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Abstract 

We report on a global optimisation study of hydroxylated silica nanoclusters (SiO2)M·(H2O)N with sizes 

M = 6, 8, 10 12, and for each size with a variable number of incorporated water molecules (N = 1, 2, 

3…). Due to the high structural complexity of these systems and the associated ruggedness of the 

underlying potential energy landscape, we propose a “cascade” global optimisation approach. 

Specifically, we use Monte Carlo Basin Hopping (MCBH) where for each step we employ two energy 

minimisations with: (i) a few-term simple but computationally efficient interatomic potential (IP) 

which does not distinguish between H-bonded conformational isomers, and then (ii) a more 

sophisticated IP which accounts for polarisation and H-bonding. Final energies from the MCBH 

search are then refined with optimisations using density functional theory. The reliability of our 

approach is first established via comparison with previously reported results for the (SiO2)8·(H2O)N 

case, and then applied to the M = 6, 10 and 12 systems. For all systems studied our results follow the 

trend in hydroxylation energy versus N, whereby the energy gain with hydroxylation is found to level 

off at a point where the average tetrahedral distortion of the SiO4 centres is minimised. This optimal 

hydroxylation point is further found to follow an inverse power law with increasing cluster size (M) 

with an exponent close to -2/3, further confirming work in previous studies for other cluster sizes. 

  



 

Introduction 

Nanosized silica particles are widely used during the preparation of materials (e.g. cement-based 

materials,[1] coatings,[2] polymers[3]) to significantly enhance their physical and mechanical 

properties. In addition to their high intrinsic strength (e.g. the Si-O bond 30% being stronger than the 

C-C bond), the success of silica nanoparticles for such applications is also due them having a 

relatively high proportion of reactive surface groups which can strongly interact with host materials. 

Silica is particularly prone to reaction with water, commonly resulting in a surface coverage of 

hydroxyl (Si-OH) groups.[4] The degree of hydroxylation is found to determine many of the 

properties of nanosilica. In solution, for example, the pH determines the solubility/hydroxylation of 

small silicate nanoparticles. Such species are central to the synthesis of technologically important 

nanoporous silicate materials such as zeolites[5] and occur in (bio)mineral nucleation, growth and 

dissolution processes.[6] The proportion of hydroxyls on small silica particles can also be deliberately 

increasing by physico-chemical processing to produce enhanced properties for applications (e.g.  

epoxidation catalysis[7], mechanically robust antireflective films[8]). The density of surface hydroxyls 

has further been reported to influence the biocompatibility and toxicity of silica nanoparticles.[9,10] 

From a computational perspective the reaction of water with silica surfaces has attracted 

much attention.[11] For atomic to nanosized hydroxylated silica systems studies have tended to 

either focus on the detailed thermodynamics of the condensation of small ring- or chain-like (SiO2)M 

N ≤ 6 oligomers in solution[12,13] using ab initio methods, or on larger scale (i.e. with 100s or 1000s 

of atoms) classical forcefield simulations of hydroxylated nanosilca.[14,15,16] Between these 

extremes, some recent studies have focussed on attempting to find the most stable structures of 

hydroxylated silica nanoclusters in the approximate size range of 10-100 atoms.[17,18,19,20]  This 

intermediate size regime is characterised by having non-trivial (i.e. not simply rings or chains) 

structures which are also not totally amorphous as typically assumed for larger nanoparticles. 

Hydroxylated silica nanoparticles with such sizes can thus be thought of as species which represent a 

structurally complex molecular-bulk crossover regime. Such species are likely to be particularly 

important in understanding nucleation of complex silica solids (e.g. zeolites). Although in such 

processes, many factors play an important role (e.g. pH, templates)[5] knowing the lowest energy 

hydroxylated nanosilica species in the absence of such factors provides a baseline to assess how and 

when they are important. Previous theoretical work in this size regime has specifically investigated  

hydroxylated silica clusters (SiO2)M·(H2O)N with sizes M = 4, 8, 16, 24, and each with a variable 

number of incorporated water molecules (N = 1, 2, 3…)[17,18,19,20] Due to their high structural 

complexity, global optimisation was employed in these studies to find low energy isomers for each 

stoichiometry. Specifically, a fairly simple set of interatomic potentials was used in conjunction with 

the Monte Carlo basin hopping (MCBH)[21] approach to first obtain initial cluster structures. Due to 

approximations in the IP set employed these non-refined structures provide only a poor account of 

