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Abstract

Advances in computer technology and computational chemistry software have
enabled researchers to model large chemical systems, including transition metal
compounds. The work in the current thesis focuses on the testing, development, and
application of modem computational chemistry methods for modeling transition metal
compounds.

The reliability of the model core potential (MCP) formalism, which reduces the
number of electrons treated in the calculation, was tested in a systematic study involving
small main group molecules and the tetrahalogen complexes of the Group 4 metals. The
MCP geometric parameters were found to be in good agreement with experimental values,
provided the penultimate (n-/)p atomic shell of the metal was included in the calculation.
The computational efficiency of the MCP formalism was improved further by redesigning
the valence basis sets to incorporate L-shell structure. Results from atomic and molecular
test calculations indicate no significant differences between values computed using the new
L-shell basis sets and the conventional ones.

Carbony! fluxionality in Mn,(CO),, and Mn,(CO),(H,PCH,PH,),, serving as a
model of Mn,(CO),(Ph,CH,Ph,),, was studied at the density functional theory and
PM3(tm) levels. The DFT approach was the most fruitful, predicting a barrier of 19 - 21
kcal/mol for carbonyl migration in Mn,(CO),,, slightly below the upper limit for fluxional
processes to be detected by NMR, in contrast to its observeci rigidity. DFT calculations
predicted a barrier of 13 kcal/mol for carbony! migration in the model
Mn,(CO),(H,PCH,PH,), system, only 3 kcal/mol higher than the experimental estimate.
The PM3(tm) semiempirical method predicted accurate molecular structures, but was less
successful in computing the energy barrier. A hybrid DFT//PM3(tm) method, utilizing the
energies from DFT calculations and the structures from PM3(tm) calculations, corrected the

energy barriers.
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The origin of the increased reactivity of the alkyne complexes of the Group 8
metals, M(CO),(C,R,), with respect to their parent carbonyl complexes, M(CO),, was
investigated at the DFT level. Calculated structures agreed well with experiment and the
computed CO bond dissociation energy trends mirrored those found experimentally.
Analysis of the metal-alkyne interaction revealed that the alkyne acts as a four-electron

donor to stabilize the unsaturated M(CO),(C,R,) dissociation product, resulting in the

increased reactivity.
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Chapter 1

Introduction
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The astounding growth of computer technology over the last few decades has
fueled tremendous advances in the field of computational chemistry. The computational
chemist of today typically has access to computing resources powerful enough to enable
them to study “real” chemical systems instead of very small diatomic and triatomic models
of the molecule of interest. More chemists are turning to computers as an aid to
understanding chemical problems than ever before and the acceptance of computational
chemistry amongst the chemical community has mirrored this. The results of theoretical
studies appear regularly in the mainstream organic and inorganic chemistry journals and are
no longer confined to specialized journals read only by theoreticians. Computational
chemistry has proven to be a beneficial tool for the pharmaceutical industry!-2, and its
importance to other industries has recently grown as well.3 Perhaps the best reflection of
the growing role of computational chemistry was the 1998 Nobel prize in chemistry
awarded jointly to John Pople, “for his development of computational methods in quantum
chemistry”, and Walter Kohn, “for his development of density functional theory”.4

The chemistry of the transition metals has recently garnered a lot of attention from
computational chemists.5-9 Transition metal complexes play an important role in a number
of diverse fields ranging from biology to medicine to catalysis. The resourcefulness of the
transition metal elements may be attributed to their ability to coordinate a variety of different
ligands, in a number of molecular geometries, and to stabilize various oxidation and spin
states.10 The metalloenzymes are an important class of enzymes in which the metal is the
active site and the surrounding ligands act to bring the reactants together.11.12
Metallopharmaceuticals, such as the anti-cancer cis-platin drugs!3.14, cis-PtCL,(NH,),. and
the technetium radiopharmaceuticals!> employed in medical imaging, play a significant part
in the diagnosis and treatment of illness. Perhaps the most beneficial use of transition metal
compounds, certainly in terms of economic impact, lies in the area of catalysis. A variety
of transition metal heterogeneous and homogeneous catalysts are currently employed in
important industrial processes including the polymerization of olefins, the hydrogenation of
unsaturated hydrocarbons, and the Fischer-Tropsch reaction.!1.16,17

Until now, theoretical studies focusing on the chemistry of organic compounds has
been more prevalent than those dealing with the chemistry of the transition metal elements.
The wealth of information gained in these theoretical organic investigations has shown that
modern computational chemistry techniques, if used correctly, are able to provide
quantitative predictions of molecular geometries, reaction enthalpies, activation barriers and
bond energies.!8 Routine theoretical analyses of organic compounds can now be
performed using well benchmarked techniques implemented in a number of very user-
friendly programs.!9
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Unfortunately, the progress has been slower for the theoretical modeling of species
containing transition metals. Methods which have proven to yield highly accurate results
for organic molecules are often inadequate for treating transition metal systems since they
must accurately describe the various chemical environments of the metal atom. 6.9.20 The
computational chemistry methods currently used in modeling transition metal compounds
encompass all levels of sophistication from the most accurate quantum chemical ab initio
and density functional theory methods, to the semiempirical and classical molecular
mechanics schemes. Generally, the more comprehensive the method (i.e. fewest
approximations), the more computationally demanding the calculations.

One of the primary problems encountered in modeling transition metal compounds
is their large size, both in terms of the number of atoms and the number of electrons, which
quickly drains computing resources. Open-shell systems, with unpaired electrons, which
are quite common amongst transition metal compounds, require the use of more complex
theoretical methods for proper treatment. Furthermore, the nature of the d electrons
introduces a number of difficulties for the computational chemist interested in transition
metal chemistry. The partially filled d shell of the metal atom usually leads to low lying
electronic states upon formation of a complex, again requiring the use of more sophisticated
methods.%.10 Relativistic effects become increasingly important as one descends the
periodic table, and cannot be ignored when modeling the heavier transition elements.21

One approach which has been particularly beneficial in theoretical investigations of
the chemistry of the transition metals is the pseudopotential formalism. Details of the
pseudopotential methods along with a brief overview of the computational chemistry
methodologies employed in this thesis; the Hartree-Fock (HF) and post-Hartree-Fock
methods, the density functional theory (DFT) approach, and the semiempirical methods are

provided in the following sections.

1.1 The Hartree-Fock Method

The following material provides a simple description of the Hartree-Fock approach,
and is based on the detailed accounts found in Szabo and Ostlund22, McQuarrie and
Simon23, and Levine?4. The time-independent, nonrelativistic Schrédinger equation for a
c{osed shell molecule with n electrons and N nuclei is given by:
HY(r,n, R R Ry, Ry) = EW (5,15 L3 R Ry oo, Ry ) (1.1)

The Hamiltonian operator is defined as:
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H= (1.2)

vi-L-3viey Y ak i"

2 A=l MA A=l B>A A =1 A=l =1 j>i 'J

where r; denotes the coordinates of electron i with mass m, and charge e, and R, denotes
the coordinates of nucleus A with mass M, and charge Z,. The first two terms in the
Hamiltonian represent the kinetic energy of the nuclei (7,) and electrons (7)), respectively.
The remaining terms represent the electrostatic repulsion between the nuclei (V,,), the
electrostatic attraction between the nuclei and electrons (V),,), and the electrostatic repulsion
between the electrons (V,,), respectively.

The molecular Hamiltonian may be simplified by recognizing, via the Born-
Oppenheimer approximation, that the mass of the electron is much smaller than that of the
nuclei and as such they move much faster. The nuclear coordinates can be regarded as
fixed (T, = 0) during the motions of the electrons, thereby simplifying the Hamiltonian by
removing 7, and regarding V,,, as a constant. The resulting electronic Hamiltonian has

the form (in atomic units)

=—-—ZV ZZ-—+ZZ + Vi (1.3)

i=1 A=1 Tia =l i>j u

and the electronic Schrédinger equation may be expressed as:

(_%ivg Zz—+22——+%~)‘f'(r‘,n,-',,,, R)= E¥(r.n.-r3R).  (14)
< =1

i=l a=t Tin zlx>;,l

The wavefunction has a parametric dependence on the nuclear coordinates, represented
collectively as R. Through Equation (1.4), the potential energy surface of a molecule can
be mapped out as a function of the nuclear coordinates.

An exact solution to the electronic Schrédinger equation is possible only for the
very simplest of systems (the H atom, the H," molecule, the harmonic oscillator, the rigid
rotor, and the anharmonic oscillator), for all other systems only approximate solutions can
be found. The Hartree-Fock (HF) method is a very popular method employed to obtain
approximate solutions to the electronic Schrodinger equation. It has proven to be a
valuable theoretical approach to the study of atoms and molecules and forms the basis of a

number of more elaborate methods.
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In the HF method for a closed-shell system, the wavefunction takes the form of a
single antisymmeterized product (a Slater determinant) of spin orbitals, y(x):
vi(x) vi(x) - w(x,)
V(%) Wa(x) - ¥,(x,)
¥ =E s wha(x) - ws(x,) :ﬁdetl‘l/x(xx)l/fz(xz)'"Wn(xn)l (1.5)

Vo) Y,0(x) - w(x,)
Using the variational method, with the wavefunction of Equation (1.5) and the

Hamiltonian of Equation (1.4), the problem of solving the n-electron Schrédinger equation

is reduced to the problem of solving n one-electron HF integro-differential equations of the

form:

FIv(x)=gy.(x) , (1.6)

where f(x,) is an effective one-electron operator known as the Fock operator, and y;(x,) is
a spin-orbital with orbital energy &. For a closed-shell molecule with n electrons, there is a
total of n filled spin-orbitals. The spin-orbitals are taken as a product of an orbital and a
spin function:
a(w;) = ,(r,)
l//i(xj)=¢i('}')x{ ! ’

N 1.7
B(‘Vj) =¢,(I'!) (L7

which gives rise to a total of ”/, doubly occupied orbitals, ¢,(r;). By integrating over the
spin functions and exploiting their orthonormality properties, the Fock operator can be

expressed as:
N

)= =5V = 3 Zh VI (), (1.8)
2 A=t N4
where the first two terms represent the kinetic energy and nuclear-electron attraction, and
can be collectively denoted as A(r,). The last term in the Hartree-Fock potential, V¥* (r),
models the electron-electron repulsion interaction, and represents the average potential felt
by an electron at r, as it moves in the field created by the other (n-1) electrons. Hence, the
instantaneous electron-electron interactions are modeled in an averaged way in the HF
formalism. V¥ (r)) is defined as:

%
VHE () =3 27,(0) - K,(n), (1.9)
j=1

where J(r;) and K(r,) are the Coulomb and exchange operators, respectively, and are

defined as:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T8 [f«p ()0, () —dn [6,(r) (1.10)
12 n

K,-(rl)fﬁ,-(rx)=[f¢}(rz)¢,-(rz)ridrz ¢;(rn). (1.11)
12 B

The Coulomb operator, Jl.(rl), represents the interaction between electron 1 and a “smeared
out” electron distribution for electron 2, !(Dj(rz)lz. The exchange operator, K(r,), arises
from the necessity of the wavefunction to be antisymmetric with respect to the interchange
of electrons and is harder to visualize. The HF equation may be written in terms of orbitals
as:
[h(n)+2(21 (n)—K, (n))}¢i(rl)=e,¢,.(n). (1.12)
=1

At first glance, the HF equation appears to be a simple one-electron eigenvalue
equation, but this is misleading since the Fock operator depends on the eigenfunctions,
¢(r)), through the Coulomb and exchange operators. Hence, the HF equations are non-
linear equations which must be solved iteratively.

Practical solution of the system of HF equations involves expanding the orbitals in
terms of a set of K known basis functions {,(r,)}2>:

K
0.(1)= x.(r)e,: (1.13)

The resultant HF equations, known as the Hartree-Fock-Roothaan-Hall (HFRH)

equanons have the followmcr form:

f(r)Zx,(r . eZz,(r (1.14)
The system of HFRH equations may be conveniently represented in matrix form:
FC =SCE, (1.15)

where F is the Fock matrix, C is the matrix of molecular orbital coefficients, S is the
overlap matrix, and € is the matrix of orbital energies. All of the matrices are of dimension

KxK. The elements of the Fock matrix are defined as:

F, ={xz.Iflx.(n))
| 2 ontmzrddn + 3 2] 20 0T, D2 (0dn = [ DK (D dn] (116)
j=t

%
= [ DR (R + X [2] 27T, 00 2. () = [ 26K () 2, ()
j=l

while the elements of the overlap matrix are defined as:
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Solving the HFRH equations reduces to a matrix algebra problem of determining the
matrices € and C. However, since the Fock matrix elements depend on the expansion
coefficients (C), which are the desired solutions, the HFRH matrix equation must be
solved iteratively. The iterative technique, known as the self-consistent field (SCF)
method, begins with an initial guess of the MO coefficients, C°, and continues until there
are no significant changes in C from one iterative cycle to the next. Once converged, the
total energy of the system, including nuclear-nuclear repulsion, is computed along with the
expectation values of any desired molecular properties (e.g. the dipole moment).

Using spin-orbitals, the HF total energy of the system is given by:

n 1 n n L N N ZAZ
E,u,a,=Z(w;(x»lh(x[)luf,-(xl))+522[<z’jlij>—<ulﬂ>]+22 A=t (1.18)
=l AB

=1 j=1 A=l 8=l

where the following shorthand notation has been employed for the two-electron integrals

(arising from the Coulomb and exchange operators):

(i |kl) = II v (x, )W; (-"-"z)ri v, (XY, (X, )dxdx,. (1.19)
12

For a closed-shell molecule with n electrons the same set of orbitals are used for the
o and P spin functions, resulting in the familiar chemical picture of a set of "/, doubly
occupied MOs. The HF method as applied to closed-shell systems is known as the
restricted Hartree-Fock (RHF) method. For an open-shell molecule, in which the number
of o and B electrons differ, there are two possible approaches within the HF scheme. The
first, known as the restricted open-shell Hartree-Fock (ROHF) method, treats all paired
electrons the same as in the RHF scheme, giving rise to a set of doubly occupied orbitals,
while the unpaired electrons are placed into unique orbitals. In the second approach,
referred to as the unrestricted Hartree-Fock (UHF) method, different orbitals are used for
the o and B electrons. The UHF wavefunction has more flexibility than the ROHF
wavefunction and as such will give a lower energy. However, the UHF wavefunction,
unlike the ROHF (and RHF) wavefunction, is not an eigenfunction of the spin operator,
S?, and higher spin states may contaminate the UHF wavefunction. For example, a UHF
calculation of a triplet state may be contaminated by the quintet, septet, etc. states.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2 Post Hartree-Fock Methods (Electron Correlation Methods)

The presence of low lying electronic states in transition metal complexes makes the
single-determinant HF representation of the wavefunction inadequate for these compounds,
requiring a more complicated multi-determinantal wavefunction.9-10 Davidson20 has stated
that for modeling transition metal compounds the ab initio Hartree-Fock method “is
hopelessly in error”, and these sentiments have been echoed by other researchers as
wel] 6-8

One of the most popular multi-determinant wavefunction methods used in modeling
transition metal compounds is configuration interaction (CI), which constructs an improved
wavefunction by adding determinants for excited states to the HF determinantal
wavefunction (¥,).18:22.24 The K basis functions used in the MO expansion give rise to a
total of 2K spin-orbitals, of which the lowest n are occupied at the HF level. The
remaining (2K-n) orbitals are unoccupied and form the set of virtual spin-orbitals.
However, this is not the only possible configuration of the n electrons amongst the 2K
spin-orbitals. Starting from the HF configuration (determinant), other configurations
(determinants) can be generated by promoting electrons from the occupied spin-orbitals to
the virtual spin-orbitals. The total wavefunction can then be expressed as a linear
combination of Slater determinants for each configuration:

\'Pmm) = 2 afIlIJi>

’)())
rst rst rstu rstu ( 1 =
) 2 a, ub) 2 Qbe \Pabc) Z Qbed ‘Pabcd > Tt

a<h a<bec a<b<c<d

r<s r<s<t r<s<<n

where electrons are excited from occupied spin-orbitals, indexed by {a,b,c,d}, into virtual
spin-orbitals, indexed by {r,s,,u}. The Slater determinants are classified in terms of the
number of electrons excited. A singly-excited determinant (\¥)") is formed by exciting a
single electron from an occupied spin-orbital y, to a virtual spin-orbital y,. A doubly-
excited determinant (‘¥,,*) is formed by exciting two electrons from spin-orbitals W, and
Y, into virtual spin-orbitals y, and . A schematic of how singly- and doubly-excited
configurations arise is given in Figure 1.1. Triply-, quadruply-, and n-tuply-excited
configurations are formed in an analogous manner by exciting three, four and n electrons
from the occupied spin-orbitals into virtual spin-orbitals. As the size of the molecule
increases, the number of configurations in the wavefunction expansion grows very quickly
and it soon becomes necessary to limit their number. The doubly-excited configurations
make the largest contribution to the total wavefunction followed by the quadruple, single
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Figure 1.1: Schematic to illustrate how excited configurations are generated in a CISD
calculation. (Adapted from Szabo and Ostlund22
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and triple excitations.2? Not surprisingly, the most popular type of CI calcuiation includes
all singly- and doubly-excited configurations and is termed CISD.

