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Detection MRI and Parahydrogen-Induced Polarization**
Vladimir V. Zhivonitko,* Ville-Veikko Telkki, and Igor V. Koptyug

Nuclear magnetic resonance (NMR) is an extremely powerful
method for in situ monitoring of chemical reactions and mass
transport processes.[1] However, the low intrinsic sensitivity of
NMR resulting from low thermal nuclear spin polarization
limits the use of the method. Several hyperpolarization
techniques have been developed for boosting the sensitivity.[2]

Among them, parahydrogen-induced polarization (PHIP) has
a direct relation to chemistry, as the hyperpolarization is
naturally produced in the course of a chemical reaction
proceeding through the addition of parahydrogen.[3] Origi-
nally, PHIP was discovered in a homogeneous catalytic
hydrogenation, and since then many homogeneous catalytic
systems have been shown to produce PHIP.[3a,c] Within the
past five years, several catalysts have been found to enable the
production of PHIP in heterogeneously catalyzed hydro-
genations.[4, 5] Catalyst–product separation is much easier in
the heterogeneous than in the homogeneous processes, and
therefore, continuous production of hyperpolarized mole-
cules is facilitated.

Herein, we consider a miniaturized packed-bed reactor,
which produces a continuous flow of gaseous catalyst-free
hyperpolarized molecules, as a microfluidic nuclear spin
polarizer based on PHIP achieved in a heterogeneous hydro-
genation reaction. Microfluidics deals with the control and
manipulation of fluids in channels with dimensions below one
millimeter.[6] Microfluidic devices provide control over a pro-
cess with capabilities that exceed those of large-scale sys-
tems.[7,8] In the production of hyperpolarized molecules
utilizing PHIP, the advantages of using microfluidic flow
reactors instead of large reactors are low-scale production,
fast transport times through the device, highly controllable

heat exchange, and much safer pressurization of the reactor.
Furthermore, microfluidic flow reactors can be easily
mounted inside the magnet of an NMR spectrometer,
whereas large-scale polarizers have to be placed outside the
magnet, leading to significant losses of polarization during the
transport of the molecules to the magnet. Microfluidic reactor
could be even included in a lab-on-a-chip device in which it
would produce hyperpolarized substances for NMR charac-
terization of the processes in the following modules of the
device.

As the performance of the reactor is characterized by
NMR, the size of a radio-frequency (RF) coil in a conven-
tional NMR experiment is dictated by the size of an entire
microfluidic device (the reactor in this case). Typically, the
dimensions of the device are orders of magnitude larger than
the dimensions of the flow channels inside it. In general,
a small coil is more sensitive than a large coil.[9] Therefore, the
poor sensitivity resulting from the large coil and a low filling
factor make conventional NMR experiments very challeng-
ing, especially when gases with a low spin density are studied.

Remote-detection (RD) NMR based on the spatial
separation of signal encoding and detection provides an
elegant solution to the sensitivity issues.[10] In the RD MRI
experiments carried out herein, the encoding of spatial
information is performed by a large coil that surrounds the
microfluidic reactor, while signal detection is done by an
ultrasensitive microcoil with an optimized filling factor out-
side the device as the fluid flows out (Figure 1a). Conse-
quently, the RD method increases significantly the sensitivity
of the experiment when compared to a conventional NMR
experiment. The travel time from the encoding region to the
detector depends on the spatial position of fluid molecules
during the encoding, and thus RD NMR provides time-of-
flight (TOF) information. Consequently, TOF flow images
measured by RD MRI reveal mass transport characteristics of
the device under investigation.

In our previous study, we showed that the sensitivity
enhancement of several orders of magnitude can be achieved
by combining PHIP and RD NMR, allowing gas flow
visualization in microfluidic devices.[11] PHIP was produced
by a relatively large polarizer outside the magnet. Herein, we
demonstrate that miniaturized microfluidic gas reactors can
provide significant polarization enhancement compared to
thermal polarization of nuclear spins inside the NMR magnet,
and the high polarization degree combined with RD MRI
technique enable characterization of the reactors. Recently,
Bouchard et al.[12] visualized hydrogenation in a larger reactor
utilizing PHIP and conventional MRI. However, the sensi-
tivity boost given by RD technique used in our work enables
the investigation of much smaller reactors, and the method
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provides more detailed insight into the transport processes
influencing the hyperpolarization formation in heterogeneous
hydrogenations.

