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Abstract: A new approach of in situ continuous-flow laser-hyperpolarized 129Xe MAS NMR together with
13C MAS NMR is designed and applied successfully to study the adsorption and reaction kinetics in the
nanospace. Methanol conversion in CHA nanocages has been investigated in detail for proof of principle
demonstrating the prospect of in situ NMR of reaction kinetics. Our findings well elucidates that the reaction
intermediate can be identified by 13C MAS NMR spectroscopy, meanwhile the kinetic and dynamic processes
of methanol adsorption and reaction in CHA nanocages can be monitored by one- and two-dimensional
hyperpolarized 129Xe MAS NMR spectroscopy under the continuous-flow condition close to the real
heterogeneous catalysis. The kinetic curves and apparent activation energy of the nanocages involving
the active site are obtained quantitatively. The advantages of hyperpolarized 129Xe with much higher
sensitivity and shorter acquisition time allow the kinetics to be probed in a confined geometry under real
working conditions.

1. Introduction

The nanostructures under confinement are the subject of
continuing interest because they are remarkably different from
those in the corresponding bulk space and have various potential
applications in optical and electrical devices, catalytic reactions,
etc.1-4 Noninvasive measurements of reaction kinetics in a
confined space by in situ spectroscopy are therefore of great
significance. In situ magic-angle spinning (MAS) NMR spec-
troscopy is a powerful tool for investigating the catalytic
reactions at high temperatures; progress has been made in the
development and application of the in situ NMR approach under
batchlike or continuous-flow mode.5-11 Most of these studies
are focused on the reactant transformation and/or intermediate
detection while less information of the catalytic kinetics is
reported under the condition of continuous-flow close to the
real heterogeneous catalytic process. Reaction kinetics from the

conventional 1H and 13C NMR is obtained by the concentration
variations of reactant or product in the bulk state,12 however,
the kinetics in a confined space such as nanocage or nanochannel
can not be achieved easily. It has been shown that laser-
hyperpolarized (HP) 129Xe NMR technique is powerful in
studying the porosity of porous materials,13-17 or even diffusion
and combustion process.18,19 The resultant 129Xe NMR spectrum
is from xenon atoms adsorbed in the pores with dimensions
down to the nanoscale, which could make it possible for
investigation of the reaction kinetics in a restricted geometry.
In this study, we report a design of laser-hyperpolarized 129Xe
mixed with a reactant under continuous flow to investigate the
catalytic kinetics including adsorption and reaction processes
in nanocages by in situ magic-angle spinning (MAS) NMR. In
our strategy, laser-hyperpolarized xenon is achieved by spin-
exchange optical pumping to tremendously enhance the signal
intensity by 4-5 orders of magnitude compared to conventional
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129Xe NMR.20-22 Then HP 129Xe is premixed with a reactant
outside the probe head and enters the high-field coil region with
an MAS NMR rotor where the catalyst is located (Figure 1). In
this case, it is possible for us to monitor the catalytic process
in a confined space at the earliest stage by HP 129Xe NMR
spectroscopy with much higher sensitivity and shorter acquisi-
tion time (∼10 s per spectrum). Here, methanol conversion in
CHA-structured nanocages is used for proof of principle
demonstrating the prospect of in situ NMR of reaction kinetics.
This provides a feasible approach to investigate the reaction
kinetics in a confined geometry under real working conditions.

2. Experimental Section

2.1. In situ Continuous-Flow MAS NMR Experiment. H-type
CHA zeolite (Si/Al: 15.0) with the cage dimension of 7.5 × 8.2 Å
and 8-membered-ring window dimension of 4.4 × 3.6 Å (see the
Supporting Information, Scheme SI-1) was provided by BASF
company (Germany). Prior to the in situ MAS NMR experiments,
about 100 mg samples were dehydrated at 400 °C for 20 h in a
vacuum (<1 × 10-2 Pa). As we previously reported in refs 15-17,
laser-hyperpolarized 129Xe was achieved with the optical pumping
cell in the fringe field of spectrometer magnet and 60 W diode
laser array (Coherent). A continuous flow of a 1% Xe-1% N2-98%
He gas mixture was delivered at the rate of 100 mL/min to the
rotor reactor with or without 99% enriched 13CH3OH (Cambridge
Isotopes) bubbled with dry nitrogen at the rate of 10 mL/min (Fig-
ure 1).

