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In the first paper of this series, we will describe a method, called effective group potentials (EGP), aimed at
simplifying molecular ab initio calculations for large systems involving bulky ligands as long as these ligands
can be supposed to play the role of spectator groups. This method should be applicable to all types of bondings
between active and the spectator parts. The different steps used in the definition of the EGP are closely
related to those used for atomic effective core potentials (ECP) which are commonly used with great success
in ab initio calculations involving heavy atoms.

1. Introduction demanding four component methods corresponding to the
Dirac—Fock equatior?:®

3. For atoms on the left side of the Mendeleev classification
where the number of valence electrons is small, effects involving
core polarization and corevalence correlation could not be
N included in the original ECP approach which is limited by a
frozen core approximation but different authors have proposed

There is always a great interest for pushing upward the
feasability limits for ab initio calculations. This impulse is
responsible for the development of new methods and new
programing which have, along with a rapid evolution of
computer technology, profoundly extended the possibilities o
ab initio methods. For large molecules, it has been recently - - . . .
claimed that calculation times should increase as slowly!dd semiempirical correctiori$ which enable extremely precise

where the basis set sidis related to the number of electrons ~ calculations of ground and excited states to be perform&d.

in the system. Nevertheless, there is still a pressing need for Successes of ECP are based upon the separability of core
reducing the computational effort by reducity, either for and valence orbitals, from both energetic and spatial points of
very large molecular systems or to allow a full exploration, view. Whenever one of these criteria is not fulfilled, applications
possibly linked to dynamical studies of the potential energy May run into troubles. For instance in transition metal atoms,
surface. By large molecular systems, we mean polymers and/With a valence configurationd® (n + 1)st or naP™* (n + 1),

or biomolecules for which ab initio calculations are still a “tour N = 3—5, thend orbital describing the open d shell is very
de force”. By dynamical studies, we mean that the difficult and contracted and is localized in the same region of space as the
cumbersome step of a potential energy surface fit might be innerns andnp shells. The large core ECP, for which these
skipped by on-the-fly calculations of both the total energy and innerns andnp shells are included in the core, have been shown
if needed, first and second-order derivatives of the energy with t0 give appreciable differences with respect to all electron
respect to nuclear coordinates. calculations'

Many years ago, the chemical evidence of the small influence  In view of the great successes of ECP methods, it is tempting
of core electrons on many molecular properties lead to the theoryto propose another simplification, valid for large molecular
of effective core potentials (ECP), which has been brought to a Systems. In many cases it has been recognized that chemical
very high level of accuracy. The most recent improvements phenomena are well localized in some active and relatively small
follow. part of the molecule. This consideration is the basis for the

1. The main weakness of ECPs for transition metal atoms, classification of molecular systems in families whose members

lanthanides and actinides (i.e., the incorrect reproduction of the only differ by some substituent groups around a central atom
small energy differences between the first excited states andor & central group of atoms. Members of the same family must
the ground state) has been satisfactorily soR&d. exhibit similar chemical pr_operties but therg still exist differences
2. It has also been shown that relativistic ECPs which directly Which correspond to different electronic structures of the
include the largest mean scalar relativistic corrections during Susbstituent groups. For instance, such notions as “electron rich”
the parametrization step of the effective poteftiate the or “electrc_)n def|_0|ent" groups are very_useful for rationalizing
simplest way to study large molecular systems with such heavy the substituent influence upon the active center. To reproduce
atoms. It has been proved in many cases that results are in Ver;hese small variations in ab |n|t|o'calculat|0ns is not an easy
good agreement with the more exact but much more computertaSk unless we are able to deal with a complete description of
the molecular system.
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atoms of the active site and the modeled part of the system are N
introduced with a classical molecular mechanics force field. W,s= 0 [Z(ZJJ- —Kj) = V.dO (6)
Applicationg31*have shown that the IMMOM approach really 7
improves the description of the molecule especially if large steric
effects are present. In the approach developed ByyTéteal. 15 O= lepfﬂsgql)@:ql (7)
the linking bond is replaced by an hybrid orbital frozen in a pa
specific situation.
For more complicated situations, we can look for an atom or Spq = prqm 8

a small group of atoms which have approximately the same |f we solve eq 1 for then, active electrons only, we must

electronic structure as the original one. Recently, some %f us add the projection operator onto the occupied atomic orbitals
have followed the suggestion by Steigerwald and Goddand i to the definition of the Fock operator:

replace cyclopentadienyl (Cp) substituent by a Cl atom in
theoretical studies of trihydrides complexes of Nb and Ta i
((CpXMHs, M = Ta, Nb). A thorough comparison led us to P=- ZZVP@@OJ 9)
the conclusion that even if the optimized structure of theH4 J
part of the (CpM —Hs is not strongly affected, charge distribu-  in order to prevent the collapse of the active electron orbitals
tions and energy differences between different minima are not onto the frozen orbital space. Since it is impossible to use a
precisely reproduced. complete basis set in practical calculations, the poteltigis

