
HAL Id: cea-04596570
https://cea.hal.science/cea-04596570

Submitted on 31 May 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Integrated stopped-flow device for the study of porous
materials using hyperpolarized 129Xe NMR

Jing Li, Estelle Léonce, Corentin Coutellier, Céline Boutin, Kévin Chighine,
Charles Rivron, Anne Davidson, Patrick Berthault

To cite this version:
Jing Li, Estelle Léonce, Corentin Coutellier, Céline Boutin, Kévin Chighine, et al.. Integrated stopped-
flow device for the study of porous materials using hyperpolarized 129Xe NMR. Analytical Chemistry,
2024, �10.1021/acs.analchem.4c00490�. �cea-04596570�

https://cea.hal.science/cea-04596570
https://hal.archives-ouvertes.fr


1 

 

An integrated stopped-flow device for the study of 
porous materials using hyperpolarized 129Xe NMR 

Jing Li,‡ Estelle Léonce,‡ Corentin Coutellier,‡ Céline Boutin,‡ Kévin Chighine,‡ Charles Rivron,‡ 
Anne Davidson,§ and Patrick Berthault‡* 

‡ NIMBE, CEA, CNRS, UNIVERSITE DE PARIS SACLAY, CEA SACLAY, 91191 GIF-SUR-
YVETTE, FRANCE 

§ LABORATOIRE DE REACTIVITE DE SURFACE, SORBONNE UNIVERSITES, UPMC 
UNIVERSITE PARIS 06, UMR CNRS 7197, 4 PLACE JUSSIEU, 75005 PARIS, FRANCE 

* Corresponding author. E-mail address: patrick.berthault@cea.fr 

ABSTRACT: A simple, low-cost and efficient device is proposed for the study of porous materials via NMR using small gas 
probes. Mainly built through additive manufacturing and being equipped with a radiofrequency solenoid micro-coil, it only 
requires tiny quantities of porous and/or gas and is particularly suited for hyperpolarized xenon. The performances of this 
device have been accessed on a commercial sample of MCM-41 exhibiting multi-porosity. Both the delivery mode of hy-
perpolarized xenon and the stopped-flow system are judged efficient according to 2D 129Xe self-diffusion and EXSY experi-
ments.

INTRODUCTION 
129Xe NMR is widely used for in-depth studies of materials 
with micro- and nano-porosity, due to its fast diffusivity 
and the wide range of chemical shift the monoatomic spe-
cies can take. It is well suited to complement N2 sorption 
analysis, X-ray diffraction, and high-resolution transmis-
sion electron microscopy. The xenon chemical shift can be 
related to the void space in the absence of paramagnetic 
components, in accordance with the Ito-Fraissard relation-
ship:1 

                                    

where δ0 is the virtual Xe chemical shift at 0 atm; δS arises 
from the interaction between the gas and the material 
surface. The δXe term is linked to the Xe-Xe collisions and is 
related to Xe concentration. The fourth term δSAS appears 
when strong adsorption sites are present. 

However, the use of thermally polarized xenon requires 
long experiment times due to its low signal-to-noise ratio 
(SNR) and quite slow longitudinal relaxation. Moreover, at 
high xenon pressure, the δXe term outweighs all others, 
making it sometimes difficult to explore porous surfaces 
using this method. To overcome the lack of sensitivity and 
thereby work with lower pressure, xenon nuclear spin 
populations can be transiently unbalanced by transfer 
from a more ordered system such as photons or electrons. 
This is the basis of the two popular hyperpolarized meth-
ods, Spin-Exchange Optical Pumping (SEOP)2 and Dynamic 
Nuclear Polarization (DNP).3 

However, the transient and non-easily reproducible char-
acter of the hyperpolarization renders difficult the re-
cording of some classical 1D and 2D experiments. The - 

often unavoidable - fluctuating level of magnetization 
poses problems for quantifying the results obtained, what-
ever a batch4 or on-flow5 production of hyperpolarized 
xenon is used. While for porous materials, it has already 
been shown possible to record 2D exchange (EXSY) ex-
periments6,7,8,9,10 with hyperpolarized xenon, there is place 
for a simple and robust setup decorrelating the production 
of hyperpolarized gas from its use.  

