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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)
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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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2.1.5 Energy Gradient and Geometry Optimization

Denoting all the vanable geometrical parameters qp.+ -+ g which can be rep-
resented as a vector @ = (gr.eeo.qe). the total energy £ will depend on q, i.c.,
I = L(q). The encrgy optimization (minimization in most cases) is to find the
optimum (minimum) value of £ with respect. to all possible allowed changes in q.

Analytical gradients. or first derivatives of the energy with respect to g;, can

improve the efficiency of optimizing equilibrium structures and scarching for transi-
tion states [22]. Second derivatives can be caleulated by numerical differentiation of
the analytical gradients to determine force constants and fundamental frequencies.
Hartree-Fock encrgy gradients have been used extensively to optimize equilibrium ge-
ometries and (o locate transition states. However, energy surfaces for some reactions
cantot. be desctibed properly at the HF level. If correlation energy is included via CI
or M theory, energy gradients are more difficult to caleulate, since the derivatives of
molecular orbital coefficients must be computed by solving the coupled perturbed HiF
(CPHF) equations [23]. Alternatively, it is possible to describe the energy surfaces
for many reactions with sufficient accuracy by using a GVB-PP approach, Since the
GVB-PP calculations minimize the energy with respect to the MO and Cl-coefficients
simultancously, the CPIIF equations can be avoided.

Morokuma et al. [24] first presented the analytical evaluation of GVB energy
gradients. Different formalisms and implementations of GVB and MCSCF gradients

have been given in the literature [25]. In this study, we calculate the GVB analytical
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energy gradients hased on the procedure proposed by Moroknma et al. [24].
With the total GVB electronic energy given by Eq. (69). the GV gradients can

be cas’ mto a form similar to those for SCI and MCSCH,

") + Z Fane (=) er])

nole

Z"u.

where P, is the one-particle density matri

e 18 the two-particle density matrix,
Dy are the one-electron integrals, (jiw|Aa) are the two-clectron infegrals, S, are the

overlap matrix. £™ i

is the nuclear repulsion cnergy, and 1V, are the energy-weighted
density malrix.

The one-particle density matrix P is defined as,
P =cCoc* (86)
where O is a diagonal matrix (O;, = 6,,0;) representing the orbital ocenpancy,
2 il iis a core orbital
Oi =1 207 ifiisa GVB-PP orbital with cocflicient o, (87)

1 il iis an open-shell orbital

The two-particle density is defined as,
Luore = {21)"’” DSgre = DR D]
+Z[(a.u + o) D5 Dy + (bio + bo) D3R D] (%)
0
+Ev:(ﬂu'DLuDia + b0 D,,)
W
where the N,y is the number of valence orbitals with variable occupation number,

including open-shell orbitals. The jon number for core orbitals is 2. The




density elements for the core. D577, and the valence orbitals, D, are given by,

(89)

Nowe
Ber= Y Cals D, =

The configurations for the GVB caleulation involve the set of valence orbitals, or
GVB-PP orhitals, while the core orbitals remain doubly occupied. This scparation
into core and valence orbitals simplifies the structure of the two-particle density ma-
trix. A smaller P24 refers only to the valence space, while for core orbitals it can

he obtained in terms of the one-particle density matrix.

Similarly 1o the closed-shell SCF, the GVB energy-weighted density is defined as,
Wi = 3 cwCluCu (90)
Kl

where ¢y are elements of the Lagrange matrix.

Our VB geometry optimizations are based on the analytical gradients and the

nnmerical second derivatives. Usually, the Davidon's optimally conditioned optimiza-
tion method with gradients, i.e., OC method [26], is used for the ground state ge-

ometries. The Powell’s minimization of sum of squares of gradients, 7.e., VA method

[27], is used for the transition state geometr



2.2 Recent Developments in GVB Methodology

2.2.1 Pseudospectral GVB

The pseudos pectral (PS) numerical method for SCIF caleulations has recently been
extended for use in GVB caleulations by Coddard et al. [28]. T the PS integration
method which was developed by Friesner of al. [20], the two-clectron integrals are

calculated using both a Gaussian basis set and a numeri

al grid. In the conventional

all-integral GVB calculations, a set of integrals (jwan) is evaluated, which are then
used to calculate the coulomb and exchange integrals. In PS-GVB calenlations, how-
ever, a numerical grid is used Lo directly evaluate the conlomb and exchange integrals.

This involves evaluating the quantities,

(o(2)xn(2
Aonlrg) = \l_r(%é‘l_),tr, o1
)

directly for a st of grid points ry. With Gaussia-type basis functions, \, =
e~ Y;,(0,6), on various centers, the potentials Ag,(r,) can be cvahiated ana-
Iytically for cach grid point. The coulomb and exchange integrals can be calculated
numerically from Agy(ry).

For K basis functions, this procedure scales as K% as compared to the conven-

tional K* scaling of evaluating integrals over basis functions. For IIFF and GVB-PI*

wave i the PS ical integration method, as an imation to the con-
ventional analytical integration, has been shown to give total clectronic energies with
a discrepancy of < 0.1 keal/mol relative to the conventional all-integral methods [28].
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The substantial reductions in CPU time and disk storage makes it possible to carry

out GVE caleulations on large systems.

2.2.2 GVB/R

In the GVB-PP wavefunction, the bonding orbitals #2342, which are coupled in
the same pair, are nonorthogonal, while orthogonality is enforced between nonbonded
spatial orbitals. A novel (VB wavefunction expression in terms of nonorthogonal
orbitals has been proposed recently by Messmer et al. [13]. 'The GVB wavefunction is
transformed to a multiconfiguration wavefunction expressed in terms of an orthogonal

orbital basis. ‘This simple transformation provides insight for extending the GVB

deseription Lo the complete-active-space self-consistent-field (CASSCF) limit. An
important effect is to allow the GV orbitals to respond to the different spin couplings.

“The result is a new “orbital relaxed” GVB (GVB/R) wavefunction.

Yavpn =Y CollVeretbiitai -+~ ¥wi0i] (92)

h GGVB/R configuration i is composed of different nonorthogonal orbitals ¢, j =
1,-++.V, with a total of N nonorthogonal orbitals.

For example, the GVB/R wavefunction for C2Hy is,
VT = CLAWcoretbrotaotnatizedi] + CoAlVeoretlo ¥ Wi 05,00)  (93)

where 0, is the perfect-pairing spin singlet coupling, 6, = (a8~ fa)(aB— Ba), and 6
can be considered as two C-C triplet pairs antiferromagnetically coupled to an overall
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singlet. The GVB orbitals are expanded in terms of the four orthogonal active orbital

space, The first term in (93) is the normal GVB-PP wavelunetion.

Nearly all of the correlation energy contained in a corresponding CASSCH ex
pansion can be represented by a GVB/R wavefunction with far fower variational

parameters.

2.2.3 GVB-DIIS

In the carly 1980, Pulay [30] developed the direct inversion of the iterative sib-
space (DIIS) method for improving the convergence of HIP wavelunctions. Instead
of extrapolating orbitals from iteration to iteration, DIS methods average the Fock
matrires from different iterations to obtain a new trial Fock matrix for the orbitals of
the next iteration. DIIS has been successfully used to closed-shell I and restricted

open-shell IIF (ROHF) [31-32], and also applied for geometry optimiz

ion.
The DIIS procedure uses Lhe errors (¢) for different iterations (1) to find a “hest”

combination,

> " =0 (94)
N
where the errors for iterations n are grouped into a supervector ¢®. The next iteration

then uses the best Fock operator

P 30 g (95)

where F" is the general Fock operator at iteration n. Using this predicted Fack opera

tor FP!, rather than the newest Fock operator F7™tr leads Lo accelerated converge
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The comve ¢ condition is that the error veetar ¢ b zero for all occupied orbitals.

A major advantage 10 DIIS is 1hat it can provide fast convergence generally only seen
in second-order methods.
Muller et al. [18] generated a GVB-DIS multishell Fack operator F7. and defined

the error vector * for iteration n. Once the calenlation is within the DIIS radius

of convergence, the key steps of a GVB-DIIS iteration are (1) the formation of the

general Fock operator and error vector, (2) the determination of iteration coefficients
from DS equations, and (3) (o obtain new orbitals from the Fock operator.

The GVB-DIS method, in general, allows fast and reliable convergence for a wide
variety of wavefunctions having arbitrary numbers of core, open, and GV orbitals.
“T'he reliable convergence requires a reliable procedure for the generation of the initial

(VB orbitals to ensure that the starting point of a calculation is within the GVB-DIIS

radins of convergence.

2.24 GVB-CI

The GVB wavelunction provides a clear orbital description of the electronic struc-
ture of molecules, but the emphasis of GVB is not on getting 100% of the correlation

energy. To obtain more clectron correlation, the GVB-CI function is usually

constructed by including all single and double excitations which are within the space

spanned by the GVB orbitals.
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Carter and Goddard

|

CCC1) approach. in which the C1 exy

dloped the GVB correlation-

stent CLGVI

ion systematically includes all correlat
likely to change appreciably in the bond cleavage process.  Fhe truneation of this
€'l expansion is more rapid than the conventional singles and doubles CFapproach,
while giving more accurate results. Starting with the GVB wavefunetion which allows
the electrons in the bond that is breaking to ocenpy their own orbitals, GVB-C'C'CI
includes full correlation of the electrons in the hond that is breaking and all single ex

citations from all valence orbitals. For example, GVB-CCCLealentations on ethylene

lead to a C=

double hond energy of D, = 1741 keal/mol, which is just 49 125
keal /mol weaker than the experimental value [43].

In order to mimic the full GVB wavefunction in which various spin couplings are
included, a “restricted™ C1 (GVB-RCI) method [31-35] was developed to include all
configurations with two electrons distributed among the two orbitals of cach corre-
lated pair (as in GVB-PP). In the natural orbital basis, the GVB-PP wavefunction

describing Npair GVB pairs is an fon in 2% closed-shell determinants, The

GVB-CI coeffici define the fc ion from the overlapping GVB orbitals

to the orthogonal natural orbitals. Using the structure of the multiconfigurational
GVB-PP reference wavefunction makes the GVB-RCI expansion tractable for large
systems,

Recently, Murphy et al. [34] developed a GVB-RCI contraction procedure, using

more general MRCI expansion from a reference expressed in terms of GVI3 pairs.

10



The GVB-RCT contraction procedure consists of two parts: (1) the RCI expansion
is defined by making excitations from the contracted. multiconfigurational GVB-PP
expansion. rather than by making excitations of the individual 23 configurations
contained in the GVB expansion: (2) the GVB-RCI CI coefficients are functions of
the GVB-PP pair coefficients, i.c., GVB Cl-coefficients oy;.0;. Furthermore, a fast
two-index transformation of PS integrals gives the necessary integrals over orbitals for
the CI caleulation. In contrast, the conventional methodology requires an expensive
(K*® process) four-index transformation from the basis set to the orbital space. The
combination of the novel GVB-RCI contraction and PS integration is shown to allow

for accurate GVB-CI calculations on large molecules.



Chapter Three

Computational Developments and

Programming Considerations

Both GVB orbitals (1) and GVB Cl-coefficients (a,) in Fq. (67) are to be op-
timized self-consistently. As discussed in Section 1.2.5, GVB caleulations cannot be
used as a “blackbox”, but the molecular orbitals must be correctly paired using some
initial molecular orbitals. The initial perfect-pairing orbitals are essential Lo ensure a
fast and proper energy convergence. The objectives of this study are (1) the antomatic
generation of initial GVB-PP orbitals for specific bonds or electron pairs, (2) the fast
and reliable convergence of GVB calculations, and (3) creating an “object-oriented”

GVB program.
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3.1 Generation of Initial GVB Orbitals

3.1.1 CMO Initial Orbitals

One obvious choice for initial GVB orbitals is the use of canonical molecular or-
bitals which, for example, can be generated from extended Huckel or HF calculations.
With CMOs it is possible, for a few cases, Lo select automatically orbital pairs which
correspond to specific chemical bonds, using an identification matrix (Z). The iden-

fification matrix olement ZEYO for CMO b, centered on atom A is given by,

> (Cl)?

om0 _ e (o8]
S DT-T
b=
where the € are the MO coeffici or ling to ¥,. A ding to Eq. (96),

0.00 < Ty < 1.00 and - Tiy = 1.00. Zis can be regarded as a partition function to
A
represeut the contribution from atom A to the molecular orbital ;.
From the identification matrix a given i; can be identified as corresponding to

a specific hond or clectron pair. For instance, at STO-3G the identification matrix

elements for Cally( Day) are
Tuc, = Tuc, = 0.50, Tan, = Zon, = Tary = o, = 0.00

Too, = Tacy = 0.50, Tow, = Tarry =Tt = oy = 0.00

These results indicate that ¢s of ethylene is a () bonding orbital between the two

carbon atoms, and g is the corresponding () virtual (or antibonding) orbital.
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Generally when using C'MOs, perfect-pairing orbitals can only be automatically

constructed for 7 orbitals (or some conjugated bonds). 1t is very difficult to choose the
correct pairing for the o orbitals from CMOs. Ou the other hand, LMOs are highly
localized to atoms, and can generally be characterized as specific bonds between two

atoms.

3.1.2 LMO Initial Orbitals

Since GVB orbitals are highly localized, a logical choice for initial GV orbitals
is the use of LMOs. However, if all the occupied orbitals are allowed Lo mix during
the localization procedure, the resulting localized multiple bonds hecome equivalont.
For example, the o and 7 bonds in cthylenc will transform into two cquivalent hent
bonds.

This problem can be easily overcome by classifying the orbitals into different,
localization groups which are defined by the MO selection vector G. The default for

G is two sets of orbitals (one for occupied, and another for virtual),

1 if i is an occupied orbital

(97)
2 ifiisa virtual orbital

For example, the default for CoHy at STO-3G is G=(11111111222222). In this case,
the first 8 occupied CMOs are localized as one group, and the last 6 virtual CMOs are
localized as a second group. When symmetry is used to separate the o and 7 borals,

the MO selection vertor G becomes (11111113422222), where the x, n° orbitals (i
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and ¢y) are not transformed.
In general, with the MO sclection vector G, it is possible to modify the default
using a simple menu command [36] and thus to select any number of localization

groups,

24 if 7 is a selected occupied orbital
(98)
24 N,+j iliisaselected virtual orbital
with j = 1 for the first group of selected orbitals and j = N, for last one, where N,

is the total number of selected groups. In this way, the CMOs can be divided into
a total of 2+ 2 x N, groups for localization. By default the o and 7 orbitals are
transformed separately resulting in o7 bonds as opposed to banana bonds.

‘The two bent bond description of ethylene is more suitable for describing the
dissociation of the C=C bond of cthylene into two methylenes with two equivalent
bent bonds. However, it is not suitable for describing rotation about the C=C double
bond, where twisting of the 7 bond results in two nonequivalent bonds. Schultz and
Messmer [37] have shown that the two bent bond description is energetically favoured
over the or description at the GVB level for a number of molecules including C,H,.
Ilowever, our GVB-PP results demonstrate that the o7 description of the C=C double
bond is energetically favoured over the two bent bond description at the equilibrium

geometry, which is in agreement with Carter and Goddard's results [38] for FyC=CF;.



3.1.3 Characterizing Bonding Orbitals

Initial orbitals corresponding (o specific bonds can be generated from the LMO,
which are obtained through a wnitary transformation of the CMOs using the Boys
localization method [2(1)] for both occupied and virtual orbitals. The localization
procedure is carried out in terms of the MO selection vector G. The LMO coellicient
matrix (L) and CMO coefficient matrix (C) are related by the transformation matri
(T)as L= CT.
Similar to Eq. (96), the LMO identification matrix (Z49) is defined as,
YL}

LMO _ ned

T e (L)

=

(99)

where 0.00 < Ziq < 100 and Y Tix = 1.00. Using the LMO identification matrix,
A

one can construct a binary type matrix B with matrix clements defined as,

Bia=0, ifTa<c
(100)

Bia=1, ifLia>c
where ¢ is a threshold. The threshold is initially set at &, then decreased by increments
(e.g. 0.03) until two bonding atoms are found or the minimum threshold (e.g. 0.10)
is reached. Using this scheme, the matrix clements By are determined for all doubly

occupied and virtual orbitals. Bis = Bip = 1 indicates that LMO /M corresponds

to a bond between atoms A and B.



3.1.4 Perfect-Pairing

With the binary matrix B, the selection of GV perfect-pairing orbitals hecomes

LAO

MO which has been identified

straightforward and antomatic. For the accupied &
as a hond between atoms A and B, the corresponding w40 can be found using the
following eriterion:
By =B, for all atoms A (101)

I more than one virtual orbital satisfies this criterion, the following additional con-
dition is used,

IS Luili = 3 LuiLys| = Maximum (102)

HEA neB
The result is the perfect-pairing orbitals (#%° and 1:5M0) associated with the A-B
boud. ‘The initial GVB pair function 44-p corresponding to the A-B bond can be

constructed as in Eq. (67), using the pairing orbitals.
tamp = (G MOYINO — 0, NOYIMO) ag — o) (103)

Witls this scheme, our GVB program [39] can (1) automatically generate LMO PP
orbitals for all bonds (with frozen cores), (2) generate LMO PP orbitals for selected
bonds, (3) read the orbitals which can be obtained from previous GVB calculations or
ereated by other methods, (4) use an undistorted geometry to create GV orbitals for
a distorted geometry, (5) gencrate GVB ori*als for open shell cases, and (6) generate
('MO PP orbitals automatically (for some cases) or from selected orbital pairs. For

(1) and (2) the LMOs may, in our current version, be generated from Huckel MOs or

47



from converged HF MOs.

3.2 Orbital Optimization and Convergence

Our GVB procedure is carried out as illustrated in Figure 2. Before

Po,
the OSIPE (Open Structured Interfaceable Programming Environment) structure of
the program [36] ensures that all “objects” required for the GVB calenlation have
been built. For example, the initial orbitals are built by a call to the function

getobj("MATSQG .COEFF_CMO_AO.GUES

GVB) (see Appendix A).

3.2.1 Orbital Optimization

Using the basis expansion §; = Y Cludy, the energy expression of Fq. (75) can
"

be rewritten as,

Yy CuxCuilio (to4)
i
where Ei = [ihy, + (84 Fildu).
The orbital coefficients Cy; are redefined by Bq. (77), which can be expressed as
an orbital rotation,
Wi =hicos 0 + i sin 0

(105)
b = hcos 0 — isin0

with

cosl=( (106)

L i
L+ (Ex)?
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STEP 0 - Optimize Cl-coefficients e, using the initial orbitals.

STEP 1 - Construct the Fock matrices wver AQs, (1! F, 1) and
A= ((F = )[8,), where

Nuee
Bz fih+ ) (aidj £ bii K;)
et

STEP 2 - Pairwise optimization of the GVB-PP orbitals to get the orbital cor-
rection factors Ay .

IF, F.|y,
ﬁTw, [(F,-F)i6;) By, where

G )
B = Z(a.d- a;i- Zzz,J)IxU + (b“ +by; - 2i;) (i + Kyj)

? 3 - Construct new orbitals.
Ui = icos O + ¢ sind
1/;; = 9jcos 0 - ¢; sinf
where cos0 = 1/(1+ (€)j)%)}

STEP 4 - Minimize E with respect to £ with Ej fixed, go to STEP 5. If no
minimum is found or if the orbital corrections are large, goto STEP 2.

STEP 5 - Extrapolate/Interpolate C.
STEP 6 - Recalculate coulomb and exchange integrals (J, K).
STEP 7 - Reoptimize Cl-coefficients only if p. is small enough (eg. < 0.01).

STEP 8 - Calculate the energy.

Nuce Nuwe
B =2% fiki+ D (aidij + biKis)

i=1 W=t

STEP 9 - Calculate the density matrixand check for convergence (port, fc, Ad)-

- GOTO STEP L

Figure2: The main steps in the GV B iterative process
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The pairwise orhital correction factor A,y is caleulated wsing B (78), and o

scaling factor (€) is introduced inorder to aceelerate convergence. The scaling factor
&is optimized to minimize I with Ego fixed (e £, STEP 4 in Figure 2. The defanlt ¢
is set to 1,00. and generally the optimized value is ahout 0.8, The rotation procedure
is carried out simultaneously and with a single scaling factor for all orbitals. After

the rotation the orbitals are orthogonalized by the Sehmidt procedure.

3.2.2 GVB CI-Coefficients and Extrapolation

The GVB Clcoefficientsin £q, (103) are optimized for the initialorbitals, u are
only reoptimized when the change in the orbital cocflicientsis stall enorgh, Pople’s
3/4-point [5] and Dewar's [10] extrapolation methods, which have been well sticlicd
for HF-SCF in MUNGAUSS [41), are available to extrapolate the orbital codlicients
Cpue Tnthe default procedure the 3/4-point method is used wtil the orbital conreetion

Lion method.

is small enough, at which point we switch to Dewar's extrupols

3.2.3 Convergence of GVB calculations

Three different convergence criteria are used Lo determine the optimization acer
racy and ensure proper convergence of the GVB energy.

1) The orbital correction convergence criteria , porb,

Niases
5
ot = ()} (107)

Nyasis % (Nhsis + 1)/2 = Nius
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2) The orbital coeflicients convergence criteria, pe.

(108)
3) The density matrix convergence criteria, p,
Niasre \
(3 (P=P,)):
pp==t (109)

Nhasis
where P is the one-particle density matrix as defined in Eq. (86). The density
matrix convergence criterion is important since it incorporates convergence in both
the orbital coefficients and the orbital occupancy or GVB Cl-coefficients.

In order to demonstrate our GVB convergence, some systems were selected to

ropresent the different. GVB models, from GVB(1/2) (1 pair) to GVB(10/20) (10
pairs). GVI calculations? were performed with various standard Pople basis sets (51]
(STO-3G, 3-21G, 6-31G*, 6-31G™*, 6-314++G™, and 6-311G**), using HF LMOs as
the initial orbitals, GVB/6-31G** calculations were also performed using extended
Huckel LMOs as the initial orbitals. ~ All the calculations were carried out using
experimental geometries (42 except for glycine, for which the HF/STO-3G geometry
is used.

“T'he default acenracy for all convergence criteria (pors, pe and pg) is 10~°, In Ref.

(18], Goddard et al. used the SQCDF (< 107°) as the convergence criteria, which is

FFrom now on, our GVB calculations in this study are based on the LMO initial orbitals and the
autoratic generation procedure, without specification.



related to our orbital coefficients convergence aceur.

SQCDE =

S A TV A e (o

For moderate size molecules, Npyary X Noe 2 1070 50 that po < 1077 is equivalent 1o
SQCDF £ 1077, As pointed out the density convergence aceuracy, py, is a hetter
criteria, since it incorporates all GVB variational parameters,

The total energies are summarized in Table 1, and the numl of iterations for

converging GVB caleulations are reported in Table 2. As in GVB-DHIS 18], reliahle

convergence requires a reliable initial gu

6 (o ensure that the starting point. is within
the radius of convergence. Our (VB procedure gives a similar convergenee, onee a
reliable guess is obtained. The GVB(2/4)/631G** calenlation of (11 converes at
9 iterations. for instance, compared fo 10, 15 and 26 iterations for the corresponding
CVB-DIIS, GVB2P5 and G0 respectively (18], For glycine, our GVIB(10/20)/6-
31G** converges at 16 iterations, compared to 20, 90 and 75 iterations for the corre-
sponding GVB-DIIS, GVB2P5 and (90 respectively. The GVB/6-31G** calenlations
using the extended Huckel LMO guess generally converge as well as for the 111 LMO
guess. Overall, our GVB converges within 10-20 iterations (‘Table 2), demonstrating
that the GVB method as described above provides excellent convergence for a wide

variety of wavefunctions based on reliable initial orbitals which are gencrated anto

tically. Further imp s in convergence should be possible by incorporating

the DIIS method in our GVB.



Table 1: Total RHF and GVB enervies (hartrees).

\loleewle  Method™ __ STO4G__ 321G 6-31G" ___631G™=  631++G*" _ 6311G™"
¥2 RIF -195.96743 19764415 -19867382 19967382 -198.6805  -198.72708
GVB(1/2) 19604519 19771926 -198.74833 -198.74833 -198. -198.80378
11,0 IHF -TI9605 7538542 -76.0050 7602312 -76.03073  -76.04639
GVB(2/4)  -T5.00315 7562810 -T6.0387 -T6.06411  -76.0715  -T6.08826
NG RIF SOLAMI0  -9233941 9285473 0285920  -92.86102 0288159
GVB(2/1) 9168875 9238253 -9280714 9290157  92.90765 9292486
GVD(3/6)  -9169514 9239153 -92.9041 9291055 -92.91670  -92.03454
GVB(1/8) 9170762 9240630 -92.92127 9292502  -92.93112 9294548
Cly  WIF ‘3879604 3922481 -39.44614 3945288  -39.50648  -30.48053
GVB(3/6) 391145 3038276 -39.50914 -3960375 -39.60639  -39.61251
neen wiE -758587 7639528 7681710 -T682116 -76.82682  -76.84025
GVB(2/4)  -T591726  -T6.44554 -TG.464T8  -T686888 -76.8734  -7688733
GVB(3/6)  -75.02280 7645256 -T6.87197 -76.87606 -76.88066  -76.89483
GVB(5/10)  -75.94894 -76.48010 -76.8980 7690326 -76.90787  -76.92230
H2CCH;  RHE 7707207 -7759979 -78.0M078 1803792 -78.04%3  -8.05385
GVB(1/2)  -77.11659 7763054 -78.05089 7806704 -78.07082  -78.08214
GVB(2/4) -T7.12496  -77.64065 -78.07017 -78.07743  -78.08070 -18.09275
GVB(6/12) -77.18165 -77.69900 -78.13020 7813620 -78.1308  -78.15188
Glycine  RIF -270.10580 28122876 28280827 -28282461 -282.8M455 28289268
GVB(10/20) -279.29109 -28140577 -28299178 -283.00605 -283.01653 -283.07487

N-

GVB(1/2) for the F-F bond. Hz0: GVB(2/4) for two O-H bonds. HNC:
x bonds, GVB(3/6) adding a N-C o hond, GVB(4/8) adding a H-N bond. ‘CHa: GVB(3/6)

: GVB(2/4) for two

for three C-H bonds. HCCH: GVB(2/4) for two C-C = bonds, GVB(3/6) adding a C-C & bond,
GVB(5/10) adding two C-H bonds. HzCCHz: GVB(1/2) for the C-C 7-bond, GV B(2/4) adding
a C-C o bond, GVB(6/12) adding four C-H bonds. Glycine: GVB(10/20) for all 10 bonds. The
experimental gometries are used [42], except for glycine (HF/STO-3G geometry).