OH···OH hydrogen bonding on the surfaces of the hydroxylated nanoclusters.[19] Optimisations 

using relatively computationally expensive density functional theory (DFT) calculations on a selection 

of IP-MCBH-generated structures were used to provide final clusters exhibiting hydrogen bonding.    

In this work we report on a MCBH global optimization approach to hydroxylated silica 

nanosystems employing a cascade local optimization method. First, our method is shown to be 

reliable by applying it to the previously studied (SiO2)8·(H2O)N system.[18,19] We then, generate 

global minima candidates for the as yet unreported systems: (SiO2)M·(H2O)N, M = 6, 10, 12, each for a 



range of N values. In previous work it was shown that the hydroxylation reaction energy for silica 

clusters decreases by addition water molecules until it levels off around an optimal number N. This 

optimal number was found to be cluster size dependent to follow an inverse power law of the form 

2𝑀−2 3⁄ . Using our new global minima candidates for (SiO2)M·(H2O)N, M = 6, 10, 12 we also further 

probe the generality of this relation.  

 

Methodology 

In this work we apply the MCBH global optimization technique to find low energy global minima 

candidates for the cluster set (SiO2)M·(H2O)N, M = 6, 8, 10, 12 for a range of N. The general idea 

behind this technique in based on repeated steps consisting of random structural distortion and a 

subsequent local optimization. The Metropolis criterion[22] is applied in order to accept or refuse 

the local optimized structure according to a cost in passing from the initial (before the random 

distortion) and the final state, and a fictitious temperature. Usually the cost is the energy difference 

between the two states but in principle it is possible to generate other cost criteria based on system 

properties. Within a certain (unknown) number of the cyclic repetitions of this procedure is possible 

to explore the potential energy surface (PES) of the system. At each step, the structure can be locally 

optimized with both ab initio or a classical IP. In the first case, the applicability is limited to relatively 

small systems due to the high computational expense. This expense not only originates from local 

optimizations of the system but also from the higher number of steps required to properly sample 

the PES. Indeed, in principle, the number of energy minima is exponentially proportional to the 

number of atoms. A typical approach to makes MCBH calculations more computationally amenable 

is to use IPs for efficient optimisation. Nevertheless, IPs alone, often, cannot be relied upon for an 

accurate description of a system’s properties. Therefore, after a an IP-based MCBH run, a certain 

number of resulting low energy structures can be re-optimized with more accurate methods (e.g. 

DFT). For some systems, quite accurate IPs have been developed for which parameters have been 

fitted to experimental and/or ab initio data. In principle, the better the IP, the lower the number of 

structures that require significant further optimization with a more accurate method. However, we 

note that to have an IP with higher accuracy, you typically require correspondingly more complex 

functional forms with a higher number of terms. In turn, during a MCBH run, the direct use of such 

IPs can lead to practical problems in relaxing structures far from the equilibrium geometry (after a 

random distortion). Here we present a MCBH procedure in which for each step, a cascade structure 

optimization is performed with two different IPs. The general idea is to first use a robust and 

efficient IP to pre-optimize a distorted structure and then use more accurate IP for fully relaxing this 

pre-optimized structure. The Metropolis criterion is than applied after the second optimization. Our 

cascade-MCBH approach interfaces with the GULP package[23] which offers the possibility of using 

many IP types. We have implemented this procedure using Atomic Simulation Environment[24] 

(ASE) modules together. 

