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Abstract

The &b initio generalized valence hond (GVB) methed has been studied. A proee-

dure for generating starting orbitals for GVB perfe:t-pairing (GVB-PP) calenlations

is presented. This is achieved by selecting initial orbitals which correspond to

bonds or electron pairs. These orbitals can be identified from the localized molec-
ular orbitals (LMOs), for hoth occupied and vittual orhitals, which are obtained
through a unitary transformation of the Hartreo-Fock ({1F) canonical molecular or
bitals (CMOs) using the Boys localization method. [nitial GVB-PI orbitals can also
be identified, to a limited extent, directly from the (MOs. A scheme has heen im-
plemented which achieves optimum convergence of she pairwise orbital pptimization.
An “object-oriented” GVB program was developed which antomatically generates
reliable initial GVB orbitals, leading to proper and fast convergence.

A number of properties were calculated to examine the GVB-PP wavelinetion.
The GVB/6-31G* dipole moments of carbon monoxide: and formaldehyde are in very

good agreement with the experimental and configuration interaction (C1) results. The

special treatment of the ground stale a:lyl adical is also di ed using GVB-PP



approach. The results clearly indicate the = conjugated stracture in the (2

€3 thyee-center bowd, and our GVI approach gives the proper description of the =
electron resonanee struetnre,
Equilibrinm geometries have been obtained at the GVB level for one- and two-

heavy-atom molecules and radicals (AH, and AL, BI,) containing first- or second-

row elements. The results are compared with the available experimental and theo-

retical (1, MP2, and ('ID) valies. The effect of basis st on the GVB equilibriun
geometries is also discussed. The results indicate that the addition of polarization
or diffuse functions to the split valence basis set is necessary to obtain reasonable
GVB geometries. In general. geometrical parameters from the GVB/6-31G* calcula-
tions, which treat electron correlation by using the coupling of GVB pairing orbitals.
are in better agreement with the experimental data than those obtained from the
corresponding ¥ wavefunction. The GVB/6-31G* geometrics are close to the corre-

sponding MP2 or CID geometries. GVB caleulations are found to be especially useful

for the proper description of multiple bonds.

The GVRB wavefunction properly describes homolytic bond dissociation, A-B —
A + B, giving reasonable bond dissociation energies. GVB/6-31G*= calculations
for A-If and A-B single bond dissociation energies (D,) are examined systematically
in this study. In general, the GVB potential energy curves are consistent with the
experimental results. Reaction encrgies for hydrogenation and reactions converting

multiple to single bonds. are also calculated to assess the GVB evaluation of heats



ol reaction. Overall, the GVB results correlate well with the available gas phase
experimental values, demonstrating that GVB can give good estimates of gas-phase
thermodynamical data.

GVB/6-31G™= has been performed on A, X=YB, (A, B=I1, : X, Y=C\, §i) to
obtain the optimized geometries for planar and twisted singlet struetures, and rota

tional barriers, or = hond energics. The nature of the C-C', Si

and C-Si 7 bonds has

also heen investigated, The resnlts show thal the C-C & bond cnergy decreases with
increasing fluorine substituiion. The Si-Si, C-Si 7 hond energies are mueh weaker,
The pyramidalization at the carbon or silicon ernter for the twisted structures de

creascs the x bond energies in the substituted ethyle

and their silicon connterparts.

Fluorine substitution stabilizes both diradical and dipolar twisted singlet structures.

GVB/6-31G** calculations on 1.1-dilithiocthylene, 2.2-dilithiosilacthylene and 1.1

dilithiosilacthylene, were carried out to study their singlet, triplet structures, aud

rotation aronnd the double hond. The singlet-triplet splittings for these systes

were obtained along the twisting angle. The twisted triplet is predicted to be the
ground state for 1.1-dilithiocthylene. The GiVB results indicate that there is a strong

Li-Li bond in the Li-C-Li three-center group, which stabil

s the perpendicular strue-
ture of 1,1-dilithioethylene due to the increase of electron density in the CLiy gronp
and the C-C 7 bond. The GVB dipole moments suggest that, the electron deficient,
substituents withdraw more clectron than expected in the triplet or perpendicular

structures, where CHj acts as an electron donor to the CLiz group by retaining the



=0 double hond with a shorter (- bond distance.

GVB/G-31+ +G77 calenlations on Sy2 reactions Y™ + CHaX — CHaY + X
were performed, for Y= F, CLOOH, NHy, SH with X=Cl, and for Y=C1 with X=
1, O, NHy. Optimized struetures were reported for reactants, products and tran-
sition states. In general, the GVB transition state is found to be looser than that
obtained at I, The caleulated GVB frequencies are very close to the experimental

harmonie frequencies for reactants and products. The secondary a-deuterium kinetic

2 reactions with a modified Sim's

isotape effects (ki /kp) were caleulated for the
BEBOVIB-IV progeam. The results demonstrate that the magnitude of these isotope
effects is determined by an inverse stretching vibration contribution and a normal
hending vibration to the isotope effect. The out-of-plane bending vibration model for
relating the magnitude of sccondary a-deuterium kinetic isotope eflects to transition
state is correct. Larger isotope effects are found in looser Sy2 transition states.