Three different continuous flow microfluidic reactors
packed with Rh/SiO2 catalyst were used in the experiments
(Figure 1a; see also the Supporting Information). The
diameters of the packed beds were 800, 405, and 150 mm,
whereas their lengths were 5, 14, and 15 mm, respectively.
Hereafter, the reactors are denoted as R-800-5, R-405-14, and
R-150-15, respectively. Heterogeneous propene hydrogena-
tion was employed as a model reaction process.

First, we showed that the sensitivity of the detection
microcoil is high enough to acquire a good-quality 1H NMR
spectrum from gaseous propane produced in the R-800-5
reactor even at room temperature. As shown in Figure 1b,
two strong PHIP signals with opposite phases were observed
after the acquisition of only 8 scans. The absorptive signal
with a larger chemical shift (4) is attributed to the hyper-
polarized (HP) proton in the CH2 group of propane, whereas
the emissive signal (5) originates from a HP proton in the CH3

group. The spectrum includes also three other signals arising
from thermally polarized protons of residual propene. A
similar experiment performed using normal hydrogen (hydro-
gen with a ca. 3:1 ortho/para spin-isomer ratio) instead of
parahydrogen (hydrogen with a ca. 1:1 ortho/para spin-isomer
ratio) produced the spectrum shown in Figure 1 c. The
reaction yield was estimated either from the decrease of
propene peaks or from the increase of the propane CH3 signal
amplitude in the spectrum detected using normal hydrogen
(Supporting Information). At this temperature, the yield was
quite low (ca. 6 %). The PHIP enhancement, in turn, was
determined by comparing the HP propane signal with the
corresponding signal in the experiment performed with
normal hydrogen. The enhancement was significant (ca. 60),
thus emphasizing the crucial role of PHIP in the subsequent
RD experiments. The signal-to-noise (SNR) ratio achieved in
the PHIP experiment was about 10 per scan.

A spectacular demonstration of the enhancement pro-
vided by PHIP is shown in Figure 1d and e, where one-
dimensional RD TOF images (see pulse sequence in the
Supporting Information) obtained for the R-800-5 reactor
using normal hydrogen and parahydrogen are compared. The
SNR is superior in the latter case. The spatial encoding was
performed along the reactor axis (z coordinate; Figure 1a),
and the signal of propane produced in the reactor was utilized
in the reconstruction of the images. These z-encoded RD
experiments reveal the travel time of propane gas from
different z locations in the reactor and outlet tubing to the
detector, and therefore, the images quantitatively describe
mass transport in the microfluidic system. The slope of the
amplitude pattern reflects the flow velocities in different
regions of the system; the larger slope corresponds to the
higher flow velocity. The slopes were determined by linear fits
to the z and t coordinates of maximum signal amplitudes. The
flow velocity in the catalyst bed (z> 23 mm) was 0.35 cms�1,
while it was 17 cms�1 in the outlet capillary (z< 23 mm). The
encoding coil p/2 pulse was about 820 times longer than that
of the detection coil, implying that, according to the principle
of reciprocity,[9] the sensitivity of the detection microcoil was
820 times better than that of the encoding coil. Therefore, the
signal enhancement given by RD technique was about 820
with respect to a corresponding fictitious direct MRI experi-

Figure 1. a) Experimental setup. Gaseous mixture containing parahy-
drogen and propene flows through the catalyst bed packed inside the
inlet capillary close to the connection between the inlet and the outlet
capillaries. Three types of capillaries of different diameters (ID 800,
405, and 150 mm) were used as the inlet capillary. The diameter of the
outlet capillary was constant in all experiments (ID 150 mm). The
catalyst bed was placed inside the encoding coil. b), c) 1H NMR
spectra of the reaction mixture measured by the detection microcoil in
the experiments with b) parahydrogen and c) normal hydrogen at
22 8C. The reaction was carried out in R-800-5 reactor. d), e) z-Encoded
RD TOF images acquired for the R-800-5 reactor at 22 8C. Normal
hydrogen and parahydrogen were used for acquiring the images (d)
and (e), respectively. The catalyst bed and the outlet capillary regions
are shown with white dashed lines in image (e).
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ment in which both signal encoding and detection are
performed by the encoding coil. The overall sensitivity
enhancement factor given by RD and PHIP was 820 � 60
� 5 � 104. The signal amplitude in the transition region from
the catalyst bed to the outlet capillary is almost zero. This may
be a consequence of turbulence which distorts the phase
encoding in that region. The turbulence may also increase the
overall dispersion of the molecules encoded above the
transition region. However, the overall dispersion is not
very large, as can be seen in all the TOF images presented
herein.

