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Complex H-bonded silanol network in zeolites revealed by IR and NMR spectroscopy combined with DFT calculations †

The amount and location of acid sites (strong Brønsted and weak silanols) in zeolites are crucial for their applications. In this work we revealed the enigma of the complex H-bonded silanol networks in pure silica MFI-type zeolites using 1 H solid-state NMR and IR spectroscopy combined with DFT calculations. The silanol sites have a determining role in phase selectivity during the zeolite synthesis and also play an imperative role in setting their acidity, stability, lifetime and hydrophobicity. The spectral signatures of silanol defects in the pure silica zeolites are disclosed. Based on the experimental and theoretical observations we identified four types of silanols in the pure silica zeolites which varied dependent of the crystallite sizes: (i) isolated (free) silanols, not participating in hydrogen bonds either as proton-donors nor as protonacceptors, (ii) proton-acceptor silanols, participating in hydrogen bonds only as proton-acceptor, (iii) proton-donor silanols, participating in weak hydrogen bonds and (iv) medium and strong hydrogen bonded silanols, participating as proton-donors or simultaneously as proton-donors and proton-acceptors. The main factor determining the strength of the hydrogen bond of a specific silanol group is the possibility its proton has to approach closer to the oxygen center of the proton accepting silanol. This suggested that the flexibility of the zeolite fragment at which the protondonating and proton-accepting silanols are bound is the main factor determining the formation and strength of the hydrogen bonds and their corresponding spectral features.

The hydrogen bond (H-bond), discovered at the very beginning of the 20 th century is still a subject undergoing intense study 1 and despite the appearance of several re-views in the literature, the definition is still broad because of the complexity and chemical variability of the systems studied.

Various classifications of the hydrogen bonds have been suggested based on their strength assessed in terms of binding energy, hydrogen bonding distance, elongation of the X-H bond, etc. Three types of H-bonds were distinguished: (i) strong H-bonds, which are considered similar to covalent bonds; (ii) moderate H-bonds, dominated by electrostatic interactions; and (iii) weak H-bonds, accomplished mainly by van der Waals interactions (VdW). [START_REF] Jeffrey | An introduction to Hydrogen Bonding[END_REF] Thus, the energy range for dissociation of hydrogen bonds covers an interval between 0.2 and 40 kcal.mol -1 .

2 Hydrogen bonds are a common feature of solids containing hydroxyl groups and their characterization is of prime importance knowing their influence on the final properties of the matter. While for crystalline solids, diffraction techniques are commonly used to determine the atomic positions, hydrogen atoms cannot be localized using X-ray diffraction (XRD), this is due to absence of non-valence electron layer.

Alternatively, infrared (IR) and Nuclear Magnetic Resonance (NMR) spectroscopies have both become key methods to investigate hydroxyl groups in the zeolites since the vibrational modes as well as the NMR parameters and interactions are very sensitive to the hydroxyl groups configurations. 4,5 The most commonly used parameters to describe hydroxyl groups are the frequency of the O-H stretching vibration in IR or the associated proton chemical shifts in NMR. [START_REF] Hadjiivanov | Advances in Catalysis[END_REF][START_REF] Paul | [END_REF] Although these are basic parameters in both techniques, an ambiguity remains in the peaks assignments and this is mainly due to hydrogen bonding giving rise to bands' overlapping and broadening that prevent detailed analysis. Zeolites constitute more than 40% of the total solid catalysts used for oil refining, petrochemical processing and organic synthesis. The tailored Brønsted -Lewis acidity and basicity of the zeolites is due to hydroxyl (OH) groups between aluminium and silicon atoms in their framework structures. [START_REF] Guisnet | Zeolites for Cleaner Technologies[END_REF][START_REF] Mintova | [END_REF] Tuning the amount and location of these acid sites is crucial for selectivity enhancement purposes of the catalysts. 10 In addition, other hydroxyl groups bound only to silicon centres, the so called silanols, exist in the zeolite structures and are known to be less acidic. The silanols appear in the zeolites because of a Si-O-Si bridge break and they can be terminal (at the external surface of the zeolite crystals) or internal (in the interior of the crystals). The silanols are often considered as structural defects, however, they can affect the phase selectivity during hydrothermal processes. 11 Also, they play an important role in setting the acidity, stability, lifetime and hydrophobicity of the catalysts. 12 Therefore, the Brønsted acid sites and the OH groups in zeolites are still attracting high attention and many efforts have been made to localize them. 13 Several important findings regarding the Brønsted acid sites in zeolites have been reported thanks to quantum chemical calculations, often based on the density functional theory method (DFT) in the last thirty years. [14][15][16][17] Recently, such calculations, combined with proton NMR and IR spectroscopy were used to understand the Brønsted acid sites (BAS) and their participation in hydrogen bonds in the ZSM-5 zeolites.
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However, the precise assignment of the experimental spectra of hydroxyl groups in zeolites, both from NMR and IR spectroscopy, is very complicated due to line broadening and band overlapping.