The factors that influence the C=N stretching frequencics and the C=N = bond
strength for unprotonated and protonated imines were investigated. The GVB C=N
stretehing force constants in retinal imine models, show a decrease by 0.47 mdyn/A
upon protonation. However, a highet C=N(H) stretching frequency has been obtained

for protonated polyimincs, due to a stroug coupling between the C=N stretching and

N-T(D) bending vibrations. On the other hand, protonation causes a strong
charge alternation along the chain in all trans polyimines CHy=(CH-CH=),NH, and

mainly affects the clectronic environment of the C=N bond. Our GVB calculations



show a large €

1) stretehing frogquency denterium isotope shift and X isotope

shift. ~25 and ~ 20 em=" respectively. The C=N(I1) stretehing frequeney dey

rinm

isotope s|

ft can be regarded as an experimental measu crmine whether the

imine nitrogen in visual pigment rhodopsin is protonated.

Overall onr GVR/6-31G//GVB/6

* results of dipole moments, equilibrinm

geometries. bond dissociation energies, heats of reaction, and vibrational frequer

are comparable to the CISD and MP2 results. GVB calenlations can now be widely

used as an excellent post-IIF method withont the need for integral transformation.

vi
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Chapter One

Theoretical Background

1.1 Hartree-Fock Wavefunction

The objective of the lartree-Fock molecular orbital method is to find the best

possible one-configuration (single-determinant ) solution to the Schrodinger equation
Hy=Ev (1)

where I is the full non-relativistic electronic Hamiltonian, and W is a determinant of
spin-arbitals \; whose spatial components are the molecular orbitals (MO) %;. The
usual electronic llamiltonian is given as

N

= z-—W ): Z Zi gy (2)

’xA .;>| Tij
where ¥ and M are the total number of electrons and nuclei, respectively, ri4 is the
distance between the ith electron and Ath nucleus, and ry; is the distance between

the dthand jthelectron, Zy is the nuclear charge for nucleus A. The simplest caseis



the closed-shell ground state of a molecule with .\ elect rons, doubly oceupying N /2

orbitals. Its wavefmetion can be written as

W = Aluyaudisa

Cuygatgd) )

where A is the antisymmetrizing operator. This is red (oas a Slater determinant,

The Hartree-Fock (HF) approximation (1] is hased on the variation method. “T'he

s the lowest

variation principle states that the best wavelunction is the one which gi

possible energy,

= (Wo|l|Wa) 1)

In practical applications of this thery, the molecular orbilals i, can be expres

as a linear combination of a finite set of bas

functions ¢,

K
W=

=)

bu (5)

where C); are the molecular orbital expansion coefficients. If atomic orbitals of con

stituent atoms are used as basis functions, the treatment is described as Tinear com

bination of atomic orbital (LCAO) theory. [Towever, the mathematical treatment is

more general, and any set of appropriately defined functions may he nsed for a basis
cxpansion.

By minimizing Eo with respect to the coeflicients C,4, one can derive the HI
equations to determine the optimum orbitals. HF equations are eigenvalue equations
of the form

F(he (1) = canbi(1) (6)

2



where f(1) is an elfectiveone-electon operator. called the Fock operator:

| AL 7
)= —QV,‘ -y

A=A

+o"F (1) = (1) + 0" (1) (7)

The Fock aperator [(1) is the sum of a core lamiltonian operator 4 (1) and an clfective
one-clectron potential operator called the lartreeFock potential v/F(1). which is
the average potential experienced by an clectron due to the presence of the other
lectrons. Therefore, v/¥(1) depends on the orbitals of the other clectrons. Thus,
the HEE equations are not lincar and must be solved in an iterative process called the

self-consistent-field (SCF) method.

1.1.1 Closed-Shell Systems

In the closedshell restricted ground state for a V' electron system, each of the
occttpied spatial molecular orbitals is doubly occupied. As described before, the Fock
operator is a sum of a core [lamiltonian operator h(1) and an effective one-clectron

potential operator v/ £ (1),
v
vHE(1) = 37 20(1) - Ki(1) (8)

where J, and K, are the coulomb and exchange operators, respectively, which are
defined as,
.
(1) = [ 3020 udral () ©)
™2

K1) = w30 bldrali () a9



The conlomb term represents the average local potential at ry arising from an elec-

tron in .. The oxchange tem ar

es from the antisymmet i mature of the

single
determinant and does not have a simple classical interpretation. The closed-shelt 11°

energy is given by

S it Ni(z./,, — &) (i
. -
The integrated Hartree-Fock equation can be written as
Y FwChi=a D 8ubop | =Tk (12)
where §,., and Fy, are clements of 4 x K Hermitian matrices S and F., given as
S = [a(1)800)dr, (1)
bu= [ G0 ("
Eq. (12) is referred lo as Roothaan’s cquation, which can he written as a single
matrix equation,
FC = SCe (15)
with the normalization condition,
CsC =1 (16)
C isal{ x K squarc matrix of the expansion cocfficients ',
Cy Ciz o Cig

Cn Cn - Cux
C= )

