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Abstract 

The origin of Brønsted acidity in a series of silica-supported molybdenum oxide catalysts with 

Mo loadings of 2.1 - 13.3 wt%, and apparent Mo surface densities of 0.2–2.5 nm-2, respectively, 

was analyzed by ammonia adsorption investigated by temperature-programmed desorption, 

infrared spectroscopy, and DFT calculations. Every surface molybdenum atom in the 

molybdenum oxide (sub-)monolayer is involved in the interaction with ammonia, either as Lewis 

or as Brønsted acid site. A model is proposed that ascribes Brønsted acidity to the interaction 

between silanol groups and adjacent surface molybdate species under formation of pseudo-

bridging Si—O(H)---Mo(=O)2 species with a Mo---O(Si) distance of 2.1 Å and a N-H(OSi) 

distance of <1.1 Å in the formed adsorption complex of the ammonia molecule. The combined 

experimental and computational study contributes to an improved fundamental understanding of 

acidity in amorphous mixed metal oxides. 
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1. Introduction 

The acid-base character of an oxide surface is an important descriptor in heterogeneous 

catalysis. Solid acids, such as zeolites and mixed oxides, find broad application in acid-base 

catalysis substituting hazardous catalysts in the homogeneous phase [1, 2], or in catalytic 

conversion of biomass [3, 4]. Beyond that, acidity or basicity at a solid-liquid or solid-gas 

interphase affect the reaction network of any catalytic reaction that involves organic reactants 

having an effect on C-H or C-C activation in a desired way as for example in bi-functional 

catalysis [5], or facilitating undesired consecutive or parallel reaction pathways with detrimental 

consequences in terms of the selectivity [6]. 

Brønsted acid-base sites at the surface of solid oxides are attributed to hydroxyl groups 

being potential proton donors or acceptors relative to an adsorbing or reacting molecule. Surface 

Lewis acid sites represent coordinative unsaturated metal ions that accept an electron pair 

forming a coordinate bond with an adsorbing Lewis base molecule without complete electron 

transfer to the metal. 

The nature of acidity in crystalline silica-alumina (zeolites) has been studied extensively by 

experiment [7-11] and theory [12, 13] including surface science approaches that apply thin 

aluminosilicate films on metal single crystals as model systems [14]. It is generally accepted that 

bridging hydroxyl groups Al-(OH)-Si, which are located in the framework of the crystal 

structure, are responsible for the strong acidity of protonic zeolites. However, the origin of acid 

sites in amorphous SiO2-Al2O3 has been strongly debated. Based on combined experimental and 

computational studies applying lutidine (2,6-dimethylpyridine) as probe molecule, proton 

transfer was attributed to the presence of pseudo-bridging silanol groups and the stabilization of 

silanolate species by the formation of additional O–Al and O–Si bonds [15]. Other mixed oxides 
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[16], such as SiO2-MgO, SiO2-ZrO2, B2O3-Al2O3, B2O3-TiO2, WO3-Al2O3, WO3-ZrO2, SnO2-

SiO2, and MoO3-SiO2 show acid properties as well, but the origin in particular of Brønsted 

acidity at the surface of such mixed oxides is less clear. In particular, basic understanding of the 

generation of acidity by modification of, for example, silica with another oxide and models that 

describe the associated proton transfer at a molecular level are essentially missing. This is also 

due to the diversity of binary and ternary oxides in terms of crystal structure and type of bonding 

(ionic versus covalent) [17], which complicates analysis in view of relations between surface 

structure and acid-base properties. Thus, each system requires individual examination. 

Supported molybdena—silica catalysts have been applied as model systems for important 

catalytic reactions including selective oxidation of alcohols [18, 19], alkenes [20, 21], and 

alkanes [22, 23] as well as olefin metathesis [24-26]. Acidity has been identified as an important 

catalyst requirement responsible for formation of active carbene species in MoO3-SiO2 catalysts 

for metathesis of propene [26]. We used ammonia and propene adsorption to analyze the acidity 

in a series of silica-supported molybdenum oxide catalysts with Mo loadings of 2.1 - 13.3 wt%, 

and apparent Mo surface densities of 0.2–2.5 nm-2, respectively [25]. Both, Lewis acidity 

attributed to coordinative unsaturated molybdenum ions as well as Brønsted acidity was found in 

agreement with previous reports that indicated abundant Brønsted acidity at the surface MoO3-

SiO2 catalysts based on adsorption of probe molecules or catalytic test reactions [17, 27-32]. 

