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Study of the pore systems of solid catalysts by 129Xe NMR 

 

Spectroscopic background: 129Xe nuclei have a spin of I = 1/2 and, therefore, no 

quadrupole moment. The 129Xe isotope has a natural abundance of 26.4 %, a 

resonance frequency of 0 = 139.09 MHz at B0 = 11.75, and a sensitivity of 5.7 x 10-3 

in comparison with 1H nuclei (1.0). These properties make the 129Xe isotope a 

suitable candidate for NMR studies of porous solids. For basic principles of solid-

state NMR, see lectures “Solid-State NMR Spectroscopy” for Bachelor students or 

PhD seminars, accessible via the link “Lectures for Students”.    

NMR studies of adsorbed 129Xe atoms provide a useful approach for characterizing 

the pore systems of solid adsorbents and catalysts. Assuming a fast exchange of 

xenon atoms adsorbed in the pores and cavities of porous solids, the observed 129Xe 

chemical shift is described by the sum of several additive terms [1, 2]:  

 

129Xe = 0 + S + E + M + Xe-Xe  Xe    (1) 

 

where 0 is the reference, S is due to collisions between 129Xe atoms and the 

walls of the channels and cages, E takes into account the electric field effect, e.g. 

caused by exchangeable cations, and M is a term to account for the presence of 

paramagnetic species. TheXe-Xe  Xe term arises from xenon-xenon collisions (two-

body collisions) and disappears upon extrapolating the 129Xe density to zero. For 

aluminosilicate-type zeolites in the H-form or exchanged with alkali metal cations 

(e.g. Na+), and for silicoaluminophosphates (SAPOs) or aluminophosphates (AIPOs), 

the E und M terms are often neglected.  

In a number of 129Xe NMR investigations performed at room temperature, the 

empirical Eq. (1) was utilized to characterize the void space and guest compounds in 

zeolite pores and cages. In Ref. [3], a model which allows the correlation of the S 

term in Eq. (1) with the mean free path of a single 129Xe atom within the pores and 

cages. According to Ref. [4], the term S depends on the fractional time, which the 

129Xe atoms spend on the pore of cage walls. The effect of the surface curvature of 

zeolite pores or cages and of the adsorption energy on the term S was discussed in 

Ref. [5]. Hence, there are several approaches leading to an estimation of the 

dimensions of the void spaces in porous solids by 129Xe NMR spectroscopy. For a 

review on the basic principles of 129Xe NMR spectroscopy, see Ref. [1]. 
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In zeolites X and Y with nSi/nAl ratios of 1.2 to 50 and exchanged with univalent 

cations (Na+ and Li+) or H+, the interdependence of the 129Xe chemical shift and the 

xenon coverage is approximately linear [6]. This is due to the term Xe-Xe  Xe  in Eq. 

(1) arising from the two-body xenon-xenon collisions and indicates that for these 

zeolites the terms E and M can be neglected. Furthermore, the experimentally 

derived chemical shifts of 129Xe atoms are independent of the framework 

composition. In Fig. 1, the 129Xe chemical shifts, 129Xe, of 129Xe atoms adsorbed on 

zeolites with different structure types are shown. All curves show an increase of the 

129Xe values with increasing xenon coverage, [Xe], which is, at least for low 

coverages, approximately linear. Extrapolation of the data to [Xe] = 0 enables the 

determination of S, which covers a range of ca. 60 ppm for zeolite Y and 113 ppm 
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Fig. 1 

for zeolite ZSM-5. The data given in Table 1 demonstrate the relationship between S 

and the pore size [1]. Terms S derived for xenon atoms adsorbed on 

aluminophosphates and silicoaluminophosphates are given in Refs. [2] and [7-9]. For 

an introduction into the effect of multivalent cations, paramagnetic sites, and metal 

atoms in zeolites on the 129Xe chemical shifts of adsorbed 129Xe atoms, see the 

review in Ref. [1]. 

 

 

Table 1 

129Xe NMR spectroscopy is a suitable method for investigating the crystallinity and 

the presence of intergrowths of zeolites [1]. The 129Xe NMR intensity is not only 

proportional to the quantity of 129Xe atoms adsorbed per cage, but also to the number 

of cages. Consequently, if a sample consists of a mixture of zeolites with different 

structure types or exchanged with cations of different sizes, the 129Xe NMR spectrum 

is a direct measure of the composition of the sample. Furthermore, 129Xe NMR 

spectroscopy can be applied to investigate the blockage of certain pores, e.g. by 

formation of coke in zeolite particles [10-12].  

Zeolites              S / ppm [1]       Cages and Pore Sizes [1] 
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To fill up zeolite pores and cages for determining the free volume by measuring the 

number of particular 129Xe atoms in these pores and cages, low-temperature 129Xe 

NMR studies of 129Xe atoms in zeolites with high coverage, [Xe], are useful [13]. 

