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Semiempirical (INDO/2) and ab initio (STO-SG, 6-31G and 6-31G* basis sets) quantum chemical calcula-
tions were done on the cluster rnodel of the tetrahedral silicate sheet [SizOsHz]6. The quality and reliabili,ty
of electrostatic properties (charges from Mulliken population analysis and the electrostatic potential aboue
the basal oÍagen atom) from these calculations are compared. The shape of the semiempiricat IND7/2 elec-
trostatic potential for the tetrahedral silicate sheet is also compared, with our preuious 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 = E. * Epor * Eo * En * Ecn-r (1)

where the first two terms (E'. - coulombic and Bpor

- polarization energy) are known to be of long-range,
while Ep, En, Ecy,-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 rs this potential is given as

r
V (r;) - I lro - ,l-r p (r) d3r (2)

J

The main problem in solving of equation (2) is the
determination of the charge distributions. Simple ap-
proximation to calculate the potential 7(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 v/ays, 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 problemr [2].

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

v(r,)=t t:zo= ,- [J!)-6", (B).\ú/ u|,,_P-a| J |, -r|*'
where V(rr) is the rigorously defined expectation
value of the one electron operator If r. The first term
represents electrostatic contributions from the nuclei
of atoms located at positions -Ra, and Za is the nu-
clear charge of the atom Á. 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

V (rt)- f -!I---\./ ulrr_P-al

-'Do,,Í#yo,,
where {X} are the basis functions (atomic orbitals)
and P1r, is the matrix element of the first-order one-
electron density matrix P and is obtained as

P1,,=2tcitcu,
i

(4)

(5)
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It is eviclent frorn eq. (4i and (5) tliat the quality
an.el reliabilit,;: oť the '*}ecťrcsťaťic potential ,'i {r;) de-

}:c:itŤs ''in:h,e .*errsit'3; .'iriatli-;l P.lii.j *n the ,ll]:.']ity Cf
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sůu'dies, 1.}t.' 5,ro;.s ťca[ilres cť iscp,--'{-ential nlapS áIo.j

silapes of potential h;,,persurf;",ce ťor each rnolectllii,r
s;lstt:ffir are weli reproiuced b'or alrv llsed cluantum me-
chanical tneth, cls. |{everttreless, in details (p'rsitions
and vaiues of extrema) there are .:ťten greai cliffer-
ences bettveen the approach** |.!wíne selnierr'piri.:ol
i:r;lt,!tu;c{s (ro'i"inl.y CNDíJ and l}1ljo) give co';;rs'dai-

able di{ťeřÚ'rc€s of ca'iculated ..'all.les contrary tc thc
results ťroril aitcther serniernpii:ilcai (e. g. }líiiDÚ or
Ál'{t) or ab ert'itio ntr:tr}iods [i1_-I4]' Tiris is i-autsed

by the ťact, slrat lrr the Cl'{Do,il}{t,o appr.-)xirnatron
at*rnil clearge tii.stributions tenr* io rerriairr rather
spherical}}.' averaged. [14]. T}re NIi\Do/A}Á] poten-
tials have l"rigtier quality than CI{DO/INDO cnes and
ean l-re comrpare.l alsr, rro cleia,is wltlr good, ttb ini-
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oťten h a;.r' p etrs t.}rai p o teni i ais,:Lr.i.r,r rted wit}r in j-riirnai

lras;us s*t anci CiIDGT1NDO potentials have siinilar
quality. Thereťore, ťor o.bt,a.ning relíable electrosta.bic
pctenůia} by ci& i,ni{,ia ca.[n.'*iai,..;n:', ít is rrnavc;da"ble t,c

t,ake large ř;*sís sens '',;iin i;*iari;ai,ton and/cr difii:''
sion ťunct.iorus on all at,r'illrs LI3. 1,4]. Sirlri}erh", ',.alu"Ies

oť the charges evaluat.eci fri::ri ah inztio calcr;]"a[ioios

are a!s<l strcllgly depe*iled on '*g*cl basis set,s" {i ís
quite interesrng, however, that ci'arges ťi-rn sel.luierr-

