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Abstract 

The calculation through the supermolecular approach of the hydrogen bond strength EHB 

between silanol groups at the surface of an ample class of silica-based materials is hindered by 

the intrinsic difficulty to define the “H-bond free” reference system.  We propose, for the first 

time, to evaluate EHB by adopting the literature empirical correlation relating the Bader local 

electronic kinetic energy density Gb computed at the HO bond critical point with EHB. 

Remarkably, EHB for the hydroxylated surfaces of quartz polymorphs correlates with surface 

formation energy, showing the that surface EHB is responsible of the surface stability. A number 

of correlations between hydrogen bond features are established, with that between EHB and the 

enhanced infrared intensity associated to surface hydrogen bond formation, obeying the 

literature formula semi-quantitatively. The present results are quite general and can be extended 

to other inorganic surfaces where hydrogen bonds between surface sites are the dominant 

features.  
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Introduction 

Hydrogen bond (H-bond) is one of the most important and studied interactions.[1] Its 

existence imparts peculiar properties to liquid and solid water, allows the correct DNA base 

pairing, drives the conformation of the tertiary structure of proteins, is a key structural motif in 

many molecular crystals and plays a fundamental role in thin-layer chromatography based on 

silica supports. One of the most important features of H-bonded systems is its energy strength. 

It is the energy gained by a system when passing from a state without H-bonds (free 

constituents) to a molecular aggregate held by H-bond interactions. Examples of these situations 

are the water dimer, a larger aggregate of water molecules (a cluster) up to liquid and crystalline 

water. The huge number of possible molecular situations occurring, for instance, in molecular 

crystals is well described in Reference[1]. The H-bond strength can be computed by a large 

variety of computational approaches, from molecular mechanics up to high level of theory, like 

the golden standard CCSD(T) method.[2] Within the supermolecular approach, the interaction 

energy EHB of an hydrogen bonded AH···B system 1) is given by equation 2): 

AH + B  AH···B       1) 

EHB = E(AH···B) – E(AH) – E(B)     2) 

E(AH···B), E(AH) and E(B) are the total energies of the H-bonded system and the spatially 

infinite separated AH and B constituents. For a bound system, EHB is a negative quantity and 

includes all the intermolecular components of the interaction between AH and B moieties. The 

supermolecular approach assumes the separability of the constituents of the H-bonded 

aggregate. For molecular clusters, liquids or molecular crystals the free constituent are 

straightforwardly identifiable. For instance, the cohesive energy of water ice is the total energy 

of the ice unit cell content minus the energy of a corresponding number of free water molecules. 

A completely different situation occurs when H-bond interactions develop at the surface of 

hydroxylated inorganic materials: here, no free reference state is definable. A specific example 
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are the fully hydroxylated silica surfaces derived from the crystalline quartz polymorphs or 

amorphous silica. In both cases, the abundant Si-OH groups engage in a complex web of H-

bond interactions made of dimers, rings or infinite extended H-bonded 2D patterns. We have 

recently characterized the structural and vibrational features of these systems, which are also 

the targets of the present work.[3,4] In that work, we estimated the H-bond strength using a 

rather rough approach in which arbitrary cluster models where cut out from the surfaces.  

Scheme 1 highlights the difficulty in defining a non-interacting reference system for 

surfaces in which H-bonding takes place. As shown, it is almost impossible to break surface H-

bonds without introducing an artificial energy penalty due to the extra repulsion between the 

non-interacting pairs (see blue arrows in Scheme 1) biasing, in an unpredictable way, the final 

EHB value. Other arrangements will bring to one of the many H-bonding patterns at the silica 

surfaces (vide infra and Fig. 2).  

Methods 

In this work, we provide a possible way out of the problem described in the introduction 

by relying on Bader analysis of the H-bond features, which allows to evaluate the EHB term by 

avoiding the supermolecular approach. We rely on literature empirical correlations between the 

local electronic kinetic energy density Gb computed at the critical point b inside the region of 

the H···B bond, within the context of Bader topological analysis.[5-7] Vener and co-workers[5] 

have recently tested the validity of this method on a set of H-bonded molecular crystals, by 

comparing the DFT value of EHB (computed with the supermolecule approach) with the local 

kinetic energy Gb computed by periodic DFT calculations or estimated from precise X-ray 

diffraction experiments. 

