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The model sizes of solid particles as well as used quantum chemical methods can affect results of calculations
with density functional theory (DFT) methods. The aim of this study was to analyze the effects of the silica cluster sizes,
a number of bound water molecules, protonation and deprotonation of silanols, addition of Eigen cation alone or
solvated, attachment of anions F~ and CI~ alone or solvated, and whole solvation effects (with SMD) with the DFT
calculations using a functional wB97X-D with the cc-pVDZ basis set. The calculations of the distribution functions
of atom charges (CDF), chemical shifts of the proton resonance (SDF), and integral density of electron states (IDES)
show that small clusters with 8 or 22 (SiOyy;) units could give rather inappropriate results in contrast to larger clusters
with 44 or 88 units. This is due to the fact that the small silica clusters do not have appropriate capability for
delocalization of excess charges that leads to certain distortion of the electron states of the whole system. The IDES
are more sensitive with respect to the cluster charging and less sensitive to the solvation effects than the CDF and
SDF. As a whole, the use of several types of the distribution functions, such as integral characteristics with the CDF,
SDF, and IDES, allows one to obtain a more detailed picture on the interfacial phenomena at silica surface for neutral
and charged systems.

Keywords: silica clusters, neutral sorbates, charged sorbates, atom charge distribution function, DFT method,
solvation method SMD

INTRODUCTION correlation and exchange (perturbation theory in
ab initio, various functionals in DFT, additional
tools); (iii) use of corrections on basis set
superposition errors (BSSE), temperature, zero
point energy and vibrations; (iv) use of
appropriate models (clusters, nanoparticles,
primitive or expanded cells with periodic
boundary conditions, efc.); (v) taking into account
kinetic and dynamic aspects and some others
[12—17]. Thus, the availability of a set of the
factors of different “weights” makes difficult
maximum appropriate and top-level modelling of
the interfacial phenomena within the scope of the
quantum chemistry methods (ab initio or DFT). In
the present work, several aspects related mainly to
the sizes of particle models, their charging and
solvation are analyzed using DFT calculations
(functional ®B97X-D and cc—pVDZ basis set
[18, 19]) with the solvation modelled with SMD
[20] and '"H NMR spectra calculated using the

During sorption of various compounds onto a
surface of nanooxides, e.g., nanosilica, polar
dispersion media play an important role [1-3]. In
polar solvents, especially water, it is possible
charging of both an adsorbent surface and
adsorbed molecules that depends strongly on pH
of the solution [3-9]. The charging differently
affects various intermolecular interactions
(electrostatic, van-der-Waals, hydrogen bonding,
etc.) and the formation of secondary and
supramolecular structures (clusters, aggregates,
micelles, interfacial films, ezc.), as well as surface
reactions of the acid-base types [6-11].
Therefore, accurate modelling of these structures
and appropriate description of the intermolecular
interactions and formed bonds are of importance
for correct analyses of the interfacial phenomena
with water participation [10-14]. There are
several aspects related to some restrictions of the . ) . i
models and various sources for minimization of gauge-including-atomic-orbital (GIAO) method
possible errors in quantum chemical modelling of [21].
the interfacial phenomena: (i) selection of CALCULATION METHODS
appropriate methods (ab initio, density functional
theory, DFT, semiempirical, efc.); (ii) use of
adequate basis sets (narrow or extended, optimal
or inappropriate), correct account of electron

Free water clusters and interfacial water layer
at a surface of silica nanoparticles are analyzed
using the Gaussian 09 [21] and GAMESS 2020
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R2 [22] program suits. The DFT calculations have
been done using a hybrid functional ®B97X-D
and the cc—pVDZ basis set. The GIAO method
has been used to compute the chemical shifts of
the proton resonance (Ju) [21]. The solvation
effects have been analyzed with the SMD method
[20] implemented in the Gaussian and GAMESS
program suits. The calculations have been carried
out taking into account zero-point and thermal
corrections to the Gibbs free energy in the gas
phase and for solvated molecules and silica
clusters using the geometry optimized with
®B97X-D/cc—pVDZ (with or without SMD).
Note that ®B97X-D introduces empirical damped
atom-pairwise  dispersion terms into the
functional containing range-separated Hartree-
Fock exchange for better description of van-der-
Waals interactions [18, 19]. Therefore, ®B97X-D
has been selected to obtain more adequate results
for the gas and liquid phases interacting with
silica nanoparticles. The distribution functions
(DF) of various parameters have been calculated
with a simple equation [23-26]

exp[~(X,, —X)’]
207 ’