2.2. In situ MAS NMR Measurements. All NMR spectra were
collected on Varian Infinityplus-400 spectrometer. The in situ probe
was modified according to that reported by Hunger et al.5 One-
dimensional HP129Xe MAS NMR spectra were accumulated at
110.6 MHz with a π/2 pulse width of 3 µs, a 1 s recycle delay and
10 scans. The samples were spun at 3 kHz under continuous flow
using a 7.5 mm rotor. The chemical shifts were referenced to the
signal of xenon gas. Although this line was temperature-dependent,
its chemical shift variation would not be more than 1 ppm in the
whole range of measurements because of the very low concentration
of xenon. The two-dimensional exchange experiments (2D-EXSY)
were performed using a 90°-t1-90°-τm-90°-t2 pulse sequence
in TPPI mode. 13C CP/MAS NMR spectra were recorded with a

π/4 pulse width of 1.5 µs, a contact time of 1 ms, a recycle delay
of 2 s, and 16-64 scans. The chemical shifts of 13C NMR spectra
were referenced to adamantane with the upfield methine peak at
29.5 ppm.

3. Results and Discussion

3.1. Kinetics of Methanol Adsorption in CHA Nanocages.
Figure 2 shows the in situ HP 129Xe MAS NMR spectra
recording the evolution of diffusion and adsorption of methanol
in CHA nanocages at room temperature. The peaks at 0 ppm
in the 129Xe NMR spectra are from xenon in the gas phase. All
signals at lower field are originated from the adsorbed xenon
in the CHA nanocages. Before introduction of 13C-enriched
methanol, the chemical shift of 129Xe in empty cages is 84 ppm.
Its chemical shift is nearly unchanged with increasing temper-
atures (see the Supporting Information, Figure SI-1). This can
be attributed to the restriction of the 8-membered-ring window
of the cage not allowing more Xe atoms to diffuse inside, and
thus the interaction between Xe atoms can be neglected. After
methanol is coinjected with the HP xenon into the rotor reactor,
another signal appears at the lower field that can be attributed
to Xe coadsorbed with methanol in the CHA cages. With
increasing the adsorption time, its intensity increases, whereas
that of xenon in empty cages decreases. Finally, after about 15
min, there is only one peak whose chemical shift is ca. 99 ppm,
which indicates that the adsorption of methanol reaches steady
state. The adsorption of methanol in CHA nanocages can be
described as follows

where CH3OH (g) stands for methanol in the gas phase,
[Cage]empty denotes the CHA cages without adsorption of
methanol.

For quantitatively obtaining the kinetic information of
methanol adsorption in the CHA cages, continuous-flow HP
129Xe MAS NMR spectra were also recorded at 60 and 100 °C,
respectively (see the Supporting Information, Figures SI-2 and
SI-3). The spectra have similar features when increasing the
temperature, but the time of methanol adsorption to steady state
is shortened a little. Appropriate integration of the 129Xe NMR
spectra yields the concentration of Xe in empty cages without
methanol as a function of time. The kinetic curves of methanol
adsorbed in CHA nanocages can be fitted with second order
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Figure 1. Sketch of the experimental setup for in situ continuous-flow MAS NMR study.

CH3OH(g) + [Cage]empty f CH3OH@[Cage] (1)
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exponential decay function (Figure 3a). Furthermore, the rate
function of methanol adsorbed in the CHA nanocages can be
expressed by r ) k1[CH3OH]g

m[Cage]n
empty, where k1 is adsorp-

tion rate constant, [CH3OH]g is the concentration of methanol
in the gas phase, and [Cage]empty is the concentration of empty
cage without methanol. [CH3OH]g remains constant due to the
continuous injection of methanol vapor into the rotor by N2,
thus r ) ka[Cage]n

empty, where ka ) k1 [CH3OH]g
m. Thus, the

adsorption rate function at different temperatures can be obtained
as r ) ka[Cage]1.57

empty after fitting the kinetic curves in Figure
3a. The adsorption constants (ka) are listed in Figure 3b. The
activation energy of methanol adsorption in the CHA nanocages
could be estimated as ca. 5.2 kJ/mol according to the Arrhenius
equation (Figure 3b). It is in the physical adsorption range.