The purpose of this work is to develop a new method called chosen to minimize the error due to the use of a finite basis set
Effective Group Potential method (EGP), closely related to the {XP} In many methods, the partial screening of the nuclear

ECP technique. The main goal of our approach will be the charge by the core electrons is taken into account, by defining
reproduction of subtle electronic differences between different

substituents, which will be out of reach for the simple methods V.= — 2

mentioned above. Preliminary results were recently publidhed. ad™ R (10)

whereZf is the partial nuclear charge corresponding to rihe
) _ ) ) frozen electrons. The screened potentdll. = —Z/R +
To give a clear presentation, we shall first recall the different Y23, spherically symmetric and exponentially decreasing,

f ]
approaches used for atomic cores. As usual we start from thejs’ easily fitted by a small number of terms. The projection

Hartree-Fock approximation which giveatomic orbitalsg; operatorO is used only for the exchange part and the effective
andorbital energies; as solutions of the system of equations: potential is

2. Effective Potentials for Atomic Cores

Fo, = €, i=1n (1) nf
I Wy =W+ O(H —K)O (11)
wheren is the total number of electrons and the Fock operator !
F is defined as 1 72 M
FP=—A——+ Y2 -K)+W +P (12)
1 Z 2 R £ J ] p
F=——A——+Z(2J1—Kj) (2) )
2 R 4 The truncation error due to the incompleteness of the basis

set used for definin@ is then considerably reduced.

and the operator§ andK; are 2.2. Shape Consistent and Energy Consistent Potentials.
In these methods\,s is not intrinsically defined by (6) but
_ * 1 extrinsically by conditions imposed on the solutions of (5). In
(D) f dr¢;(2) (p'(z)r_lz(p'(l) ®) the shape consistentersions?%2! the conditions are

F9=eqP® i=1,n 13
K1) = [ dry ¢1(2) 220, (0) (4) e : 13)
12 ¢i is the orbital energy of the correspondiregl valence orbital

@i andgis a so-calledalence pseudoorbitathich fits g; in
the valence region. For each symmetry, the lowesdence
pseudoorbitalis nodeless. The specification of the valence
pseudoorbital is sufficient to fix the form &%ps completely. In
the energy consistentersiorf, no condition is imposed for the
solutions of equation 13 but the latter is solved not only for the
ground state but also for a selection of excited states/gjds
where the sum overruns only over the, active electrons and d_etermined to reproduce aII-eIectrc_m results for the energy
the effective operatots is supposed to mimic the interaction _dlfferences between gr_ound and _excned states. The correspond-
between active and frozen electrons. The supplementary operatol"d valénce pseudoorbitals, solutions of eq 13, are also nodeless
Vagis adequately defined to facilitate the definition\s and ~ and very similar to the orbitals in the shape consistent version.
will be explicitly defined in the following sections. Equation 5  11iS IS probably due to the specific choice of the analytic form
is the common starting point for all methods. of the operatoMs

2.1. Model Potentials.In the first group of method¥, W
is directly fixed to reproduce the Coulondpand exchang;
operators corresponding to frozen electrons. Introducing a If the total Hartree-Fock wave function can be split into two
complete set of orbital§yp}, Wps is defined as parts, according to the theory of separability of a many electron

We further split the set of orbitals into activig and frozenny
orbitals o = n, + ny) and rewrite the Fock operator as

Na

1z
F=—5A—E+ JZ(zJj —K)+ Vgt Wy (5)

3. Extension to Groups of Atoms
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system developed by McWeeny and Kle#feand Huzinag&? SiH bonds, the active group containing only one SiH bond. The
quality of the comparison between exact (i.e., results obtained
Y= NA (W W) (14) with all electrons in the active set) and EFP results is good,
and shows that EFP might be a useful tool for molecular
an effective group potential (EGP) for the spectator group calculations.
described by the functiol; can be developed in away similar  Katsuk?® has proposed the extension of the model potential
to the model potential approach. If the spectator group is an approach to the case of a nonspherical and chemically bonded
atom, the method is exactly equivalent to the atomic core spectator group, like COOH in the GEOOH, CHCH,COOH
treatment, with the only difference that the summation of (6) and CHCH,CH,COOH molecules. He defined four different
runs over all the electrons of the spectator group. For instance,EGP corresponding to frozen electrons in different sets of MO
Barandiaran and Seft have used this approach to produce obtained in an open shell calculation of the COOH radical: (1)
embedding potentials used in solid-state calculations. If the the three 1s orbitals on C and O, which corresponds to the usual

spectator group is a molecule, the definition \8fy is not definition of a model potential for core electrons; (2) the five
straightforward. In a first seminal paper, Mejias et%ahave lowest molecular orbitals; (3) the six lowest molecular orbitals;
extended the model of EGP to a polycentric spectator group in (4) the nine lowest molecular orbitals.