Cri Crz2 ++ Cgg



and € is i diagonal matrix of the orbital energies ¢,

K
For an orthonormal basis set, § = 1, the Roothaan cquations have the form of
the nsual matrix cigenvalue problem and the eigenvectors C and cigenvalues € are
calenlated by diagonalizing F. The elements of the one-clectron density matrix P are
defined as,

Noce
Py =23 CiiCo (19)

The factor of two indicates that two electrons occupy each molecular orbital. There-
fore,

o) — %(,,.\ vo)) (20)

N N
=+ 30 3 Paal(pv
ASta=t

In this expression, 11527 s a matrix representing the encrgy of a single electron in a

field of "bare™ nuelei.
e = /@;(l]h(])é,(l)dn, (21)
and the quantities (jiv]As) are two-electron repulsion integrals,
1
(1v]Aa) =//a,',(1).»,(1)Ea;(2)¢s,,(z)dr.dr2 (22)
The electronic energy is now

| N N
=533 Pul Pk HZ® @)

=1 o=t



which. when added to the internuclear repulsion,

MM Tn

1=
i< B I

(20

E

yields an expression for the total enery & =

1.1.2 Open-Shell Systems

Simple molecular orbital theory has been extended to open-shell systems in two

ways. The first is described as spin-restricted Iartree

Fock (RIF) theory. T this
approach, a single set of molccular orbitals is used. Some orbitals are donbly occupicd,
whereas some are singly occupicd.

The second type of molecular orhital theory in commion nse for oper-shell systems

is spin unrestricted Hartree-Fock (UHTF) theory. In UHF, different spatial orbitals are
assigned to a and f electrons. There are two distinet sets of moleenlar orbitals

and ¢ (i = 1,2, ). For instance, the clectron configuration of a five-clectron

doublet may be written as (¥¢aj (4 8)(¥ga) (BoB) (b5a). A

ording Lo the variation

principle the optimized UHF energy is below the optimized RIF value. The UHIE
wavefunction, however, is not an cigenfunction of the total spin operator, and is

contami by functions cor ling to states of higher spin multiplicity.

In UHF theory, the two sets of molecular orbitals are defined by two sets of
coefficients,

LY
=3 Codu (25)
=}



K

oy (26)
g

These coclficients are varied independently and results in two sets of cquations.

F'C" = SC"¢" (27)
F'C’ =sc’e’ (23)

we diagonal matrices of orbital cnergies. C° and €% are K x K matrices of
expansion coeflicients.

The above oquations are referred (0 as Pople-Nesbet equations. Since Fo and F?
depend on both € and ©7 the two cigenvalue equations must be solved simultane-
ansly. The procedure of solving the Pople-Neshet equations is essentially identical

with the procedure used for solving Roothaan's equations for closed-shell systems.

1.1.3 Localized Molecular Orbitals

As eigenfunctions of the Fock operator, {ifi,i = 1,2,---, K’} have the special
property that they are symmetry adapted, i.c., they have certain symmetry proper-
ties characteristic of the symmetry of the molecule, and are referred to as canonical
molecular orbitals (CMOs). Consequently, CMOs will form a basis for an irreducible
representation of the point group of the molecule, and are generally delocalized over
the whole molecule.

Once the CMOs have been obtained, they can be transformed to an infinite num-

ber of equivalent sets of MOs by a unitary transformation. In particular,

Such a transformation keeps the SCF results invariant.



ion so

there are varions criteria [2] for choos

ng a unitary transfor the trans

formed molecular orbitals are in sonte sense localized. The localized molecular orbitals
(LMOs) are an important conceptual and quantitative link hetween chemical intuition

and quantum theory for molecules, and allow the understanding of many molecular

properties in terms of bonds and lone pa

The Ec:inston-Ruedenberg [2(a)] localization method is based on the energetic

criterion that the self-repulsion of the orbitals be maximized. i,
20191y .
SO [vH(2)) = masimum (29)
7 12

Since it docs not depend on the LCAQ basis and can be applicd in principle even to
numerical CMOs, this localization is referred to as an “intrinsic” localization eriterion,

In this scheme, a “two-hy-two” rotation is applicd Lo cach pair of MO, until the

procedure has converged, In most cases, the Edminston-Rucdenberg LMOs are in

very close agreement with the conventional chemical picture and represent. elearly

the core, lone pairs and bonds of the molecule. Since the two-electron integrals need

to be calculated in each step, the Edminston-Ruedenberg procedure is rather time

consuming for large molecules.

Boys [2(b)] proposed another localization procedure, where LMOs are defined

ances hetween the centroids of

Lo maximize the product of the squars of the d

charges. In this case, the unitary transformation is to maximize the distance hetween



the centroids of charges, i.r..
3 Ken(nlrtle(1)) = (2 (Dlr()]e,(1))] = maximum (30)

The Boys lacalization is also achieved by “two-by-two™ rofation. The Boys LMOs arc
unsually similar to the Edminston-Ruedenberg ones. The main advantage of the Boys
localization procedure is that it is faster than the Edminston-Ruedenberg one for large

molecnles, since only “dipole integrals™, (i(1)[r(1)];(1)), need to be computed.