In the literature, IPs for bare silica (SiO2) bulk systems, such as TTAM[25] and BKS,[26] have 

been successfully used. Hassanali and Singer (HS)[27] introduced a IP parameterization for the silica-

water interface by adding new three-body terms terms to the BKS IP in order to describe Si-O-H and 

H-bonds. All these IPs are based on the Buckingham mathematical form as shown in equation (1)  



        (1)

        

where  i,j ϵ {Si,O}, rij is the interionic separation, qi,j are the ionic charges and A, B and C are fitted 

parameters. With respect to nanosilica, Flikkema and Bromley (FB) re-parameterised a Buckingham 

IP specifically for treating bare silica nanoclusters.[28] Recently, Pedone et al.[29] have 

parameterized a new and more complex Buckingham IP with polarisable ions for hydroxylated silica. 

This IP also incorporates intra- and inter-bond Morse potentials and a three-body term for hydrogen 

bonds was shown to provide good structures and vibrational frequencies with respect to 

experimental and DFT-calculated data on hydroxylated silica surfaces. Recently, a systematic study 

has showed that this IP is also accurate for the treatment of hydroxylated nanoparticles.[30]  

In previous global optimization studies the FB IP and a simplified version of the HS IP (HSsimp) 

has been used for finding low energy clusters where the HS three-body terms were omitted for 

simplicity and computational efficiency.[17,18] By omitting these terms, the correct description of 

hydroxyl groups (OH) is lost, therefore, the clusters do not have any H-bond contribution to their 

stability (see Fig. 1). In this way, isomers stabilized by hydrogen bonds contributions are not easily 

found only using HSsimp in a MCBH run. Such concerns are especially relevant to relatively large 

clusters and/or a high hydroxylation degree where H-bonding can influence the energetic ordering 

and structure of low lying minima (each H-bond contributes of about 20 kJ/mol). Thus for silica 

nanoparticles with increasing size and/or with moderate to high hydroxylation a good description of 

OH groups and their H-bonding becomes essential in order to avoid missing possible low energy 

clusters. 

In this work we consider hydroxylated silica clusters (SiO2)M·(H2O)N systems with M = 6, 8 10 

and 12 each one with different hydroxylation ratio N:M (RN/M) up to ~65%.  As a pre-optimization in 

the first cascade step we use the FB IP with OH groups described by HSsimp IP (IP_1), while for second 

part of the cascade we use the IP due to Pedone et al. (IP_2)[29]. In general, the mathematical form 

of a Buckingham IP energy entails that the energy of a pair of atoms tends to -∞ when their distance 

tends to 0. To avoid such a superposition of atoms caused by random displacements during a MCBH 

run we added very short range repulsive terms to the Buckingham describing the interaction 

between unlike charged species in IP_1. In order to more efficiently explore the PES we use a self-

correcting temperature technique to keep the accept ratio between 60 and 80%. For each MCBH 

step atomic displacements are set to a maximum of ± 0.8 Å for any cartesian coordinate and the 

energy difference used to discriminate between two different structures is set to 1 kJ/mol. Several 

runs (at least three) of fifty thousand steps each are performed for all considered systems. The ten 

most energetically stable isomers resulting from the MCBH global optimization procedure for each 

system stoichiometry are subsequently refined using DFT. These final optimisations are done 

employing the FHI-AIMS package[31], using the B3LYP[32] hybrid functional and a tier-1 atomic 

centred numerical basis set with a light integration grid with. The B3LYP functional has been shown 

to well describe hydroxylated silica in numerous previous studies.[17,19,33,34]  

 



 

Fig. 1 Structures of a (SiO2)8·(H2O)4 nanocluster optimized with: IP_1 used in the first cascade step (left), IP_2 used in the 

second cascade step (middle), and DFT using B3LYP (right). Atom colour key: Si – yellow, Si, O – red, H – grey. 

Results and Discussions 

We first tested our cascade MCBH methodology on (SiO2)8·(H2O)N systems with N = 2-5 incorporated 

water molecules as previously studied in refs [18] and [19]. Specifically, we consider the three most 

stable isomers we find for each series with those previously reported. In Fig. 2 we report isomers 

structures found both from this work and from refs [18] and [19]. 