where j is the number of a certain type (n) of
atoms or energetic level, ¢ is the distribution
dispersion, and X; is the value of atomic charge
(CDF) (Figs. 1-5), chemical shift ou (SDF)
(Figs. 6 and 7), or electron energy of MO (integral
density of electron states, IDES, Fig. 8), and X is
the current value. For the electron-donor atoms
(H, Si) (Figs. 1,3,4b,5a, b, e, f), 0=0.01 a.u.,
and o= 0.05 a.u. for electron-acceptor (O, F, CI)
atoms (Figs. 2, 4 a, 5 ¢, d). This difference in the
o values is due to broadening of the CDF for
atoms with excess electron density (i.e., for
electron-acceptor atoms) more strongly affected
by the surroundings in comparison to the atoms
with deficiency in the electron density (electron-
donor atoms) with more compact electron clouds.
For the SDF or IDES, o= 0.5. To decrease small
details in the distribution functions, the
distribution dispersion should be increased up to
the values corresponding to experimental peaks
(i.e., full width at the half-height, FWHH). As a
whole, the distribution functions of certain
characteristics may be calculated with Eq. (1)
with any quantum chemical method. In the DFT
calculations, several silica clusters have been

£, 0=Qro)*" ),

J
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studied with (i) 8 units (SiO4) with 8OH, (ii) 22
units with 160H, (iii) 43 units with 280H, (iv) 44
units with 240H, and (v) 88 units with 400H with
various neutral and charged sorbates differently
hydrated with real water molecules or with a
solvation model SMD. The cluster with 43 units
models a lattice defect since a Si atom inside the
cluster with 44 units was replaced by four
H atoms.

RESULTS AND DISCUSSION

Obtained results show that a silica cluster
with 8 units is rather inappropriate to study any
aspect of the interfacial phenomena. First, its
electronic structure is too sensitive to the
formation of any charged functionality because of
restricted capacity to delocalize excess positive
(protonation of a SiOH group, +H") or negative
(deprotonation of a =SiOH group, —H") charge
(Figs. 1 a, 2 a, 3 a). Second, there is a certain
excess of the hydroxyl groups in comparison to
real silica since each Si atom has attached OH
(Figs. 2 a, 4 a). Third, the electron state of the
silanols neighboring to the charged functionality
demonstrates stronger changes than that observed
in larger clusters.

A silica cluster with 22 units and 160H is less
sensitive with respect to the states of the O and Si
atoms in a reaction center than a cluster with
8 units (Figs. 2, 3). However, it is more strongly
sensitive with respect to the states of the H atoms
in the =SiOH groups than in a cluster with 44 units
and 240H (Fig. 1). However, this effect is smaller
than that for a cluster with 8 units. The states of
the H atoms in the =SiOH groups in the silica
clusters with 22 or 44 units are relatively more
sensitive to the solvation effects (SMD
calculations with water as a solvent) than the O
and Si atoms (Figs. 1-3). For the smallest cluster
with 8 units, both the O and Si atoms are sensitive
to the solvation effects similar to the H atoms in
the =SiOH groups. Comparison of the CDF for
the O and Si atoms in the silica clusters with
8 (80H), 22 (160H), 44 (240H), and 88 (400H)
units (Fig. 4) show a significant difference for the
smallest cluster, especially for the Si atoms
because only in this cluster all Si atoms have the
OH groups.

Thus, calculations of the CDF for silica
clusters of different sizes and charging show that
small clusters with 8 or 22 units (or smaller ones
[10, 27]) are rather inappropriate for accurate
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studying the interfacial phenomena. Larger silica
clusters with 44 (240H) and 88 (400H) units,
demonstrating better results, could be used to
study the interfacial phenomena.
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The presence of electron-acceptor atoms with
excess electron density (F~, CI) affects the CDF of
other atoms (H, O, Si) in the silica clusters (Fig. 5).
However, this effect on the g CDF is stronger in the
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range of minimal gu values upon addition of water
molecules around the charged center with =Si—F- or
=Si—Cl- (Fig. 5 a, b). In this case, the water
molecules take part in additional polarization of the
=SiO-H bonds. An increase in the number of the
water molecules from 4 to 9 H,O attached to a
neutral cluster leads to an increase in the gy CDF in
the range of maximal gu values (Fig. 5 a,
curve 4, 5 b, curve 3).
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As a whole, F- and Cl- or HF and HCI
differently interact with a silica surface. For
example, hydrofluoric acid can much easily
dissolve silica than hydrochloric acid due to
smaller size of the F~ ions than CI that provides
more effective interactions of F~ with silicon
atoms in the silica lattice (with subsequent