Table 2: Numbers of iterations for converging GVB caleulations.

Molecule  Method" STO-3G 321G 63IG* 631G
Fy GVB(1/2) 10 16 9 v
11,0 GVB(2/4) 8 14 10 10 15
HNC GVB(2/1) 8 9 8 9 n
GVB(3/6) 8 12 8 91
GVB(4/8) 8 1 89
CHy GVB(3/6) 1 12 2
HCCH  GVB(2/4) 6 8 1
GV B(3/6) 7 8 8 7
GVB(5/10) 6 9 8 8
H,CCH, GVB(1/2) 4 1 1w
GVB(2/4) 5 13 9 9
GVB(6/12) 4 13 9 9 9
Glycine GVB(10/20) 12 20 JUST

* see notes for Table 1.

6310 -GS GRIGH

10

reference

(1)
(24) ()

(1y*
(ray(my!

(1)
(15)(28)*

(20"

_ (voy(ms)*

a. The initial orbitals are from extended Huckel LMOs, whereas the initial orbitals are from HF

LMOs for all other cases.

b. GVB-DIIS [18]; b. GV B2P5 [18]; and d. G90 [18].



3.3 Program Structure

The progran for GV ealeulations is a part of MUNCGAUSS [41], which has been
developed nsing the OSIPE tools [36]. All objects. required for GVB ealeulations. are
handled by the objeet management tools'  provided by OSIPE (sce Appendix A).
The GVB calelations have been tested for a wide variety of wavelunctions having
arbitrary numbers of core, open, and GVB-PP orbitals, on VAX/VMS, SGI/UNIX,
and DEC-Alpha/UNIX computers.

“The following is a brief description of the GVB program, which can be used as a

wser’s and progammer's reference.

3.3.1 GVB Program (GVBCLC)

The GVB computation is carried out in its algorithmic routine GVBCLS. The
main steps in GVBCLS are given in Figure 2, as discussed in Section 3.2. The
allocation routine®  GVBCLC gets the address of objects for GVBCLS, and is shown
on page 56.

For example, the scalar SCF.SCI_.NUM_OF.CONFIG is built and assigned to

NCONF by calling the function, i.c.,

call getsci (’SCF_SCI_NUM_OF_CONFIG’, NCONF)

. Other OSIPE facilities are also used.

c principles (36], an object can only be created by its allocation-routine,
which creates nothing else. The OSIPE structure for the allocation routine and its algorithmic
routine is illustrated in Appendix A.



allocation-routine:
SUBROUTINE GVBCLC

* Includes:
include ’osipe_stack’

*

stack addresses:

Local scalars:

*

*

Begin:
1build = .false.

Scalars:
call getsci (’SCF_SCI_NUM_OF_CONFIG’, NCONF)
call getsci (’SCF_SCI_NUM_OF_FOCK MATRICES’ , NFOCK)

*

Input objects:
ixICONF=getobj (’CONFIGURATION_LIST’)
i£ (1build)ixICONF=bldobj (’CONFIGURATION_LIST’)
ixCHOG=getobj (’MATSQG_COEFF_CM0_AD_GUESS_GVB')
1£(1build)CHOG=bldobj (’MATSQG_COEFF_CMO_AD_GUESS_GVB')

*

Output objects:
ixCMOA= putobj (’MATSQG_COEFF_CMO_AO_GVB’,
i NBASIS*NBASIS, ‘REAL’, L8)

*

Gather addresses:
TICONF=0bjadd(ixICONF)
CMOG=0b j add (ixCMOG)
CMOA=0bj add (ixCMOA)

*

Computation
CALL GVBCLS (stack(CMOA), stack(CMOB), ... , NFOCK)

*

if (pgmchk)call CHKBND (’GVBCL8')
if (locdbg) then
call prtobj (’MATSQG_COEFF_CMD_AD_GVB')
end if
End of routine GVBCLC
RETURN
END

*
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The object "MATSQG_COEFF_.CMO_AOGUES

GV is built as a result of the
call to getobj. Ifitis not an existing object, it will be built by its allocation routine

GVBNTOG.

CMOG=getobj (’MATSOG_COEFF_CMO_AO_GUESS_GVB’)

if(1build)CMOG=bldobj (’'MATSQG.COEFF_CMO_AO_GUESS_GVB’)

The GVB calenlation can be exeented by the OSIPE command ontput object,”

OUTPUT OBJECT=MATSQG_COEFF_CM0O_AO_GVB END

Sinee the CAMTOAO-GVB is built from other objects, such as CMO-GUESS.GVB
and CONFIGURATIONLIST, a dynamic structure defined by the “created-by” re-

lationship between objects s followed by OSIPE, as shown in following flow chart.

he OSIPE facility [36] for printing object in stack, such as prtobj and show stack, has proven
powerful tool for interpretation the results of a calculation.
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CMO_AQ _GVB

| =
i :
H H
CMOQ_AO _GUESS_GVB CONFIGURATION _ L1ST
8 H
3 H
H 3
COEFF_-LMO_RHC GVB_PAIR_LIST
g H
g 2
H H
COEFF_CMO_RHC BOND - LIST
LMO_BOND-ID

Tree structure defined by the “created-by” routine relationship between objects. This
tree represents the dynami< route followed by OSIPE.

OUTPUT OBJECT=MATSQG_COEFF_CMO0_A0_GVB END
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3.3.2 GVB menu (SETGVB)
Thes GVB caleulation ean also be executed by.
GVB RUNEND

here (0 VB acts as a command, which can be used to change the GVB options
(SETGVRB). The defanlt scalars and the GVB commands are listed in Tables 3 and

A, For example,
GVBace=1.00-7 END

can be used to resel the convergence accuracy to be 1.0x 1077,
The manipulation of some G VB commands, which are very useful in carrying out

the GV B calenlations, is described in the following.

* Specific bond. For full valence bond GVB-PP calculations, the default is to
correlate all bonds into active space automatically. Specific bonds can be iden-
tified by using sbond=( SI1 SI2 ) for the o Lond and pbond=( SI1 SI2 ) for the

7 bond, in disilene SipHy, for example.

Lone pair. The specific lone pairs on some atoms can be added if required.
For example, in carbon nyonoxide, the lone pairs at carbon and oxygen can be
added by using 1p=( C! } aud lip=( 02). In this case, including the lone pairs
into the active space improves the GVB wavefunction and results in the dipole

moment for carbon monoxide which is in excellent agreement with experiment
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(Section -1.6). The three ditfe

et Tone-pairs. of fluorine in hy drogen luoride can

be added by using lp=( FI ). 2lp=( FI') and 3ip=( FI ).

Core. The default active space is for all valence eectrons. I8 necessary, the core
is also included.  For example, in Lill, using fe=0 (no frozen cores) to include

the Li Ls core into active space.

‘Three-center bond. In some cases, two-center bonds cannot. he correetly ident i
fied due to conjugation. In those cases, for example, tchond=( ('l ("2 (1) can

be used to identify the three-center bond in the allyl rdical C4ll;.

Perfect-pairing. Perfect-pairing can be generated automatically or selected us-

ing pair= (89 ) where 8 and 9 refer to the honding orbi

Al and antibonding

orbital, for example.

Choice of MO. mo=Imo or mo=cmo can be nsed to set the type of moleenlar

orbitals.

Scaling factor. The default scaling factor is 1.0. Using sca=0.60, it is changed
to 0.60, for example. In general case, gvbr=incr is toset the scaling factor in
the iterative process [c. /., Iiq. (106)] by a increment procedure. While gvhr=rno
is to keep the updated value of the scaling factor, and gvbr=reset 1o rwsel the

scaling factor to the initial value.

Using undistorted geometry to create the initial GVB-PP orhitals for the dis-

torted geometry with ppt=guess.



The data input (menn) of GVB(2/4)/6-31G7 calenlations for o and = boads in
disilene SilLy (it is run on VAX/VMS).
set
run name = “TESTgvb" END
dir = "DISK$USER4: [SCRATCH.qcgroup] "
END
MOLECULE
UNITS=ANGSTROM
CHARGE=0

MULTIPLICITY=1
ADD atom=SIt
ADD atom=SI2 FROM=( SI1 ) BOND=CC
ADD atom=H3 FROM=( SI1 SI2 ) BOND=CH ANGLE=ALPHA
ADD atom=H4 FROM=( SI1 SI2 H3 ) BOND=CH ANGLE=ALPHA TORSION=DA1
ADD atom=H5 FROM=( SI2 SI1 H3 )  BOND=CH ANGLE=ALPHA TORSION=DA2
ADD atom=H6 FROM=( SI2 SI1 H5 )  BOND=CH ANGLE=ALPHA TORSION=DA1

DEFINE

cc = 2.240
CH = 1.498
ALPHA 116.33
DAl 131.50
DA2 - 48.50
END

end !molecule
BASIS name=6-31G** end
GvB

sbond=( SI1 SI2 )
pbond=( SI1 SI2 )

end ! gvb commands

OUTPUT OBJECT=MATSQG_.COEFF_CMO_AO_GVB END

STOP
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END
END
END
END



Table 3: The default scalars and the corresponding GVB sub-commands.

Scalar:object name default
GVBSCC.GCRSS MO TAO’
GVB.SCC.GUESS . TYPE 'BOND’
GVB.SCC.GUESS.SSP O

GVBSCR.BOND.THRESHOLD 0.20D0
GVB SCR.PBOND .THRESHOLD 0.15D0

GVBSCR SCA FACTOR 0.0D0
GVB.SCR CLCOEFF 0.707L070D0)
GVB SCLNUM.CORES I
GVB.SCC_COEF.PRT NOPPT
GVB.SCILMAXITERATION a0

GVB SCIMAX PAIRWISE 0
GVB.SCC_EXT METHOD 3/1 POINT’
GVB.SCC.ROT METHOD 'RESET’
GVB.SCB.ROTATION METHOD false.
GVBSCR.DEN ACCURACY  1.0D-5
GVBSCR.ORBACCURACY  10D5

nmand”
MOguess™ RE
LMOGtype
SSP-YES
BTHreshold <0.13
PRThreshold -0.35
SCAle =0.70
CICoell =01
FCOre -2

PPT =PUNC
GVBlteration =100
MXPairwis
GVBExtrapolation - DEWAR
GVBRotation =NO
ROTMIX =.true.
ACCuracy~1.0D-6
ORBaceuracy =1.0D-6

* The values given here are just some examples



‘Table 1: The objects and the corresponding GV B sub-commands.

Object name command”

GVBPAIR LIST PAIR=(12)

GVBPAIRLIST SBOND  SBond=( 12 ) or ( CL H2)

GVB PAIR LIST.PBOND  PBond=( 12 ) or (ClL N2)

GVB PAIRLIST.TCBOND TCbond=( 123 )or ( C1 C2C3)

GVB PAIRLIST TBOND  PPbond=( 1 2 ) or TBond=( 1 2 ) or ( C1 C2)

GVB.OPEN LIST 0P=(9)

* The values given here are just some examples,
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Chapter Four

GVB Results of Some Simple Molecules

In order to examine the performance of our GVI3 approach, a number of calen-

lations have been carried out for some simple molecules, e.g., Clly, 11,0, Cyll, and

CyHg. The GVB treatment for the allyl radical Cyll, is also presented and discussed.
The results of GVB correlation energies and molecular properties, such as the O-1l
bond dissociation energy in 11,0, 7 bond cnergy in Cy)1., rotational barrier in Cyllg,
and dipole moments of CO and HzCO, are discussed and compared with experimental

and other available GVB data.

41 CH,

GVB(3/6)/3-21G calculations of singlet Cll were performed by using onr GVI3
program and Gaussian 92 (G92). Generally, it is very difficult to select the GV
orbital pairing by using G92.5  The G92 data input for CIl, is given by the G92/DIT

STl special command guess=(local, lowsym, alter) is required to alter the localized molecnlar
orbitals into the “correct but unclear” order when using G92
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progratmer’s reference ook [13]. Tn onr approach. the GVI(3/6) calculation. which
includes two C-11 o bonds and owe carbon lone pair. is carried out by using the

following OSIPE commands.

GVB sbond=( C Hi ) sbond=( C H2 ) 1lonepair=( C ) END

OUTPUT OBJECT=MATSQG_COEFF_CHO_AO_GVB END
The GVB(3/6) wavefunction is

WEY = AWVeoretbc i de-irathe-ip) (e

where te_ir, ety are GVB pair functions corresponding to the -1 bonds and the
carhon lone pair respectively [c.f. Eq. (103)].

“I'ie comparison in Table 5 shows that our GVB procedure gives faster convergence
than (92, while the GVB energies and the cquilibrium geometries with the energy
gradient optimization are very close to each other. For example, the optimized C-H
bond fength is L1370 A (this study) versus 1.1368 A (G92), and the H-C-H bond

angle is 101.23” (this study) versus 101.18° (G92). *

“The small diserepancies are mainly due to different integral and convergence accuracies in the
different programs.
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Table 5: Comparison of our GVB(3/6)/3-21C resul

s of singlet Clly with Gy2

Energy’

Niter

Equilibrium geometry

Re-c (A) 11370 11368
On-c-n 01230 101.18"

Energy after optimization (a.1.)
-38.701886  -38.701886

4 this energy is for the initial geometry, Ro.c= LU8 A, Oy o 1200,
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4.2 H,0

In order 10 make comparisons with previous ab initio calenlations [13]. GVE cal-

culations on 1,0 were performed by using Dunning’s double-zeta basis [4] and

The GVB(2/4) wavefunction of 11,0

Seliaefer's CISD cquilibrinm geometry [
was construeted Lo correlate the two O-1 bonds, while the Oy, and the two oxygen
lone paits were treated as closed shell cores. The fonr 1,0 orbitals GVB(1/8) consist
of two equivalent O-11 honds and two equivalent nonbonding oxygen lone pairs. The

GVIB(1/8) wavelunetion is

Wind = AW eorrtio-nto-n2tio-ip Vo) (112)

where ¢o_y. Yoy are GVB pair functions corresponding to the O-11 bonds and
the oxygen lone pairs respectively. The results for the GVB calculations on 11,0 are

summarized in Table 6. For GVB(-1/8), the total correlation cnergy (A Eg77) can be

writte

Alinm = 2AEo-n +2AEo-p (113)
where AEg_y represents the correlation energy contributed from a O-H bond pair,
and Mgy, represents the correlation energy contributed from an oxygen lone pair.
Onr GVB(1/8) result for MEjurn is -0.0632 a.u., with AEp_y=-0.022 a.u. and
AL p=-0.009 a.u., which is in good agrecement with Goddard's values of -0.0642
e, -0.021 acu. and <0011 a.u. respectively [12(b)].

The GVB(2/1)/6-31G** potential curve for 11,0 — HO- + H- dissociation is
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shown i Figure 3. The GVB(2/1) calenlation was performed with the optimized
minimnm at 631G, then keeping Cy symmetry (o dissociate the O-H1 bond, with
the O-112 bond length and 1H-0-12 bond angle fised. The resulting hond dissociation

energy (BDE. D,) is 100.5 keal/mol, compared to the available experimental result

of D, =126 keal /mol [16]. The reported 11 limit is 89

cal/mol at G-31G** and 116

keal/mol at MP1/6-31G*

- The GVB(I/S) result of 1013 keal/mol shows that
the oxygen lone pairs have little effect on the O-11 BDE. The hond-breaking provess
can be described reasonably well even with such a simple wavefunetion cousisting of

independent GV bond pairs.
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Table 6: GVB energies of H,0.

Fnergy (hartrees)  Correlation energy

this work _reference® this work reference
HF ~76.00981  -76.00981 - B
GVB(1/2) -76.03216 - -0.02232 -.0209

GVB(2/1) -76.05415 -76.05415 -0.04421  -D.0418

GVB(1/8) -76.07299 - -0.06315  -0.0642

* GVB(1/2): for a O-H1 bond. CVB(2/4): adding a O-H2 bond. GVB(4/8): adding
two oxygen lone pairs.

b Messmer et al. SOPP approach with the same basis set and geometry, see Ref. [13].
© Cloddard ct al. results with a different basis set and geometry, see Ref. [12(b)].
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Figure 3: GVB(2/4)/6-31G** potential energy curve for H,O 11O 1 1l
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4.3 CH;

For (2l GVB calenlations were carried out with the 631G 1 et and the

Dy experimental geometry [28] with Bee = L3S A, Ry = 10

A Qpen
117.8°. For the 90° twisted conformation all the geometrical parameters were kept
constant. The GVB(2/1) wavefunction was constructed from the (=C" double bond

(o, %) pairs. and has the form:

WE = AlVeureticr_camter—cn) (1)

and the total correlation energy can be expressed as

ALt = AEer a0y + At -ca(n) (115)

The GVB results for Call, are summarized in Table 7. Our GVI¥(2/4) corr lation
cnergy is slightly lower than recent PS-GVB(2/4) results [28] for both the planar
(Dys) and the twisted (Dsq) geometry, using the same geometry but a different basis

set. [owever, both of the GVB(2/4) calculations give the same result (74.2 keal/mol)

for the double bond singlet rotational barrier (D, =

pas = Fig). The GVB(6/12)
calculation, which is comprised of two C1-C2 bond pairs and four C-11 bond pairs,
gives a singlet rotational harrier of 76.9 keal/ol, which i higher by 2.7 keal/mol
than the GVB(2/4) result with the same geometry. It is noted that in a recent. paper
of Goddard et al. 18], the one-pair GVB description of the 7 hond in Cylly predicts

a singlet rotational barricr of 199 keal/mol®  This result is presumably duc to a

®From Ref. (18), the GVB energy of the twisted structure is higher than that of the planar
structure by 0.317619 a.u.
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misprint or due 1o an incorrect convergence and not a failure of the one-pair GVB.

Sinee the optimized C-C bond in the twisted strueture is 119 AL longer than in

the planar strneture (135 A). the rotational barrier using optimized geometrie:
ek lower than that obtained with a constant C-Ct bond length. Figure 1 illustrates
the GVI(2/1)/6-31G7* potential curve for rotation about the C=(' double bond of
Cyllyy with the optimized geometries. The 63.6 keal/mol barrier to rotation is in
excellent agreement with the previous C1 result of 61 keal/mol [47]. the GV result

of 65.6 keal/mol (18] and the experimental result of 64 keal/mol [49].



Table 7: Total energies (hartrees) and rotational barriers (keal ‘mol) for (5115

GVI(6/12)

e

tal " tolal on en total correlation

cnergy energy  this work reforenc energy energgy
Planar(Dzx)

-T8.03797 -T80TTAL -0.03944°  -0.03852  -TS.1I61N
Twisted(Dag)

-T7.86080 -77.95908 -0.00828  0.09273 7.0
Rotational
Barrier 1.2 72 63.67 712 76.9

= Goddard’s PS-GVB result from Ref. [28].
® Murphy’s GVB-SOPP(2/4) gives a correlation energy of 0.03513 au. using the two bent

bond description [13].
© The experimental rotational barrier of ethylene is 64 keal/mol {19].

4 Using optimized geometries.
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Figure 4: GVB(2/4)/6-31G** potential energy curve for rotation around the ¢
double bond in CyH,.
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4.4 CyH;

GVB(T/E) ealentations on CoHg were carried out using the 6-31G"* basis set and

the esperimental geometry [50]. The GVB(7/14) wavelunction, in which seven bond

pairs are included (1 C-C and 6 equivalent C-11 bonds). was constructed as
G

Catin, = AlWeoretcr-catcrmmier -y -t e- e nat'cs -l (e

and the total correlation energy can be expressed as

Dligeat = 6 Eeceyp + Ao (HT)

The same geometrical parameters were used for both the staggered and eclipsed con
formations. Table 8 summarizes the GV results. The rotational barrier of 4.4

keal /o is in good agreeiment with the experimental value of

3 keal /ol [51] and

the previous GVB result of 2.1 keal /mol [12(h)], with the staggered conformation

being more stable in every case.



‘Table 8: Total energies (hartrees) and rotational barrier (kcal/mol) for C,Hsg.

TN GVB(7/14)
total energy total energy  correlation encrgy
“this work _reference®

Siaggerod
-79.23631 -79.34370 -0.10739 -0.1083

Eclipsed

-79.23074 -79.33839 -0.10765 -0.1086

Rotational Barrier® 3.5 33 - 3.1

* Goddard's results from Ref.
* the e.cperimental barrier is

93 keal /mol, see Ref. [51].



4.5 Allyl Radical C3H,

The eleetronie strueture of the allyl radical Cal (C4) is o challonging case, for
which RITE fails to give a proper deseription. The 7 electron system of the allyl
radical is the smallest 7 system displaying what is known in valence bond (VH) as

resonarce,

=(-(' o (*

Levin and Goddard [52] reported GV and C1ealenlations for the gronnd state and
some excited states of the allyl radical. Tantardini and Simonetta [53] performed
#-clectron ab initio valence bond caleulations.

The GVB waveluuction for the 7 electrons of the allyl radical is,
YV

WEE = A, 170) (118

ys o construct the GV orbitals (W9) and the spin fune

There are many possible
tions (0) for the doublet ground state. One simple way is to use a three-center honed

ing orbital (¢i¢-c—c) coupled with another three-center antibonding orbital (47 _-)
into a singlet, along with a delocalized open-shell orbital (). The resulting GV

wavefunction is

Wove _

tatty, = AlVeuretic-c-cve_c_c¥(off = flor)o] (119)




Thee Lsis ~et useed was the Huzinaga (9s3p) basis set on each carbon and (15) set

o each hydrogen [2001)]. The resnlting (9s3p/1s) basis was contracted to [12p/2:
as suggested by Dunning [20(c)]. The above basis was supplemented by two additional

ssian Funetions [52) on each carbon with orhital exponents of 0.0382

pype (7) G
and 0.0127. The GV calenlations were performed on the same geometry (C,) as
used by other VI calenlations [31), with Ree = 140 A, ey = 1.08 A, and all bond
angles = 120°, “Table 9 summarizes the energies obtained for the ground state allyl
vadical from various methods.

e results show that our simple GVB(1/3) description based on Eq. (119) gives

the same energy as Levin and Goddard {52], who used different GVB wavefunc-

tions. Our GVI(1/3) caleulation gives a correlation energy of keal/mol, only
2.7 keal /mol less than the previous CI result for the = electrons.

In our approach, two C-C & bonds can also be included to perform a GVB(3/7)
caleulation, and five C-1l o honds included to perform a GVB(8/17) calculation. The

caleulated total correlation energics are -38.6 kcal/mol and -84.5 keal/mol for the

GVRB(3/7) and GVB(8/17) wavefunctions respectively.



Table 9: Total energies and relative energies of the ground state allvl racical

Method® “Total cnergy  Relative encrgy
hartrees keal ol
HF® -116.377697
HF(this work) -116.377817 2722
GVB-GF? 116414974 3.8
GVB(1/3) -116.416438 2.9
GVB(1/3)(this work) -1i6.416668 27
crt -116.421089 0.00

2 GVB(1/3): using one pair, three orhitals for = electrons. GVEB(3/7): adding two
C-C o bonds. GVB(8/17): adding five C-H o bonds.
b see Ref. [52].

8l



4.6 Dipole Moments of CO and H,CO

Ihe electronie dipole moment is a vector quantity. and henee is characterized not
only by a sealar magnitude. bt also by a direction. The Hartree-Fork wavefunction
fails 1o prediet the correct dipole moment for carbon monoxide. The experimental
dipole moment is 0.1 D in the direction ~CO*, whereas the near Hartree-Fock limit
[5] value is 0.27 D in the reverse direction, i.c., *CO™. The calculation of dipole
moment can be ntilized as a good measure of the quality of wavefunction.

In this study, GVE dipole moments have been calcnlated at the optimized geome-
tries for carbon monoxide and formaldehyde, and compared with those obtained from
HE, CID, CISD and experiment, [55] in Table 10. There is very good agreement be-
tween the calenlated and experimental dipole moments for formaldehyde, even at the
I level. However, the CID calculation with 200 double excitations still predicts the
wrong sign for the dipole moment of carbon monoxide. A CISD calculation with over
200 single and double excitations is required to ohtain the correct sign. On the other
hand, the simple GVB(3/6) wavefunction already gives the proper sign for the dipole
moment of carbon monoxide. After adding the lone pairs on carbon and oxygen, the
GVB(5/10)/6-31G* dipole moment (0.10 D) is very close to the experimental (0.11

D) and the CISD value (0.12 D).
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Table 10: The calculated dipole moments for CO and H,('O.

Method 7 L ILCo
HF/ 3** (this study) 278
GVB(3/6)/6-31G** (this s'udy)  0.021
GVB(5/10)/6-31G* (this study)  0.102
GVB(6/12)/6-31G** (this study) - 242
CID/6-311G** [55] 020 271
CISD/6-311G** (55 012 243

Experiment [55] 0l

@ The positive sign of CO dipole moment corresponds to ~CO*
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Chapter Five

Applications

5.1 Molecular Equilibrium Geometries

"Theoretical studies of equilibrium geometries have been widely used for two main

purposes: (a) developing theoretical methods and assessing their likely accuracy for

structuze predictions; and (b) i lecul for those molecul
whose structures are not casily ble to i I i igati Based on
systematic ab initio calculations of molecul ies, Pople et al. [5, 56-59] have

concluded that SCF calculations using relatively modest basis sets agree reasonably
well with experiment and can therefore be used predictively within “chemical” ac-
curacy [5]. However, there are exceptions where in order to get accurate molecular
geometries larger basis sets and inclusion of electron correlation are important [5,

56-59]. Many methods exist for treating electron correlation but few are practical

studies of

for determining

have been performed with MP2 [58] and CID (59] treatment of electron correlation.
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Another method which can be used to determine equilibrium geometries is (he gen
eralized valence bond (GVB) approach (12]. However, no systematic studies on opti-
mized GVB geometries have been performed before, Tn this study GV'B equilibrinn
geometries are examined for a set of simple molecules containing single or multiple

bonds. and for a set of simple radicals.