1.1.4 Natural Orbitals

Given a normalized wavefunction ®, then ®(zy,- -+, 2y)®" (21, -+, zy)dz) - dry
is the probability that an electron is in the space-spin volume element dx; located
at .ry , while simultanconsly another electron is in drz at r; and so on. The reduced

density function, p(ry), for a single clectron in an N-electron system is defined as,
Pler) = N [ @z aw)® (@, ewhdza--- dew @31)

The normalization factor N is included so that the integral of the density equals to

the total number of clectrons,
/ Azi)dzy = N (32)
A density matrix, y(ry,r}) is generalized from the density function p(z,), defining

Arat) = N/O(n,-“,xy)@'(r’,,u-,zN)d:,-udzN (33)



The matrix 5(ry.r)) is called the first-order reduced density matrix or the one-
electron reduced density matrix.
As a function of two variables. 5 (ry. o) can be expanded in the orthonormal basis

of Hartree-Fock spin orbitals {\.} as.

A, al) = 3wl ) (31
7]
where
s :/\;(.,-.)7(..-.,,r'.)\,(‘.»',)d,r.,z.r', (35)

It is always possible to define an orthonormal basis {1}, related to {y,} by a unitary

transformation, which diagonalizes the matrix I' whose elements are (I),, = 7,.
A=U'ru (136)

The clements of the diagonal matrix A are Xi, = 8,A,. The clements of the or-

thonormal set in which I' is diagonal, arc called the natural

spin orbitals (NO) [4],

7= X.Uki- Ai is referred to as the occupation number of the natural orbital , in
k

the wavefunction 9.

The importance of natural orbitals is that they simplify th

sy expression for
multiconfiguration wavefunctions, and give the most rapidly convergent expatsion for

configuration interaction (CI) type of caleulations.



1.2 Multiple-Determinant Wavefunction

For many ehemical systems (1. 5], the single-determinant wavefunction, i.c.. re-
stricted Hartree-Fock (RIU) o unsestricted Hartree-Fock (UIF) wavefunction. pro-
vides ann excollent deseription of the electronic structures. Configuration interaction

studies have shown that the ITF wavefunetion is the most important configuration in

the “exact™ wavefunetion for molecules near the equilibrium geometry.
The primary deficiency of Hartree-Fock theory is the inadequate treatment of
electron correlation. The correlation energy is defined as the difference hetween the

Hartree-Fock limit (K1) and exact (nonrelativistic) encrgy (€o),

Eeorr = 80— Enr (37)
‘This limitation of the closed-shell Hartree-Fock single-determinant wave ion. there-

fore, leads to an improper description of bond dissociation. For example, the restricted

molecular orbitals of Hy at the minimal basis set are
iy = 201+ S| ¥ (154 + Lsp) (38)
vy = 21 = S (154 ~ 1) (39)

where 1s4 and lsg are the ls atomic orbitals for the constituent hydrogen atoms.

The restricted single determinant wavefunction is
[Wo) = [t41) (40)

I this restricted caleulation, both clectrons are forced to occupy the same spatial

1



molecular orbital ¢y, independent of the bond length. The spatial part of the wave

function is

1
en(en(2) = Sllsal)sa(2)+ 1sn(Disa(2)]+ ,'—,[I.~ A2+ Lsp(Dap(2)] (1)

The second term on the right-hand side of Fq. (1) can he regarded as a linear

combination of two ionic states, one with both electrons on atom A and the other with
both clectrons on atom B. i.e.. 3114 and HEHG. According to this wavelunction.
the two ciectrons spend half the time on A and hall on B, even when the centers are
infinitely separated. Such a description is inappropriate for two separated hydrogen
atoms.

A multiple-determinant wavefunction is required for cases which a single-determinant

wavefunction is not able to describe properly.

1.2.1 Configuration Interaction

After solving Roothaan's equations in a finite basis set, a set of 2K spin orbitals

n orbitals

{\:} is obtained. The determinant formed from the N lowest energy spi
is the HF detcrminant [Wo). In addition to [Wy) a large number of other N-clectron
determinants can be formed from the 2 spin orbitals. These determinants are the

singly excited determinants |W5), the doubly excited determinants [W23), ete., up to

N-tuply excited determinants. These determinants are now used as a hasis to expand



- exact wavefunetion |9,

[0,

Clb)+ XX )+ X R+ ¥ T R+ (12)

a<h<er<act
This is referred 1o as the full CI wavefunction [6]. The number of the excited determi-
nants is extremely large even for small molecules with basis sets of medinm size. But
some of these determinants can be eliminated by utilizing the fact that wavefunctions
with different spins do not mix, and linear combination of some determinants can be
taken to form proper spin-adapted configurations, which are eigenfunctions of S?.
Full CLis computationally feasible only for very small molecules. As the number
of configurations grows very rapidly, the dimensionality of the full CI matrix becomes
computationally impractical. Therefore, the CI expansion for the wavefunction has
to be truncated.
Inclusion of single excitations only, termed configuration interaction. singles. or
CIS:
1Weis) = Col¥o) + 330 CIIVI) (43)
O
normally leads to no improvement relative to the Hartree-Fock wavefunction or en-

ergy. The simplest procedure to have an effect on the calculated energy is the inclusion

of double excitations only, which is termed configuration interaction, doubles, or CID:

[Werp) = ColWo) + 3 3 CRHIVEA) (44)
agbr<s

CID is an important practical procedure. At a slightly higher level of theory, both sin-
gle and double excitations can be included in the configuration interaction treatment.

