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High disperse silica is used as a sorbent and carrier of medical preparations in various
branches of medicine, biotechnology etc. due to its physico-chemical properties, in particular,
rather developed surface, chemical inertness, considerable adsorption capacity. The protolytic
equilibrium of silica surface is to be examined, because the structure of its hydroxylic layer
determines its properties. When silicic acid is polymerized, an increase in the molecular mass of
the particles formed and the acidic properties of oligomers are changed.
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Intoduction

There are many synthesized silica structures nowadays, such as silica films, nanotubes,
nanospheres, nano-sized amorphous silica. They are industrially important materials widely used
in catalysis, ion exchange, chromatographic separation; they are potentially important for
synthesis of special-purpose materials. However, some physical and chemical aspects of silica
nanoparticles formation have not yet been fully explained. The structure of crystalline and
amorphous silica modifications is determined by peculiarities of the stage of formation of
primary particles. There are still some questions despite considerable progress in theoretical and
experimental study of nucleating stages. The mechanisms of primary particles condensation of
the molecular level during the process of synthesis, thermodynamic and kinetic parameters of the
stages of primary particles during that process have not yet been fully explained.

Most of silica materials are obtained by using sol-gel and hydrothermal method of
synthesis. Polycondensation of orthosilicic acid molecules is the main chemical process during
all the stages of the method, and we can write it down schematically using an equation:

=Si—OH + =Si—OH « [1=Si—0-Si=+ HOH.

Experiment shows that at the initial stages of sol-gel synthesis in solution during the first
hours different oligomers are formed. The formed oligomers are as follows: dimers, linear
trimers and tetramers, cyclic trimers and tetramers, prismatic hexamers, cubic octamers and other
oligomers with more elaborated structure. The complexity in study of silicate solution and silica
solutions is different comparing to polymeric hydrocarbon compounds because of the only fact —
any change of solution (pH, 7, concentration) immediately leads to the changes in the polymer
composition. Thereby, all the clearness in definition of polymer composition in solution of silicic
acid has been not yet achieved. That is why so important to study the structure and properties of
silica molecular forms which can be formed at the initial stages of synthesis.

Examination of the protolytic equilibrium at silica surface is important because the
structure of the surface hydroxylic layer determines its properties. When silicic acid is
polymerized, due to aggregation of particles with increase in their molecular masses, the acidic
properties of the oligomers formed are also changed; this work is devoted to their examination.

The reaction of deprotonation of the silanol groups can be conceived of the following
scheme:

=Si-OH <> =Si-O +H". (1)
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When orthosilicic acid is polycondensed, an “O—Si(OH); substitution takes place for OH™
one of a =Si—OH group differing in electronegativity. Thus, in the course of polycondensation
process, structural changes occur in newly formed oligomers capable to affect their acidic
properties.

Computational methods

All the calculations have been carried out by semiempirical PM7 method as well as by
density functional theory method (DFT) with exchange-correlation functonal B3LYP and
valence-split basis set 6-31++G(d,p). The effect of aqueous medium was taken into account
within the frameworks of a continual solvent model (PCM). All the computations have been
realized by means of program packages US GAMESS [1] and MOPAC [2]. The deprotonation
constant pK,, has been evaluated by the formula: pK,= AG,e4:/2.303RT where R — universal gas
constant, 7 — temperature, and AG,.,.; — the Gibbs free energy of the deprotonation reaction.

