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depicting their structures.

Figure 2: ChemDraw® representations of the isomeric structures of the
Rh(NPhCOCH3)4(CH3CsH9CHj3),
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Catalysis

In a dirhodium catalyst, the complex attaches to a carbene at its catalytic site. The
binding takes place during cyclopropanation reaction and the reaction involves the formation of a
carbenoid as an intermediate species. Structurally, the carbenoid is formed of a metal atom
bound to the neutral divalent carbine (an electrophile). The reactivity of carbenoids is dependent
on the structural changes conferred to the bridging ligands of the catalyst, resulting in improvised
selective catalyst. The short lives of the carbenes make it difficult to isolate and characterize the
rhodium carbenoid directly.”2°

The four possible isomers of the amide-based dirhodium complexes (2,2-cis, 2,2-trans,
3,1-, 4,0-) will coordinate to a nitrile-containing ligand at one of the available axial sites of the
rhodium atoms. The usual explanation for the coordination of the nitrile is donation of the
nonbonding electrons on the nitrogen into the empty d,” orbital on the rhodium to form a “c
bond” (see Figure 3). The linear Rh-N-C angle is further rationalized by donation of electrons
from the perpendicular rhodium d orbital into the empty n* on the nitrile to create a “n-back
bond” (see Figures 3 and 5). The orbitals involve in nitrile n-back bond with rhodium are similar
to those creating n-back bond between carbene and rhodium atom.?”’ (see Figures 4 and 5). This
trend explains both the bonding and the usually observed geometries for the known

Rh,(CO,R)4NCR structures. However, this explanation is insufficient for the carboxylamidate

complexes.
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Figure 3: Molecular orbital pictures for the LUMO and HOMO-1 for Rh,(CO,H).

Figure 4: A n-back forming between Rhodium metal and carbene .*’

QOQA DY . NN Y

Rh——Rh—C

400 H A0S0 ©

Figure 5: The rhodium-carbene bond orbitals and rhodium-—nitrile bond orbitals creating -
back bonding.?’
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Research Aims

The goals for this research were:
1- To use both ab initio and semi-empirical calculations for a series of dirhodium complexes
in order to improve understanding of the nature of chemical bonding in this class of

homogeneous catalysts.

2- To calculate the energy for the four possible isomers of the amide-based dirhodium
complexes and to interpret the experimental data obtained by Dr. Eagle’s research group
which showed that there are significant differences in the isomeric ratio of the products of

synthesis of these carboxylamidate complexes.

3- To show that the structure and bonding in dirhodium complexes is influenced by a bonded

ligand using (NC", NCH, NCCH3, and NCC¢Hjs) as axial ligands.
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CHAPTER 2
QUANTUM MECHANICS

The evolution of the quantum mechanics dates back towards the end of the 19" century,
when the physical world was studied experimentally, and explained according to classical
mechanical principles. Quantum mechanics is a contradiction to the classical mechanics. To
bridge the gap where the classical mechanical principles proved flawed, it studies the matter’s or
the particle’s nature at a microscopic level-atoms and molecules and sub-atomic entities.*®

In 1690, Christiaan Huygens postulated the wave nature of the light. Approximately in
1704, Sir Isaac Newton postulated that light is composed of tiny particles. Although both the
theories were experimentally supported, neither the complete particle theory nor the complete
wave theory could explain the dual behavior of the particle under study. Most importantly, works
of Louis De Broglie and that of Davisson and Germer, substantially proved that every quantum
particle has a characteristic wave function. Their findings assert that matter exists as a particle in
addition to wavelike behavior. Werner Heisenberg postulated that an intrinsic uncertainty is
associated with the dual nature of the particle-wave, whenever the system of interest is
measured.”® Therefore, for example, the position and the momentum of a particle cannot be
determined simultaneously, that is, if any one variable, particle position or momentum, is

measured accurately, then the determined value of the other is less accurate.”®

The Schrodinger Equation

The particle state in quantum physics is described in terms of time and a wave function.
A wave function represents the coordinate function of the particle in question, guarding the

action of the operating physically-measurable-quantity upon the particle. Therefore, the operators
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of quantum mechanics have eigenvalues corresponding to each physically-measurable-quantity,
and one dependent on a wave function. The mathematical representation of this correlation was
first developed by an Austrian physicist, Erwin Schrodinger in 1926. This differential equation is
popularly known as the Schrodinger equation. Again, this eigenvalue equation governs the
change in the evolving wave functions with respect to time. Thus, the time-dependent

Schrodinger equation™" for a single particle moving in the three dimensions, is

ih aw(;:,t) = 2h—2 V() + V(IOP(L) 2-1)
where 7 is the reduced Planck’s constant and equals to 4/2x, h is Planck’s constant and V(r) is
the potential energy of the field in which the particle of mass (m) is moving, ¥(r,) is the wave
function and V represents the second order differential Laplacian operator.

