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COMPARATIVE STUDY OF THE ELECTROSTATIC POTENTIAL OBTAINED WITH
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Semiempirical (INDO/2) and ab initio (STO-3G, 6-31G and 6-31G" basis sets) quantum chemical calcula-
tions were done on the cluster model of the tetrahedral silicate sheet [Siy Os Hy Joo. The quality and reliability
of electrostatic properties (charges from Mulliken population analysis and the electrostatic potential above
the basal ozygen atom) from these calculations are compared. The shape of the semiempirical INDO/2 elec-
trostatic potential for the tetrahedral silicate sheet is also compared with our previous results for a talc layer.

INTRODUCTION

Intermolecular interactions play an important role
in various physical and chemical processes (adsorp-
tion, diffusion, solvatation, nucleation, etc.). Interac-
tion potenials are often used as input data in sta-
tistical thermodynamic treatments and in evaluation
of thermodynamic functions and dynamic properties
of interacting systems [1]. Hence, for explantaion of
the mentioned processes, it is important to have these
interactions well described.

An intermolecular interaction energy is usually par-
titioned into the sum of several terms

Eint = Ec + Epot + Ep + Er + Echet (1)

where the first two terms (E. — coulombic and Epol
— polarization energy) are known to be of long-range,
while Ep, Er, Ech-1 terms represent short-range
forces rapidly vanishing with increasing distance and
correspond to dispersion, exchange repulsion, and
charge-transfer energy, respectively.

The coulombic contribution is (due to its long-
range character) an important and in some cases (e.
g. highly ionic systems) also the dominant part of the
intermolecular interaction energy (1). Thus, the im-
portance of having a reliable and well described this
contribution is obvious.

This part of the interaction energy can be evaluated
with using an electrostatic potential V(p(r)) that is
generated around each interacting charge distribution
with a correspondig charge density p(r).

At some point r; this potential is given as
Vi) = [Ir=rlp(r)don @)

The main problem in solving of equation (2) is the
determination of the charge distributions. Simple ap-
proximation to calculate the potential V(r) is to as-
sume point charges located at the centres of atoms,

hence reducing the integration to the sum of individ-
ual contributions of these point charges. Of course,
such calculated electrostatic potentials strongly de-
pend on the values of the pertinent point charges.
Those can be determined in various ways, leading of-
ten to ambiguous results. Moreover, the description of
the electrostatic potential near the atomic centers is
wrong within the point charge approach [2]. Another
way of the description of the electrostatic interaction
is to express it via the multipole expansion. The latter
leads to better results but calculations of this kind are
more difficult and are often accompanied with some
numerical problems [2].

In a quantum mechanical approach within the
Born-Oppenheimer approximation the equation (2)
can be rewritten into

V (Ti) = Z ZA

r; — RAl

where V(r;) is the rigorously defined expectation
value of the one electron operator 1/7. The first term
represents electrostatic contributions from the nuclei
of atoms located at positions R4, and Z4 is the nu-
clear charge of the atom A. The second term cor-
responds to the electrostatic term generated by the
electron charge distribution; the integration over the
whole space is understood.

Within the MO-SCF LCAO approximation eq. (3)
becomes

ZA
Vir:i) = Z m—

_ZZP,W/—————X“[Y)X” () g3,

i—rl

p(r) 43

i — 7l

3)

(4)

where {x} are the basis functions (atomic orbitals)
and P,, is the matrix element of the first-order one-
electron density matrix P and is obtained as

Py = QZcZicm (5)
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METHOD

The electrostatic properties (potenital and atomic
charges) for the cluster modelling the tetrahedral sil-
icate sheet [SioOsHy]Joo were calculated at the fol-
lowing levels: 1) semiempirical INDO/2, 2) ab initio
STO-3G minimal basis set, 3) ab initio 6-31G basis
set, 4) ab initio 6-31G™ basis set (polarisation func-
tions on all atoms). While in semiempirical methods
atomic orbitals are represented by Stater type func-
tions (Slater type orbitals - STO), in ab inito method
it si common that each atomic orbital is expanded
as a sum over some set of primitive Gaussian func-
tions (GF). The number of used Gaussian functions
‘s nsually included in the basis set description. Thus
the STO-3G set is the minimal basis set with each
atomic orbital (in this case STO) expanded by three
GF. 6-31G basis set belongs to split-valence basis sets,
vhere core atomic orbitals are expanded by one set
of prirmsive GF containing six functions and valence
rbitals are expanded by two sets of GF (the first
set consists of 3 GF, the second set consists of 1 GF,
respectively). As an ilustration, 6-31G basis set for
silicon atom consists of the following atomic orbitals
- a) core orbitals are 1s, 2s, 2p and each of them is
uescnbed with six GF. b) split valence orbitals are
3s, 3p and each of them is described with two sets of
GF (2,1). If, in addition, orbitals of higher angular
moementum than required by the minimal basis set
of 2 given atom are used (e. g. d orbitals for silicon
atom) an asterix is added to description of basis set.