13



This model is termed configuration interaction, singles and doubles, or CISD:

[Wersn) = ColWa) + 32 3 CHWE) + 3 3 Colwiny (1"

Here, all cocfficients (Ce, (7. €77) are varied to minimize the expectation value of the
cnergy. Since there are nonzero matrix clements of the Hamiltonian between singly
and doubly excited determinants. the single excitations contribute to the wavefune
tion.

However, the most serious deficiency of the CID or C('ISD is that they fail to
satisfly the size-consistency condition [5]. To obtain the corrections to the (D or
CISD. a number of efforts have been made. The most commonly used of them is the

Davidson’s correction (7],

ABeorr = Alicisn + AbLcig (16)
with
ALeig = (1 = C§)AEeisn (17)

where AE¢sp is the correlation energy at the CISD level, and €y is the coeflicient

of the HF wavefunction |W) in the CISD expansion. This correets a major part of

the discrepancy. However, the total energy is still not precisely size-c

1.2.2 Mpgller-Plesset Perturbation Theory

An important advantage of CI is that it is variational, but as pointed out it

is not generally si i A different systematic procedure for including the

14



correlation energy. which is not variational bt is size-consistent. is perturbation
theory.

The perturbation theory of Moller-Plesset (MP) [8]. closely related to many-bady
perturbation theory (MBPT) [9], is an approach ta the correlation problem. MP mod-
els are formulated by introducing a generalized electronic Hamiltonian, Hy, according
to

Iy = Ho + AV (48)
where A is a dimensionless parameter, AV is the perturbation term, and [y is taken
1o be the sum of the one-clectron Fock operators. Wy and Ey, the exact ground-state
wavefunction and energy for a system described by the /1, can be expanded in power

of A according to Rayleigh-Schrodinger perturbation theory,

Wy = WO 4 AW L 2D (19)

=E® 4+ AEW + VED 4. (30)
We call ™ the nth-order energy.

In Moller-Plesset theory, the method is referred to as MP2, MP3 and so forth
for second-order, third-order, ..., respectively. The MP energy to first-order is the
HI energy. Higher terms are the expansion involving other matrix elements of the
operator 1. For example, the second-order contribution to the MP energy is

E® = _fj E'V‘“':, (51)
+ E-E,




D
where 3~ indicates that summation is to be carried out over all double

itutions.

If W, is the double substitution (ij — ab). the explicit expression for Vg is
Vi = (ubllrs) (32)

where (ab||rs) is an antisymmetrized two-electron integral over spin orbitals, defined
as
(ijlIk) = (ijlad) = Gijlik) (53)

In physicists’ notation,

N |
(ulkl)=/\,'(|)\;(z);\k(1)\,(2)11.“./,., (1)
“The final formula for the second-order contribution to the energy is

st |(abfjrs)

=55

ipratrtt—tG—6

(55)

An important point to note is that both CI and MP2 require a transformation of

the two-electron integrals from the basis functions, é,, into molecular orbitals is,.

1CrnelCas(prAa)

wars)= [ | dv;d'q(l);%w,ﬂ)'u“.(zlrlrulr: =LITLC,

where (pv|Ao) are the two-clectron integrals over atomic orbitals [Fq. (22)], and
molecular orbitals i, are defined in the usual manner as lincar combinations of K
basis functions ¢, according to Eq. (3). A number of efforts have been made in the

development of efficient algorithms for integral transformation.



1.2.3 Multiconfiguration SCF (MCSCF)

A multiconfiguration self-consistent-field (MCSCF) wavelunction is a short CI

expansion in which hoth orbitals and expansion coefficients are optimized.
[Waeser) = 3 CilWr) (56}
!

The MOSCE energy is obtained by minimizing (Wacscr| HWarcscr), Lo determine
the optimum ¢ coefficients and the optimum form of the orbitals simultancously.
Obvionsly, the MCSCF approach in principle should show much faster convergence
than CL Details of MCSCF methods can be found in Ref. [10].

Unless restricted by symmetry conditions, MCSCF orbitals tend 10 be localized.

tion is particularly effective for describing molecular dissociation and

This localiz
bond-breaking process in general, and the removal of symmetry restriction has also

been found to produce improved MCSCF results for normal bonding systems.

1.2.4 Valence Bond Approach

“Phe valence bond (VB) approach [11] was first proposed by Heitler and London for
112, and fuither developed by Slater and Pauling for extension to more complicated

molecules. The VB wavefunction for Hy is,
1
Yy = (5) Lsa()1s5(2) + Lsa(1)1oa(2)] x (eB ~ fa) (57)

In terms of the VB wavefunction, the two electrons are on different atoms, i.e., one
on A and one on B. This is the correct wavefunction for singlet state of Hj at infinite

17



separation.

In general. for a polyatomic molecule. there are many possible bonding struetures.