Apart from characterizing mass transport, we used z-
encoded RD TOF experiments for in situ monitoring of the
reaction product formation. The sum of the signals measured
at different time instances (time projection) is directly
proportional to the amount of propane, assuming that the
catalyst packing is uniform and the effect of spin-lattice
relaxation is insignificant.

When the final maximum amplitude of the time projection
is normalized to correspond to the final reaction yield, which
is determined in an independent experiment as described
above, the time projection shows a quantitative estimate of
the yield distribution in the catalyst bed.

The z-encoded TOF images acquired for R-800-5, R-405-
14, and R-150-15 reactors at the elevated temperature (60 8C)
are shown in Figure 2, along with the normalized time
projections corresponding to the reaction yield distributions.
Note that the final yield in R-800-5 reactor at this temper-
ature is much higher (50 %) than at room temperature (6 %).
On the other hand, the final yield in the R-150-15 reactor was
much smaller (7%) than in the other two reactors, which is
most likely because of the shorter travel time of gas through
the reactor.

To analyze the measured reaction yield curves, we derived
a theoretical equation for the reaction yield X based on the
plug-flow reactor (PFR) model and on the assumption that
the order of the reaction between propene and hydrogen over
silica-supported rhodium is approximately unity and zero
with respect to hydrogen and propylene, respectively (see the
Supporting Information). Furthermore, the equation takes
the initial hydrogen/propene ratio in the experiments (2:1)
into account. The model predicts that, if the inlet of the
reactor is at z = 0, and z increases toward the outlet, then:

XðzÞ ¼ 2 1� e�
kz
u

h i
ð1Þ

This continues until X reaches unity (k is the rate constant of
the reaction and u is the flow velocity). Figure 2 shows that
the model accounts for the experimental observations rea-
sonably well. The quality of the fits tends to be better for
smaller reactor size and lower reaction yields. It is possible
that the gas flow in the largest reactor was not perfectly plug-
like, because diffusional mixing is less efficient in a large
reactor, and consequently PFR model does not work as
accurately as in the smaller reactors. Another conceivable
explanation could be that the reaction kinetics changes to
some extent during the reaction process as the partial
pressures of the reagents become lower.[13] Furthermore,
temperature variations inside the larger reactors can be more
significant, which also might influence the fitting quality. The
effect of nuclear spin relaxation[14] (ignored above) is
analyzed in detail in Supporting Information, and the analysis
indicates that the relaxation influence is insignificant.

Gas flow in the reactors can be visualized in more detail
by an RD MRI experiment with the spatial encoding
performed in two orthogonal directions instead of only one
(see pulse sequence in the Supporting Information). Such
images measured for R-800-5, R-405-14, and R-150-15
reactors are shown in Figure 3 (see also the movies in the
Supporting Information). Different panels correspond to the
images observed at different travel time instants. The leftmost
images are time projections; that is, the sums of all other
panels. The SNR in the images is high, demonstrating that the
sensitivity boost given by RD technique and PHIP is high
enough for observing high quality TOF images even in the
case when the signal is spread over two spatial dimensions.

The time projections highlight the signal in the reactor
region in the case of the two larger reactors, because the cross-
section of these reactors is much larger than that of the outlet
tubing. However, even in these cases, the outlet tubing signal
is visible in some individual panels, for example, in the t =

86 ms panel in Figure 3a and in the t = 62 ms panel in
Figure 3b. The images show that the two largest reactors
are tilted because of their imperfect mounting inside the
encoding coil. However, the tilting angle is exaggerated in the
images because the horizontal (y) scale is significantly

expanded as compared to the
vertical (z) one. In reality, the
angle is very small.