the case of intermolecular interactions. Sanz and colle&gdés The performance of these four definitons \Wfs has been

have applied the same model to other chemical groups. Thetested by comparison with all-electron calculations forrihie:
physical effects included are the repulsive energy, through the distance and bond energy corresponding to the link between
action of the projection operatérand the electrostatic energy. the terminal CH group and the neighbor C atom. He readily
Since no basis set is used on the spectator group, no chargefound that the results obtained are in excellent agrement when
transfer effect is possible. Polarization should be included by a the frozen electrons correspond to core electrons of C and O
semiempirical procedure similar to the one used in ECP atoms, which confirms the validity of ECP approaches. With a
calculationsg® In a more rational way, Day et & have proposed  larger number of frozen electrons, the quality of the results
to express the polarization of the spectator group as a superdeteriorates rapidly, and the fourth EGP corresponding to 18
position of multiple bond contributions, following the seminal  frozen electrons and 6 active ones gives rather unreliable results,
works by Claverie and collaboratot$The success of these at least for CHCOOH and CHCH,COOH (see Tables Ill and
methods is therefore rather limited to intermolecular systems V| of 38). Applying the same method, he studied the trimer
where a complete separation between active and spectato{NHs); by replacing one ammonia by an EGP, and he found
electrons is justified. that the interaction (distance and energy) between the two other
Ohta et aP! have proposed an effective fragment potential molecules is well reproduced.
(EFP) method using localized molecular orbitals in which only In a recent paper, Zhang et3lhave developed a “pseudo-
two electrons in the lone pair orbital on the nitrogen atom of bond approach” which explicitly addresses the problem of the
ammonia are active. When used in a van der Waals complex,linking atoms in QM/MM methods. Namely, they concentrate
like (NHa3)2, the results are in fact in very good agrement with on the breaking of a €C single bond at the limit between QM
all-electron calculations. and MM domains.They propose to replace one of the g (sp
In the same spirit, Peyerimhoff and co-workér® have by a pseudo G with seven electrons, a nuclear charge of seven,
developed EFP for molecules like NEr H;O, where the short-  the basis set of the fluorine atom and an effective core potential
range part of the spectator potential is stored in an intermediatevef, The analytic form ofve is chosen identical to the usual
atomic orbital basis set and the longer range of the potential is forms used for ECP, that is
reproduced via a distributed multipole expansion. The difficulty
to fit accurately the short range of the potential, at least for the . . t-1 . “
nonspherical case, is therefore circumvented but the use of V() = V[ (r) + Z[Vf N-vi (r)]ZHmmml (15)
matrix elements stored in an intermediate basis set is quite = m
involved. These authors are the fifsio mention the possibility .
of using the EFP approach beyond the HartrEeck level and . a’[efber
they have indeed applied this technique to the study of the Vi(r) =
solvent shift effects of the A~ 7" transition in CHO surrounded
by n water molecules, each of these molecules being replaced i i . b2
in the calculation by an EFP. Vi) — Vi) =a'e™ I=0,1,.L-1 (17)
Colle and SalvettP-3¢ proposed the use of nonlocal repre-
sentations of the model potential not only for the exchange part L is the maximurr of the basis se’ andb/" are parameters
but also for the short range of the Coulomb operator, the kernel fitted on some characteristics of one of the protoptypes of the
of which corresponds to localized molecular orbitals on the C—C single bond like the ethane molecule (lengths of the0C
spectator fragment. Their method has been first applied to aand C-H bonds, CG-C—H angles, Mulliken charges and+C
simple case, namely the 1s electrons of the Lithium atom, for bond dissociation energy). It has to be pointed out that the
which they showed that it is possible to have a completely specific form chosen fove is not grounded on physical facts
nonlocal representation of atomic cores (this has also beenbut it is only aimed to simplify the use of the pseudobond
shown independently by Komiha and collaboratfrsin a approach in standard ab initio programs. The values'ob’
second case, the separability betweemnd w electrons in clearly depend on the methods used for calculating the
bipyrrole allows an EFP for the skeleton to be determined, characteristics of the ethane molecule. Nevertheless, transfer-
and the authors demonstrate that the EFP is able to reproducebility to other molecules, and very interestingly to highly polar
correctly the transition energies corresponding to the first singlet ones, is quite successful (see Table Il and IV in 39).
and the first triplet excitation in the system. SiH is the third EFPs of spectator groups have also been proposed in order
and last example and the fragment corresponds te: 8id EFP to accurately represent the correct electrostatic and polarization
is built on the core electrons of Si and the six electrons on the fields of amino acid residu¢8.The EFPs were extracted from

r (16)
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SCHEME 1 TABLE 1: Mulliken Population Analysis and HF Energies
H (hartree) of the MO of Si;Hg in Different Representations
H, \ /H SiHaS##
“"""“3'2'348/3‘8. ; Dag  SiHs Ca SiH3R EGR EGR  SiHa.H°
—Si
: . 1.476A Si: 3.538 Si:3.534 Si:3.421 Si:3.535 Si:3.408
110431° \ H:1.154 H:1.155 H:1.199 H:1.155 H:1.127
H ) H SiHs: 7.000 X:0.999 St 0.982 Sf: 1.000 H:1.210

