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Abstract

This thesis presents a comprehensive investigation into the electronic structure of conju-
gated organic molecules, spanning from aromaticity in benzene derivatives to the complex
excited-state dynamics of linear all-trans polyenes. In the first study, a detailed multi-
component analysis reveals how substituents influence the aromatic character of mono-
and disubstituted benzene derivatives. The findings provide the reader with a concep-
tual toolkit to modulate aromaticity. We show that appropriate m-electron-donating and
m-electron-accepting substituents, with suitable size and symmetry, can interact with the
ring’s m-system and significantly affect m-electron delocalization. The second and third
studies focus on the spectroscopic properties of linear polyenes—structures that form the
backbone of many chromophores. Particular attention is given to the covalent 21A; and
ionic 1'B] excited states. Using high-level multireference methods, we demonstrate in the
second study that while nondynamic correlation is sufficient to describe the covalent state,
accurately treating the ionic state requires addressing basis set effects, size-extensivity er-
rors, and, most critically, o—m electron correlation. This analysis offers the reader a clear
prescription for the appropriate multireference treatment of covalent and ionic excited
states. In the third study, analytic gradients based on a multireference wavefunction are
employed to compute refined adiabatic transition and emission energies, allowing close
comparison with experimental results. The insights deepen our understanding of the in-
tricate electronic landscape of polyenes and underscore the challenges involved in bridging
theoretical predictions with experimental spectroscopy. Taken together, the results offer
detailed insight into how electronic structure evolves across different conjugated systems
and electronic states, thereby fulfilling the central aim of this work: to explore the Elec-
tronic Structure of Conjugated Organic Molecules: From Aromaticity to Excited-State

Dynamics.
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1 Introduction

This thesis is composed of three main contributions in the fields of theoretical chemistry
and molecular physics, with a focus on molecular electronic structure. The first contribu-
tion, whose full text can be found in Reference (1), presents a detailed multi-component
analysis of aromaticity in benzene derivatives. In this work, we address how and why
certain substituents are capable of affecting m-electron delocalization in a benzenoid ring.
The insights from this study have supported, for example, the design of molecules with

tailored properties by experimentalists seeking to tune conjugation through substitution.?

The second contribution investigates the electronic spectra of all-trans polyenes—Ilinear
systems that form the backbone of many chromophores, which inherit their spectroscopic
properties from the underlying polyene structure. The complete text for this contribution
is available in Reference (3). Here, we identify the key electronic effects that must be
considered to properly describe the lowest excited states of these systems, with a particu-
lar focus on the ionic state, whose accurate characterization remains challenging even for

advanced theoretical methods.

Building on the findings from Reference (3), the third contribution determines the
minima of the potential energy surfaces for the ground state and the two lowest excited
states of polyenes using analytic energy gradients based on a multireference wavefunction.
This enables accurate calculations of adiabatic transitions and emission energies, offering
valuable insights into the spectroscopic behavior of these systems. Together, the second
and third contributions deepen our understanding of the intricate electronic landscape of
polyenes and emphasize important considerations when bridging theoretical predictions

with experimental spectroscopy.

In Chapter 2, a brief literature review is provided for each of these contributions indi-
vidually. Chapter 3 introduces the theoretical framework underlying the computational
methods employed. Chapters 4, 5, and 6 present the results and discussions corresponding
to the three main contributions. Chapter 7 concludes the thesis with a summary of the

main findings.
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2 Literature Review

2.1 A Multi-Descriptor Analysis of Substituent Effects on
the Structure and Aromaticity of Benzene Derivatives:

m-Conjugation vs. Charge Effects

Over the years, substituent effects have been extensively investigated in various classes
of molecules, both experimentally and theoretically. Introducing appropriate electronic
controller groups allows the adjustment of the properties and consequent extension of the
range of possible applications of several materials. This strategy has wide applications in
several research fields and has enabled, for example, molecular light emitters utilizing a
simple benzene core,! the design of singlet fission materials,®? and thermodynamic and

kinetic stabilization of polycyclic aromatic hydrocarbons (PAHs).* "

As widely known, aromaticity is a multidimensional phenomenon closely related to 7-
electron delocalization. The most common characteristics of aromatic compounds involve
the decrease of bond length alternation, increased chemical stability, and unique magnetic
properties. The benzene ring has been generally accepted as an archetype of aromatic
systems.® The effect of substitution(s) on the structure and properties of benzene is one of
the subjects that has received special attention. In particular, one of the most prominent
subjects is the relationship between the effect of substituents and the aromaticity of
benzene in the ground®** and excited states.!!” With a few exceptions, which are the
subject of this work, the m-electron delocalization is typically only slightly influenced by

10,13

substituents attached to the benzene ring, as briefly summarized below.

Krygowski and coworkers? studied the relation between the substituent effect and
aromaticity by varying the electron donating/accepting character of substituents for 18

monosubstituted benzene derivatives. The changes of m-electron delocalization of the

benzene fragment were estimated by the use of aromatic stabilization energy (ASE),!8 22

para-delocalization index (PDI),?* harmonic oscillator model of aromaticity (HOMA),2427

29-32

nucleus-independent chemical shift (NICS),?® and their variants. Despite the substan-

tial variation in the nature of the substituent (from strongly electron-donating to strongly
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electron-accepting), no dramatic changes in the m-electron structure of the benzene ring
are observed, i.e., comparing the modified systems to benzene, the aromaticity indices
remain almost unchanged. In another work, Krygowski and coworkers investigated the
geometry patterns of benzene derivatives.!®?3 The changes in m-electron delocalization
were estimated in terms of the dependence between the geometry-based index Harmonic
Oscillator Model of Aromaticity (HOMA) and ipso bond angle «, shown to suffer the
largest variance in monosubstituted benzene derivatives.3* In general, changes in HOMA
values were almost negligible, remaining close to 0.9, the value found for the pristine ben-
zene ring. However, significant deviations were found for substituents such as CH; , CH;,

and OT, which are known for their m-electron donating or accepting properties.

The slight variation in indices of aromaticity indicates a strong resistance of the system
against changes in 7-electron delocalization caused by the substituent, which is consistent
with the tendency of the m-electron system in the benzene ring to maintain its structural
integrity throughout chemical reactions, favoring substitution over addition.'%'® However,
some substituted cyclic m-electron systems involving m-electron donating and m-electron
accepting substituents exhibit substantial changes in the cyclic m-electron delocalization

when compared to benzene.

Numerous studies have been conducted on the relation between substituent effect and
aromaticity; however, they primarily concentrate on substituents with similar electronic
structures in terms of ring-substituent bonding or use a limited set of properties to char-
acterize the m-electron delocalization. In this work, we study the effect of neutral, anionic,
and cationic substituents that exhibit high m-electron donor or acceptor character. The ef-
fects of the substituent on the m-electron delocalization are assessed through a wide range
of descriptors based on structural, vibrational, magnetic, and electronic properties using
single-reference DFT and multireference CASSCF/MRCI approaches. We describe dif-
ferent aspects of aromaticity and how they provide complementary information regarding

the electronic structure and reactivity of the systems.

2.2 Low-lying excited states of linear all-trans polyenes:
the o-7 electron correlation and the description of ionic
states

The study of linear all-trans polyenes has a long-standing tradition due to their dis-
tinctive spectral properties, which arise from the structure of their low-lying excited-state

manifold. Polyenes serve as valuable models for chromophores in biological systems, such

as carotenoids, which are crucial in photosynthetic processes. These processes include
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35,36 and pho-

light-harvesting, particularly in the blue region of the visible spectrum,
toprotection through dissipation of excitation energy into heat.3” 3% Moreover, polyenes
constitute a traditional set of molecules for testing theoretical concepts and benchmarking
electronic structure methods,** 5% thereby deepening the understanding of their electronic
structure. Finally, various chromophores are built around polyene backbones inheriting
their spectroscopic properties from the underlying polyene.?"%? The three lowest excited

53-57 and

states, in particular, have attracted significant attention both experimentally
theoretically.49°# % This study will focus on their description from an electronic structure

perspective.

The electronic states of linear all-trans polyenes are conveniently identified using the ir-
reducible representations of the Cy), symmetry associated with their molecular framework.
Additionally, the states are labeled according to the nomenclature introduced by Pariser,

61-63 10del

which is based on the alternance symmetry derived from the Pariser-Parr-Pople
Hamiltonian. In this approach, the linear combinations of the two degenerate transitions
yield antisymmetric (-) and symmetric (+) states relative to the interchange of conju-
gated pairs of orbitals. In valence bond theory, these states are referred to as covalent
(-) and ionic (+) states, respectively.®* Notably, within the molecular orbital picture,

distinguishing between ionic and covalent states is less straightforward.%

The relative ordering of the two low-lying excited singlet excited states, 21Ag_ and
1'Bf, in small all-trans linear polyenes, remains a topic of ongoing debate.?® It is generally
agreed that, for the first members of the series, the ionic 1'B; state is the first vertically
excited state. As the chain length increases, the covalent 21Ag_ state becomes the lowest
excited state. However, there is no consensus in the literature on the exact point in the
series where this change occurs. A brief review of this aspect is provided in the following
paragraphs. The 21Ag_ state exhibits high covalent character and has the same symmetry
as the ground state; thus, the transition dipole moment between these two states vanishes
entirely due to symmetry constraints, rendering this state strictly dark in one-photon
absorption experiments. In contrast, the 1'B] state is a strongly optically allowed “bright”
state with ionic character. The third vertically excited valence singlet excited state is the

2!'B_, which has a small transition dipole moment and exhibits covalent character.®

The wave functions of ionic states are primarily composed of singly excited config-
urations, whereas those of covalent states are more intricate, with significant contribu-
tions from doubly excited configurations.’® This complexity is one of the main reasons
why uniformly describing the electronic spectra of linear all-trans polyenes remains chal-
lenging from a theoretical perspective. Due to their nature, ionic states are relatively
straightforward to describe using single-reference quantum chemical methods, such as
time-dependent density functional theory (TD-DFT),®"% algebraic diagrammatic con-

struction of second order (ADC(2)),”” and equation of motion coupled-cluster (EOM-
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CCSD).™ On the other hand, covalent states require the use of higher-level methods to
capture static correlation effects effectively. Multiconfiguration self-consistent field (MC-

SCF) and multireference (MR) methods, in general, will be well suited for that purpose.

However, the MCSCF method and MR configuration interaction with singles and
doubles (MR-CISD), which effectively capture static electron correlation effects and ad-
equately describes covalent states, encounter notorious accuracy issues when applied to
ionic states.*347 Specifically, excitation energies for ionic states are typically overesti-
mated by about 1-2 eV when using an active space that includes only valence m-electrons
and m-orbitals.” Several strategies have been proposed to mitigate this issue, such as ex-
panding the active space to include additional unoccupied 7-orbitals, including o-orbitals
into the active space, and modifying the one-electron basis set.*3447376 Indeed, a rea-
sonable description of ionic states requires an extensive treatment of the o-m electron
correlation, which can in principle not be achieved by including correlation only in the

m-space.”’

Several methods have been employed to investigate the manifold of low-lying excited
states in the series of all-trans polyenes. Here, we provide a brief review of key results.
Hirao and co-workers,”® using multireference Mgller-Plesset (MRMP) theory, found that
the 2B and 1'B states are nearly degenerate in hexatriene. In longer polyenes, however,
the covalent state becomes the first vertically excited state. This finding is corroborated
by DFT/MRCI calculations performed by Marian and Gilka,*® which also show that the

covalent state is the lowest singlet excited state in polyenes longer than hexatriene.

780 employing complete active space second-order per-

Serrano-Andrés and coworkers,
turbation theory (CASPT2), suggested that in terms of vertical excitation, the 1'B] state
is the lowest excited state in hexatriene, lying 0.18 eV below the covalent state. In octate-
traene, their results indicate that these states are virtually degenerate, with the 2!'B; state
being 0.04 eV lower than the 1'B; state. This trend is further supported by CASPT2
benchmark calculations.®! The near-degeneracy of these two states in octatetraene is also
corroborated by N-electron valence state second-order perturbation theory (NEVPT2)

calculations.”™

The most recent database of highly accurate excitation energies for electronic struc-
tures (QUESTDB),®? which includes results based on coupled-cluster CCSDT and CC3
methods, suggests that the bright 1'B} state is the first vertically excited state in both
hexatriene and octatetraene, being 0.25 eV and 0.12 eV lower than the covalent 2'B;

state, respectively. This ordering is also obtained using CCSD and CC2 methods.5!

MR-CISD,”"83 and multireference averaged quadratic coupled-cluster (MR-AQCC)348
calculations have been performed for ethylene*® and butadiene,** the first members of the

series. In the present work, we aim to achieve an accurate and balanced treatment of both
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static and dynamic electron correlation effects in all-trans linear polyenes, ranging from
hexatriene up to dodecahexaene, using the variational MR-CISD and MR-AQCC meth-
ods. While nonvariational extensivity corrections are applied in the MR-CISD case, the
MR-AQCC method inherently accounts for higher excitations, restoring size extensivity
in an approximate yet considerably accurate manner.’%8” We also seek to provide insights
into the relative ordering of the excited states. A detailed analysis of the wave functions,
based on the one-electron transition density matrix calculated with respect to the ground
state, is presented. In particular, the ionic character of each state is assessed using the Q%
diagnostic, which has recently been shown to associate large transition charges centered
on individual atoms with ionic states.” Complementary analysis of the one-electron tran-
sition density matrix provides insights into how the wave functions of the excited states

evolve across the series in terms of multiconfigurational and single-excitation character.

2.3 Low-lying excited states of linear All-irans polyenes:
insights from analytical gradient calculations based on

a multireference Wavefunction

The investigation of linear all-trans polyenes has long been a cornerstone of molecular
photophysics due to their unique spectral properties, which stem from the intricate nature
of their low-lying excited states. Among the manifold of excited states, the two lowest-
lying singlet states—the covalent 21Ag_ state, and the ionic 1'B; state—are focal points for

188-90,56,91-94,57,55,95 167-71,58,80,75,78,60,96,79.44 ¢t 11 dies. Various

experimenta and computationa
chromophores are built around polyene backbones, inheriting their spectroscopic proper-
ties from the underlying polyene.?:>2 In this context, in naturally occurring carotenoids,
the 21Ag_—analogous state is mostly responsible for driving non-photochemical quenching,
dissipating excessive excitation energy in a harmless form,* while the 1'B-analogous
state is responsible for the absorption of light energy and rapid excitation energy transfer
to chlorophylls, enhancing photosynthetic efficiency.28 Hence, understanding the spec-
troscopic behavior of polyenes is of monumental importance. Beyond their biological
relevance, polyenes provide a rigorous testing ground for theoretical frameworks and elec-

tronic structure methodologies,?!:40-43:45-50

The focus of our work is on trans,trans-1,3,5-hexatriene, all-trans-1,3,5,7-octatetraene,
and all-trans-1,3,5,7,9-decapentaecne—hereafter referred to as hexatriene, octatetraene,
and decapentaene. From the experimental standpoint, the 1'Bf « 11Ag’ transition is
dipole-allowed, which enables its detection in single-photon absorption experiments. The
origin peak—which is also the strongest peak—has been unambiguously observed in the gas

90,55 56,92,93

phase for hexatriene, octatetraene, and decapentaene.”” On the other hand, the
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21Ag state is dipole forbidden, requiring more sophisticated detection techniques, such
as two-photon absorption experiments in free jet expansions.”’ Nevertheless, it has been
demonstrated that in octatetraene, the one-photon cross section is sufficiently large to
allow the detection and study of the 2'A_ state.””

From the theoretical point of view, ionic states are typically composed of singly excited
configurations, whereas covalent states have substantial contributions from doubly excited
configurations.?®*+% The differing characters of these states create theoretical challenges
in uniformly describing the electronic spectra of these molecules: single-reference meth-
ods like time-dependent density functional theory (TD-DFT),57 % algebraic diagrammatic
construction of second order (ADC(2)),” and equation of motion coupled-cluster (EOM-
CCSD)™ adequately describe ionic states but falter for covalent states. The multicon-
figuration self-consistent field (MCSCF) method provides accurate results for capturing
static correlation in covalent states but exhibits systematic limitations when applied to
ionic states.?®™™ Indeed, a reasonable description of ionic states at the multireference
(MR) level requires an extensive treatment of the o-7 electron correlation.”®™ In this con-
text, perturbative treatments via complete active space second-order perturbation theory
(CASPT?2) or N-electron valence perturbation theory (NEVPT2), and variational methods
like multireference configuration interaction with singles and doubles (MR-CISD) or mul-
tireference averaged quadratic coupled-cluster (MR-AQCC) based on the MCSCF wave-
function are good alternatives to obtain a balanced description of the two lowest-lying
excited states of polyenes with differing characters and have been employed to obtain
valuable insights into vertical excitation energies from the ground state.80:75:78:60,96,79:44
further describe their electronic spectra and gain deeper insight into their spectroscopic
behavior, it is necessary to locate the minima of the excited-state potential energy surfaces.
This enables the calculation of adiabatic excitation energies as well as vertical emission
energies from the excited-state minima. However, computing energy gradients based on a

multireference wavefunction remains a challenging and computationally demanding task.

Due to the lack of analytic energy gradients in many MR methods, excited-state geom-
etry optimizations are often performed only at the CASSCF level, followed by single-point
calculations at a higher level of theory. This approach has been used in several studies.
Serrano-Andrés and coauthors,®® as well as Angeli and Pastore,” studied octatetraene
using CASPT2 based on CASSCF-optimized geometries. This same approach was also
applied by Nakayama et al.,”® who studied polyenes ranging from ethylene to octate-
traene. Recently, Guareschi and Angeli21 successfully obtained the optimized geometries
of the ground and excited 21Ag_ state of hexatriene via numerical gradients based on an
N-electron valence perturbation theory (NEVPT2) wavefunction. An important finding
from these studies is that upon geometry relaxation, the covalent 21Ag state, which lies

very close to the ionic state at the Franck-Condon geometry, is highly stabilized with
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respect to the 1'B7 state.

