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Characterization of nitrogen-containing adsorbates and reactants  

on porous catalysts by 14/15N solid-state NMR 

 

Spectroscopic background:  14N and 15N nuclei have spins of I = 1 and I = 1/2, 

natural abundances of 99.6 % and 0.4 %, and, in these states, sensitivities in 

comparison with 1H nuclei (1.0) of 1.0 x 10-3 and 3.8 x 10-6, respectively. Due to the 

low natural abundance of the 15N isotope, 15N solid-state NMR spectroscopic studies 

of catalytic systems require an isotopic enrichment. Because of the quadrupole 

moment of the 14N isotope of Q = 2.04 x 10-30 m2, quadrupolar interactions are the 

dominating signal broadening mechanism for these nuclei. Both 14N and 15N nuclei 

have low resonance frequencies, which are often not in the range of standard solid-

state NMR probes. In this case, a specific low-frequency NMR probe is required for 

14N and 15N solid-state NMR investigations. 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”.   

In the research field of heterogeneous catalysis, the application 14N solid-state NMR 

spectroscopy is mainly restricted to studies of nitrogen-containing structure 
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directing agents (SDA) utilized in the synthesis of microporous zeolites [1-6]. 

Examples are investigations of tetrapropylammonium (TPA+) [1-3, 6], 

tripropylethylammonium, (TPEA+) [2, 6], butyltripropylammonium (BTPA+) [2], and 

mixtures of tetraethylammonium (TEA+) [4] and tetraethylphosphonium (TEP+) [4] 

cations in MFI-type zeolites and tetraethylammonium (TEA+) cations in AlPO4-5 [5]. 

One of the aims of these 14N solid-state NMR studies was the determination of the 

order or disorder in the local structure of the nitrogen-containing SDAs.  

Fig. 1 shows 14N MAS NMR spectra of as-synthesized Silicalite-1, prepared via the 

fluoride route with TPABr and NH4F (F-MFI) and via the alkaline route with TPAOH 

(OH-MFI), and recorded at a Larmor frequency of 0 = 43.3 MHz and with a MAS rate 

of rot = 2.0 kHz [1]. In the case of F-MFI, a single 14N MAS NMR signal with a well-

defined spinning sideband (SSB) pattern occurs (Fig. 1a). The simulation of the SSB 

envelope led to a single 14N quadrupolar parameter set of CQ = 52.8 kHz and Q = 

0.3 [1]. In contrast to F-MFI, the 14N MAS NMR spectrum of OH-MFI is featureless 

(Fig. 1b). This kind of spectrum is the result of a distribution of 14N quadrupolar 

parameters. The mean 14N quadrupolar coupling constant was found to be CQ,mean  

58 kHz, a value close to the value of CQ = 52.8 kHz found for F-MFI. Therefore, the 

distribution of the 14N quadrupolar coupling constants for F-MFI cannot be due to 

SDA mobility. Otherwise, the CQ,mean value would be significantly smaller. Since the 

14N quadrupolar coupling constant depends on the local geometry of the 14N sites in 

the SDAs (TPA+), i.e. mainly on the deviation of the C–N–C angles from the 

tetrahedral symmetry, the featureless 14N MAS NMR spectrum of OH-MFI in Fig. 1b 

hints to a local disorder. This local disorder corresponds to a distribution of the C–N–

C angles and/or to a distribution of the compensating negative charges in the 

framework surrounding the TPA+ cations [1]. 

15N solid-state NMR spectroscopy is utilized in heterogeneous catalysis for the 

investigation of surface sites by 15N-enriched probe molecules and of 15N-

enriched reactants for the study of reaction mechanisms. However, because of the 

high costs of 15N-enriched chemicals, 15N solid-state NMR spectroscopy does not 

find a similar broad application like alternative resonances. For the characterization of 

surface sites on solid catalysts, 15N-enriched N2O, NH3, pyridine, and acetonitrile are 

used.  