The total wavefunction is determined via a linear variational method in which the
wavefunction expansion coefficients {g,} are varied in order to minimize the energy of the
system. If a complete basis set is employed, and all possible configurations are included, a
CI calculation will give the exact Born Oppenheimer non-relativistic molecular

wavefunction, ¥ ., and energy E_ .. In practice, a finite basis set is employed and the

number of configuration must be limited.

The difference between the HF energy (E,) and the exact non-relativistic energy
(E..) of the system is referred to as the correlation energy (E_,,). Normally, the exact
energy of the system is not known, and a related quantity, the basis set correlation energy,
is defined as the difference between the HF energy (E;) and the full-CI energy (E)),
computed with the same finite basis set. Comparing the CISD correlation energy (E, -
Eqsp) to the basis set correlation energy (Ey-E) gives an indication of how well the CISD
method approximates the full CI method. Harrison and Handy2?6 have shown that for
small molecules (less than 10 electrons) CISD recovers about 94 % of the basis set
correlation energy, however the results worsen as the size of the molecule increases. For
example, Sasaki27 has shown that CISD recovers 68-78 % of the basis set electron
correlation energy in 50 electron molecules, while 55-67 % is recovered for molecules with
about 100 electrons. The results are improved when triple and quadruple excitations
(CISDTQ) are included in the wavefunction expansion. CISDTQ recovers 90-96 % of the
basis set electron correlation energy for molecules containing 50 electrons, while 80-90 %
is recovered for molecules containing 100 electrons.?’

Unfortunately, the CISD method is computationally demanding, formally scaling as
K, where K is the number of basis functions, and therefore requires powerful computing
resources to treat large transition metal compounds. Mgller-Plessett perturbation theory is
an alternative approach to the incorporation of electron correlation effects which is much
less computationally demanding.22.24 If the HF wavefunction is a good representation of
the true wavefunction (i.e. the value of the expansion coefficient for the HF wavefunction,
a,, is large relative to the remaining expansion coefficients) then one can consider electron

correlation to be a perturbation to the HF Hamiltonian:
H=H-H?

=i§"‘,ri—i5"_,[fk(j>—l<k<j)]

i=l j>i Ty j=l k=1

(1.21)
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where H is the true non-relativistic Hamiltonian and H? is the sum of one-electron Fock
operators. The perturbation A is the difference between the true electron-electron
repulsion and the HF model. In molecular calculations of transition metal compounds
Mgller-Plessett corrections to the second-order (MP2) are commonly included. The MP2
correction to the energy of the ground state of a molecule is given by:

g - R

520 (1.22)

___E z 21 z Krs|ab)— (rslba)l

b=l a=b+1 r=n+l s=r+l 8 + eb —&, - E

where the shorthand notation of Equation (1.19) was employed for the two-electron
integrals. MP2 calculations are similar in nature to CISD calculations, involving double
excitations from the occupied spin-orbitals (a, b) to the virtual spin-orbitals (r, s).

The MP2 method behaves properly near the equilibrium molecular geometry, but
tends to fail as the geometry is distorted far from the equilibrium.22.24 Bartlett has shown
that the MP2 method, employing double-zeta plus polarization basis sets, recovers about
85-95 % of the basis set correlation energy for small closed-shell molecules.28 The low
computational cost of the MP2 approach, which scales as about K*, coupled with its ability
to properly treat molecules at their equilibrium geometries, has led to its popularity in
modeling transition metal complexes.

Other post-HF electron correlation methods exist which are extensions of the CI
method (e.g. MC-SCF, CAS-SCF and MR-CI), or are based on the coupled cluster
formalism (i.e. CCSD(TQ)).22 However, these methods were not used in the work
described in this thesis and will not be discussed.

1.3 Density Functional Theory

Over the last decade, density functional theory (DFT) has established itself as an
alternative to the HF and post-HF approaches. The n-electron wavefunction (a Slater
determinant or a linear combination of a number of Slater determinants) is at the centre of
the conventional HF-based methods, and since each electron is expressed in terms of three
spatial coordinates (and a spin coordinate) the wavefunction depends on 3n coordinates.
On the other hand, in the DFT formalism the ground state molecular energy, and all other
molecular properties are determined by the electron density, p(x,y,z). Hence, DFT
formally simplifies the computational problem by focusing on the three-dimensional
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electron density, p(r), instead of the 3n-dimensional wavefunction, \¥(r,, r, ..., r,,), Where
r represents a point in cartesian space. Furthermore, the electron density, p(r), is a real
physical quantity with a direct meaning, while the wavefunction, ¥(r, r,, ..., r,), is a
more abstract entity which is harder to conceptualize.?-8:29-32

The foundations of the DFT formalism are rooted in the seminal work of
Hohenberg and Kohn33 who, in 1964, proved that the total energy of a molecule in a non-
degenerate ground electronic state can be completely and uniquely determined through its
electron density p(r). In other words, the energy of the system can be expressed as a
functional of the electron density:
E, = E[p(n)] - (1.23)
Unfortunately, the theorem did not indicate what the correct form of the energy functional

is, nor did it provide the details necessary to determine it.
Kohn and Sham?3# extended the Hohenberg-Kohn theorem by deriving a set of one-

electron eigenvalue equations similar to the HF equations:
FEmwE ) =Ry, (1.24)
where y;**(r,) is known as a Kohn-Sham (KS) orbital, with orbital energy £5. The

electron density is defined in terms of the KS orbitals:

pry= v . (1.25)
=1
The Kohn-Sham operator, F*(r,), is defined as:

1 , N Z n
FE) = =3 Vi = 3=+ 3, /(1) + Vae(R)- (1.26)

a=1"'la j=l
The first two terms are the usual kinetic energy and nuclear-electron attraction terms, while
the third term is the familiar Coulomb repulsion term defined in the DFT formalism as:

J,(r,):j@dvz. (1.26)
12

The last term, V,(r)), is the exchange-correlation potential term.
In the DFT ansatz the ground state energy of the system is given by:

Ey = -2 (vE IV

i=1

&+ Z,p(r) Lrplps),
7€ )> - ;J' r dv, '*"2"”’ lru 2dv,dv, + Exc[p(r)]'
(1.28)

If the correct form of the energy functional, E,[p(r)], is employed solutions of the Kohn-
Sham equations will be the exact ground state energy and electron density. Unfortunately,
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the true form of E,[p(r)] is not known, and approximate energy functionals must be
employed.

The energy functional may be separated into exchange and correlation components:
Eyc[p(N] = Ex[p(N]+ Ec[p(n)]- (1.29)
A number of approximate exchange and correlation functionals have been devised for use
in molecular DFT calculations. The simplest of these approximate functionals depend
solely on the electron density, and are termed local functionals. Slater’s exchange
functional and the correlation functional of Vosko, Wilk, and Nusair (VWN) are examples
of local density functionals. Local density functionals are based on fits to the
homogeneous electron gas model, which models the electron density as uniformly
distributed throughout space. However, the electron density distribution in a molecule is
typically far from uniform and a number of approximate density functionals have been
devised which attemnpt to correct for this non-homogeneity through an explicit dependence
on the gradient of the electron density, Vp(r), in the functional. These density functionals
are referred to as non-local or gradient-corrected functionals and a number of them have
been derived for use in molecular DFT calculations including the exchange functional due
to Becke (B), and the correlation functionals devised by Lee, Yang, and Parr (LYP),
Perdew (P86), and Perdew and Wang (PW91). A number of studies have demonstrated
the superiority of the gradient-corrected functionals over their local counterparts,
particularly in calculating dissociation energies and reaction energies.35-38

Once an approximate exchange-correlation functional is chosen, the Kohn-Sham
equations, Equation (1.25), are solved in a similar manner as that used in the HF approach.
The KS orla(itals, w;*(r)), are expanded in terms of a known basis set, {x,(r)}:

v ) = 2,00, (1.30)
u=l

The expansion coefficients {c,} are solved for using the linear variational method. As in
the HF method, an iterative procedure is required.

The DFT formalism has emerged as the method of choice for modeling transition
metal compounds.® In the density functional theory approach electron correlation effects
are incorporated in a very straightforward way, by specifying the approximate correlation
functional to be used. On the other hand, inclusion of electron correlation effects via the
post-HF approach is not as easy, typically involving a number of difficult decisions to be
made by the researcher which may have a significant impact on the results. The accuracy
of the results from gradient-corrected DFT calculations has been shown to be comparable to
that obtained with post-HF methods.”-8 However, the computational demands of the DFT
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approach are only slightly higher than that for the HF method. Research is currently under
way to further improve the computational scaling of the DFT calculations. Along with the
ease of incorporating electron correlation effects and the decreased computational demands,
it has been shown that smaller basis sets, with fewer polarization functions, are required to
obtain convergence of the results in DFT calculations than in the post-HF methods.

Generally, the quality of a DFT calculation depends directly on the approximate
energy functional employed. Unfortunately, the DFT approach is not variational with
respect to the choice of the approximate density functional. Essentially, there is no recipe
for choosing the best approximate exchange-correlation functional and furthermore, an
approximate density functional which works well for one molecular system may not
necessarily work for another. A number of density functionals must be thoroughly tested,
by trial and error, for each molecular system of interest. This is a significant drawback of
the DFT approach and, in a sense, makes it more empirical than the wavefunction
approach.

Questions have been raised regarding the applicability of the DFT formalism to
studies of the excited states of molecules. The Hohenberg-Kohn theorem refers
specifically to the ground electronic state of a molecule and it is not clear whether it can be
extended to include the excited states of molecules. This issue has been addressed recently
using a time-dependent DFT approach by Casida and co-workers.39-43 The exact meaning
and nature of the KS orbitals has also been addressed recently by Hoffmann er al.44 The
HF orbitals are routinely used to qualitatively describe changes in bonding and chemical
reactivities, however, the use of the KS orbitals in this manner has not been as widely
accepted. Formally the KS orbitals are constructs used to produce the total electron
density, Equation (1.27), and should not be regarded in the same light as the HF orbitals.
The KS orbitals have been shown to resemble the HF orbitals and one could argue that
since DFT incorporates electron correlation effects, the KS orbitals are more suitable than

their HF counterparts.

1.4 Semiempirical Methods

Semiempirical methods provide an economical alternative to the ab initio and DFT
methods. In HF, post-HF, and DFT calculations, evaluation of the two-electron integrals:

L L 1
(k) = [ [ x; ()2 (3) — 2, (1) 20,y dridry (1.31)
12
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is a computationally demanding task. Semiempirical techniques employ a number of
approximations based on the neglect of diatomic overlap (NDO) approximation to reduce
the number of integrals which must be evaluated. Furthermore, the integrals retained are
not evaluated, but rather are represented by parameters whose values are obtained by fitting
to geometric structures, ionization potentials, electron affinities, and other molecular
properties from experiment or high level ab initio calculations.#5

Semiempirical methods have long been used in modeling organic chemistry, from
the early qualitative schemes like the simple Huckel molecular orbital method used in
treating conjugated and aromatic hydrocarbons, to the more quantitative schemes such as:
MNDOn (modified neglect of diatomic overlap)46-51, AM1 (Austin model 1)52:53, and
PM3 (parameterized method 3)54. The application of semiempirical methods to molecules
containing transition metal elements has not been as common and parameter sets for the
transition metals are rarer than those for the lighter elements. The main problem in
applying semiempirical methods to the transition elements is associated with the
transferability of the atomic parameters. A single set of semiempirical parameters is defined
for each atom and these parameters should be representative of the atom in a large variety of
different molecules. This is challenging for the transition metal atoms, since they are found
in such varied chemical environments (coordination geometries, ligand sets, spin and
oxidation states). The PM3(tm) semiempirical method has been recently developed by
researchers at Wavefunction Inc., and implemented into their program Spartan.55
Parameters were derived by fitting to experimental structure and are currently available for
about half of the transition elements. Unfortunately, the full details of the parameterization
have not been published, and although a number of studies have appeared as of late56-60,
more work is needed to fully gauge its reliability. Another set of semiempirical parameters,
known as ZINDQO, have been derived for the first two transition series by Zemner and co-
workers.61.62 These parameter sets were specifically designed for the prediction of
spectroscopic properties of molecules, and have been implemented into the Cerius®
program package.63

The main advantage of semiempirical methods is their modest computational cost
compared to ab initio HF and DFT methods. Semiempirical methods are said to
incorporate “nature’s electron correlation”, since the atomic parameters are based on fits to
experimental data. However, the overall accuracy of a semiempirical calculation relies
heavily on the atomic parameters, and the best results are usually obtained for molecules

which closely resemble the ones used in the parameter fitting process.
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1.5 Basis Sets

In both the wavefunction and DFT approaches, the molecular orbitals are expanded
in terms of a known basis set. The choice of basis set plays a fundamental role in
determining the accuracy of the calculations.18:22.64.65 Two types of basis functions are
commonly employed in most HF and DFT based calculations: Slater Type Orbitals (STOs)
and Gaussian Type Functions (GTFs). STOs are normally expressed in spherical

coordinates as:

Xntm(1,6,0) = R,,(N)Y,,(6,0) (1.32)
R, (r)=Nr""'e™ (1.33)
N =(28)"*[n)]™ (1.34)

where R (r) designates the radial function and Y,,(6,¢) is a spherical harmonic function,
defining the angular component of the basis function. The indices n, £, m are the principal,
angular momentum, and magnetic quantum numbers, respectively. The normalization
constant is denoted by N, and { is the exponent, determining the extent of the radial

function. GTFs may also be expressed in terms of spherical coordinates as:

Kntm(1,60,0) =R ()Y, (6,0) (1.35)
R, (r)= Nr*'e™" (1.36)
N=2"[Cn- ey e n=0+1,0+3,045,.- (1.37)

where the same notation has been used with the exception of the exponent, which is

denoted here by « instead of {. In molecular calculations, GTFs are normally used in
their Cartesian gaussian form:

Komn (%, 3,2) = Nx'y" 2" (1.38)
N =(2x)[2e-1)1(2m - 1)1(2n — 1)!!]‘*0:“43"—’3ﬂ (1.39)
where N is the normalization constant, x‘y"z" defines the angular portion of the gaussian
function (with £+m+n=0 for an s-type gaussian function, {+m-+n=1 for a p-type gaussian
function, £+m+n=2 for a d-type gaussian function, etc.), and the exponent again denoted
by .

In choosing a basis set two main considerations must be weighed against one
another. First, the basis functions should have correct limiting properties (as r — 0 and
r — o). Secondly, it is desirable to use those basis functions which are the most
computationally efficient in evaluating the time consuming two-electron integrals. The
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STOs are the most suitable choice to fulfill the first criterion, since they exhibit the proper

“cusp” behaviour at the point nucleus:

sTO

Mr:O;to’ (1'40)
dr

while a GTF does not:
GTF .

e (D) o 5ore |o=0. (1.41)
dr

An STO also decays exponentially at large values of r, while a GTF decays too fast. On
the other hand integration over GTFs is much simpler than integration over STOs, leading
to large savings in the computational cost. By employing a large number of gaussian
functions it is possible to correct for the poor cusp and tail behaviour of GTFs. However,
this quickly increases the computing time; consequently, linear combinations of gaussian
functions with fixed coefficients are used:
Xx (N =2 Gy(atin)dy;. (1.42)
=1
The superscript X designates the type of gaussian function (s, p, 4, f, etc.). The expanded
basis functions, xXGTF (r), are called contracted gaussian type functions (CGTFs) while
those used in the expansion, G,(¢,r), are referred to as primitive gaussian type functions
(PGTFs). The expansions are normally obtained by varying the exponents {¢;} and
contraction coefficients {d‘ﬁx } to minimize Hartree-Fock atomic energies.

The nomenclature and symbols used to represent basis sets in quantum chemistry
calculations are far from systematic; however, some terms commonly used in the literature
are described below. A minimal atomic basis set is one in which the number of CGTFs
equals the number of occupied atomic orbitals. A number of minimal basis sets have been
devised including; the STO-3G basis sets of Hehre and co-workers®6-70 and the MINI-n
basis sets of Huzinaga and co-workers64. The small size of these basis sets makes them
favorable for calculations involving large molecules, but they are capable of qualitative
results at best. Minimal basis sets do not have the necessary flexibility to expand and
contract when the atom is placed in different chemical environments in a molecule. To
correct for this a double-zeta atomic basis set can be used, where the number of CGTFs
equals twice the number of occupied atomic orbitals. The contribution from the two
CGTFs of the same symmetry is varied to produce a function intermediate between the
two, as illustrated in Figure 1.2 (a). Related to the double-zeta basis sets are the split
valence basis sets. Split valence basis sets consist of a minimal representation for the core
atomic orbitals and a double-zeta representation for the valence atomic orbitals. There are
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Figure 1.2: Schematic to illustrate basis set effects. (a) The effect of mixing two basis
functions of varying exponents, as in a double-zeta atomic basis set, and (b) the effect of
adding a polarization function to an atomic basis set. (Adapted from Hehre, Radom,
Schleyer, and Pople!8)
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many split-valence double-zeta quality basis sets including: the 3-21G71-75, 4-31G76-79,
and 6-31G80-82 of Pople et al., the MIDI-n basis sets of Huzinaga and co-workers64, the
VDZ basis sets of Ahlrichs er al.83, and the DZ basis sets of Dunning and Hay84.85. Split-
valence basis sets have been developed which are of triple-zeta (6-311G, VTZ86, cc-
pVTZ87), quadruple-zeta (cc-pVQZ87), quintuple-zeta (cc-pv5Z87) valence quality and
higher. The basis sets used to represent the occupied valence atomic orbitals may be
expanded as desired, assuming the necessary computing resources are available.