Here a disposable 3D-printed insert pluggable on a micro-
imaging probehead basis itself installed in a narrow-bore 
NMR magnet is presented. The role of the device is to en-
able the automated delivery of hyperpolarized xenon gas 
into the porous material to be studied. Its principle derives 
from our previous NMR setups, intended either for the 
enrichment of solutions in hyperpolarization11 or for the 
study of slowly relaxing nuclei,12 but this disposable device 
(one insert for one sample) is even of greater simplicity 
and ease of use, its main advantage lying in its high versa-
tility. 

For assessing the performance of this setup for 1D and 2D 
hyperpolarized 129Xe NMR experiments, a commercial 
sample of porous silica, MCM-41, exhibiting a multimodal 
porosity, is used. 

DESCRIPTION OF THE DEVICE AND 
OPERATION MODE 

Fig.1a describes the stopped flow system we built. An alu-
minum plate supports a programmable non-magnetic 
syringe pump on top of the magnet. As described in ref. 11, 
the syringe (1) contains an inert gas such as nitrogen to 
serve as carrier gas. Between the syringe and the glass 
serpentine containing hyperpolarized xenon (7), a first 
pneumatic valve (2) and a 3-way valve (4) are installed. A 
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pump (16) creates a vacuum upstream (5) and down-
stream (9) of the glass serpentine, according to the posi-
tions of the 3-way valves (4) and (10).  This prevents di-

oxygen in parts (5) and (9) to collide with Xe, and depolar-
ize it.

 

 

 

Figure 1.   a) Schematics of the stopped-flow system for hyperpolarized 129Xe NMR experiments on porous materials. For the 
meaning of numbers (1) to (18), see text. b) Drawing of the NMR insert plugged onto the micro-imaging probe basis. A cop-
per solenoid coil is wrapped around the sample chamber, in close proximity to the porous material. 

 

The NMR insert (11) made by 3D printing, except for the 
copper solenoid (12) and the brass connectors, is shown in 
Fig. 1b. Note that the solenoid coil ensures both RF emis-
sion and detection. Conversely to the developments pro-
posed by McDonnell et al.,13 no remote detection is used 
here. Rather, high sensitivity is expected due to the excel-
lent filling factor, the copper coil being wrapped as close as 
possible to the sample chamber of diameter 2 mm. Porous 
volumes on the order of 25 mm3 can thus be used. The 
insert is electrically plugged on a commercial micro-
imaging probehead (13).  

The gas is controlled to cross the chamber containing the 
porous material. The inlet and outlet pipes are controlled 
by two pneumatic valves (2 and 15) driven in the NMR 
sequence through TTL signals. When the pneumatic valves 
are under pressure of control gas, they are closed and the 
xenon flow is stopped. When there is no pressure, the 
pneumatic valves are open and xenon can flow through the 
circuit, as it is synchronized with the action of the syringe 
(also driven in the NMR sequence). The pressure is moni-
tored upstream (3) and downstream (14) of the porous 
material via a dedicated homebuilt device (17). The data of 
the two pressure sensors are stored on a laptop (18) via a 
python homemade GUI. Full description of this pressure 
device and other details are given in the Experimental 
Section and in the Supporting Information (Figs. S1 and 
S2). 