perica,l calculaťions are oťten rorirpaiable with c}rarges

*bt,ir:ned using {,hi: ri..' j::.,i l'i;;:.. se is ili ;* á:zi'ti: r,ai-

cuXations.
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Ůtrle INscf2 e}ectrr:statil pol,"iiťials catrc.triat,*d above
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ťace of ,:he cr;vstai oť .;he pir;,ilcsl'lícate mine.t"al. taic.
I{owever, as sel:r"iernpiri;etr results a.ťe Úfien }ocked at
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rylethtrds ťroin, ille i.roin'i uf vi*w *ťeleetll:s.íatic pcř"cn-

tíatr catrcuíat.icns Čit á s;t.:i;l'-*l.i ťiagr*el"t cť a ;ilicat,e
}ayer oť a slge lnar:agČítbit ais; b;' ;} i';;,iť,i'.'rletho.*.

The quality oť poťer'tials :btained tri..t"rr INDO and
í{artree.F.ock aĎ ir,ilau tatrcu'.íi;ir* ťur a itiicil sili;*te
structure is contpat'rd iil tli.: ti*ieir{: paper, ?"}re effec-

tive ator'i.ric charges ťrclti }vf ;lllke;r p-prili'iiori analy.

sis are also compared and a correlation between their
values and the values of the electrostatic potential
minimum is shown. Finally, the INDO/2 potentials
for the cluster of the isolated idealized talc layer [15]
and for the tetrahedral silicate sheet are compared.

METHOD

The electrostatic properties (potenital and atomic
charges) for the cluster modelling the tetrahedral sil-
icate sheet [Si2OEH2]oo 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),ín 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
is :rsually included in the ba'sis set description. Thus
the STO-3G set is the minimal basis set with each
aiomic orbital (in this case STO) expanded by three
GF . 6-3lG basis set belongs to split-valence basis sets,

'',ďh,][e core at.:mic orbitals al.e expanded by one set

':f prirnitive GF containíng six firnctions and valence
,crbitals are expanded by two sets of GF (the first
set consists of 3 GF, the seconcl set consists of 1 GF,
:espectively). 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
,lescribed with six GF. b) split valence orbitals are
3s, 3p and each of them is described with two sets of
GF (.1,1). Iť, in addition, orbitals of higher anguIar
rncrnentum than required by Lhe minimal basis set
of a, given atom are used (*" g. d orbitals for silicon
atom) a,n asterix is added to description of basis set.

The cluster (Si6OlsHrz) was chosen as the model of
the infinite two-dimensional tetrahedral silicate sheet

[Si2O5H2]oo. This sheet represents the basis struc-
tural framework of layer silicates, hence it is well
rsuited 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-
biiity oí the model and computational demands. It is
represented by six ideal tetrahedra SiOa-a linked to-
gether over the bridging oxygen atoms, thus six mem-
bered iíng with C6g sýmmetry is formed (Fig. 1). The
brioging oxygen atoms - Ou (also called basal oxygen
atoins) íie in one plane and form the oxygen atom sut-
dace Ún the opposite surface of the sheet there are
nydroxyi groups (O"-H) perpendicular to the surface.
Dangling boncis on bridging oxygen atoms are satu-
rate.l !n tiie bond direction by'hydrogen atom. (Hrr)
ťcl keepirlg +"}ie c}:arqe neutrality of the cluster ancl
{br making the system to be closed shell. The bond
leirqth in tetrahedra d{Si-O) is 0.1619 nm ancl the
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O% o0b xsi 'Hk

I;'rg. 1. 36 atonric cluster of the idealized tetrahedral sili-
<:uÍe slt,eet (O* o. apical oÍygen atams, cv _ basal (bridg-
ing) oxygen atonrs, I{y - contpensation hydrogen atoms).

bond length irr the OH groups - d(OH) is 0.900 nm.
No attempt to optimize the geornetry of the cluster
was nracle cluring any calculation,

The electrostatic potential for the cluster was cal-
culatecl in the clirection perpendicular to the surface
of briclging oxygen atoms directly above one oxygen
atorn with the step of 0.01 nm. In the vicinity of the
minimum of the potential c.urve the step was refinecl
{,o 0.001 nrn.