The electronic charge distribution of atoms becomes highly distorted in a molecule,
and atomic basis sets account for this by employing one or more polarization functions (i.e.
a basis function with higher angular momentum quantum number ¢ than the highest
occupied atomic shell). For example, a d-type polarization function is added to the basis
sets of the main group elements, a p-type polarization function to the hydrogen basis set,
and an f-type polarization function to transition metal atom basis sets. The polarization
function mixes with the valence basis functions producing hybrid functions with an
anisotropic distribution of electronic charge, as illustrated in Figure 1.2(b).

Basis sets used in molecular calculations should be well balanced, with basis sets of
similar quality used for each atom in the molecule. Expansion of the basis set should be
accompanied by the addition of appropriate polarization functions, to generate a high
quality basis set. Typically, single polarization functions are added to valence double-zeta
quality basis sets. Triple-zeta valence quality basis sets usually require the addition of two
polarization functions to the heavy atom basis sets, along with a p polarization function to
the hydrogen atom basis sets.55

The notation employed to describe CGTF basis sets is quite varied. One of the
simpler schemes, and the one used throughout this thesis, will be described here. The
popular 6-31G* split valence double-zeta plus polarization basis set of Pople and co-
workers, consists of a single CGTF, comprised of six PGTFs, for each of the occupied
core shells and two CGTFs, of three and one PGTFs, respectively, for each of the
occupied valence shells of the atom, plus a single d polarization function added to all of the
main group atoms. Using carbon as an example, another notation for the 6-31G* basis
sets is (631/31/1%). This notation describes the contraction pattern of each atomic shell
starting with the s-shell, followed by the p- and d-shells, where slashes (/) are used to
separate the shells. A general contraction pattern is expressed as
(N My Sggny.), Where the number of PGTFs used to represent the individual
occupied s-, p-, and d-shells is given by {n,,n,...}, {n,,n5,...} and {n;4,n,,...}. This
notation is advantageous in that it gives the number of PGTFs used in each CGTF.
Polarization functions are represented by 1* in this notation. Hence, the (631/31/1%)
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notation for the 6-31G* basis set of carbon, indicates that there is a single CGTF expanded
in terms of six PGTT's for the 1s core shell, and two CGTFs, expanded in terms of three
and one PGTFs, for each of the 2s and 2p valence shells. The single d polarization

function is represented by 1* in the d-space.

1.6 Pseudopotential Methods

As mentioned earlier, one of the primary challenges of modeling transition metal
compounds is their large size, both in terms of the number of atoms and the number of
electrons. From a computational chemistry point of view, it is the large number of
electrons which pose the main problem, since basis functions are employed to represent the
occupied shells of each atom in the molecule. However, by realizing that the bonding
between the atoms in a molecule arises primarily from the interaction of the valence atomic
orbitals, with the core orbitals being inert, the computational cost can be reduced. The
valence orbitals are more diffuse and able to deform as required for proper overlap with the
orbitals on adjacent atoms to form a bond, while the core orbitals are contracted about the
nuclei, and distort only slightly in the molecular environment. The core electrons act to
effectively shield the nuclei, creating an effective nuclear charge in which the valence
electrons move. This principle is convincingly demonstrated in the Periodic Table, where
families of chemically related atoms (those in a single column) share identical valence
electron configurations and, consequently, exhibit similar chemical properties. This
principle can be exploited in computational chemistry through the use of pseudopotentials.

The idea behind the pseudopotential formalism, first introduced by Hellman88.89 in
the 1930’s, is to reduce the computational expense of the calculation. By replacing the
chemically inert core electrons with a suitable potential function only the valence electrons
are treated explicitly in the calculation.

The wavefunction, for the core and valence electrons may be written as:
=AY (12,0 )Y, (1,2,--,n,)] (1.43)

where ¥ and ¥, represent antisymmetrized wavefunctions for the n_core and n,

l{,la
valence electrons, respectively.90-93 The symbol A is an antisymmetrizer enabling
permutations between core and valence electrons. The exact wavefunction cannot be
factored in this fashion but approximate wavefunctions, like the HF wavefunction, can.91
The core potential acts to modify the one-electron Hamiltonian for the valence electrons as

follows:
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H"“’(l,z,--»,nn=Z(h(r,.)+2i], (1.44)
i=l i<j Ui
where the last term represents the electron-electron interaction between each pair of valence

electrons and the one-electron operator, h(r,), is given by:
h(r) = _.é_vg _Z=n) v

core ©
i

(1.45)

The first term of h(r,) is the kinetic energy of valence electron i, while the second
corresponds to the electrostatic attraction potential for a valence electron, i, interacting with
an effective nuclear charge resulting from perfect screening of the nucleus by the n_ core
electrons. The term V_, is the core potential, representing the Coulomb and exchange
interactions between the core and valence electrons. This term is non-local in nature due to
the exchange interaction, but is approximated in most pseudopotential methods by a
simpler, local potential for computational efficiency. There are two pseudopotential
techniques commonly employed: the model core potential (MCP) and the effective core
potential (ECP). Typically, V_,, is represented as a linear combination of gaussian-type
functions, with adjustable parameters determined through fits to atomic Hartree-Fock
calculations. The valence electrons not replaced by the core potential function are

represented by basis functions as in all-electron calculations.

1.6.1 Model Core Potentials

The model core potential method was devised by Bonifacic and Huzinaga in the

mid-1970s94-98 and has been reviewed recently90-93. The one-electron Hamiltonian, /(r,),
in the model core potential formalism is given by:
(Z-n,)

r

+ YMCP 4 picP (1.46)

JRve)
h(’;) =—§V; - core
where the core potential models the Coulomb and exchange interactions between the core
and valence electrons, and the term P is a projection operator which ensures that the

valence orbitals remain orthogonal to the core orbitals, preventing them from collapsing
onto the core region. It has the following form:

P =Y B 6. ). |- (1.47)
c=1

where @, are fixed core orbitals obtained from reference atomic HF calculations and B, is a
constant defined as:
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B =—fg ,1<f <2. (1.48)
The projection operator shifts the energy of any valence orbital which collapses onto a core
orbital by the factor B, leaving the remaining valence orbital energies intact. The MCP

method models the core-valence interactions with a local potential of the form:

1 1 —m 2
yMer _ 2 pimlg=Gnr 1.49)
> <

core

where {A,;c,} are the adjustable parameters. The parameters of the MCP core potential
for each atom, {A ;¢ }, are optimized by fitting the valence orbital energies and shapes

from reference atomic Hartree-Fock calculations. The following function is minimized:
NVS

A= Z w,
v=1

where g, and R "/(r,) are the orbital energy and radial function of the v valence orbital,
obtained from the reference atomic Hartree-Fock calculation, and £,“" and R “"(r,) are the
corresponding values computed with the MCP. The radial functions are evaluated at
discrete radial points, r;, and the deviations between the orbital energies and radial functions
are weighted using w, and W, , respectively. The core orbitals in the projection operator
are taken directly from the reference atomic HF calculations, and the value of £, is
sometimes adjusted for molecular calculations. The valence electron shells not replaced by
the core potential are represented by contracted gaussian basis functions, derived in the

e —el |+ T W[r t‘f(r,-)—r.-R;"C”(';)lz} (1-59)

same manner used to derive all-electron basis sets.

The presence of the projection operator enables the valence orbitals to retain some
of their nodal structure. The amount of nodal structure retained depends on the number of
basis functions used for the valence shells. If the valence basis set is very flexible (i.e.
contains a large number of primitive gaussian functions) the exact nodal structure of the
valence orbitals may be reproduced. It is this feature of the MCP formalism which sets it
apart from its ECP counterparts.

1.6.2 Effective Core Potentials

The following gives a brief overview of the ECP formalism, more detailed accounts
are available from Krauss and Stevens%9, Cundari et al.190 and Frenking et. al.101 In the
ECP approach none of the nodal structure of the valence orbitals is retained. The valence
atomic orbitals from reference atomic HF calculations are converted to nodeless ECP
pseudo-orbitals by maximizing the fit to the radial function of the reference valence orbital
at large values of r. This ensures a very good representation of the ECP pseudo-orbital in
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the valence region, at the expense of the region near the nucleus. For example, the radial
function for the ECP valence pseudo-orbital of the Ss shell of iodine would contain no
nodes, while that for the all-electron reference orbital would contain four nodes.

The ECP pseudo-orbitals (%,) and corresponding energy eigenvalues are used to
generate a numerical potential, via “inversion” of the Hartree-Fock equations which
amounts to determining a numerical ECP which will reproduce the reference atomic HF
wavefunction and energy. The numerical potential must then be transformed into an
analytical form for use in computational chemistry calculations. The analytical form of the
ECPs usually takes the form of a linear combination of gaussian functions:

PV =Y A ree e (1.51)
k

where n and ¢ are the principal and angular momentum quantum number, respectively, and
A,and B, are the ECP core potential parameters.

A number of different techniques have been used to optimize the ECP parameters
{A,.; B,,}. The approach taken by Hay and Wadt102-104 and by Ermler and
Christiansen!05-111 was to fit the numerical potentials to the analytical form of the core
potential, Equation (1.51), using a straightforward least squares fitting procedure.
Unfortunately, this approach can lead to a large number of terms in the core potential which
decreases the computational efficiency when employed in molecular calculations. Stevens
et al.112-114 took a slightly different approach, generating their ECP core potentials by
fitting to the valence orbitals and orbital energies obtained from accurate all-electron
reference calculations . These ECPs, called compact effective core potentials, contain a
small number of terms, typically less than six. A third approach, taken by Stoll and
Preuss!15-121 minimizes the differences in atomic excitation energies computed from the
ECPs and all-electron reference calculations.

As in the MCP method, the final step in ECP preparation involves the optimization
of the valence basis sets for those electrons not replaced by the core potential via fitting to
the results of atomic calculations, as in the generation of all-electron basis sets.

1.6.3 Quasi-Relativistic Pseudopotentials

Relativistic effects are minor for compounds containing light elements, but their
importance grows rapidly as one descends the rows of the periodic table. Relativistic
effects are particularly important for the transition metal atoms, especially for members of
the third row.%-10 Taking proper account of the major relativistic effects in computational
studies of transition metal compounds presents another challenge to the computational
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chemist. The HF formalism can be expanded to incorporate the major relativistic effects
(i.e. the mass-velocity and Darwin terms) yielding the Quasi-Relativistic-Hartree-Fock
(QRHF) approach.!22 In all-electron calculations solving the QRHF equations is very time
consuming and is limited to atoms and small molecules. These effects may be incorporated
indirectly through the MCP and ECP core potentiai parameters. If the reference atomic
calculations used to derive the MCP and ECP core potential parameters were carried out at
the QRHEF level, the resultant core potential parameters will carry the major relativistic
effects for the core orbitals. In subsequent calculations employing these pseudopotentials,
the valence shells remain non-relativistic, but the core shells, for which the relativistic
effects are largest, indirectly incorporate the relativistic effects. Pseudopotentials which
indirectly incorporate relativistic effects in this manner are referred to as quasi-relativistic

pseudopotentials. 123,124

1.6.4 Comparison of MCPs and ECPs

The results of molecular calculations employing pseudopotentials do not differ
significantly from those in which all of the electrons have been treated explicitly (see for
instance the review by Cundari er al. and the references contained therein!00),
Pseudopotentials afford a dramatic saving in computational cost without sacrificing
accuracy, and as such have proven to be very popular in theoretical studies of transition
metal compounds.

Studies performed thus far have shown that the incorporation of proper nodal
structure into the MCP valence orbitals has not resulted in a significant increase in the
accuracy of computed bond energies, geometries and spectroscopic parameters when
compared to their ECP counterparts.101.125 The advantage of employing valence orbitals
with nodal structure is more apparent in calculations of expectation values which exhibit a
stronger dependence on the behaviour of the electrons in the region close to the nucleus,
such as spin-orbit coupling constants.126

Smaller basis set expansions are required for the valence orbitals in the ECP
approach than in the MCP approach since fewer PGTFs are needed to expand a nodeless
radial function than one containing multiple nodes. The smaller number of PGTFs reduces
the computing time required for evaluating the two-electron integrals.

The use of pseudopotentials in modeling transition metal complexes raises the
question of which electron shells should be included in the valence space. In general, there
are two types of transition metal pseudopotentials: the large core and small core
pseudopotential. In the large-core pseudopotential, the valence space contains only the ns
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and (n2-1)d electron shells, with the remaining electronic shells replaced by the core
potential. The small-core transition metal atom pseudopotentials also include the
penultimate valence shell in the valence space. The (n-1)p shell is included in the small-
core transition metal atom MCPs, while both the (-1)s and (n-1)p shells are included in the
small-core transition metal atom ECPs. The small-core pseudopotentials, with an extended
valence space, are recommended over their large-core counterparts, even though they are
more computationally demanding. 101

MCPs have been derived for nearly all of the elements of the periodic table. All of
the main group elements, transition metal elements and actinides have been parameterized
and work is currently underway to parameterize the lanthanides.!27-130 The MCP core
potential parameters and valence basis sets have been incorporated into a number of
common quantumn chemistry programs including: CADPAC!31, and the development
version of GAMESS!32.133, The ECPs of Hay and Wadt102-104 have been developed for
all elements up to the lanthanides, while those of Stevens et al.112-114 have been developed
for all of the elements, except the actinides. These two ECPs are very popular and have
been directly implemented into the Gaussian!34 and GAMESS programs. The ECPs of
Ermler and Christiansen!05-111 and Stoll and Preuss!!5-121 have been developed for all of
the elements of the periodic table, and the latter have been included directly in the

Turbomole!35 and Molpro!36 programs.

1.7 Interpreting the Energy and Wavefunction

Under the Born-Oppenheimer approximation the electronic energy is computed at a
fixed set of nuclear coordinates. If the energy is computed for a variety of nuclear
coordinates then the potential energy hypersurface of the molecule may be mapped out.
Hence, it is possible to optimize the geometry of the molecule by locating the set of
coordinates which yield the minimum total energy. Although manually mapping out the
computed energy at a number of geometric orientations is possible for very small
molecules, a more automated procedure is required for larger systems. Geometry
optimization amounts to minimization of the energy with respect to the nuclear coordinates:
9E =0 (1.52)
oX;
where X, represents a nuclear coordinate. Geometry optimizations may be carried out
using numerical or analytical differentiation. Numerical differentiation approximates the

required derivatives as:
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J0E AE

where AE is the change in the energy as the nuclear coordinate is modified by an amount
AX,. For analytical differentiation the required derivatives are expressed in terms of an
explicit formula. There is a dependence of the energy on the nuclear coordinates X; in the
two-electron integrals, as well as in the nuclear-electron attraction terms. Analytical
gradient evaluation is more reliable than numerical differentiation and is currently available
in a variety of quantum chemistry programs.18.22

Chemically interesting points on the potential energy hypersurface are the local
minima (corresponding to reactants, intermediates, and products as shown in Figure 1.3)
and the first order saddle points (corresponding to transition states). Unfortunately,
minimization of the gradient of the energy does not give any indication as to what type of
chemical entity the located stationary point corresponds to. Hence, once located, stationary
points should be further analyzed via the second derivatives of the energy with respect to
the nuclear coordinates (hessian) in order to characterize them. The hessian is normally
computed via numerical differentiation of analytical gradients:

.. A9 )
IE__ (A % (1.54)
0X,0X; AX, ‘

or via analytical second derivative evaluation. The vibrational frequencies are proportional
to the hessian of the energy. At local minima, the second derivatives of the energy with
respect to the nuclear coordinates are positive in all directions, resulting in all of the
computed harmonic vibrational frequencies being real. At a transition state all of the
harmonic vibrational frequencies but one are real. The single imaginary vibrational
frequency corresponds to motion along the nuclear coordinate for which the transition state
is a maximum.!8 Higher order saddle points, with more than one imaginary frequency,
may also be located during geometry optimization. Interpretation of these stationary points,
in a chemical sense, is more difficult.

Prediction of molecular structures, relative energies and the nature of the species
involved in chemical processes is the starting point for any theoretical investigation.
However, calculations also provide important information regarding the nature of the
bonding of chemical species. This is perhaps the most beneficial use of computational
chemistry, although the interpretation of the numbers obtained from the calculations in
terms of useful chemical concepts is not an easy task. The wavefunction or electron
density (in the case of DFT) and the constituent molecular orbitals are available for
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Figure 1.3: The potential energy hypersurface (in three dimensions; for example two
angles o and B and the relative energy AE) for a hypothetical chemical reaction connecting
one equilibrium (with & = 10°, B = 10°) to a second equilibrium (with o = 30°, B = 30°) by
traversing a barrier (a transition state with o = 20°, f = 20°). (Taken from the background
material of the 1998 Nobel Prize in Chemistry Awards web site.4)
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interpretation at each stationary point. A number of different schemes have been developed
to analyze the wavefunction or electron density, in terms of simple chemical concepts.
Population analysis, such as the natural bond orbital (NBO) analysis of Weinhold and co-
workers137, yield atomic charges, bond orders and atomic densities useful in
understanding the changes which occur during a chemical process. Bader’s atoms in
molecules (AIM) method analyses the electron density topology of a molecule to gain
information about the nature of the bonding between the atoms.!38 Morokuma!39.140 and
Ziegler!4!l have both developed schemes which decompose the coordination energy into a
variety of components related to aspects of chemical bonding. A particularly useful
bonding analysis scheme, known as the charge decomposition analysis (CDA) scheme was
developed by Frenking and co-workers to probe the nature of metal-ligand interactions. 142

Computational chemistry allows the researcher to investigate all of the intricate
details of a chemical process in a manner often not accessible to experiment. Reaction
mechanisms can be mapped out, complete with changes in energy, molecular structure, and
the nature of the bonding between constituent atoms as the reaction proceeds.