 

Fig. 2 Structures of (SiO2)8·(H2O)N nanoclusters obtained in this work (
a
), ref [19] as (

b
) and in ref [18] as (

c
). Clusters for each 

N are ordered from left to right according to decreasing energetic stability. In parentheses energy differeneces with respect 

to the best global minimum candidate (far left of each row) are reported in kj/mol. Atom colour key: Si – yellow, Si, O – red, 

H – grey. 



In our comparison we take all stable conformational isomers related to different H-bonding patterns 

of the hydroxyls on a single Si-O skeleton with a fixed connectivity to be representations of the same 

isomer. Typically, the total energy range due to different H-bonding patterns on the same isomer of 

this size is 1 - 10 kJ/mol. In all cases we report isomers with the lowest energy H-bonded pattern 

found. We note that although the first part of the cascade does not provide a correct description of 

H-bonding, in the second part of the cascade several H-bond patterns are sampled which ensures 

that the conformational space hydroxyl orientations is well explored. This part of the cascade is 

particularly important for relatively large and highly hydroxylated clusters where H-bonding can 

contribute a relatively large amount to total energy differences. 

In the case of the most energetically stable structures for each N considered (i.e. Fig. 2, 

isomers 1, 4, 8 and 13) we found the same isomers as in previous works. This result further confirms 

these candidate structures as global minima. The second most stable isomers for each N (i.e. Fig. 2, 

isomers 2, 5 and 10) also confirm the corresponding results of refs [18] and [19]. For the third most 

stable isomers, for two incorporated water molecules (N = 2) we also found the previously reported 

isomer structures. Using the cascade method, however, we were able to find more energetically 

stable candidates for N = 3 (Fig. 2, isomer 6 being 3 kJ/mol lower than cluster 7) and N = 4 (isomers 

14 and 22 kJ/mol lower than cluster 12). For N = 5 we confirm the global minimum candidate isomer 

structure and other low energy isomers are reported in literature.  

After clearly demonstrating the capacity of our cascade MCBH approach for hydroxylated 

silica clusters for M = 8, we applied our method for to the, as yet unreported, systems: 

(SiO2)M·(H2O)N with M = 6, 10, 12, each for a range of N. The obtained new global minima candidate 

clusters are shown in figure 3. Low numbers of incorporated water (i.e. N = 1, 2) do not fully 

hydroxylate the one-coordinated defective oxygen centres present in anhydrous silica clusters. 

There are two types of singly-coordinated dangling oxygen defects: (i) oxygen atoms in silanone 

species (formally: >Si=O, but arguably more accurately: >Si+-O- [35,36]) having three-coordinated Si-

centres, and (ii) non-bridging oxygen (NBO) atoms accompanied with compensating triple 

coordinated oxygen-sites, also known a compensated NBOs or valence alternation pairs [37,38]. 

These defective centres are well studied in literature and it is known that they can readily be 

hydroxylated through reaction with water [4,11]. By increasing the number of incorporated water on 

an already fully hydroxylated cluster, bridging oxygens (Si-O-Si) are broken and the formation of 

silanols (Si-OH) occur until there is one -OH group for each Si-centre. Further hydroxylation tends to 

lead to the formation of geminal silanols (i.e. two OH groups per Si). The hydroxylation reaction 

(∆𝐸ℎ𝑦𝑥) energy: 

       (3) 

indicates the relative stability of the hydroxylated structures with N incorporated water molecules 

with respect to the equivalent anhydrous silica system. This quantity indicates the tendency of 

anhydrous silica to be hydroxylated, in particular if ∆𝐸ℎ𝑦𝑥 is negative the reaction is energetically 

favourable. Although strictly speaking a thermodynamically favourable reaction is evaluated by the 

free energy difference, we neglect the entropic contributions and assume that ∆𝐸ℎ𝑦𝑥 a good 

indicator of reaction favourability. 



 

Fig. 3 The most energetically stable (SiO2)M·(H2O)N nanoclusters obtained in this work for M = 6, 10 and 12 silica units, each  

with a range of incorporated water molecule (N) corresponding to a degree of hydroxylation (RN/M = N/M) between 17 - 

67%. Atom colour key: Si – yellow, Si, O – red, H – grey. 