This time dependent equation does not account for spin and/or relativistic effects.
Moreover, as the potential energy in the equation is time independent, the total energy of the

system is conserved. A time-independent equation results if the wave function, as the spatial and

temporal product (i.e ¥ (r,7) = ¥ (r) f(£)), is written into the Equation 2-1:

W (1)i hdf D — 10 [ Tyqev (r)] ¥ (r) (2-2)
ih df
or, md—t g/(r) - Vz +V (r)l v (r) (2'3)

Since, in the above equation expression on the left side is a time-function while the right
side is a position-function, both the sides must equal to a constant. Substituting E as the
dimension of energy on the right-hand side of the expression, two partial derivative equations

can be extracted:
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Ldf@_ _iE

f(H dt  h -4

2

and — j—m VPO +V@¥P @) =E ¥ (2-5)

Equation 2-5 is a time-independent Schrédinger equation. Further solving Equation 2-4
yields f'(¢) = ¢ Since the Hamiltonian operator in the Equation 2-5 is Hermitian generating a
real eigenvalue, E is real. For the given facts that E is real and ¢ = cosO+ sinb (Euler’s
formula), f(z) has constant magnitude and solutions to it is harmonic in time. In quantum
mechanics, Hamiltonian operator is described as the total of the operators of kinetic energy and
the potential energy of the system. Designating Hamiltonian operator as H, the Equation 2-5 can
be rewritten as an eigenvalue equation:

AY=E¥ (2-6)

Furthermore, the kinetic energy of a system is the summation of individual kinetic

energies of the particles in the system, i.e.

_hZ ” 52

(7)(‘ A2 (QZ" (2-7)

Similarly, the potential energy of the system is measure of combined electrostatic forces

between the particles in that system.

2-8
V=IZ% (2-8)

4re, Fim
I m<l]

where ¢; and g,, are the electrostatic charges on the /"and m" particles respectively, and &, is the

permittivity of the free space.
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The boundary conditions for the specific problem of interest states wherein the particles
are restricted to a limited space, impose restrictions on the particle position. Therefore, the
solution for the wave function must satisfy the condition of its normalization to unity or else, it
will be a deviation from the probability interpretation of the wave function. To determine the
probability intensity of the particle, Schrodinger proposed:

I=ypx)*v(x) (2-9)
where I is the probability intensity, and P(x)* is the wave function’s complex conjugate. Later,
Born interpreted that the square of the wave function is proportional to the intensity of the
particle in the region of space limited by the boundary elements.

A rotating particle has quantized angular momentum. Subatomic particles like protons,
electrons, neutrons, and photons, are characterized by a “spin” that is a degree of freedom
transferring angular momentum under rotation. In a uniform field, the spin-dependent
Hamiltonian operator does not contain explicit coordinates. Hence the wave function of a particle
is the product of spin as well as coordination function,

v (1) g (ms) (2-10)
where ¥ (r) is the wave function of free motion and g (m;,) denotes either o or B functions,
dependent on mg values (-%2 or %2, -1 or 1,0). It is a purely quantum phenomenon with no analogy
in classical physics.* Since the spin variable doesn’t count, the Hamiltonian operator for the
single of the particle is given by:

H [y (1) g (m)] =E [ (1) g (m,)] (2-11)

The direct consequence of this phenomenon is that the particle energy is free of the actual

spin state, i.e. y o and y P.
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The detailed description of the quantum mechanics of a multi-electron species is evident
after understanding the concepts of the electron indistinguishability. According to the Pauli’s
exclusion principle,** no two wave functions or spin function, of electrons must be symmetrical
in the inter-exchange of any two electrons:

v (q1; q2>--Gn) = - # (q15 q25--Gn) (2-12)

All particles with half-spin, referred to as fermions (such as electrons) obey Fermi-Dirac
statistics and therefore, have anti-symmetric wavefunctions, whereas symmetric wavefunctions
is the requirement of all the particles with integral spin, bosons, and these follow Bose-Einstein

statistics.

Approximation Methods

The many-particle Schrodinger differential equation yields non-analytic solutions.
Solving chemical problems in quantum mechanics, requires more effective methods which upon
implementation yields approximate solutions to the eigenvalue equations. Ignoring the
interactions such as spin-orbit coupling and relativistic effects, and taking into account that the

nuclei and electrons are point masses, the Hamiltonian operator of the molecule is given by:29
I"_I — Telec (I') + Tnuc (R) + Vnuc-elec (R, I') + Velec (I') + Vnucl (R) (2_13)
where R and r denotes the degrees of freedoms of the nuclei and the electrons respectively.
One of the remarkable consequences of the application of the Schrodinger equation to the

motions of nuclei and electrons in a molecule is the chemist’s perception of the microscopic