In recent work, uncontracted MR-CISD and MR-AQCC methods have been employed
to accurately compute the vertical excitation energies of all-trans polyenes, from hexa-
triene up to dodecahexaene.’® The variational character of the MR-CISD method enables
efficient analytic energy gradients for any selection of electronic states.?”?8#3 The compu-
tational cost of gradient evaluation is only a fraction of that required for a single-point
energy calculation. In this work, the minima of the ground 1'A; and the excited 2'A;
and 1'B{ states have been calculated for hexatriene, octatetraene, and decapentaene using
analytic energy gradients based on the MR-CISD wavefunction, enabling the description

of adiabatic electronic transitions and vertical emission energies of these compounds.
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3 Theory

In this chapter, the theoretical background used to obtain the results presented in
the following chapters is outlined. Unless otherwise specified, the derivations and discus-
sions presented here are adapted from the seminal textbooks by George Schatz and Mark

Ratner,! Ira Levine,? Frank Jensen,® and Donald McQuarrie.

3.1 The Molecular Schrédinger Equation

At the heart of quantum chemistry lies the time-independent Schrodinger equation,
which governs the behavior of electrons and nuclei in a molecular system. The central
goal in any quantum chemistry problem is finding its solution, which allows for the de-
termination of the molecular properties of a system. The state of a system of n particles
is described by its wavefunction W(xy, ..., X,), where each x; denotes the spatial and spin
coordinates of particle i. The wavefunction is obtained as an eigenfunction of the Hamil-
tonian operator H, and the corresponding energy FE is given by the eigenvalue in the

solution of the time-independent Schrodinger equation:

HY = EV (3.1)
The complete non-relativistic Hamiltonian of an arbitrary free molecule is:
H=Ty+T.+Veny + Vee + Van (3.2)
where:

e T = kinetic energy of the nuclei

e 7. = kinetic energy of the electrons

~

e V_ny = electron-nuclear attractive Coulomb potential,

e V.. = electron-electron repulsive Coulomb potential,
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° VN ~ = nuclear-nuclear repulsive Coulomb potential

Using the index « to label the N nuclei and ¢ to label the n electrons, the explicit

form of each term in equation 3.2 is (in atomic units)

2
Ty=> 21;;& (3.3a)
T, = Y %’2 (3.3b)
N n
V==Y g (3.30)
V=3 - (3:34)
i og<i Y
N N
Vin = Z Z Zg—aZ; (3.3¢)
a f[<a

This Hamiltonian cannot be solved exactly for any system more complicated than the
hydrogen atom. Consequently, a series of accurate and simplifying approximations and

computational methods have been developed to obtain practical solutions.

3.1.1 The Born-Oppenheimer Approximation

Nuclei are much heavier than electrons, i.e., m, > m., thus, the electrons move much
faster than the nuclei, so it can be approximated that electrons instantaneously adjust
to any change in nuclear coordinates. Hence, for most os chemical applications, it is
a good approximation to assume that the Schrédinger equation can be parametrically
separated into a product of electronic and nuclear parts (Equation 3.4). This accurate
and simplifying procedure is the remarkable adiabatic approximation due to Born and

Oppenheimer,*® which leads to factorization of the wavefunction as follow:

U(r,R) = ¢(r; R)x(R) (3.4)

where:

e ¢(r;R) is the electronic wavefunction depending explicitly on the electronic coordi-

nates r and parametrically on the nuclear coordinates R,

¢ x(R) is the nuclear wavefunction depending only on the nuclear coordinates.
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The electronic Schrodinger equation includes all the terms in Equation 3.2 that depend

on electronic coordinates and is given by

(Te + ‘/eN + Vvee)w - Eelw (35)

where the energy E, is also a parametric function of the nuclear coordinates R. If Equa-

tion 3.4 is substituted into Equation 3.1 and Equation 3.5 is applied, it follows that:

(Tn + Vnn + Ea)tox = Evx (3.6)

where F is the total electron-nuclear energy. The Born-Oppenheimer approximation now
consists of neglecting the R dependence of 1, so that Twx = ¥Tnx. This allows us to

cancel ¢ from both sides of Equation 3.6, giving us

(Tn +V)x = Ex (3.7)

where

V =Vyn + Eq (38)

is the electronic potential energy surface that governs nuclear motion.

3.1.2 The Pauli Principle

A physically valid electronic wavefunction must not only satisfy the Schrodinger equa-
tion (Equation 3.1), but also comply with the Pauli exclusion principle. For electrons—and
all other fermions—this implies that the total wavefunction ¢ must be antisymmetric with

respect to the exchange of any two electrons:

w(...,xi,...,xj,...) = —w(...,Xj,...,XZ',...) (39)

A general way to enforce antisymmetry is to express the wavefunction as a determinant
of molecular spin orbitals y, known as a Slater determinant. Each spin orbital is a product

of a spatial molecular orbital ¢(r) and a spin function, either a(s) or 3(s):
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where x = (r, s) denotes both the spatial coordinates and the spin variable of a single

electron. The general form of the Slater determinant for a system of n electrons is:

xi(x1)  xe(x1) -+ xa(x1)
x1(x2) x2(x2) -+ Xn(X2)

1
X)) = W (3.10)

bxa, -

X1(Xn) Xx2(Xn) 0 Xn(Xn)

This determinant automatically satisfies the Pauli principle: interchanging the coordi-
nates of any two electrons (i.e., swapping two rows of the determinant) changes the sign of
the wavefunction. In addition, no two electrons can occupy the same spin orbital, as this
would make two columns in the determinant equal, rendering the wavefunction identically

Zero.

3.2 Electronic Structure Methods

3.2.1 The Hartree-Fock Method

Hartree-Fock (HF) theory is the foundation of the methods that will be used in this
work. It approximates the many-electron wavefunction as a single Slater determinant and

solves the resulting equations self-consistently.

The HF method is grounded in the variational principle, which states that the ex-
pectation value of the Hamiltonian over any normalized trial wavefunction ¢ provides an
upper bound to the true ground state energy Eo: Eo < (¢|H|¢). If we apply variational
theory to the determination of the optimum spatial orbitals ¢;, the following one-electron

Schrodinger equation may be derived:

fidi = €igi (3.11)
where operator f; is
1 Nz, L&
fi==5Vi= D 5+ > [245(0) = Ki(0) (3.12)
a=1""*  j=1

and ¢; is the one-electron energy eigenvalue.

Equation 3.11 is the Hartree-Fock or self-consistent field (SCF) equation, and f; is
the Fock operator. The Fock operator (Equation 3.12) includes exact kinetic energy and

electron-nuclear attraction terms plus two approximate electron—electron repulsion terms,



CHAPTER 3. THEORY 30

the Coulomb J and exchange K operators. These are defined in terms of their action on
the orbital ¢; as follows:

Jj(i)i = <¢j‘%‘¢j>¢i (3.13)
K;(i)¢i = <¢j|%|¢i>¢j (3.14)

where the integration variable is the coordinate r; associated with electron j.

The total electronic energy E, associated with the Slater determinant (Equation 3.10)

using orbitals that satisfy Equation 3.11 is given by:

n/2 n/2 n/2

Eel = Z&TZ‘ — Z Z (2]1] — Kzg) (315)

A standard method for solving the Hartree-Fock (SCF) equation for molecules involves

expanding each molecular orbital ¢; as a linear combination of atomic orbitals:
o

where ¢, is an atomic orbital. In most molecular electronic structure calculations, the ¢,,’s
are chosen to be gaussian functions (or sums of gaussians), as this facilitates multicenter

two-electron integral evaluation.

Because the Coulomb (Equation 3.13) and exchange (Equation 3.14) operators in f;
(Equation 3.12) depend on the orbitals of interest, the solution to Equation 3.11 must be
accomplished self-consistently, where ¢,; (Equatio 3.16) are the variational coefficients. A

typical procedure follows as:

1. Make an initial guess for the orbital coefficients c,,.
2. Compute J;; and Kj;.
3. Solve the secular equations to obtain new c,; and orbital energies ¢;.

4. Repeat steps 2-3 until energy and orbitals converge (self-consistent field, SCF).

A secular equation to determine the optimized energies. In the present case this secular
equation is
If —es| =0 (3.17)

Here s is an overlap matrix involving the AO basis functions and f is the matrix repre-

sentation of the Fock operator.
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By minimizing this energy with respect to the spin orbitals in the Slater determinant,
Hartree—Fock finds the best possible approximation within the space of single-determinant
wavefunctions. However, in this case, electrons are statistically independent and have no
effect on each other, in such a way that it neglects dynamic electron correlation because
each electron moves in an average field created by others. To overcome this, the methods
that are discussed bellow were developed, and, based on the HF wave function, they
follow an hyherarchi, reaching, to this day, the state of art of computational chemistry, in

accuracy competitive with experimental results.

3.2.2 Multireference methods

As discussed previously, within the Hartree-Fock (HF) approximation, each electron
moves independently in the average electrostatic field generated by all other electrons, re-
sulting in a set of coupled one-electron equations. While this mean-field approach captures
the antisymmetry of the wavefunction through a single Slater determinant, it inherently
neglects explicit electron—electron correlation. In other words, the instantaneous repulsion

between electrons is not properly accounted for in the HF wavefunction.

Electron correlation can be broadly classified into two categories: (i) static (or nondy-
namic) correlation and (ii) dynamic correlation. Although this distinction is not always
sharply defined, it provides a useful conceptual framework. Static correlation arises in
situations where a single electronic configuration is insufficient to qualitatively describe
the electronic structure of the system. Dynamic correlation, on the other hand, refers to
the short-range, instantaneous interactions between electrons and is typically treated as

a correction to a qualitatively correct zeroth-order description.

To address these deficiencies, multireference methods have been developed that ex-
tend beyond the single-reference framework. The first method discussed here, the Mul-
ticonfigurational Self-Consistent Field (MCSCF), is primarily designed to recover static
correlation by allowing multiple electron configurations and optimizing both the orbital
and configuration interaction parameters. Subsequent post-MCSCF treatments, such as
Multireference Configuration Interaction with Single and Double excitations (MR-CISD)
and the Multireference Averaged Quadratic Coupled-Cluster (MR-AQCC) method, aim

to recover dynamic correlation.

3.2.2.1 Multiconfigurational Self-Consistent Field

The Multiconfigurational Self-Consistent Field (MCSCF) method constitutes the foun-
dation of multireference electronic structure theory. It represents a critical improvement

over the Hartree-Fock model in situations where a single Slater determinant fails to cap-
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ture the essential features of the electronic wavefunction. This typically occurs in systems
characterized by near-degeneracies, such as bond dissociation processes, open-shell sin-
glets, transition states, or excited electronic states with significant multiconfigurational

character.

The MCSCF wavefunction is constructed as a linear combination of configuration state
functions (CSFs), which are spin-adapted functions that ensure the wavefunction is an
eigenfunction of the total spin operator, and often also of the spatial symmetry operators
of the molecule. Each CSF is itself a linear combination of Slater determinants. Formally,

the MCSCF wavefunction is expressed as:

[Tnicsor) = 3 ba| ), (3.18)

where {|®,,)} are CSFs constructed from a set of molecular orbitals (MOs), and b, are
variational coefficients. A central feature of MCSCF is that both the CI coefficients {b,}
and the MOs themselves are variationally optimized, the latter expanded in terms of

atomic basis functions (Equation 3.16).

The most widely used MCSCF variant is the Complete Active Space Self-Consistent
Field (CASSCF) method.® In CASSCF, orbitals are divided into inactive (always doubly
occupied or unoccupied) and active subspaces. All possible occupations of the active
orbitals by the active electrons, consistent with spin and spatial symmetry, are included in
the expansion of the wavefunction. The notation CAS(n., n,) indicates that n. electrons
are distributed among n, active orbitals. Due to the factorial growth of the complete
active space (CAS) with the number of active orbitals, occupation restrictions have been
introduced through the concept of restricted active spaces (RAS),” which partition the
active space into three subspaces: the restricted (RAS), complete (CAS), and auxiliary
(AUX) subspaces (Figure 3.1). In the RAS subspace, a specified maximum number of
holes is allowed; in the CAS subspace, all possible occupations are permitted; and in the

AUX subspace, electrons may be placed up to a predefined maximum.
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FIGURE 3.1 — Schematic representation of the active spaces (RAS, CAS, and AUX) when restricted
active subspaces are employed

A balanced description of both ground and excited states usually requires a state-
averaged (SA-MCSCF)® variant of MCSCF, in which the average energy of several states
is optimized to obtain a balanced description of these states. State-averaging allows one to
get a single set of optimized orbitals, which are, in principle, equally good for all electronic

states considered.

CASSCF provides an accurate treatment of static correlation and serves as the refer-
ence for subsequent dynamic correlation treatments (Sections 3.2.2.2 and 3.2.2.3). How-
ever, the method’s accuracy and, crucially, the qualitatively correct wave function, hinge

critically on the adequate choice of the active space.

3.2.2.2 Multireference Configuration Interaction

Once a qualitatively correct wavefunction is obtained, it is often necessary to recover
dynamic correlation, which accounts for the finer details of electron—electron interactions
beyond the static correlation already included. MRCI operates by initially constructing
a space of reference configurations, exciting electrons out of these configurations, and
solving the electronic Schrodinger equation by variationally minimizing the energy in the
resulting configuration space. In its uncontracted variant (which is the focus of this work),

excitations are performed with respect to each individual reference configuration.

The union of all such excited configurations, up to a given excitation level, forms the
full MRCT configuration space. For practical reasons, only single and double excitations
are typically included, leading to the widely used MR-CISD (Multireference Configuration

Interaction with Single and Double excitations) approximation. The MR-~CISD wavefunc-
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tion takes the form:?

|Unr-c1sp) = Z by |®,) + be\@f(r)) + Z b1 (), (3.19)

70,0 ri<j,a<b

where |®,) are the reference CSFs, |®{(r)) are single excitations, and |®¢(r)) are double
excitations from the reference CSFs. Each excitation is spin-adapted and consistent with
the desired total spin and spatial symmetry. Here, only the CI coefficients {b,,b?, b?]b

are optimized variationally to minimize the total electronic energy. The variationality of
MRCI also leads to the fact that wave function properties, such as dipole moments and

energy gradients, can be easily computed.

Although MR-CISD significantly improves upon the static correlation described at the
CASSCEF level, it is not size-extensive. Size-extensivity refers to the property of a method
whereby the total energy scales correctly with the number of electrons or the system
size.1® A related but distinct concept is size-consistency, which requires that the energy
of two non-interacting subsystems computed together equals the sum of their individual
energies computed separately.!! Truncated CI methods, including MR-CISD, violate both
properties due to the exclusion of disconnected higher-order excitations.

To partially correct for this deficiency, several a posteriori corrections have been de-

12,13

veloped. Two commonly used classes are the Davidson and Pople!! corrections, which

aim to approximate the missing contribution of unlinked higher excitations.

A key advantage of a posteriori size-extensivity corrections lies in their low compu-
tational cost and numerical stability. However, these benefits come at the expense of a
fundamental drawback: such corrections break the variational nature of the underlying
method. This has two major implications. First, the extensivity corrected energy is no
longer an upper bound to the true energy. Second, it is not readily possible to compute
the gradient of the extensivity corrected energy or to compute extensivity corrections to
other wave function properties. An alternative to a posteriori corrections is to employ
multireference methods that intrinsically incorporate size-extensivity. Among these, the
multireference averaged quadratic coupled-cluster (MR-AQCC) method stands out as a

particularly effective approach.

3.2.2.3 Multireference Averaged Quadratic Coupled-Cluster (MR-AQCC)

A more rigorous way to address the lack of size-extensivity in truncated Cl-based
methods, such as MR-CISD, is to modify the underlying energy functional itself. The
Multireference Averaged Quadratic Coupled-Cluster (MR-AQCC) method achieves this
by introducing an intrinsic size-extensivity correction that is incorporated directly into

the iterative solution procedure.'* In this approach, the correlation energy is expressed as
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a functional of the CI coefficient vector b, defined as:

<Zﬁczll bmq)m }A[ - Eref Z,]Xgl bmq>m>
Db + G 32, () ’

where E, is the energy of the multireference reference function. The set {®,,} includes

F(b) = (3.20)

both internal (reference) and external (singly and doubly excited) configurations. The
summations in the denominator run over the internal (b"*) and external (b$") components
of the CI vector, respectively. The factor G controls the relative weighting of the external
configurations in the denominator and effectively distinguishes between different methods:

G =1 corresponds to standard MRCI, while G < 1 yields size-extensive variants.
For MR-AQCC, the value of G is chosen as:

(e — 3)(ne — 2)

g 1 —
¢ Ne(ne — 1)

: (3.21)

where n. is the number of correlated electrons. This choice results in a reduction of
the energetic contribution of external configurations, mimicking the effect of including

higher-order disconnected excitations absent in MR-CISD.

Minimizing the functional F'(c) yields the MR-AQCC energy, and the procedure can
be interpreted as solving a shifted eigenvalue problem where the Hamiltonian matrix
elements involving external configurations are scaled by (1 — G)AFE, with AE being the
correlation energy. In practice, this leads to a renormalization of the CI coefficients, which
are optimized variationally during the MR-AQCC procedure. As a result, gradients and

other wavefunction-dependent properties can be evaluated consistently.

These multireference methods—CASSCF, MR-CISD, and MR-AQCC—form the the-
oretical backbone for the accurate description of complex electronic structures in this
work. Each method addresses different facets of the electron correlation problem, and

their combination provides a powerful toolkit for the investigation of excited states.