RESULTS AND DISCUSSION

In Fig. 2 the comparison of the electrostatic po-
tential above the basal oxygen atom obtained with
semiempirical INDOI2 rnethocl ancl 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.
Our potential curves can be comparecl 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
rnodel 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 ťrom the oxygen atom. on the other lrand,
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 clifferences mainly in the
values of the minimum Vrp;n and slight shifis in its
position zmin respective to the usecl methocl. The po-
sitions and the values of the potential minima for all

calculations are summarized in Tab. I. The tenclency
to a slight shift of z,,'qn away from the surface with
the increasing quality of the used basis set can be
observed.

The differences in values of 7-i. 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 6-3lG ba-
sis set. Adding polarization functions on all atoms
(6-31G. basis set) shifts the potential curve between
the INDO 12 and 6-31G curves (see Tab. I and Fig. 2).
As expected, all ab initio potential curves lie below
the INDO f 2 auve. This is caused by approximations
used in semiempirical INDO12 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 (6-3lG) result in too deep elec-
trostatic minimum (Fig. 2). Actcling the polarization
functions leads to more reliable and accurate results,

0.00
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0CI0 1"00 zn 3CI0 4m 5.m 6m
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Fig.2. The electrostatic potential c?tru('s rtltot't llrt lttrsrrl

oÍuqen atom of the cluster of the tetraltt,rlrrtl ,stlt,',tl, ',lt,, !
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Method Z^in V*i., gross atomic charges+

[t o-10 m] IV] Si Ou o"

rNDO/2
STO-3G
6-31G
6-31G*

I

I

1

1 1021

02661
19594
22669I

-1.06984
- 2.64089

-3.43399
-2.34678

1 270
409
275
457

I
2

1

-0
-0
-1
-0

610
667
r47
729

-0.506
-0.643
-1.076
-0.744

Table I.

The positions ancl the va"lues of the electrostatic potential
minimum above the basal oxygen atom and the gross atomic

charges in the cluster oí the tetrahedral sheet.

* in the units tif 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

,Y /í]"{Do/2 r16-3lG. t

lv*,n - vmin 
I

and

lirj;tt" - vjgstc''

are almost equal. From this point, of, view the II'{DO/2
and 6-31G results are of compara,ble quality.

The similar comparison for atomíc 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 6-3trG* is about 0,8 electrons. Incorporation of
the pcllarization and rliffuse functioÍ}s {auses sprc:ird

ing of the charge distribution farther out frorn the
nuclei. For this reason not only the value of the mini-
Ínum is changed but a}so the effective atomic charges

are of lower value than those obtained with standard
basis sets.

Comparison of the INDO f 2 atomíc charges witlr
6-31G. atomic charges (again consiclered as the ref-
erence state) evidently shows that the INDO/Z values
are closer to the reference -qtate than the 6-31G val-
ues. Therefore, in this case the discrepancy in the vai-
ues of atomic charges frorn ab i,nitio calculations with
basis sets without polarization or ďiffuse functiurrs is
greater than for semiempiricai caicuiations. 'l'lie large
values of the 6.3lG atomic charges rníght indicate al-
most an ionic character of bonds ln {,erahedrai silicato:

sheet, but it is well known that in silicate structures
the bonds are covalent with a polar character. The 6-

3lG* 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 aĎ 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 aó 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
fe'lt. As can be seen from Fig. 3 the electrostatic po-
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['ig. ,3. The. INDC/2 electrostatic potentials aboue the
basal osAgen atcms of the cluster o! the tetrakedral sili-
cate .sheet (TSS) and aboue the basal orAgen atom of the
cluster of tke talc lager (TL).