Results and discussion

In [3] dissociation of orthosilicic acid molecule in aqueous solutions was examined by
Hartree-Fock-Roothaan method as well as by density functional theory with functionals B3LYP
and M06-2x and within the frameworks of Mgller-Plesset second order perturbation theory with
basis set 6-311++G(d,p). The thermodynamic and kinetic characteristics of the reaction of proton
transfer from orthosiicic molecule to a water molecule of the hydrate cover have been calculated
as well as the equilibrium constant (pK,) of this process. The the dissociation constant estimated
from the calculations by DFT method with taking solvent effect into account (PCM) (pK, = 9.5)
have been shown to be the best fit to the experimental one in aqueous solutions (9.46). In [4] a
quantum chemical analysis of the structures of the molecules of silicic acid oligomers was made
by DFT method with use of expanded basis set (6-31++G(d,p)) and the pK, values were
computed for clusters including one to eight silicon-oxygen tetrahedra. The step-by-step increase
in the number of tetrahedra in oliugomers has been found to decrease the value of the
deprotonation constants (pK,) of silanol groups. The authors of [5] calculated *Si NMR spectra
of fullerene-like hollow oligomers of silicic acid consisting of 1, 2, 4, 8, 10, and 20 silicon-
oxygen tetrahedra by DFT method with hybride exchange-correlation functional B3LYP and
basis set 6-311+G(2d, p) with use of GIAO procedure.

This work is devoted to the examination of the protolytic properties of fullerene-like
hollow oligomers as dependent on their dimensions and should be considered as a logical
continuation of the article [4] (with increasing the number of silicon-oxygen tetrahedra in the
models up to 60).

High disperse silica has a rather complicated structure. The primary particles with size of
5-100 nm are built of protoparticles with size of less than 1 nm. In their turn, primary particles
form agglomerates of aggregates with sizes of 1-50 um [6]. A question arises, how can we
simulate a silica particle. The HRTEM images of individual fumed oxides are shown in Fig. 1 a.
The structure of a primary particle one can mimic by use of various composition of fullerene-like
molecules as protoparticles. Thus, a model of primary particle is shown in Fig.1, b consisting of
seven fullerene-like molecules SigoOg99(OH)ep. According to the structural features of high-
disperse silica, a set can be used of various size fullerene-like molecules with different structural
and protolytic properties as a model for protoparticles.
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Fig. 1. HRTEM images of individual fumed oxides (a) A-300 [7] and model for primary
particle built of fullerene-like species SigoO120(OH)eo (b).

Fullerene-like molecules Si1,0; s,(OH), are structural analogues of carbon fullerenes where
carbon atoms are substituted by tetrahedra SiO3;(OH). In Fig. 2 fullerene-like molecules are
shown consisting of 10, 20, 24 and 60 silicon-oxygen tetrahedra.
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Fig. 2. Equilibrium structures of fullerene-like molecules: a — Si;0O2(OH);¢, b - Si20030(OH)s0,
¢ - S124036(OH)24, d — SigoO90(OH)s0.
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Besides the number of silicon-oxygen tetrahedra, the molecules mentioned differ also in the
structural features of their arrangement. Thus, Si;0012(OH);¢ molecule is a cell with adamantane
structure, in Si»0O40(OH)o molecule tetrahedra form only pentagons whereas in SizgO36(OH)y4
molecule, besides pentagons, there are two opposite hexagons. In SigO9o(OH)sp molecule
silicon-oxygen tetrahedra form hexagons arranged around a pentagon. In order to understand the
effect of structure and composition on the protolytic properties of silanol groups, a comparative
analysis has been carried out of the changes in atomic charges of a =Si—OH group as wellas in
the Si—-O and O-H bond lengths with increasing molecular sizes. As our computational
possibilities give no opportunity to compare the parameters mentioned by means of density
functional theory method, for calculations semiempirical PM7 method was used.

Simulation of the protolytic equiibrium of the silanol groups of silicic acid oligomers was
realized with use of two systems of the same composition as models differing as follows: in the
first one, a silanol group was surroubded by a cluster of water molecules (Fig. 3 a), in the second
one the proton of silanol group was separated from its oxygen atom for about 4 A (Fig. 3 b).
When optimizing the structures of these systems, a potential barrier was localized between them
and hydronium cation was formed in the second system due to the proton transfer within the
chain of water molecules: SiO ~-H,0--H,O-"H;0. In such a way charge-separation complexes
were obtained on the silanol groups of all the oligomers studied.