electronic energy surfaces on which interactions like transitions, rotations and vibrations takes
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place.” Solutions of the Born-Oppenheimer approximation to the Schrédinger equation
governing the inter-particle motions and potential energies of the electrons and nuclei of an
atom/molecule/ion, actually solves two distinct problems.** In the first problem, it solves the
electronic Schrodinger equation for the nuclear geometry-dependent wave functions and energies
of the electrons. In the second problem, the method solves for the Schrodinger equation to give
an exact solution to the vibration/rotation for the nuclei moving on a particular electronic energy
surface. Thus, with the dissolution of degrees of freedoms of the electrons and nuclei in a
species, the exact Hamiltonian equation purely for the motion of electrons is given by:

~ R 5 Z&e2 e?
Ao DV 20 ) ) 214
a i 7> ¢

1>

where i and j are the i and /™ electrons, respectively and o represents the o™ nuclei, 7y, is the
distance between the i electron and the a” nucleus, z, is the charge on the " nuclei and is the
distance between the /™ and j* electron.

The nuclear repulsion is of substantial order and cannot be ignored in this case. The term
nuclear repulsion, Vny, is given by:

Z, Zg e?

Tap

VN =2g Xg> a (2-15)

and the electronic Hamiltonian is Hy + Vi (2-16)
Considering Equation 2-14, the right-hand side consists of three terms. The first term is

the operator for the electronic kinetic energy, the second term represents the coulombic electron-

nuclei attraction, and the third term represents the coulombic electron-electron repulsions. The

Born Oppenheimer approximation method does not account for the relativistic effects.
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There are several approximation methods, including the Born Oppenheimer
approximation method as discussed above. Two other approximation methods: the Hartree—Fock

Self Consistent Field Theory (HF-SCF), and DFT are further discussed in this study.

Hartree—Fock Self Consistent Field Method

The rationale behind the development of the Hartee-Fock theory was to extract the exact
solution to the electronic Schrodinger equation that derived from the application of the Born
Oppenheimer approximation method to the time-independent Schrédinger equation.®®

Indeed, determination of the exact wave function for the hydrogen atom is possible but
this is not the case with other atoms having higher atomic weight. For small systems like helium
or lithium, by incorporating the inter-electronic distances as functions in solving the variational
equation, it is feasible to calculate the exact wave functions. The Hamiltonian operator for the

two electrons in the n-electrons system is given by:
n

n 2 n-1 n 5

. h 5 Z,e e
D N0

2m, Tig Fij

= = i=1j=i+1 Y

where the first term is the value of the n-electronic kinetic energy and electron-ion potential in
total, the second term is the total of the electrostatic potential energy of the nucleus-electron
interactions (charge on the nuclei Ze, Z = n for neutral atoms), and the last term represents the
inter-electronic repulsion; the j=i+1 is a restrictive term that avoids repeating inter-electronic
repulsion, and avoid terms like ez/rij_ Equation 2-7 assumes that the wave function is the operator
corresponding to the single orbital occupied by the electrons. The first two terms are the single
operator sum, each act on a single electronic coordinate, whereas the last term is a pair of

operators that act on electron pairs. Since the probability of the like-spin in the vicinity of an
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electron surrounded by an “exchange hole”, than the mean field represented by the last term of
Equation 2-17 would imply.”” Thus, for i = j, the inter-electronic interaction cancels out.
Expressing the zeroth-order wave function as he product of n electronic orbitals in hydrogen-
like species (one-electron system), as:
PO = £ (11, 01 01) fo (r2, 02,02),... .fyy (Fay Oy D) (2-18)
where the single-particle wave function is given by:
f=Ru () Y7 (6, 0) (2-19)

R, (r) is the radial component of the orbital in hydrogen-like species and expressed as:

Ru 0= [ (1) e 2 (2) o0

2n {(n +1)!} nag nag

. 2 . .
where the Laguerre polynomials, LA (j) , are associated with quantum numbers n and 1.
0

Spherical harmonics, Y (0, ¢), are expressed as:

@r+1)( l-|m|)!] 12
47 (I + |m])!

Pl cos(9) em® (2-21)
Here, the associated Legendre polynomials are P}m| cos(0).
The approximate solution to the wave function in Equation 2-18 given by the Hartree-
Fock method, fails to satisfy the antisymmetric principle. A variational method is, therefore,
adapted to overcome this limitation. Equation 2-18 can be rewritten as:
b =g (r1, 01 D1) g2 (r2, 02, D2),... .80 (Yny On, D) (2-22)

If the variational integral is minimized by the g; functions in atomic calculations, then the

ground energy of the state of the system, E,, is given by:

[ ¢*Ap dx
[0 0dr

E; < (2-23)
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where, gi=hi (r) Yj; (6;, ©))
(2-24)

Hartree’s Procedure

An iterative method was introduced by D. R. Hartee in 1928 for calculating the g;. The
approximation method is called a the Hartree Self-Consistent Field method (HF-SCF method).”’