For example. a structure with n atomic orbitals can be considered as a

ystem of n

chemical bonds, where cach bond is deseribed by a Ieitler-London type wavefunetion.
w2

Yvg = AJ[[6i(r)6m(risn) + Suar(n)di( )] (08 = Ja) (58)
=t

This function, when expanded, is equivalent to a linear combination of 2'/% determi-
nants.

The classical VB molecular wavefunction is constructed from orbitals that are
optimized for the separated atoms. As the atoms approach each other, this wave-
function is relaxed by modifying the orbitals within the valence space of the atoms

(i.e., hybridization), including fonic structures and structures with different honds

( Such relaxation is valuable in qualitative analysis, and the related con

cepts, such as hybridization and resonance, are very useful in organic chemistry.

However, in order to perform ab initio calculations with a quantitative and predictive
power, the number of bonding structures required in the VB wavefunction hecomes
very large even for a small molecule. A possible remedy for this shortcoming is the

non-linear, variational optimization of the orbitals.

1.2.5 Generalized Valence Bond Method

The ab initio generalized valence bond (GVB) wavefunction has the same form

as the VB wavefunction but allows all orbitals to be solved

consistently (as in

18



Hartree-Fack). I the GVI appraach. no special hybridization is imposed on the
orbitals. and the orbitals are, in principle, permitted to delocalize onto other centers.

The GVI wavelunetion was first proposed by Goddard [12] in its complete form.

self-consistent-field (MCSCF) method

which is a special case of mnltic

[13]. In GVE wa

funetion, cach pair of clectrons is described by two or more sell-

consistently optimized molecular orbitals while retaining proper spin symmetry.
The basic idea of the GVB method can be simply illustrated Ly considering its

application (o 1y,

Wi = Nlofgi+ el - da) (59)
where Ny is a normalizing factor, and the nonorthogonal GVB molecular orbitals,

WL EE) = Sia). are determined variationally. Using the natural orbitals,

/2,3 = 0) , the one-pair GVB wavefunction can be expressed as

(v,
Wiy ? = Nafowtnay — ozt (aB — Ba) (60)

where ay,.04, are referred to as the GVB Cl-coefficients. The pair of electrons is
now described by two orbitals which are associated with the “bonding” (1) and
“antibonding” (+2,) orbitals.

The GVB wavefunction (or equivalently the MCSCF method using two configura-
tions) has the correct form for the singlet state of Hy at large scparation and properly
deseribes the bond dissociation of Hy into hydrogen atoms. The GVB potential curves
of 1 are illustrated in Figure 1, along with the RHF, UHF, full CI and exact result
of Kolos-Wolniewicz [14]. 1t is clear from Figure 1 that a restricted closed-shell HF

19



calculation fails at Targe distances, whereas an unrestricted (UHEF) wavelunetion gives

the proper dissociation limit for Hy. However, the unrestricted wavefunction is not a

pure singlet. At B — o, the wavefunction is contaminated by a triplet,

i s
A, [¥90™5) =

i) = [yat) — 2E[3)] (1)

The GVB potential curve improves with increasing internuclear separation, compared
to HIF. When /2 is greater than 3 .., the GVB and full C1 results are virtually indis-
tinguishable. AL R=11 a1, Eprr(GVB)

041963 eV, 54% of the fll C1 correlation

energy of -0.9194 V. The full C1 correctly describes the bond dissociation and sig-
nificantly improves the well depth. The full CI/631G** curve nearly parallehe the

Kolos-Wolniewicz's exact result,



Figure |: Potential energy curves for the dissociation of Hj.
The RIIF, UHF, GVB and full CI calculations are performed with 6-31G** basis sets.
The exact potential curves are from Ref. [L4].
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An fmportant advantage of the GVB wavefunction is that the GVB orbitals re-

with “localized” bonds and

semble the elassi

chemically bonded structures, ¢.g
Jeoize pairs [16]. The emphasis in GVI3 is on using these orbitals to understand the
role of dectronic structure in chemical processes. Previous studies [15] have shown
that GVB orbitals are highly localized. and very similar to the localized molecular or-

bitals (LMOs) using the Boys criterion, for example. The GV orbitals are, however,

obstained by a rigorous encrgetic “localization” technique, whereas the Boys LMOs
[2(1)] are obtained by a maximal separation of centroids of charge through a uni-
tary transformation of the IIF orbitals, Generally, for a closed-shell system with N
electrons, a full GV porfect-pairing (GVB-PP) wavelunction involves a set of N/2
“localized” occupied orbitals and N/2 “localized” virtual orbitals which are optimized
for electron correlation. The qualitative orbital view of molecules derived from ab ini-
tio (VI calculations leads to simple concepts relating to geometries. bond energies,

and ordering of electronic states [16].