%/@]‘1

t A
A

o

u

Fig. 3. Equilibrium structures of a Siz0O30(OH),¢ molecule interacting with seven water
molecules in the molecular state (a) and in the carge-separated state (b).

The changes in the atomic charges of hydrogen, oxygen, and silicon of silanol group as well
as in the Si—O and O—H bond lengths with increasing number of atoms in the molecule have a
complicated character but as a whole, show a similar tendency to changes. When the number of
silicon-oxygen tetrahedra in the molecules increases, an increase in atomic charges takes place
on hydrogen, oxygen, and silicon (Fig. 4, a, b, ¢). Simultaneously the Si—O bond length increases
and the O—H bond length decreases (Fig. 4, d, 1). The changes in calculated pK, values are
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irregular and, as a whole, manifest a tendency to a decrease with increasing molecular sizes (Fig.

4, ).
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Fig. 3. Plots of hydrogen (a), oxygen (b) and silicon (c) atomic net charges, of O-H (d) and Si-O
(1) bond lengths as well as of pK, values (f) on the number of silicon atoms in the
molecules.

The value of Gibbs free energy for deprotonation decreases from orthosilicic acid to
disilicic acid, then increases for the trimer, then decreases once more for the complexes with
tetramer Si4O;3H and pentamer SisO;4H,. Those values found by PM7 method agree well with
findings by DFT method. The deprotonation constants for silanol groups (pK,) change symbately
to the changes in the free Gibbs energy and, as a whole, decrease with an increase in the
polymerization degree.
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Fig. 4. Equilibrium structures of a pair of Si»4O36(OH),4 molecules interacting with seven water
molecules in the molecular state (a) and in charge-separated ()

The calculated pK, value for the complex built by two Si»4O36(OH),4 molecules contacting
via hydrogen bonds by faces formed by six silicon-oxygen tetrahedra is equal to 11.8. The net
charge on the silicon atom of the silanol group contacting with water molecules is equal to 0.89
whereas those on the oxygen atom and on the hydrogen atom are equal to —0.70 and 0.41
respectively. The pK, value for the complex of three Si»4O36(OH),4 molecules is equal to 3.8.

It should be noted that taking into account the effect of solvent decreases the pK, value.
Thus, the calculated solvent-free finding for the complex including 60 silicon atoms is equal to
12.2 whereas analogous value accepting solvent effect equals to 8.3.

The calculated pK, values for the complex of two SigyO9(OH)so molecules without solvent
effect is equal to 3.3.

Conclusion

Starting from the results of calculations of the equilibrium structural and enegy parameters
of the hydrated complexes of silicic acids, one can assert that a step-by-step increase in the
number of silicon-oxygen parameters in the oligomer results in shortening of interatomic bonds
and in changes of atomic net charges what is reflected in a decrease in the value of deprotonation
of silanol groups pK,. In turn, an increase in the number of contacting molecules leads to the
growth in of pK, value. The accordance of the calculated deprotonation constants of silanol
groups as dependent on the of polycondemsation of silicic acid with respective experimental data
support a probability of use of the complexes considered for simulation of the deprotonation-
protonation processes occuring on silica surface.
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KBAHTOBOXIMIYHUIA AHAJII3 TIPOTOJITUYHUX
BJIACTI/II.S_OCTEﬁ INEPBUHHUX YACTUHOK KPEMHE3EMY
BII IXHBOI'O CKUVIAAY TA ITPOCTOPOBOI BY10BHU

KpaBuenko A.A., lem’sinenko €.M., O.B. ®inonenko, I'pedeniok A.T'.,
Jlobanos B.B., ML.I. Tepeunb

ITnemumym ximii nosepxui im. O.0. Yyuxa Hayionanvroi akademii Hayk Ykpainu,
syn. I'enepana Haymosa, 17, Kuis, 03164, Yxpaina