Furthermore, 129Xe atoms condensed inside the zeolite cages have a resonance 

signal significantly different from that of 129Xe atoms condensed on the exterior 

surface of the zeolite micro-crystallite, which becomes visible, if the rapid exchange is 

frozen by low temperature. This method is utilized, e.g. for the investigation of 

dealuminated zeolites with a variety of mesopores and secondary cavities [14, 15]. 

For enhancing the sensitivity, in numerous low- and variable-temperature 129Xe 

NMR studies, hyperpolarized (HP) xenon gas was utilized (see next page) [16-19, 

26-31].  

As an example, Fig. 2 shows variable-temperature HP 129Xe NMR spectra of 

partially mesoporous ZSM-5 (MZSM-5-A in Ref. [17]). In these spectra, a series of 

signals at 129Xe = 0 ppm occur, which are due to 129Xe atoms in the gas phase. The 

signals (a) at 129Xe = 114 to 176 ppm correspond to those of conventional zeolites 

ZSM-5 in the temperature range of = 293 to 153 K (129Xe = 113 ppm for room 

temperature in Table 1 [1]), ascribed to 129Xe atoms in 10-ring pores. The above-  
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Fig. 2 

mentioned resonance shift is a normal trend for the signals of  129Xe atoms in porous 

materials in variable-temperature experiments, mainly resulting from the increasing 

interaction of these atoms with the zeolite walls and the Xe-Xe interactions at lower 

temperatures. In the low temperature range from T = 173 to 153 K, an additional 

upfield series of signals (b) appears at 129Xe = 112 to 131 ppm, which hints at the 

mesoporosity of zeolite MZSM-5-A. Hence, the low temperature spectra clearly 

evidence that more than one type of pore environments exists in zeolite MZSM-5-A. 

Furthermore, the ratio of their free volumes corresponds to the ratio of the intensities 

of the 129Xe NMR signals (a) and (b) at low temperature in Fig. 2, top  [17]. 

The in situ flow MAS NMR technique described in Refs. [20] and [21] (see also 

Section “flow probe 1”, accessible via link “In Situ Solid-State NMR Techniques”) 

allows the application of 129Xe atoms with hyperpolarized (HP) nuclear spins. 

Optical pumping of 129Xe nuclei leads to a strong increase of the sensitivity by 4 to 6 

orders of magnitude higher than the thermal polarization. In Fig. 3, a schematic 

diagram of the optical pumping device is shown [22]. Circularly polarized light from a 

60 W diode array laser is used for optical pumping at the D1 transition of rubidium ( 

= 794.7 nm) within a Pyrex pumping cell containing a small amount of rubidium 

vapor. The gas mixture containing 1% natural abundance xenon and 99% He, 

purified using an oxygen trap, is admitted into the optical pumping cell at a pressure 

of 2 bar in the fringe field of the superconducting magnet. Spin exchange during gas-

phase collisions between rubidium and xenon atoms results in a 129Xe non- 
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Fig. 3 

equilibrium nuclear spin polarization of ca. 5 to 8%. After spin exchange with 

rubidium and being passed through the pumping cell, a plastic needle valve is used 

to expand the xenon gas to atmospheric pressure and to control the gas flow into the 

in situ flow MAS NMR probe. In Ref. [22], the advantage of hyperpolarized 129Xe was 

demonstrated for studies of porous solids, such as of zeolites AlPO4-41, Ferrierite, 

and ITQ-6. See Ref. [33] for a review on the application of hyperpolarized 129Xe NMR 

in catalysis.  

As an example, Fig. 4 shows HP 129Xe solid-state NMR spectra of zeolite ITQ-6, 

which is a delaminated zeolite Ferrierite, recorded under a flow of hyperpolarized 

129Xe atoms without sample spinning (bottom) and with sample spinning rates of rot 

= 1 to 3 kHz (top) [22]. The signal at 129Xe = 65 ppm, which is not observed for highly 

crystalline zeolite Ferrierite, is caused by xenon in the inter-lamellar space of zeolite 

ITQ-6. The two signals at 129Xe = 100 and 135 ppm correspond to 129Xe adsorbed in 

small cages and in channels, respectively. The comparison of the spectra recorded 

without and with MAS techniques demonstrates the advantage of sample spinning for 

reaching a good spectral resolution. 

 

 

Fig. 4 
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experiments within a reasonable measurement time. Generally, 2D-exchange NMR 

experiments monitor changes in resonance frequencies occurring on a time scale 

ranging from milliseconds to few seconds. This is reached by monitoring the 

resonance frequencies before and after the mixing time, m, during which spin 

exchange occurs. These frequency changes are manifested by off-diagonal peaks in 

the 2D-exchange NMR spectrum, which depend on the duration of the mixing time 

[23].  