Molybdenum oxide [33] and silica are predominantly covalent oxides, but the coordination 

chemistry of Mo and Si differ significantly. The Brønsted acidity of MoO3-SiO2 was generally 

attributed to the supported molybdenum oxide itself [17], either by formation of hydroxyl groups 

coordinated to surface molybdate species directly (Mo-OH) [34], traces of water that lead to 

formation of ammonium polymolybdate species [29], or the reaction between molybdenum oxide 
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with the silica support that yields silicomolybdic acid [28, 30, 32]. Since the presence of Mo-OH 

as well as silicomolybdic acid was excluded by 1H MAS- NMR and Raman spectroscopy, 

respectively, in the above mentioned study of a series of silica-supported molybdenum oxide 

catalysts [25], we initiated the present work that deals with ammonia adsorption investigated by 

temperature-programmed desorption, infrared spectroscopy, and DFT calculations with the aim 

to identify the origin of Brønsted acidity in silica-supported molybdenum oxide. 

Ammonia adsorption is frequently used to probe the acidity of solid acids [8, 17, 35, 36]. 

The strength of Brønsted acid sites in zeolites is apparently linked to the heat of ammonia 

adsorption. The latter has been proposed as descriptor to quantitatively predict the rate of acid 

catalyzed reactions [37]. The type of acid-base interaction of ammonia with the solid surface 

(protonation at Brønsted acid sites versus coordinative adsorption at Lewis acid sites) is often 

probed by infrared spectroscopy [8, 17, 36]. Complete proton transfer from acidic OH groups to 

ammonia under formation of an ammonium ion advantageously coordinated to the negatively 

charged framework has been verified in zeolites [38, 39]. 

Based on the current investigation, a model is proposed that ascribes the Brønsted acidity 

in silica-supported molybdenum oxide catalysts to the interaction between silanol groups and 

adjacent surface molybdate species. The study was performed applying a series of catalysts that 

has been characterized before with respect to the structure of the surface molybdenum oxide 

species [40] and catalytic properties in oxidation of propane [40] and propene metathesis [25]. 
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2. Experimental and theory 

2.1 Preparation and characterization of silica-supported molybdena 

Molybdenum was introduced on the surface of mesoporous silica SBA-15 using an anion 

exchange procedure via amino-functionalized SBA-15 as an intermediate followed by a final 

calcination, yielding MoOx/SBA-15 catalysts containing highly dispersed surface molybdena 

species while preserving the cylindrical mesopore structure of SBA-15. Details of preparation 

and structural characterization are reported elsewhere [25, 40]. Table 1 summarizes Mo loading, 

surface density of molybdenum and silanol groups, and specific surface area As. 

Table 1. Properties of MoOx/SBA-15a 

Specimen Mo loading 
(wt%) 

Surface density As 
(m2/g) 

  
Mo 
(nm-2) 

SiOH 
(nm-2)  

SBA-15 0 0 1.6 859 

2.1Mo 2.1 0.21 1.1 637 

5.1Mo 5.1 0.58 0.88 554 

6.6Mo 6.6 0.85 0.68 490 

8.2Mo 8.2 1.1 0.51 457 

13.3Mo 13.3 2.5 0.07 332 
a See reference [40] for details of estimation methods. 

 

2.2 Ammonia adsorption 

2.2.1 Fourier Transform infrared spectroscopy (FTIRS) 

The FTIR experiments were carried out in transmission mode using a Perkin Elmer 100 FTIR 

spectrometer equipped with a DTGS detector at a spectral resolution of 4 cm-1 and accumulation 

of 64 scans. The samples were pressed (125 MPa) into self-supporting wafers, which were 

placed in an in-situ IR cell. The IR cell was directly connected to a vacuum system (residual 

pressure of 3.10-6 Pa) equipped with a gas dosing line. Ammonia was dosed at 353 K at the 
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pressure up to 7 hPa. In each experiment, the spectrum taken before probe dosing was used as 

background. Contribution of gas phase species was corrected by subtracting the spectrum 

without sample wafer. The spectra were normalized with respect to the areal weight density of 

the wafer. The concentration of ammonia adsorption sites were estimated using the band at 1614 

and ~1430 cm-1 for Lewis acid sites and Brønsted acid sites, respectively. Extinction coefficients 

of 16 cm μmol−1 (Brønsted acid sites) and 1.46 cm μmol−1 (Lewis acid sites) were used [41]. 