21,22

In this work, purposely we studied three pure silica zeolite samples in order to exclude the presence of BAS. Silicalite-1 samples with MFI type framework structure with different particle sizes are investigated with 1 H NMR and IR spectroscopy and DFT modelling in order to bring a rational methodology for the characterization of silanol defects and thus the assignment of their spectroscopic signatures. The three pure silica zeolites abbreviated as MFI-50, MFI-100 and MFI-2000 are standing for small (50 nm), average (100 nm) and big (2000 nm) crystals, respectively are shown in Figure 1. The zeolite crystals of samples MFI-50 and MFI-100 have spherical morphology while the MFI-2000 crystals have the typical coffin-like shape. The correspondent X-ray diffraction patterns of these samples are identical with the pattern theoretically predicted for pure MFI type zeolite. bonded through four oxygen bridges to four other Si atoms ((SiO) 4 -Si group). [START_REF] Busca | Heterogeneous Catalytic Materials[END_REF] Several kinds of silanols covering a range from 1.8 to 5.8 ppm in the 1 H NMR and from 3740 to 3500 cm -1 in the IR spectra are revealed (Figure 2). These protons correspond to different silanols, some of them are involved in H-bonds (vide infra), keeping in mind that all samples are pure siliceous (silicalite-1) and they do not contain any aluminium and thus, no BAS are present. One may note here the superior resolution of the 1 H NMR spectra acquired at a rotation frequency of 40 kHz and their quantitative aspect when compared to IR spectra. The width of the peaks observed in the 1 H NMR spectra may be explained by a lower dipolar coupling of the low chemical shift protons, being more isolated than the higher chemical shift protons characterized by stronger H-bonding, then, stronger dipolar coupling. This latter results from the magnetic dipole-dipole interaction between the proton spins and is directly related to the distance between them. S1, SI.

The spectral features of the zeolites experimentally measured are studied by computational modelling. This provides a unique way to accurately correlate both structural and spectral characteristics of individual silanol groups, and allows proper assignment of the specific types of silanols. For this reason, we performed quantum chemical calculations on four zeolite nanoparticle models using density functional theory (DFT) method. All calculations were performed with ORCA program package 26,27 with hybrid gradient-corrected PBE0 exchangecorrelation functional. Further computational details are provided in Supporting Information (SI). The data for all silanol groups in the models (in total 130) were used to clarify the relation between the structure and bonding of silanols and their spectra.