1.8 Scope of the Thesis

The present thesis focuses on the testing, development, and application of a variety
of computational chemistry techniques for modeling transition metal compounds. One of
the aims of the research was to gain an understanding of the advantages and limitations of
the various theoretical methodologies commonly employed to study these compounds. The
thesis is comprised of three sections: testing, development and applications. The first part
involves benchmarking of the MCP technique with particular emphasis on species
containing transition metals. The need for improved basis sets to regain the performance
lost due to longer expansions of the MCP valence basis sets is addressed in the second part
of the thesis, which reports the development of more computationally efficient MCP
valence basis set for the main group elements. Finally, two particularly interesting
problems in organometallic chemistry are studied in the applications section of the thesis.

A systematic study aimed at determining the reliability and predictive power of the
MCP method in molecular calculations is reported in Chapter 2. The capabilities of the
MCP method were initially tested on a variety of small molecules, a number of which are
commonly found as ligands in transition metal complexes.143 The second phase of the
benchmarking study focused on the group four metal tetrahalogen complexes (MX,, where
M =Ti, Zr, Hf and X = F, Cl, Br, I) as a test of the MCP method in modeling small
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transition metal complexes. Of utmost concern in the benchmarking studies was the
accuracy of the molecular geometries predicted using the MCP method. Whenever
possible, comparisons are made to experimental structures, as well as those optimized
using various ECP methods. Calculations for the small molecules were carried out at the
HF, MP2 and CISD levels of theory, while those for the MX, complexes were carried out
at the HF and MP?2 levels of theory.

Chapter 3 summarizes the development of new MCP valence basis sets for the main
group elements which incorporate L-shell structure in order to improve computational
efficiency. Details of the procedure used to generate the new L-shell basis sets are given,
along with the results of atomic and molecular calculations.

The results of a study focusing on the carbony! scrambling phenomenon commonly
found in organometallics is described in Chapter 4. Calculations were carried out at the
DFT (with all-electron and ECP basis sets) and semiempirical, PM3(tm), levels to probe
the carbonyl fluxionality in Mn,(CO),(dppm), and its absence in the parent complex,
Mn,(CO),,- A hybrid DFT//PM3(tm) methodology, where the less expensive
semiempirical method was used to optimize the geometry, and the more accurate DFT
method was used to compute the energy, was found to be a very useful and efficient
approach for computing internal reaction barriers.5%.144

In Chapter 5, the gradient-corrected DFT approach was employed, in conjunction
with ECPs, to probe the increased reactivity of the alkyne complexes of the Group 8
metals, M(CO),(C,R,) where M =Fe, Ru, Os. The first bond dissociation energies of the
alkyne complexes were computed and compared to those values found for the parent
pentacarbonyl complexes, M(CO),. The nature of the alkyne-metal bond was analyzed
using the CDA scheme of Frenking and Bader’s AIM scheme in an effort to rationalize the
experimental and theoretical findings.143

The common theme throughout the thesis is the critical evaluation of the computed
results in an effort to ascertain the advantages and limitations of the various computational
methods commonly employed in theoretical investigations of transition metal complexes.
Theoretical results must be rigorously tested in order for the researcher to be fully confident
in them and the chemical rationalizations which are made based on them. This was the
driving force behind the MCP benchmarking studies. The aim of the two applied studies
was to employ a number of popular computational chemistry methods to gain chemical
insight from the numerical results.
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Chapter 2

Benchmarking of Model Core Potentials:
Application to Small Molecules
and the Group 4 Metal Halogen Complexes
(MX,: M = Ti, Zr, Hf and X =F, Cl, Br, I)?

* Reproduced in part with permission from Decker, S. A.; Klobukowski, M.; Sakai, Y.; Miyoshi, E.
Journal of Molecular Structure (Theochem) 1998, 451, 215. Copyright 1998 Elsevier.
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2.1 Introduction

As discussed in Chapter 1, the pseudopotential formalism has been very successful
in extending computational chemistry to the study of the structures, energetics, properties,
and reactions of molecules containing transition metals.1-6 Pseudopotentials, such as the
MCPs, are a necessity in studying such systems, where the molecules are typically large
and contain a number of heavy atoms, both amongst the metal atoms themselves and in the
main group elements present in the ligands. These methods are beneficial in that they
reduce the number of basis functions required for modeling transition metal complexes and
they provide a simple mechanism to incorporate relativistic effects, which are important for
the heavy elements, into the calculations. Pseudopotentials enable one to probe the metal-
dependent trends observed experimentally as one descends a column of the Periodic Table,
with no increase in computational cost since all of the metal atoms contain the same number
of valence electrons. Consider three identical complexes differing only in the metal atom
(for example Ti, Zr, and Hf), the number of electrons, and more importantly the number of
orbitals (and thus basis functions) nearly doubles as one goes from Ti to Zr and Zr to Hf.
An all-electron HF calculation, which scales roughly as K* (where K is the number of basis
functions, and is related to the number of atomic orbitals), for the Hf complex will be 256
times more computationally demanding than that for the Ti analogue, whereas the
computational costs will be approximately the same for all three metal analogues if
pseudopotentials are employed in the HF calculation.>

The present Chapter focuses on one of the two pseudopotential methods commonly
employed in modern quantum chemistry calculations, the model core potential (MCP)
approach, developed by Huzinaga and co-workers.” A complete description of the MCP
formalism was given in Chapter 1 (section 1.6), and will not be discussed in detail here.
There are currently three versions of the model potential in use: version 189, which was
used in all of the calculations in this thesis, and is denoted simply as the model core
potential (MCP) method, version 2, known as the ab initio model potential (AIMP)
method!9, and version 311. The three differ in the way the core-valence Coulomb and
exchange interactions are accounted for. Version 1 represents the core-valence exchange
interactions using a local potential (refer to chapter 1, section 1.6), while versions 2 and 3
use a non-local representation of the potential function.!

Given the nature of approximations in the MCP method, both the parameters and
valence basis sets should be benchmarked and, if necessary, calibrated before commencing
actual studies of the organometallics. MCPs have been used in several benchmarking
studies as well as in applications focusing on transition metal chemistry. The review article
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of Klobukowski et al.! gives a very good overview of the studies which have employed
MCPs in studies of transition metal compounds. Miyoshi and Sakai carried out a detailed
benchmarking of the MCP potentials and valence basis sets for a number of small transition
metal complexes at the restricted Hartree-Fock (RHF) level using both large-core (denoted
MCP-SD) and small-core (denoted MCP-SPD) metal atom MCPs.!2 They found very
good overall agreement between MCP-SPD geometries and harmonic vibrational
frequencies and those computed using all-electron basis sets of similar quality. Frenking et
al.13 compared the performance of the SD- and SPD-type MCPs to the corresponding
ECPs of Hay and Wadt!4-16 at the Hartree-Fock (HF) level, in a study involving
complexes of the type Ti(CH,),(Cl),,. They found the SD-type MCPs and ECPs to be
inferior to their respective SPD counterparts, and they found a slight preference for the
ECPs over the MCPs in predicting geometries, harmonic vibrational frequencies, bond
energies, and reaction energies. MCPs were also employed by Sakai and co-workers in a
number of studies focusing on the electron affinities of a number of transition metal
complexes of the type MF,, MF,, and MF,* (where M=Cr, Mo, and W)17.18_as well as
complexes of the type AuF® (where q =0, -1, -2, and -3)!9. MCP calculations were
carried out at the HF and configuration interaction (CI) levels, and the results agreed well
with experiment. The use of MCPs has not been restricted to HF and post-HF
calculations, as several reports have appeared in the literature whereby the MCP formalism
has been merged with density functional theory (DFT). Salahub ef al.20, in a study of
complexes of the type MCO, MCO*, M(CO),, and M(CO)**, showed that the DFT/MCP
approach works quite well. Furthermore, Yang et al.21-23, used MCPs in DFT studies of
a number of triniobium clusters (Nb;O, Nb,O*, Nb,C,, Nb,C,*, and Nb,;N,). MCPs have
been employed in a number of studies, both HF (and post-HF) based and DFT based,
focusing on the chemisorption of atoms and small molecules on a variety of metal surfaces,
including: Pt, Pd, Rh, Ni, Sc, Fe and Cu.24-34

In the first part of this Chapter, results are reported for calculations on a number of
ligands commonly encountered in organometallic chemistry, as well as their heavier
homologues. The molecules studied include: homonuclear diatomics (Group 15: N,, P,,
As,, Sb, and the halogens: F,, Cl,, Br,, I,); heteronuclear diatomics (CO analogues XY,
where X=C, Si, Ge, Sn, and Y=0, S, Se, Te; and the mixed halogens); triatomic hydrides
AH, (OH,, SH,, SeH,, TeH,), triatomic oxides (CO, and SO,), tetraatomic hydrides AH,
(NH,;, PH;, AsH;, SbH,), tetraatomic analogues of NF;, and small hydrocarbons (C,H,,
C,H,, CH,). With the exception of CH,, only ground electronic states were considered in
this work. The reliability and accuracy of the MCPs in treating these small systems is
gauged through predictions of geometric structures, as well as harmonic vibrational
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frequencies (for diatomic molecules). Discussion also focuses on the correlation energies
computed using the MCP and ECP approaches, computed at the MP2 and CISD levels of
theory.

The second part of the Chapter focuses on the reliability of the MCP method as
applied to a set of small transition metal complexes, the Group 4 metal tetrahalogen
complexes (MX,;; M =Ti, Zr, Hf and X = F, Cl, Br, I). The geometries of these
tetrahedral complexes were computed using small-core MCP and ECP approaches and
compared, wherever possible, to experiment. Reaction energies for a simple set of halogen
diatomic substitution reactions of the MX, complexes, leading to the mixed halogen
complex, MX,Y,, were also computed. These MX, metal halogen complexes are
commonly encountered as starting compounds in organometallic syntheses35, and
experimental M-X distances are available for comparison.

2.2 Computational Methods

2.2.1 Small Molecules

A progression of methodologies was utilized to study the effectiveness of the model
core potentials for the small main group molecules: Hartree-Fock (HF), Mgller-Plesset
(MP2), and configuration interaction (CISD). MCPs were employed in all of the
calculations, along with the effective core potentials of Stevens et al.36-38, which were
used in several reference calculations. In the calculations, MCP valence basis sets of
double-zeta valence (DZ) and triple-zeta valence (TZ) quality were used. The DZ basis sets
were supplemented with a single d polarization function (denoted as DZ1d), while two d
polarization functions were added to the TZ basis sets (denoted as TZ2d). All of the
polarization functions were taken from the compilation of Huzinaga et al.3° For hydrogen
atoms, standard DZV and TZV library basis sets were used.

Equilibrium geometries were optimized using a modified Powell method of
searches along conjugate directions.#0 For diatomics the total energy curve was fit at
several points bracketing the equilibrium to a simple polynomial in r, and the harmonic
vibrational frequency, ®,, was determined from:

1
o, = L(E_(_l) @n
2r J7i
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where E’’(r,) is the second derivative of the energy with respect to r, evaluated at r, and it
is the reduced mass.4! Electron correlation energies were calculated using MCPs and
compared to the values obtained using ECPs, at the MP2 and CISD levels.

All calculations were carried out using the development version of the GAMESS

package.42:43
2.2.2 MX, Molecules

As discussed in Chapter 1, the valence space for a transition metal atom
pseudopotential may be defined as either the outermost #s and (n-1)d shells, termed an SD
or large-core pseudopotential, or the (n-1)p shell and/or the (n-1)s shell may be included in
the valence space and treated explicitly as well, yielding an SPD or small-core
pseudopotential.>.6 Although, the SD-type pseudopotentials offer greater computational
savings than their SPD counterparts, Sakai and Miyoshil7, as well as Frenking and co-
workers!3 have shown them to be inferior in predicting molecular properites of transition
metal complexes, particularly for those in which the metal atom is in a high oxidation state.
Our preliminary calculations on the MX, complexes using the MCP-SD and ECP-SD
pseudopotentials are in line with these previous findings, with computed M-X distances
typically deviating from experiment by 0.1 A or more. Hence, the SD pseudopotentials
were not used further in the benchmarking study, and the results presented here employed
only the SPD-type pseudopotentials. The small-core MCPs for Ti, Zr, and Hf, denoted
MCP-SPD, treat ten valence electrons explicitly in the calculation (the (n-1)p® ns? (n-1)d>
electrons). In the ECP of Stevens and co-workers36-38 denoted ECP1-SPD, the metal
atom valence configuration is defined as: (n-1)s* (n-1)p® ns* (n-1)d?, thereby treating a total
of twelve electrons explicitly in the calculation. The SPD-type ECPs of Hay and Wadt!6,
termed ECP2-SPD, define the metal atom valence configuration in a manner analogous to
that used by Stevens, treating a total of twelve electrons explicitly. The valence space for
the halogen atoms was identical for all of the pseudopotential methods employed, and
consisted of the outermost seven electrons in the ns and np atomic orbitals. Quasi-
relativistic pseudopotentials were used for the second and third row metal atoms, as well as
for iodine.

The valence basis set contractions employed for the metal atom are displayed in
Table 2.1. The naming convention adopted to describe the valence basis sets is similar to
that used in describing the valence basis sets employed in calculations of the main group
molecules. The terms DZ and TZ denote basis sets of double-zeta and triple-zeta quality,
while 1f and 1p designate the addition of f and p type polarization functions, respectively,
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Table 2.1: Summary of the Metal Atom Pseudopotential Valence Basis Sets Employed in
Calculations of the MX, Complexes.

Basis Contraction Scheme
Ti Zr Hf

MCP-SPD

DZ (51/31/41) (71/41/41) (71/51/51)

DZ1f (51/31/41/1%) (71/41/41/17) (71/51/51/17)

DZlp (51/311°741) (T1/411°/41) (71/511°/51)

DZIplif (51/311°/41/17) (71/4117741/17) (71/5117/51/17)

TZ (411/211/311) (611/311/311) (611/411/411)

TZ1f (411/211/311/17) (611/311/311/19) (611/411/411/17)

TZl1p (411/2111°/311) (611/31117/311) (611/4111°/411)

TZ1plf (411/2111°/311/17) (611/31117/311/1%) (611/41117/411/17)
ECP1-SPD

TZ (4211/4211/411) (4211/4211/311) (4111/4111/311)

TZ1f (4211/4211/411/1%) (4211/4211/311/1%) (4111/4111/311/1%)
ECP2-SPD

DZ (441/311/41) (441/321/31) (441/321/21)

DZ1f (441/311/41/1%) (441/321/31/1%) 44 1/321721/1%)

DZ (441/3111/31) 441/3111721)

DZ’1f (441/3111/31/1%) (44 1/3111/21)

TZ (4311/311/311) (4311/321/211) (4311/321/111)

TZ1f (4311/311/311/1%) (4311/3217211/1%) (4311/3217111/1%)

VA (4311/3111/211) (4311/3111/7111)

TZ 1f (4311/3111/211/1%) (431173111/111/1%)
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to the basis set. The f polarization functions were taken from the compilation of Frenking
and co-workers#4, while the p polarization functions were taken from the compilation of
Huzinaga and co-workers39. As seen from Table 2.1, DZ and TZ basis sets were used in
calculations involving the MCP-SPD pseudopotentials. The MCP-SPD valence basis sets
were also augmented by the addition of an £, a p, and both an f and a p polarization
function. Metal atom valence basis sets of TZ and TZ1f quality were employed in
conjunction with the ECP1-SPD pseudopotentials. The exponents of the of the outermost
p basis functions (Ti 0.030, Zr 0.028, Hf 0.035) resembled the exponents of the p
polarization functions employed (T1 0.065, Zr 0.059, Hf 0.059), hence, a p polarization
function was not added to the ECP1-SPD basis sets. Both DZ and TZ basis sets were
employed in conjunction with the ECP2-SPD pseudopotentials. An f polarization function
was added to the DZ and TZ basis sets, yielding DZ1f and TZ1f basis sets, however, no p
polarization functions were added since the exponents of the outermost p functions were
again found to be close to those of the p polarization functions. In addition, basis set
contractions denoted as DZ’ and TZ’ (as well as DZ’ 1f and TZ’ 1f) were employed in
calculations involving the ECP2-SPD pseudopotentials in which the second-ourtermost p
contracted function for Zr and Hf was further expanded. In all of the calculations, the
valence basis sets for the halogen atoms were of double-zeta plus polarization quality, with
a single d polarization function taken from the compilation of Huzinaga et al.3%
Molecular geometries were optimized using a modified Powell method40 at the
RHF and MP2 levels of theory, using the development version of the GAMESS
package.#2:43 The MX, geometries were optimized under T, symmetry constraints while

C,, symmetry was imposed on the MX,Y, systems.

2.3 Results and Discussion

In order to assess the reliability of the MCP method, the average absolute errors of
each molecular property (geometric parameter or harmonic vibrational frequency) was
calculated for each family of compounds studied. For the main group molecules, the
families of compounds used in averaging were: the homonuclear diatomics, the
heteronuclear chalcogenide diatomics of Group 14, the mixed halogen diatomics, the
diatomic ions, the triatomics, the tetra-atomics, and the hydrocarbons. Three families of
compounds were defined for the MX, molecules: the TiX,, ZrX,, and HfX, complexes.