2.2.2 Temperature-Programmed desorption of ammonia (NH3-TPD) 

Temperature-programmed desorption of ammonia (NH3-TPD) was performed using a fixed 

bed reactor. About 30 mg of catalyst was used. Adsorption of NH3 was done at 353 K by feeding 

1% NH3 in Ar (40 ml/min) for 0.5 h. After flushing the reactor with He at 353 K for 0.5 h, the 

bed temperature was raised with a heating rate of 10 K/min in He flow (40 ml/min). Desorption 

of NH3 was monitored by a quadrupole mass spectrometer (OmniStar GSD301, Pfeiffer) using 

the signal of m/e = 16. The helium signal (m/e = 4) was used as internal standard. 

 

2.3 Theory 

Density functional theory (DFT) calculations were performed to simulate Lewis and Brønsted 

acidity of the silica-supported molybdenum oxides by applying cluster models adapted from 

previous studies [42-46]. The Becke three-parameter hybrid functional with Lee–Yang–Parr 

correlation functional (B3LYP) together with Ahlrichs’ triple-zeta split-valence basis set 

augmented by polarization functions (def2TZVP or def2TZVPP, respectively) were chosen for 

the calculations [47, 48]. Grimme’s dispersion correction and ultrafine integration grids for 

numerical integrations were adopted [49]. Each optimized structure (see structures in Figures 9 

and 10) was subsequently analyzed in terms of harmonic vibration frequencies at the same level 
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and characterized as a minimum (no imaginary frequency) or a transition state (one imaginary 

frequency). In frequency calculations, a scaling factor of 0.9783 was used derived from 

normalizing the experimentally observed asymmetric bending vibration (1635 cm-1) to that from 

the free NH3 molecule (1671.27 cm-1) calculated at the B3LYP/def2TZVP level. All calculations 

were performed using Gaussian 09 packages [50]. The images were generated using the pragram 

GaussView 6. 

3. Results and discussions 

3.1 Structure of MoOx/SBA-15 

The structural characterization of the present series of MoOx/SBA-15 catalysts by N2 

physisorption, XRF, XRD, SEM-EDX, IR, Raman, UV-vis, O K-edge NEXAFS, and Mo K-

edge XANES/EXAFS has been reported elsewhere [40]. Main findings relevant for the present 

investigation are summarized briefly in the following. Irrespective of the molybdenum loading, 

two-fold anchored tetrahedral di-oxo (Si-O-)2Mo(=O)2 structures are formed at the expense of 

surface silanol groups at the surface of silica SBA-15. A fraction of surface silanol groups 

undergoes hydrogen bonding with the molybdena species (Fig. 1). 

 

 

Fig. 1. Schematic illustration of the proposed predominant structure of molybdenum oxide 
species at the surface of mesostructured silica SBA-15 after dehydration. 
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Probing hydroxyl groups by FTIR spectroscopy (Fig. 2A) reveals that the introduction of 

molybdenum leads to the progressive consumption of isolated silanol groups characterized by the 

band at 3745 cm-1 and the occurrence of hydrogen-bonded hydroxyl groups indicated by the 

broad IR band at ~3600 cm-1. The electronic structure around the molybdenum atoms probed by 

UV-vis spectroscopy remains similar with increasing Mo loading, suggesting a modest structural 

variation of molybdena species upon the variation in the coverage of silica [40]. The 

characteristic doublet of Raman bands at 970~1000 cm-1 (Fig. 2B) due to ν(Mo═O) of dispersed 

surface molybdena species [51] becomes broader and red-shifted at low metal loadings, which 

indicates hydrogen-bonding interactions between the surface molybdena species and neighboring 

silanol groups [40]. At the highest Mo loading, intense Raman bands due to crystalline MoO3 

(e.g., 993 and 817 cm-1) [52] were observed although this component represents only ~3% of 

total Mo atoms in the material (thus almost invisible in UV-vis) [40], which is due to the very 

high Raman scattering cross section of MoO3 [53, 54]. No peak related to Keggin-type 

silicomolybdic acid (H4SiMo12O40) at 240 cm-1 [30] was detected in the Raman analysis (Fig. 