Another advantage of the GVB wavefunction is that, like SCF calculations, it
does ol require an integral transformation. GVB orbitals are also a good starting
point for post-I1F (CI or perturbation) calculations. A further advantage is that the
energy gradients can be obtained analytically, allowing for the gradient optimization
of geometries, This makes it possible to caleulate, for example, dipole moments [17],

geometry with the

force constants and fund | fr ies at the ilib

inclusion of electron correlation.
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However, in the GV'B iterative process. one difliculty is that, unlike the HI*

method. it cannot be used as a “blackbo

For GVB caleulations, molecular or

bitals must be correctly paired using some initial molecular orbitals

The initial

perfect-pairing orbitals are cither set by some arbitrary default or selected by ca

fully pairing specific orbitals. If delocalized canonical molecular orbitals (CMOs) are

used as the initial GVB orbitals. it is impossible to identify the:

in terms of specific
bonds or lone pairs, and the resulting orbitals may not represent the lowest energy
solution.

Even when the orbital pairing is correct, GVB convergence is in general very poor
compared to HF. Recently, Goddard et al. [18] have significantly improved GVB
convergence using the direct inversion of the iterative subspace (DIS) technique and
a special GVB orbital guess. A reliable initial guess is required Lo ensure that the

GVB calculation is within the DIIS radius of

ergence. Although fast genee
is important, a correct initial guess is essential to ensure convergence on the correet
state, especially for distorted geometries. Pulay et al. used the natural orbitals of the
unrestricted Hartree-Fock wavefunction for generating starting orbitals for GVI and
MCSCF calculations {19]. Goddard et al. [18] developed a procedure for constructing
initial GVB orbitals by localizing a pseudo-Hartree-Fock (P-11F) molecular orbitals
based on the SCF orbitals of the individual atoms. In their approach, the occupied
P-HF orbitals are projected on atomic basis functions for GVB first natural orbitals,

and the unoccupied HF orbitals are projected for GVB second natural orbitals,



For the GVB-PP wavefunction in Eq. (60), both GVB orbitals ¢, t2; and GVB
Cl-coellicients ay,.03, are o be optimized for the minimum energy solution. The
normal procedure is to optimize the orbitals first. After the converged orbitals are

obtained the GVB Cl-cocfficients are calenlated and the procedure is repeated until

a sell-consistent solution is obtained. In the iteralive process, good starting GVB-

PP orhitals will ensure a fast and proper energy convergence. The pairwise orbital

optimization procedure (12] is very straightforward.

"I main objectives of this study are to develop a scheme for automatically gen-
orating the initial GVB-PP orbitals from LMOs and to improve GVB canvergence

using the pairwise orbital optimization procedure,



Chapter Two

Methodology

2.1 GYVB Perfect-Pairing (GVB-PP) Approach

2.1.1 GVB-PP Wavefunction

A simple lization of the HF function is to allow selected electron pairs

to be described by two or more self-consistently optimized orbitals:
dt(al - fa) = (¥, 05 + 6480008 — fa) (62)

The result is the GVB waveflunction. The closed-shell orbital description of a singlet

electron pair is replaced by a GVB pair consisting of two nonorthogonal orbitals

coupled intoa singlet (12]. Inthis GVB wavefunction, the strong orthogonality (S0)
constraint requires that all orbitals, other than the two within a given singlet pair,

be arthogonal. The general form of the G VB wavefunction is
Vove = AW coreWpair Wopen| (63)

26



where A s the antisymmet rizer, For a system with N dlectrons, 2V.o,. clectrons are
deseribed with doubly ocenpied orbitals, and Nypen clectrons are high spin- coupled

(8 =N a2

Ny =

Veore = 11 (070} (i73)  and
(o1)

Yaprn = 1T (67"0r)
o

where (27 ™ are orthogonal spatial orbitals. W, which is referred to as the
restricted active space, can be constructed ina number of ways depending on the

chiceof thespin-conpling. Inthe perfect-pairing spin-conpling procedure, the singlet

Nparr
conpled by paies of orbitals (42, , %) with spin functions @pp =[] (@B — ),
e

Neore. The GVB wavelunction, in which the perfect-

Whete Ny = (N = Npm ) /2 =
pairing and strong orthogonality restrictions are both imposed, is referred to as the

GVB-PP wavefunction, and Ve is given as

Vparr

Vparr = [T (84, + 04480l - Ba) (63)
it

. Computationally,

where 14,4, are the GV B orbitals in pair i, with (y[v5;)

it is more convenient to use orthogonal orbitals. The nonorthogonal GVB orbitals

&, 1%, can bereplaced by theorthogonal orbitals 1y, fai through the following trans-
formation (12},

1 1
o+ o) H (o i+ o)

Wi = (ou+ oa)Hobii— ol
(66)
(brala) = 0

o +ak=1, and 0102 >0
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Under sich a trnsformation cach G\'B-PP orbitalin Eq, (65) is replaced by
(efg+ wfel)lad —do) = (e = eaeun) (ad - Ja) (67)

For a two-electron system. this GVB wavefunction is identical with the simple two

configuration MCSCF wavefunction
Waeser = Caleiaiid) +Colizaiad) (6)

where €y, C'p are configuration coeflicients to be oplimized. The natural orbital pairs
(14, ) are generally well localized and can be ensily identified with specific bonds
or electron paits, where fy; can be associated with the bonding. type orbital ancd iy,

with an antibonding type orbital,

sing the orthogonal GV B orhitals, the energy expression for the GV BPP wave

function becomes similarto the IlI” expression,

Noce Noce
Y. Fib+ 3 Caidy + bykiy) (69)
& =

lions for

where Noe is the number of the occupied orbitals, and the standard defi

the one-electron(hii), colomb(J;), and exchange(K;) energies are used. The orbital

occupation cocffici fiand thetwo-electron coupling cocllicients . by, depend on
the GVB wavelunction, which are given by,