The HF-SCF method finds its application in calculating wave functions of the multi-
electronic systems. The self-consistent field is the set of orbitals, a solution to the Hartee-Fock
equation, i.e change in Vijqy.

The strategy is to construct a Hamiltonian by guessing some wave functions, in solving
the Schrodinger equation. Denoting s to the product of the normalized function of r and a

spherical harmonic the product wave function is:

95 =51 (7’1, (91 ¢1) S (l”z, 92, ¢2) oSy (l”n, 9,1, Q)n) (2-25)

The mean field approximation is made, that is the inter-electronic electrostatic
interactions are averaged. Considering that there is an on-going interaction between electron (g;)
-electron (g,) and each are associated with a continuous charge distribution, Coulomb’s law

solves for the potential energy,

Vip = —4it2 (2-26)

4mey 112
The charge distribution is determined by charge density, p,, which is charge per unit

volume. If the average interactions between ¢; and the infinitesimal ¢», and the 7;; is the distance
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of the first electron (¢;) from the charge distribution with the density measure p,, the
infinitesimal charge p,dv;in an infinitesimal volume dv; is

q1 P2
Vi, = d
12 47'[80 T2 vz

Denoting the probability density |s;|* of the electron i,
p,——¢ S, |2

Therefore, for the second electron, the probable density is:

471.'80

Adding all the n-electronic interactions, extracting from the Equation 2-29,
Via+ Vi3 + V= f|S|
...... n j 2471'60

and the nucleus-electron 1 ionic potential energy is

S; Ze?
L dV] -
rij 4megry

|2

6‘2
V(r, 01, 01)= ZJ’LZE I

(2-27)

(2-28)

(2-29)

(2-30)

(2-31)

In the central field approximation, the function of  corresponds to the effective potential

operator that acts upon an electron. So, when the V; (1, 8, @;) is averaged over the 8 angle and

the ¢ angle, Equation 2-31 gives

f02”f077V (’”1:91.@1) sin@l d91d®1

Vi(r)=
1) [ [ sin 6, doyds,

Rewriting the one-electron Schrédinger equation as

hz
o Vi D[ () =2t (1)

(2-32)

(2-33)

The approximate solution to the Schrodinger equation by HF-SCF methods, determines

the evolving wave functions t; and ;. In this calculation, a set of orbitals, commonly called the

Hartree-Fock orbitals, is obtained iteratively, and the output wave function is compared with the

input wave function. The compared set of wave functions is further tested to satisfy the required

28



numerical convergence criterion. The convergence fails if the tested wave functions varied, and
the iteration is repeated until both wave functions are the same or self-consistent. The following
differential equation is used to determine the set of orbitals or the Hartree-Fock orbitals:

F (i)=& t:(i) (2-34)

From the Equations 2-33 and 2-34, the Hartee-Frock F is:
~ .~ [ ## -
Ft()= "o Vi+ V() (2-35)
The SCF approximation method seeks orbital energy solutions to the one-electron
Schrodinger equation. A correcting factor is introduced to refrain the iteration process of
counting the electronic- repulsion terms again and again. The correcting term is given as

B= - 2 Z I/ e?lgi(i)rljlgj(j)lz dvidy, (2:36)

n
i=1 i=1 j=i+

The first summation term denotes the total orbital energies, whereas the second double-
summation term accounts for the twice counting the potential-energies sum. Therefore, denoting
the energy associated with the i, spin-orbital as ¢; and that of the spin orbital as x; the resultant
expression is:

Fu=¢uw i=1,2,3..,n (2-37)

The SCF orbital problems requires considering the variations of the spin-orbitals of the
single-electron species that are largely determined by two main constraints: the normalization of
the spin-orbitals, and the orthogonality.

The variation principle inspires the Hartree-Frock strategy to obtain SCF solutions to the
n-electron Schrodinger equation. Therefore, a spin-orbital results whenever a spatial orbital ¢; is

multiplied to the either of spin functions, o or f. The spin-orbital Slater determinants represents

the Hartree-Fock wave function of the molecule.
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01 (Da; 0,(1) ﬁl - = (D a; () ,31

1 0 (Vo 01V, — — Doy OB
& | I

01 (Day 01V, — — Onv(Doay Oy(1)By

Assuming that the Hamiltonian term for the nuclear repulsion is H,, and Vyyas the ionic
potential energy, employing the variation principle to extract SCF solutions, the Hartree-Fock
equation for the molecular electronic energy, Eyr is:

Epr= (¥ |Hy + Vin| ) (2-39)
where ¥ is the Slater determinant Hartree-Fock wave function. The HF energy for a polyatomic
or a closed shell diatomic molecule is given as™®