S1). Overall, no indication for the presence of hydroxyl groups other than silanol (e.g. Mo—OH, 

or silicomolybdic acid H4SiMo12O40) was obtained by the structural analysis [25], which is in 

agreement with a previous in-situ Raman study using isotope labeling technique [55]. 
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Fig. 2. (A) FTIR, and (B) Raman (excitation at 1.96 eV (632 nm)) spectra of dehydrated 
MoOx/SBA-15 measured at room temperature. The samples were pretreated in 20% O2 in Ar at 
823 K for 0.5 h. 

 

3.2 Ammonia adsorption experiments 

3.2.1 NH3-TPD 

The NH3-TPD profiles (Fig. 3A) show adsorption of ammonia at all MoOx/SiO2 catalysts. With 

increasing Mo loading the amount increases. Bare SBA-15 does not adsorb ammonia (Fig. 3A; 

black line). The density of desorbed ammonia molecules exhibits a linear correlation with the 

nominal surface Mo density, yielding an areal density of 0.22 NH3 molecules per molybdenum 

atom (Fig. 3B). This observation suggests a relationship between the adsorption sites of 

ammonia molecules and occurrence of molybdenum oxide surface species. 
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Fig. 3. Profiles of temperature-programmed desorption of ammonia (NH3-TPD) from 
MoOx/SBA-15 at a heating rate of 10 K min-1 (A), and correlation between the surface Mo 
density and the amount of desorbed ammonia (B). The samples were pretreated in 20% O2 in Ar 
at 823 K for 0.5 h followed by ammonia adsorption at 353 K by feeding 1% NH3 in Ar, and 
subsequent purge in a He stream at 353 K for 0.5h. 

 

The NH3-TPD profiles are characterized by a broad single peak centered at ca. 450 K, 

which indicates relative weak acidity. The slight upward shift of the peak temperature is 

probably due to a kinetic artifact of the measurement due to the re-adsorption of desorbed 

ammonia [56]. Notably, inhomogeneity of the adsorption sites with respect to the desorption 

energy is indicated by the peak shape characterized by a greater tailing on the high-temperature 

side than the low-temperature side, because a uniform strength of acid sites should give an 

asymmetric desorption profile with an extended tailing structure at the low-temperature side 

[56]. 
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3.2.2 Infrared spectroscopy 

Ammonia is very frequently used as probe molecule to characterize surface acidity of 

oxides by infrared spectroscopy. Due to its small size (3.70 Å x 3.99 Å x 3.11 Å) [57], the 

molecule captures quantitatively acid sites even in micropores. According to the Pearson HSAB 

principle, NH3 is classified as hard base. Consequently, it strongly interacts with hard acids, such 

as small or highly charged metal cations and protons of hydroxyl groups. A band at 1600-1630 

cm-1 arises from the asymmetric bending vibration ν4(as) of coordinatively bound ammonia 

molecules, which gives notice of Lewis acidity [8, 17, 36]. Formation of the corresponding 

protonated species (ammonium ions) is indicative of Brønsted acidity relative to NH3, and 

displayed by the asymmetric deformation vibration ν4(as) of adsorbed ammonium ions at 1390-

1490 cm-1 [8, 17, 36]. 