3.2. Kinetics of Methanol Reaction in CHA Nanocages. After
saturation adsorption of methanol, the temperature is gradually
increased from 25 to 200 °C by the instrument heating system

while the gas mixture of 13CH3OH and HP 129Xe is injected.
13C CP/MAS NMR spectra (Figure 4) show that below 120 °C,
only methanol with chemical shift at 50.5 ppm can be observed;
above 120 °C, methanol can be converted into dimethyl ether
(DME) whose chemical shift is at 60.5 ppm via the methoxy
whose chemical shift is at 56.8 ppm and that plays a role as the
intermediate.23 More and more methanol is transformed to DME
with increasing temperatures. Interestingly, in the HP 129Xe
NMR spectra the signal splits into two peaks when DME is
produced at 120 °C: one main peak named A is at lower field,
the other shoulder peak named B is at higher field. Peak A is
from Xe coadsorbed with methanol in CHA cages. It shifts a
little to higher field with increasing temperature because of the
desorption of methanol and more free voids left. The relative

(23) Wang, W.; Seiler, M.; Hunger, M. J. Phys. Chem. B. 2001, 105, 12553–
12558.

Figure 2. In situ HP 129Xe MAS NMR spectra recorded with time resolution of 10 s per spectrum as a function of time during adsorption of methanol in
CHA nanocages at 25 °C.

Figure 3. (a) Kinetic curves of methanol adsorption in the CHA nanocages at various temperatures. (b) Arrhenius plot of rate constant ka at different
adsorption temperatures, Ea is the adsorption activation energy.
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intensity of peak B is increased with increasing temperatures.
From the combination of 129Xe and 13C CP/MAS NMR spectra,
peak B in the 129Xe NMR spectra may be due to the occurrence
of the methanol conversion. With increasing temperatures, 13C
CP/MAS NMR spectra show that methanol tends to be desorbed,

and more DME is produced. Thus, at 200 °C in the HP 129Xe
NMR spectra the chemical shift of the methanol adsorption
signal further decreases, and these two peaks can not be well
resolved.

To further confirm the assignment of peak B, we acquired in
situ two-dimensional HP 129Xe exchange spectra (2D-EXSY)24

during methanol conversion under the steady state. The tech-
nique can be extended to investigate the dynamic processes of
xenon in different domains in the porous materials.16,17,19,25 The
cross-peaks indicate an exchange of xenon atoms between the
corresponding environments on the diagonal within the period
of mixing time. At the reaction temperature of 180 °C, the
presence of cross-peaks in Figure 5a suggests that the exchange
of Xe between gas phase and peak A exists at a time scale of
30 ms. Another cross-peak emerging in Figure 5c indicates that
the exchange of Xe between gas phase and peak B occurs when
increasing mixing time to 80 ms. Therefore, xenon exchange
takes place faster between gas phase and peak A than between
gas phase and peak B. This could be caused by the desorption
of products, which restricts the xenon atoms motion between
the gas phase and the CHA cages. So, it further confirms that
the new peak B can be assigned to xenon in the methanol
reaction cage, in which methanol molecules are converted to
DME and water on the Brönsted acid site.

Figure 4. In situ HP 129Xe MAS NMR and 13C CP/MAS NMR spectra of
methanol reaction in CHA nanocages at various temperatures.

Figure 5. In situ HP 129Xe 2D-EXSY MAS NMR spectra recorded during methanol reaction in CHA nanocages at 180 °C with different mixing time. The
black dashed lines denote Xe exchange between gas phase and peak A, and the red ones denote Xe exchange between gas phase and peak B.
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To trace the reaction kinetics, in situ HP 129Xe MAS NMR
spectra were recorded as a function of time to map the evolution
of methanol conversion in the CHA nanocages at 180 °C (Figure
6). The empty cage signal at 84 ppm decreases in intensity with
the time, while the signals of methanol adsorbed cage at 92
ppm and methanol reaction cage at 88 ppm increase. When the
intensity of empty cage decreases to zero, the intensities of the
other two signals are unchanged with increasing time. Similar
phenomena can be observed at 140 and 160 °C (see the
Supporting Information, Figures SI-4 and SI-5). According to
the theoretical and experimental studies on this reaction,23,26,27

one of the reasonable energetic routes for methanol conversion
to DME is the indirect pathway, i.e., methanol adsorbed on an
acid site reacts first to methoxy species, which subsequently
converts with another methanol molecule to DME. In our case,
methanol conversion is in a nonequilibrium steady state because
methanol is continuously injected into the nanocages, methanol
continuously reacts to DME and water via methoxy, and

products continuously leave the nanocages. So, the methanol
reaction in CHA nanocages can be proposed as follows

Equation 4 is the overall reaction of elementary steps 1-3 for
methanol conversion in CHA nanocages, including the adsorp-
tion and reaction of methanol; the following step is the
desorption of DME and water to recover the empty cage. The
desorption of products should take place rapidly, which is not

Figure 6. In situ HP 129Xe MAS NMR spectra recorded with time resolution of 10 s per spectrum as a function of time during reaction of methanol in CHA
nanocages at 180 °C.