The 2D-exchange HP 129Xe MAS NMR spectrum of ITQ-6 in Fig. 5 was obtained 

with a mixing time of m = 50 ms and consists of diagonal peaks at 129Xe = 65, 110, 

and 135 ppm with the cross peaks (a) to (c) [22]. These cross peaks indicate a 129Xe 

exchange between the gas phase and the inter-lamellar space (a), between small 

cages and the inter-lamellar space (b), and between 129Xe atoms in the channels and 

small cages (c). The diagonal peak for 129Xe adsorbed in the channels (129Xe = 135 

ppm) has a strongly elongated shape along the diagonal, while the diagonal peak of 

129Xe in the small cages (129Xe = 100 ppm) has an asymmetric shape. The elongated 

shape results from a distribution of slightly different adsorption sites in the channels. 
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Fig. 5 

Similar like the study of pore blockage by formation of coke in zeolite particles [10-

12], 129Xe NMR spectroscopy was applied for investigating the presence and location 

of adsorbate molecules and reactants in zeolite particles [1, 24, 25, 32]. As an 

example, Fig. 6 shows a series of in situ HP 129Xe MAS NMR spectra, recorded 

during the adsorption of methanol on a zeolite CHA at T = 298 K for 30 min [24}. 

Theses spectra were obtained by utilizing an in situ flow MAS NMR probe equipped 

with an injection system similar to that described in Refs. [20] and [21]. The signals at 

129Xe = 0 ppm are due to 129Xe atoms in the gas phase. All signals at lower field are 

originated from 129Xe atoms adsorbed in CHA nanocages. Before introduction of 

methanol, the chemical shift of 129Xe atoms in empty cages is 129Xe = 84 ppm. After 

methanol is co-injected with the HP 129Xe atoms into the MAS rotor, another signal 

appears at 129Xe  99 ppm, which is due to 129Xe atoms co-adsorbed with methanol 

in the CHA cages. With increasing the adsorption time, its intensity increases, 

whereas the signal of 129Xe atoms in empty cages decreases. Finally, after about 15 

min, there is only one signal at 129Xe  99 ppm, indicating that the adsorption of 

methanol reached the steady state [24]. 
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Catalyst preparation: For the 129Xe NMR studies leading to the shift values in Fig. 1 

and Table 1 [1], zeolite powder was placed in an NMR tube and evacuated under 

vacuum at 10-5 Torr at T = 298 K, and then at a temperature raised slowly to values 

between T = 573 and 873 K and maintained at this value for 8 h. The adsorption of 

xenon gas (99.99 % ) was performed on a classical volumetric apparatus  [1, 6]. 

Before the measurements leading to the spectra in Fig. 2 [17], the samples were 

dehydrated at T = 673 K under vacuum (< 10-5 Torr) for 24 h. 

For the studies leading to Figs. 4 and 5 [22], the sample materials were activated at 

T = 473 K in high vacuum, then packed into the rotor using a glove box under argon 

atmosphere. The filled rotor was then inserted into the probe and purged with the gas 

mixture during the entire duration of the experiment. Before recording the NMR 

spectra, and in order to remove water or oxygen possibly adsorbed during the 

insertion of the rotor into the probe, the sample was heated to T = 373 K. After this 

procedure the sample is cooled to the desired measurement temperature [22]. 

Prior to the in situ MAS NMR experiments leading to Fig. 6 [24], about 100 mg 

samples were dehydrated at T = 673 K for 20 h in vacuum (< 10-2 Pa).  

 

129Xe NMR studies: The 129Xe NMR spectra leading to the shift values summarized 

in Table 1 were recorded at ambient temperature using a 90 MHz Bruker Fourier-

transform pulse spectrometer operating at the 129Xe resonance frequency of 0 = 

24.9 MHz.  

The variable-temperature HP 129Xe NMR spectra in Fig. 2 were recorded on a Varian 

Infinity-plus 400 spectrometer at the 129Xe resonance frequency of 0 = 110.6 MHz, 

using a 7.5 mm probe, with a /2 pulse width of 3 µs, 100 to 200 scans, and a recycle 

delay of 2 s [17]. 

The spectra in Figs. 4 and 5 were acquired on a Bruker AMX300 spectrometer 

operating at the 129Xe resonance frequency of 0 = 83.02 MHz [22]. For the HP 129Xe 

injection, a conventional Bruker 7 mm MAS probe with MASCAT stator with a sample 

spinning up to rot = 3.5 kHz was utilized. The basic principles of the 2D-exchange 

NMR experiment are described in Ref. [23].   

The spectra in Fig. 6 were recorded on Varian Infinityplus-400 spectrometer at the 

129Xe resonance frequency of 0 = 110.6 MHz with a /2 pulse width of 3 µs, a 1s 

recycle delay and 10 scans. The samples were spun at rot = 3 kHz under continuous 
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flow using a 7.5 mm rotor [24]. A continuous flow of a gas mixture, consisting of 1% 

Xe, 1% N2, and 98% He, was injected into the in situ flow MAS NMR probe at the 

rate of 100 mL/min with or without methanol, bubbled with dry nitrogen at the rate of 

10 mL/min [24]. 

In the above-mentioned studies, flow MAS NMR probes constructed according to the 

principle described in Refs. [20] and [21] were used. 

Equipment for producing hyperpolarized 129Xe gas is described in Refs. [22], [24], 

and [33].   

For all 129Xe NMR studies, the reference signal was that of xenon gas extrapolated to 

a pressure of zero (129Xe = 0 ppm). 
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