 



 

Fig. 4 a) Hydroxylation delta energy (Ehyx) in kJ/mol relative to the correspondingly sized global minima (SiO2)M·(H2O)N  

clusters for M = 6, 8,10,12 with respect to incorporated water ratio (RN/M). b) Deviations from the ideal silicon-centred 

tetrahedron (SiO4) in degrees with respect to hydroxylation degree. Symbols for M = 8 shown as half filled circles are also 

reported in ref [17] and reproduced by us in this work. 

In figure 4 we show hydroxylation energies (Fig. 4a) and Si-centred SiO4 tetrahedral distortions (Fig. 

4b) with respect to incorporated water ratio (RN/M = N/M) for the most stable (SiO2)M·(H2O)N 

candidates with M = 6, 8, 10, 12. The tetrahedral distortion is taken as the average of the differences 

between the root mean square of the six O-Si-O angles relative to optimal unstrained value of 

109.47 for each SiO4 centre. Generally, structures made mainly with rings containing more than 

three -(Si-O)- units are found to have low tetrahedral distortion.[39] Interestingly, several of the 

structures shown in Fig. 3, can be viewed as being generated from condensation of building blocks of 

smaller sized isomers. The most common building blocks observed, for instance, are the 

(SiO2)6·(H2O)3 trigonal prism (Fig. 2: isomer 3), the (SiO2)8·(H2O)4 cubic structure (Fig. 1: isomer 8 - 



also known as a double 4-ring or D4R) and the pentagonal (SiO2)8·(H2O)4 structure (Fig. 1: isomer 9). 

As the cluster size increase the most common building block becomes the D4R (e.g. see isomers 9 

and 11 in Fig. 3) which only exhibits rings with low tetrahedral distortion. Larger isomers in other 

work also commonly exhibit the cubic (SiO2)8·(H2O)4 D4R unit (e.g. (SiO2)24·(H2O)12 in ref [18] which 

can be considered as a condensation of D4R units in triangular arrangement). 

∆𝐸ℎ𝑦𝑥 is found to be negative and monotonically decreasing with respect to the number of 

incorporated water molecules showing that the hydroxylation reaction of anhydrous silica is always 

energetically favoured. We also notice an energetic down shift with respect to M for the different N 

series, due to the increasing of the size of the system. The decreasing of ∆𝐸ℎ𝑦𝑥 in a series of N values 

for a fixed size M, can be split into the contribution by three factors: i) at a low number of 

incorporated water molecules, the gain in energy is mainly due to hydroxylation of the defective 

oxygen centres, ii) once a cluster is fully hydroxylated (defective centres are no longer present), 

∆𝐸ℎ𝑦𝑥 drops because adding further water molecules helps to decrease the tetrahedral distortion of 

Si-centres (e.g. by hydrolysing small strained rings), iii) at a high number of incorporated water 

molecules there is a competition between two effects affecting ∆𝐸ℎ𝑦𝑥: the formation of geminal 

silanols (energetically not favoured effect since O-Si is stronger a bond than O-H), and the formation 

of hydrogen bonds which is an energetically stabilizing effect. These latter two contributions in 

phase (iii) seem to be almost equivalent energetically, leading to the drop in ∆𝐸ℎ𝑦𝑥 tending to level 

off. The hydroxylation degree at the transition point between the ii) and the iii) phases can be 

regarded as the optimal hydroxylation degree (𝑅𝑁/𝑀
𝑜𝑝𝑡

). In other words, (𝑅𝑁/𝑀
𝑜𝑝𝑡

) is the RN/M value where 

the hydroxylation reaction energy first levels off to a flatter linear regime due to the minimum 

tetrahedral distortion being reached with increasing hydroxylation.  

