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ABSTRACT

This research focuses on the structural symmetry breaking observed in hypovalent
silicon containing compounds. The structural symmetry breaking was studied from the
perspective of the pseudo Jahn-Teller effect (pJTE). A density functional theory (DFT)
based approach to assessing the pJTE parameters was developed to provide a
computationally cost-effective alternative to the post Hartree-Fock procedures typically
employed. Additionally, elementary catastrophe theory models were applied to gain a
deeper insight into cases where the description of electronic structure by multiple
quantum chemical methods are incongruous with one another.

The symmetry breaking of hypovalent silicon containing compounds was studied
by examining Si-analogs of a series of a planar cyanocarbons: tetracyanoethylene
(TCNE), tetracyanoquinodimethane (TCNQ), tetracyanodiphenoquinodimethane
(TCNDQ) and tetracyanopyrenoquinodimethane (TCNP). Si-substitution generally
resulted in structural symmetry breaking of both the neutral and anionic forms which
enhanced their electron affinities. Moreover, Si-substitution was found to enhance the
singlet and triplet diradical character of the 1r-conjugated systems.

The choice of density functional was found to have an impact on whether or not
the pJTE was observed. This was studied in further detail by evaluating the effect of exact
exchange on the description of the adiabatic potential energy surfaces (APESs) of
disilene and 2Si TCNQ using the cusp catastrophe model. Functionals containing high
amounts of exact exchange were found not to display the symmetry breaking effect.

The elliptic umbilic catastrophe was also applied to the study of the electronic

structure of isothiirane. Furthermore, commonly used post analysis tools, the Quantum



Theory of Atoms in Molecules and Natural Resonance Theory, were critically assessed.
The results of this study resolved an open question in the literature regarding the
description of the electronic structure of isothiirane.

The pJTE parameters were evaluated using DFT by employing a model
Hamiltonian that accounts for vibronic interactions. This model Hamiltonian was fit to
cross-sections of the APES along the distorting mode. Best practices regarding the
evaluation of pJTE parameters were also described. The procedure outlined in this thesis
is applicable to the study of any pJTE problem where post Hartree-Fock methods are not

feasible.
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CHAPTER ONE

Introduction



This thesis focuses on two topics. The first is the observed symmetry breaking in
hypovalent silicon-containing compounds. The second topic focuses on incongruous
descriptions of electronic structure provided by modern quantum chemical methods. The
two are linked through catastrophe theory.’

In contrast to molecules that contain a carbon-carbon double bond, which are
typically planar, molecules containing silicon-silicon double bonds often take on trans-
bent geometries.? Such geometries are commonly described as being pyramidalized at
the Si-nuclei.

The first experimentally stable Si-Si double bond was reported by West et. al. who
synthesized tetramesityldisilene via pyrolysis of 2,2-bis(mesityl)hexamethyltrisilane in a
solution of hydrocarbons at -100°C.> X-ray diffraction of obtained crystals revealed a
slightly pyramidalized geometry at the Si-nuclei.* Since this initial synthesis, over 70
disilenes have been experimentally prepared, exhibiting various amounts of
pyramidalization.?

Despite this library of disilenes, the parent disilene (Si;H4) has been experimentally
elusive. Numerous computational studies have been reported in the literature
however.>®” Early calculations with small (double-zeta) basis sets at the Hartree-Fock
and configuration interaction levels of theory indicated a pyramidalized geometry was
preferred.>® These findings are consistent with recent fourth order Moller-Plesset
perturbation theory and coupled cluster calculations performed with larger (triple-zeta)
basis sets.’

There are also examples in the literature of molecules containing two hypovalent

silicon centres not directly bonded, or multiple (more than two) hypovalent Si centres



bonded to one another. The Si-substituted p-quinodimethane prepared by Sekiguchi et.

al®

is an example of the former and silicene,® the silicon analog of graphene, is an
example of the latter. Both of them are reported to have non-planar geometries.

A number of models have been put forth to rationalize the pyramidalized
geometries of hypovalent Si containing molecules. The reluctance of the 3s orbitals of
silicon to hybridize compared to the 2s orbitals of carbon is a commonly cited explanation
of the pyramidalized geometry.* Another commonly discussed model is the one proposed
by Carter, Goddard, Malrieu and Trinquier (CGMT model).""!

The CGMT model relates the difference in energy between the singlet and triplet
states in fragments formed from homolytic cleavage of the double bond with the observed
geometry of the molecule. The model predicts a planar double bond if the triplet state is
lower than the singlet state, as in the case of ethylene. Conversely, a more stable singlet
state predicts a pyramidalized geometry, as in disilene.

A more general approach to understanding such molecular geometries is provided
by the pseudo Jahn-Teller (pJT) effect. Whereas the Jahn-Teller effect describes
symmetry breaking in electronically degenerate molecules, the pJT effect describes
symmetry breaking in non-electronically degenerate molecules.'*"?

The pJT effect describes the vibronic interaction between a ground state (‘o) and
an electronically excited state (¥,) due to certain normal modes (Q). This interaction is
quantified by the linear vibronic coupling constant (F).

F= (lpo (‘;—g)o

lpn) (1.1)



Two electronic states can only interact if the product of their irreducible representations
yields the irreducible representation of the vibrational mode. If the symmetry requirement
is not satisfied the states cannot interact.'*"

The vibronic interaction reduces the primary curvature (Kp) of the ground state

potential energy surface

(1.2)

(52),

¥o

according to
K = Kﬂ - KV (1-3)
where Ky is the vibronic contribution to the ground state curvature given by

FZ
Ky =—
A

(1.4)

where A is the energy difference between the ground state and relevant excited state. If
Kv > Kp at the high symmetry geometry, then symmetry breaking occurs. By evaluating
the pJT parameters in (1.4) at the high symmetry geometry it is possible to rationalize the
low symmetry geometry in terms of the vibronic interaction.

The direct calculation of the parameters relevant to the pJT effect is difficult. A
common approach to obtain the pJT parameters is to fit a cross section of the potential
energy surface along the normal mode to a model Hamiltonian that accounts for the
vibronic interaction. This is best performed using multi-reference ab initio methods, but
they are intractable for most systems of interest.'*'® Recently Soto et. al. have reported

on the pJT effect responsible for the buckling distortion in AgHs (A = Si, Ge, Sn) using

density functional theory (DFT) to generate the potential energy surface cross section



and excitation energy."”"® There are no other examples presented in the literature of this
approach.

In the assessment of symmetry breaking effects in hypovalent silicon a series of
planar cyanocarbons was chosen: Tetracyanoethylene (TCNE),
tetracyanoquinodimethane (TCNQ), tetracyanodiphenoquinodimethane (TCNDQ) and
tetracyanopyrenoquinodimethane (TCNP) (Scheme 1.1). These are convenient choices
as they are planar with D2n symmetry. Substitution of TCNE with Si-nuclei provides a
model to study the symmetry breaking effects in two directly bonded Si-nuclei while the
others provide opportunities to study symmetry breaking in cases where the Si-nuclei are

not directly bonded, but are connected by an extended r-system.

NC CN NC CN
NI . /
E1=E2 E:@: E2
/ N / AN
NC CN NC CN
TCNE:E'=E2=C TCNQ:E'=E2=C
1SIiTCNE:E'=C, E2=Si 1SiTCNQ:E'=C, E2=Si
2SiTCNE:E'=E?=Si 2Si TCNQ: E'=E*=Si
NC CN NC CN
E'=— — —2 E'— —E2
N Nen ne” C o
TCNDQ: E'=E*=C TCNP:E'=E2=C
1SiTCNDQ:E'=C, E2=Si 1SiTCNP:E'=C, E2=Si
2SITCNDQ:E'=E2=Si 2SiTCNP-E'=E2=Si
Scheme 1.1

These cyanocarbons are also of interest due to their use in organic electronic

applications. TCNE and TCNQ are both well known for their ability to form stable anions,

20, 21

leading to their inclusion in charge-transfer complexes (TCNQ) and magnetic

materials (TCNE).?> TCNDQ and TCNP are less well studied due to experimental

limitations. 23242



Isovalent substitution (e.g. changing carbon for silicon) is one method of tuning
electronic structure. This is often done in an effort to enhance the material properties of
a molecule or gain deeper insight into the electronic structure of the parent compound.
While the strategy of isovalent substitution has been used in other applications it has not
been explored in the cyanocarbons.

Quantum chemical calculations provide a vast amount of information about the
electronic structure of a molecule. Beyond routine data (energy, bond lengths, vibrational
frequencies, etc.), further valuable information can be extracted from the wavefunction
(or density) obtained from a calculation using a variety of post analysis tools.

Because all information about a molecule is contained in the wavefunction (or
density), it would be expected that the description of the electronic structure obtained from
post analysis methods be consistent with one another. While often in agreement with one
another, there are a number of cases where conflicting descriptions occur. One example
is the electronic structure of isothiirane, which despite being the subject of multiple
studies, has only an ambiguous description.?®

Moreover, when performing calculations using density functional theory (DFT)
there are many methods (exchange-correlation functionals) to choose from and a
consistent agreement between methods is not always obtained. The inconsistent
characterization of spin states?’ and stationary points?®* by different exchange-
correlation functionals are just a few examples.

In this thesis these topics are explored. Beginning with chapter 2 the methods
commonly used throughout this work are described. In chapter 3 the electronic structure

of isothiirane is studied and commonly-used post analysis tools are critically assessed. A



consistent interpretation of electronic structure of isothiirane based on a catastrophe
theory model is presented. In chapter 4 the ability of DFT to reproduce the experimental
structures and electron affinities of TCNE and TCNQ is studied. Also in chapter 4 the
effect of Si-substitution on the potential energy surfaces of TCNE and TCNQ and their
electron affinities is explored. Chapter 5 discusses stationary points that are ambiguously
characterized by DFT and the effect of Hartree-Fock exchange on the observation of the
pJT effect is explored using a second catastrophe theory model. Also in chapter 5 a DFT
approach to assessing pJT parameters is discussed. In chapter 6 the electronic structure
of TCNDQ and TCNP is assessed and the effect of Si-substitution is studied. The DFT
approach to assessing pJT parameters described in chapter 5 is applied to the parent
and 2Si versions of all cyanocarbons in an attempt to understand the controlling factor in
the symmetry breaking of hypovalent silicon containing compounds in chapter 7. Chapter
8 provides a summary of the research performed and suggests topics for further study.

All energies reported are electronic energies with no zero-point vibrational correction.
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CHAPTER TWO

Background Theory



2.1 — Introduction

The methods used throughout this thesis are outlined in this chapter. The majority
of the electronic structure calculations performed are done using density functional theory
(DFT) in combination with Pople style basis sets. Not all functionals (TPSS/TPSSh,
BP86, and HCTH/407) are detailed in this chapter. The reader is encouraged to consult
the references provided if further details are desired.

2.2 — The Schrodinger Equation

This thesis focuses on the determination of the electronic structure of molecules
by computational quantum chemical methods. A natural starting point is the time-
independent Schrédinger equation.

HY(r,R) = EY(r,R) (2.1)
It is an eigenvalue-eigenfunction equation where H is the Hamiltonian, a linear Hermitian
operator, E is an eigenvalue corresponding to the total energy of the system, and wis an
element of an orthonormal set of eigenfunctions of the Hamiltonian called the
wavefunction that depends on the position of the electrons (r) and nuclei (R).

The Hamiltonian operator (in atomic units) can be separated into its individual
components:

A= -

i

— 2 2M, =

A=1 i

N

A=1 i=1

M 7 N N 1 M M 7.7
2t 2t 2 D T @2
i j>1 Tij A=1B>a 4B
The first two terms are the kinetic energy of the electrons and nuclei respectively. The

third describes the attractive potential between the electrons and the nuclei. The last two

terms describe the interelectronic and internuclear repulsive potentials, respectively.’
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2.3 — The Born-Oppenheimer Approximation

Exact solutions to (2.1) are only possible for simple systems (e.g., hydrogen-like
atoms) and to study more complex systems (molecules) the Born-Oppenheimer
approximation is invoked. In the Born-Oppenheimer approximation the nuclei are
regarded frozen relative to the motion of the electrons due to the disparity in their masses.
As a result, the kinetic energy of the nuclei is ignored and repulsion between nuclei is a
constant. The Hamiltonian is therefore parametric within the Born-Oppenheimer

approximation as given by

; Vz NN1 NMZA MMZAZB
b= | TESTLSTLLSSL o

The term in brackets is the electronic Hamiltonian which describes a system of N-

electrons in a field of M-point charges, and it returns the electronic energy in the electronic

Schrodinger equation.

gel Yer = Eeiper (24)

When combined with the nuclear-nuclear potential it yields the total energy within the

Born-Oppenheimer approximation.’

M N 7
Erotal = ZZ 2 (2.5)
A=1B>A

2.4 — Potential Enerqy Surfaces

By calculating (2.5) for multiple configurations of the nuclei (molecular geometries)
an adiabatic potential energy surface (APES) is mapped out. The relationship between
energy and molecular geometry can be understood by characterizing the stationary points

on the surface. Stationary points are characterized as minima, transition structures

12



(maximum in one direction, minimum in all other directions) or saddle points (a maximum
in more than one direction and minima in all other directions).® This characterization
allows for a variety of chemical phenomena to be understood in terms of APESs.

An example APES describing an Sy2 reaction is shown in Figure 2.1. The
reactants correspond to a (local) minimum on the surface. As the reactants approach one
another the energy increases until a maximum on the surface corresponding to the
transition structure is reached. After the nucleophilic substitution occurs the energy

decreases until the minimum corresponding to the products is reached.

Transition Structure

Reactants
R

X- o+ RIIIH>¥Y
R

Products

R
XllllméR + Y-
R

Potential Energy

Reaction Coordinate
Figure 2.1: Representative adiabatic potential energy surface for a generic Sy2 reaction

2.5 — Spin Orbitals and Slater Determinants

The wavefunction describes the spatial coordinates of the electrons. However, in
order to fully describe an electron, it is necessary to specify its spatial coordinates and its

spin. This is done by introducing two orthonormal spin functions denoted by a(spin up,

13



ms = +1/2) and p (spin down, ms = -1/2). Each electron is now described by the product
of a spatial function y(r) and a spin function () in a spin orbital ¥(x)."

Y(r)a(w)
1@ = {y55(0) (26)
The wavefunction must be anti-symmetric with respect to the exchange of any two

electrons (the Pauli exclusion principle). This is conveniently enforced by writing the multi-

electron wavefunction as a Slater determinant where ﬁ is a normalization factor.’

1 X1(x1) o xw(x1)
Y =— : : (2.7)
V! xa(xn) - xw(xn)

2.6 — The Variational Principle

The goal of solving the Schrodinger equation using a variational approach is to
obtain the wavefunction that returns the lowest energy solution. Within the Born-
Oppenheimer approximation this requires finding the distribution of electrons that
minimizes Eg for a given nuclear configuration. The variational principle states that the
energy of a trial wavefunction cannot be lower than the energy of the true wavefunction.
This provides a means to improve the trial wavefunction in an iterative manner.’

E, < Hy (2.8)

2.7 — The Hartree-Fock Method

The Hartree-Fock method was developed to solve the electronic Schrodinger
equation after the Born-Oppenheimer approximation has been invoked. It finds the best
set of spin orbitals that describe the system of interest using a single Slater determinant.
The best set of spin orbitals is the one that minimizes the electronic energy, in accordance
with the variational principle.’

The expression for the best set of spin orbitals is the Hartree-Fock equation

14



GRS pRe

b#a

(2.9)
r (2)xa (2
- [ | dezlxb(l) = cata(1)

b=a 12

where
Vi Zy
h(l) = ——— ) —
(D 2 " L (2.10)

is a one-electron Hamiltonian describing the kinetic energy and attractive potential for a
single electron. The orbital energy of the spin orbital is &,.

The terms in square brackets describe electron-electron interactions. The first
describes the coulombic interaction between electrons and the second describes the
exchange interaction due to the anti-symmetry of the wavefunction.

The coulomb term in (2.9) describes the one-electron coulomb potential that the
electron in y, experiences due to a different electron in y,. By summing over b # a the
total average potential experienced by the electron in y, due to the other N-1 electrons in
the other spin orbitals is obtained. This is more conveniently expressed as the coulomb
operator (J,) which represents the average local potential at the position of electron one

due to an electron in yp.
2 2
1) = fdez 2.11)
T2

The exchange interaction arises from the anti-symmetry requirement and does not
have a classical interpretation like the coulomb term. Its effect can be understood by

introducing the exchange operator (K,) and applying it to spin orbital ya(1).
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Xp(2)xa(2) do
2

12

Rz = [ | e (2.12)

The effect of the exchange operator is that it swaps electron one in y, with electron two
in %p.

Using the definitions of the coulomb and exchange operator with the one electron
Hamiltonian the Hartree-Fock equation becomes

F(l) DN ICEPW AN

b*a b*a

Xa(1) = €qxa(1) (213)

Because the a=b case returns 0, the summations can be dropped and the Fock operator

(f(1)) introduced as

F) =h) + D Ty (1) = Ry(D) (2.18)
b

and the Hartree-Fock equation is written as
F(Dxa(1) = £axq(1) (2.15)

In Hartree-Fock theory electron correlation is described in only an average way.
This results in a difference between the energy calculated using (2.15) and the exact
energy of the non-relativistic Schrodinger equation. This difference in energy is referred
to as the correlation energy. There are many Post Hartree-Fock methods that account for
this difference. These methods are not focused on in this thesis so they will not be
detailed,? but it will be briefly mentioned that they use multi-determinant wavefunctions to
account for electron correlation.

2.8 — Density Functional Theory

An alternative approach to the study of the electronic structure of atoms and

molecules is density functional theory (DFT).>* DFT is based on the two pioneering

16



theorems of Hohenberg and Kohn. The first theorem states that the ground state electron
density (p(r)) of a system of electrons determines the Hamiltonian and therefore all
properties may be derived from it. In other words, the total electronic energy of the system
is a functional of the density.

E = E[p] (2.16)

The second theorem shows that the exact ground density and energy can be found
by minimizing E[p] over all possible densities. While this may appear to be a straight-
forward approach to assessing electronic structure, there are some additional caveats
that must be considered.®*

The first is that the exact functional E[p] is unknown. The second is that even if the
exact functional were known it is not explicit; the mapping of p to E cannot be written as
a closed form expression (i.e., E = p). However, one is free to approximate E[p] in any
manner they choose and the development of new approximations is at the core of current
research in DFT.*

Kohn-Sham DFT (KS-DFT) is the formulation of DFT most commonly used in
computational quantum chemistry and provides a good approximation to E[p]. In order to
approximate the exact functional, Kohn and Sham proposed breaking it up into a sum of
terms, identifying those that are known exactly and approximating those that are not. In

KS-DFT the total energy functional is written as

Elp] = Tslp]l + VIpl + Ulpl + Exc[p] (2.17)
where
occupied
Ll==5 > [#ivecoar (2.18)
k
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is the kinetic energy of a hypothetical reference system of non-interacting electrons
whose total ground state density is exactly equal to p(r) and ¢k(r) are the Kohn-Sham

orbitals occupied by electrons which are related to the electron density by

occupied

p)= ) (P (2.19)

k

V[p] describes the electrostatic energy of the electron density interacting with an

external potential v(r)

Vip] = j (v (r)dr (2.20)

and U[p] describes the electrostatic energy of one electron in the density interacting with

another electron in the density.

Ulp] = = ffp(ri)ﬁ)(rz) rydr, (2.21)

|7y — 72l
The final term in (2.17), Exc[p], incorporates all other interactions and is called the
exchange-correlation functional. It is the only unknown term. Ey.[p] can be broken into
two parts called the exchange and correlation functionals:
Exclp] = Ex[p] + Ec[p] (2.22)
The energy in KS-DFT is evaluated by introducing a basis set of orbitals (the Kohn-
Sham orbitals) and minimizing the Kohn-Sham equation (2.23) in a self-consistent

manner as in Hartree-Fock theory® ®
1
-5V +V + U + Exc| 6 = 0 (2.23)

As stated, developing more accurate approximations to the exact Exc[p] is the
primary focus of research in DFT. Such approximations are typically written as integral

expressions of the form*
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Exclp] = f exc(p, Vp,V?p,,e5¥* ) dr (2.24)

where ey is a function of the electron density and other quantities derived from it.
Commonly used quantities include the modulus of the density gradient (|Vpl|), the

Laplacian of the density (Vp), the kinetic energy density (1)

occupied

Tzé Z Vi (2.25)

i

and the exact-exchange energy density

|7y — 13

N/2
$i(r)pi (r2)Pj (r1)dj(r2)
efxact(y) = — L L= dr. (2.26)
0= 2

Approximations to the exchange-correlation functional are ranked on a
hypothetical “Jacob’s Ladder” proposed by Perdew.® In this ranking system
approximations that depend only on p are on the lowest rung of the ladder and are
referred to as local spin density approximations (LSDA). Approximations that depend on
both p and |Vp| are rung 2 and are referred to as generalized-gradient approximations
(GGA). Rung 3 of the ladder are functionals which also depend on VZp or t and are called
meta-GGAs (MGGA). Functionals residing on rung 4 of the ladder have an additional
dependence on the exact exchange energy density and are commonly known as hybrid
functionals. There are also functionals that have an additional dependency on unoccupied
Kohn-Sham orbitals called double-hybrid functionals, but they are not used in this work
and will not be discussed. Below, some of the functionals that are most commonly used

throughout this work are detailed.
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2.8.1 — Local Spin Density Approximation

As mentioned the simplest approximation to the exchange-correlation functional is
the LSDA. In this approximation it is assumed that the electron density varies so little it
can be assumed to be uniform; this model is commonly referred to as the uniform electron

gas (UEG) model. The exchange component of the LSDA is described by®

3
efPlp] = —5 Cx i — g

o =3()
X7 a\rn

Analytical expressions for the low and high density limits of the UEG have been

(2.27)

1/3

determined and Monte-Carlo methods used to determine the correlation energy of
intermediate densities to a high degree of accuracy. Vosko, Wilk and Nusair (VWN)
developed expressions that interpolate between the spin unpolarised (£ = 0) and polarised

(€ = 1) limits, where £ is the normalized difference in spin densities.

_pa_pﬁ
pa'l'pﬁ

(2.28)

The correlation functional recommended by Vosko, Wilks and Nusair (Functional V) is

given by®
VWN — f() 4]
€ (rSJ () EC(rs' 0) + Ea(rs) Lc (C)l [1 Z
+ [SC(T'S, 1) - SC(T'S, 0)]f(€)(4 (229)

A+ +A - -2
2(213 - 1)

fQ) =

The functions &.(rs,£) and ea(rs) are parameterized using A, Xo, b and c¢ as fitting constants
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+—tan! (

Q 2x+b)

__bxg n(x—xo)2 (2.30)
X(x0) X(x)

2(b + 2xqy  _ Q
* Q tan™ (Zx + b)]}

x=[rg;X(x) =x%+bx +c;Q =+ 4c — b2
Combining the Slater exchange functional with the VWN correlation functional yields the
SVWN LSDA functional.

2.8.2 — GGA Functionals

LSDA functionals are deficient in so far as they describe the electron density as
being a uniform quantity, an unphysical description. GGA functionals seek to improve this
description by allowing the electron density to vary in space. As described above, GGA
functionals are not only dependent on the value of p but also its gradient. As above the
exchange and correlation components are separated and functionals are constructed for
each.

One of the first GGA exchange functionals developed by Becke (B88) is still

popular and is a correction to the LSDA exchange energy

S?BB — S)%SDA + ﬁg)f?SB
/ m*
AeB88 — _p,1/3
°x hr 1+ 6fmsinh—tm (2.31)
_|Vpl
- p*/3
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where [ is determined by fitting to experimental data for rare gas atoms by varying the
gradient variable, m.>®
The B88 functional is commonly paired with the GGA correlation functional

developed by Lee, Yang and Parr (LYP) described by>’

Eéyp — _41 papﬁ’ n
p? (1 + k,o_i)
—ijw {% [144(22f3)cF (,02/3 + pﬁ”)
2 2 2
+(47 = 78)|Vp? — (45 — 8) (IVpal® + [pg|)
+2p7(11 = 8) (palVpal? + £ |Vog|")]

2 2.32
+3p° (IVpaF +|Vp3|2—|Vp|2)—(p§|Vpﬁlz (2.32)

+ pR1pelP)}

e_lp—1/3

w = 1
p#3(1+ kp73)

1
kp~3

§=kp 13+ <
(1+kp73)
where i, j, k and | are determined by fitting experimental data for the helium atom, to give
the BLYP GGA functional.

Perdew et. al. also developed a GGA exchange functional based on a correction

to the LSDA exchange energy given by®*

ePBE — LSDApPBE (2.33)
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PBE __
Fx _1+q_1+rm2

where F is an enhancement factor with m as the same gradient variable defined in (2.31).
The corresponding correlation functional is written as an enhancement factor (H(t)) to the
LSDA correlation functional and given by

efBE = ¢LSPA + H(t)

H(t) = sfiIn Il + ut? ( L+ At )I

1+ At? + A%t*

A=u lexp (— SE;ZA) - ll_ (2.34)

1
@) =3[+ + (1 -0

t = [2Bm)Y3f] 'm
where q,r,s and u are non-empirical parameters derived from first principles.

2.8.3 — meta-GGA (mGGA) Functionals

A commonly used mGGA functional in this work is the one developed by Truhlar's
group at the University of Minnesota, denoted M06-L. As described above, mGGA’s
depend on p, |Vp| and V?p or 1. The M06-L functional is based on a linear combination of
PBE and the VSXC functional developed by Van-Voorhis and Scuseria. In this subsection

r is the spatial coordinate of an electron. The M06 exchange functional is given by

B0 = ) [IFE75 (0, U0)f () + e, 2] (2:35)

where F£BE is as defined in (2.33) and z is a working variable that depends on t defined

by
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2T

Z = _p5/3 - CF
(2.36)
3
Cr == (6m?)?/3
5
hx is a working function given by
d, dir? +dyz  dyr* + dyr?z + dsz?
= 2.37
h(r22) (Jf(?‘. z) ’ y3(r,z) " y3(r,z) (2.37)
that depends on another working function y described by
y(r,z) =1+ a(@?+2) (2.38)

f(w) is referred to as the kinetic-energy-density enhancement factor defined by

11

fw) = Z awt (2.39)

i=0
where w is a function of t which in turn is a function of both p and t given by

(-1
Ve m T

TLSDA
_— (2.40)
T

7Lspa — % (6m2)?/3p5/3

The MO06 correlation functional treats opposite-spin and same-spin correlation

differently. The opposite-spin (denoted o,B) correlation is given by'®

Eg'gf; = f eé"g [g(7a, rﬁ) + haﬁ(raﬁ,zaﬁ)]dr (2.41)

where gqp(Xq, Xg) is given by h(a,p).

= ycC, (r2 + rz) :
Cap\la B
= E . 2.42
gdﬁ(ra’@’) i=0 Ceapd (1 FYCeap(Td + ?‘)) ( )
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r describes position of the alpha and beta electrons (* = %, + r%) and z = z, + z; is the
working variable defined in (2.36) applied to the alpha and beta spin electrons separately.

The same-spin correlation is described by
EMo¢ = fe”E [g() + h(r,2)] dr (2.43)

where g(r) is defined as

n

i
ycer?
g(r) = Z Cci (m) (2.44)

i=0
and h(x,z) is defined in (2.37). D is a self-interaction error correction factor given by

T'2

=l-z+ o) (249)

UEC s the correlation

which vanishes for any one electron system. In (2.41) and (2.43) e
energy for opposite and same spin correlation and ycq.s and yc are two parameters from
the MO5 functionals previously developed by Truhlar's group. The total MO6 correlation
energy is the sum of the same and opposite spin correlation energies

E. = EX + Eg + EPP (2.46)

2.8.4 — Hybrid Functionals

The exchange-correlation energy can be connected to the potential that connects
the non-interacting reference system to the actual system. This is done through the

adiabatic connection formula (2.47).°

1
Eye = f (W Ve ()W) d (2.47)
0

In its simplest approximation Vy.( ) is assumed to be linear and the integral is taken to

be the average value of the two end points. In the Vy-( ) = 0 limit the electrons are non-
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interacting and there is no correlation energy and the exchange energy is equal to that
given by Hartree-Fock theory. If the actual system is approximated by the local functionals
given by the LSDA then the exchange- correlation energy is given by the half-and-half

(H+H) method

1 1
EHAH = EEfxact + E(E§SDA + ELSDAY (2.48)

A more accurate result can be obtained by writing the exchange energy as a
combination of the LSDA exchange, exact exchange and a gradient correction term. The
most popular hybrid functional is the Becke 3 parameter functional described by>"

Exc = (1 — n)EFP4 + nEF¥t + 0AES®® + (1 — p)EEPA + pEEP  (2.49)
where n, 0 and p are determined by fitting to experimental data to be 0.2, 0.7 and 0.8,
respectively.

The hybrid M06 functionals (M06, M062X and M06-HF) are based on the following

format'®

X X
Exc = 755 E4" + (1 —7gg) E0° + B (2.50)

where X=28 (M06), 56 (M06-2X) or 100 (MO6-HF). Similarly, the hybrid version of PBE
(denoted PBEO) mixes 25% exact exchange and 75% DFT exchange.>'?

In most electronic structure packages, the amount of exact exchange a functional
includes can be manually specified. This is done in this work using the Gaussian09
package' via the following keywords:

1. The BLYP functional is specified in the route section

2. The following I/Op codes are specified

a. 10p(3/76=10000xxxxx)
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b. 10p(3/77=07200yyyyy)
c. 10p(3/77=081001000)

IOp(3/76) controls the amount of exact exchange. xxxxx = 00000 for 0% exact
exchange and 10000 for 100%. Each increase of 1000 corresponds to a 10% increase
and all leading zeroes must be specified. |0p(3/77) controls the amount of B88 exchange
and is given by yyyyy=10000.

2.8.5 — Range-Separated Hybrid Functionals

The interaction of electrons with opposite spins occurring over a short distance is
well described by DFT. On the other hand, the same interactions occurring over long
distances are better described by exact exchange. This insight motivated the creation of
range-separated (RS) hybrid functionals where short distance interactions are treated
with DFT exchange while long distance interactions are treated with exact exchange.

In RS hybrids the operator describing the electron-electron Coulomb repulsion is
split into a short and long range component’

iz 1—f(r12)+f(r12)

T2 T12 T2

(2.51)

where f(r12) is a screening function that satisfies three criteria: 1) It ranges between 0 and
1. 2) as rq2 approaches zero so does f, and 3) as ri2 approaches infinity f approaches 1.

The most common choices for the screening function are the exponential function
fl)=1-e" 2 (2.52)
and the error function
2 1
fo) = fon)=—=[ et (2.59)
Vi Jo

where o is a positive constant in both equations.
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The CAM-B3LYP functional developed by Yanai et. al. has the short range

exchange interaction described by'®
ESR = —lZf 43y {1—§a[ﬁ f(l) +2a(b—c)ndr
X > pVp 3 > (2.54)

and the long range interaction by
ELR
occ occ
1 . . f(uryz) (2.55)
=52 O [ [ 4 @de; e)—E2 g, ()9, ()i,
. n 12
i
where p is a parameter that determines the amount of DFT to HF exchange in cases of
intermediate distances and ¢ can refer to either a or  electrons. If 1 = 0 then only DFT
exchange is used, conversely if u = 1 only exact exchange is used.

2.9 — Strengths and Weaknesses of the Hartree-Fock Method and Density
Functional Theory

While the Hartree-Fock method greatly simplifies that multi-electron problem and
provides the best single determinant description of the electronic structure (in a complete
basis set), it has some deficiencies.

The main drawback of the Hartree-Fock method is due to its description of electron
correlation. As described in section 2.7 the electron correlation is described in only an
average way. The correlation of electrons of the same spin is accounted for in Hartree-
Fock theory by exchange operator, however, the correlation of electrons of opposite spin,
due to Coulomb repulsion, is not accounted for. This leads to an improper description of
chemically important effects (e.g. dispersion interactions). Electron correlation can be

better accounted for using post Hartree-Fock methods.
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The computational effort required for post Hartree-Fock methods limits their usage
to small or medium sized molecules. On the other hand, DFT is able to account for
electron correlation more accurately than the Hartree-Fock method at a computational
effort approximately equal to the Hartree-Fock method. Results obtained from DFT are
typically as accurate as those obtained from second order Mgller-Plesset perturbation
theory (MP2). However, there are many density functional approximations available and
a variety of them should be tested to ensure a consistent result is obtained.

2.10 — Basis Sets

Once a method (HF or DFT) has been chosen, a choice on how to represent the
wavefunction or electron density must be made. This is done by using a basis set of
functions to approximate the unknown molecular orbitals as a set of one electron
functions. This is not an approximation if an infinite sized basis set is used (i.e., if the
basis set is complete) but in practice this is not feasible and so finite sized basis sets of
functions are used.'®

There are two types of basis functions: Slater type and Gaussian type. Gaussian
type are most commonly used for ease of integration. They are of the general form (in

Cartesian coordinates)

Frnim(x,v,2) = Nx"y'lz™me™¢
(2.56)
=n+l+m
where ( is a positive value and L is the orbital quantum number. To increase the efficiency
of the calculation the basis functions are written as a linear combination of Gaussian

functions called Contracted Gaussian Type basis functions (2.57).° The most commonly

employed type of basis set used throughout this work will be described.
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a;F;

¢ = (2.57)

M=

i=1

The split valence Pople style basis sets represent the core electrons with one set
of cGTOs and a different set of cGTOs to describe the valence electrons. For example,
the 6-31G basis set is of double zeta quality where the core electrons are represented by
6 cGTOs and the valence by 3 cGTOs and 1 additional GTO. Similarly, the 6-311G basis
set is of triple zeta quality where the core electrons represented by 6 cGTOs and the
valence is split into three functions of 3, 1 and 1 ¢cGTO."®

These basis sets are commonly improved by adding additional diffuse or
polarization functions. Diffuse functions are typically s or p type functions. They are
denoted by + or ++ for a set of diffuse s and p functions on heavy atoms and an additional
s function on hydrogen, respectively. Polarization functions add an additional function to
atoms as well. For example, the 6-311++G(2df,pd) basis set has polarization functions
on the heavy atoms as well as hydrogen, and 2 additional d functions and 1 additional f
function on heavy atoms as well as one additional p and d function on hydrogen atoms.
Diffuse and polarization functions are included in order to give the basis set more
flexibility.®

Other basis sets used in this work are the Dunning style correlation consistent
basis sets and the Def2 basis sets developed by Ahlrichs et. al. The Dunning basis sets
are denoted cc-pvNZ where N=D,T,Q, 5, 6, denoting the quality of the basis set (double,
triple, quadruple, quintuple, hextuple zeta), and are designed to converge to the complete

basis set limit for post Hartree-Fock methods. They include an increasing number of
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polarization functions and can be augmented with diffuse functions by attaching the aug-
prefix to the basis set designation (e.g., aug-cc-pvDZ).

The Def2 family are split valence basis sets that can include varying amounts of
polarization. For example, the Def2TZVP is a triple zeta quality basis set with polarization
functions while Def2TZVPP is the same basis set with an increased amount polarization
functions. In their original formulation they did not include diffuse functions. They have

since been updated to include diffuse functions as in the Def2TZVPPD basis set.

2.11 — Time-Dependent Density Functional Theory (TD-DFT)

DFT has become the method of choice for assessing the ground state electronic
structure of large molecules. TD-DFT extends DFT to the time-dependent domain in order
to study the excited states of molecules. In TD-DFT the variable of interest is the time-

dependent density,
pr0) = N [Wpeur, mioldr,  dn (2.58)

The Runge-Gross theorem forms the basis of TD-DFT. It states that densities n(r,t)
and n’(r,t) which evolve from some initial state change under the influence of two different
potentials vex(r,t) and V'ex(r,t) are different if and only if the potentials differ by more than
a time-dependent function. It establishes a one-to-one mapping between the time
dependent density and the external potentials. Moreover, it establishes that there is a
one-to-one mapping between the density and wavefunction for an initial state.'®!”

Just like in ground state DFT, the interacting system of electrons is mapped onto

a non-interacting system described by the potential vis(r,t) that yields the same density

31



as the interacting system. The non-interacting system is described by the time-dependent

Kohn-Sham equation
.0 v?
P jrt) = l—? +vgs(r, )] (1 0) (2.59)
The excitation energies are determined from the Fourier transform of the first order
response to the external potential.'® Further technical details of TD-DFT are omitted but
16-18

the reader is directed to the references at the end of this chapter.

2.12 — Post Analysis Methods

The electron density (p) is obtained as a result of performing a calculation using

one of the methods outlined above according to:’

W2 = p(r) = N f (s ro)l2dr,  dry (2.60)

A variety of post-analysis schemes have been devised and are routinely used to
extract further information about the system of interest. In this work the primary post-
analysis tools used are the Quantum Theory of Atoms in Molecules (QTAIM) developed
by Bader'® ?° and Natural Bond Orbital / Natural Resonance Theory (NBO/NRT) analysis
developed by Weinhold.”’

2.12.1 — The Quantum Theory of Atoms in Molecules

The Quantum Theory of Atoms in Molecules provides a topological analysis of p.
The topology of p is dominated by large maxima at the position of the nuclei. Critical points
(CPs) in p can be determined by examining its gradient'® 2°

dp dp_l_kd_,o{:OatCP’sandoo

VP = lﬁ_ud_y dz \# 0 elsewhere (2.61)
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The maximum at the position of the nuclei is a type of CP called a nuclear critical

point. The character of any other CP’s can be determined by inspecting the 3x3 tensor

corresponding to the nine second derivatives at the CP.'® %
d%p d%p 3%
0x%? O0xdy 0x0z
2 2 2
a= |22 9p 9 (2.62)
dydx 0dy? dydz
d%p d%p 3%
0zdx 0zdy 0z?

This matrix is diagonalizable because it is symmetric and real. Diagonalizing rotates the
matrix to a principal axis system and returns three eigenvalues: A1 > A2 > A3

; 0 0

A=\0 2 0] (2.63)

0 0 4
The CP can be further classified based on its rank (number) and signature (the algebraic
sum of their signs). There are four stable CPs with a rank of 3 and a CP with a rank of
less than 3 is said to be topologically unstable (see later). In Table 2.1 the rank and

signature of the four types of stable CPs are presented.'®?

Table 2.1: Rank and signature of the four stable critical points predicted by QTAIM

Rank | Signature
Nuclear Critical Point 3 -3
Bond Critical Point 3 -1
Ring Critical Point 3 +1
Cage Critical Point 3 +3
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The nuclear critical point (NCP) is a (3,-3) CP indicating that p is a local maximum
at this point. The bond critical point (BCP) is a (3,-1) CP that connects two atoms in a
molecule where p is a maximum in two directions and a minimum in the direction
perpendicular to the plane defined by the first two directions. A ring critical point (RCP) is
a (3, +1) CP that connects three or more atoms where p is a minimum in the plane
containing the ring and a maximum in the direction perpendicular to the ring. A cage
critical point (CCP) is defined by three positive curvatures at the CP. The Poincar -Hopf

relationship relates the number and type of CPs that can co-exist in a molecule'® ?°

Nycp — Npep + Ngep — Neep = 1 (2.64)

As mentioned above, the topology of p is dominated by large maxima
corresponding to the nuclei. This feature allows for the molecule to be partitioned into
discrete nuclear regions called atomic basins (denoted by Q). There is a surface that
contains an atom within a molecule and it is required that the surface satisfy the boundary

condition given by'%%

Vp-n(r)=0 (2.65)
This is the zero-flux condition that states none of the gradient vectors of p may cross the
surface bounding an atom. Such surfaces are called atomic basins and when two atomic
basins touch there is a zero-flux interatomic surface that occurs between them.

Average properties (P) of individual atoms can be calculated by integrating over

an atomic basin

P(Q) = (0)q = %f f[w*éw + (0¥)'¥] dr dt (2.66)
Q
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where O is a one electron operator. Commonly calculated values include the atomic
electron population, charge, volume and energy.'® %

An additional topological feature called a bond path is found which links two atomic
basins and is an indicator of a bonding interaction. The point along the bond path with the
minimum electron density is where the BCP and interatomic surfaces are found. The
network of bond paths and CPs that connect the nuclei in an equilibrium geometry is
called a molecular graph (MG). The MG provides an unambiguous definition of molecular
structure in QTAIM." 2

Earlier it was mentioned that a CP of rank < 3 is an unstable critical point. If a MG
contains such a CP, then a change in structure will occur; the unstable CP will be

annihilated and a new MG corresponding to a new structure is obtained. A quantity

relevant to structural change is the ellipticity (¢) of a CP defined by
e=——1 (2.67)

¢ measures the relative accumulation of electron density in the plane of the bond
path. Unstable CP’s (those that are susceptible to annihilation) will have an € > 1. The
study of structural change of topologically unstable structures in QTAIM is performed
using Thom’s theory of elementary catastrophes (see 2.12)."

2.12.2 — Natural Bond Orbital / Natural Resonance Theory Analysis

The NBO program developed by Weinhold et. al.?'

provides an analysis of the
multi-electron wavefunction, calculated from a wavefunction method or DFT, in terms of
localized electron pairs. It makes use of the first order reduced density matrix of the

wavefunction (y1—1RDM)
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nourd = N [W0in, n)¥eun n)dn dn (268)

where N is the number of electrons. The diagonal elements of (2.68) (r'y = rq) return the

electron density function
p1 =vy1(r, 1) = NJ-LIJ"‘(?‘{,?‘Z )W(r,r, ry)dr, dry (2.69)

where (2.69) represents the probability of finding an electron at position ry. All of the

information contained in the 1RDM can be obtained from the eigenvalue equation
Vi=n (2.70)

where the eigenfunctions 6; are natural orbitals and the eigenvalues n; is the occupancy
of the orbital. %2

NBO analysis focuses on searching the 1RDM for the highest occupancy orbitals
associated with an atom A. By doing so the natural atomic orbitals (NAOs) corresponding
to each atom are obtained. If the 1RDM is searched for the highest occupancy orbitals
associated with a diatomic region (A-B) the set of natural bond orbitals (NBOs) is
obtained. Algorithms for generating NBOs are implemented in the NBO 6.0 program and
detailed in the references therein.?’

The set of occupied NBOs is referred to as the set of Lewis NBOs and is
accompanied by a set of non-Lewis NBOs. Any non-zero occupancy of the non-Lewis
NBOs is said to correspond to electron delocalization. The NBO program generates a list
of delocalization interactions between the Lewis and non-Lewis sets and uses them in the
Natural Resonance Theory (NRT) module.? #*2*

The NRT module provides a resonance expansion description where the 1RDM is

expanded as a series of candidate 1RDM operators

36



[= Z woly 2.71)

and compares the candidate operators to the so-called true density matrix. The program
attempts to minimize the difference between the two using a least squares variational
functional, 5y, stated to be a measure of the irreducible error in describing the true 1RDM
with the chosen candidate 1RDM operators (corresponding to resonance structures). It is

stated to be an “internal criteria of accuracy”.??

P—Zwaf;

If the NRT expansion is an exact representation of the true 1RDM then 5y, = 0.

6, = min (2.72)

However, for expansions with 3y # 0 the module calculates how much the expansion
improves the description of the electronic structure over using only the first term in the
1RDM expansion (Srr). This is referred to as the fractional improvement (f,) and is given

by

_5ef_5w

fu = (2.73)

S ef
f. varies from 0 to 1 and approaches 1 as &, approaches 0.%2
The NRT analysis occurs in three steps.

1. A set of reference resonance structures is specified. This is either done
automatically by the program or resonance structures of interest to the user are
specified.

2. The set of NBOs is generated for each of the resonance structures specified and
from the list of delocalization interactions a set of secondary resonance structures

(I'y) are determined for each.
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3. The resonance weights w,, of each I', are determined.

2.13 — Elementary Catastrophe Theory

The elementary catastrophe theory developed by Thom?* provides an additional
analysis tool that is used throughout this work. Briefly, it describes the sudden changes
in the description of a state of a system under external perturbation. The most important
points of the theory will be described.

The state of a system is described by two sets of variables, internal variables x =
(x1, ..., Xm) and control variables ¢ = (c4, ..., Ca) that are related by a potential function
V(x, ¢). When the control variables have fixed values the system will reach an equilibrium
where the internal variables minimize the potential function. As the control variables are
varied the potential function can suddenly jump and establish a new equilibrium.?®

Whereas the potential function depends on internal and control variables, the
eigenvalues of the stability matrix of any critical point in the potential function depend only
on the values of the control variables. This means that there are values the control
variables can take on that will cause zero eigenvalues in the stability matrix to be
annihilated.?®

There are seven elementary catastrophes originally described by Thom that
contain either one or two internal variables and four or fewer control variables. They are
compiled in Table 2.2. In this work the cusp and elliptic umbilic catastrophe are studied

so they will be covered in further detail.?®
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Table 2.2: The seven elementary catastrophes described by Thom

Control Variables 1 Internal Variable 2 Internal Variables
1 Fold -
2 Cusp -
Hyperbolic Umbilic
3 Swallowtail
Elliptic Umbilic
4 Butterfly Parabolic Umbilic

2.13.1 — The Cusp Catastrophe

The cusp catastrophe describes the interrelationship between a two state system

where one system has three critical points and the other has only one. It is given by

1 1
f(x;a,b) = Zx‘* +—ax? + bx (2.74)

2

where a and b are control variables and x is the internal variable. Its control parameter
plane is visualized in Figure 2.2.7

Within the cusp shaped region of Figure 2.2 the potential function has three critical
points, while outside this region there is only one critical point. Inside the cusp the
potential function is analogous to the potential energy surface shown in Figure 2.1 Any
change in the potential function requires the system to pass through the cusp shaped
region whereby a doubly degenerate critical point, or in the case of the tip of the cusp a
triply degenerate critical point, is formed. Beyond this point the degenerate critical point

is annihilated and the system enters the larger region complementary to the cusp.?’
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Figure 2.2: Control parameter plane for cusp catastrophe

2.13.2 — The Elliptic Umbilic Catastrophe

The elliptic umbilic catastrophe describes the interrelationship between a four
state system where one state has four critical points while the other three states have
only two. It is described by

z
f,z;u,v,w) = y?z — gwy3 +wy? —uy —vz (2.75)

where u, v and w are control variables and y and z are internal variables. Its control

parameter plane is visualized in Figure 2.3.%”
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Figure 2.3: (A) Control parameter plane for elliptic umbilic catastrophe (B) view of
hyperbolic region with number of critical points labelled.

Within the hyperbolic region of Figure 2.3 the system has four critical points while
outside there are only two. Passing through the hyperbolic region results in a doubly
degenerate critical point forming and then annihilating as the system enters the region
complementary to the hyperbolic region. This model has been previously applied to the

study of structural changes in three-membered rings within QTAIM."®
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CHAPTER THREE

Isothiirane: A Molecular Structure Dilemma Resolved



This chapter has been published in the Journal of Computational Chemistry: S.M. Maley
and R.C. Mawhinney, J. Comput. Chem., 2018, doi: 10.1002/jcc.25758

ABSTRACT

The electronic structure of molecules is routinely assessed using a number of
methodologies including Bader's Quantum Theory of Atoms in Molecules (QTAIM) and
Weinhold’s Natural Bond Orbital/Natural Resonance Theory (NBO/NRT). Previously
these methods were applied to the study of isothiirane, however, the results obtained
were incongruous with one another: the QTAIM analysis suggested an acyclic structure
while NRT indicated a cyclic structure. The previous results assume the NRT description
to be correct despite limitations in the analysis, while Foroutan-Nejad et. al. employed a
multiple molecular graph (MMG) analysis to resolve the QTAIM discrepancy. In this work
we re-examine the electronic structure of isothiirane, employing a detailed NRT analysis
and the catastrophe theory model originally described by Bader for the study of three-
membered ring systems. Substituent effects are studied to obtain more detail about the
electronic structure of the parent compound and gain insight into how its reactivity can be
modified; additional analysis is performed using NMR tensor calculations. A congruous
description of the electronic structure of isothiirane and the substituted versions is
achieved using all modes of analysis. These results highlight how the careful application
of commonly used methodologies can achieve a unified description of electronic
structure, and the new view of bonding in isothiirane reveals that it may offer a means for

incorporating sulfur in heterocycles.
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3.1 — Introduction

The electronic structure of a molecule dictates its properties (geometry, reactivity,
etc.) and its determination remains a busy field of study. Both theoreticians and
experimentalists carry out electronic structure calculations in an effort to gain new
information and chemical insight. Electronic structure calculations are routinely performed
using ab initio wavefunction-based or Kohn-Sham density functional theory (DFT)
methods." According to the Hohenberg-Kohn theorems, all information about a chemical
system is contained within its electron density.? Many methods for analyzing the electron
density and extracting relevant information have been developed. They include such
approaches as the Quantum Theory of Atoms in Molecules (QTAIM)?, Natural Bond
Orbital (NBO) and Natural Resonance Theory (NRT) Anafysis". Localized Orbital Locator
(LOL) MethodP, and the Electron Localization Function (ELF)®. Methods for analyzing the
electron density are expected to provide a congruent description of the electronic
structure.

The electronic structure of (HS)(CH2)(CH) (isothiirane) was studied by Stalke et.
al. in 20077, Jacobsen in 2009% and Foroutan-Nejad et. al. in 2014.° Three analysis
techniques were employed: QTAIM, NBO/NRT and LOL with varying degrees of
agreement. NBO / NRT identified the structure of isothiirane as a ring (cyclic zwitterion —
Scheme 1) with expansion weights of 78.4-87.8%. The QTAIM analysis varied with model
chemistry, with the majority giving an acyclic structure and a Valence-Shell-Charge-
Concentration (VSCC) on C located in the H-C4-C; plane, consistent with an sp? type
electronic structure and reminiscent of an acyclic carbene (Scheme 3.1). A few gave a

ring structure, however, and it was noted that in these cases that the longer bond had a
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lower electron density at the bond critical point (BCP) and hence a smaller bond order,
contrary to the NBO/NRT results.'® The LOL analysis provided a consistent description

at all model chemistries and was congruent with the NBO / NRT analysis.

y y
I s
C—C; LG
HY; % HY: %
H H - H
Cyclic Zwitterion Acyclic Carbene
Scheme 3.1

To account for the discrepancies in the QTAIM findings, Foroutan-Nejad et. al.
presented a multiple molecular graph (MMG) approach as a means of accounting for the
fact that the QTAIM picture is one where a structural change is occurring. However, the
NBO / NRT results, which the previous authors assume to be correct based on chemical
intuition, is still incongruent with the QTAIM results as no acyclic resonance structure was
obtained. This discrepancy is the primary motivation behind the current study.

In this work we re-investigate the electronic structure of isothiirane to resolve the
incongruous descriptions obtained previously. First, the structure of isothiirane is
determined at the CCSD(T)/CBSkxap level and the structures obtained previously using
DFT and wavefunction based methods are compared. A QTAIM analysis is interpreted
in the framework of catastrophe theory, originally applied by Bader to the understanding
of the formation and destruction of three-membered ring systems.>'" NRT calculations
are performed by manually specifying resonance structures for consideration to provide
an unbiased assessment of electronic structure. NMR shielding tensor calculations are

performed to gain additional insight into the local electronic structure of the C4 nucleus.
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Finally, substituent effects are explored to provide a more robust assessment of the
electronic structure of the parent compound. It is shown that a congruous description of
the electronic structure of isothiirane is possible with all modalities of analysis.

3.2 — Methodology

The structure of (HS)(CH2)(CH) was optimized at the CCSD(T)/aug-cc-pvNZ (N =
D, T, Q) level using Molpro'? and a three-point extrapolation to the complete basis set
(CBS) limit'® was performed for the geometric parameters of the heavy atoms.
Optimization, frequency, stability and NMR (GIAO) calculations were performed at the
DFT level (B3LYP', B3PW91'°, PBE0'®) with a triple-zeta Pople style basis set (6-
311++g) with varying polarization functions (BS1: (d,p), BS2: (2d,2p), BS3: (2df,pd)) in
Gaussian09 Rev. D.01." The structure was also optimized at the MP2 / BS1 level of
theory to re-assess one of the results of Stalke et. al.” Analysis of the electron density
topology according to QTAIM was performed using AIMAII'® and Multiwfn.'® NBO and
NRT calculations were performed using NBO 6.0.%° Additional resonance structures are
included in the NRT analysis using the $NRTSTR keyword. Displaced geometries from
the lowest vibrational mode were obtained using a step size (in Angstroms) of 0.1 with a
refined step of 0.01 to locate the positions of the singularity.

3.3 — Results and Discussion

3.3.1 — The Structure of Isothiirane

At the heart of the problem is the S-C; interaction, which is geometrically dictated
by the size of the ring and the SC>C, angle. In order to obtain a high quality estimate of
the true geometry of (HS)(CH2)(CH), optimizations were performed at the CCSD(T)/aug-

cc-pvNZ (N = D, T, Q) levels of theory. The geometric parameters of the heavy atoms
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were then extrapolated to the complete basis set (CBS) limit. These are compiled in Table
3.1 (values from all other model chemistries available in Table A1). Overall, the sum of
the bond lengths in the ring are reduced by 0.159A (3%) with extrapolation. S-C;
decreases by 0.097A (4.9%), S-C, by 0.046A (2.4%), and C4-C, by only 0.016A (1%). The
final extrapolated structure has values of 1.898A (S-C,), 1.838A (S-C,), and 1.480A (C;-
C:). The SC,C4 angle decreases from 71.4° to 68.9°, while the C>.SC; and SC1C; angle
increase slightly by 0.4° and 1.4°, respectively.

Table 3.1: Heavy atom geometrical parameters obtained at the CCSD(T)/aug-cc-pvNZ

(N=D, T, Q) level and their CBS extrapolated values. Bond lengths (R) and perimeter (P)
in A, angles (A) in degrees.

RS-Ci) [ RS-Co) [ RC-Co) | P JA(sC.Cy) [ AC.SCy) [ ASCiC2)
aug-cc-pvDZ | 1.995  1.884 1496 5375 714 46.2 63.3
aug-cc-pvTZ | 1.919  1.848 1484 5251 692 46.3 64.2
aug-cc-pvQZ | 1.903  1.840 1480 5223 69.0 46.5 64.5
CBSexrap' | 1.898  1.838 1480 5216 68.9 46.6 64.7

1. Plots given in Appendix A Figures 1.1A-F

All of the methods tested by us and the previous authors overestimate S-C; and
underestimate C1—Co, relative to the CCSD(T)/CBSegxtrap Structure. S—-C1 is overestimated
by all methods used by both Stalke et. al. and Jacobsen, as well as most methods
employed by us (exceptions are B3PW91 and PBEO in combination with BS3 and PBEO
in combination with BS2). SC,C4 is overestimated by B3LYP, B3PW91 and PBE in
combination with BS1 as well as all the other model chemistries tested by Stalke et. al.
and Jacobsen. The rest of the methods tested by us underestimate the angle. SC1C; is
overestimated by all methods except HF and CISD in combination with BS1 and CCSD
and B3PW91 in combination with TZVP. C,SC; is underestimated by all methods except
B3PW91 in combination with BS2 and BS3 as well as PBEO in combination with BS2 and

BS3; PBEO in combination with BS1 predicted the CBS value exactly. The methods that
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best reproduce the CCSD(T)/CBSgxrap geometry are MP2 / BS1, B3PW91 / BS2 and
PBEO / BS1.

3.3.2 — Characteristics of the Electron Density

Isothiirane can exhibit two molecular graphs depending on model chemistry.”
Whether a ring is observed is related to the amount of electron density brought to the
area by its constituent atoms (a constant for a given molecule), the size of the triangle
formed by the three atoms (perimeter and/or area), and the amount of the electron density
along an edge (related to distance or opposite angle). In Figure 3.1 the relationship
between the SC,C, angle, ring perimeter and detection of a ring structure in isothiirane is
visualized.

The maijority of model chemistries fall in region 1 of Figure 3.1, where the SC,C;
angle and perimeter are greater than the CBSgxmp values. With the exception of
BP86/TZVP these model chemistries predict an acyclic structure.

A ring is predicted by 2 additional model chemistries (MP2/BS12" and PBE/TZVP)
that fall in region 2 (smaller SC2C1 angle but greater perimeter than CBSgxap) and 4
model chemistries (B3PW91/BS2 or BS3 and PBE0/BS2 or BS3) that fall in region 3

(SC2C4 angle and perimeter less than CBSgxrap) Of Figure 3.1.
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The CBSExrap structure appears to be the boundary between the acyclic and cyclic
structures. This is consistent with Jacobsen’s conclusion regarding the geometry.? As
shown in Figure 3.1, the ring critical point (RCP, green circle), when detected, lies close
to the S-C4 bond critical point (BCP, red circles) and the S-C4 bond path is highly curved
inward. This is an indicator of structural instability.

The stability of critical points (CPs) can be assessed by examining the second
derivative matrix of p(r), which when diagonalized returns three eigenvalues that reflect
the curvature of the electron density at the CP. The extent to which the electron density
is accumulated in a particular plane of the CP is determined by the ellipticity () of the CP.
When detected, the ellipticity of the RCP (e = 1.75 to 42.25 — Appendix A Table A.3) is
indicative of a topologically unstable structure susceptible to rupture via change in
geometry,®?2 while that for the more familiar tautomer, thiirane, suggests a topologically
stable structure (e = 0.50 to 0.76). To examine this further, we have employed the
approach of Foroutan-Nejad et. al.® for creating displaced geometries along the entirety
of the lowest energy ring-opening mode (Scheme 3.2 — wavenumbers available in

Appendix A Table A.4).

Q ©_ @
0® o° ©°

-1.0

Scheme 3.2
As the geometry is displaced in the -1.0 direction the S nucleus moves towards C4,
decreasing the S-C4 distance and perimeter. In the opposite (+1.0) direction the S nucleus

moves away from C;, increasing the S-C4 distance and perimeter. The S-C;, distance
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does not change significantly, however the SC1C; angle increases in -1.0 direction and
decreases in the +1.0 direction. Analyzing the electron density at each step allows us to
define the approximate region where the ring structure exists. The relevant data is
presented in Figure 3.2 for B3PW91/BS2 and PBEO0/BS1, the model chemistries

immediately surrounding the CCSD(T)/CBSgxirap Value in Figure 3.1.

1.848A 1.902A
1.847A 1.9064
> E—
68.85° 65.02°
69.12° 64.84°

Figure 3.2: Example MG’s for a ring structure (centre), topologically unstable ring
structures, and acyclic structures (outermost). Geometric parameters presented for
B3PW91/BS2 and PBE0/BS1. Hydrogen atoms removed for clarity.

As shown in Figure 3.2, there are more than 2 MG’s for describing the topological
features of isothiirane. To understand this structural change in three-membered rings
(3MR’s) we use catastrophe theory as described almost forty years ago."

As detailed by Bader et al, the structural stability of 3MR’s can be described in
terms of the unfolding of the elliptic umbilic (EU) catastrophe (Equation 1). In equation 1
u, v and w are control parameters describing how sensitive the topology is to configuration
space (y,z nuclear motion) and the amount of electron density (w). Here we provide an
analysis of the ring structure region in both isothiirane and thiirane, the later chosen

because of its structural similarity and because C,, symmetry allows for analytical

solutions.

f,z;w,y,v) = yzz—§+ wy? —uy — vz (3.1)
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3.3.3 — The Elliptic Umbilic

For thiirane, a singularity in p can be located by moving the S nucleus along the
C2 (z) axis. This point is referred to as the bifurcation point and the set of structures
containing such a point is referred to as the catastrophe set. The singularity is chosen as
the origin of both the molecular plane (y,z) and the control space (u and v both equal 0)
and the EU is unfolded from this point. The case of thiirane is similar to that of water (Ca,,
w#0)'" and we know that a ring exists for particular values of u, v and w, as displayed in

Figure 3.3.