The average errors ¢, (X) are defined as:
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N Pcalc _ chp
o, (P:M|B)= ZI—T—I (2.2)
i=1

where N is the number of molecules in the sample, and P is the property of interest (P =r,,
®,, or bond angle 6,) evaluated using method M (M = RHF, MP2, or CISD) with

associated basis set B.

2.3.1 Main Group Molecules

The structural results calculated with the MCP method are collected in Figures 2.1-
2.6 and Tables 2.3 and 2.4, along with their respective experimental values. The harmonic
vibrational frequencies for selected diatomic molecules computed using the MCP
pseudopotential at the RHF, MP2, and CISD levels of theory, are given in Table 2.2. All
of the experimental data was taken either from Huber and Herzberg43 or from the Landolt-
Bérnstein compilations.46-48

The equilibrium bond distances for the homonuclear diatomics computed using the
MCP-DZ1d, MCP-TZ2d and ECP-DZ1d methods are ploltted as a function of the
respective experimental distances in Figure 2.1. The average error in the MCP computed
bond length, G,,, is 0.06 A at the CISD/DZ1d level, and decreases to 0.04 A when the
larger TZ2d basis set is used. At the CISD level the MCP harmonic vibrational frequencies
remain too large by about 40 - 50 cm™, as illustrated in Table 2.2. At all levels of theory
employed, the distances predicted for the lighter systems (N,, P,, and F,) using the ECPs
of Stevens are larger than those predicted using the MCPs, while the reverse relationship
holds for the heavier diatomics (As,, Sb,, Cl,, Br,, and I,). Inclusion of electron
correlation effects via the MP2 method results in computed distances which overshoot
experiment. CISD performs much better in this respect, particularly with the larger, TZ2d
basis set. The large error found for Sb, reflects the fact that the experimental distance does
not correspond to r,, but rather to r,.43

The computed equilibrium bond distances for the chalcogenides of carbon, silicon,
germanium, and selenium are plotted in Figure 2.2 as a function of the experimental
distance. The average errors in the MCP bond length, G, (r.), are on the order of 0.02 A at
both the CISD/DZ1d and CISD/TZ2d levels, while the deviations for the MCP computed
vibrational frequencies differ by 35 - 45 cm™. In general, the distances predicted by the
ECPs of Stevens are larger than those predicted using the MCP method (with SnO being a
notable exception). As with the homonuclear diatomics, the trend in MCP computed
equilibrium distances amongst the different methods is: r (MP2) > r (CISD) > r (RHF).
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Figure 2.1: Comparison of calculated and experimental bond lengths for the homonuclear
diatomic molecules. Triangles, squares, and pentagons refer to HF, MP2, and CISD
results, respectively; open, skeletal (centre connected to vertices), and solid refer to ECP-
DZ1d, MCP-DZ1d, and MCP-TZ2d, respectively.
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Table 2.2: Summary of the Harmonic Vibrational Frequencies of Selected Diatomic

Molecules.?

System RHF MP2 CISD Expt.®

DZ1d TZ2d DZ1d TZ2d DZ1d TZ2d
N, 2926 2742 2209 2148 2523 2471 2359
As, 498 497 356 368 445 452 430
Cl, 601 585 560 527 560 538 560
L 236 231 221 214 218 214 215
CO 2470 2424 2131 2165 2271 2337 2170
SiS 314 826 739 754 770 787 750
GeO 1166 1171 972 978 1062 1109 986
SnS 502 508 451 455 473 478 487
CIF 887 904 782 779 797 832 786
IF 642 668 586 600 593 723 610
IC1 401 403 376 375 374 375 384
OH 3900 3924 3753 3721 3705 3730 3700
NO* 2950 2805 2169 2067 2588 2476 2376
CN- 2342 2335 1981 1975 2152 2075 2069¢
CN~* 2279 2151 2265 2296 2128 2073 2033

46

 Harmonic vibrational frequencies are given in units of cm™. ° Experimental values taken

from the compilation of Huber and Herzberg.#> © The experimental values given

correspond to the X?Z* state of neutral CN.45
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Figure 2.2: Comparison of calculated and experimental bond lengths for the heteronuclear
diatomic chalcogenides of the Group 14 elements. Triangles, squares, and pentagons refer
to HF, MP2, and CISD results, respectively; open, skeletal (centre connected to vertices),
and solid refer to ECP-DZ1d, MCP-DZ1d, and MCP-TZ2d, respectively.
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The MCP o,,(r.) and o, (®,) values for the mixed halogen diatomics (Figure 2.3
and Table 2.2) were found to be in the range 0.04 to 0.06 A and 8 - 36 cm™, respectively.
Comparison of the distances predicted using MCPs and ECPs indicates that as above,
r.(ECP) > r,(MCP) (with the exception of CIF).

The interatomic distances predicted using the MCP pseudopotentials agree very well
with experiment for the diatomic ions (Figure 2.4) with o, (r.) values less than 0.01 A,
despite the fact that no diffuse functions were added to the basis sets for the negative ions.
On the other hand, the MCP vibrational frequencies deviated from experiment by 60 - 90
cm’. For all of the diatomic ions studied, including the two anions for which no
experimental data was available, SH and CN', r,(ECP) > r, MCP).

For the polyatomic molecules only structural data were reported, with the harmonic
vibrational frequencies awaiting the implementation of MCP gradients into the
GAMESS#243 program. Computed structural parameters for the triatomic molecules, r,
and 6., are plotted as functions of their experimental values in Figures 2.5 and 2.6,
respectively. The MCP structures agree very well with experiment, exhibiting ¢, (r.:CISD)
values of 0.005 to 0.01 A, and 0,,(6,:CISD) values smaller than 1°. As in the diatomics,
the distances predicted using the ECP formalism of Stevens were larger than those
predicted using the MCP formalism (with the exception of TeH,).

Values for the bond lengths and bond angles of the tetratomic molecules studied are
collected in Table 2.3. For molecules with ligands heavier than hydrogen only MP2
calculations were performed due to computer limitations. For the tetratomic systems
studied, the errors G,,(r.) and G,,(8,) were found to be very small, 0.004 A and 0.2°,
respectively, indicating very good agreement between the MCP calculations and
experiment.

The results for the small sample of hydrocarbons studied are collected in Table 2.4.
At the CISD level, values of ©,,(r,) were between 0.005 and 0.01 A, while the computed
bond angle for C,H, agreed with experiment to within 1°. It is interesting to note that for
the methylene radical CH,, electron correlation is critical for a correct value of the bond
angle. Itis also worth mentioning that the calculated singlet-triplet splitting was 11
kcal/mol, in good agreement with the experimental value of 9 kcal/mol.47

The basis set correlation energies calculated using the MCP-DZ1d and ECP-DZ1d
pseudopotential methods are collected in Table 2.5 for a selected set of diatomic molecules
(a more complete compilation is available in Appendix A), and Table 2.6 for the heavy-
atom polyatomic hydrides studied. The results in Tables 2.5 and 2.6 show that, as
expected from previous studies, E_ (M:ECP) > E__(M:MCP), where M = MP2, CISD.
The only exceptions found were Cl,, SH,, Sb,, and BrCl (MP2). It has been shown
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Figure 2.3: Comparison of calculated and experimental bond lengths for the mixed halogen
diatomic molecules. Triangles, squares, and pentagons refer to HF, MP2, and CISD
results, respectively; open, skeletal (centre connected to vertices), and solid refer to ECP-
DZ1d, MCP-DZ1d, and MCP-TZ2d, respectively.
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Figure 2.4: Comparison of calculated and experimental bond lengths for the heteronuclear
diatomic ions. Triangles, squares, and pentagons refer to HF, MP2, and CISD results,
respectively; open, skeletal (centre connected to vertices), and solid refer to ECP-DZ1d,
MCP-DZ1d, and MCP-TZ2d, respectively.
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Figure 2.5: Comparison of calculated and experimental bond lengths for the triatomic
molecules. Triangles, squares, and pentagons refer to HF, MP2, and CISD results,
respectively; open, skeletal (centre connected to vertices), and solid refer to ECP-DZ1d,
MCP-DZ1d, and MCP-TZ2d, respectively.
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Figure 2.6: Comparison of calculated and experimental bond angles for the triatomic

molecules. Triangles, squares, and pentagons refer to HF, MP2, and CISD results,

respectively; open, skeletal (centre connected to vertices), and solid refer to ECP-DZ1d,
MCP-DZ1d, and MCP-TZ2d, respectively.
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Table 2.3: Calculated (MCP) and Experimental Structural Parameters for the tetratomic

molecules studied.*®

System Method r.(A-B) 8.(B-A-B)
DZ1d TZ2d DZi1d TZ2d
NF, RHF 1.3193 1.3200 102.8 102.7
MP2 1.3684 1.3831 102.1 100.7
Expt. 1.3648 102.4
PCl, RHF 2.0778 2.0591 99.9 100.4
MP2 2.0962 2.0807 99.6 99.4
Expt. 2.0430 100.1
AsBr;, RHF 2.3596 2.3522 99.9 100.2
MP2 2.3789 2.3744 99.9 99.4
Expt. 2.3290 99.7
Sbl, RHF 2.7651 2.7304 99.2 99.8
MP2 2.7808 2.7478 99.3 99.6
Expt. 2.7190 99.7
NH, RHF 1.0005 0.9980 108.1 107.2
MP2 1.0107 1.0087 106.6 105.9
CISD 1.0101 1.0062 106.5 106.2
Expt. 1.0016 106.7
PH, RHF 1.4151 1.4112 95.1 95.3
MP2 1.4180 1.4159 93.5 93.5
CISD 1.4209 1.4180 93.5 93.8
Expt. 1.4130 93.5
AsH, RHF 1.5162 1.5204 94.2 94.3
MP2 1.5185 1.5263 92.6 92.5
CISD 1.5229 1.5299 92.5 92.7
Expt. 1.5130 92.1
SbH, RHF 1.7097 1.6970 93.1 93.7
MP2 1.7125 1.7027 91.5 92.1
CISD 1.7210 1.7085 91.5 92.2
Expt. 1.7039 91.6

*Values of r, and 6, are given in units of A and degrees, respectively. ° Experimental

values taken from the Landolt-B&rnstein compilation of structural data.#6-48
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Table 2.4: Calculated (MCP) and Experimental Structural Parameters for the hydrocarbons

studied.*®

System Method r,(C-C) r,(C-H) 8.(H-C-H)
DZ1d TZ2d DZ1d TZ2d DZ1d TZ2d
C,H, RHF 1.2044 1.1744 1.0591 1.0513
MP2 1.2362 1.2054 1.0659 1.0575
CISD 1.2231 1.1910 1.0643 1.0551
Expt. 1.2031 1.0608
C,H, RHF 1.3318 1.3102 1.0769 1.0712 117.1 116.8
MP2 1.3520 1.3292 1.0839 1.0770 117.5 117.3
CISD 1.3465 1.3217 1.0819 1.0743 117.2 117.0
Expt.* 1.3390 1.0850 117.8
CH, RHF 1.0725 1.0680 129.4 1294
CB))
MP2 1.0776 1.0704 131.3 132.3
CISD 1.0809 1.0736 131.7 132.6
Expt. 1.0748 133.8
CH, GVB* 1.1002 1.0958 102.2 102.3
(A)
CISD I.I1110 1.1034 101.8 102.0
Expt. 1.1075 102.5

* Values of r, and 0, are given in units of A and degrees, respectively. ° Experimental
values taken from the Landolt-B&mstein compilation of structural data.46-48 © The
experimental values correspond to r, and 6, values. ¢ Two-configurational GVP-PP

wavefunction was used as the reference:
¥ =y, [lal2 1b222a,2] + czt,(lz[lal2 167167 ] .
There is no MP2 implementation for a GVB reference function in GAMESS.42.43
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Table 2.5: Valence Electron Correlation Energies (E_, in E,) of Selected Diatomic

Molecules.
System Method E.. (ECP) E.,. . (MCP) AE__°

N, MP2 0.3114 0.2960 0.0154
CISD 0.2857 0.2744 00112

As, MP2 0.2209 0.2109 0.0100
CISD 0.2046 0.1952 0.0093

ClL, MP2 0.2627 0.2735 -0.0107
CISD 0.2632 0.2706 -0.0073

I, MP2 0.2027 0.1865 0.0161
CISD 0.2014 0.1883 0.0131

6(0) MP2 0.2791 0.2683 0.0108
CISD 0.2681 0.2579 0.0101

SiS MP2 0.2003 0.1981 0.0022
CISD 0.2027 0.2011 0.0015

GeSe MP2 0.1877 0.1803 0.0074
CISD 0.1871 0.1820 0.0051

SnTe MP2 0.1694 0.1603 0.0091
CISD 0.1679 0.1597 0.0082

CIF MP2 0.3095 0.3082 0.0012
CISD 0.3018 0.2993 0.0025

BrCl MP2 0.2478 0.2481 -0.0003
CISD 0.2478 0.2474 0.0005

IBr MP2 0.2175 0.2042 0.0134
CISD 0.2167 0.2059 0.0108

* Value corresponds to the difference in correlation energies computed from:
AE, =E_ (ECP)-E_ (MCP).

corr corr

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

Table 2.6: Valence Electron Correlation Energies (E
Polyatomic Molecules.

in E,) of the Heavy Atom Hydride

corr?

System Method E_(ECP) E__(MCP) AE__*

C,H, MP2 0.2571 0.2551 0.0019

CISD 0.2517 0.2497 0.0021

C,H, MP2 0.2689 0.2670 0.0019

CISD 0.2748 0.2721 0.0027

CH, MP2 0.0950 0.0930 0.0020
(B))

CISD 0.1125 0.1093 0.0032

CH, CISD 0.1125 0.1092 0.0033
(A

OH, MP2 0.1930 0.1880 0.0050

CISD 0.1948 0.1892 0.0056

SH, MP2 0.1383 0.1389 -0.0007

CISD 0.1521 0.1525 -0.0003

SeH, MP2 0.1255 0.1231 0.0024

CISD 0.1389 0.1365 0.0024

TeH, MP2 0.1124 0.1068 0.0056

CISD 0.1266 0.1209 0.0057

NH, MP2 0.1818 0.1796 0.0023

CISD 0.1895 0.1862 0.0032

PH, MP2 0.1277 0.1278 -0.0001

CISD 0.1467 0.1467 -0.0001

AsH, MP2 0.1205 0.1171 0.0034

CISD 0.1387 0.1349 0.0038

SbH, MP2 0.1080 0.1058 0.0021

CISD 0.1268 0.1248 0.0019

* Value corresponds to the difference in correlation energies computed from:
AE__=E__(ECP)—E__(MCP). ° There is no MP2 implementation for GVB reference

corr corr corr

functions in GAMESS.42.43
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previously that calculations employing pseudopotentials tend to overestimate electron
correlation energies when compared to accurate all-electron calculations. This
overestimation has been attributed to the reduced nodal structure of the pseudopotential
valence orbitals involved in the calculation.#9-51 As discussed in Chapter 1, since some of
the valence orbital nodal structure is retained in the MCP formalism while all of it is lost in
the ECP formalism, this overestimation should be more dramatic for the ECP
pseudopotential methods than for the MCP pseudopotential method, and our calculations

corroborate this.
2.3.2 MX, Molecules
A. Geometries

To reduce the vast amount of results to a more palatable amount, G, (r,:M|B) values
(where r, refers to the M-X distance, M = RHF, MP2, and B is one of the pseudopotentials
and corresponding basis sets in Table 2.1) were computed for the three families of
compounds: TiX,, ZrX,, and HfX, and are displayed graphically in Figures 2.7 -2.9. In
addition, o, (r,:MIB) values, computed by averaging over all twelve MX, complexes for
each pseudopotential/valence basis set combination are compiled in Table 2.7. It should be
mentioned that all of the experimental M-X distances were taken from the Landolt-
Bomstein compilations.#6-48 A complete listing of the M-X distances computed with the
different pseudopotentials, at both the RHF and MP2 levels, is tabulated in Appendix A,
along with their respective experimental values.

From Figures 2.7 - 2.9 the MCP-SPD predicted M-X distances agree very well
with the experimental values, with 6 (r,:M:MCP-SPD) values below 0.05 A.
Furthermore, the errors averaged over all twelve MX, species (Table 2.7) are between 0.02
t0 0.03 A, depending on the basis set contraction. Comparison of the ¢, (r.:M:MCP-SPD)
values to those obtained using the two ECP approaches employed here,

o, (r..M:ECP1-SPD) and c, (r,:M:ECP2-SPD), reveals that there is little difference
between them, indicating equivalent accuracies of the M-X distances predicted using the
MCP and ECP pseudopotentials.