The four zeolite models denoted as ZNP-99, ZNP-111, ZNP-165, ZNP-213, where the number corresponds to the total number of atoms in the models are presented in Table S2, SI. The models were obtained from the periodic MFI structure containing only Si in tetrahedral positions (T-atoms) as the fragments of the framework were cut at O-Si bonds and the dangling oxygen centers were saturated by hydrogen, thus forming silanol groups (Figure 3). The structures of the nanoparticles were optimized without any structural constraints. After optimization, their structures were preserved as in the periodic framework, and the changes affected mainly surface silanol groups and the corresponding Q O-H) and 1 H NMR chemical shifts,  1 H of all 130 simulated silanol groups were calculated, and the correlation is shown in Figure 4. This correlation holds for the whole interval of O-H frequency and chemical shifts, but cannot be applied for a narrow region, in particular for the silanols that do not participate in H-bonds as proton-donors. This is exemplified in Figure S1, where a closer view in the region between 1.2 and 2.0 ppm of the The connection between the hydrogen-bonded distance, R(Hbond), when the corresponding silanol group participates as proton-donor in a hydrogen bond and the three characteristics considered above is not linear, as the correlations, shown in Figure 4. Interestingly, a power relation between R(H-bond) and 1 H NMR chemical shift of the corresponding proton is observed with reasonably good correlation coefficient following the equation: R(H-bond) = 321.62 *( 1 H) -0.328 (RMSD = 0.95) (Figure 5). Koller et al. 30 suggested a similar power relation, however, between the parameter "hydrogen bond valence" and 1 H NMR chemical shifts. 5. For the purpose of the hydrogen bonds in silanol groups, those three regions may be considered to correspond to strong, medium and weak hydrogen bonds (note that this may differ from earlier classifications applied for molecular systems). [START_REF] Jeffrey | An introduction to Hydrogen Bonding[END_REF][START_REF] Steiner | [END_REF] The border values for the corresponding types of hydrogen bonds, determined on the base of the R(H-bond)/ 1 H NMR chemical shift intervals, are shown in Table S3 and the corresponding data for O-H vibrational frequencies and O-H distances are plotted in Figure S3. The comparison of the structural features of different silanols and their experimental spectra suggests that the main factor determining both O-H stretching frequency, ν(O-H), of the silanols group and the 1 H NMR chemical shift,  1 H, of the protons is the participation of that silanol in hydrogen bond as proton-donor, which leads to elongation of the O-H bond.

Based on this observation we may consider different types of silanols (Table S3): a. Isolated (free) silanols: they do not participate in hydrogen bonds either as proton-donors nor as proton-acceptors. Their typical R(O-H) bond length is in the ranges 96.1 -96.3 pm, the O-H stretching frequencies is in the range 3745 -3702 cm The calculated characteristics of the first three groups of silanols suggest substantial overlap of their O-H stretching frequencies and the corresponding protons' chemical shifts. Thus, based on those intervals of O-H vibrational frequencies and 1

H NMR chemical shifts one may not distinguish between those types of silanols. This is clearly seen in Table S3 and Figure S3 (upper part of panel C) where the points corresponding to isolated silanols and proton-acceptor silanols are observed in the same area. All four types of hydroxyls and corresponding protons are observed in the experimental spectra of the three zeolite samples synthesized. Interestingly, they do not have the same proportion when the size of the particle changes as shown in Figure 2. The proportion that corresponds to each type of silanols is listed in Table S1, SI. This opens the door for zeolite properties engineering through defect tuning. As already reported, with increasing the strength of the hydrogen bond as proton-donor, the O-H bond length and the 1 H NMR chemical shift of the corresponding silanol increases, while O-H vibrational frequency decreases. One may assume that the medium hydrogen bonds are formed when the silanol participate only as proton-donor, while the strong hydrogen bonds correspond to silanols, participating in hydrogen bonds both as proton-donors and proton-acceptor. This assumption, however, is not justified, as shown in panel C of Figure S3. The blue circles and violet rhombus, corresponding to H-bond donor and acceptor silanols, and of H-bond proton-donors silanols, respectively, are located almost uniformly in the regions assigned to medium and strong hydrogen bonds. Only in the region of strongest hydrogen bonds, above 6.0 ppm, the silanols participating in hydrogen bonds as both proton donors and acceptors dominate. Thus, the main factor determining the strength of the hydrogen bond of a specific silanol group is the possibility its proton to approach closer the oxygen center of the proton accepting silanol. This suggests that the flexibility of the zeolite fragment at which the proton-donating and proton-accepting silanols are bound is the main factor determining the formation and strength of the hydrogen bonds, as well as the corresponding spectral features. In some of the models we considered deprotonated hydroxyl groups, one may observe also very strong hydrogen bonds directed towards the oxygen center from the deprotonated group. According to the computational results, such hydrogen bond is shorter than 170 pm, R(O-H) bond length is longer than 100 pm, O-H stretching frequency is lower than 3000 cm -1 , and the The variety of structural fragments in the modeled zeolite nanoparticles allowed us to analyze some specific types of silanols that may exist in the real zeolite samples. Earlier works suggested that geminal silanol groups, i.e. two hydroxyl groups at one silicon centers form hydrogen bonds between themselves. The orientation of such hydroxyl groups, however, does not allow formation of hydrogen bond between them (Figure 6A,B). Each of the hydroxyls may participate in hydrogen bonds with silanols bound to other silicon centers (Figure 6D). Since the whole Si(OH) 2 fragment, containing geminal silanols, is bound to the rest of the zeolite moiety via two Si-O-Si bonds, it is more mobile than Q 3 type silicon, which allows the former to approach closer neighboring silanols.