Before 15N chemical shift values of specific compounds can be considered, some 

remarks on discrepancies between different shift scales are necessary. According to 
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suggestions of Refs. [7] and [8], 15N chemical shifts in 15N liquid-state NMR studies 

are referenced to 15N = 0 ppm for liquid 15NH3 and 15N = 380.6 ppm for neat 

CH3
15NO2. However, in most of the 15N solid-state NMR studies, 5N chemical shifts 

are referenced to 15N = 0 ppm for neat CH3
15NO2 and 15N = -380.6 ppm for liquid 

15
NH3. Therefore, the latter scale is also used for the subsequent presentation and 

discussion of literature data, sometimes slightly corrected by utilizing more recent 

values of Ref. [8]. Some groups use own scales, such as 15N = 0 ppm for solid 

15NH4Cl [9, 10], 15N = 0 ppm for 15NH4NO3 solution [11],15N = 0 ppm for solid 

15NH4NO3 [12], 15N = 0 ppm for NH4
15NO3 [13] or 15N = 0 ppm for liquid 15NH3 in 15N 

solid-state NMR spectroscopy [14-17]. In these cases, the corresponding 15N 

chemical shift values were transformed into the scale with 15N = 0 ppm for neat 

CH3
15NO2, excluding for the 15N values of 15N-acetonitrile in Ref. [13].  

Table 1 gives a survey on the application of probe molecules for the investigation of 

surface sites on various materials by 15N MAS NMR spectroscopy. In this connection 

must be mentioned, that the 15N chemical shift values in Table 1 are often 

interpolated to an adsorbate loading of zero or determined at the lowest possible 

loading. The best loading is a 1 : 1 adsorption at the surface sites under study, which 

is much easier to control by 1H MAS NMR spectroscopy compared with 15N MAS 

NMR spectroscopy. Otherwise, a rapid exchange of adsorbed and gaseous probe 

molecules may occur, having a significant influence on the experimentally observed 

signal positions, already at room temperature.         

 

Probe 

Molecules 
Materials Compounds /  

Sites 
15/ppm 

 

Refs. 

terminale 15N 15N2O  gaseous -235.5 [18] 

in 15N2O -Al2O3 at LAS -210 to -220 [18], [19] 

 Na-Y at LAS -228.8 [18] 

 deal. H-Y at LAS -226 to -220 [20] 

 Na-ZSM-5 at LAS -230 to -231 [20], [21] 

 H-ZSM-5 at LAS -221 to -212 [20], [21] 

15
NH3 

15
NH3 gaseous -399.9 [22] 

 15NH3 liquid -380.6 [8] 

 15NH3 physisorbed  -364.0 [9] 

 15NH4
+NO3  1 M solution -360.0 [8] 
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 15NH4
+NO3

 powder -358.6 [8] 

 V2O5/TiO2 strongly 

adsorbed 

-368.9 [11] 

 zeolite Na,K-A  site I -386.4 [23] 

 (site loading  1 : 1) site II -389.1 [23] 

  site III -385.1 [23] 

  site IV -390.6 [23] 

 zeolites Na-A, Na-X, 

Na-Y (extrapolated 

to small loadings) 

   ca. -395 [22] 

 -Al2O3, USY at Al
IV

  -365.1±0.5 [9] 

  at AlV  -373.6±1.5 [9] 

 zeolite 88H-Y at Si(OH)Al -361 [22] 

 (site loading  1 : 
1.9 to 1 : 4.4) 

   

15N-pyridine SBA-15 bulk pyridine -65 to -64 [10], [16] 

 SBA-15 at SiOH -90 to -83 [10] 

 titanosilicalite-1 at SiOH -89 [17] 

 titanosilicalite-1 at Ti -100 [17] 

 AlFx(OH)3−x at LAS -123 to -116 [24] 

 silica-alumina at LAS -117 [14], [15] 

 Sn/MFI, Sn/MCM-41 at LAS -119 [16] 

 Sn/Beta at LAS -121 to -116 [16] 

 AlClxF3−x at LAS -125.5 -138.7 [25] 

 [Al]SBA-15 at LAS -141 [10] 

 (SG)nAlCl2 at LAS -145 [26] 

 F/Beta at BAS -169 [16] 

 titanosilicalite-1 at BAS -169 [17] 

 high-surface-AlF3 at BAS -171 [25] 

 [Al]SBA-15 at BAS -174 [10] 

 H-ZSM-5 at BAS -176 [26] 

 AlFx(OH)3−x at BAS -178 [24] 

 AlClxF3−x at BAS -178 [25] 

 silica-alumina at BAS -183 [14], [15] 