The addition of an f polarization function to the MCP-SPD metal atom basis sets
reduces the M-X bond length by 0.005 to 0.03 A indicating d orbital participation in the
bonding between the metal and the halogen. The addition of a p polarization function to the
MCP-SPD Ti basis sets resulted in a slight reduction in G, (r,:MCP-SPD), while no
significant effect was observed upon addition to the Zr and Hf basis sets. For ZrX, and
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Table 2.7: Summary of the Deviations (in A) Between the Calculated and Experimental
M-X Distances Averaged over all Twelve MX, Complexes.®

Metal Atom C,an(r. e RHF) C.an(r.:MP2)
Basis Set
MCP-SPD
DZ 0.023 0.016
DZ1f 0.020 0.015
DZIp 0.030 0.021
DZI1pif 0.023 0.016
TZ 0.025 0.019
TZI1f 0.026 0.025
TZl1p 0.026 0.019
TZ1plf 0.026 0.022
ECP1-SPD
TZ 0.025 0.018
TZ1f 0.023 0.012
ECP2-SPD
DZ 0.027 0.016
DZI1f 0.024 0.014
Dz’ 0.040 0.023
DZ’1f 0.034 0.016
TZ 0.027 0.012
TZ1f 0.025 0.019
™ 0.038 0.024
TZ’1f 0.031 0.012

* Experimental values taken from the Landolt-B&mstein compilation of structural
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HfX, (Figures 2.8 and 2.9) values of c,,(r,:-MCP-SPD) are decreased slightly, if at all,
upon expanding the metal atom basis set from double-zeta to triple-zeta quality for
calculations carried out at the RHF and MP2 levels. For the TiX, systems, changing to the
larger triple-zeta valence basis sets actually increases the deviation between the computed
and experimental Ti-X bond length values.

As mentioned previously, the partially filled d electrons of the transition metal atom
usually lead to several low lying unoccupied molecular orbitals when ligands coordinate to
the metal. These low-lying virtual orbitals are involved in low lying electronic excited
states, making single-determinant RHF calculations unreliable for modeling transition metal
complexes. The presence of these low lying excited states requires that electron correlation
effects be incorporated into the calculation, either via the wavefunction approach or via
density functional theory.52-35 In general, better agreement was found between the
computed and experimental M-X distances when the correlated MP2 method was utilized,

than when the RHF method was employed.
B. Dihalogen Substitution Reaction Energies

To gauge the ability of the MCPs to model reactions of transition metal complexes,
reaction energies, AE_ , were computed for a very simple set of dihalogen substitution
reactions of the type shown below

MX,+Y;, — MX,Y,+X,

where M is Ti, Zror Hf and X, and Y are Cl, Bror L.

A summary of the computed geometric parameters of the MX,Y, complexes, as
well as the dihalides, may be found in Appendix A. No experimental geometries could be
found for these mixed halogen systems for comparison.

The reaction energy, AE_, was computed as the difference between the total
energies of the products (MX,Y, and X,) and the reactants (MX, and Y,), at their
respective optimized geometries. Values of AE_, for all possible reactions involving TiX,,
ZrX,, and HfX,, computed using the MCP-SPD, ECP1-SPD and ECP2-SPD
pseudopotentials employing the TZ metal basis sets, are collected in Table 2.8. It should
be added that AE_ values computed using DZ metal basis sets induced only minor
changes.

At both the RHF and MP2 levels of theory, all of the pseudopotentials predict a
negative AE_ value, hence the products are more stable than the reactants, for reactions in
which the dihalide added, Y,, is lighter than the one departing, X, (for example
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Table 2.8: Summary of the Computed AE_, Values (in kcal/mol) for the Dihalogen
Substitution Reactions of MX.*

Method Ti Zr Hf
RHF MP2 RHF MP2 RHF MP2

MCI, + Br,
MCP-SPD 22 17 18 16 19 18
ECP1-SPD 24 19 22 20 22 21
ECP2-SPD 30 23 27 24 29 26
MCI, +1,
MCP-SPD 52 41 45 39 48 43
ECP1-SPD 52 40 49 43 50 45
ECP2-SPD 59 46 54 49 57 53
MBr, + Cl,
MCP-SPD =22 -17 -18 -16 -19 -18
ECP1-SPD -24 -18 -22 -20 -23 -21
ECP2-SPD -29 -22 -27 -24 -28 -26
MBr, + 1,
MCP-SPD 31 23 27 23 29 25
ECP1-SPD 29 21 27 22 28 24
ECP2-SPD 29 22 27 24 28 26
MI, + Cl,
MCP-SPD -53 -38 -45 -38 -49 -42
ECP1-SPD -53 -37 -49 -41 -50 -44
ECP2-SPD -59 -41 -54 -46 -57 -51
MlI, + Br,
MCP-SPD -31 -22 -27 -22 -29 -25
ECP1-SPD -29 -20 -27 -22 -28 -24
ECP2-SPD -30 -21 =27 -23 -28 -25

* All AE_ | values were computed using the TZ metal valence basis set.
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TiBr, + CL,). This is in agreement with what one would expect based on the experimental
values of the average M-X bond enthalpies for the gas-phase MX, complexes. The general
trend amongst the experimental average M-X bond enthalpies is: M-Cl (Ti: 103, Zr: 117,
Hf: 118 kcal/mol) > M-Br (Ti: 88, Zr: 101, Hf: 103 kcal/mol) > M-I (Ti: 71, Zr: 83, Hf: 86
kcal/mol).56 The experimental dihalide bond dissociation energies vary as follows: CI-Cl
(58 kcal/mol) > Br-Br (46 kcal/mol) > I-I (36 kcal/mol).57 The substitution reaction may
be summarized as the breaking of two M-X bonds and a Y-Y bond coupled with the
formation of two M-Y bonds and an X-X bond. Since two M-X bonds are broken and two
M-Y bonds are formed, while only a single X-X is broken and a single Y-Y bond is
formed during the reaction, the metal-halogen bond strength will determine whether the
product is favored or not with respect to the reactants. Thus, from the experimental bond
enthalpies, the products will be favored when the halogen being added to the complex, Y,
is lighter than the departing halogen, X, which our MCP and ECP calculations predict.

The AE_, values computed with the MCP-SPD potential tend to be smaller than
those computed using the ECP-SPD potentials. Although a number of exceptions exist, the
following trend for the magnitudes of the AE_ values was found:

MCP-SPD < ECP1-SPD < ECP2-SPD. Unfortunately, the lack of experimental
thermodynamic data for these reactions precludes an assessment of the accuracy of the
computed AE_, values. The variation amongst the AE__ values computed using the
different pseudopotentials are usually small, on the order of 2-3 kcal/mol, but can be as
large as 10 kcal/mol. The inclusion of correlation effects, at the MP2 level, results in a
decrease in the magnitudes of the computed AE_ | values, of about 5 to 10 kcal/mol, but
may be as little as 1 kcal/mol or as large as 20 kcal/mol in some cases.

2.4 Conclusions

The MCP formalism (Version 1) performs very well in modeling the small
molecules studied here. The results presented indicate that the model core potentials,
employing double-zeta plus polarization and triple-zeta plus double polarization quality
valence basis sets, predict geometric structures which agree very well with experimental
data, typically within 0.02 A, although slightly worse agreement was obtained for the
homonuclear diatomics. The agreement could be improved further, if larger polarization
sets were used (in particular if f polarization functions are added to the valence basis sets),
however, such extensively polarized basis sets for ligands would lead to prohibitively large
basis sets for post-HF calculations of organometallic compounds. For the molecules
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studied here inclusion of electron correlation effects at the CISD level is preferred to the
MP?2 level. The intruder core orbitals that could be present in the virtual space4? do not
seem to cause any problems in the present calculations because of ineffective overlap
between the valence and intruder core orbitals. For the set of small molecules studied here,
the equilibrium bond distances predicted using the MCP formalism are generally smaller
than those predicted using the ECP formalism of Stevens.

Values of the harmonic vibrational frequencies for the neutral diatomic molecules
studied, obtained by differentiating the fitted polynornial representation of the potential
energy surface near the equilibrium. In general, the MCP frequencies agreed with the
experimental frequency values to within 50 cm™. The agreement was poorer for the
diatomic ions, with deviations from the experimental vibrational frequencies as large as 90
cm’ in some cases.

The electron correlation energies of the small main group molecules computed using
the MCP formalism are typically smaller than those computed using the ECP formalism of
Stevens, at both the MP2 and CISD levels. This follows the trend found in previous
studies by Klobukowski4?, Teichteil®® and Pittel*".

Confident in the performance of the MCP method in dealing with small molecules,
the benchmarking study was extended to a systematic study of the Group 4 metal halogen
complexes of the type MX,, where M = Ti, Zr, Hf and X =F, Cl, Br, I. The resuits
obtained clearly indicate that the MCP formalism (Version 1) works well in modeling these
small metal complexes, provided the outermost (n-1) p electrons are included in the valence
space and treated explicitly. The MCP-SPD methodology predicts M-X bond distances to
within 0.02 to 0.03 A of their experimental values, for all of the MX, complexes.
Preliminary calculations showed that the Large-core, MCP-SD, metal atom potentials are
inferior to their small-core counterparts and should be avoided in accord with the previous
findings of Sakai and co-workers!7 and Frenking et al.13 There appears to be little
difference between the accuracies of the M-X distances predicted by the MCP-SPD and the
two ECP-SPD pseudopotentials of Hay and Wadt and Stevens et al.

The results for the MX, systems indicate that the agreement between the MCP-SPD
computed M-X distances and experiment does not improve significantly when the metal
atom valence basis set is expanded from double-zeta to triple-zeta quality. The addition of
an f polarization function to the MCP-SPD metal atom valence basis set resulted in a
significant decrease in the M-X distance, while the addition of a p polarization function
produced only minor changes.

The SPD pseudopotentials predict the direction of the set of dihalide substitution
reactions in accord with that expected on the basis of experimental measurements of the
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M-X and X-X bond strengths. In general, the AE_ values computed using the MCP-SPD
potentials were smaller in magnitude than those computed using the ECP1-SPD and ECP2-
SPD potentials. The inclusion of correlation effects, at the MP2 level, resulted in a
substantial decrease in the magnitude of the reaction energy, by about 5 to 10 kcal/mol,
regardless of the pseudopotential employed.
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Chapter 3

Incorporation of L-Shell Structure
into the Model Core Potential Valence Basis Sets
for the Main Group Elements
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3.1 Introduction

As discussed previously, the model core potentials reduce times of calculations by
decreasing the number of electrons treated explicitly. It is possible to reduce the
computational expense further by modifying the MCP valence basis sets to incorporate L-
shell structure, whereby the s and p exponents of the primitive gaussian functions are
constrained to be the same.1

Recall that the atomic (or molecular) orbitals, ¢, are formed as a linear combination

of atom-centred basis functions

N
D=2 x,(De, - (3.1)
=l
In atoms, the basis functions () usually take the form of gaussian functions defined as:
X, (r,0,0)=G,, (r.6,9) =R (r)Y,,(6,¢) (3.2)
R, (N=N@nayr e (3.3)

where n, 4, and m are the principal, angular momentum, and magnetic quantum numbers,
and a is the gaussian exponent. Y,(6,9) is a spherical harmonic function, representing
the angular portion of the gaussian function. N(n,q) is the normalization constant:
N(n,a)=2""[(2n - 1)!!]'%(27r)'%a£"5—” ,n=f+1,0+3,£+5,---. (3.4)

For practical reasons2, all of the radial functions for the rs atomic orbitals are expanded in
terms of 1s-type gaussian functions (i.e. R, ;). Similarly, the radial component of the
gaussian functions for the np atomic orbitals are expanded solely in terms of 2p-type
gaussian functions (i.e. R, ,), those of the nd orbitals are expanded in terms of the 3d-type
gaussians (i.e. R;,), and so on. For example the radial component of the gaussians for the

3s and 3p atomic orbitals of an atom are represented as:

RI™(r) = R o(r) = N(La)e™" (3.5)
RE“™(r) = R, ,(r)= NQ2,0)re™" (3.6)
with the normalization constants given by:

N o) =2 [N eny e (3.7)
N@2,a) =2 [ en) e . (3.8)

The atom-centred gaussian basis functions, X,.(r), may be either individual gaussian

functions (uncontracted) or a fixed linear combination of gaussian functions:

K
25 = Gyloy;r)dl, (3.9)

k=1
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Omitting the explicit dependence on r for simplicity:
K

Zx =X Gelor)dy, (3.10)
k=1

x,(r) are called contracted gaussian type functions (CGTF), while the individual gaussian
functions in the expansion, G,(¢;r), are known as primitive gaussian type functions
(PGTFs). The index X is used to denote the type of gaussian function, Equation (3.2).
For CGTFs, the expansion coefficients, dukx, are known and fixed at the values determined
when the basis set was initially developed.3:4

For the first and second row elements of groups 13-18, the MCP valence space
consists of the ns and np subshells (MCP-SP); for elements in rows three through five, the
MCP valence space may comprise either the ns and np subshells, or the (n-1)d subshell
may also be included along with the ns and np subshells (MCP-DSP). In both types of
MCPs, the valence basis sets were originally designed with a different set of exponents for
the PGTFs of the s and p subshells.>-7 This can be seen in the MCP-SP valence basis set
of carbon, given in Table 3.1, in its simplest minimal form. The CGTFs representing the

2s and 2p atomic orbitals of carbon are given by the following expansions:
X2 =—0.08G, (36.199) —0.26G, ,(5.179) + 0.65G, ,(0.436) + 0.45G, ,(0.138) (3.11)
X2, =0.05G,,(8.428) +0.26G, ,(1.654) + 0.54G,, ;(0.443) + 0.38G, ,(0.126) (3.12)

where the exponents of the primitive gaussians are enclosed in parentheses, and the explicit
dependence on r is removed for simplicity. The subscript s,1 defines the first s-type
PGTF, etc. The 2s and 2p CGTFs are represented by an expansion in terms of four
PGTFs, each with its own unique exponent. An L-shell MCP valence basis set for carbon
is given at the bottom of Table 3.1: the exponents of the ns and np primitive functions are
the same, but the contraction coefficients are different. The MCP L-shell minimal CGTFs

for the 2s and 2p orbitals of carbon are expanded as:
X2 =—0.11G,(29.320) - 0.31G, ,(3.691) + 0.46 G, ,(0.730) + 0.72G, ,(0.178) (3.13)
X,, =0.01G,,(29.320) +0.14G, ,(3.691) + 0.51G,, 4,(0.730) + 0.56 G, ,(0.178) (3.14)

using the same notation as above.

Two-electron integral evaluation is a necessary step in the SCF procedure as well as
in calculating the first and second derivatives of the energy with respect to the nuclear
coordinates (for optimizing structures and computing vibrational frequencies).3** Hehre
and Pople! showed that it is possible to improve the computational efficiency of two-
electron integral evaluation if the basis set incorporates L-shell structure. The two-electron
repulsion integrals take the form:
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Table 3.1: Sample MCP Valence Basis Sets for C.

o, c, c,

Conventional MCP-SP Basis Set

36.199 -0.082

5.179 -0.258

0.436 0.647

0.138 0.455

8.428 0.050
1.654 0.264
0.443 0.542
0.126 0.380

L-shell MCP-SP Basis Set

29.320 -0.106 0.008
3.691 -0.309 0.141
0.730 0.457 0.510
0.178 0.718 0.556
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)xr(l)x,@)df (3.15)

(prs)=][ x;a)x;(z)( 1

na
where x,(i) is a CGTF on atom p for electron i. If each of the CGTFs is expanded in
terms of K PGTFs, then the two-electron integrals formally scale as K*, and their
evaluation becomes quite laborious. Under the L-shell constraint, it is possible to use the
information from the integrals involving the exponential over the s-type primitive functions
in computing the integrals over the p-type primitive functions. Since the exponents for the
s and p functions are identical, they will have the same radial behavior and may be treated
as one function during evaluation of the exponential portion of the integral, thereby
reducing the computational expense.

L-shell structure has been incorporated into a number of commonly used all-
electron basis sets (STO-3G8-12, 3-21G13-17 6-311G18-22 etc.) and in the basis sets for
the effective core potentials of Stevens and co-workers23-25. Tests performed in the
original papers have shown that the decreased flexibility associated with the L-shell basis
sets (due to the common set of s and p exponents) does not result in any significant loss in
accuracy when employed in molecular calculations. Many popular quantum chemistry
programs make use of L-shell structure (GAMESS26.27, HONDO28, CADPAC?9,
Gaussian9430).

This chapter describes the results of re-parameterizing the MCP valence ns and np
basis functions to incorporate L-shell structure for the elements of Groups 13-18, in order
to take advantage of the efficient computer codes for two-electron integral evaluation. Even
though the primary focus of the work in this thesis is transition metal complexes, atoms
from the main group elements are normally present in the ligands in large numbers. As a
result, much of the computational cost of calculations on transition metal complexes is
associated with the presence of the main group elements. By incorporating L-shell
structure into the MCP valence basis sets for the main group elements, the computational
time of studies on transition metal complexes may be reduced.

The L-shell exponents were derived by simultaneously fitting, in a least-squares
sense, the ns and np radial functions expanded in terms of the original MCP s and p
PGTFs, under the constraint of a common set of exponents. The MCP core parameters
were kept at their original values. Details of the fitting process are described in section
3.2.1.

The newly developed L-shell MCP valence basis sets were tested in atomic
calculations (section 3.2.2) for all of the main group elements, with the results compared to
those obtained using the original MCP basis sets. In addition, the new L-shell MCP
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valence basis sets were evaluated in molecular calculations of the octahedral SF, SeF, and
TeF4 systems (section 3.2.3).

3.2 Computational Methodologies

3.2.1 Fitting Procedures

The MCP L-shell valence basis sets were derived by simultaneously fitting the
original MCP valence ns and np radial functions, under the constraint of a common set of
exponent values. This procedure was analogous to that used by Dobbs and Hehre!5-17 to
generate the all electron 3-21G basis sets from Huzinaga’s MINI basis sets.3!