3.2.3 Density Functional Theory

Although not central to this work, Density Functional Theory (DFT) was employed
for ground-state geometry optimizations and harmonic vibrational frequency calculations,
owing to its favorable balance between computational cost and chemical accuracy. DFT
reformulates the many-body Schrédinger equation in terms of the electron density p(r)
rather than the many-electron wavefunction, resulting in a substantial computational
advantage: while the electronic wavefunction depends on three spatial coordinates (plus

spin) for each electron, the electron density depends only on three spatial (and spin)
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coordinates in total.

The foundation of DFT lies in the Hohenberg-Kohn theorems,'® which establish that
the ground-state properties of a many-electron system are uniquely determined by its
electron density, and that a variational principle applies to the total energy as a functional
of p(r).

In practice, the Kohn-Sham approach!® is employed, wherein the interacting sys-
tem is mapped onto a fictitious system of noninteracting electrons subject to an effec-
tive potential. This potential includes the external potential, the Coulomb repulsion,
and the exchange—correlation potential Vi [p], which is not known exactly and must
be approximated. The accuracy of DFT, therefore, depends on the quality of the ex-

change—correlation functional used.

Excited electronic states are often accessed within the DFT framework using time-
dependent density functional theory (TDDFT), which calculates poles in the response of
the ground-state density to a time-varying applied electric field. These poles correspond
to Bohr frequencies, or excitation energies.!” However, TDDFT often does not yield a
potential with the correct long-range Coulomb tail. As a result, excitation energies cor-
responding to states that sample this tail—such as diffuse Rydberg states and certain
charge-transfer excited states—are not accurately predicted. The method also fails to
describe static correlation effects well, as it is based on a single-reference configuration
of Kohn—Sham orbitals. These limitations restrict the applicability of TDDFT in cases

where strong or static correlation plays a central role.
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4 A Multi-Descriptor Analysis of
Substituent Effects on the Structure and

Aromaticity of Benzene Derivatives:

m-Conjugation vs. Charge Effects

4.1 Computational details

Geometry optimizations and analytical vibrational frequency calculations for the mono-
substituted (X = CHs, CH,, CHJ, NHy, NH-, NH", OH, O, and O") and para-
homodisubstituted (X = CHjz, CHy, NHy, NH, OH, and O) benzene derivatives (Fig-
ure 4.1) were performed using the hybrid functional B3LYP'? with the def2-TZVP basis
set.>? An ultrafine integration grid and tight convergence criteria (107® for the SCF calcu-
lations and 10~® atomic units for the geometry optimizations) were used. The equilibrium
geometries and analytical harmonic frequencies were also obtained using the wB97X-D?
with the def2-TZVPD?* basis set. Upon comparing the geometries obtained at both
levels of theory, no root mean square deviation (RMSD) values larger than 0.008 Awere
observed for the superposition between the respective geometries, with an average value
of 0.006 A. A few aromaticity descriptors (specifically HOMA, Al(vib), and NICS) were
computed at both levels of theory, showing no discrepancies in the results (see Table A.21
in the Supplementary Information for this chapter in Appendix A). Herein, all presented
results are based on the geometries and analytical harmonic frequencies obtained at the
B3LYP/def2-TZVP level of theory.
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CG/ \02 CH3, CH2 : CH2+ C6/ \C2 CHS’ CH2
X=< NHp NH-, NH* | | x=< NH, NH
C5 C3 C5 C3
\04/ OH, O, O* \C|34/ OH, O
X
Monosubstituted Disubstituted
derivatives derivatives

FIGURE 4.1 — Scheme of monosubstituted and disubstituted benzene derivatives investigated in this
study. The carbon numbering presented is used throughout the work.

The equilibrium geometries were used to investigate the geometry-based aromatic
character according to the harmonic oscillator model of aromaticity (HOMA).50 This
model utilizes the Kekulé benzene alternated single and double bonds as a reference of a

non-aromatic system to set Equation 4.1.

HOMA =1 — — 3" (Rope — R))?

NB
1
=l-a |:(Ropt - Rav)2 + @ (Rav - Ri)ﬂ
—1—EN - GEO (4.1)

where Ry (1.394 A) is determined by averaging the single- and double-bond lengths of
Kekulé benzene, modeled by the CC bonds of trans-1,3-butadiene (B3LYP/def2-TZVP
level of theory). NB is equal to six, the total number of CC bonds of the aromatic system;
o = 285.34 AT is set to enforce HOMA = 0 for the Kekulé benzene; R; is the CC bond
distances of the molecule considered, and Rav is the average value of CC bond lengths.
Positive values indicate a decrease in bond alternation, thus an increase in aromaticity,
whereas negative values indicate antiaromaticity. The components EN (the second term
in Equation 4.1b) and GEO (the third term in Equation 4.1b) quantitatively describe the
decrease of the m-electron delocalization due to the elongation of the mean bond length

and the increase of the bond length alternation, respectively.

An alternative approach to HOMA based on vibrational spectroscopy is provided by
the aromaticity index AI(vib). The Al(vib) is based on local stretching force constants

(k*), a more sensitive and reliable bond strength parameter,!1?

capable of probing the
strength of a bond for an infinitesimal change in the bond length. Local vibrational
modes and associated local force constants are obtained by solving a local equivalent of
the Wilson equation of vibrational spectroscopy through a procedure detailed in a recent

review article.!3

To simplify the analysis of the bond strength, £* values are converted into Relative
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Bond Strength Orders RBSO (n) through the power relationship n = a(k®)?, according to
the generalized Badger rule.'* The a and b constants are defined by two reference values
and assuming that for £ = 0, n = 0. In this work, ethane and ethene were used to obtain
the constants a and b. Setting n = 1 for ethane CC single bond (k*(CC) = 4.247 mdyn
A=Y and n = 2 for ethene CC double bond (k*(CC) = 10.001 mdyn A=), one can find
a and b to be 0.310 and 0.809, respectively.

Analogously to the HOMA equation, Al(vib) is given by Equation 4.2

Al(vib) = 1 — == 57 (nopt — n;)?

NB
2 1 2
=1 Y |:(7”Lopt — nav) + @ Z (nav — Tli) :|
=1—-WS-—-ALT (4.2)

where nqp (1.546 unitless) is the optimal RBSO, determined by averaging the single- and
double-bond strength orders of Kekulé benzene, modeled by the CC bonds of trans-1,3-
butadiene; n,, is the averaged RBSO of the target molecule, and v = 6.839 (unitless) is
chosen to make Al(vib) = 0 for Kekulé benzene. WS (the second term in Equation 4.2b)
is the weakening-strengthening index of all bonds compared to the average RBSO, and
ALT (the third term in Equation 4.2b) is the degree of bond strength alternation. The
Cartesian coordinates and harmonic frequencies of ethane, ethene, and 1-3-butadiene are
presented in Section A.1, and their RBSO values are shown in Figures A.1 and A.2 in the
Supplementary Information for this chapter in Appendix A. For derivatives containing the
methyl group, the force constant of the first normal mode, which is related to the rotation
of the substituent, is small but non-zero (0.0003 and 0.0001 mdyn/ Afor methylbenzene
and p-dimethylbenzene, respectively). This small value reflects the low internal rotation
potential barrier of the methyl group (within 0.03 kcal mol™'), indicating a nearly free
rotor system.'® However, this leads to numerical instability when calculating local CC
stretching frequencies and force constants, resulting in an unreliable value of AI(vib).
To overcome this issue, the first normal mode was projected out from the calculation
of the local modes of methylbenzene and p-dimethylbenzene. Local mode analysis was
performed using the LModeA-nano package.!® A complementary analysis in the context
of the quantum theory of atoms in molecules (QTAIM)!" was performed to probe the
nature of the bonds of interest. The electron density p, its Laplacian V?p, and the energy

density H were calculated at the path critical points using the Multiwfn software.!®

Topological analysis of the aromaticity based on the Electron Localization Function
(ELF)'920 was also performed. The ELF is originally derived from the spherically av-
eraged conditional pair probability density within the Hartree-Fock approximation.! In

the context of the density functional theory, it was later interpreted as the excess of local
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kinetic energy density, which arises from Pauli repulsion?’

1

e TR T WSIE

(4.3)

where D(r) can be seen as the exact kinetic energy density of the non-interacting electrons
system and reveals the excess of local kinetic energy density caused by Pauli repulsion.
On the other hand, Dy(r) can be interpreted as the Thomas-Fermi kinetic energy density,
which is the exact kinetic energy density of a non-interacting, uniform electron gas.?!

Formally, for a closed shell system

D) = 5 S miVan)f - g
Dyfr) = = (35%)° plr)*"?

p= Zﬁi’@(r)’Q (4.4)

where ¢ is the orbital wave function and 7 the occupation number of the i¢th orbital.
Since D(r) is weighted by the corresponding quantity for a uniform electron gas reference,
Dy(r), the ELF reveals the degree of relative localization and is constrained to vary in
the interval [0,1]. The Pauli principle has little effect on the behavior of electrons when
they are alone or in pairs of antiparallel spins; as a result, the excess local kinetic energy
is low, and ELF is close to 1. In contrast, at the boundaries between these regions,
there is a higher probability of finding parallel spin electrons close to one another; as a
result, the excess local kinetic energy is high, and ELF is low. A rational quantitative
description of the aromaticity was achieved by determining the bifurcation value for ring
closure of the -basin.?? The 7-densities derived from the density functional theory (DFT)
and multireference configuration interaction (MRCI) were analyzed using the Multiwfn

software.'® Natural orbitals were used in the case of the MRCI density analysis.

The electronic aspect of aromaticity was assessed through a multicenter analysis that
characterizes the extent of delocalized cyclic bonding in individual benzenoid rings. For
a restricted single-determinant wavefunction, utilizing the AIM atomic partition, the [ g

index?? is determined by

NOCC
Ling(A) =2" > Siiy (A1) -+ Sipin (An), (4.5)
i1yi2,0mrin
where the n atoms in the string A = A;, Ay, -+, A, are ordered according to their

connectivity in the ring, and S;;(A;) represents the matrix element corresponding to the

overlap integral between occupied molecular orbitals 7 and j computed over the basin
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of atom A. The I,, index considers only the term with the numbering of the atoms
that reflects the bonding interactions typical for Kekulé structures. Summing up all the
possible I,ine contributions resulting from the permutations of atomic labels Ay, ..., A,,

one obtains the multicenter index (MCT),?%?> whose formula is given by

1
MCI(A) = - D Ling(A), (4.6)
P(A)
where P(A) represents a permutation operator that interchanges the atomic labels Ay, -+ | A,

to generate n! permutations of the elements in the string A. By doing this, one considers
not only the term referring to the Kekulé structure but also all valence bond structures
corresponding to different permutations of the atomic labels. The atomic overlap ma-

trices, calculated using the AIM partition, were computed using the AIMAIl software.?¢

Both I, and MCI were calculated using the ESI-3D program.?”

The nucleus-independent chemical shift (NICS)?® was used to depict the magnetic
aspect of the aromaticity; it is defined as the negative of the spherically averaged magnetic

shielding computed at chosen points of interest:

NICS (R) = ~Str [o(R)] = — (02 (R) + 0, (R) + 0. (R)) (4.7

in which the chemical shielding tensor ¢ (R) at point R describes the relation between
applied (Bex) and induced (Byi,q) magnetic field.?* Such relation is defined as Bi,q (R) =
—0 (R) Beys where the tensor o (R) is given as a non-symmetric 3 X 3 matrix containing
nine independent values. A detailed analysis of the shielding tensors was accomplished
through visualization of the chemical shielding tensors (VIST) method*® implemented
in TheoDORE.?' VIST proceeds by computing the principal axes qV), q®, q® of the
shielding tensor via an eigenvalue decomposition: oq® = tq®. Subsequently, a local
coordinate system oriented according to the eigenvectors qt is constructed. It is worth
noting that in analogy to Equation (4.7), the NICS value is one-third of the sum of the

three eigenvalues ¢():

1 1
NICS = —otr[o] = — (t + 1@ +¢%). (4.8)

This method provides graphical information about the chemical shielding tensor and
allows the visualization of local variations in aromaticity and antiaromaticity.?* The chem-
ical shielding tensors were calculated employing the gauge-independent atomic orbital
(GIAO) method®? utilizing the B3LYP functional with the basis set pcS-3% downloaded
from the Basis Set Exchange software,3* which was previously found to result in good

accuracy.35
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The strength of the m-electron accepting/donating character was estimated in terms of

the pEDA (m-electron donor-acceptor) and SEDA (o-electron donor-acceptor) descriptors,3¢

constructed in the context of the natural population analysis based on natural bond orbital

theory®”:
6 6
pEDA - Z WJCGHE,X - Z Wé6H6’ (4.9)
= =1
SEDA - Z O-JC6H5X - Z O-JCGH6’ (4.10)
= =1

where ﬂéﬁmx / Wé6H6 denotes the occupancy of the respective p, orbital, and O-éGHSX / UéaHe
denotes the occupancy of the respective s, p,, and p, valence orbitals of the jth benzene
ring C-atom of the benzene (CgHg) or benzene derivative molecule (CgH;X). In a concise
manner, the pEDA and sEDA descriptors provide insight into the direction of m-electron

and o-electron shifts, whether they occur towards or away from the substituent.

Static and dynamic electronic correlation effects were incorporated using the MRCI
method.?®39 Using the B3LYP/def2-TZVP equilibrium geometries, the complete active

h*94l with full valence m-electrons and 7-

space self-consistent field (CASSCF) approac
orbitals was employed to compute the molecular orbitals and the set of reference configu-
ration state functions (CSFs). The MRCI wave functions were constructed using the CSFs
generated by CASSCF and allowing all single and double excitations. In the MRCI calcu-
lations, size-extensivity contributions were included with the Davidson-Silver method.*?43
The corrected value is denoted by MRCI+Q. The MRCI calculations were performed for
the lowest singlet Sy and the lowest triplet T; state using the def2-TZVP3* basis set. The
vertical singlet-triplet splitting (Sp — T splitting), calculated as E(T;) — E(Sy), where
E denotes the energy, was also estimated.

The multireference calculations were performed using the COLUMBUS program package.** 46

For DFT calculations, Gaussian 09*7 was used.

4.2 Results and Discussion

The results for HOMA and AI(vib) indices of monosubstituted benzene derivatives are
presented in Figure 4.2. The numerical values of all indices reported are available in the

Supplementary Information for this chapter in Appendix A (Tables A.1 to A.14).
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FIGURE 4.2 — Aromaticity indices (a) HOMA and (b) AI(vib) of benzene and monosubstituted benzene
derivatives (yellow dashed line). The components EN (bond length elongation) and GEO (bond length
alternation) of HOMA, and the components WS (bond strength weakening-strengthening) and ALT (bond
strength alternation) of AI(vib) are shown in bars. The HOMA and AlI(vib) indices were calculated using
the geometry and frequencies obtained at the B3LYP/def2-TZVP level of theory.

As expected from previous works,*¥4° systems modified with the substituents CHs,

NH,, and OH, have values of the structural indices HOMA and Al(vib) close to 1. On
the other hand, the other substituents were found to significantly affect m-electron delo-
calization and reduce the index to values below 0.8. The main difference between the two
groups is the availability of a p orbital on the heavy atom of the substituent. Substituents
that have filled, i.e., m-electron donating (CH,, NH™, and O™) or unfilled, i.e., m-electron

accepting (CH3, NH*, and O™) orbitals of suitable size and symmetry can interact with
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the m-density of the ring and reduce the m-electron delocalization to the corresponding

extent as the strength of the interaction.

The chemical bonds of interest were thoroughly studied through the charge density p
(e A=3), its Laplacian V2p (e A=5), and energy density H (b A=3) computed at the path
critical point r., which corresponds to a saddle point of the charge density p, i.e., p(r.)
is a minimum of p(r) in the direction along the internuclear axis, but it is a maximum
in the direction perpendicular to it. Essentially, the Laplacian of the charge density at
the critical point p(r.), V2p(r.), gives evidence of the charge concentration or depletion
in the bounding region, and H(r.), given as a sum of the kinetic and potential energies
(H(r.) = T(r.) + V(r.)), reveals whether the charge concentration in the internuclear

region is stabilizing or destabilizing.?°

In terms of valence bond formalism, the reduction of the m-electron delocalization
can be explained by the increase in the contributions from polar canonical forms to the
molecule’s electronic structure.® Data presented in Table 4.1 reflect a strong interaction
between the ring and such substituents: while the C1-C2 bond tends to get weaker and

the C2-C3 bond tends to get stronger in comparison to benzene.