Fig. 4 shows the IR spectra of adsorbed ammonia on MoOx/SBA-15 (0.58 Mo nm-2) at 

different ammonia pressure up to 7 hPa. Continuous accumulation of adsorbed ammonia both on 

Lewis acid sites as NH3 and on Brønsted acid sites as NH4
+ is evidenced by the characteristic 

vibrations at 1614 cm-1 (Lewis sites) and 1435 cm-1 (Brønsted sites) observed in the entire range 

of the ammonia dosing pressure. All the other MoOx/SBA-15 materials with different surface Mo 

density showed similar increase of ammonia adsorbed on both Lewis and Brønsted acid sites 

upon increasing the ammonia pressure (spectra not shown). In contrast, bare SBA-15 showed 

only physisorbed ammonia [36, 58] characterized by a band at 1635 cm-1 (Fig. S2), suggesting 

the absence of acid sites, which is in agreement with the NH3-TPD result (Fig. 3).  
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Fig. 4. IR spectra recorded after ammonia adsorption on MoOx/SBA-15 (0.58 Mo nm-2) at 353 
K. Ammonia pressure was increased stepwise up to 7 hPa; The samples were pretreated in O2 at 
823 K and at 20 kPa for 0.5 h; The spectrum recorded before dosing ammonia was used as 
reference. 

 

The spectra shown in Fig. 4 are differences between absorbances of the samples after and 

before adsorption of NH3. Therefore, negative absorption indicates the extinction of hydroxyl 

groups either by consumption due to protonation of ammonia or due to occurrence of hydrogen 

bonding between isolated silanol groups at 3745 cm-1 and adsorbed ammonia that leads to the 

occurrence of broad components at around 3000~3600 cm-1, which overlap with N-H stretching 

vibrations. 

Evacuation for 1 h after ammonia adsorption at the maximum equilibrium pressure (7 

hPa) leaves certain density of ammonia held on both Lewis and Brønsted acid sites on the 

surface except bare SBA-15 (Fig. 5A). Increasing the Mo density leads to an increase of the band 

intensities but does not change the band positions (Fig. 5A), suggesting a similar nature of acid 

sites, which is in accordance with the NH3-TPD results (Fig. 3). It is noted that prolonged 
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evacuation for 16 hours reduced the intensity of adsorbed ammonia (data not shown), indicating 

that desorption can be driven by an entropic term (i.e. pressure of ammonia in the gas phase), 

implying a low activation barrier, which in turn indicates a weak acid strength. 

 

Fig. 5. Quantification of adsorbed ammonia on MoOx/SBA-15 after evacuation: (A) IR spectra 
recorded after ammonia dosing (7 hPa, 353 K) and subsequent evacuation for 1h; (B) Estimated 
concentration of ammonia adsorption sites using the bands at 1614 and ~1430 cm-1 for Lewis 
acid sites and Brønsted acid sites, respectively. The catalysts were pretreated in O2 at 823 K and 
at 20 kPa for 0.5 h. 

 

At the state after 1 h of evacuation, the density of Lewis and Brønsted acid sites was 

estimated using the IR peak area applying reported extinction coefficients [41] (Fig. 5B). A 

quasi-linear increase was observed both for Lewis and Brønsted acid sites, yielding an areal 
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density of total acid sites of 0.28 NH3 molecules per Mo atom. The comparison to the 

quantification by NH3-TPD (Fig. 3) results in a good linear correlation (Fig. 6). The slope in Fig. 

6 is slightly higher than unity, which is likely due to the following reasons: (1) difference in the 

amount of retained ammonia upon the removal of ammonia in the gas-phase (i.e., He stream at 

atmospheric pressure for 0.5 h in the NH3-TPD experiments, evacuation for 1 h in the IR 

experiments), (2) inhomogeneous thickness of the sample wafer used in the IR experiments, (3) 

temperature gradient within the samples, (4) artifacts in the integration of IR band area (e.g. 

baseline definition), and (5) difference in extinction coefficient. Nevertheless, as a first 

approximation, quantification using the two different techniques provides good agreement. 

 

Fig. 6. Quantification of adsorbed ammonia on MoOx/SBA-15 at 353 K by NH3-TPD (abscissa) 
and IR (ordinate) showing a linear correlation; In NH3-TPD, ammonia was adsorbed by feeding 
1% NH3 in Ar followed by purging with He at 353 K for 0.5h. IR data were measured after 
dosing 7 hPa of ammonia and subsequent evacuation for 1 h; See also Figs. 3 and 5 for the 
original data. 
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pressures was derived (Fig. 7). Adsorption on both Lewis and Brønsted acid sites shows 

Langmuir-type pressure dependence (Figs. 7A and B), suggesting a monolayer-type adsorption. 