The original MCP valence basis sets of carbon, discussed above and given in
Table 3.1, will be used to illustrate the fitting procedure. The original MCP 2s and 2p
basis functions for C were used in their completely contracted, minimal form (i.e. a single
contracted basis function for the 2s and 2p subshells) comprised of four PGTFs, each with
its own unique exponent, giving the reference radial functions:

K]’

R (r)=Y G, ir)d; (3.16)
k=1
KP

R (r)=Y G, (, ,ir)df (3.17)
k=1

where G (¢ ,;r) denotes a PGTF with exponent ¢, , and expansion coefficients 4/, £=s, p.

There are a total of K, and K, primitive gaussian functions in the expansions of the 2s and

2p radial functions. For the MCP basis set of carbon, K| and K, are both equal to four.
The 2s and 2p radial functions can be expanded in terms of the L-shell primitive

gaussian functions in an analogous manner:

RE( =Y G (eird; (3.18)
j=1
J

RI(r)=Y.G,(a;;r)d?. G-19)
j=l

The L-shell PGTFs are denoted G,(¢;;r), with expansion coefficients dj‘, ¢=s, p. Notice
that in this case the exponents () are the same for the s and p primitive functions,
independent of the quantum number ¢. There are a total of J primitive gaussians used in
each expansion.
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The function to be minimized during the fitting process is the sum of " the squares of
the deviation between the fitted and reference radial functions:
A=w -A_+ w, A

14

=w Z[R"f(r)— Rf'(r)] +WPZ[R”f(") Rﬂ(")]

i=l

(3.20)

where w, and w, are weighting factors for the s and p contributions to A; they are defined

as:
w, =—N’— (3.2D)
N, +N,
NP
W, =———— (3.22)
N, +N,

N, and N, are the number of s and p electrons for the atom, respectively, and should not be
confused with the symbol N in the equation for A, Equation (3.20). The reference and
fitted radial functions are evaluated at a total of N radial points, 7,

Substituting the general form of the fitted radial function into A gives:

5

N J e N J
A=WSZ;|:R;‘f(r‘,)_ZlGS(aj;r;)dj] +wpzl‘[iR;ff(r‘_)—Z;Gp(aj;ri)dj”i| ; (3.23)
i= j= i= j=

The weighting factors, as well as the reference radial functions, are known. For a known

set of exponents {¢;} the value of A is minimized with respect to the linear coefficients

{dfdp),

aa; =2w Z[R'Ef(r) ZG (o; } [—-G,(ak;r,.)]=0 s k=12,---,J; (3.24)
k i=1

aA N J

a7 = ZWPZ{R;"f(r,.) - ;Gp(aj;r,.):l x[—GP(ak;t;)] =0;k=12,---,J. (3.25)

Re-arranging these equations gives the following sets of equations:

N N J
N R ()G (etir) = ZZG,(aj;ri)G,(ak:':-)df
i=l =

- X (3.26)
=zsz(aL’r)G (aj,r)d: 1 k=1,2,---,J
j=1 i=1
N J
ZRref(r)G @i =3 S G, (0,:r)G, (0 r)d?
i ol (3.27)

J N .
=zsz(aLJ‘)G (aj,r)d” ck=1,2,--,T
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With the definition of the following matrix elements:

N
B(k) =Y R ()G (at;r) s £=s,p (3.28)
i=1
N
A k)= G a;:n)G(a:n) ;s £=5.p, (3.29)
=1
the Equations (3.26) and (3.27) take a compact form in matrix notation:
Ad,=B;; {=s,p, (3.30)
and the desired solutions for the expansion coefficients {dj" } are:
d,=A'B,; L=5,p. (3.31)

The search for optimized exponents { &} is performed using Brent’s method32. For each
trial set of exponents, A is repeatedly minimized with respect to the expansion coefficients
{ dj‘}, Equations (3.20) to (3.31), until the exponents and expansion coefficients converge

within assumed criteria.
The results of the L-shell fitting for the elements of Groups 13-18 are described in

detail in section 3.3.1.

3.2.2 Atomic Calculations

As a first step in validating the new L-shell MCP valence basis sets, atomic
calculations were performed for atoms from Groups 13 to 18. For each atom, a number of
different contraction schemes were employed for the L-shell basis sets. The smallest MCP
L-shell basis set employed was of minimal quality, denoted as n, whereby the single
contracted L-shell basis function, as determined in the least-squares procedure was used.

If the L-shell contracted gaussian functions were expanded in terms of J primitive gaussian
functions, the minimal (r2) basis sets have a (n/n ) contraction pattern, where n=n,=J. In
this notation, a basis set is defined with one s and one p contracted basis function,
expanded in terms of n, and n, primitive functions. A contraction scheme defined as
(n,1/n,1) would define a basis set with two s and two p contracted basis functions, in
which the first CGTF is expanded in terms of n, or n, primitive functions and the second
CGTF is a single primitive function. If a d polarization function is added to the above basis
set the contraction scheme would be written as (nsllnp 1/1%*), whereby the second slash
defines the d-space and the asterisk signifies a polarization function. A double-zeta, n/
type contraction, was used for the atomic calculations in which the outermost (smallest
exponent) primitive function was uncontracted, giving a (n,1/n,1) contraction, where
n=n=J-1. Uncontracting the two outermost primitive functions gives the n/J L-shell basis
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sets with a (n,11/n,11) contraction pattern, where n=n_ =J-2. The L-shell basis sets
denoted as n21 are similar to the n// basis sets and have a (n 2 llanI) contraction, with
n=n_=J-3. The nl1] L-shell basis sets were formed by uncontracting the three outermost
primitives in a (n,111/n,111) contraction pattern, where n=n_=J-3.

The atomic calculations were performed for atoms in their ground electronic states,
at the ROHF level of theory, with a version of the general atomic program of Huzinaga,
Klobukowski and Sakai33 modified to enable the use of model core potentials. The results
are discussed in section 3.3.2.

3.2.3 Molecular Calculations

The MCP L-shell basis sets for the main group elements were tested further in
molecular calculations of the neutral octahedral SF, SeF, and TeF, molecules. The aim of
these calculations was to determine if the imposition of shared s and p exponents in the L-
shell basis sets results in any substantial loss in accuracy of computed molecular structures
and vibrational frequencies. In addition, these calculations were used to gauge the
improvements in computational efficiency gained by using the MCP L-shell basis sets in
molecular calculations.

The AF, molecular calculations were performed using the MCP-SP and MCP-DSP
core potentials with the corresponding L-shell and conventional valence basis sets. The
basis set contractions used for the central atom in the AF, molecular calculations, along
with the naming convention adopted for them, are given in Table 3.2. The conventional
MCP-SP and MCP-DSP basis sets are labeled as SP-nl, SP-nl1, and SP-n2], and DSP-
nl, DSP-nl1 and DSP-n21, respectively. For fluorine the conventional MCP basis set
was contracted as (31/31) and used in combination with the central atom SP and DSP
conventional MCP basis sets. The notation: (n I/np1/ 1*;31/31), (n,1 llnpl 1/1*; 31/31),
(n,1 1/np1 1/1*; 31/31) can be used to represent the conventional MCP-SP basis sets
employed in the AF, molecular calculations. The conventional MCP-DSP basis sets used
in the AF calculations may be represented as: (n,1/n,1/ ny11%; 31/31), (n,11/n, 11/ n,11%;
31/31), (n,11/n,11/n,11%; 31/31). This notation describes the basis set contractions used
for the entire AF, molecule. The central atom basis set contraction is defined first, followed
by the fluorine atom basis set contraction, separated by a semi-colon. The newly derived
MCP-SP and MCP-DSP L-shell basis sets employed were labeled as SP_L-nl, SP_L-
nll, and SP_L-n21 and DSP_L-nl, DSP_L-nll, and DSP_L-n21, respectively. The MCP
L-shell valence basis set for fluorine, used in combination with the SP_L and DSP_L
central atom basis sets, contained five primitive gaussian functions, expanded as (41/41).
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Table 3.2: MCP Valence Basis Set Contractions Employed for the Central Atoms of SF,,

SeF, and TeF,.

Label S Se Te

SP-nl (31/31/1%) 41/41/1%) (51/41/1%)
SP-nll (211/7211/1%) (311/311/1%) (411/311/1%)
SP-n21 (121/121/1%) (221/7221/1%) (321/221/1%)
DSP-nl (61/51/411%) (71/61/511%)
DSP-nll (511/411/411%) (611/511/511%)
DSP-n21 (421/321/411%) (521/421/511%)
SP_L-nl 41/41/1%) 41/41/1%) (51/51/1%)
SP_IL-nll (311/311/1%) (B11/311/1%) 411/411/1%)
SP_L-n21 (2217221/1%) (221/221/1%) (321/321/1%)
DSP_L-nl (61/61/411%) (TUT1/511%)
DSP_L-nll (511/511/411%) (611/611/511%)
DSP_L-n21 (421/421/411%) (521/521/511%)
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The MCP-SP and MCP-DSP L-shell basis sets for AF, may be denoted as: (L-n1/1*; L41),
(L-n11/1*%;L41), (L-n21/1*; L41) and (L-ni/n,11%*; L41), (L-n11/n,11%*; L41), (L-
n21/n,11*; L41). The d polarization function on the central atom was taken from the
compilation of Huzinaga and co-workers.3!

The geometries of the octahedral AF, molecules were optimized using analytical
gradients as implemented in the CADPAC program.2® Harmonic vibrational frequencies
were computed at the optimized geometries using analytical second derivatives.29 The
calculations were carried out at the RHF and density functional theory (DFT) levels. For
the DFT calculations, Becke’s three parameter gradient-corrected, hybrid exchange
functional34 was utilized in conjunction with the non-local correlation functional of Lee,
Yang and Parr33, commonly referred to as the B3LYP functional.

Timing runs were performed on a SUN Ultrasparc 10 with 128 MB of RAM to
compare the performance of the conventional and L-shell MCP basis sets. During the
course of these runs no other processes were run allowing nearly 100 % usage of the CPU.

The results of the geometry optimizations and harmonic frequency calculations are
discussed in section 3.3.3, while those for the timings are discussed in section 3.3 4.

3.3 Results and Discussion

3.3.1 L Shell Fitting

The MCP-SP L-shell valence basis sets (SP_L) for the elements of Group 14 of the
periodic table (C, Si, Ge, Sn, Pb) are displayed in Table 3.3. A complete listing of all of
the MCP-SP L-shell basis sets are available in Appendix B. Also given in the tables are the
values of A. Only the best L-shell basis sets, in terms of accuracy of the least-squares fit
and computational cost, are shown.

For the first row elements, the optimum MCP-SP L-shell valence basis sets were
obtained by fitting the reference radial function (expanded in terms of four s and four p
primitives) with five primitive functions. An average A value of 2.44x10 was found for
these fits, with values for the different atoms in the range 4.21x10™ to 4.26x10™. Fits
using four L-shell primitive functions were acceptable for some of the first row elements
(B, C, N), but questionable for others (O, F, Ne).

For the second row elements, the MCP-SP reference radial functions (expanded in
terms of four s and four p primitive gaussian functions) were fit well using five L-shell
primitive gaussian functions. The L-shell basis sets containing four primitive functions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



80

Table 3.3: A Representative Sample of the Optimum MCP-SP L-Shell Valence Basis Sets.

N o C, C, A®
C

1 37.28756443 -0.07863158 0.00447533 0.19828017E-02
2 548854614 -0.25023051 0.07271160

3 1.40333400 -0.01999411 0.26824079

4 0.42680786 0.69269460 0.50971349

5 0.12849330 0.41980104 0.37896052

Si

1 59.95976956 0.06381545 -0.01786194 0.44608725E-01
2 6.28524227 -0.04375645 -0.15721876

3 1.66596897 -0.46216760 -0.04912570

4 0.25539492 0.73406876 0.59435329

5 0.08544019 0.44779459 0.49533583

Ge

1 50.08457824 0.00703801 0.05262546 0.15274757E-01
2 8.04542517 0.22135588 -0.05363663

3 242445596  -0.58518014 -0.18558600

4 0.24009925 0.67260466 0.62626846

5 0.07700996 0.47366802 0.47764790

Sn

1 2495176834 -0.15043389 0.01462768 0.28062097E-02
2 10.49131963 0.33146528 0.07259711

3 1.80898242 0.00722958 -0.25936823

4 1.32519990 -0.63653685 0.03091421

5 0.17105903 0.92133432 0.69502277

6 0.05322037 0.27295467 0.41187489
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167.14380202
34.43843758
8.67167765
3.61507485
1.34132932
0.17518741
0.05689278

0.03374899
-0.14813796
0.26230812
0.19370804
-0.86311655
1.01849589
0.19584036

Pb

-0.00300042
-0.02972776
0.13989692
-0.06569906
-0.27211317
0.64041541
0.48047142

0.25183754E-02

* Values correspond to the sum of the squares of the deviations between the L-shell and
reference radial functions evaluated at each radial point in the grid, Equation (3.20).
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were not flexible enough to fit the original s and p primitives, resulting in a large average A
value of 1.23x10, and individual values in the range 9.80x10? - 1.76x10"'. The
increased flexibility of the L-shell basis sets containing five primitive functions, improved
the accuracy of the fits to the reference radial functions by about an order of magnitude
(average A value of 1.77x10? and individual values of 4.33x107 - 4.46x107%). The
increased flexibility outweighs the additional computational cost associated with an
additional primitive function.

Satisfactory fits were obtained for the third row elements, when the reference radial
functions, expanded using five s and five p primitive gaussians, were fit with five L-shell
primitive functions. The average A value was 1.15x 1072, with individual values between
6.42x10* and 1.55x10% Better fits to the reference radial functions were obtained if a
sixth L-shell primitive was employed (an average A value of 1.41x107, and individual
values in the range 1.04x107 to 2.25x107) but the added computational cost was deemed
not necessary in this case.

For the fourth row elements, the reference radial functions, expanded in terms of
six s and five p primitive gaussians, were fit well using six L-shell primitive functions,
with the exception of I and Xe. The average A value for these fits was 3.73x10, with
individual A values of 2.81x107 - 4.91x10”. For I and Xe unconstrained optimization
converged to four terms. This problem was rectified by using a seventh primitive function
in the least squares fits (A values of 8.60x10™ and 8.31x10™ for I and Xe).

The reference radial functions for the fifth row elements were expanded in terms of
seven s and five p primitive functions. These were successfully fit using seven L-shell
primitive gaussians, with an average A value of 2.42x107, and individual values of
2.04x107 to 2.98x10°.

A representative sample (Ge, Sn and Pb) of the MCP-DSP L-shell valence basis
sets (DSP_L) are given in Table 3.4. A complete listing of all of the DSP_L basis sets is
available in Appendix B. For these basis sets, L-shell structure was imposed on the ns and
np subshells of the original MCP-DSP basis sets, keeping the (n-1)d primitive gaussian
functions intact. As above, values of A are also included in the table. Only the optimum L-
shell basis sets, in terms of accuracy and computational cost, are displayed.

For the third row elements, satisfactory fits to the reference radial functions
(comprised of seven s and six p primitive functions) were obtained using seven L-shell
primitive functions. An average A value of 3.09x10? was obtained with individual values
between 2.66x107 and 3.33x10.

In the case of the fourth row elements, satisfactory fits to the DSP reference radial

functions (expanded in terms of eight s and seven p primitive gaussians) were obtained
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Table 3.4: A Representative Sample of the Optimum MCP-DSP L-Shell Valence Basis

Sets.
N a C, C, C, A?
Ge
L 7
I 433.95753699 -0.03064237 0.00012487 0.33351300E-02
2 57.90269674 -0.00448577 0.06766028
3 16.79986773 0.18437122 -0.00543316
4 2.93909717 -0.26115159 -0.21538174
5 1.35072018 -0.31338912 0.02205936
6 0.23516329 0.81418056 0.59534843
7 0.07215178 0.37701010 0.50464304
D 5
1 64.68981000 0.04148314
2 17.23871600 0.20000632
3 5.74528800 0.42195557
4 1.95628290 0.46240145
5 0.62347294 0.20170133
Sn
L 8
l 1167.3462694 0.02208456 -0.00017264 0.31197295E-02
2 163.62294314 -0.00476628 -0.03502374
3 40.62021102 -0.13892294 0.00742133
4 10.08103646 0.31944181 0.13574029
5 2.92536012 0.05074317 -0.15342790
6 1.36050241 -0.71716513 -0.17314076
7 0.17891996 0.84811504 0.63833475
8 0.05803607 0.34734083 0.47128929
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D 6
1 184.5279100 -0.01939517
2 50.37842030 -0.10614361
3 17.36772800 -0.20023220
4 2.68458570 0.44852175
5 1.03915190 0.52427474
6 0.36984112 0.18036569
Pb
L 9
1 5189.0091253 -0.01933773 0.00006906 0.20206700E-02
2 541.84252411 0.00179099 0.01478791
3 146.53024167  0.09484682 -0.00463845
4 38.54342693  -0.22729470 -0.05770203
5 7.64348648 -7.06638108 7.02169796
6 7.58994103 7.53136651 -6.89139258
7 1.42691801  -0.82254451 -0.30508114
8 0.17591141 0.94327938 0.61100348
9 0.05671249  0.24926751 0.50774940
D 7
1 323.9735300 0.02747020
2 86.87383800 0.11884049
3 14.67477400 -0.12188661
4 9.20980570 -0.22690564
5 1.78420470 0.50246896
6 0.72224252 0.49116934
7 0.26678258 0.16060479

84

* Values correspond to the sum of the squares of the deviations between the L-shell and
reference radial functions evaluated at each radial point in the grid, Equation (3.20).
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using eight L-shell primitive functions. An average A value of 3.39x10” was obtained,
with all of the individual values in the range 3.05x107to 3.76x10°.

