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Characterization of lanthanum-containing catalysts  

by 139La solid-state NMR 

 

Spectroscopic background:  139La nuclei have a spin of I = 7/2 and a large 

quadrupole moment of Q = 20 x 10-30 m2. Therefore, 139La NMR signals of lanthanum 

atoms in solids are strongly affected by quadrupolar interactions. The 139La isotope 

has a natural abundance of 99.9 % and, in this state, a sensitivity of 6.1 x 10-2 in 

comparison with 1H nuclei (1.0), making this isotope a suitable candidate for NMR 

studies of 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”.   

Lanthanum-exchanged zeolites Na-Y (La,Na-Y) play an important role in the fluid 

catalytic cracking, one of the most widely applied petroleum refinery processes that 

make use of zeolites as catalyst components. Therefore, the lanthanum cation 

location and migration in hydrated and dehydrated faujasite zeolites were in the 

focus of numerous solid-state MAS NMR studies [1-6]. According to Ref. [7], 

lanthanum cations in the sodalite cages are located on position SI' are 

coordinated to three framework oxygen atoms of the six-ring window and extra-

framework oxygens at position SII' (La2+OH, La+O, La2+-O-La2+), while lanthanum 

ions at position SI are octrahedrally coordinated to six framework oxygen atoms (see 

Fig. 1) [8]. Using a point charge model [9], oxygen charges between -0.8 and -1.0 e, 

and the XRD data of the dehydrated La,Na-Y-68 studied in Ref. [7], quadrupole 

coupling constants of CQ = 5.3 to 6.6 MHz and 45 to 56 MHz were calculated for 

lanthanum cations located on positions SI and SI', respectively [3]. 
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In an early work [1], inorganic compounds with La-O bonds were studied by 139La 

solid-state NMR spectroscopy as spectroscopic models for lanthanum cations in 

zeolites. One of these materials was La(OH)3. Due to the very strong quadrupolar 

interactions of 139La nuclei, these solid-state NMR investigations were performed with 

the spin-echo technique and without MAS (static). Fig. 2 shows the 
139

La spin-echo 

NMR spectrum of La(OH)3, recorded at the resonance frequency of 0 = 56.5 MHz 

(B0 = 9.4 T) [1]. The experimental quadrupole pattern covers a frequency range of ca. 

200 kHz and can be well-described by a quadrupole coupling constant of CQ = 

20.5±0.5 MHz and an asymmetry parameter of  = 0.05±0.05 [1]. The spectrum in 

Fig. 2 demonstrates that the 139La spin-echo NMR technique is suitable for the 

investigation of lanthanum cations in faujasites, which are characterized by CQ values 

in a similar order (vide supra).      

         

 

 

 

 

Fig. 2 

 

The zeolite La,Na-Y, used for recording the 139La spin-echo NMR spectra in Fig. 3, 

has 60% of the Na+ cations replaced by La3+ cations (La,Na-Y-60) [2, 3]. In the 

spectrum, recorded directly after the cation exchange, i.e. without subsequent 

dehydration (as-exchanged), a single signal (i) with a width of 1/2  12 kHz 

occurs. In this state of zeolite La,Na-Y-60, all lanthanum cations are fully hydrated 

and located in the supercages auf the faujasite structure [1, 10]. Upon dehydration 

at T = 433 K, the intensity of signal (i) is decreased to ca. 20 % and an additional 

signal with a width of 1/2  150 to 190 kHz appears. Since the  
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dehydration is accompanied by a migration of lanthanum cations into the sodalite 

cages, signal (ii) must be due to La3+ at positions SI’, coordinated to oxygen atoms 

in their neighbourhood [11]. The structure-less shape of signal (ii) indicates that the 

corresponding lanthanum cations are involved in various local structures.       

 

 

 

 

 

Fig. 3 

 

Assuming a Gaussian signal shape for signals (i) and (ii), their quadrupole coupling 

constant CQ can be estimated via their signal width 1/2 [1, 12]:   

 

                                 

 

with 0 = 56.5 MHz. Applying the two extreme values of the asymmetry parameter 

( = 0 and 1), quadrupolar coupling constants of CQ  8 MHz for the hydrated 

lanthanum cations in the supercages (signal (i)) and CQ  30 MHz for the 

dehydrated lanthanum cations in the sodalite cages (signal (ii)) are obtained [3]. 

The latter CQ value agrees qualitatively with the theoretical value of CQ = 45 to 56 

MHz, obtained via the point charge model for lanthanum cations at positions SI’ (vide 

supra). 
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Table 1 gives a survey on the 139La solid-state NMR parameters of the above-

mentioned zeolites La,Na-Y and some additional materials. 

 

Materials CQ / MHz Q Refs. 

La(OAc)3  (La(CH3CO2)3) 11.0 ± 0.2 0.65 ± 0.05 [13] 

La(OAc)3  (La(CH3CO2)3) +2 H2O 25.5  0.81 [14] 

La(phen)2(NO3)3  (La(C12H8N2)2(NO3)3) 17.8 0.89 [14] 

LaCrO3 48.0 0.15 [15] 

LaGaO3 49.9 ± 0.2 0.05 ± 0.01 [16] 

LaCl3 + ca. 6 H2O 23.7 ± 0.5 0.40 ± 0.05 [1] 

La(NO3)3 + ca. 6 H2O 23.8 ± 0.5 0.80 ± 0.05 [1] 

 21.5 ± 1.0 0.85 ± 0.05 [13] 

La(OH)3 20.5 ± 0.5 0.05 ± 0.05 [1] 

La2O3 58.5  [15] 

zeolite La,Na-Y    

   La3+ in supercages (hydrated) 8.2 ± 0.8  [1] 

 8.0 ± 1.0  [3] 

   La3+ in sodalite cages (dehydrated) 26.0 ± 2.0  [1] 

 30.5 ± 1.5  [3] 

 

Table 1 

 

 

Catalyst preparation: Depending on the state of the lanthanum cations in the 

zeolites under study, hydrated or dehydrated sample are investigated. In the case of 

studying dehydrated zeolites, a sample treatment as described in Section “method 1” 

is utilized. 

         

139La solid-state NMR studies: The 139La NMR spectra in Figs. 2 and 3 were 

recorded with a Bruker MSL-400 spectrometer, at the resonance frequency of 0 = 

56.5 MHz, and using a t1--t2 spin-echo sequence with complex phase cycling. The 

pulse lengths were t1 = t3 = 2.5 µs, the interpulse duration  = 10 µs, and the recycle 

time 5O0 ms [1-3]. 139La chemical shifts are often referenced to an external standard 

of an 1 M aqueous solution of LaCl3 (139La = 0 ppm) [5, 6]. 
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