0bg —0.40761 osisi —0.44471 —0.40058 —0.44483 —0.36211
o _ o g, —047722  msp, —0.49071 —0.44850 —0.49088 —0.52055
separate ab initio calculations on the individual components zg, —0.50419
which are immediate neighbors of the active site of ribonuclease o;H3 —0.68691 osiy, —0.73111 —0.69427 —0.73078 —0.73984
A, a prototype of enzyme catalyst. Osi, —0.76633
This brief review of earlier work on effective group potentials a Comparison is made for each step of the EGP extraction. Data
(or any of the different names which have been used in the given in the SiHR column correspond to the delocalized MVPOs.
literature) shows that it is possible to go beyond the usual The SikR and SiHSi* molecules have the same geometry as for the
partition between active and spectator parts which is verified corresponding atoms of $is. ® The Si.H distance is lengthened to
for intermolecular cases. In the present paper, we shall presenf® SSi distance in SHe.

a different approach which is not deri\(ed from th? atomic moqlel features. Disilane hads;q symmetry, and its electronic ground
potential but forms the shape consistent version of effective state is!A;, The HF optimized deometry is shown on the
group poten_tials_. Analogou_s principle to th_e EG.P methodolqu scheme of ?he molecule. According to the Mulliken population
has been briefly introduced in ref 41, but neither implementation analysis, Si atoms are depopulated, and H atoms present an

nor applications have been done. anionic character. The center of symmetry implies that the
L . ) pyramidal Sik fragment remains neutral. Six MOs essentially

4. Determination of Effective Group Potential contribute to the StH bonds, while the seventh MO, the

As stated in the above section, the two criteria (spatial and HOMO, is strongly Si-Si bonding. The energy of the occupied
energetic separations) which are satisfied in the case of the ECP/alence MO, their symmetry, and their contribution to the
determination cannot be fulfiled for EGP. In general, some of Ponding are reported in Table 1. We first perform Hartree
the energies in the active orbitals set are in the same part of theFoCck calculations of the reference system in basig ggt of
spectrum as the inactive ones. Therefore, we must insist on thedimensionnye;, which defines the reference Fock operaftt
localization criterion which is usually verified since the @nd molecular orbital§¢i}:
definition of the spectator group is based on spatial separation.

In paper 2 we shall present detailed examples corresponding ref
to different bonding types but in the present outline of the F= ZeiWimi' (18)
method we take only one example, a single bonded spectator =

group like Sik. In this case, the inactive electrons correspond 14 5chieve spatial separation, we localize the molecular orbitals
to the core electrons of Si and the six valence electrons{¢i} and in this symmetric case, we use a simple rotation
describing the three occupied SiH bonds. There is only one . «formation (any type of localization methods like BBys

active electron which is responsible for the bonding between or Edmiston and Ruedenbéfgnes would lead essentially to
SiH; and the connected group. However, the definition of the the same result). In the localized basis &g, F'e' is

EGP on the isolated silyl radical would lead to severe artifacts

Mref

since the energy level of the highest singly occupied molecular e

orbital (SOMO) for_ SiH is s_lgnlflpantly different from th_e Fref — ZeijWim&’H (19)

energy level occupied by this active electron when making a =

covalent bond. Actually, the definition is made following three

steps: For the occupied orbitals we thus obtain three SiH orbitals
1. As a first step, we must chooseeferencesystem to fit localized on the left side, three SiH orbitals localized on the

the parameters of the EGP. In this reference system, the spectataright side and a SiSi orbital. In the following steps, we will
group must have characteristics (type of bonding, ionicity, etc.) try to build an EGP which reproduces the three localized SiH
close to those which can be expected in the molecular system.orbitals on A and the SiSi orbital as well as possible, which

A thorough investigation of thigansferability propertie®f the we will call reference localized orbitals