The cluster (SigO18H12) was chosen as the model of
the infinite two-dimensional tetrahedral silicate sheet
[S1205Hs]co. This sheet represents the basis struc-
tural framework of layer silicates, hence it is well
suited also for a comparison with our previous calcu-
iations on the talc model. The size of the cluster (36
atoms) is a reasonable compromise between the relia-
bility of the model and computational demands. It is
represented by six ideal tetrahedra SiO4~* linked to-
gether over the bridging oxygen atoms, thus six mem-
bered ring with Cg, symmetry is formed (Fig. 1). The
bridging oxygen atoms — Oy, (also called basal oxygen
atoins) ite in one plane and form the oxygen atom sur-
face. On the opposite surface of the sheet there are
hydroxyl groups (Oa-H) perpendicular to the surface.
Dangling bonds on bridging oxygen atoms are satu-
rated in the bond direction by hydrogen atoms (Hy)

st keeping the charge neutrality of the cluster and
naking the system to be closed shell. The bond
cngth in tetrahedra d(Si-Q) is 0.1619 nm and the

J
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I'tg. 1. 36 atomic cluster of the idealized tetrahedral sili-
caic sheet (O, a- apical oxygen atoms, Op ~ basal (bridg-
ing) ozygen atoms, Hy — compensation hydrogen atoms).

bond length in the OH groups - d(OH) is 0.900 nm.
No attempt to optimize the geometry of the cluster
was made during any calculation.

The electrostatic potential for the cluster was cal-
culated in the direction perpendicular to the surface
of bridging oxygen atoms directly above one oxygen
atom with the step of 0.01 nm. In the vicinity of the

minimum of the potential curve the step was refined
to 0.001 nm.

RESULTS AND DISCUSSION

In Fig. 2 the comparison of the electrostatic po-
tential above the basal oxygen atom obtained with
semiempirical INDO/2 method and ab initio method
with mentioned basis sets is presented. It is evident
that in gross features all the calculated potential
curves are similar for the range of the calculations.
Qur potential curves can be compared with the poten-
tial above the basal oxygen atoms for the point charge
model of the idealized talc layer presented in the work
[17]. As expected, the potential from the point charge
model shows large discrepancy mainly near the oxy-
gen atom surface. For the point charge approxima-
tion no minimum on the potential curve is observed,
thus the potential remains attractive along the whole
distance from the oxygen atom. On the other hand,
quantum mechanical calculations give a minimum on
the potential curves (Fig. 1) and near to the surface
the potentials become repulsive.

In the detailed study of the potential curves form
(Fig. 2) one can see evident differences mainly in the
values of the minimum Vi, and slight shifts in its
position zmi, respective to the used method. The po-
sitions and the values of the potential minima for all

calculations are summarized in Tab. I. The tendency
to a slight shift of znin away from the surface with
the increasing quality of the used basis set can be
observed.

The differences in values of Vi,jn are much more
distinct. The semiempirical INDO/2 method gives
the highest value of the minimum, while the lowest
value of the minimum is obtained with the 6-31G ba-
sis set. Adding polarization functions on all atoms
(6-31G* basis set) shifts the potential curve between
the INDO/2 and 6-31G curves (see Tab. I and Fig. 2).
As expected, all ab initio potential curves lie below
the INDO/2 curve. This is caused by approximations
used in semiempirical INDO/2 method. This result
is in agreement with results in comparative studies
[3-14]. On the other hand, ab initio calculations with
the minimal basis set (STO-3G) and without the po-
larisation functions (6-31G) result in too deep elec-
trostatic minimum (Fig. 2). Adding the polarization
functions leads to more reliable and accurate results,
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Fiq. 2. The electrostatic potential curves above the basal
orugen atom of the cluster of the tetrahedral silicate shedt
obtained with various basis sets.
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Table 1.

The positions and the values of the electrostatic potential
minimum above the basal oxygen atom and the gross atomic
charges in the cluster of the tetrahedral sheet.