The relationship introduced by Mata et al.[6] and adopted by Vener et al.[5] which is 

relevant for the present work is: 

EHB = 1126.3 Gb       (kJ mol-1)     3) 
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For H-bond occurring at the silica surfaces, as in the present work, we can rigorously 

compute the Gb value, which is an intrinsic property of each H-bond and then directly arrive to 

EHB through formula 3). A second interesting and general correlation has been proposed in the 

literature between the Δ frequency shift suffered by a H-bond donor compared to the free 

vibrating AH group and the EHB values:[8]  

EHB = 1.3 (OH)1/2   (kJ mol-1)     4) 

This relationship has been tested for a relatively wide frequency shift interval ((OH) 

from 20 to 2500 cm-1) on a number of molecular crystals and simple dimers.[9] The existence 

of rather strong H-bond between silanol groups at the crystalline silica surfaces, as testified by 

large bathochromic shift of the silanol OH vibrational frequency, has been reported since long 

ago by Bolis et al for α-quartz and different amorphous silica samples.[10]  

In the following, we will show how to use relations 3) and 4) to characterize the hydroxylated 

silica surfaces derived from the quartz polymorphs.   

Models 

The studied surfaces derive from the corresponding silica bulks (-quartz (Q), -cristobalite 

(C) and tridymite (T)), by cutting slab models of variable thickness, cell parameters and number 

of atoms inside the unit cell. The unsatisfied Si or SiO valences of the derived surface are 

saturated with OH groups or H atoms, respectively, using the molecular graphic program 

MOLDRAW,[11] also used for the visualization and the geometrical manipulation of all the 

structures. As the model slab features two equivalent faces, we limited the analysis of structural 

and vibrational frequencies (vide infra) to one face only. The set of resulting surfaces have 

already been studied in the past by some of us,[3] but for the addition of the tridymite T(010) 

and the removal of the quartz Q(101) slab structures (the latter due to convergence problems). 

Computational details 
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We used the ab initio CRYSTAL14 code[12,13] for all calculations. This code implements 

the Hartree-Fock and Kohn-Sham self-consistent field methods for the study of periodic 

systems[14] in a basis set of Gaussian type orbitals (GTO) and allows full geometry 

optimization (both internal coordinates and cell size[15]) of molecules and crystals. 

The GTO basis set, used for the geometry optimization of all the structures, consists of the 

triple- quality basis set developed by Ahlrichs and co-workers[16] supplemented by a set of 

polarization functions on all atoms. In agreement with previous works,[3,17] the B3LYP-D* 

hybrid exchange-correlation functional[18,19] has been adopted for all calculations, in which 

the D* is the Grimme’s correction for dispersive interactions as modified for molecular 

crystals.[17] We tighten the convergence criteria to accurate locate the potential energy minima 

needed for the subsequent Bader analysis. The Hamiltonian matrix has been diagonalized[20] 

in 10 reciprocal lattice points (k-points), corresponding to a shrinking factor of 4,[21] while for 

bulk tridymite, the shrink factor was set to 6 (52 reciprocal k-points).  

Following previous experience,[22] the complete phonon frequencies calculation of the 

hydroxylated surfaces is restricted to the Hessian matrix of the Si-OH fragments only. For all 

considered cases, we checked that the computed harmonic frequencies were all positive 

ensuring that the slab models are all minima on the B3LYP potential energy surface, at least 

within the considered ensemble of Si-OH fragments. Infrared intensity for each normal mode 

was obtained by computing the dipole moment variation along the normal mode, adopting the 

Berry phase method.[23] 

We adopted an updated version of the program TOPOND13,[24,25] as encoded into the last 

release of the CRYSTAL14 code, to perform the charge density topological analysis  according 

to the Quantum Theory of Atoms in Molecules, developed by Richard Bader[26] and extended 

to crystals by co-workers.[27] The search of the electron density critical points has been pursued 
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using a sophisticate eigenvector following approach[28,29] in a finite region of space, which 

encloses a molecular cluster built up around each non-equivalent atom inside the cell.  

Results and discussion 

Fig. 1 shows the treated systems and highlights a number of possible H-bond patterns: 

infinite chains of H-bonds (C-inf) as in Q(001), Q(100), C(101) and T(110); H-bonded dimers 

(D) as in Q(010), Q(011), C(001), T(010) and T(100); H-bonded rings (R) as in C(110) and 

isolated silanol (I) as in C(100) and T(001). It is apparent that H-bond length depends on this 

kind of organization. For each structure, the Bader analysis locates the b electron density bond 

critical point for each OH···O interaction, by the automatic search implemented in TOPOND13 

described in the Computational Details section. At the bond critical points, we computed the 

local electronic kinetic energy Gb and by equation 3) we computed the EHB values. Relevant 

data are reported in Tab. 1. 