(A

PR A A A A K
el o Tl e et T

u:—— ——4u40 Ocuc— u>—

Figure 3.3: (A) Representatlon of the structure diagram of the S-CIZ-C‘I system showing
the possible cyclic (Region 1) and acyclic structures (Regions II-1V). The hypocycloid
shape defines the catastrophe set. Inset box: Catastrophe set described by Equation 1
and definition of axes. (B) Prediction of the unfolding the elliptic umbilic for motion along
y-axis with v=0.

The unfolding of the EU predicts four possible stable structures for the S-C;-C4

system. Three corresponding to an acyclic structure (Regions Il, lll and IV) and one to a
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cyclic structure (Region I). Specific values of y, v and w define the size of the hypocycloid
region of the structure diagram (Figure 3.3), which dictates when a ring structure is
detected.

In the case of isothiirane the lack of a C, symmetry axis makes an analytical
description difficult. However, the general features of the EU are preserved. There are
still three control variables that are affected by the nuclear motion in configuration space,
and there are still three acyclic and one cyclic structure possible. Scans along the normal
mode as described in Figure 3.2 provide an approximate tracing of the EU, with the
nuclear motion in configuration space combined in the vibrational mode.

As the structure is displaced in the +1.0 direction (Scheme 3.2) the RCP
approaches the S-C4 BCP (Figure 3.3: w2 /2<uc< 0) until the catastrophe point is
reached (Figure 3.2: Il or Figure 3.3: u = -w?/ 2). Beyond this point the acyclic MG that
may be described as a carbene is obtained (Figure 3.2 Ill or Figure 3.3: u< -“12/2).
Conversely, as the structure is displaced in the -1.0 direction (Scheme 3.2) the RCP
approaches the S-C, BCP (Figure 3.3: 0 <u < w? / 2) until the other catastrophe point is
reached (Figure 3.2: IV or Figure 3.3: u = w? / 2). Beyond this point another acyclic
structure, corresponding to an ethenylthiol type structure, is obtained (Figure 3.2: V or
Figure 3.3: u > -w%/2). The third acyclic structure (Region 1V) is not obtained in our
analysis as this would require a different mode scan. The region the ring exists within for
each model chemistry is bounded by the values obtained at the catastrophe points
(Figure 3.2).

The model chemistries presented in Figure 3.1 can be categorized using the EU

model. Those displaying a cyclic structure fall in a region of the EU between w?/2<u<
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0and 0>u>w?/2. The remaining model chemistries fall within the u < w2/ 2 region of
the EU. The application of the EU to understanding the topological features of isothiirane
uncovers four possible structures, not just the two of Foroutan-Nejad et. al’

3.3.4 — Natural Resonance Theory

The four resonance structures of isothiirane identified by Stalke et. al. along with
the additional structure identified by us from unfolding the EU (RS-I) are presented in
Figure 3.4. RS-B and RS-C are the most relevant equilibrium descriptors in light of the

equilibrium QTAIM description.

. H . H L H aH .é,H
°S ®°S °S. s s
/\\ / \. /. T e \
HwC—C, H&C—C@HwC—C; HwC=—=C,  Hw%C==C,
H HH H H H H H H H
RS-A RS-B RS-C RS-D RS-

Figure 3.4: Possible resonance structures for (HS)(CH2)(CH)

Previous studies indicated that the electronic structure of isothiirane was primarily
described by RS-B.”® However, a greater bond order was assigned to the longer S-C;
distance and RS-C was not detected when the default mode of the program was used.
For a more accurate analysis, different RS descriptions that consider each of the
resonance structures of interest are tested so that the best one is chosen.

In this study we varied the choice of NRT input structure, with all combinations of
resonance structures tested at the B3PW91/BS2 level. The expansion weights and
natural bond orders are collected in Table 3.2 (results obtained for all other model
chemistries using the default algorithm are available in Appendix A Table A.5). For
comparison, thiirane was studied using the default mode. The NRT expansion of thiirane

was dominated by a resonance structure corresponding to a cyclic species with identical
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bond orders assigned to the S-C distances (Appendix A Table A.6). This description is
congruent with the one provided by QTAIM.

Using RS-B as input yields the same NRT expansion as the default algorithm. With
RS-C as input, the weights of RS-B and RS-D are reduced to 25.7% and 2.3%,
respectively, and RS-C is now the leading structure with a weight of 55.7%. Interestingly,
the resonance structure corresponding to an isomerized (ethenylthiol) species (RS-I) was
identified with a weight of 15.3%, consistent with the EU picture. RS-D as input gives a
resonance expansion where RS-C is the leading structure (48.1%) and RS-D and RS-l
also contribute with weights of 21.8% and 28.0% respectively — RS-B is no longer a
significant resonance contributor.

Table 3.2: NRT Expansion weights (%) and natural bond orders for isothiirane obtained
using all combinations of input. Calculated at B3PW91/BS2 level (Data for all other model
chemistries available in Appendix A Table A.5)
%B [ %C | %D | % | %0 | sc, | sc, [c,-c,
Default | 94.6 - 5.4 - - 0946 0.946 1.109
B|94.6 - 5.4 - - 0946 0.946 1.109
C|25.7 557 23 153 1.0 | 0.387 0.824 1.057
D| 03 481 21.7 28 1.9 10292 0490 1.296
BC|851 79 7.0 - - 0.872 0.930 1.102
BD|(788 80 128 0.2 0.2 | 0837 0870 1.140
CDh|172 563 7.5 189 0.1 [ 0362 0.735 1.120
BCD|788 81 129 - 0.2 | 0.837 0.870 1.140

Combining RS-B and RS-C (RS-B,C) gives an NRT expansion with the largest
contribution from RS-B(85.1%), and smaller contributions from RS-C (8.0%) and RS-D
(7.0%). RS-B,D yields an NRT expansion similar to RS-B,C with RS-B as the leading
structure (78.8%), and RS-D and RS-C with weights of 12.8% and 8.0% respectively. RS-
C,D is led by RS-C (56.3%), RS-l and RS-B have similar weights of 18.9% and 17.2%,
respectively, while RS-D has a weight of 7.5%. Combining all three (RS-B,C,D) yields an

almost identical results as the one obtained using RS-B,D.
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As noted earlier (Section 3.3.1), at all levels of theory Rsc1 is longer than Rsca. At
the B3BPW91/BS2 level the difference is 0.041A, which equates roughly to a difference in
bond order of 0.026 based on the Schomaker-Stevenson relationship23’24 (Appendix A
Table A.7) and a difference in delocalization index of 0.027 (Appendix A Table A.8).

The description of the S-C bond order in isothiirane provided by the default NRT
calculation is poor, assigning identical values to both. The C/D/C,D descriptions over
exaggerate the difference and underestimate the actual bond order. The ABOngrr Obtained
with RS-B,D or RS-B,C,D (0.033) are closest to the other measures, but RS-B,C also
provides a close fit (0.058)

3.3.5 — Substituent Effects

The electronic structure of isothiirane at equilibrium can best be described as a
hybrid of the acyclic carbene and cyclic zwitterion species, but it is a precarious balance.
To further solidify this assessment, we have varied the substituents on S(R’) and C1(R2).
Encouraging donation to the C4 p-orbital should stabilize the carbene and enhance the
acyclic structure, while encouraging sulfur to donate to C4 or withdrawing density from C4
should favour the cyclic structure. Here we explore this with a series of substituents
chosen accordingly. In this section all geometries were optimized at the B3PW91 / BS2
level of theory as it reproduced the reference geometry most closely. Frequency
calculations were performed on the optimized geometries to confirm they are minima.
3.3.5.1 — Structural Changes

The general effects of substitution on the geometric parameters (bond lengths and
angles Table 3.3) of the parent compound are as follows: with only a few exceptions,

electron donating groups on S result in a reduction in the SC,C4 angle, a shortening of
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the C4-C; distance and an increase in the S-C; distance, causing it to become larger than
S-C4. The electron withdrawing substituents used can be separated into two groups: C-
containing and halogens. The C-containing substituents result in S-C4 distances and
SC,C4 angles that are similar to the parent compound. On the other hand, halogen
substitution results in an increase in the S-C; distance and SC2C4 angle and decrease in
the S-C; distance. Electron donating substituents on C generally resulted in the SC,C;4
angle and S-C; distance increasing.

Substituents that increase electron density on S also act to donate electron density
to C4. When both the S and C; positions are substituted with the same substituent there
is competition whether the S or C4-substituted structure is preferred. When the Hon S is
substituted with NC, NCS, OH, SCN and SeH the SC,C1 angle decreases significantly
and when placed in the C4 position this angle greatly increased. When both positions are
substituted with the same substituent the resulting structure of the SC,C4 backbone is

homologous to the C4 substituted structure.
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Table 3.3: Interatomic distances (A) and angles(®) for SC,C; backbone of substituted

series.

SR | c(RY) | R(S-C1) | R(S-C2) | R(C+-C,) | Perimeter | A(SC,Cy) | A(SC/C,) | A(C,SCH)

H H 1.890 1.849 1.470 5.209 68.7 46.2 65.1

CH;, H 1.850 1.831 1.478 5.159 67.0 66.6 47.3

NH, | H 1.772 1.833 1.478 5.083 63.6 68.0 48.4

NC H 1.762 2.697 1.326 5.784 34.0 121.0 24.2

o | NCS H 1.770 2.710 1.330 5.810 33.7 121.6 24.7

Q| oH | H 1.748 2.707 1.330 5.786 33.0 122.5 24.5

@ | PH, | H 1.881 1.856 1.465 5.202 67.8 66.0 46.2

SH H 1.770 2.720 1.330 5.820 33.5 122.1 24.4

SCN | H 1.765 2.696 1.327 5.788 34.2 120.7 25.0

SeH | H 1.766 2.712 1.328 5.806 33.6 121.9 24.6

H CCl; 1.885 1.860 1.454 5.199 68.0 66.3 45.7

H CF; 1.874 1.856 1.459 5.189 67.6 66.3 46.1

H | CN 1.901 1.856 1.461 5.218 68.7 65.5 45.7

o H CHO 1.817 1.876 1.442 5.135 64.9 69.2 45.9

=1 W | siH | 1832 1.845 1.459 5.136 66.2 67.1 46.7

(-:)- H CHa; 1.978 1.853 1.461 5.291 63.1 72.2 44.7

H F 2.324 1.840 1.487 5.651 88.0 52.3 39.7

H Cl 2.115 1.846 1.475 5.436 78.2 58.7 43.0

H Br 2.043 1.847 1.474 5.364 75.0 60.8 44.2

H NH- 2.676 1.833 1.496 6.005 106.6 41.0 32.4

H NC | 2.093 1.849 1.470 5.412 77.3 59.5 43.2

H | NCS| 2518 1.838 1.488 5.844 97.8 46.3 35.8

8 H OH 2.579 1.834 1.495 5.908 101.1 44.2 34.7

L(E— H PH- 1.893 1.854 1.454 5.201 68.6 65.8 45.7

H SH 2.599 1.837 1.492 5.928 102.1 43.7 34.2

H SCN 2.511 1.841 1.467 5.819 98.2 46.5 35.3

H | seH | 2580 1.840 1.478 5.898 101.5 44.3 34.2

CH; | CH; | 1.901 1.836 1.468 5.205 69.2 64.6 46.2

NH, NH- 2.687 1.829 1.493 6.009 107.6 40.4 32.0

8 NC NC 1.954 1.856 1.467 5.277 70.9 63.9 45.2

“' 1 Ncs | NCs | 2505 1.842 1.487 5.834 97.1 46.8 36.1

(f OH OH 2.444 1.827 1.488 5.759 94.4 48.2 37.4

Q| PH, | PH, | 1.926 1.855 1.460 5.241 69.9 64.7 45.4

W sH | sH 1.779 2.682 1.334 5.794 35.7 118.3 26.0

SCN | SCN | 2.600 1.847 1.468 5.915 102.7 43.9 33.4

SeH | SeH | 2582 1.850 1.475 5.907 101.3 44.6 34.1
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3.3.5.2 — Characteristics of the Electron Density Topology

The type of MG obtained for each substituent pair is presented in Figure 3.5.
Detection of a ring structure is related to the ring perimeter and amount of electron density
along the S-C4 distance (Appendix A Figure A.2). With the exception of CH3, NH, and
PHa, which all exhibit the expected cyclic MG (Figure 3.5 — Region I), all electron donating
substituents on S result in isomerization (Figure 3.5 — Region lll, see Sl-Figure 3 for a
sample MG). All electron withdrawing substituents on C; result in a cyclic MG as
expected. Electron donating substituents in the C4 position result in the expected acyclic
carbene molecular graph (Figure 3.5 — Region Il). Halogen substitution in the C4 position
also resulted in acyclic carbene MGs, contrary to what is expect for electron withdrawing
substituents, but consistent with halogens acting as 1-donors, thus stabilizing the
carbene. The bisubstituted cases result in acyclic carbene MG’s, with the exception of
CH3z and SH which resulted in cyclic and isomerized MG'’s, respectively. The VSCC
adjacent to C4 differentiates between Region | and Il, with the latter situated closer to the
nucleus and having a greater magnitude, while the former displays the opposite trend

(Appendix A Figure A.4)
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Figure 3.5: Backbone structure obtained for each substituent at the B3PW91 / BS2 level
of theory. Substituents listed in order of attachment to S and C4. Triangles — acyclic
carbene MG. Circles — cyclic zwitterion MG. Squares — Ethenylthiol type MG.

Ten cyclic MG’s were obtained with substitution. The ellipticities of the RCP and
S-C¢ and S-C,; BCP’s for these cases are collected in Table 3.4. With the exception of
R'=NH,, the ellipticities are all greater than 1.0, indicating a topologically unstable
structure. However, as expected, the ring structure is stabilized by the chosen
substituents and the ellipticities of the RCP are lower than that of the parent compound.
Furthermore, where the structure is located within the cyclic hypocycloid can be
monitored by comparing the S-C; and S-Cz BCP ellipticities. The ellipticities of the S-C;
BCP’s are greater than the S-Cy BCP’s for R'=CHO or SiH; and R?>=NH,, while the
opposite is true for the majority of other substituents. When es.¢c1 > es.c2 the structure

exists in a region of the elliptic umbilic where 0 < u < w? / 2 and, conversely, when gsc1 <

es.c2 the structure exists in the -w? /2 <u <0 region (Figure 3.3B).
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Table 3.4: Ellipticities of the RCPs, and S-C BCPs for the rings listed in Figure 6.
Calculated at the B3PW91 / BS 2 level.

S, Cq| €S-C2BCP | € SC,C4 RCP | € S-C1 BCP
H, H 0.705 6.187 5.972
CHas, H 0.724 1.230 1.023
CHs, CH3 0.605 4.046 3.912
H, PH, 0.711 2.738 2.488
PHz, H 0.787 2.180 1.893
NH2, H 0.977 0.802 0.369
H, CN 0.679 2.650 2.436
H, CHO 1.303 1.351 0.485
H, SiH3 0.895 1.207 0.764
H, CF3 0.826 1.729 1.395
H, CCls3 0.775 1.854 1.553

3.3.5.3 — A Robust NRT Description

NRT calculations using various input structures according to Figure 3.4 were
performed for all 28 molecules characterized as either an acyclic carbene or cyclic
zwitterion (Figure 3.5) and the expansion weights assessed (Appendix A Tables A.10-
13). The resulting bond orders were analyzed to ensure the longer S-C distance was
assigned a smaller bond order. Linear bond order — bond length relationships (Appendix
A Figure A.5 for example based on RS-BC expansion) were tested for the datasets
obtained using RS-BC, BS-BD and RS-BCD. The correlation coefficients for the bond
order — bond length relationships are presented in Table 3.5.

All resonance expansions poorly describe S-C,, this is unsurprising given the small
range of bond length values (1.827 to 1.876A). The best overall description is obtained
with RS-BC and the parent compound is best described as a hybrid of the cyclic structure

(RS-B: 85.1%) and the acyclic structure (RS-C: 8.0%)
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Table 3.5: Linear correlation coefficients for bond order-bond length relationships based
on bond orders from NRT analysis of substituted series.' B3PW91/BS2

S-C4 S-C» S-Cq+C» C4-Cso
RS-BC | 0.925 0.190 0.947 0.604
RS-BD | 0.722 0.162 0.657 0.394

RS-BCD | 0.906 0.443 0.932 0.573

1. When structures are manually specified, the
program first determines a set of corresponding
NBO’s If NBO’s corresponding to the given
resonance structure cannot be found the calculation
terminates. S-substituted with CH3 and PH» and C;-
substituted with Br had this error and are removed
from the datasets.

The relationship between %RS-B, %RS-C and the ring perimeter (Appendix A
Figure A.7) shows that substituents resulting in a cyclic MG have RS-B ranging from 82
to 95% and RS-C less than 10%. Conversely, substituents resulting in an acyclic MG
have RS-B ranging from 1 to 79% and RS-C ranging from 13 to 96%. The acyclic MG is
preferred once RS-C reaches ~10%. In the acyclic form, RS-B can be attributed to a 1,3-
dipole, suggesting that isothiirane may participate in cycloaddition reactions.
3.3.5.4 — NMR Shielding Tensor

The *C NMR shielding tensors for the C1 nuclei are available in Appendix A Table
A.14. Substituents resulting in an acyclic MG have tensor components more consistent
with a carbene (Details about shielding tensor analysis available in Appendix A). In these
cases, oxx shows more (in some cases considerably more) deshielding than the
unsubstituted parent. Halogen substituents on C; result in tensors consistent with a
carbene, increasing in deshielding in the order of Br < Cl < F, confirming their activity as
n-donors.

The amount of deshielding at the C4 nucleus is roughly related to the perimeter of

the ring (Figure 3.6), implying that the SC,C¢ angle, which controls the perimeter
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(Appendix A Figure A.6), strongly influences the electronic structure. Four cases, R'=H,
R2 = NCS and NH, and R'" = R? = NC and NH, were found to be outliers. The large
deshielding of oy in the R? = NCS case is due to the small magnitude of the singlet-triplet
gap (AEst: +2.69kcal/mol). The R' = H, R%=NH,, R'=R?=NH,, and R'=R?=NC cases have
%RS C of 96.25, 92.41, and 55.39 respectively. When the outliers are removed, the

relationship between o, deshielding and ring perimeter is strengthened.
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Figure 3.6: oxx component of the 3C, NMR chemical shielding tensor as a function of the
ring perimeter. Solid line: linear regression of all data points (R?:0.691). Dashed line:
linear regression of dataset with outliers removed (R2: 0.916). Green markers — RCP
detected. Red markers — No RCP Detected. Yellow marker — Unsubstituted value.
Orange markers — outliers. B3PW91/BS 2.
3.3.5.5 — A Congruent Description of Electronic Structure

In Figure 3.7, the relationship between key descriptors from each modality is
presented. Systems displaying acyclic MGs exhibit greater weights of RS-C, larger

deshielding of oxx and a VSCC of lower magnitude. Conversely, systems having a cyclic

MG have a lower weight of RS-C, o values close to zero and a VSCC of greater
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magnitude. The cyclic structure is predicted to exist in only a small region by the unfolding
of the elliptic umbilic, as reflected by the tight clustering of data points belonging to
systems displaying cyclic MG’s. On the other hand, the unfolding of the elliptic umbilic
predicts a large region for the acyclic structure to exist in, and at the far end of this region
the system is actually a stable singlet carbene. This allows for more variability in their
description as demonstrated by the broad distribution of data points belonging to systems

with acyclic MG's.
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Figure 3.7: A comparison between three key descriptors (Magnitude of C4 VSCC, value
of the 0« component of the *C NMR chemical shielding tensor, and %RS-C obtained
from the NRT RS-B,C analysis) of the electronic structure. Green markers — RCP
detected. Red markers — No RCP Detected. Yellow marker — Unsubstituted value.
Calculated at the B3PW91/BS 2 level.
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As Figure 3.7 details, the electronic structure of isothiirane can be tuned through
substitution and modifying their donor/acceptor abilities may result in carbenic and/or 1,3-

dipole reactivity. This makes isothiirane a molecule with potential value in [1+2] or [3+2]

27,28 9

cycloadditions, similar to substituted cyclopropanes and nitrilimines,?® and would
provide a new means of incorporating sulfur into a ring system.

3.4 — Conclusions

The differing interpretation of “one and the same electron density” of isothiirane by
two different methods of analysis was reinvestigated. A high level reference geometry
was calculated at the CCSD(T) / CBSextrap level, and methodologies used in this work and
others were compared. Three methods, PBE and MP2 in combination with BS1 and
B3PW91 / BS 2 reproduced the CCSD(T) / CBSgxrap geometry well. All methods of
analysis indicate isothiirane has characteristics of both the acyclic and cyclic structures.
The QTAIM analysis highlighted that the appearance of the ring is strongly related to the
size of the ring, and the amount of electron density along the S-C4 geometric line. The
ring structure of isothirane was shown to be topologically unstable, and when the
influence of nuclear motion due to vibrational modes is considered in the context of the
EU catastrophe, the best QTAIM description is obtained using four acyclic and one cyclic
MG. A thorough NRT analysis highlighted that the acyclic carbene resonance structure
(RS-C) is an important structure in the NRT-expansion. An analysis of the *C NMR
chemical shielding tensor revealed some carbenic nature to the C4 nuclei. Substituent
effects provided a more detailed picture of the electronic structure of isothiirane,
confirming its hybrid nature. Bond order — bond length relationships were built using the

substituted series to assess the best NRT description for the unsubstituted parent. On the
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basis of this NRT expansion the parent compound is best described as a hybrid of the
cyclic structure (RS-B: 85.1%) and the acyclic structure (RS-C: 8.0%). A comparison of
descriptors of the three modalities of analysis predict the cyclic and acyclic structure to
exist in a narrow and large region, respectively, as predicted by the unfolding of the elliptic
umbilic. This work demonstrates how the electronic structure of a molecule can be
unambiguously characterized through a careful application of commonly used analysis
tools. The electronic structure of isothiirane can be modified through substitution
increasing its reactivity in [1+2] or [3+2] cycloadditions, which may offer a new method to

form sulfur containing heterocycles.
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CHAPTER FOUR

The Electron Affinities of TCNE and TCNQ: The Effect of Silicon
Substitution



This chapter has been published in Structural Chemistry: S.M. Maley; C. Esau and R.C.
Mawhinney, Struct. Chem., 2018, doi: 10.1007/s11224-018-1186-1

ABSTRACT

The cyanocarbons tetracyanoethylene (TCNE) and tetracyanoquinodimethane
(TCNQ) are important electron acceptors used in organic electronic applications. A
common approach to enhancing their performance is by structural modification with
previous studies focusing on substituting the cyano ligands or annular moiety. In this work
we assess the effect of hypovalent substitution, swapping carbon for silicon, on the
potential energy surfaces and adiabatic electron affinities (AEAs). Si-substitution
generally enhances AEA, and in the case of TCNQ stabilizes an open-shell singlet
diradical state. Such findings may find value in the design of new materials based on the

cyanocarbon platform.
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4.1 - Introduction

The cyanocarbons tetracyanoethylene (TCNE) and tetracyanoquinodimethane
(TCNQ) (Scheme 4.1) are experimentally and theoretically known to form stable
anions.'” The electron affinity (EA) of TCNE, measured using electron transfer equilibria,
is 3.17eV (+/- 0.2eV)," while the EA of TCNQ has been recently revised by Zhu and Wang,

using vibrationally resolved photoelectron spectroscopy, to be 3.343eV (+/- 0.001eV).?
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Scheme 4.1

The ability of both molecules to form stable anions has led to their inclusion in a
variety of novel materials applications. Perhaps the most well-known example is the
charge transfer complex formed between TCNQ and tetrathiafulvalene (TTF — Scheme
4.1), where TCNQ acts as the electron acceptor and TTF the electron donor. The resulting
complex has a conductivity of approximately 10* Q" em™ at 60K.3° The first “organic”
magnetic material combined TCNE with FeCp*; to to yield [TCNE] [FeCp*,]*, which
displayed bulk ferromagnetic properties in accordance with the Curie-Weiss expression

at temperatures above 60K."°

74



Electron donors, acceptors, and their substituted derivatives are commonly used
to dope materials in an effort to increase performance.!” The majority of strategies taken
to modify TCNQ rely on modifying the annular portion. For example, the perfluoro-
substituted derivative of TCNQ, 4F-TCNQ (Scheme 4.1), increases the conductivity in
Zn- pthalocyanine based materials by orders of magnitude over the base material.'?

An alternative approach to modifying the structure of TCNQ is to alter the
backbone. However, doing so often results in the loss of a —CN group. For example,
dicyano-p-quinone diamine (DCNQJ/ — Scheme 4.1), has only two —CN groups. This is
undesirable as the —CN groups are key to obtaining the essential electron accepting
property,'® and the electron affinities of such TCNQ derivatives are typically less than that
of the parent compc:und.14

A promising strategy for tuning electronic structure is to substitute with an isovalent
element, as has been done in modifying TTF. In the creation of superconducting
Bechgaard salts, the sulfur atoms are substituted with selenium to form
tetramethyltetraselenafulvalene (TMTSF — Scheme 4.1 ).15 Taking this approach to tuning
the electronic structure of TCNQ would allow for the retention of all four -CN ligands.
Furthermore, Fukuda et. al.'® have shown that substituting Si or Ge for C in p-
quinodimethane enhances the singlet diradical character of the electronic structure, which
may lead to other uses for TCNQ derivatives.

In this work we investigate the effect of step-wise substitution, changing C for Si,
in the cyano positions (Scheme 4.2) on the structure and adiabatic electron affinities
(AEAs) of TCNE and TCNQ. We first assess the performance of a variety of DFT

functionals in combination with a selection of basis sets in determining the experimental
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structure and EA of TCNE and TCNQ (Part 1). Following this, we focus on the silicon
analogs (1Si TCNE, 2Si TCNE, 1Si TCNQ and 2Si TCNQ) by assessing and
characterizing their potential energy surfaces from which the adiabatic electron affinities

are obtained (Part 2).
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Scheme 4.2

4.2 — Methodology

The structures of all molecules (Scheme 4.2) were optimized with D2, (TCNE,
TCNQ, 2Si TCNE, 2Si TCNQ) or Cy, (1Si TCNE, 1Si TCNQ) symmetry. Six GGA
functionals (BLYP,"” BP86,'® HCTH/407,'"® M06-L,2° PBE?' and TPSS?), seven hybrid
functionals (B3LYP,% BH HLYP,* M06,%° M06-2X,%° M06-HF,° PBEO,?® and TPSSh?),
and a range separated hybrid (CAM-B3LYP?’) were combined with six basis sets: three
double-zeta (DZ) (BS1: cc-pvDZ, BS2: aug-cc-pvDZ, BS3: 6-31++g(d,p)) and three triple
zeta (TZ) (BS4: cc-pvTZ, BS5: 6-311++g(d,p), BS6: 6-311++g(2df,pd). All calculations
were performed using Gaussian09 Rev. D.01 28 Results could not be obtained for TCNQ

with BS2 due to SCF convergence problems. Frequency calculations were performed to
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characterize all obtained stationary points on their respective potential energy surfaces
(PESs) and, when necessary, displacement modes of imaginary frequencies were
followed to locate minima. Wavefunctions were tested for lower energy solutions using
the stable=opt keyword.?® Spin projection methods were not used as there was no
significant spin contamination noted (See S| Table 33-39, and 43-48).

4.3 — Results and Discussion

4.3.1 — Part 1 — Assessment of Parent Compounds

We begin by assessing the performance of a variety of model chemistries in
reproducing the average experimental structures of TCNE and TCNQ in their neutral
and reduced forms. The average bond lengths and standard deviations of each bond
length are assessed and the percent deviation of each model chemistry is calculated for
each bond length and the mean deviation is computed. Following this, the deviation of
the chosen model chemistries from the experimental EA values is computed.
4.3.1.1 — The Structure of TCNE and [TCNE]

The structure of TCNE was determined by Becker ef. al. using x-ray (XRD) and
neutron diffraction (ND) spectroscopy and by Hope et. al. using gas phase electron
diffraction (GED).SO'31 Based on their values, the average experimental structure (Figure
4.1) has bond lengths of 1.352+0.006A (R1), 1.435+0.003A (R;), and 1.160+0.003A (R3).

[TCNE]” was characterized by both Miller et. al. and Bock et. al. using XRD'%32
and using ND by Miller et. al.®® In contrast to the neutral structure there was greater
variation amongst the bond lengths, with Ry and R3 displaying the most variation (S.D.:
0.018 (R1) and 0.012 (R3)), while R2 was almost identical for both XRD studies, with Miller

et. al. reporting a value of 1.417A, and Bock et. al. 1.418A. The average experimental
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structure (Figure 4.1) has bond lengths of 1.418+0.018A (R;), 1.414+0.005A(R2) and
1.15520.012A (Ra).

To assess the accuracy in predicting the structure of both TCNE and [TCNE]", the
percent deviation between predicted and average experimental value for each bond
length was assessed (Sl-Tables 2A-F) and the mean percent deviations are presented in

Table 4.1 for TCNE and Table 4.2 for [TCNE]".

1.160 + 0.005 A
1.155+0.012 A

1.435+0.003 A
1.414 + 0.005 A

Figure 4.1: Average experimental bond lengths and standard deviations (S.D.) (A) for
neutral and reduced TCNE. Black — carbon and blue — nitrogen.

The average structure of TCNE was reproduced within 1.64%, and the average
structure of [TCNE]™ was reproduced within 2.00%. R4 was typically overestimated in both

[TCNE] and [TCNE]". Rz in TCNE was generally underestimated, while in [TCNE] it was
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underestimated with TZ-basis sets and overestimated with DZ-basis sets. Rz in TCNE
was generally overestimated by GGA's and underestimated by hybrids when combined
with TZ-basis sets, but with DZ-basis sets it was typically overestimated. In [TCNE]", Rs
was overestimated by all methods. The overall error in the average structure prediction
for both TCNE and [TCNE] was lowered by inclusion of exact exchange. This is primarily
due to a decrease in the Ry and Rj error. The average experimental structure of TCNE
was best reproduced by MO06-2X/BS2 and MO06-2X/BS4, while [TCNE]” was best
reproduced by CAM-B3LYP/BS4 and CAM-B3LYP/BS6.
4.3.1.2 — The Structure of TCNQ and [TCNQJ

The structure of TCNQ was determined by Long et. al. to display a planar quinoid-
type structure with Ry (1.346A) and R3 (1.374A) shorter than Ry (1.444A) and R4 (1.441A).
The cyano bond (Rs) had a distance of 1.140A (Figure 4.2).3

1.%% and Kistenmacher

The structure of [TCNQ]” was determined by Hoekstra et. a
et. al.®” from XRD analysis of [Rb]" and [TTF]* crystals, respectively. Miller et. al. later
obtained the structure of the isolated TCNQ radical anion via XRD.*® In all cases, the
structure was reported to be planar. The average experimental structure (Figure 4.2) has

bond lengths of 1.367+0.009A (R;), 1.427+0.006A (Ry), 1.416:0.014A (Rs),

1.420+0.009A (R,) and 1.1540.005A (Rs).
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Table 4.1: Mean percent deviation from average experimental structure of neutral TCNE. MIN, MAX, MIN|x| and Standard
Deviation (S.D) provided for each functional and basis set.

BS1 | BS2 | BS3 | BS4 | BS5 | BS6 | MIN | MAX | MIN|x| | S.D.
BLYP| -1.39 -164 -127 -0.88 -1.38 -123|-164 -088 088  0.23

BP86| -1.29 -1.53 -1.18 -0.81 -127 -1.14|-153 -0.81 0.81  0.21
HCTH| -0.73 -097 -066 -0.36 -0.75 -0.66|-0.97 -0.36 0.36  0.18
MO6-L | -0.48 -0.72 -0.35 -0.04 -051 -039|-072 -0.04 004  0.20

PBE| -1.18 -142 -1.10 -0.75 -117 -1.06|-142 -075 075  0.20

TPSS| -1.04 -128 -092 -059 -1.03 -090|-128 -059 059  0.21
TPSSh| -063 -0.86 -056 -0.19 -063 -050|-0.86 -0.19 019  0.20
B3LYP| -043 -0.67 -0.31 0.05 -042 -028|-067 005 005 0.22
PBEO| -0.16 -040 -0.08 023 -0.16 -0.06|-040 023 006  0.19

MO6| -0.12 -0.39 0.01 037 -013 001 |-039 037 001 023
BH&HLYP| 056 033 068 101 057 070 | 033 1.01 033  0.20
MO6-2X | 0.01 -022 0.09 043 001 012 |-022 043 001  0.19
CAM-B3LYP| 0.10 -0.15 021 057 011 025 |-015 057 010  0.21
MO6-HF | 045 022 050 089 048 061|022 089 022  0.20
MIN| -1.39 -164 -127 -0.88 -1.38 -1.23

MAX| 056 033 068 101 057 0.70

MIN|x|| 001 015 001 0.04 0.01 0.01

S.D.| 060 061 060 060 061 0.61
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Table 4.2: Mean percent deviation from average experimental structure of the [TCNE]". MIN, MAX, MIN|x| and standard
deviation (S.D) provided for each functional and basis set. <S%> values: 0.75 — 0.76 (SI-Table 4)

BS1 | BS2 | BS3 | BS4 | BS5 | BS6 | MIN | MAX | MIN|x| | S.D.
BLYP| 200 -1.92 -192 -126 -149 -1.28 | -200 -1.26 126  0.31

BP86| -1.83 -1.75 -1.75 -112 -1.33 -1.13 | -1.83 -112 112  0.30

HCTH| -1.21 -1.16 -115 -062 -079 -063 | -1.21 -062 062 025
MO6-L | -1.05 -0.97 -0.97 -040 -064 -043 | -1.05 -040 040 0.27

PBE| -1.70 -1.63 -164 -1.03 -122 -1.03 | -1.70 -1.03 1.03  0.29

TPSS| -1.63 -156 -1.55 -094 -1.15 -092 | -1.63 -0.92 092  0.30
TPSSh| -1.26 -1.20 -1.19 -060 -0.80 -058 | -1.26 -0.58 058  0.29
B3LYP| -1.12 -1.05 -1.04 -041 -063 -042 | -1.12 -041 041  0.30
PBEO| -080 -0.74 -0.73 -018 -0.35 -0.17 | -0.80 -0.17 0.17  0.27

MO6 | -0.84 -0.76 -0.76 -0.08 -0.30 -0.11 | -0.84 -0.08 008 0.32
BH&HLYP | -025 -0.19 -0.15 042 021 043 | -025 043 015 0.29
M06-2X | -0.67 -0.61 -0.60 -0.06 -0.25 -0.06 | -0.67 -0.06 0.06 0.26
CAM-B3LYP | -067 -0.60 -0.59 0.03 -0.17 0.03 | -067 0.03 003 0.30
MO6-HF | -0.84 -0.76 -0.76 -0.08 -0.30 -0.11 | -0.84 -0.08  0.08  0.32
MIN| -2.00 -1.92 -192 -1.26 -149 -1.28

MAX| -0.25 -0.19 -015 042 021 043

MIN)x|| 0.25 0.19 015 0.03 017 0.03

S.D.| 049 048 049 048 048 0.48
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The percent deviation for each bond length was assessed (SI-Table: 6A-F and 7A-
F) and the average deviation was computed. The structure of TCNQ reported by Long et.
al. was reproduced within 1.59% (Table 4.3), while the average structure of [TCNQ]” was
reproduced within 1.50% (Table 4.4). Ry and R3 were overestimated by GGA’s and
hybrids, with the exception of those containing higher amounts of exact exchange. R; and
Rs were typically underestimated by all model chemistries. The Rs distance is
overestimated by most methods and typically shows the greatest deviation from the
average experimental value (TCNQ: 0.12 to 3.52%, [TCNQ]™: 0.01 to 2.71%). The
experimental structure of TCNQ was best reproduced by M06-L/BS4 while the average

experimental structure of [TCNQ]™ was best reproduced by B3LYP/BSS.

1.346 + 0.003 A
1.367 + 0.009 A

1.140£0.003 A
O 1.154 + 0.005 A
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Figure 4.2: Average experimental bond lengths (A) for neutral and reduced TCNQ. Black
— carbon, blue — nitrogen and white — hydrogen.
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Table 4.3: Average percent deviation from experimental structure of neutral TCNQ. MIN, MAX, MIN|x| and standard
deviation (S.D) provided for each functional and basis set.’

BS1 | BS3 | BS4 | BS5 | BS6 | MIN | MAX |MINx|| S.D.
BLYP| 159 152 089 114 090 | 0.89 159  0.89 0.30

BP86| 143 137 023 1.01 078 | 023 143 023 0.44

HCTH| 084 080 031 050 032 | 031 0.84  0.31 0.23
MO6-L| 062 054 000 027 004 | 000 062 0.00 0.25

PBE| 131 126 069 090 070 | 069 131  0.69 0.27

TPSS| 121 115 057 081 056 | 056 121  0.56 0.28
TPSSh| 085 021 023 046 021 | 021 085  0.21 0.24
B3LYP| 072 065 005 029 005 | 005 072 0.05 0.28
PBEO| 041 036 -0.16 0.04 036 | -0.16 041  0.04 0.23

MO6| 0.39 032 -0.32 -007 -0.29 |-032 039 0.7 0.30
BH&HLYP | -0.16 -024 -0.78 -0.55 -0.78 | -0.78 -0.16  0.16 0.26
M06-2X | 0.34 030 -023 -0.02 -023 | -023 0.34  0.02 0.25
CAM-B3LYP| 023 0.16 -043 -020 -043 | -043 023  0.16 0.28
MO6-HF | 0.12 0.10 -049 -0.31  -052 | -052  0.12 _ 0.10 0.28
MIN| -0.16 -0.24 -0.78 -0.55 -0.78

MAX| 159 152 0.89 1.14  0.90

MINJx| | 0.12 212 312 412 512
S.D.| 051 052 046 050 0.50

1. results could not be obtained for BS2
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Table 4.4: Average percent deviation from average experimental structure of [TCNQ]™ MIN, MAX, MIN|x| and standard
deviation (S.D) provided for each functional and basis set. <S?> values: 0.75 — 0.79 (SI-Table 8)’

BS1 | BS3 | BS4 | BS5 | BS6 | MIN [ MAX |MIN|x| | S.D.
BLYP| 150 144 082 108 084 | 082 150 0.82 0.29

BP86| 1.33 126 068 092 069 | 068 133 068 0.28

HCTH| 072 069 020 039 021 | 020 072 020 0.23
MO6-L | 054 045 -0.07 020 -0.03 | -007 054 0.03 0.24

PBE| 120 115 059 081 060 | 059 120 0.59 0.26

TPSS| 113 1.07 050 074 049 | 049 113  0.49 0.27
TPSSh| 079 073 018 041 017 | 003 068 0.03 0.28
B3LYP| 068 061 0.03 027 004 | -075 -0.14 0.14 0.26
PBEO| 0.37 0.31 -020 001 -020 | -041 024 0.16 0.28

MO6| 0.36 028 -0.34 -0.09 -030 | -034 036 0.09 0.29

BH&H | -0.14 -022 -075 -051 -0.75 | -025 0.30 0.03 0.24
MO6-2X | 0.30 025 -025 -0.03 -0.24 | -053 0.09 0.06 0.27
CAM-B3LYP | 0.24 016 -041 -0.18 -041 | -020 0.37 0.01 0.25
MO6-HF | 0.09 0.06 -050 -0.31 -053 | 017 079 0.7 0.26
MIN | -0.14 -022 -0.75 -0.51 -0.75

MAX| 150 144 082 1.08 0.84

MIN|x| | 0.09 006 0.03 0.03 0.04

S.D.| 047 0.48 0.46 0.47 0.47
1. results could not be obtained for BS2
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4.3.1.3 — The Adiabatic Electron Affinities of TCNE and TCNQ

The experimental EA’s of TCNE and TCNQ were reported to be 3.17eV (+ 0.2eV)’
and 3.343eV (x0.001 E.‘V),3 respectively. Our calculated AEA’s for TCNE and TCNQ along
with their percent deviations from experimental values are compiled in Sl-Tables 9-12.
Also in supplemental information (SI-Table 12) are the AEA’s of Post-HF methods tested
by Milian et. al.*’ The percent deviation of our chosen methods and select®® Post-HF
values from the experimental EA are visualized in Figure 4.3 for TCNE and Figure 4.4
for TCNQ.

The magnitude of the deviation of all functionals is typically lower when Dunning
style basis sets (BS1, BS2 and BS4) are used. The Pople style basis sets (BS3, BS5 and
BS6) generally show similar performance (See Table S10 and S12). However, contrary
to expectations, the deviation is greater when diffuse functions are included in the basis
set. BLYP shows the lowest deviation at all basis sets except BS1, consistent with
previous findings of Curtiss ef. al. regarding the calculation of AEA’s of the G2 ion test
set.*” The AEAs do not show a pattern with respect to the choice of functional.
Vikramaditya and Lin showed increasing the amount of exact exchange causes the
vertical EA to decrease.*' However we find the AEA increases as the amount of exchange
is increased (SI-Figure 5 and 6).

Most model chemistries predict a bound anion for TCNE, with AEA’s ranging from
2.781 to 3.571eV, and all model chemistries predict a bound anion for TCNQ, with AEA’s
ranging from 3.099 to 3.898eV. M06-HF in combination with all basis sets predict the
TCNE anion to be unbound, with AEA’s ranging from -1.397 to -3.189¢eV (not visualized).

In general, the magnitudes of both AEA’s are larger when hybrid functionals or TZ basis
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sets are used. In both TCNE and TCNQ, BLYP reported the lowest value. For TCNE the
highest values are predicted by M06 (BS1 and BS2), HCTH (BS3 and BS6) and CAM-
B3LYP (BS4 and BS5). For TCNQ the highest values are predicted by M06(BS1), CAM-
B3LYP (BS3) and M06-HF (BS4-BS6). In most cases DFT outperformed the Post-HF
methods.

The majority of the model chemistries overestimated the AEA of both TCNE and
TCNQ, with none reproducing the value within experimental uncertainty. The AEA of
TCNE was underestimated by 19 of 93 model chemistries, including 10 functionals
(BLYP, BP86, HCTH, PBE, TPSS, TPSSh, B3LYP, BH&HYLP, M06-2X and CAM-
B3LYP) in combination with BS1 and 8 Post-HF methods. BLYP in combination with BS4
also underestimates the AEA, while M0O6-L in combination with BS1 best reproduced the
experimental value (3.180eV, 0.32% dev.). This is slightly better than the best Post-HF
method, CASPT-2/ANO[4s3p1d] (3.19eV, 0.64% dev.).®

Similarly, the AEA of TCNQ was underestimated by 13 of 81 model chemistries: 3
functionals (BLYP, PBE and TPSS) in combination with BS1 and 6 Post-HF methods.
The closest value was obtained by PBE in combination with BS1 (3.338eV, 0.15% dev.).
This method performed better than PMP2 in combination with BS2, which was the best

Post-HF method (3.37eV, 0.81%).°
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Figure 4.3: Deviation of chosen methods (dot w/ line for visualization purposes) from
experimental AEA of TCNE. Experimental uncertainty range visualized as two solid black
lines. Deviation of Post-HF methods from references 4 and 5 visualized as dashed lines.
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4.3.1.4 — Assessments of Relevant Silicon Containing Compounds

Prior to examining the silicon analogs of TCNE and TCNQ (Scheme 2), we first
assessed the error in determining Si=C and Si-CN bonds common to most analogs, as
well as the Si=Si moiety. The Si=C bond in silene (Scheme 3) was determined to have a
length of 1.703+0.002A by Bailleux et. al. using submillimeter wave SpGthOSCOpy.42’43 Our
chosen methods overestimate the distance by less than 1.65% and underestimate by less
than 0.85% (Appendix B Table B13). GGA functionals overestimated this length with the
exception of MO6-L in combination with TZ basis sets. The hybrid functionals typically
underestimated the value when combined with TZ basis sets, and overestimated with DZ

basis sets.

H\ /H H\ /H HSC\ i =
,Si:C\ /Si:Si\ HSC\"‘SI—C=N
H H H H HsC
Silene Disilene TMSCN
Scheme 4.3

The Si=Si bond of disilene has not be characterized experimentally. A number of
related disilenes have been prepared and, based on a sample of available experimental
bond lengths compiled by Fischer and Power** (Appendix B Table B14), we assigned an
average length of 2.163+0.019A to the Si=Si moiety. The Si=Si bond in disilene (Scheme
4.3) is 2.169A at the CCSD(T)-F12/aug-cc-pv(t+dz) level of theory,*® in agreement with
the average length from Fischer and Power, and will serve as our benchmark. The DFT
optimized D2y, structures of disilene underestimate the benchmark value by no more than

2.35%. The deviation is greatly reduced when GGA functionals are used (Appendix B
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Table B15) while the deviation is typically greater when hybrid functionals and TZ-basis
sets are used.

Trimethylsilylcyanide (TMSCN — Scheme 4.3) has been characterized using gas
phase electron diffraction by Dakkouri and Obberhammer*® and was our benchmark for
this fragment. The Si-CN bond was 1.844A + 0.022A and the cyano bond was 1.170A +
0.007A. Our optimized structures of TMSCN overestimate the experimental Si—-CN bond
by less than 2.94% (Appendix B Table B16) with the deviation typically reduced when
hybrid functionals and TZ basis sets are used. The cyano bond is underestimated (-0.03
to -2.66%) by all non-GGA methods, with the exception of MO6-L in combination with DZ
basis sets (0.03 to 0.68%). GGA functionals typically performed better than the hybrid
functionals, which showed larger deviations when TZ basis sets were used (Appendix B
Table B18).

4.3.2 — Part 2 — Effect of Si-Substitution

Structurally, the choice of functional or basis set is not a major issue as all
benchmark structures were reproduced within 3%. The EA of TCNE and TCNQ however,
showed both functional and basis set dependencies with the basis sets in particular
displaying repeatable patterns. As such, we have limited the number of basis sets to two
for assessing the Si-analogs of TCNE and TCNQ: the smallest (BS1) and the largest
(BS6). However, to confirm that patterns were similar, a limited study was performed
using BS3 and BS4 (See Appendix B Figure B8).
4.3.2.1 — The Potential Energy Surfaces of the Si-Analogs of TCNE and TCNQ

Stationary points on the potential energy surfaces of TCNE and TCNQ are given

in Figures 4.4 and 4.5, respectively. The relative energies and vibrational wavenumbers
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of all imaginary modes can be found Table SI19-32. As described earlier, the parent

compounds have planar minima. For 1Si analogs, the neutral species maintain planarity

(360.0° — Y ZSi = 0°), but the planar C,, anions are characterized as transition states,

relaxing to non-planar Cs minima. Symmetry breaking occurs only at the silicon centre,

with the carbon centre remaining planar. Si pyramidalization (360.0° - Y £ Si # 0°) in [1Si

TCNE] ranges from 39.0 to 47.7° (BS1) and 34.0 t0 40.0° (BS6) and in [1Si TCNQ]™ from
37.5 to 48.9° (BS1) and 29.6 to 41.2° (BS6). The 2Si analogs exhibit more complex
surfaces with all planar structures characterized as saddle points leading to non-planar
minima.

Neutral Do, 2Si TCNE is a transition structure that relaxes to a frans-bent Cap
minimum with both Si nuclei equally pyramidalized (17.2 to 24.1° (BS1) and 15.4 to 21.5°
(BS6)). D2n [2Si TCNE] is a third order saddle point on all surfaces, relaxing to trans-bent
(Can), cis-bent (Cyy) and twisted (D2) structures. The C,, and D; structures further relax to
quasi-degenerate Cs, C, and C4 structures, all strongly resembling the Cyy, structure, with
the lowest energy structure model chemistry dependent.

When BS1 is used, all GGA’s except M06-L predict the C; structure to be the
lowest energy structure. PBEO and MO6-L predict a Cs lowest energy structure and the
hybrid M06 functionals predict a C4 lowest energy structure. The remaining functionals
predict the Cy;, structure to be the lowest energy structure. When BS6 is used, the majority
of functionals predict the Cyn structure as the lowest energy structure. The Cs structure is
the minimum on the M0O6-L and M06 surfaces, while the C; structure is the minimum on
the HCTH, TPSSh and PBEO surfaces. M06-2X again predicts a C4 lowest energy

structure.
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Figure 4.5: Stationary points of the potential energy surfaces of TCNE analogs. v indicates an imaginary frequency. Black
— Carbon, Grey — Silicon, Blue — Nitrogen.
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Figure 4.6: Stationary points of the potential energy surfaces of TCNQ analogs. v indicates an imaginary frequency. Black
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The 2Si TCNQ second order saddle point relaxes to trans-bent Cz, and cis-bent
Cay structures at most levels of theory. Four functionals (BHandHLYP, M06-2X, CAM-
B3LYP and M06-HF) predict a planar D2y, minimum. The remaining functionals predict the
Can structure to be the lowest energy structure. This is consistent with the findings of
Fukuda et. al. who reported the Si and Ge substituted p-quinodimethanes to be non-
planar.'®

[2Si TCNQ] is predicted to be a second order saddle point with all functionals,
except M06, BHandHLYP, M06-2X, CAM-B3LYP and M06-HF, predicting the trans-bent
Can structure as the lowest energy structure. The exceptions further relax to a Cs (pseudo-
Can) structure and display the same type of pyramidalization as the Czy, structure, although
the magnitude of pyramidalization is larger for one of the Si nuclei. (e.g., BH&HLYP/BS6:
63.1° v. 27.2°)
4.3.2.2 — The Effect of Si—Substitution on Diradical Character

Two resonance structures can be drawn to describe the electronic structure of
neutral TCNQ analogs: one corresponding to the traditional quinoidal (closed-shell)
species and another with a benzenoid (open-shell diradical) structure (Scheme 4.4),
which can exist in either a triplet (T, Ms=1) or singlet (OSS, Ms=0) electron configuration.
Fukuda et. al. showed that exocyclic substitution with Si or Ge in the related p-

quinodimethanes led to an enhancement of the OSS character.'®

NC CN NC CN
\ / \ 1,
E! E2 €—» F! E2
/ N /1 N\
NC CN NC — CN
Closed Shell Singlet Triplet Diradical

or
Open Shell Singlet Diradical

E'and E2 = C or Si
Scheme 4.4
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The wavefunctions of the optimized closed shell planar structures were tested for
instability by searching for lower energy electronic configurations. RKS—>UKS instabilities
were detected for 2Si TCNQ with all functionals except BLYP. Only BHandHLYP/BS1
gave an instability for 1Si TCNQ and no such instabilities were detected for TCNQ. To
explore how Si-substitution effects the magnitude of the singlet-triplet gap (AEs-t), the
lowest diradical states were assessed. For TCNQ and 1Si TCNQ the triplet state was
examined, while for 2Si TCNQ the lowest triplet and open shell singlet states were
evaluated.

The planar 2Si TCNQ OSS is predicted to be a second order saddle point that
relaxes to frans-bent C,, and cis-bent Co, minima, with a few exceptions. With BS6,
HCTH, M06-L, TPSSh, B3LYP, PBEO, M06-2X and M0O6-HF relax to a Cs-symmetry trans-
bent (pseudo-C,,) minima with the amount of pyramidalization slightly greater for one Si
nucleus (e.g., B3LYP: 21.78°v. 21.79°)).

In all cases the “trans-bent” structure is the minimum on the OSS surface and the
lowest energy structure for the neutral manifold (Table 4.5) with Si-pyramidalization
ranging from 19.4 to 30.6 (BS1) and 18.5 to 29.7 (BS6) (BS1 > BS6 in all cases). The
amount of pyramidalization in the OSS case is greater than that in the corresponding CSS
structure.

On the triplet surface, Don 2Si TCNQ is characterized as a second order saddle
point that relaxes to frans-bent Cz, and cis-bent Cy, minima. GGA functionals predict the
Cay structure to be the lowest energy structure, with pyramidalization ranging from 22.8

to 25.1° (BS1) and 21.4 to 24.6° (BS6). Hybrid functionals, however, predict a Cz, lowest
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energy structure, with pyramidalization ranging from 23.9 to 31.4° (BS1) and 22.9 to 30.7°
(BS6). Again, pyramidalization is larger than in the CSS state.

<S%> for an OSS state is expected to range from 0 to 1, depending on the diradical
character, while that of a triplet is expected to be 2.*” For 2Si TCNQ <S%>pss is generally
less than one (Appendix B Table B43), indicating some degree of singlet diradical
character to the ground state.*®*° It is lower in planar structures (hybrid functionals
containing higher amounts of exact exchange predict larger values) and structural
symmetry breaking increases it, indicating an enhancement of the singlet diradical. The
triplet diradicals have <s%» approximately equal to 2 indicating no spin contamination
(Appendix B Tables B44-B48). Therefore, AEs.t was not corrected.

In the planar structure AEs.t decreases in the order: 0Si > 1Si > 2Si. BHandHLYP,
MO06-2X, CAM-B3LYP and M06-HF predict planar triplet 2Si TCNQ to be more stable than
the CSS state, but all functionals predict the OSS to be most stable. Upon structural
symmetry breaking, with the exception of BP86, BLYP and PBE, the triplet C,, and Cy,
structures are more stable than the CSS Cy, and C,, structures and as noted the trans-
bent OSS structure is the lowest energy structure for the neutral manifold. The ordering
of neutral states is important when determining AEAs because the stabilization of the

neutral state will result in a decrease of the AEA.

96



Table 4.5: 2Si TCNQ representative relative energies (kcal/mol) of the three lowest
neutral surface manifolds.’

BS1 css| 1T | oss
Don | 267 1004 -3
BP86 | C,, | 2.07 3.10 0.00
Co | 229 307 0.28
Doy | 842 1182 6.12
B3LYP | C,, | 8.04 220 0.00
Co | 817 221 024
Do, | 18.96 14.88 9.56
BHandHLYP | Co, | -2 1.97 0.00
Co | =2 202 0.20
BS6 css| 1 | oss
Doy | 270 9.80 2.60
BP86 | Con | 220 3.13 0.00
Cxn | 239 311 026
Don | 811 1152 584
B3LYP | Con | 7.77 199 0.00
Co | 788 201 0.00
Do, | 18.85 15.14 9.90
BHandHLYP | C,, | -2  1.93 0.00
Cun| -2 199 020

1. The remaining model chemistries are available in Sl Tables 40 and
41

2. Planar Dz, 2Si TCNQ minimum predicted

3. Attempts to calculate OSS returned CSS result

4.3.2.3 — The Effect of Si-Substitution on Electron Affinity

All AEA’s were determined from the global surface minima and are visualized in
Figure 4.6A for TCNE and Figure 4.6B for TCNQ. The AEA of TCNE ranges from 2.781
to 3.245eV (BS1) and 3.248 to 3.533eV (BS6). As described earlier, MO6-HF predicts an
unstable anion: -2.984eV (BS1) and -2.311eV (BS6). For 1Si TCNE, with the exception
of M06-HF, which predicts an unstable anion when combined with BS1, the AEA ranges
from 3.122 to 3.498eV (BS1) and 3.437 to 3.928eV (BS6). The AEAs of 2Si TCNE range
from 3.434eV to 4.186eV (BS1) and 3.371 to 4.448eV (BS6). In TCNE the average

increase in AEA for the first Si-substitution is 0.301eV (BS1) and 0.224eV (BS6) and for
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the second Si-substitution 0.362 (BS1) and 0.295 eV (BS6). All model chemistries, except
CAM-B3LYP/BS6, predict AEA to increase in the order of 0 < 1 < 2Si.

The AEA of TCNQ ranges from 3.099 to 3.571eV (BS1) and 3.486 to 3.885eV
(BS6). M06-HF predicts an unstable anion when combined with BS1 (-5.845eV). For 1Si
TCNQ, with the exception of M06-HF, the AEA ranges from 3.297 to 3.733eV (BS1) and
3.596 to 4.207eV (BS6). The AEA of 2Si TCNQ ranges from 2.986 to 3.684eV (BS1) and
3.419 to 3.893eV (BS6). The average increase in AEA for the first Si-substitution is
0.180eV (BS1) and 0.131eV (BS6). For the second Si-substitution all GGA’s except BP86
and HCTH predict an average increase of 0.145eV and the remaining functionals predict
a decrease of 0.097eV (BS1). When BS6 is used an average decrease of 0.201eV is
predicted for all functionals except BLYP, BP86 and PBE which predict an average
increase of 0.092eV.

The changes in the AEA of TCNQ are more dependent on model chemistry choice
than TCNE. When combined with BS1 there are three scenarios. All GGA's except HCTH
predict the AEA to increase in the order of 0 < 1 < 2Si; HCTH, TPSSh, B3LYP and M06
predict it to increase in the order 0 < 2 < 1Si; PBEO, BHandHLYP, M06-2X and CAM-
B3LYP predict it to increase in the order 2 < 0 < 1Si. BS6 has the same three scenarios.
BLYP, BP86 and PBE predict the AEA to increase in the order of 0 < 1 < 2Si; MO6-L,
TPSS, TPSSh, B3LYP and MO06 predict it to increase in the order of 0 < 2 <1Si; and all
other functionals predict it to increase in the order of 2 < 0 < 1Si.

The effect of basis set was also tested by calculating the AEA’s using BS3 and

BS4 with a sample of functionals. These PESs have the same general features as those
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calculated using BS1 and BS6. Generally, the AEA’s of the Si-analogs display the same

basis set trends as the unsubstituted compounds (Figure S8).

The AEAs typically increase upon going from the 0 to 1Si analog. This increase is

primarily due to an increase in stability of the anion that results from symmetry breaking.

The further increase in AEA in the 2Si analog is due to the fact that both the neutral and

anion structures exhibit symmetry breaking which increases their stability. However, in

the case of 2Si TCNQ electronic symmetry breaking also occurs. This results in a further

increase in stability of the neutral form relative to the anion and results in a decrease in

AEA (Scheme 4.5). Functionals containing higher amounts of exact exchange typically

predict greater stability of the OSS (relative to the CSS) which causes the 2Si AEA to be

less than the O or 1Si AEA.
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The best estimate of the AEA of TCNE was obtained by M06-L/BS1 (3.180eV,

0.32% dev.). The AEA’s of 1Si TCNE and 2Si TCNE calculated with this model chemistry
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are 3.452eV and 3.754eV, increases of 8.6% and 18.1%, respectively. PBE/BS1 best
reproduced the AEA of TCNQ (3.338eV, 0.15% dev.). The AEA’s of 1Si TCNQ and 2Si
TCNQ calculated using PBE/BS1 are 3.297eV and 3.581eV, a 1.28% decrease and

7.28% increase, respectively.
(A)

3.90
3.70
3.50
3.30
3.10

290

AEA (eV)

270

250 |
0.00

4 & 2 R g R
L& FEFLEF S \!@fﬂ’ o

& N
M 0Si W 1Si = 2Si & <

(B)

3.70

3.50

_ < QRS Q R
& & ~z~°§<\ & & 869«"69@‘"} & @&&&’“ ﬁ?\:\

Figure 4.7: The adiabatic electron affinities (eV) using BS1 for (A) TCNE series and (B)
TCNQ series. See Appendix B Figure B3 for BS6 values.
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4.4 — Conclusions

A large sample of model chemistries were tested for their ability to reproduce the
experimental structures of both neutral and reduced TCNE and TCNQ, as well as their
adiabatic electron affinities. Both the structures and AEA’s were reproduced with
reasonable accuracy, however, none of the chosen methods reproduced the values of
the EA within experimental uncertainty. Additionally, the structures of relevant Si-
containing compounds were also reproduced with reasonable accuracy by the chosen
methods.