Fitting to the Langmuir equation [59] results in a good, but certainly imperfect agreement with 

the experimental results (solid lines in Figs. 7A and B), suggesting inhomogeneity of the 

adsorption sites, which is in agreement with the implication from analysis of the NH3-TPD 

profiles. The fraction of Brønsted acid sites among the total acid sites (Fig. 7C) remains in a 

range of 0.13~0.17 in the entire ammonia pressure range, suggesting that both sites exhibit a 

similar adsorption energy. 

Similar Langmuir-type adsorption isotherms were obtained for all MoOx/SBA-15 

catalysts (data not shown). Fig. 8A summarizes ammonia uptake at the monolayer adsorption 

capacity (coverage θ=1), exhibiting again (compare with Fig. 5B) a quasi-linear correlation to 

surface Mo density. Significantly, the densities of total (i.e., Lewis and Brønsted) acid sites 

follows approximately one-to-one correlation to the surface Mo density (Fig. 8A), indicating that 

nearly every molybdenum atom acts as either a Lewis or a Brønsted acid site. The fraction of 

Brønsted acid sites estimated at θ=1 ranged between 0.11~0.22, where a maximum was observed 

at Mo density of 1.1 atoms per square nanometer (Fig. 8B). 
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Fig. 7. Adsorption isotherms of ammonia on MoOx/SBA-15 (0.58 Mo nm-2) at 353 K plotted 
using the IR bands of Lewis (A) and Brønsted (B) acid sites, and the fraction of Brønsted sites 
(C); The lines in (A) and (B) fit to the Langmuir equation; The insets in (A) and (B) show 
magnification at low pressures; See Fig. 4 for the corresponding raw spectra. 
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Fig. 8. Density of adsorbed ammonia on MoOx/SBA-15 at θ=1 and T = 353 K as a function of 
nominal surface Mo density (A); The densities of Lewis and Brønsted acid sites were estimated 
using the IR bands at 1614 and ~1430 cm-1, respectively (Fig. 5A); Fraction of Brønsted acid 
sites in relation to all acid sites (i.e. Brønsted plus Lewis) estimated by ammonia adsorption on 
MoOx/SBA-15 at θ=1 and T = 353 K as a function of Mo surface density (B). 
 

In summary, bare SBA-15 shows no significant adsorption of ammonia (Figs. 3 and 5), 

but deposition of molybdenum oxide introduces Bønsted acidity. The experimental results 

suggest that virtually every molybdenum atoms creates an acid site either in Lewis or Brønsted 

form. It is reasonable to assume that coordinative unsaturated metal centers are capable to accept 

the lone pair of the Lewis base ammonia. In the present case, the Mo(VI) centers in the 

predominant di-oxo (Si-O-)2Mo(=O)2 structure in coordinative unsaturated tetrahedral geometry 

(Fig. 1A) most probably host ammonia molecules to form Lewis acid-base pairs. The diagnosing 

vibration band for ammonia coordinating to Lewis acid sites is sharp and remains at 1614 cm-1 

irrespective of the Mo loading (Fig. 5A), which suggests a similar nature of Lewis acid sites in 

the entire Mo loading range. Hxdroxyl groups at Brønsted acid sites capable of protonating 

ammonia represent approximately 10~20 % of total Mo atoms (Figs. 7 and 8B). Given no 

indication for the presence of possible sources of protons other than silanol groups (e.g., Mo-OH, 

or silicomolybdic acid H4SiMo12O40), silanol groups are only possible candidates for the 



19 

 

considerable amount of Brønsted acid sites. The coverage of acid sites by ammonia depends on 

the adsorption condition applied. In the present case of MoOx/SBA-15, only about 20~30 % of 

coverage remains after removal of ammonia by evacuation at 353 K (compare Figs. 5 and 8). In 

ammonia adsorption experiments in catalysis research for quantification of acid sites, it is often 

assumed that a full coverage is sustained after ammonia dosing followed by removal of gas-

phase ammonia [60, 61]. However, the present study shows that this general assumption is not 

always valid when the adsorption is stronger than physical adsorption (Fig. S2), but weak enough 

to allow partial desorption upon removal of the gas phase. 