84

protolytic breakage of the siloxane bonds by
solvated protons). This appears in the difference
in the structures with two dissociated acids
molecules solvated by 9H,O and interacting with
the silica cluster (Fig. 5 e, £, inserts). Both F~ ions
attack the Si atom, but only one CI interacts with
the Si atom and another is solvated and does not
interact with the Si atom. Therefore, the gci CDF
splits into two peaks (Fig. 5 d, curve 6) in contrast
to the gr CDF (Fig. 5 ¢, curve 8). The structural
difference of the complexes with [2H+2F-]x9H,O
and [2H™+2CI-]x9H,0 at a silica surface more
strongly affects the CDF of the H (Fig. 5 a, b) and
Si (Fig. 5 e, f) atoms than the O CDF (Fig. 5 ¢, d)
in the silica clusters.
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Fig. 4.

Note that expansion of the basis set from
cc—pVDZ to aug—cc—pVTZ (added diffuse
functions and triple-zeta instead of double-zeta)
weakly affects the '"H NMR spectra (Fig. 6 ) of a
water cluster with 44H,O (initial geometry was
taken from the hexagonal ice, Ih and its motives
remain after the geometry optimization with
DFT). Therefore, all other calculations
(Fig. 6 b, ¢) were carried out using the
GIAO/0wB97X-D/cc—pVDZ method.
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An increase in the numbers of the water
molecules in the solvate shell of a silica cluster
results in '"H NMR spectra broadening and
downfield shift of the peaks due to (i) an increase
in an average number of the hydrogen bonds per
a molecule [10], and (ii) an increase in the
polarization of both silanols and bound water
molecules because of additional stabilization by
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the surroundings (similar stabilization of the
electronic structure is observed upon an increase
in the size of the silica clusters, Figs. 1-5). In the
calculated spectra (Fig. 6 b, c), there are (i)
unbound —OH in =SiOH and H,O at oy = 1-2
ppm; (ii) typical hydrogen bonds in water or
slightly distorted hydrogen bonds of the water
molecules and silanols at oy = 4-6 ppm; (iii)
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strong hydrogen bonds at dy = 6—8 ppm; and (iv)
the hydrogen bonds with significant transfer of
the electron density at oy > 8 ppm that correspond
to acidic protons similar to that in the Eigen and
Zundel cations (H;0" and HsO,", respectively).
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with 44 units by replacing Si with 4H) with
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and pure water cluster with 44H,0O
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GIAO/®B97X-D/cc—pVDZ (with (curves 2, 4, 6)
or without (curves 1, 3, 5) SMD) for a silica
cluster alone (curves 1 and 2) (88 units with
400H) and with bound 7H,O (curves 3 and 4),
and only for bound water (curves 5 and 6)

Minimal magnetic shielding of the protons
(i.e., maximal &y values) are characteristic for the
protons located in the middle of two O atoms of
two water molecules or H,O and =SiOH [10, 26].
The effects of the water cluster size, as well as the
size of silica clusters, on the 'H NMR spectra are
well seen for weakly hydrated silica clusters with
44 units (+6H,0) and 88 units (+7H,0) (Fig. 6 ¢).
The solvation effects modelled using the SMD
method are stronger for the silanols (Fig. 7, curves
1-4) than for the bound water molecules (curves
5 and 6). This result may be explained by the fact
that a significant fraction of silanols in the models
does not have the hydrogen bonds, but all water
molecules have the hydrogen bonds with silanols
or neighboring molecules. Thus, the reactions or
other interfacial processes at a silica surface in the
aqueous media cannot be modelled without
accurate consideration of the solvation effects.

Note that the SMD method (as well as other
solvation methods) can underestimate the
polarization of the OH groups without the
hydrogen bonds with real molecules. Therefore,
the peak of unbound silanols shifts toward
downfield from 1.5 to 3 ppm for SMD-solvated
clusters. However, the silanols with real hydrogen
bonds are characterized by the 6u values of 5-8
ppm (Fig. 7). Thus, a supermolecular approach
(with a cluster of the solvent molecules around a
reaction center) with alongside use of the SMD
could be applied to study the interfacial
phenomena.
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Restricted amounts of units in a solid cluster
(even 44 units) lead to significant changes in the
energetic levels of molecular orbitals (MO) due
protonation of a silanol or attachment of OH™, F~,
CI” (Fig. 8 b—d). However, for neutral clusters, the
effect of the cluster size on the IDES is small