EHB versus H-bond geometrical features 

Following Mata et al suggestions,[6] we correlate the H···O bond distance with the EHB 

values (see Tab. 1), as shown in Fig. 2. Data for all considered cases nicely fit to: 

EHB = 994.3 (H···O)-5.69        4) 

curve. Data are all distributed almost uniformly regardless the considered silica polymorph, 

showing the universal nature of H-bond features. The dashed curve of Fig. 2 refers to the Vener 

empirical equation derived from molecular crystals: 

            EHB = 150.4 (H···O)-3.05       5) 

The discrepancy between the two curves may be due to the special H-bond structural features 

for the present case, which is rather different from the dataset developed for regular H-bonded 

systems like simple dimers and molecular crystals, in which the surface constraints imposed by 

the underlying bulk are absent. Indeed, following Vener’s indication, its formula is bound to 

underestimate by 15% the EHB, in agreement with the trend of our data. Nevertheless, the EHB 
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values are in the range of the expected H-bond strength. Very recently, a similar approach has 

been used by Tsendra et al [30] to estimate the H-bond strength  between silanol groups at the 

(100) α-quartz surface, to be contrasted with the competing H-bond interaction with nitrogen-

containing adsorbed molecules.  

EHB versus H-bond vibrational features 

A further correlation, shown in Fig. 3, is performed between (OH) and EHB, following 

the Iogansen’s proposal[8] and Rozenberg’s work.[9] Data are averaged over close enough 

structures to smear out small fluctuations and have been aggregated by the kind of motif to 

which the H-bonds belong. The solid curve is the best fit of our data with the EHB = 0.55 

(OH)0.65 curve, whereas the one from literature[8] EHB = 1.3 (OH)½ is shown as dashed 

line. As for the previous correlation, the two curves are different, reflecting different behavior 

for H-bond in molecular systems compared to surface H-bonds. Remarkably, the region of 

higher vibrational shifts is the one deviating more from the two curves, irrespective on a given 

H-bond pattern. We believe this is partially due to the missing anharmonic effect in the 

computed OH stretching, which is important for OH groups in H-bond interactions as shown in 

previous work.[31,32] Correcting the frequencies by scaling the harmonic frequencies is not 

straightforward, as the OH anharmonicity is a subtle function of H-bond strength.  

Fig. 4 shows the correlation between the <EHB> and <A(OH)
½

-A0(OH)
½

>, in which A(OH) 

and A0(OH) are, respectively, the infrared intensity of a specific surface OH bond and that for 

the free silanol molecule, chosen as the H-bond free state. The correlation is rather robust 

(r2=0.87) resulting in <EHB> = 10.7 <A(OH)
½

-A0(OH)
½

> to be compared with the literature 

empirical relationship derived by Iogansen[8] on a large set of experimental data which reads 

<EHB> = 12.2 <A(OH)
½

-A0(OH)
½

>.   



9 

 

All correlations previously discussed deviate to some extent from that derived from molecular 

aggregates or molecular crystals. We suspect this is due to the geometrical constraints imposed 

on the Si-OH surface groups by the underlying oxide bulk which does not allow the surface 

hydrogen bond features to be fully exploited.   

 

 

EHB versus surface energy 

An interesting question is whether the EHB values can be related to the formation energy EFSURF 

of each surface from the corresponding bulk. This quantity has been computed for the 

considered surfaces by some of us in the past.[3] The process to arrive at the EFSURF is the 

following: 

a Bulk(SiO2) + b H2O   c Slab(SiOH)                   5) 

EFSURF = c E(Slab) – [a E(Bulk) + b E(H2O)]          6) 

in which E(Slab) and E(Bulk) are the electronic energies per unit cell of the considered slab and 

its corresponding bulk phase, while E(H2O) is the energy of a free optimized water molecule. 

Now, for a specific surface, a number of H-bonds are present at the upper/lower face of the slab. 

Therefore, the total H-bond energy for a given surface is the sum of the average of all distinct 

H-bond energy EHB contributions, <EHB>.  Fig. 5 correlates the average EFSURF with the 

<EHB> values. Remarkably, the correlation is rather good (r2=0.90) and the best fit gives 

<EHB> =1.1 EFSURF, i.e. an almost direct relationship between the strength of the surface H-

bonds and the surface formation energy. This means that the surface formation energy is, 

largely, independent from the internal slab relaxation with respect to the bulk. Therefore, it is 

the strength of the surface H-bond bond pattern that drives the surface formation. 

 

Conclusions 
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In this work, we propose a new method to estimate the strength of the hydrogen bond (EHB) 

between silanol Si-OH groups at the surfaces of crystalline silica polymorphs.  The classical 

recipe to compute EHB for molecular aggregates based on the supermolecular approach assumes 

to define the “free state” for the interacting constituents. For hydrogen bonds occurring at the 

silica surface the “free state” is hill or not definable at all, so that the supermolecular approach 

does not apply. Therefore, we resorted to an empirical relationship, rigorously based on Bader 

topological analysis and suggested by Mata et al,[6] which establish the relationship between 

EHB and the local electronic kinetic energy Gb at the H···O bond critical point, i.e. EHB = 1126.3 