EGP (that is its performances when used in various bonding 2. In the second step, we define tlencated basis sHf,}
situations) is presented in the accompanying paper. It is alsoof dimensionny, which is composed of the basis set corre-
worthwhile to point out that in some cases the definition of the sponding to the left side A and a smaller set centered on the
EGP can be achieved independently of any reference systenright side B. There are no theoretically justified arguments for
(see for instance the case of Cwhich will be detailed in a choosing the basis set functions on part B. Since we shall try
forthcoming papé?). The simplest reference system we can to reproduce as closely as possible the localized orbitals on A
think of in this case is the disilane molecule Hi (see Scheme  obtained in the first step, a natural choice was made for all the
1). The molecule is represented by two parts; part A contains truncated basis sets we have investigated, that is on the same
one silyl group and the SiSi bond and part B contains the position as the silicon atom of part B. This reduced system is
other silyl group. In the molecular EGP representation, part A notedR (see Scheme 2). The choice of this truncated set is a
will be treated exactly and part B replaced by the EGP potential very important step for the determination of EGPs since we
which we will call S¥. In so far as the disilane molecule is shall use the same basis set & in further molecular
used as a test system for our method, it thus seems importantalculations (this is a strict condition for the applicability of
to become familiar with a few geometrical and electronic the method).
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SCHEME 2 TABLE 2: s, p, and d Parameters Used for the
Determination of the Nonlocal Pseudopotentials for SiEGP;
H H and Si¥ EGP,2
’/,‘ -
Si—x si S H
sandp sandp d S
H 3.750000 3.750000 0.800000 3.750000
1.875000 1.875000 1.875000
This second step is analogous to the definition of valence  0.937500 0.937500 0.937500
pseudoorbitals in the shape consistent version in the ECP 8-‘2‘2%% 8'33%?? 8-‘2‘2%%
determination. We shall catholecularvalence pseudoorbitals 0.110000 0.110000 0.110000

(MVPO, hereafter noteg) the orbitals built in the truncated ] ) ) 3
basis set which are as close as possible to the localized molecular * S EGP: the Gaussian functions are located on the pseudo-silicon
orbitals{ i} of the reference calculation. MVPOs are obtained atom. St EGPR:: the Gaussian functions are located on all the atoms of
. ’ - he SIHR lecule in th imal f Sle.

in three steps: (a) calculate the elements of$treatrix the SitR molecule in the optimal geometry of S

and energies indicates that the choice of the reduced system

n
— — and basis set is suitable.
e = ;Eﬂplqaimijoilqu P.a=1.n (20) At the end of this iterative process, the MVP@swill play

the same role as the valence pseudoorbitals used in the

(b) diagonalizeS, and (c) select tha, eigenvectorsg determination of ECP's in the _shape-consistent appro_ach.
corresponding to the, eigenvalues closest to one. 3. In the third step, the effective Fock.opera‘FGF is deflned
Two criteria will then fix the choice of the basis set & as the operator, restricted to timg. active electrons which

which is defined iteratively: (a) optimize the exponents and should_ reprodqce the solutions of _the truncated Fock operator
principal quantum numbers of the truncated basis set to obtainF". This effective Fock operatde is
overlap between reference active orbitals and MVPOs close to

1 and (b) check the charge distribution which shall be as close off Dact
as possible to the charge distribution of the reference calculation F =h+ Wt Z(ZJ,' - Kj) (23)
for part A. =

The Gaussian functions on part B are chosen in such a way
that the MVPOs expressed in the reduced basis set are as cIosQh
as possible to the four reference orbitals. As stated before, thet
definition of the truncated basis set is very important. It is closely
related to the nature of the chemical bonding between active
and spectator fragments. In the present case of Biked by
a covalent bond, we have found that one s (exponent 0.17) and
one p (exponent 0.16) functions are sufficient for a good _
reproduction of the reference localized MOs. Their exponent Wegp= iz_lczy.ﬂgﬂ@ﬂ' (24)
are tuned in order to reproduce the charge transfer between part -

A and R. Although the Mulliken atomic charges are strongly The EGP nuclei contribution is included msuch thatWeep
dependent upon the basis set, due to the arbitrary partitioninggecreases exponentially. The exponents and locations of the
scheme, we found that this criterion yields MVPOs in close Gayssjan functiong; and the coefficients;, are determined

agreement with the reference localized MOs. to minimize the norm of the difference betwehandFef, as
Since the original Fock operatbie’is defined in the reference proposed by Nicolas and Duraf®

basis set, we go back to the reference basis set by a projection ag recalled above, a calculation involving Siind a one
procedure: electron pseudo-silicon with a small basis set would yield a poor
description of the electronic properties of the $ittagment
, . and of the Si-Si bonding. The role oWegp is to fill up the
ly;0= Z|¢im¢i|¢jm J = 1Ny (21) difference between the reference molecule and the truncated
- system. Various attempts for choosing the EG®. (exponents

and construct the Fock operator corresponding to the truncated@nd locations ofg;) were made, but we finally adopted two

is the core Hamiltonian. It contains the kinetic energy operator,
e nuclear attraction operator (eventually taking into account
ECPs), and atomic ECPs if needed.