1 if gyisa coreorbital,

fi=1{ ? if pisa pairorbital with cocfficient a;, (70)
L if yyis an open-shell orbital.
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and

oy = 2L 1,
! ! (i
by = =[],
exeept that
0, =14 b, ==L il4yand ¢ arc both openshell orbitals.
0w =fi by =0, il 4, is a pair orbital, (72)

@y =0, b, =20, i #y;arcin the same pair.
The energy expression of Wy p_pp in natural orbitals is simple enough to allow
for efficient optimization of hoth molecular orbitals and GVB Cl-coefficients. In
general, the GVB-PP caleulations are described using the notation, GVB(number of
paies/nmber of PP orbitals), where the number of PP orbitals is equal to the number

of determinants,

2.1.2 Pairwise Orbital Optimization

The general condition for the optimum orbitals, corresponding to the energy
expression given by Eq. (69), is that the first-order change in the energy due to
changes in the orbitals is zero, leading to

S(Bwil Py =0, (1)
i
where F; is the Fock operator for the orbital ¥;,

Noce
Fi= fih+ 3 (aijJ; +bij ;) (74)
7
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where b is the one-electron operator and /. K, are the conlomb and exchangge oper-

ators [12]. The energy expression can be written as

E =3 + (el File)] (i)

For the optimum orbitals 2", and +,, the variational condition is

(e

= E)l) (76)

Because the Fock operator depends on the orbitals, the variational equations must
be solved iteratively.
The independent pairwise optimization allows mixing between only two orhitals

at a time,
= (it A i)+ A
(77)
¥ = (A1 + )

where ,;, A, are the orbital correction factors. Generally, since orbital orthonor-
mality must always be preserved, these corrections cannot be fully independent and
orbital orthogonality requires that A\ = —A,,. In keeping with the variational con-

dition that the matrix clements Ay = ([(F — Fy)ih,) must be zero, under the

second-order approximation (12], the orbital correction factors are given as,

v (WF, = Flb,)
4 TR = P — GBI = RI,) + B,

(18)

where Bi, = 2(aii +aj5 — 2a;) K5, + (b + bs, = 2b,5)(Ji; + Ky).
Pairwise orbital optimization deals with the variation of only one variable at a
time, and is expected to converge to a solution directly (lincarly) accessible through
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individual pairwise danges. I the pairise orbital mising scheme, once A, has heen

cletemmined. obitals vy, 2, are redefined before proceeding to the next pair. Because

cach mixing coefficiont is determined ina completely independent way., this approach

tends to have some oscillatory behaviour.  This simple procedure docs, however.

converge suceessfully.

2.1.3 GVB Cl-Coefficients

In addition to the above orhital optimization, the GVB Cl-coefficients o1, . 0y in

I2q. (67) are optimized in terms of the GV B-PP energy contribution (E;) from the

it pairing orbitals fui Yoai.
1

s

7

where

" 1
o= b+ ghisi+ 3 fo (2 —
s

. 1
Taz = haiai + Siai + Y [ —

St
By defining

(0T +03, T + 01,00ik1i.2:)

Kini)

Kjai)

a; =oifor; and  Ti=Tp-Ty

and requiring dE: /do; = 02 one can gel

T _
Kyiai

0+t

then
1

=m and 02

o1

Thssuming Kii.2: # 0, K1z,
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T

=0 results in collapse of the GVB pair.

(19)

(80)

(81)

(82)

(83)



In the case of more than one pair. the GVB CI-coellicients will be obtained in an
iterative procedure. Eqs. (70) and (80).
2.1.4 Basis Sets

Molecular orbitals are expressed as a linear combination of a set of basis fune

LY
tions. =Y Cyou. Inthe procedure of using contracted Ganssian fnetions, vach
=

basis function is a fixed linear combination (contraction [20]) of 1 finctions
(primitives).

Using g for a normalized Gaussian function, & contractod funetion consisting of 7,

Gaussians has the form,
GF, a
5 (r — Ra) = 3 dpugp(apr — ) (N1)
=

where @y, are the Gaussian exponents, and dy, are the contraction coellicients. For

example,in STO-3G, L =3. In 321G, L =3or core, L =2and 1 for valence orhitals
(split-valence).

The 631G* and 6-31G** basis sets [21] are formed by adding polarization fune-
tions to a 6-31G basis. Inthe 6-31G contraction, theinner shell functions (core) con-
sist of six primitive Gaussians and the valence orbitals are split into a split-valenee
shell with L=3 and L=1, The dtype functions that are added toa 6-31C hasis to
form a 6-31G* basis are a single set of uncontracted d-ty pe primitive Gaussians. 'The
6-31G** basis differs from the 6-31G* basis by the addition of one set of uncontracted
ptype Gaussian primitives for hydrogen.
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