Figure 7. (a) Kinetic curves of methanol reaction in CHA nanocages at various temperatures. (b) Arrhenius plot of rate constants kr at different reaction
temperatures, Ea is the apparent reaction activation energy.

CH3OH(g) + [Cage]empty f CH3OH@[Cage] (1)

CH3OH@[Cage] f CH3O&H2O@[Cage] (2)

CH3OH(g) + CH3O&H2O@[Cage] f DME&H2O@[Cage]
(3)

2CH3OH(g) + [Cage]empty f DME&H2O@[Cage] (4)

DME&H2O@[Cage] f DME&H2O + [Cage]empty (5)
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a rate-determining step because the conversion of methanol
reaches the steady state as shown by the presence of a signal at
88 ppm in Figure 6, and there is no coke observed in the 13C
CP/MAS NMR spectra (Figure 4). So, only eq 4 has been
considered for the kinetic analysis. The reaction rate function
can be expressed as r ) k2[CH3OH]g

m[Cage]n
empty, where k2

denotes the apparent reaction rate constant. Similarly, [CH3OH]g

can be regarded as a constant, thus r ) kr[Cage]n
empty, where kr

) k2[CH3OH]g
m. Clearly, the reaction rate of methanol conver-

sion depends on the concentration of the empty cages in CHA
zeolite. In our case, CHA zeolite with a Si/Al ratio of 15 has
nearly one Brönsted acid site in each cage. Moreover, both the
adsorption and reaction processes are involved in the Brönsted
acid site, which plays a role as the active site. Therefore, the
concentration of empty cage can represent the amount of active
site. The above reaction rate function indicates that the methanol
conversion rate is dependent on the concentration of active site.
Prior to kinetic analysis, the effect of internal and external
diffusion could be excluded because of the fine catalyst particles
and fast gas flow (ca. 110 mL/min). In the same way, the kinetic
curves of the reaction process are exhibited in Figure 7a. Thus,
the reaction rate function with different temperatures can also
be obtained as r ) kr[Cage]1.27

empty after fitting the kinetic curves
in Figure 7a. Therefore, the apparent activation energy of active
site in methanol reaction could be calculated as ca. 57 kJ/mol
according to the Arrhenius equation (Figure 7b). This value is
a little lower compared to other studies which show the methanol
conversion on Al2O3 or H-type zeolite with the activation energy
of the overall reaction from 58 to 143 kJ/mol.28-30 In our study,
the empty CHA nanocage represents the active site and is
described in the reaction rate function from the molecular level
that is different from the other conventional kinetic studies,
which concern only the concentration of reactants or products
in the bulk space. Our approach demonstrates the reaction
kinetics in the nanocages with continuous flow of reactants. The
advantages of HP 129Xe with much higher sensitivity and shorter
acquisition time allow the kinetics of the active site in a confined
space to be probed at the earliest reaction stage.

4. Conclusions

In summary, a design of in situ continuous-flow laser-
hyperpolarized 129Xe MAS NMR coupled with 13C MAS NMR
is successfully applied to study the adsorption and reaction
kinetics in a confined space. Our approach well elucidates that
the reaction intermediate can be identified by 13C MAS NMR,
in the mean time, the kinetic and dynamic processes of methanol
adsorption and conversion in the CHA nanocages can be
monitored by one- and two-dimensional hyperpolarized 129Xe
MAS NMR under the continuous-flow condition close to the
real heterogeneous catalysis. The kinetic curves and apparent
activation energy of the nanocage with the active site are
obtained because of the advantages of hyperpolarized xenon
having much higher sensitivity and subsequently shorter acqui-
sition time. We believe this approach can be extended to the
other reactions and generally applied in the investigation of
reaction kinetics in a restricted geometry under real working
conditions.
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