For numerical convenience as detailed in the next paragraph,
the EGP operatoWegp is expressed in a nonlocal form:

Npot

Nact

system for MVPOsy;: main rules. The first is to keep a local character for the EGP
operator in order to ensure its transferability. The second is to
Nact define the Gaussian Cartesian functionsVéfcp as an even-
F'= z |1/;].|]]jy;j||:’6f|wi|]]jy;i| (22) tempered atomic basis sets, that is by choosing the exponents
if=1 in geometric progressiot:*8In the first attempt (EGH all basis

functionsg; are located on the Si atom of part B. The set of
Diagonalization of theé=" operator yields delocalized MVPOs  exponents is defined a priori and not optimized. Thus, the
and their one-electron energies. They are systematically analyzechperators may be almost linearly dependent. A canonical
in order to check that there is no discrepancy between MVPOs orthonormalization with an adequate threshold is needed in order
and reference MOs. The two lowest delocalized MVPOs have to remove these dependenctedhe center of the six s and six
eitherosin, Or 7sin, Character. Their energies, eithe0.73111 p Gaussian functions that defiité-cp (Table 2) coincides with
or —0.49071 au, are intermediate betwegf}, and gg;, or the position of the pseudo-silicon atom. As shown in Table 1
n;rng andzgy, MOs of S He, respectively, while the HOMO  (EGP; column), this EGP does not fit either the Mulliken atomic
(—0.44471 au) is 40 mh above thsss; orbital. The good populations or the delocalized MVPO energies exactly. All the
agreement of the Mulliken population and of the MO shapes occupied MOs are systematically shifted by approximately 0.04
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SCHEME 3 TABLE 3: Geometrical Parameters for the Dsyg Si:Hg and
H the Cs,SiH3 Si* Structures (Distances in Angstroms and
H Angles in Degrees)
\ SiH;S#
"Si—8i . _
SiHs EGR EGR SiHs...H
Si—Sie 2.348 2.348 2.348 2.348

H Si—H  1.476(3.16) 1.481(3.07) 1.442(4.06) 1.462 (3.36)

HSiSi  110.1(0.75) 112.5(0.83) 108.4(2.07) 105.4(0.61)
hartree, and the difference between the Mulliken popglatlons 2 Force constants are indicated in parentheses (stretching mode in
is rather small. In a second step,we have attempted to improvemgynA-1 and bending mode in mdyA-rad2). ® Si...H distance in
the description of MVPOs. We have built anotNéscp operator the case of Sikl..H. The asterisk * means that the geometrical parameter
(hereafter called EGJpdeveloped on many centers. To obtain is frozen throughout optimization.
the best overlap between all the truncated basis functions and

the g, set, they coincide exactly with the positions of all the distance / A
atoms of the Sikl Si* molecule. Their exponents (6s 6p 1d on 1 1.5 2
Si, 6s on each H, 6s 6p on*piare displayed in Table 2. As -10.75 T ' i
can be checked in Table 1, the fit is almost perfect. The I (a) 1-580
. . . -10.80 1
delocalized MVPO energies are reproduced with an average ] 1535
deviation of 0.003 au. The EGMPRas a tempting behavior, but 1085+ I
further investigations are needed before concluding in its favor. 4.590
o -1090F ] m
5. Geometry Optimization 2 4-595 @
- , , 5 -1095} ] =)
5.1. Methodological Details.The main advantage of the < 12600
nonlocal formulatiof” of Wegp is that the EGP integrals are ~ -11.00 ’ (—£
expressed as products of ordinary overlap integrals of the form: T 597 “n
B N = -1096 T
o = 19,0 ;U= B IWegdy U ag; 598 2
. : < -10.97 =
where|y;Cand|yjCare Gaussian-type orbitals centered on atoms w ~599 2
I and J, while the Gaussian functiong,{Jand |gnCCmay be 10,98
centered on two different sites N and M, respectively. The EGPs : ~6.00
are determined at the HartreEock level of theory. They are
intended to simulate HF results. However, the method was ~10.99 _601
checked on some cases at a post-HF level (MP2). Geometry L i L
optimizations have been carried out with the Berny method 100 110 120 130
which requires an analytical gradient. We therefore implemented angle / degree

an expllcn calcu.lat.lon of the qnalytlcal first derllvatlvesllnto Figure 1. Comparison of the energy (in hartree) ofij (full lines)
Gaussian98? This is a generalization of the routines written  ang SiHS#, EGR (dashed lines) according to geometrical deforma-
by Klotz*° to the anisotropic and multicentric cases. The nonzero tions: (a) variation of the energy as a function of the SiH distance
first derivatives of the integral produet are the derivatives  (angstroms); (b) variation of the energy as a function of the HSiSi angle
with respect to the coordinates of atoms | and J and to the centerddegrees). In both caseS;, symmetry is maintained.