5.1.1 Computational Method

The G

B geometry optimizations were carried ont with approprii

symmetry

constraints. C;He, for example, was fixed at the Daq symmetry in the optimization.

GVB cquilibrinm geometries were obtained using the standard §TO-3, 3-21¢, G-

31G*, 6-31G**, 6-314++G**, and 6-311G** basis sets [5, 60). In the minimal basis
set, GVB calculations were performed Lo correlate only bonds. Tn the split valence or
larger basis sets. only the cores were frozen and both bonds and the lone pairs were
correlated. For example, for CH3F which has four bonds and a total of 14 valence
clectrons, the minimal basis set. GVB-PP calculation is represented as (VB(1/8),
while in the split valence or larger basis sets GVB-PP calculation is represented
as GVB(7/14). Encrgy gradient geometry optimizations were carried out with the
0OC method [26] for the molecular ground states. GV optimized geometries were
obtained for a set of AH, molecules, All, radicals, and All,BIl, molecules, where

A, B are the first- or second-row clements.

The convergence accuracy of the GVB coefficients and density [30] was set o 10-%,
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and The optimization convergence accuracy was set 1o a gradient length of 3107,
The pamerical deviations for the geometrical parameters are therefore in the third
decimal place for bond lengths (in A) and in the firsst decimal place for angles (in
degrees). Whenever possible the theoretical equilibrinm structures are compared to
gas-phase experimental structural data 5, 61]. The deviations of our caleulated GVB
geometrical parameters from the experimental data are examined for different basis

sets and different types of bonding. The mean absolute deviation (d) of the calculated

parameters (o) from the experimental parameters (20) is defined as
d=3"|ri— 2|/ (120
=

where u is the total number of parameters.

‘Tables 11 and 12 summarize the optimized GVB bond lengths for the AHy and
All,BH,, species at the various basis sets. The calculated GVB/STO-3G, GVB/3-
216G, GVB/6-31G*, and GVB/6-31G** HAH and HAB bond angles for all molecules
considered are listed in Table 13. The comparison of GVB/6-31G™ results with ex-
perimental structural data s illustrated in Figures 5-7 and the line drawn in all plots
is of unit slope. The GVB/6-31G* geometrical data are also compared with HF/6-
31G*, MP2/6-31G* and CID/6-31G* quantities taken from the literature [5, 56-59],
whereas UHF and UMP2 results are given for the radicals. Table 14 gives the values

of mean absolute deviation (d), and Table 15 izes the lati fhici

for our GVB geometrics related to the experimental and theoretical results.



5.1.2 A-H Bond Lengths

The mean absolute deviation from experiment (66 comparisons) for the GVIB/STO

3G A bond length is 0,039 A, compared 1o 0028 A for HE/STO-3G. Compared
to GVB/STO-3G results, GVB/3-21C gives shorter A1 hond lengths for the ele

ments of greater clectronegativity than hydrogen. and longer A-11 houd lengths for

the elements of less eloctronegativity than hydrogen, with most (85%) of -1l bond
lengths systematically longer than experimental values. For BIIY, however, GVI3/3
21G underestimates the experimental bond length by ~0.02 A. Overall GVB/3 210G
gives an improved description of A-Il bond lengths, with the mean absolute Jevia-
Lion (66 comparisons) reduced to 0.022 A, But GVB/3-21G offers no improvement
over HF/3-21G (d is 0.019 A). In general, the minimal STO-3C and split-valence
3-21G basis sets are not suitable for use in a GVB treatment of molecular geometries,
Similar observations have been made for MP2 (58] and €1 [59).

The addition of polarization or dilfuse functions to a basis usually makes a no

ticeable difference in calculated structures [56-59]. In general, the GVB A-IT bond

distances obtained with the 6 31G*, 6-31G**, 6-31++G**, and 6-311G** hasis sels

are shorter and significantly better than those derived from the smaller basis sets

(STO-3G and 3-21G). Most (85%) of the GVB/6-31G* A-If Lond distances are sys-
tematically longer than the experimental parameters as iilustrated in Figure 5, with
a correlation coefficient of 0.999. Differeuces among GVB/6-31G*, GVB/6-31G*,

GVB/6-314+G**, and GVB/6-311G*~ are very small (within 0.005 A). The largest
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deviations are for Lill and Nall, where GVB/6-31G” overestimates the experimental
hond length by ~ 0,06 A, The GVB/6-311G"= Lill bond distance is improved. but
still overestimated by 0.01 AL In 11,0 and 1S, the -O and 11-S bond lengths are
0.961 A and 1339 A from GVB/6-31++G=, which are very closc to the experi-
mental valies of 0.958 A and 1336 A, respectively. The deviation of GVB/6-31G*
from: experiment, excluding Lill and Nall, is within ~0.02 A. The mean absolute
deviations are 0,011, 0.010, 0.013 and 0.010 A for GVB/6-31G* (66 comparisons),
GVB/631G** (66 comparisons), GVB/6-31++G** (24 comparisons), and GVB/6-
B11G* (19 comparisons), respectively.

The 1F/6-31G*, MP2/6-31G* and CID/6-31G* results are also given in Tables 11

and 12 for comparison. The deviations in A-II bond lengths at these levels from ex-
periment are very close to cach other, in general. The Li-H and Na-H bond lengths are
both overestimated at HF/6-31G*. GVB/6-31G* predicts even longer bond lengths
in those cases, as do MP2 and CID. The HF/6-31G* O-H and S-H bond length in
H.™ and 1S, which are both underestimated, are overcorrected at GVB/6-31G*.
In the OI(*M), OH*(*S") and OIIf (2B,) radicals, the O-H bond distances, which
are underestimated at UIIF/6-31G*, are all within 0.01 A at GVB/6-31G* and are
significantly better than the UMP2/6-31G* results. Even though most of the GVB/6-
B1G* bond lengths are longer than the eorresponding HF/6-31G* bond lengths, this

discrepancy is systemalic as reflected in the excellent linear correlation (correlation



cocllicient of 1.000). Overall. GVB/6-31G™ (d is 0.011 &) shows only a small im
provement in the mean absolute deviation over I1F/6-31G* (dis 0.013 A),

On the other hand. GVB/6-31G7 results (4 is 0.011 A for 66 comparisons) are
close to MP2/6-31G* (d is 0.007 A for 56 comparisons) and CID/G-31G* (d is 0.007
A for 36 comparisons) results for A-Il boud lengths, The correlation coeflicients
are 0.999 for GVB/G-31G* versus MP2/6-31G* and 0999 for GVB/GA1G* vorsus
CID/6-31G*, respectively, indicating that deviation in GV B equilibrium geometries
is systematic when compared with other ab initio calculations and suggesting that
GVB cquilibrium geometries are similar to these of MP2 or (1D,

Figure 5 demonstrates the comparison of GVB/6-31G* bond lengths with the

experimental results for all A-Il bond lengths calewlated, which clearly indicates that

there is a good linear correlation with the correlation coefficient of 0.999. Among all
standard basis sets examined, the 6-31G* basis sct is the simplest. to offer reasonable

GVB equilibrium geometries.
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Table 11: Equilibrium bond lengths () for AH, species

GVB/ GVB/ HF/ MP2/ CID/ GVB/ GvVB/ GVB/ GVB/
Bond STO-3G 321G 6-31G* 6-31G* 6-31G* 6-31G* 6-31G** 6-314++G** 6-311G™ Expt.

AH,, Molecules
H2(Dech) HH 0.734 0.758 0.730 0.753 0.746 0.753 0.753
LiH(Cev) LiH 1.550 1677 1636 1.640 1.649  1.667 1.661
NaH(Cosy) NaH 1661 1972 1914 - - 1952 1.950
HF(Cocu) FH 0.991 0.962 0.911 0.934 0.931 0.929 0.918
HC(Coos) CIH 1343 1324 1266 1.280 - 1288 1.286
H0(C»,) OH 1026 0992 0947 0.969 0966 0967  0.961
H2S(Cz.) SH 1.361 1.385 1.326 1.340 - 1.350 1.350
NH3(Cy,) NH 1066 1025 1.002 1017 1016 1022  1.020
PH3(Cs) PH 1411 1456 1408 1415 - 1427 1428
CH,4(Ty) CH 1.103 1.101 1.084 1.000 1.001 1.103 1.102
SiHa(Ta) SiH 1442 1507 1475 1484 1497 1497
AH,, Radicals
BeH(*E*) BeH 1321 1372 1346 1348 1355 1365  1.361 1.360
BH*(2Z+) BH 1217 1.193 1.179 1.194 - 1.191 1.192 1.195
CH(*M) CH 1180 1152 1107 1120 1128 1133 1135 1133
NH(S") NH 1118 1074 1022 1040 1045 1042 1041 1.040
NH‘I’(’H*‘) NH 1.168 1.092 1.045 1.064 - 1.065 1.069 1.072
OH(?m) OH 1051 1013 0958 0.979 0980 0978  0.973 0.970
OH*+(E") oH 1103 1067 1011  1.035 - 1029 1025 1026 1028
FH*(2IT) FH 1.050 1.053 1.005 1.030 - 1.019 1.000 0.993 1.001
BH,(*A;) BH 1180 1202 118  1.188  1.193  1.204  1.203 1203 1181
CH(*By) CH 1.098 1.084 1072 1.077 1081  1.085 1.085 1086 1078
NHz(2B;) NH 1.093 1.050 1.012 1.029 1.030 1.031 1.030 1.029 1024
OH{ (By) OH 1058 1027 0988 1011 - 0998  0.998 0996 0.999
CHy(*43) CH 1.099 1087 1072 1.079  1.081  1.089 1.088 1089 1079

UHF and UMP2 results are given for radicals.



Figure 5: Comparison of the GVB/6-31G* A-H bond lengths with the experimnental
data.
The line drawn in this plot is of unit slope.
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5.1.3 A-B Bond Lengths

For 39 comparisons of bonds connecting non-hydrogen atoms (i.e., A-B bouds). the
+.iean absolute deviation of GVB/STO-3G is 0.051 A. which is larger than for the cor-
responding A-Il bonds (d is 0.039 A). For 11,02, F; and HOF molecules, GVB/STO-

3G are fortuitously in good with experiment. GVI/3-216G

gives a poorer (overestimating) description for most of A-1 hond lengths and an even

worse description of A-B bond dist in the molecul ining sccond-row cle-

ments such as H,Sz, with a mean absolute deviation of 0.095 A. These results suggest
that the minimal and double-zeta valence basis sets are not good cnongh to give the
correct description of virtual orbitals in GVB-PP especially for second-row dements
for which the addition of d-polarization or diffuse functions becomes necessary. “The
mean absolute deviation is 0.052 A for GVB/3-21G A-B multiple bond lengths (17
‘comparisons).

As expected, the addition of d-polarization functions significantly reduces the devi-
ations in GVB A-B bond lengths. For instance, the GVB/6-31G* O-0 distance (1.199
A) for H,0, is longer than the experimental value (1.452 A), but significantly redueed
from the GVB/3-21G value (1.590 A) and slightly improved over the [1F/6-31G* value
(1.393 A). The GVB/6-31G* S-S distance (2.108 A) for H,S; is significantly improved
over the GVB/3-21G result (2.357 A), but still longer than the HF/6-31G” (2064 A)

and experimental (2.058 A) values. Most (82%) of GVB/6:31G* and GVB/6:31G**
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equilibrinm A-B hond distances are longer than the experimental values. Differ-
ences between GVB/6-31G7 and GVB/6-31G7 results are small, suggesting that the
addition of p-polarization finctionson hydrogen docs not significantly affect the equi-
libritm structures. Our GVB/6-31G* geometries of CO(1.131 A), Ny(1.103 A), and
Fo1.492 ) arein geod agreement (£0.01 A) with those of Goddard etal [34)(1.119,
1092, and 1.485 A, respectively) , using a different basis set. For 39 comparisons of
A boud lengths in Table 12, the mean absolute deviation is 0.025 A at hoth the
GVB/631G* and GVB/6-31G** lovels. The largest deviation is for bonds involving

high!y clectronegalive atoms (O and F), where GVB/6-31G* overestimates those bond

lengths. For instance, in Fa, H20y and HOF molecules, GVB/6-31G*
A-B bond lengths from experiment by ~0.05 A. For others, the deviation of GVB/6-
31G* from experiment is within ~0.02 A. The mean absolute deviation is 0.018 A for
all single bonds (64 comparisons) at both GVB/6-31G* and GVB/6-31G**, and 0.009
and 0.010 A for all multiple bonds (17 comparisons) respectively. The comparison
of GVB/6-31G* A-B bond lengths with experimental results is illustrated in Figure
6, demonstrating a good linear correlation with a correlation coefficient of 0.998 (37
com parisons).

Table 12 also gives HF/6-31G*, MP2/6-31G* and CID/6-31G* results. The devi-
ations of those theoretical quantities from experiment for allbond lengths are close to
each other. Overall, the GVB/6-31G* geometrical parameters (d is 0.025 A) are only

slightly better than HF/6:31G* (dis 0.021 A) for A-B bond lengths. In general, the



GVB/6-31G™ A-B single bonds are longer than the HF/6-31G™ values by 0.01 — 0.03
AL with a smallimprovement in the deviation from experiment. For instance, the C-F
bond length in CHaF is 1.365 A at HF/6-31G", whereas the GVB/6-31G° value s
1.393 A, which is longer by 0.01 4 compared to the experimental value of 1383 A,

GVB/6-31G* A-B multiple bonds, however, are significantly improved (d is 0010
A) over the corresponding HF/6-31G™ (dis 0.025 A). It is interesting to note that all
HF/6:31G™ A-B multiple bond lengths are shorter than experiment, while most of
the MP2/6-31G*, GVB/6-31G* and CID/6-31G* valucs are longer than experiment.
For instance, the C-N bond distances in HCN and HNC are 1.133 A, and 1.151 A
at HF/6-31G*, while the GVB/6-31G* values are 1.157 &, and 1173 A respectively,
within 0.004 A of the experimental values. In HCP the HF/631G* C-P bond is
uz lerestimated by 0025 A whereas the GVB/6-31G* bond is overestimated by
0.013 A, again representing a significant improvement. The GVB/6-31G* multiple
bonds in Cyll; and Gyl are also closer to experiment and both within 0.01 A. For
the N-N bond in Ny, N-P bond in NP, P-P bond in Pz, and N-N hond in NzH, the
GVB/6-31G* bond distanzes arc all significantly improved and within 001 A with
the exception of the P-P bond.

GVB/6-31G* A-Bbond lengths are close to MP2/6-31G* (dis0.016 A for 32 com-

parisons) and CID/6-31G* (dis0.027 & for 17 isons) values. The

of GVB/6-31G* with HF/6-31G*, MP2/6-31G*, CID/6-31G* quantities demonstrate

a linear correlation for A-B bond lengths, with their correlation cocfficients (see Table
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175) heing 0,995 (39 comparisons), 0.997 (32 comparisons) and 0.997 (17 comparisons),
respecively, siggesting that the GV B equilibrium geometries are unifc »mly consistent
with other post Hartree-Fock calen Tations.

“The G VB/6-31G* Li-Li bond length, alt hough still too long (0014 A), is closer to
experiment than the [IF/6-31G¢, M P2/6:31 G* and CID/6-31C* values. The G VB/6-
B1GHF-F bondin (1492 A)isovercorrected from HF/6-31G* (1345 A),and longer
than experiment (1.412 &), while the MP2/ 631G* and CID /6-31G* are within the
deviation of ~0.01 A, For molecles containing bonds involving highly electronegative
atoms, c.g., the F-F bond in F,, more configurations than those which are included
in the ((VB-PP wavefunction, are required to get accurate equilibrium geornetrics.
For instance, GVB-RCI [34] gives a F-F bond distance of 1.422 A, corrected from the
correponding GVB-PP result of 1.485 A. However, since GVB-RCI has no gradient

capadily, only a limited number of geometries can be obtained at that level.
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Table 12; Equi librium bond lengths (&) for AH,,Bl, molecules, where A and B are lirst-
and second-row- elements,

GVB/

Molecule

HCN(Cony)
HNC(Con)
HCP(Crou)
HNO(C,)
HPO(C,)
HOF(C,)
HOCI(C,)

H,CO(Ca)

Bond
LiLi
NN
FF

ST0-3G

2.844
1184
1.391
1,168
1.546
1.538
1.893
L1767
1772
2133
1192
1.086
1191
1083
1524
1.088
1.298
L7
1623
1436
1.432
1.045
1.823
1.040
1.213
1114

GVB/
321G
2732
1114
1.536
1,148
1.589
1583
2029
1.864
1.827
2323
1163
1.064
LI77
0.998
1594
1073
1316
1.062
1.632
1477
1.555
1.007
1907
1.005
1.248
1.079

[T

6-31G*

2812
1078
L3415
LI
1.520
1456
1.859
1.885
1613
1.990
1.133
1059
1154
0.985
1515
1.063
1178
1.032
1.460
1431
1.376
0973
L8670
0.951
1.184
1.092

97

1103
1.399
1133

L1154
1.067
LT
0997

1.206
1.052

1420
0979

1.205
L1001

Tant

1103
1492
LIsL
1,537
1501
1916
1.894
1.693
2071
1157
L073
1173
0.999
1.553
1079
1.220
1050
1509
1.452
1491
0971
L761
0.972
1215
1.106

i/

NG

2707
L103
1192
L131
1537
1501
1916
1894
1693
2071
1158
1073
1173
0,998
1553
L079
1220
1050
1497
1453
1491
0969
1759
01967
1214
1105

* Expt.
2673
1098

1412

1.893
1926
1.628
1988
1153
1065
1.169
09914
1.540
1.069
1212
1.063
1512

1442
01966
1.690
0975
1208
1116



Tablee 12 (ot nued)

Molecule

IHCS(Ca)
104(Cr)
152(C)

NaHa(Ca)

ClEZNII(C)

CI3F(Cy)

CH3OM(Cy)

CaHz(Dooh)
CaEly(Dar)
Callg(Dsi)

CHaNH(C,)

GVB/ GVB/  HF/ MP2/  CID/ GVB/ GVB/

W"_nml STO4G 32G  6-31G*  6-31G*  6-31G* 631G* 6-31G*~ Expt.
s 1.635 1.685 1.597 L617 . 1.634 1.633 1611
cn 1.106 1.088 1078 1.090 . 1.094 1.095 1.093
0o 1.480 1.590 1.393 1467 . 1.499 1499 1452
cn 1037 0.998 0949 0976 - 0.969 0.965 0.965
S§ 217 2375 2064 2.069 2.108 2109 2058
SH 1.367 1.390 1327 1.344 % 1.350 1.350 L345
NN 1.350 1310 1216 1.267 1242 1.249 1.257 1.252
Ni 1.093 1046 1014 1.036 1031 1032 1037 1028
CN 1329 1.296 1.250 1.282 1.268 1.282 1.281 1213
cH 1.106 1.094 1.084 1.096 1.092 1.099 1100 1103
cn 1105 1.0%0 1.080 1.090 1.087 1.095 1.096 1.081
it 1.080 1040 1.008 1027 1021 1.026 1.025 1.023
CF 1427 1437 1.365 1.392 1.382 1393 1.393 1.383
cn L4 1.097 1.082 1.092 1.090 1.100 1.100 L.100
co 1479 1480 1.400 1424 1415 1429 1427 L421
ci 1.109 1095 1081 1030 1088 1.098 1099  1.094
cu L3 1102 1.087 1.097 1.095 1105 1.106 1.094
on 1027 0.9%0 0946 0970 0963 0.965 0.960 0.963
cc 1198 1.208 1185 L1218 1202 L2t 1210 1.203
cu 1.082 1.059 1057 1.066 1.065 1.056 1072 L061
ce L7 1.345 1317 1.336 1328 1.338 1346 1.339
cn 1.100 1091 1076 1.085 1084 1.094 1.093 1085
cc 1.560 1.566 1527 1.527 . 1549 1.548 1531
CH 1.106 1102 1,086 1,094 . 1.105 1.105 1.096
CN 1.508 1510 1483 1465 1460 1475 L1474 1471
cn L4 1.108 1001 1.100 1.098 Lt LIt 1099
cH 1108 1099 1084 1.092 1091 L102 1102 1099
Ni 1,063 1.027 1001 1018 Lo14 1018 1017 1010
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Table 12.(continued)

GVB/ GVB/ HF/ MP?2/ cin/
Molecule Bond STO-3G 3-21G_6-31G* 6-31G* 6-31G*  6-31G* Expt.
CHySiliy(Cay) CSi 1.882 1.939  1.888 % 1912 1911 LB67
CH 1.103 L.103  1.086 1.106 1.105 1.003
SiH 1.443 1510 1.478 . 1.500 1.500 1185
CH,PH(C,) CcpP 1.683 L.737  1.652 - 1.695 1.695 1670
CH 1.099 1.089 1.075 - 1.093 1.093 %
CH 1.099 1.090 1.076 - L1094 1.094 -
PH 1.420 1.469  1.409 LA32 1433 .
CH3PH,(C,) CP 1.863 1.937  1.861 = 1.878 1877 1.862
CH 1.106 1.100 1.082 - L.104 1104 1.094
CH 1.108 1.098  1.084 - 1102 1.102 1.004
PH 1.412 L4d6  1.404 - La21 La21 1432
CH;SH(C,) Ccs 1.833 1.947  1.817 1.817 1.849 1849 1819
CH 1.106 1.09¢  1.082 1.091 1.099 1.099 1ot
CH 1.107 1.095 1.08L 1.090 1.100 1.100 1091
SH 1.362 1.388 1.327 1.341 1.350 1349 1.336
CH,Cl(Ca,) CClL 1.837 1.937  1.785 L.778 1814 1.813 1781
CH 1.107 1.091 1.078 1.088 - 1,097 1.097 1,096
NHy(Ca) NN 1.536 1.537  L.413 1.439 L.430 1455 1451 1449
NH 1.070 1.030 0.999 1.016 1012 1018 Loy 1.021
NH 1.073 1.035  1.003 1.021 L.016 1.025 1.021 o2t
NH,0H(C,) NO 1.476 1.533 1.403 1.453 1433 1437 1437 1.453
NH 1.064 1.002  1.002 1.021 1016 1018 1017 1.016
OH 1.042 1.002 0.946 0.971 0.964 0970 0.965 0.962
SiHyF(Cay) SiF 1.666 1.653 1.594 1.619 . 1612 L6l 1,696
SiH 1.442 1.497  1.470 1.481 1491 1492 1,480
SilCl(Ca,)  SiCl 2.106 2.216  2.067 - 2.085 2.086 2.8
SiH L.444 1.495  1.468 - . 1.489 1490 1.481
SizHg(Daa) SiSi 2.257 2404 2.353 2.338 2375 2376 2327
SiH 1.445 1.509 1.478 1.487 1501 1501 1.486
P,Hy(C2) PP 2.229 2478 2214 - 2.266 2.257 2219
PH 1.422 1.457 1.0l L424 1.425 1417
PH 1.412 1.461 1.402 - 1424 1425 1414




Iigure 6: Comparison of the GVB/6:31G* A-B bond lengths with the experimental
data for All.BH,, molecules.
The line drawn in this plot is of unit slope.
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5.1.4 Bond Angles

Generally. GV bond angles are in good agreement with the experimental values.

GVB/ST

-3 equilibrium geometries indicate that 1A and IIAB bond angles are
in reasonable accord with the experimental data. However, the equilibrium dihedral
angle in 11,0, at GVB/STO-3G (180.0°)° is far larger than experiment (119.1°),
while there is good agreement between GVB/STO-3G (93.6°) and experiment (90.8°)
for the dihedral angle in 11,S,. For 26 comparisons of GVB/STO-3G bond angles,
excluding dihedral angles, the mean absolute deviation is 3.0°. The mean absolute
deviation of GVB/3-21G is reduced to 1499, giving an improved description of bond
angles over GVIB/STO-3G and 11F/3-21G (d is 2.1°). However there is still no change
in the dihedral angle of 11,0;.

After adding polarization functions, GVB/6-31G* and GVB/6-31G** equilibrium
hond angles are better than those derived from the smaller basis sets (STO-3G, 3-
21G). The dihedral in H,0; is changed to be 124.5° at GVB/6-31G* and 124.3° at
(GVB/6-31G**, and closer to the experimental value of 119.1°. As for bond lengths,
bond angles also show very small differences between GVB/6-31G* and GVB/6-
31G**. The addition of p-polarization functions on hydrogen again does not signif-
icantly affect the GVB cquilibrium structures. For 26 comparisons of GVB bond
angles with experiment, the mean absolute deviation is 1.1° for both GVB/6-31G*

and GVB/6-31G**. At this level, the bond angles in CHz(*B;) and BHy(?A;) still

Tis is 2 “well known” basis sct problem in ab initio calculations [5], not a failure of the GVB
approach.
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deviate from experiment by 5. Bond angles are much better described, relative to
bond lengths in molecules containing highly electronegative atoms (such as HOF and
1105), with the addition of d-polarization functions (such as in the 6-31G* basis set).
The HOF bond angle at GVB/G-31G*. for example. is 96.6°, very close to experiment
(96.8 %), The HOO bond angle in 11,02 at GVB/6-31G* is 98.5", compared with the
experimental value of 100.0°. Figure 7 illustrates a comparison of GVI3/6-31G* hond
angles with experimental results for all bond angles in Table 13, which shows a linear
correlation with a correlation coeflicient of 0.987.

Table 13 also gives the HF/6-31G*, MP2/6-31G* and CID/6-31G* bond angles.

GVB/6-31G* (d is 1.1°) results are slightly better than 11/6-31G* (d is 15" for 26

comparisons), and very close to the MP2/6-31G* (d is 1.0° for 22 comparisons) and
CID/6-31G* (dis 1.2° for 11 comparisons) results. For instance, the HF/6-31G* 1O
bond angle and dihedral angle in 11,0, are 102.2° and 115.2°, while the GVB/6-31(:*
values are 98.5° and 124.5°, which are closer to the experitmental values of 100,09 and
119.1°, respectively. The HF/6-31G* HSH bond angle and dihedral angle in 11,5,
are 99.1° and 87.9°, while the GVB/6-31G* angles are 98.2° and 90.7°, which are in
excellent agrecment with the experimental values of 98.1° and 90.8%, respectively. The
GVB/6-31G* bond angles show good linear correlation with those from HIP/6-31G*,

MP2/6-31G* and CID/6-31G*, with correlation coefficients of 0.958, 0.995 and 0.997,

respectively (see Table 15).
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Table 13: Equilibrium hond angles (degree) for molecules considered.