Epr=2 3P HY™ + ST (2 Ty +Ky) + Vi (2-40)
where Jj is the coulomb integral, K; is the exchange integral and Hj;" is the one electron core
Hamiltonian. The @; orbital minimizes the variational integral, Eyr. Since the orthogonality of
the orbitals is assumed to be a bounding condition, @; must satisfy the following differential
equation:

F() 8 ()= &8 (1) (2-41)

As @; is normalized, the integration- solution of the product of the ¢; and the Equation 2-

41, is the orbital energy-expression:

& =f®(1)f7(1)®,-(1)dv,- (2-42)
or,
n/2
e =H"+ ) (2J,-Ky) (2-43)
2
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Substituting the solution of the Y/ i H{°"® into Equation 2-40, yields an HF energy

i=
solution.

n/2 n/2 n/2

Bup=2 Y e+ ) ) @Uy+Kp+Viy
= (2-44)

i=1i=l

A more accurate method to calculate molecular SCF orbitals employs the finite expansion

of the spatial orbitals as a linear combination of the atomic orbitals, X, as proposed by Roothan.

b
@ = Z CsiXs
s=1 (2-45)

From the Equations 2-44 and 2-45,

b
Z CsiFXs =& Z CsiX; (2-46)

s=1 s=1

Multiplying X, to the above equation, and then, integrating,
S CaFr—6S)=0 3r=12.b (2-47)
For non-identity solutions, the secular determinant coefficients cancel out. Hence,
det (F., —;S,) =0 (2-48)
The variable Cy; is determined by solving the HF-Roothan equation39 iteratively. The
downside of the HF-SCF theory is that it neglects the correlation between the electron-motions.
Since the Pauli’s exchange interactions (correlation interactions) are not accounted among the
electrons, therefore, the term for the correlation energy is missing in HF procedure. All those ab
initio methods that go beyond the Hartree-Fock approximation are structured in a way to recover

maximum correlation energy within the permissible limits of their basis sets. The correlation
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energy measures the variation in the exact energy, E..,., and the calculated energy (by HF-SCF
method), Eyr, of the system:
Ef*= Eexaci - Enr (2-49)
40-42

Experiments as well as the computing methods like coupled cluster calculations can

be used to determine the exact energy.

Density Functional Theory

DFT has long been the mainstay of ground-state electronic calculations in computational
sciences, and condensed-matterphysics.* It is not just another traditional ab initio method or
way of parameterizing empirical solutions and it is applied to much larger systems as it maps any
interacting problem exactly to a much simple dimensional problem.* Computing by the DFT
method requires determination of a molecule’s electron density to derive the molecular
properties. The electron density represents one of the overall spatial variables and is defined as
the integral over the spin coordinates of all the electrons. Thus, DFT makes use of physical
characteristics of all molecules as an electron density rather than a mathematical construct, a
wavefunction, with no physical reality. It is to be noted that the electron energy (E), here, is a
function of electron density (p). If p, is the overall electron density of the molecule at a
particular point in space 7, then the electronic energy, E(p), is a functional, that is function of a
function.

In 1927, L. H. Thomas and E. Fermi independently formulated the first Density
Functional Theory, also known as the Statistical Theory, to describe the electron density, p(7),
and the ground state energy, E,), for large n-electronic atom or molecule system.** According to

Thomas, “electrons are distributed uniformly in the six dimensional phase space for the motion
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of an electron at the rate of two for each A’ of volume™ and the resulting effective potential field

» % Dirac extended

“is itself determined by the nuclear charge and this distribution of electrons.
this assumption to the time dependent domain in order to describe the excited states. Thus, using
the uniform electron gas model, Thomas, Fermi and Dirac gave the first density functional.
Although the kinetic energy, E”, of the electron-system has been approximated as an explicit
density functional, but the theory is a miss on accounting the inter-electronic exchange, £/, and
correlation, EXC, between the motions of the electrons. Instead, Dirac employed a local
approximation for exchange yielding the electronic energy functional in an external potential, £’
Err [p)=E'[p] + E" [p] + £ [p] (2-50)
The resultant exchange energies, £, are roughly 10% smaller than the same from HF
theory. Moreover, the spurious electronic self-interaction does not exactly cancelled. Dirac’s
assumption was based on uniform electron densities, which is not the actual case. Therefore,
there is a need for an improvised functional for the systems with inhomogeneous densities. The
correction came through Kohn and Sham method in 1965, wherein the calculations exactly
accounted for the majority of the kinetic energies.*® A good exchange correlation energy
functional is expressed as the total of the exchange and correlation functional involved in the
molecular interaction-calculations. The kinetic energy of the independent particle, when
separated from the long-range terms in HF calculations, results an exact approximation of the
exchange-correlation energy, £ as a nearly local or local density functional.*’
EXC = [ drp(re™ ([p], ) (2-51)
where ¢ is the p-dependent energy per electron functional in a point 7.
The exchange-correlation energy functional (Ex.(p)) in the local-density approximation