The instructions of use are the following. Before plugging 
of the insert (11) on the probe basis (13) and installation 
of the ensemble in the NMR magnet, the porous is manu-

ally introduced in the chamber. Then, a 3D-printed screw-
cap closes the assembly, but still allows gas to flow 
through the porous material. The gas inlet and outlet pipes 
in PEEK are connected to the circuit, then the completed 
probe is inserted into the magnet and all rf connections are 
made. Hyperpolarized xenon is transported from the opti-
cal pumping room to the NMR spectrometer, frozen in the 
glass serpentine (7) equipped with screwcaps (6, 8), itself 
immersed in liquid nitrogen, in the presence of a magnetic 
field of a few kilogausses. In the fringe field of the NMR 
magnet the glass serpentine is heated by immersion in hot 
water. Here xenon sublimates, and the glass serpentine is 
placed on top of the NMR magnet in a fringe field of ca. 200 
G, where it is connected between the two 3-way valves (4) 
and (10). Vacuum is then made upstream (5) and down-
stream (9) of the closed glass serpentine. Then, the valves 
(4) and (10) are turned to close the vacuum access (16) 
and the two screw caps of the serpentine are open to allow 
the gas flow along the line (2)-(4)-(5)-(6)-(7)-(8)-(9)-(10)-
(11)-(15). At this step, the NMR acquisition can start.  

The NMR pulse sequence (for example, that of Fig. S6 or 
S7), starts by triggering both the pneumatic valves and the 
syringe pump.  

Among the many advantages of such a configuration, the 
volume of xenon produced does not need to be large, the 
gas remains in a magnetic field sufficient for its depolariza-
tion time to be long, and recovering the xenon used is easy 
at the output of the second pneumatic valve. 
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Figure 2. a) Schematic illustration of MCM-41 with indication of the pore type labels. b) 129Xe NMR spectrum of thermally polarized 
xenon, acquired in 53 min at 293 K, with MCM-41 containing residual organic template arising from synthesis. c) Contour plot of a 
series of hyperpolarized 129Xe spectra acquired each second at 298 K (the projection is displayed on top); d) First three 129Xe spec-
tra upon arrival of the hyperpolarized xenon in the experiment shown in c), in the order orange then red, then green and e) the last 
129Xe spectra recorded with hyperpolarized xenon (end of the flush) (orange: row 470, red: row 500 and green: row 527). 

 

STUDY OF THE MCM-41 MATERIAL 

The performances of this setup were assessed on a com-
mercial MCM-41 sample by using hyperpolarized xenon in 
continuous or stopped-flow mode, and the results were 
compared to the thermally polarized xenon spectra ac-
quired in static mode in an NMR tube.  MCM-41 is a silicate 
material, presenting a hierarchical mesoporous structure 
with 2D hexagonal phase (Fig. 2a),14 widely used as a cata-
lyst15 and adsorbent.16 The surface properties of MCM-41 
have often been characterized by hyperpolarized 129Xe 
NMR, in particular through variable temperature experi-
ments.17,18  

According to the N2 sorption result (see Fig. S3 and Table 
S1 of the Supporting Information), the MCM-41 we used 
has a Brunauer–Emmett–Teller (BET) specific surface of 
886 m2/g, a Density Functional Theory (DFT) surface area 
of 1308 m2/g, a major Barrett-Joyner-Halenda (BJH) 
mesopore size of 2.3 nm and micropores in the range of 
0.6-1.2 nm obtained from DFT. This material is MCM-41 
still containing the surfactant template from its synthesis, 
as indicated by its multi-porosity.19 Indeed, calcination at 
900°C for 7 hours gave the 129Xe spectrum shown in Fig. 
S4. The multi-porosity before calcination is perfect to as-
sess the performance of our device. 

Firstly, a 129Xe spectrum was recorded in 640 scans (20 
min) at 293 K with a sample of MCM-41 powder and 1.5 
bar of thermally polarized (TP) xenon in a 5-mm NMR tube 
(Fig. 2b). It was used for comparing to the spectrum ob-
tained with laser-polarized xenon. For the laser-polarized 
129Xe NMR experiment, a continuous flow rate of 3 mL/min 
was set on the syringe pump, corresponding to a rate of 1.6 
cm/s in the NMR detection region. The hyperpolarized 
(HP) 129Xe continuous flow-spectra (Fig. 2c) were acquired 
by looping 512 times of a {pulse-acquisition} sequence. A 
small flip angle pulse of about 5° was applied. The delay 
between two acquisitions was 1 s. Comparing the highest-
intensity hyperpolarized spectrum (1 line, i. e. 1 scan) with 

the thermal spectrum (obtained in 640 scans with 90° 
pulses), the gain in signal-to-noise ratio is ca. 7. 