GVB/ GVB/ HE/ MP2/ CID/ GVB/ GVB/

Angle STO-3G 321G 6:31G* 6-31G* 6-31G* 6-31G* 6-31G** Expt.

HNO 104.9 105.6 108.8 107.3 108.0 107.5 107.6 108.6

PO 9.7 1004 1054 1056 - 1035 1015 1047

HOF 987 957 998 972 983 966 968  96.8

HOCI 981 995 1051 : - 1020 1020 1025
11,0 HOIL  97.5 1048 1055 1040 1043 1042 1045 1045
;S HSH 91.6 94.2 94.4 93.3 - 93.7 9.7 92.1
B, HBH 1233 1276 1261 1276 1270 1262 1264 131
Cif, HCH 1235 1288 1284 (316 1320 1282 1286 136
NHz HNH 97.7 104.1 104.4 103.3 103.1 103.7 103.6 103.3
oHf HOH 1059 1147 11L7 1098 - 1o.L L0 1105
Nily HNH 1008 1093 1072 1063 1063 1062 1062  106.7
Pily 1PH 927 946 954 946 5 948 950 933
Ciy HCH 1200 1200 1200 1200 1200 1200 1200 120
CHF  HCH 1089 1100 1098 1098 1098 1102  110.2  110.6
CH,Cl  HCH 1104 1123 1105 1101 . 107 107 1100
H,CO  HCH 161 164 157 156 1158 167 1169 1165
H,CS HCH 113.3 ur7 1155 116.0 . 116.3 116.4 116.9
H,0,  HOO 974 956 1022 987 = 95 987  100.0

HOOH 180.0 1800 1152 1213 1245 1243 110.1
1125, HSS 95.7 914 991 990 92 981 981

HSSH 936 965 879 903 i 9.7 908 908
CiMy  HCH 1161 1164 1164 1166 1163 1164 1166 117.8
CiHg  HCH 1083 1083 1077  107.7 - 1088 1088  107.8
SillyF HSIH 109.7 109.7 110.2 110.0 - 110.3 110.3 110.6
SihCl  HSIH 1112 LIL7 1083 . 106 10.7  110.9
CHySiH; HCH 1075 1082 1078 5 . 107.7  107.8  107.7

HSIH 1088 1083 1083 - E 1084 1084 108.3
SigHg _ NSIH __ 107.8 1088 1085 1086 : 1084 1084  107.8
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Table 14: The mean absolute deviations (d) of theoretical geometries from experiment.

Method ractt®  ran®  rsingtel® rarueipte® ran® Ouul)
HF/STO-3G 0.028 0.045 0.028 0.025 0.031 25
GVB/STO-3G 0.039 0.054 0.042 0.043 0.044 3.0
HF/3-21G 0.019 0.035 0.037 0.017 0.029 2.1
GVB/3-21G 0.022 0.095 0.055 0.052 0.050 L9
HF/6-31G* 0.013 0.027 0.019 0.025 0.018 L5
MP2/6-31G* 0.007 0.016 0.008 0.018 0.010 1.0
CID/6-31G* 0.007 0.011 0.008 0.005 0.008 1.2
GVB/6-31G* 0.011 0.025 0.018 0.010 0.016 [
GVB/6-31G** 0.010 0.025 0.018 0.010 0.015 L1
GVB/6-31++G** 0.013 . . - 0.014 -
GVB/6-311G** 0.010 - - - 0.011

Bond lengths (r) are in A, and bond angles () in degrees.

@ A-H bond lengths. 66 comparisons, except 24 for GVB/6-31++G**, 19 for GVB/6-
311G**, 56 for MP2/6-31G*, and 36 for CID/6-31G*.

b A-B bond lengths. 39 comparisons, except 32 for MP2/6-31G*, and 17 for CID/6-31G*.
< single bond lengths in AH,BH, molecules. 65 comparisons, except 50 for MP2/6-31G*,
and 30 for CID/6-31G*.

4 multiple bond lengths in AHnBH, molecules. 17 comparisons, except 16 for MP2/6-31G*,
and 10 for CID/6-31G*.

¢ all bond lengths considered. 105 comparisons, except 24 for GVB/6-31++G**, 19 for
GVB/6-31LG**, 88 for MP2/6-31G*, and 54 for CID/6-31G*.

1 all bond angles considered. 26 comparisons, except 22 for MP2/6-31G*, and L1 for CID/6-
316*
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“Table 15: The correlation coefficients for our GVB geometries related to the experi
mental, and other theoretical results.

e rap__ bond angles
GVB/6-31G* vs cxpt. 0.999(66) 1.998(37)  0.987(26)

GVB/6-31G* vs HF/6-31G*  1.000(66) 0.995(39)  0.958(26)
GVB/6-31G* vs MP2/6-31G*  0.999(56) 0.997(32)  0.995(22)

GVB/6-31G* vs CID/6-31G*  0.999(36) 0.997(17)  0.997(11)

The numbers in parentheses are the number of comparisons.
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Figure 7: Comparison of the GVB/6-31G* bond angles with the experimental data
for molecules considered.
The line drawn in this plot is of unit slope.
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5.2 Bond Dissociation Energies and Heats of Reaction

Bond dissociation energies (BDE) are fundamental quantities in describing the
changing of chemical bonds. The accurate caleulation of BDE is usually required to

study photochemical processes and the mechanisms of cata);

sis. Hartree-Fock theory

with any basis set gives poor results for direct calculation of the energy of a homolytic
dissociation process A-B — A* + B, as illustrated in Figure 1 for the dissociation
of Hy. High level perturbation methods o other post-Hartree-Fock methods are re-
quired to compute BDE. Moller-Plesset theory (MP2, MP3, MP1) has been shown
to give good results for BDE of many small molecules [5]. With some further im-
provements, ab initio calculations are capable of reproducing the experimental BDI;
to high accuracy (42 keal/mol) [5].

Bauschlicher et al. {62-63] have shown that BDE for C-C, C-H single bonds and €+

C, N-N multiple bouds, calculated by using MRCI and CASSCF with atomic natural
orbital (ANO) basis sets, are in agreement with the experimental results to very high

accuracy. Neuheuser et al. [64] recently reported BDE for some radical reactions

and charge transfer reactions, from CI calculations by employing localized
orbitals (LMO).

As is widely recognized, the GVB wavefunction [12] properly describes the ho-
molytic bond dissociation process. For cxample, the GVE potential encray enrve: for
H;0 — HO' + 'H, illustrated in Figure 3, has been discussed in Section 4.2. For the

ground state (X'E*) and some excited states (*S* 2 I1,! 1) of hydrogen fluoride, the
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calentated GV and GVI-CL potential energy curves have been studied by Dunning
[6]. The spectroscopic constants obtained in these calculations are given in Table
16, and compared with Hartree-Fock and experimental results. There is a significant
change in nearly all of the fundamental constants in going from HF to GVB. The
caleulated GVI3 constants are in good agreement with the experimental data, with
the exception of the absolute bond dissociation encrgies (D, ).

“Thie GV wavefunction provides a clear orbital description of the electronic struc-
ture of molecules and properly describes bond dissociation, but the emphasis of GVB
s not on getting 100% of the correlation energy. Therefore, it is very important
systematically to examine the consistency of GVB bond dissociation cnergies. De
Maré et al. [17] has presented the behaviour of GVB potential energy surfaces (PES)
for primary a-Cll bond rupture in propene, cthylene, methane, water and hydrogen
fluoride, showing a similar PES for A-If bond rupture with different values of D,.

"The results are useful for studying the dy ics of unimolecular d ition via

primary C-1l bond dissociation in olefins [66].

In this work, GVB D, values were obtained for a series of A-H and A-B single bond
dissociation reactions, where A, B are first- or second-row elements. The reaction
energics, or heats of reaction, for hydrogenation and for reactions converting multiple
to single bonds, were further stidisd to examine the GVB evaluation of reaction

cnergies (AE).
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Table 16: The calculated and experimental spectroscopic constants for the ground
state (X'E*) of hydrogen fuoride.

HF® GVB™_ GV TR
E., hartree -100.06247 -100.08523 - 100.08618 - 100.530
Re,A 0.899 0.9165 0.9170 0.91680
D. eV 127 1.89 492 6022
ke, 10%dyn/cm 1143 9.65 963 9.654
we,em 1503 4139 4134 4138.73
weXe 112.6 126 125 90.05
Becm™! 21.82 20.97 20.95  20.9555
a, 0.785 0.921 0.918  0.7958

@ The calculated results are from T. H. Dunning, Jr., J. Chem. Phys.

65, 3854 (1976).

® The experimental results are from B. Rosen, Spectroscopic Data Relative
to Diatomic Molecules , Pergamon, New York, (1970).
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5.2.1 Computational Method
The GVB A-B bond D, is calculated by the formula,
DA = B) = E(Ro+ a) — E(Ro)

where R, is the equilibrium A-B bond length, and « is the stretching distance.!® At
(Ro+ a), the A-B antibonding orbital GVB Cl-coefficient is 0.707 (7‘;) +0.005 which
is a criterion for bond rupture. The full correlation of electrons in the bond that is
breaking is consistent in the GVB description as suggested by Carter and Goddard
7).

For all calculations in this section, the GVB/6-31G** energies were calculated
using the full valence GVB-PP wavefunction which included all bonds and valence
lone pairs. The geometries were optimized at the same level [42] and have been
reported in Section 5.1.

As an example, the symmetrical stretching dissociation of the two C-H bonds
in H,CO was calculated using GVB(6/12)/6-31G**. The GVB(6/12) wavefunction
consists of two C-H bonds, one C-O ¢ bond, one C-O 7 bond, and two oxygen lone

pairs, i.e.,
Uit = AlVeoretic-nic-iate-og¥c-ombo-imdo-in] (121)

The GVB(6/12)/6-31G** equilibrium geometry for HyCO is Ro-y=1.214 A,

Re_0=1.106 A, and Oy_c_o = 21.56°. The total energy, dipole moment, and GVB

taken to be

OGenerally, .0 A. At (Ro +a), the A-B bond is essentially broken.
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Cl-coefficient for C-Hl antibonding orbital. are listed in Table [T as a function of the
C-H bond distance. The relative cnergies and the dipole moments are illustrated
in Figure 8. As suggested by De Maré et al [17), the GVE dipole moments clearly
indicate the dissociation process. At Ro+5.0 A, the potential energy reaches the point
of dissociation and the GVB Cl-coefficient is 0.707 ( '1), where R is the equilibrinm

C-H bond distance.

5.2.2 A-H Bond Dissociation Energies

Potential energy curves for hydrogen fluoride were calculated by using the GVB(-1/8)
wavefunction with 6-31G**, 6-314++G** and 6-311G** basis sets, in order Lo exam-
ine the performance of our GVB approach and to compare with the previous results.

The GVB(4/8) wavefunction includes the H-F & bond and three fluorine lone

The relative energies are illustrated in Figure 9. Our GVB potential energy curve
(6-311G**) with R,=0.9170 A and D,=114 keal/mol is in excellent agreement, with
Dunning's of R,=0.9165 A and D,=114 keal/mol (Table 16) [65].

The calculated GVB/6-31G** A-1I bond dissociation energics (D) are listed in
Table 18, and the available values for HF/6-31G**//HF/6-31G*, MP2/6-31G**//1IF /G-
31G* and for experiment [5] are also given for comparison. The values of ZPI [62-63]
and Dq for some dissociation reactions are given in Table 19. In general, our GVE
D, values are in good agreement with previous calculations. For instance, our GVB

D, for LiH is 43 kcal/mol, compared to 44 kcal/mol given by Goddard {56].
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Table 17: GVB(6/12)/6-31G** toti! energy, dipole moment and GVB Cl-coefficient
for the C-fl antibonding orbital as a function of the change in the C-H bond distance
for 11,CO.

Arcin E Dipole moment o
() (hartrees) (Debye)
007 -113.969233 2.423 0.0882
0.1 -113.959460 2.336 0.1027
0.2 -113.936395 2.244 0.1186
03 -113.906674 2,149 0.1358
04 -113.874305 2.056 0.1543
05 -113.841736 1.967 0.1738
0.6 -113.810435 1.883 0.1941
0.7 -113.781212 1.806 0.2145
08 -113.754417 1.739 0.2350
09 -113.730116 1.680 0.2555
10 -113.708209 1634 0.2760
L5 -113.628533 1575 0.3820
20 -113.588909 1.890 0.5411
30 -113.574969 2.110 0.6818
40 113574423 2.119 0.7043
50  -113.574413 2.119 0.7068
6.0  -113.574413 2119 0.7070
70 -113.574413 2.119 0.7071
8.0  -113.574413 2119 0.7071
9.0 -113.574413 2.119 0.7071

14



Figure 8: GVB(6/12)/6:31G** relative energies and dipole moments for Lhe symmet.-
rical dissociation of the C-H bonds in H;CO (Cy,).
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Figure 9: GVB(4/8) potential energy curve for the dissociation of HF
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It is obvious from Thales 18 and 20 that HF calculations exhibit large errors
(20-40 keal/mol) in the evaluation of D, values for A-11 bonds.  Compared to HE

calculations. the GVB D, values are improved by 10-20 keal/mol. However, the

are

still about 10-20 keal/mol lower than the experimental values. Overall, the mean
absolute deviation of our GVB D, values is 15 keal/mol (9 comparisons). compared
to 31 keal/mol for HF (7 comparisons) and 7 keal/mol for MP2 (T comparisons)
respectively.

The largest deviation is for hydrogen fluoride, where GVB predicts a i), of 110
keal /mol, significantly better than the HF value of 87 keal/mol, but still far from
the experimental value of 141 keal/mol [68] and worse than the MP2 result of 131
keal /mol [5]. Since the GVB potential energy curve is similar lo experiment as shown

by Dunning [65], the di isonly duetoi

of the correlation

energy for the equilibrium structure.!

GVB D, values for C-1l bonds in hydrocarbons are predicted to within 10 keal/mol
of the experimental values, and in good agreement with previous post-I1I results. For
instance, our GVB C-H D, value for C2H, is 111 keal/mol, compared to 116 keal /mol
(GVB-CCCI [67]), 117 keal/mol (MRCI [62]) and 118 keal/mol (experimental value
[5]). The C-H D, values for CHy and Cllg are 106 and 104 kcal/mol, respectively,
compared to 109 and 110 keal /mol from a recent Cl calculation (64]. MRCI produced

a C-H D, of 110.9 kcal /mol for CH, [62]. For the C-11 Do in acetylene, our GVE result

11 As discussed in the
of full CI at the equilil
30au.

ssociation of Iy, GVB(1/2)/6-31G** obtains 54% of the correlation encrgy
m structure, and it is almost 100% when the bond distance is greater than
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is 121 keal/mol, 10 keal /mol lower than the experimental value of 131.3£0.7 keal/mol

[63]. Many post-HE calculations of Do are available for comparison, such as 130.1

(MRCH) [69], 1297 (GVB-CC

1) [70), 133,543 (G1) [71], and 131.5 keal/mol (CIQ )
[72]. "The comparison shows that much simpler GVB wavefunction gives reasonably

good C-11 D, which are comparable to CI results.

5.2.3 A-B Single Bond Dissociation Energies

A selection of caleulated A-B single bond dissociation energies (D,) are compared
with the experimental values in ‘Table 20. The HF/6-31G**//HF /6-31G* D, values
are in very poor agreement with the experimental values with errors are larger than
50 keal/mol in some cases. Both IIOF and F; molecules are calculated to be thermo-
dynamically unstable with respect to OF and FF bond rupture. A zero bond energy
is calculated for the central cleavage in hydrogen peroxide H;0;.

G VBsignificantly improves the D, over HF. For instance, the GVB D, is improved
by 50 keal/mol over the HF D, for F;. In general, our GVB/6-31G** A-B single bond
D, is in error by 10-25 kcal/mol, similar to the A-H D,. While the MP2/6-31G** D,
is in error by only a few kcal/mol.

For hydrocarbons, GVB C-X single hond D, values are in good agreement with
experimental values, and comparable to those from previous post-HF calculations. For
example, the GVB C-C D, in CyHg is 85.3 kcal/mol, compared to 80.8 (CASSCF),

93.0 (MRCI), 94.4 (MRCI+Q), and 94.2 keal/mol (MCPF) [63], whereas D [73] is
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88.7(G1) and 87.8 keal/mol (experiment). Our GV result for the C-F D, in CH, 1
is 96 keal /mol, compared to the C1 value (64] of 102 keal /mol and the experimental
value of 114 keal/mol [61].

For the homolytic dissociation of a polar bond A*-B~. here is a charge transfer
[64] from B to A since the products are two radicals A* and B, Tn ClLyX, higher (=X
D, are obtained for more polar C-X bonds, for example, D, is highest for X=F. The
N-N D, in NH;NH, is lower than the C-N D, in CHaNHy, because there is a larger

charge transfer for homolytic breaking of the C-N bond in CHyNIL,. The GVB N-N

D. in NaH, is 54.3 keal/mol, compared to 51.8 (2x2 CASSCI), 64.8 (CASSCE), 67.2
(MRCI), 683 (MRCI+Q), and 6.8 keal/mol (MCPF) [63], while Dq [73] is 646 (¢i1)
and 65.4 keal/mol (experiment).

Overall, ow simple GVB wavefunction gives a proper description of the hond

process with D. values, that are much improved over 11 and

are compatable to other post-IE (MP2 and Gy results. Figure 10 compars GV
and experimental single bond 1, values. The correlation coeflicient is 0.976 and a
regression equation is obtained with D.(czpt) = 0.893D,(GV B) + 25.1 keal/mol,
which can be used to correct GVB D, results. Such a good correlation indicates that,

the crrors in GVB D, values are systemalic.
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Table 18: A-1l bond dissociation energies (kcal/mol).

Bond dissaciation

TF/631G*F MP2/63IG** GVB/631G*  expt.
reaction //HF/6-31G* //HF/6-31G* [/GVB/[6-31G**
this study 5]
I, — I+ 1 85 101 9.1 109
B — i+ H 32 15 428 58
FH - [+ H 93 131 110 141
BHy - BT, + 1T 90 106 100 107
Clly +Clly + 1 87 109 106 113
ClsF = CHoF + H 104
CHOH » CH0H + H 106
ClaClHy -+ "Cli,CHy + H- 104
Cl3NH, — “CINIT; + I 9.8
1,CO ~CO + H 9.7
HCCH -+ CCH + H 138.2° 128 138
1;CCH, » HCCH, + H 116.6° 1 118
1,0 - 10 + It 86 119 102 126
Cl;0l ~ CHyO + H- 91.6
HHOF — FO- + H 9.5
HOOH — HOO + H- 91.3
Nila — Nl + 1 83 110 97.3 116
CHaNH, -» CHaNH + I 9.4
NHzNH; - NH,NH' + H- 89.7

@ MRCI result. [62]
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Table 19: Results of ZPE and Dy (keal/mol) for some dissociation reactions.

“reaction® ZPE_ Do(cal)  Doexpt.)
CH, - CHs + H 92 97 [
CHy » CoHz + H 82 3 10
C:H, -~ CCH+H 68 121 131
CyHg— CHy +CHa 90 1763 88
NoHy— NHa + NHa 72 47 65

@ Do(cal.) isour GVB/6-3LG** results.

IPE and Do (expl.) ace from [62-63).
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Table 20: A-B bond dissociation energies (keal/mol).

Bond dissociation

HF/6-31G**  MP2/6-31G**  GVB/6-31G**  expt.
reaclion //HF/6-31G*  //HF/6-31G* //GVB/6-31C**
15] is] this study (5]
CHyCHy — CHy + CHy 69 99 85.3 97
CH3NH, — CHjs + 'NH, 58 93 83.6 93
CHzOH — CHs + OH 38 98 8.8 98
CHsF — ‘CHy + 'F 69 113 95.7 14
NH,NHz — NHp+-NH, 34 73 54.3 T
HOOH — HO' + HO 0 53 29.9 55
HOF - HO" + F- 11 48 26.6 54
FaoF +F -33 35 14.8 3




Figure 10: Comparison of the GVB/6-31G** D, with the experimental data.
The line drawn in this plot is of unit slope.
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5.2.4 Energies of Hydrogenation Reactions

“To examine further how elfective GVB is in describing corlation energies and
reaction encrgies. heats of reaction (AE) were caleulated for a series of ydrogenation

reactions. For the hydrogenation reactions studied, T

added to the extent reqquired
for complete reduction of a given molecule to simple hydrides, For exmple, the

complete hydrogenation of formaldelyde is
Cll=0 +2ll; = Cll, + 11,0

A numberof ab initio calculations for hy drogenation encrgies have been previonsly
reported. HF and MP2 resulis are systematically discussed in Ref. [5]. MP2 results
are generally in very good agreement with experiment, We have caleulated, for the
first time, hydrogenation energies at the GVB/6-31G**//GVB/6:31C** level | inelud-
ing all bonds and valence lone pairs for a selection of molecules com prising first.- and
second-row elements. The GVB results are listed in Table 21 along with the available
HF, MP2 and experimental values [5].

In general, the GVB hydrogenation energies are in good agreement with Lhe ex-
perimental values. Inmost cases, the deviations rom experiment are small, and very
close to those of HF and MP2. For first-row molecules, the GVB results are: about,
0-10 keal/mol in error, with a mean absolute deviation of 6 keal/mol. The errors
in GVB AE values are 0-5 keal/mol for systems with only single bonds with the
exception of F2, while they are 0-10 keal/mol for systems with multiple bonds with
the exception of HCCH. The worst. cases are for Fz and HCCIH, where the A £ values
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are 20 and 18 keal/mol in error. respertively. For second-row molecules, the results
of VB AE calenlations are about 020 keal/mol in error, with a mean absolute
deviation of 11 keal/mol,, which is larger than for the first-row systerns. For example,
the GVE hydrogenation energy for ICP is in error by 28 keal/mol, compared to T
keal/mol for HCN. GVB AF values are very close to IF and MP2 results for single
bond systems. The errors relative to the experimental values are 0-10 keal/mol with
the exception of Sillyl* and §illyC1 where the errors are about 20 keal/mol. GVBAE
valies are improved over 11F results for systems with second-row multiple bonds, For
example, the GVB hydrogenation ciergy for Py is only 6 keal/mol in error, whereas
23 keal /mol for HF and 24 keal /mol for MP2. For PN and HCP, the GVB hydro-
genation energies are in error by 27 and 28 keal/mol, while 42 and 33 keal /mol for
HF, respectively.

The error in the GVB heats of reaction is dependent on the GVB evaluation of

the hond dissociation energies. The error can be expressed as,
AEove = AEesp, = Y ti[DGV B) - D, (espl.)): (122)

where v; is the stoichiometry coefficients, and [D,(GV B) - D.(expt.))i is the dis-
crepancy between the GVB D, and the experimental D, for a specific bond which
is broken in the reaction. For example, [ D.(GV B) - D.(expl.)] for Hy, F2, and HF
are 17, 223, and 31 keal/mol, respectively. The error in the GVB evaluation of hydro-
genation energy for Fz is 20 keal /mol, which is very close to the result of 22 kcal/mol
obtained from Eq. (122).
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Table 21: The calenlated energies of hydrogenation reactions (keal 7 tnol).

“Reaction P (i Expt.
SE/6-3160
. . this study 5] 19]
CH,-Clls + Ha—2 CH,y -18 -19 15 16(-19)
CH;-NH; ~ Hy—~CHg + NHg -25 -26 22 24(-26)
CH,-0ll + H;—CHs + 1,0 -27 27 2 27(-30)
CHy-F + Ha —CHy + HF -25 24 24 27(-29)
NH,-NH, + Hy—~2NH; -15 45 43 -15(-18)
HO-OH + Ha—2[,0 -84 76 R0 H3(-86)
F-F + H;—2HF -131 10 123 - L0(-133)
CH,=Cl, + 2H,—2CH, -55 56 52 18(-67)
CH,=NH + 2H,—»CH, + NH3 -53 -52 -19 -B5(-B3)
CH,=0+ 2H,~CHs + ;0 -19 -49 -16 -50{-60)
HN=NH+ 2H,~2NH; -70 -67 -66 -58(-68)
HNO+ 2H; —H,0 + NH -95 -0l -90 -93(-103)
HCCH + 3H,- 2CH,4 -103 -108 -96 -90(-105)
CO+ 3H;— CHy + H,0 -45 -55 -4 1(-63)
N+ 3, —2NH; -18 23 14 -2(-37)
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Tt 20 (continned)

eaction

Silly « My +CI, & Silly
Clig-Cli 1 ~Clly + HCI
HOCI: Hy-+1,0 + HCI
Silly-F i 1y -Silly « IF
CIF + Hy—HCl+ HF

Nag + Hy-2NaH
Silly-Silly + 11 ~2Sill
Sifla-Cly 1p—$illy + HCI
Plly-Plly + H,—~2PH;
HSSH 4 Hy—2H,S

Cly + Hy—2HCL

Cl=$ + 2H,~CH, + HaS
HCP+ 3Hy~CH, + PHy
PN 8H, Pl + NHy

Pz + 313 —2PHy

TNF/631GTT GVB/6-31G - MP2/6-31G*  Expt.
//HF/6-31G*  /GVB/6-31G™ //HF/6-31G*

3| this study (5] )
-10 -1 -3 -3(-6)
-20 2 -4 -20(-22)
67 -62 -59 -62(-39)
3t 26 6 19(48)
-75 -7 -67 -75(-13)
37 kid 39 26(29)
-10 -9 -1 -3(-5)
17 13 2 34(33)
-9 -1 -1 -2(-4)
20 22 -12 -13(-14)
53 -5l -46 -44(-41)
57 -55 42 -47(-54)
-98 -83 -57 -56(-67)
-67 -62 -29 -34(-45)
-5l -44 -14 -38(-44)

‘The experimental data after ZPE correction are in parentheses.
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The errors in the GV'B hydrogenation energies for systems with multiple houds

are largg r than for systems with only single bonds. GV does not deseribe honds in a

consistent manner. In general, the large differential correlation effeet for an isogyriet?
reaction, such as a hydrogenation reaction. leads to larger error in the calenlated
heats of reaction. For an isodesmic reaction,”  the differential correlation effect is

smaller and the reaction energies are generally better described.