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

CONCLUSIONS

Irr the presented paper the electrostatic properti:s
(Mulliken atomic charges, electrostatic potential) of
the cluster of the tetrahedral sheet obtained with
senriempirical INDO/2 rnethod 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 r:f the potential minimum and in the
values of the atomic charges. T'he discrepancies fi-ir
the INDO l2 and 6,31G electrcstatic potential minr-
murn are oť a comparable nragnitude. For t}re atonric
charges the INDO/2 results are even better than tire
6-31G ones. Consequently, on the level of SCF ab ini-
Íio calculations more reliable and accurate results cf
the electrostatic properties of silicate systems can be

Table II"

and the values oť the INDO/2 potential
the hasal oxygen a.tom for tlae cluster of
siiicate sheet (TSS) and for the cluster of

the talc layer (TL).

r7
L7a v*

TSS
TL

ř. n_10 1

L r'-r nt.j

1.XiE21
1"17824

tVl
-1.06984
-1.08871

achieved only wit;tr using rř}ore corrrplete basis sets
witir polarization and/or diffuse functions. On the
other liand, using the well-parametrized semiempir-
ical methods for these silicate systems can often lead
to rnore effective and reliable calculations of the men-
tioned properties than using the minimal basis sets
in ab indtio calculai;ions. $,{oreover, for such large sys-
tems as the silicates are" the use of large basis sets is
usually carnputationally harci to rnanage.

The comparison of the electrostatic potentials
above the basai oxygen atom for the siiicate sheet
and for the talc layer shows 'i"lie dorninant influence of
the electron charge distribution of the oxygen atom
on the potential near the surfaces of both clusters.
The inÍluence of tlie octahecirai sheet and the second
tetrahedral sheet in the taic iayer on the potential
becomes rnor€ evident iri t,he mediurn ancl large dis-
tance from tlre layer suríaca:. In these distances the
eiectrost,atic potential becornes the dominant part of
the rvhole intera,ction potential.

Finally, we would like to remark, that for the cor-
rect description of the whole interacting potential in
the regiorr close to the surťace the short-range terms
Ep, Es ("q. 1) should be also considerecl.

.a ckn,qusledgement

'lhis vrorl< rpas supported, in part, by Slovak Grant
Aqenc''v ťcrr Science (grant }Io 2/999434193).

Reíerences

[l'] \,iegné-I,',Iacrler. F. and ;turotlx, A., J' Phys. Chem.
9l"3|'.; ít33|,)

[?.1 Larsr-;i, E. C.,l.i ],{. and Lanscn, G"C., Int. J. euant.
{lhcrn": Qla:t. flhem. So,:npnsirern 26,lB7 (1992)

[.3.] r]i.',n-.i:r'-Piri,tre, {Jr- and Frti}man, A., Theor. Chim.
A".::tr 25.83 íi9??)

[+.] Giessn*.-pn"ltr*, l" onol Frrllman, A., Theor. Chirn.
Acta.?,3,91 {1974)

[5.] {}iessner-Frett,re. C" anrl Fullman, A.. Theor. Chim.
Actii 37, 33,5 íi975 j

The positiorrs
miniina above

the tetrahedrai

Cerannics - Silikáty č. 3-4, 1994



t72 D, Tunega, L, Turi Noga, Š. Va,go

[6.] Osnran, R. and Weinstein, H., Chem. Phys. Letters
49, 69 (1977)

[7 ] Eclwards, W. D. and Weinstein, H., Chem. Phys. Let-
tc'rs .í6, 582 (1978)

[8.] Petrongolo, C)., Preston, H. J. T. and Kaufman, J. J.,
Tnt. J. Quant. Chem. 13,457 (1978)

[l ] Ranlos, M J. and Webster, 8., J.Chem. Soc. Faraday
.l.ralts' |Í 79, 1389 (19s3)

[10.] Webster, B., Hiczer, M., Ramos, M. J. and
C)arnrichael, J., J. Chem. Soc. Faraday Trans. II 81,
1761 (1e85)

[ll.] Oroczo, M. and Luque, F.
160, :tls ( 1989)

[12 ] l,urpre, If . .f . and C)roczo,
169,269 (1990)