The spectra acquired with thermally polarized and hyper-
polarized gases look very similar: four peaks are observed. 
When Xe gas is adsorbed into this porous material which 
does not contain strong adsorbing sites, according to Eq. 
(1) the 129Xe chemical shifts of the different sites are 
strongly related to the δs term. The δs term is inversely 
proportional to the pore size,20 and thus the smallest pore 
has the highest δobs value. The peak at ca. 0 ppm is free Xe 
gas out of particles (denoted peak F). A broad peak ap-
pears at ca. 10 ppm (peak P); it results from the xenon 
population from the bulk in fast exchange with the particle 
surface.21 A signal – narrow and of low intensity - appears 
at ca. 50 ppm. It corresponds to large pores (peak L). This 
may be the defective sites of the MCM-41, resulted from 
partial breakage of Si-O-Si bonds (here denoted as defec-
tive pore).22 A small amount of large mesopores in the 
range of 4 to 10 nm were also found from the pore size 
distribution extracted from Barrett-Joyner-Halenda (BJH) 
desorption analysis (Fig. S3 and Table S1). The predomi-
nating signal at around 75 ppm corresponds to the 2D 
hexagonal, constant diameter, mesopores in MCM-41, 
labelled as M. This pore is assumed to be the pore centred 
at 2.3 nm on the BJH pore size distribution. A fourth signal, 
labelled S, appears at around 123 ppm, corresponding to 
xenon in partially clogged pores. The presence of 
nanopores were also confirmed by the DFT analysis of N2 
sorption. This nano-scaled space is presumably hexagonal 
mesopores with remaining organic template for synthesis. 

With our device, it is also possible to extract the informa-
tion about pore accessibility from the hyperpolarized xe-
non continuous flow spectra. Figure 2d displays the first 
three 129Xe spectra recorded on arrival of hyperpolarized 
xenon. Remarkably, in this early phase the ratio of the 
integral signal intensity between the S peak and the M and 
L peaks diminishes with time. Xenon penetrates all pores 
in a similar way, and as its quantity increases, after filling 
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all S nanopores, it increases its filling of M and L pores. 
Conversely, in the last part of the xenon introduction (Fig. 
2e), the integral signal intensity ratio S to (L+M) increases 
with time.  

In order to obtain more complete information on pore size, 
xenon accessibility and pore connections, the use of self-
diffusion and exchange experiments can be invaluable. 
However, one prerequisite is to calibrate the rf pulses, 
which is no trivial matter, and another is to be able to stop 
the gas flow as required. For the latter purpose, we in-
stalled two pneumatic valves at the top of the magnet, one 
positioned on the xenon inlet pipe and the other on the 
xenon outlet (see Fig. 1). The gas pressure supply to actu-
ate the valves was controlled in the NMR pulse sequence. 

With such a device it becomes easier to calibrate the rf 
pulses. In order to calibrate the 129Xe rf channel of the NMR 
insert in the presence of a porous, the following procedure 
was used. For one xenon batch (i.e. between two openings 
of the pressure-driven valves), a series of 16 or 32 {pulse – 
acquisition} sequences was then performed, with a given θ 
pulse flip angle (θ < 90°). The resulting signal evolution 
could be fitted against the theoretical recursive equation to 
extract θ, in a procedure analogue to that of Norquay et al.

23 
(Fig. 3b):  

                             

In these experiments the very short interscan delay (62 
ms) ensures that longitudinal relaxation can be neglected. 
Figure 3 displays such a calibration, as well as the verifica-
tion experiment containing only 90° pulses (Fig. 3c). The 
fact that, after each syringe push, only the first scan con-
tains signal in this last experiment proves that the 90° 
angle has indeed been reached, since the xenon in the 
porous region has been totally depolarized at once. 