TABLE 4.1 — Bond Length r (A)7 Local Mode Force Constants k* (mdyn z&_l), Relative Bond Strength
Order Values (n), Electron Density p (¢ A=) and its Gradient V2p (¢ A=5), and Energy Density H
(En A‘3) at the Path Critical Points for benzene and monosubstituted benzene derivatives. Carbons are
Numbered in Accordance with Figure 4.1.

substituent symmetry bond 7 k¢ n Pe VZp H.
H Dgp, C1-C2 1.387 6.629 1434 0.321 -0.951 -0.345
CHj Cs X-Cl 1504 4.544 1.056 0.258 -0.674 -0.230

C1-C2 1.392 6.111 1.342 0.319 -0.938 -0.341
C2-C3 1.387 6.289 1.374 0.321 -0.952 -0.345
C3-C4 1.387 6.359 1.386 0.321 -0.953 -0.345
CH; Cay X-Cl 1380 6.916 1.484 0.318 -0.909 -0.347
C1-C2 1.443 5.248 1.187 0.289 -0.806 -0.284
C2-C3 1.375 7.075 1.511 0.325 -0.954 -0.356
C3-C4 1.400 6.188 1.356 0.310 -0.891 -0.326
CHy Cay X-Cl1 1359 8.127 1.691 0.343 -1.081 -0.391
C1-C2 1434 5.661 1.262 0.298 -0.864 -0.298
C2-C3 1.365 7.533 1.590 0.337 -1.036 -0.377
C3-C4 1.401 6.254 1.368 0.316 -0.945 -0.335
NH, Cs X-Cl1 1391 5.280 1.193 0.307 -0.966 -0.409
C1-C2 1.395 6.351 1.385 0.317 -0.935 -0.339
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NH™

NH*

OH

O+

021)

CQU

C2-C3
C3-C4
X-C1

C1-C2
C2-C3
C3-C4
C4-Ch
C5-C6
C6-C1
X-C1

C1-C2
C2-C3
C3-C4
C4-C5
C5-C6
C6-C1
X-C1

C1-C2
C2-C3
C3-C4
C4-C5
C5-C6
C6-C1
X-C1

C1-C2
C2-C3
C3-C4
X-C1

C1-C2
C2-C3
C3-C4

1.384
1.387
1.324
1.440
1.376
1.400
1.396
1.379
1.441
1.281
1.459
1.360
1.404
1.413
1.355
1.460
1.359
1.389
1.384
1.389
1.386
1.387
1.389
1.261
1.440
1.380
1.396
1.203
1.491
1.351
1.416

6.708
6.613
7.575
9.303
7.078
6.236
6.381
6.908
5.191
9.826
5.056
7.792
6.165
9.903
8.022
4.917
6.088
6.530
6.740
6.580
6.679
6.626
6.493
9.031
5.080
6.873
6.387
12.636
4.107
8.223
5.737

1.448
1.431
1.597
1.197
1.512
1.365
1.390
1.482
1.176
1.972
1.152
1.634
1.352
1.305
1.673
1.126
1.338
1.416
1.453
1.425
1.443
1.433
1.410
1.841
1.156
1.476
1.391
2417
0.973
1.707
1.276

0.321
0.320
0.362
0.294
0.325
0.311
0.313
0.323
0.292
0.392
0.290
0.341
0.314
0.309
0.343
0.287
0.295
0.323
0.321
0.320
0.321
0.319
0.322
0.380
0.295
0.322
0.313
0.427
0.274
0.346
0.308

46
-0.947 -0.346
-0.947 -0.344
-1.229 -0.525
-0.838 -0.292
-0.955 -0.355
-0.895 -0.326
-0.905 -0.331
-0.943 -0.350
-0.817 -0.289
-1.129 -0.693
-0.843 -0.282
-1.059 -0.386
-0.943 -0.333
-0.921 -0.323
-1.065 -0.391
-0.822 -0.278
-0.565 -0.463
-0.974 -0.351
-0.949 -0.346
-0.945 -0.343
-0.951 -0.346
-0.938 -0.342
-0.956 -0.347
-0.612 -0.665
-0.839 -0.294
-0.943 -0.350
-0.908 -0.332
0.070  -0.771
-0.771  -0.255
-1.083 -0.397
-0.918 -0.322

The electron density in the interatomic surface is proportional to the forces exerted

on the bonding electrons by the nuclei;® hence all the parameters shown in Table 4.1

give an outright overview of the chemical bonds. We use benzene as our baseline for all

the observations that follow. Values of V?p(r.) indicate a high concentration of charge
density in the bond path C1-X and C2-C3. Values H(r.) indicate a clear dominance of

V(r.), which suggests that accumulation of electronic charge in the internuclear region is
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stabilizing (V' (r.) < 0) and nuclei are strongly bonded, as evidenced by bond lengths r
and local mode force constants k, for C1-X and C2-C3 bonds.

All the bonds presented in Table 4.1 are classified as covalent (shared shell interactions)
based on the Bader-Shaik criterion (p(r.) > 0.10 and V?p(r.) < 0).52 However, it is ob-
served that the O" substituent results in a significantly smaller value of V?p(r.)compared
to other substituents in the bounding region with the ring. This reduced value, com-
bined with the proximity of the critical point to the less electronegative atom, indicates
a charge-shift interaction. In the context of valence bond theory, this interaction is char-
acterized by considerable resonance energies associated with the mixing of covalent and

ionic components.3

All parameters indicate a substantial quinoid character for systems modified with
CH,, CHJ, NH~, NH", O~, and OY; the bond lengths and the local mode force constants
changes are reflected by the indices HOMA and AI(vib), respectively. Of course, the high
contribution of the GEO and ALT components (which measures the bond length and
strength alternation) to HOMA and Al(vib) values, respectively, is also a response to the
structural changes caused by the substituents. On the other hand, systems modified with
CHs, NH,, and OH have the structural parameters preserved in comparison to benzene;
the data shown in Table 4.1 suggest that the ring retains the m-electron delocalization
and C1-X is characterized by a single bond, although it gets stronger proportionally to
the polarity of the bond (see below).

Although the AI(vib) index is more sensitive to changes in the electronic structure,
the results follow roughly the same tendency obtained using HOMA. However, Al(vib)
predicts slightly lower aromaticity for toluene compared to benzene due to the weakening
of C2—C3 and C3—C4 bonds in toluene, which is not captured by bond distances (Table
4.1). Since magnetic and topological indices showed similar 7-electron delocalization for
toluene and benzene, the weakening of those bonds might be attributed to subtle electronic

effects unrelated to the m-electron delocalization.
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FIGURE 4.3 — Aromaticity indices (a) HOMA and (b) AI(vib) of benzene and disubstituted benzene
derivatives (yellow dashed line). The components EN (bond length elongation) and GEO (bond length
alternation) of HOMA, and the components WS (bond strength weakening-strengthening) and ALT (bond
strength alternation) of AI(vib) are shown in bars. The HOMA and AlI(vib) indices were calculated using
the geometry and frequencies obtained at the B3LYP/def2-TZVP level of theory.

For disubstituted benzene derivatives, we have a more straightforward case. Sub-
stituents that have filled or unfilled p orbitals available can strongly interact with the
m-electron density of the ring, resulting in a high-character quinoid structure. The data
presented in Table 4.2 show that the bonds C1-X and C3-C4 (as well as the symmetry-
equivalent bonds) have a high double bond character. Consequently, the aromaticity

indices (Figure 4.3) are substantially reduced.
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TABLE 4.2 — Bond Length r (A), Local Mode Force Constants k% (mdyn A=), Relative Bond Strength
Order Values (n), Electron Density p (¢ A=) and its Gradient V2p (e A=5), and Energy Density H
(En A_?’) at the Path Critical Points for disubstituted benzene derivatives. Carbons are Numbered in
Accordance with Figure 4.1.

substituent symmetry bond 7 k® RBSO p. Vi  H,

CH; Cay X-Cl 1.504 4552 1.058 0.258 -0.673 -0.230
C1-C2 1.387 6.592  1.427 0.321 -0.948 -0.345
C2-C3 1.389 6.543 1419 0.319 -0.945 -0.342
C4-C5 1.394 6.370  1.388  0.318 -0.933 -0.338
C5-C6 1.383 6.774 1.459  0.323 -0.959 -0.349
CH, Dy, X-Cl 1.339 8998 1.836 0.350 -1.074 -0.406
C1-C2 1.460 5.084 1.157 0.282 -0.792 -0.271
C2-C3 1.336 9.208 1.871 0.352 -1.086 -0.412
NH, Con X-Cl 1402 5201 1.178 0.300 -0.918 -0.383
C1-C2 1.392 6.408 1.395 0.319 -0.941 -0.341
C2-C3 1384 6.624 1.433 0.320 -0.937 -0.344
NH Con X-Cl 1.276 10.268 2.043 0.397 -1.236 -0.697
C1-C2 1.469 4.875 1.118 0.282 -0.803 -0.269
C2-C3 1.332 9.389 1900 0.355 -1.103 -0.417
C3-C4 1470 4.756  1.096 0.280 -0.784 -0.266
OH Cap, X-Cl 1364 6.006 1.324 0.292 -0.571 -0.454
C1-C2 1.386 6.601 1.429 0.325 -0.977 -0.352
C2-C3 1.385 6.651 1.438 0.319 -0.932 -0.342
C3-C4 1389 6.480 1.408 0.322 -0.955 -0.347
O Doy, X-Cl 1.210 12488 2.394 0.421 -0.072 -0.760
C1-C2 1484 4360 1.021 0.276 -0.773 -0.259
C2-C3 1330 9.497 1918 0.357 -1.113 -0.421

It is noteworthy that for mono and disubstituted benzene derivatives, the C1-X bond
gets stronger as the polarity of the bond increases. As pointed out previously, the strength
of a bond depends on the degree of overlap between the interacting atomic orbitals, and
the bond polarity is reflected by the difference in the energies of the atomic orbitals

involved in bonding.?*

Aromaticity can be closely related to electron delocalization from an electron den-
sity viewpoint. In this sense, a topological analysis based on the Electron Localization
Function, particularly its m component (ELF), provides both a meaningful measure of

the aromaticity and an assessment of the degree to which the substituent affects the
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m-electron delocalization.

In the context of multireference methods, an accurate evaluation of ELF can be
achieved by adequate reformulations.®® However, the extent of ELF to multiconfigura-
tional wave functions is fairly complicated and challenging to implement. The densities
involved in the expression of ELF (Equations (4.3) and (4.4)) can be calculated based
on natural orbitals derived from multireference methods. Although the result of this im-
plementation is not identical to the one mentioned above, it is also strict and physically
meaningful, providing valuable insights into the m-electron delocalization and aromaticity

trends.

For benzene, our reference system, the 7 component of the electron localization func-
tion (ELF,) derived from natural orbitals of the multireference wave function is slightly
more localized than ELF, obtained at DFT/B3LYP level (Figure A.3). However, it has
been shown that for polycyclic aromatic compounds for which correlation effects are more
pronounced, the ELF, obtained at multireference methods is more uniformly distributed
along the whole molecule.’® In fact, dynamical correlation allows us to capture the effect
of instantaneous mutual repulsion between electrons of antiparallel spins, thus reducing
the Pauli repulsion effect, which results in larger ELF values; on the other hand, the
inclusion of static correlation at the CASSCF level leads to only slight changes in the
ELF, properties in comparison to DFT results.?®5” Despite numerical differences, there
is a good agreement between ELF isosurfaces calculated with DF'T/B3LYP and MRCI

methods, as discussed below.

The monosubstituted benzene derivatives modified with the substituents CHs, NHs,
and OH, which have the central atom sp® hybridized, have their electron delocaliza-
tion somewhat preserved in comparison to benzene (Figure 4.4). Although the m-density
around C6—C1—C2 is mainly affected, no bifurcation is observed in the ring’s density
domain (basin). On the other hand, groups with filled (CH;, NH™, and O™) or unfilled
(CHS, NH", and O%) p orbitals have the m-electron localization strongly affected by the
substituent. It is noteworthy that the unfilled p orbital favors a quinoid structure; the
m-density around C1—X, C2—C3, and C5—C6 is more appreciable than the corresponding
bonds in negatively charged systems, which is also evidenced by the relative bond strength
orders (Table 4.1).
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FIGURE 4.4 — (a) ELF :-based indices for benzene and monosubstituted benzene derivatives. The vertical
dumbbells show the range between BV, (upper side) and BV p;,, (bottom side). The quantity 1 — ABV
(where ABYV is the span in bifurcation values (ABV = BV ax — BVin), defined as BVI, is represented
by the dashed line. (b) Isosurface plots of the m-contribution to the electron localization function (ELF,
= 0.75) for monosubstituted benzene derivatives. The results were obtained at the B3LYP/def2-TZVP
level of theory.

Substituents

X=0"

A rational description of the m-electron delocalization based on the ELF, topology of
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benzene derivatives can be achieved by determining the ring’s bifurcation values (BV),
which allows us to measure the degree to which the substituent affects the m-electron de-
localization. The bifurcation values are obtained by gradually varying the isovalues of the
ELF, isosurface until merging or splitting the molecular space into different nonoverlap-
ping regions enclosing a single electron or a lone pair. The first bifurcation value, BV,
denotes the first split in the m-density of the ring; in contrast, BV .. is defined at the
point where there are six density domains along the ring. Generally, the more uniform the
electron density distribution in the 7-system (characterized by larger values of BV, in
the ELF isosurface), the more aromatic the compound is expected to be. Therefore, the
difference between BV . and BV, within a cyclic structure (ABV) should be ideally

zero for a perfect aromatic system.

To facilitate the comparison to the other indices, here we propose the bifurcation value
index (BVI), calculated as 1 — ABV(ELF,). Only the BVs of the ring are considered,
i.e., the BV of the m-density between the ring and substituent is not taken into account.
Since a fully aromatic compound should have BV ., = BV, BVI is expected to be
1. In contrast, BVI below 0.7 reveals a non-uniform w-delocalization, indicating that
the disturbance caused by the substituent is substantial. That is the case of 7-electron
donating and m-electron accepting substituents (Figure 4.4). On the other hand, systems
substituted with the CHsz, NHs, and OH groups, which do not have orbitals available for
mixing with the 7 orbitals of the ring, have indices comparable to those of benzene, and

the m-electron system of the ring preserved for the most part.

For disubstituted benzene derivatives modified with m-electron donating or m-electron
accepting substituents, it is possible to observe a low excess of local kinetic energy around
the bonds C1-X, C2-C3, and their respective symmetry-equivalents, which causes the
ELF to have high values in such regions, indicating, in this case, the presence of pairs of
electrons with antiparallel spins. From the valence bond theory viewpoint, this can be
understood as a dominant character of quinoid structures. In contrast, molecules modified
with CHj3, NHy, and OH present a high degree of m-delocalization around the ring, which
is reflected in the BVI values (Figure 4.5).
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FIGURE 4.5 - (a) ELF;-based indices for benzene and disubstituted benzene derivatives. The vertical

dumbbells show the range between BV . (upper side) and BV ,,;, (bottom side). The quantity 1 — ABV
(where ABV is the span in bifurcation values (ABV = BV ,ax — BViuin), defined as BVI, is represented

by the dashed line. (b) Isosurface plots of the m-contribution to the electron localization function (ELF,
= 0.75) for monosubstituted benzene derivatives. The results were obtained at the B3LYP/def2-TZVP
level of theory.

The only notable deviation between the DFT and MRCI densities is observed for
the derivative disubstituted with NHy (Figure A.5). Although the formulation of the
ELF used in this work is initially formulated for single reference densities rather than
multireference densities, and hence the ELF calculated using natural orbitals derived from

MRCI calculations are only approximate, a better agreement between ABVI and other
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indices is observed in this case. Furthermore, the first bifurcation value (BV,;,) also
provides a meaningful measure of the m-electron delocalization and follows approximately
the same trend as ABV. A higher BV, indicates a more substantial resistance of the

m-density against changes caused by the substituent.

From the electronic point of view, the multicenter indices characterize the degree of
cyclic delocalized conjugation within a benzenoid ring. Both evaluated indices, namely
Ling and MCI, provide insights into the extent of cyclic delocalized conjugation. In prac-
tical terms, Ins gauges the delocalization along the ring, whereas MCI also considers
the delocalization across the ring. A greater numerical value indicates a more notable
simultaneous sharing of electrons among the atoms in the ring, suggesting an increased

aromatic character.

Iring 4 MCI
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FIGURE 4.6 — Multicenter descriptors I;ing and MCI of benzene and monosubstituted benzene derivatives.
The results were obtained at the B3LYP /def2-TZVP level of theory using the AIM atomic partitioning.

As observed, the electronic descriptors reflect the general aromatic character trend
indicated by other descriptors (see Table 4.3). This trend holds for both monosubstituted
(Figure 4.6) and disubstituted (Figure 4.7) benzene derivatives. For conjugated structures,
the term corresponding to bonding interactions reflected in the Kekulé structures - the only
one that [,;,, considers - has a dominant contribution, and both indices give quantitatively
similar results. However, for structures with a high degree of m-electron delocalization,
there is an evident difference between I i, and MCI. This difference arises from the fact
that the contributions of other terms added by the permutation of atomic labels (Equation
4.6) play a relevant role. This agrees with the intuitive idea that a higher degree of electron

delocalization across the ring leads to a more pronounced aromatic character.
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It is worth noting that this quantitative discrepancy should not be interpreted as
an underestimation of the aromatic character by the I, index. The qualitative result
remains consistent, and the benzene molecule serves as our reference for a fully aromatic

system (refer to Table 4.3 for the correlation between descriptors).
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FIGURE 4.7 — Multicenter descriptors I,ing and MCI of benzene and monosubstituted benzene derivatives.
The results were obtained at the B3LYP/def2-TZVP level of theory using the AIM atomic partitioning.

From the magnetic point of view, a quantitative measure of aromaticity can be pro-
vided by the nucleus-independent chemical shifts (NICS). Significantly negative (i.e., mag-
netically shielded) NICS values indicate the presence of induced diatropic ring currents
or high aromatic character. In contrast, significantly positive values (i.e., deshielded) de-
note paratropic ring currents and high antiaromatic character.’® The visualization of the
chemical shielding tensors (VIST) method enables a thorough investigation of the shield-
ing tensors. The three components (see Equation (4.8)) are visualized as dumbbells, the
size and length of which depend on the absolute value of the associated eigenvalue [t()],
and the color of which depends on the sign (blue for shielded, i.e., aromatic, and red for

deshielded, i.e., antiaromatic).

For our reference system (Figure A.6), the shielding tensor computed at the center of
the ring, NICS(0), clearly shows that benzene has appreciable shielding along all three
coordinate axes, which is interpreted in the sense that the electron density surrounds
the center of the ring on all sides; the tensor representation shows a dominant out-of-
plane component (-16.3 ppm) along with two smaller in-plane components (both -3.7
ppm), which average an overall isotropic value of -7.9 ppm (see Equation (4.8)). In turn,

the corresponding shielding tensor computed 1 A above the center of the ring, denoted
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NICS(1), has a dominant out-of-plane component, whereas the in-plane components van-
ish. The contribution of the bulk of the o-electrons decreases for larger distances from
the center of the ring; thus, NICS(1) is expected to reflect the m-electron structure details
better since it has considerably less influence of the o-system than NICS(0). In particular,
the out-of-plane component of NICS(1) corresponds more directly to the induced current
densities in the molecular ring system when a magnetic field is applied perpendicularly to

the ring, thus, providing a suitable measure for aromaticity.?