 -Al2O3 at BAS -185 [12] 

 H-Mordenite at BAS -188 [12] 
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 (silica gel)nAlCl2 at BAS -188 [26] 

15N- H-ZSM-5 physisorbed -243.4 [13] 

acetonitrile H-ZSM-5 at LAS -253.9 [13] 

 H-ZSM-5 at BAS -269.2 [13] 

 

LAS: Lewis acid sites  

BAS: Broensted acid sites         

 

Table 1 

 

In addition to the experimental 15N solid-state NMR studies of probe molecules, 

summarized in Table 1, quantum-chemical studies of 15N-pyridine on metal-doped 

amorphous silicates [27] and 15N-acetonitrile on various solid acids [28, 29] were 

performed. 

Examples for 15N solid-state NMR spectroscopic studies of reaction 

mechanisms in the field of heterogeneous catalysis are the conversion of 15NH3 and 

methanol to methylamines on zeolites H-RHO and H-SAPO-34 [30] or the conversion 

of 15NO with different reactants on various ZSM-5 zeolites [31-33]. The reaction, 

which was most often studied by 15N solid-state NMR spectroscopy, is the 

Beckmann rearrangement of different oximes on solid catalysts [34-38]. In 

chemical industry, ε-caprolactam is an important reactant for the production of 

Polyamid 6 (Perlon). To replace the conventional method for synthesizing ε-

caprolactam in concentrated sulfuric acid or oleum, the vapor-phase Beckmann 

rearrangement of cyclohexanone oxime to ε-caprolactam on solid catalysts is 

interesting as an environmentally benign process.            

Scheme 1 gives an overview on the suggested reaction mechanism as well as 

experimentally observed (without parenthesis [35, 36]) and calculated (in parenthesis 

[39]) 15N chemical shifts [35]. The first steps of the Beckmann rearrangement of 

cyclohexanone oxime on zeolites are the adsorption of the reactants via hydrogen 

bonding at SiOH groups in Silicalite-1 (A) or the N-protonation of the reactant by 

hydroxyl groups in zeolites H-ZSM-5 and H-[B]ZSM-5 (B). On strong acid sites, a 1,2-

H shift leading to O-protonated cyclohexanone oxime C is followed by the formation 

of carbenium ions D as intermediates. A more stable state of this intermediate is the 

nitrilium ion E. The calculated 15N chemical shift of 15N = -224 ppm for this 

intermediate indicates that species E may be responsible for 15N NMR signals at 15N 
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= -237 ppm. The further conversion of species E, which should be accompanied with 

a decrease of the signal at 15N = -237 ppm, leads to the formation of non-protonated 

and protonated -caprolactam (F and G, respectively) causing 15N NMR signals at 

15N = -260 ppm and 15N = -347 ppm, respectively [36]. 

 

Scheme 1 

 

The in situ 15N CPMAS NMR studies shown in Fig. 2 were perfomed under batch 

conditions (see Section “method 29”) and focused on the conversion of 15N-

cyclohexanone oxime (educt, signal 15N = -55 to 45 ppm) on the zeolites Silicalite-1, 

H-ZSM-5, and H-[B]ZSM-5 by stepwise heating of the physical mixtures of the 

reactant and the calcined zeolite catalysts at temperatures between T = 423 and 523 

K [34]. According to Fig. 2a, the Beckmann rearrangement on Silicalite-1 starts at 

about T = 473 K, which is indicated by new signals at 15N = -237 ppm (E), -260 (F), 

and -376 ppm. After raising the reaction temperature to T = 498 and 523 K (Figs. 2b 

and 2c), the spectra consist of a single signal at 15N = -260 ppm (F) due to the final 

product of the Beckmann rearrangement. The signal at 15N = -376 ppm is a hint for 

the formation of an amine as a byproduct [34]. 

The Beckmann rearrangement of 15N-cyclohexanone oxime on zeolite H-ZSM-5 

starts at about T = 423 K (Fig. 2d). In addition to the 15N CPMAS NMR signal of 

protonated and non-interacting 15N-cyclohexanone oxime at 15N = -160 ppm (B) and 
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15N = -55 ppm (educt), respectively, a signal at 15N = -347 ppm (G) due to 

protonated -caprolactam occurs. The spectrum in Fig. 2d is dominated by a signal 

at 15N = -237 ppm (E), which already appeared in the spectrum of Silicalite-1 heated 

at T = 473 K (Fig. 2a) [34]. 