Si-substitution was shown to consistently have a positive increase on the AEA of
both TCNE and TCNQ. Si-substitution also resulted in the stabilization of the triplet and
singlet diradical states in some cases. The increase in stability of the singlet diradical
state in 2Si TCNQ causes the AEA to decrease. The neutral 1Si analogs were reported
to be planar minima on their respective PES, while the reduced 1Si analogs displayed a
non-planar geometry with pyramidalization at the Si-nuclei. The neutral and reduced 2Si
analogs were also non-planar, exhibiting a trans-bent lowest energy structure structure
with pyramidalization of both Si-nuclei.

The potential to create a stable singlet or triplet diradical using the TCNQ platform
may have numerous applications in organic electronics including the design of new
organic field effect transistors (OFETs)*® and energy storage materials.®>! There is also
the possibility that such molecules could exhibit singlet fission properties useful in the
design of efficient organic photovoltaics.?? These findings may be of value in the rational

design and characterization of novel organic electronic materials based on cyanocarbons.
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CHAPTER FIVE

How the Amount of Hartree-Fock Exchange Affects the Observation of
the Pseudo Jahn-Teller Effect



Overview

Potential energy surfaces are a concept at the heart of computational chemistry.
Previous studies have detailed the effect of both integration grid size and exact exchange
on various properties including the nature of stationary points (i.e., transition structure v.
minimum) on potential energy surfaces but none have addressed the root cause of such
discrepencies. In this work we introduce a catastrophe theory approach to the problem
and examine two contentious stationary points belonging to planar disilene and 2Si TCNQ
from the perspective of the pseudo Jahn-Teller effect (pJTE) using DFT methods. First
the planar stationary points are characterized using a variety of model chemistries and
integration grids. The effect of the amount of Hartree-Fock exchange is then studied and

the usage of DFT for assessing pJTE parameters is explored.

107



5.1 — Introduction

The potential energy surface (PES) is a concept at the heart of chemistry. The
relationship between a molecule’s structure and energy can be understood in an intuitive
way using a PES, with the PES characterized in terms of minima and maxima (transition
structures and/or higher order saddle points) allowing for a variety of phenomena
(spectroscopy, photochemistry, chemical kinetics) to be understood and studied within
the Born-Oppenheimer approximation on adiabatic potential energy surfaces (APES). 123

The energy and structure of a molecule can be determined using Hartree-Fock theory
and, to greater accuracy, by including electron correlation using Post-HF methods (e.g.,
MP2, CCSD, etc.). In the case of the latter, the increase in computational complexity limits
their usage to relatively small molecules.** Moreover, the cost for calculating gradients is
(depending on package, algorithms, etc.) approximately six times the cost of one single
point calculation at the same level of theory,4 making optimizations and frequency
calculations (which have an even higher cost than a gradient calculation) at these levels
of theory intractable for even medium sized molecules. Fortunately, density functional
theory (DFT) has advanced greatly and the Kohn-Sham implementation of DFT (KS-DFT)
allows for the determination of a molecule’s electronic structure at a cost of N** with
relatively high accuracy.>®

Previously we studied the APESs of disilene and 2Si TCNQ (Scheme 5.1) and
found that the character of the Dj, planar stationary points varied with choice of
functional.” Hybrid functionals containing higher amounts of exact (Hartree-Fock)

exchange (HFX) predicted planar minima, while most others predicted transition
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structures. Resolving this discrepancy in stationary point characterization is the

motivation behind the current study.

AN /
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Scheme 5.1

The pseudo Jahn-Teller effect (pJTE) is the only source of structural instability
(symmetry breaking) in electronically non-degenerate polyatomics.® It describes how
vibronic interactions between the ground and excited states in a diabatic formulation
affect the curvature of the ground state. In this approach, the curvature of the diabatic

ground state (yyp) is given by the primary force constant (Kp)

(),

and the magnitude of the vibronic interaction is measured by the non-adiabatic coupling

K, = <¢u l!)0> (5.1)

constant (F), given by the matrix element

JH
F=(vo|(55) [vn) 5.2
vo| (5g), | (5.2)
where v, is a diabatic excited electronic state. The extent to which vibronic interactions
affect the curvature of the ground state is defined by the vibronic contribution to the

curvature of the ground state given by
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K, = (5.3)

where A is the vertical excitation energy from the ground to the excited state. The total
curvature exhibited on the APES is given by
K =Ky, —K, (5.4)
This curvature, defined in terms of the force constant, characterizes stationary
points. It is known that Ko can only be positive,9 therefore, K can only be negative if Ky >
Ko. The stationary point in this case is a maximum (saddle point) on the PES. Otherwise
a minimum is observed. Manipulations of Equations 3 and 4 leads to the condition for

instability (Equation 5)2

F
— 55
Ko <3 (5.5)

The direct evaluation of pJTE parameters using a diabatic model is difficult and
often not computationally feasible for many systems of interest.®'® A common alternative
approach is to fit a model Hamiltonian which accounts for the vibronic interaction to a
cross-section of the APES along the coordinate of the distorting mode.'®'2 While post-
HF methods are typically employed, it is also possible to use DFT as discussed by Soto
et. al.'"*"®

In this chapter we characterize the planar stationary points of disilene and 2Si
TCNQ using DFT, exploring the impact of increased HF exchange. Following this a
catastrophe theory model is introduced to explore how double minimum parameters vary
with exact exchange. Finally, a model vibronic Hamiltonian is employed and fit to cross-
sections of the APES’s of both molecules in order to further clarify the impact of increased

exact exchange on pJTE parameters. It will be shown that increasing the amount of HFX
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affects the description of the APES from the perspective of both catastrophe theory and
the pJTE.

5.2 — Methodology

Disilene and 2Si TCNQ were optimized in Dzn symmetry using DFT. Thirteen
functionals were used: one LSDA (SVWN'"), four GGA’s/meta-GGA’s (BLYP,'" PBE,"®
M06-L% and TPSS?"), seven hybrids (TPSSh (HFX:10%),22 B3LYP (HFX: 21%),2® PBEO
(HFX: 25%),%* M06 (HFX: 28%),%° BHandHLYP (HFX: 50%),° M06-2X (HFX: 56%) and
M06-HF (HFX: 100%),%° and two range-separated (RS) hybrids (CAM-B3LYP (HFX:
20%(short), 65%(long))*® and w-B97XD (HFX: 22%(short), 100%(long))*’ were combined
with five basis sets: a triple-zeta Pople style basis set with increasing polarization
functions (6-311++g BS1: (d,p), BS2: (2d,2p), BS3 (2df,pd)), the Def2TZVPP (BS4) basis
set developed by Ahlrich’s group and the Dunning-Huzinaga full double-zeta (D95) basis
set (BS5). Stationary points were characterized by frequency calculations and the
displacement modes of imaginary frequencies followed to locate minima. Time-
Dependent (TD) DFT calculations were performed to calculate the vertical excitation
energies. All calculations were performed using Gaussian09 Rev. D.01.28

To study the effect of exact exchange the BLYP functional is combined with the
appropriate keywords in G09 to vary the A parameter in Equation 6. We refer to this
functional as BXLYPTest thr-:)ughc:ut.29

A-EgletT + (1 —A)-E¥F + B-ABecke + ¢ -EEYP + (1 - C) - EYWN (5.6)

The effect of the integration grid size was tested by using the three most common

grid sizes in G09: Fine, Ultrafine and Superfine. Additionally, the spherical product grid

referred to as SG-1 was also tested. The effect of optimization criteria (tight and very tight)
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was also examined. No significant effects were observed (See Appendix C Tables C1-3
for sample data).

In the generation of the APES cross-sections, displaced geometries were created
by subtracting the coordinates of the low and high symmetry geometries and adding the
difference to the high symmetry coordinates in 0.1 increments. The resulting surfaces
0.30.31

were fit to the model vibronic Hamiltonian described below using Prism 7

5.3 — Results and Discussion

5.3.1 — The Stationary Points of Disilene and 2Si TCNQ

We begin by establishing reference data for the planar D2y, structure of disilene by
optimizing its structure at the CCSD(T)-F12/aug-cc-pv(d+t)Z level of theory.®? The planar
stationary point is characterized as a transition structure (TS) unstable with respect to a
b2g-bending mode (221icm™ — Scheme 5.2). The TS relaxes to a trans-bent Cap, structure
that is 0.50kcal/mol more stable and equally pyramidalized (360° — > /s = 8.6°) at the Si-
nuclei, in agreement with Post-HF results obtained by Nori-Shargh etf. al.®® The planar
stationary point of disilene was characterized using the chosen methods and the

wavenumbers of the bog bending mode are compiled in Table 5.1.

b

29

Scheme 5.2
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Table 5.1: Disilene byg mode wavenumber (cm") calculated using HF and DFT/BS1-BS5.
BS1 | BS2 | BS3 | BS4 | BS5
HF | 14i 178 174 188  161i

SVWN | 216/ 207i 200i 195/ 180i
BLYP| 293/ 281i 280i 273i 283i

MO6-L | 292/ 259i 251i 258i 306i

PBE| 256/ 245i 241i 236/ 235i

TPSS | 259i 245i 247i 239i 258i
TPSSh| 238 216i 219i 210i 237i
B3LYP | 244i 221i 224i 214/ 239i
PBEO| 193/ 168/ 167i 158/ 178i

MO6 | 286/ 262i 262i 276i 296i
BH&HLYP | 169/ 107/ 107i 88i 185i
MO06-2X | 23i 46 72 60 150
MO6-HF | 235 192 171 165 325
CAM-B3LYP | 156i 121i 118/ 102i 149i
w-B97XD | 170i 117/ 112i 91i 134i

HF / BS2-BS4, M06-2X / BS2-BS5 and M06-HF/BS1-BS5 predict the planar stationary
point to be a minimum. HF and M06-2X with BS1 predict a transition structure, but deviate
severely from the reference value. All remaining model chemistries predicted a transition
structure.

A high level reference value could not be obtained for 2Si TCNQ due to size. The
majority of DFT methods predict the planar 2Si TCNQ stationary point to be a second-
order saddle point unstable with respect to bog and bz, bending modes (Scheme 5.2 and
Table 5.2). M06-2X, M06-HF, CAM-B3LYP and w-B97XD predict planar minima with all
basis sets, as does BH&HLYP when combined with BS2-BS4 and HF combined with
BS1-BS3 and BS5. PBEO/BS2 and HF/BS4 predict a planar TS unstable with respect to
the bog mode only. BLYP predicts the greatest imaginary wavenumber, with the exception
of 2Si TCNQ bz, mode when combined with BS2 (PBE) and BS5 (M06-L), and M06-HF

predicts the greatest real wavenumber.
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b,, W

Scheme 5.3

For disilene and 2Si TCNQ most functionals predict the lowest wavenumber when
combined with BS1 and increasing the polarization functions (BS1 to BS3) generally
causes a decrease in the wavenumber; the values obtained using BS2 and BS3 are
similar. BS4 predicts the lowest wavenumber of all TZ basis sets except when combined
with the MO6 suite, with the exception of M06-HF. The other MO6 functionals predict the

largest wavenumber when combined with BS5.
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Table 5.2: 2Si TCNQ byg and bz, mode wavenumbers (cm") calculated using HF and
DFT/BS1-BS5.

BS1 BS2 BS3 BS4 BS5

ng l3'3u b2g b3u b2g b3u ng l3'3u b2g b3u
HF | 59 34 70 37 66 88 66/ 36 49 32

SVWN | 35i 18i | 21i 7 26i 6i 27i 8i 23i 2i
BLYP| 80i 73i | 75i 66/ 74i 65i 74i 650 | 78i 69i

MO6-L | 67i 55i | 66i 54i 52i 35i 59i  44i | 82i 71i

PBE| 60/ 48/ | 51i 68i 53i  40i 54i  40i | 57i 44i

TPSS| 69i 60i | 62i 52i 64i 54i 66/ 56i | 68i 57i
TPSSh| 60i 50i | 52i 41i 55i  44i 57i  47i | 59i 47i
B3LYP| 60i 52i | 53i 43i 54i 44| 55i  45i | 59i 48i
PBEO| 34/ 21i | 16i 9 25i 11i 27i 13i | 31i 17i
MO6 | 72i 66i | 70i 63/ 60i 50i 58i  48i | 74i 66/
BH&HLYP | 21/ 12i | 20 23 14 16 9 15 22i 8i
MO06-2X | 33 66 31 38 42 31 39 29 49 33
MO6-HF | 84 105 | 86 108 84 45 84 45 94 45
CAM-B3LYP | 26 22 38 27 35 26 37 27 26 22
w-B97XD | 37 30 | 46 31 44 69 44 31 32 25

The inclusion of exact exchange causes a decrease in all wavenumbers. In Figure
5.1A and 5.1B the wavenumbers of the bending modes of interest are plotted against the
amount of exact exchange for the BLYP family and the M06 suite of functionals. In the
case of disilene, all Becke type functionals, M06-L and M06 predict a TS while the higher
exchange MO06 functionals predict a planar minimum. A similar trend is observed for 2Si

TCNQ, but with BHandHLYP predicting a planar minimum.
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Figure 5.1: Value of (A) bog wavenumber (disilene) and (B) bzg and bz, wavenumbers
(2Si TCNQ) for the BLYP and M06 family of functionals.
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5.3.2 — Insights from Catastrophe Theory

To examine the discrepancies in stationary points we make use of the cusp
catastrophe presented by Thom.**3° It describes two different states of behaviour in a
system: one characterized by two isolated minima separated by a local maximum (a
double-well APES) and another characterized by a single minimum (a single-well APES).

It is described by Equation 5.7 and has two control parameters, a and b,
1 1
f(x;a,b) = Zx‘* + Eax2 + bx (5.7)

where a is related to the bifurcation of the critical points and b is related to the shape of
the APES. The control parameter plane is visualized in Figure 5.2. In all cases studied

here, b=0 due to symmetry.

(i) E

(i)

Figure 5.2: Visualization of the control parameter plane for the cusp catastrophe including
the definitions of stabilization energy (AE), and vibrational modes o (symmetry breaking)
and o’ (symmetry restoring).

Within the cusp shaped region (Figure 5.2 (i)) a < 0 and a double well exists, with

three critical points corresponding to the geometries observed: one for the high symmetry
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(D2n) geometry and two for equivalent, low symmetry Czp,/ Ca, configurations. Outside of
the cusp, a > 0 and the APES is a single-well (Figure 5.2 Region (iii)). To move from
Region (i) to Region (iii) a bifurcation of critical points occurs when they coalescence at
the top of the cusp (Figure 5.2 Region (ii)).

In the systems studied, the stabilization (AEsg) achieved through symmetry
breaking is commensurate with the degree of pyramidalization at the Si-nuclei (Sl Figure

1A-C). Additionally, the wavenumbers of the symmetry breaking mode (®) (Table 5.1

and 5.2) and the mode that restores planarity in the low symmetry geometry (o’) are
proportional (Appendix C Tables C7-11).

For both molecules, GGA functionals typically report greater magnitudes of
pyramidalization, stabilization and vibrational wavenumbers indicating the surface is a
well-defined double-well potential and therefore occur lower on the a-axis. Conversely,
hybrid functionals that predict symmetry breaking typically predict lower magnitudes of
pyramidalization, stabilization and vibrational modes. While these cases still fall within the
cusp region, they occur higher on the a-axis than the GGA functionals and are described
by less well defined double-well potentials.

In both disilene and 2Si TCNQ the functionals containing higher amounts of exact
exchange, and in the case of 2Si TCNQ, range separated functionals, fall outside the
cusp region and describe the APES as a single-well potential. Thus, the amount of exact
exchange is related to the a control parameter, dictating where along the a-axis in Figure
5.2 the system occurs.

To examine how exact exchange impacts the a control parameter we use the

BXLYPTest functional described in the methodology section, and increase the amount of
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exact exchange from 0 to 100% in 10% increments. The Dy structures of disilene and
2Si TCNQ are optimized at each increment and the obtained stationary points
characterized for each increase. All imaginary modes are followed to the APES minima.
The APESs are mapped out along the modes of interest for each increment in BXLYPTest
in Figure 5.4.

In Figure 5.4 the APESs are well-defined double-wells when X=0%. As the amount
of exact exchange is increased the surfaces become flatter and the three stationary points
approach one another. The effects of symmetry breaking are diminished as indicated by
the reduction in stabilization and pyramidalization. When X is greater than 70% (disilene)
and 50% (2Si TCNQ) the systems enter the region outside the cusp and symmetry
breaking is no longer observed. The single-well potentials become more well defined as
X approaches 100%.

The value of the a control parameter is obtained by fitting each APES in Figure
5.4 to a fourth order polynomial.*® As expected, the value of a is < 0 when symmetry
breaking is detected, and increases with %HFX. Conversely, the value of a is > 0 when
symmetry breaking is not observed and increases with %HFX (See SI-Table 12-14). In
Figure 5a (Disilene) and 5b (2Si TCNQ) the value of a is plotted as a function of %HFX.%
The polynomial regressions presented in Figure 5.5a and 5.5b describe how the a control
parameter varies with %HFX. Disilene and 2Si TCNQ are predicted to exist within the

cusp region when %HFX is less than 74.5% and 56.5%, respectively.
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Figure 5.5: Change in a control parameter with increased exact exchange in BXLYPTest
for (A) Disilene and (B) 2Si TCNQ bzg (blue) and ba, (red) vibrational modes.

5.3.3 — The Impact of Exact Exchange on the pJTE

In the pJTE the vibronic interaction between the ground and excited state can only
be non-zero if the symmetry requirement is satisfied: the direct product of the irreducible

representations of the coupling states must produce the irreducible representation of the
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vibrational mode.®'° Based on this requirement two different pJTEs are identified: (1AG +
'Bag) ® byg trans-bending in disilene and 2Si TCNQ; and ('Ag + 'Bau) ® b, cis-bending
in 2Si TCNQ.

The cross-sections of the APESs shown in Figure 5.5 are fit to a model vibronic
Hamiltonian described by'®

1 F? 1[F*
EQ) = E lKo _E Qz _Z l?l Q4 + AEgp (5.6)

where Q is the coordinate along the APES. All excitation values (A) are obtained by TD-
DFT calculations on the high symmetry geometry while F and Ky are obtained from the
fitting. Relevant values are presented in Table 5.4 (disilene), Table 5.5 (2Si TCNQ byg)
and Table 5.6 (TCNQ bs,)

Table 5.3: Parameters for ("Ag + 'Bag) ® bag pJTE in disilene. Ko, Kv and K (eV/A?), A
(eV), F (eV/A)

%HEX| A | kK | F | kv | K
0% | 4779 2330 3.718 2.893 -0.562
10% | 4.882 2.347 3714 2.826 -0.478
20% | 4.989 2348 3700 2.744 -0.396
30% | 5.080 2.321 3.660 2.637 -0.316
40% | 5177 2271 3604 2509 -0.238
50% | 5.271 2501 3.756 2.676 -0.175
60% | 5.365 2.411 3671 2512 -0.101
70% | 5.455 2226 3508 2.256 -0.031
80% | 5546 8.846 6.873 8516 0.330
90% | 5.637 9.096 6.981 8.645 0.451
100% | 5.726 9.403 7.113 8.837 0.567
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Table 5.4: Parameters for ('Ag + 'B2g) ® byg pJTE in 2Si TCNQ. Ko, Kv and K (eV/A?), A
(eV), F (eV/A)

%HFX| A | Ko | F Ke | K
0% |2.769 4.176 3.764 5117 -0.941
10% | 2.979 2.347 2.884 2792 -0.445
20% | 3.191 2556 3.068 2.950 -0.394
30% | 3.408 2.770 3.246 3.092 -0.321
40% | 3.630 4.199 4.049 4518 -0.319
50% | 3.855 4.237 4.105 4.371 -0.134
60% | 4.085 2967 3.427 2.876 0.091
70% | 4.317 3.179 3605 3.011 0.168
80% | 4547 3.341 3754 3.099 0.241
90% | 4.771 3520 3.913 3210 0.310
100% | 4.981 3.737 4.085 3.351 0.386

Table 5.5: Parameters for ('Ag + 'Bay) ® ba, pJTE in 2Si TCNQ. Ko, Kv and K (eV/A?), A
(eV), F (eV/A)

%HFEX | A | ko | F | kv | K
0% | 2.670 2.485 2.874 3.094 -0.610
10% | 2.874 2.987 3.204 3.572 -0.585
20% | 3.080 3.381 3.466 3.901 -0.520
30% | 3.291 3.668 3.665 4.081 -0.413
40% | 3.505 3.051 3.375 3.249 -0.198
50% | 3.722 3.530 3.657 3.593 -0.063
60% | 3.940 1.698 2.564 1.668 0.030
70% | 4.154 1.357 2.338 1.316 0.041
80% | 4.359 1.075 2.118 1.029 0.046
90% | 4.543 0.909 1.978 0.861 0.048
100% | 4.699 0.752 1.815 0.701 0.051

In all cases, A increases and K decreases as %HFX is increased. The other values
(Ko, F and Ky) display additional trends. The changes in K are consistent with those
described by the cusp catastrophe and also with the scans along the APES presented in

Figure 5.5.
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When symmetry breaking is observed in disilene, Ko and F increase from 0O to
20%HFX then decrease; Ky decreases from 0 to 70%. When symmetry breaking is not
observed all values increase.

When the ("Ag + "Bag) ® bog pJTE in 2Si TCNQ is observed, Ko, F and Ky decrease
from 0 to 10%, but otherwise they typically increase. The difference in trend from 0 to
10% is likely due to the 0% being an outlier; the magnitude in all values obtained at this
point is greater than the other entries in Table 5.5. When symmetry breaking is not
observed all values increase.

When the ('Ac + 'Bay) ® ba, pJTE in 2Si TCNQ is observed all values increase
with the exception of the 40% entry in Table 5.6. When symmetry breaking is not
observed all values decrease.

The effect of increased exact exchange on TD-DFT excitation energies has been
discussed in the literature before in charge-transfer states®® and is the result of
delocalization error.*’ The excitation energies of 2Si TCNQ are affected more by the
increase in exact exchange than disilene as indicated by slopes from linear regressions
(Appendix C C4A and C4B). 2Si TCNQ is a delocalized system and can potentially exist
as a zwitterion (an intra-molecular charge transfer state), so it is more susceptible to the
delocalization error.

5.4 — Conclusions

This work demonstrates the effect of increased exact exchange on the
characterization of two contentious stationary points. While GGA functions and lower

exchange containing hybrids predict symmetry breaking, those with higher fractions of
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exact exchange (BHandHLYP, M06-2X and MO06-HF) and range-separated hybrids
(CAM-B3LYP and wB97-XD) do not.

Additionally, a simple approach to the evaluation of pJTE parameters using DFT
was presented. The model vibronic Hamiltonian described was able to account for the
changes in the APES that occur with increased exact exchange with some limitations. It
may be a viable method to study the pJTE in systems for which post-HF are not feasible.
Finally, the increase in excitation energies with increased amounts of exact exchange is
the result of delocalization error.

The effect of increased exacted exchange was studied using an application of
catastrophe theory previously unexplored. The cusp catastrophe model described here
has further reaching applications to a variety of quantum chemical problems to be

addressed by our group in later work.
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CHAPTER SIX

Computational Insights into the Electronic Structure of TCNDQ and
TCNP: The Effect of Si-Substitution



This chapter has been previously for published in Structural Chemistry: S.M. Maley and
R.C. Mawhinney, Struct. Chem., 2018 doi: 10.1007/s11224-018-1265-3

Abstract

Tetracyanodiphenoquinodimethane (TCNDQ) and
tetracyanopyrenoquinodimethane (TCNP) are larger cyanocarbons related to
tetracyanoethylene (TCNE) and tetracyanoquinodimethane (TCNQ). In contrast to TCNE
and TCNQ there are limited studies detailing the electronic structure of TCNDQ and
TCNP. In this work we provide structural characterization and adiabatic electron affinities
(AEAs) of TCNDQ and TCNP. The isovalent substitution strategy (swapping C for Si)
discussed previously by our group is also applied and the effect of Si-substitution on the
potential energy surfaces and AEAs of the parent compounds is assessed. Si-substitution
enhances the AEAs and stabilizes the triplet diradical ground state of both compounds.
These findings provide missing information regarding the electronic structure of TCNDQ
and TCNP and further demonstrate the effectiveness of the isovalent substitution

strategy.
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6.1 — Introduction

p-quinodimethane (p-QDM — Scheme 6.1), a derivative of quinoine, exhibits
diradical character in its neutral ground state resulting in high reactivity. Attempts to
stabilize the diradical by terminal substitution with phenyl groups resulted in Thiel and
Tschitchibabin hydrocarbons (Scheme 6.1 ).1'2 Thiel's hydrocarbon exhibits a closed shell
ground state, while the ground state of Tschitchitbabin’s hydrocarbon has a large amount
of diradical character.® Molecules exhibiting diradical character are of interest due to their

potential applications in organic electronic materials.*”’

p— QDM Thiel’s Hydrocarbon Tschitschibabin’s Hydrocarbon
- F'h\ - Ph  Ph Ph
_ F'h/ - Ph Ph Ph
Ph h  Ph Ph
Ph Ph Ph Ph
Scheme 6.1

Terminal substitution of the p-QDM units with strongly electron withdrawing cyano
groups is another stabilization option. This substitution strategy results in the formation of
the well-studied cyanocarbon tetracyanoquinodimethane (TCNQ), and the related
tetracyanodiphenoquinodimethane (TCNDQ) and tetracyanopyrenoquinodimethane

(TCNP) (Scheme 6.2).

i . ) . . :CN i} CCC )
ch i:: :CN NC CN NC C CN
TCNQ TCNDQ TCNP

Scheme 6.2
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TCNQ and [TCNQJ™ are well studied experimentally and computationally.®"* Their
structures are well characterized by X-ray and neutron diffraction studies, showing planar
Dan symmetry.a'11 Zhu and Wang reported the electron affinity (EA) of TCNQ to be
3.34320.001eV." For TCNDQ and TCNP, on the other hand, there is limited information
available in the literature.'®"®

Attempts to synthesize both TCNDQ and TCNP have been unsuccessful due to
polymerization. The dianions of both however have been prepared by deprotonating their

16-18 and the monoanion has been obtained by electrochemical oxidation.

dihydro analogs,
Addison et. al. assigned a twisted structure to [TCNDQ]™ based on a UV-vis analysis of
the electrochemical oxidation'® while Maxfield et. al. reported an EA of 2.9eV for TCNP."

Gerson et. al. determined the electron spin resonance (ESR) spectra of both
monoanions and performed semi-empirical calculations, finding that the 1r-spin
populations were consistent with the ESR spectra.18 Despite these studies, the structures
of the neutral and anionic forms have not been definitively characterized.

Previously, we reported that Si-substitution of tetracyanoethylene (TCNE) and
TCNQ enhanced the adiabatic electron affinities (AEAs) of both molecules and increased
open-shell singlet diradical character of 2Si TCNQ." This may be a viable strategy to
enhance the diradical character in TCNDQ and TCNP. Si-substitution also resulted in
non-planar minima for both neutral and anionic species.

In this work we focus on the neutral and monoanionic (reduced) states of TCNDQ
and TCNP to provide structural information and adiabatic electron affinities for both. The

ability of commonly used density fuctionals to reproduce the ESR coupling constants of

Gerson et. al. is also tested. The potential energy surfaces (PESs) of the 1 and 2Si
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analogs of TCNDQ and TCNP (Scheme 6.3) in neutral and reduced forms are assessed
and contrasted with those of the Si analogs of TCNQ to understand how extending the
backbone affects symmetry breaking effects. Finally, the effect of Si-substitution on the

stability of the diradical ground state and AEAs of both TCNDQ and TCNP is assessed.

EI.'E2 E1— — E2
NC/ \CN NC/ C \CN

TCNDQ:E'=E*=C TCNP: E'=E2=C
1SiTCNDQ: E'=Siand E2=C 1SiTCNP:E'=Siand E2=C
2Si TCNDQ: E'=E*>=Si 25i TCNP: E' = E2 = Sj

Scheme 6.3

6.2 — Methodology

All structures were optimized in Dap (TCNDQ, TCNP, 2Si TCNDQ and 2Si TCNP)
or Cy, (1Si TCNDQ and 1Si TCNP) symmetry. All stationary points were characterized by
frequency analysis and when required imaginary frequencies were followed to the global
surface minima. All calculations were performed using DFT in Gaussian09 Rev. D.01."°
9 functionals including 3 GGA’s (BLYP,?® PBE%' and M06-L?%), 5 hybrids (B3LYP,??
PBE0,%* M06, M06-2X and M06-HF??) and 1 range-separated hybrid (CAM-B3LYP?%)
were combined with 2 double zeta (BS1: Def2SVPP and BS2: cc-pvDZ) and 2 triple zeta
(BS3: 6-311++g(d,p) and BS4: Def2TZVPP) basis sets. Stability calculations were
performed to test for any lower energy solutions to the wavefunction.?® With the exception
of M06-2X, M06-HF and CAM-B3LYP the <S?> values of the anions do not indicate spin-
contamination (Appendix D Tables D7-D9 and D48-D54). The spin contamination

annihilated <S?> values of the exceptions are closer to the expected value of 0.75

(Appendix D Table D10-D12, D55-D62). AIMAII?” was used to provide further insight into
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the electronic structure based on the Quantum Theory of Atoms in Molecules (QTAIM).28
Anisotropic ESR hyperfine coupling constants were calculated and compared to the
experimental values of Gerson et. al. in an effort to assess model chemistry performance.
While no methods were found to perform well for all nuclei the deviation from experiment
is typically less than one Gauss.?®

6.3 — Results and Discussion

6.3.1 — Assessments of Parent Compounds

Most model chemistries report TCNDQ (Figure 6.1) to exhibit a planar Dap
structure, in line with TCNQ.%'*"* Five model chemistries (BLYP and PBE in combination
with BS3 and BS4 and M06-HF/BS3) predict a planar transition structure (TS) that relaxes
to a D2 symmetry TS that is twisted about the central C-C bond (0.01 to 5.28°) but
otherwise planar; the bond lengths do not change appreciably in these cases.

Unlike [TCNQJ,*" D2, [TCNDQ]" (Figure 6.1) does not maintain planarity and is
predicted to be a TS that relaxes to a D, structure twisted around the central C—C bond.
The degree of twist ranges are 1.5-18.5° (BS1), 9.6-19.0° (BS2), 15.5-21.8° (BS3) and
12.3-19.9° (BS4). M06 in combination with BS1 or BS2 predicts only small amounts of
twisting (0.0002 and 0.015°, respectively). The twist angle increases in the order BS1 <
BS2 < BS4 < BS3 for all functionals except M06-L®' and is typically smaller when
functionals with large amounts of Hartree-Fock exchange are used. This is more
pronounced with DZ basis sets. The degree of twist in [TCNDQ]" is less than neutral and
substituted biphenyl, but greater than that reported for reduced substituted biphenyl.sz'34

The bond lengths do not change significantly upon twisting.
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:1.371 - 1.445A | 1.423 — 1.470A
:1.426 — 1.464A / 1.411 - 1.433A

:1.335 - 1.381A / 1.358 — 1.393A
:1.424 — 1.459A / 1.413 - 1.434A

:1.356 — 1.424A / 1.401 - 1.450A
:1.411 - 1.443A/ 1.404 — 1.429A
:1.138 - 1.181A/ 1.143 - 1.184A

Neutral

Anion

Figure 6.1: Top: Structure of TCNDQ with bond length ranges and ring identity for neutral and reduced forms. Bottom —
Stationary points on the potential energy surfaces of TCNDQ and [TCNDQ)]". v indicates an imaginary frequency
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In comparison to TCNDQ, TCNP has two additional ethylene units linking the
biphenyl moiety helping enforce planarity. TCNP and [TCNP]™ (Figure 6.2) are predicted
to be planar D2, minima by all model chemistries.

Both TCNDQ and TCNP exhibit quinoidal character (alternating single and double
bonds), like TCNQ. In TCNDQ Rz, R4 and Rg are longer than R4, R3, Rs and Ry, while in
TCNP R2, R4, Rs, Rg and Rg are greater than R4, Ry, Rz Rs and R5.

Upon reduction, the bond lengths equalize slightly, thus decreasing the quinoidal
character. These changes in bond length can be rationalized by examining the LUMO
(Appendix D Figure D1A and D1B) of the neutral compound which displays bonding
character over the distances that decrease and anti-bonding character over those that
increase.

A more generic measure of the quinoidal character is given by the bond length
alternation (BL,«ﬂ\).35 BLA is a geometrical parameter defined as the difference in the
average single and double bond length in TT-conjugated systems. A similar quantity, the
delocalization index alternation (DIA),36 can be calculated using QTAIM delocalization
index values. Both values approach zero as the system becomes fully delocalized.

The BLA and DIA of the ring common to all T-conjugated cyanocarbons decreases
in the order TCNQ (BLA: 0.094, DIA: 0.467) > TCNDQ (0.079, 0.393) > TCNP (0.067,
0.295). Similarly, upon reduction, BLA and DIA decrease but maintain the same ordering:
TCNQ (0.043, 0.197) > TCNDQ (0.037, 0.154) > TCNP (0.028, 0.121) reflecting the

decrease in quinoidal character. The effect is diminished with conjugation.
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.. 1.355 - 1.410A/ 1.390 - 1.422A
. 1.331-1.372A/ 1.337 - 1.376A
R,: 1.437 — 1.463A/ 1.425— 1.448A
R,: 1.345— 1.396A / 1.367 — 1.406A
R,: 1.419—1.456A/ 1.409 — 1.430A
R_: 1.361—1.433A/ 1.405— 1.456A
R,: 1.409 - 1.441A/ 1.403 - 1.428A

R, 1.138-1.181A/ 1.143 - 1.185A
R,: 1.434 — 1.465A / 1.431 - 1.459A

1A‘G (D2h)

]
Neutral

2B2G (DQh)

|
Anion

Figure 6.2: Top: Structure of TCNP with bond length ranges and ring identity for neutral and reduced forms. Bottom —
Stationary points on the potential energy surfaces of TCNP and [TCNP]". v indicates an imaginary frequency.
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6.3.2 — The Adiabatic Electron Affinities of TCNDQ and TCNP

The EA’s of the related compounds TCNE and TCNQ are well studied
experimentally, with values of 3.170eV and 3.343eV, respectively.37‘15 By comparing
electrical resistivity measurements on a series of charge-transfer complexes involving
[TCNQ] and [TCNDQ]", Morinaga et. al. proposed that the EA of TCNDQ is less than
that of TCNQ.* However, no definitive EA value has ever been reported. For TCNP
Maxfield et. al. reported an EA of 2.9ev." Using the minimum energy structures of the
neutral and anion species we present the AEA’s of TCNDQ and TCNP in Table 6.1
(TCNDQ) and Table 6.2 (TCNP).

Table 6.1: AEA’s (eV) calculated for TCNDQ using chosen methods. Min, max, range
and standard deviation (S.D.) of values for each functional and basis set also provided.

BS1 | BS2 | BS3 | Bs4 | Min | Max | Range | S.D.
BLYP | 3.397 3.311 3.680 3.608| 3.311 3.680 0.369 0.150
MO6L | 3.777 3.674 3.843 3.699 | 3.674 3.843 0.169 0.067
PBE | 3.650 3.553 3.860 3.794 | 3553 3.860 0.307 0.120
B3LYP | 3.772 3.674 3978 3.913| 3.674 3978 0.304 0.119
PBEO | 3.912 3.803 4.036 3.975| 3.803 4.036 0.233 0.086
MO06 | 3.914 3.831 4.038 3.910| 3.831 4.038 0.207 0.074
M062X | 3.971 3.855 4.125 4.050 | 3.855 4.125 0.270 0.100

MO6-HF | 4.007 3.883 4.252 4.196 | 3.883 4.252 0.368 0.147
CAM-B3LYP | 3.913 3.811 4.107 4.042 | 3.811 4.107 0.297 0.115
Min | 3.397 3.311 3.680 3.608

Max | 4.007 3.883 4.252 4.196
Range | 0.610 0.572 0.572 0.587
S.D.[0.181 0.173 0.163 0.174
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Table 6.2: AEA’s (eV) calculated for TCNP using chosen methods. Min, max, range and

standard deviation (S.D.) of values for each functional and basis set also provided.
BS1 | BS2 | BS3 | BS4

Min | Max |Range| S.D

BLYP
MO6L
PBE
B3LYP
PBEO
MO06
M062X
MO06-HF

3.498
3.896
3.757
3.911
4.064
4.067
4.155
4.247
4.099

3.411
3.790
3.660
3.812
3.954
3.985
4.038
4.121
3.997

3.765
3.949
3.950
4.101
4172
4179
4.290
4.467
4.280

3.694
3.805
3.884
4.036
4111
4.049
4.218
4.418
4.213

3.411
3.790
3.660
3.812
3.954
3.985
4.038
4.121
3.997

3.765
3.949
3.950
4.101
4172
4179
4.290
4.467
4.280

0.353
0.159
0.290
0.289
0.218
0.194
0.252
0.346
0.283

0.143
0.065
0.112
0.112
0.080
0.070
0.093
0.138
0.108

CAM-B3LYP
Min

Max

Range

S.D

3.498
4.247
0.750
0.217

3.411
4.121
0.709
0.208

3.765
4.467
0.702
0.201

3.694
4.418
0.724
0.213

The AEA ranges from 3.311 to 4.252eV for TCNDQ and from 3.411 to 4.467eV for

TCNP. AEA’s are greater when functionals with higher amounts of Hartree-Fock

exchange are used (e.g.,.BLYP predicts the lowest value and M06-HF the highest).

Additionally, AEA’s are greater when TZ-basis sets are used with BS3 predicting the

largest value for all functionals.

All model chemistries predict TCNE < TCNQ < TCNDQ < TCNP. In our previous

work, the experimental EA’s of TCNE and TCNQ were best reproduced by M06-L/BS2

and PBE/BS2, respec:tively.14 At these model chemistries the AEA of TCNDQ is 3.674eV

(M06-L) and 3.553eV (PBE) and for TCNP it is 3.790eV (M06-L) and 3.660eV (PBE)

(Table 6.3).
Table 6.3: Experimental and calculated EA’s (eV) for cyanocarbons
TCNE TCNQ TCNDQ TCNP
Experiment | 3.17% 3.383" <28eV'" 2.9eVv"
PBE/BS2 | 3.010™ 3.338" 3.553 3.660
M06-L/BS2 | 3.180" 3.471" 3.674 3.790
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AEA’s calculated for TCNP are significantly greater (15-35%) than the
experimental value reported by Maxfield et. al. (2.9eV)."” This experimental value, as well
as the EA they report for TCNQ (2.8eV) are suspiciously low. Moreover, as our results
reveal, AEA should increase as the conjugation network is extended. On this basis, the
experimental EA of TCNP should be re-assessed if possible.

6.3.3 — The Potential Energy Surfaces of the Si—-Analogs

With the exception of [TCNDQ] all parent compounds have planar minima
(Figures 6.1 and 6.2). The Si analogs, however, have more complicated PESs and often
depend on model chemistry. The PESs of the Si analogs were assessed using BS2 and
BS4. A limited number of functionals were used to assess the PESs using BS1 and BS3
in order to test for basis set effects. Representative PESs are presented in Figures 6.3-
6.6. Energetics and vibrational frequencies are available in Appendix D Tables D15-D46.
Representative bond lengths, calculated at the B3LYP/BS4 level, are compiled in Tables
6.4 and 6.5 (remaining model chemistry data available in Appendix D Tables D63-D78).
In all cases, M06-HF predicts planar minima, the other functional dependencies are now
discussed.
6.3.3.1— 1Si TCNDQ and [1Si TCNDQJ

The character of the neutral planar stationary point varies with functional. For
convenience, the results obtained for each model chemistry is compiled below.

Minimum: MO06/BS4, PBE0O/BS2 and BS4, M06-HF/ BS2 and BS4
CAM-B3LYP/BS2 and BS4

Transition Structure: PBE/BS2, M06-L/BS2 and BS4, B3LYP/BS2,
MO06/BS2, M06-2X/BS2 and BS4

Second Order Saddle Point. BLYP/BS2 and BS4, PBE/BS4, B3LYP/BS4
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Seven model chemistries predict the planar neutral structure to be a minimum and
another seven predict a TS. On the PBE, B3LYP and M06/BS2 and M06-L/BS2 or BS4
surfaces the TS relaxes to a Cs symmetry structure that is pyramidalized (3.6 to 7.2")39
at the Si-nucleus but otherwise planar (Figure 6.4). On the M06-2X/BS2 and BS4
surfaces the TS relaxes to a twisted (BS2: 1.2; BS4: 2.7°) C,-structure like that observed
for [TCNDQ]™ where the Si-nucleus is not pyramidalized. The second order saddle points
(SOSP) relax to Cs and C; transition structures that further relax to a C4 structure that is
both twisted around the central C—C bond (0.1 to 13.8°) and pyramidalized (0.3 to 13.8°)
at the Si-nucleus.

All model chemistries predict planar [1Si TCNDQ] to be a SOSP (Figure 6.4) that
relaxes to C; and Cs TSs. Both converge on the C1 minimum that is both twisted around
the central C—C bond (BS2: 0.1 to 0.2°; BS4: 19.1 to 28.4°) and pyramidalized at the Si-
nucleus (BS2: 29.7 to 62.5° BS4: 25.7 to 46.0°). The amount of torsion around the central
C—C bond is greater than in [TCNDQ]J".
6.3.3.2 - 2Si TCNDQ and [2Si TCNDQJ

The character of the neutral planar stationary point varies with functional, as shown
below.

Minimum: MO06-HF/ BS2 and BS4
Second Order Saddle Point: M06-L/BS2, M06/BS2, CAM-B3LYP/BS2 and BS4

Third Order Saddle Point. BLYP/BS2 and BS4, M06-L/BS4, PBE/BS2 and BS4,
B3LYP/BS2 and BS4, M06/BS4,*° M06-2X/BS2 and
BS4, PBEO/BS2 and BS4
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'A,/7B, (C,)

Uy~

A 2N (CS),./'"

Figure 6.3: Stationary points on the potential energy surfaces of 1Si TCNDQ and [1Si TCNDQ]". v indicates an imaginary
frequency

1 G ;ZBZG (D2h)

1A."232 (Dz}

1AG'JIZAG (C2h) v

1A1 / 2Bz (C2|r) ”4 and Vs

Figure 6.4: Stationary points on the potential energy surfaces of 2Si TCNDQ and [2Si TCNDQ]". On the anion surfaces the
C+ minima looks like the C, minima but with unequal pyramidalization of the Si-nuclei. v indicates an imaginary frequency.
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The SOSPs relax to frans-bent Cy, and cis-bent Cy, structures where both Si are
equally pyramidalized. On the M06/BS2 surface Cz, and Cs, structures are minima, with
Cay the lowest energy structure having a pyramidalization of 17.0°. On the M06-L/BS2
surface the Cy, and C,y structures are TSs that further relax to a C2 minimum that is
equally pyramidalized at the Si-nuclei (17.1°) and twisted (16.2°). The CAM-B3LYP PES
varies with basis set. On the BS2 surface the Cz, and C,, structures again relax to a C;
structure, but it is now characterized as a TS and further relaxes to a C; structure that is
pyramidalized at only one Si-nucleus (20.2°) but otherwise planar. On the CAM-
B3LYP/BS4 surface the Cz, and Cy, structures relax to a Cg structure that is also
pyramidalized at one Si-nucleus (14.3°) and otherwise planar.

The third order saddle point (TOSP) relaxes to trans-bent Csy,, cis-bent C,, and
twisted D, TSs, which further relax to a C; structure that is pyramidalized (BS2: 9.3 to
19.0°; BS4: 8.2 to 16.7°) and twisted (BS2: 8.9 to 19.6° BS4: 10.1 to 20.8°) (Figure 6.5).

The planar anion is predicted to be a TOSP by all model chemistries. Like the
neutral case, it relaxes to a C; structure that is the lowest energy structure on all surfaces
except CAM-B3LYP, M06-2X and M0O6-HF surfaces. The exceptions further relax to a C4
lowest energy structure. The C; minima are equally pyramidalized at the Si-nuclei (BS2:
43.3t0 47.7° 41.2 to 42.9° BS4) and twisted around the central C—C bond (BS2: 23.0 to
27.2° BS4: 27.2 to 28.9°). The C4 minima have unequally pyramidalized Si-nuclei (e.g.,
26.3 v. 68.0° CAM-B3LYP/BS4) and are also twisted around the central C—C bond (BS2:
30.3 to 39.8°; BS4:27.7 to 31.7°).

At the planar geometry R4, R3, Rs and R; increase while the remaining bonds

decrease with Si-substitution (Table 4). Ry shows the greatest increased followed by Rs
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and Rs. R; does not change significantly (0.001A with each Si-substitution). R, decreases
most followed by R4 and Rs. In the 1Si cases the substituted half typically exhibits a
greater change. The change in bond length is typically greater upon second Si-
substitution. In the reduced version the changes in bond lengths show a similar pattern,

however, the magnitude of change is decreased.
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Table 6.4: B3LYP/BS4 predicted bond lengths (A) for TCNDQ and [TCNDQJ". ltalicized values for Si-containing moiety.

See Figure 6.1 for bond length labels.

Neutral R1 sz Rz, R3 / R3’ | R4/ R4‘ | R5/ R5’ Rs/ Rs‘ R7f R7,
0Si| Don | 1.414 1.436 1.356 1.434 1.392 1.420 1.155
Coy | 1426 1.429/1.429 1.360/1.363 1.430/1.426 1.399/1.764 1.417/1.800 1.156/1.156
1Si| Cs | 1.426 1.429/1.429 1.360/1.363 1.430/1.426 1.399/1.764 1.417/1.801 1.156/ 1.156
Co [1.426 1.429/1.429 1.360/1.363 1.430/1.426 1.399/1.764 1.417/1.801 1.156/ 1.156
Don | 1.438 1.423 1.367 1.422 1.773 1.799 1.157
Con | 1.445 1.420 1.369 1.418 1.796 1.816 1.156
2Si| Cy | 1.445 1.420 1.370 1.418 1.797 1.816 1.156
Dy | 1.438 1.423 1.367 1.422 1.773 1.799 1.157
Co | 1.445 1.418 1.370 1.418 1.798 1.816 1.156
Anion R1 sz Rz, R3 / R3’ | R4/ R4‘ | R5/ R5’ Rs/ Rs‘ R7f R7,
0Si Don | 1.452 1.417 1.372 1.418 1.425 1.411 1.159
D, | 1.451 1.416 1.372 1.418 1.426 1.411 1.159
Coy | 1456 1.415/1.416 1.373/1.376 1.418/1.412 1.427/1.802 1.410/1.800 1.160/1.160
1Si Cs | 1460 1.414/1.413 1373/1.378 1.417/1.409 1.427/1.855 1.410/1.862 1.159/1.157
Co |[1.455 1.413/1.414 1374/1.377 1418/ 1.412 1.428/1.803 1.409/1.799 1.160/1.160
Ci [1.458 1.412/1.411 1374/1.379 1417/1.409 1.429/1.8568 1.410/1.862 1.159/1.167
Don | 1.459 1.414 1.376 1.414 1.805 1.799 1.161
Con | 1.471 1.409 1.381 1.406 1.862 1.862 1.157
2Si| C, | 1.471 1.409 1.381 1.406 1.863 1.862 1.157
D, | 1.458 1.412 1.377 1.414 1.806 1.799 1.161
Co | 1.468 1.407 1.381 1.407 1.865 1.863 1.157
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6.3.3.3— 1Si TCNP and [1Si TCNPJ

Planar 1Si TCNP is predicted to be a TS by B3LYP, BLYP, M06-L and PBE in
combination with BS2 or BS4 and MO06/BS2 (Figure 6.5). The remaining model
chemistries predict planar minima, similar to observations in 1Si TCNE and 1Si TCNQ."
The TSs relax to a Cs minima that is pyramidalized at the Si-nucleus (BS2: 0.4 to 15.3°;
BS4: 3.6 to 11.5°) but otherwise planar.

The anion is predicted to be a TS by all methods, relaxing to a Cs structure that is
pyramidalized at the Si-nuclei (BS2: 29.3 to 66.8° BS4: 25.4 to 45.1°) but otherwise
planar, similar to those observed in [1Si TCNE]™ and [1Si TCNQJ™."
6.3.3.4 — 2Si TCNP and [2Si TCNPJ

Planar 2Si TCNP is predicted to be a SOSP by all functionals except M0O6-HF. The
SOSPs relax to trans-bent Cy, and cis-bent C,, structures which are minima on all
surfaces except CAM-B3LYP/BS2 or BS4 and M06-2X/BS2 (Figure 6.6). On these
surfaces the Can and Cyy structures are TSs that further relax to a Cs minimum that is
pyramidalized at only one Si-nucleus (e.g. M06-2X/BS2: 28.7°). With the exception of
M06/BS4, the remaining surfaces have a Cy, lowest energy structure, equally
pyramidalized at the Si-nuclei (BS2: 14.3 to 19.8°, BS4: 11.3 to 17.6°); the C,, structure
(16.4° pyramidalization) is the lowest energy structure on the M06/BS4 surface. These
symmetry breaking effects are similar to those in 2Si TCNQ. ™

Planar [2Si TCNPJ is predicted to be a SOSP by all functionals, relaxing to trans-
bent Cz, and cis-bent Cy, structures. The Cyy, structure is equally pyramidalized at the Si-
nuclei (BS2: 43.6 to 45.6°, BS4: 41.5 to 48.3°) and is the global minima on most surfaces.

On the M06, M06-2X, M06-HF and CAM-B3LYP surfaces, however, the C»y
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Figure 6.5: Stationary points on the potential energy surfaces of 1Si TCNP and [1Si TCNP]". v indicates an imaginary
frequency
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Figure 6.6: Stationary points on the potential energy surfaces of 2Si TCNP and [2Si TCNP]". v indicates an imaginary
frequency
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and C,, structures further relax to a Cs structure that is pseudo-Cay,, but with the Si-nuclei
unequally pyramidalized (M06-2X/BS2: 39.1° and 71.6°). These symmetry breaking
effects are similar to those observed in [2Si TCNQ]™ (M06-2X/BS2: 28.2° and 69.1°)."
At the planar geometry Ry, R1’, R3, Rs and Ry increase in length while the remaining
bond lengths decrease with Si-substitution. In the pyrene moiety, Ry shows the greatest
increase followed by Rs. Ry and Rz do not change significantly. R, decreases the most
followed by R4. The remaining bonds decrease by a similar amount. The magnitude of
change is greater for the first substitution for the bonds furthest away from the substitution
(i.e., Ry, Ry, Rz and Ry’), but the opposite is true of the bonds closest to the substitution.
In the 1Si versions the substituted half typically displays a greater change. The reduced
version shows similar patterns. However, some bond lengths (R2, R, Rz and Ry)
increase/decrease with the first substitution but show the opposite trend upon second

substitution.
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Table 6.5: B3LYP/BS4 predicted bond lengths (A) for TCNP and [TCNPJ". Italicized values for Si-containing moiety. See
Figure 6.2 for bond length labels.

Neutral | Ri | R | R./Ry Rs/RY | R4R’/ | Rs/R§ | Rs/Rg R;/R; Rs/ R
0Si | Don | 1.348 1.348 1.444 1.370 1.429 1.400 1.418 1.155 1.443
1o | Cav [ 1392 1.350 1438/1.439 1375/1.378 1.424/1.421 1.409/1.772 1415/1.799 1.156/1.156 1.441/1.440
Cs | 1.392 1.350 1.438/1.439 1.375/1.378 1.424/1.420 1.408/1.778 1.415/1.803 1.156/1.156 1.350/ 1.440
Do | 1.399 1.351 1.435 1.382 1.417 1.784 1.798 1.157 1.439
2Si [ Con | 1.401 1.352 1.433 1.384 1.413 1.808 1.817 1.156 1.438
Co | 1.401 1.351 1.433 1.384 1.413 1.808 1.817 1.156 1.438
Anion | Ri | R | R/Ry R:/Rfy | Rs/Ry | Rs/Rg Re/ Rg R;/R7 Rs/Rg’
0Si | Don | 1.403  1.353 1.431 1.384 1.415 1.430 1.410 1.160 1.439
1qi | Cau| 1406 1355 1.428/1.431 1.386/1.390 1415/1.409 1433/1.809 1.408/1.799 1.161/1.160 1.438/1.437
Cs | 1.408 1.354 1.429/1.428 1.386/1.391 1.414/1.406 1.435/1.860 1.409/1.861 1.160/1.157 1.439/ 1.437
Do | 1.408 1.354 1.429 1.389 1.411 1.812 1.798 1.161 1.438
2Si | Con | 1413 1.355 1.426 1.393 1.404 1.869 1.863 1.157 1.436
Ca | 1.413 1.355 1.426 1.393 1.404 1.868 1.863 1.157 1.436
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The bond lengths (Tables 6.4 and 6.5) and delocalization indices (Appendix D
Tables D79-D82) of both compounds decrease upon Si-substitution, reduction and
structural symmetry breaking. These changes are reflected in the BLA and DIA analyses
(Tables 6.6 and 6.7).

BLA in planar TCNDQ decreases with Si-substitution in the order 0Si (0.079) > 1Si
(0.064) > 2Si (0.054), and in planar TCNP in the order 0Si (0.067) > 2Si (0.044) > 1Si
(0.042). The additional rings (C and D) in TCNP also display this pattern. In the 1Si
versions the substituted ring has a smaller BLA. All BLAs decrease upon reduction with
the largest change observed in the 0Si versions. BLA follows the same pattern with Si
substitution for [TCNP]™ but for [TCNDQ]™ decreases in the order 1Si (0.043) > 0Si (0.042)
> 2Si (0.038). BLA decreases upon symmetry breaking with a greater decrease in the
anions.

The DIAs of planar TCNDQ and TCNP decrease in the order 0Si (TCNDQ: 0.295,
TCNP: 0.393) > 1Si (0.190, 0.284) > 2Si (0.160, 0.246). The additional rings in TCNP
also decrease in the order 0Si (0.359) > 1Si (0.320) > 2Si (0.293). In the 1Si versions DIA
is smaller for the substituted ring. All DIAs decrease upon reduction with the largest
change observed in the 0Si versions. The DIA of [TCNP]™ follows the same pattern with
Si-substitution but decreases in the order 0Si (0.239) > 2Si (0.165) > 1Si (0.164) for
[TCNDQ] . DIA decreases upon symmetry breaking with a greater decrease in the anions.

Using DI's, we can compute the alternation along the entirety of the conjugation
network, allowing us to assign one overall DIA value to each molecule. The overall DIA
decreases as the 1-conjugation network is increased, TCNQ (0.345) > TCNDQ (0.295) >

TCNP (0.249). It also decreases with Si-substitution. For TCNDQ it decreases in the order
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0Si (0.249) > 1Si (0.201) > 2Si (0.145) and for TCNP 0Si (0.295) > 2Si (0.22) > 1Si
(0.213). The overall DIA decreases upon reduction. For both [TCNDQ]J™ and [TCNP]" it
decreases in the order 0Si (TCNDQ: 0.173, TCNP: 0.114) > 1Si (0.136, 0.091) > 2Si
(0.098, 0.059). The overall DIA decreases upon symmetry breaking with a larger
decrease noted in the anion cases.

The reduction in quinoidal character revealed by the BLA and DIA analysis implies
that the electronic structure of the ground state is becoming more aromatic. This is

normally attributed to an increase in diradical character (Scheme 6.4).
El— —_— —F2 El — — E2
NC/ . . \CN NC/ C \CN
l E'and E? = C or Si l
CN NC CN

\ 1/

E2 E'—Ar— g2

NC \ CN NC/ \ CN

(M_=1) Triplet Diradical
ar

Scheme 6.4
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Table 6.6: Bond length alternation (BLA) values for TCNQ, TCNDQ and TCNP calculated
using B3LYP/BS4. In the 1Si versions Ring A is attached to Si. Values for anion in italics.
See Figures 6.1 and 6.2 for identity of ring.

RngA | RingB | RingC=D
0Si | Dan | 0.067/0.039 - 0.095/ 0.057
o | 1gi [-Cax_| 0.042/0.030 0.047/0.036 0.060/0.053
z Cs | 0.051/0.026 0.057/0.036 0.046/0.052
= Dan | 0.044/0.031 - 0.062 / 0.052
2Si | Can | 0.039/0.022 - 0.059 / 0.047
Cav | 0.039/0.022 - 0.059 / 0.047
0Si Don | 0.079/0.042 - -
D2 —10.045 - -
Cav | 0.064/0.043 0.069/0.038 -
1si |_Cs | 0.064/0.043 0.069/0.032 -
o C. | 0.064/0.042 0.069/0.037 -
2 Cs+ | 0.064/0.041 0.069/0.031 -
o D2n | 0.056/0.038 - -
Can | 0.050/0.027 - -
2Si | Cy | 0.049/0.027 - -
D | 0.056/0.036 - -
C2 | 0.048/0.025 - _
0Si| D2n | 0.094/0.051 - -
S | s Cav | 0.080/0.046 - -
g Cs ~10.044 - -
o Dzn | 0.068/0.044 - -
2Si | Ca | 0.063/0.028 - -
Cav | 0.065/0.031 _ -
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Table 6.7: Delocalization index alternation (DIA) values for cyanocarbon series.
B3LYP/BS4. In the 1Si versions Ring A is attached to Si. Values for anion in italics. See

Figures 6.1 and 6.2 for identity of ring.

RngA | RingB |RingC=RingD| Overall
0Si [ Don | 0.295/0.174 - 0.359/0.274  0.295/0.181
isi | Cav | 0.190/0.097 0.252/0.162  0.320/0.255  0.213/0.122

o Cs | 0.186/0.086 0.252/0.159 0.318/0.252  0.211/0.114
O Dzn | 0.160/ 0.106 - 0.293/0.254  0.222/0.163
2Si | Con | 0.137/0.066 - 0.280/0.232  0.202/0.136
Ca | 0.137/0.066 - 0.280/0.233  0.202/0.136
osi | Dzn | 0-393/0.239 - - 0.249/0.076
D | -1/0.234 - - ~10.069
Ca | 0.284/0.164 0.348/0.225 - 0.201/0.065
1si |_Cs | 0.283/0.140 0.348/0.223 - 0.200/ 0.052
g C. | 0.284/0.157 0.348/0.218 - 0.201/0.058
Z Ci | 0.283/0.133 0.348/0.213 - 0.200/ 0.044
|— Dz | 0.246/0.165 - - 0.145/ 0.047
Can | 0.216/0.115 - - 0.113/0.002
2Si | Cov | 0.215/0.114 - - 0.112/0.002
D> | 0.246/0.156 - - 0.145/0.038
Cz | 0.208/0.105 - - 0.104 / -0.009
0Si | Dan | 0.467/0.270 - - 0.345/0.127
o |1s Ca | 0.360/0.207 - - 0.245/0.076
g Cs | -/0.199 - - ~10.072
= Dan | 0.270/0.165 - - 0.166 / 0.047
2Si | Con | 0.246/0.097 - - 0.145/-0.013
Cav | 0.252/0.103 - - 0.150 / -0.009

6.3.4 — The Effect of Si-Substitution on Diradical Character

There are two classes of resonance structures that can be drawn to describe the
electronic structure of TCNDQ and TCNP (Scheme 6.4). One class corresponds to a
closed shell singlet configuration, and the other to an open shell diradical, which can exist

in either a triplet (T — Ms=1) or singlet (OSS — Ms=0) electron configuration.
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The related Tschitchitbabin’s hydrocarbon displays some diradical character in its
ground state, and Fukuda et. al. showed that substituting Si or Ge in the exocyclic position
of p-QDM resulted in stabilization of the OSS state.*” Moreover, we showed that Si-
substitution enhanced the OSS and triplet diradical character of TCNQ." Unlike the
previous examples, stability calculations did not reveal a stable singlet diradical.*' We
focus here on the triplet surface. In all cases, <S> values are approximately 2 indicating
no spin contamination (Appendix D Tables D83-D94).