 
129Xe self-diffusion experiments. With this calibration in 
hand, it is possible to perform 129Xe self-diffusion experi-
ments at room temperature. Two stimulated echo experi-
ments with different diffusion times (Δ) and gradient 
lengths (δ) have been recorded; they contained a linear 
ramp of 16 gradient strengths (g) each, from 4 G/cm to 90 
G/cm.  

After each xenon renewal and after gas flow has stopped, 
the sequence is repeated. As the level of magnetization is 
prone to fluctuate (both the polarization and the concen-
tration parts), a reference experiment consisting in a sim-
ple acquisition after a small flip angle excitation pulse is 
interleaved with the self-diffusion experiment (thus for 
each gradient value), see Fig. 4a. 

 

 

Figure 3. Radiofrequency pulses calibration procedure. In a) a 
series of 129Xe spectra obtained using the stopped-flow system 
after a read pulse of unknown flip angle θ (θ < 90°) is dis-
played. 16 pushes made up the experiment, and for each of 
them 32 FIDs were recorded at 1 s interval with the sequence 
{Pulse θ – acquisition}. b) The plot of the signal integral as a 
function of the index of the pulse and the fit against the theo-
retical function gives θ. c) As a verification, an experiment 
with θ = 90° is displayed. 
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A qualitative comparison between the self-diffusion ex-
periment (Fig. 4c) and the repetition of single pulses (Fig. 
4b) reveals some interesting features. First, in the self-
diffusion experiment, peak P does not appear. Even if a 
stimulated echo sequence has been used, this could be due 
to very fast transverse relaxation, probably due to the 

interaction with the particle surface. Second, peaks F and L 
are observed to quickly decrease while peaks S and M do 
not decrease so much. This means that the free gas and the 
gas in large pores diffuse faster than the 129Xe gas in small 
and medium pores, as expected.

 

Figure 4. a) Chronogram of the sequence used for self-diffusion measurement. θ represents a small flip angle pulse. The respective 
phases of the 90° pulses and of the receiver are (x), (x -x), (y -y x -x), (x x -x -x). Each NMR sequences starts after 10 seconds sy-
ringe push and 1 second waiting time. During the first loop l1, the gradient strength increases linearly. It is reset to the initial value 
at each l2 loop. b) Corresponding one-pulse spectra array, recorded after small flip angle pulse ( = 7.5°). c) Hyperpolarized 129Xe 
self-diffusion spectra array. Four loops of 16 gradient strength increasing values were acquired with ∆=5 ms and δ=0.75 ms.

 

In order to extract the diffusion coefficients (D) for the 
xenon sites, the sum of the signal intensities (S) of the first 
two loops for each peak were fitted, respectively, by using 
the following equation, 

                               

where b = γ2δ2g2(∆-δ/3), is the 129Xe gyromagnetic ratio, g 
the gradient strength, while  and  are the gradient dura-
tion and delay between gradients, respectively, as indi-
cated in Fig. 4a. 

The fitted results are shown in Table 1. The plots of meas-
ured and fitted signal intensity of signal F from Fig. 4c, as 
well as signals L and M as a function of b are shown in Fig. 
5. The fitted diffusion coefficient of free Xe gas is 6.4 ± 0.6 
10-6 m2/s, corresponding to a previous study.24 The Xe gas 
in large pore has diffusion coefficient of 2.8 ± 0.7 10-7 m2/s 
and the 129Xe gas in medium pore has smaller diffusion 
coefficient of 1.1 ± 0.4 10-8 m2/s. Fig. S5, giving separately 
the diffusion curves for two successive loops, shows that 
the dispersion is low when the signal-to-noise ratio is high 
enough. It is reasonable to assume that when xenon gas 
remains in smaller pores, diffusion is restricted compared 
to that of the free gas or the gas in larger pores. In this case 
of restricted diffusion with small  values, with such a 

proven sequence, several  values could be employed with 
a single xenon batch, giving easier access to the surface-to-
volume ratio.25