Method Zmin Vimin gross atomic charges+
[107"m)] V] Si O 0.
INDO/2 1.11021 -1.06984 | 1.270 | -0.610 | -0.506
STO-3G 1.02661 -2.64089 | 1.409 | —-0.667 | —0.643
6-31G 1.19594 -3.43399 | 2.275 | -1.147 | -1.076
6-31G* 1.22669 -2.34618 | 1.457 | -0.729 | -0.744

+ in the units of the electron charge

thus the 6-31G* electrostatic potential is believed to
be our best approach.

Supposing the 6-31G* potential is the most accu-
rate of our results, we will considered it for the pur-
pose of this comparative study as the reference. No-
tice that the differences

¢, INDO/2 6-31G*
“/min - Vmin

and

|‘/£;310 B Vrgi-;lsm"
are almost equal. From this poins of view the INDO/2
and 6-31G results are of comparable quality.

The similar comparison for atomic charges is even
less favourable for ab initio results (see. Tab. I).
There are dramatic differences in the obtained atomic
charges depending on used basis set. For example for
Si the difference in the atomic charge between 6-31G
and 8-31G* is about 0.8 electrons. Incorporation of
the polarization and diffuse functions causes spread-
ing of the charge distribution farther out from the
nuclei. For this reason not only the value of the mini-
mum is changed but also the effective atomic charges
are of lower value than those obtained with standard
basis sets.

Comparison of the INDO/2 atomic charges with
6-31G* atomic charges (again considered as the ref-
erence state) evidently shows that the INDO/2 values
are closer to the reference state than the 6-31G val-
ues. Therefore, in this case the discrepancy in the val-
ues of atomic charges from ab inzizo calculations with
basis sets without polarization or diffuse functions is
greater than for semiempirical calculations. The large
values of the 6-31G atomic charges might indicate al-
most an ionic character of bonds in terahedral silicate

sheet, but it is well known that in silicate structures
the bonds are covalent with a polar character. The 6-
31G* values of the atomic charges evidently confirm
this polar covalent character of bonds in the silicate
sheet.

The obvious consequence of these results is that
for obtaining more reliable and accurate electrostatic
properties of silicates the inclusion of polarisation
and/or diffuse functions into the ab initio basis sets
of all atoms turns out to be unavoidable. Our results
have shown, that semiempirically obtained values of
electrostatic properties are almost on the same level
of reliability as the ab initio results with basis sets
without polarisation functions; for atomic charges
the semiempirical results are even better. Moreover,
semiempirical results were obtained more effectively
and are less time consuming than the ab initio ones.

The semiempirical INDO/2 electrostatic potential
above the cluster of the silicate sheet was also com-
pared with the potential calculated in our previous
paper [15] for the cluster of talc with idealized struc-
ture (details of the talc model are described in [15]).
Both potentials are shown in Fig. 3. One can see that
near the cluster surfaces both curves are almost iden-
tical up to the distance of about 0.25 nm. This is
evident also from Tab. II, where the positions and
the values of the potential minima for both systems
are presented. Up to the above mentioned distance
the electrostatic potential is fully governed by the
charge distribution of the surface oxygen atoms. In
the medium and large distance from the oxygen atoms
surfaces the difference between the potential curves is
increased, hence the influence of the octahedral sheet
and the second tetrahedral sheet in the talc layer is
felt. As can be seen from Fig. 3 the electrostatic po-
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Fig. 3. The INDQ/2 electrostatic potentials above the
basal oxygen atoms of the cluster of the tetrahedral sili-
cate sheet (TSS) and above the basal ozygen atom of the
cluster of the talc layer (TL).

tential for talc layer vanishes more slowly than for the
tetrahedral sheet.

CONCLUSIONS

In the presented paper the electrostatic propertiss
(Mulliken atomic charges, electrostatic potential) of
the cluster of the tetrahedral sheet obtained with
semiempirical INDO/2 method and ab initio method
with several basis sets are compared. The gross fea-
tures of the electrostatic potential above the surface
of the basal oxygen atoms are preserved for all used
methods and basis sets. The main differences are
in the value of the potential minimum and in the
values of the atomic charges. The discrepancies for
the INDO/2 and 6-31G electrostatic potential mini-
murm are of a comparable magnitude. For the atomic
charges the INDO/2 results are even better thau the
6-31G ones. Consequently, on the level of SCF ab ini-
tio calculations more reliable and accurate results of
the electrostatic properties of silicate systems can be
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Table 11

The positions and the values of the INDO/2 potential
minima above the basal oxygen atom for the cluster of
the tetrahedral silicate sheet (TSS) and for the cluster of
the talc layer (TL).