N and M. The derivatives of the pseudopotential integrals can

be written without explicitly calculating the derivatives of the ~ 5.2. Test of the Si EGPs.Since EGPs reproduce reasonably

EGP by using the translational invariance of the matrix ele- Well the effective MOs, an open question is: is the optimized
ment51.52 geometry of the Siglmolecular group adequately reproduced

by the presence of the 'SEGP? To answer this question, a
9 = Q 8gnD: @9{7' D local optimization was performed, with the-S8i* bond length
8RN|—_A¥||gn I‘BRN Rl gn
In the case of the element, the contributions to the gradient

constrained. It yields a geometry very close to the optimal one
with respect to coordinatd®;, Ry, Ry, andR; are respectively:

of Si,Hs (Table 3). The SiH bond length is 0.005 A longer
with the pseudopotential SEGP,, while the HSiSi angle is
2.%&° higher. This result is very promising, and we expect the
PES to be comparable in both theoretical treatments. It might
i i 3 be demanding, but a reasonable estimation of the force constants
I\A/I;r(gPWjD_ |Wén<;p|XjD—Qi|Wénéd§Dand would be interesting. For this purpose, the variation of the
R R J energy as a function of various geometrical deformations was
Q_ W FJ%D computed. Two deformations were considered, in the framework
"EGPAR of the Cz, symmetry group: the stretching of the-Si# bonds,
and the variation of the HSiSi angles. Only one Sihblecular
The generalization to theth analytical derivatives can be done fragment was deformed in the case ofH%i These data are
in an analogous way. However, we have not yet implemented plotted in Figure 1. It can be seen that the curves are almost
the calculation of the second derivatives. This work is in superposable in both cases. As could be assumed from the
progress. Nevertheless, force constants and harmonic vibrationageometry optimization results, the energy curves indicating the
frequencies can be determined by single numerical differentia- angular dependency are slightly out of phase. However, their
tion since the analytical first derivatives are available. curvatures are identical. The visual concordance is confirmed
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by the computation of the force constants, reported in Table 3. o3 (1335Mah’e L., Barthelat, J. CJ. Mol. Struct. (THEOCHEM}997, 401,

Plotting the curves shows the good behavior of the operator ™=\ \}. e, p.: Stoll, HI. Chem. Phys1996 105 2353-

beyond the equilibrium position of the active part (see Figure 3453

1). (5) Ismadl, N.; Heully, J. L.; Saue, T.; Daudey, J. P.; Marsden, C. J.
This one-center S8iIEGP, has some interesting properties: Chem. Phys. Letl999 300, 296-302.

; : : ; (6) De Jong, W. A.; Visscher, L.; Nieuwport, W. Q. Mol. Struct.
quite a good reproduction of the molecular orbitals and their (THEOCHEM)1999 458 4152,

energies, an ability to reproduce the potential energy surface  (7) (a) Miler, W.; Flesch, J.; Meyer, W. Chem. Phys1984 80,
without a significant loss in precision. As concerns the second 3297-3310. (b) Miller, W.; Meyer, W.J. Chem. Phys1984 80, 3311~
i ; 3320.
pper_ator (SIEGR), t.he optimized g(?ometr!cal parameters are (8) Foucrault, M.; Millie Ph.; Daudey, J. Rl. Chem. Phys1991, 96,
in fair agreement with those of fle: the Si—H bond length 1257-1264.
and the HSiSi angle are 0.034 A and“lsmaller, respectively. (9) Allouche, A. R.; Aubert-Freon, M.; Spiegelmann, EEan. J. Phys.
The St EGP. seems to have better properties than ti&ESIR, 199(350)74’,\/'1947202 Millie. PhPhys. Re. 1996 54 204-218
f f f ; agnier, S.; Millie, ys. Re. , .

even |f_the geometry is slightly less precise. Nevertheless, the (11) Dolg, M.J. Chem. Physi996 104 4061-4067. Flad, H. J.: Dolg,
stretching and bending force constants are not comparable (Sef. 3. Chem. Phys1997 107, 7951-7959.
Table 3). The error on the bending force constant is 150%. The (12) Maseras, F.; Morokuma, K. Comput. Chem1995 16, 1170~

il i i i 1179.
tran;fer_ab_mty to other molecules WI||I be a cru_0|al test in order (13) Maseras, F. Liedos, A Clot, E.: Eisenstein@em. Re. 2000
to discriminate among the two EGP's, even if the latter result ;44 501636
casts suspicion on the “'SEGP. These results have been (14) Ujaque, G.; Cooper, A. C.; Maseras, F.; Eisenstein, O.; Caulton,
compared with a Sikimodel in which one SiH distance is K. G. J. Am. Chem. Sod998 120 361-365. .
lengthened to the SiSi bond length. Indeed, as is done in finite (15) Thay, V.; Rinaldi, V.; Rivail, J.-L.; Maiget, B.; Ferenczy, G.