 

Figure 5. Sum of the normalized signal intensities of the first 
two self-diffusion loops (circles) plotted as a function of b and 
the fits (lines) by using equation (3): a) peak F evolution from 
the experiment with ∆=1.6 ms and δ=0.2 ms, b) peak L evolu-
tion from the experiment with ∆=1.6 ms and δ=0.2 ms and c) 
peak M evolution from the experiment with ∆=5 ms and 
δ=0.75 ms. 
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Table 1. Calibrated self-diffusion signal intensities 
obtained by fitting Eq. (3) on three signals: peak F (a) 
from the spectra with ∆=1.6 ms and δ=0.2 ms, as well 
as peak L (b) and peak M (c) from the spectra with ∆=5 
ms and δ=0.75 ms. 

Peak S0 D (m2/s) 

F 0.48 ± 0.015 (6.4 ± 0.6) * 10-6 

L  1.21 ± 0.13 (2.8 ± 0.7) * 10-7 

M  0.11 ± 0.0011 (1.1 ± 0.4) * 10-8 

 
129Xe EXSY spectra. EXSY experiments were performed on 
the MCM-41 sample by either introducing thermally polar-
ized 129Xe gas in an NMR tube or using our stopped-flow 
system with hyperpolarized xenon. The TP 129Xe EXSY 
spectra were performed with four mixing times, 0.2, 0.5, 5 
and 100 ms for an experiment time of ca. 8 hours each (Fig. 
6a, b display the contour plots for 5 and 100 ms) and HP 
129Xe EXSY spectra used five mixing times, 1, 5, 45, 70 and 
100 ms for experiment time of ca. 2 min each (Fig. 6c, d 
display the contour plots for 5 and 100 ms). Note that in 
one xenon batch (use of one glass serpentine content) at 

least two mixing times could be recorded. Also, the quality 
of the gas flow stop and the fine-tuning of the 90° pulses by 
the methods described above make it possible to dispense 
with the use of coherence selection gradients. The latter, 
designed to suppress axial peaks among other effects, 
would introduce unavoidable diffusion filtering, greatly 
limiting the sensitivity of the experiment and biasing its 
quantitative aspect. 

All of the four TP 129Xe EXSY spectra show three peaks 
belonging to S, M and P/F on the diagonal. For a mixing 
time of 0.5 ms, the exchange peaks between peak M and F 
starts to appear. Exchange cross-peaks both between S and 
F and between S and M are observed at a mixing time of 
100 ms. Note that the cross-peaks are very similar in in-
tensity on either side of the diagonal, meaning that the 
flow is balanced. But the L signal is not observed due to its 
poor intensity with respect to the others. In contrast, EXSY 
experiments with hyperpolarized xenon have a high sig-
nal-to-noise ratio, and the four signals P/F, L, M and S are 
clearly visible. A net exchange is evidenced at a mixing 
time of 100 ms between signals L and M, and L-P as L-S 
cross-peaks are also observed, however of lower intensity. 

As expected, the free xenon gas (F+P signal) exchanges 
faster with the gas in the hexagonal mesopores (M) than 
with the gas in the small pores (S) and in the large pores 
(L). For the latter this may be because the residual organic 
template hinders the gas exchange.
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Figure 6. (a, b) TP 129Xe EXSY NMR spectra, (c, d) HP 129Xe EXSY NMR spectra. These last two experiments have been chained for 
the same xenon batch. 32 points constitute the indirect dimension of the TP 129Xe experiments, while there are 48 points for the HP 
129Xe EXSY. 