Triplet Don TCNDQ is predicted by all functionals to be a TS that relaxes to a twisted
D2 minimum (akin to [TCNDQ]" Figure 6.1). Torsion around the central C—C bond ranges
from 31.1 to 45.2°(BS2) and 31.0 to 43.0°(BS4).

Planar 1Si TCNDQ is predicted to be a SOSP by all functionals, relaxing to a Cs
pyramidalized TS, and a C, twisted TS. Both further relax to a twisted and pyramidalized
C1 minimum, similar to [1Si TCNDQ]" (Figure 6.3). The amount of torsion ranges from
30.5 to 41.7°(BS2) and 30.8 to 44.5°(BS4) and the pyramidalization ranges from 23.5 to
31.4°(BS2) and 22.5 to 30.9°(BS4).

All functionals predict planar triplet 2Si TCNDQ to be a TOSP that relaxes to trans-
bent Cap, cis-bent C,, and twisted D, TSs. These further relax to a C; global minima that
is twisted and equally pyramidalized at Si-nuclei similar to CSS 2Si TCNDQ (Figure 6.4).
The pyramidalization ranges from 23.3 to 30.7°(BS2) and 22.3 to 30.7°(BS4). The amount
of torsion around the central C—C bond ranges from 25.8 to 46.7°(BS2) and 31.8 to
43.1°(BS4). The magnitude of the pyramidalization and torsion are greater in the triplet

than the CSS.
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Planar triplet TCNP is predicted to be a minimum and planar 1Si TCNP is predicted
to be a TS by all functionals, the latter relaxing to a Cs symmetry minimum that is
pyramidalized at the Si-nucleus. The amount of pyramidalization ranges from 23.7 to
31.4° (BS2) and 22.2 to 30.9° (BS4). These findings are similar to what is observed on
the triplet surfaces of TCNQ and 1Si TCNQ."

Planar triplet 2Si TCNP is a SOSP that relaxes to trans-bent Cz, and cis-bent Cy,
structures, consistent with observations on the triplet 2Si TCNQ surface. On the BS2
surfaces, all functionals except M06-HF predict a C,n, lowest energy structure; M06-HF
predicts a Czy minimum. The pyramidalization of the Cyp structure ranges from 23.5 to
38.4° and the pyramidalization of the C, minimum is 31.0°.

On the BS4 surfaces the C,, structure is predicted to be the lowest energy
structure by all functional except hybrid MO6 functionals, which predict a C,, lowest
energy structure. The pyramidalization of the Cy, minima from 22.4 to 25.7° and that of
the C,, minima ranges from 24.5 to 30.5°. The amount of pyramidalization is greater in
the triplet than the CSS for both BS2 and BS4.

The adiabatic single-triplet gap (AEs-1) increases with Si-substitution, with a further
increase due to structural symmetry breaking (Figure 6.7). Most model chemistries
predict TCNDQ to be a CSS, while all model chemistries except BLYP and PBE (BS2
and BS4) predict a triplet ground state for the 1Si analog. For 2Si TCNDQ all model
chemistries predict a triplet ground state. With the exception of the GGA functionals and
B3LYP/BS4, TCNP is predicted to have a triplet ground state and all model chemistries

predict a triplet ground state for the 1 and 2Si analogs.
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Figure 6.7: Adiabatic singlet-triplet gap (AEs.1 in eV) calculated using BS4 for (A) TCNDQ
and (B) TCNP series.

6.3.5 — The Effect of Si-Substitution on the AEA’s

The orbital picture (Appendix D Figures D2 and D3) reveals that removing a single
electron from the anion produces the closed shell singlet state and we will focus on these
AEAs here. However, above we determined that many model chemistries predict a triplet
ground state. Therefore, the CSS may be unstable and would likely only be transiently
observed before the molecule relaxed to the triplet surface and underwent polymerization

(as observed experimentally).'®"®
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The AEA’s of TCNDQ range from 3.311 to 3.883eV (BS2) and 3.607 to 4.196eV
(BS4) (Figure 6.8A). For 1Si TCNDQ the AEA’s range from 3.530 to 4.395eV (BS2) and
3.745 to 4.749eV (BS4). 2Si TCNDQ has AEA’s ranging from 3.672 to 5.367eV (BS2)
and 3.836eV to 5.584eV (BS4). The average increase in AEA for the first Si-substitution
is 0.256eV (BS2) and 0.335eV (BS4) and for the second Si-substitution is 0.335eV (BS2)
and 0.291eV (BS4).

The AEA’s of TCNP range from 3.411 to 4.121eV (BS2) and 3.694 to 4.418eV
(BS4) (Figure 6.8B). For 1Si TCNP the AEA’s range from 3.607 to 4.653eV (BS2) and
3.806 to 4.983eV (BS4). The AEA’s of 2Si TCNP range from 3.724 to 5.572eV (BS2) and
3.879 to 5.171eV (BS4). The average increase in AEA for the first Si-substitution is
0.233eV (BS2) and 0.184eV (BS4) and for the second Si-substitution is 0.303eV (BS2)

and 0.191eV (BS4).
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Figure 6.8: Adiabatic electron affinities (eV) calculated using BS4 for (A) TCNDQ series
and (B) TCNP series. BS2 values available in Appendix D Figure D4A and D4B.
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BLYP predicts the smallest AEA in all cases and M06-HF predicts the greatest.
The large increase observed for M06-HF is due to absence of structural symmetry
breaking in the neutral cases. Si-substitution causes a decrease in the AEA of the planar
geometry (Appendix D Tables D99-D102). Structural symmetry breaking results in
(unequal) stabilization of both states. The difference in AEA’s calculated using the planar
and minimum energy structures is equal to the difference in stabilization resulting from
symmetry breaking (Scheme 6.5). Therefore, the enhancement of the AEA is a geometric

effect. These findings are similar to those previously reported for the Si-analogs of TCNE

and TCNQ."
Planar Global Min (low sym)
Neutral — -
AE,,
]
AEAPIanar
Anion ——
AAEA = . AEAPIanar
AAEA = AE, — AE,
Scheme 6.5

Using PBE and MO0G6-L in combination with BS2, we provide our best estimate of
the AEA’s of the Si-analogs of TCNDQ and TCNP along with those for TCNE and TCNQ
(Table 6.8). The increase in AEA of TCNE is greater in the 2Si version than the 1Si
version while the opposite is true of the other molecules. The smallest increase in AEA is

noted for 2Si TCNQ, which is due to electronic symmetry breaking (i.e., formation of a
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singlet diradical) stabilizing the neutral state relative to the anion.' The AEA’s of the Si-
analogs of TCNDQ and TCNP are greater than those of the Si-analogs of TCNE and
TCNQ.

Table 6.8: AEA’s (eV) of Si-substituted cyanocarbons
#Si | TCNE | TCNQ | TCNDQ | TCNP

0 |[3.010 3.338 3.553 3.660
PBE/BS2 1 3297 3475 3.708 3.789
2 |3.618 3.581 3.840 3.900
0 [3.180 3471 3.674 3.790
MO06-L/BS2 1 3452 3620 3.857 3.947
2 |3.75%4 3684 4.001 4.068

6.4 — Conclusions

The structures of TCNDQ and TCNP as well as their 1 and 2Si analogs were
assessed using DFT. TCNDQ, TCNP and [TCNP]™ were predicted to be planar minima,
consistent with TCNE and TCNQ. [TCNDQ]™ was reported to be a twisted structure, in
accordance with experimental findings. The neutral 1Si analogs were generally planar
minima while the reduced 1Si analogs were pyramidalized at the Si-nuclei. The neutral
and reduced 2Si analogs were also non planar, exhibiting pyramidalized geometries at
the global surface minima. The structural symmetry breaking effects are congruous with
those observed in the Si-analogs of TCNE and TCNQ.

TCNDQ and TCNP possess quinoidal type structures. The quinoidal character was
quantified using BLA and DIA analysis. The quinoidal character was found to decrease
as the tr-conjugation network was extended and upon forming the anion. It was also found
to decrease with Si-substitution and structural symmetry breaking. The singlet-triplet gap
was found to decrease upon Si-substitution and a triplet diradical ground state predicted

for the 2Si analogs.
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The AEA’s of TCNDQ and TCNP were assessed and the AEA’s of the
cyanocarbons are expected to increase as the 1-conjugation network increases in size.
Si-substitution consistently enhanced the AEA of both TCNDQ and TCNP, consistent with
our previous findings regarding the AEA’s of TCNE and TCNQ. These findings further
demonstrate the efficacy of isovalent substitution as a strategy to enhance the
performance of electron acceptors. Furthermore, the ability to form a stable ftriplet
diradical ground state is of potential value in the creation of triplet fusion materials for

organic light emitting diode technologies.*>*
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Chapter SEVEN

Using DFT to calculate Pseudo Jahn-Teller Effect Parameters:
Understanding the Origin of Symmetry Breaking in Hypovalent Silicon



Overview

Heavy group 14 analogs of planar carbon molecules are well known to prefer bent
or pyramidalized geometries. The pseudo Jahn-Teller effect (pJTE) is a general approach
to understanding the origin of such molecular geometries. Computationally intensive
multi-reference post Hartree-Fock methods are generally required to obtain values
relevant to the pJTE. However, an alternative approach, using more computationally
efficient density functional theory (DFT) and fitting a model vibronic Hamiltonian, can
account for the pJTE parameters. It is shown that the DFT approach is a viable alternative
for determining values relevant to the pJTE. Difficulties associated the DFT based
approach to the study of the pJTE are discussed and changes in the electronic structure

are explored using the Quantum Theory of Atoms in Molecules.
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7.1 = Introduction

In contrast to hypovalent carbon-carbon bonds, which display a planar geometry,
their heavy group 14 analogs (Si, Ge, Sn, Pb) typically display bent or pyramidalized
geometries.! The first example of a stable Si-Si double bond was synthesized by West
et. al. when they prepared tetramesityldisilene (Scheme 7.1).2 X-ray diffraction of
obtained crystals indicated slightly pyramidalized Si-nuclei (3.7°).2 Since then, more than
70 molecules containing Si—Si double bonds have been prepared, many displaying
pyramidalized geometries.’

A related compound is p-disilaquinodimethane prepared by Sekiguchi et. al.
(Scheme 7.1).* To the best of our knowledge this is the only example of a molecule
containing two hypovalent Si not directly bonded. Despite the hypovalent Si-nuclei being

separated by a phenyl unit, the structure shows a slight pyramidalization at the Si-nuclei

(0.4°).
Mes\ /IVIes ‘Bu,MeSi SiMe'Bu,
Si=—=Si \Si:®: Si/
Mes/ \Mes tBu2MeSi/ \SiMe‘Bu2
Tetramesityldisilene p-disilaquinodimethane
Scheme 7.1

While there have been models put forth to explain the non-planarity of the heavy
group 14 analogs, such as the CGMT model,>® the pseudo Jahn-Teller effect (pJTE) is a
more general approach that can be used to rationalize the structures of non-electronically
degenerate molecules on the basis of vibronic interactions.”® It describes how vibronic

interaction between ground and excited states affects the curvature of the ground state
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adiabatic potential energy surface (APES). The strength of the vibronic interaction is given

by a non-adiabatic coupling constant (F):

oH
F={(%|{77) |¥n 7.1
(%] (). [ ) (7.1)
and the curvature of the ground state surface (Ko > 0)° is defined by
d°H
K = (| (552) [¥ 7.2
0 ( 0 aQZ 0 0) ( )

The vibronic interaction reduces the curvature of the ground state surface

according to
K, = — (7.3)

where A is the vertical excitation energy from the ground to the excited state. The total
curvature of the ground state surface (K) is then given by

K =K, - Ky (7.4)
When Ky > K the stationary point of the high symmetry (planar) geometry is characterized
as a saddle point on the APES and symmetry breaking is observed.

The direct evaluation of pJTE parameters is ch:allenging.T'8 Multi-reference ab initio
methods are the preferred method as they offer an accurate description of all relevant
electronic states.'®'? However, they are intractable for many systems including the
molecules discussed in this work. Therefore, values are obtained by fitting cross-sections
of the APES along the distorting mode to a model vibronic Hamiltonian (Equation 7.5).”®
A similar approach has also been used by Soto et. al. to evaluate the pJTE parameters

relevant to the buckling distortion in the heavy analogs (Si, Ge, Sn) of gr:aphene.”"15
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1 F? 1[F*
EQ) = ElKo _? Qz _ZlEl Q4 + AEgp (7-5)

In chapter 5 a model vibronic Hamiltonian was fit to cross-sections of the APES of
disilene and 2SiTCNQ calculated using density functional theory (DFT). Here we apply
the same method to the 2Si analogs of all cyanocarbons introduced from our earlier
chapters along with the parent (carbon) versions (Scheme 7.2) in an effort to understand

the controlling factors in the symmetry breaking of hypovalent silicon containing

molecules.
H H NC CN NC CN
. / AN / AN /
EL—F2 /E1=E2\ /E1_ _E2\
H/ \H NC CN NC CN
Ethylene:E'=E*>=C TCNE:E'=E?=C TCNQ:E'=E?=C
Disilene: E' = E? = Si 2Si TCNE: E' = E? = Si 2Si TCNQ: E'=E?=Si
NC CN NC CN
o~ O~ ... g
E'— —p? E'— —FE
NC/ \CN NC/ . \CN
TCNDQ:E'=E?=C TCNP:E'=E2=C
2Si TCNDQ: E'=E?=Si 2Si TCNP: E'=E2=Si
Scheme 7.2

The pJTE causes changes in a molecule’s electronic structure. According to
Berusker “... molecular shapes are formed by the equilibrium configuration of the nuclei
in the mean field of the electronic cloud. Obviously any change of the latter influences the

1817 allows areas of

former’.”® The Quantum Theory of Atoms in Molecules (QTAIM)
electron density concentration and depletion (the electronic cloud) to be identified by

examining the Laplacian of the electron density (Vzp). Furthermore, changes in the atomic
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properties due to symmetry breaking (for example, the atomic energy or electron
population) can be quantified using QTAIM.

In this chapter, the APESs of the 2Si-analogs of ethylene and the cyanocarbon
series are briefly contrasted with those of the parent versions and pJTEs common to 2Si-
analogs are identified. A model vibronic Hamiltonian is fit to cross-sections of the DFT
APES in order to assess the pJTE parameters. These parameters are then contrasted in
an effort to elucidate the controlling factor in the symmetry breaking of hypovalent silicon.
Challenges associated with the fitting procedure are discussed. Changes in V?p along
with quantitative changes in the atomic properties due to symmetry breaking are studied
to gain additional insight in to how the pJTE affects electronic structure.

7.2 — Methodology

All structures were optimized in D2, symmetry using DFT. 9 functionals including
3 GGA’s (BLYP," M06-L" and PBE?), 5 hybrids (B3LYP,?' PBE0,? M06,'® M06-2X"*
and M06-HF'®) and CAM-B3LYP?® were combined with the Def2TZVPP basis set. Al
stationary points were characterized by frequency calculations and, when required,
imaginary frequencies were followed to the surface minima. All vertical excitation energies
were determined using Time-Dependent (TD) DFT. To generate scans along the APES
the coordinates of the low and high symmetry geometries are subtracted from one
another and the scaled difference is added (in 0.1 increments) to the high symmetry
geometry. All DFT calculations were performed using Gaussian 09 Rev. D.01.% The fitting
of the model Hamiltonian to the APES cross sections was performed using Prism 7.0%
and the cross-sections were generated at the B3LYP/Def2TZVPP level of theory, as used

by Soto et. al."*'® QTAIM analysis was performed using the AIMAIl package.”®
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7.3 — Results and Discussion

7.3.1 — General Features of the Potential Energy Surfaces

The parent compounds are characterized as Dz, planar minima with A ground
states by all functionals. On the other hand, all planar 2Si analogs have 'Ag ground states,
but are generally predicted to be saddle points on their PESs. The general features of the
2Si PESs (see Figures 7.1-7.5 for representative PES diagrams) are described along
with changes in geometry that occur upon symmetry breaking.
7.3.1.1 — Disilene

All functionals except M06-2X and M06-HF predict D2, disilene to be a transition
structure unstable with respect to a bog bending mode. The transition structure relaxes to
a trans-bent Cz, minimum that is 0.003 to 1.21 kcal/mol more stable than the planar
configuration (Figure 7.1). Upon symmetry breaking the Si nuclei pyramidalize 0.2° to

13.0° and R4 (0.61 to 1.84%) and R> (0.18 to 0.5%) increase in length.

1AG (D2h)

0.003 — 1.20 kcal/mol
v,(b

o)

1AG (C
0.00 kcal/mol
AB:0.2-13.0°

2h)

Figure 7.1: Representative PES for disilene with numbering of bond lengths. A6 is the
amount of Si-pyramidalization. Energy values are relative to the surface minimum. v
indicates an imaginary frequency.
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7.3.1.2-2Si TCNE

All functionals predict planar 2Si TCNE to be a transition structure unstable with
respect to a byg bending mode. The transition structure relaxes to a trans-bent Czp
minimum that is 0.02 to 3.37 kcal/mol more stable than the planar configuration (Figure
7.2). All functionals predict the stabilization to be greater in the case of 2Si TCNE than
disilene. This is in line with the suggestion that electronegative substituents cause greater
distortions in disilenes.?’” Upon symmetry breaking the Si-nuclei pyramidalize 6.8° to
21.0° Ry and Rz increase by 1.13 to 3.99% and 0.27 to 1.24%, respectively. The cyano
bond length (R3) changes only slightly -0.03% to +0.04%.

0N -Ces

1AG (DZh)
0.02 - 3.37 kcal/mol

'Ag (Cy)
AB:6.8-21.0°
0.00 kcal/mol

Figure 7.2: Representative PES for 2Si TCNE with numbering of bond lengths. A6 is the
amount of Si-pyramidalization. Energy values are relative to the surface minimum. v
indicates an imaginary frequency.
7.3.1.3-2Si TCNQ

All functionals except, M06-2X, MO6-HF and CAM-B3LYP, predict the D, structure
to be a second order saddle point unstable with respect to bzg trans and b, cis bending

modes. The exceptions predict a planar minimum. The saddle point relaxes to trans-bent

C2h and cis-bent C,, minima with the C»;, structure as the lowest energy structure on all
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surfaces except M06 (Figure 7.3). On the M06 surface the C2, and Cay structures further
relax to a Cs (pseudo Cz,) symmetry minima; the Ca, and Cs structures are quasi-
degenerate (AE = 0.001 kcal/mol). On the M06-L and PBEO surfaces the C,, structure
further relaxes to the Cs structure.

Upon symmetry breaking the Si-nuclei are pyramidalized 6.8 to 10.7° at the global
minima; on the MO06 surface, the lowest energy structure pyramidalization is 6.4°.%® Ry
(0.05 to 0.26%), R3 (0.23 to 1.05%) and R4 (0.13 to 0.73%) increase while Rz (0.08 to

0.30%) and Rs (0.01 to 0.04%) decrease.

1A (D,,)
0.03 — 0.87 kcal/mol
V (bau) Vv (bzg)
'A, (sz) A, (C,.)
0.02 — 0.24 kcal/mol 0.00 kcal/mol*
AB:1.0-9.1° AB:6.8-10.7°

Figure 7.3: Representative PES for 2Si TCNQ with numbering of bond lengths
(hydrogens omitted). A6 is the amount of Si-pyramidalization. Energy values are relative
to the surface minimum. 1 on the M06 surface a Cs (pseudo-Ca;,) structure (not shown)
is the lowest energy structure; the Czn structure is 0.004 kcal/mol higher in energy relative
to the Cs structure. v indicates an imaginary frequency.

7.3.1.4 - 2Si TCNDQ
All functionals,? except M0B-HF, predict the D2 structure to be a saddle point

unstable with respect to bog trans-bending, bay cis-bending, and a, twisting modes (except
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CAM-B3LYP). The saddle point relaxes to trans-bent Cap, cis-bent Ca, and twisted D,
transition structures that further relax to a C2, symmetry minimum that is twisted around
R and equally pyramidalized at both Si nuclei (Figure 7.4). On the CAM-B3LYP surface
the planar structure relaxes to Cz, and Cyy transition structures that further relax to a Cs
symmetry structure that is pyramidalized (14.6°) at one Si-nuclei but otherwise planar.
The C; structure is the lowest energy structure and is 0.43 to 2.44 kcal/mol more
stable than the planar structure. The amount of torsion around R ranges from 11.2 to
21.4° and the pyramidalization ranges from 8.4 to 16.5°. R1(0.21 to 1.89%), R3(0.04 to
0.78%), Rs(0.28 to 0.84%), and Rs(0.10 to 1.20%) increase and R2(0.06 to 1.22%),
R4(0.06 to 1.02%) and R7(0.07 to 0.59%) decrease. The C2, and Ca, ranges include the

CAM-B3LYP minima.

Re R,
Ry R,

SO=C-€I-C3-€)—-00
v, (bzg) 1 AG (DZh) 0, (au)
0.43 - 244 kcalimol  [v,(b,,)
~c--co-o-cs-n-g~ 'A(D,)

1A (C

) 2
G\ ~2n ‘O-Q-M 0.42 — 2.28 kcal/mol
0.04 - 0.39 kcal/mol 1A, (C,,)

A@: 2.82 — 17.8°
A6: 5.7 -16.0° 0.02 — 0.36 keal/mol
s(a) AB: 5.9 — 16.2°

v, (bz) and Vs (bs)
”‘" (©) a° €3-63-C3-63-0®
0.00 kcal/mol ;
A®: 8.4 —16.5° Ag (12%0
AQ: 11.2-21.4° ;
A: 0.0°

Figure 7.4: Representative PES for 2Si TCNDQ with numbering of bond lengths. M06%°
data omitted. Inset box: CAM-B3LYP minimum. Energy values are relative to the surface
minima. A6 is the amount of Si-pyramidalization and A¢ is the amount of torsion around
R1.v indicates an imaginary frequency
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7.3.1.5—- 2Si TCNP

All functionals except M06-HF predict the planar structure to be a saddle point
unstable with respect to trans-bending bzg and cis-bending bz, modes. The saddle point
relaxes to trans-bent Czn and cis-bent C,, structures, with the Czn structure as the lowest
energy structure on all surfaces except MO6 (Figure 7.5). The stabilization ranges from
0.99 to 2.78 kcal/mol. On the M06 surface the Ca, structure is 0.02 kcal/mol more stable
than the planar structure (and 0.015 kcal/mol more stable than Cz,) and is the lowest
energy structure. On the CAM-B3LYP surface the Cz, and Cyy structures further relax to
a Cs symmetry structure that is 1.07kcal/mol more stable than the planar structure.

The Czn, and Cz, minima have Si-nuclei that are equally pyramidalized 12.2 to
17.6°. The Cs minima is pyramidalized 26.0° at one Si-nucleus but planar at the other. In
the Czn and Czy minima R4 (0.03 to 0.04%), R2(0.11 to 0.27%), Rs(0.11 to 0.20%), Ry
(1.06 to 1.44%) and Rg (0.64 to 1.31%) increase and R3 (0.04 to 0.07%), R4 (0.06 to
0.16%), R (0.19 to 0.32%) and Rg (0.03 to 0.14%) decrease. In the Cs minima the same
changes in bond lengths are observed for the half of the molecule attached to the
pyramidalized Si. In the other half of the molecule, R7 (0.16%) and Rg(0.05%) decrease

while all other bond lengths display the same changes as above.
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> R
R} Ry
N O-C-C9-€I-61—-C80
1AG (D2h)
0.99 — 2.78 kcal/mol
v,(b,,)
v, (bzg) 25 3
‘ ‘A, (Cy) ‘
1 0.0002 — 0.02 kcal/molt
Ao (Can) AB:12.2-17.4°
0.00 kcal/mol T
AB: 122 -17.6°
® 'A(Cy)
AB: 26.0°

Figure 7.5: Representative PES for 2Si TCNP with numbering of bond lengths. 1 on the
MO6 surface the C,, structure is the lowest energy structure (AE = 0.02kcal/mol). Inset
box: CAM-B3LYP minimum. Energy values are relative to the surface minimum. A6 is the
amount of Si-pyramidalization. v indicates an imaginary frequency.

In contrast to the 0Si versions, the 2Si versions prefer geometries that are
pyramidalized at the Si-nuclei. This is consistent with experimentally observed disilenes’
as well as the p-disilaquinodimethane synthesized by Sekiguchi et. al* In all cases, the
amount of pyramidalization and stabilization resulting from symmetry breaking are
commensurate with one another (Figure 7.6), consistent with our earlier results (Chapter

5).
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Figure 7.6: The amount of pyramidalization as a function of the amount of stabilization
(kcal/mol) at the global surface minima for the 2Si molecules. All
functionals®®*°/Def2TZVPP. The outliers correspond to results obtained using CAM-
B3LYP.

7.3.2 — Types of Pseudo Jahn-Teller Effect Responsible for Symmetry Breaking

In our analysis, we will focus on the major symmetry breaking modes only, of which
three are observed in the D2, 2Si molecules above: trans bending, cis bending and
twisting.*® The type of pJTE responsible for each can be identified based on symmetry
requirements; the product of the irreducible representations of the ground and excited
state must produce the irreducible representation of the distorting mode.”® All planar 2Si
structures have 'Ag ground states. byg, bsy and ay modes are responsible for the trans-
bending, cis-bending and twisting distortions, respectively.

A ('Ag + 'Bas) ® byg pJTE is responsible for the trans-bending distortion common

to all five 2Si molecules. A ('Ag + 'Bsy) ® bs, pJTE is responsible for the cis-bending
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distortion common to all extended Tr-systems. The ('Ag + 'Ay) ® ay pJTE is responsible
for the twisting distortion in 2Si TCNDQ.

7.3.3 — Evaluating the Pseudo Jahn-Teller Effect Parameters

Using the model vibronic Hamiltonian (7.5) and surface fitting approach described
earlier, the pJTE parameters are evaluated for the planar geometries of all molecules: Kq
and F are obtained by the fitting procedure while A is directly calculated using TD-DFT.
These values, as well as Ky and the total surface curvature (K), are compiled in Table 7.1
for all three PJTEs. The scans along the APES as well as the coefficients and r? values
obtained from the fitting are available in Appendix E.

Ko and A are greater in all 0Si cases. F is greater in the 2Si cases of TCNQ and
Kv is greater in the 2Si cases of TCNQ and ethene. It is difficult to assign any physical
significance to values obtained to the fitting procedure. However, the magnitude of the
values can still be compared with values obtained in studies of pJTEs in series of

isovalently substituted molecules. %"
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Table 7.1: pJTE parameters assessed using B3LYP/Def2TZVPP for planar 0 and 2Si
molecules.

Ko (eVIAY) | FeViA) | A(ev) | Ky (eVIA?) | K (eVIA?)
#Si (‘A + 'Bag) ® byg
cthene |- 29.76 13.62 8.99 20.63 9.13
2 24.40 11.86 4.98 28.23 -3.84
TeNE O 47.38 7.16 4.96 10.34 37.04
2 1.97 3.53 4.00 3.12 1.15
0 9.47 1.94 4.79 0.79 8.68
TCN
CNQ =5 2.72 3.16 3.18 3.13 -0.42
0| 77516 31.18 453 214.56 560.60
TCND
CNDQ =5 58.67 15.71 2.85 86.63 -27.96
0 25.27 4.72 4.37 5.11 20.16
TCNP
c 2 2.71 3.48 2.77 4.38 -1.67
(‘A + 'Bay) ® ba,
0 23.55 5.68 4.66 6.93 16.62
TCN
CNQ =5 20.22 9.81 3.07 31.36 11.14
TenDg O 58.23 8.44 4.51 15.79 42.44
2 2.87 3.68 2.84 4.77 -1.90
tenp L2 72.92 9.44 4.38 20.36 52.56
2 2.84 3.91 2.77 5.52 -2.68
('Ag + 'Ay) ® ay
TenDg O 11.20 6.58 4.20 10.31 0.89
2 1.01 2.20 3.93 1.23 -0.21

Liu et. al. studied the puckering distortion in A4Hs?* (A = C or Si) using a model
Hamiltonian fit to MRCl/cc-pvTZ PES cross-sections and reported that the more distorted
CsH4** had a greater vibronic contribution to its ground state curvature (Ky).' This is not
true of our results. For example, 2Si TCNE typically displays the greatest pyramidalization
but does not have the largest Ky.

llkhani assessed the pJTE causing puckering in C4AEs (A =N, P, As and E = H,
F, CI)*" and C,Y3H, (Y = O, S, Se, Te)* at the CASSCF/cc-pvTZ level of theory. The

value of F was generally found to increase going down groups 15 and 16. On the other
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hand, Liu et. al. reported that F was greater in the C version.'® In all cases, the value of

A decreases going down the periodic table. %132

7.3.4 — Sugqgested Best Practices in Assessing pJ TE Problems

There are additional caveats regarding the determination of the pJTE parameters
that warrant further discussion. The first is that the excitation energies obtained by TD-
DFT may not be accurate. While there are no experimental or post-HF vertical excitation
energies to compare to for the 1r-conjugated 0Si molecules or any of the 2Si molecules,
there are suitable values to compare to for ethene and TCNE.

Experimentally, the lowest lying "B excited state of ethene is 7.90eV above the
ground state.®® Our calculated value overestimates this value by 13.8%. There are no
experimental studies of the excited states of TCNE, however, at the CCSD and CCSD(T)
levels of theory the lowest lying 'B.g excited state is predicted to be 6.32 and 6.13eV
above the ground state.** Our value is approximately 20% greater than these.

The second point of discussion is related to the fitting procedure itself, which is
based upon fitting a fourth order polynomial to the scans along the APES and equating
the coefficients to those of the model vibronic Hamiltonian.

In developing the fitting procedure, the most appropriate choice of Q (x-axis) had
to be determined. One option that was tested was using the intrinsic reaction coordinate
(IRC) to follow a transition structure (or saddle point) to the surface minimum. This was
problematic for our application because the IRC algorithm was unable to follow the APES
to the minimum due to the flat nature of the surface (the barriers to non-planarity are less

than 5 kcal/mol).
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The most commonly used choice of Q in the literature is an arbitrary coordinate
where 0 corresponds to the high symmetry configuration and 1 corresponds to full
displacement of the distorting mode.'®"? This choice was also problematic. Following the
imaginary (distorting) modes did not lead to the optimized low symmetry geometry. This
is due to the fact that the nuclei will optimize differently than the motion of the normal
mode. The force constant and non-adiabatic coupling constant have units of
energy/distance. Using an arbitrary coordinate results in the constants lacking a distance
unit.

Another choice of Q we tested was the amount of pyramidalization of the Si-nuclei,
however, this choice cannot be applied to the twisting distortions. Soto et. al. used the
difference between the coordinates of the high and low symmetry geometries and the
scaled difference (in 0.1 increments) to the high symmetry configuration. This results in
the x-axis having units of angstroms and the quantities of interest carrying the correct
units. We have used this approach throughout this work. However, this approach is still
problematic.

The energies of the distorted geometries initially increase and exceed that of the
high symmetry configuration (See Figure 7.7 for example). This is a problem related to
the Gaussian09 package. These data points are removed from the scan. The resulting
scan along the APES is fit to a fourth order polynomial and the value of the ao coefficient

is set to the stabilization energy resulting from symmetry breaking.

182



2 '3E;2l o®®

o L
® 18E2 o
° . °
13E-2( 3
Ll
® ®
8.0E-3
o L
3.0E-3
o o o ©
L L
015 01  -005 0 005 01 0.15
Q(A)

Figure 7.7: Example scan along of APES of disilene. The red points correspond to
geometries with energies greater than the planar geometry that are removed from the
polynomial fit.

There were additional challenges in applying the fitting procedure to the 0Si cases.
The normal modes that are responsible for the distortions in the 2Si cases are not normal
modes of the 0Si cases. To circumvent this problem, the scaled displacements used for
the 2Si versions were used to create the same atomic displacements in the 0Si cases.
This approach ensures that the scale of the x-axis is identical between the 0 and 2Si
versions. However, the scale of the y-axis is significantly greater (3 to 49 times) in the 0Si
cases. This results in coefficients in the polynomial fit that are also significantly larger.
This makes a direct comparison of the values obtained for the 0 and 2Si versions difficult.

Finally, the fitting of the scans along the APES in the cases where symmetry

breaking is not observed uses a fourth polynomial, despite no fourth order character to

the APES. Itis likely that this leads to overfitting. However, the fourth order polynomial is
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required because the non-adiabatic coupling constant is obtained by equating the fourth
order coefficient to the Q* term in the model vibronic Hamiltonian.

7.3.5 — Changes in the Topoloqgy of the Electron Density

As described above the changes in geometry influence changes in the electron
density and vice versa. The electron density in the planar versions and the global minima
of the 2Si analogs were analyzed using AIMAIIl. The number of bond and ring critical
points do not change upon symmetry breaking. However, with all functionals, disilene and
2Si TCNE exhibit non-nuclear attractors (NNAs)* along the Si-Si bond path. The
appearance of NNAs on Si-Si bond paths has been previously discussed by Zhikol et.
al.*®* When BLYP is used the NNA in disilene disappears upon symmetry breaking, but
persists for the other functionals. In 2Si TCNE the NNA disappears upon symmetry
breaking for all functionals except CAM-B3LYP, M06-L and PBEO. Moreover, the atomic
energy and electron population of the NNAs decrease upon symmetry breaking while the
ellipticity of the Si-NNA critical points decreases in cases where it does not disappear.

The Laplacian of the electron density (Vzp) reveals areas of local concentration
(valence shell charge concentrations (VSCCs)) and depletion (VSCD). The VSCC and
VSCD reflect the shell structure of the atom where there is a region of concentration and
depletion associated with each quantum shell.'®'” VSCC are interpreted as lone pairs of
electrons and provide an accurate mapping of the localized nature of the electron pair
domains described by the valence-shell electron pair repulsion (VSEPR) model. A lone
pair of electrons belonging to a nucleus can influence a pyramidalized geometry (e.g., the

2p; orbital of nitrogen in ammonia).”’
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No VSCC'’s were detected in any of the molecules considered, however, V?p can
be visualized as an isosurface on top of the molecular graph to visualize how the
concentration of p changes due to the pJTE. A representative example is given in Figure
7.8 for disilene.

In the planar configuration the distribution of V?p is symmetrically distributed
around the Si-nuclei. Upon symmetry breaking, the distribution of V2p changes such that
there is a region of charge density concentrated above the Si-nuclei only. While there are
no VSCC's detected it is clear that the pJTE results in changes to the electronic structure

beyond the geometry.

(‘A + 1BZG)®b29

Figure 7.8: Changes in V?p isosurface due to the ('Ag + 'B2g) ® byg pJTE in disilene®
Only half the molecular graph is visualized for ease of viewing. Green — BCP, Pink — NNA.
B3LYP/Def2TZVPP.

Changes in the positions of the nuclei will be accompanied by changes in atomic
properties.'® Interesting atomic properties in which to examine the changes in upon

symmetry breaking are the atomic electronic energy and electron populations. Upon

symmetry breaking the Si and N nuclei are always stabilized. Any atoms directly bonded
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to the Si are destabilized, while all other carbon atoms are stabilized. In Figure 7.9 the

amount of stabilization of the Si-nuclei is plotted as a function of the pyramidalization.

25
20
e
5 #
5 15 +
5 N
g 10 A Disilene
a by 2Si TCNE
5 A 2Si TCNQ
+2Si TCNDQ
. * 2Si TCNP
0 20 40 60 80 100 120

Change in Si Atomic Energy (kcal/mol)
Figure 7.9: The amount of pyramidalization at Si-nuclei at the APES global minima as a
function of the change in atomic energy calculated using QTAIM. Calculated using all
functionals® in combination with Def2TZVPP.

The trend in Figure 7.9 is similar to the one presented in Figure 7.6. However, the
relationship is not as strong as the one described in Figure 7.6 and it can be seen that
the disilene and 2Si TCNE entries strongly deviate from the trend. A similar trend is
observed if the change in atomic electron population is plotted as a function of the
pyramidalization as in Figure 7.10. Generally, a greater amount of pyramidalization is
associated with a greater increase in the atomic electron population. This can be
rationalized using a simple electrostatic argument. The deviation of disilene and 2Si

TCNE is likely due to the presence of NNA in these systems. When considered

separately, the T-conjugated systems display a stronger linear relationship in both plots.

186



@ 07
5
9 06 .
> o ¢ o
§ 05 .
s .
3 04
o
o
£ 03 Disilene
o *
Z . ., 2Si TCNE
7 02 _
€ o o ® Qe 4 2Si TCNQ
S 0.1 + m nr e +2Si TCNDQ
S ha 2Si TCNP
A
S 0
0 5 10 15 20 %

Pyramidalization (°)

Figure 7.10: The change in atomic electron population (# electrons) as a function of the
pyramidalization of the Sl-nuclei at the APES global minima. Calculated using all
functionals®® in combination with Def2TZVPP.

The symmetry breaking that results from the pJT effect causes changes in the
geometries of all 2Si systems which are accompanied by changes in the distribution of
the electron density. The pyramidalized geometries result from a shift in the concentration
of the electron density at the Si-nuclei which is due to the pJT effect. This is supported by
the changes in the Laplacian visualized in Figure 7.9 as well as the increase in the atomic
electron population as shown in Figure 7.10. Symmetry breaking is found to have a

stabilizing effect on the Si-nuclei.

7.4 — Conclusions

In contrast to the all carbon versions, the 2Si analogs of ethene and the
cyanocarbons prefer non-planar, pyramdalized geometries. The cause of the
pyramidalized geometry is the pJTE which is the only source of symmetry breaking in

non-electronically degenerate molecules.
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QTAIM analysis revealed changes in the electron density. The pJTE results in a
redistribution in the concentration of electron density, resulting in a stabilization of the Si-
nuclei as well as an increase in its atomic electron population. The pyramidalized
geometries can be rationalized on the basis of simple chemical concepts.

The pJTE parameters were assessed by fitting a model vibronic Hamiltonian to
cross-sections of the PES calculated using DFT. This is in contrast to previous studies
which use post-HF methods (typically CASSCF or MRCI) to generate the cross-sections.
The methodology used here does account for the negative curvature of the APES, but
raises points about best practices in assessing pJTE problems. It is difficult to state what
the controlling factor in the symmetry breaking of hypovalent silicon is based on the
results obtained. However, the increased vibronic interaction in the silicon analogs is

facilitated by the decrease in vertical excitation energies.
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Chapter EIGHT

Summary, Future Work and Conclusions



8.1 — Overview

This thesis focused on two topics: symmetry breaking in hypovalent silicon
containing compounds, and incongruous descriptions of electronic structure by quantum
chemical methods. These were related by catastrophe theory. Another theme that was
explored is tuning electronic structure through isovalent substitution. A summary of the
results obtained in each chapter will be presented. Following this, recommendations for
topics of future study along with the general conclusions of this work will be presented.

8.2 — Isothiirane: a molecular structure dilemma resolved

A congruous description of the electronic structure of isothiirane was obtained
using all methods of analysis. It is best described as a hybrid of an acyclic and cyclic
structure. This study resolved a long standing question in the literature regarding the
electronic structure of isothiirane. QTAIM and NBO/NRT analysis are commonly used
tools in computational quantum chemistry and the results presented of this work give
further insight into their capabilities.

The quality of the NRT expansions was assessed by building bond order — bond
length relationships of the substituted series. This provides a well-defined measure of the
quality of the expansion that is external to the NRT module, in contrast to the internal
measure, which is somewhat ambiguous.

The usage of 3C NMR chemical shift shielding tensors to gain additional insight
into the electronic structure was also discussed. While this type of analysis is commonly
performed, we were able to relate it to the other methods employed and use it to
strengthen the overall analysis as exemplified in 3.3.5.5 where the key descriptors of all

three modalities of analysis were related to one another to provide a consistent
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description of electronic structure. The results highlight how the electronic structure of a
molecule can unambiguously characterized using commonly employed tools and
modified to enhance reactivity.

8.3 — The Electron Affinities of TCNE and TCNQ: The Effect of Si-Substitution

A variety of model chemistries were tested for their ability to reproduce the
experimental structures and electron affinities of TCNE and TCNQ. DFT was found to be
well suited to the study of the structure of cyanocarbons as the experimental structures
and the electron affinities (EAs) of both were generally well reproduced. In many cases,
the DFT model chemistries outperformed post Hartree-Fock methods reported in the
literature for the determination of the EAs. In the case of TCNE BLYP/cc-pvDZ (0.32%
dev.) slightly outperformed CASPT2 (0.64% dev.) and in the case of TCNQ MO06-L/6-
311++g(d,p) (0.15%) outperformed PMP2 (0.81%). Additionally, DFT was found to be
well suited to studying Si analogs of small carbon based molecules.

In contrast to the parent compounds which are planar with Do, symmetry, the
reduced 1Si analogs as well as the neutral and reduced 2Si analogs structural symmetry
breaking was observed.

Si-substitution generally enhanced the adiabatic electron affinities of both TCNE
and TCNQ, improving their function as electron acceptors in charge-transfer complexes.
Si-substitution was also found to enhance the singlet diradical character of the ground
state of TCNQ, in agreement with previous findings of Fukuda et. al.’

8.4 — How the Amount of Hartree-Fock Exchange Affects the Observation of the
pseudo Jahn-Teller Effect

In chapter 4 it was observed that the nature of the planar stationary point of disilene

and neutral 2Si TCNQ (closed-shell singlet) varied with the choice of functional.
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Functionals containing higher amounts of Hartree-Fock exchange were found to
characterize these stationary points as minima on their PES. Therefore, in developing a
DFT based approach to evaluate pseudo Jahn-Teller effect (pJTE) parameters it was
important to investigate this discrepancy in further detail.

An expanded selection of basis sets was used in this study to ensure the absence
of symmetry breaking was not simply a basis set issue. Moreover, the effect of integration
grid used to evaluate the density functional was also tested. Neither of these choices had
a significant impact on the observation of symmetry breaking as functionals containing
higher amounts of Hartree-Fock exchange still did not display the symmetry breaking
effect.

To establish the affect that greater amounts of Hartree-Fock exchange had on the
characterization of the stationary points, the amount of exchange was scaled manually
using the BXLYPTest functional described. This confirmed that larger amounts of Hartree-
Fock exchange resulted in the stationary points being characterized as planar minima.
The APES in the direction of the distorting modes of interest were scanned for each
increment of Hartree-Fock exchange in BXLYPTest. The APES changed from a double-
well potential to a single-well potential. A cusp catastrophe model was then introduced in
order to account for this change.

Also in chapter 5 a DFT approach to obtain the pJTE parameters was described.
The vertical excitation energy (A) was determined using time-dependent DFT. The
remaining parameters were obtained by fitting cross-sections of the APES to a fourth

order polynomial. The polynomial coefficients were equated to the Q?> and Q* terms of

195



the model vibronic Hamiltonian to determine the primary force constant (Ko) and non-
adiabatic coupling constant (F).

A increased as the amount of Hartree-Fock exchange was increased. This
increase is related to delocalization error present in DFT.%2 2Si TCNQ showed a greater
increase which is the result of it having a more delocalized electronic structure.

8.5 — Computational Insights in to the Electronic Structure of TCNDQ and TCNP:
The Effect of Si-Substitution

Prior to the results presented in Chapter 6 there were no detailed computational
studies of the electronic structure of TCNDQ or TCNP. Moreover, their structures and
electron affinities had not been definitively characterized experimentally.

The structures of TCNDQ and TCNP in their neutral and reduced forms were
assessed using DFT. TCNDQ, TCNP and [TCNP]™ were determined to have planar
structures with Dz symmetry. On the other hand, [TCNDQ]™ was predicted to have a
twisted structure with D, symmetry. Our calculations support the UV-vis analysis of
Addison et. al. which suggested a twisted type structure for [TCNDQJ™.*

Si-substitution resulted in structural symmetry breaking in both TCNDQ and TCNP.
The neutral 1Si analogs were generally planar while the reduced 1Si analogs were
pyrmidalized at the Si-nuclei, and in the case of 1Si TCNDQ, also twisted around the
central C—C bond. The neutral and reduced 2Si analogs exhibited non-planar geometries
at the global surface minima. Both 2Si TCNDQ and 2Si TCNP displayed pyramidalization
of the Si-nuclei. 2Si TCNDQ also displayed twisting around the central C-C bond.

The AEAs of TCNDQ and TCNP were calculated. The AEA of TCNDQ ranged from
3.311 to 4.252¢eV, and 3.411 to 4.467eV for TCNP. Our results predict that the AEAs of

cyanocarbons increase with an extension of the 1r-conjugation network. This is contrary
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to the experimental results of Maxfield et. al.®> Si-substitution was found to enhance the
AEAs of both TCNDQ and TCNP.

TCNDQ and TCNP were found to possess quinoidal type structures. Bond length
alternation (BLA) and delocalization index alternation (DIA) was found to decrease as the
mr-conjugation network was extended, with Si-substitution and structural symmetry
breaking. These changes in BLA and DIA were also observed in TCNQ and imply an
increase in aromaticity.

8.6 — What is the Controlling Factor in the Symmetry Breaking of Hypovalent
Silicon?

The potential energy surfaces of the 0 and 2Si versions of ethene and the
cyanocarbons were characterized using DFT in combination with the Def2TZVPP basis
set. The carbon (0Si) versions of all molecules were predicted to be planar minima with
D2h symmetry. Conversely, the planar 2Si versions underwent structural symmetry
breaking.

Three separate pJTE types were identified: a trans-bending (‘A + 'Bag) ® byg
effect, a cis-bending ('Ag + "Bay) ® bs, effect and a twisting ('Ag + 'Ay) ® a, effect. In
order to ascertain the controlling factor in the pJTE of the Si-analogs the procedure
described in chapter 5 was used. As detailed in chapter 7 there were challenges in
applying the procedure to the 0Si cases. This made a direct comparison of the pJTE
parameters between the 0 and 2Si cases difficult.

8.7 — Topics for Future Study

The interaction of electron acceptors and donors is of interest for materials
applications. The interaction of TTF and TCNQ has been studied in the literature using

DFT previously.®”® Of interest is how the nature of the interaction between the donor and
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acceptor molecules changes upon isovalent substitution. Additionally, the interaction of
the larger m-conjugated cyanocarbons (i.e., TCNDQ or TCNP) with TTF has not been
explored. Such studies may be of value in understanding the interactions of such
materials.

The elliptic umbilic (EU) catastrophe theory model described is of value in the
analysis of the electronic structure of any three-membered ring system. By varying the
constituent atoms of the ring it is possible to understand how the control parameters of
the EU vary in different chemical environments. This would further the understanding of
how three-membered ring systems are formed and destroyed. Such information may be
of value in understanding how to better control the synthesis of three membered ring
systems (e.g., epoxides, cyclopropanes, aziridines).

The cusp catastrophe model has a number of potential applications unrelated to
chapter 5. For example, the study of elementary chemical transformations can be
modelled and interpreted using the cusp catastrophe. Both Sy2 and elementary steps
within a catalytic cycle provide interesting cases to apply the cusp catastrophe model to.

Another application of the cusp catastrophe are molecules with low lying bending
modes, NCCNO and XCNO (X=ClI or Br) for example, have ambiguous descriptions with
some methods assigning them linear structures while others describe them as bent.%"2
Another example is HC=C-NCO and its isomers, some of which are linear while others

are bent.”

These examples provide cases where the b control parameter (related to the
symmetry of the system) is not equal to 0 and provide a means to further explore the

usefulness of the cusp catastrophe as an analysis tool.
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Si-substitution was shown to enhance the singlet or triplet diradical character of
the 1-conjugated cyanocarbons. An interesting follow up to this would be to vary the
exocyclic position with other group 12-14 elements to examine how the diradical
character, and therefore aromaticity, can be enhanced with substitution. Such a study
would provide a means to further apply the BLA and DIA analysis described in chapter 6
and compare them with other common measures of aromaticity (e.g., nucleus
independent chemical shift”). These analysis methods are also broadly applicable to
understanding the material properties of conjugated systems based on polyacetylenes or
polythiophenes.">®

Recently, Zeng et. al. presented a series of cyanocarbons using N-perylene units
as the spacers between the terminal cyanoethylene units instead of p-QDM units.'”"®
This strategy enhanced open shell singlet or triplet diradical character depending on chain
length. This strategy, in combination with the exocyclic Si-substitution discussed in this

work, may provide a method to further enhance the singlet or triplet diradical character of

the ground state of cyanocarbons (Scheme 8.1).
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8.8 — General Conclusions

The 2Si versions of the planar cyanocarbons were found to break structural
symmetry and prefer pyramidalized geometries at the Si-nuclei. This finding is in
agreement with experimentally characterized disilenes.'® The 2Si analogs of TCNDQ and
TCNP are, to the best of our knowledge, the only examples of this effect where the Si
nuclei are separated by two phenyl units. The symmetry breaking effects in the planar
analogs were studied from the perspective of the pJTE.

The catastrophe theory models presented offer an additional technique for
analyzing electronic structure, particularly in cases where incongruous descriptions are
obtained by various quantum chemical methods.

A procedure for determining the pJTE parameters using DFT was proposed by
fitting scans along the APES in the direction of the distorting mode to a polynomial
function. By equating the polynomial coefficients to the model vibronic Hamiltonian it is
possible to obtain primary force constant (Ko) and non-adiabatic coupling constant (F).
The vertical excitation energy (A) is readily calculable using TD-DFT. As described in
chapter 7 there are a number of complications associated with the procedure. To refine
the procedure additional methods of scanning along the adiabatic potential energy
surface should be explored. Moreover, the normal modes responsible for the distortion of
the 2Si cases were absent in their 0Si versions. This peculiarity should also be examined
in greater detail.

Si-substitution was found to be an effective strategy for enhancing the electron
accepting abilities of the cyanocarbons. In contrast to previous strategies for modifying

the cyanocarbons which result in decreased EAs, the strategy presented in this work
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generally enhances the EA. The AEA of the planar Si analogs was less than that of the
parent compounds, however, structural symmetry breaking resulted in an increase in the
AEA (Scheme 8.2). Therefore, the enhancement of the AEA with Si-substitution is a

geometric effect, driven by the observed pJTEs.
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Table A1: Geometric parameters for heavy atoms in isothiirane for all model chemistries. a) from reference 7.

R(S-Ci) | R(S-C) R (C4-Co) P A (SC.C1) | A(C.SCq) | A(SCiC2)| Area
BS 1 1.971 1.881 1.468 5.320 70.9 44.7 64.4 1.304
BS 2 1.944 1.875 1.467 5.286 69.9 45.1 64.9 1.291
BLYP 1 gss 1.920 1.865 1.465 5.250 69.2 455 65.2 1.277
TZVP 1.984 1.888 1.465 5.337 71.3 44.4 64.3 1.310
BS 1 1.920 1.865 1.470 5.255 69.4 45.8 64.8 1.284
BS 2 1.890 1.849 1.470 5.209 68.7 46.2 65.1 1.261

B3PW91
BS 3 1.870 1.839 1.469 5.178 68.1 46.5 65.3 1.247
TZVP 1.930 1.863 1.467 5.260 69.7 45.4 62.7 1.280
BS 1 1.907 1.847 1.468 5.222 69.1 46.0 64.9 1.267
PBEO | BS 2 1.887 1.841 1.470 5.198 68.5 46.4 65.1 1.258
BS 3 1.866 1.831 1.468 5.165 67.9 46.8 65.3 1.245
PBE 1.916 1.877 1.476 5.269 68.5 45.8 65.7 1.289
BP86 1.939 1.888 1.477 5.304 69.1 45.4 65.5 1.303
sLyp | T4VF 1.989 1.92 1.474 5.383 70.3 44.3 65.4 1.334
ccsD 2.007 1.869 1.473 5.349 72.7 44.5 62.7 1.315
HF 2.203 1.856 1.465 5.524 82.2 41.2 56.6 1.347
MP2 | BS 1 1.903 1.846 1.478 5.227 68.8 46.4 64.8 1.272
cIsD® 1.980 1.849 1.471 5.300 72.2 45.0 62.8 1.294

206



Table A2: Geometric parameters for thiirane

B3LYP B3PW91 PBEO
BsS1 | Bs2 | BSs3 BS1 | BS2 | BS3 BS1 BS2 BS3

sc| 183 1836 1827 | 1.820 1819 1812 | 1813 1813  1.807

C=C| 1478 1478 1478 | 1479 1478 1477 | 1477 1477  1.476
Perimeter | 5.153 5151 5133 | 5118 5117 5102 | 5105 5103  5.090
Area| 1243 1242 1235 | 1223 1228 1222 | 1223 1223 1217
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Table A3: RCP Data for Isothiirane and Thiirane

Isothiirane p A A2 € A3

BS2 0.130 -0.153 0.021 6.286 0.262

B3PWO1 BS3 0.140 -0.174 0.011 14818 0.253

PBEO BS2 0.133 -0.158 0.027 4.852 0.26

BS3 0.143 -0.179 0.019 8.421 0.251

MP2  BS1 0.132 -0.173 0.004 42250 0.248

BP86 TZ2VP 0.121 -0.157 0.048 2.271 0.249

PBE 0.126 -0.165 0.060 1.750 0.250
Thiirane

BS1 0.140 -0.193 0.112 0.723 0.219

B3LYP BS2 0.136 -0.172 0.113 0.522 0.231

BS3 0.144 -0.193 0.110 0.755 0.216

BS1 0.145 -0.198 0.116  0.707 0.213

B3PW91 BS2 0.141 -0.176 0.118 0.492 0.227

BS3 0.149 -0.197 0.112 0.759 0.211

BS1 0.147 -0.202 0.117 0.726 0.209

PBEO BS2 0.143 -0.179 0.119 0.504 0.224

BS3 0.151 -0.199 0.113  0.761 0.207

Table A4: Frequency of normal mode of interest for isothiirane calculated in this work

w (cm™)
BS1 367
B3LYP BS2 392
BS3 409
BS1 425
B3PW91  BS2 449
BS3 465
BS1 441
PBEO BS2 465
BS3 482
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Table A5: NRT expansion weights and bond orders of isothiirane for all model chemistries
in combination with the default algorithm. a) Ref 7.

NRT Resonance Structure (%) Natural Bond Order
%B | %C | %D | %I %0 S-Cq S-C, | ABOngrT | C4-C2
HF BS1%| 87.8 - 83 - 3.9 | 0920 0910 -0.010 1.110
MP2BS1%| 784 - 35 - 181 | 0980 0940 -0.040 1.080
CISDBS1%| 80.6 - 43 - 151 | 0950 0.930 -0.020 1.100
BP86 TZVP | 86.3 - 56 - 8.1 0.969 0.944 -0.025 1.112
BLYP TZVP | 87.2 - 6.2 - 6.5 | 0.938 0.938 0.000 1.128
PBE TZVP | 86.0 - 55 - 85 | 0973 0945 _0028 1.112
B3LYPBS1| 874 - 6.3 - 6.3 | 0950 0.940 -0.010 1.110
B3LYPBS2| 940 - 59 - 0.1 0.959 0.941 -0.018 1.107
B3LYPBS3|87.2 - 58 - 7.0 | 0963 0942 _0.021 1.107
B3LYP TZVP | 87.3 - 6.2 - 6.5 | 0.954 0.938 -0.016 1.100
B3PW91BS1| 874 - 57 - 6.9 | 0960 0.940 -0.020 1.100
B3PW91BS2| 946 - 54 - - 0.946 0.946 0.000 1.109
B3PW91BS3|87.3 - 52 - 75 | 0972 0947 -0.025 1.102
B3PW91 TZVP | 87.3 - 57 - 7.0 | 0962 0943 -0.019 1.108
PBEOBS1|876 - 54 - 7.0 | 0966 0.944 _0.022 1.102
PBEOBS2|94.7 - 52 - 0.1 0.970 0.947 -0.023 1.101
PBEOBS3| 874 - 51 - 75 | 0974 0.948 -0.026 1.101

Table A6: NRT expansion weights and bond orders of thiirane calculated using default
algorithm. “Other” corresponds to a number of low weight ionic structures.

S ther BO S- BO C-

N Othe 0Ss-C oc-C
BS1 92.5 7.5 0.984 1.042
B3LYP | BS2 92.5 75 0.984 1.041
BS3 92.4 76 0.985 1.039
BS1 92.4 7.6 0.986 1.038
B3PW91 | BS2 92.4 7.6 0.987 1.038
BS3 92.3 7.7 0.987 1.038
BS1 92.4 7.6 0.987 1.038
PBEO | BS2 92.4 7.6 0.987 1.038
BS3 92.3 7.7 0.988 1.038
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Table A7: Bond orders for the S-C distances of isothiirane calculated using Schomaker-
Stevenson relationship (See reference 25 for details) and the difference between them
for each model chemistry.

BOs-c1 BOs-c2 ABO

aug-cc-pvDZ | 0.538 0.607 0.070
aug-cc-pvliZ | 0.585 0.630 0.045

CcCSh() aug-cc-pvQZ | 0.595 0.635 0.040
CBSExtrap | 0.599 0.636 0.038

BS1| 0.553 0.609 0.057

B3LYP BS2 | 0.570 0.613 0.043
BS3 | 0.585 0.619 0.035

TZVP | 0.544 0.605 0.060

BS1| 0.585 0.619 0.035

BS2 | 0.604 0.629 0.026

B3PWO1 BS3| 0616 0636  0.020
TZVP | 0.578 0.621 0.042

BS1| 0.593 0.631 0.038

PBEO BS2 | 0.606 0.635 0.029
BS3| 0.619 0.641 0.022

PBE 0.587 0.612 0.025
BP86 0.573 0.605 0.032
BLYP TzvP 0.541 0.585 0.043
CCSD 0.530 0.617 0.087
HF 0.407 0.625 0.219
MP2 BS1| 0.595 0.631 0.036
CISD 0.547 0.629 0.083
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Table A8: Delocalization index (DI) for the S-C distances of isothiirane and the difference

between them for each model chemistry.