When the hydroxyl groups are located at neighboring silicon centers, i.e. vicinal silanols, the formation of the hydrogen bond between them depends on the orientation of the oxygen centers between the silicon centers. If the oxygen center is oriented in the same direction as the two hydroxyls (Figure 6C), hydrogen bond between them cannot be formed. However, when the oxygen center is oriented to the opposite direction, then hydrogen bond is formed in most cases with medium strength (Figure 6D-F). Most of the observed hydrogen bonds, either medium or strong, are formed between hydroxyl groups bound to next nearest neighbor or farther silicon centers (Figure 6G-I). As mentioned above, this can be accomplished if the silanol groups and the silicon centers, where they are bound, are sufficiently mobile.

Common features in some of the modeled zeolite nanoparticles are networks of hydrogen bonded silanolschains of subsequently bonded silanols or silanol nests (Figure 6J-L), as well as combination of those networks. Most of the silanols in such hydrogen bonded networks participate both as proton donors and proton acceptors and their spectral features correspond to strong hydrogen bonded silanols.

In summary, the interpretation of 1 H NMR spectra and the OH stretching region in IR spectra even of pure silica zeolites is not straightforward. The silanols exhibit a very complex hydrogen bonded network even in the pure silica zeolites (silicalite-1) that varies with the size of the crystals synthesized. The bigger the size of the zeolite nanocrystals, the higher the total concentration of silanols is measured. However the isolated silanols are favoured in the crystals with decreasing of particle size. To reveal the enigma we used computational modelling based on density functional theory. This allowed us to assign the experimental spectral features to specific structures and interactions of the silanol groups in the zeolite nanoparticles. A new classification of silanols based on their specific spectral behaviour and participation in hydrogen bonds is suggested: (i) isolated (free) silanols that do not participate in hydrogen bonds either as proton-donors nor as proton-acceptors, (ii) proton-acceptor silanols that include silanols participating in hydrogen bonds only as proton-acceptor; (iii) proton-donor silanols participating in weak hydrogen bonds; and (iv) medium and strong hydrogen bonded silanols as protondonors or simultaneously as proton-donors and protonacceptors. We have shown that the geminal or vicinal silanols cannot be distinguished from others based on their spectral features since their participation in hydrogen bonds is determined by the presence of neighbouring proton accepting centres. The general conclusion is that the main factor determining the formation and strength of the hydrogen bonds between silanols, as well as the corresponding spectral behaviour, is the flexibility of the zeolite fragment at which the proton-donating and proton-accepting silanols are bound. Based on computational modeling we found several correlations between geometrical parameters of the silanol groups and their spectral characteristics. The simple numerical relations reported here may be useful for tentative calculation of the R(O-H) bond length from the measured vibrational frequency of a silanol or from the 1 H NMR chemical shift of the proton. With the derived linear correlations, one may also predict the value of the O-H stretching frequency from the measured 1 H NMR chemical shift and vice versa.
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 1291 Figure 1. XRD patterns and SEM images of pure silica MFI type zeolites: (a) MFI-50, (b) MFI-100, and (c) MFI-2000 samples. The different silanol groups of the three pure silica zeolites were characterized by IR, 29 Si and 1 H NMR (Figure 2). Depending on morphology and size of zeolite crystallites, different proportions of silanol are found. The ratio of Q 3 /Q 4
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 121 Figure 2. (A) 1 H NMR, (B) 29 Si NMR, (C) IR spectra of (a) MFI-50, (b) MFI-100, and (c) MFI-2000 zeolite samples. The gray peaks in the 1 H NMR deconvolution correspond to the vespel caps of the 1.9 mm rotors used. The experimental details and the fits are presented in TableS1, SI.