A more complicated situation occurs for the Beckmann rearrangement of 
15

N-

cyclohexanone oxime on zeolite H-[B]ZSM-5 (Figs. 2g to 2i). In addition to the 15N 

CPMAS NMR signals observed for the conversion of 15N-cyclohexanone oxime on 

Silicalite-1 and H-ZSM-5, signals of byproducts occur at 15N = -199 ppm (protonated 

5-cyano-1-pentene), -275 ppm (hydroxylamine), and -364 ppm (-aminocaproic acid) 

[34]. These byproducts are the reason for the loss of the -caprolactam selectivity of 

zeolite H-[B]ZSM-5 after a short time on stream in comparison with Silicalite-1 as 

described in Ref. [40]. For further information and experimental details, see Section 

“method 29”.  

 

 

 

 

 

Fig. 2 

 

Catalyst preparation: The samples used for the 14N MAS NMR studies of SDAs 

were in the as-synthesized state. The post-treatment of the F-MFI material was done 

in an autoclave (T = 448 K, 4 days) using a 0.07 wt.-% NH4OH solution [1]. The 

preparation procedures of the sample materials utilized for 15N solid-state NMR 

in situ 15N CPMAS NMR 

Silicalite-1                             H-ZSM-5                                  H-[B]ZSM-5    

15N/ppm 15N/ppm 15N/ppm 
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studies of 15N-enriched probe molecules, summarized in Table 1, are very different 

and described in the corresponding references. For the in situ solid-state NMR 

studies of the Beckmann rearrangement of 15N-cyclohexanone oxime, the catalysts 

were dehydrated inside a “sample tube system 1“ at “vacuum line 1“, both accessible 

via link “In Situ Solid-State NMR Techniques”. The dehydration starts with an 

evacuation at room temperature for ca. 10 minutes, followed by a temperature ramp 

from room temperature to T = 393 K within 2 hours. At this temperature, the sample 

was dehydrated for 2 hours. Subsequently, the temperature was increased up to T = 

723 K within 3 hours and the sample was evacuated at this temperature for 12 hours. 

After this treatment, the sample tube system was closed via the vacuum valve and 

disconnected from the vacuum line (after this line was ventilated with air). Mixtures of 

15N-cyclohexanone oxime and dehydrated catalysts were prepared as follows. First, 

20 mg of 15N-cyclohexanone oxime was evacuated at room temperature and mixed 

with ca. 300 mg of dehydrated zeolite in a mini glove box (see Section “mini glove 

box”, accessible via link “In Situ Solid-State NMR Techniques”), purged with dry 

nitrogen gas. Subsequently, the catalyst loaded with 15N-cyclohexanone oxime was 

filled into an MAS NMR glass ampoule (see Section “sample tube system 4”, 

accessible via link “In Situ Solid-State NMR Techniques”), evacuated at room 

temperature at “vacuum line 2” (see Section “vacuum line 2”, accessible via link “In 

Situ Solid-State NMR Techniques”), and, finally, sealed.  

 

14/15N solid-state NMR studies: The14N MAS NMR spectra shown in Fig. 1 were 

recorded at a Larmor frequency of 0 = 43.3 MHz, with a /4 pulse excitation, and 

with a MAS rate of rot = 2.0 kHz utilizing 9.5 mm rotors. With a repetition time of 0.5 

s, recording of the spectra in Fig. 1a (46.000 scans) and Fig. 1b (98.000 scans) 

required ca. 6 h and 14 h, respectively [1].  

The in situ 15N CPMAS NMR spectra of the catalyst loaded with reactants in Fig. 2 

were recorded at a Bruker MSL 400WB spectrometer at a resonance frequency of 0 

= 40.53 MHz and using a 7 mm Bruker MAS NMR probe with sample spinning rates 

of rot = 3.5 to 4.7 kHz. The CPMAS NMR spectra were obtained with a contact time 

of  = 5 ms and a recycle delay of 2 s. The 15N CPMAS NMR spectra were 

referenced to nitromethane (15N = 0.0 ppm).  
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