-28.9
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FIGURE 4.8 — Visualization of the chemical shielding tensors (VIST) in monosubstituted benzene deriva-
tives computed 1 A above the geometric center of the ring. Negative (shielded /aromatic) contributions
are shown in blue, and positive (deshielded/antiaromatic) in red. Above the pictures, isotropic NICS(1),,
values are given in ppm. Results obtained at the GIAO-B3LYP /pcS-3//B3LYP /def2-TZVP level of the-
ory.

The tensor representation for monosubstituted benzene derivatives and the numerical
value of the out-of-plane component, ascribed to the m-electrons, are shown in Figure
4.8. Complementary data of NICS(0) and NICS(1) are available in the Supplementary
Information for this chapter in Appendix A (Tables A.19 and A.20). Molecules modified
with CH3, NHy, and OH exhibit a dominant out-of-plane component (-28.9, -25.2; and
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-27.2 ppm, respectively) comparable to benzene (-30.0 ppm), with almost negligible in-
plane components. In other words, molecules expected to have a high degree of m-electron
delocalization demonstrate a dominant contribution of a shielded out-of-plane component.
In contrast, molecules containing m-electron donating or m-electron accepting substituents
exhibit considerably smaller shielded components and, eventually, the contribution of

deshielded components.

The highest dominance of deshielded components is observed for cation C¢H;O™, which
is expected to have the highest antiaromatic character according to the analysis based
on structural and topological aspects of aromaticity reported. The structural tilt with
respect to the plane of the molecule observed for this system represents a non-trivial
combination of the tensor components. The values of NICS(0), NICS(1), and its out-of-
plane component roughly follow the same trend of aromaticity as the structure-based and
topology-based descriptors presented, with no significant deviation observed (see Table

4.3 Figure A.7).

FIGURE 4.9 - Visualization of the chemical shielding tensors (VIST) in disubstituted benzene derivatives
computed 1 A above the geometric center of the ring. Negative (shielded/aromatic) contributions are
shown in blue, and positive (deshielded/antiaromatic) in red. Above the pictures, isotropic NICS(1),,
values are given in ppm. Results obtained at the GIAO-B3LYP/pcS-3//B3LYP/def2-TZVP level of
theory.

For disubstituted benzene derivatives (Figure 4.9), it is shown that systems modified
with substituents containing the central atom sp® hybridized exhibit significantly en-

hanced shielding when compared to benzene derivatives having groups with filled (CH;,
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NH™, and O7) or unfilled (CH;, NH*, and O") p orbitals, which have a high degree of
quinoid character. Interestingly, the disubstituted derivatives modified with CHjs, NHs,
and OH have a slightly small dominance of the out-of-plane component compared to
monosubstituted analogous. However, with a higher contribution of in-plane components,
disubstituted derivatives average an overall isotropic NICS(1) value equivalent to mono-

substituted benzene derivatives (Figures A.7 and A.8).

Estimating the degree of aromaticity using descriptors based on chemical reactivity is
not straightforward. However, the energy difference between the ground state Sy and the
first excited triplet state Ty, S — Ty splitting (AEst) can provide valuable insights into

the electronic structure regarding the chemical stability of the systems.
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FIGURE 4.10 — Vertical singlet-triplet splitting in eV of benzene and monosubstituted benzene deriva-
tives. The results are presented at the MCSCF, MRCI, and MRCI+Q levels of theory, using the the
B3LYP/def2-TZVP equilibrium geometry. Full valence m-electrons and w-orbitals were considered in the
CASSCF. MRCI wave functions, incorporating all single and double excitations (MR-CISD), were con-

structed based on CSFs generated by CASSCF. Size-extensivity contributions were incorporated using
the Davidson-Silver method (MRCI+Q).

Figure 4.10 presents the singlet-triplet splitting for monosubstituted benzene deriva-
tives. One can see a direct correlation by comparing singlet-triplet splitting results with
the abovementioned indices. Higher AFEgr is obtained for systems with a high degree
of m-electron delocalization. In contrast, a decrease in AFgr is observed as the dis-
turbance caused by the substituent to the m-electron delocalization increases. In other
words, singlet-triplet splitting and aromaticity indices follow roughly the same trend for

the monosubstituted benzene derivatives studied.

Notably, the inclusion of dynamical correlation does not play a central role; the results

obtained using MCSCF, and MRCI are similar. Although there are numerical differences,
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the obtained values of A Fgt follow roughly the same trend. In most cases, the DFT result

underestimates the values compared to the wave function methods used.
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FIGURE 4.11 — Vertical singlet-triplet splitting in eV of benzene and disubstituted benzene deriva-
tives. The results are presented at the MCSCF, MRCI, and MRCI+Q levels of theory, using the the
B3LYP/def2-TZVP equilibrium geometry. Full valence m-electrons and m-orbitals were considered in the
CASSCF. MRCI wave functions, incorporating all single and double excitations (MR-CISD), were con-
structed based on CSF's generated by CASSCF. Size-extensivity contributions were incorporated using
the Davidson-Silver method (MRCI+Q).

Concerning disubstituted benzene derivatives (Figure 4.11), systems expected to have
a high degree of m-electron delocalization, i.e., systems modified with CHs, NH,, or OH,
have the singlet-triplet splitting comparable to benzene. However, A Fst and aromaticity
indices follow opposite trends for systems substituted with CHy, NH, and O, i.e., the
lower the m-electron delocalization pointed by the indices, the higher the AFEgr. In fact,
the quinoid character plays a key role in the stability of the systems. A close inspection
(Table 4.2) reveals that the quinoid character (enhanced double-bond character of C1-
X, C2-C3, and symmetry-equivalent bonds) of those systems follows the same trend as
A FEgr. This interpretation is further supported by the total number of effectively unpaired
electrons Ny,?>%0 estimated by analyzing the deviations of individual natural orbitals
occupation numbers (derived from MRCI calculations) from zero (unoccupied) and two
(doubly occupied) following the nonlinear Head-Gordon’s approach® (Equation S1). Ny
values of 0.306 e, 0.282 e, and 0.240 e, respectively, were found for the structures containing
CH,, NH, and O (Table A.24). According to this finding, C¢H4(CHj)o has the highest
radicaloid character, followed by C¢Hy4(NH)o and CgH4Os4, which has the highest quinoid

character.

In summary, the discussion above highlights that in monosubstituted benzene deriva-
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tives, the substituent strongly influences the m-electron delocalization of the ring, and
the aromaticity indices, as well as the AFgt follow the same trend. However, when con-
sidering highly quinoidal structures, i.e., disubstituted systems modified with CHy, NH,
and O, m-electron delocalization and chemical stability follow the opposite trend. As the
quinoid character increases (indicating a decrease in biradicaloid character), the chemical

stability increases.

In the context of natural population analysis, we investigate the correlation between
the strength of the m-electron accepting/donating character and the extent to which each
substituent influences the stability and m-electron delocalization of the systems. Addi-
tionally, we examine the impact of other charged substituents on the ring’s m-electron de-
localization. To achieve this, we incorporate other charged non-m-electron donor/acceptor
substituents: OHy, NHi, BH;, Be™, as well as orthogonally positioned CH; and CH;
substituents relative to the plane of the ring (although this geometry configuration does
not represent the minimum energy conformation, it allows us to eliminate the 7w-resonance

effects and independently analyze the o-field-inductive effects).
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FIGURE 4.12 — Relationship between (a) pEDA - m-electron donor-acceptor and (b) SEDA - o-electron
donor-acceptor descriptor (B3LYP/def2-TZVP level of theory) and NICS(1).. (GIAO-B3LYP/pcS-
3//B3LYP/def2-TZVP) for monosubstituted benzene derivatives. In addition to the substituents an-
alyzed in this paper, the derivatives encompass the charged substituents OH;, NH;’, BH;, Bet, as well
as CH2+ and CH, substituents positioned orthogonally (o). The dashed line in the figure represents the
reference value for benzene. The m-electron donors are depicted in dark blue, m-electron acceptors in
magenta, and non-7 donors or acceptors in yellow.

The estimated m-electron shift from or toward the substituent (evaluated using the
pEDA descriptor, as shown in Equation 4.9) indicates that positively charged groups
induce a higher degree of m-electron shift toward the substituents compared to the extent
of m-electron shift toward the ring caused by negatively charged substituents (Figure
4.12a). These findings align with the previously reported descriptors, which demonstrate
that positively charged substituents have a more pronounced effect on the m-electron

delocalization and stability in comparison to negatively charged substituents.

Another important observation arising from the analysis of charged non-m-electron
donor/acceptor substituents relates to the role played by the charge of the substituent as

a potential factor responsible for influencing the m-electron domain. The results suggest
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that the charge factor plays a minor role in influencing m-electron delocalization. This is
particularly evident in the case of orthogonally positioned CH; and CH, substituents,
where the p, orbital of the carbon atom of the substituent is oriented perpendicular to
the p. orbitals of the carbon atoms of the ring. In this conformation, the absence of
p. orbital interactions prevents m-resonance effects from occurring, which allows a high
degree of m-electron delocalization compared to the respective minimum energy coplanar

derivatives.

Furthermore, the m-electron shift from or toward the substituents is directly propor-
tional to the extent of disturbance caused by the substituent in terms of aromaticity and
system stability indicated by other descriptors such as HOMA and singlet-triplet splitting
(see Figure A.9). It is worth noting that the non-bonding orbitals in phenol and aniline
molecules induce a slight m-electron shift toward the ring, resulting in a slight disturbance
to m-electron delocalization. This subtle effect is not captured by the geometrically-based
descriptor HOMA; however, more sensitive descriptors indicate a slight reduction in 7-

electron delocalization.

In contrast, the o-electron shift from or toward the substituent (evaluated using
the sEDA descriptor, see Equation (4.10)) reveals that the strength of the o-electron
donor/acceptor character does not significantly disrupt the m-electron delocalization. This
is evident from the nearly unchanged aromaticity index NICS(1),., despite a significant
variation in the o-electron donor/acceptor character. However, the atom directly bonded
to the ring plays a significant role in determining the o-electron donor/acceptor character.
This is evidenced by observing that non-m-electron donor/acceptor substituents with the
same heaviest atoms are roughly grouped into different ranges in terms of their o-electron

donor/acceptor character.

It is noteworthy that the number of non-bonding o orbitals of the m-electron donor /acceptor
substituents plays a central role in determining the extent to which the 7 or ¢ domain
of the ring is affected. Based on our results, a higher number of non-bonding molecular
orbitals has a greater impact on the m domain, whereas the presence of bonding orbitals

tends to disturb the o domain.

As a final remark, it should be mentioned that aromaticity descriptors exhibit limi-
tations. Predictions relying on a specific aspect of aromaticity might diverge from those
based on other aspects.?% Contradictions arising from diverse indices are frequently
reconciled by acknowledging the multidimensional nature of aromaticity.%* Moreover, di-
vergent orderings among various indices are understandable, as the phenomenon may have
one of its dimensions less pronounced than the others.> Therefore, it is recommended to
use descriptors based on different aspects of aromaticity for a reasonable understanding

of its nature.
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TABLE 4.3 — Coefficient of determination (R?) for the relationship between all pairs of aromaticity
descriptors. The analysis includes benzene and all the derivatives studied in this work.

HOMA AlI(vib) BVI Iy, MCI NICS(0) NICS(1) NICS(1),

HOMA 100 099 081 080 075 0.75 0.73 0.75
Al(vib) 1.00 0.82 081 0.76 0.76 0.75 0.76
BVI 1.00 0.97 098 0.92 0.92 0.95
Ling 1.00 0.99 0.86 0.89 0.93
MCI 1.00 0.88 0.90 0.94
NICS(0) 1.00 0.95 0.94
NICS(1) 1.00 0.99
NICS(1),, 1.00

However, for the set of derivatives analyzed in this work, the descriptors provide
an overview of several aspects of aromaticity and are complementary to each other. No
significant discrepancies were found among the different descriptors (Table 4.3). The linear
correlation coefficients (R?) for all pairs of aromaticity descriptors were satisfactory, with
no R? value smaller than 0.73. Notably, the correlation between individual indices based
on the same aspect of aromaticity—structural, electronic, or magnetic—tends to be more

substantial, with R? approaching 1.
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5 Low-lying excited states of linear
all-trans polyenes: the o-7 electron
correlation and the description of ionic

states

5.1 Computational details

The equilibrium geometry of the ground state of linear all trans-polyenes contain-
ing N = 6, 8 10, and 12 m-electrons (trans,trans-1,3,5-hexatriene, all-trans-1,3,5,7-
octatetraene, all-trans-1,3,5,7,9-decapentaene, and all-trans-1,3,5,7,9,11-dodecahexaene,
herein called hexatriene, octatetraene, decapentaene, and dodecahexaene, respectively)
was obtained using the long-range corrected hybrid functional wB97X-D! with the cc-
pVTZ? basis set. Optimized geometries and analytical harmonic frequencies are available
in the supplementary information for this chapter in Appendix B. Based on the optimized
geometries, the singlet states 1'AZ, 2'AZ, 1'B7, and 2'By, as well as the triplet excited
states 1A, and 1°B, were calculated at the multireference levels described below. Verti-
cal excitation energies and oscillator strengths were computed for transitions between the
ground state and the aforementioned states of interest. All calculations were performed

strictly under Cy;, symmetry constraints.

The ground and excited states were investigated using a range of computational meth-
ods, including state-averaged complete active space self-consistent field (SA-CASSCF)
method,®> MR-CISD,*® and MR-AQCC®" approaches. Where specified, the Pople (+P)
correction,® extended to the MR-CISD case, was applied to account for size-extensivity
errors. MR-AQCC calculations on excited states were conducted utilizing the vector-
following approach in which convergence to a selected eigenvector was achieved using the

criterion of maximal overlap with a specific root of the eigenvector of the reference space.

At the SA-CASSCF level, six states-namely 1'A_, 2'A7, 1'BY, 2'B;, 1°A;, and

13B, ~were averaged with equal weights. The resulting set of molecular orbitals was then
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used for subsequent MR-CISD and MR-AQCC calculations. SA-CASSCF computations
were carried out with a standard valence active space, encompassing all valence m-electrons
and valence m-orbitals of each molecule. To reduce the computational effort in the sub-
sequent MR-CISD and MR-AQCC calculations, the reference space was constructed by
splitting the m-valence space into three parts: a CAS(6,6), a complementary restrictive
active space (RAS) for the remaining strongly occupied orbitals, and a corresponding
auxiliary (AUX) space for weakly occupied orbitals of the m-valence space. Single excita-
tions were used from RAS into CAS and AUX orbitals and from CAS into AUX orbitals.
The specific choices used in our calculations are presented in Table 5.1. The restrictions
imposed on the active space underwent extensive testing for decapentaene (Table B.1).
The RAS(2)CAS(6,6)AUX(2) scheme, which contains ten m-orbitals, closely reproduces
the results obtained with the complete m-valence CAS(10,10). At both the MR-CISD and

MR-AQCC levels, generalized interacting space restrictions? were applied.

TABLE 5.1 — Active reference space scheme utilized at the MR-CISD and MR-AQCC levels for polyenes
with N m-electrons.

N Active space scheme
CAS(6,6)
RAS(1)CAS(6,6) AUX(1)

10 RAS(2)CAS(6,6) AUX(2)

12 RAS(3)CAS(6,6) AUX(3)

For computational economy, a freezing scheme of g-orbitals was employed at both the
MR-CISD and MR-AQCC levels. After testing several freezing options for hexatriene
(Table S2), a scheme was adopted in which 50% of the reference doubly occupied o-
orbitals“including the core orbitals on each carbon atom, which constitute approximately
30% of the total reference doubly occupied o-orbitals”and 50% of the reference virtual
o-orbitals were frozen. This freezing approach had no significant impact on excitation
energies compared to the reference calculation, where only core orbitals were frozen (Table
B.2).

The cc-pVnZ (n = D, T, Q) basis sets? were used with the outer shell of polariza-
tion functions excluded from the triple- and quadruple-( basis sets, as detailed below.
Extrapolation to the complete basis set (CBS) limit was carried out using the two-point

fit approach,!® as shown in Equation 5.1 for the excitation energies obtained with the
MR-CISD+P and MR-AQCC methods.

ExX?® —EyY?
Ex=—0w—v (5.1)
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In Equation 5.1, EJy represents the CBS limit excitation energy, X and Y are the
cardinal numbers for the respective basis sets, and Ex and Ey denote the excitation
energies obtained for those individual basis sets. The cc-pV'TZ basis set without the f-
function, i.e., with contraction (10s, 5p, 2d)/[4s, 3p, 2d] (cc-pVTZ’), and the cc-pVQZ basis
set without g-function, i.e., with contraction (12s,6p, 3d,2f)/[5s, 4p, 3d,2f] (cc-pVQZ’)
were used on carbon atoms for the basis set extrapolation to the CBS limit. The cc-pVDZ

basis set was used on hydrogen in all cases.

Based on the optimized geometries, vertical excitation energies were also computed
using second-order complete active space perturbation theory (CASPT2)!! with the cc-
pVDZ basis set. At the CASSCF level, singlet states of the same spatial symmetry
were averaged with equal weights. The resulting set of molecular orbitals was used for
subsequent CASPT2 computations, performed with IP-EA denominator shift 0.25. The
SA-CASSCF and CASPT2 computations were performed with a standard valence CAS,

including all valence m-electrons and m-orbitals of each molecule.

Geometry optimizations were carried out using the Gaussian 16 software package.'?
MR-CISD and MR-AQCC calculations were performed with the Columbus program system,'¥1?
with integrals calculated by the Dalton program.'® CASPT?2 calculations were conducted

using the OpenMolcas software package.'”