Gb.  We showed that all the important empirical relationships proposed in the literature for 

molecular aggregates and relating EHB with the H···O bond distance, the OH frequency shift 

and the OH infrared intensity are obeyed also for H-bonds at silica surfaces. We revealed some 

deviations from the proposed behaviour derived for the molecular cases due to the geometrical 

constraints imposed by the underlying bulk silica on the surface SiOH sites. We also proved 

that the total strength of the H-bond energy computed as the sum of all EHB contributions of 

each surface H···O bond, is almost proportional to the surface formation energy. This is 

particularly relevant, as it means that the network of H-bonds at silica surfaces drives the 

energetic of its surface formation. We suspect that the latter result is more general than the 

context of silica surfaces and may hold for the hydroxylated surfaces of other important oxides. 
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Table 1. For each considered surface the reported quantities are: <(H···O)> the average H-

bonding distance, <Gb> the average local electronic kinetic energy density computed at the b 

H···O critical point, <EHB> the average hydrogen bond interaction energy, <ω(OH)> the 

average OH harmonic frequency and <Δω(OH)> the average OH frequency shift with respect 

to free silanol. For all cases, the average refers to the specific property of almost equivalent 

H···O bonds occurring on the two faces of the modelled slab surface. See Fig. 1 for surface 

details. 

 

Surface <(H···O)> 

Å 

<Gb> 

au 

<EHB> 

kJ mol-1 

<ω(OH)> 

cm-1 

<Δω(OH)> 

cm-1  

Q(001) 1.866 0.024959 28.1b) 3522 365a) 

 
2.078 0.014045 15.8 3620 266 

 
1.998 0.017422 19.6 3612 274 

Q(010) 2.175 0.011233 12.7 3718 168 

Q(100) 1.779 0.031887 35.9 3476 410 

 
2.218 0.010700 12.1 3688 198 

Q(011) 2.028 0.016661 18.8 3735 152 

C(001) 1.704 0.038271 43.1 3455 431 

C(100) 3.458 0.000688 0.8 3853 33 

C(101) 2.138 0.012749 14.4 3668 218 

 2.179 0.010738 12.1 3711 176 

C(110) 2.105 0.013061 14.7 3636 250 

 
1.801 0.029904 33.7 3517 369 

T(010) 2.059 0.014707 16.6 3692 194 

T(110)  1.935 0.020473 23.1 3549 338 

  1.995 0.017228 19.4 3564 322 

  1.941 0.020088 22.6 3556 330 

  1.951 0.019457 21.9 3551 335 

T(100) 1.894 0.023115 26.0 3638 248 

      

a) Frequency shift computed with respect to the harmonic frequency value of 3886 cm-1 

obtained for the free silanol molecule (H3SiOH). 

b) Computed with the empirical formula EHB=1125.3 Gb (kJ mol-1).  
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Figures Captions 

 

Scheme 1. Different H-bonded situations. Top: the classical H-bond for the water dimer. 

Bottom: the H-bond between surface silanols at the (101) fully hydroxylated cristobalite surface 

and one possible configuration with broken H-bonds. 

 

Fig. 1. Top view of the unit cell of the studied hydroxylated silica surfaces. Q, C and T refer to 

-quartz, β-cristobalite and tridymite silica polymorphs, respectively. OH groups shown as 

red/grey balls. Hydrogen bond depicted as dashed lines in units of Å. 

 

Fig. 2. Average H···O distances <H···O> vs average hydrogen bond energy <EHB> grouped by 

polymorph (Q, C and T) surfaces. Best fit continuous curve EHB = 994.3 (H···O)-5.69. Dashed 

curve EHB = 150.4 (H···O)-3.05 after Vener et al (Ref. [5]). See Tab. 1 caption for the definition 

of average values. 

 

Fig. 3. Average <(OH)> frequency shift vs average hydrogen bond energy <EHB> for all 

polymorph surfaces grouped for isolated silanols (I), rings (R), dimers (D) and infinite chains 

(C-inf). Best fit continuous curve EHB = 0.55 (OH)0.65. Dashed curve EHB = 1.3 (OH)0.50 

after Iogansen (Ref.[8]). See Tab. 1 caption for the definition of average values. 

 

 

Fig. 4. Average <EHB> H-bond energies for equivalent H-bonds vs the average in the difference 

A(OH)
½

-A0(OH)
½

 in which A(OH) and A0(OH) are, respectively, the infrared intensity of the 

OH bond involved in the H-bond interaction and that of the free silanol molecule. Best fit 

continuous line <EHB> = 10.7 <A(OH)
½

-A0(OH)
½

>, r2=0.86. See Tab. 1 caption for the 

definition of average values. 

 

 

Fig. 5. Sum of average <EHB> H-bond energies for all surface H-bonds of each silica surface 

vs the formation energy –EFSURF of each surface from the silica bulk and water. Best fit 

continuous line <EHB> = –1.10 EFSURF, r2=0.90. See Tab. 1 caption for the definition of 

average values. 
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