Bucokooucnepcruii  kpemuesem 3a80AKU C8OIM YHIKANLHUM 81ACIMUBOCMAM HADY8 WUPOKO2O
BUKOPUCMAHHA K COpOEeHm ma HOCIU JKAPCbKUX 3aco0i8 @ Pi3HUX 2any38X MeOuyuru, 0iomexnonozii
mowo. /[ po3pobku HO8UX COpOEHmMI8 HA OCHOBI KpeMHe3eMy He0OXIOHO 000pe po3yMimu MeXanizmu
NPOMOHHO20 O0OMIHY, WO 8i00Y8aAIOMbC 6 U020 NOBEPXHEGOMY 2i0pOKcu-2iopamuomy wap,i Ha
MmonekyaapHomy pieui. Hanieemnipuunum memooom PM7 ma memodom @yHxkyionany 2eycmunu 3
BUKOPUCMAHHAM PO3uUpeno2o basucrnoeo nabopy (6-31++G(d,p)) nposedeno keanmosoximiunuili ananiz
6yoosu hyrepenonodionux nopodcrucmux monexyi. Pospaxoeani koncmanmu oucoyiayii 2i0poxcuibHoi
epynu Onsi MONEKYN, Wo Micmsamb 8i0 00HO20 00 wecmudecamu CUuliyill-KUcHesux mempaeopis.
Bussneno, wo npu nocmaditinomy 30inbuleHHi KilbKOCMI OCMAHHIX 8 01i20MEPAX 3MEHULYEMbCS BEUYUHA
KOHCMAaHmMu 0enpoOmoHy8antsa CULAHOIbHUX epyhn pK,.
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KBAHTOBOXUMUWYECKHNHN AHAJIN3 TPOTOJJUTUYECKHX
CBOVCTB NEPBUYHBIX YACTHUI] KPEMHE3EMA OT
NUXHEI'O COCTABA U ITPOCTPAHCTBEHHOI'O CTPOEHUA

KpaBuenko A.A., lembsinenko E.M., O.B. ®uionenko, ['pedeniok A.T'.,
Jlobanos B.B., M.HU. Tepeunb

Hncmumym xumuu nosepxnocmu um. A.A. Yyiixo Hayuonanvroti akademuu nayx Yxpaunol,
ya. I'enepana Haymoesa, 17, Kues, 03164, Ykpauna

Buvicoxooucnepchulii kpemuesem 61a200apst CGOUM YHUKATbHBIM CEOUCMEAM HOLYUUL UUPOKOE
UCNOAL306AHUE KAK COPOEHM U HOCUMEND JIeKAPCMBEHHbIX CPEOCME 6 PA3IUYHBIX 0OIACMAX MEOUYUHDI,
buomexuonocuu u m. /[na pazpabomxu HOGbIX COPOEHMO8 HA OCHOBE KPeMHe3eMdad HeoOX00UMO XOPOulo
HOHUMAMb MEXAHU3Mbl HPOMOHHO20 O00MeHd, NPOUCX00iwue 6 €20 HOBEPXHOCMHOM 2UOPOKCU-
2UOPamHOU  clloe HA MOAeKyAapHoM yposhe. [lorysmnupuveckum memooom PM7 u memodom
@YHKYUOHANA NIOMHOCMU C UCNOAb308AHUEM PACWUPEHHO20 0a3z08020 Habopa (6-31++G(d, p))
npoeeden KGaAHMOBOXUMUUECKULl AHANU3 CINPOEHUSL (YIIepeHono00OHbIX NONLIX MoaeKkyl. Paccuumanvl
KOHCMAaHmul  ouccoyuayuu 2UOPOKCUIbHOU 2PYNNbl 078 MOJAEKVI, CO0epucaujux om o00H020 00
wecmuoecamu KpeMHUl-KUCIOPOOHBIX mempaldaopos. OOHapyICceHo, 4mo npu nocmaouiHom yeeaudeHuu
KOMU4eCmea NocieOHuUx 6 ONUCOMEPbl YMEHbUAEMCs GeIUdUHA KOHCMAHMbL  OenpomoOHUPOBAHUS
cunanonvrux epynn pK.,.
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