5.1.1 Wavefunction descriptors

Based on the MR-CISD wavefunction, the ionic character of the excited states, the
single-excitation character, and the participation ratio of natural transition orbitals (NTOs)
were evaluated. To assess the ionic character of each state, the Q' diagnostic'® was em-

ployed, as defined in Equation 5.2,
Q= ldyl (5.2)
M

where the transition charge ¢, on atom M is calculated as the sum over the diagonal
elements of the one-electron transition density matrix (1TDM) between the states of
interest and the ground state. Large transition charges centered on individual atoms are
associated with ionic states. The Q¢ values were computed based on the Lowdin-style

population analysis.*

The participation ratio of natural transition orbitals (PRyto)?»*! was used as a mea-
sure of the multiconfigurational character of the excited states. The PRyTo is computed
as
[tl" YorYor) }2

PRNTO - 7 4.2
tr(Yorvor)

(5.3)
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where 7o7 is the 1"TDM. PRnto counts how many different natural transition orbitals
(NTOs) are participating and, thus, how many configurations are necessary to describe

the excited state.

22,23 was calcu-

Finally, the single-excitation character, €, defined as Q = tr(yor7v;),
lated. Values above 0.8 computed based on correlated ab initio methods are indicative of
singly excited states.?4? The three mentioned wavefunction descriptors were computed

using the TheoDORE 3.1.1 program package.?®

5.2 Results and discussion

5.2.1 Singlet states

We begin our discussion by presenting the vertical singlet excitation energy results. As
previously mentioned, while covalent states are well-described by the CASSCF method,
significant issues arise for the excitation energy from the ground state to the ionic 1'B
state. Using the cc-pVDZ basis set, CASSCF overestimates these excitation energies by
1.78 eV for hexatriene when compared to MR-CISD+P and MR-AQCC results (Table
5.2). This observation holds for the larger systems, with MR-AQCC tending to stabilize
the ionic state slightly more than MR-CISD+P as the chain length increases. Overall,
CASSCF overestimates the excitation energies by an average of 1.81 eV, ranging from
1.78 eV for hexatriene to 1.84 eV for dodecahexaene compared to MR-CISD+P results.
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TABLE 5.2 — Vertical singlet excitation energies of polyenes computed using the CASSCF, MR-CISD,

MR-CISD+P, MR-AQCC, and CASPT2 methods and the cc-pVDZ basis set.

Method
N  State
CASSCF*  MR-CISD MR-CISD+P MR-AQCC CASPT2
6 21Ag 5.799 5.856 5.819 5.818 5.761
11B:r 7.609 6.412 5.827 5.833 5.564
21BJ 6.983 7.044 6.976 6.964 6.941
8 21Ag’ 5.080 5.144 5.002 5.065 4.956
11ij 6.916 5.743 5.138 5.102 4.924
21B; 6.276 6.347 6.197 6.236 6.157
10 21Ag’ 4.598 4.648 4.448 4.505 4.431
11B:r 6.448 5.311 4.622 4.536 4.482
21B; 5.673 5.838 5.498 5.636 5.540
12 21Ag 4.268 4.323 4.093 4.153 4.069
11B;r 6.123 4.978 4.282 4.160 4.167
21B; 5.216 5.377 5.030 5.157 5.052

& The B, states are numbered according to wave function character, not by energetic order.

At the CASSCF level, the excitation energy to the ionic 1'BY state is not only higher
than that of the 2'A; state but also exceeds that of the 2'A; state, causing the 1'By

state to become the second excited state of Bu symmetry. Notably, this inversion in

the ordering of Bu symmetry states introduces additional challenges since, as discussed

below, the ionic state in the systems studied here should be one of the two lowest-lying

excited states when appropriate dynamic correlation is considered (Figure 5.1). These
artifacts of the CASSCF state ordering are significantly corrected at the MR-AQCC and
MR-CISD+P levels, as Table 5.2 shows. The ionic 1'B; state is substantially stabilized

compared to the CASSCF results. However, the use of a larger basis set appears to be

particularly important for the ionic state. Therefore, a more detailed discussion of the

state ordering is postponed to the respective discussion below.
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FIGURE 5.1 — Vertical singlet excitation energies of polyenes with N m-electrons computed using (a)
MR-CISD+P, (b) MR-AQCC, and (c) CASPT2. Calculations were performed with the cc-pVDZ basis
set. Numerical data are available in Table 2.

Size-extensivity corrections play a significant role in describing the low-lying excited-
state manifold in these systems. A closer inspection of Table 5.2, comparing uncorrected
MR-CISD with MR-CISD+P values, reveals that the size-extensivity correction is more
pronounced for the ionic state. This state is stabilized by values ranging from 0.58 eV for
hexatriene to 0.70 eV for dodecahexaene, with stabilization consistently increasing as the
system size grows (Table 5.2). Covalent states, on the other hand, are less affected by this
correction. Specifically, the 21Ag_ state is stabilized by 0.04 eV in hexatriene and 0.23 eV
in dodecahexaene. For the 2'B state, the stabilization ranges from 0.07 eV for hexatriene
to 0.35 eV for dodecahexaene (Table 5.2). These results are depicted graphically in Figure
B.1.

To assess the influence of the basis set on the excitation energies and to discuss the
relative ordering of the two low-lying excited states across the series, extrapolation to the
complete basis set (CBS) limit was performed using the two-point fit approach (Equation
5.1) based on MR-CISD+P and MR-AQCC calculations. The results obtained with the
cc-pVDZ, ce-pVTZ’, and cc-pVQZ’ basis sets are presented in Table 5.3 for MR-CISD+P
and MR-AQCC. The extrapolated values, derived from the double- to triple-( basis set
(AEpDr) and the triple- to quadruple-¢ basis set (AETq) extrapolation, are summarized
in Table 5.4.
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TABLE 5.3 — Singlet excitation energies (eV) of polyenes with N m-electrons, calculated at the MR-
CISD+P and MR-AQCC levels using the cc-pVDZ (AEccpvpz), cc-pVTZ’ (AEccpvrz), and cc-pVQZ’
(AEcc-pvqz) basis sets.

MR-CISD+P MR-AQCC
N  State
AEcc-pVDZ AEcc—pVTZ’ AEcc-pVQZ’ AECC-pVDZ AECC-pVTZ’ AECC—pVQZ’
6 21Ag_ 5.819 5.793 5.776 5.818 5.783 5.755
11Bj 5.827 5.638 5.584 5.833 5.620 5.004
2'BS 6.976 6.907 6.895 6.964 6.813 6.648
8 21Ag_ 5.002 4.984 4.988 5.065 5.036 5.025
11Bj 5.138 4.975 4.941 5.102 4.904 4.804
2'BT 6.197 6.168 6.180 6.236 6.152 6.079
10 21Ag 4.448 4.427 — 4.505 4.465 —
11Bj 4.622 4.480 — 4.536 4.332 —
2'BT 5.498 5.479 — 5.636 5.549 —
12 21Ag 4.093 4.026* — 4.153 4.084% —
llBj 4.282 4.139* — 4.160 3.962? —
2'BT 5.030 5.075% — 5.157 5.189% —

& Estimated result based on a fit of excitation energies across the series (Figure B.4).

The first major observation is that the two low-lying excited states are affected differ-
ently when additional polarization functions are added to the basis set (Table 5.3). Let us
first consider expanding the basis set from double- to triple-(. For hexatriene, the 21Ag
state is stabilized by 0.03 eV, whereas the ionic state is stabilized by approximately 0.2
eV based on MR-AQCC results™a similar trend is observed with MR-CISD+P results.
For octatetraene and decapentaene, at the MR-AQCC level, a similar trend is seen: the
covalent state is stabilized by about 0.03-0.04 eV, while the ionic state is stabilized by
about 0.2 eV. On the other hand, for the results obtained at the MR-CISD+P level, the
behavior changes slightly as the chain length increases. While the covalent state is still
stabilized by 0.02-0.03 eV, in agreement with MR-AQCC results, the stabilization of the
ionic state decreases slightly with chain length, specifically, by 0.19 eV, 0.16 eV, and 0.14

eV in hexatriene, octatetraene, and decapentaene, respectively.

For dodecahexaene, computational cost constraints prevented the use of basis sets
larger than the double-( cc-pVDZ. However, a crude estimate for the excitation energies
using the cc-pVTZ’ basis set was made for N = 12 using a power function fit (see Section
B.2.1 of the SI for this chapter in Appendix B). This estimate suggests that these trends
hold for dodecahexaene. While the covalent state is stabilized by 0.07 eV at both the
MR-~AQCC and MR-CISD+P levels, the ionic state is stabilized by 0.2 eV at the MR-
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AQCC level and by 0.14 eV at the MR-CISD+P level. It is worth noting that, while the
stabilization of the ionic state is consistent with what is observed for the smaller members
of the series at both levels, the stabilization predicted for the covalent state is larger than
the 0.02-0.03 eV observed for the smaller members of the series when expanding the basis

set from double- to triple-(.

Using the cc-pVTZ basis set, our MR-AQCC results indicate that the ionic state is
the first vertically excited state in hexatriene, octatetraene, decapentaene, and dodeca-
hexaene, lying 0.16 €V, 0.13 eV, 0.13 eV, and 0.12 eV below the covalent 21Ag_; state,
respectively. In contrast, MR-CISD+P results suggest that the ionic state is the first
vertically excited state in hexatriene, that the two low-lying excited states are nearly de-
generate in octatetraene, and that the covalent 21Ag_ state lies below the ionic state by

0.05 eV in decapentaene and by 0.11 eV in dodecahexaene.

When comparing triple-( and quadruple-( basis set results, as expected, the stabi-
lization effect is smaller than when expanding from the double- to triple-( basis set. For
hexatriene, at the MR-AQCC level, the covalent state is stabilized by about 0.03 eV, while
the ionic state is stabilized by approximately 0.12 eV. At the MR-CISD-+P level, the co-
valent state is stabilized by 0.02 eV and the ionic state by 0.05 eV. For octatetraene, the
covalent state shows a negligible effect from basis set expansion at both the MR-AQCC
and MR-CISD+P levels. The ionic state, on the other hand, is further stabilized: by 0.10
eV at the MR-AQCC level, and by 0.03 eV at the MR-CISD+P level.

Using the cc-pVQZ basis set, MR-AQCC results show that the ionic state is the first
vertically excited state in hexatriene and octatetraene, lying 0.25 eV and 0.22 eV below the
covalent 21Ag_ state, respectively. MR-CISD+P results indicate the same ordering, with
a splitting between the two low-lying excited states of 0.19 eV and 0.05 eV in hexatriene
and octatetraene, respectively. The results obtained for the different basis sets are shown
graphically in Figure 5.2 for MR-AQCC and in Figure B.2 for MR-CISD+P.
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FIGURE 5.2 — Vertical singlet excitation energies of polyenes with N m-electrons, obtained by extrapo-
lating MR-AQCC results to the complete basis set limit using (a, b) DT and (c, d) TQ extrapolations.
The height of the lighter shaded bar indicates the difference between excitation energies obtained with
the smaller and larger basis sets. The height of the darker shaded bar represents the difference between
the larger basis set result and the extrapolated CBS value (represented by the marker).

Benchmark theoretical vertical excitation energy values are available for hexatriene
and octatetraene (Table 5.4). In addition to data from the QUESTDB database of highly
accurate excitation energies,?” reference CASPT?2 results for the ionic state were collected
from the benchmark for electronically excited states in Reference (28), whereas CASPT2
results for the covalent state were taken from the reference energies for double excitations
collection in Reference (29). All collected reference values were computed using triple-¢

basis sets.
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TABLE 5.4 — MR-CISD+P and MR-AQCC vertical singlet excitation energies (in eV) of polyenes with
N m-electrons at the CBS limit. Values were computed by extrapolating from the double-{ cc-pVDZ to
the triple-¢ cc-pVTZ’ (DT) and from the triple-¢ cc-pVTZ’ to the quadruple-¢ ce-pVQZ’ (TQ). Reference
theoretical values are provided for comparison.

MR-CISD+P MR-AQCC
N State TBEP CASPT2

AEx, AER, AER  AEX

6 21Ag_ 5.781  5.765  5.768  5.734 5.62°¢ 5.57¢
1'Bf 5559 5.543 5530  5.420 5.37°¢ 5.311
2'B. 6.879  6.886  6.749  6.528 — —

8 2'A; 4977 4991 5025 5.016 4.904 4.74°
I'Bf 4906  4.917 4.820 4.731 4.784 4.70f
2B, 6.156  6.188  6.117  6.026 — -

10 2'A; 4418 - 4449  — - —
1'Bf 4420 — 4246  — ~ _
2B, 5471 — 5513 — - -

12 2'A; 4019 - 4.070* - - -
!B 4.080° — 3.883* — - -
2B, 5.082* — 5166 — - -

@ Estimated result based on a fit of excitation energies across the series (Figure B.5).

b Theoretical best estimates (TBE) collected from reference 48, computed as “A/SB
+ [B/TB - B/SB],” where A/SB is the excitation energy computed with a method A
in a smaller basis (SB), and B/SB and B/TB are excitation energies computed with
a method B in the small basis and target basis TB, respectively.

¢ CCSDT/AVDZ + [CC3/AVTZ — CC3/AVDZ).

4 CCSDT/6-31+G(d) + [CC3/AVTZ — CC3/6-31+G(d)].

¢ Collected from Reference (29), aug-cc-pVTZ basis set.

£ Collected from Reference (28), TZVP basis set.

For hexatriene, the theoretical best estimates (TBE) from the QUESTDB database®’
predict the ionic state to lie 0.25 eV below the covalent 21Ag_ state (Table 5.4). This aligns
with the reference CASPT2 values, which predict the ionic state to lie 0.26 eV below the
covalent state. The AEZ, extrapolated excitation energies based on MR-AQCC results
suggest the ionic state lies 0.24 eV below the covalent state, while the equivalent value
based on MR-CISD+P computation is 0.22 eV. For the AET, extrapolated values, the
relative differences between the two low-lying states are 0.31 eV at the MR-AQCC level
and 0.22 eV at the MR-CISD+P level, with the ionic state being the first vertically ex-
cited state. The agreement between the reference theoretical values and our extrapolated
results provides strong evidence that the ionic state is the first vertically excited state in

hexatriene.
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For octatetraene, data from the QUESTDB database indicate that the ionic state lies
0.12 eV below the covalent 21A; state (Table 5.4). The reference CASPT2 results suggest
that these states are nearly degenerate, with the ionic state lying only 0.04 eV below the
covalent state, a difference within chemical accuracy. The AED, extrapolated excitation
energies based on MR-AQCC and MR-CISD+P results suggest that the ionic state lies
below the covalent state by 0.21 eV and 0.07 eV, respectively. The AER, extrapolated
values show the same trend as the AEJ extrapolated values, with relative differences
between the two states of 0.29 eV at the MR-AQCC level and 0.07 eV at the MR-CISD+P
level. Our MR-AQCC results suggest that the 1'BY state is the first vertically excited
state in octatetraene, whereas MR-CISD+-P, while suggesting the same ordering, shows a

splitting of only 0.07 eV between the two low-lying excited states.

For decapentaene, excitation energies were obtained using double- and triple-( basis
sets. Calculations with a quadruple-( basis set were not feasible, precluding a more reliable
AETq extrapolation. Based on AEfR; values, MR-AQCC results indicate that the ionic
state remains lower than the covalent 21Ag_ state by approximately 0.20 eV (Table 5.4).
MR-CISD+P results predict that the 21A; and 1'B; states are virtually degenerate, with

the splitting between the two states within chemical accuracy.

For dodecahexaene, the computational cost associated with using basis sets larger than
the double-( cc-pVDZ prevented an accurate assignment of the relative ordering of the
two low-lying excited states. However, a crude estimate for the AET extrapolated results
made for N = 12 using a power function fit (Figure B.5) indicates that, at the MR-AQCC
level, the ionic state is the first vertically excited state, lying 0.19 eV below the covalent
21Ag_; state. The MR-CISD+P estimates suggest that the covalent 21Ag_ state is the first
vertically excited state, lying 0.06 eV below the ionic state.

The results in Table 5.4 incorporate all relevant effects necessary for accurately describ-
ing both the ionic and covalent states, including o-electron correlation, size-extensivity
correction, and basis set effects. Thus, these results represent a comprehensive and well-
balanced description of vertical excitation energies. In summary, compared to excitation
energies obtained at the MR-AQCC and MR-CISD+P levels using the cc-pVDZ basis set
(Table 5.2), the significant stabilization of the ionic state relative to the covalent 2'A;
state—caused by including larger shells of polarization functions—leads to the 1'B state
becoming the first vertically excited state in hexatriene and octatetraene. This state or-
dering, obtained at both the MR-AQCC and MR-CISD—+P levels, agrees well with the
reference TBE and CASPT2 values (Table 4). Extrapolated MR-AQCC results show
somewhat better numerical agreement with the aforementioned reference data. Beyond
octatetraene (Table 5.4), MR-AQCC consistently stabilizes the ionic state further, which
remains slightly lower in energy than the covalent state for the polyene sizes investigated
here. Extrapolated MR-CISD+P results (Table 5.4) suggest a slightly different picture, as
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they stabilize the ionic state less. The two lowest excited states are virtually degenerate in
decapentaene, with the covalent 21Ag state being the first vertically excited state in longer
polyenes. The extrapolated results are shown graphically in Figure 5.2 for MR-AQCC
calculations and B.2 for MR-CISD+P calculations.