. . ) . omput. Chem1994,15, 269-282.

cluster Calc}llat'onsv .the saturation of the Siragment W|th. (16) Barthelat, J. C.; Chaudret, B.; Daudey, J. P.; De Loth, Ph.; Poilblanc,
an H atom is a solution for avoiding the problem of dangling R.J. Am. Chem. Sod991 113 9896-9898.
bonds on surfaces. As can be seen in Tables 1 and 3, the Oég)llstagerwald, M. L.; Goddard, W. A. Am. Chem. Sod.984 106
stretched StH bond becomes polar, and the agreement of the (18) Alary, F.; Poteau, R.; Heully, J. L.: Barthelat, J. C.; Daudey, J. P.

monoelectronic energy spectrum and of the optimized geometry Theor. Chem. Ac200Q 104, 174-178.

of SiH3; with respect to the 3iHg result is not satisfactory. We (19) Huzinaga, SCan. J. Chem1995 73, 619-628.

conclude that this treatment introduces artifacts and that ourgoézo) Durand, Ph.; Barthelat, J. Cheor. Chim. Actal975 38, 283~

method is more convenient. (21) (a) Stevens, W. J.; Basch, H.; KraussMChem Phys1984 81,
6026. (b) Stevens, W. J.; Basch, H.; Krauss, M.; Jasie@an. J. Chem

6. Conclusion 1992 70, 612.(c) Cundari, T. R.; Stevens, W.JJChem. Phys1993 98,

. 5555,
In this first paper, we have presented a general methodology (22) Kieiner, M.; McWeeny, RChem. Phys. Letd973 19, 476-479.
to derive effective group potentials in order to simplifiy ab initio (23)(b()a) Huzinaga, S.; Cal?tu, A. A. Chem. Ph)ésl97l 55, 554:]3—

; i ; 5549. (b) Huzinaga, S.; McWilliams, D.; Cantu, A. Adv. Quantum Chem.
calculatlo.ns, by reduqng both the number pf active electrons 973 7. 187-220. (c) Bonifaic, V.. Huzinaga, SJ. Chem. Phys1974
and the size of the basis set. Our approach is general and coulgy 2279-2786.
be used whatever the connection between active and spectator (24) Barandiaran, Z.; Seijo, L1. Chem. Phys1988, 89, 5739-5745.
parts of the molecule would be. The way to derive EGP 12%5) Mejias Romero, J. A.; Sanz, J.F..Chem. Physl993 99, 1255~
parameters is very closg to the determlnatlon of.effectlve COre ™ 26) Mejias Romero, J. A.: Sanz, J.F.Chem. Physl995 102, 327
potentials (ECP) in their shape consistent version. The most336.
important step is the definition of modified valence pseudo-  (27) Mejias Romero, J. A;; Sanz, J.F.Chem. Phys1995 102 850-

i ; _858.
Orb!tals (MVPO)’ Whlc.h play the same _role as valence .pseUdo (28) Cruz Hernandez, N.; Sanz, JJFComput. Cheni.999 20, 1145~
orbitals in the derivation of ECP. In this step, the choice of a 155
small atomic basis set centered on the spectator group is very (29) Day, P. N.; Jensen, J. H.; Gordon, M. S.; Webb, S. T.; Stevens,
determinant for the success of the method. The final form of W.J.; Krauss, M.; Garmer, D.; Basch, H.; Cohen JDChem. Phys1996

; - - pi o 105, 1968-1986.
EGP (expressed as a linear combination of nonlocal projection (30) VigneMaeder, F.: Claverie, 1. Chem Phys1988 88, 4934.

operato.rs) is Si_m.p.le enough to be eas?ly ierduced in. any  (31) oOhta, K.; Yoshioka, Y.; Morokuma, K.; Kitaura, KChem. Phys.
conventional ab initio program, eventually including calculations Lett. 1983 101, 12-17. ' _
of gradients and higher order derivatives. The derivation of an _(32) von Armin, M.; Peyerimhoff, S. DTheor. Chim. Actdl993 87,
EGP for the silyl group has been used as a test example. We ™ (33)' yon Armin, M.; Peyerimhoff, S. DChem. Phys. Let1993 210,
have shown that the SiEGP, fairly reproduces electronic  488-494.
populations, molecular orbitals, geometrical parameters, and (34) Frank, I.; Grimme, S.; von Armin, M.; Peyerimhoff, S. Ohem.
force constants of the defined active part of disilane. It could PhYS: Lett1995 199, 145-153,

L . . (35) Colle, R.; Curioni, A.; Salvetti, OTheor. Chim. Actal993 86,
be used for describing silicon clusters boundaries in order to 451465,
avoid the artifacts usually introduced by hydrogenating them.  (36) Colle, R.; Salvetti, OTheor. Chim. Actal991, 80, 63—70.

Molecular applications, for silyl and other groups, will be é%g&éizsgeﬂ M.; Komiha, N.; Daudey J. B. Comput. Cheml98§

detailed in paper 2, in which the transferabilty and robustness ™ 3g) karsuki, S.J. Chem. Phys1993 98, 496-501.
of the EGP method will be tested. (39) Zhang, Y.; Lee Tai-Sung, G.; Yang, \W..Chem. Phys1999 110,
46-54.
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