5.2.5 Energies of Reactions Converting Multiple to Single

Bonds

The energies of reactions converting multiple to single houds are given in Table

22, for compounds contai

ing first-row elements only. In this type of reaction, the
unsaturated systems are converted into molecules containing single honds hetween

the same pairs of atoms. For example,

H,C=0 + CH, + 11,0 = 2 Cli5-011

is a reaction converting a C=0 double bond to a (-0 single bond.

Since the process of converting multiple o single bonds is isodesmic, the differ-
ential correlation cffcct is smaller as compared Lo hydrogenation reactions. For the
direct evaluation of heats of reaction (AE) in this type of reaction, the agreement

between the GVB and experimental data is very good. Th reactions are better

12] an isogyric reaction, the number of electron pairs is conserved.
131n an isodesmic reaction, not only is the number of electron pairs held constant but also the
chemical bond types are conserved.
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deseribed than the hydrogenation reactions. GVB AE values are 0-10 keal/mol in

error with & mean absolute deviation of only 4 keal /mol. For example,
HCCH 4 4C1H, = 3 Cly-Cly

the GVB AP is 5 keal/mol in error. The differential correlation effect in this reaction

is much smaller than for the hydrogenation of HCCH,

HCCH + 3H;— 2CHy

where three H-11 bonds and a C-C triple bond are totally broken to form six new C-H
honds.

IMigure 11 illustrates the correlation of GVB results and experimental data, for

all the heats of reaction calculated. The lati ficient is 0.978, showing

that. the GVB results are in good with the experimental data.
A regression equation is obtained as A E(expt) = 0.936AE(GV B) + 4.08 keal/mol,

which can be used to correct GVB AE results.
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Table 22: The calculated energies (keal/mol) for reactions converting multiple to single

bonds.

Reaction

HF/6-31G**
//HF/6-31G™

GVB/6-31G**
/IGVB/6-31G**

(5] this study
H2C=CH, + 2 CH4 - 2 CH3-CHy -19 -17
H,C=NH+ CH; + NH3 — 2 CH3-NH, -4 -1
H,C=0+ CHg + H,0 — 2 CHy-OH 5 5
HN=NH + 2 NH3 — 2 NHp-NH, 20 23
HCCH + 4 CHy — 3 CH3-CHy -49 49
HCN + 2 CHq +2NH; — 3 CHa-NHp 9 9
CO + 2 CH4 +2H,0 — 3 CH,-OH 36 26
N3 + 4 NHz — 3 NH-NH; 115 8

R
//ME/6-31G

32(28)
-11(-19)
9(4)
33(27)

112(107)

The experimental data after ZPE correction are in parentheses.
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Figure 11: Comparison of the GVB/6-31G** reaction energies (AE) with the exper-

imental data.
The line drawn in this plot is of unit slope.
‘Triangles are used for reactions converting multiple to single bonds; circles are used

for hydrogenation reactions.
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5.3 = Bond Energies

Donble bond encrgies are often divided into o and 7 contributions. but these
are not direetly observable quantities. Ab initio moleenlar orbital theory affords an
excellent way Lo assess these components. “There are two ways to obtain the 7 bond
energies.

The first procedure is to compare the bond dissociation energies of double bonds,
D(X=Y), and single bond, D.(X-Y). However, the energy difference, D (X=Y)-
D.(X-Y), does not correspond to the barrier to rotation about the X=Y bond. For
example, the experimental data [74) for ethylene are 1733 and 86.1 keal/mol for
D(X=Y) and D.(X-Y), respectively. The difference, 87.2 keal/mol. is far greater
than the rotational barrier (65 keal /mol) [75). Obviously. the directly deduced quan-
ity from D(X=Y)-D,(X-Y) is not the = bond energy in ethylene. Schieyer et al.

[76] used isogyric reactions,
HoX=Yi, + XHy 4 Yo = 2 HyX-YHop

to compare the energies of X=Y double bonds with those of X-Y single bonds. For
ethylene, the 7 bond energy ( Ey) of 69.6 keal/mol was obtained at MP4/6-31G*//6-
31G*4ZPE. Meanwhile, Schmidt et al. [77] used hydrogenation thermochemical cy-
eles to give similar results, e.g., Er(ethylene)=62 keal /mol. However, there are some
discrepancies between the caleulated 7 bond energies of Schmidt et al. and those of

Schleyer et al. For instance, the calculated C=N 7 bond energy by Schmidt et al. is 65
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keal /mol. which is smaller than 81 keal /mol obtained by Sehleyer et al. The discrop
ancies are due (o the use of different sets of reference species in the thermochemical
excles,

Another commonly used procedure is to cquate the 7 hond energy direetly to the
rotational barrier (75, 77-80], provided that the transition state has no # boud char
acter while retaining all o bonds. The transition state. for singlet rotation aronnd a
double bond. is the 90° twisted singlet diradical. For this diradical strueture, a single
determinant wavefunction cannot afford a proper deseription, and a multiconligura

tion calculation must be used. Due to the difficulty in characteri

ing the twisted
singlet transition state which is very sensitive to the basis set and correlation energy,
fow efforts have been made to obtain the optimized geometries with extensive basis
sets. Schmidt et al. [77] reported a MCSCE/6-31G*/ /321G rotational bartier, or
7 bond energy, for cthylene of 65.4 keal /mol. Borden et al. [48,79] carricd out GVE-
PP(1/2)/6-31G* calculations of the rotational barrier in ethylene (65.6 keal/mol),
and TCSCF (two configuration SCF) caleulations of the rotational barrier in disilene

(22.1 keal/mol). Our preliminary GVI(2/4)/6-31G** ¢

ilations [39] give a proper
description of the rotation about the 7 hond in Cylly, and give a x hond encrgy of

63.6 kcal/mol. The results are illustrated in Figure 4, and have been discussed in

Section 4.5.

The objective of this part of this work is to characterize the transition state for

the singlet rotation around C= i double bonds, by employing GVI

137



ations. The = bond energies and the fluorine substitution effects are further

5.3.1 Computational Method

In this study, GVB(6/12)/6-31G*= calculations were carried out for A;X=YB;

(A, B=H, F; X, Y:

I, $i). The GVB(6/12) wavefunction includes two X-A bonds,

two B-Y honds, one X-Y o and one X-Y 7 bond, i.c.,

i = AlWeorethx -y (WX -y (m¥x-m¥x-satby-piby-pa)  (123)

“I'he planar or trans-bent structures of A,X=Y B, were optimized with the OC method
[26]. 'The singlet transition state structures were optimized with the VA method
[27] (e.f. Section 2.1.5). All equilibrium structures were characterized to have no
imaginary frequency, while the transition states have only one imaginary frequency.
In the transition state, the GVB Cl-coefficients for = orbitals are 0.707(-‘/‘-,-) +0.005.

When a doubly-bonded A;X=YB, molecule is rotated by 90° to the diradical

transition state, the X-Y 7 bond is broken while retaining all o bonds. The barrier to

X=Y double bond rotation can be defined as the 7 bond energy, E,. = bond energies
reported here are not corrected for zero-point energy (ZPE)."

GVB total energies for ground states and transition states, and rotational barriers
are summarized in Table 23. Optimized geometrical parameters are given in Tables

24 and 25 for ground states and transition states, respectively, where ry, 2 and r3 are

"The MCSCF/3-21G* [77) ZPE correction for the 7 bond energies in CHy=CHy, CHy=SiH3, and
Silly=Sillz, are 4.2, 14, and 0.6 keal/mol, respectively.
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the X-Y. A-N and Bi-Y bond lengths. 8 and f; are the A-X-Y and By-Y-X bond

angles. o1, 02 and oy are the Ap-N-Y-Ap B-Y-)

and Ba-Y-N-B, torsion angles.
The X-Y bond orders [120]. and Mulliken charges on X and Y. are also listed in ‘Table

26.

5.3.2 The C=C Bond

The C-C 7 bond in ecthylene is no doubt the best characterized 7 hond, both
experimentally and theoretically. A number of theoretical papers [77. 81-82] have
indicated that the triplet statc and rotated singlet state represent a violation of lhund’s
rule. In accordance with Hund's rule, the two unpaired = electrons should give the
triplet ground state. GVB treatments [81a], along with MCSCF [77] and I [S2],
predict that the lowest encrgy rotation path on the singlet polential energy surface
is entirely below the triplet surface for cthyiene. In other A, X=YB; molecules, (A,
B=H, I; X, Y=C, Si), the 90° twisted triplet is about 1-3 keal/mol lower thas the
rotated singlets, with geometries similar to their singlets.

A. Optimized Geometries

For planar H,C=CHa, H,C=CF; and FF,C=CF,, the GVB geometries are very
close to the CISD [83(d)] and MCSCF [77] results. The C=C and C-F bond lengths
decrease with increasing fluorine substitution, as observed from carly 11I* calculations
83(d)].

The twisted structure of ethylene is illustrated in Figure 12(a). lor twisted
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H,C=Cly, H,C=CFy and F,C=CFy. the GVB C-C bond lengths are 1.492, 1.490.
and 1501 A, respectively, which are very close to Schaefer's C1 C-C bond length
of 149 A for 11,C=CHy [81(a)). The C-C bond length in the twisted structure
is close to the single C-C bond length of 1.531 A in C,H; obtained at full valence
GVB/6-31G* [12).

The F-C-C bond angle (0, in Tables 24 and 25) clearly shows that CF; is changed
from a planar (sp?* hybridization, ~ 120° ) conformation to a tetrahedral (sp® hy-
bridization, ~ 113%) conformation, indicating the pyramidalization of CF; in the
twisted structure.

B. = Bond Energy

Our (Vi3/6-31G** = hond energies (£,) are in very good agreement with the

previous ab initio calculations and the available experimental results. For instance,

Ex(ethylene) is 65.4 keal/mol, compared to 67.9 (Schaefer’s CI [84(a))), 65.4 (MCSCF

[77)), 65.6 (GVB(1/2) [48]), and 64 keal/mol (experi 1(75)). For hylene,
Ex contains a contrib from the pyramidalization of CFz. The intrinsic = bond

energy is the calculated result without pyramidalization. If the CF; radical center
is constrained to be planar in the diradical 1,1-difluoroethylene, E, is higher by
11.5 keal /mol than for ethylene, indicating that the 7 bond in 1,1-difluoroethylene is
intrivsically stronger. In general, the pyramidalization of the carbon or silicon center
from sp*(120°) to sp*(109.5°) stabilizes the diradical transition state. The value of E,

is in fact related to the B-Y-X bond angle in the transition state, i.e., 8, in Table 25.
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For example, 0, are 121.1%, 11529 11399 for 1o=CHy, CHy=CFy and CFa=CFy

respectively. Their deviations from 109.5% are 10.6°, 5.7 and 4.4°, which cor

te
well with the caleulated # bond energies of 65. 1. 63.2, and 51.7 keal/mol. With two
carbon centers pyramidalized. the rotational barrier in tetralluoroethylene is mueh
lower. The C-C 7 bond energy decreases with increasing flnorine snbstitution.

For the isodesmic reaction,

CHy=Clly + CFy=C1y = 2 ClL=CF,

the GVB reaction energy (AE) is -16.5 keal/mol, which s in excellen

greement.
with the experimental value of -11.6 keal/mol [48]. The change from Fy contribu-
tion is -9.3 keal/mol, consistent with the reaction energy. The exothermicity of this
reaction can be attributed to the replacement of the homopolar @ and = C-€: bonds

ft hylene with the het lar o and 7 C-C bonds in

in cthylene and the totr
1,1-difluoroethylene.
The C-C bond orders (Table 26) in the twisted structures are ~0.9, demonstrating
that the C-C 7 bond is totally broken. The C=C double bond orders are 1778,
1.738 and 1.670 for planar Clly=Cllz, Cll,=CFy and CFy=CI%, respectively. The

differences between the C=C double bond orders in the planar ground states and the

C-C single bond orders in the transition states are 0.812, 0.788 and (.767, respectively,

which are measures of m bond strengths.
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Table 23:  GVB(6/12)/6-31G** total cnergies (hartrees) and « bond energies
(keal/mol).

“Molecule al energy E, E.
- Twisted__ (this work) reference
ILC=CH, - -78.03224 : 65.4[77], 69.6[76]

H,C=SiH; -320.13301 -329.08352  31.6  35.6(76], 36.1(77)
HoSi=SiH, -580.16608 -580.12000 232 22.7(77], 24.2(76]
H,C=CF, -275.85207 -275.75140  63.2 63.3(48]
F,C=CF; -173.54140 -173.45900 517 50.3(48]
F,C=Sill, -526.83074 -526.79163  24.6

H,C=SiF, -526.96988 -526.93590 213
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5.3.3 The Si=Si Bond

Because disilene (Sip114) is the simplest species with a 8i-Si double bond and its
ground state shows an unusual preference for a trans-hent Cyy structure rather than
a planar Dy structure, it has been the subject of much interest experimentally and
theoretically since its isolation in 1981 [77. 79. 81(D), 83(a-b), 85(a)].

A. Optimized Geometries

The trans-bent singlet disilenc is more stable than the planar structure, Our

GVB equilibrinm geometry is very close to the TCSCI/6-31GY result (7], For the
Ho8i=SiH, trans-bent structure (Cys) illustrated in Figure 12(c), the $i-Si distance is

2.240 A, compared to 2.160 A (cxperimental [86]), 2.217 A (MC:

/ARG [77),

2242 A (TCSCF/6-31G* [79]), 2.248 A (GVB(2/4)/6-31G** [83(h)]), and 2236 &

(CASSCF/6-31G** [83(b)]). Such a long hond length reflects the diradical character

of the $i-Si bond, cven though it is still shorter than that of a single Si-Si bond.

However. some double bond character still exists in disilene (Caa) as indicated by the
Si-Si hond order of 1.380. For the twisted (C3) structure illustrated in Figure 12(d),
our GVB Si-Si single bond is 2.358 A, compared to 2351 A (TCSCF/6-31G [79])
and 2.355 A (MCSCF/3-21G* [77]).

B. r Bond Energy

The energetics of disilene states are significantly affected by the incorporation

of electron correlation corrections. The calculated GV barrier to rotation is
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keal /mol. which is close 1o 221 (TCSCE/6-31G7 (79]), 22.7 (MCSCE/6-31G7//3-
216G [77]), and 23,0 keal/mol (CISD/DZP [79]). The small Si-Si = bond energy is
consistent with the small Si-5i bond order, It is noted from Table 26 that rotation
slightly inereases the positive charge at silicon in disilene, while it slightly increases

the negative eharge at carbon in ethylene,

5.3.4 The C=Si Bond

Silacthylenes have long been implicated as reactive intermediates. 1,1-Dimethyl-
silacthylene (DMSE) is the simplest silacthylene detected in the gas-phase. Silacthy-
lene differs from cthylene in that the rotated singlet will be pyramidalized at the
silicon.

A. Optimized Geometries

For silacthylene H,C=Silla, the C-Si distance is 1.734 A, compared to the experi-
mental vale of 1.70 - 1.80 A [101] and 1743 A from a MCSCF/3-21G* calculation
[77]. For planar (Cz,) F2C=Sill; and HyC=SiF3, the C-Si bond lengths are 1.749 and
1688 A, respectively. For the twisted conformation (Cy ), the GVB C-Si bond lengths
are 1881, 1.912, and 1.858 A. for HyC=SiHa, F,C=SiHs, and HyC=SiF, respectively.
Dite to the strong dipolar (ionic) interaction between CHy and SiF in HoC=SiF;,

its (

i double bond is very short. The C-Si bond in the twisted structure is also a

short single bond.
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Figure 12: The structure of planar and perpendicular conformations of AX Yty
(a) twisted C;Hy; (b) twisted CHa=SiHy; (c) trans-hent Siylly; (d) twisted Sipll,.

145



146



Table 24: GVB(6/12)/6-31G** ground state gometries for A,X

Molecule r

ra

5

b

H,C=CH,
1.346

H,C=SiH,
L.734

HySi=SiH,
2.240

H,C=CF,
1.327

F,C=CF,
1.324

F,C=SiH,
1.749

H,C=SiF,
1.688

1.093

1.093

1.498

1.087

1.325

1.339

1.091

1.093

1.186

1.498

1.329

1.325

1477

1.586

1217

122.4

116.3

119.9

123.4

125.3

121.2

1217

122,

116.3

125.1

123.4

118.7

126.6

180.0

180.0

1315

1800

180.0

180.0

180.0

ok

0.4

0.0

A8.5

00

0.0

00

Bond lengths are in A, and bond angles in degrees.
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1800

180.0

1315

180.0

180.0

180.0

180.0



Table 25: GVB(6/12)/6-3

LG*! transition state geometries for A,X=YB,.

& b 2]

1492 1091 1091 1211 1211 1800 900 180.0

HaC -SiH,

1884 1093 1496 1227 121 1800 1181 1238

H,Si-SiH,

2358 1496 1497 1125 1147 1267 1614 1268
HC-CF,

1490 LO87 1341 1199 1152 1800 LI57 1286

FC=CF,
1501 1330 1330 113.9 1139 1290 1554 1290

FC=SiH,

1912 1346 (489 117.8 1108 1343 1568 1233

1.858 1.093 1603 122.5 109.7 180.0 1218 1164

(1) Bond lengths ar in A, and bond angles in degrees.
(b) n the transition state, A-X and Az-X bond lengths, and the related bond angles,
ire not equal but very close. Only the above parameters are listed.
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The structure of twisted silacthylene is illustrated in Figure 12(b), Our GVB U-
§i-C* bond angle (0 in Table 25) in the twisted streneture (112.19) is different from the
previons MCSCF/3-21G* result (118.0) (7). whereas other geometrical parameters

are very close. The comparison suggests that the 1H-8i-C" bond angle in Ref.

incorrectly reported.
B. = Bond Energy

The intrinsic (without pyramidalization at silicon) 7 hond cuergy of HyC=Sill,
from our GVB calculations is -10.7 keal /mol. Pyramidalization of the silicon cenfer
from sp?(120°) to sp®(109.5°) stabilizes the divadical transition state and decreases the

x bond cnergy. Our GVB(6/12)/6-31G** F,

thylene) is 31.6 keal /mol, which is
close to the experimental result of 3124 keal/mol [81(c)] and the MCSCE/6-31¢4//3
21G™ result of 35.6 keal/mol [77]. FE.(silacthylene) is less than the experimental
estimate of 4145 keal/mol for 1,1-Dimethyl-silacthylene [87). However, the Goddard
et al. GVB(2/4) result of 59.9 keal/mol [81(c)] is too high, because the geonetries
were not optimized at the GVB level and C=Sill; was constrained to be planar in
the twisted conformation.

Because of silicon pyramidalization, the GVB H(I)-Si-C bond angles (5 in Ta-
ble 25) in the transition states are 112.1% 110.8" and 109.7" for silacthylene, 2,2-

lifl ilaethylene and 1,1-difl ilacthylene, respectively. Their deviations from

109.5° are 2.6% 1.3%, and 0.2°, which correlate well with the 7 bond

rgics of 31.6,

24.6, and 21.3 keal /mol.
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For the following reaction

H,C=Clly + HySi=Sill, = 2 11,C

the GVI3 reaction energy (A FE) is 218 keal /mol compared to 25.4 keal /mol calculated

nssing the difference between the GV 7 bond energy, For

0,8i=5ill; + F,0=CF, = 2 F,

H,

the GV reaction energy (A /£ is 28.9 keal /mol compared to 25.7 keal /mol calculated
using the difference between the GVB = bond energy. The 7 bond change is the
dominant contribution to the reaction energy in those two reactions.

According to the above discussion, the pyramidalization at the carbon or silicon
center for the twisted structures decreases the 7 bond energies in the substituted
ethylenes and their silicon counterparts, Fluorine substitution stabilizes both diradi-

caland dipolar twisted singlet structures.

150



Table 26: GVB(6/12)/6:31G** results of §
atorns X and Y for planar and twisted singlets.

Molecule planar
Qx Qv X=Ybondoder Qx
H,C=CH, -02l1 0214 1778 0237
H,C=SiH, -0446 0431 1.709 M7
H,Si=SiHz 0241 0241 1.380 0.250
H,C=CF, 0355 0.716 1.738 0292
F,C=CF, 0622 0.622 L.670 0.637
F,C=Sill; 0486 0317 1.576 0423
H,C=SiF, 0556 1192 1771 0494

0.679

0.637

0.199

1.165

Y boud orders and Mulliken charges at

ond order

0966

0.899

0863

0.950

0.903

0.837

0.881




5.4 Singlet and Triplet Structures of 1,1-Dilithioethylene

CH,=ClLiy, 2,2-Dilithiosilaethylene SiH,=CLi; and 1,1-

Dilithiosilaethylene CH»=SiLi;

The (VI3(6/12)/6-31G** rot.ational barrier around the C=C doublebond in ethy-
lene (65,4 keal /mol (39]) s in excellent agreement with the experimental valie (64
keal/rnol [75]). The & bond is totally broken in the twisted transition state, and
the rotational barrier can be regarded as the 7 bond energy (or « bond  strengt h).
This barrier can he reduced significantly by © donor or 7 acceptor substituents at

carbon, which will preferentially stabilize cither the diradical or especially the dipo-

ar configiration of the twisted form by electron delocalization, as for luorine in the
tetrafluoroethylenes studied in Section 5.3,

Apeliget al, [88] first discovered the unexpected properties of 1,]-dilithiocthylene,

Clly=ClLi, by ab initio calculations. They noted that, not only is the rotational bar-
rier about the (=C double bond low, but the ground state equilibrium geometry
is the triplet perpendicular structure, Their results have been confirmed by Nagase
and Morokuma [89], and Laidig and Schacfer [90], and morc importantly the related
molecules have already been prepared in the laboratory [91). The surprising prefer-
ence for he perpendicular structure over the planar structure for both singlet and

triplet has been interpreted as being due lo a combination of strong hy perconjuga-

tion involving the C-Li bonds and the formation of a <rde.alized three-center Li-C-Li
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bond. Other olefinic

involving electron deficient. substituents, such as

CHy=((BH )y, have also been found to prefer the perpendicular strueture while we-

taining the (=C double bond, Recently, Schacer ot al. [93] have surveyed (he
potential energy surface for the singlet 1,2-dilithioethylene and acetylenic 21,k
using CCSD/DZP.

Since the structural parameters in these systems are very sensitive Lo basis sel
and electron correlation, it is important lo obtain the optimized geometries with the
inclusion of electron correlation using large basis sets. The objective of this stady is
to examine further whether the special stability in the triplet or perpendienlar
1,1-dilithioethylene is due to the strong r bond between CHg and the Li-C-Li three-

center group, or a complex of Liz and the vinlidene.

5.41 Computational Method
The full valence GVB/6-31G** calculations were carricd out, for H2X=YLiy, with
three (X, Y) combinations as (C, C), ($i,C) and (C, Si). In this scheme, GVI3(6/12)
was used for all singlets, which includes X-Y ¢ and x honds with two Y-li and two
X-H bonds, i.e.,
V8B = AW coretbi-y (o) bx-v (my Vx-111 Y x -ty —1i ¥ - 1] (124)
and GVB(5/10) was used for all triplets, which includes X-Y o hond with two Y-Li

and two X-H bonds, i,

VEVE = AW by —y (o5 - 110112y -1t Yy —12Wopen) (125)
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The geometries for hoth singlets and triplets were optimized using the OC method

{26] (c.f. Section 2.1.5) withont any symmetry constraint.'®

5.4.2 Potential Curves and Relative Energies

The GV total energies and relative cnergies are summarized in Table 27. Poten-
tial energy cusves for rotation around the double bond are shown in Figures 13-15 for
both singlets and triplets.

The GV B/6-31G** relativecnergies for 1, 1-dilithioethylene are very close lo Schae-

fer’s CISD results {90]. The perpendicular triplet is predicted to be the mi en-

ergy structure with the planar triplet lying only 1.33 kcal/mol higher. Thesinglets are
about 13 keal/mol higher than the triplels, and the singlet-triplet energy splitting de-

creases slightly from the planar (13.3 keal/mol) to the perpendicular (12.6 keal/mol)

structure. However, the planar singlet is the lowest state of HyS8i=CLi5, with a rota-
tional barrier of 5.25 keal/mol which is much smaller than that in H,C=SiH,, showing
that a strong 7 bond still exists in the perpendicular structure. For H,C=SiLi,, the
lowest state isalso the planar singlet with a rotational barrier of 23.4 kcal/mol which
is close to that of H,C=S5iF; (see Section 5.3).

Tor the C=Si systems, the singlets are all lower in energy than the triplets. In the
process of rotation, the cnergies of singlets increase, whereas those of triplets decrease.

"The singlet-triplet. encrgy splittings in the planar structures are therefore much higher

SFor twisted structures, both X and Y centers are allowed to be pyramidalized during the geom-
etry optimization.

154



than in the perpendicular structures. 181 versus 198 keal/mol for S

5.9 versts -1.40 keal /mol for ,C=Sili Far singlet planar structures, I'=Sili;

is more stable than HjSi=CLi;, and their energy difference deereases for the perpen-

dicular structures. However, planar triplet F15S

CLia, which is more stable than
planar triplet 1;C=SiLi;, has strong C-Si # bond character with a bond order of
1.729 (Table 29).

The hyperconjugation of substituents can increase the X-Y x hond strength oven
in the twisted structures. Since the X-Y 7 bond still exists in the perpendicular
singlet, it is impossible to obtain X-Y 7 bond energy from the rolational barrier of
dilithium substituted X=Y doubly bonded system. The assmmption that the 7 bonl
energy is cqual to the rotational barrier (in Section 5.3) is only suitable when the =
bond is totally broken in the perpendicular structure. This can be ascertained from
the X-Y 7 orbital GVB Cl-coefficient. For example, the GVB Cl-coefficients for the
C-C = and =" orbitals are both 0.707(%;) in the perpendicular singlet of ethylca,
indicating that the 7 bond is totally broken. The GV B Cl-cocfficients for the C-C x
and =* orbitals of the perpendicular singlet of 1,l-dilithiocthylene, however, are 0.979

and 0.205, demonstrating that the 7 bond still exists.
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Table 27: GVB/6-31G** total energies (hartrees) and relative encrgies (keal/mol).