DI S-C4 DI S-C, ADI

aug-cc-pvDZ 0.695 0.937 0.242

CCSD(T) | aug-cc-pvTZ 0.821 0.982 0.161

aug-cc-pvQZ 0.839 0.983 0.144

BS1 0.851 0.969 0.118

B3LYP BS2 0.909 0.974 0.065

BS3 0.942 0.989 0.047

TZVP 0.834 0.964 0.130

BS1 0.908 0.984 0.076

B3PW91 BS2 0.966 0.993 0.027

BS3 0.997 1.008 0.011

TZVP 0.889 0.980 0.091

BS1 0.917 0.991 0.074

PBEO BS2 0.975 0.999 0.024

BS3 1.006 1.015 0.009

PBE 0.954 0.982 0.028

BP86 TZVP 0.927 0.975 0.048

BLYP 0.871 0.950 0.079
CCSD - - -

HF 0.477 0.984 0.507

MP2 BS1 0.749 0.813 0.064
CISD - - -
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Table A9: Properties of the C1 VSCC depicted in Figure 1. Magnitude of VSCC in a.u.,
distance (R) in Bohr, Dihedral in degrees. 'CF3 is an example carbanion lone pair VSCC.
'CF,is an example carbene lone pair

v2 R | Dihedral

Cyclic Zwitterion MG
BS2 -1.05 0.885 170.67
PBEO BS3 -1.03 0.886 168.62
B3PWO1 BS2 -1.057 0.884 171.08
BS3 -1.037 0.885 169.11
BP86 -1.126 0.868 174.90
PBE TZvP -1.103 0.869 174.14
MP2 | BS1 -1.093 0.882 173.20

'CF3”

B3LYP -1.557 0.852 129.02
B3PW91 | BS3 -1.524 0.854 129.01
PBEO -1.519 0.855 128.95

Acyclic Carbene MG
BS1 -1.141 0875 175.76
B3LYP BS2 -1.101 0.879 172.96
BS3 -1.082 0.880 171.14
TZVP -1.238 0.862 175.34
B3PWO1 BS1 -1.094 0.880 174.20
TZVP -1.175 0.866 174.80
PBEO | BS1 -1.087 0.881 173.85
BLYP | TZVP -1.193 0.863 175.89
HF | BS1 -1.412 0865 177.69
aug-cc-pvDZ | -1.578 0.854 176.54
CCSD(T) | aug-cc-pvTZ | -1.202 0.868 171.17
aug-cc-pvQZ | -1.322 0.867 171.68

'CF;

B3LYP -1.571 0.845 180.00
B3PW91 BS3 -1.539 0.848 180.00
PBEO -1.540 0.848 180.00
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Figure A3: Example molecular graph of ethenylthiol.
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Figure A4: Comparison of the value of V?p VSCC and its distance from C; nucleus
calculated at the B3PW91/BS2 level. Circles indicate a ring structure. X's indicate an
acyclic structure. Diamond marker is the unsubstituted (cyclic) compound.

The VSCC corresponds to the lone pair of a carbanionic centre in the cyclic MG
(further from the nucleus, less charge concentration), and a carbene lone pair in the case
of the acyclic MG (situated closer to the nucleus, greater charge concentration).

Substitution has an effect on the local electronic environment of C4 as shown in Figure

A4. At the B3PW91 / BS2 level, the parent compound exhibits a cyclic structure and the

C1 VSCC has a V?p value of -1.057 a.u and a distance of 0.884 Bohr from the nuclei.
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Table A10: NRT expansion weights and natural bond orders for substituted series using
RS-B* as input. Calculated at the B3PW91 / BS2 level.

Bond Order

RS-B % | %C | %D | % | %0 | s-c1 | s-c2 | c1-c2

NH2, H|87.95 0.00 4.05 2.31 5.69 1.016  0.937 1.084
H,CHO [ 92.36 1.37 5.63 0.00 0.64 0.954 0.944 1.088
H, SiH; [ 94.67 0.00 5.33 0.00 0.00 0.981 0.947 1.116
CHs, H|[94.08 0.00 5.92 0.00 0.00 0.856 0.874 1.137
H,CF3|99.49 0.48 0.03 0.00 0.00 0.814 0.874 1.127
PH,, H[91.33 1.68 5.80 0.00 1.19 0.938 0.938 1.123
H, CClz | 90.04 2.94 5.78 0.00 1.24 1.885 0.808 1.860
H,PH, [ 91.33 1.68 5.80 0.00 1.19 0.925 0.942 1.115
H,CN | 89.58 4.53 4.99 0.00 0.90 0.905 0.950 1.084
CH3, CH3 [ 91561 1.97 5.96 0.00 0.56 0.921 0.940 1.105
NC,NC [ 83.82 7.54 5.55 1.68 1.41 0.869 0.928 1.077
H,CH;|93.34 1.97 4.32 0.00 0.37 0914 0.937 1.109
H, Br n/a n/a
H,NC|87.32 5.12 5.87 0.00 1.69 0.876  0.941 1.063
H,Cl|90.62 4.80 4.58 0.00 0.00 0.881 0.940 1.084
H,F| 8499 7.51 6.60 0.00 0.90 0.859 0.934 1.073
OH,OH | 77.07 14.13 6.63 2.17 0.00 0.788  0.921 1.090
NCS,NCS | 74.69 18.75 0.00 5.90 0.66 0.763  0.941 1.049
H,NCS | 72.39 17.03 8.09 0.00 2.49 0.749 0.924 1.082
H, SCN | 67.93 22.24 8.06 0.00 1.77 0.688 0.934 1.109
H, OH n/a n/a
SeH, SeH | 64.73 24.98 717 2.34 0.78 0.671 0.912 1.101
H, SeH [ 63.08 27.44 8.66 0.82 0.00 0.661 0.927 1.121

H, SH n/a n/a
SCN, SCN n/a n/a
H, NH, n/a n/a
NHz, NH2 n/a n/a

n/a: When structures are manually specified, the program first determines a set of
corresponding NBO'’s If NBO'’s corresponding to the given resonance structure cannot
be found the calculation terminates.

* RS-B is not suitable for two reasons: 1) in the parent compound it failed to assign the

greater bond order to the shorter S-C distance, and 2) a set of NBO’s could not be
obtained for the 7 of 28 molecules.
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Table A11: NRT expansion weights and natural bond orders for substituted series using
RS-BC as input. Calculated at the B3PW91 / BS2 level.

Bond Order

RS-BC % | % | %D | %l | %0 | s-c1 | s-c2 | c1-c2
NH,, H| 93.65 000 4.05 230 0.00 | 1.016 0937 1.084
H,CHO| 9236 136 563 0.00 065 | 0954 0944  1.088
H,SiHs| 9467 000 533 0.00 0.00 | 0981 0.947 1.116
CHs,H| 9488 000 512 0.00 000 | 0949 0949 1.110
H,CFs| 9348 049 603 000 000 | 0935 0940 1.095
PH,, H| 8458 7.43 579 220 0.00 | 0.868 0920 1.116
H,CCls| 90.04 294 578 000 124 | 0913 0942  1.080
H,PH,| 8248 864 538 226 124 | 0858 0923 1.107
H,CN| 89.58 453 499 000 090 | 0905 0950 1.084
CHs, CHs| 8231 957 541 198 073 | 0.849 0925 1.095
NC,NC| 7362 1610 527 340 161 | 0786 0910  1.069
H,CHs| 79.37 1284 550 229 0.00 | 0.817 0922  1.099

H, Br n/a n/a
H,NC| 7238 1939 475 173 175 | 0758 0.935  1.051
H,Cl| 7339 1913 482 176 090 | 0759 0934 1.074
H,F| 5399 3887 578 000 136 | 0545 0.945 1.066
OH,OH| 4797 4468 6.08 127 000 | 0490 0932 1.074
NCS,NCS | 48.17 46.08 411 099 065 | 0493 00949  1.041
H,NCS| 39.78 5165 590 000 267 | 0410 0943  1.058
H,SCN| 3861 5389 616 000 134 | 0390 0.946  1.091
H,OH| 381 9379 240 000 0.00 | 0.04 0.98 1.04
SeH,SeH | 31.86 59.06 7.99 1.08 0.01 | 0330 0929 1.084
H,SeH | 30.07 6453 540 000 0.00 | 0301 0952 1.088
H,SH| 375 9313 252 000 060 | 004 097 1.05

SCN, SCN n/a n/a
H,NH,| 061 9625 179 000 135 | 001  1.00 1.03
NH,, NH»| 143 9241 383 000 233 | 001 0097 1.03

n/a: When structures are manually specified, the program first determines a set of
corresponding NBO'’s If NBO'’s corresponding to the given resonance structure cannot
be found the calculation terminates.
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Table A12: NRT expansion weights and natural bond orders for substituted series using
RS-BD as input. Calculated at the B3PW91 / BS2 level.

Bond Order

RS-BD % | %c | %D | % | %0 | s-c1 | s-c2 | c1-c2
NH,, H|80.35 673 538 729 025 | 0.926 0.872 1.109
H,CHO|76.95 465 822 946 072 | 0.889 0823 1.120
H,SiHs [79.26 742 742 580 010 | 0.880 0.867  1.146
CHs,H|8148 687 749 416 000 | 0.856 0.874  1.137
H,CF3|7754 962 789 455 040 | 0.814 0.874 1.127
PH, H|7764 834 899 502 001 | 0827 0860 1.155
H,CCl;| 7427 9588 966 546 073 | 0.808 0.853 1.117
H,PH.|7538 952 871 538 101 | 0818 0859  1.148
H,CN|67.99 1755 787 583 076 | 0.806 0.863 1.115
CHs, CH;|76.12 986 888 462 052 | 0813 0.865 1.135
NC,NC 6841 1431 899 671 158 | 0764 0.841  1.111
H,CHs; | 7296 1096 9583 426 199 | 0914 0937  1.109

H, Br n/a n/a
H,NC|70.00 1424 1005 410 161 | 0.755 0.857  1.102
H,Cl|7045 1341 1063 429 122 | 0760 0.851 1.126
H,F|67.07 1888 1327 0.00 078 | 0.678 0.870  1.131
OH,OH|61.66 23.09 1385 140 000 | 0631 0.851  1.140
NCS,NCS | 43.82 3871 1592 078 077 | 0614 0833 1.135
H,NCS|55.89 24.10 16.87 0.37 277 | 0587 0835  1.140
H,SCN|51.44 3056 16.68 0.00 1.32 | 0521 0.844  1.154
H,OH| 0.00 56.43 4357 000 000 | 0.000 0564 1.327
SeH, SeH | 49.17 3144 1704 235 000 | 0509 0.818  1.153
H, SeH | 4963 3150 18.87 000 000 | 0493 0.830 1.164
H,SH| 0.00 5492 4508 000 0.00 | 0.000 0549  1.280

SCN, SCN n/a n/a
H,NH;| 0.00 52.33 47.67 0.00 0.00 | 0.000 0523 1.255
NH,, NH,| 000 5275 3962 7.62 0.01 | 0.000 0528 1.285

n/a: When structures are manually specified, the program first determines a set of
corresponding NBO'’s If NBO'’s corresponding to the given resonance structure cannot
be found the calculation terminates.
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Table A13: NRT expansion weights and natural bond orders for substituted series using
RS-BCD as input. Calculated at the B3PW91 / BS2 level.

Bond Order

RS-BCD % | %C | %D | %l | %0 | sc1 | sc2 | c1-c2

NHz, H| 80.35 6.73 5.38 7.29 0.25 1.165 0.971 -0.194
H,CHO| 76.95 5.78 8.22 8.23 0.82 1.023 0.944 -0.078
H, SiHz | 79.25 7.42 7.42 5.80 0.11 1.112  0.980 -0.132
CH;, H| 80.50 6.87 7.49 5.14 0.00 1.850 1.831 -0.019
H,CF;| 77.54  3.27 8.81 10.10 0.28 0.948 0.968 0.021
PH,,H| 7764 8.34 8.99 5.02 0.01 0996 0.977 -0.019
H,CCl; | 74.26 12.80 8.95 2.71 1.28 0.905 0.969 0.064
H,PH; | 75.38 9.52 8.69 5.38 1.03 0.977 0.977 0.000
H,CN| 74.00 11.54 7.87 5.82 0.77 0.908 0.971 0.063
CHs;, CH;3 | 76.12 9.86 8.88 4.62 0.52 0.912 0.991 0.079
NC,NC | 68.04 14.60 8.86 6.73 1.77 0.773 0.928 0.155
H,CH; | 73.94 11.59 9.63 4.39 0.45 0.816  0.992 0.176

H, Br n/a n/a
H,NC| 68.34 16.26 10.22 4.15 1.03 0.644 1.005 0.360
H,Cl| 69.13 15.72 9.96 4.33 0.86 0.673 1.011 0.338
H,F| 53.17 3556 10.28 0.00 0.99 0429 1.105 0.675
OH,OH | 47.23 40.25 10.97 1.27 0.28 0.291 1.029 0.738
NCS,NCS | 47.25 38.44 12.89 0.60 0.82 0.240 1.002 0.762
H,NCS| 36.65 51.87 11.31 0.00 0.17 0.243 1.057 0.814
H,SCN| 37.54 4854 12.65 0.00 1.27 0.267 1.048 0.782
H,OH| 345 90.11 6.30 0.00 0.14 0.207 1.075 0.868
SeH, SeH | 31.97 53.57 13.03 1.08 0.35 0.219 1.028 0.809
H,SeH| 29.66 58.72 11.62 0.00 0.00 0.220 1.057 0.837
H,SH| 3.27 88.24 7.87 0.00 0.62 0.205 1.065 0.860

SCN, SCN n/a n/a
H,NH,| 0.56 92.12 5.82 0.00 1.50 0.137 1.084 0.947
NH;, NH> | 1.30 88.51 8.00 0.00 2.19 0.141 1.074 0.933

n/a: When structures are manually specified, the program first determines a set of
corresponding NBO'’s If NBO'’s corresponding to the given resonance structure cannot
be found the calculation terminates.
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Figure A5: Bond length — bond order relationship for substituted series based on RS-
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Figure A7: Weight of %RS-B (square markers) and %RS-C (diamond markers) as a
function of the ring perimeter. Green filled markers — RCP detected. Red filled markers —
No RCP detected. Yellow markers indicate the %RS-B and %RS-C of the unsubstituted
parent (RCP detected). Calculated at the B3PW91/BS 2 level.

3C NMR Chemical Shielding Tensor Analysis Details

Carbenes exhibit a very distinctive chemical shift." The distinctiveness comes from
the fact that a carbene has a unique symmetry and orbital orientation and the resulting
tensor components when diagonalized to a principal axis system have a very specific

pattern: the oxx component is strongly deshielded, the ,, component is less strongly
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deshieleded and the o, component is not very deshielded (cx < oyy < Gz). Orienting
isothiirane in this manner (Sl-Figure 8), we obtained the cxx component for the C1 nucleus

and have plotted its value with the perimeter of the ring in Figure A9.

Figure A8: Orientation of chemical shift shielding tensor for an example of A) a singlet
carbene and B) a singlet carbanion
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Figure A9: Ring perimeter (A) and o, component of the *C; NMR chemical shielding
tensor for the B3LYP, B3PW91, and PBEO / BS1-3 levels of theory. Circles — RCP
detected. X’s — No RCP detected. Dashed line — CCSD(T)/CBSegxtap perimeter

It can be seen from Figure A9 that model chemistries predicting a perimeter greater
than that of the CCSD(T)/CBSkgxirap Value exhibit oy, components that are more deshielded
than that for the cyclic structures. For comparison, the chemical shielding tensors of 'CF;
(a stable singlet carbene) and 'CF3™ (a carbanion) were calculated and oriented as shown

in Figure A8. These values, as well as those of isothiirane are presented in Table A14. In

223



all cases, the chemical shielding tensor components of isothiirane are more comparable
with 'CF, indicating that there is some carbenic character to the C4 nucleus.

Table A14: Chemical shielding tensors for isothiirane, 'CF, and 'CF3~ calculated using
BS3.

Isothiirane Oxx Oyy (o
B3LYP | -25 124 198
B3PW91| -16 126 205
PBEO| -15 128 207
'CF,
PBEO| -435 31 35
1CF3_
PBEO| 64 -33 -33
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Table A15: *C NMR chemical shift shielding tensor components, spans, and skews for

C1 nuclei of the substituted series calculated at the B3PW91/BS 2 level of theory.

R1, R2 Oxx Oy Oz

HH| -16 126 205

H.Br| 291 3 96

HF| -681 27 37

H,Cl| 578 -58 111

H,CHs| 202 53 196

PHy, PHy | -1016 -170 214
H,NH; | -526 82 155

NH,, NHz | -555 80 170

0 H,OH| -756 -76 95
P OH,OH| -717 66 107
2 HNC| -567 39 139
= NC,NC| -779 22 148
H,SCN| -688 -191 191
SCN,SCN| -766 -209 190
H,NCS | -1451 -32 131
NCS,NCS | -1544 -29 141
H,SH| -1010 -183 197

H,SeH| -928 240 173
SeH,SeH | -996  -254 180
CHa, H| 1 139 203

CHs, CHs | -133 201 93

HPH,| -58 98 209

© PH,H| 73 115 172
= NH,, H| 36 152 196
S H,CN| -44 126 192
& H,CHO| 56 103 142
H,SiHs| 14 143 233

H,CFs| 26 123 170

H,CCls| 6 106 135
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Table A16: Energy (hartree) of molecules studied

Molecule Model Chemistry Energy (h)
B3LYP  6-311++g(d,p) -476.7289322

B3LYP  6-311++g(2d,2p) | -476.7386719

B3LYP  6-311++g(2df,pd) | -476.7427959

B3LYP TZVP -476.7287581

B3PW91 6-311++g(d,p) -476.6479917

B3PW91 6-311++g(2d,2p) -476.658462

B3PW91 6-311++g(2df,pd) | -476.6627957

B3PW91 TZVP -476.648254

(HS)(CH2)(CH) PBEO  6-311++g(d,p) -476.4707295
PBEO  6-311++g(2d,2p) | -476.4813885

PBEO  6-311++g(2df,pd) | -476.4859308

BLYP  TZVP -476.6670227

BP86 TZVP -476.7541936

HF 6-311++g(d,p) -475.488331

MP2 6-311++g(d,p) -475.4834858

PBE 6-311++g(d,p) -476.4315769

(CH3S)(CH2)(CH) -515.9776213
(NH2S)(CH2)(CH) -532.0127248
(NCS)(CH2)(CH) -568.9944322
(NCSS)(CH2)(CH) -967.2093481
(OHS)(CH2)(CH) -551.9919136
(PH2S)(CH2)(CH) -818.6007839
(SHS)(CH2)(CH) -875.070656
(SCNS)(CH2)(CH) -2878.403961
(SeHS)(CH2)(CH) -2878.403961
(HS)(CH2)(CCI3) -1894.679071
(HS)(CH2)(CCF3) | B3PW91  6-311++g(2d,2p) | -813.6964907
(HS)(CH2)(CCN) -568.8941943
(HS)(CH2)(CCHO) -589.9866093
(HS)(CH2)(CSiH3) -1894.679071
(HS)(CH2)(CCH3) -515.9724988
(HS)(CH2)(CF) -575.9001259
(HS)(CH2)(CClI) -936.2376457
(HS)(CH2)(CBr) -3050.190188
(HS)(CH2)(CNH2) -532.059725
(HS)(CH2)(HNC) -568.8569161
(HS)(CH2)(HNCS) -967.0813655
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Table A16 Continued:

Molecule Model Chemistry Energy (h)
(HS)(CH2)(COH) -551.9066002
(HS)(CH2)(CPH2) -818.5897383
(HS)(CH2)(CSH) -874.8503452
(HS)(CH2)(CSCN) -967.0650075
(HS)(CH2)(CSeH) -2878.203935
(CH3S)(CH2)(CCH3) -555.29022
(NH2S)(CH2)(CNH2) B3PWO1  6-311++g(2d,2p) -587.3979094
(NCS)(CH2)(CNC) -661.0170837
(NCSS)(CH2)(CNCS) -1457.45975
(OHS)(CH2)(COH) -627.1055253
(PH2S)(CH2)(CPH2) -1160.530745
(SHS)(CH2)(CSH) -1273.096027
(SCNS)(CH2)(CSCN) -1457.447274
(SeHS)(CH2)(CSeH) -5279.742165

References

1. D. Tapu, D. Dixon, C. Roe, Chem. Rev., 2009, 109, 3385.
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APPENDIX B

Supplemental Information for Chapter Four




All percent deviations calculated as:
(Calculated — Experimental)

Experimental

xX100%

Table B1: Experimental bond lengths (A) including mean value and standard deviation
(S.D.) for neutral and reduced TCNE

R4

R2

R3

1.3442
1.355°2
1.357°

1.392°
1.432°
1.429°

1.439°
1.431°
1.435°

1.417°
1.418°
1.406°

1.153°
1.1602
1.166°

1.140°
1.155°
1.170°

Mean
S.D.

1.3562
0.006

1.418
0.018

1.435
0.003

1.414
0.005

1.160
0.005

1.155
0.012

a) Chapter 4 Ref 28
b) Chapter 4 Ref 29
c) Chapter 4 Ref 10
d) Chapter 4 Ref 30

Table B2A-F: Deviation of methods from average experimental TCNE bond lengths and

mean % deviation. Green — overestimate. Red — Underestimate.

(A)BS1 Ri | R2 | R3 [ Mean(%)
BLYP| 0.026 -0.003 0.007 0.986
BP86 | 0.024 -0.006 0.008 0.897
HCTH| 0.020 -0.010 0.003 0.413
MO6-L | 0.015 -0.010 0.001 0.167
PBE| 0.024 -0.007 0.008 0.809
TPSS| 0.022 -0.007 0.005 0.672
TPSSh| 0.015 -0.007 0.000 0.274
B3LYP| 0.012 -0.006  -0.005 0.036
PBEO| 0.008 -0.008  -0.005 -0.183
MO6 | 0.005 -0.008  -0.006 -0.276
BH&HLYP| -0.003  -0.007  -0.017 -0.925
M06-2X | 0.001 -0.002  -0.010 -0.358
CAMB3LYP | 0.001 -0.005  -0.011 -0.495

MO06-HF | -0.008 0.002 -0.020 -0.865
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(B)BS2 R1 R2 R3 | Mean (%)
BLYP| 0.030 0.001 0.015 1.529
BP86| 0.028 -0.002 0.016 1.409
HCTH| 0.022 -0.008 0.010 0.825

M06-L| 0.017 -0.008 0.008 0.590
PBE| 0.027 -0.004 0.015 1.294
TPSS| 0.025 -0.003 0.013 1.155
TPSSh| 0.019 -0.004 0.007 0.741
B3LYP| 0.016 -0.002 0.003 0.557
PBEO| 0.012 -0.005 0.002 0.272
MO6 | 0.010 -0.004 0.003 0.279
BH&HLYP | 0.001 -0.004  -0.010  -0.448
M06-2X | 0.005 0.000 -0.002 0.100
CAMB3LYP | 0.005 -0.001 -0.003 0.032
MO06-HF | -0.004 0.006 0012 -0.325
(C)BS3| R1 R2 R3 Mean (%)
BLYP| 0.023 -0.005 0.005 0.760
BP86| 0.022 -0.007 0.006 0.690
HCTH| 0.017 -0.011 0.001 0.241
M06-L| 0.012 -0.012  -0.002 -0.087
PBE| 0.021 -0.008 0.006 0.628
TPSS| 0.019 -0.008 0.003 0.473
TPSSh| 0.013 -0.008  -0.002 0.080
B3LYP| 0.009 -0.007  -0.007 -0.170
PBEO| 0.006 -0.009  -0.007 -0.351
M06 | 0.002 -0.009  -0.009 -0.508
BH&HLYP| -0.006  -0.008  -0.020 -1.123
M06-2X | -0.001 -0.004  -0.011 -0.539
CAMB3LYP| -0.002  -0.006  -0.013 -0.687
MO06-HF | -0.010 0.001 -0.020 -0.977
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(D)BS4| R1 R2 R3 | Mean (%)
BLYP| 0.023 -0.004 0.004 0.767
BP86| 0.022 -0.007 0.005 0.693
HCTH| 0.018 -0.011 0.000 0.241

MO6-L | 0.012 0.012  -0.002  -0.056

PBE| 0.021 -0.008 0.005 0.623

TPSS| 0.019 -0.008 0.002 0.448
TPSSh| 0.013 -0.008  -0.003 0.050
B3LYP | 0.009 -0.007  -0.007  -0.178
PBEO| 0.006 -0.009  -0.008  -0.368

MO6 | 0.003 -0.009  -0.009  -0.482
BH&HLYP | -0.006  -0.008  -0.020  -1.140
M06-2X | -0.001 0.003  -0.012  -0.543
CAMB3LYP| -0.002  -0.006 -0.014  -0.698

MO06-HF | -0.010 0.001 0022  -1.045

(E)BS5| R R2 R3 | Mean (%)

BLYP| 0.030 0.000 0.015 1.474
BP86| 0.028 -0.003 0.015 1.360
HCTH| 0.023 -0.008 0.009 0.801
MO6-L| 0.017 -0.008 0.007 0.525
PBE| 0.027 -0.004 0.015 1.259
TPSS| 0.025 -0.004 0.012 1.110
TPSSh| 0.019 -0.004 0.006 0.694
B3LYP| 0.015 -0.003 0.003 0.496
PBEO| 0.011 -0.006 0.001 0.227
MO6 | 0.009 -0.005 0.002 0.219
BH&HLYP | 0.000 -0.005  -0.011 -0.519
M06-2X | 0.004 0.000 -0.003 0.052
CAMB3LYP | 0.005 -0.002  -0.003  -0.029

MO06-HF | -0.004 0.006 0.012  -0.351
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(F) BS6 R1 R2 R3 Mean (%)
BLYP| 0.029 0.001 0.014 1.464
BP86 | 0.028 -0.002 0.015 1.352
HCTH 0.022 -0.007 0.009 0.800
MO6-L | 0.017 -0.008 0.007 0.539
PBE 0.027 -0.003 0.014 1.249
TPSS 0.025 -0.003 0.012 1.105
TPSSh 0.018 -0.004 0.006 0.700
B3LYP | 0.015 -0.002 0.002 0.497
PBEO| 0.011 -0.005 0.001 0.238
MO6 | 0.009 -0.004 0.001 0.211
BH&HLYP | 0.000 -0.004 -0.011 -0.492
M06-2X | 0.004 0.001 -0.003 0.058
CAMB3LYP | 0.004 -0.001 -0.004 -0.026
MO6-HF | -0.005 0.006 -0.013 -0.373

Table B3A-F: Deviation of methods from average experimental [TCNE]” bond lengths

and mean deviation. Green — overestimate. Red — Underestimate.

(A) BS1 Ri | R2 | R3 [ Mean(%)
BLYP| 0.028 0.001 0.019 1.575
BP86 | 0.024 -0.001 0.020 1.417
HCTH| 0.018 -0.006 0.014 0.880
MO6-L | 0.016 -0.007 0.012 0.730
PBE| 0.022 -0.002 0.019 1.304
TPSS| 0.023 -0.002 0.017 1.239
TPSSh| 0.018 -0.004 0.012 0.883
B3LYP| 0.017 -0.003 0.007 0.716
PBEO| 0.012 -0.006 0.006 0.439
MO6 | 0.011 -0.005 0.006 0.384
BH&HLYP | 0.008 -0.006  -0.005 -0.119
M062X | 0.009 -0.001 0.002 0.336
CAMB3LYP| 0.010 -0.003 0.001 0.262
MO6-HF |  0.011 -0.005 0.006 0.384

232



B)BS2| R1 R2 R3 | Mean

BLYP| 0.030 0.006 0.026 2.094
BP86| 0.027 0.004 0.027 1.918
HCTH| 0.020 -0.002 0.021 1.294
M06-L| 0.018 -0.003 0.019 1.138
PBE| 0.025 0.002 0.026 1.787
TPSS| 0.025 0.002 0.024 1.716
TPSSh| 0.021 0.001 0.019 1.352
B3LYP| 0.020 0.002 0.015 1.212
PBEO| 0.015 -0.001 0.013 0.886
MO6 | 0.015 -0.001 0.014 0.931
BH&HLYP | 0.010 -0.002 0.002 0.337
M062X | 0.011 0.002 0.009 0.755
CAMB3LYP| 0.013 0.001 0.008 0.760
M06-HF | 0.015 -0.001 0.014 0.931
(C)BS3| R1 R2 R3 Mean (%)
BLYP| 0.025 -0.001 0.016 1.348
BP86| 0.022 -0.002 0.017 1.210
HCTH| 0.017 -0.007 0.012 0.704
M06-L| 0.014 -0.009 0.009 0.485
PBE| 0.020 -0.003 0.017 1.122
TPSS| 0.020 -0.003 0.014 1.032
TPSSh| 0.016 -0.005 0.009 0.691
B3LYP| 0.015 -0.004 0.005 0.501
PBEO| 0.010 -0.006 0.004 0.263
M06 | 0.009 -0.006 0.002 0.171
BH&HLYP | 0.005 -0.007  -0.008 -0.337
M062X | 0.007 -0.003 0.000 0.148
CAMB3LYP | 0.008 -0.005  -0.002 0.054

MO06-HF |  0.009 -0.006 0.002 0.171
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(D)BS4| R1 R2 R3 | Mean (%)
BLYP| 0.026 -0.001 0.016 1.367
BP86| 0.022 -0.002 0.017 1.216
HCTH| 0.017 -0.007 0.011 0.717
M06-L| 0.015 -0.008 0.009 0.518
PBE| 0.021 -0.003 0.016 1.122
TPSS| 0.021 -0.004 0.014 1.012
TPSSh| 0.016 -0.005 0.009 0.672
B3LYP| 0.015 -0.004 0.004 0.504
PBEO| 0.011 -0.006 0.004 0.257
MO6 | 0.010 -0.006 0.003 0.201
BH&HLYP | 0.005 -0.007  -0.008 -0.342
M062X | 0.007 -0.002 0.000 0.150
CAMB3LYP | 0.008 -0.005  -0.002 0.060
MO6-HF |  0.010 -0.006 0.003 0.201
(E)BS5| R1 R2 R3 Mean (%)
BLYP| 0.030 0.004 0.026 2.013
BP86| 0.027 0.002 0.027 1.838
HCTH| 0.021 -0.004 0.020 1.242
M06-L| 0.018 -0.005 0.019 1.053
PBE| 0.025 0.000 0.026 1.729
TPSS| 0.025 0.000 0.024 1.642
TPSSh| 0.021 -0.001 0.018 1.275
B3LYP| 0.020 0.000 0.015 1.128
PBEO| 0.015 -0.003 0.013 0.814
MO6 | 0.014 -0.002 0.014 0.845
BH&H [ 0.009 -0.003 0.001 0.239
M062X | 0.011 0.001 0.009 0.687
CAMB3LYP| 0.013 -0.001 0.008 0.674

MO6-HF | 0.014 -0.002 0.014 0.845
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F)Bs6] R1 | R2 | R3 | Mean (%)
BLYP| 0.030 0.005 0.026 2.008
BP86 | 0.026 0.003 0.026 1.837
HCTH| 0.020 -0.003 0.020 1.250
MO6-L| 0.018 -0.004 0.018 1.057
PBE| 0.025 0.001 0.026 1.716
TPSS| 0.025 0.001 0.023 1.648
TPSSh| 0.020 0.000 0.018 1.283
B3LYP| 0.019 0.001 0.014 1.141
PBEO| 0.014 -0.002 0.013 0.828
MO6 | 0.014 -0.002 0.013 0.843
BH&H | 0.010 -0.002 0.001 0.278
M062X | 0.011 0.002 0.008 0.701
CAMB3LYP | 0.013 0.001 0.008 0.689
MO6-HF | 0.014 -0.002 0.013 0.843
Table B4: <S> values for [TCNE]
BS1 | BS2 BS3 | Bs4 | BS5 | Bs6
BLYP | 0.754 0754 0753 0.754 0.754 0.754
BP86 | 0.754 0.754 0.753 0.754 0.754 0.754
HCTH| 0.755 0.755 0.755 0.755 0.755 0.755
MO6-L | 0.757 0.757 0.757 0757 0.757 0.757
PBE | 0.754 0.754 0.753 0.754 0.753 0.754
TPSS| 0.756 0.756 0.755 0.756 0.756 0.756
TPSSh| 0.759 0759 0758 0.759 0.759 0.759
B3LYP | 0.759 0759 0759 0.759 0.760 0.759
PBEO| 0.762 0.762 0.761 0.762 0.762 0.762
MO06 | 0.759 0.758 0758 0.758 0.759 0.758
BHandHLYP | 0.775 0.773 0773 0775 0.776 0.774
M06-2X | 0.761 0.760 0.760 0.760 0.760 0.760
CAM-B3LYP | 0.765 0.764 0764 0765 0.765 0.764
MO6-HF | 0.759 0.758 0758 0758 0.759 0.758
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Table B5: Experimental bond lengths (A) including mean value and standard deviation
(S.D.) for neutral and reduced TCNQ

R1 R2 R3 R4 Rs
1.346 1.356° | 1.448 1.425% | 1.374 1.401° | 1.441 1.417% | 1.140 1.1571°
- 1.373° | - 1.426° | - 1.420° | - 1.412° | - 1.155°
- 1.374° | - 1.420° | - 1.420° | - 1.415° | - 1.155°
- - - - - - - 1.414> | - 1.155°
- - - - - - - 1424" | - 1.148
- 1.356° | - 1.426° | - 1.402° | - 1.418° | - 1.155°
- - - 1.440° | - - - 1.428° | - 1.147°
- 1.3759 | - 1.425% | - 1.438% | - 1.408° | - 1.1649
— - - - - - - 1.440° | - 1.1569
Mean| - 1.367 - 1.427 - 1.416 - 1420 | - 1.154
S.D.| - 0.009 — 0.006 — 0.014 - 0.009 | - 0.005

a) Chapter 4 Ref 32
b) Chapter 4 Ref 33
c) Chapter 4 Ref 34
d) Chapter 4 Ref 35

Table B6A-F: Deviation of methods from average experimental TCNQ bond lengths and
mean % deviation. Green — overestimate. Red — Underestimate.

(ABS1| R1 | R2 | R3 | R4 | R5 | Mean (%)
BLYP| 0.02 0.00 003 -001 0.03 1.59
BP86| 0.02 0.00 003 -001 0.04 1.43
HCTH| 0.01 -0.01 0.02 -0.01 003  0.84
MO6-L | 0.01 -0.01 0.02 -001 003 062
PBE| 0.02 0.0 0.02 -0.01 0.03 1.31
TPSS| 002 0.00 0.02 -0.01 0.03 1.21
TPSSh| 001 0.00 002 -001 003 085
B3LYP| 0.01 0.00 0.01 -0.01 002  0.72
PBEO| 0.01 0.00 001 -001 002  0.41
MO6 | 0.00 000 001 -0.01 002  0.39

BH&HLYP| 0.00 0.00 000 -001 0.01 -0.16
M06-2X | 0.00 0.00 0.00 0.00 0.02  0.34
CAMB3LYP| 0.00 0.00 0.00 -0.01 002 023
MO6-HF | 0.00 0.01 -0.01 0.00 0.01 0.12
(B) BS2 N/A
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(C)BS3| Ri1 R2 R3 R4 R5 | Mean (%)
BLYP| 0.02 0.00 0.03 -0.01 0.03 1.52
BP86| 0.02 0.00 0.03 -0.01 0.03 1.37
HCTH| 0.01 -0.01 0.02 -0.01 0.03 0.80

MO6-L| 0.01 -0.01 0.01 -0.02 0.03 0.54

PBE| 0.02 0.00 0.02 -0.01 0.03 1.26

TPSS| 0.02 0.00 0.02 -0.01 0.03 1.15
TPSSh| 0.00 -0.01 0.01 -0.01 0.02 0.21
B3LYP| 0.01 0.00 0.01 -0.01 0.02 0.65
PBEO| 0.01 0.00 0.01 -0.01 0.02 0.36

MO6 | 0.00 0.00 0.01 -0.01 0.02 0.32

BH&H | 0.00 0.00 -0.01 -0.01 0.01 -0.24
M06-2X |  0.00 0.00 0.00 -0.01 0.02 0.30
CAMB3LYP| 0.00 0.00 0.00 -0.01 0.02 0.16

MO6-HF |  0.00 0.01 -0.01 0.00 0.01 0.10

(D)BS4| R1 R2 R3 R4 R5 | Mean (%)

BLYP| 0.01 0.00 0.02 -0.01 0.02 0.89
BP86| 0.00 0.00 0.00 -0.01 0.02 0.23
HCTH| 0.01 -0.01 0.02 -0.02 0.02 0.31
MO6-L | 0.00 -0.01 0.01 -0.02 0.02 0.00
PBE| 0.01 -0.01 0.02 -0.01 0.02 0.69
TPSS| 0.01 -0.01 0.02 -0.01 0.02 0.57
TPSSh| 0.01 -0.01 0.01 -0.01 0.02 0.23
B3LYP| 0.00 0.00 0.01 -0.01 0.01 0.05
PBEO| 0.00 -0.01 0.00 -0.01 0.01 -0.16
MO6 | 0.00 -0.01 0.00 -0.01 0.01 -0.32
BH&HLYP| -0.01 0.00 -0.01 -0.01 0.00 -0.78
M06-2X |  0.00 0.00 -0.01 -0.01 0.01 -0.23
CAMB3LYP | -0.01 0.00 -0.01 -0.01 0.01 -0.43

MO6-HF |  -0.01 0.01 -0.02 0.00 0.00 -0.49
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(E)BS5| R R2 R3 R4 R5 | Mean (%)
BLYP| 0.02 0.00 0.02 -0.01 0.03 1.14
BP86| 0.01 0.00 0.02 -0.01 0.03 1.01
HCTH| 0.01 -0.01 0.02 -0.02 0.02 0.50

MO6-L| 0.01 -0.01 0.01 -0.02 0.02 0.27

PBE| 0.01 0.00 0.02 -0.01 0.03 0.90

TPSS| 0.01 0.00 0.02 -0.01 0.02 0.81
TPSSh| 0.01 0.00 0.01 -0.01 0.02 0.46
B3LYP| 0.00 0.00 0.01 -0.01 0.01 0.29
PBEO| 0.00 0.00 0.00 -0.01 0.01 0.04

MO6 | 0.00 0.00 0.00 -0.01 0.01 -0.07
M06-2X |  0.00 0.00 0.00 -0.01 0.01 -0.02
BH&HLYP| -0.01 0.00 -0.01 -0.01 0.00 -0.55
CAMB3LYP| 0.00 0.00 -0.01 -0.01 0.01 -0.20

MO6-HF |  -0.01 0.01 -0.02 0.00 0.00 -0.31

(F)BS6| R1 R2 R3 R4 R5 | Mean (%)
BLYP| 0.01 0.00 0.02 -0.01 0.02 0.90
BP86| 0.01 0.00 0.02 -0.01 0.02 0.78
HCTH| 0.01 -0.01 0.02 -0.02 0.02 0.32

MO6-L | 0.00 -0.01 0.01 -0.02 0.02 0.04
PBE| 0.01 -0.01 0.02 -0.01 0.02 0.70
TPSS| 0.01 -0.01 0.02 -0.01 0.02 0.56
TPSSh| 0.00 -0.01 0.01 -0.01 0.02 0.21
B3LYP| 0.00 0.00 0.01 -0.01 0.01 0.05
PBEO| 0.00 -0.01 0.00 -0.01 0.01 -0.17
MO6 | 0.00 -0.01 0.00 -0.01 0.01 -0.29
BH&HLYP| -0.01 0.00 -0.01 -0.01 0.00 -0.78
M06-2X |  0.00 0.00 -0.01 -0.01 0.01 -0.23
CAMB3LYP | -0.01 0.00 -0.01 -0.01 0.01 -0.43
MO6-HF |  -0.01 0.01 -0.02 0.00 0.00 -0.52

238



Table B7A-F: Deviation of methods from average experimental [TCNQ]™ bond lengths

and mean % deviation. Green — overestimate. Red — Underestimate.

(A) BS1 Ri | R2 | R3 | R4 | R5 [Mean(%)
BLYP| 0.02 0.01 0.02 0.00 0.03 1.50
BP86|  0.01 0.00 0.02 0.00 0.03 1.32
HCTH|  0.01 0.00 0.01 0.00 0.02 0.72
MO6-L|  0.01 0.00 0.01 -0.01 0.02 0.53
PBE| 0.01 0.00 0.02 0.00 0.03 1.20
TPSS| 0.01 0.00 0.02 0.00 0.02 1.12
TPSSh|  0.01 0.00 0.01 0.00 0.02 0.79
B3LYP| 0.01 0.00 0.01 0.00 0.01 0.68
PBEO|  0.00 0.00 0.01 0.00 0.01 0.37
M0O6|  0.00 0.00 0.01 0.00 0.01 0.35
BH&HLYP |  0.00 0.00 0.00 0.00 0.00 -0.14
M06-2X |  0.00 0.00 0.00 0.00 0.01 0.30
CAMB3LYP|  0.00 0.00 0.00 0.00 0.01 0.23
MO6-HF | 0.00 0.00 0.00 0.01 0.00 0.09

(B) BS2 N/A

(C) BS3 Rt | R2 | R3 | R4 | R5 |Mean(%)
BLYP| 0.02 0.01 0.02 0.00 0.03 1.43
BP86|  0.01 0.00 0.02 0.00 0.03 1.26
HCTH|  0.01 0.00 0.01 -0.01 0.02 0.68
MO6-L|  0.01 0.00 0.01 -0.01 0.02 0.44
PBE| 0.01 0.00 0.02 0.00 0.03 1.15
TPSS| 0.01 0.00 0.02 0.00 0.02 1.06
TPSSh|  0.01 0.00 0.01 0.00 0.02 0.73
B3LYP| 0.01 0.00 0.01 0.00 0.01 0.61
PBEO|  0.00 0.00 0.01 -0.01 0.01 0.31
M0O6 |  0.00 0.00 0.01 0.00 0.01 0.28
BH&HLYP |  0.00 -0.01 0.00 -0.01 0.00 -0.22
M06-2X |  0.00 0.00 0.00 0.00 0.01 0.24
CAMB3LYP|  0.00 0.00 0.00 0.00 0.01 0.16
MO6-HF |  0.04 0.00 0.00 0.00 0.00 0.78
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(D) BS4 R1 R2 R3 R4 R5 | Mean (%)
BLYP| 0.01 0.00 0.02 0.00 0.02 0.81
BP86|  0.01 0.00 0.01 -0.01 0.02 0.67

HCTH|  0.00 -0.01 0.01 -0.01 0.01 0.19
MO6-L|  0.00 -0.01 0.01 -0.01 0.01 -0.08
PBE| 0.01 0.00 0.01 -0.01 0.02 0.58
TPSS| 0.01 0.00 0.01 -0.01 0.01 0.49
TPSSh|  0.00 -0.01 0.01 -0.01 0.01 0.18
B3LYP| 0.00 0.00 0.01 -0.01 0.00 0.02
PBEO|  0.00 -0.01 0.00 -0.01 0.00 -0.21
MO6 |  0.00 -0.01 0.00 -0.01 0.00 -0.34
BH&H | -0.01 -0.01 0.00 -0.01 -0.01 -0.75
M06-2X |  0.00 0.00 0.00 0.00 0.00 -0.26
CAMB3LYP|  0.00 -0.01 0.00 -0.01 0.00 -0.42

MO6-HF | -0.01 0.00 -0.01 0.00 -0.01 -0.51

(E) BS4 R1 R2 R3 R4 R5 | Mean (%)

BLYP| 0.01 0.00 0.02 0.00 0.02 1.07
BP86|  0.01 0.00 0.02 0.00 0.02 0.91
HCTH|  0.01 0.00 0.01 -0.01 0.01 0.38
MO6-L|  0.00 -0.01 0.01 -0.01 0.01 0.19
PBE| 0.01 0.00 0.02 -0.01 0.02 0.80
TPSS| 0.01 0.00 0.02 0.00 0.02 0.73
TPSSh|  0.01 0.00 0.01 -0.01 0.01 0.40
B3LYP| 0.00 0.00 0.01 -0.01 0.01 0.27
PBEO|  0.00 -0.01 0.01 -0.01 0.01 0.00
MO6 |  0.00 -0.01 0.00 -0.01 0.01 -0.10
BH&HLYP|  0.00 -0.01 0.00 -0.01 -0.01 -0.52
M06-2X |  0.00 0.00 0.00 0.00 0.00 -0.04
CAMB3LYP|  0.00 0.00 0.00 -0.01 0.00 -0.18

MO6-HF | 0.00 0.00 -0.01 0.00 -0.01 -0.31
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(F) BS4 RIT | R2 R3 | R4 | R5 |Mean (%)
BLYP| 0.99 0.11 1.77 -0.30 1.59 0.83
BP86|  0.88 -0.12 1.50 -0.50 1.68 0.69
HCTH| 0.34 -0.62 1.07 -0.95 1.16 0.20
MO6-L|  0.06 -0.81 0.75 -1.11 0.92 -0.04
PBE| 0.78 -0.24 1.38 -0.62 1.66 0.59
TPSS| 0.66 -0.31 1.33 -0.63 1.38 0.49
TPSSh|  0.31 -0.51 0.88 -0.75 0.88 0.16
B3LYP| 0.14 -0.46 0.70 -0.68 0.44 0.03
PBEO| -0.09 -0.74 0.29 -0.89 0.38 -0.21
MO6 | -0.29 -0.81 0.13 -0.87 0.29 -0.31
M06-2X |  -0.23 -0.39 -0.16 -0.42 -0.04 -0.25
BH&HLYP| -0.74 -0.92 -0.40 -0.90 -0.81 -0.76
MO6-HF |  -0.52 -0.18 -0.89 -0.06 -1.01 -0.53
CAMB3LYP| -0.46 -0.62 -0.16 -0.65 -0.17 -0.41
Table B8: <S?> values for [TCNQ]
BS1 | Bs2 | BS3 | Bs4 | BS5 | BS6
BLYP| 0753 - 0753 0753 0753 0.753
BP86|0.753 - 0753 0753 0753 0.753
HCTH| 0754 - 0754 0754 0754 0.754
MO6-L| 0757 - 0756 0.757 0756  0.757
PBE| 0753 - 0753 0753 0753 0.753
TPSS|0755 - 0755 0755 0.755 0.755
TPSSh| 0760 - 0759 0760 0.759  0.760
B3LYP|0.762 - 0761 0762 0.761 0.762
PBEO|0.767 - 0766 0766 0.765 0.766
MO6| 0763 - 0762 0762 0762 0.762
BHandHLYP | 0.788 -  0.785 0.786 0.785 0.786
M06-2X | 0.772 - 0771 0772 0771 0.772
CAM-B3LYP|0.782 - 0779 0780 0779  0.780
MO6-HF [ 0791 - 0790  0.790 0.790  0.790
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Table B9: AEA’s of TCNE (eV) calculated with chosen methods.

BS1 BS2 BS3 BS4 BS5 BS6 Min Max | Range | Min|x| S. D.

BLYP | 2.781 3.248 3.240 3.100 3.266 3.248 | 2.781 3.266 0.485 2.781 0.173

BP86 | 3.133 3.498 3.493 3.387 3.523 3.505 | 3.133 3.523 0.390 3.133 0.137

HCTH | 3.142 3.523 3.529 3.402 3540 3.533 | 3.142 3540 0.398 3.142 0.144

MO6-L | 3.180 3.407 3.393 3.239 3392 3376 | 3.180 3.407 0.227 3.180 0.088

PBE| 3.010 3.399 3.398 3.273 3421 3407 | 3.010 3421 0411 3.010 0.146

TPSS| 2.996 3.330 3.347 3.233 3.365 3.347 | 2996 3.365 0.369 2.996 0.130

TPSSh| 3.075 3.381 3.397 3.288 3411 3394 | 3.075 3411 0336 3.075 0.119

B3LYP | 3.095 3.485 3.477 3.360 3.500 3.482 | 3.095 3.500 0.405 3.095 0.144

PBEO| 3.202 3.504 3.504 3.401 3.518 3.507 | 3.202 3.518 0.316  3.202 0.113

MO6 | 3.245 3.571 3.522 3.302 3.507 3.496 | 3.245 3571 0.326 3.245 0.122

BH&HLYP | 3.125 3.442 3.432 3.330 3446 3430 | 3.125 3446 0.321 3.125 0.115

M06-2X | 3.110 3.411  3.406 3.396 3465 3456 | 3.110 3465 0.355 3.110 0.121

CAM-B3LYP | 3.135 3.534 3.518 3.409 3542 3528 | 3.135 3.542 0.407 3.135 0.145

MO06-HF | -2.948 -2.772 -1.397 -3.189 -1.912 -2.311 | -3.189 -1.397 1.792 1.397 0.621
Min -2948 -2.772 -1.397 -3.189 -1.912 -2.311
Max 3.245 3.571 3.529 3.409 3.542 3.533
Range 6.193 6.343 4.926 6.598 5.454 5.844
Min|x| 2781 2772 1.397 3.100 1912 2311
S.D. 1.56 1.602 1.247 1.678 1.384 1.483
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Table B10: Percent deviation of TCNE AEA’s from Experimental Value (3.17 £ 0.2eV)

BS1 BS2 | BS3 | BS4 | BS5 | BS6 Min Max | Range | Min|x| S.D

BLYP| -12.28 246 219 -223 3.02 245 | -1228 3.02 15.3 2.19 5.45

BP86| -1.15 1034 10.18 6.84 1113 1057 | -1.15 1113 12.28 1.15 4.31

HCTH| -0.88 11.12 1133 733 11.68 1144 | -088 11.68 12.56 0.88 4.52

MO6-L | 0.32 747 7.02 217 7.01 6.51 0.32 7.02 6.70 0.32 2.78

PBE| -5.03 722 720 324 761 747 | -5.03 7.61 12.64 3.24 4.57

TPSS| -548 472 558 198 6.15 558 | -548 6.15 11.63 1.98 4.06

TPSSh| -299 665 714 372 761 7.06 | -299 7.61 10.60 2.99 3.74

B3LYP| -236 995 969 599 1040 983 | -236 104 12.76 2.36 4.54

PBEO| 1.01 10.52 1054 7.28 1097 1063 | 1.01 10.97 9.96 1.01 3.57

MO6| 235 1265 1111 415 10.62 1029 | 235 12,65 10.30 2.35 3.84

BH&HLYP | -1.41 8.58 827 506 870 819 | -1.41 8.70 10.11 1.41 3.64

M06-2X | -1.89 760 745 7.14 931 9.01 -1.89  9.31 11.2 1.89 3.81

CAM-B3LYP| -1.10 1148 1097 754 1175 113 | -1.10 1175 12.85 1.10 4.59

MO06-HF — — - — — - - — - - -

Min -1228 246 219 -223 3.02 245
Max 235 1265 1133 7.54 11.75 11.44
Range 1463 1019 914 977 8.73 8.99
Min|x| 0.32 246 219 198 3.02 245
S.D 3.54 278 255 276 247 252
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Table B11: AEA’s of TCNQ (eV) with chosen methods.

BS1 BS2 BS3 BS4 BS5 BS6 Min Max | Range | Min|x| | S.D.

BLYP | -7.30 - 3.89 0.42 4.82 4.28 -7.39 482 1221 042 453

BP86 | 3.17 — 11.82 9.24 12.8 12.29 3.17 1280 963 3.17 3.56

HCTH| 3.71 — 13.19 9.75 13.49 13.19 3.71 1349 978 3.71 3.74

MO6-L | 3.83 — 8.88 5.12 9.33 8.68 3.83 933 550 3.83 225

PBE| -0.15 — 9.24 6.04 9.96 9.54 -0.15 996 10.11 -0.15 3.80

TPSS| -1.11 — 7.33 4.40 7.93 7.39 111 792 903 -1.11 3.38

TPSSh| 1.41 — 9.15 6.28 6.28 9.06 140 915 775 141  2.81

B3LYP | 2.27 — 11.61 8.53 1229 11.73 227 1229 10.02 227 3.75

PBEO| 5.68 — 13.01 10.14 1343 12.95 568 1343 7.75 5.68 2.93

MO6 | 6.82 — 13.34 7.81 13.49 12.95 6.82 1349 6.67 6.82 2.93

BH&HLYP | 2.24 — 9.87 6.79 10.17 9.45 224 1017 793 224 298

M06-2X | 5.06 — 12.44 11.7 13.85 13.28 5.06 13.85 8.80 5.06 3.19

CAM-B3LYP | 4.34 — 13.73  10.59 14.3 13.67 433 1429 9.96 434 3.73

MO06-HF | 4.67 — 13.88 16.03 16.6 16.21 466 16.60 1194 467 4.50
Min -7.30 — 3.89 0.42 4.82 4.28
Max 6.82 — 13.88 16.03 16.60 16.21
Range 14.12 = 9.99 1561 11.78 11.93
Min|x| 0.15 — 3.89 0.42 4.82 4.28
S.D. 3.43 - 2.79 3.60 3.23 3.00

244



Table B12: Percent deviation of TCNQ AEA’s from Experimental Value (3.343 + 0.001eV)

BS1 |BS2| BS3 | BS4 | BS5 | BS6 | Min | Max | Range | Min|x|| S.D.

BLYP | -7.30 - 389 042 482 428 |-739 482 1221 042 453

BP86 | 3.17 - 1182 924 128 1229| 3.17 12.80 9.63 3.17 3.56

HCTH | 3.71 - 1319 975 1349 1319 3.71 1349 0978 3.71  3.74

MO6-L | 3.83 - 8.88 512 933 868 | 3.83 933 5.50 3.83 225

PBE| -0.15 - 924 604 996 954 |-015 996 1011 -0.15 3.80

TPSS | -1.11 - 7.33 4.4 793 739 | 111 7.92 9.03 -1.11 3.38

TPSSh| 1.41 - 915 6.28 6.28 9.06 | 1.401 9.15 7.75 141 2.81

B3LYP | 2.27 - 1161 853 1229 11.73| 227 1229 10.02 227 3.75

PBEO| 5.68 - 13.01 1014 1343 1295| 568 1343 775 5.68 2.93

MO6 | 6.82 - 1334 781 1349 1295| 6.82 1349 6.67 6.82 2.93

BH&HLYP | 2.24 - 9.87 6.79 1017 945 | 224 1017 7.93 224 298

M06-2X | 5.06 - 1244 117 13.85 1328 | 5.05 13.85 8.80 5.06 3.19

CAM-B3LYP | 4.34 - 13.73 1059 1430 13.67| 433 1429 9.96 434 3.73

MO6-HF | 4.67 - 13.88 16.03 16.60 16.21| 466 16.60 1194 4.67 4.50
Min -7.30 - 3.89 042 482 4728
Max 6.82 - 13.88 16.03 16.60 16.21
Range 1412 - 9.99 1561 11.78 11.93
Min|x| 0.15 - 3.89 042 482 4728
S.D. 3.43 - 279 360 323 3.00
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Table B13: Post-HF AEA’s calculated by Milian et. al. and their percent deviation from
the literature value (TCNE: 3.17 £0.2eV, TCNQ: 3.343+0.001eV)

TCNE AEA (eV) | % Dev.
MP2/BS1 1.70 -46.37
MP2/BS2 | 2.17 -31.55
PMP2/BS1| 2.18 -31.23
PMP2/BS2| 2.65 -16.40
CASSCF/ANO | 1.66 -47.63
CCSD/BS2| 2.99 -5.68
CCSD/aug-cc-pvDZ" | 3.00 -5.36
CCSD(T)/aug-cc-pvDZ!" | 2.94 -7.26
CASPT-2/ANO |  3.19 0.63
TCNQ
CCSD(T)/aug-cc-pvDZ!" |  3.22 -3.68
MP2/6-31G(d) | 2.19 -34.49
MP2/6-311G(d,p) | 2.46 -26.41
MP2/6-311++G(d,p) | 2.69 -19.53
MP2/BS1| 2.39 -28.51
MP2/BS2| 2.85 -14.75
PMP2/6-31G(d) | 2.72 -18.64
PMP2/6-311G(d,p) | 3.02 -9.66
PMP2/6-311++G(d,p) | 3.23 -3.38
PMP2/BS1| 2.94 -12.06
PMP2/BS2| 3.37 0.81

[1] single point calculation on B3LYP/aug-cc-pvDZ geometry
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Table B14: Percent deviation of chosen methods from experimental bond length of silene
BS1 | BS2 | BS3 | Bs4 | BS5 | BS6 | Min | Max | Minjx| | S.D.
BLYP| 148 165 1.31 0.92 1.06 077 | 077 165 0.77 0.31
BP86| 1.39 151 117 080 092 063 | 063 151 063 0.31
HCTH| 1.02 114 082 046 054 028 | 028 114 028 0.31
MO6-L| 048 052 008 -0.20 -0.17 -040 |-0.40 052 0.08 0.34
PBE| 1.35 147 114 079 089 061 | 061 147 061 0.31
TPSS| 112 124 0.92 055 067 038 | 038 124 038 0.31
TPSSh| 0.80 092 0.59 024 035 006 | 006 092 0.06 0.30
B3LYP| 0.66 0.81 048 0.11 0.23 -0.05|-0.05 081 0.05 0.30
PBEO| 049 060 028 -0.05 0.03 -0.23 |-0.23 060 0.05 0.30
MO6| 0.18 029 -0.09 -046 -038 -061 (-061 029 009 0.33
BHandHLYP | -0.18 -0.05 -0.36 -068 -059 -085 (-085 -0.05 0.05 0.28
M06-2X | 0.10 0.25 -0.08 -0.35 -0.23 -0.50 |-0.50 0.25 0.08 0.26
CAM-B3LYP | -0.04 0.12 -023 -056 -045 -0.71 (-0.71 0.12 0.04 0.29
MO6-HF | -0.12 011 -011 -040 -025 -058 |-058 011 011 0.22

Min -0.18 -0.05 -0.36 -0.68 -0.59 -0.85
Max 148 165 1.31 0.92 1.06 0.77
Min|x]| 0.04 0.05 0.08 0.05 0.03 0.05
S.D. 0.56 0.56 0.55 053 054 0.53

247



Table B15: Lengths of a selection of Si=Si bonds from Chapter 5 Reference 39.

Si=Si (A)
(Mes)2Si=Si(Mes). 2.1433
2.147
2.169
2.145
(Trip)2Si=Si(Trip)(Ph) 2.174
1,4-{Trip2Si=SiTrip}, CeHs 2.1673
(Dep)2Si=Si(Dep)2 2.1403

{Trip2Si=SiTrip}, 2175
{'BuMe;,Si},Si=Si{Pr3Si}, 2.201
Avg. 2.163

S.D. +0.019

Table B16: Percent deviation of chosen methods from CCSD(T)-F12/aug-cc-pv(d+tz)
value of disilene

BS1 | BS2 | BS3 | BS4 | BS5 | BS6 | Min | Max | Min|x| | S.D.