  3 and Q 2 silicon centers in (SiO) 3 -Si (OH) and (SiO) 2 -Si-(OH) 2 groups, respectively.

Figure 3 .

 3 Figure 3. Optimized structures of the zeolite nanoparticles used for DFT calculations. All models contain only silicon Tatoms.

  based on computational results, obtained specifically for hydroxyl groups in silanols, we found 1 H NMR = 44.6 -0.0115 ν(O-H). This is in line with previous works of Brunner et al. 5,28 who obtained similar linear correlations between experimentally determined O-H stretching frequencies and 1 H NMR chemical shifts for different hydroxyl groups:  1 H NMR = 57.1 -0.0147 ν(O-H) for isolated hydroxyls and  1 H NMR = 37.9 -0.0092 ν(O-H) for H-bonded hydroxyls.
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 411111 Figure 4. Correlation between calculated absolute values of the O-H stretching frequency and 1 H NMR chemical shift of the silanol groups in modeled zeolite nanoparticles: ZNP-99 (squares), ZNP-111 (circles), ZNP-165 (triangles), ZNP-213 (rhombus); ν(O-H) = 3868.3 -(84.989)  1 H NMR (RMSD = 0.97). Tentative assignment of the data points corresponding to strong (pink), medium (blue), and weak (green) hydrogen bonds and non-interacting silanols (orange).

Figure 5 .

 5 Figure 5. Plot of the hydrogen-bonded distance, R(H-bond), when the corresponding silanol group participates as protondonor in a hydrogen bond and the 1 H NMR chemical shift of the corresponding proton in the nanoparticle models: ZNP-99 (squares), ZNP-111 (circles), ZNP-165 (triangles), ZNP-213 (rhombus). Tentative assignment of the data points corresponding to strong (pink), medium (blue), and weak (green) hydrogen bonds.

- 1 , 1 , 1 H

 111 and the proton chemical shift is in the range 1.27 -1.96. The O-H distance in the isolated reference molecule trimethylsilanol, (CH 3 ) 3 SiOH (R(O-H) = 96.1 pm), is similarly calculated, and its experimental O-H stretching frequency falls also in this range, 3735 cm -1 . b. Proton-acceptor silanols: they participate in hydrogen bonds only as proton-acceptor with the following characteristic parameters: R(O-H) bond length of 96.1 -96.6 pm, O-H stretching frequencies of 3737 -3676 cm -1 , and proton chemical shift of 1.38 -2.26 ppm. c. Proton-donor silanols in weak hydrogen bonds: they have the following characteristic distances and spectral parameters: R(O-H) bond length of 96.1 -96.6 pm, O-H stretching frequencies of 3745 -3677 cm proton chemical shift of 1.27 -2.28 ppm, and the H-bond distance is above 260 pm. d. Medium and strong hydrogen bonded silanols as protondonors or simultaneously as proton-donors and protonacceptors characterized by a NMR chemical shift and O-H vibrational frequency ranges between 2.64 -4.63 ppm and 3670 -3454 cm -1 respectively. While for the strong hydrogen bonds the ranges are 4.83 -8.44 ppm and 3500 -3100 cm -1 .

1 H 1 H 32 Figure 6 .

 11326 Figure 6. Selected fragments from the modelled zeolite nanoparticle showing different types of silanols and hydrogen bonds between them.
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