CONCLUSION 

A low-cost device enabling dynamic introduction of hyper-
polarized xenon in porous materials in continuous or 
stopped-flow mode for NMR studies is presented. It can be 
installed on different types of NMR magnets, as it is 
plugged onto a Bruker micro-imaging probe basis. It com-
prises a disposable flow NMR insert mainly built by addi-
tive manufacturing. Detection is made via a copper sole-
noid coil placed as close as possible to the porous material. 
Only small quantities of porous – volumes between 5 (with 
a second version of insert containing a chamber of 1 mm 
diameter) and 25 mm3 - are required, which represents a 
great advantage for expensive materials. This simple de-
vice allows work in anhydrous mode, or the introduction 
of other gases in competition or before/after xenon. An 
efficient stopped-flow system based on two pneumatic 
valves controlled from the NMR sequence provides a clean 
shut-off of the gas flow. This enables 2D experiments such 
as 129Xe self-diffusion and EXSY experiments to be carried 
out. With such a set-up, small quantities of rare gases are 
required and the xenon used can be easily recovered. 

As a proof of concept, this device was used to study a 
model commercial porous material with multi-porosity. 
Thanks to the increased sensitivity of xenon hyperpolari-
zation and the efficiency of this set-up, the study of gas 
diffusion and exchange between the various pores of the 
commercial MCM-41 sample has been facilitated. The 
presence of defect pores and micropores, undoubtedly due 
to the presence of template prior to calcination, has been 
evidenced. 

T1-T2 correlation experiments, or any other experiment 
enabling finer characterization of the porous material, 
could now be the logical follow-up to these developments.  

In addition, Xe/CO2, Xe/Kr (or else) competition experi-
ments, which are easy to perform with this set-up, will be 
of great interest for the study of the performances of other 
porous samples such as metal-organic frameworks. Chang-
ing the tuning capabilities of the probe is very easy in this 
set-up, making it possible to observe other nuclei without 
changing the porous material. Also temperature-
dependent measurements could be used to derive an acti-
vation energy for Xe exchange between different sites.  

 

EXPERIMENTAL SECTION 

NMR experiments with thermal xenon. For experiments 
with thermally-polarized (TP) xenon, the commercial 
MCM-41 powder (ref. 643645-5G from Sigma-Aldrich, 
France) was introduced into a 5-mm NMR glass tube. Then 
about 1.5 atm of xenon gas enriched at 83% in isotope 129 
(Eurisotop, France) was condensed into tube by using a 
vacuum line and liquid N2. 129Xe single pulse and EXSY 
experiments were performed at 294 K on this sample on a 
Bruker Avance II spectrometer (Bruker, Billerica, MA, USA) 
equipped with a 5 mm BBO probe. The 129Xe 90° pulse was 

7 µs at 75 W. The one-pulse experiment was set with 640 
scans and interscan delay of 5 s. The TP 129Xe EXSY spectra 
were collected with varying mixing times of 0.2, 0.5, 5 and 
100 ms, respectively. The number of scans was 160 and 
the relaxation recovery delay was 5 s. The size of the indi-
rect dimension was 32. The experiment time of each EXSY 
spectra was ca. 8 h (depending on the mixing time). 

Building of the NMR insert via 3D-printing. The piece 
was conceived and drawn in SolidWorks (Dassault 
Systèmes, France) and built on an Objet 30 Pro polyjet 
printer (Stratasys, USA), using VeroClear resin. The STL 
files can be found at 
https://github.com/LSDRM/StopFlow-PorousNMR. 

Preparation of the sample for the stopped-flow device. 
The porous material is manually inserted in the 3D-printed 
insert, and then gently compacted with a small ceramic 
pestle. To avoid too much settling during this manual 
stage, pressure gauges (see below) are very important. A 
3D-printed cap is then screwed on. Its design leaves the 
gas path free even when fully tightened. 