(Fig. 8 a). Addition of H>O (upon the formation
of Eigen cation), and 4H,O or 9H,O (upon
bonding of OH™, F~, CI") to the reaction center
weakly affect the IDES of the system, in contrast
to its charging.
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Distribution functions of integral electron states of (@) neutral silica clusters with 8, 22, 44 and 88 units, (b)
neutral and charged silica clusters (protonation of SiOH, addition of H3O" alone or with 4H,0, binding of

OH™ alone or with 4H,0), (¢) F~ and HF, (d) Cl-and HCI alone or with addition of 4 or 9 water molecules (b—d)
clusters with 44 units (method ®B97X-D/cc—pVDZ)

CONCLUSION

The analysis of the effects of silica cluster
sizes, numbers of bound water molecules,
protonation and deprotonation of silanols,
addition of FEigen cation alone or solvated,
attachment of anions F~ and CI™ alone or solvated
or dissociated HF and HCI molecules, and whole
solvation effects (with SMD), using the DFT with
®B97X-D/cc—pVDZ to compute the distribution
functions of atom charges, chemical shift of the
proton resonance, and integral density of electron
states, shows that small silica clusters with
8 (8OH) or 22 (160H) units could give
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inappropriate results in contrast to larger clusters
with 44 (240H) or 88 (400H) units. Note that the
SiOH/Si0Si ratio decreases with increasing size
of the clusters used. The small clusters do not
have appropriate capability for delocalization of
excess charges that leads to strong distortion of
the electron states in the whole systems.

The IDES are more sensitive with respect to
cluster charging and less sensitive to the solvation
effects than the CDF and SDF. As a whole, the
use of several types of the distribution functions,
such as CDF, SDF, and IDES, allows one to
obtain more detailed picture on the interfacial
phenomena at a silica surface.
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Bnuiue po3mipiB Ta 3apsiI0BOro CTaHy KJIacTepiB KpeMHe3eMy Ha iHTerpaJbHi
XapaKTepUCTUKH
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Posmipu modenvrux meepoux 4acmuHOK ma SUKOPUCTAHI Memoou KEAHMOGOI XiMil Modcymy eniueamu Ha
pe3yibmamu po3paxyHkie memooamu meopii pynxyionany eyemunu (T®I). [{ns moeo, wob npoananizyeamu egpexmu
pO3MiIpi6 Kiacmepie KpemHesemy, KilbKocmi cOpOO8AHUX MONEKYN 8OOU, NPOMOMHYEAHHSA MA OenpOmOHYEAHHS
CUNAHOIbHUX 2pyn, copoyii kamiona EU0dicena, okpemo yu conbeamoganozo, copoyii anionie F~ ma CI-, okpemo ma
CObBAMOBAHUX, 3A2aNbHUX colbsamayitinux egpexmis (3 SMD), o6yno euxonano T@I po3paxyHku 3 6UKOPUCMAHHAM
@yuryionany wB97X-D 3 bazuchum nabopom cc—pVDZ. Pospaxyuku ¢ynxyiil po3znoodiny 3apsoie (CDF), ximiunoeo
3cygy npomonis (SDF) ma inmezpanvhoi cycmunu enekmponnux cmanie (IDES) noxazanu, wo mani kracmepu 3 8 yu
22 oournuys (SiOy) modcyms dagamu MeHuw KOpeKMHI pe3yibmamu y NOPIGHAHHI 3 Oinbuumu Kiacmepamu 3 44 uu
88 oounuys. Lle moocHa nosicHumu mum, wo maui Kiacmepu KpemHesemy He Maoms 00CMAamHbOi MOMCIUBOCHE Os
Oenokanizayii HAOAUWKOBUX 3apsdie, w0 Npu3eoo0uUms 00 000AMKOB020 GUKPUBILEHHS eeKMPOHHUX CMAHIE 6Ciel
cucmemu. IDES € 6inow yymausumu 00 HAOMUWKOB020 3apsidy KIACMEPIE md MEHUl Yymausumu 00 eghexmis
conveamayii, Hioe CDF ma SDF. V yinomy suxopucmanus Kinekox munie @yukyit posnooiny, maxux sk CDF, SDF
ma IDES, 0o36o015¢€ ompumamu 6inbid 0emanbHy KapmuHy OJis 18U HA MeAHCAX NOOLLY OLis NOBEPXHI KpeMHe3eMy Oisl
HetUmpanbHux ma 3apsiodCceHUx CUCTeM.

Kntouosi cnoea: xnacmepu KpemHesemy, HeUmpanvHi copbamu, 3apsodiceHi copbamu, GYHKYil posnoodiry
amomuux 3apaoie, DFT memoo, conveamayivunuti memod SMD
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