The accuracy of experimental estimates for vertical excitation energies varies signifi-
cantly between the 1'B] and 21Ag states due to their differing accessibility in one-photon
processes. The 1'Bl state is easily observed in one-photon absorption experiments,
whereas the 21Ag_ state is optically dark, requiring more sophisticated detection tech-
niques. Experimental estimates for the excitation energies for the 21Ag state have been
extensively debated in the literature.3° 32 These estimates are made using the mirror-image
symmetry rule, which assumes that the energy difference between the (0-0) and vertical
excitation energies is equal to the difference between the (0-0) and fluorescence intensity
maximum-i.e., vertical excitation energies are estimated as (0-0) + [(0-0) — fluorescence
intensity maximum]. However, this approximation is valid only under the assumption
that the potential energy surfaces of the 11Ag_ and 21Ag_ states are sufficiently similar—a
condition that is not necessarily true for polyenes. Indeed, theoretical studies show that
this approach can significantly underestimate the excitation energy due to substantial

differences in the potential energy surfaces of the electronic states involved.?3:34

On the other hand, the experimental vertical excitation energy to the ionic 1'B;! state
is typically estimated from the absorption spectrum, where the maximum of the absorption
band associated with the 1'B} <« 11Ag excitation—which, in this case, also represents
the origin peak—is often compared with theoretical vertical excitation energies. However,
it has been previously demonstrated that vertical excitation energies at the ground-state
minimum are blue-shifted relative to the band maximum by about 0.2 eV.?® For hexatriene
and octatetraene, gas-phase spectra or high-resolution spectra of the jet-cooled compound

36742 wwhereas for decapentaene and dodecahexaene fewer experimental data

are available,
are available. An extrapolation to the gas phase from the origins of the two lowest-lying
excited states measured in the condensed phase was carried out by D’Amico and coworkers
for decapentaene and dodecahexaene.*® This extrapolation has been shown to be in good

agreement with gas-phase data for decapentaene.*3
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TABLE 5.5 — Experimental estimates for gas-phase vertical excitation energies (eV) for the two lowest
excited singlet states of polyenes with N m-electrons.

N State Experimental data
6 2'A, -
1'Bf 4.934.93P
8 2'A, 4.08¢
1'Bf 4.4194.41¢
10 2'A; 3.48"
1'Bf 3.988
12 21A7 2.91f
1'Bf 3.658

& Absorption band maximum.3%

b Absorption band maximum of the jet-cooled compound.*®

¢ Estimated assuming mirror symmetry between absorption

and emission.*2

4 Absorption band maximum of the jet-cooled compound.3?

¢ Absorption band maximum of the jet-cooled compound.*!

f Estimated assuming mirror symmetry between absorption
and emission. Vibronic patterns for the gas and condensed
phases are assumed to be similar.43

& Absorption band maximum in the condensed phase. Extrap-

olated to gas phase using solvent shift theory.*3

Experimental gas-phase estimates for vertical singlet excitation energies of linear all-
trans polyenes are presented in Table 5.5. For hexatriene, when comparing the experi-
mental estimates for the 1B} state with the AETq extrapolated results obtained at the
MR-AQCC level (Table 5.4)-which best match the reference theoretical values—our cal-
culated vertical excitation energy for the ionic state in hexatriene is 0.49 eV higher than
the experimental estimate. The reference TBE from QUESTDB is 0.44 eV higher, while
the reference CASPT?2 result is 0.38 eV higher than the experimental estimate. These
reference theoretical values are in good agreement with our findings. Taking into account
that vertical excitation energies are estimated to be around 0.2 eV higher than the ex-

35

perimental band maximum,”” our calculated values also show good agreement with the

experimental estimate.

In octatetraene, our AET extrapolated MR-AQCC results for the 1'B] state suggest
a vertical excitation energy that is 0.32 eV higher than the experimental band maximum
(Table 5.4, Table 5.5). The reference TBE from QUESTDB is 0.37 eV higher, while the
CASPT?2 result is 0.29 eV higher than the experimental estimate. Again, these findings

are consistent with our results and are in good agreement with the experimental estimate,
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assuming, as before, that vertical excitation energies are blue-shifted relative to the band
maximum by about 0.2 eV.3® For the vertical excitation energy to the covalent 21Ag
state, the AET, extrapolated results indicate that the experimental estimate based on
the mirror-image symmetry rule underestimates the vertical excitation energy by 0.94 eV.
This underestimation is 0.82 eV based on the QUESTDB reference, and 0.66 eV based
on the CASPT?2 reference result.

In decapentaene, AED extrapolated MR-AQCC results predict that the vertical ex-
citation energy for the 1'B] state is 0.27 eV higher than the band maximum (Tables
5.4 and 5.5). For the 21A; state, the extrapolated result suggests that the experimental
estimate based on the mirror-image symmetry rule underestimates the vertical excitation

energy by 0.97 eV, consistent with what was observed for octatetraene.

In dodecahexaene, based on our estimate for the AE[) extrapolated MR-AQCC results
(Table 4), the vertical excitation energy for the 1B/ state is predicted to be 0.23 eV
higher than the band maximum (Tables 5.4 and 5.5). Our results for the covalent 21A;
state suggest that the experimental estimate based on the mirror-image symmetry rule
underestimates the vertical excitation energy by 1.16 eV, in agreement with what was

observed for the smaller members of the series.

5.2.2 Triplet states

The two lowest triplet states-1°A_ and 1°B_ —are covalent states. Similar to the singlet
covalent states, these triplet states are well-described without the need for extensive dy-
namic correlation treatments. Considering all the polyenes studied, SA-CASSCF results
exhibit an average difference of 0.08 eV for the 1°A; state and 0.04 eV for the 1°B state
compared to MR-CISD+P values (Table 5.6). When compared to MR-AQCC results, the
average differences are 0.08 eV and 0.05 eV for the 13Ag_ and 13B; states, respectively.
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TABLE 5.6 — Vertical triplet excitation energies of polyenes with N m-electrons computed using CASSCF,
MR-CISD, MR-CISD+P, MR-AQCC, and CASPT2 methods. Calculations were performed with the cc-
pVDZ basis set.

Method
N  State
CASSCF MR-CISD MR-CISD+P MR-AQCC CASPT2
6 13Ag 2.860 2.940 2.948 2.945 2.941
13B; 4.421 4.574 4.608 4.598 4.553
8 13Ag 2.539 2.563 2.581 2.562 2.569
13B; 3.845 3.931 3.933 3.928 3.925
10 13Ag_ 2.330 2.321 2.330 2.294 2.335
13B; 3.429 3.502 3.465 3.466 3.466
12 13A; 2.193 2.169 2.182 2.137 2.178
13B; 3.121 3.182 3.116 3.121 3.140

The differences between MR-CISD+P, MR-AQCC, and CASPT2 results for both the
13Ag and 1B states do not exceed 0.05 eV (Table 5.6). This indicates that these triplet
states are reliably calculated using these methods. The CASSCF results are in close
agreement with those obtained using MR-CISD+P, MR-AQCC, and CASPT2 (Table
5.6), suggesting that o-m electron correlation does not significantly impact the description
of these states. The primary exception is the excitation energy to the 13A; state of
hexatriene, where the CASSCF result underestimates the energy by approximately 0.18
eV compared to MR-CISD+P and MR-AQCC.

Size-extensivity corrections also have no significant effect on the vertical excitation
energies of the 1°A, and 1°B; states for the systems studied. The MR-CISD results are
not significantly different from the size-extensivity-corrected MR-CISD+P values (Table
5.6). Likewise, the addition of polarization functions to the basis set does not substantially
change the vertical excitation energies for these states when using either the MR-CISD+-P
(Table B.3) or MR-AQCC (Table B.3) methods.

Experimental data for hexatriene and octatetraene are available from low-energy elec-
tron impact spectra and electron energy loss spectra, respectively (Table 5.7). In com-
parison with MR-AQCC results for hexatriene (Table 5.6), the calculated results predict
excitation energies that are 0.34 eV and 0.49 eV higher than the band maximum for the
1°B and 13Ag states, respectively. For octatetraene, the MR-AQCC results suggest that
the excitation energies are 0.46 eV and 0.38 eV higher than the band maximum of the

electron energy loss spectrum for the 1°B; and 13Ag_ states, respectively.
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TABLE 5.7 — Experimental estimates for gas-phase vertical excitation energies (eV) for the two lowest
triplet states of polyenes with N m-electrons.

N State Experimental data
6 18A; 2.61°

13B; 4.11°
8 13Ag_ 2.10P

1°B; 3.55P

& Band maximum of low-energy electron impact spectrum.**

b Band maximum of electron energy-loss spectrum.*®

5.2.3 Wavefunction analysis

We now shift our focus to analyzing the wave functions of the polyenes, with partic-
ular emphasis on the singlet states. Figures B.6 to B.9 illustrate the hole and electron
natural transition orbitals (NTOs) computed at the MR-CISD level for each system. The
transition densities for the excited states 21Ag, 1'Bf, and 2'B; of hexatriene, calculated
with respect to the ground state, are shown in Figure 5.3. Transition densities for all the

systems are depicted in Figure B.10.

1A — 1 1p—
2'A; 1'BY 2B
o 0.019 0.003 -0.022 -0.052 -0.160 -0.216 -0.017 0.035 -0.017
7 9808e- +I8~ge-
(@]
(@]
z
-0.022 0.003 0.019 0.216 0.160 0.052 0.017 -0.035 0.017
A 0.018 0.003 -0.022 -0.049 -0.144 -0.202 -0.015 0.020 -0.022
<2
- 980ke- J&8e-
=
-0.022 0.003 0.018 0.202 0.144 0.049 0.022 -0.020 0.015

FIGURE 5.3 — Transition densities (isovalue: £0.002 a.u.) between the ground state and the excited
states 21Ag_7 1'Bf, and 2'B; of hexatriene, computed at the CASSCF and MR-CISD levels of theory.

u’

Transition charges on carbon atoms are displayed.

Examination of the transition density (Figure 5.3) shows that for covalent states, the
transition densities are centered along the bonds, while for the ionic state, they are lo-
calized on the atoms. In covalent states, transition density contributions from either side

of an atom tend to cancel out, resulting in a net zero transition charge ¢4, (transition
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charge values are available in Section B.5). In contrast, ionic states exhibit non-vanishing
transition charges on individual atoms. Moreover, the importance of o-7 electron correla-
tion is evident not only in the excitation energies but also in the transition densities. The
transition density of the ionic state at the MR-CISD level shows distinct o-contributions
that are absent in the CASSCF transition density. This observation holds consistently

across all polyenes investigated.

These o-contributions are associated with the reduction of transition density self-
repulsion. Self-repulsion is generally large when there is significant spatial overlap between
the involved orbitals and becomes smaller when the orbitals are spatially separated.46:2>-4749
The role of transition density self-repulsion has been investigated by Kimber and Plasser.46:25:4
Their works demonstrate that, while the self-repulsion term raises the excitation energy,
it can be compensated by oo* excitations. Consequently, the inclusion of o-contributions
in the wavefunction reduces the energetic penalty of the pure HOMO-LUMO transition,'®
lowering the excitation energy and resulting in reduced oscillator strengths, as observed

in MR-CISD calculations compared to CASSCF results (Table B.5).

As anticipated, progressively reducing the degree of o-m electron correlation by freezing
o-orbitals at the CI step has noticeable effects on transition densities (Figure 5.4a) and
excitation energies (Figure 5.4b). Freezing 50% of reference doubly occupied o-orbitals
and 50% of reference virtual o-orbitals has minimal impact on the excitation energies
or transition densities. However, as the percentage of frozen o-orbitals increases, the
o-contributions in the transition densities vanish, the excitation energies increase, and

size-extensivity corrections become less effective.
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core orbitals frozen 60% of o orbitals frozen

50% of o orbitals frozen 70% of o orbitals frozen
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I T = — MR-AQCC
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FIGURE 5.4 — Influence of freezing o-orbitals in hexatriene on (a) transition densities (isovalue: £+0.002
a.u.) between the ground state and the 1'B] state, and (b) excitation energies computed at the MR-
CISD level with the cc-pVDZ basis set. The percentage of o-orbitals refers to the percentage of reference
doubly occupied o-orbitals and the corresponding percentage of reference virtual o-orbitals frozen. C-1s
indicates that only carbon core orbitals were frozen.

Lastly, we examine the evolution of the wavefunction across the polyene series in terms
of ionic character (Q), multiconfigurational character (PRNTO), and single-excitation

character (£2). The results for these descriptors are summarized in Table 5.8.
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TABLE 5.8 — Characterization of excited states based on ionic character Q!, single-excitation character
Q, and NTO participation ratio PRxTo calculated from the MR-CISD wave function.

N State Q: PRxToO Q

6 2'A; 0089 1994 0.404
llB: 0.872 1.087 0.871
21B; 0.117 1.994 0.468

8 21Ag 0.090 2.029 0.368
1'BXY 0879 1101 0.854
21BJ 0.148 2.158 0.402

10 21Ag 0.078 2.062 0.344
11Bj 0.889 1.119 0.839
21BJ 0.120 2.176 0.366

12 21Ag_ 0.071 2.094 0.324
11Bj 0.914 1.137 0.829
21BJ 0.129 2.247 0.350

The results in Table 8 suggest that the descriptors for excitation to the ionic state
change only slightly across the polyene series. The @t values effectively distinguish the
ionic state from the covalent states by indicating significant transition charges localized
on individual atoms, as has been observed in other systems.'® Additionally, the NTO
participation ratio (PRNTO) shows that the ionic state is predominantly described by
a single pair of hole and electron NTOs, which is consistent with the fact that these
are predominant HOMO-LUMO transitions. The single-excitation character (£2), with
values higher than 0.8, emphasizes its singly-excited nature with only minor correlation

contributions.

In contrast, the covalent states exhibit more pronounced changes in their wavefunc-
tion descriptors throughout the series. The multiconfigurational character of the 21Ag_
state remains nearly constant, while for the 2'B state it increases slightly as the chain
lengthens. Regarding the single-excitation character 2, we note that this value is below
0.5 for both covalent states of all molecules investigated, highlighting that these states
possess more than 50% double excitation character. In addition, we note that the single-
excitation character slightly decreases suggesting that the contribution of doubly excited

configurations grows with the length of the chain for both the 21Ag_ and 2'B_ states.
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6 Low-lying excited states of linear
All-trans polyenes: insights from
analytical gradient calculations based on

a multireference Wavefunction

6.1 Computational details

The equilibrium geometries of the ground (11Ag_ ) and the singlet excited states 21Ag_,
and 1'B; of hexatriene, octatetraene, and decapentaene were obtained via analytic en-
ergy gradient based on the MR-CISD wavefunction. All geometry optimizations were
performed under Cy, symmetry constraints. All the geometries are provided in the Sup-
plementary Information (SI). To account for size-extensivity errors inherent to MR-CISD,
the Pople (+P) correction,! extended to the MR-CISD case, was considered in all single-

point calculations presented throughout this work.

At the CASSCF level, an equal-weight state averaging was performed over six elec-
tronic states: 1'A7, 2'AZ 1'BY, 2'B, 1°A_, and 1°B. The CASSCF computations were
carried out using a standard valence active space, encompassing all valence m-electrons
and valence m-orbitals of each molecule. The molecular orbitals obtained from this state-
averaged procedure were subsequently employed in the MR-CISD calculations. To reduce
the computational demands of the MR-CISD steps, the reference space was constructed by
splitting the m-valence space into three subsets: a CAS(6,6), a complementary restricted
active space (RAS) for the remaining strongly occupied orbitals, and a corresponding
auxiliary (AUX) space for weakly occupied orbitals. Single excitations were permitted
from the RAS into the CAS and AUX spaces, as well as from the CAS into AUX or-
bitals. The specific schemes adopted in our calculations are listed in Table 6.1. Based on
this reference space, single and double excitations into all virtual orbitals were generated,
forming the expansion space of the MR-CISD wavefunction. Generalized interacting space
restrictions? were applied at the MR-CISD level.
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TABLE 6.1 — Active reference space scheme utilized at the MR-~CISD level for polyenes with N m-electrons.

N Active space scheme

6 CAS(6,6)

8 RAS(1)CAS(6,6) AUX(1)
10 RAS(2)CAS(6,6) AUX(2)
12 RAS(3)CAS(6,6) AUX(3)

Based on the optimized geometries of the ground and excited states obtained using
the double-zeta cc-pVDZ basis set, single point calculations using the triple-zeta cc-pVTZ
basis sets® were carried out. Extrapolation to the complete basis set (CBS) limit was
performed using the two-point fit approach? (Eq. 6.1) for energies splitting obtained at
the MR-CISD+P level.

o  ExX® - EyY?
Bvw=—"w v (6.1)

Here, EJ represents the CBS limit excitation energy, X and Y are the cardinal num-
bers for the respective basis sets, and Ex and Ey denote the excitation energies obtained
for those individual basis sets. The cc-pVTZ basis set without the f-function, i.e., with
contraction (10s, 5p, 2d)/[4s, 3p, 2d] (cc-pVTZ’) was used on carbon atoms for the basis
set extrapolation to the CBS limit. The cc-pVDZ basis set was used on hydrogen in all

cases.

All calculations were performed using the described formalism implemented in the

COLUMBUS program system,> " with integrals calculated by the Dalton program.®

6.2 Results and discussion

6.2.1 Adiabatic excitation energies

We begin our discussion by presenting results for adiabatic excitation energies, calcu-
lated as the difference between the ground and excited states at their respective relaxed
geometries. From the experimental point of view, this is comparable to the energy of
the 0-0 excitation band, although only the electronic contribution is considered here. Vi-
brational corrections typically reduce excitation energies by 0.1-0.2 eV.? The adiabatic
excitation energies to the two lowest singlet excited states of hexatriene, octatetraene,

and decapentaene are presented in Table 6.2.
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TABLE 6.2 — Adiabatic excitation energies (eV) of singlet states in polyenes with N 7-electrons computed
at the MR-CISD+P level based on geometries obtained via analytic energy gradients using the MR-CISD
wavefunction and the cc-pVDZ basis set. Reference theoretical values and experimental data are provided
for comparison.