Molecule _ State Planar __ Perpendicular  AE(PP — P)
CH,CL, S -91.76803 9177120 -2.04
T 91.780% LTI -1.33
AET—8)  -133 -12.6
SiHoCliz S 34281313 -342.80477 5.25
P 342,797 -342.79683 2.86
AET ~ S) 13.1 4.98
CH,Siliz S -342.84686  -342.80951 23.4
T -342.78064  -312.80249 -8.06
AET—S) 359 4.4

S: for singlet; T: for triplet. AE(T — §) = E(T)— E(S) the energy gap between
tripletand singlet; AE(PP - P) = E(PP) — E(P): the energy difference between
the perpendicular and planar struct ures.
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Figure I3: Potential energy curves for rotation around the C=C in Cllz - Clis
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Figure 14: Potential energy curves for rotation around the Si=C in Sifl, :CLi,.
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Figure 15: Potential energy curves for rotation around the C=Si in Cll, - SiLia.
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5.4.3 Optimized Geometries

The GVB/6-31G™~ optimized geometries for bath singlets and triplets are listed
in Table 28. The structures of C(Hy=CLiy are illustrated in Figre 16,

For the planar singlet. 1.1-dilithioethylene, the (€, (-Li, and Li-Li hond Jongths
are 1.369, 2.042. and 3.573 A, respective

s compared to | 000, and 3676 A

for HF/DZP®  [90), showing an effect of eloctron correlation on the geometry. The
GVB C-C, C-Li bond distances are longer, but the Li-Li bond distance shorter than
the HF results. The GVB C-C bond length in planar 1,1-dilithiocthylene is longer
than that in ethylene (1346 A at GVB(6/12)/6-31G** [42]). In the perpendicular
singlet, the C-C, C-Li, and Li-Li bond distances are shorter than in the planar singlet.
The Li-C-Li bond angle is 99°, 32° smaller than in the planar singlet, resulting in a
much shorter Li-Li bond.

There are some special characteristics in the GV geometries of triplet 1, 1-dilithioethylene,
First, the C-C bond is almost the same in both the planar and perpendicular struc-
tures, close Lo the equilibrium bond length in cthylene, and shorter than in the cor-
responding singlet, indicating that the C=C double hond becomes stronger in the
triplet. Secondly, the Li-C-Li bond angle is about 747, with a Li-Li bond distance of
~2.5 A which is shorter than that in the Li; molecule,'”  demonstrating a strong
Li-Li bond in the triplet structure.

In 2,2-dilithiosilacthylene H;Si=CLi,, the C-Si bond distance (1.725 A) is shorter
16Schaefer et al. DZP basis set is comparable to 6-:31G*. The differences between our GV and

their HF geometry are due to the clectron correlation rather than basis set.
V"The experimental Li-Li bond distance in the Liz is 2.67 A [42).
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than in silacthylene (1731 & e.f. Section 5.3). For the perpendicular singlet, the
€5 hond distance (1.711 A) is much shorter than in the twisted silacthylene (1.884

A), and even shorter than in the planar structure. The shorter C-Si bond indicates

that the = bond in 11! iz is stronger than in [1;8i=CIly, and it is even stronger
in the perpendicular structure than in the planar structure. The C-Si bond distances

in the planar triplets and the perpendicular triplets are 1.745 and 1,740 A, respec-

tively, which are longer than those in the corresponding singlets. Those distances are

Si double bond, indicating a weaker r bond in

between a C-Si single bond and a €

the triplet than that in the singlet. The Li-Li bond distance (2.5 A) and the Li-C-Li
bond angle (75°) are similar to those in 1,1-dilithioethylene.

For 1,-dilithiosilacthylene CHy=SiLiz, the structure is very different, compared
10 1,8i=CLis. The C-Si bond length is about 1.80 A for the singlet and 195 A for
the triplet, much longer than in silacthylene. In the triplet, there is a typical C-Si

single bond.

In the perpendicular Li;C=Sill; and HoC=SiLiy, the planarity (sp* hybridization)

of SiLiy or Sill, is favoured and no silicon pyramidalization is found.

5.4.4 The Electronic Structures

The bond orders, Mulliken charges and dipole moments are calculated for both
singlets and triplets in the planar and perpendicular forms. The results are listed in

Table 29.
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In Clly=

"Liz and Sill,=CLij. the Li-Li bond order for the triplets (0.51) is larger

than for the singlets (0.10), and the C-C' and C-Si bond orders are also slightly larger

for the triplets. However. those hond orders are smaller for triplet H,C=Sili,.

For HyX=CLi,, the singlets are more dipolar-like, while the triplets are more
diradical-like. Large dipole moments are obtained for the singlets (1.0-6.0D). How-
ever, the dipole moments for the triplets are much smaller (1.0-1.5D) and of the
opposite sign, for 11,C=CLi; and 11,8i=CLiz. The negative dipole moment, implies
H,C* =~ClLi, polarity. This dipolar direction clearly shows that the = boud in the
triplet increases the clectron density at the CLiz group. Whereas, the dipole moment
for triplet H;C=SiLi, is close to that of the singiet.

The singlet and triplet diradical structures for perpendicular ethylene are very
close, with the singlet lower in encrgy by about 0.6 keal /mol (CI result [77]). How-
ever, the triplet is lower in energy with the singlet-triplet splitting of 12.6 keal/mol
for perpendicular 1,1-dilithioethylenc. The energy preference for the triplet in 1,1-
dilithioethylene is due to the strong = bond between CH; and the Li-C-Li three-center
group.

In conclusion, the GVB relative encrgies are in excellent agreement with previous
CISD results for 1,1-dilithioethylene. The perpendicular 11;X=CLi, conformation is
only stabilized by a strong 7 bond between XHz and CLiz. The X=C double bond
increases the electron density at the clectron deficient group CLig, leading to a Li-Li

bond.
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“Table 28: GVB/6-31G** geometries for H;X=YLi,.

olecule State X-Y HX YL LiLi H-XH L-Y-Li
“CH,CLi; S (Planar) 13691 1.1073 20427 35728 [10.98 121.98
S (Perpendicular)  1.3554 1.1047 1.8844 2.8688 113.14  99.14

T (Planar) 1.3450 1.0081 20092 2.5126 115.02  73.52

T (Perpendicular) 1.3473 1.0985 2.0363 2.4939 115.32  74.66
Sill;CLi; S (Planar) 17246 15140 1.9502 3.5665 105.02 132.94
S (Perpendicular) 17114 1.5098 1.8759 3.1316 105.22  113.40

T (Planar) 1.7453 14919 2.0976 2.4942 113.06  72.96

T (Perpendicular) 17404 14923 2.0720 25307 11206  75.28
CISiLi; S (Planar) 17965 1.0087 2.5367 4.7116 112.30 136.46
S (Perpendicular) 1.7881 1.0965 2.3561 3.1494 113.64  83.88

T (Planar) 19641 1.0060 2.4856 4.4794 1i3.72 128.60

T (Perpendicular) 1.9101 1.0966 2.4957 3.7093 113.92 137.02

S: for singlet; T: for triplet. Bond lengths are in A, and bond angles in degrees.
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Figure 16: The structure of CHa=CLis.
() planar singlet; (b) perpendicular singlet; (c) planar triplet; (d) perpendicular
triplet.
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Table 29: Calculated bond orders, Mulliken charges and dipole moments.

H,X=YLi, State XY Li-Li X TY p(Debye)
CH,CLi;  S(Planar) 1,668 0.076 6 5.00
S(Perpendicular) 1.622 10,107 0.2
T(Planar) 1.802 0,540 -0.270
T(Perpendicular) 1.733 0.530 -0.269 -0.260)

SiH,CLi;  S(Planar) 1620 0.071 0385  -0.524
S(Perpendicular) 1643 0.143 0401  -0.480
T(Planar) 1.729 0.541 0.378  -0.494
T(Perpendicular) 1.718 0.531 0.420 -0.502
CH,SiLi, §(Planar) 1.525 0.103 -0.428  0.076
S(Perpendicular) 1.435 0.288 -0.404 0.011
T(Planar) 0812 0.104 -0450 0.130
T(P dicular) 0.891 0.104 -0.454 0071

S: for singlet; T: for triplet. The negative dipole moment implies ;X" = ~CLi; po-
larity.
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5.5 Sx2 Reaction: Transition State Structures, Frequencies
and Kinetic Isotope Effects
Bimoleenlar nucleophilie substitution reactions (Sy2) at carbon
Y~ + Cli3X - YCHy + X™

have been extensively studied. Farly experimental and theoretical studies have es-

tablished an energy profile consisting of a double-well potential encrgy surface [94].

Since it is difficult to obtain a detailed energy profile [rom experiment, ab initio cal-
culations afford an excellent source of data. There have been a number of ab initio
calculations on gas-phase Sy2 reactions to study energy profiles [95], transition state
structures [96], isotope effects [97] and solvation effects [98]. The effect of electron
correlation on Sy2 reactions has also been studied by many researchers using differ-
ent post Hartree-Fock levels, such as CI, MP2, MCSCF, MRCI, MBPT, and DFT

methods, with extensive basis sets [99].

Secondary a-deuterium kinetic isotope effects (KIEs) have been widely used to

i ition state and substituent effects [100] in the study of Sy2

reaction

For a particular sub a tighter ition state, with short
nucleophile-a-carbon and /or a-carbon-leaving group bonds, will have high-energy C,-
(D) out-of-plane bending vibrations and the secondary a-deuterium KIE is predicted
to be small. If the Sy2 transition state is looser, with longer nucleophile-a-carbon

and/or a-carbon-leaving-group bonds, the C,-H(D) out-of-plane bending vibrations
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will be lower in energy and a larger secondary a-deuterium KIE is predicted, Figire
17. Although it has been accepted that secondary a-deuterium KIs are determined
primarily by out-of-plane bending vibrations of the C,-1(D) bonds in the reactant

and transition state, recent theoretical caleulations by Truhlar ot al. [98], and by

Wolle et al. [97] have suggested that the inverse K1Es in Sy2 reactions are primarily
the result of changes in the Co-H(D) stretching vibrations rather than the C,-11(1))

out-of-planc bending vibrations. This suggests a smaller KIE is associated with a

looser, rather than a tighter, Sy2 transition state.

Our HF/6-31+G* study [97(c)], for Sy2 reactions between different nucleophiles
and methyl and ethy! chloride and fluoride, demonstrates that the magnitude ol the
secondary a-deuterium KIE is determined by an inverse stretching vibration con

tribution and a normal bending vibration contribution to the isotope cff

The
out-of-plane bending vibration model that has been used Lo interpret secondary -

deuterium KIEs is therefore basically correct, i.e., changes in the bending vibrations

from the reactants to transition state determine the magnitude of the KIE for a

particular substrate.
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Figure 17: The relationship between the looseness of the Sy2 transition state and
the magnitude of the secondary a-deuterium KIE as determined by the C,-1(D)
out-of-plane bending vibrations.
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Previous studies [93.96.99] have shown the elfect of electron correlation on the

C-Y and C-X bond distances in the transition state structures. Sinee GVB properly

describes the bond dissociation proress i general, it is expected that GV would
also properly describe the energy profile and the transition state structure of an Sy
reaction, where a C-X bond is breaking and a C-Y bond is forming. On the other
hand, early studies [19(b), 65, 102] demonstrated that GV improves the SCF foree
constants and frequencies, which arc important for calculating accurate secondary
a-deuterium KIEs.

In this work, Sy2 reactions with the nucleophiles (Y)=F, C1, OH, Nily, $11, and
the leaving group (X)=Cl, and with Y=Cl and X=F, OII, Nll3, have heen studied
using GVB/6-314+G** calculations. The GVB-PP wavefunction includes all bond
pairs. The reactants and transition states were optimized using the OC [26] and VA

[27] optimization methods (c. [. Section 2.1.5), respectively. All tran

tion states were
verified to ensure that they have only one imaginary frequency. Sims’s BEBOVIB-IV
program [103] modificd to accept ab initio geometries and force constants (104}, was
used to carry out a vibrational analysis and to calculate secondary a-deuterium KiEs

at 298 K. The corresponding HF/6:31+G* results from our previons studies

, and

other available results on HF, MP2 and DFT, arc also given for comparison.
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5.5.1 Geometries of Transition States

“The optimized geometries are summarized in Table 30 for reactants and products,
and in Table 31 for transition states.

For reactants and products, our {F/6-31+G* geometries are very close to the
previous HEF/6-314+4+G** results of Boyd et al. [96(a)]. For instance, the C-X bond
lengths are 1.372, 1786, 1101, and 1454 A, compared to 1.371, 1.786, 1.401, and

153 A for X=F, CI, O, and NH,, respectively. The GVB geometries are close to
the MP2 [96(b)] and DFT [99] results, with longer (by 0.02 A) C-H bonds and C-X
bonds when compared to 1IF.

For transition states, our 1IF geometries are almost the same as the Boyd's HF
results for X=Cl, I'. For X=OH, both C-X and C-Cl bond distances are slightly
different due to the different basis sets on the OIl hydrogen. Both [F and GVB
results show that the C-H bonds are shorter in transition states than in the reactants
hy ~0.02 A,

Our GVB results show that the effect of electrun correlation on the geometries of

2 transition states is mainly in the bond distances. For instance, the GVB C-H
bonds are longer by 0.02 A than HE C-H bonds. The GVB C-X and C-Y bonds
are cither longer or shorter, with the total distance [Rrs = (C = ¥)rs + (C - X)zs]

larger than HF Rrs. The GVB transition state structures are therefore looser than

those obtained from HF and MP2.
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Table 30: Optimized geometries for CH,X.

T onsm,

HF Lol 1453
HF(this study) L0015
GVB(this study) 1431 1481
DFT =
MP2 1420 1464
re-m
HF LO8L  LOT8 1ORL  1.090
HPF(this study) L.O8L  LO78 1.080  1.090
GVB(this study) 1100 1097 1100 1.108
DFT 1.099 1095 - -
MP2 1.090  1.089  1.090  1.099
re-iry
HF - - 1087 1084
HF(this study) - - LUBT 1.084
GVB(this study) : - LI05 Li03
MP2 - - LU96  1.092
LHCX
HF 108.5 1084 107.1 1145
HF(this study) 1085 108.4 1069 1145
GVB(this study) 108.5 1084 106.7 1144
DFT 108.7 108.2 - -
MP2 108.1 1089 106.1 1150
LH,CX
HF S - LT 1092
HF(this study) ® - UL 1092
GVB(this study) 2 - LL5 1089
MP2 b - 17 108.7

HF results from Ref. [96(a)], MP2 results from Ref. [96(b)], and DFT from Ref. [99].
Bond lengths are in A, and bond angles in degrees.
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‘Table 31: Sy2 transition state geometries.

rc v _rcx_rc-m_ re-u, LHCY L HCY

HF 2393 2394 1.062 & 90.0 -
HF(this study) 2304 2394 1.061 - 90.0 -
GVB(this study) 2.105 2.405 1.079 - 90.0 .
DET 2342 2342 1.080 2 90.0 =
MP2 2316 2316 1.072 . 90.0 -
P
HF 2.126 2.133  1.062 S 82.7 -
HF(this study) 2,129 2.132 1.062 N 82.6 -
GVB(this study) 2.036 2216 1.079 - 85.2 .
MP2 2013 2142 10713 - 844 -
Ho
iy 2.267 2.102 1.063 1.062 6.7 83.8
HF(this study) 2282 2093 1.064 1.062 79.7 818
GVB(this study) 2326 2075 1.082 1.082 745 83.2
NH,
HF(this study) 2388 2072 1.062 1.063 849 79.1
GVB(this study) 2.343 2.163 1.080 1.080 87.3 80.6
HS

HF(this study) 2.603 2.281 1.063 1.062 85.7 87.3
GVB(this study) 2658 2254 1.081 1.080 84.6 86.3

see notes for Table 30.
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5.5.2 Frequencies

Itis well known that F/6-31G™ and MP2/6-31G™ overestimate the experimental
frequencies by ~10% and ~3% (3] respectively, mainly due to the unharmonicity.
Previous caleulations have shown that GV stretching force constants are smaller
than [T values [65,102] and close to the values obtained at MPA [19(h)]. T this

study, the GVB force constants were calculated numeric;

ly. Our results show that
GVB stretching frequencies are very close to the experimental values, and that the
bending frequencics are overestimated by ~5%. The GVI hending frequencies are
therefore scaled!® by a factor of 0.95.

The calculated GVB vibrational frequencics for the reactants and products are
listed in Table 32, along with the corresponding HIF and experimental values [5]. ‘The

HF and GVB frequencies for the transition states arc also given in Tables

and 34,
respectively.

GVB frequencies for reactants and products are very close to experimental and
scaled HF frequencies. In CILCL, for example, the GV C,-11 stretehing frequencies

are £3 em™! and C,-H bending frequencies are £ 10 em™" in deviation from the

experimental data 5]. For the transition state, the GV imaginary frequencios are
larger, Co-H stretching frequencies are smaller, and some of the bending frequencies

are slightly smaller, compared to HF.

On the other hand, the Co-H stretching is much stronger, but the bending is
18GVB frequencies have not been studied systematically. Only a few results are reported by Pulay

[19(b)], in which the different scaling factors are used for each modes. In genoral, bending frequencies
are scaled by a factor of 0.95 in our full valence GVB/6-31G** calculated frequencirs.
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mch weaker, as compared to those in the reactants and products. From reactant to

transition state, the C,-11 stretching frequencies increase by ~ 200 em™!., while the

Dending frequencies decrease by ~ 100 cn=!.

5.5.3 Secondary a-Deuterium ky/kp

The total KIF can be expressed (see Appendix B) as the product of translational,

rotational, vibrational, and tunneling terms,
kit[kp = (kit/kp)irans(kit/ kD) rot(kir [ kD)us (ktt /D) tunneting (126)

where the tunneling term is determined using the Wigner correction [103]. The vi-

brational contribution to the KIE can be further factored,

(kir/kp)uis = (K1t [kD )stretching(Kir /KD Vbending (Kt /KD )other (127)

where the (ki /kp)stretching term contains the contribution from the Co-H(D) stretch-
ing vibrations to the KIE and the (ks /kp)bending term contains the contribution from
the Co-1(D) bending vibrztions. Three stretching vibrations and five bending vibra-
tions are used to calculate the (K /kp)stretching and (ki /Kp)bending terms, respectively.

The contribution from other vibrations is included in (s /kpJother term.
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Table 32: The calculated frequencies (cm ') for reactants and products

Molecules

Description of Mode

CHyCl

CH3F

CH3OH

CHg d-stretch (e)
CHj sestretch (a;)
CHg d-deform (e)
CH s-deform (a,)
CHy rock (e}

CCl stretch (a;)

CHjy d-stretch (¢)
CHg s-stretch (a;)
CHy d-deform (e)
CHy s-deform (ay)
CHy rock (e)

CF stretch (a;)

OH stretch (a')
CHg d-stretch (a')
CHg d-stretch (a')
CHj s-stretch (a')
CHj3 d-deform (a')
CHy d-deform (a')
CHy s-deform (a')
OH ()

CHy rock (a')
CHj rock (a')

CO stretch (a')

torsion (a")

2999
2920
1479
1467
1174
1037

3703
2981
2915
2873
1490
1482
1466
1337
1157
1060
1038

1462
1386
1018
700

3004
2934
1474
1463
1163
1027

3709
2992
2929
2893
1487
1479
1464
1358
1150
1046
1027
347

180

1452
13565
1017
732

3006
2930
1467
1164
1182
1049

3681
3000
2960
2844
1477
1477
1455
1345
1165
1060
1033
295



Table 32. (continued),

‘Molecules_Description of Mode  HF/6-31+G* _GVB/6-31++G** Expt.

CHsNH;  NHy a-stretch (a") 3441 3425 3427
NHj s-stretch (a') 3365 3354 3361
CHj d-stretch (a’) 205% 2967 2985
CHy d-stretch (a') 2920 2936 2061
CHg s-stretch (a') 2847 2871 2820
NH; scis. (a') 1660 1662 1623
CHy d-deform (a") 1494 1490 1485
CHjy d-deform (a') 1479 1479 1473
CHj s-deform (a') 1442 1443 1430
NHy twist (a") 1325 1336 1419
CHy rock (a") 1153 1167 1195
CN stretch (a') 1031 1015 1044
CHj rock () 945 951 1130
NH, wag (a') 837 903 780
torsion (a") 295 315 268

The experimental data from Ref. [5]. HF frequencies are scaled by 0.90, and our GVB
bending frequencies are scaled by 0.95.
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Table 33: HF/6-31+G* frequencies (cm ') for Sy2 transition states.

Y Gl F 10 _NHz I
imaginary BT 95 491 o133 -

H-C bending 90L 955 94 966 905
901 955 956 973 925
1116 1174 1165 1151 1089
1394 1396 1398 1391 1391
1394 1396 1398 1396 1392

H-C stretching 3079 3073 3069 3068 3074
3271 3249 3234 3235 3258
3271 3249 3245 3242 3267

H-X stretching - - 3617 3192 2539
. - 8264 =

other stretching 179 208 175 162 173
179 208 191 187 181

torsion 186 243 221 248 70
- - 243 309 157
386 372 385

see notes for Table 32.
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Table 31: GVB/6-31 - ~G** frequencies (cm ') for Sy2 transition states.

) Gl F HO NiZ HS
imaginary 360 369 401 475 -1

H-C bending 908 961 963 961 917
938 976 993 989 947

1082 1133 1167 1132 1083

1388 1385 1390 1376 1382

1389 1389 1395 1387 1392

H-C stretching 3080 3067 3055 3064 3070
3255 3237 3214 3232 3239
3261 3239 3217 3238 3245

H-X stretching - - 3541 3197 2482
. - 3122 -

other stretching 185 234 172 18l 172
188 238 193 197 178

torsion 192 257 223 221 134
- 251 251 186
408 439 376

see notes for Table 32.
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Table 35 summarizes the a-deaterinn, secondary kp/kp for the Sy reactions

considered. The GVB KIEs are slightly larger than onr previously reported 11

(¢)]. Where they can be compared. the KIEs in this study are in excellent
agreement with those reported by Wolle et al. {97(a)]. For the methyl ehloride identity
reactions, for example. Wolle et al. reported ky /kp of 0.94 (1) and 0.96 (M1'2),
compared 1o 0.935 (HF) and 0.957 (GVB) obtained in this study.'

The relationship between the magnitude of the secondary a-deuterinm KHE and
the structure of the transition state is investigated in an effort. to analyze the factors

that determine the magnitude of these KIEs in Sy2 reaction

97(c)]. This study will

examine whether these KIEs are primarily determined by changes in the stretehing

vibrations as proposed by Wolfe et al.

7(a-b)] or whether they are the result of
changes in the out-of-plane bending vibrations as had heen previonsly helieved [100].

In particular, the objectivi

is to further investigate the electron correlation effect

at the post-IIF (GVB) level. In terms of the results in Table

all strefching

contributions to the KIE are large and inverse at both the HI" and GV levels, and

the bending contributious to the KIE are close to or greater than unity.

191t should be pointed out that in Wolfe ct al. recent paper [97(h)], ki/kn for the CI=+CHly ¢
system is incorrectly reported to be 1.30. The correct, value of ky/kp is 1.002 (IIF) and 1031 (GVB)
as given in Table 35.
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Table 35: Caleulated kyjkp for €2 reactions at 208 K.

X Y B0 G5 (M) Lrs Rrs

¥ Cl ur 0.882 0.705 1.098 0.711 745  4.261
GVB® 0921 0.733 1.091 0.743 . 4,252
HF 0.88 0.73 1.20
MP2 0.91

on ¢ re 0.907 0.714 1.128 0.704 79.7 4371
GVB* 0.926 0.757 1.084 0.718 - 4.401
Hr 0.92

NH; CI HF 0.897 0.716 1.112 0.665 80.2 4460
GVB® 0927 0.757 1.114 0.685 - 4.506

Cl Cl HF® 0.935 0.680 1.178 0.739 68.0 4.788
GVB® 0957 0.704 1.157 0.756 - +.810
Hr 094 0.71 1.33
MP2 096 0.75 1.29
MP2 097

SH “i e 0.953 0.690 1.197 0.638 70.9 4.884
GVB* 0978 0.722 L1167 0.706 - 4.912

Cl F HF* 1.002 0.665 1.157 0.762 745 4.261
GVB® 1.031 0.692 1.325 0.784 - 4.252
HF 1.00 0.73 137

Cl OH HF* 0.980 0.612 1.274 0.753 79.7 4371
GVB® 0960 0.655 1.322 0.738 - 4.401
MP2  0.960

C1 WH, HF® 0.840 0.594 1.048 0.651 80.2 4.460
GVB® 0.879 0.686 1.273 0.681 4.506

“ This study, see also (97(c)]. Other results are from Wolfe et al. [97(a-b)].
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The relationship between the total KIE and (ki /kn)aretchon, is illustrated in Fig-

ure 18, The poor correlation (r=-0.7-48 at HI and -0.694 at GVB) indicates that the
change in the total KIE is not determined by the change i (ki /kn)arerenng. A plot
of the total KIE versus (kir /knuning a5 illustrated in Figure 19, shows an excellent
correlation (r=0.995 at HF and 0.943 at GVB). The trends in K1Es are, therefore, in
agreement with the commonly accepted view that the KIE is dotermined by changes
in the bending vibrations and not by changes in the stretchiing vibrations as suggested
by Wolteret al, (07(a)].. 1Fchangeninthe bondiig vilirations. aee rospomsible: forthe
trends in the KIE, a Sy2 reaction with a looser transition state would be expected to
have a larger KIE. For example, the (ky/kp)senting contribution is larger for Y=C1
(1.157 at GVB) than for Y=F (1.091 at GVB), suggesting that the transition state
is looser and that there is less “steric hindrance” exerted on the out-of-plane hending
vibration in the transition state. The larger bending contribution results in a largee
KIE, 0.957 for Y=ClI versus 0.921 for Y=F, although the stretching contribuation is

smaller, 0.704 versus 0.733.
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Figure 18: The total KIE versus the stretching vibration contribution to the KIE for
Y- + CHyCl — YCH, +CI-.
Circles are for HF results (r=-0.748), and triangles are for GVB results (r=-0.694).
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Figure 19: The total KIE versus the bending vibration contribution to the KIE for
Y- + CHyCl - YCH, +Cl-.
Circles are for HF results (r=0.995), and triangles are for GVB results (r=0943).
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The inverse wlationship between the KIE and the looseness parameter [97(a)),
Lips. Tomd by Wolfe o a2 suggested that a reaction with a looser transition
states will have a smaller KIE. Our previous study [97(c)] showed that there is no
correlation between the KIE and Lrs for identity reactions. The lack of a correlation
between the KIE and Lys is more clearly seen when the KIEs for the non-identity
methyl fuoride and methyl chloride reactions are considered. We plotted Wolfe et al,
[97(0)] (K1t / kst versus Lz for methyl fluoride and methyl chloride with different
nieleophiles, Figures 20 and 21, respectively. The correlation coefficients for the total
KIES versus Lys are small (0.153 and -0.358 respectively). Our HE/6-31+G* results

for methy! chloride also confirm that Lrs is not a good measure of the looseness of

sition state, Figure 22,

“T'he magnitnde of the KIE is, however, related to the “space™ available for the out-
of-plane bending vibrations in the transition state, since the trends in the KIE are the
result of changes in the bending vibrations. Such “space” can be represented by Rrg,
i.c., the distance between the nucleophileand the leaving group in the Sx2 transition
state. The relationship between the total KIE and Rz which is illustrated in Figure
23 for the reaction Y~ +CHaCl = YCHs + CI”, shows a very good correlation
(r=0.965 at. HF and 0.957 at GVB). The correlation coefficient for the (K /kp )sending
versus firs in Figure 24, s 0.968 at HF and 0.966 at GVB. Thus, as Rrs increases (the

transition state becomes looser), both (kir/ K'p)sending and the total KIE increase as

20Wolfe et. al. defined, Lrs = (%C — Y +%C — X), where the percent increase in the C-X
bond length in going from the ion-complex to the transition state, %C-X, can be expressed as
%O - X = (E=Rete x 100%.