Zmin Vmin

[107%m] V]
TSS 1.11021 -1.06984
TL 1.11024 -1.08871

achieved only with using more complete basis sets
with polarization and/or diffuse functions. On the
other hand, using the well-parametrized semiempir-
ical methods for these silicate systems can often lead
to more effective and reliable calculations of the men-
tioned properties than using the minimal basis sets
in ab initio calculations. Moreover, for such large sys-
tems as the silicates are, the use of large basis sets is
usually computationally hard to manage.

The comparison of the electrostatic potentials
above the basal oxygen atom for the silicate sheet
and for the talc layer shows the dominant influence of
the electron charge distribution of the oxygen atom
on the potential near the surfaces of both clusters.
The influence of the octahedral sheet and the second
tetrahedral sheet in the talc layer on the potential
becomes more evident in the medium and large dis-
tance from the layer surface. In these distances the
electrostatic potential becomes the dominant part of
the whole interaction potential.

Finally, we would like to remark, that for the cor-
rect description of the whole interacting potential in
the region close to the surface the short-range terms
Ep/ Er (eq. 1) should be also considered.
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POROVNAVACIE STUDIUM ELEKTROSTATICKEHO
POTENCIALU, VYPOCITANEHO POUZITIM ROZNYCH
BAZ PRE KLASTROVY MODEL TETRAEDRICKEJ

DanieL TUNEGA, LabisLav Turr NAGY, STEFAN -
VARGA

Ustav anorganickej chémie SAV, Dibravskd cesta 9, 842
36 Bratislava, Slovenskd republika

Pre klastrovy model tetraedrickej vrstvvy [Si2OsHz]oo
sa porovnali elektrostatické vlastnosti — Mullikenove ato-

marne naboje a priebeh elektrostatického potencidlu — zis-
kané ab initio vypoctami za pouzitia roznych bz a tiez se-
miempirickou INDO/2 metédou. Vsetky pouzité metddy
reprodukuji hlavné ¢rty elektrostatického potencidlu nad
vrstvu bazdlnych kyslikovych atémov. Hlavné rozdiely sa
nagli v hibke minima potencidlu a v hodnotich atomadr-
nych ndbojov. Spolahlivé hodnoty nabojov v priebehu
elektrostatického potencidlu pre silikitové systémy posky-
tuji na SCF trovni ab initio vypocty v rozsiahlych ba-
zach, zahrhajicich aj polariza¢né funkcie. Odchylky od
hodnét, poskytovanych takymito vypoctami, si v pripa-
de semiempiricke] INDO/2 metédy v absolitnej hodnote
zhruba rovnaké, ako pre vysledky, ziskané v baze 6-31G,
pricom znamienka odchyliek si opacéné.

Zaujimavé je zistenie, Ze dobre parametrizované se-
miempirické metédy mézu pre silikatové systémy poskyt-
nif zhruba rovnako dobré vysledky pre elektrostatické
vlastnosti, ako poskytuji ab initio vypocty v malych ba-
zach, pricom semiempirické vypocty si vacsinou rychlej-
sie. V situdcidch, kde pre riesenie konkrétneho problé-
mu treba castokrat pouzif velké klastrové modely, neu-
moziujice vypocet ab initio v dostatoéne velkej baze, je
toto zistenie ddlezité. Rovnako dolezité je zistenie, ze hod-
noty elektrostatického potencialu budi semiempirickymi
metédami nadhodnotené priblizne rovnako, ako by boli
vypoctom v malej baze podhodnotené.

Obr. 1. 36 atémouy klaster idedinej tetraedrickej siete (O,
— vrcholové atomy kyslika, Oy — bazdlne atémy kyslika,
Hy - kompenzaéné atémy vodika)

Obr. 2. Elektrostatické potencidlové krivky nad bazdlnym
atdmom kyslika z klastra tetraedrickej silikdtovej siete
ziskané s réznymi bdzams.

Obr. 3. Priebeh elektrostatickych potencidlov nad bazdl-
nym atémom kyslika z klastra tetraedrickej silikdtovej
stete (TSS) a nad bazaldnym atémom kysléka z klastra
izolovanej vstvy mastenca (TL) ziskané semiempiric-

kou INDO/2 metddou.

Ceramics — Silikdty ¢. 3-4, 1994