J., Chem. Phys. Letters

M., Chem. Phys. Letters

[13.] Luque, F. J., Illas F. and Oroczo, M., J. Comput.
()heln. 1Í , 476 (l990)

[t+.] Alkorta, I., Villar, H. O. and Arteca, G. A., J. Com-
put. Cherrl. 14,530 (1993)

[15.] Tunega, D., Turi Nagy, L' and Varga, Š., Chem. Pa-
pers 17,273 (1993)

[16.] Trrnega, D. and 'luri Nngy, L., Chem. Phys. Miner.,
accepted (1993)

[t7.] Bleam W.: Clays & Clay Miner. 38,522 (1990)

Submitted in English by the authors

PoRoVNÁVAClE šTÚDlU M ELEKTRoSTAT|CKÉHo
PoTENC|ÁLU, VYPoČíTAruÉHo PoUŽ|TíM RÓztvvcH

aÁz pnE KLASTRoVÝ MoDEL TETRAEDRICKEJ
VRSTVY [Sizos Hz]Ň

DaNipt, Ti-rxrEGA, Lanrsr'av Tunr NAGY, Šrpr'aN,
VaRca

Ústau anorganickej chémie SAV, Dúbraaská cesta 9, 8/12

36 Bratislaua, Sloaerlská republika

Pre klastrový model tetraedrickej vrstvvy [SizosHz]m
Sa porovnali elektrostatické vlastnosti _ Mullikenove ato-

márne náboje a priebeh elektrostatického potenciiílu _ zís-
kané ob initio výpoČtami za pouŽitia rÓznych báz a tieŽ se-
miempirickou INDo 12 metódou. Všetky použité metódy
reprodukujú hlavné črty elektrostatického potenciiílu nad
vrstvu bazálnych kyslftových atómov. Hlavné rozdiely sa
našIi v hlbke minima potenciá}u a v hodnotách atomár-
nych nábojov. Spolahlivé hodnoty nábojov v priebehu
elektrostatického potenciálu pre silikátové systémy posky-
tujú na SCF úrovni ab initio výpočty v rozsiahlych bá-
zach, zahÍňajúcich aj polarizačné funkcie. odchýlky od
hodnót, poskytovaných takýmito výpočtami, sú v prípa-
de semiempirickej INDo/2 metódy v absolútnej hodnote
zhruba rovnaké, ako pre výsledky, získané v báze 6-31G,
pričom znamienka odchýliek sú opačné.

Zaujímavé je zistenie, Že dobre parametrizované se-
miempirické metódy móžu pre silikátové systémy poskyt-
núť zhruba rovnako dobré výsledky pre elektrostatické
vlastnosti, ako poskytujú ob initio výpočty v mďých bá-
zach, pričom semiempirické výpočty sú váčšinou rýchlej-
šie. V situáciách, kde pre riešenie konkrétneho problé-
mu treba častokrát pouŽiť velké klastrové modely, neu.
moŽňujúce výpočet ab initio v dostatoč''" 'r,"Ík"j báze, je
toto zistenie dóleŽité. Rovnako dóleŽité je zistenie, že hod-
noty elektrostatického potenciríJu budú semiempirickými
metódami nadhodnotené pribliŽne rovnako, ako by boli
výpočtom v malej báze podhodnotené.

obr. 1. 36 atómouý klaster ideálnej tetraedrickej siete (o"
_ urcholoué atómy kyslíka, ot - bazólne atómy kyslíka,
Hu _ kompenzačné atómy uodíka)

obr. 2. Elektrostatické potenciáIoué kriuky nad bazólnyrn
atómom kyslíka z klastra tetraedrickej sili,kátouej siete
získané s róznymi bázami.

obr. 3. Priebeh elektrostatických potenciálou nad bazáI-
nym atómom kyslíka z klastra tetraedrickej silikátouej
siete (TSS) a nad bazaldnym atómom kyslíka z klastra
izoloaanej ustuy mastenca (TL) získané semiempiric-
kou INDo/2 metódou.
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