 

3.2.3 Theory 

In order to explore the local strucutres that might be responsible for Lewis and Brønsted acidity 

in MoOx/SBA-15, DFT calculations emplyoing a series of cluster models were performed. As 

shown in Fig. 9 A, supported Mo oxide species are represented by a tetrahedral di-oxo (Si—O—

)2Mo(=O)2 unit anchored on top of a silsesquioxane cluster (Si8O12H8), which has been used to 

represents the SBA-15 support in previous studies [42-44, 46]. To simulate the Lewis acidity, an 

ammonia molecule was located in the vicinity of the molybdenum atom in the molybdenum 

dioxo species as an initial guess for geometry optimization. In the optimized structure (Fig. 9A), 

the ammonia molecule is coordinated to the Mo atom forming a trigonal bipyramidal geometry. 

Examination of the differences in electron density that occur upon ammonia adsorption clearly 

shows that electron density decreases at the N atom and increases in the region between the N 

and Mo atoms, which is indicative of a donative bond according to a Lewis base-acid interaction 

(Fig. S3). The adsorption energy of ammonia, as defined in Eq.1,  

𝐸 𝐸 / 𝐸  𝐸 /   (1) 
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where  𝐸  and  𝐸 /  are the total electronic energies of the free ammonia molecule and 

supported molybdenum oxide species system, respectively, and 𝐸 /  is the total 

electronic energy of the geometrically optimized interaction complex (Fig. 9A), was calculated 

to be -19.8 kcal/mol. The value is higher compared to the experimentally determined heat of 

adsorption of ammonia on molybdenum oxide [62], suggesting a specific interaction between 

supported molybdenum oxide species and silica, but lower compared to calculated adsorption 

energies in amorphous [63], and crystalline [64] silica-alumina, which is in agreement with the 

stronger acid sites experimentally observed by temperature-programmed desorption of ammonia 

on silica-alumina [64, 65]. In addition, the calculated asymmetric bending vibration of 

coordinated ammonia is 1617 cm-1 (scaled), which is comparable to the experimental value of 

1614 cm-1. These results support that the coordinative unsaturated molybdenum atoms in the 

tetrahedral di-oxo structure can provide Lewis acidity. 

The Brønsted acidity of silanol groups was at first investigated for bare SBA-15. An ammonia 

molecule was approached to the silanol group located on top of the silsesquioxane cluster (Fig. 

S4) and the N-H distance was reduced stepwise to form an ammonium ion. The relaxed potential 

energy scan (PES) curve shows that with decreasing N-H distance the electronic energy 

increases monotonically as well as the O-H distance in the silanol group, indicating that the 

deprotonation of the silanol group by ammonia in the present model is thermodynamically 

unfavorable. The result confirms the experimental finding that bare SBA-15 does not show 

Brønsted acidity with respect to ammonia. 
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Fig. 9. Optimized structures of supported molybdenum oxide species showing (A) Lewis acidity 
and (B) Brønsted acidity. The values shown here represent bond distances (Å) in the optimized 
interaction complexes.  

 

 

Fig. 10. Reaction energy diagram for the protonation step. The values shown next to bonds in the 
calculated structures represent bond distances (Å). EC stands for encounter complex, TS for 
transition state and P for product.  

However, the experimental results also revealed that silanol groups are the only possible 

candidates for the Brønsted acidic sites in presence of molybdenum oxide species. Therefore, 
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three different structures of di-oxo (Si—O—)2Mo(=O)2 units were generated in the framework of 

the silsesquioxane cluster (Si8O12H8) by anchoring the molybdenum atom on top (Fig. S5A) or at 

the corner (Fig. S5B) of the silsesquioxane cluster, or by connecting the molybdenum oxide unit 

directly to the silanol group (Fig. S5C). Initially, an ammonia molecule was located closely to 

the H atom of the silanol group in the generated adsorption complex (distance of H3N-(HOSi): 

~1.0 Å). As criterion of Brønsted acidity the bond distance after geometry optimization should 

be close to the N-H distance in the ammonium ion (< 1.1 Å).  However, in the models applied in 

Fig. S5, no ammonium ion was formed, because the N-H distance in N---HO-Si remains > 1.6 Å, 

resembling the energetically favored situation in case of bare SBA-15 (Fig. S4).  