The signal in the panels
measured at t = 145 and
204 ms in Figure 3a has
a slightly parabolic shape, con-
firming that gas flow in the
largest reactor is not perfectly
plug-like, as was speculated
above in the context of the
PFR model. The length of the
signal patch in the z direction
increases with increasing
travel time. The increase is
larger in the case of the largest

Figure 2. a)–c) z-Encoded RD TOF images measured for the Rh/SiO2 catalyst bed in a) R-800-5, b) R-405-
14, and c) R-150-15 reactors at 60 8C. The profiles on the right side of each image show the reaction yield
variation along the catalyst bed axis. The dots and line correspond to the experimentally measured values
and the best fits of the theoretical model function [Eq. (1)], respectively. The images were zoomed in to
include only the catalyst bed regions, and acquired in 7 min with a time resolution of 12 ms and a spatial
resolution of 310 (a), 540 (b), and 470 mm (c).
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reactor as compared to other reactors, meaning that the
dispersion of gas molecules is highest in the largest reactor.
This is most likely another implication of the non-plug-like
flow. The signal in the time projection of the smallest reactor
(Figure 3c) is patchy, and signal spots in the other panels are
not perfectly symmetrical, which most likely reflects the
inhomogeneities in the catalyst packing. The inhomogeneity
is to be expected, because the particle size of the catalyst
powder is comparable with the ID of the capillary in the case
of the smallest reactor.

We found that the RD TOF experiments provide also
detailed information about the adsorption–desorption pro-
cesses taking place in the catalyst bed. The z-encoded TOF
images shown in Figure 4 give an illustrative demonstration of
this issue. The image in Figure 4a was measured for R-150-15
reactor, while the image in Figure 4b was measured for
a similar reactor in which Rh/SiO2 catalyst was replaced by
Rh/TiO2. In both cases, the ID of the reactor and the outlet
tubing are equal. If the catalyst were an inert material that
simply made the void space inside the reactor smaller, the gas-
flow velocity in the reactor region would be larger than in the
outlet tubing owing to the mass balance. However, the slopes
in the TOF images show that the flow velocity in the reactor
region is actually significantly smaller than in the outlet
tubing. In Figure 4a, the velocity in the catalyst region was

determined to be ucat = 8.8 cms�1, whereas the velocity in the
outlet tubing was uout = 23.1 cms�1. The corresponding values
in Figure 4b are ucat = 10.6 cms�1 and uout = 17.7 cms�1.

This apparent discrepancy is a consequence of gas
adsorption; the bulk of the catalyst is a porous material
(SiO2 or TiO2), which can adsorb gas molecules in significant
quantities. Adsorption makes the average concentration of
gas much higher in the catalyst region than in the outlet
tubing, and consequently the average flow velocity in the
catalyst region becomes lower than in the outlet tubing.
Significant adsorption is manifested also in the image
amplitudes; the integrated amplitude in the reactor region is
much higher than in the outlet tubing. This is most clearly
visualized in the yz-encoded images shown in Figure 3c.

We derived an equation predicting the relative velocities
in the reactor and the outlet tubing (see the Supporting
Information). The model is based on the mass balance
consideration. The gas was assumed to be an ideal gas and
the pressure drop in the flow system to be insignificant
(experimentally verified by analyzing the change of the slope
corresponding to the catalyst bed region; see the Supporting
Information). Furthermore, we assumed that the flow and
adsorption phenomena are independent processes; that is,
each molecule undergoes a large number of adsorption–
desorption events within the travel time. The resulting
equation is:

ucat

uout
¼ d2

out

d2
cat

1þ npore1solid

�þ npore1solid þ 1� �ð Þnuas1solid
RT
P

 !
ð2Þ

Equation (2) qualitatively predicts the observed reduction in
the gas flow velocity in porous materials, and it implies that z-
encoded RD TOF experiments can be used for a quantitative
estimation of the amount of adsorbed gas if the properties of
porous material are known. The description of symbols and
the values of the essential parameters for SiO2 used in this
work are presented in the Supporting Information. By
substituting these values and flow velocities determined
from z-encoded TOF images into Equation (2), we calculated
that the amount of adsorbed gas per unit area (nua) was 1.1 �
10�6, 1.3 � 10�6, and 2.7 � 10�6 molm�2 in R-800-5, R-405-14,
and R-150-15 reactors, respectively. These values are larger
than the known value nua for hydrogen,[15] but smaller than
those for propane[16] and propene[16] adsorbed on SiO2. This is