(LDA) depends solely on the density at the coordinate where the functional is evaluated. So,
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EZ(p) = [ &x (p) p(r) dr (2-52)
The Ex. (p) is further dissolved into the exchange, Ex, and correlation, E, terms linearly:
Exc(p) = Ex+ Ec (2-53)
so that individual expression for solving the Ex and E¢ terms, are sought. The functional
corresponding to the uniform electron gas is used for the Ex. Several different approximations are
determined for E, by the limiting expressions for the correlation density. Expression for the
approximation of the exact exchange energy of a homogenous free electron gas in the terms of

Dirac exchange energy and LDA exchange energy:**

1

EXPp) =2akplp] = —2a () Pi(r) dr (2-54)

It is to be worth noticing that the LDA exchange energy accounts only 10% of the error
in the HF exchange energy.*’ The Dirac exchange energy formula is denoted as Ky, [p] whereas a
is an empirical constant for the system under study and has a value of 2/3 when calculated for a
uniform free electron gas.

The Kohn-Sham Local Density Approximation (KS-LDA) fell short in the calculations
involved in non-homogeneous systems and therefore, Kohn-Sham Local-Spin Density
Approximation (KS-LSDA) serves as a correction. Where the LDA for exchange energy

functional is:

1 4 4
Ep" 0" 1= 22 Cx [ (0P () dr (2-55)
where B measures the difference between the total spin density and the a spin density. The

expression for the spin polarization energy is:

p*—pP _ p%—pf

p p%+ phB

= (2-56)
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From the Equations 2-55 and 2-56, the spin polarization-dependent exchange energy

expression can be written as

Efsp= [pe(p g dr (2-57)

where
£ (p, 9 =&2(p) + [e:(0) - (W] S (5) (2-58)

To observe the dependence on the spin polarization, the exchange energy density can be
realized as an interpolation between the limiting values of “paramagnetic” (¢ = 0) and
“ferromagnetic” (c = 1) cases.”’ Spin density, p, is zero for the closed shell and is one for the
open-shell systems. Again, if the system is unpolarized systems (closed shell, B3LYP), p is zero
and is in between zero and one for the polarized systems (open-shell system, UB3LYP). If the
product of the total spin density p and (¢ + 1) is halved, the result is the spin.

LDA is the easiest possible density functional approximation, and as discussed earlier in
this section, it improvises HF. More sophisticated General Gradient Approximations (and
hybrids) reduce the typical error by about a factor of 5 (or more) in LDA, by imposing the exact

exchange hole on the approximate hole.*

1
3 (3\3 4 -
Egga=—3 () Jdrpi () (2-59)
with - (2-60)
1
Kr= (3m%p)3 (2-61)
1
and F(s)= (1412968 + 148" + 0.25%)1 (2-62)
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Expression of the hybrid functional B3LYP

Essiyp = (1- @) Efspa + aEfyp+ bEgge+ (1 - ©)Efspa + cEfyp (2-63)

B88 is the Becke’s exchange functional and LYP represents Lee-Young-Parr correlation
functional. The above equation contains the HF terms and the DFT terms.

According to the Kohn-Sham Theory,

1 Z,

F(1)==3Vi = B2+ %, () + V¢ (2-64)
XC OEXC
== (2-65)

then the Kohn- Sham orbitals, y;, is given by
F(l)y =ey (2-66)

As electron density is the total of the occupied Kohn-Sham orbitals (y,):

o= Sl @-67)
The hybrid functional B3LYP (Becke’s three-parameter functional with the Lee-
Young-Parr correlation) is the most used DFT method in chemical calculations, mostly the
problems related to organic molecules.’® Other such examples of hybrid functionals are Becke
exchange, Perdew and Wang correlation (B3PWO91), and Becke exchange, Perdew correlation
(B3P86). DFT finds its wide application in large areas of chemistry including quantum
mechanics as well as in statistical mechanics. It is a necessary tool for determination of the

chemical attributes such as reactivity, electronegativity, and many more.”!
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Basis Sets
In general, a basis set is a group of coordinates defining a space wherein a calculation is
to be done. Constructs like Linear Combination of Atomic Orbitals - Molecular Orbitals (LCAO-
MO) make use a set non-orthogonal single-particle functions, referred as the “basis set.” As per
the LCAO-MO approximation, atomic orbitals combine to form molecular orbitals. Thus, an
orbital represents one-electron function. The self-consistent field (SCF) wave functions of a
molecule result when the spatial orbitals are expanded as a linear combination of one-electron

basis functions,

b

0= a0+ ) e, (2-68)

s=1
where b is the numerical value of the atomic orbitals participating in the molecular orbital
construct. The Slater class atomic orbital (STO) is one of the older basis set examples in
computational chemistry,