 𝑅𝑁/𝑀
𝑜𝑝𝑡

 was first introduced in ref [18] for systems with M = 4, 8, 16, 24. Specifically, 𝑅𝑁/𝑀
𝑜𝑝𝑡

 

was tracked with respect to the number of SiO2 units (M) in order to examine its size dependency. 

Herein we further add 𝑅𝑁/𝑀
𝑜𝑝𝑡

 values for the cluster sizes M = 6, 10, 12 silica sizes. To extract 𝑅𝑁/𝑀
𝑜𝑝𝑡

 

values for each (SiO2)M series we choose the RN/M value that correspond to the cluster with the 

lowest tetrahedral distortion which is consistent with choice made in ref [18]. The selected 𝑅𝑁/𝑀
𝑜𝑝𝑡

 

values for clusters with M = 6, 10, 12 correspond respectively to structures 3, 8, 11 in figure 3. 

Although the choice of 𝑅𝑁/𝑀
𝑜𝑝𝑡

 = 0.5 for the set of (SiO2)10·(H2O)N clusters is consistent with the RN/M 

value that lowers the tetrahedral distortion most, we notice that the RN/M value where tetrahedral 

distortion levels off (i.e. 0.4) would be likewise acceptable.  

 

 



 

Fig. 5 Data for optimal hydroxylation degree (R𝑁/𝑀
opt

) with respect to cluster size fitted with an inverse power law. Black 

filled square symbols correspond to data from ref [18]. 

𝑅𝑁/𝑀
𝑜𝑝𝑡

 with respect to the number of SiO2 units (M) is shown in Fig. 5 with data from ref [18] in black 

filled squares and data from this work in black filled circles. The half-filled circle correspond to the 

(SiO2)8·(H2O)N set both studied previously and used in this work as test case. The first point of the 

series (M = 1) corresponds orthosilicic acid (Si(OH)4) where 𝑅𝑁/𝑀
𝑜𝑝𝑡

= 2. 𝑅𝑁/𝑀
𝑜𝑝𝑡

 is higher for smaller 

clusters and drop as the size increases and tends to follow an inverse power law. The new data 

generated in this work (M = 6, 10, 12) do not bring to significant changes in the power law equation 

in ref [18] and confirm the 𝑅𝑁/𝑀
𝑜𝑝𝑡

 size dependency trend. Interestingly, the exponent of the inverse 

power law is close to -2/3 while the general size dependency of many properties of a generic 

nanoparticles scale with a inverse power law but with an exponent of -1/3.[40] Generally, the -1/3 

exponent derives from the surface-to-volume ration assuming a spherical nanoparticle shape. For a 

generic property size dependency, we expect a small deviation in the exponent from -1/3 due non-

spherical shape of real structures and possibility due to property fluctuations for their extreme 

dependency on small changes when systems are relatively small. Nevertheless, the -2/3 exponent in 

𝑅𝑁/𝑀
𝑜𝑝𝑡

 size dependency seems to be affected by some unknown factors for such deviation from -1/3 

that we hope to elucidate in future works. 

Conclusions 

In this work we present a methodology for performing IP-DFT basing hopping global optimization 

studies on systems such as hydroxylated silica clusters where using an accurate IPs is essential to 



correctly describe hydrogen bonds. For the (SiO2)8·(H2O)N test case, the cascade approach finds all 

previously reported isomers (including global minima candidates) and additionally finds three new 

low energy isomers. New global minima candidate structures are generated for (SiO2)M·(H2O)N 

systems with M = 6, 10 and 12, each for a range of N values. The hydroxylation reaction energy 

trends for these series are consistent with previous works on other cluster sizes. The hydroxylation 

degree shows a threshold in each case when the hydroxylation-induced structural transformations 

minimises the tetrahedral distortion around the SiO4 centres. At this optimal hydroxylation (𝑅𝑁/𝑀
𝑜𝑝𝑡

) 

point the reaction energy starts to level off to a constant value. Confirming previously reported 

results for other cluster sizes[18], we confirm that the size (M) dependence of 𝑅𝑁/𝑀
𝑜𝑝𝑡

 follows an 

inverse power law with an exponent close to -2/3. 
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