- X
=X eompier
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the out-of-plane bending vibration model predicts. The plot of Wolfe et al. total KIIY

[97(b)] versus their Rrs [96(a)]. Figu

wivesa correlation coellicient of 0.951, for
methyl fluoride. as compared t0 0153 for correlation between KIE and Lps in Figire
20. Itis clearly shown that KIE is well correlated to Rrs, and wot correlated 1o Lrs.

Overall both HIF and GVB results of KIE support that (ku/kp imy and the
trend in the total KIE is determined by the looseness of the Sx2 transition state,
Rers, for Sy2 reactions of a substrate with a particular leaving gronp. Although the
stretching vibration plays a significant role in determining the magnitudeof the KIE,

(k#/kD)bending determines the trends in these KIEs.
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Figure 20: The total KIE versus the looseness parameter Lrs for Y~ + CHaF —
YCHy +F-.
The data in this plot are from Ref. [97(b)].

193



PR3 et9

£GL°0=4

Fos0

l-oot

[A=F1 N N

3

194



Figure 21: The total KIE versus the looseness parameter Lzs for Y~ + CH3Cl —
YCH, +ClI-.
The data in this plot are from Ref. [97(b)].
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Figure 2: The total KIE versus the looseness parameter Lz for Y= + CHyCl —
YCH; +C1-,
The data in this plot are from our study, see Ref. [97(c)'.

197



8L e
L

999'0—="

Iojo

f-ce0

3

198



Figure 23: The total KIE versus Rrs for Y~ + CHaCl — YCH; +CI™.
Circles are for HF results (r=0.965), and triangles are for GVB results (r=0.957).
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Figure 24: The bending vibration contribution to the KIE versus Rys (in A) for Y~
# CHyCl — YCH, +Cl-.
Circles are for HF results (r=0.968), and triangles are for GVB results (r=0.966).
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Figure 25: The total KIE versus Rrs (in A) for Y= + CHyF — YCH, + F-.
The data in this plot are from Boyd et al. [97(b)], (96(a)] with the correction of (CI,
F) KIE to 1.03.
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5.6 Protonation of Imines: Geometries, Force Constants,

Frequencies and C=N Rotational Barrier

The imine (C=N) linkage has attracted much interest because of its occurrence
in the visual pigment rhodopsin and bacteriorhodopsin (bR) [106]. Imines play an
important role in biological catalysis since the C=N linkages are versatile in their
physical and chemical properties. The C=N bond, for example, is fairly labile and
can be hydrolyzed and re-formed readily.

Protonation of the C=N nitrogen of an imine containing chromophore generally
leads to a marked red shift in the absorption spectrum. This reaction is important
in controlling the optical properties of retina in the visual pigment rhodopsin. Many
spectroscopic studies and theoretical calculations have been carried out in an effort
to understand the absorption spectrum of rhodopsin [107].

On the other hand, the imine protonation reaction, or reaction with Lewis acids
in general, results in an increase in the C=N stretching frequency (blue shift) [108].
(hanges in the C=N stretching frequency in deuterated solutions have been regarded
as the most reliable measure of whether the imine is protonated [109]. For instance,
rhodopsin has a C=N stretching frequency (vo=n(m)) of 1660 cm~! and an unusually
large deuterium shift of ~ 25 cm=" [110]. The large vo=n(#) deuterium shift suggests
that the imine nitrogen in rhodopsin interacts strongly with a hydrogen bonded group.
The C=N stretching frequency is used as a measure of -electron distribution in the

imiine region of the molecule, since this is the most reactive part of the chromophore
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and chemical modification of the protein and chromophore makes it possible to study

the C'=N bond in considerable detail. Therefore, an accurate understanding of the

factors that determine the stretehing frequency is clearly needed,

Methylimine (CHy=N11), the simplest iminc, and its protonated derivative, pro-
vide models which could be used to study the clectronic charge distribution in the
C=N bonding region where the nitrogen lone pair is bonded Lo a proton. Ab initio
calculations of the force field for methylimine have heen carried out. Eades et al.
[111] reported that the C=N bond length increases by 0.019 & upon protonation,
and they also obtained the vibrational frequencics for nnprotonated and protonated
methylimine. In contrast to Eades ct al. HF calculations, Harrison’s (VB caleula-
tions [102] showed a slight decrease in the C=N bond length, and an increase of (.51
mdyn/A in the C=N force constant. Instcad of caleulating the o=y in methylimine
directly, Harrison et al. cxamined the frequency changes for CHyHC=NCH, using an
empirical force field which is constructed based on their GVI3 methylimine geometry
and force constants [108]. The study showed that an increase in the C=N stretching
force constant (by 0.51 mdyn/A) for the protonated specics translates into an inerease
in the C=N stretching frequency of ~ 30 cm~".

However, in the protonation of a polyimine, the 7 hond order decreases resulting
in a corresponding decrease in the C=N force constant. Honig ct al. {112,113], using
an empirical force field, found that coupling of the C=N stretching with the C=N-H

bending makes an important contribution to the C=N stretching and pushes it to the
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higher frequencies that are observed experi . A normal coordinate analysis
of the model aromatic imine trans-N-benzylideneaniline (tBA) using AM1 method,
obtained a decrease in the C=N stretching force constant but an increase in the C=N
stretehing frequency by 45 cm=" [117]. Protonation causes many changes in confor-
mation, which is responsible for the changes in the vibrational spectrum. Recently,
based on HF and MP2 calculations for the force field of N-ethylidene methylamine
(ClI3IIC=NClI;) and its protonated species, Tsuda et al. [118] stated that the C=N
stretching force constants cannot be evaluated properly without taking into account
the effect of electron correlation.

In order to obtain a clearer description of the electronic environment changes that
occur in the protonation of imines, GVB calculations of the force field for imines have
been carried out. In this study, accurate force fields for the unprotonated and proto-
nated CHz=NII and trans-CH;HC=NCHj, were calculated using GVB(6/12)/6-31G*,
and frequencies were then calculated to investigate whether the C=N-H bending mo-
tion makes an important contribution to the C=N stretching frequency shift. The
change of C=N 7 bond energy upon protonation was also studied by calculating the
barrier to rotation around C=N double bond. The equilibrium geometries for all
trans polyimines, taken as retinal analogs, were obtained at the GVB level to study
the conjugation effect on the C=N bond length, force constants, rotation barrier and

charge distribution.
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In this study. GVB(6/12) calculations were carried out. The GVB(6/12) wave-
function includes the C-N ¢ and = bonds. two C-H bonds, one N-1 bond, adding
one nitrogen lone pair for the unprotonated and one N-H bond for the protonated

methylimine HaC=NH respectively, i.c..

Uiirmotonaten = Al¥eoretoc-nioybic-nimbe-mibe-nathy-ity-i] (128)
WP atety = Al eoretic-nioybo-nimto-mibc-nabn-miby i) (129)

Similar GVB(6/12) wavelunctions were constructed for trans-CH,lIC=NCH; and
polyimines. The equilibrium strurtures were optimized using the OC method [26].
The transition state structures were optimized using the VA method [27] and were
characterized to have only one imaginary frequency. The GVB force constants and

fi ics were calculated as described in Section 5.5 (see Appendix 13).

5.6.1 Geometries

The structures of the unprotonated and protonated H,C=NH arc shown in Figure
26. The GVB(6/12) geometries at 6-31G*, 6-31G** and 6-311G** basis sets for the
neutral and protonated methylimine are listed in Tables 36 and 37, along with the
twis' -d structures at 6-31G* basis set. For methylimine, the GVB geometries at the
three different basis sets are very close to each other, and there is good agreement

between the GVB and the experi | ical as di 1 in Sec-

tion 5.1. Our GVB(6/12)/6-31G* geometries are much improved over the previous
ab initio calculations. For instance, the GVB/6-31G* C=N bond length (1.282 A)
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is eloser to the experimental value (1.273 &) [3]. compared to the previous results,
g 1262 A (HF) [111] and 1280 A (GVB) [102). When protonated, however.
HIF results indicate that the C=NIif bond becomes longer by 0.02 A, while previous
(IVB results [102] indicated that it shortened by 0.008 A. Our GVB/6-31G* C=NH}
bond length (1.281 A) is only shorter by 0.001 A than the C=N bond length. The
11-N-C: hond angle changes from 110.5° (sp*) to 121.9° (sp?) upon protonation.

The GVB(6/12)/6-31G* optimized geometries for unprotonated and protonated
trans-CHyCH=NCHj are listed in Table 38. The structure of protonated trans-
CH3CH=NCHy is shown in Figure 27. With methyl substituents on carbon and
nitrogen, the C=N bond is a little shorter than that in methylimine, but slightly
longer upon protonation.

In general, an all trans polyimine can be represented by the formula for H,C=(CH-
Cl=),X (X=NH, NHf), where n is the number of conjugated = bonds. The struc-
ture for the n=6 species (polyimine 6) is illustrated in Figure 27, and it was taken
as a retinal analog in Poirier et al. calculations [114]. Table 39 lists some geomet-

rical for d

and i polyimine 0, 1, 2, 3 optimized
at GVB(6/12)/6-31G* level. The C=N bond distance increases from n=0 to n=1,
especially in the protonated imines. The changes in the C=N bond length upon
protonation are -0.001, 0.011, 0.019, 0.022 and 0.022 A, for n=0, 1, 2, 3, and 6.
Overall, for retinal analogs, the GVB C=N bond distance is longer by ~0.02 A upon

protonation (see Table 40), which is in agreement with previous HF results [114].
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Figure 26: The structure of HyC=NH and H;C =N1i}
(a) planar H,C=NH; (b) twisted H,C=NH; (c) planar H,C=NIIf; (d) twisted
H,C=NHj.
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Table 36: GVB(6/12),6-31G* geometries for 11,C° NH and 11,¢ NH; .

Parameters  planar  twisted

TC=N 182 4 1159
C-Hl 1099 1091 Log2  1.088
C-H2 LO95  LO9L 1092 1087
N-H3 LO26  Lo2L 1L029 L2
N-H4 -2t -6

HI-C-N 1244 195 1153 14T

H2-C-N 1189 1195

H3-N-C o5 1219 1081 1211

H4-N-C - 1219 -1220
H3-N-C-H1 153.2
H1-C-N-H3 109.0 1036
H4-N-C-H1 180.0
H2-N-C-H3 -109.0

Bond lengths are in A, and bond angles in degrees.
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Table 37: GVB(6/12) geometries for HyC=NH and H,C=NH; at 6-31G** and 6-

BLLG** basis sels.

Parameters  GVB
C=N

(6/12)/6-31G** GVB(6/12)/6-311G**
C=N* C=N*

C=N 1.281 1.281 !2:;\; l.=280
C-H1 1.100 1.092 L.1ot 1.093
C-12 1.096 1.092 1.097 1.093
N-H3 1.025 1.020 1.025 1021
N-H4 - 1.120 . 1.021
H1-C-N 1243 119.6 124.2 119.6
112-C-N 118.9 119.6 118.9 119.6
H3-N-C 110.4 121.7 110.3 121.7
H4-N-C - 1217 - 12L.7

Bond lengths are in A, and bond angles in degrees.
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Table 38: GVB(6/12)/6-31G* geometries for unprotonated and protonated trans.
CH3CH=NCHa.

Parameters planar  twisted
C=N C=NH' C=N C-NH*
Cl5=N 1278 1285 1416 1461
Cl5-t L104 1094 1093 1089
Cl15.C 1525 1515 1521
N-C LATT 1499 1470 1481
N-H - L2t - 1025

H-C15-N 121.7 1165 3.2 127
C-C15-N 121.5 123.2 1162 117.5
C-N-C15 118.0 1258 2.0 123.2
H-N-C15 - 17.9 - 118.6
C-N-C15-H 0.0 0.0

C-C15-N-C  180.0 180.0 -106.0 155.9
H-N-C15-H - 180.0

H-C15-N-C_ 0.0 0.0 1.4 1057

Bond lengths are in A, and bond angles in degrecs.
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Figure 27: The structure of retinal analogs.
(a) trans-CilHC=NH*CHy; (b) twisted trans-CHHC=NH*CHy; (c) protonated
polyimine 6.
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Table 39: GVB(6/12)/631G*

for all trans polyimi

[H;C=(CH-CH=),X (X=NH, NH;)].

n
0

Cl5=N_N-HL N-H2 CI15Cl4 Cl4-C13 C13-Cl12 C12-Cll Cl1-C10_Cl10-C9
1.282 1026
1.281 1021 1.021
1.284  1.027 - 1.493 1.320
1.295 (018 1017 1.455 1.331
1.284 L.027 - 1.489 1.327 1.464 1.323
[.303 1016 1.015 1.432 1.350 1.446 1.330
1.285 1.027 - 1488 1.328 1.459 1.330 1463  1.324
1307 1015 1.014 1421 1.360 L1427 1.346 1451 1.328

The bond lengths in A. For each , the first line is for X=NH, and the second line is

for X=NHS.
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Table 10: GVB(6/12)/6-31G geometry for planar polyimine 6.

NX=NH_X=NH;
Bond lengths (3)

C15-X 1.302 1.324 N-H 1034 Lo
Cl4-Cl5s 1481 1.402 N-H 1009
C13-Cl4 133 1317 Cls-H 109y Loo2
Cl2-C13 1451 1405  Cl-H LT LT
Cl1-Cl2 1337 1.366 CI3-H 77 1078
Cl10-Cll 1452 1421 Cl2-H 1077 1m
€9-C10 1337 1353 ClI-H W77 Lo
C8-C9 1453 1437 Cl0-H Lo7T Lo
c1-C8 1336 1.344 Co-H L7 Lot
C6-C7 1468 1462  C8-H 1076 LOT4
€5-C6 1320 1.330 CT-H i Lor

C6-H L6 10T

C5-H 1073 1.072

C5-H 1074 1073

Bond angles (degrees)

HCI5X 164 1154  Cl4-CI5X 1267 1253
HCl4Cl5 1169 1193  CI3-ClCI5 1228 1205
HCL3Cl4 1190 1178  CI2-CI3Cl4 1246 1254
HCI2C13 1167 1186  ClI-CI2.C13 1238 1217
HCILCI2 1191 1182  ClO-CILCI2 1244 1252
H-C10Cll 1166 1181  C3-CL.Cll 120 1220
H.CO.Cl0 1192 1186  C8-CO-Cl0 1243 1249
H.C8.CO 162 171  CT-C8Cy 1236 1219
H.CT-C8 1180 177  C6-CTC8 (2.1 (215
H.C6-C7 146 151  C5-C6CT 1215 1263
HC5:C6  12L1 1209

H-N-C15 113.0 121.7

H-N-CI5 1217
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5.6.2 C=N Stretching Force Constants and Frequencies

A normal coordinate analysis of unprotonated. protonated and deuterated imines
is necessary Lo assign the C=N stretching mode and to understand the origin of the
various frequency shifts in greater detail. lonig et al. [112(h)] carried out normal
coordinate vibrational frequency calculations on empirical force fields, to study the
factors that influence the C=N streiching frequencies in protonated imines, visual
pigments, and bacteriorhodopsin (bR).

For methylimine, the C=N stretching force constant from GV B is much smaller
than that from [IF, as shown in Table 41. The GVB(6/12)/6-31G* calculated fre-
quencies for methylimine are listed in Table 42, compared with the experimental, HF
and MP2 results. The GVB frequencies are in good agreement with the experimental
data [5]. For example, the GVB C=N stretching frequency is 1628 cm™" which is
very close lo 1638 em™" (MP2) and 1640 cm™" (experiment). While the HF result is

1719 em~!, which is too large due to the too short HF C=N bond distance.

For uny { and p d hylimine, our GVB C=N stretching force
constants are smaller than Harrison's [102). The C=N stretching force constant in-
creases upon protonation by 0.70 mdyn/A which is slightly larger than the 0.51
mdyn/A obtained by Harrison. For trans-CHz HC=NCHg, the C=N stretching force
constant is 10.61 mdyn/A, which is a little larger than that in CH,;=NH due to a
shorter bond distance. Tsuda et al. [118] stated that the MP2 C=N stretching

force of the d and I CH;HC=NH*CH;3 are nearly
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equal. However, no details were reported. Our GVB (=N strelching force constant
in trans- CHyllC=NI1*CHy is smaller than that in CIL=NITE due to a longer bond
distance.  The increase in the (=N stretching force constant upon protonation of
trans-CHaHC=NCllyis 0.21 mdyn /A, which is smaller than the 051 mdyn/A  used
by larrison in their model caleulations [108]. Our GV B results show a strong coupling
between the C=N stretching and C=N-II bending modes in protonated H,C=NI1
(0.33 mdyn/rad) and protonated transCHzHC=NCII (0.31 mdyn/rad). Based on
the GVB force constants, the calculated vo=y is 1688 em=! in trans-CHyHC=NClly,
and vo=nqy is 1746 cm™" upon protonation. The C=N(IT) stretching frequency
deuterium isotope shift is 20 cm™".

As mentioned, since the C=N bond in protonated polyimines is longer by 0.02 A
than in unprotonated polyimines (Tables 39 and 40) [11], it is incorrect lo use the
methylimine force constants for other polyimines as Harrison did. It is proper to take
trans-CH3HC=NCH; as a model and to calculate the force constants directly at the

ab iitio level, to obtain C=N stretching frequency isotope shifts, In terms of the

GVB calculated force and normal coordi vibrational frequencies ve-y

with the different isotope effects, the effect of protonation on the C=N stretching and
the contribution of C=N-H(D) bending to the C=N stretching can he investigated.
In this work, trans:-CH3HC=NCHj was taken as a model to calculate the accurate

force constants and frequencies at GVB level. The geometries are optimized with

the constraint of the C=N bond distances being 1.284 A and 1.303 A respectively,
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which are the equilibrium C=N bond distances for polyimine 3 [HzC=(CH-CH=)3X
(X=NII, NI)]. The cileulated force constants, C=N stretching frequencies and
isotope shifts are given in Table 39, The C=N stretching force constant for protonated
imine is 9.70 mdyn/A, a decrease of 0.47 mdyn/A from unprotonated imine, instead
of the increase as suggested by Harrison. The GVB force constants from this study
are very close Lo the empirical values used before [112,113), providing a theoretical
basis for those empirical values.

Our GVB caleulated ve—n is 1659 cm™' in the unprotonated, 1681 cm™! in the

protonated imines. Our GVB calculated '°N isotope shift is 18 cm™!, as obser
in experiment of 15 cm™' [116]. The C=N stretching frequencies are close to the
previous calculations {112(b)] of 1630 cm™! in unprotonated imine and 1659 cm ™!
in protonated imine, whereas experimental data [I11] are 1632 and 1650-1662 cm™'
in retinal imine and retinal protonated imine respectively. It is surprising that in
protonated imine, the C=N force constant is lower by 0.47 mdyn/A, while the C=N
stretching frequency is higher by 22 cm™" than in unprotonated imine. This increase
is obviously not contributed by C=N stretching force constant itself, rather it is con-
tributed by the C=N-H bending force constant and the C=N/C=N-H coupling force
constant (0.31 mdyn/rad). The coupling of C=N stretching with C=N-H bending
vibrations makes an important contribution to the C=N stretching mode and pushes
it to the higher frequencies that are observed experimentally, as suggested by pre-

vious studies {112,113]. Therefore, the C=N stretching frequency depends on both
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the C=N stretching and C=N-H bending force constants. Due to the contribraons
of these two modes, the C=N stretching {requency is particularly sensitive to the
hydrogen honding environment at nitrogen.

The GVB roo () deuterium isolope shift is 26 cm~", which is in good aggreement
with the cxperimental observation of ~ 25 cm™ [111, 115] and Honig ot al. caleu-
lation of 28 cm~* [112,113]. Since the C=N stretching frequency and its denterinm
isotope shift are significantly dependent on the C=N-I1 bendling and the (=N /(=N-
H coupling force constants, the C=N(I[) stretching frequency denterium isotope shift
can be used as a measure of whether the nitrogen in imines is protonated. It is goner-
ally proposed that a large vo=n (s deuterium isotope shift, ~ 25 cm=" in rhodopsin
and bacteriorhodopsin, is characteristic of protonation. ‘The large deaterivim shift
can only be obtained when the proton is covalently bounded to the nitrogen resulling
in a large C=N-H bending force constant which is responsible for shifting the (=N
stretching frequency of protonated imines. If the proton were not tightly bounded Lo
the nitrogen, the observed frequency shift. would have heen much lower.

On the other hand, counterion dependencies in the C=N spectral region of pro-
tonated imines have been observed using resonance Raman and Fourier transforin
infrared (FTIR) spectroscopy [119]. The counterion can affect the C=NI* environ-
ment by means of hydrogen bonding. Since bonding of the proton with the counterion
changes the C=N-H bending force constant, perturbation by the hydrogen bonding

of the counterion affects the C=N(H) frequency more than the C=N(D) frequency,
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whereas the non-hydrogen-honded counter ion leads to near-equal shifts of hoth fre-

aquencies. “The deuteration-induced frequency shift of the C=N vibration is, therefore,

the most. explicit indicator of the strength of hydrogen honding interaction of the
imine group with its surroundings. Recently, FTIR spectra [119] show that the C=N
stretehing vibrational frequency is sensitive to which halide (CI-. Br~, I7) is present
as a counterion for the protonated imine. The results indicate that the halide ions
form direct. hydrogen-bonded salt bridges with the protonated imine. The C=NH*
streteh frequency correlates with the strength of the hydrogen bond formed by halide.
However, as Birge et al. pointed out [107], there is no clear quantitative relationship

between the deuterium isotope shift and the strength of the hydrogen bond.
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Table 41: The calculated C=N bond lengths, stretching force constants, frequencies

and rotational barriers in unprotonated and protonated imines.

Bond Tength (A)

HF [111] 1.262
GVB [102] 1.289
GVB (this work) 1.28

force constants
C=N stretching (mdyn/A)

kg [111] 13.77
kevp [102] LI
kova @ 10.48
ks (this work,, 6:31G**) 10.19
C=N-H bending?(mdyn A/rad?) 112

C=N/C=N-H coupling®(mdyn /rad)  0.43

stretching freq.® (em™!)

C=N 1628
C=N's 1614
BC=N 1597

1585
rotational barrier® (kcal/mol) 03

13.25
L1.65
LL.19
1117

1.06
0.33

1738
1685

53
1723
1721

838

L6
10.61

1688
1668
1653
1669

L1
10.85

1.20
0.31

1746
1726

20
1718
1732

81.8

Model

LN e

1.284

L0.17

1659
1641
1625
1640

N

303

9.70

1.20
0.3

1681
1655

Pl
1655
1665

o this is our GV B(6/12)/6-31G* results.
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Table 42: The calculated frequencies (cm™") for 11,C=NH.

Modes HF  MP2 GVB expt.
NIl stretch (a') d347 3291 3254 3297
CHy s-stretch (a') 3012 3091 3018 3036

Cll; a-stretch (') 2929 2960 12935 2924
CN stretch (a') 1719 1638 1628 1640
in-plane bend (a') 1465 1448 1453 1453
in-plane bend (a’) 1346 1341 1372 1347
torsion (a') 1143 1101 1133 1123
out-of-plane bend (a”) 1048 1052 1050 1069

in-plane bend (a') 1011 1045 979.4 1059

The GVB results are GVB(6/12)/6-31G* in this study. HF, MP2 and experimental
data are from Ref. [5].
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5.6.3 C=N Rotational Barrier

Another important factor which can be used to determine the strength of (=N
bond is the barrier to rolation around (=N double bond. The twisted structures are
considered as the transition state for singlet rotation. as discussed in Section 5.:3.

The twisted diradical structures for the inprotonated and protonated methylimine
are listed in Table 36, as illustrated in Figure 26, The C-N bond in the twisted
structures is about 1.45 A, which is very close to the NMCSCEF/321G* result [77] of
1.16 A, showing a typical ('-N single bond. The C-NITE bond in the twisted stroeture
is slightly longer. The twisted structure of protonated trans-CHyCH=NClly is shown
in Figure 27. Inthe twisted structure (Table 38), the C-N bond is a single bond aml
it becomes longer by 0.015 A upon protonation.