28yt 1/2 el -Er
B ¥ 6, 0) (2-69)

Snlm (7", 05 Q)) =

where { (zeta) represents the orbital exponent which controls the orbital width, that’s why a large
{ gives a tight function and a small { gives a diffuse function. Therefore, each y; is a Slater Type
Orbital (STO) basis functions. STO basis functions do not find much application in present-day
calculations as these involve time-consuming enormous tasking in computing the secular
determinants. The STO basis sets pose difficulty in solving the problems of evaluating integrals
that involve multi- nuclear center. The difficulty ceased after the Gaussian-type functions (GTFs)
were introduced by Boys in 1950.>* Gaussian-type functions are almost universally used in

quantum chemistry. Gaussian-type orbitals can be expressed as
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Since a basis set is a function of atomic orbital, therefore each atomic orbital can be
identified from the other according to the types of basis sets used. These basis set types may be
minimal (i.e one basis function for each orbital in an atom) used in describing the electrons of the
inner-shell; double-zeta (two basis functions for each atomic orbital) for expressing the valence
electrons; triple-zeta (three basis sets for each atomic orbital); and so on. The varying size
functions allow expansion or contraction of an orbital in the vicinity of the approaching atom(s).

A split-valence basis uses a single Slater-orbital for each core atomic orbital, and a sum
of Slater-orbitals for the valence atomic orbitals. The present study employs Pople’s split-
valence double-zeta basis set called 6-31G basis set on the carbon atoms, wherein total of 6
Gaussian functions used for the inner shell; the hyphen imply that a Slater-orbitals pair had been
used for each 2s and 2p atomic orbitals; the digit 3 suggests that the total of three Gaussian
functions represents the smallest Slater valence orbital whereas the number 1 infers that the
larger valence orbital is given by a single Gaussian function. 6-31G with added d function
polarization of non-hydrogen atoms are represented as 6-31G* [or 6-31G(d)] or, 6-31G** is 6-
31G(d, p) implies that 6-31G* plus p function polarization for hydrogen. Similarly, 6-311G is a
split-valence triple-zeta basis and it has one GTO added to 6-31G. 6-31+G is the 6-31G plus
diffuse s and p functions for non-hydrogen atoms. Basis sets and diffuse functions together
construct an augmented basis sets. According to the review by Papajak et al., an augmented basis
sets is not necessary for hydrogen atoms.> For a carbon atom, split-valence double zeta basis
sets has nine functions for the 3s2p orbitals.

As the other atoms approach, the orbitals of the considered atom may shift to one side or

the other. The phenomenon is called as polarization. For example, pairing of a s-orbital with a p-
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orbital can polarize the s-orbital in one direction. Similarly, p-orbitals, when mixed with the d-
orbitals, polarize. So, the mixing of two basis functions with different angular momentums, say /
and /+1, cause the polarization of the basis function with angular momentum, /. This gives
polarized double-zeta, or double-zeta plus polarization basis sets, etc.

The greater the number of core electrons is, the more complex is, the calculations of the
electronic wave functions in systems with higher atomic number such as the heavier elements.
Thus, employing a pseudopotential is an attempt of incorporating effective core potential to
replace the complicated combined effects of core electronic motions and nucleus of an atom. The
use of pseudopotential construct is that it is a cost-effective computing method. This concept
assumes that the core electrons are frozen and these electrons add to the nuclei to form a non-
flexible and non-polarizable ion cores. Once the core states are invariant, the method solve the
aforementioned problem, dealing explicitly with the valence electrons.™

A density expression that contains independent terms of the core and valence orbitals is:

TOEDYNTAORAC

Neore Noal
_ Z vy, (@) +Z v () y,@)

iEcore i€val
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for i € core, y; = 1//?“””, the energy is:
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After screening by the core electrons, the potential of the nuclei k is expressed as:

ZK ncore, K (rl)
|r_RK| |rl _r2|

Vion,K (I‘) = drl (2'73)

Zval K Zcore‘ K Reore, « (rl)
Vioni (¥) = — + (— — + : dr ) (2-74)
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The total energy becomes
Zyal KZval K
E= (Eval + ZK core, K) +5 Z(K K) Re R (2-75)
Wlth Nyar
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where 7., + 1,4 1S @ non-linear exchange energy correlation. According to the previous

construction, valence orbitals are orthogonal to core orbitals. Pseudopotentials completely cancel
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out the core orbitals from simulation. Therefore, removing core electrons from the equation

below:

1
(=57 +v) v, = ey, > (2-77)

the result is:

Vo> (2-78)