BLYP | -0.31 -0.27 -037 -068 -0.56 -0.79 | -0.79 -0.27 0.27 0.19

BP86| -054 -0.52 -065 -095 -082 -1.07]|-1.07 -0.52 0.52 0.21

HCTH | -0.91 -083 -0.97 -1.11 -1.06 -1.20 | -1.20 -0.83 0.58 0.12
Moe6-L | -1.54 -152 -1.81 -1.91 -1.92 -203|-203 -152 0.58 0.19

PBE | -0.61 -0.58 -0.70 -097 -0.84 -1.07 | -1.07 -0.58 0.58 0.18

TPSS| -089 -089 -107 -123 -118 -134|-134 -089 0.89 0.17
TPSSh| -1.16 -1.13 -1.31 -1.51 -142 162 | -162 -113 1.07 0.18
B3LYP | -1.11 -1.07 -120 -146 -136 -153]|-1.53 -1.07 1.07 0.17
PBEO| -137 -131 -148 -162 -159 -174|-174 -1.31 1.31 0.15

Mo6| -148 -144 -164 -193 -186 -2.07|-207 -144 144 0.23
BHandHLYP | -187 -179 -199 -218 -213 -230(-230 -1.79 1.79 0.18
M06-2X| -1.72 -166 -184 -199 -195 -210/(-210 -166 1.66 0.15
CAM-B3LYP | -1.84 -223 -238 -2.01 -1.93 -228 | -238 -1.84 1.84 0.20
MO6-HF [ -1.95 -214 191 -224 -220 -234|-234 -1.91 1.91 0.15

Min| -195 -223 -238 -224 -220 -2.34
Max [ -0.31 -0.27 -037 -068 -0.56 -0.79
Min|x| [ 0.31 0.27 0.37 0.68 0.56 0.79
S.D.| 0.51 0.57 0.56 0.49 0.51 0.50
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Table B17: Percent deviation of chosen methods from experimental Si-CN bond length

BS1 | BS2 | BS3 | BS4 | BS5 | BS6 | Min | Max | Min|x| | S.D.
BLYP| 290 294 243 229 238 211 211 294 2.11 0.31
BP86 | 268 265 216 203 207 1.82 1.82 268 1.82 0.32
HCTH| 257 262 213 2.00 2.01 1.78 1.78 262 1.78 0.31
MO6L | 210 208 153 146 1.50 1.26 1.26 2.10 1.26 0.32

PBE| 253 255 206 192 195 1.71 171 2.55 1.71 0.31

TPSS| 244 248 199 181 1.87 1.61 161 248 1.61 0.32
TPSSh| 232 239 189 173 176 1.51 151  2.39 1.51 0.32
B3LYP | 247 250 200 188 1.94 1.69 1.69 2.50 1.69 0.30
PBEO| 221 224 176 163 1.65 1.42 142 224 1.42 0.30

MO6 | 252 251 200 182 1.87 1.66 166 2.52 1.66 0.33
BHandHLYP | 216 219 168 159 1.62 1.38 1.38 2.19 1.38 0.30
M06-2X | 247 251 201 186 1.93 1.69 1.69 2.51 1.69 0.31
CAM-B3LYP | 1.76 226 169 151 1.81 2.30 151  2.30 1.51 0.29
MO6-HF | 274 284 241 202 221 1.85 185 2.84 1.85 0.36

Min 1.75 208 153 146 150 1.26
Max 290 294 243 229 238 2.30
Min|x]| 1.75 208 153 146 150 1.26
S.D. 028 023 025 022 0.22 0.27
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Table B18:

Percent deviation of chosen methods from experimental SiC-N bond length

BS1 | Bs2 | Bs3 | Bs4 | Bs5 | BS6 | Min | Max | Minx|| SD.

BLYP| 059 052 060 -043 -0.12 -045 |-045 060 0.12 046

BPS6| 068 058 063 -032 -003 -035 |-035 068 003 044

HCTH| 0.09 003 003 -079 -051 -0.83 |-0.83 009 003 0.39

MO6-L| -0.03 -0.15 -0.11 -0.99 -068 -1.02 |-1.02 -003 003 042

PBE| 062 055 058 -0.32 -006 -036 |-036 062 006 043

TPSS| 038 031 033 -059 -030 -064 |-064 038 030 044

TPSSh| -0.09 -0.15 -0.14 -1.02 -0.75 -1.09 |-1.09 -009 0.09 043

B3LYP| -045 -052 -046 -142 -114 -146 |-146 -045 045 044

PBEO| -057 -062 -0.61 -145 -121 -150 |-1.50 -057 057 0.41

MO6 | -0.44 -056 -0.50 -156 -125 -153 |-1.56 -044 044 0.48

BHandHLYP | -163 -1.68 -1.66 -254 227 -259 |-259 -163 163 0.42

M06-2X | -0.91 -0.95 -093 -1.75 -155 -1.82 |-1.82 -091 091 0.40

CAM-B3LYP| -1.68 -098 -194 -198 -099 -1.05 |-1.98 -098 098 044

MO6-HF | -1.76 -176 -167 -256 -244 -266 | -266 -167 1.67 0.42
Min 176 -1.76 -1.94 -256 -244 -266
Max 068 058 063 -032 -003 -0.35
Min|x| 003 003 003 032 003 035
S.D. 082 074 084 073 074 072
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Table B19: Energetics of 1Si TCNE anion potential energy surfaces. Values (in
kcal/mol) relative to surface minimum.

BS1 Cav Cs C, Cq
BLYP 10.25 0.00 - —
BP86 9.02 0.00 - —
HCTH 8.15 0.00 - —
MO6-L 9.42 0.00 - —
PBE 8.66 0.00 - —
TPSS 10.25 0.00 - —
TPSSh 10.44 0.00 - —
B3LYP 10.50 0.00 - —
PBEO 9.33 0.00 - —
MO06 10.06 0.00 - —
BHandHLYP 11.52 0.00 - —
M06-2X 10.53 0.03 10.43 0.00
CAM-B3LYP | 10.789 0.00(1) 10.788 0.000
MO6-HF 10.06 0.00 - —
BS6
BLYP 8.66 0.00 - —
BP86 7.64 0.00 - —
HCTH 6.97 0.00 - —
MO6-L 7.81 0.00 - —
PBE 7.40 0.00 - —
TPSS 9.05 0.00 - —
TPSSh 9.29 0.00 - —
B3LYP 9.03 0.00 - —
PBEO 8.19 0.00 - —
MO06 8.50 0.00 - —
BHandHLYP 10.29 0.00(1) 10.28 0.00
M06-2X 9.02 0.03 8.76 0.00
CAM-B3LYP 9.49 0.00(2) 9.48 0.00
MO6-HF 11.13 0.06 8.33 0.00
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Table B20: Imaginary frequencies (cm") for 1Si TCNE anion PES

Cz\, C2
BS1 by a b
BLYP 262i - -
BP86 249j - -
HCTH 252| - -
MO6-L 234i - -
PBE 243 - -
TPSS 272i - -
TPSSh 280i - -
B3LYP 275i - -
PBEO 266i - -
MO06 229i - -
BHandHLYP 308i - -
MO06-2X 337i 15i 322i
CAM-B3LYP 292| - 292|
MO6-HF 229i - -
BS6
BLYP 256i - -
BP86 242| - -
HCTH 246i - -
MO6-L 231i - -
PBE 237i - -
TPSS 270i - -
TPSSh 279i - -
B3LYP 270i - -
PBEO 262i - -
MO06 228i - -
BHandHLYP 308i 7i 305i
MO06-2X 335i 15i 314i
CAM-B3LYP 289i 5i 288i
MO6-HF 508i 15i 726i
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Table B21: Energetics of [1Si TCNQ]™ anion potential energy surfaces. Values (in
kcal/mol) relative to surface minimum.

BS1 Cov Cs
BLYP 8.62 0.00
BP86 7.44 0.00
HCTH 6.53 0.00
MO6-L 7.80 0.00
PBE 7.11 0.00
TPSS 8.50 0.00
TPSSh 8.63 0.00
B3LYP 8.79 0.00
PBEO 7.47 0.00
MO06 8.47 0.00
BHandHLYP 9.24 0.00
M06-2X 8.37 0.00
CAM-B3LYP 8.32 0.00
MO6-HF 8.47 0.00

BS6

BLYP 7.27 0.00
BP86 6.27 0.00
HCTH 5.51 0.00
MO6-L 6.53 0.00
PBE 6.02 0.00
TPSS 7.51 0.00
TPSSh 7.65 0.00
B3LYP 7.48 0.00
PBEO 6.45 0.00
MO06 7.09 0.00
BHandHLYP 8.08 0.00
M06-2X 6.71 0.00
CAM-B3LYP 717 0.00
MO6-HF 8.31 0.00
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Table B22: Imaginary frequencies (cm™) for [1Si TCNQ]” PES

C2v
BS1 b4

BLYP 219i
BP86 204
HCTH 204
MO6-L 195i
PBE 199/
TPSS 224i
TPSSh 230i
B3LYP 228i
PBEO 217i
MO6 189i

BHandHLYP 257i
M06-2X 285i
CAM-B3LYP 241i
MO06-HF 189i

BS6
BLYP 213i
BP86 199i
HCTH 200i
MO6-L 191i
PBE 194i
TPSS 223i
TPSSh 231i
B3LYP 226i
PBEO 216i
MO06 188i

BHandHLYP 261i
M06-2X 286i
CAM-B3LYP 242i
MO06-HF 502i
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Table B23: Energetics of 2Si TCNE potential energy surfaces. Values (in kcal/mol)

relative to surface minimum.

BS1 Dan Can
BLYP | 4.30 0.00
BP86 | 3.34 0.00
HCTH | 220 0.00
MO6-L | 249 0.00
PBE | 293 0.00
TPSS | 279 0.00
TPSSh| 246 0.00
B3LYP | 3.28 0.00
PBEO | 2.10 0.00
MO6 | 4.18 0.00
BHandHLYP | 2.20 0.00
M06-2X | 3.01  0.00
CAM-B3LYP | 212 0.00
MO6-HF | 3.44 0.00

BS6
BLYP | 3.50 0.00
BP86 | 2.65 0.00
HCTH | 1.75  0.00
MO6-L | 1.92 0.00
PBE | 2.36 0.00
TPSS | 225 0.00
TPSSh| 1.94 0.00
B3LYP | 2.56 0.00
PBEO | 1.58 0.00
MO6 | 3.46 0.00
BHandHLYP | 1.56  0.00
M06-2X | 2.20 0.00
CAM-B3LYP | 1.51  0.00
MO6-HF | 2.02  0.00
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Table B24: Imaginary frequencies (cm'1) for 2Si TCNE PES

BS1 b2g
BLYP 150i
BP86 136i
HCTH 117i
MO6-L 116i
PBE 129i
TPSS 128i

TPSSh 122i
B3LYP 134i
PBEO 114i

MO06 141i
BHandHLYP 115i
M06-2X 125i
CAM-B3LYP 113i
MO6-HF 145i

BS6
BLYP 136i
BP86 123i
HCTH 107i
MO6-L 101
PBE 117i
TPSS 116i

TPSSh 111i
B3LYP 122i
PBEO 102i

MO06 133i
BHandHLYP 104i
M06-2X 109i
CAM-B3LYP 102i
MO6-HF 127i
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Table B25: Energetics of [2Si TCNE]™ potential energy surfaces. Values (in kcal/mol)

relative to surface minimum.

BS1 D | Ca | Cu | GCs C. | D | ¢
BLYP | 26.72 0.00(2) 15.61 0.01 0.00 25.04 -
BP86 | 24.61 0.00(2) 14.73 0.01 0.00 22.75 -
HCTH | 22.98 0.01 13.32 0.02 0.00 21.34 -
MO6-L | 23.97 0.06 14.36 0.00 14.08 22.33 0.00(01)
PBE | 23.92 0.00(1) 14.29 10.16 0.00 22.05 -
TPSS | 25.57 0.00(3) 14.77 10.19 0.00 23.48 0.01
TPSSh | 26.54 0.00 15.31 10.13 0.00(2) 24.32 0.00(3)
B3LYP | 28.25 0.00 16.55 10.54 0.00(01) 26.29 0.01
PBEO | 26.47 0.00 15.73 9.69 0.00 24.25 0.01
MO6 | 29.19 0.05 17.64 9.52 17.35 27.09 0

BH&HLYP | 31.43 0.00 18.03 10.14 17.70 29.02 0.01
M06-2X | 31.82 0.03 18.53 8.45 0.09 28.44 0.00
CAM-B3LYP | 30.08 0.00 17.57 9.81 17.25 27.77 0.00(5)
MO6-HF | 39.57 0.08 21.92 7.07 21.49 33.80 0.00

BS6
BLYP | 24.187 0.000 14.558 0.008 14.030 22.397 -
BP86 | 22.254 0.000 13.698 0.006 13.076 20.284 0.006
HCTH | 20.833 0.010 12.299 0.018 0.000 19.073 -
MO6-L | 21.889 0.059 13.448 0.000 0.009 20.167 -
PBE | 21.751 0.000 13.338 0.006 12771 19776  0.007
TPSS | 23.474 0.000 13.756 10.011 13.176 21.290 0.005
TPSSh | 24.392 0.005 14.225 9.982 0.000 22.094 0.010
B3LYP | 25.668 0.000 15.326 0.007 0.007 23.630 -
PBEO | 24.121 0.001 14.540 0.006 0.000 21.850 -
MO6 | 27.171 0.043 16.536 0.000 0.008 24.951 -

BH&HLYP | 28.727 0.000 16.558 10.074 16.101 26.301 0.004
M06-2X | 28.860 0.029 17.117 7.971 0.064 25648 0.000
CAM-B3LYP | 27.434 0.000 16.219 9.781 15.757 25.074 0.003
MO6-HF | 34.286 0.000 19.486 6.586 0.021 29314 2.620
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Table B26: Imaginary frequencies (cm") for [2Si TCNE]” PES (BS1).

Dzh C2v D2

b2g | bay | ay b3 az b3 b2
BLYP | 265i 185i 42i 201i 24 227i 187i
BP86 | 254 169i 43i 196i 25i 213i 172i
HCTH [ 250i 170i 39i 191i 24 204i 176i
MO6-L | 252i 152i 37i 155i 3i 206i 167i
PBE | 249 162i 43i 193i 25i 207i 167i
TPSS | 259i 180i 43i 203i 25i 212i 184
TPSSh | 263i 183i 45| 219i 25i 213i 188i
B3LYP | 270i 187i 44 226i 25i 226i 190/
PBEO | 259i 172i 45| 234i 25i 210i 177i
MO6 | 258i 151i 44 682i 12i 221i 157i
BHandHLYP | 285i 207i 48i 279i 25i 231i 208i
M06-2X | 297i 245i 62i 268i 26i 231i 216i
CAM-B3LYP | 277i 193i 48i 273i 24 225i 193i
MO6-HF | 542j 419i 93j 404 35i 313i 290i
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Table B27: Imaginary frequencies (cm") for [2Si TCNE]” PES (BS6).
D2n Cay D,
bog | b3y | ay b3 | ap b3 b
BLYP | 253i 168i 43i 178i 27i | 215i 174i
BP86 | 242i 153i 45i 176i 29i | 201i 159i
HCTH | 240i 156i 40i 177i 26i 194 162i
MO6-L | 248i 146i 41i 139i 13i 195i 154i
PBE | 238i 148i 44i 174 28i 196i 165i
TPSS | 249i 166i 44i 183i 27i | 202i 174i
TPSSh | 253i 170i 45i 196/ 27i | 203i 177i
B3LYP | 259i 172i 45i 199i 28i | 214i 177i
PBEO | 249 159i 46i 207i 28i 199i 165i
MO6 | 254i 147i 47i 668i 210 | 211i 150i
BHandHLYP | 276i 192i 48i 239i 28i | 220i 197i
MO06-2X | 280i 218i 56i 294 27i | 215i 200i
CAM-B3LYP | 266i 178i 49j 237i 28i | 213i 181i
MO6-HF | 317 293i 74i 1510/ 36i | 237i 230i
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Table B28: Energetics of 2Si TCNQ PES. Values (in kcal/mol) relative to surface
minimum.

BS1 D | Cm | G | Cun | GCs
BLYP 1.13 0.00 - 0.30 -
BP86 0.60 0.00 - 0.22 -
HCTH 0.21 0.00 - 0.12 -
MO6-L 0.56 0.00 - 0.27 0.02
PBE 042 0.00 - 0.18 -
TPSS 0.67 0.00 - 0.22 -
TPSSh 0.38 0.00 - 0.15 -
B3LYP 0.38 0.00 - 0.14 0.01
PBEO 0.01 0.00 - - -

MO6 0.40 0.01 0.00 0.17 0.00(00126)
BH&HLYP 0.00 - — - —
MO06-2X 0.00 - — - —
CAM-B3LYP 0.00 - — - —
MO06-HF 0.00 - — - —

BS6
BLYP 0.94 0.00 - 0.25 -
BP86 0.49 0.00 - 0.18 -
HCTH 0.22 0.00 - 0.12 -
MO6-L 0.37 0.00 - 0.20 0.02
PBE 0.37 0.00 - 0.15 -
TPSS 0.67 0.00 - 0.20 -
TPSSh 0.41 0.00 - 0.13 -
B3LYP 0.34 0.00 - 0.12 -
PBEO 0.34 0.00 - 0.12 -
MO6 0.29 0.00 0.003 0.12 0.00(3)

BH&HLYP 0.00 - — - —
MO06-2X 0.00 - — - —
CAM-B3LYP 0.00 - — - —
MO06-HF 0.00 - — - —
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Table B29: Imaginary frequencies (cm™) for 2Si TCNQ PES.

Don

BS1 b2g b3y

BLYP 78i 69i

BP86 62i 50i

HCTH 44 28i

MO6-L 63i 49

PBE 54i 41

TPSS 63i 52i

TPSSh 53i 41

B3LYP 55i 45|
PBEO 19i -

MO06 65i 57i
BH&HLYP | - -
MO6-2X | - -
CAMB3LYP| - -
MO6-HF | - -

BS6

BLYP 74i 65i

BP86 60i 47i

HCTH 45| 31i

MO6-L 52i 35i

PBE 53i 40i

TPSS 64i 54i

TPSSh 55i 44

B3LYP 54i 44

PBEO 25i 11i

MO06 60i 50i
BH&HLYP - -
M06-2X - -
CAM-B3LYP - -
MO6-HF - -
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Table B30: Energetics of [2Si TCNQ} PES. Values (in kcal/mol) relative to surface

minimum.

BS1 D | Cm | Cs | Cu | Cs

BLYP 19.93 0.00 - 0.64 -

BP86 0.86 0.00 - 0.56 -

HCTH 16.58 0.00 - 0.54 -

MO6-L 18.72 0.00 - 0.65 -

PBE 17.18 0.00 - 0.58 -

TPSS 19.76 0.00 - 0.60 -

TPSSh 20.65 0.00 - 0.57 -

B3LYP 21.55 0.00 - 0.56 -

PBEO 19.65 0.00 - 0.51 -
MO6 21.71 0.03 0.00 0.69 0.69
BH&HLYP 26.01 1.21 0.00 1.67 0.36
M06-2X 24 .99 1.61 0.00 2.1 043
CAM-B3LYP 24 57 1.47 0.00 1.95 0.35
MO6-HF 35.88 8.10 0.00 8.40 0.55

BS6

BLYP 17.97 0.00 - 0.58 -

BP86 16.02 0.00 - 0.54 -

HCTH 15.08 0.00 - 0.46 -

MO6-L 17.05 0.00 - 0.60 -

PBE 15.53 0.00 - 0.53 -

TPSS 18.38 0.00 - 0.54 -

TPSSh 19.31 0.00 - 0.50 -

B3LYP 19.79 0.00 - 0.50 -

PBEO 18.11 0.00 - 0.44 -
MO6 20.33 0.03 0.00 0.60 0.60
BH&HLYP 24 .51 1.28 0.00 1.67 0.34
M06-2X 23.37 2.1 0.00 2.54 0.38
CAM-B3LYP 22.99 1.59 0.00 2.01 0.34
MO6-HF 32.46 8.02 0.00 8.28 0.47
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Table B31: Imaginary frequencies (cm™) for [2Si TCNQ]™

PES. BS1
Don Can Cov
bzg bay by dy b2
BLYP | 225/ 225i - - -
BP86 | 211/ 212i - - -
HCTH [ 208/ 209i - - -
MO6-L | 212/ 213i - - -
PBE | 205/ 207i - - -
TPSS | 225/ 226i - - -
TPSSh | 231/ 232i - - -
B3LYP | 233/ 234i - - -
PBEO | 221i 223i - - -
MO6 | 214i 216i | 31i 4 85i
BH&HLYP | 257/ 258i | 208i - 214
MO06-2X | 266/ 266i | 48i - 35i
CAM-B3LYP | 244 246i | 240i - 252i
MO6-HF | 368/ 365i| 165/ — 137i

PES. BS6
Con | Coy
bzg b3u l:’u b2
BLYP | 220i 220i - -
BP86 | 206i 207i - -
HCTH | 205/ 207i - -
MO6-L | 213/ 215i - -
PBE | 201i 202i - -
TPSS | 223i 224i - -
TPSSh | 229i 230i - -
B3LYP | 231i 231i - -
PBEO | 219 230i - -
MO6 | 213i 214i [ 100/ | 156i
BH&HLYP | 258i 259i | 226i| 227i
M06-2X | 258i 258i 71i 68i
CAM-B3LYP | 244i 243i | 268i| 274i
MO6-HF | 284i 282i | 352i| 338i

Table B32: Imaginary frequencies (cm™) for [2Si TCNQ]™
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Table B33: <S?> values for C,y structure 1Si TCNE

anion. BS1

C2v
BLYP 0.753
BP86 0.753
HCTH 0.756
MO6-L 0.756
PBE 0.753
TPSS 0.755
TPSSh 0.758
B3LYP 0.758
PBEO 0.760
MO6 0.757
BHandHLYP 0.772
MO06-2X 0.759
CAM-B3LYP 0.763
MO06-HF 0.757

anion.BS6

Table B34: <S?> values for C,y structure 1Si TCNE

C2v
BLYP 0.753
BP86 0.754
HCTH 0.758
MO6-L 0.757
PBE 0.754
TPSS 0.755
TPSSh 0.758
B3LYP 0.758
PBEO 0.760
MO6 0.757
BHandHLYP 0.770
MO06-2X 0.760
CAM-B3LYP 0.763
MO06-HF 0.762
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Table B35: <S> values for C,, structure 1Si TCNQ

anion. BS1

C2v
BLYP 0.754
BP86 0.754
HCTH 0.757
MO6-L 0.757
PBE 0.754
TPSS 0.756
TPSSh 0.761
B3LYP 0.762
PBEO 0.767
MO6 0.762
BHandHLYP 0.785
MO06-2X 0.770
CAM-B3LYP 0.778
MO06-HF 0.762

BS6

C2v
BLYP 0.754
BP86 0.754
HCTH 0.759
MO6-L 0.758
PBE 0.754
TPSS 0.756
TPSSh 0.760
B3LYP 0.762
PBEO 0.766

MO6 0.761
BHandHLYP 0.782
MO06-2X 0.769
CAM-B3LYP 0.776
MO06-HF 0.775

Table B36:<S%> values for C,, structure 1Si TCNQ anion.
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Table B37: <S?> values for Dy, structure 2Si TCNE

anion. BS1

D2h

BLYP
BP86
HCTH
MO6-L
PBE
TPSS
TPSSh
B3LYP
PBEO

MO06
BH&HLYP
M06-2X
CAM-B3LYP
MO06-HF

0.753
0.753
0.756
0.756
0.753
0.755
0.758
0.758
0.761
0.757
0.774
0.759
0.767
0.761

BS6

D2h

BLYP
BP86
HCTH
MO6-L
PBE
TPSS
TPSSh
B3LYP
PBEO

MO06
BH&HLYP
M06-2X
CAM-B3LYP
MO06-HF

0.753
0.754
0.757
0.757
0.754
0.755
0.759
0.759
0.762
0.758
0.775
0.761
0.769
0.766

Table B38:<S%> values for Dsp, structure 2Si TCNE anion.
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Table B39: <S?> values for Doy, structure 2Si TCNQ

anion. BS1

D2n

BLYP
BP86
HCTH
MO6-L
PBE
TPSS
TPSSh
B3LYP
PBEO

MO06
BH&HLYP
MO06-2X
CAM-B3LYP
MO06-HF

0.755
0.756
0.761
0.761
0.756
0.758
0.767
0.771
0.783
0.773
0.826
0.795
0.826
0.834

anion. BS6

Table B40: <S> values for Doy, structure 2Si TCNQ

Da2n
BLYP 0.755
BP86 0.757
HCTH 0.764
MO06-L 0.764
PBE 0.757
TPSS 0.760
TPSSh 0.769
B3LYP 0.773
PBEO 0.787
MO06 0.777
BH&HLYP 0.833
M06-2X 0.804
CAM-B3LYP 0.835
MO6-HF 0.848
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Table B41: Relative energies of 2Si TCNQ neutral manifold (kcal/mol) BS1.

css | TBR | 0ss

Do, | 281 1124 -
BLYP| C,, | 168 3.30 0.00
C, | 198 327 033

Do, | 267 10.04 2.62

BP86| C,, | 207 310 0.0
Co | 229 307 028

Dy, | 534 933 3.98

HCTH| C, | 512 227  0.00
Co | 524 226 022

Dy, | 437 996 3.53

MO6-L| C,, | 3.81 3.06 0.00
Co | 409 307 032

Do, | 275 979 267

PBE| C, | 233 295 0.00
Co | 251 292 027

Do, | 522 1158 4.87

TPSS| Con | 455 249 0.00
Co | 477 247 028

Dy, | 845 1209 6.45

TPSSh| C, | 806 214 0.00
Co | 821 214 025

Dy, | 842 1182 6.12

B3LYP| C, | 804 220 0.00
Co | 817 221 024

Dan | 1119 1121 6.31

PBEO| C, | 1118 196 0.00
Coy — 198 0.20

Do, | 7.99 1094 5.21

MO6| C,, | 759 250 0.00
Co | 776 250 0.4

D, | 18.96 14.88 9.56
BHandHLYP | C, - 197 000
Coy — 202 020

Do, | 15.90 1423 9.95
MO06-2X | Cop, ~ 138 000
Coy - 143 021
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Do, | 42.75 13.49 8.88

CAM-B3LYP | Cy - 1.71  0.00
Cov - 1.75 0.20

Don | 24.76 20.41 16.78

MO6-HF | Cop, - 0.98 0.00

Coy - 1.06 0.20

Table B42: Relative energies of 2Si TCNQ neutral manifold (kcal/mol) BS6. *Cs minima

CSS TBR 0SS
Don 0.94 9.25 -
BLYP | C, 0.00 1.64 -
Co 0.25 1.61 —
Don 2.70 9.80 2.60
BP86| Co 2.20 3.13 0.00
Co 2.39 3.11 0.26
Don 5.98 8.65 3.80
HCTH| Ca 5.76 2.06 0.00*
Coy 5.88 2.06 0.00*
Don 4.52 9.20 3.28
MO6-L |  Ca 4.15 2.60 0.00*
Coy 4.35 2.61 0.00*
Don 2.86 9.60 2.70
PBE| Cu 2.49 3.00 0.00
Ca 2.65 2.98 0.25
Don 5.66 11.67 5.18
TPSS| Ca 4.99 2.48 0.00
Co 5.19 2.47 0.26
Don 8.65 12.02 6.49
TPSSh|  Cu 8.24 1.91 0.00*
Co 8.37 1.92 0.00*
Don 8.11 11.52 5.84
B3LYP | C,, 7.77 1.99 0.00*
Co 7.88 2.01 0.00*
Don 11.08 11.01 6.14
PBEO| C, 11.05 1.80 0.00*
Co 11.08 1.82 0.00*
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Dan 7.94 10.56 5.06

MO6 Can 7.65 2.23 0.00*

Cov 7.77 2.24 0.00*

Dan 18.85 15.14 9.90

BHandHLYP Con - 1.93 0.00
Coy - 1.99 0.20

Dan 16.45 13.20 9.09

M06-2X Con - 1.20 0.00*

Coy - 1.25 0.00*

Dan 17.43 13.53 8.96

CAM-B3LYP Con - 1.71 0.00
Cov - 1.77 0.21
Dan 25.22 18.12 14.60

MO6-HF Con - 0.79 0.00*

Cov - 0.89 0.00*
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Table B43: <S> values for open shell singlet structures.

BS1 D2n Caon Cov
BLYP - - -
BP86 0.15 0.74 0.71
HCTH 0.58 0.87 0.76
MO6L 0.49 0.80 0.88
PBE 0.20 0.77 0.81
TPSS 0.36 0.86 0.78
TPSSh 0.66 0.92 0.86
B3LYP 0.68 0.92 0.93
PBEO 0.82 0.96 0.93
M06 0.72 0.91 0.97
BHandHLYP 0.96 1.02 0.92
M06-2X 0.88 0.98 1.02
CAM-B3LYP 0.93 1.00 0.99
M06-HF 0.95 1.00 1.00
BS6
BLYP - - -
BP86| 0.209 0.750 0.760
HCTH"' | 0.666 0.887 -
mMosL" | 0.573 0.838 -
PBE| 0.264 0.772 0.781
TPSS| 0.410 0.865 0.874
TPSSh!"| 0.673 0.933 -
B3LYP" | 0.676 0.929 -
PBEO™M | 0.820 0.964 -
Mos!"! | 0.730 0.916 -
BHandHLYP | 0.949 1.015 1.017
Mo6-2XM | 0.895 0.988 -
CAM-B3LYP | 0.921 0.995 0.998
Mo6-HF!™" | 0.965 1.005 -

[1] Second-order saddle points where both modes relax to a Cs-symmetry
(pseudo Cyy) structure.
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Table B44: <S?> values for TCNQ triplet state. BS1 and

BS6
BS1 | BS6
BLYP| 2.01 2.01
BPS6 | 2.01 2.01
HCTH| 2.02 2.02
MO6-L| 2.03 2.02
PBE| 2.01 2.01
TPSS| 2.02 2.02
TPSSh| 2.03 2.03
B3LYP| 2.03 2.03
PBEO| 2.04 2.04
MO6 | 2.04 2.03
BHandHLYP |  2.09 2.08
M06-2X |  2.03 2.03
CAM-B3LYP| 2.05 2.05
MO6-HF |  2.04 2.04

BS1.

Cay Cs

BLYP 2.01 2.01

BP86 2.01 2.01
HCTH 2.02 2.02
MO6-L 2.02 2.02

PBE 2.01 2.01
TPSS 2.02 2.02
TPSSh 2.03 2.03
B3LYP 2.03 2.03
PBEO 2.04 2.04
MO6 2.03 2.03
BHandHLYP 2.08 2.08
M06-2X 2.03 2.03
CAM-B3LYP 2.05 2.05
MO06-HF 2.03 2.03

Table B45: <S> values for triplet 1Si TCNQ molecules.

272



Table B46: <S> values for triplet 1Si TCNQ molecules.

BS6.
Coy Cs
BLYP 2.01 2.01
BP86 2.01 2.01
HCTH 2.02 2.02
MO6-L 2.02 2.02
PBE 2.01 2.01
TPSS 2.02 2.02
TPSSh 2.03 2.03
B3LYP 2.03 2.02
PBEO 2.04 2.03
MO06 2.03 2.03
BHandHLYP 2.07 2.07
MO06-2X 2.03 2.03
CAM-B3LYP 2.04 2.04
MO6-HF 2.03 2.03

BS1.
Dzh C2h | C2V
BLYP 2.01 2.01 2.01
BP86 2.01 2.01 2.01
HCTH 2.02 2.01 2.01
MO6-L 2.02 2.01 2.01
PBE 2.01 2.01 2.01
TPSS 2.02 2.01 2.01
TPSSh 2.02 2.01 2.01
B3LYP 2.02 2.01 2.01
PBEO 2.03 2.01 2.01
MO6 2.02 2.01 2.01
BHandHLYP 2.05 2.02 2.02
M06-2X 2.02 2.01 2.01
CAM-B3LYP 2.03 2.01 2.01
MO6-HF 2.02 2.01 2.01

Table B47: <S?> values for triplet 2Si TCNQ molecules.

273



Table B48: <S?> values for triplet 2Si TCNQ molecules.

BS6.
D2h Czh | C2V
BLYP 2.01 2.01 2.01
BP86 2.01 2.01 2.01
HCTH 2.02 2.01 2.01
MO6-L 2.02 2.01 2.01
PBE 2.01 2.01 2.01
TPSS 2.02 2.01 2.01
TPSSh 2.02 2.01 2.01
B3LYP 2.02 2.01 2.01
PBEO 2.02 2.01 2.01
MO6 2.02 2.01 2.01
BHandHLYP 2.04 2.02 2.02
MO06-2X 2.02 2.01 2.01
CAM-B3LYP 2.03 2.01 2.01
MO6-HF 2.03 2.01 2.01
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Table B49: Global minima AEA’s (eV) for TCNE series

(BS1). Negative AEA’s omitted from statistical

(BS6). Negative AEA’s omitted from statistical

information.

0si | 1si | osi
BLYP | 2.781 3.122 3.434
BP86| 3.133 3.426 3.746
HCTH| 3.142 3.406 3.709
MO6-L | 3.180 3.452 3.754
PBE| 3.010 3.297 3.618
TPSS| 2.996 3.343 3.672
TPSSh| 3.075 3.413 3.763
B3LYP | 3.095 3.411 3.770
PBEO| 3.202 3.474 3.849
MO6 | 3.245 3.489 3.864
BHandHLYP | 3.125 3.434 3.862
M06-2X | 3.110 3.440 3.936
CAM-B3LYP | 3.135 3.437 3.870
MO6-HF | -2.948 -2.258 4.186
Min 2.781 3.122 3.434
Max 3.245 3.489 4.186
Range 0.464 0.367 0.752
S.D. 0.112 0.093 0.127

information.

0si | 1Si | 2si
BLYP | 3.248 3.481 3.721
BP86 | 3.505 3.714 3.961
HCTH| 3.533 3.719 3.942
MO6-L | 3.376 3.569 3.801
PBE | 3.407 3.612 3.860
TPSS| 3.347 3.623 3.875
TPSSh| 3.394 3.667 3.936
B3LYP | 3.482 3.704 3.982
PBEO| 3.507 3.716 4.003
MO6 | 3.496 3.676 3.986
BHandHLYP | 3.430 3.666 3.996
M06-2X |  3.456 3.723 4.126
CAM-B3LYP | 3.528 3.437 4.079
MO6-HF | -2.311 3.928 4.448
Min 3.248 3.437 3.721
Max 3.533 3.928 4.448
Range 0.285 0.491 0.727
S.D. 0.080 0.114 0.165

Table B50: Global minima AEA’s (eV) for TCNE series
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Table B51: Global minima AEA’s (eV) for TCNQ series Table B52: Global minima AEA’s (eV) for TCNQ series

(BS1). Negative AEA’s omitted from statistical (BS6). Negative AEA’s omitted from statistical
information. information.
osi | 1si | 2si 0si | 1Si | 2si
BLYP 3.099 3.297 3.532 BLYP 3.486 3.596 3.697
BP86 3.449 3.426 3.721 BP86 3.754 3.833 3.893
HCTH 3.467 3.584 3.560 HCTH 3.784 3.844 3.731
MO6-L 3.471 3.620 3.684 MO6-L 3.633 3.709 3.705
PBE 3.338 3.475 3.581 PBE 3.662 3.733 3.776
TPSS 3.306 3.505 3.562 TPSS 3.590 3.732 3.721
TPSSh 3.390 3.592 3.523 TPSSh 3.646 3.795 3.672
B3LYP 3.419 3.618 3.565 B3LYP 3.735 3.858 3.758
PBEO 3.533 3.687 3.475 PBEO 3.776 3.879 3.617
MO6 3.571 3.727 3.683 MO6 3.776 3.870 3.785
BHandHLYP 3.418 3.659 3.280 BHandHLYP 3.659 3.844 3.419
M06-2X 3.512 3.733 3.488 M06-2X 3.787 3.952 3.639
CAM-B3LYP 3.488 3.706 3.378 CAM-B3LYP 3.800 3.958 3.580
MO6-HF 3.499 -5.854 3.585 MO6-HF 3.885 4.207 3.807
Min 3.099 3.297 3.280 Min 3.486 3.596 3.419
Max 3.571 3.733 3.721 Max 3.885 4.207 3.893
Range 0.472 0.436 0.441 Range 0.399 0.611 0.474
S.D. 0.115 0.151 0.116 S.D. 0.100 0.138 0.112
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Table B53: Planar geometry AEA’s (eV) for TCNE series

(BS1). Negative AEA’s omitted from statistical

(BS6). Negative AEA’s omitted from statistical

information.

0Si 1si | 2si
BLYP | 2.781 2.678 2.462
BP86 | 3.133 3.035 2.823
HCTH| 3.142 3.052 2.808
MO6-L | 3.180 3.044 2.822
PBE| 3.010 2.921 2.708
TPSS| 2.996 2.899 2.708
TPSSh| 3.075 2.960 2.684
B3LYP | 3.095 2.955 2.686
PBEO| 3.202 3.070 2.792
M06 | 3.245 3.053 2.779
BHandHLYP | 3.125 2.935 2.595
M06-2X | 3.110 2.983 2.687
CAM-B3LYP | 3.135 2.969 2.658
MO6-HF | -2.948  -2.695 2.619
Min| 2.781 2.678 2.462
Max | 3.245 3.070 2.823
Range | 0.464 0.392 0.361
S.D.| 0.112 0.099 0.098

information.

0Si 1Si | 2si
BLYP| 3.248  3.106 2.824
BP86| 3.505  3.383 3.111
HCTH| 3.533  3.417 3.114
MO6-L | 3.376  3.230 2.935
PBE| 3.407  3.291 3.019
TPSS| 3.347  3.231 2.955
TPSSh| 3.394  3.264 2.962
B3LYP| 3482  3.312 2.979
PBEO| 3.507  3.361 3.026
MO6 | 3.496  3.308 2.958
BHandHLYP | 3.43 3.220 2.818
M06-2X | 3.456  3.332 2.970
CAM-B3LYP | 3.528  3.334 2.955
MO6-HF | -2.311  3.445 3.049
Min| 3.248  3.106 2.818
Max | 3.533  3.445 3.114
Range | 0.285  0.340 0.296
S.D.| 0.080  0.086 0.084

Table B54: Planar geometry AEA’s (eV) for TCNE series

277



Table B55: Planar geometry AEA’s (eV) for TCNQ series

(BS1). Negative AEA’s omitted from statistical

(BS6). Negative AEA’s omitted from statistical

information.

0Si 1si | 2si
BLYP | 3.099 2.923 2.717
BP86 | 3.449 3.275 3.064
HCTH| 3.467 3.301 3.014
MO6-L | 3.471 3.282 3.026
PBE| 3.338 3.167 2.952
TPSS| 3.306 3.136 2.916
TPSSh| 3.390 3.218 2.908
B3LYP | 3.419 3.236 2.895
PBEO| 3.533 3.363 3.896
M06 | 3.571 3.360 2.967
BHandHLYP | 3.418 3.259 2.566
M06-2X | 3.512 3.369 2.836
CAM-B3LYP | 3.488 3.346 2.698
MO6-HF | 3.499 -6.221 2.757
Min | 3.099 2.923 2.566
Max | 3.571 3.369 3.064
Range | 0.472 0.447 0.498
S.D.| 0.115 0.118 0.137

information.

0Si 1Si | 2si
BLYP | 3.486  3.281 3.033
BP86| 3.754  3.561 3.311
HCTH| 3.784  3.604 3.242
MO6-L | 3.633  3.426 3.107
PBE| 3.662  3.472 3.219
TPSS| 3.590  3.407 3.149
TPSSh| 3.646  3.464 3.116
B3LYP| 3735  3.533 3.154
PBEO| 3.776  3.600 3.098
MO6 | 3.776  3.562 3.124
BHandHLYP | 3.659  3.494 2.785
M06-2X | 3.787  3.661 3.020
CAM-B3LYP | 3.800  3.647 2.972
MO6-HF | 3.885  3.847 3.032
Min| 3.486  3.281 2.785
Max | 3.885  3.847 3.311
Range | 0.399  0.566 0.527
S.D.| 0.100  0.131 0.124

Table B56: Planar geometry AEA’s (eV) for TCNQ series
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Figure B1: 2Si TCNQ <82>M3=0 a-HOMO. BHandHLYP/6-311++g(2df,pd). 0.001a.u.
isosurface

Figure B2: 2Si TCNQ <82>M3=0 a-LUMO. BHandHLYP/6-311++g(2df,pd). 0.001a.u.
isosurface
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J

Figure B3: 2Si TCNQ <S?>ps=0 B-HOMO. BHandHLYP/6-31 1++g(2df,pd). 0.001a.u.
isosurface

J

Figure B4: 2Si TCNQ <SZ>MS=0 R-LUMO. BHandHLYP/6-311++g(2df,pd). 0.001a.u.
isosurface
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Figure B5: TCNE AEA value as %HFX is increased. Blue markers - BS1 (cc-pvDZ).
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Figure B6: TCNQ AEA value as %HFX is increased. Blue markers - BS1 (cc-pvDZ).
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Table B57: Relationship between planar AEA, adiabatic AEA and stabilization due to
structural symmetry breaking. All values in eV.

Planar AEA AEA AAEA | AENS.B.| AEAS.B. | AAE S.B.
BLYP 2.717 3.532 0.815 0.049 0.864 0.815
> PBE 2.952 3.581 0.629 0.116 0.745 0.629
o B3LYP 2.895 3.565 0.669 0.265 0.935 0.669
PBEO 2.896 3.475 0.578 0.274 0.852 0.578
BLYP 2.997 3.740 0.743 0.146 0.889 0.743
2 PBE 3.234 3.818 0.584 0.147 0.731 0.584
@ B3LYP 3.158 3.789 0.631 0.294 0.925 0.631
PBEO 3.096 3.657 0.561 0.300 0.861 0.562
BLYP 2.855 3.604 0.749 0.124 0.873 0.749
3 PBE 3.125 3.691 0.566 0.127 0.693 0.566
o B3LYP 3.066 3.675 0.609 0.273 0.883 0.610
PBEO 3.019 3.544 0.525 0.286 0.811 0.525
BLYP 3.033 3.697 0.664 0.041 0.779 0.738
2 PBE 3.219 3.776 0.557 0.117 0.674 0.557
@ B3LYP 3.154 3.758 0.605 0.253 0.858 0.605
PBEO 3.098 3.617 0.519 0.266 0.785 0.519
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Table C1: Disilene bag wavenumber (cm") calculated using different grid sizes and tight
optimization criteria. BS3.

Fine [ Ultrafine | Superfine | SG-1
SVWN | 200i 202i 200i 200i
BLYP | 281i 280i 278i 279i
PBE | 244i 235i 236i 237i
TPSS | 247i 218i 223i 226i
MO6L | 249i 254i 228i 221i
TPSSh | 218i 187i 194 196i
B3LYP | 220i 222i 220i 220i
PBEO | 165i 154i 156i 157i
MO6 | 262i 262i 250i 246i
BH&HLYP | 103i 113i 110§ 110i
MO062X 96 111i 109/ 109i
MO6-HF | 179 224 183 166
CAM-B3LYP | 118i 128i 123i 125i
w-B97XD | 112i 100i 103/ 79i

Table C2: 2Si TCNQ bzg wavenumber (cm™) calculated using different grid sizes and
tight optimization criteria. BS3.

Fine | Ultrafine | Superfine SG-1

SVWN | 25/ 25i 25i 25i
BLYP | 74i 74i 74i 74i

PBE | 53i 54i 54i 54i

TPSS | 64i 66/ 66i 66/

MO6L | 52i 53i 53i 52j
TPSSh | 55i 57i 57i 57i
B3LYP | 54i 53i 53i 53i
PBEO | 26i 26i 26i 26i

MO6 | 60i 49i 49i 48i
BHandHLYP | 14 16 16 16
MO062X | 31 30 24 28
MO6-HF | 41 35 35 62
CAM-B3LYP | 35 36 36 37
w-B97XD | 44 41 40 40
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Table C3: 2Si TCNQ bz, wavenumber (cm") calculated using different grid sizes and
tight optimization criteria. BS3.

Fine | Ultrafine | Superfine | SG-1

SVWN 6i 5i 6i 6i
BLYP | 65i 65i 65i 65i
PBE | 40i 41i 40i 40i
TPSS | 54i 56i 56i 56i
MO6L | 35/ 37i 38i 37i
TPSSh | 44i 47i 46i 47i
B3LYP | 44i 43i 43i 43i
PBEO 12i 13i 13i 13i
MO6 | 51i 38i 38i 37i
BHandHLYP 16 17 17 17
MO062X 37 37 30 23
MO6-HF 45 42 39 33
CAM-B3LYP 26 27 27 27
wB97XD 31 29 28 28
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Table C4: Absolute value of stabilization (kcal/mol) and pyramidalization (°) resulting
from symmetry breaking in disilene. Visualized in Sl-Figure 1B.

Basis Set | Functional | Stabilization | Pyramidalization
SVWN 0.563 9.5
BLYP 1.520 14.2
MO6L 0.791 10.6
PBE 0.936 11.7
TPSS 0.786 10.7
BS1 TPSSh 0.543 8.9
B3LYP 0.785 10.5
PBEO 0.327 71
MO6 1.100 121
BHandHLYP 0.212 5.7
CAM-B3LYP 0.173 5.3
w-B97XD 0.132 4.5
SVWN 0.498 9.1
BLYP 1.317 134
MO6L 0.508 9.0
PBE 0.784 10.9
TPSS 0.579 9.4
TPSSh 0.342 7.3
BS2 B3LYP 0.559 9.2
PBEO 0.176 5.3
MO6 0.755 10.5
BHandHLYP 0.041 2.7
CAM-B3LYP 0.007 0.2
w-B97XD 0.006 0.2

Continued on next page
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Table C4 continued

SVWN 0.445 8.5
BLYP 1.285 13.3

MO6L 0.512 8.8
PBE 0.747 10.6

TPSS 0.591 9.5

BS3 TPSSh 0.348 7.3
B3LYP 0.540 9.0
PBEO 0.159 5.0
MO06 0.790 10.9
BHandHLYP 0.037 2.6
CAM-B3LYP 0.006 0.2
w-B97XD 0.019 1.3
SVWN 0.418 8.3
BLYP 1.215 13.1

MO6L 0.427 8.3
PBE 0.715 10.5

TPSS 0.550 9.2
TPSSh 0.317 7.0

BS4 B3LYP 0.495 8.6
PBEO 0.143 4.8
MO06 0.722 10.3
BHandHLYP 0.004 0.2
CAM-B3LYP 0.004 0.2
w-B97XD 0.003 0.2
SVWN 0.315 7.2
BLYP 1.413 13.8

MO6L 0.551 9.1

PBE 0.716 10.4

TPSS 0.731 10.3

BS5 TPSSh 0.515 8.6
B3LYP 0.758 10.4
PBEO 0.240 6.1

MO06 0.984 11.6
BHandHLYP 0.294 6.5
CAM-B3LYP 0.151 4.9
w-B97XD 0.058 3.3
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Table C5: Absolute value of stabilization (kcal/mol) and pyramidalization (°) resulting
from symmetry breaking in 2Si TCNQ (b2g mode). PBEO/BS3 not visualized in Figure
C1B.

SVWN 0.125 5.1

BLYP 1.236 12.7

MO6L 0.711 10.3

PBE 0.587 9.5

TPSS 0.891 11.3

BS1 TPSSh 0.597 9.5
B3LYP 0.541 8.8
PBEO 0.002 4.5

MO06 0.591 9.4
BHandHLYP 0.016 1.9
CAM-B3LYP - -
w-B97XD — -
SVWN 0.022 2.5

BLYP 0.982 11.6

MO6L 0.543 8.9

PBE 0.358 7.8

TPSS 0.651 10
BS? TPSSh 0.384 8
B3LYP 0.340 7.4
PBEO 0.008 1.5

MO06 0.387 7.9
BHandHLYP — -
CAM-B3LYP — -
w-B97XD - -
SVWN 0.034 2.7

BLYP 0.942 11.1

MO6L 0.373 7.4

BS3 PBE 0.371 7.6
TPSS 0.666 9.8
TPSSh 0.410 7.8
B3LYP 0.342 6.9

Continued on next page
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Table C5 Continued

Basis Set Functional Stabilization | Pyramidalization

PBEO 13.697 2.2

MO6 0.293 6.9

BS3 BHandHLYP - -
CAM-B3LYP - _

w-B97XD - -

SVWN 0.038 2.8

BLYP 0.874 10.7

MO6L 0.455 7.9

PBE 0.353 7.3

TPSS 0.678 9.7

BS4 TPSSh 0.43 7.8
B3LYP 0.329 6.9

PBEO 0.032 2.4

MO6 0.263 6.4

BHandHLYP - _
CAM-B3LYP - -

w-B97XD - _

SVWN 0.024 2.1

BLYP 1.316 13

MO6L 0.955 10.9

PBE 0.528 8.7

TPSS 0.96 11.3

TPSSh 0.615 9.2

BSS B3LYP 0.522 8.5
PBEO 0.059 3

MO6 0.579 8.7

BHandHLYP 0.016 1.6
CAM-B3LYP - -

w-B97XD - -
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Table C6: Absolute value of stabilization (kcal/mol) and pyramidalization (°) resulting
from symmetry breaking in 2Si TCNQ (bs, mode). PBEO/BS3 not visualized in Figure

C1C.
Basis Set Functional Stabilization Pyramidalization
SVWN 0.034 29
BLYP 0.946 11.0
MO6L 0.444 8.9
PBE 0.386 7.7
TPSS 0.654 9.5
BS1 TPSSh 0.426 7.9
B3LYP 0.391 7.5
PBEO 0.059 3.0
MO6 0.422 8.1
BHandHLYP 0.004 1.0
CAM-B3LYP - -
w-B97XD - _
SVWN - _
BLYP 0.718 9.9
MO6L 0.305 6.9
PBE 0.200 59
TPSS 0.450 8.2
TPSSh 0.249 6.4
BS2
B3LYP 0.224 59
PBEO - _
MO6 0.251 6.3
BHandHLYP - -
CAM-B3LYP - -
w-B97XD - _
SVWN 0.001 0.3
BLYP 0.689 9.5
BS3 MO6L 0.173 4.9
PBE 0.217 5.8
TPSS 0.469 8.1

Continued on next page




Table C6 Continued

TPSSh 0.275 6.3
B3LYP 0.226 5.7
PBEO | 13.673 0.9

BS3 MO06 0.173 5.0
BHandHLYP - -
CAM-B3LYP - -
w-B97XD - -
SVWN 0.001 0.5
BLYP 0.630 9.1

MO6L 0.248 5.8

PBE 0.201 5.5

TPSS 0.478 8.1

BS4 TPSSh 0.290 6.4
B3LYP 0.213 5.5
PBEO 0.006 1.0

MO06 0.154 5.0
BHandHLYP - -
CAM-B3LYP - -
w-B97XD - -

SVWN | 0.0001 0.01

BLYP 0.979 111

MO6L 0.618 9.5

PBE 0.322 6.8

TPSS 0.673 9.3
TPSSh 0.408 7.4

BSS B3LYP 0.346 6.9
PBEO 0.014 1.4

MO06 0.362 7.2
BHandHLYP 0.002 0.4
CAM-B3LYP - -
w-B97XD - -
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Table C7: Wavenumbers of modes that restore planarity (o) to the broken symmetry
geometries calculated using BS1.

Disilene 2Si TCNQ
dg dg | du
HE 34 )‘{a] _[b] _[b]
SVWN 292 46 23
BLYP 337 66 33
MO06-L 326 60 31
PBE 326 60 29
TPSS 326 64 33
TPSSh 290 62 33
B3LYP 322 62 32
PBEO 257 47 25
MO06 342 57 27
M06-2X 242 bl bl
BH&HLYP 258 Il Il
CAM-B3LYP bl 31 17
w-B97XD 205 Pl Pl

[a] Further relaxes to Cs minimum
[b] No symmetry breaking observed in planar geometry

Table C8: Wavenumbers of modes that restore planarity (o) to the broken symmetry
geometries calculated using BS2.

Disilene 2Si TCNQ
dg dg | du
SVWN 284 31 bl
BLYP 337 65 33
MO06-L 290 58 30
PBE 318 56 26
TPSS 297 62 32
TPSSh 248 59 31
B3LYP 298 58 31
PBEO 215 25 bl
M06 310 51 26
BH&HLYP 158 el el
CAM-B3LYP 103/ el el
w-B97XD 90/ el [l

[a] Further relaxes to Cs minimum
[b] No symmetry breaking in the direction of the bz, mode
[c] No symmetry breaking in planar geometry
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Table C9: Wavenumbers of modes that restore planarity (o) to the broken symmetry
geometries calculated using BS3.

Disilene 2SIiTCNQ

aq ag@ | a®

SVWN 275 35 9
BLYP 336 66 33
MO06-L 289 58 30
PBE 316 57 29
TPSS 299 63 33
TPSSh 249 60 32
B3LYP 296 59 31
PBEO 210 65 16
MO06 318 54 28
BH&HLYP 154 _d —
CAM-B3LYP | 100i _d —
w-B97XD 101 _tdl L]

[a] — Restores planarity to C2, minimum

[b] — Restores planarity to C,y minimum

[c] — Further relaxes to Cs minimum

[d] — No symmetry breaking observed in planar geometry

Table C10: Wavenumbers of modes that restore planarity (©’) to the broken symmetry
geometries calculated using BS4.

Disilene 2SIiTCNQ
8g dg | dy
HF _fal 66 _[d
SVWN 272 36 11
BLYP 336 65 33
MO6-L 284 61 29
PBE 310 57 30
TPSS 290 63 33
TPSSh 243 60 32
B3LYP 289 60 31
PBEO 206 65 18
M06 312 53 29
BH&HLYP | 80/ _fal _lal
CAM-B3LYP 85! _[a] _la]
w-B97XD 59! _lal _la]

[a] No symmetry breaking observed in planar geometry
[b] Further relax to Cs minimum
[c] No symmetry breaking in the direction of the bz, mode
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Table C11: Wavenumbers of modes that restore planarity (o’) to the broken symmetry
geometries calculated using BS5.

