chemical
transformation. They saturated a particular signal of a reagent
prior to the reaction by a coil wrapped around the inlet
tubing, and observed the spin coherence transformation after
the reaction by another coil around the outlet tubing. By
varying the saturation frequency, they were able to determine
a 2D correlation map of the frequencies before and after the
pH change.

Direct spatial encoding would be more accurate than the
indirect conversion of TOF information into spatial informa-
tion by means of TOF images; however, spatially encoded
RD-EXSY would lead to far too long experiment times due to
the massive number of indirect spectral and spatial encoding
steps. Nevertheless, the encoding of the first, indirect spectral
dimension can be implemented in a very efficient manner by
using the principles of Hadamard spectroscopy,'? in which
the phases of the spectral peaks of interest are varied by
means of simultaneous selective encoding according to the
rows of a Hadamard matrix, and the signals are correlated
with the frequencies of the second (direct) spectral dimension
by applying a Hadamard transform consisting of additions
and subtractions of the measured spectra. Hadamard encod-
ing requires the number of indirect spectral phase encoding
steps to be equal to the number of signals of interest, whereas
the number needed in conventional 2D NMR is much larger,
fundamentally defined by the ratio of the spectral width to the
smallest frequency difference of adjacent signals. In addition,
each Hadamard scan includes the contribution of all the spins
of interest, and therefore the signal-to-noise ratio is higher
than in a series of one-dimensional spectra acquired with
single selective excitation. In the propene hydrogenation
spectrum (Figure 1b), the smallest frequency difference
between adjacent signals is about 100 Hz, while the spectral
width is about 1800 Hz. Consequently, conventional indirect
spectral encoding with equal SNR would result in at least 18
times longer experiments (total experiment time more than
80 h) than with Hadamard encoding. Hadamard spectroscopy
has been applied, e.g., to fast protein resonance assignment,
ligand screening, diffusion and relaxation measurements,
single-scan 2D NMR, and hyperpolarization applications,"!
but, to the best of our knowledge, this is the first application
for spectral encoding in chemical reaction imaging.

When imaging propene hydrogenation, it is enough to
select only two signals for the Hadamard encoding, one from
the reagent and the other from the product. We selected the
most intense signals, namely propene and propane methyl
group signals at 1.7 and 0.9 ppm, respectively. Consequently,
the phases of the signals can be encoded according to the
simplest, second order Hadamard matrix.'?) After the first
encoding, both signals have the same phase, while in the
second encoding the phase of the propene signal is inverted.
We implemented the phase change by applying a selective &
inversion pulse prior to the spatial encoding (Figure 3a).
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Figure 3. Hadamard-encoded TOF imaging. a) The pulse sequence of
spatially resolved Hadamard-encoded RD-EXSY. b) TOF images with
propane encoding and detection (top), propene encoding and detec-
tion (middle), and propene encoding and propane detection (bottom).
The sum of the images is shown on the right. The number of
accumulated scans was 32, the resolution in the y and z directions
was 1.0 and 2.2 mm, respectively, and the total experiment time was
4 h 22 min. The signals measured at two successive TOF instances
were summed up to increase the SNR and consequently the effective
TOF resolution in the images was 2x23 ms=46 ms. (A colored
version can be found in Figure S4.)

Because the pulse angle was not perfectly  and because the
effect of relaxation was quite significant during the relatively
long inversion pulse, the inversion was not perfect. This would
lead to a decreased signal amplitude of the inverted signal and
consequently to artefacts in the Hadamard transform. We
circumvented this problem by repeating each encoding step
without the original selective i pulse, but with the selective &t
pulse affecting the signal untouched in the first encoding,
along with the inversion of the phase of the first 7t/2 pulse (see
Figure 3a). The results of these two measurements were then
added together. This procedure ensures that all the signals
have experienced similar imperfect inversion effects, enabling
the Hadamard transform. The Hadamard encoding of the
indirect chemical EXSY information was followed by the
spatial encoding similar to TOF imaging. Altogether the
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spatially resolved TOF EXSY can be considered to be a five-
dimensional experiment, including two spectral, two spatial
(due to the planar geometry of the reactor), and one TOF
dimensions.

Hadamard-encoded TOF EXSY images processed using
the propane signal both in the encoding and detection
(Figure 3b and Movie S3) emphasizes lower parts of the
reactor compared to the propane-detected TOF images
(Figure 1d), confirming that, contrary to the TOF images,
the propene converted into propane after the encoding does
not contribute to these images. Hence, these images reflect
more accurately the active reaction regions along the flow
direction. The amplitude in the sum of the TOF images is
directly proportional to the product yield, if the relaxation is
insignificant. However, in this case relaxation weighting
should be quite significant, because 7, relaxation time of
propane in the platinum-coated channels is close to the
corresponding value of propene, which was determined to be
about 270 ms.”! The maximum signal value is found in the
lowest parts of the outermost channels, whereas the signal
amplitude in the corresponding region of the propene-
encoded and -detected image is almost zero, implying that
the reaction yield in the end of the outermost channels is
much higher than in the middle channels. This is reasonable
because the overall travel time through the outermost
channels is almost double that that through the middle
channels due to longer path length and a lower flow velocity.

The propene-encoded and propane-detected images, in
turn, highlight the upper parts of the reactor, which is
reasonable, because the images originate from the propene
that has not reacted before the encoding step but that is
converted into propane between the encoding and detection.
There is also some spurious signal arising from the outlet
tubing around z=3 mm due to the imperfect excitation
profile of the selective pulse and the field inhomogeneity at
the edges of the encoding coil. The field homogeneity and
chemical resolution both in the encoding and detection
regions could be improved by magnetic susceptibility match-
ing, which may also be necessary when spectral lines of more
complex substances are desired to be resolved.’! Further-
more, both chemical and spatial resolution could be improved
or, alternatively, experiment time could be shortened by
implementing compressed sensing.”® The chemical resolution
also depends on the bandwidth of the pulses used for
Hadamard-encoding. We note that, contrary to the TOF
imaging, spatially resolved Hadamard RD-EXSY make it
possible also to produce TOF images of sufficiently long-lived
reaction intermediate products, if they existed.

In summary, remote detection NMR increases the sensi-
tivity of a lab-on-a-chip NMR experiment by several orders of
magnitude, allowing even gas phase chemical reaction imag-
ing in a lab-on-a-chip reactor in spite of the low density of gas
and small channel volumes. We showed that the RD-EXSY
method provides unique chemical information, revealing
reaction pathways and intermediate products, and the TOF
information can be converted into indirect spatial information
by means of TOF images, showing the active reaction regions.
Furthermore, direct spatial information can be added to RD-
EXSY efficiently by implementing Hadamard encoding of the
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indirect spectral dimension, allowing a more accurate char-
acterization of the active regions, while retaining other
advantages of RD-EXSY. The products of microfabrication
technology employed in chemistry include various micro-
fluidic devices such as reactors, mixers, separators, heat
exchangers, and analyzers.™ Microfluidic reactors are
expected to become the chemists’ round-bottomed flask of
the future as they provide capabilities that are hardly
accessible with large-scale chemical systems. The NMR
methods developed here will raise the chemical analysis of
lab-on-a-chip as well as other reactors to a new level.
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