1 2
(_EV +Vps>

For the lowest angular momentum channels (s + p...d...f)>* Epsi and v.(0)=v

Wps, i = Sps, i

(7).
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Specific examples are the popularly used ECP basis for transition metals are the Los

Alamos National Laboratory 2 double zeta (LANL2DZ) and non-transition metal systems uses
all-electron basis sets. Dunning and coworkers developed the contracted Gaussian type
functions, CGTF basis sets such as cc-pVnZ (where n interpolates between 2 and 6). CGTF basis
sets like cc-pVDZ, are used to calculate electron correlation in terms of the correlation constant,
polarized valence double zeta. Selection of basis set plays a small role in electron density-based
approximation methods such as DFT, given to the fact that small basis sets like 6-31G* (DZP)
set and Pople basis set are more effective in DFT approximation than a self-consistent correlation
basis set of the same size.’® Modeling of the closed-shell and the open shell systems uses

restricted and unrestricted basis sets respectively.

Atomic Units
Researchers in quantum chemistry use a Gaussian-based atomic unit system to write or

report their calculated results, to effectively preserve space and time. The term atomic unit is
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determined by the operating interactions such as velocities, and forces, acting upon the electron
in the ground state of the hydrogen atom. This system is conceived by setting many fundamental

constant to unity.57 For instance, the unit of mass is the mass of the electron (m,), and 7 is the

2
unit of angular momentum. The system uses Hartree (£}) as the atomic energy unit (Z—)
0

62
E, = =27211eV (2-80)

4n €pap

where the atomic unit of length is Bohr’s radius and is given by:

h2
e2

=0.5291177 A (2-81)

ap =

me
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CHAPTER 3
COMPUTATIONAL DETAILS

All geometry optimizations were performed using NWChem 6.5% on a Linux-based
computer cluster using HF®"*? and DFT/B3LYP®*** levels of theory with the LANL2DZ ECP®
basis set for Rh, and the LANL2DZ ECP, cc-pVDZ® and cc-pVTZ basis sets for all other
atoms for the parent complexes. The nitrile-ligated complexes were calculated using LANL2DZ
ECP for Rh and cc-pVDZ for all other atoms. ECCE 7.0 was used to create and manage the
calculations.®” All geometry optimizations were performed with initially C; symmetry (that is,
without any assumed symmetry leading to geometry restrictions). The HF and DFT results were

calculated independently of each other.

Discussion of Results

Recent experimental work in Dr. Cassandra Eagle’s research group has indicated that
there are significant differences in the isomeric ratios obtained among the possible products
when synthesizing those carboxylamidate complexes (shown in Figure 1) and that the crystal
structures for some of the Rh,(NHCOR)4NCR complexes exhibit anomalous Rh-N-C bond
angles.”’®® For example, the Rh-N-C bond angle of 2 equivalent complexes of ortho-tolunitrile
was larger (173.4(3)°) than their corresponding 1 equivalent complexes of ortho-tolunitrile
(162.5(3)°), and the Rh-N-C bond angle of 1 equivalent complexes of meta-tolunitrile was
smaller (162.7(5)°) than (164.5(5)°) in 2 equivalent complexes of meta-tolunitrile.®®

Ab initio calculations have been undertaken of the experimental complexes,
Rhy(NPhCOCH3)4(NCC¢H4CH3),, in an attempt to gain further insight into the details of the
bonding. The crystal-packing is referring to how each molecule arranged in crystal structure.

Thus, it mainly uses to interpret the crystallography. These calculations obtained similar Rh-N-C
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bond angles®® reducing the probability that crystal-packing forces could explain the
crystallography. However, the size of these complexes makes detailed computational study in
these complexes impractical, necessitating the use of a simplified model structure to possibly
explain the unexpected Rh-N-C bond angles observed in the crystal structures.

First, the calculations were performed for dirhodium complexes that coordinate only to
equatorial ligands. Theses equatorial ligands were formate, acetate, formamide, and acetamide.
The structures of theses ligands are shown in Figure 6.

O O
H)ko' O H NH NH

Figure 6: Structures of formate, acetate, formamide, and acetamide.

For the Rh,(NHCOH), isomers, the 2,2-cis has the lowest energy (see Table 1), followed
by 2,2-trans, 3,1-, and 4,0-, which correlates with the fractional abundance obtained during
synthesis.”” This order of relative energies is maintained after the addition of either an NC™ or
NCH ligand to the axial site of one of the rhodium atoms (see Tables 2 and 3). Since the axial
ligand could coordinate to the parent ligand from two sides. Coordination to the nitrogen side is
more stable (N-side in the table) for the 3,1- and 4,0- isomers and is favored for both NC™ and
NCH. On the other hand, for NC, coordination by the carbon is more stable (labeled C-side in
Table 2) for the formate and acetate forms. Since these systems are models for carbene catalytic

processes, coordination by carbon is not surprising.
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