Disilene 2SIiTCNQ
ag ag | au
HF 219 Ll —fal
SVWN 260 31 4
BLYP 345 67 35
MO6-L 293 61 31
PBE 312 59 32
TPSS 321 65 35
TPSSh 286 63 34
B3LYP 321 62 32
PBEO 243 41 21
M06 322 57 23
BH&HLYP 268 31 13
CAM-B3LYP 224 _tal —l
w-B97XD 168 Ll —fal

[a] No symmetry breaking observed in planar geometry

Table C12: Polynomial coefficients and R? values obtained from fitting Disilene APES
scans. To obtain value of a for cusp multiply a, by 2.

dop a2 a4 R2

0% 0.042 -0.281 0.438 0.928
10% 0.032 -0.239 0.409 0.923
20% 0.023 -0.198 0.377 0.917
30% 0.016 -0.158 0.342 0.911
40% 0.010 -0.119 0.304 0.904
50% 0.005 -0.088 0.340 0.899
60% 0.002 -0.050 0.294 0.890
70% | 0.0002 -0.015 0.233 0.876
80% 0.000 0.165 3.269 0.999
90% 0.000 0.225 3.315 0.999
100% 0.000 0.283 3.409 0.999
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Table C13: Polynomial coefficients and R? values obtained from fitting 2Si TCNQ bag

APES scans. To obtain value of a for cusp multiply a; by 2.

do do a4 R2

0% | 0.0231 -0.4706 2.3640 0.992
10% | 0.0192 -0.2226 0.6542 0.982
20% | 0.0144 -0.1971 0.6816 0.982
30% | 0.0093 -0.1607 0.7012 0.986
40% | 0.0045 -0.1593 1.4060 0.892
50% | 0.0009 -0.0669 1.2390 0.229
60% | 0.0000 0.0458 0.5061 0.999
70% | 0.0000 0.0840 0.5249 0.999
80% | 0.0000 0.1206 0.5281 0.999
90% | 0.0000 0.1552 0.5398 0.999
100% | 0.0000 0.1929 0.5637 0.999

Table C14: Polynomial coefficients and R? values obtained from fitting 2Si TCNQ ba,

APES scans. To obtain value of a for cusp multiply a; by 2.

dop a2 a4 R2

0% 0.015 -0.305 0.897 0.873
10% 0.013 -0.293 1.110 0.876
20% 0.010 -0.260 1.235 0.863
30% 0.006 -0.206 1.265 0.869
40% 0.003 -0.099 0.753 0.897
50% | 0.0003 -0.031 0.867 0.890
60% 0.000 0.015 0.177 0.999
70% 0.000 0.020 0.104 0.999
80% 0.000 0.023 0.061 0.999
90% 0.000 0.024 0.041 0.999
100% 0.000 0.025 0.026 0.999
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Figure C1: The amount of pyramidalization as a function of the absolute value of
stabilization predicted by all model chemistries for (A) Disilene (B) 2Si TCNQ (bzg) and
(C) 2Si TCNQ (bsy). Raw data available in Tables C1-3
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Figure C3: Dependence of 2Si TCNQ b4 (blue) and bs, (orange) force constants
(eV/A?) on amount of exact exchange with third order polynomial regressions. Roots:
57.1% (b2g) and 59.4% (bsy)
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APPENDIX D

Supplementary Information for Chapter Six




Table D1: Bond lengths (A) for TCNDQ

Ri | R | Re | Re | Re | Re | Ry
BS1 | 1.423 1.443 1.366 1.440 1.402 1.427 1.163
B3LYP BS2 | 1422 1.442 1.365 1.440 1.401 1.426 1.167
BS3 | 1418 1.439 1360 1.437 1.396 1.421 1.158
BS4 | 1414 1436 1.356 1.434 1.392 1.420 1.155
BS1 | 1446 1.446 1.381 1.444 1.424 1431 1177
BLYP BS2 | 1445 1.446 1.380 1.443 1.422 1.430 1.180
BS3 | 1.441 1.443 1.374 1.440 1.418 1.424 1171
BS4 | 1.437 1.439 1371 1437 1414 1.423 1.168
BS1 11398 1.449 1353 1.445 1.381 1.430 1.156
CAM-B3LYP BS2 | 1.396 1.448 1.352 1.445 1.379 1.429 1.159
BS3 | 1.391 1.446 1.346 1.442 1.374 1.424 1.150
BS4 | 1.388 1.443 1.343 1.439 1.370 1.423 1.147
BS1 11413 1439 1360 1.436 1.393 1.424 1.163
MO6-L BS2 | 1400 1.450 1.355 1.446 1.382 1.433 1.156
BS3 | 1.392 1.445 1.346 1.441 1.372 1.427 1.149
BS4 | 1403 1.432 1.349 1430 1.382 1.417 1.152
BS1 11399 1449 1354 1.445 1.380 1.431 1.159
MO6 BS2 | 1411 1438 1358 1.436 1.392 1.423 1.166
BS3 | 1406 1435 1.352 1433 1.385 1.418 1.156
BS4 | 1.395 1.448 1.350 1.444 1.376 1.427 1.151
BS1 | 1.379 1.464 1.345 1.459 1.364 1.443 1.145
MOB-2X BS2 | 1.379 1.464 1.345 1.459 1.364 1.442 1.148
BS3 | 1.374 1.462 1340 1.456 1.358 1.436 1.139
BS4 | 1.371 1459 1338 1454 1356 1.436 1.138
BS1 | 1429 1433 1.367 1.430 1.407 1.418 1.168
MOB-HF BS2 | 1427 1.432 1.366 1.430 1.406 1.417 1172
BS3 | 1425 1.430 1.361 1.428 1.402 1.413 1.164
BS4 | 1421 1.426 1.357 1424 1398 1.411 1.160
BS1 | 1417 1.438 1.362 1.436 1.396 1.423 1.162
PBEO BS2 | 1415 1438 1.361 1.435 1.394 1.422 1.165
BS3 | 1411 1435 1356 1.433 1.390 1.417 1.157
BS4 | 1408 1.432 1.353 1430 1.386 1.417 1.154
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Table D1 Con’t

BS1

BS2

PBE

BS3

BS4

1442 1440 1378 1.438 1420 1425 1177
1440 1439 1377 1437 1418 1424 1.181
1436 1436 1372 1434 1413 1419 1172
1433 1433 1369 1431 1410 1.418 1.169

Table D2: Bond lengths for [TCNDQ] (D

2h)

R R. | Rs | Re | Rs | Rs | Ry
BS1 1459 1425 1.381 1425 1.434 1419 1.168
B3LYP BS2 1452 1417 1.372 1418 1.425 1411 1.159
BS3 1454 1421 1375 1421 1.428 1412 1.162
BS4 1472 1434 1.392 1433 1.449 1425 1.181
BS1 1457 1425 1.379 1425 1432 1419 1.171
BLYP BS2 1465 1426 1.383 1426 1.440 1416 1.172
BS3 1468 1.430 1.387 1430 1.444 1417 1.176
BS4 1.447 1423 1.372 1423 1421 1.420 1.161
BS1 1471 1434 1.391 1433 1.447 1425 1.184
CAM-B3LYP BS2 1400 1.445 1.350 1448 1.354 1540 1.470
BS3 1443 1418 1.367 1419 1.415 1412 1.155
BS4 1450 1420 1.375 1421 1.426 1416 1.167
BS1 1445 1422 1371 1423 1.419 1419 1.164
MO6-L BS2 1443 1412 1.365 1413 1.417 1.408 1.157
BS3 1442 1418 1.366 1419 1.412 1415 1.154
BS4 1.447 1424 1.373 1424 1417 1421 1.164
BS1 1448 1.424 1374 1425 1419 1.422 1.161
MO6 BS2 1445 1421 1.370 1422 1.415 1416 1.156
BS3 1446 1415 1.369 1416 1.420 1.409 1.161
BS4 1438 1.427 1.368 1430 1.406 1.429 1.149
BS1 1449 1419 1.374 1420 1.424 1415 1.170
MOB-2X BS2 1432 1422 1.362 1424 1.400 1.422 1.143
BS3 1435 1.425 1.365 1427 1.403 1422 1.144
BS4 1455 1420 1.378 1419 1433 1412 1172
BS1 1438 1.429 1.369 1431 1.405 1429 1.152
MOB-HF BS2 1448 1412 1.369 1412 1.425 1404 1.164
BS3 1452 1416 1.374 1416 1.429 1406 1.168
BS4 1453 1421 1377 1421 1.428 1415 1.166
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Table D2 Con’t

BS1 | 1454 1419 1377 1418 1431 1411 1.176
PBEO BS2 | 1446 1413 1368 1414 1419 1408 1.158
BS3 | 1449 1416 1372 1417 1.422 1408 1.161
BS4 | 1465 1429 1388 1428 1.443 1419 1.181
BS1 | 1451 1420 1376 1420 1.426 1414 1.169
PBE BS2 | 1464 1.428 1387 1428 1.441 1419 1.184
BS3 | 1462 1.424 1383 1424 1438 1412 1.176
BS4 | 1459 1421 1380 1421 1435 1412 1.173

Table D3: Bond lengths (A) for [TCNDQ

I” (D2)

R R: Rs | R« | Re | Re | Ry

BS1 (1458 1424 1.381 1.425 1.435 1419 1.168

B3LYP BS2 | 1457 1423 1.380 1.425 1433 1.419 1.171
BS3 (1454 1419 1376 1422 1430 1412 1.162

BS4 (1451 1416 1372 1.418 1.426 1411 1.159

BS1 [ 1471 1433 1.393 1.434 1450 1.425 1.181

BLYP BS2 [ 1470 1432 1.392 1434 1.448 1424 1.184
BS3 | 1467 1.428 1.387 1.430 1.445 1417 1.176

BS4 | 1463 1424 1.384 1.426 1.442 1416 1.172

BS1 | 1.447 1423 1.372 1.424 1421 1.420 1.161
CAM-B3LYP BS2 | 1445 1421 1.371 1423 1.419 1419 1.163
BS3 | 1442 1417 1.367 1.420 1.416 1412 1.155

BS4 (1439 1414 1.363 1416 1.412 1411 1.152

BS1 (1454 1419 1.378 1.419 1434 1412 1172

MO6-L BS2 [ 1452 1418 1.378 1.419 1.432 1411 1.176
BS3 (1451 1415 1374 1416 1430 1406 1.168

BS4 | 1447 1412 1.370 1413 1.426 1404 1.164

BS1 (1450 1420 1.375 1421 1.426 1416 1.167

MO6 BS2 [ 1449 1419 1.374 1420 1.424 1415 1.170
BS3 [ 1445 1414 1.369 1.417 1420 1.409 1.161

BS4 | 1442 1411 1.365 1.413 1.417 1.408 1.157

BS1 | 1.447 1423 1.374 1.425 1420 1.422 1.161

MOB6-2X BS2 [ 1446 1422 1.374 1425 1.418 1421 1.164
BS3 (1444 1418 1.370 1422 1.416 1415 1.156

BS4 | 1440 1416 1.367 1.419 1413 1414 1.154
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Table D3 Con’t

BS1 [ 1438 1.427 1.368 1.430 1.406 1.429 1.149

MO6-HE BS2 | 1438 1.428 1.369 1.431 1.406 1.429 1.153
BS3 | 1.434 1.422 1.365 1.427 1.404 1.422 1.144

BS4 [ 1431 1421 1363 1.424 1.401 1.421 1.143

BS1 [ 1.452 1.420 1.377 1.421 1.428 1.415 1.166

PBEO BS2 | 1450 1.419 1376 1.420 1.426 1.414 1.169
BS3 | 1448 1.415 1372 1.417 1.424 1.408 1.161

BS4 [ 1445 1412 1369 1.414 1.420 1.408 1.158

BS1 ([ 1464 1.428 1.389 1.428 1.444 1.419 1.181

PBE BS2 [ 1.463 1.427 1.388 1.428 1.442 1.419 1.184
BS3 | 1460 1.422 1.384 1.424 1.439 1412 1.176

BS4 | 1.457 1.420 1.381 1.421 1.436 1.411 1.173
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Table D4: Bond lengths (A) for TCNP

R4 R¢' R2 Rs R4 Rs Re R7 Rs
BS1]11.358 1.394 1449 1450 1380 1435 1411 1425 1.164
BS2 | 1.357 1.393 1449 1450 1379 1435 1409 1424 1.167
B3LYP BS3]1.351 1.388 1446 1.447 1374 1432 1404 1419 1.158
BS4]11.348 1.384 1443 1.444 1370 1429 1400 1.418 1.155
BS1 11372 1410 1454 1456 1396 1.439 1433 1429 1.178
BS2 11371 1410 1454 1456 1395 1439 1431 1428 1.181
BLYP BS3]11.365 1.404 1451 1453 1390 1436 1426 1.422 1172
BS4]11.361 1.401 1447 1450 1386 1.433 1423 1.421 1.169
BS1|1.347 1.377 1452 1452 1364 1441 1.389 1.428 1.156
BS2 11345 1.376 1452 1452 1363 1440 1.386 1.428 1.159
CAM-B3LYP
BS3]11.340 1.370 1450 1.449 1358 1.438 1.381 1.422 1.150
BS4 11336 1.367 1.447 1.446 1354 1434 1.378 1.421 1.148
BS1]11.358 1.396 1440 1.443 1382 1426 1415 1.416 1.169
BS2 11357 1.395 1440 1442 1381 1425 1413 1415 1173
Moe-L BS3]11.353 1.392 1438 1.440 1377 1423 1410 1411 1.165
BS411.348 1.388 1434 1437 1373 1419 1406 1.409 1.160
BS1]1.353 1.386 1.445 1.445 1373 1432 1401 1422 1.163
BS2 1351 1.385 1.444 1445 1372 1431 1.399 1421 1.166
Moe BS3]11.345 1.380 1442 1442 1366 1.429 1.393 1416 1.156
BS4 11341 1.376 1438 1438 1.362 1425 1.390 1.416 1.153
BS1]11.349 1.380 1.454 1453 1.367 1.442 1.389 1431 1.156
BS211.348 1.379 1453 1453 1366 1.441 1.387 1.430 1.160
MO6-2X BS3]11.343 1.374 1452 1451 1361 1.440 1.383 1.425 1.152
BS411.340 1.371 1449 1449 1358 1.437 1.380 1.425 1.149
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Table D4 Con’t

BS1 | 1.340 1.364 1.465 1463 1354 1455 1.369 1.441 1.145
MO6-HE BS2 | 1.341 1.364 1.465 1463 1354 1456 1.369 1.441 1.148
BS3 | 1.335 1.359 1.463 1461 1349 1453 1364 1435 1.139
BS4 | 1.333 1.356 1.461 1459 1346 1.451 1.361 1.435 1.138
BS1 | 1.354 1.389 1.445 1445 1375 1431 1404 1421 1.162
PBEO BS2 | 1.353 1.388 1.444 1445 1374 1430 1402 1420 1.165
BS3 | 1.348 1.383 1.442 1442 1370 1428 1.398 1415 1.157
BS4 | 1.345 1.380 1.439 1439 1366 1.425 1.395 1415 1.154
BS1 | 1.369 1.407 1.447 1450 1.393 1433 1428 1423 1.178
PBE BS2 | 1.368 1.406 1.447 1450 1.392 1433 1426 1422 1.181
BS3 | 1.363 1.401 1.445 1447 1387 1430 1422 1417 1173
BS4 | 1.360 1.398 1.442 1444 1384 1427 1419 1416 1.170
Table D5: Bond lengths (A) of [TCNP]
Ri [ Rt | R | Re | Re | Rs | Re | Rr | Rs
BS1|1.363 1412 1.445 1438 1.393 1422 1441 1418 1.168
B3LYP BS2 | 1362 1411 1.445 1438 1392 1.422 1439 1417 1171
BS3 | 1.357 1407 1.443 1434 1388 1418 1436 1411 1.163
BS4 | 1.353 1403 1439 1431 1384 1.415 1432 1410 1.160
BS1 | 1376 1422 1451 1448 1.406 1430 1.456 1.424 1.181
BLYP BS2 | 1.375 1422 1451 1448 1.405 1430 1454 1423 1.185
BS3|1.370 1418 1.448 1.444 1401 1426 1452 1416 1.176
BS4 | 1.366 1414 1.445 1.441 1397 1.423 1448 1415 1.173
BS1|1.353 1404 1.447 1433 1.382 1.421 1.427 1.418 1.161
CAM-B3LYP BS2 | 1.351 1403 1.447 1433 1381 1.420 1425 1418 1.164
BS3|1.346 1.399 1.444 1429 1377 1417 1422 1411 1.155
BS4 | 1.343 1.395 1.441 1426 1.373 1.414 1418 1410 1.152
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Table D5 Con’t

BS1 | 1.363 1.409 1437 1434 1392 1416 1440 1410 1.173

MO6-L BS2 | 1.362 1.408 1.437 1434 1391 1.415 1438 1.410 1.177
BS3 | 1.358 1.405 1435 1431 1388 1413 1436 1.405 1.169

BS4 | 1.353 1.402 1.431 1427 1384 1.409 1432 1.403 1.164

BS1 | 1.358 1.406 1.441 1432 1387 1.418 1432 1.415 1.167

MO6 BS2 | 1.356 1.405 1.440 1432 1.386 1.417 1430 1.414 1.170
BS3 | 1.351 1.400 1.437 1428 1.381 1.414 1426 1.408 1.161

BS4 | 1.347 1397 1434 1425 1377 1.410 1423 1.407 1.157

BS1 | 1.355 1.405 1.449 1435 1.384 1.423 1425 1.421 1.161

MO6-2X BS2 | 1.354 1.404 1.448 1435 1.383 1.422 1424 1.420 1.164
BS3 | 1.350 1.401 1.447 1432 1380 1.419 1421 1.414 1.157

BS4 | 1.346  1.397 1444 1429 1376 1417 1418 1.414 1.154

BS1 | 1.347 1399 1458 1436 1376 1.428 1.411 1.428 1.150

MOB-HE BS2 | 1.347 1.398 1459 1436 1376 1.428 1411 1.428 1.153
BS3 | 1.342 1.394 1456 1433 1372 1.425 1408 1.421 1.144

BS4 | 1.340 1.391 1453 1431 1369 1.423 1405 1.421 1.143

BS1 | 1.359 1.407 1.441 1433 1389 1418 1435 1.414 1.166

PBEO BS2 | 1.358 1.406 1.441 1432 1.388 1.417 1432 1.413 1.169
BS3 | 1.354 1.402 1.438 1429 1384 1.414 1429 1.407 1.162

BS4 | 1.350 1.399 1435 1426 1.380 1.411 1426 1.407 1.159

BS1 | 1.373 1.418 1.445 1443 1.402 1.425 1450 1.418 1.182

PBE BS2 | 1.372 1.417 1.445 1442 1401 1.425 1448 1.417 1.185
BS3 | 1.367 1.414 1.442 1439 1397 1.421 1445 1411 1177

BS4 | 1.364 1.411 1439 1436 1.394 1418 1442 1.410 1.174
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Table D6: Twist angles for [TCNDQ]™ D, geometry

BS1 BS2 BS3 BS4
BLYP| 18.5 19.0 21.5 19.9
PBE| 18.3 19.0 21.8 19.7
MO6-L | 15.0 16.3 18.1 14.0
B3LYP | 15.2 16.4 19.2 17.5
PBEO | 15.0 16.6 19.4 17.4
MO06 | 0.0002 0.015 16.5 12.3
M062X | 14.4 17.3 20.9 17.9
MO6-HF | 1.6 9.6 19.6 14.6
CAM-B3LYP| 1.5 11.1 15.5 13.5
Table D7: <S%> Values for Do, [TCNDQJ
BS1 BS2 BS3 BS4
BLYP 0.75 0.75 0.75 0.75
MO6-L 0.75 0.76 0.76 0.76
PBE 0.75 0.75 0.75 0.75
B3LYP 0.77 0.77 0.75 0.75
PBEO 0.78 0.78 0.77 0.77
MO06 0.77 0.77 0.77 0.77
M06-2X 0.79 0.79 0.79 0.79
MO06-HF 0.84 0.83 0.83 0.83
CAM-B3LYP 0.81 0.81 0.80 0.80
Table D8: <S> Values for D, [TCNDQJ
BS1 BS2 | BS3 BS4
BLYP 0.75 0.75 0.75 0.75
MO6-L 0.76 0.76 0.76 0.76
PBE 0.75 0.75 0.75 0.75
B3LYP 0.77 0.77 0.77 0.77
PBEO 0.77 0.78 0.77 0.77
MO06 0.77 0.77 0.77 0.77
M06-2X 0.79 0.79 0.79 0.79
MO06-HF 0.84 0.83 0.83 0.83
CAM-B3LYP 0.81 0.81 0.80 0.80
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Table D9: <S%> values for Doy, [TCNPT
BS1 BS2 | BS3 BS4
BLYP 0.75 0.75 0.75 0.75
MO6-L 0.76 0.76 0.76 0.76
PBE 0.78 0.75 0.75 0.75
B3LYP 0.77 0.77 0.77 0.77
PBEO 0.77 0.77 0.77 0.77
MO06 0.77 0.77 0.77 0.77
M06-2X 0.78 0.78 0.78 0.78
MO06-HF 0.83 0.82 0.82 0.82
CAM-B3LYP 0.80 0.80 0.80 0.80
Table D10: <S?A> values for Do, [TCNDQJ
BS1 BS2 BS3 BS4
M06-2X 0.751 0.751 0.751 0.751
MO06-HF 0.753 0.753 0.753 0.753
CAM-B3LYP 0.752 0.752 0.751 0.750
Table D11: <S?A> values for D, [TCNDQJ
BS1 BS2 | BS3 BS4
M06-2X 0.751 0.751 0.751 0.751
MO06-HF 0.753 0.753 0.753 0.753
CAM-B3LYP 0.752 0.752 0.751 0.751
Table D12: <S?A> values for Doy [TCNPT
BS1 | BS2 BS3 BS4
M06-2X 0.751 0.751 0.751 0.751
MO06-HF 0.752 0.752 0.752 0.752
CAM-B3LYP 0.751 0.751 0.751 0.751
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Table D13: Deviation of all model chemistries from experimental TCNDQ ESR coupling
constants (A) H*, (B) HI (C) N

(A)
BS1 | BS2 | BS3 | BS4
BLYP| -029 -0.30 -0.31 -0.36
PBE| -0.26 -0.26 -0.28 -0.34
MO6-L| 037 032 066 0.57
B3LYP| -0.06 -0.07 -0.08 -0.13
PBEO| 0.13 0.11 0.09 0.02
MO6| 028 029 072 0.67
M06-2X | 0.04 0.05 0.15 0.15
MO6-HF | -0.24 -020 -0.28 -0.17
CAM-B3LYP| 0.05 003 002 -0.03
Min| 029 -0.30 -0.31 -0.36
Max| 037 032 072 0.67
IMin] | 0.04 0.03 0.02 0.02
Range | 0.67 0.62 1.03 1.03

(B)
BS1 | Bs2 | BS3 | BS4
BLYP| -0.18 -0.16 -0.12 -0.14
PBE| -0.19 -0.15 -0.13 -0.15
MO6-L | -0.21 -0.18 -0.04 -0.09
B3LYP| -0.31 -0.31 -025 -0.26
PBEO| -0.19 -024 -0.29 -0.28
M06 | -0.15 -0.18 0.00 -0.01
M06-2X | 0.00 0.00 007 0.14
MO6-HF | 0.09 0.06 0.05 0.13
CAM-B3LYP | -022 -027 -0.31 -0.31
Min| -0.31 -031 -0.31 -0.31
Max| 0.09 006 0.07 0.14
IMin|] | 0.01 0.00 000 0.01
Range | 040 0.37 0.38 045
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(€)

BS1 | BS2 | BS3 | Bs4
BLYP| 148 -0.36 061 -0.36

PBE| 128 050 050 -0.52

MO6-L | 3.36 164 167 1.68
B3LYP| 1.92 -013 090 -0.20
PBEO| 196 -020 094 -0.25

MO6 | 229 056 1.09 0.15
M06-2X | 1.49 069 047 0.90
MO6-HF | -0.63 -027 -0.61 -0.27
CAM-B3LYP | 1.89 -022 0.90 -0.29
Min | -0.63 -0.36 -0.61 -0.52

Max| 3.36 164 167 1.68

IMin|| 0.63 022 061 0.15
Range | 3.99 200 227 221

Table D14: Deviation of all model chemistries from experimental TCNP ESR coupling
constants (A) H*, (B) HI (C) N

(A)

BS1 | Bs2 | BS3 | Bs4
BLYP| -0.32 -033 -034 -0.39
Mo6-L| 085 076 128  1.17
PBE| -029 -030 -0.32 -0.38
B3LYP| -0.11  -0.13 -0.13  -0.18
PBEO| 0.06 0.04 002 -0.05
MO6| 068 066 125  1.20

M06-2X | 0.32 034 047 047
MO6-HF | -0.14  -0.05 -0.14  0.00

CAM-B3LYP| 0.01 -0.02 -0.02 -0.08
Min| -0.32 -033 -034 -0.39
Max| 0.85 076 128 120
IMin|] | 0.01 002 0.2  0.00
Range| 118 109 161 159
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(B)

BS1 | Bs2 | BS3 | Bs4
BLYP| -0.17 -017 -0.16 -0.17
MO6-L | -0.15 -0.15 -0.15 -0.15
PBE| -0.17 -017 -0.17 -0.17
B3LYP | -0.17 -0.17 -0.17 -0.17
PBEO | -0.17 -0.17 -017 -0.17
M06 | -0.16 -0.16 -0.15 -0.15
M06-2X | -0.16 -0.16 -0.15 -0.15
MO6-HF | -0.15 -0.16 -0.16 -0.16
CAM-B3LYP | -0.17 -0.17 -0.17 -0.17
Min | -0.17 -0.17 -0.17 -0.17
Max | -0.15 -0.15 -0.15 -0.15
IMin|| 016 015 0.15 0.15
Range | 002 002 002 0.02

(C)
BS1 | Bs2 | BS3 | Bs4
BLYP| -0.63 -072 -0.84 -0.83
MO6-L | -0.60 -0.72 -0.71 -0.71
PBE| -065 -0.74 -0.85 -0.85
B3LYP| -058 -0.69 -0.81 -0.81
PBEO| -058 -0.69 -0.82 -0.81
MO6 | -0.67 -0.75 -0.81 -0.78
M06-2X | -0.72 -0.79 -0.76 -0.77
MO6-HF | -0.88 -0.86 -0.86 -0.83
CAM-B3LYP | -059 -0.69 -0.82 -0.82
Min| -0.88 -0.86 -0.86 -0.85
Max | -058 -0.69 -0.71 -0.71
IMin|| 058 069 071 0.71
Range| 030 017 014 013
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(A)

NC CN

NC CN

(B) e

Figure D1: Atom labelling for ESR coupling constants for (A) [TCNDQ]™ and (B) [TCNP]~
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Table D15: PES energetics (kcal/mol) for 1Si TCNDQ

BS1

Coy | Cs | C, | C1

BLYP | 0.5812 0.089 0.5811 0.00
MO06-L 0.12 0.00 - -
PBE 0.105 0.00 - -
B3LYP 0.02 0.00 - -
PBEO 0.00 - - -
MO6 | 0.00001 0.00 - -
MO06-2X 0.002 - 0.000 -
MO6-HF 0.00 - - -
CAM-B3LYP 0.00 — — —

BS4 (kcal/mol)

Table D17: PES energetics (kcal/mol) for 1Si TCNDQ

Table D16: Imaginary frequencies (cm™) for 1Si TCNDQ

BS1.
Coy Cs C2
b1 d2 a" b
BLYP 67i 6i 1M1 66i
MO06-L 39i - - -
PBE 37i - - -
B3LYP 22i - - -
PBEO - - - -
MO6 12i - - -
MO06-2X - 10/ - -
MO6-HF - - - -
CAM-B3LYP — — — —

Coy | Cs | Co | C1

BLYP 0.37 0.08 0.31 0.00
MO6-L 0.055 0.00 - -

PBE 0.134 0.078 0.073 0.00

B3LYP | 0.0031 0.002 0.0028 0.00
PBEO 0.00 - - -
MO06 0.00 - - -
MO06-2X | 0.0001 - 0.00 -
MO06-HF 0.00 - - -
CAM-B3LYP 0.00 — — —

BS4
Coy Cs C2
b1 do a" b
BLYP | 58i 22i 23i 58i
MO6-L | 25/ - - -
PBE | 32i 20i 22i 34i
B3LYP | 13i 7i 7i 13i
PBEO - - - -
MO06 - - - -
M06-2X - 4
MO06-HF - - - -
CAM-B3LYP - - - -

Table D18: Imaginary frequencies (cm™) for 1Si TCNDQ
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Table D19: PES Energ

etics (kcal/mol) for 2Si TCNDQ BS1

Dan

C2h|CZv|D2|C2|C1

BLYP

MO6-L

PBE

B3LYP
PBEO

MO06

M06-2X
MO06-HF
CAM-B3LYP

2.82
2.22
1.70
1.82
0.87
1.83
0.41
0.00
0.35

0.32
0.43
0.34
0.17
0.17
0.07 0.00
0.10 0.06

0.17 0.16

0.23
0.34
0.26
0.10
0.12

2.76
1.64
1.81
0.87

0.39

0.00
0.00
0.00
0.00
0.00

0.00

0.14 0.00

Table D20: Imaginary frequencies (cm™) for 2Si TCNDQ BS1

Dan Con | Cyy D, C,
bzg | bgu | duy dy do b3 | bz b
BLYP | 101/ 103/ 18i 26i 25/ 103/ 102/ -
MO6-L | 90/ 93i - 14i 12i 90i 87i -
PBE | 77i 80i 15/ 22| 22i 83i 80i -
B3LYP | 84/ 86i 8i 19i 18i 86/ 84/ -
PBEO | 59i 62i 4 16/ 16i 62i 59/ -
MO6 | 95i 97i - - - - - -
MOB62X | 34 351 20i 24| 24| 31 297 -
CAM-B3LYP | 37i 39i — 38i 36i 38/ 36/ 36i
Table D21: PES Energetics (kcal/mol) for 2Si TCNDQ BS4
Don | Con | Coy | D, Co Cs
BLYP 2.44 0.39 0.32 2.28 0.00 -
MO6-L 1.87 0.30 0.24 1.83 0.00 -
PBE 1.60 0.41 0.35 142 0.00 -
B3LYP 1.65 0.21 0.16 1.64 0.00 -
PBEO 0.91 0.21 0.17 0.87 0.00 -
MO06 - - - - - -
MO06-2X 0.44 0.17 0.15 042 0.00 -
MO6-HF 0.00 - - - - -
CAM-B3LYP 0.21 0.07 0.05 - - 0.00
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Table D22: Imaginary frequencies (cm™) for 2Si TCNDQ BS4

Dan Can Coy D,

D2n | Can | Cov | D2 [ Daon| Can | Cov | D2 [ Do

BLYP 97i 99i 29i | 36/ - 36i - 101 99i
MO6L 85i 87i 17i | 24i — | 24i - 86i 84i

PBE 76i 79i 28i | 33i - 34i - 81i 79i
B3LYP 84i 86i 20i | 27i - | 28i - 86i 84i
PBEO 63i 65i 18i | 251 — | 25i - 67i 65
MO06-2X 30i 31i 18i | 251 — | 25i - 37i 36i

CAM-B3LYP 36i 37i — — 26i | — 27i —

Table D23: PES Energetics (kcal/mol) for 1Si TCNP BS1

inary frequencies (cm™) for 1Si TCNP BS1

Cov | Cs
BLYP 0.65 0.00
PBE 0.19 0.00
MO6-L 0.05 0.00
B3LYP 0.08 0.00
PBEO 0.00 -
MO06 0.02 0.00
MO06-2X 0.00 -
MO6-HF 0.00 -
CAM-B3LYP 0.00 —
Table D24: Ima
C2v
b4
BLYP 73i
PBE 45j
MO6-L 45j
B3LYP 34|
PBEO -
MO06 21i
MO06-2X -
MO6-HF -
CAM-B3LYP -
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Table D25: PES Energetics (kcal/mol) for 1Si TCNP BS4

C2v

Cs

BLYP

PBE

MO6-L
B3LYP

PBEO

MO06
MO06-2X
MO6-HF
CAM-B3LYP

0.41
0.12
0.12
0.03
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

Table D26: Imaginary frequencies (cm'1) for 1Si TCNP BS4

C2v

b4

BLYP

PBE

MO6-L
B3LYP
PBEO

MO06

M06-2X
MO06-HF
CAM-B3LYP

67i
41i
33i
27i

Table D27: PES Energetics (kcal/mol) for 2Si TCNP BS1

D2n | Can | Cay | Cs
BLYP | 3.29 0.00 0.04 -
PBE | 2.04 0.00 0.03 -
MO6-L | 2.58 0.00 0.07 -
B3LYP | 2.45 0.00 0.02 -
PBEO | 1.37 0.00 0.01 -
MO6 | 2.60 0.00 0.03 -
M06-2X | 1.23 0.13 0.14 0.00
MO06-HF | 0.00 - - -
CAM-B3LYP | 1.36 0.41 0.40 0.00
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Table D28: Imaginary frequencies (cm'1) for 2Si TCNP BS1

Dzh C2h C2v
b2q l3'3u bu b2
BLYP [ 115/ 115i - -
PBE | 92/ 92i - -
MO6-L | 105/ 106/ - -
B3LYP | 100/ 101/ - -
PBEO | 78i 79i - -
MO6 | 112/ 113i - -
M06-2X | 61i 62i 14i 23i
MO6-HF - - - -
CAM-B3LYP | 66/ 67i 44i 43
Table D29: PES Energetics (kcal/mol) for 2Si TCNP BS4
Dzh C2v | C2h CS
BLYP 2.78 0.02 0.00 -
PBE 1.81 0.02 0.00 -
MO6-L 2.31 0.01 0.00 -
B3LYP 2.20 0.01 0.00 -
PBEO 1.36 0.00 0.00 -
MO06 2.22 0.00 0.02 -
MO06-2X 0.99 0.00 0.00 -
MO6-HF 0.00 - - -
CAM-B3LYP 1.07 0.22 0.22 0.00
Table D30: Imaginary frequencies (cm™) for 2Si TCNP BS4
Da2n Con | Cov
b3u b2q bu b2
BLYP | 113/ 112i - -
PBE | 91/ 91i - -
MO6-L | 100/ 100i - -
B3LYP | 102/ 101/ - -
PBEO | 83i 82i - -
MO6 | 107i 107 - -
M06-2X | 61i 59i - -
MO6-HF - - - -
CAM-B3LYP | 68i 67i 34i 34i
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Table D31: PES Energetics (kcal/mol) for [1Si TCNDQ]™ BS1

sz|Cs|C:2|C1

BLYP

MO6-L

PBE

B3LYP
PBEO

MO06

M06-2X
MO06-HF
CAM-B3LYP

8.17
7.43
6.92
8.33
712
7.68
6.84
9.52
6.77

0.44
0.21
0.43
0.37
0.36
0.21
0.52
1.14
0.26

7.86
7.34
6.62
8.07
6.84
7.57
6.30
8.44
6.84

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Table D32: Imaginary frequencies (cm™) for [1Si TCNDQ]™ BS1

Cay Cs C2
b1 do a" b

BLYP | 212i 41 45| 212i
MO6-L | 202i 31i 28i 204
PBE | 193i 38i 43ij 194
B3LYP | 223i 38i 42| 223i
PBEO | 213/ 37i 40i 214i
MO6 | 185/ 31i 36i 186i
MO06-2X | 288i 53i 51i 293i
MO6-HF | 665i 69i 77i 738i
CAM-B3LYP | 237i 41 36i 237i

Table D33: PES Energetics (kcal/mol) for [1Si TCNDQ]™ BS4

Coy | Cs | Co C4
BLYP| 945 0.36 9.23 0.00
MO6-L | 869 0.29 8.54 0.00
PBE| 7.88 035 7.69 0.00
B3LYP| 9.61 0.31 943 0.00
PBEO| 8.13 0.31 7.94 0.00
MO6 | 9.38 0.17 - 0.00
M06-2X | 8.79 0.42 8.37 0.00
MO06-HF | 10.18 1.02 9.23 0.00
CAM-B3LYP | 867 034 846 0.00
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Table D34: Imaginary frequencies (cm™) for [1Si TCNDQ]” BS4

Coy Cs | C

b1 do a" b
BLYP | 214i 29i 36i 215i
MO6-L | 196/ 20/ 16/ 198i
PBE | 195/ 25/ 33i 197i
B3LYP | 223i 28i 34 223i
PBEO | 211i 26/ 32i 212i

MO6 | 186/ — 21i -
MO06-2X | 281i 50i 43i 201/
MO6-HF | 702i 70i 71i 744
CAM-B3LYP | 232/ 31i 37i 232i

Table D35: PES Energetics (kcal/mol) for [2Si TCNDQ]™ BS1

D2h|C2h|CZv|D2|C2|C1

BLYP | 20.35 0.67 0.65 20.08 0.00 -
MO6L | 19.32 0.63 0.63 19.11 0.00 -
PBE|17.54 0.70 0.68 17.29 0.00 -
B3LYP | 2217 065 0.65 2194 0.00 -
PBEO | 20.24 0.72 0.71 20.01 0.00 -
MO6 | 22.25 0.39 040 22.14 0.00 -
M062X | 26.93 3.37 3.36 26.60 249 0.00
MO6-HF | 41.40 13.76 13.77 41.27 12.94 0.00
CAM-B3LYP | 26.57 3.57 3.57 26.47 3.06 0.00
Table D36: Imaginary frequencies (cm™) for [2Si TCNDQ]” BS'1
Dan Can Cav D2 C2
bag | baw @ | @ | bu | @ | b | bs | b | b
BLYP | 220i 220i 32i| 47i - 47i - | 221i 221i| -
MO6L | 210/ 210/ 28i| 40i - 40i - | 213i 213i| -
PBE | 201/ 201/ 27i| 44i - 43j - |1 203i 203i| -
B3LYP | 229/ 229i 30i| 48i - 47i - | 231i 231i| -
PBEO | 217/ 217i 28i| 47i - 47i — | 220i 220i| -
MO6 | 212i 211i 13i| 35i - 35i - | 212i 212i| -
MO062X | 262/ 262i 48i| 62i 62i | 60i 56i | 263i 263i | 74i
MO6-HF | 369/ 369i 53i| 72i 453i| 71i 452i| 371i 371i| 582i
CAM-B3LYP | 240i 240i 23i| 43i 441i| 43i 430i | 240i 240i | 468i
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Table D37: PES Energetics (kcal/mol) for [2Si TCNDQ] BS4

Dan | Can Cav D2 Ca | Cs | C1

BLYP | 18.32 0.77 0.77 17.95 0.00 - -

MO6-L | 1764 055 055 17.49 0.00 - -

PBE| 1596 0.77 0.77 17.49 0.00 - -
B3LYP | 2044 0.74 0.75 20.12 0.00 - -

PBEO | 18.84 0.76 0.76 1854 0.00 - -
M06-2X | 25.91 428 428 2555 3.34 140 0.00
MO06-HF | 38.76 14.01 14.05 38.59 13.12 2.14 0.00

CAM-B3LYP [ 25.25 403 405 2509 344 1.06 0.00
Table D38: Imaginary frequencies (cm™) for [2Si TCNDQJ]” BS4
Da2n Con | Coy Do Ca
b2q | b3u | dy duy do b2 b3 b
BLYP | 217i 217i 44i 57i 57i 218/ 218/ -
MO6-L | 221i 221i 35i 47i 55/ 224 224 -
PBE| 199/ 199/ 41/ 55/ 55/ 201i 201i -

B3LYP | 229/ 229/ 41i 56i 56i 231i 231i -

PBEO | 218/ 218i 38/ 55i 55/ 220i 220i -
MO06-2X | 258i 258/ 46i 61i 60/ 262i 262i 113i
MO6-HF | 309/ 309/ 46/ 68 68/ 318 318/ 27i

CAM-B3LYP | 241 241i 40/ 50i 50i 242i 241i 593i

Table D39: PES Energetics (kcal/mol) for [1Si TCNP]” BS1

Ca | Co | C

BLYP | 9.26 0.00 -

PBE | 7.67 0.00 -
MO6-L | 8.54 0.00 -
B3LYP | 9.17 0.00 -
PBEQ | 7.45 0.00 -

MO6 | 8.86 0.00 -
MO06-2X | 7.25 0.00 -
MO6-HF | 9.20 0.02 0.00
CAM-B3LYP | 8.05 0.00 -
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Table D40: Imaginary frequencies (cm'1) for [1Si TCNP] BS1

inary frequencies (cm™) for [1Si TCNP]” BS4

Cay Cs
b4 a"
BLYP 216i -
PBE 198i -
MO6-L 194 -
B3LYP 223i -
PBEO 211i -
MO06 181i -
MO06-2X 285i 4
MO6-HF 741 -
CAM-B3LYP 231i —
Table D41: PES Energetics (kcal/mol) for [1Si TCNP]” BS4
C2v Cs
BLYP 7.85 0.00
PBE 6.57 0.00
MO6-L 7.31 0.00
B3LYP 7.73 0.00
PBEO 6.34 0.00
MO06 6.96 0.00
MO06-2X 6.04 0.00
MO6-HF 8.37 0.00
CAM-B3LYP 5.99 0.00
Table D42: Ima
C2v
b4
BLYP 214
PBE 196
MO6-L 198i
B3LYP 224
PBEO 214
MO06 179i
MO06-2X 293i
MO6-HF 700i
CAM-B3LYP 238i
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Table D43: PES Energetics (kcal/mol) for [2Si TCNP] BS1

Dan Caon Cov Cs
BLYP 20.86 0.00 0.10 -
PBE 18.01 0.00 0.089 -
MO06-L 19.83 0.00 0.12 -
B3LYP 22.62 0.00 0.09 -
PBEO 20.64 0.00 0.08 -
MO06-2X 28.55 3.82 3.94 0.00
MO06-HF 0.00 - - -
CAM-B3LYP 28.61 4.48 4.55 0.00
Table D44: Imaginary frequencies (cm'1) [2Si TCNP] BS1
Dan Can Cay
bag | bay by by
BLYP 226i 226i - -
PBE 207i 207i - -
MO06-L 214i 214i - -
B3LYP 235i 235i - -
PBEO 223i 223i - -
MO06-2X 267i 267i 171i 167i
MO06-HF - - - -
CAM-B3LYP 245j 245j 851i 839i
Table D45: PES Energetics (kcal/mol) for [2Si TCNP] BS4
Dzh C2h | C2v Cs
BLYP 18.71 0.00 0.07 -
PBE 16.34 0.00 0.07 -
MO06-L 18.28 0.00 0.09 -
B3LYP 20.80 0.00 0.06 -
PBEO 19.22 0.000 0.06 -
MO6 20.94 0.013 0.014 0.00
MO06-2X 27.43 4.65 4.71 0.00
MO06-HF 25.86 0.00 0.01 -
CAM-B3LYP 27.15 4.74 4.80 0.00
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Table D46: Imaginary frequencies (cm'1) for [2Si TCNP] BS4

Dzh C2h C2v
b | bay b b,
BLYP 224 224 - -
PBE 206i 205i - -
MO06-L 225i 225ij - -
B3LYP 235i 235i - -
PBEO 224 224 - -
MO6 218i 217i 151i 155i
MO06-2X 263i 263i 221i 214
MO6-HF 315i 315i - -
CAM-B3LYP 246j 246 1233i 1206i
Table D47: <S% values for [1Si TCNDQ]” BS2
Cx | C | G C1
BLYP 0.75 0.76 0.75 0.76
MO06-L 0.77 0.76 0.76 0.76
PBE 0.78 0.76 0.76 0.76
B3LYP 0.77 0.77 0.77 0.77
PBEO 0.77 0.78 0.78 0.77
MO6 0.76 0.77 0.77 0.77
MO06-2X 0.78 0.79 0.78 0.78
MO6-HF 0.76 0.77 0.77 0.76
CAM-B3LYP 0.79 0.81 0.79 0.80
Table D48: <S> values for [1Si TCNDQJ” BS4
Cay Cs Ca Cq
BLYP 0.75 0.76 0.75 0.76
MO06-L 0.76 0.76 0.76 0.76
PBE 0.76 0.76 0.76 0.76
B3LYP 0.77 0.77 0.77 0.77
PBEO 0.78 0.78 0.77 0.78
MO6 0.77 0.77 0.77 0.77
MO06-2X 0.78 0.78 0.77 0.78
MO6-HF 0.77 0.76 0.77 0.76
CAM-B3LYP 0.79 0.80 0.78 0.79
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Table D49: <S> values for [2Si TCNDQJ” BS2

D2h|C2h|CZv| D2 |C2|C1

BLYP

MO6-L

PBE

B3LYP
PBEO

MO06

M06-2X
MO06-HF
CAM-B3LYP

0.76
0.77
0.76
0.79
0.81
0.79
0.84
0.95
0.89

0.76
0.76
0.76
0.77
0.78
0.76
0.79
0.83
0.81

0.76
0.83
0.79
0.77
0.76
0.76
0.78
0.76
0.81

0.76
0.77
0.76
0.78
0.80
0.79
0.83
0.93
0.89

0.76 -
0.76 -
0.76 -
0.77 -
0.78 -
0.76 -
0.78 0.76
0.82 0.76
0.80 0.77

Table D50: <S> values for [2Si TCNDQ]” BS4

D2h|C2h|C2v|D2|C2|C1

BLYP

MO6-L

PBE

B3LYP
PBEO

MO06

M06-2X
MO06-HF
CAM-B3LYP

0.76 0.76
0.77 0.77
0.76 0.76
0.79 0.77
0.81 0.79
0.80 0.77
0.85 0.80
0.97 0.85
0.91 0.82

0.77
0.76
0.76
0.77
0.79
0.77
0.80
0.85
0.82

0.76
0.77
0.76
0.79
0.81
0.80
0.84
0.95
0.90

0.76 -
0.76 -
0.76 -
0.77 -
0.78 -
0.77 -
0.79 0.77
0.77 0.78
0.81 0.77

Table D51: <S%> values for [1Si TCNP]” BS2

C2v Cs
BLYP 0.75 0.76
MO6-L 0.76 0.76
PBE 0.76 0.76
B3LYP 0.77 0.77
PBEO 0.77 0.78
MO6 0.77 0.77
M06-2X 0.77 0.78
MO6-HF 0.77 0.76
CAM-B3LYP 0.78 0.82
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Table D52: <S> values for [1Si TCNP] BS4

C2V | Cs
BLYP | 0.75 0.76
MO6-L | 0.76 0.76
PBE| 0.76 0.76
B3LYP | 0.76 0.77
PBEO| 0.77 0.78
MO6 | 0.77 0.77
MO6-2X | 0.77 0.76
MO6-HF | 0.77 0.76
CAM-B3LYP | 0.78 0.77
Table D53: <S> values for [2Si TCNP] BS2
D2n Caon | Coy
BLYP 0.76 0.76 0.76
MO6-L 0.76 0.76 0.76
PBE 0.76 0.76 0.76
B3LYP 0.78 0.77 0.77
PBEO 0.79 0.77 0.77
MO6 0.78 0.76 0.76
MO06-2X 0.81 0.78 0.78
MO6-HF 0.89 0.82 0.82
CAM-B3LYP 0.85 0.80 0.80
Table D54: <S> values for [2Si TCNP] BS4
D2n Con | Ca
BLYP 0.76 0.76 0.76
MO6-L 0.77 0.76 0.76
PBE 0.76 0.76 0.76
B3LYP 0.78 0.77 0.77
PBEO 0.79 0.78 0.78
MO6 0.79 0.77 0.77
MO06-2X 0.82 0.79 0.79
MO6-HF 0.91 0.83 0.83
CAM-B3LYP 0.86 0.81 0.81
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Table D55: <S?A> values for [1Si TCNDQ]” BS2

Table D60: <S?A> values for [1Si TCNP]” BS4

Cay | Cs
MO06-2X 0.750 0.750
MO6-HF 0.750 0.750
CAM-B3LYP 0.751 0.750

Co | Cs | Co Cs
M06-2X 0.750 0.751 0.750 0.751
MO6-HF 0.750 0.750 0.750 0.750
CAM-B3LYP 0.751 0.752 0.751 —
Table D56: <S2A> values for [1Si TCNDQ]” BS4
Co | Cs Cz Cs
MO06-2X | 0.750 0.750 0.750 0.750
MO6-HF | 0.750 0.750 0.750 0.750
CAM-B3LYP | 0.750 0.751 0.751 0.751
Table D57: <S?A> values for [2Si TCNDQ]” BS2
D |  Com | Ca D, Cz Cs
M06-2X 0.750 0.750 0.750 0.751 0.750 0.750
MO6-HF 0.758 0.752 0.752 0.757 0.751 0.750
CAM-B3LYP 0.756 0.751 0.751 0.755 0.751 0.750
Table D58: <S?A> values for [2Si TCNDQ]” BS4
Don | Con | Coy D, Co C1
M06-2X 0.752 0.750 0.750 0.752 0.750 0.750
MO6-HF 0.761 0.752 0.752 0.759 0.750 0.752
CAM-B3LYP 0.756 0.751 0.751 0.756 0.751 0.750
Table D59: <S?A> values for [1Si TCNP]” BS2
Coy | Cs
MO06-2X [ 0.750 0.751
MO6-HF | 0.750 0.750
CAM-B3LYP | 0.751 0.755
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Table D61: <S?A> values for [2Si TCNP] BS2

D2 | Con | Cav
M06-2X 0.751 0.750 0.750
MO6-HF 0.754 0.751 0.751
CAM-B3LYP 0.753 0.750 0.750

Table D62: <S?A> values for [2Si TCNP]” BS4

Dan | Caon | Cov
MO06-2X 0.751 0.750 0.750
MO6-HF 0.756 0.751 0.751
CAM-B3LYP 0.753 0.751 0.751
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Table D63: Bond lengths (A) for 1Si TCNDQ PES BS2

Coy R4 R2 | R3 R4 | Rs | Re | Rz | Rs | Rg | R1o | R11 | Ri2 | Ri13
B3LYP | 1433 1.436 1.372 1432 1779 1816 1.168 1436 1.369 1.436 1.407 1.424 1.167

BLYP | 1454 1.441 1.386 1.437 1.804 1.822 1.181 1441 1.383 1.441 1428 1.429 1.181
CAM-B3LYP | 1408 1.442 1.358 1.437 1.749 1.817 1.160 1.441 1.356 1.440 1.387 1.427 1.160
MO6 | 1.423 1431 1365 1428 1.765 1.816 1.167 1.431 1.362 1432 1.399 1.421 1.167
M06-2X | 1.411 1.442 1361 1436 1.751 1.821 1.161 1441 1.359 1441 1.387 1.429 1.160
MO6-HF | 1.389 1.457 1.352 1.449 1.728 1.827 1.149 1456 1.350 1.454 1.370 1.440 1.148
MO6-L | 1.436 1.427 1.371 1425 1.782 1.808 1.174 1.427 1.369 1427 1411 1415 1173
PBEO | 1427 1.431 1.367 1.428 1.772 1.814 1.166 1431 1.364 1431 1.401 1.420 1.166

PBE| 1449 1434 1382 1431 1799 1818 1.181 1435 1.379 1435 1.423 1422 1.181

Cs R4 | R2 | R3 | R4 | Rs | Re | Rz | Rs | Rg | R1o | R11 | Ri2 | Ri13
B3LYP | 1434 1435 1.372 1431 1785 1.821 1.168 1436 1.369 1.436 1.407 1.424 1.167

BLYP | 1457 1.439 1.388 1.435 1.827 1.841 1.181 1441 1.383 1.440 1.428 1.428 1.181
MO6 | 1.423 1431 1365 1428 1.765 1.816 1.167 1.431 1.362 1432 1.399 1.421 1.167
MO6-L | 1.438 1.426 1.372 1.423 1.795 1.819 1.173 1.427 1.369 1427 1411 1415 1173

PBE| 1450 1434 1.383 1430 1810 1.827 1.181 1435 1.379 1434 1.423 1422 1.181

Co R4 | R2 | R3 | R4 | Rs | Re | Rz | Rs | Ro | R1o | R11 | Ri2 | Ri13
BLYP | 1454 1.441 1.386 1.437 1.804 1.822 1.181 1441 1.383 1.441 1428 1.429 1.181
M06-2X | 1.411 1.441 1362 1436 1.751 1.821 1.161 1441 1.359 1441 1.387 1.429 1.160
MO6-HF | 1.389 1.457 1.352 1.449 1.728 1.827 1.149 1456 1.350 1.454 1.370 1.440 1.148
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Table D64: Bond lengths (A) for 1Si TCNDQ PES BS4.

Coy R4 | Rz | Ra | R4 | Rs | Re | Rz | Rs | Rg | Rio | R11 | Ri2 | Ri13
B3LYP | 1.426 1.429 1.363 1426 1.764 1800 1.156 1429 1360 1430 1.399 1.417 1.156
BLYP | 1.447 1433 1377 1431 1.788 1.805 1.169 1434 1.374 1.434 1.420 1.421 1.169
CAM-B3LYP | 1400 1436 1.349 1.431 1.734 1.801 1.148 1.434 1.347 1.434 1.379 1.420 1.148
MO6 | 1.415 1.425 1356 1.421 1.749 1.800 1.154 1.425 1.353 1.425 1.390 1.415 1.153
MO06-2X | 1.404 1437 1.354 1432 1.738 1.807 1.150 1.437 1.351 1436 1.380 1.424 1.150
MO6-HF | 1.382 1.452 1.345 1.444 1.715 1.814 1139 1450 1.342 1.449 1.363 1.433 1.139
MO6-L | 1.430 1.420 1.363 1.419 1.767 1.792 1.162 1.421 1.360 1.421 1.404 1.409 1.160
PBEO | 1.420 1.425 1360 1.422 1.758 1.799 1.155 1426 1.357 1.426 1.394 1.414 1.155
PBE | 1.443 1.428 1.375 1425 1784 1802 1170 1429 1372 1428 1416 1.416 1.170

Cs R1 | R2 | Rs | R4 | Rs | Re | Rz | Rs | Ro | R1o | Ri1 | R12 | Ri3
B3LYP | 1.426 1.429 1.363 1426 1.764 1.801 1.156 1429 1360 1430 1.399 1.417 1.156
BLYP | 1.449 1432 1379 1428 1804 1818 1.169 1.434 1.374 1.434 1.420 1.421 1.169
MO6L | 1.431 1.420 1.364 1.418 1.774 1.798 1.161 1421 1.360 1.421 1.404 1.409 1.160
PBEO | 1.444 1428 1375 1.424 1.791 1808 1.170 1428 1.372 1.428 1.416 1.416 1.170

C2 R1 | R2 | Rs | R4 | Rs | Re | Rz | Rs | Ro | R1o | Ri1 | R12 | Ri3
B3LYP | 1.426 1.429 1.363 1426 1.764 1800 1.156 1429 1360 1430 1.399 1.417 1.156
BLYP | 1.447 1433 1378 1.431 1.789 1805 1.169 1433 1.374 1.434 1.420 1.421 1.169
MO06-2X | 1.404 1437 1.354 1432 1.738 1.807 1.150 1.437 1.351 1436 1.380 1.424 1.150
PBE | 1.442 1.427 1.375 1425 1784 1802 1170 1428 1372 1428 1416 1.416 1.170
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Table D65: Bond lengths (A) for 2Si TCNDQ PES BS2.

Dan R4 | R2 | Ra R4 | Rs | Re Rz
B3LYP | 1.444 1430 1.375 1429 1.788 1.815 1.168
BLYP | 1.463 1.437 1.388 1435 1.811 1.821 1.182
CAM-B3LYP | 1418 1.435 1.361 1433 1.758 1.816 1.161
MO6 | 1.434 1.426 1.369 1424 1.775 1.815 1.168
MO06-2X | 1.424 1.434 1.365 1432 1.762 1.820 1.161
MO6-HF | 1.397 1.451 1.355 1.447 1.735 1.828 1.150
MO6-L | 1.445 1.423 1.374 1422 1.789 1.807 1.174
PBEO | 1.437 1.426 1.371 1424 1.781 1.812 1.167
PBE | 1.457 1431 1.385 1429 1805 1.817 1.182

Can R4 | R2 | Ra | R4 | Rs | Re Rz
B3LYP | 1.452 1.427 1378 1425 1815 1.835 1.168
BLYP | 1.470 1.434 1.391 1431 1.841 1846 1.181
CAM-B3LYP | 1.423 1.432 1.364 1.430 1.772 1.824 1.160
MO6 | 1.442 1.422 1.372 1419 1.804 1.836 1.167
M06-2X | 1.431 1.431 1.368 1428 1.778 1.829 1.161
MO6-HF | 1.397 1.451 1.355 1.447 1.735 1.828 1.150
MO6-L | 1.451 1420 1376 1418 1.815 1.828 1.173
PBEO | 1.443 1.423 1.373 1421 1.800 1.825 1.166
PBE | 1.462 1.429 1387 1426 1828 1.835 1.181

Cav Ri | R | Re | Re | Rs | Re | Ry
B3LYP | 1.452 1427 1.378 1.424 1815 1.835 1.168
BLYP | 1470 1434 1.391 1431 1.842 1.846 1.181
CAM-B3LYP | 1.424 1.432 1.364 1430 1.773 1.824 1.160
MO6 | 1.442 1.422 1.372 1419 1.805 1.836 1.167
M06-2X | 1.431 1431 1.368 1428 1.779 1.829 1.161
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Coy con’t

MO6-HF | 1.397 1.451 1.355 1.447 1.735 1.828 1.150
MO6-L | 1.450 1.420 1.376 1.418 1.815 1.828 1.173
PBEO | 1.444 1423 1373 1421 1801 1.826 1.166
PBE | 1462 1429 1.387 1.426 1.829 1.836 1.181

D, R | R | Rs | Re | Rs | Rs | Ry
B3LYP | 1.444 1430 1.375 1429 1.788 1.815 1.168
BLYP | 1.462 1436 1.389 1435 1.812 1.821 1.182

CAM-B3LYP | 1.418 1.435 1.362 1.433 1.758 1.816 1.161
MO6 | 1.434 1.426 1.369 1.424 1.775 1.815 1.168
M06-2X | 1.424 1.434 1.366 1.432 1.762 1.820 1.161
MO6-HF | 1.397 1.451 1.355 1.447 1.735 1.828 1.150
MO6-L | 1.444 1.422 1374 1.422 1.790 1.808 1.174
PBEO | 1.437 1426 1371 1424 1781 1812 1.167
PBE | 1456 1.430 1.385 1.429 1.806 1.817 1.182

C, R« | R | Re | Re | Re | Re | Ry
B3LYP | 1452 1.426 1.379 1424 1.817 1.835 1.168
BLYP | 1.468 1432 1.392 1.431 1.844 1.847 1.181

CAM-B3LYP | 1.424 1.432 1.364 1.430 1.773 1.824 1.160
MO6 | 1.442 1.421 1373 1.419 1.807 1.836 1.167
M06-2X | 1.431 1.430 1.368 1.428 1.779 1.829 1.161
MO6-HF | 1.397 1.451 1.355 1.447 1.735 1.828 1.150
MO6-L | 1.449 1.419 1377 1.419 1.817 1.828 1.173
PBEO | 1.443 1422 1374 1421 1.803 1.826 1.166
PBE | 1.461 1.427 1.388 1.426 1.831 1.836 1.181
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Table D66: Bond lengths (A) for 2Si TCNDQ PES BS4.

Dan R4 | R2 R3 | R4 | Rs | Re | Rz
B3LYP | 1438 1.423 1.367 1.422 1.773 1.799 1.157
BLYP | 1.456 1.429 1.380 1.428 1.795 1.804 1.170
CAM-B3LYP | 1.410 1.429 1.353 1.427 1.744 1.801 1.149
MO6 | 1.427 1.419 1.360 1.418 1.759 1.799 1.155
M06-2X | 1.417 1.430 1.358 1.427 1.748 1.807 1.151
MO6-HF | 1.389 1.446 1.348 1.442 1.723 1.815 1.140
MO6-L | 1.439 1416 1.366 1416 1.775 1.791 1.162
PBEO | 1.431 1420 1.363 1.419 1.767 1.798 1.156
PBE | 1.451 1.424 1377 1423 1.791 1.801 1.171

Can R4 | R2 | R3 | R4 | Rs | Re | Rz
B3LYP | 1445 1.420 1.369 1418 1.796 1.816 1.156
BLYP | 1.463 1.427 1.383 1.424 1821 1.825 1.169
CAM-B3LYP | 1.414 1.427 1.355 1.425 1.755 1.806 1.149
MO6 | 1.435 1415 1.363 1413 1.785 1.815 1.154
M06-2X | 1.423 1.427 1.360 1.424 1.762 1814 1.151
PBEO | 1.437 1.417 1.366 1.415 1.784 1.809 1.155
PBE | 1456 1.422 1.379 1420 1.810 1.817 1.170

Cav Rt | RR. | Re | Re | Rs | Rs | Ry
B3LYP | 1.445 1.420 1.370 1.418 1.797 1.816 1.156
BLYP | 1.463 1.427 1.383 1.424 1822 1826 1.169
CAM-B3LYP | 1.415 1.427 1.355 1.425 1.755 1.807 1.149
MO6 | 1.435 1415 1.363 1413 1.785 1816 1.154
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Co, Con't

M06-2X | 1.423 1427 1.360 1424 1.763 1.814 1.151

MO6-L | 1.445 1414 1.368 1.412 1.798 1.809 1.161

PBEO | 1.437 1.417 1.366 1.415 1.784 1.809 1.155

PBE [ 1.456 1.422 1.379 1420 1.810 1.817 1.170

D, Ri | R | Rs | Re | Rs | Rs | Ry
B3LYP | 1.438 1.423 1.367 1.422 1773 1.799 1.157

BLYP | 1.456 1.428 1.381 1.428 1.797 1.804 1.170

MO6 | 1.427 1.419 1.360 1.418 1.760 1.799 1.155

M06-2X | 1.417 1.429 1.358 1.427 1.749 1.807 1.151

MO6-L | 1.438 1.416 1.366 1.416 1.775 1.791 1.162

PBEO | 1.431 1419 1.364 1.419 1.768 1.797 1.156

PBE | 1.450 1.423 1.378 1.423 1.792 1.801 1.171

Cz Rt | RR. | Re | Re | Rs | Rs | Ry
B3LYP | 1.445 1.418 1.370 1.418 1.798 1.816 1.156
BLYP | 1.462 1.425 1.383 1.424 1.823 1.826 1.169

MO6 | 1.434 1.415 1.363 1.413 1.785 1.816 1.154

M06-2X | 1.423 1426 1.361 1424 1.764 1.814 1.151

MO6-L | 1.443 1.413 1.368 1.413 1.798 1.809 1.161

PBEO | 1.437 1.416 1.366 1.415 1.786 1.810 1.156

PBE [ 1.455 1420 1.380 1420 1.812 1.817 1.170
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Table D67: Bond leng

ths (A) for 1Si TCNP PES BS2.

Coy R4 Rz Ra | R4 | Rs | Re | Rz | Rs | Rg | R1o | R11 | Ri2 | Ri13 | Ris | Ri1s | Ris
B3LYP | 1.358 1.400 1.446 1.168 1.447 1431 1.417 1.422 1.168

BLYP | 1.372 1.415 1.452 1.182 1.452 1436 1.437 1.426 1.182
CAM-B3LYP | 1.347 1.384 1.449 1.160 1.450 1434 1.396 1.424 1.160
MO6 | 1.353 1.393 1.441 1.167 1.442 1.427 1.408 1.419 1.167

M06-2X | 1.350 1.387 1.450 1.161 1.451 1435 1.396 1.426 1.161
MO06-HF | 1.343 1.373 1.461 1.149 1.463 1.448 1.378 1.437 1.149
MO6-L | 1.359 1.401 1.438 1.174 1.438 1422 1.420 1.413 1.174

PBEO | 1.355 1.395 1.442 1.166 1.442 1426 1.410 1.417 1.166

PBE | 1.369 1.411 1.445 1.182 1.446 1430 1.432 1.420 1.182

Cs R4 | Rz | Ra | R4 | Rs | Re | Rz | Rs | Rg | R1o | R11 | Ri2 | Ri13 | Ris | Ri1s | Ris
B3LYP | 1.358 1.401 1.446 1.168 1.447 1431 1.417 1.422 1.168

BLYP | 1.372 1.416 1.451 1.181 1.452 1436 1.437 1.426 1.182

MO6 | 1.353 1.393 1.441 1.167 1.442 1.427 1.408 1.419 1.167

PBE | 1.369 1.411 1.445 1.181 1.446 1430 1.432 1.420 1.182

Table D68: Bond lengths (A) for 1Si TCNP PES BS4.

Coy R1 R2 Ra | R4 | Rs | Re | | Rs | Rg | R1o | R11 | Ri12 | Ri13 | Ris | Ri1s | Ri1s
B3LYP [ 1.350 1.392 1.440 1.156 1.441 1424 1.409 1415 1.156
BLYP | 1.363 1.407 1.445 1.170 1.446 1429 1430 1418 1.170
CAM-B3LYP | 1.339 1.376 1.443 1.148 1.444 1428 1.389 1.418 1.149
MO6 | 1.344 1.384 1.435 1.154 1.436 1420 1.399 1412 1.154
M06-2X | 1.342 1.380 1.445 1.150 1.447 1431 1.390 1421 1.150
MO6-HF | 1.336 1.366 1.456 1.139 1.458 1443 1.371 1430 1.139
MO6-L | 1.350 1.393 1.432 1.162 1.433 1416 1.414 1.406 1.161
PBEO | 1.347 1.388 1.436 1.155 1.437 1421 1.403 1412 1.156
PBE | 1.361 1.403 1.439 1.171 1.440 1424 1.425 1414 1171
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Cs

R1|R2|R3|R4|R5|R6|RT|R8|R9|R1O|R11|R12|R13|R14|R15|R16

B3LYP [ 1.350 1.392 1.440
BLYP | 1.363 1.408 1.445
MO6-L | 1.350 1.394 1.432
PBE | 1.361 1.404 1.439

1439 1.378
1.446 1.394
1.432 1.380
1.440 1.391

1.420
1.424
1.412
1.419

1.778
1.814
1.786
1.801

1.803
1.820
1.800
1.809

1.156
1.169
1.161
1.170

1.350
1.363
1.350
1.361

1.438
1.446
1.433
1.440

1.375
1.390
1.376
1.387

1.424
1.429
1.416
1.424

1409 1415 1.156
1429 1419 1.169
1413 1.407 1.161
1.425 1414 1.171

Table D69: Bond lengths (A) for 2Si TCNP PES BS2.