The GV B(6/12) /6-31G™ results of the rotational barrier for methylimine and

trans-Cll;HC=NCH3 are summarized in Table 11, and their transition state strue-
tures are illustrated in Figure 26 and 27, respectively. For methylimine, the barrier
is 703 keal/mol, which is in agreement with MCSCF /631G (128 kealfmol) [7].
Upon protonation, the barrier is increased by 13 keal /mol, indicating an increase in
the C=N strength. In trans-Cll; HC=NCIH3, the rotational barrier decreases by |
keal/mol, while it decreases by 2 kcal/mol upon protonation. The results indicate

that the C=N bond energy will decrease with an increase in conjugation.
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5.6.4 Electronic Structures

The GVB(6/12)/6-31G geometries for retinal analogs are listed in Table 40. The
GVH 1 rge distribntion is illustrated in Figure 28. Compared to the early HF/STO-
3G results [114], the GVB results give much shorter bond lengths, especially much
improved in C=N region. Two main differences between the protonated and unproto-
nated forms have been observed: (1) the NHF group causes an increase in conjugation
along the chain which is reflected by the equalization of the bond lengths for single
and double C-C bonds; and (2) the extra positive charge on NH} causes a strong
charge alternation along the chain. The negative charge increases on nitrogen, but
decreases on carhon upon protonation. The increased negative charge on nitrogen of
C=N-If will increase the energy of C=N-II bending and thus raise vo=y(zr) [107,112],

In conclusion, the GVB C=N hing force in d and pro-

tonated imine models, show a decrease by 0.47 mdyn/A upon protonation. However,
a higher C=N(H) stretching frequency has been obtained for protonated imines, due
to a strong coupling between the C=N stretching and C=N-H(D) bending modes. On
the other hand, protonation causes a strong charge alternation along the chain in all
trans polyimines CHa=(CH-CH=),NH, and mainly affects the electronic environment

of the C=N bond.
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Figure 28: The charge distribution for unprotonated (dashed fine) and protonated
(solid line) polyimine 6.
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Chapter Six

Concluding Remarks

In this study, signifi computational devel in GV calenlations have

been made:

1. The generation of GVB-PP orbitals for specific chemical honds has obvious com-
putational and conceptual advaniages, and results in the automatic generation

of reliable initial orbitals.

2. The Boys localized molecular orbitals are good starting orbitals for (VI cal-
cnlations.
3. The pairwise orbital optimization procedure gives reliable and fast convergence.

GVB calculations converged within 10-20 iterations for all

using different basis sets and GVB pairs.

. The algorithms described in this work can also be applicd to MCSCF

tions.
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5. Since the initial orbitals are localized, our approach provides a simple, adequate

and consistent deseription of the potential energy surface.
6. "Ihie GVI wavefunction gives a proper description of dipole monients.
The systematic study on GVB equilibrium geometry shows that:

1. As with other calculations (MP2 and CI), small basis sets are not suitable for
VB equilibrium geometries. The addition of d-polarization or diffuse fnctions
significantly reduces the deviation of GVB equilibrium geometry from experi-
ment, but the addition of p-polarization functions on hydrogen does not affect
the equilibrium structures significantly. GVB/6-31G* is the simplest calcula-
tion o offer reasonable GV B equilibrium geometries, giving a the mean absolute
deviation (d) being 0.016 A for hond lengths (105 comparisons) and 1.1° for

bond angles (26 comparisons).

2. There is a good linear correlation hetween GVB/6-31G* and experimental ge-

ometrical parameters with a correlation cocfficient of 0.999.

3. GVB/6-31G* A-B multiple bond lengths are significantly improved (d is 0.010

A) over the corresponding HF/6-31G* results (d is 0.025 A).

4. GVB/6-31G* equilibrium ies are uni in good with
other theoretical (HF/6-31G*, MP2/6-31G* and CID/6-31G*) results. Overall,
GVB/6-31G* shows improved geometrical parameters over HF/6-31G* with d
being 0.018 A for bond lengths (105 comparisons) and 1.5° for bond angles (26
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comparisons). GVB/6-31G* results are close to CID/G-21G and MP2/6-31G*
results suggesting that GV'B equilibrium geometries are similar to those of MP2

or C'ID.

The mean absolute deviation of our GVEB boud dissociation encrgies (1,) for

A-H bonds is 15 keal/mol (9 comparisons), which improves the HE results by 1020

keal/mol. GVB D, values for C-11 bonds in hydrocarbons are predicted to within
10 keal/mol of the experimental values, Overall, our simple GVI wavefunction gives
a proper description of the bond dissociation process and reasonably good D, val:
ues, which are much improved over 11F and are comparable to other post-111 (MP2
and CI) results. There is a very good correlation between GVI D, values with the
experimental results for all single bonds considered, with a correlation coeflicient of
0.976. For first-row molecules, GVI hydrogenation energies are about, 0-10 keal/mol
in error, with a mean absolute deviation of 6 keal/mol. For second-row molecules, the

mean absolute deviation is 11 keal/mol. GVB much improves hydrogenation encrgies

over HF, for molecules containing multiple bonds between second-row clements. For
reactions converting multiple to single bonds, GVB heats of reaction are in very good
agreement with experimental data, with a mean absolute deviation of 4 keal/mol.
GVB reaction energies correlate well with experimental data, with a correlation co-
efficient of 0.978.

GVB(6/12)/6-31G** study on the singlet rotation around the double bond of

AX=YB; (X, Y=C, Si and A, B=H, ), gives the twisted singlet structures and
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bond energies. Our GVB C-C = bond energies are in very good agreement with pre-
vious ab initio calenlations and available experimental results. The results indicate
that the C-C bond energy decreases with increasing fluorine substitution. Pyramidal-
ization at carbon or silicon decrease the energy of the transition state more than that

of the reactant, thus decreasing the rotational barrier. In general. pyramidalization

at. carhon or silicon center from sp? (120°) to sp® (109.5°) stabilizes the diradical and
the dipolas Lransition state.
GVB(6/12)/6-31G*" calculations have been carried out to study potential energy

curves along the twisting angle and the singlet and triplet structures of HaX=YLi,

¢

(X, Y=(, Si). In triplet 1,1-dilithiocthylene, short C-C and Li-Li bonds are observed.

o thol,  dalizati

In the perpendicular geometries for dilithi , no silicon py
is found. GVB relative energies are in excellent agreement with previous CISD re-
sults for 1,1-dilithiocthylene. The perpendicular triplet is predicted to be the energy
minimum structure, and the planar triplet is only 1.33 kcal/mol higher in energy.
For silacthylencs, the planar singlet is the ground state, and twisting decreases the
singlet-triplet splittings since the triplet becomes lower and the singlet higher during
the process of rotation. The negative dipole moment shows H,X* =~CLi, polarity
in triplets, indicating that the = bond in the triplet increases the electron density at
the C'Liz group with a strong Li-Li bond. The perpendicular H,X=CLi, is stabilized

by a strong 7 bonding between XHz and CLi.



The GVB/6-314+4G™~ calculations on several Sy2 reactions show that the effect

of electron correlation on the transition state structu

i mainly i the hond lengths.

The GV'B transition state structures ar looser than those from 11 and MP2, The

calenlated GVB frequencies for reactants and products are very close to the experi-
mental results and the sealed HF frequencies. For transition states, GVH gives lower
C-Il stretching and slightly lower frequencies in soms bending modes, as compared to
HF. The GVB KIEs are slightly larger than the corresponding 11 values. Our GVIY
results also show that the KIE is determined by changes in the bending vibrations
and not. by changes in the stretching vibrations. Our GVB results confirm that the
magnitude of the KIE is related to the “space” available for the out-of-plane bending
vibrations in the transition state, i.c., the distance between the nucleophile and the
leaving group in the Sy2 transition state, Rrs.

Our GVB(6/12)/6-31G* geometries of methylimine much improve the previous aly
initio (HF and GVB) calculations. Generally, the C=N bond in protonated polyimines

is longer by 0.02 A 1 to 1 polyimines. The calculated GVI3 force

P poly

constants for methylimine, and trans-CHzlIC=NCHa, and their protonated species,
clearly show that the C=N force constant increases upon protonation. The caleulated
GVB frequencies for methylimine is in very good agreement with the experimental
data. GVB results of the C=N stretching force constants for polyimines, show a
decrease (by 0.47 mdyn/A) upon protonation. However, a higher C=N(H) stretching

frequency has been obtained, along with a large deuterium isotope shift, due to a
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strong conpling (0.31 mdyu/rad) between C=N stretching and C=N-H bending. This
conpling pushes the C=N stretching to higher frequency. Our GVB calculations
provide the theoretical basis for the previous empirical study and support that the
C=N(l1} stretching frequency deuterium isotope shift can be used as a measure of
whether the nitrogen of imines is protonated. This study also shows that protonation

increases the (=N = bond energy and changes the electronic environment around

N bond.
Possible further work is ontlined below: (1) developing GVB-CI or MP2-GVB,
Lo obtain accurate potential energy surfaces; (2) implementing this algorithm into

MCSCF calculations; (3) including more than two orbitals into one GVB pair, which

could he combined with the devel of MCSCF calculations; (1)

basis sets which are suitable for GVB P for bond di

energy; (5) using GVB to study chemical problems, such as the mechanisms in the
photochemistry of retinal imines.
Overall, our GVB/6-31G**//GVB/6-31G** calculations demonstrate that the

GVB dipole cquilibrium ies, bond dissociation energies, heats of

reaction, and vibrational fi ies, are ble to the CISD and MP2 results.
GVB calculations can now be widely used as an excellent post-HF method without

the need for integral transformation.
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Appendix A

Objects in OSIPE

‘T'he OSTPE structure for the allocation routine and its algorithmic routine is
illustrated on page 251, An object can only he created by its allocation-routine,
which creates nothing else [36]. Objects are manipnlated in OSIPE mainly by three

func-tions pratobj, getobjand bldobj.

e Punction putobjreturns theaddressof a newobject, i.c., an object to be created
and thercfore supposedly not existing. Any previously existing version of this

Object will be deleted.

syntax: index = putobj ('Object-name’, Cardinal, ’Type’, Bytes)
Tor example, the GVB orbital coefficients are created by,

CMOA= putobj ('MATSQG_COEFF.CMO_AQ_GVB’, NBASIS#NBASIS, 'REAL’, L8)

e lunction getobj returns the address of an existing object needed to create a
new object.
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syntax : index = getobj (‘0bject-name’)

If the existing object is not present in memory or on disk, getohj activates its

creation by calling a third function. hidohj.

else if (object-name. eq. ’XXX') then

call ALLOC.0 (* object-nane’)

Adding a new featureto a program merely involves addinga new item to hldobj.
The program is then able to antomatically build this new object wheneverit is
required.

For cxample, the GVB initial orbital cocflicients are obtained by,

CHOG=getobj (’MATSQG_COEFF_CMO_AD_GUESS_GVB')

if(1build)CMOG=bldobj ('MATSQG_COEFF_CMO_AO_GUESS_GVB’)

Getobj returns the address of CMOG needed to create CMOA. I CMOGis not.

existing, it will be created by calling hidobj.

else if(nameL(1:1n) .eq.’MATSQC.COEFF_CMO_AO_GUESS_GVB ') then

call GVBMOG

Two types of rontines deal with scalars: putseX and getseX, where X stands for
Boolean, Character, Integeror Realdependingon thescalar type. “These routines are
used to create a scalar object with a given value or return its value, For example,
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call getscl ('SCF_SCI_NUM_OF_CONFIG’, NCONF)
call getscR (’GVB_SCR.SCA_FACTOR’ , SCALST)

call getscC (’GVB_SCC_ROT_METHOD’, ROTMET)

call getscB (’GVB_SCB.ROTATION_METHOD’, ROTMIX)
call putscR (’ENERGY_SCR_ELECTRONIC_GVB’, EELEC)

call putscR (’ENERGY_SCR_TOTAL’, ETOT)

Allocation of default values and automatic building of scalars is done by a function

bldsel organized similarly to the function bldobj used to build array objects.



allocation-routine:
subroutine ALLOC_O (Object-name)
include 'stack.h’ ! contains array stack
characterx (*) Object-name
characters (maxstr) 0, 01, 02
1build = .false. ! initialize
* build existing-Object names from modalities of Object-name (if any):
01 = function-of (Object-nane)
02 = function-of (Object—name)
* gather indices:
index_01 = getobj (01) ! set lbuild=.true. if 0f does not exist
if(1build) index_01 = bldobj (01) ! automatic creation if needed
index_02 = getobj (02)
if(1build) index_02 = bldobj (02)
* creation:
index_0 = putobj (Object-name, dimension_0, ’'REAL’, 8)
* gather addresses:
address 0 = objadd(index_0)
address_01 = objadd(index_D1)
address_02 = objadd(index_02)]

* computation:
call CALC_O (Stack(address.0),
N Stack(address_01) ,
3 Stack(address_02) ,
dimension_0,
dimension_01,
4 dimension_02)
end
algorithmic-routine:
subroutine CALC_O (0,
: o,
. 02,
. dimension_0,
. dimension_01,
. dimension_02)
double precision O(dimension_0)
double precision 01(dimension_01)
double precision 02(dimension_02)
... Non-declarative part of the code
0 = function~of (01, 02)
end
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Appendix B

The Calculation of Kinetic Isotope Effects
The kinetic isotope effect (KIE) is defined as the ratio of k/k*.
KIE = /K (130)

whewe & and & are the rate constants for reactant R and its isotopic isomer R*
respectively. KIEs are very important for stulying reaction mechanisms, especially
for the transilion stale structures.

In terms of transition state theory and statistical thermodynamics, the expression

of caleulating kinetic isotope cffects is:
KIE = MMIx EXC % ZPE x Q. (131)

where

o« MM - t of inertiaterm, represents a factor based on structural and
mass differences of the isotopic isomers; which can be expressed as a product

of the energy differences due to isotopic substitution that arises from rotation
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and translation of the reactant and transition state as expressed:

o

MMI = (132)

where 3/ and M= are the mass. 7 and [* are the moment of inertia and n,.e is

the number of rotational degrees of freedom.

ZPE - zero-point energy contribution;

P(= TELY AG/2) | eruns.
(= Zizt An/2) ] rene.

ZPE= (133)

A= i — i (134)
where w, = i/ kT, v; are frequencies, and ny is the number of vibrational
frequencies.

e EXC - vibrational excitation term;

(135)

The kinetic lunneling correction factor (@) was determined by the Wigner's
correlation cquation,

Q=1 +u}[24 +Tu}[5760 (1:36)

In this study, a modified version of Sims' BEBOVIB-IV program (QCPE No.337,

c.f. [103)) has been developed, so that it can calculate the normal mode vibrational

frequencies and KIEs dircctly using ab initio (SCF, G VB, MP2, elc.) oplimized

geomelries and force constants [104]. The descrption of datainput is briefly given in

next page. A sample input is also given,
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———o

This is a reference to input example for using BEBOVIB to obtain
the frequencies and KIEs.
——————— start here =---====--==-=
The calculation of KIE using the BEBOVIB program
10 October,1991
the first two line is a title!
5 9 0 2 1 1 298.00000
NOAT(I5) -~ The number of atoms
NOCORD(IS) -- The number of internal coordinates
NLIBE(IS) -- The number of linear bending coordinates
NISO(I5) -- Th number of different isotopic reactants
(including normai, NIS0=2)
NCPLX(I5) -- The number of reactant models (1)
NTEMP(I5) -- The number of temperatures
TEMPT(F10) -- temperatures
1 0.10000
NPRINT(I5) -- set as 1
CUTOFF(F10) -- below this frequencies ignored
Z-Matrix from ab initio (cut the output from MUNGAUSS directly)

Force constants from ab initio (cut the output from MUNGAUSS directly)

5 1 0
NA(IS) -~ the number of atoms

IFVECT(IS) -- a control for print (0 1 2 )

NCYCL(I5) -- the number of cyclic moieties in the model
12.00000 34.96885 1.00783 1.00783  1.00783
12.00000 34.96885 2.01410 2.01410  2.01410

Atomic weight for isotopes

normal
(h3-h4~h5) D
title for output
Isotop sdddd1

Cartesian coordinates (cut the output from MUNGAUSS directly)

check frequencies order, 0 means no changes
othervise input the new order of frequencies
use for calculate the contribution.
Following by the input for the complex.
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The calculation of KIE (hf/6-31+g*) using the BEBO program
data for reactants CH3CL

5 9 0 2 1 1 298.00000

1 0.10000

1 0 0.000000 0  0.00000 0 0.00000

2 1 1.786354 0 0.00000 0  0.00000

3 1 1.077917 2 108.39700 0 0.00000

4 1 1.077917 2 108.39700 3 120.00000

5 1 1.077917 2 108.39700 3-120.00000
0.248986 0.005698 0.005698 0.005698 0.056753 0.056752
0.056752 0.000000 0.000000
0.392879 0.002869 0.002869 -0.012519 -0.006115 -0.006115
0.015399 -0.015399
0.392879 0.002869 -0.006115 -0.012519 -0.006115 -0.000001
0.015399
0.392879 -0.006115 -0.006115 -0.012519 -0.015399 0.000001
0.260580 0.037599 0.037599 -0.054086 0.054086
0.260581 0.037600 -0.000001 -0.054086
0.260581 0.054086 0.000001
0.207015 -0.103509
0.207015

5 1 0

12.00000 34.96885 1.00783 1.00783 1.00783
12.00000 34.96885 2.01410 2.01410 2.01410
normal
(h3-h4-h§) D
Isotop sdddd1

C-1 0.000000 0.000000 0.000000
17 0.000000 0.000000 1.786354
1 1.022829 0.000000 -0.340186

1 -0.511425 -0.885789 -0.340186

1 -0.511425 0.885789 ~0.340186

QW e
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The calculation of KIE (hf/6-31+g*) using the BEBO program

data for transition state Cl-CH3-Cl

0.10000
0 0.000000
2.393962

o

1.061534
1.061534

N R VRN

447137 -0.002721 0.006564 -0
014540 -0.000004 -0.011370
029621 -0.038042 -0.038032 -0
000005 0.000000
177039 0.062491 0.062491 0
000000
177380 0.024186 0.038290 0
177380 0.038290 -0.000010 -0
152798 -0.000522 0.000522 0O
0.220526 -0.110263 0.000314
0.220526 0.000314
0.162895

6 1 0
12.00000 34.96885 1.00783
12.00000 34.96885 2.01410
Isotop sdddd1

'
cocococoocoo0ooco0oo0000O0

€-1 0.000000 0.000000
17 0.000000 0.000000
1 1.061534 0.000000

1 -0.530775 -0.919311

1 -0.5307756 0.919311
17 -0.001304 0.000000

ENC I SETICIN

12 0 2 1 1 298.00000

0 0.00000 0
1 0 .00000 0
1 1.061534 2 90.00000 0
1 2 90.00000 3
1 2 90.00000
1 2.393962 3 90.03100 2
.029621 -0.002717 -0.002720 -0.002720
.038010 0.038010 0.000006 0.000000
447139 -0.000367 -0.000367 -0.002715
000000 -0.013113 0.014543 -0.014543
447137 -0.000367 -0.002721 0.006564
006564 0.000004 0.014540 O.

000001
038032
076255
.000010

000010
.000000

1.00783
2.01410

0.00000
0.00000
0.00000
120.00100

3-120.00100

180.00000
0.026934
0.000000

-0.013117
0.000000
0.000002

0.000002

-0.000092

-0.000515

0.000010
-0.066348

1.00783
2.01410

0.000000
2.393962
0.000000
0.000000
0.000000
-2.393962
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0.038001
0.000000
0.000000
=0.000001
0.006564
-0.000005

0.000515

0.066348

34.96885
34.96885















	0001_Cover
	0002_Inside Cover
	0003_Blank Page
	0004_Blank Page
	0005_Title Page
	0006_Copyright Information
	0007_Abstract
	0008_Abstract iii
	0009_Abstract iv
	0010_Abstract v
	0011_Abstract vi
	0012_Acknowledgements vii
	0013_Table of Contents
	0014_Table of Contents ix
	0015_Table of Contents x
	0016_Table of Contents xi
	0017_Table of Contents xii
	0018_List of Tables
	0019_List of Tables xiv
	0020_List of Tables xv
	0021_List of Figures
	0022_List of Figures xvii
	0023_List of Figures xviii
	0024_Chapter 1 - Page 1
	0025_Page 2
	0026_Page 3
	0027_Page 4
	0028_Page 5
	0029_Page 6
	0030_Page 7
	0031_Page 8
	0032_Page 9
	0033_Page 10
	0034_Page 11
	0035_Page 12
	0036_Page 13
	0037_Page 14
	0038_Page 15
	0039_Page 16
	0040_Page 17
	0041_Page 18
	0042_Page 19
	0043_Page 20
	0044_Page 21
	0045_Page 22
	0046_Page 23
	0047_Page 24
	0048_Page 25
	0049_Chapter 2 - Page 26
	0050_Page 27
	0051_Page 28
	0052_Page 29
	0053_Page 30
	0054_Page 31
	0055_Page 32
	0056_Page 33
	0057_Page 34
	0058_Page 35
	0059_Page 36
	0060_Page 37
	0061_Page 38
	0062_Page 39
	0063_Page 40
	0064_Page 41
	0065_Chapter 3 - Page 42
	0066_Page 43
	0067_Page 44
	0068_Page 45
	0069_Page 46
	0070_Page 47
	0071_Page 48
	0072_Page 49
	0073_Page 50
	0074_Page 51
	0075_Page 52
	0076_Page 53
	0077_Page 54
	0078_Page 55
	0079_Page 56
	0080_Page 57
	0081_Page 58
	0082_Page 59
	0083_Page 60
	0084_Page 61
	0085_Page 62
	0086_Page 63
	0087_Chapter 4 - Page 64
	0088_Page 65
	0089_Page 66
	0090_Page 67
	0091_Page 68
	0092_Page 69
	0093_Page 70
	0094_Page 71
	0095_Page 72
	0096_Page 73
	0097_Page 74
	0098_Page 75
	0099_Page 76
	0100_Page 77
	0101_Page 78
	0102_Page 79
	0103_Page 80
	0104_Page 81
	0105_Page 82
	0106_Page 83
	0107_Chapter 5 - Page 84
	0108_Page 85
	0109_Page 86
	0110_Page 87
	0111_Page 88
	0112_Page 89
	0113_Page 90
	0114_Page 91
	0115_Page 92
	0116_Page 93
	0117_Page 94
	0118_Page 95
	0119_Page 96
	0120_Page 97
	0121_Page 98
	0122_Page 99
	0123_Page 100
	0124_Page 101
	0125_Page 102
	0126_Page 103
	0127_Page 104
	0128_Page 105
	0129_Page 106
	0130_Page 107
	0131_Page 108
	0132_Page 109
	0133_Page 110
	0134_Page 111
	0135_Page 112
	0136_Page 113
	0137_Page 114
	0138_Page 115
	0139_Page 116
	0140_Page 117
	0141_Page 118
	0142_Page 119
	0143_Page 120
	0144_Page 121
	0145_Page 122
	0146_Page 123
	0147_Page 124
	0148_Page 125
	0149_Page 126
	0150_Page 127
	0151_Page 128
	0152_Page 129
	0153_Page 130
	0154_Page 131
	0155_Page 132
	0156_Page 133
	0157_Page 134
	0158_Page 135
	0159_Page 136
	0160_Page 137
	0161_Page 138
	0162_Page 139
	0163_Page 140
	0164_Page 141
	0165_Page 142
	0166_Page 143
	0167_Page 144
	0168_Page 145
	0169_Page 146
	0170_Page 147
	0171_Page 148
	0172_Page 149
	0173_Page 150
	0174_Page 151
	0175_Page 152
	0176_Page 153
	0177_Page 154
	0178_Page 155
	0179_Page 156
	0180_Page 157
	0181_Page 158
	0182_Page 159
	0183_Page 160
	0184_Page 161
	0185_Page 162
	0186_Page 163
	0187_Page 164
	0188_Page 165
	0189_Page 166
	0190_Page 167
	0191_Page 168
	0192_Page 169
	0193_Page 170
	0194_Page 171
	0195_Page 172
	0196_Page 173
	0197_Page 174
	0198_Page 175
	0199_Page 176
	0200_Page 177
	0201_Page 178
	0202_Page 179
	0203_Page 180
	0204_Page 181
	0205_Page 182
	0206_Page 183
	0207_Page 184
	0208_Page 185
	0209_Page 186
	0210_Page 187
	0211_Page 188
	0212_Page 189
	0213_Page 190
	0214_Page 191
	0215_Page 192
	0216_Page 193
	0217_Page 194
	0218_Page 195
	0219_Page 196
	0220_Page 197
	0221_Page 198
	0222_Page 199
	0223_Page 200
	0224_Page 201
	0225_Page 202
	0226_Page 203
	0227_Page 204
	0228_Page 205
	0229_Page 206
	0230_Page 207
	0231_Page 208
	0232_Page 209
	0233_Page 210
	0234_Page 211
	0235_Page 212
	0236_Page 213
	0237_Page 214
	0238_Page 215
	0239_Page 216
	0240_Page 217
	0241_Page 218
	0242_Page 219
	0243_Page 220
	0244_Page 221
	0245_Page 222
	0246_Page 223
	0247_Page 224
	0248_Page 225
	0249_Page 226
	0250_Page 227
	0251_Page 228
	0252_Page 229
	0253_Chapter 6 - Page 230
	0254_Page 231
	0255_Page 232
	0256_Page 233
	0257_Page 234
	0258_Page 235
	0259_References
	0260_Page 237
	0261_Page 238
	0262_Page 239
	0263_Page 240
	0264_Page 241
	0265_Page 242
	0266_Page 243
	0267_Page 244
	0268_Page 245
	0269_Page 246
	0270_Page 247
	0271_Page 248
	0272_Appendix A
	0273_Page 250
	0274_Page 251
	0275_Page 252
	0276_Appendix B
	0277_Page 254
	0278_Page 255
	0279_Page 256
	0280_Page 257
	0281_Blank Page
	0282_Blank Page
	0283_Inside Back Cover
	0284_Back Cover