As proposed in our previous study [40], increasing the surface density of MoOx species may 

induce a modification of the anchoring position of Mo resulting in ‘high energy sites’ which may 

be more relevant to catalysis. To acknowledge this, a structure containing a six-membered ring 

of molybdenum and silicon atoms, as compared to the four or five-membered rings in the models 

above (Fig. S5), was generated (Fig. 9B) [45]. Such a strained configuration resulted in an N-H 

distance of 1.09 Å in the energetically optimized adsorption complex, hence, the interaction of 

the ammonia molecule with the silanol group results in a nitrogen atom that is in contact with 

four H atoms in a distance < 1.1 Å, similar like in an ammonium ion. As illustrated in Figure 10, 

the activation barrier for the protonation of ammonia by the silanol group is small (0.3 kcal/mol), 

which is easy to overcome at room temperature. The transition state structure was confirmed by 

an intrinsic reaction coordinate (IRC) calculation and frequency calculation (Figure S6). Along 

the reaction coordinate, the H3N---H distance gradually decreases resulting in an elongation of 

O-H bond in the silanol group (Figure S6) and an approach of oxygen in the silanol group 

towards the molybdenum atom (Fig. 10).  Note that due to the close distance of the oxygen atom 
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in the silanol group to the molybdenum atom in the present model (Fig. 9B), a pseudo-bridging 

silanol group Si—O(H)---Mo(=O)2 is formed in analogy to the situation in amorphous silica-

alumina [63]. The adsorption complex is stabilized by the interaction of the negatively charged 

oxygen in the “deprotonated” “Si—O-“ moiety with the adjacent coordinative unsaturated 

molybdenum atom (Fig. 11). The present calculation results suggest that the presence of 

Brønsted acid sites can be an indicator of ‘high energy sites’ in silica-supported molybdenum 

oxides catalysts.  

 

4. CONCLUSIONS 

The current investigation deals with the origin of Lewis and Brønsted acidity in silica-supported 

molybdenum oxide catalysts by applying ammonia adsorption. While the bare silica support 

shows no significant adsorption of ammonia, a linear correlation between the Mo density on the 

surface of silica-supported molybdenum oxide and the density of adsorbed ammonia molecules 

was experimentally verified. The quantification of weak acid sites, like in the present case, needs, 

however, to be handled with care. The surface coverage with ammonia is dependent on the 

adsorption condition (T, p). Full coverage may not be achieved at all condition applied, in 

particular not when physically adsorbed ammonia is removed by evacuation or purging with 

inert gas. 

Based on temperature-programmed desorption of ammonia and the analysis of adsorption 

isotherms of ammonia measured by FTIR spectroscopy we propose that every surface 

molybdenum atom is involved in the interaction with ammonia, either as Lewis or as Brønsted 

acid site according to the mechanism presented in Fig. 11. 
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Fig. 11. Proposed origin of Lewis and Brønsted acidity in silica-supported molybdenum oxide 
monolayer catalysts. 
 

We suggest that Brønsted acid sites are formed due to the interaction between silanol groups and 

adjacent surface molybdate species. Thus, the present work provides an explanation for the 

origin of acidity in mixed MoO3-SiO2 oxides that is lacking in fundamental understanding so far. 

The experimental evidence obtained by FTIR and TPD analysis of ammonia adsorption on well-

defined model catalysts is supported by model calculations, which allow atomic insight into 

Lewis acid-base interactions between coordinatively unsaturated Mo atom on the surface and 

ammonia molecules as well as the protonation of ammonia by acidic silanol groups that are 

generated due to the presence of MoOx in the system. The consistent description highlights 

similarities to the mechanism of acidity generation on the surface of amorphous silica-alumina 

[15, 63, 66]. The analogy suggests that oxide surface structures, which allow proton transfer 

from surface OH groups to an adsorbed base, need to fulfill general geometric requirements 

irrespective of the chemical compositions of the amorphous solid, which calls, however, for 

further systematic studies to analyze thermodynamic properties and reactivity of a broader 

variety of complex mixed oxides by combining experimental and theoretical tools. 
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