Figure 3. a)–c) yz-Encoded RD TOF images measured for Rh/SiO2

catalyst beds in a) R-800-5, b) R-405-14, and c) R-150-15 reactors at
60 8C. The leftmost images are the time projections. Travel time
instants in milliseconds are indicated in the panels. The catalyst bed
regions are outlined with white dashed lines. The complete data set
for each reactor was acquired in 13 min with a time resolution of
12 ms and a spatial resolution of 160–250 mm in the y direction and
0.62–2.2 mm in the z direction (see the Supporting Information).

Figure 4. a),b) z-Encoded RD TOF images measured for a) Rh/SiO2

and b) Rh/TiO2 catalyst beds packed in the R-150-15 reactor. The
catalyst bed and the outlet capillary regions are shown with white
dashed lines in the images.
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reasonable, as we had the mixture of these three gases in the
experiments, and thus the values confirm that the model
works. However, the uncertainty of the calculated values is
large, because instead of a single gas, a gas mixture was used,
and inaccuracies in pressure P, temperature T, and porosity f
are large. In any case, the analysis helps us to understand the
mass-transport phenomena in the reactors, and it shows that
RD MRI provides an alternative means to measure adsorp-
tion isotherms in porous materials.

In summary, we have shown that microfluidic reactors can
be used as miniaturized nuclear spin polarizers. Heteroge-
neous catalytic hydrogenation reaction resulted in a continu-
ous flow of the catalyst-free hyperpolarized product. The
sensitivity enhancement (about two orders of magnitude)
given by these first reactor prototypes was already compara-
ble with the enhancements provided by larger polarizers.[11a]

The performance of the reactors was characterized by RD
MRI. Altogether, the sensitivity boost given by RD MRI and
PHIP was almost five orders of magnitude, allowing the
power of NMR spectroscopy to be employed, despite the low
filling factor and low concentration of molecules in the gas
reactors. Apart from sensitivity improvement, RD MRI
provided new capabilities for the studies of the microfluidic
reactors. First, it enables unique information about mass
transport phenomena in a microfluidic reactor to be
extracted, such as flow paths, velocities and dispersion.
Second, it also allows the spatial dependence of the reaction
yield in the reactors to be measured, and consequently it
provided information about reaction kinetics. Third, it
provides a quantitative estimate of gas adsorption in the
porous catalyst material. Consequently, RD MRI broadens
significantly the limits of NMR for characterization of
chemical reactors.

Experimental Section
Continuous-flow microfluidic reactors were made by connecting the
cylindrical inlet capillary (ID 800, 405, or 150 mm) to the outlet
capillary (ID 150 mm) inside the encoding coil (Figure 1a). Solid
catalyst powder was packed inside the inlet capillary close to the
connection, and the length of the catalyst bed varied between 5 and
15 mm. Almost all of the experiments were performed using [Rh-
(cod)(sulfos)]/SiO2 as the hydrogenation catalyst precursor (referred
to as Rh/SiO2 in the discussion); Rh/TiO2 was used in some selected
experiments for comparison. The reagent gas mixture contained
propene, parahydrogen, and orthohydrogen in a circa 1:1:1 ratio. RD
MRI experiments were performed on a Bruker DSX 300 spectrom-
eter operating at 300 MHz proton resonance frequency. Spatial
encoding was carried out by a Bruker Micro 2.5 imaging probe, using
an RF insert with inner diameter and height of 25 and 35 mm,
respectively. The detection coil was of 3 mm in length and made of
120 mm copper wire wound around a 360 mm Upchurch fused silica
capillary (outlet capillary). The RD MRI pulse sequences used herein
as well as other essential experimental details and procedures are
described in the Supporting Information.
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