Dan R4 Rz Ra R4 | Rs | Rs | Rz | Rs | Rg
B3LYP | 1.359 1.406 1.445 1.442 1.389 1424 1.798 1.813 1.169
BLYP | 1.373 1419 1451 1451 1404 1430 1.821 1.820 1.182
CAM-B3LYP | 1.349 1.391 1.448 1.441 1375 1427 1770 1814 1.161
MO6 | 1.354 1.399 1440 1436 1.383 1419 1.785 1.814 1.168
M06-2X | 1.351 1.395 1.448 1441 1.378 1426 1.773 1.818 1.162
MO6-HF | 1.344 1.380 1.460 1450 1.366 1439 1.746 1.826 1.150
MO6-L | 1.359 1405 1437 1436 1.389 1417 1.798 1.806 1.175
PBEO| 1.356 1401 1.440 1436 1.385 1419 1.791 1811 1.167
PBE| 1.370 1415 1444 1445 1400 1424 1815 1.816 1.182

Can R4 Rz | Ra | R4 | Rs | Rs | Rz | Rs | Rg
B3LYP | 1.360 1.409 1444 1.440 1.392 1420 1.826 1.836 1.168
BLYP | 1.374 1422 1.450 1.449 1407 1427 1.851 1.848 1.181
CAM-B3LYP | 1.349 1.395 1.447 1439 1378 1422 1.793 1.828 1.161
MO6 | 1.355 1403 1439 1434 1.386 1.415 1.815 1.837 1.167
MO06-2X | 1.352 1.399 1.447 1439 1.381 1421 1.796 1.832 1.161
MO6-HF | 1.344 1.380 1.460 1450 1.366 1439 1.746 1.826 1.150
MO6-L | 1.360 1408 1.436 1.435 1.392 1414 1.825 1.830 1.173
PBEO| 1.356 1404 1.440 1435 1.387 1416 1.813 1.828 1.166
PBE | 1.370 1.417 1444 1443 1402 1421 1.839 1.837 1.181
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Cav Ri Rz | Rs | Re | Rs | Rs | Rr | Rs | Re
B3LYP | 1.360 1.409 1.444 1440 1392 1420 1.826 1.836 1.168
BLYP | 1.373 1422 1.450 1.449 1.406 1.427 1.851 1.848 1.181
CAM-B3LYP | 1.349 1.395 1.447 1.439 1.378 1.422 1.793 1.828 1.161
MO6 | 1355 1403 1439 1434 1.386 1.415 1.815 1.837 1.167
M06-2X | 1.352 1.399 1.447 1439 1.381 1421 1.796 1.832 1.161
MO6-HF | 1.344 1.380 1.460 1.450 1.366 1.439 1.746 1.826 1.150
MO6-L | 1.360 1.407 1.436 1.435 1.392 1414 1.824 1829 1.173
PBEO | 1.356 1.404 1.440 1.435 1.387 1.416 1.813 1.828 1.166
PBE | 1.370 1.417 1.444 1.443 1.402 1422 1.839 1.837 1.181
Table D70: Bond lengths (A) for 2Si TCNP PES BS4.
D2n R4 | R2 | R3 | R4 | Rs | Re | Rz | Rs | Ro
B3LYP | 1.351 1.399 1.439 1435 1.382 1.417 1.784 1.798 1.157
BLYP | 1.364 1.412 1.444 1443 1396 1423 1805 1.803 1.171
CAM-B3LYP | 1.340 1.383 1.442 1435 1.366 1.421 1.756 1.799 1.150
MO6 | 1.345 1.391 1434 1429 1374 1413 1.770 1.797 1.155
M06-2X | 1.344 1.388 1.444 1436 1.371 1.421 1.760 1.805 1.151
MO6-HF | 1.337 1.372 1.455 1445 1359 1434 1734 1.813 1.140
MO6-L | 1.351 1.399 1431 1430 1382 1411 1.784 1.790 1.163
PBEO | 1.348 1.394 1435 1430 1.378 1413 1.777 1.796 1.156
PBE| 1.362 1.408 1439 1438 1393 1.418 1.800 1.800 1.171
Can R4 R2 | Ra | R4 | Rs | Rs | Rz | Rs | Ro
B3LYP | 1.352 1.401 1.438 1433 1.384 1.413 1.808 1.817 1.156
BLYP [ 1.365 1.414 1.443 1.442 1398 1.420 1.831 1.827 1.169
CAM-B3LYP | 1.341 1.387 1.441 1432 1.369 1416 1.775 1.811 1.149
MO6 | 1.345 1.395 1433 1.427 1377 1408 1.796 1.817 1.154
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Copn con't

MO06-2X | 1.344 1.392 1.443 1434 1374 1417 1779 1.817 1.151
MO6-L | 1.351 1.401 1.430 1429 1384 1408 1.807 1.810 1.161
PBEO| 1.349 1.397 1434 1429 1380 1410 1796 1.811 1.156
PBE | 1.363 1410 1.438 1.437 1395 1415 1.820 1.819 1.170

Ca R R. | R | Re | Re | Re | R | Rs | Ry
B3LYP | 1.351 1401 1438 1433 1384 1413 1808 1.817 1.156
BLYP | 1.365 1.414 1.444 1442 1398 1.420 1831 1.827 1.169
CAM-B3LYP | 1.340 1.387 1.441 1432 1369 1416 1.775 1.811 1.149
MO6 | 1.345 1.394 1.433 1427 1377 1408 1.796 1.817 1.155
M06-2X | 1.344 1.392 1.443 1434 1374 1417 1.780 1.817 1.151
MO6-L | 1.351 1.401 1.431 1429 1384 1408 1.807 1.810 1.161
PBEO| 1.348 1.397 1434 1429 1380 1410 1796 1.811 1.156
PBE | 1.362 1410 1.438 1.437 1395 1415 1.820 1.818 1.170

Table D71: Bond lengths (A) for [1Si TCNDQ]” BS2.

Coy R1 | Rz Ra R4 | Rs | Rs | Rz | Rs | Rg | Rio | R11 | Ri2 | Ri3
B3LYP | 1.462 1.423 1.384 1.419 1817 1.816 1171 1.422 1.381 1425 1.433 1418 1.172
BLYP | 1.473 1.433 1.394 1429 1.834 1.824 1.185 1.432 1.392 1.434 1.447 1.424 1.185
CAM-B3LYP | 1.458 1.417 1.379 1412 1.807 1.814 1.163 1.415 1.375 1.421 1425 1.416 1.165
MO06 | 1.453 1.417 1.378 1.413 1.806 1.816 1.171 1416 1.375 1.420 1426 1.414 1171
M06-2X | 1.458 1.419 1.381 1.413 1.805 1.819 1.164 1.417 1.377 1.423 1.423 1.418 1.166
MO6-HF | 1.471 1.414 1.384 1.408 1.810 1.823 1.152 1.412 1.379 1.422 1422 1.423 1.155
MO6-L | 1.456 1.418 1.381 1.415 1.813 1.809 1.177 1418 1.378 1.419 1432 1411 1177
PBEO | 1.455 1.418 1.380 1414 1.812 1.814 1.169 1417 1.377 1.420 1.427 1.413 1.170
PBE | 1.466 1.427 1.391 1.424 1827 1.819 1.185 1.427 1.388 1428 1.441 1.418 1.185
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Table D71

Con't

Cs R1 | Rz | Ra | R4 | Rs | Rs | Rz | Rs | Rg | Rio | R11 | Ri2 | Ri3
B3LYP | 1.466 1.420 1.387 1.416 1.883 1.887 1.168 1.422 1.381 1.424 1.434 1.419 1.171
BLYP | 1.478 1.430 1.398 1425 1900 1.895 1.181 1.431 1.392 1.432 1.449 1.424 1.184
CAM-B3LYP | 1.461 1.413 1.382 1409 1911 1908 1.162 1.419 1.373 1.420 1.420 1.420 1.162
MO6 | 1.458 1.414 1.381 1410 1.884 1.895 1.168 1.417 1.375 1.419 1425 1.415 1.170
M06-2X | 1.458 1.417 1.382 1.412 1.879 1.896 1.163 1.420 1.374 1.423 1.419 1.421 1.164
MO6-HF | 1.471 1.414 1.384 1.407 1.830 1.868 1.150 1.412 1.378 1.422 1.422 1.423 1.155
MO6-L | 1.460 1.415 1.384 1.411 1.875 1.875 1174 1417 1.378 1.418 1432 1.411 1.176
PBEO | 1.459 1.415 1.382 1.411 1.867 1.875 1.167 1.417 1.377 1.419 1427 1.414 1.169
PBE | 1.471 1424 1.393 1420 1.885 1.880 1.181 1.426 1.388 1.427 1.442 1.418 1.184

Co R1 | Rz | Ra | R4 | Rs | Rs | Rz | Rs | Rg | Rio | R11 | Ri2 | Ri3
B3LYP | 1.461 1.422 1.384 1419 1819 1.816 1.171 1.421 1.381 1425 1434 1418 1.172
BLYP | 1.472 1.431 1.395 1430 1.835 1.823 1.185 1.431 1.393 1.434 1.449 1.424 1.185
CAM-B3LYP | 1.457 1416 1.379 1412 1.808 1.814 1.163 1.413 1.376 1.421 1.427 1.416 1.165
M0O6 | 1.452 1.416 1.379 1413 1.806 1.815 1.171 1.415 1.376 1.420 1427 1.414 1171
M06-2X | 1.457 1.416 1.382 1.413 1.807 1.819 1.164 1.414 1.378 1.423 1.425 1.418 1.166
MO6-HF | 1.471 1.411 1.385 1.408 1.813 1.823 1.152 1.409 1.381 1.422 1.425 1.423 1.155
MO6-L | 1.454 1.417 1.381 1.416 1.814 1.809 1.177 1416 1.379 1.419 1432 1411 1177
PBEO | 1.454 1.417 1.381 1414 1.813 1.813 1.169 1415 1.378 1.421 1428 1.413 1.170
PBE | 1.465 1426 1.391 1.424 1828 1.819 1.185 1.425 1.389 1428 1.443 1.418 1.185

C1 R1 | R2 | R3 | R4 | Rs | Re | Rz | Rs | Ro | Ri1o | R11 | R12 | Ri13
B3LYP | 1.465 1.418 1.387 1.416 1.885 1.887 1.168 1.420 1.382 1.424 1.435 1.418 1.171
BLYP | 1.476 1.428 1.398 1.425 1902 1.895 1.181 1.429 1.393 1.433 1450 1.424 1.184
CAM-B3LYP | 1.461 1.410 1.383 1409 1917 1910 1.162 1.416 1.374 1.420 1.422 1.420 1.162
MO6 | 1.456 1.413 1.382 1410 1.885 1.895 1.169 1.415 1.376 1.419 1426 1.415 1.170
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C4 con’t
M06-2X

MO06-HF
MO6-L
PBEO
PBE

1.457
1.470
1.458
1.458
1.469

1.414
1.411
1.414
1.414
1.423

1.383
1.386
1.384
1.383
1.394

1.412
1.407
1.412
1.412
1.420

1.889
1.832
1.877
1.870
1.887

1.900
1.867
1.875
1.876
1.881

1.163
1.150
1.174
1.167
1.181

1.418
1.409
1.415
1.415
1.424

1.375
1.380
1.379
1.378
1.389

1.423
1.422
1.418
1.419
1.427

1.421
1.425
1.433
1.429
1.444

1.421
1.422
1.411
1.414
1.418

1.164
1.155
1.176
1.169
1.184

Table D72: Bond lengths (A) for [1Si TCNDQ]™ BS4.

Coy R1 | R2 R3 R4 | Rs | Rs | Rz | Rs | Rg | R1o | R11 | R12 | Ri3
B3LYP | 1.456 1.416 1.376 1.412 1.802 1.800 1.160 1.415 1.373 1.418 1.427 1.410 1.160
BLYP | 1.468 1.425 1.386 1.422 1.818 1.806 1.173 1.424 1.384 1.426 1.441 1.416 1.173
CAM-B3LYP [ 1.454 1.410 1.371 1405 1.792 1.798 1.152 1.407 1.368 1.413 1.421 1.408 1.154
MO6 | 1.448 1.410 1.370 1.406 1.791 1.799 1.158 1.408 1.367 1.413 1.419 1.407 1.158
MO06-2X | 1.456 1.413 1.375 1.406 1.793 1.804 1.153 1.410 1.371 1416 1.420 1.411 1.156
MO6-HF | 1.469 1.407 1.378 1.401 1.797 1.809 1.143 1.404 1.374 1.414 1.420 1.414 1.146
MO6-L | 1.450 1.412 1.373 1.409 1.798 1.793 1.165 1.411 1.370 1.413 1.426 1.403 1.164
PBEO | 1.450 1.412 1.373 1.408 1.797 1.798 1.159 1410 1.370 1.414 1.421 1.406 1.159
PBE | 1.461 1.420 1.383 1.417 1.812 1.803 1.174 1.420 1.381 1.422 1435 1.411 1.174

Cs R4 | R | Rs | Ra | Rs | Re | R7 | Rs | Ro | R1o | Ri1 | Ri2 | R13
B3LYP | 1.460 1.413 1.378 1.409 1.855 1.862 1.157 1.414 1.373 1.417 1.427 1.410 1.159
BLYP | 1.472 1.422 1.389 1.418 1.874 1.869 1.169 1.424 1.384 1.425 1.442 1416 1.172
CAM-B3LYP [ 1.450 1.411 1.370 1.405 1.818 1.847 1.149 1409 1.366 1.414 1.417 1.409 1.153
MO06 | 1.451 1.407 1.372 1403 1.851 1.865 1.155 1.409 1.366 1.412 1.418 1.408 1.157
MO06-2X | 1.454 1.413 1.374 1406 1.816 1.850 1.151 1411 1.370 1417 1418 1.412 1.155
MO6-HF | 1.469 1.407 1.379 1.400 1.814 1.851 1.140 1.404 1.374 1.414 1.420 1.414 1.146
MO6-L | 1.455 1.409 1.375 1.405 1.850 1.850 1.162 1.410 1.370 1.412 1.426 1.403 1.164
PBEO | 1.453 1.410 1.375 1.405 1.840 1.852 1.156 1.410 1.370 1.413 1.421 1.407 1.159
PBE|1.465 1418 1.386 1.413 1.860 1.857 1.170 1.419 1.381 1.421 1436 1.411 1.173

341



Co

R1|R2|R3|R4|R5|R6|RT|R8|R9|R10|R11|R12|R13

B3LYP | 1.455 1.414 1.377 1.412 1.803 1.799 1.160 1.413 1.374 1.418 1.428 1.409 1.160
BLYP | 1.466 1.423 1.387 1.423 1.819 1.805 1.174 1.423 1.385 1.427 1.442 1.416 1.173
CAM-B3LYP | 1.453 1.407 1.372 1.404 1.794 1.797 1.152 1.404 1.369 1413 1.423 1.407 1.154
MO6 | 1.447 1.409 1.370 1.406 1.791 1.799 1.158 1.407 1.368 1.413 1.420 1.407 1.158
MO06-2X | 1.454 1.409 1.376 1.406 1.795 1.804 1.153 1.407 1.372 1416 1.422 1.410 1.156
MO6-HF | 1.467 1.403 1.380 1.401 1.800 1.809 1.143 1.401 1.376 1.414 1.423 1.414 1.146
MO6-L | 1.449 1410 1.373 1.410 1.799 1.793 1.165 1.410 1.371 1.413 1.426 1.403 1.165
PBEO | 1.449 1410 1.374 1408 1.798 1.798 1.159 1.408 1.371 1.414 1.423 1.406 1.160
PBE|1.459 1419 1.384 1418 1.813 1.802 1.174 1.418 1.382 1.422 1437 1.411 1174

C4 R4 | R | Rs | Ra | Rs | Re | R7 | Rs | Ro | R1o | Ri1 | Ri2 | R13
B3LYP | 1.458 1.411 1.379 1.409 1.858 1.862 1.157 1.412 1.374 1.417 1.429 1.410 1.159
BLYP | 1.470 1.420 1.390 1.418 1.876 1.870 1.169 1.421 1.385 1.426 1.444 1416 1.172
CAM-B3LYP [ 1.449 1.409 1.371 1405 1.818 1.846 1.149 1.407 1.367 1.414 1.419 1409 1.154
MO6 | 1.450 1.406 1.373 1.403 1.854 1.866 1.155 1.408 1.367 1.412 1.419 1.408 1.157
M06-2X | 1.453 1.410 1.375 1406 1.816 1.848 1.151 1.408 1.371 1.417 1.420 1.411 1.155
MO6-HF | 1.467 1.403 1.380 1.401 1.816 1.850 1.141 1.401 1.375 1.414 1.423 1.414 1.147
MO6-L | 1.453 1.407 1.376 1.405 1.852 1.851 1.162 1.409 1.371 1.412 1.428 1.403 1.164
PBEO | 1.451 1.408 1.375 1.406 1.842 1.852 1.156 1.408 1.371 1.413 1.423 1.407 1.159
PBE | 1.463 1.416 1.387 1.414 1.862 1.858 1.170 1.417 1.382 1.421 1438 1.411 1.173
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Table D73: Bond lengths (A) for [2Si TCNDQ]” BS2.

Dan R1 | R2 R3 R4 | Rs | Rs | Rz
B3LYP | 1.465 1.421 1.384 1.420 1.819 1.816 1.172
BLYP | 1.476 1.432 1.395 1430 1.835 1.823 1.186

CAM-B3LYP | 1.453 1.419 1376 1.418 1.803 1.815 1.164
MO06 | 1.457 1.416 1.378 1.415 1.808 1.816 1.172
M06-2X | 1.457 1.419 1.378 1.418 1.802 1.819 1.165
MO6-HF | 1.448 1.423 1.375 1.422 1.788 1.827 1.153
MO6-L | 1.459 1417 1.381 1.416 1.815 1.809 1.178
PBEO | 1.458 1.417 1.380 1416 1.813 1.813 1.170
PBE | 1.469 1426 1.391 1.425 1.828 1.819 1.186

Can R1 | R2 | R3 | R4 | Rs | Rs | Rz
B3LYP | 1476 1416 1.388 1.414 1.883 1.884 1.168
BLYP | 1.487 1.427 1.399 1.423 1.901 1.892 1.181

CAM-B3LYP | 1.468 1.412 1.381 1.410 1.867 1.881 1.161
MO06 | 1.467 1.411 1.383 1.408 1.876 1.887 1.168
M06-2X | 1.471 1.413 1.384 1.410 1.868 1.885 1.162
MO6-HF | 1.471 1.414 1.382 1.412 1.858 1.893 1.152
MO6-L | 1.468 1.413 1.385 1.410 1.875 1.872 1.174
PBEO | 1.469 1.412 1.384 1.409 1.872 1.874 1.167
PBE | 1.479 1422 1.395 1.418 1.888 1.880 1.181

Cav Ri | R | Re | Re | Rs | Re | Ry
B3LYP | 1476 1416 1.388 1.414 1.884 1.884 1.168
BLYP | 1.487 1.427 1.399 1.423 1.901 1.892 1.181

CAM-B3LYP | 1.468 1.412 1.381 1.410 1.868 1.881 1.161
MO06 | 1.467 1.411 1.383 1.408 1.876 1.886 1.168
M06-2X | 1.471 1.412 1.384 1.410 1.868 1.885 1.162
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Coy con’t

MO6-HF | 1.471 1.414 1.382 1412 1.859 1.893 1.152
MO6-L | 1.468 1.413 1.385 1410 1.875 1.872 1.174
PBEO | 1.469 1412 1.384 1.409 1872 1.875 1.167
PBE [ 1.479 1.422 1.395 1418 1.888 1.880 1.181

D, Ri | R | Re | Re« | Re | Re | Ry
B3LYP | 1.464 1.420 1.385 1.421 1.820 1.816 1.172
BLYP | 1475 1430 1.396 1.430 1.836 1.823 1.186
CAM-B3LYP | 1.453 1417 1.376 1418 1.804 1.815 1.164
MO6 | 1.455 1.414 1.379 1.415 1.809 1.815 1.172
M06-2X | 1.456 1.416 1.379 1418 1.804 1.819 1.165
MO6-HF | 1.449 1421 1.376 1422 1.791 1.827 1.153
MO6-L | 1.457 1.415 1.381 1417 1.816 1.809 1.178
PBEO | 1.457 1.415 1.381 1.416 1.814 1.813 1.170
PBE | 1.467 1.424 1.392 1425 1.830 1.818 1.186

C, Ri | R | Re | Re« | Re | Re | Ry
B3LYP | 1473 1.414 1.389 1.414 1.886 1.884 1.168
BLYP | 1.483 1.425 1400 1.424 1903 1.892 1.181
CAM-B3LYP | 1.466 1.410 1.382 1.410 1.870 1.881 1.161
MO6 | 1.465 1.409 1.384 1.408 1.878 1.886 1.168
M06-2X | 1.468 1410 1.385 1410 1.871 1.886 1.162
MO6-HF | 1.469 1411 1.383 1412 1.862 1.894 1.152
MO6-L | 1.465 1.411 1.386 1410 1.877 1.872 1.174
PBEO | 1.467 1.410 1.385 1.410 1.874 1.875 1.167
PBE | 1.475 1.420 1.396 1.419 1.890 1.880 1.181
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Table D74: Bond lengths (A) for [2Si TCNDQ]” BS4.

Dan R1 | R2 R3 R4 | Rs | Rs | Rz
B3LYP | 1.459 1414 1.376 1.414 1.805 1.799 1.161
BLYP | 1.470 1.424 1.387 1.423 1.819 1.805 1.174
CAM-B3LYP | 1.447 1.412 1.368 1.411 1.788 1.799 1.153
MO6 | 1.451 1.408 1.370 1.408 1.793 1.799 1.159
M06-2X | 1.451 1.414 1.372 1.413 1.789 1.806 1.155
MO6-HF | 1.442 1.417 1.368 1.416 1.777 1.813 1.144
MO6-L | 1.453 1.410 1.373 1.410 1.800 1.793 1.166
PBEO | 1.452 1.410 1.373 1410 1.799 1.798 1.160
PBE | 1.464 1419 1.384 1418 1.813 1.802 1.175

Can R1 | R2 | R3 | R4 | Rs | Rs | Rz
B3LYP | 1.471 1409 1.381 1.406 1.862 1.862 1.157
BLYP | 1.481 1419 1.391 1416 1.879 1.869 1.169
CAM-B3LYP | 1.462 1.405 1.373 1.403 1.847 1.861 1.150
MO06 | 1.462 1.403 1.374 1.400 1.855 1.864 1.155
M06-2X | 1.467 1.407 1.377 1.404 1.849 1.867 1.152
MO6-HF | 1.464 1.408 1.375 1.406 1.837 1.874 1.142
PBEO | 1.464 1.405 1.377 1.403 1.852 1.855 1.156
PBE | 1.474 1415 1.388 1.412 1.866 1.858 1.170

Cav Ri | R | Re | Re | Rs | Rs | Ry
B3LYP | 1.471 1409 1.381 1.406 1.863 1.862 1.157
BLYP | 1.481 1419 1.391 1416 1.879 1.869 1.169
CAM-B3LYP | 1.462 1.405 1.373 1.402 1.847 1.861 1.150
MO06 | 1.462 1.403 1.374 1.400 1.855 1.864 1.155
M06-2X | 1.467 1.407 1.377 1.404 1.849 1.867 1.152
MO6-HF | 1.464 1.408 1.375 1.406 1.838 1.874 1.142
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Coy con’t

MO6-L | 1.463 1.406 1.377 1403 1.856 1.850 1.162
PBEO | 1.464 1.405 1.377 1.403 1.852 1.855 1.156
PBE [ 1.473 1.415 1.388 1412 1.867 1.858 1.170

D, Ri | R | Re | Re« | Re | Re | Ry
B3LYP | 1.458 1.412 1.377 1.414 1.806 1.799 1.161
BLYP | 1.469 1422 1.388 1.423 1.821 1.805 1.174
CAM-B3LYP | 1.446 1410 1.368 1411 1.790 1.799 1.153
MO6 | 1.449 1.407 1.370 1.408 1.794 1.799 1.159
M06-2X | 1.450 1411 1.373 1413 1.791 1.805 1.155
MO6-HF | 1.442 1.414 1.369 1416 1.779 1.812 1.144
MO6-L | 1.452 1.409 1.373 1411 1.801 1.793 1.166
PBEO | 1.451 1.408 1.374 1.410 1.800 1.798 1.160
PBE | 1.462 1.417 1.384 1419 1.815 1.802 1.175

C, Ri | R | Re | Re« | Re | Re | Ry
B3LYP | 1.468 1.407 1.381 1.407 1.865 1.863 1.157
BLYP | 1.477 1.417 1.392 1.417 1.881 1.870 1.169
CAM-B3LYP | 1.460 1.402 1.374 1403 1.850 1.861 1.150
MO6 | 1.459 1.401 1.375 1.401 1.857 1.864 1.155
M06-2X | 1.464 1.404 1.378 1.405 1.852 1.867 1.152
MO6-HF | 1.459 1.401 1.375 1401 1.857 1.864 1.155
MO6-L | 1.460 1.404 1.378 1.404 1.857 1.850 1.162
PBEO | 1.461 1.403 1.378 1.403 1.855 1.855 1.156
PBE [ 1470 1.412 1.388 1.412 1.869 1.859 1.171
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Table D75: Bond lengths (A) for [1Si TCNP]” BS2.

Coy R4 | R2 | Ra R4 | Rs | Re | Rz | Rs | Rg | R1o | R11 | Ri2 | Ri13 | Ris | Ri1s | Ris
B3LYP | 1.363 1.415 1.443 1.435 1.399 1413 1.890 1.887 1.168 1.445 1.436 1.394 1.421 1.441 1417 1171
BLYP [ 1.376 1.426 1.449 1.446 1.412 1.422 1907 1.895 1.181 1.451 1.447 1406 1.429 1.456 1.423 1.185
CAM-B3LYP | 1.354 1.415 1.442 1.424 1.395 1.405 1932 1915 1.163 1.443 1430 1.387 1.415 1430 1419 1.162
MO6 | 1.357 1.410 1438 1.428 1.393 1407 1.893 1.897 1.169 1439 1430 1.388 1.415 1.432 1.414 1.170
M06-2X | 1.355 1.413 1.445 1428 1.394 1409 1909 1910 1.163 1446 1.433 1.387 1.418 1.428 1.421 1.163
MO06-HF | 1.351 1.420 1.452 1.425 1.393 1.405 1.834 1.868 1.150 1.455 1.422 1.387 1.420 1.427 1.422 1.155
MO6-L | 1.362 1.412 1435 1.431 1.398 1408 1.882 1.875 1.174 1437 1.433 1.393 1.414 1439 1.410 1.176
PBEO | 1.359 1410 1439 1430 1.394 1408 1.873 1.875 1.167 1.440 1431 1.389 1416 1.434 1412 1.170
PBE | 1.373 1.421 1.443 1.440 1.407 1.417 1.891 1.880 1.182 1.444 1441 1402 1.424 1450 1417 1.185

Cs R4 | R2 | Ra | R4 | Rs | Re | Rz | Rs | Rg | R1o | R11 | Ri2 | Ri13 | Ris | Ri1s | Ris
B3LYP | 1.363 1.413 1.443 1.438 1.397 1416 1.824 1.816 1.171 1.445 1.436 1.393 1.423 1.439 1417 1172
BLYP [ 1.376 1.423 1.450 1.448 1.409 1426 1.841 1.823 1.185 1.451 1.447 1406 1431 1.454 1.423 1.185
CAM-B3LYP | 1.354 1.413 1.443 1.429 1.391 1408 1.815 1.814 1.163 1.444 1426 1.387 1.418 1.432 1.414 1.166
MO6 | 1.358 1.408 1438 1.431 1.392 1410 1.812 1.815 1.171 1439 1429 1.388 1.417 1432 1.413 1.172
M06-2X | 1.356 1.413 1.444 1431 1393 1409 1.813 1.818 1.164 1446 1.428 1.388 1.420 1.429 1.416 1.166
MO06-HF | 1.351 1.419 1.452 1.425 1.393 1.406 1.816 1.823 1.152 1.454 1.422 1.387 1.420 1.427 1.421 1.155
MO6-L | 1.362 1.410 1.436 1.433 1.395 1412 1.820 1.809 1.177 1437 1.432 1.392 1.416 1.437 1.409 1177

PBEO | 1.359 1409 1438 1432 1.393 1410 1.818 1.813 1.169 1.440 1430 1.389 1418 1.432 1412 1171
PBE | 1.373 1.419 1.444 1443 1405 1420 1835 1.818 1.185 1.444 1441 1402 1.425 1.447 1417 1.185

347




Table D76: Bond lengths (A) for [1Si TCNP]” BS4.

Coy R1 | R2 | Ra | R4 Rs | Re | Rz | Rs | Rg | R1o | R11 | Ri2 | Ri13 | Ris | Ri1s | Ris
B3LYP | 1.355 1406 1437 1.431 1390 1409 1809 1.799 1.160 1438 1.428 1.386 1.415 1.433 1.408 1.161
BLYP | 1.367 1.416 1.443 1.441 1401 1419 1.825 1.805 1.174 1.444 1.440 1.398 1.423 1.448 1414 1173
CAM-B3LYP | 1.346 1406 1436 1.422 1384 1401 1800 1.797 1.152 1438 1.419 1.380 1.410 1.428 1.406 1.155
MO6 | 1.349 1.401 1.431 1424 1.384 1.402 1.797 1.799 1.158 1.433 1422 1.380 1.410 1.426 1.405 1.159
M06-2X | 1.349 1.408 1.439 1425 1.387 1.403 1.801 1.804 1.153 1.441 1422 1.382 1.414 1.426 1.409 1.156
MO6-HF | 1.344 1.414 1.447 1.418 1387 1.399 1802 1.809 1.143 1.449 1415 1.381 1.412 1.425 1.413 1.146
MO6-L | 1.354 1.403 1.430 1.427 1.388 1.405 1.805 1.793 1.165 1.431 1426 1.384 1410 1.432 1.402 1.165
PBEO | 1.352 1.403 1.433 1426 1.387 1.404 1.804 1.798 1.159 1.434 1.423 1.383 1.411 1.427 1.405 1.160
PBE| 1.365 1412 1438 1436 1398 1414 1819 1.802 1.174 1439 1435 1.394 1.419 1441 1.410 1.174

Cs R1 | R2 | Ra | R4 | Rs | Re | Rz | Rs | Rg | R1o | R11 | Ri2 | Ri13 | Ris | Ri1s | Ris
B3LYP | 1.354 1408 1.437 1.428 1391 1406 1860 1.861 1.157 1.439 1429 1.386 1.414 1.435 1.409 1.160
BLYP | 1.367 1.418 1.443 1439 1403 1415 1.881 1.869 1.169 1.444 1.440 1.398 1.422 1450 1414 1173
CAM-B3LYP | 1.345 1.404 1437 1.423 1383 1401 1818 1.842 1.149 1439 1.420 1.379 1.411 1426 1.406 1.154
MO6 | 1.348 1.402 1.432 1422 1.384 1400 1.856 1.865 1.155 1.433 1.423 1.379 1.409 1.425 1.407 1.157
M06-2X | 1.349 1.407 1.439 1425 1.387 1.402 1.818 1.846 1.151 1.441 1423 1.382 1.414 1.425 1409 1.156
MO6-HF | 1.344 1.414 1446 1.419 1387 1.399 1817 1.851 1.140 1.449 1415 1.381 1.412 1.425 1.413 1.146
MO6-L | 1.354 1405 1.429 1.425 1.390 1.402 1.856 1.850 1.162 1.431 1426 1.385 1.408 1.434 1.402 1.164
PBEO | 1.351 1.403 1.433 1.424 1.387 1.403 1.842 1.849 1.156 1.435 1.424 1.382 1.410 1.428 1.405 1.159
PBE | 1.365 1414 1437 1434 1400 1410 1866 1.857 1.170 1439 1435 1.395 1.417 1.443 1.410 1.174
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Table D77: Bond lengths (A) for [2Si TCNP]” BS2.

Dan R1 R2 R3 R4 | Rs | Rs | Rz | Rs | Rg
B3LYP | 1.363 1.415 1.444 1.436 1.396 1.417 1.827 1.815 1.172
BLYP | 1.376 1.425 1.450 1.447 1.409 1.427 1.843 1.822 1.186
CAM-B3LYP | 1.352 1.408 1.445 1431 1.386 1.415 1.810 1.814 1.165
MO06 | 1.357 1.409 1439 1430 1.390 1412 1.815 1.815 1.172
MO06-2X | 1.355 1.410 1.446 1432 1.388 1.415 1.809 1.818 1.165
MO6-HF | 1.349 1.405 1.456 1.432 1.382 1.420 1.795 1.825 1.153
MO6-L | 1.362 1.411 1436 1.432 1.395 1413 1.822 1.808 1.178
PBEO|1.359 1410 1439 1431 1.392 1413 1.820 1.812 1.170
PBE | 1.373 1.420 1.444 1.442 1405 1.421 1.836 1.817 1.186

Can R1 | R2 | R3 | R4 | Rs | Rs | Rz | Rs | Rg
B3LYP | 1.363 1.420 1.442 1.433 1.401 1.411 1.890 1.883 1.168
BLYP | 1.376 1.430 1.448 1.444 1413 1421 1908 1.892 1.181
CAM-B3LYP | 1.353 1.415 1.444 1426 1.391 1.407 1.873 1.880 1.161
MO06 | 1.358 1.415 1.437 1.427 1.395 1406 1.880 1.886 1.168
MO06-2X | 1.356 1.418 1.445 1.427 1.394 1.408 1.874 1.885 1.162
MO6-HF | 1.349 1.417 1.454 1.426 1.389 1.410 1.863 1.892 1.152
MO6-L | 1.363 1.416 1.435 1.430 1.399 1.407 1.881 1.872 1.174
PBEO | 1.359 1415 1438 1.428 1.396 1.407 1.878 1.874 1.167
PBE | 1.373 1.424 1.442 1.439 1409 1.415 1.895 1.880 1.181

Cav Ri | R | Re | Re | Rs | Re | R | Rs | Ry
B3LYP | 1.363 1.420 1.443 1.433 1.401 1.411 1.889 1.883 1.168
BLYP | 1.376 1.429 1.449 1.444 1413 1421 1908 1.892 1.181
CAM-B3LYP | 1.353 1.415 1.444 1426 1.391 1.407 1.873 1.880 1.161
MO6 | 1.358 1.414 1.437 1.427 1.395 1405 1.881 1.886 1.168
MO06-2X | 1.356 1.417 1.445 1.427 1.394 1.408 1.873 1.885 1.162
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Coy con’t

MO06-HF
MO6-L
PBEO

PBE

1.349
1.363
1.359
1.373

1.417
1.415
1.415
1.424

1.454
1.435
1.438
1.443

1426 1.389 1410 1.862 1.892 1.152
1430 1.399 1407 1.881 1.872 1.174
1428 1.396 1.407 1.878 1.874 1.167
1439 1.409 1.415 1.895 1.880 1.182

Table D78: Bond lengths (A) for [2Si TCNP]” BS4.

D2n R1 R2 R3 R4 | Rs | Re | Rz | Rs | Ro
B3LYP | 1.354 1.408 1.438 1.429 1.389 1.411 1812 1.798 1.161
BLYP | 1.367 1.418 1.443 1.440 1.401 1420 1.828 1.804 1.174
CAM-B3LYP | 1.344 1.400 1439 1.424 1378 1.408 1.796 1.798 1.154
MO6 | 1.348 1.402 1.433 1.423 1.382 1.405 1.801 1.798 1.159
MO06-2X | 1.348 1.404 1.442 1426 1.382 1.410 1.796 1.805 1.155
MO6-HF | 1.342 1.398 1.451 1.427 1.376 1.414 1.783 1.811 1.144
MO6-L | 1.354 1.405 1.430 1.426 1.387 1.407 1.808 1.792 1.167
PBEO | 1.351 1.404 1434 1.424 1.385 1.407 1.806 1.797 1.160
PBE | 1.365 1413 1.438 1.435 1.398 1.415 1.821 1.801 1.175

Can R4 | R | Rs | Ra | Rs | Re | R7 | Rs | Ro
B3LYP | 1.355 1413 1.436 1.426 1.393 1.404 1.869 1.863 1.157
BLYP | 1.368 1.422 1.442 1.437 1405 1413 1.886 1.870 1.169
CAM-B3LYP | 1.345 1.408 1.437 1.419 1.383 1.400 1.853 1.861 1.150
MO6 | 1.349 1.407 1.431 1.420 1.387 1.398 1.859 1.864 1.155
MO06-2X | 1.348 1.411 1.440 1.422 1.387 1.402 1.855 1.867 1.152
MO6-HF | 1.342 1.410 1.449 1.420 1.382 1.404 1.843 1.874 1.142
MO6-L | 1.355 1.409 1.429 1423 1.392 1400 1.861 1.850 1.162
PBEO | 1.352 1.409 1432 1421 1.389 1400 1.858 1.855 1.156
PBE | 1.366 1.417 1.437 1.432 1.402 1.409 1.874 1.859 1.171
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CZv

Ri | R- | Re | Re | Rs | Re | R+ | Rs | Ro

B3LYP
BLYP
CAM-B3LYP
MO06
M06-2X
MO06-HF
MO6-L
PBEO
PBE

1.355 1.413 1.436
1.368 1.422 1.442
1.345 1.408 1.437
1.349 1.407 1.431
1.348 1.411
1.343 1.409 1.449
1.354 1.409 1.429
1.352 1.408 1.432
1.365 1.417 1.437

1.440

1.426
1.437
1.419
1.420
1.422
1.420
1.423
1.421
1.432

1.393
1.405
1.383
1.387
1.387
1.382
1.391
1.389
1.401

1.404 1.868
1413 1.886
1.400 1.853
1.398 1.860
1.402 1.854
1.405 1.841
1.400 1.862
1.400 1.858
1.409 1.873

1.863
1.869
1.861
1.863
1.867
1.873
1.850
1.855
1.859

e . e e N T T Wy W Y

57
169
150
155
152
142
162
.156
A71

Table D79: Delocalization indices (DI) for TCNDQ series. B3LYP/Def2TZVPP

R1|R2|R3|R4|R5|R6|R7|Ra|R9|R10|R11|R12|R13

0Si

D2n

1.293

1.181 1.566

1.166

1.344

1.110

2.309

1Si

Cov

Cs

Co

C1

1.244
1.243
1.244
1.243

1.211 1.523
1.211 1.522
1.211 1.523
1.211 1.522

1.267
1.268
1.267
1.268

0.837
0.836
0.837
0.836

0.559
0.559
0.559
0.559

2.446 1.205 1.543
2.445 1.205 1.542
2.445 1.205 1.543
2.445 1.205 1.542

[ . Y

183
183
184
184

1.312
1.312
1.312
1.312

[ . Y

119
119
119
19

2.298
2.298
2.298
2.298

2Si

D2n

Can

Coy

D2

Co

1.202
1.178
1.178
1.201
1.169

1.232 1.503
1.245 1.487
1.245 1.486
1.233 1.503
1.249 1.483

1.281
1.297
1.297
1.281
1.300

0.821
0.774
0.773
0.821
0.768

0.575
0.559
0.558
0.575
0.558

2.431
2.431
2.431
2.431
2.431
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Table D80: Delocalization indices (DI) for [TCNDQ]™ series. B3LYP/Def2TZVPP

R1 | R2 | R3 | R4 | Rs Rs | Rz | Rs | Rg | R1o | R11 | R12 | Ri3

0Si Do, [ 1.165 1.258 1.488 1.238 1.222 1.152 2.258

D> |1.158 1.261 1.484 1.240 1.219 1.152 2.258

Co [1.149 1.270 1.462 1.325 0.784 0.650 2.390 1.268 1.480 1.242 1.214 1.159 2.248
1Si Cs | 1.138 1.280 1.449 1.339 0.683 0.558 2.388 1.269 1.479 1.242 1.213 1.153 2.257

Co [1.140 1.274 1.458 1.327 0.781 0.650 2.390 1.272 1.476 1.245 1.209 1.160 2.247

Ci1 [ 1128 1.284 1.446 1.341 0.679 0558 2.388 1.274 1.473 1.246 1.208 1.154 2.256

Do [ 1.139 1.275 1461 1.319 0.796 0.661 2.375 - - - - - -

Con [ 1.107 1.296 1.437 1.348 0.665 0.558 2.387 - - - - - -
2Si | Cy, | 1.106 1.296 1.437 1.348 0.665 0.558 2.387 - - - - - -

D> | 1.130 1.279 1.457 1.322 0.793 0.663 2.374 - - - - - -

C, [1.093 1.301 1432 1.352 0.659 0.557 2.387 - - - - - -

Table D81: Delocalization indices (DI) for TCNP series. B3LYP/Def2TZVPP

R1|R2|R3|R4|R5|R6|R7|Ra|Rg|R1o|R11|R12|R13|R14|R15|R16

0Si| Don [1.616 1.375 1.139 1.134 1456 1.187 1.309 1.116 2302 - - - - - — -

1si Cav [1.605 1.338 1.150 1.154 1.414 1.293 0.811 0.561 2.443 1.147 1.151 1.432 1.209 1.272 1.127 2.289
Cs [1.605 1.337 1.151 1.155 1.412 1.296 0.802 0.558 2.441 1.147 1.151 1.432 1.208 1.273 1.126 2.290
Don | 1.598 1.310 1.155 1.168 1.397 1.307 0.793 0.582 2426 - - - - - - -

2Si | Con | 1594 1.297 1.158 1.174 1.385 1.322 0.743 0.558 2428 - - - - - - -
Cov [1.594 1.297 1.158 1.174 1.385 1.322 0.743 0.558 2.428 - - - — — — —
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Table D82: Delocalization indices (D) for [TCNP] series. B3LYP/Def2TZVPP

R1|R2|R3|R4|R5|R6|R7|Ra|Rg|R1o|R11|R12|R13|R14|R15|R16

0Si| Don [1.595 1.291 1.159 1.179 1.391 1.256 1.198 1.156 2.254 — - - - - — -

Caov [ 1.587 1.278 1.167 1.187 1.364 1.346 0.768 0.651 2.393 1.163 1.185 1.384 1.259 1.193 1.166 2.243
Cs [1.589 1.272 1.166 1.192 1.359 1.355 0.670 0.558 2.389 1.162 1.186 1.383 1.261 1.188 1.159 2.252

1Si

Don | 1.588 1.273 1.165 1.189 1.369 1.337 0.781 0.668 2372 - - - - - - -
2Si | Con | 1583 1.252 1.169 1.201 1.348 1.364 0.653 0.558 2.386 — - - - - - -
Cov [1.583 1.252 1.169 1.201 1.349 1.364 0.653 0.558 2.387 — - - - — — —
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Table D83: TCNDQ Triplet PES <S> values BS2

D2n | D>
BLYP 2.01 2.02
MO06-L 2.03 2.03
PBE 2.02 2.02
B3LYP 2.04 2.05
PBEO 2.06 2.06
MO6 2.05 2.06
MO06-2X 2.04 2.04
MO6-HF 2.05 2.06
CAM-B3LYP 2.08 2.09

Table D84: TCNDQ Triplet PES <S> values BS4

Dan | D2
BLYP 2.01 2.02
MO06-L 2.03 2.03
PBE 2.01 2.02
B3LYP 2.04 2.04
PBEO 2.06 2.06
MO6 2.05 2.05
MO06-2X 2.04 2.04
MO6-HF 2.05 2.06
CAM-B3LYP 2.08 2.08

Table D85: 1Si TCNDQ Triplet PES <S?> values BS2

Ca | Cs | C | ¢
BLYP | 2.01 2.01 2.01 2.01
MO06-L | 2.03 2.02 2.03 2.02
PBE | 2.01 2.04 2.01 2.01
B3LYP | 2.03 2.03 2.04 2.03
PBEO | 2.05 2.04 2.05 2.04
MO06 | 2.04 2.04 2.04 2.04
M06-2X | 2.03 2.03 2.04 2.03
MO6-HF | 2.04 2.04 2.04 2.04
CAM-B3LYP | 2.07 2.06 2.07 2.06
Table D86: 1Si TCNDQ Triplet PES <S?> values BS4
Caoy | Cs | C2 | C1
BLYP| 201 2.01 201 201
MO6-L | 220 2.02 203 202
PBE| 201 201 201 2.01
B3LYP| 203 2.03 203 203
PBEO| 2.05 2.04 205 204
MO6 | 2.04 203 204 203
M06-2X | 2.03 2.03 204 203
MO6-HF | 2.04 204 2.04 2.04
CAM-B3LYP | 206 2.05 206 205

354



Table D87: 2Si TCNDQ Triplet PES <S?> values BS2

D2n | Can | Coy | Dy | Co

BLYP | 2.01 201 201 201 201

MO6-L | 202 2.01 201 202 2.01

PBE | 2.01 201 201 201 201

B3LYP| 2.02 201 201 203 2.01
PBEO| 203 202 202 203 202

MO6| 203 201 201 203 201
MO06-2X | 202 201 201 203 2.01
MO6-HF | 2.03 2.01 2.01 2.03 2.01
CAM-B3LYP | 2.04 202 202 204 2.20

Table D89: TCNP Triplet PES <S% values BS2

Table D88: 2Si TCNDQ Triplet PES <S?> values BS4

Dan

BLYP 2.01

MO6-L 2.03

PBE 2.01

B3LYP 2.04
PBEO 2.05

MO06 2.04

M06-2X 2.04
MO06-HF 2.04
CAM-B3LYP 2.07

Table D90: TCNP Triplet PES <S> values BS4

Dan | Con | Coy | D, | C2

BLYP | 2.01 201 201 201 201

MO6-L | 202 2.01 201 202 2.01

PBE | 2.01 201 201 201 201

B3LYP| 2.02 201 201 202 2.01
PBEO| 203 202 202 203 202

MO6 | 202 201 201 203 201
M06-2X | 203 201 201 203 2.01
MO6-HF | 2.03 2.01 2.01 2.03 2.01
CAM-B3LYP | 2.04 202 202 204 2.02

D2n

BLYP 2.01

MO6-L 2.03

PBE 2.01

B3LYP 2.03
PBEO 2.05

MO06 2.04

M06-2X 2.04
MO06-HF 2.05
CAM-B3LYP 2.06
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Table D91: 1Si TCNP Triplet PES <S%> values BS2

C2\.r

Cs

BLYP

MO6-L

PBE

B3LYP
PBEO

MO06

M06-2X
MO06-HF
CAM-B3LYP

2.01
2.03
2.01
2.03
2.04
2.04
2.03
2.04
2.06

2.01
2.02
2.01
2.03
2.04
2.04
2.03
2.03
2.06

Table D93: 2Si TCNP Triplet PES <S%> values BS2

Dan | Con | Cav

BLYP

MO6-L

PBE

B3LYP
PBEO

MO06

M06-2X
MO6-HF
CAM-B3LYP

2.01
2.02
2.01
2.02
2.03
2.02
2.02
2.02
2.04

201 201
201 201
201 201
201 201
201 201
201 201
201 201
201 201
202 202

Table D92: 1Si TCNP Triplet PES <S%> values BS4

Table D94: 2Si TCNP Triplet PES <S

0> values BS4

C2V

Cs

D2n

| Con | Cav

BLYP

MO6-L

PBE

B3LYP
PBEO

MO06

M06-2X
MO06-HF
CAM-B3LYP

2.01
2.03
2.01
2.03
2.04
2.04
2.03
2.04
2.06

2.01
2.02
2.01
2.03
2.04
2.03
2.03
2.03
2.06

BLYP
MO6-L
PBE
B3LYP
PBEO
MO06
M06-2X
MO6-HF

CAM-B3LYP

2.01
2.02
2.02
2.02
2.03
2.02
2.02
2.03
2.03

201 2.01
201 2.01
201 2.01
201 2.01
201 2.01
201 2.01
201 2.01
201 2.01
2.02 2.02
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Table D95: AEA (eV) of TCNDQ series. BS2

0Si | 1Si | 2sSi

BLYP

PBE

MO6-L
B3LYP
PBEO

MO06

M062X
MO06-HF
CAM-B3LYP

3.311
3.553
3.674
3.674
3.803
3.831
3.855
3.883
3.811

3.530
3.708
3.857
3.910
3.990
4.046
4.141
4.395
4.122

3.672
3.840
4.001
4.134
4.222
4.253
4.617
5.367
4.604

Table D96: AEA (eV) of TCNDQ series.

0Si

1Si | 2si

BLYP

PBE

MO6-L
B3LYP
PBEO

MO06

M062X
MO06-HF
CAM-B3LYP

3.608
3.794
3.699
3.913
3.975
3.910
4.050
4.196
4.042

3.745
3.887
3.819
4.076
4.115
4.053
4.286
4.749
4.270

3.836
3.973
3.932
4.254
4.299

4.756
5.584
4.742

BS4

Table D97: AEA (eV) of TCNP series. BS2

0Si

1Si

2Si

BLYP

PBE

MO6-L
B3LYP
PBEO

MO06

M062X
MO6-HF
CAM-B3LYP

3.411
3.660
3.790
3.812
3.954
3.985
4.038
4121
3.997

3.607
3.789
3.947
4.014
4.103
4.163
4.281
4.653
4.309

3.724
3.900
4.068
4.198
4.296
4.322
4.753
5.572
4.757

Table D98: AEA (eV) of TCNP series. BS4

0Si

1Si

2Si

BLYP
PBE
MO6-L
B3LYP
PBEO
MO06
M062X
MO6-HF

CAM-B3LYP

3.694
3.884
3.805
4.036
4.111
4.049
4.218
4.418
4.213

3.806
3.953
3.901
4.166
4.216
4.170
4.453
4.983
4.440

3.879
4.020
3.992
4.308
4.364
4.300
4.889
5.171
4.886
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Table D99: AEA (eV) of TCNDQ calculated using planar
geometries. BS2

0Si | 1Si | 2sSi

BLYP

MO6-L

PBE

B3LYP
PBEO

MO06

M06-2X
MO06-HF
CAM-B3LYP

3.304
3.670
3.547
3.670
3.798
3.831
3.850
3.880
3.810

3.121
3.480
3.366
3.493
3.638
3.640
3.760
3.953
3.746

2912
3.259
3.153
3.251
3.382
3.367
3.467
3.572
3.467

0Si | 1Si | 2si

BLYP
MO6-L
PBE
B3LYP
PBEO
MO06
M06-2X
MO6-HF

Table D100: AEA (eV) of TCNDQ calculated using planar
geometries. BS4

CAM-B3LYP

3411 3.206 2.963
3.790 3.577 3.320
3.660 3.456 3.207
3.812 3.616 3.323
4.064 3.779 3.460
3.985 3.779 3.448
4.038 3.967 3.568
4121 4254 3.731
4.099 3.960 3.575

osi | 1si | 2si

BLYP

MO6-L

PBE

B3LYP
PBEO

MO06

M06-2X
MO06-HF
CAM-B3LYP

3.598
3.696
3.784
3.905
3.967
3.908
4.043
4.193
4.027

3.391
3.497
3.587
3.715
3.806
3.720
3.989
4.336
3.976

3.148
3.249
3.346
3.439
3.522
3.417
3.651
3.903
3.657

0Si | 1Si | 2si

BLYP
MO6-L
PBE
B3LYP
PBEO
MO06
M06-2X
MO6-HF

CAM-B3LYP

3.694 3.466 3.188
3.805 3.585 3.299
3.884 3.668 3.389
4.036 3.831 3.501
4172 3.940 3.590
4.049 3.869 3.488
4.218 4191 3.743
4.418 4.620 4.049
4.280 4.180 3.755

Table D101: AEA (eV) of TCNP calculated using planar
geometries. BS2

Table D102: AEA (eV) of TCNP calculated using planar
geometries. BS4
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Figure D2: LUMO of (A) TCNDQ and (B) TCNP. B3LYP/BS4 isovalue: 0.02 a.u.
The MOs are consistent with those reported by Gerson et. al'’
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Figure D3: Molecular orbitals of interest for (A) TCNDQ (B) 1Si TCNDQ and (C) 2Si
TCNDQ. B3LYP/BS4. Isovalue=0.02
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APPENDIX E

Supplemental Information for Chapter Seven




Table E1: Vibrational modes (cm'1) of disilene potential energy surfaces

D2n

boq

BLYP 272i

MO06-L 256i

PBE 234i

B3LYP 214i

PBEO 156i

MO6 271i
MO06-2X -
MO6-HF -

CAM-B3LYP 78i

Table E2: Energies (relative to surface minimum in kcal/mol) of structures on disilene

potential energy surface

Dan ("Ag) | Can ('Ag)

BLYP 1.21 0.00

MO6-L 0.43 0.00

PBE 0.72 0.00

B3LYP 0.49 0.00

PBEO 0.14 0.00

MO6 0.72 0.00
M06-2X 0.00 -
MO6-HF 0.00 -

CAM-B3LYP 0.003 0.00

Table E3: Normal modes (cm™) of 2Si TCNE potential energy surfaces

D2n

b2q
BLYP 137i
MO6-L 102i
PBE 119i
B3LYP 123i
PBEO 105i
MO06 127i
M06-2X 113i
MO06-HF 137i
CAM-B3LYP 101i
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Table E4: Energetics (kcal/mol) of 2Si TCNE potential energy surface relative to surface

minimum

Table E5: Normal modes (cm™) of 2Si TCNQ potential energy surfaces

Table E6: Energetics (kcal/mol) of 2Si TCNQ potential energy surfaces relative to

surface minimum

Dan ('Ac) | Con ('Ac)

BLYP

MO6-L

PBE

B3LYP
PBEO

MO06

M06-2X
MO6-HF
CAM-B3LYP

3.37
1.86
2.30
2.49
1.56
3.28
2.29
2.32
1.44

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Da2n Coy
b2g | b3y b2
BLYP T74i 65i -
MO6-L 59i 44 -
PBE 54i 40i -
B3LYP 55i 45| -
PBEO 24 13i -
MO6 58i 48i 30i
M06-2X - - -
MO6-HF - - -
CAM-B3LYP — — —

Dan | Can | Caoy Cs
BLYP | 0.87 0.00 0.24 -
MO6-L | 0.45 0.00 0.21 -
PBE | 0.35 0.00 0.15 -
B3LYP | 0.33 0.00 0.12 -
PBEO | 0.03 0.00 0.028 -

MO6 | 0.27 0.004 0.11 0.00
M06-2X | 0.00 - - -
MO06-HF | 0.00 - - -
CAM-B3LYP | 0.00 - - -
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Table E7: Normal modes (cm™) of 2Si TCNDQ potential energy surfaces relative to

surface minimum

Dan Con Coy D,

b2g | b3y | ay ay az b3 b2

BLYP 97i 99i 29i 37i 36i 101/ 99i
MO06-L 87i 84i 17i 24i 24i 86i 84i
PBE 76i 79i 28i 34i 33i 81i 79i
B3LYP 84i 86i 20i 28i 28i 86i 84i
PBEO 65i 63i 16i 25i 25i 67i 65i
MO6 87i 89i 11i 17i 17i 87i 84i
MO06-2X 30i 31i 18i 25i 26i 37i 36i

MO6-HF - - - - - - -

CAM-B3LYP 36i 37i - 27i 26i - -

Table E8: Energetics (kcal/mol) of 2Si TCNDQ potential energy surfaces relative to

surface minimum

D2n | Con | Cay | D, C2 Cs

BLYP 2.444 0.388 0.321 2.281 0.000 -

MO06-L 1.873 0.302 0.236 1.828 0.000 -

PBE 1.599 0.413 0.352 1.422 0.000 -

B3LYP 1.648 0.211 0.163 1.643 0.000 -
PBEO 0.914 0.208 0.169 0.867 0.000 -

MO6 1.452 0.052 0.000 1.450 0.067 -

MO06-2X 0.435 0.175 0.154 0.417 0.000 -
MO6-HF 0.000 - - - - -

CAM-B3LYP 0.210 0.067 0.053 — — 0.000

Table E9: Normal modes (cm™) of 2Si TCNP potential energy surfaces relative to

surface minimum

Dzh C2v C2v
b2g bay by b2
BLYP | 112i 112i - -
MO6-L | 101i 101i - -
PBE 91i 91i - -
B3LYP | 101i 102i - -
PBEO 82i 83i - -
MO6 | 107i 107i - -
M06-2X 59i 61i - -
MO6-HF - - - -
CAM-B3LYP 67i 68i 34i 34i
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Table E10: Energetics (kcal/mol) of 2Si TCNP potential energy surfaces relative to

surface minimum

Table E11:

Dan Can Coy Cs

BLYP | 2.78 0.00 0.02 -

MO6-L | 2.31 0.00 0.01 -

PBE| 1.81 0.00 0.02 -

B3LYP | 2.20 0.00 0.01 -

PBEO| 1.36 0.00 0.004 -

MO6 | 2.22 0.02 0.00 -

MO6-2X | 0.99 0.00 0.0002 -

MO6-HF | 0.00 - - -

CAM-B3LYP | 1.07 0.23 0.22 0.00
Polynomial coefficients obtained from APES fit for 0Si molecules
do do a4 R2

Ethylene | by, 0.000 4.566 11.830 1.000
TCNE | by 0.000 18.520 5.388 0.999
TCNQ b2g 0.000 4.339 0.032 1.000
b3y 0.000 8.308 2.578 1.000
b2g 0.000 280.3 2540.0 0.999
TCNDQ | bg, 0.000 21.220 13.830 0.999
ay 0.000 0.444 6.324 0.999
TCNP b2g 0.000 10.080 1.492 0.999
b3y 0.000 26.280 23.690 0.999
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Figure E1: Ethylene polynomial fit
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Figure E2: TCNE polynomial fit
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Figure E3: TCNQ bzg polynomial fit
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Figure E4: TCNQ bs, polynomial fit
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Figure E5: TCNDQ bzg polynomial fit
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Figure E6: TCNDQ bz, polynomial fit
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Figure E7: TCNDQ a, polynomial fit
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Figure E8: TCNP by polynomial fit
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Figure E9: TCNP bg, polynomial fit — missing a data point, will correct before

submitting
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Table E12: Polynomial coefficients obtained from APES fit for 2Si analogs

dop a2 das R2

Disilene bog 0.021 -1.918 40.000 0.918
2S|I TCNE bog 0.108 -0.574 0.609 0.858
2Si TCNQ bog 0.014 -0.209 0.772 0.989
b3y 0.091 -5.568 80.120 0.920
oS bog 0.062 -13.980 658.300 0.861
TCNDQ b3y 0.064 -0.952 2.002 0.850

ay 0.000 -0.107 0.096
2Si TCNP bog 0.095 -0.833 1.733 0.947
b3y 0.095 -1.338 2.747 0.882

I 1
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Figure E10: Disilene byg polynomial fit
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Figure E11: 2Si TCNE bzg polynomial fit
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Figure E12: 2Si TCNQ bzg polynomial fit
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Figure E13: 2Si TCNQ bz, polynomial fit
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Figure E14: 2Si TCNDQ b2g polynomial fit
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Figure E15: 2Si TCNDQ b3, polynomial fit
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Figure E16: 2Si TCNP bzg polynomial fit
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Figure E17: 2Si TCNP bs, polynomial fit

376