Production of hyperpolarized xenon and details on the 
stopped-flow xenon injection device operation. Xenon 
enriched at 83% in isotope 129 (Eurisotop, France) was 
hyperpolarized through spin-exchange optical pumping2 in 
the batch mode using an experimental setup already de-
scribed.26 To inject the hyperpolarized 129Xe gas, nitrogen 
gas contained into a 140 mL plastic syringe is pushed by a 
programmable non-magnetic syringe pump (Harvard Ap-
paratus PHD2000, USA) in a vacuum line. The syringe 
driver is connected to the TTL output of the spectrometer 
in order to trigger the gas injection with the pulse pro-
gram. Nitrogen pushes the 129Xe gas inside a connected 
glass solenoid placed on the top of the 11.7 T narrow bore 
NMR magnet. In order to rapidly stop and restart the gas 
flow a system of pneumatic valves (model PMDP-3-M6KG 
from Takasago, Japan) is used. They are positioned up-
stream and downstream of the NMR detection zone, ena-
bling the flow to be stopped almost immediately and keep-
ing the gas atmosphere at the both ends of the sample. 
These two membrane valves are controlled with 6 bar 
pressure controlled via a 3/2-inch electro-valve (Festo 
7802 MFH-2-1/8, Germany) far from the NMR magnet field 
controlled by the TTL output of the spectrometer. 

To monitor and debug the system, two pressure sensors 
(ABP2MANT010BAAA5XX) are present, right before the Xe 
container and after the porous along the gas flow. They are 
embedded on a homemade data-acquisition board (DAB), 
where an UART controlled ADC (ADS122U04) sends pres-
sure data to a computer, on which a GUI enables one to 
record and plot them. The DAB is just lying on top of the 
NMR spectrometer. Communication between the DAB and 
the computer, 10 meters apart, uses UART protocol with 
RS-485 standard, which allows high speed and long dis-
tances even in high EMF environment. A USB to UART RS-
485 module using the bridge chip (FT231XS) and an RS-
485 transceiver (MAX14840EATA+) allow the computer to 

https://github.com/LSDRM/StopFlow-PorousNMR
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communicate through the line. This configuration works 
well, but the use of RS-422 may be consider instead of RS-
485, for improving robustness and optimization of the data 
transfer rates while minimizing errors. A thermocouple 
connector is also mounted on the DAB in the aim of meas-
uring temperature as close as possible to the porous, since 
the classical thermocouple (PIT) inside the probehead is 
rather far from the sample and the temperature inertia 
between the PIT and the porous is high. The DAB-mounted 
thermocouple was not used in the described experiments, 
since no fine temperature characterization was needed. 
The DAB is powered with a standard 24 V continuous 
source (RS PRO 175-3306), regulated through a power 
regulation stage. The used GUI had been thought and de-
signed in the aim of being very versatile and usable with as 
much configurations as possible. It allows measurements 
to be traced and recorded, and actuators to be controlled 
manually or automatically according to set parameters. 
Instructions can be found at 
https://github.com/LSDRM/VMCGUI while description of 
the designed electronic boards can be found at 
https://github.com/LSDRM/VMC_Kits/tree/main/Custom
ized/DualPressure-Thermocouple_forVMCGUI.  

Figs. S1 and S2 show the designed electronic boards. 

Self-diffusion and EXSY experiments with hyperpolar-
ized xenon (see https://github.com/LSDRM/StopFlow-
PorousNMR). A stimulated spin-echo sequence containing 
the commands for the stopped-flow system and inter-
leaved with a single acquisition made of a small flip angle 
read pulse was used for self-diffusion experiments (see Fig. 
4 and Fig. S6). Between two consecutive scans, the xenon 
was pushed for 1 second (rate 10 mL/min). The stabiliza-
tion time after xenon thrust was 0.2 s, the number of scans 
was 2. Diffusion was encoded along the z direction, i. e. 
perpendicular to the xenon flow.  

The HP 129Xe EXSY spectra were collected with varying 
mixing times of 1, 5, 45, 70 and 100 ms, respectively, using 
a home-made sequence containing the commands for the 
stopped-flow system (shown in Fig. S7). Between two 
consecutive scans, the xenon was pushed for 1 second 
(rate 5mL/min). The stabilization time after xenon thrust 
was 0.2 s, the number of scans was 2. The size of the indi-
rect dimension was 48. The experiment time of each EXSY 
spectra was thus ca. 2 min (depending on the mixing time). 
States-TPPI mode was used in the indirect dimension. 
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