The reference radial functions for the fifth row elements, expanded in terms of nine
s and eight p primitive functions were fit very well with nine L-shell primitive functions.
The least-squares fits exhibited an average A value of 2.30x107, with all of the individual
values between 1.88x10” and 2.69x107.

3.3.2 Atomic Calculations

The ns and np valence atomic orbital energies computed using the MCP L-shell
basis sets, in a variety of contraction schemes likely to be used in molecular calculations,
were compared to those orbital energies computed using the uncontracted conventional
MCP basis sets. The deviations between the ns and np orbital energies (Ag and Ag)
computed using the two families of basis sets are plotted against atomic number in Figures
3.1 and 3.2 for the SP potential and Figures 3.3 and 3.4 for the DSP potential. The plots
show a very good agreement between the L-shell and conventional orbital energy values
with differences typically smaller than 25 mE,; the majority of which agree within 10 mE,.
The g, values predicted by the totally contracted SP_L-n basis sets for the late members of
the third and fourth row, as well as those computed using the DSP_L basis sets for the late
members of the fourth and fifth row elements are exceptions and have deviations as large as
30-40 mE,.

Not surprisingly, the Ag, and Ag, values are largest for the minimal, SP_L-n and
DSP_L-n basis sets. A minimal basis set has the least flexibility, with only one contracted
basis function to represent each of the ns and np subshells. The agreement is better for the
extended SP_L and DSP_L basis sets (nl,nll,n2l,and nlll).

From the plots for the SP basis sets (Figures 3.1 and 3.2), the Ag, and Ag, are
largest for the third row elements. Averaging the magnitudes of the Ag, and Ag, values
over the elements of each row, for each basis set contraction employed, reveals the same
finding. The average Ag, and Ag, values of 10-25 mE, and 2-10 mE,, respectively, are
largest for the third row elements. The first and fifth rows exhibit the best agreement with
the reference orbital energy values, with average Ag, and Ag, values smaller than 3 mE,.
The agreement for the second and fourth row elements is intermediate, with average Ag,
and Ag, values of 3-10 mE, and 1-3 mE,, respectively. The variation amongst the different
rows reflects the number of L-shell primitive functions used to fit the reference radial
functions. The agreement is best for those L-shell basis sets which contain more L-shell
primitive functions than in the conventional basis set, due to the increased flexibility. The
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Figure 3.1: Plots of the deviations (in a.u.) between the ns atomic orbital energies computed using the MCP-SP L-shell and
conventional basis sets at the ROHF level.
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SP_L basis sets for the elements of the third row contain the same number of primitive
gaussian functions as the conventional SP basis sets, while the SP_L basis sets for the
elements of the other rows contain additional primitive gaussian functions than found in the
conventional basis sets.

The orbital energies predicted by the DSP_L basis sets (Figures 3.3 and 3.4) show
the best agreement to the reference orbital energies for the third row elements (average Ae,
values of 1-4 mE,). The agreement for the fourth and fifth row is not as good, with
average Ag, values of 10-15 mE,, while the agreement for the np reference orbital energies
does not vary amongst the rows, with average Ag, values of 2-5 mE,. The DSP_L basis
sets all contain more primitive gaussian functions than found in the conventional basis sets.

The results for the DSP_L basis sets reveal a characteristic trend in the Ag, and Aep
values across a row of the periodic table. The Ag, values increase as one goes from left to
right in the periodic table, while the Ag, values decrease. These trends reflect the weights
given to the s and p components of the L-shell radial function (w, and w,, Equations (3.21)
and (3.22)) during the least-squares fitting procedure, which is based on the number of
valence ns and np electrons. As one goes across the row, the number of p electrons
increases, and consequently more weight is given to the p component in the least-square fit.
The exponents of the L-shell primitive functions for the elements to the right of the row will
more closely resemble those of the conventional p primitive functions. Hence, the elements
to the right of the row should be more capable of reproducing the reference g, values, at the
expense of the € values. The trend is much less apparent for the SP_L basis set results,
but is visible for the third row elements, for which the deviations are largest.

In summary, the newly developed MCP-SP and MCP-DSP L-shell valence basis
sets performed very well in atomic calculations for the main group elements, reproducing
the ns and np atomic orbital energies to within 25 mE, of the values predicted by the
conventional MCP valence basis sets. The agreement is improved when the L-shell basis
sets are expanded beyond single-zeta quality, predicting orbital energies within 10 mE, of
the values computed using the conventional basis sets.

3.3.3 Molecular Calculations

The primary focus of the molecular calculations was to gauge the accuracy and
effectiveness of the new L-shell basis sets. The results of the AF, (A=S, Se, Te) geometry
optimizations are summarized in Table 3.5 for the SP_L and DSP_L basis sets, along with
those distances computed using the conventional MCP basis sets, for calculations carried
out at the RHF and B3LYP levels of theory. Also given are the experimental S-F, Se-F and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.5: Summary of the Optimized A-F Distances (in A)in AF, (A=S, Se, Te).

Basis S-F Se-F Te-F
RHF B3LYP RHF B3LYP RHF B3LYP

SP-L-nl 1.561 1.612 1.688 1.740 1.873 1.929
SP_L-nll 1.560 1.610 1.681 1.735 1.869 1.924
SP_L-n21 1.561 1.612 1.685 1.735 1.872 1.929
SP-nl 1.564 1.616 1.691 1.745 1.891 1.950
SP-nll 1.563 1.613 1.684 1.741 1.870 1.928
SP-n21 1.564 1.616 1.685 1.740 1.882 1.944
DSP_L-nl1 1.696 1.859
DSP_L-nll 1.694 1.855
DSP_L-n21 1.694 1.858
DSP-nl 1.703 1.871
DSP-nll 1.694 1.852
DSP-n21 1.700 1.862
Expt. 1.561°% 1.685* 1.824°
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* Experimental values taken from the Landolt-Bornstein collection.36 ® Experimental value

taken from the work of Gimarc and co-workers.37
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Te-F bond lengths, even though good agreement cannot be expected if no polarization
functions are added to the fluorine atom basis sets.

The A-F distances predicted by the SP_L and DSP_L basis sets agree very well
with those predicted by the conventional SP and DSP basis sets. The distances predicted
by the SP_L basis sets differ by less than 0.005 A for SF, and SeF,, for all of the basis set
contractions employed and at all levels of theory (RHF, B3LYP). The maximum deviation
between the SP_L and SP predicted Te-F distances is larger (about 0.02 A). The
agreement between the A-F distances computed using the DSP_L and DSP basis sets is
also quite good, with deviations smaller than 0.007 A and 0.012 A for the Se-F and Te-F
bonds, respectively. In all cases the A-F bond lengths predicted by the L-shell basis sets
are slightly shorter than those predicted by the conventional basis sets.

The agreement between the calculated and experimental distances is poor, especially
at the correlated level, with computed bond lengths longer than the experimental ones. The
good agreement at the RHF level is fortuitous. Improved results require polarization
functions on all atoms. In order to observe the effect of a single d-type polarization
function on the fluorine atom, the structure of SeF was optimized using the following
expanded SP_L and SP basis set contractions: (L41/1%; L311/1%), (L311/1*; L311/1%),
(L221/1*; L311/1*) and (41/41/1%; 211/211/1%), (311/311/1%;211/211/1%), (221/221/1%;
211/211/1%), respectively. The d polarization function added to the fluorine atom basis set
was taken from the compilation of Huzinaga.3! These expanded basis sets resulted in a
reduction of the Se-F bond by 0.02 A, for both the L-shell and conventional basis sets, at
the RHF level. At the B3LYP level the Se-F distance was reduced by about 0.015 A. It is
worth noting that the MCP L-shell and conventional basis sets behaved in the same manner
when changes were made to the basis set contraction scheme and polarization space.

The harmonic vibrational frequencies for the AF, systems were computed with the
L-shell and conventional MCP-SP valence basis sets and are compiled in Table 3.6. The
harmonic vibrational frequencies for SeF and TeF,, computed at the RHF level using the
L-shell and conventional MCP-DSP basis sets are given in Table 3.7. Again, the focus is
on comparison of the frequencies computed using the L-shell and conventional basis sets.

As seen in Table 3.6 and 3.7, the SP_L and DSP_L basis sets successfully
reproduce the conventional SP and DSP frequencies to within 25 cm™ (with a few
exceptions), depending on the molecule and the basis set expansion employed. In general,
the frequencies computed with the L-shell basis sets are larger than those computed with
the conventional basis sets.
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Table 3.6: Summary of the AF; Harmonic Vibrational Frequencies (in cm™) Computed
with the MCP-SP Basis Sets.?

Basis T,, ng T,. Eg A, T,,
(ve) (vs) vy (vy) (v (vy)
SFé
RHF
SP_L-nl 370 548 643 732 839 1078
SP_L-nll 370 549 644 730 840 1075
SP_L-n21 370 548 644 732 840 1078
SP-nl 366 542 637 728 832 1077
SP-nll 367 544 639 727 833 1074
SP-n21 366 542 637 728 832 1077
B3LYP
SP_L-nl 316 472 554 623 703 922
SP L-nll 319 473 555 623 706 924
SP_L-n21 317 472 555 622 704 922
SP-nl 312 465 547 617 697 919
SP-nll 314 468 550 619 700 922
SP-n21 312 465 548 617 697 919
SeFé6
RHF
SP_L-nl 292 413 459 713 756 867
SP_L-nll 292 420 468 712 759 857
SP_L-n21 294 415 462 718 762 871
SP-nl 284 406 452 704 743 849
SP-nll 287 414 459 707 752 849
SP-n21 286 413 458 711 753 854
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B3LYP

SP_L-nl 246 355 396 614 640 737
SP_L-nll 246 359 402 616 642 733
SP_L-n21 248 358 400 621 648 744
SP-nl 237 345 387 601 625 716
SP-nll 238 350 391 605 629 718
SP-n21 239 350 392 607 631 721
TeF6
RHF
SP_L-nl 181 284 306 653 659 730
SP_L-nll 184 287 311 658 659 733
SP_L-n21 182 284 308 653 659 732
SP-nl 163 268 285 631 657 722
SP-nll 191 290 316 660 665 735
SP-n21 173 276 295 643 657 726
B3LYP
SP_L-nl 150 242 262 558 574 621
SP_L-nll 154 246 266 564 575 626
SP_L-n21 152 243 264 558 573 622
SP-nl 132 225 240 540 573 619
SP-nll 156 245 266 561 569 616
SP-n21 138 229 246 551 570 619

* The numbering scheme of Nakamoto3?® is given in brackets.
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Table 3.7: Summary of the SeF, and TeF, Harmonic Vibrational Frequencies (in cm™)
Computed Using the MCP-DSP Basis Sets at the RHF Level of Theory.®

95

System MCP T,, T,, T,. E, A, T,,
Basis Set (vg) (Vs) vy (v, ') (v;)
SeF, DSP_L-nl 275 405 446 705 745 836
DSP_L-nll 276 406 447 705 746 834
DSP_L-n21 276 406 447 706 748 835
DSP-nl 257 394 423 694 720 824
DSP-nll 272 403 441 694 732 825
DSP-n21 262 397 429 700 727 823
TeF, DSP_L-nl 177 294 307 673 688 752
DSP_L-nll 183 296 311 678 692 750
DSP_L-n21 180 294 309 677 691 753
DSP-nl 157 281 289 659 663 748
DSP-nll 189 298 315 669 683 740
DSP-n21 175 289 302 674 677 741

* The numbering scheme of Nakamoto38 is given in brackets.
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The inclusion of electron correlation via the density functional theory formalism
causes a consistent reduction in the RHF values of the MCP-SP harmonic frequencies by
as little as 30 cm™ and as much as 150 cm™, depending on the vibrational mode.

These results show that the shape of the conventional MCP potential energy
hypersurfaces are well reproduced using the new L-shell basis sets.

3.3.4 Timings

Despite the constraint of shared s and p exponents in the primitive gaussian
functions, the newly developed MCP L-shell valence basis sets experience no significant
loss in accuracy in computing atomic orbital energies, as well as molecular geometries and
harmonic vibrational frequencies, when compared to the conventional MCP basis sets. The
impetus behind the incorporation of L-shell structure into the MCP basis sets was to take
advantage of the existing algorithms which improve the computational efficiency of two-
electron integral evaluation. In this section we compare the timings of the conventional and
L-shell MCP-SP basis sets in some routine molecular calculations on the SeF, molecule.
The following MCP-SP L-shell and conventional basis sets were employed: (L41/1%;
L211/1%), (L311/1*; L211/1%), (L221/1%; L211/1*) and (41/41/1%; 211/211/1%),
(B11/7311/1%; 211/211/1%), (221/221/1%*; 211/211/1*) in computing single point energies,
optimizing structures (gradient calculations), and computing harmonic vibrational
frequencies (hessian calculations). The fluorine atom SP_L basis set used contained only
four primitive functions, in order to constrain it to the same number of primitives found in
the conventional basis set.

The timing results for SeF are displayed in Table 3.8 for calculations carried out at
both the RHF and B3LYP levels of theory. At both levels of theory, the L-shell MCP
basis sets show a substantial reduction in the time to perform gradient and hessian
calculations compared to the time required by the conventional MCP basis sets. The
gradient calculations for the SP_L basis sets are about 25 % faster than those employing the
conventional SP basis sets, at the RHF level and about 20 % faster at the B3LYP level.
The speed of hessian calculations performed with the L-shell basis sets is increased by
about of 40 % at the RHF level, and about 10% at the B3LYP level. The results also
indicate a speed-up of about 15 % for the SCF procedure at the RHF level, when the L-
shell basis sets are used. At the B3LYP level there is no apparent speed-up observed for the
SCF procedure. The smaller times required for SCF make these times more prone to errors
and therefore not as reliable as the gradient and hessian timings. In computational studies
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Table 3.8: Summary of MCP-SP SCF, Geometry Optimization and Hessian Timings for

SeF,.*
Basis Property RHF A (%)° B3LYP A (%)°
SP_L SP SP_L SP

nl SCF 5 6 +17 61 56 -9
Gradient 207 276 +25 337 410 +18
Hessian 162 280 +42 1203 1351 +11

nli SCF 6 7 +14 61 59 -3
Gradient 229 290 +21 357 443 +20
Hessian 171 291 +41 1248 1423 +12

n21 SCF 6 7 +14 58 58 0
Gradient 222 303 +27 350 460 +24
Hessian 166 304 +45 1257 1362 +8

Avg® SCF +15 -4
Gradient +24 +21
Hessian +43 +10

Time(SP)— Time(SP_L)

* In units of seconds. ° A (%) = x100%. © Avg denotes the

Time(SP)

average values.
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probing chemical reactions and processes, much of the computational cost is associated
with locating the local stationary points on the potential energy hypersurface, much more
demanding than computing the total energy of a molecule at a fixed geometry. Hence, the
increased computational efficiency of gradient and hessian evaluation is important.

3.4 Conclusions

The results presented in this chapter have shown that the L-shell MCP valence basis
sets were successfully derived via simultaneously fitting the s and p exponents of the
original MCP valence basis sets with a common set of exponents. L-shell valence basis
sets were generated for both the MCP-SP and MCP-DSP potentials of the main group
elements. Generally, it was necessary to use extra primitive functions in the L-shell basis
sets to satisfactorily mimic the reference s and p radial functions.

Atomic ROHF calculations for the main group elements in their ground electronic
states show that the MCP L-shell basis sets were able to successfully reproduce the ns and
np atomic orbital energies computed using the conventional MCP basis sets to within 25
mE,. Not surprisingly, the agreement improves as the MCP L-shell basis sets are
expanded from a minimal contraction to double and triple-zeta contractions.

Geometry optimizations of the octahedral AF, systems (A =S, Se or Te) revealed
that the L-shell MCP basis sets predict A-F bond lengths very close to the values obtained
using the conventional MCP basis sets. The A-F distances computed, at the RHF and
B3LYP levels, using the L-shell and conventional MCP-SP basis sets deviate from one
another by less than 0.005 A for the S-F and Se-F bonds, and by less than 0.02 A for the
Te-F bond. The agreement between the A-F distances predicted by the conventional and L-
shell MCP-DSP basis sets is also quite good, with Se-F and Te-F bond length deviations
smaller than 0.007 A and 0.012 A, respectively.

The MCP-SP and MCP-DSP L-shell basis sets predicted very similar potential
energy hypersurfaces near the minima as that found using the conventional basis sets: the
harmonic vibrational frequencies agree to within 25 cm™. In general, the frequencies
computed with the L-shell basis sets are larger than those computed using the conventional
MCP basis sets, indicating stiffer potential energy hypersurfaces.

Finally, the MCP L-shell basis sets were shown to be computationally more
efficient than the conventional MCP valence basis sets, especially in the calculation of
gradients and hessians. The L-shell basis sets displayed speed-ups of about 20 % in
computing the gradient of the energy at both the RHF and B3LYP levels of theory, and
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