N State MR-CISD+P CASPT?2 Exp. 0-0
6 2'A 4.365 4.195%4.17° <4.22°
1'Bf 5.335 5.177¢ 4.84° 4.93f 4.938
8 2'A 3.645 3.30 43.50° 3.59" 3.59!
1'Bf 4.698 4.46 ¢4.34> 4.40) 4.41% 4.41"
10 2'A; 3.122 2.99 b 3.10™
1'Bf 4.236 3.88 P 4.02"

& Geometry optimized at CASSCF/NEVPT?2 level; single-point energy at CASPT2
level.?

b Geometry optimized at CASSCF level; single-point energy at CASPT?2 level.'®

¢ Geometry optimized at RASSCF level; single-point energy at CASPT?2 level.”

4 Geometry optimized at CASSCF level; single-point energy at CASPT2 level.!!

¢ Estimate origin of absorption of the multiphoton ionization spectrum.!?

f Origin of absorption for the isolated compound.'?

& Qrigin of absorption for the jet-cooled compound.'4

b Origin of absorption extrapolated to the gas phase using solvent shift theory.!®
! Origin of absorption of the two-photon excitation spectrum.'®

J Origin of absorption for the isolated compound.'®

k Origin of absorption for the jet-cooled compound.'”

' Origin of absorption for the jet-cooled compound.'®

™ QOrigin of absorption extrapolated to the gas phase using solvent shift theory.®

" QOrigin of absorption for the isolated compound.'?

The origin of the ionic state is observed experimentally in the gas phase and is located
at 4.93 eV.'413 Our results overestimate the adiabatic excitation energy by 0.41 eV. At
the CBS limit, this agreement is improved by 0.14 eV (Table C.1). The selected CASPT2
results provide good agreement with the experimental observation, with one of the values
overestimating the excitation energy by 0.25 eV and the other matching it to within just
under 0.1 eV (Table 6.2). On the other hand, the origin of the 2' A state in hexatriene has
not been unambiguously defined for the trans isomer. Buma and coauthors!? estimated
the origin of the 21Ag_ state to have an energy <4.22 eV. Corroborating this result, it is
generally assumed?” that the origin of this state lies within a few hundred wavenumbers
of the corresponding state in the cis isomer of hexatriene, which can be obtained from the
experimental spectrum and is unambiguously defined at 4.26 eV.'22! The MR-CISD+P
results estimate an energy splitting of 4.365 eV, which is 0.15 eV higher than the minimum
value of the origin estimated experimentally. Both CASPT2 results provide accurate
predictions (Table 6.2).
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As for hexatriene, the origin of the 1'Bf <= 1'A7 transition in octatetraene is observed
in gas-phase one-photon absorption experiments.'>!"18 Recent experiments yield a value
of 4.41 eV.1"18 Our calculated adiabatic excitation energy is 4.698 eV, representing an
overestimation of 0.29 eV with respect to the experimental result. The CASPT?2 results
also give accurate predictions in comparison with the experimental value (Table 6.2). The
origin of the 21Ag_ — 11Ag transition has also been precisely observed in the gas phase by
means of two-photon absorption experiments.'® Additionally, the origin of this transition
has been measured in the condensed phase and extrapolated to the gas phase.'® Both
experimental results suggest that the minimum of the 21Ag_ state lies 3.59 eV above the
minimum of the ground state. Our results yield 3.645 eV—an excellent agreement, match-
ing the experimental results remarkably well. The selected CASPT2 results reproduce
the experimental value within a deviation of approximately 0.1-0.3eV (Table 6.2).

Experimental and theoretical data for decapentaene are less abundant. The origin of
the 1'Bf «+ 11Ag_ transition is directly observable in the gas phase and is also shown to
coincide with the absorption maximum of the spectrum at 4.02 eV.!¥ The MR-CISD+P
value lies 0.22 eV above this, at 4.236 eV, showing acceptable accuracy. The CASPT2
results underestimate the excitation energy by just over 0.1 eV (Table 6.2). The 2'A; «+
11Ag_ transition energy has only been measured in the condensed phase and extrapolated

5

to the gas phase.'® This approach applied to the ionic state-both in octatetraene'® and

Y_is shown to be reliable, yielding results in good accuracy with respect to

decapentaene
gas-phase data. The accepted extrapolated experimental value is 3.10 eV. The adiabatic
excitation energy calculated at the MR-CISD+P level is 3.122 eV, in excellent agreement
with the experimental data. CASPT2 also performs well, underestimating this value by

just above 0.1 eV (Table 6.2).

In summary, the MR-CISD+P adiabatic excitation energies (Table 6.2) agree closely
with experimental and other theoretical benchmarks. Better agreement with experimental
results is observed for the 2'A7 - 1'A_ transition than for the 1'Bj « 1'A} transition.
This stems from the high demands placed by the ionic state in terms of o-7 electron
correlation and high-order excitations needed to accurately describe the 1'B; state.?2233
Performing single-point calculations using the triple-zeta basis set cc-pVTZ’ on the relaxed
geometries obtained with the double-zeta basis set—except for hexatriene, where slightly
better agreement with experiment is observed at the CBS limit—has no significant impact

on adiabatic excitation energies (Table C.1).

6.2.2 Vertical excitation and emission energies

In this section, we present and discuss the vertical excitations to the bright state, as

well as the vertical emission energies from the two lowest singlet excited states of the
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polyenes, estimating the fluorescence intensity maximum based on a vertical transition
from the excited-state minimum to the ground state. Vertical excitation energies are
obtained by calculating the energies of the excited states at the equilibrium geometry of
the ground state. These values are generally compared to the absorption band maximum
(Amax) ynder the assumption of classical vibrations.?* Note that, for theses systems, the

A also corresponds to the 0-0 excitation band. Vertical excitation energies to the two

lowest singlet excited states are presented in Table S3. For a more detailed discussion of
vertical excitation energies, see Reference (22). Conversely, vertical emission energies can
be estimated by calculating the ground-state energy at the minimum of the excited state.

An experimental estimate of the vertical emission energy is the wavelength corresponding

max
emi

and the emission energies obtained at the MR-CISD+P level.

to the maximum of the emission spectrum ( ). In Table 6.3, we present the absorption,

TABLE 6.3 — Absorption (AE,ps) and emission (AEcy,;) energies (eV) for polyenes with N m-electrons
computed at the MR-CISD+P level based on geometries obtained via analytic energy gradients using the
MR-CISD wavefunction. Experimental values for the band maxima of absorption (A}2*) and emission
(Amax) gpectra are provided for comparison.

emi

MR-CISD+P Exp.
N AB Ao max max
1R+ - - - - IR+  qlp+ - - 1A
Bl 'A; 1AL < 2'A; 1T'A; < 1'By 1'BJ « 1'A; T'A; < 2'A]
6 5.442 3.630 5.140 4.93P —
8 4.825 2.963 4.522 4.40°¢ 3.14
10 4.364 2.500 4.072 4.02¢ 2.7f

& Values computed at the basis set limit. See Table C.2.

b Origin of absorption for the isolated compound.'3

¢ Qrigin of absorption for the isolated compound.!%1?

4 Vibronic patterns assumed similar in gas and condensed phases.'?

¢ Origin of absorption for the isolated compound.'®

f Vibronic patterns assumed similar in gas and condensed phases.!?

For vertical excitation, we compare our results with the experimental estimates using
values extrapolated to the basis set limit (AEDY), as the basis set can significantly influ-
ence the 1'Bf « 11Ag_ vertical excitation energy due to the sensitive nature of the 1'B}
state with respect to electron correlation and orbital relaxation effects.???* The results
obtained for each basis set are presented in Table C.2. For the studied compounds, the
MR-CISD+P results extrapolated to the basis set limit predict vertical excitation ener-
gies higher than the absorption band maxima: they exceed the experimental estimates
by 0.51 eV in hexatriene, 0.43 eV in octatetraene, and 0.34 eV in decapentaene. The
larger deviation observed for the smaller systems is attributed to the more significant

role of extensive dynamic sigma-m electron correlation and the higher-order excitations
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required to properly describe the exchange interaction arising from the HOMO—LUMO
excitation in systems with fewer electrons.?” Previous studies have shown that vertical
excitation energies from the ground-state minimum are typically blue-shifted relative to
the absorption band maximum by approximately 0.2 eV,?*?% and, as will be discussed
in the next section, this trend is consistent with our findings. Taking this into account,
the MR-CISD+P values show good agreement with the experimental estimates. Similar
CASPT?2 results (Table C.2) were obtained by Nakayama and co-workers'® and by Angeli

et al.11?

Regarding vertical emission energies, it is known that octatetraene is the smallest un-
substituted polyene with detectable fluorescence. The trans isomer of hexatriene exhibits
no detectable fluorescence. For octatetraene, the photophysical behavior differs between
condensed-phase and gas-phase environments. In the condensed phase, upon excitation
into the bright 1'B; state, the system undergoes rapid internal conversion to the 21Ag
state, occurring on sub-picosecond timescales. This indicates the presence of a conical
intersection near the Franck—Condon region, which provides an efficient pathway for pop-
ulation of the 2'A; state.'® From there, the system decays radiatively to the ground
state.!® In contrast, in the gas phase, no Stokes shift is observed between absorption and

emission, which supports a 1'A; < 1'B assignment for the fluorescence.'>?7

For the 11Ag_ — 21Ag_vertical emission, in both cases where experimental data are
available, the MR-CISD+P results indicate that the vertical emission energy is 0.14 eV
and 0.20 eV lower than the emission band maximum for octatetraene and decapentaene,
respectively. These results suggest that the vertical emission is red-shifted relative to
the maximum of the emission spectrum. For hexatriene, which shows no detectable
fluorescence, the MR-CISD+P results predict a vertical emission energy of 3.63 eV for
the 11Ag_ +— 21Ag_ transition, corresponding to approximately 342 nm. Considering the
11Ag_ + 1'BY vertical emission energies (Table 6.3), the difference between absorption
and emission is approximately 0.30 eV for all studied compounds. This small difference
is consistent with experimental findings in the gas phase, where little to no Stokes shift

is observed.

6.2.3 Relaxation energies and equilibrium geometries

Having analyzed both adiabatic (Table 6.2) and vertical excitation energies (Tables 6.3,
C.2), the first striking observation when comparing these values is the notable stabiliza-
tion experienced by the covalent state relative to the ground-state minimum. Figure 6.1
illustrates the stabilization energy for each state. For the purpose of discussing relaxation
energy, we consider our calculations employing the cc-pVDZ basis set for vertical exci-

tations (Table C.2) alongside the adiabatic excitation energies obtained using the same
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basis set (Table 6.2).

6

0.30
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= — 0.24 .
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FIGURE 6.1 — Relaxation energy (eV) in polyenes with N m-electrons computed at the MR-CISD+P
level using the cc-pVDZ basis set. Relaxation energy-represented by the bar size and numeric values—is
defined as the energy difference between vertical excitation energies (top of the bar; numerical data from
Table 6.2) and adiabatic excitation energies (bottom of the bar; numerical data from Table 6.2).

The relaxation energy observed for the covalent 21Ag state ranges from 1.06 eV for
hexatriene to 0.96 eV for decapentaene (Figure 6.1). This substantial relaxation energy
highlights a significant difference in the nuclear equilibrium geometries of the states in-
volved. Indeed, upon closer inspection of their optimized structures, we find that the
geometry of the 21Ag state exhibits an alternating single-double bond pattern opposite
to that observed in the ground state (Figure 6.2, Table C.3). Specifically, whereas the
ground state features a C-C double bond in the terminal pair of carbon atoms (Figure
Figure 6.2a), the 21Ag state displays a characteristic C-C single bond at the same position
(Figure Figure 6.2b).

In contrast, the ionic 1'B; state is only slightly stabilized at its minimum relative to
its energy at the Franck-Condon geometry. The relaxation energy for this state ranges
from 0.30 eV for hexatriene to 0.24 eV for decapentaene (Figure 6.1). Unlike the covalent
state, which shows a distinct single-double bond alternation, the ionic state exhibits a
more uniform bond-length distribution (Figure 6.2¢, Table C.3). Notably, the geometries
obtained at the CASSCF level by Nakayama et al.!® are in good agreement with those
obtained via analytical gradients based on the MR-CISD wavefunction (Table C.3). This

agreement holds across all three states and all studied polyenes, with no differences larger
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than 0.051 Aobserved for CC bond lengths between the respective geometries obtained at
both levels.

a 1
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FIGURE 6.2 — CC bond lengths of the optimized geometries obtained via analytic energy gradients based
on the MR-CISD wavefunction for the states: (a) 1'A;, (b) 2'A;, and (c) 1'B of polyenes with N
m-electrons. Numeral data from Table C.1.

The results obtained here show that excitation into the bright state is followed by a
structural relaxation of approximately 0.2-0.3 eV (Figure 6.1). Experimentally, the ab-
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sorption band maximum is known to correspond to the 0-0 transition.'*'>!? Although
vertical excitation energies are often compared directly with this band maximum, such
comparisons implicitly assume that vibrational effects are negligible or treated classically.
The observed relaxation implies that vertical excitation energies from the ground-state
equilibrium geometry are systematically blue-shifted by 0.2-0.3 eV relative to the ab-
sorption band maximum. This shift is consistent with previous high-level theoretical

studies. 2426
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7 Concluding Remarks

In Chapter 4, a detailed multi-component analysis of aromaticity in mono- and disub-
stituted benzene derivatives strongly affected by the substituent effects. We demonstrate
that m-electron-donating and m-electron-accepting substituents of suitable size and sym-
metry can interact with the m-system of the ring and substantially impact m-electron de-
localization. We also investigated the influence of charged non-m-electron donor/acceptor
substituents. Our findings indicate that the charges play a minor role in influencing -
electron delocalization. The crucial factor that influences the aromatic character is the
availability of a p, orbital capable of interacting with the delocalized m-electron system of

benzene.

Due to the various aspects of aromaticity, a single descriptor is not flexible enough
to provide a comprehensive overview of m-electron delocalization unambiguously. In this
sense, the multiple indices presented offer complementary information on the electronic
structure and reactivity of the substituted benzene compounds. The perturbation caused
by m-electron-donating and m-electron-accepting substituents impacts the geometry, vibra-
tional properties, m-topology, electronic structure, magnetic susceptibility, and chemical
stability of the system. The findings of this study can contribute to applied research
aimed at modulating the electronic structure of organic compounds, such as polycyclic

aromatic compounds, to achieve desired properties.

In Chapter 5, we show that the relative position of the ionic 1'BY excited state in
polyenes is strongly influenced by the level of theory employed due to the more sensitive
nature of this state with respect to electron correlation and orbital relaxation effects.
Thus, a proper description of ionic states requires a combination of factors at the vari-
ational MR-CISD and MR-AQCC levels. Polarization through enhanced o-7 electron
correlation significantly stabilizes the ionic state, whereas covalent states are already well
described with an adequate treatment of non-dynamic correlation involving valence -
orbitals. Expanding the basis set to include larger polarization shells further stabilizes
the ionic state but has minimal effect on covalent states. Additionally, size-extensivity
corrections play a crucial role in stabilizing the ionic state. Therefore, an accurate de-
scription of the ionic state requires extensive treatment of o-m electron correlation, a

sufficiently large basis set, and the inclusion of size-extensivity corrections.
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Based on these considerations, MR-CISD+P and MR-AQCC provide mutually con-
sistent predictions that the 1'BY state is the first excited state in hexatriene and oc-
tatetraene. These findings align with theoretical reference benchmark values. For de-
capentaene, extrapolated MR-CISD+P results suggest that the 21Ag and 1'B; states are
nearly degenerate, while MR-AQCC indicates that the ionic state lies approximately 0.2
eV below the covalent state. For dodecahexaene, the high computational cost associated
with using an appropriate basis set precluded an accurate assignment of the ordering of
the two low-lying states. However, our findings using the cc-pVDZ basis set suggest that
the covalent 21A; state is the lowest excited state, lying 0.2 eV below the ionic state at
the MR-CISD+P level, while MR-AQCC results suggest that these states are virtually
degenerate. The triplet states 13Ag and 1B are already well-described at the CASSCF
level and can be reliably calculated using MR-CISD, MR-AQCC, or CASPT?2.

Wavefunction analysis further revealed how the character of the wavefunctions evolves
across the series in terms of ionic character, multiconfigurational character, and single-
excitation character. The ionic state remains consistently well-represented by a single
HOMO-LUMO excitation, whereas the contribution of doubly excited configurations in-
creases with chain length for both covalent states. Notably, the 2'B_ state exhibits an

increasingly multiconfigurational character as the chain lengthens.

In Chapter 6, an accurate and balanced description of the ground and two lowest-
lying excited states (21Ag and 1'B) in hexatriene, octatetraene, and decapentaene is
achieved at the multireference level, providing valuable insights into the spectroscopic
behavior of polyenes and bridging theoretical predictions with experimental spectroscopy.
The adiabatic excitation energy for the 21Ag_ state is estimated with excellent accuracy
(within 0.1-0.02 eV) relative to the experimental values, where available. Slightly larger,
though still reasonable, deviations (0.2-0.4 eV) are observed for the ionic 1'BY state,
reflecting the complexity of describing this state at the multireference level due to the
intricate interplay of o-m electron correlation and high-order excitations. Nonetheless,
the high accuracy achieved for adiabatic excitation energies highlights the robustness of

the MR-CISD wavefunction in providing reliable energy gradients.

Our findings suggest that vertical excitation energies from the ground state to the
1'Bf state are blue-shifted by 0.2-0.3 eV relative to the absorption spectrum’s band
maximum. Vertical emission energies corresponding to radiative decay to the ground state
were also computed. These results indicate that vertical emission from the 21Ag_ state is
red-shifted by approximately 0.2 eV relative to the experimental emission maximum, while
the small or absent Stokes shift observed experimentally in the gas phase is consistent with
a 1'A; < 1'B] radiative decay.

Our results for the studied systems show that, upon geometry relaxation from the

Franck-Condon structure, the 21Ag_ state is stabilized by approximately 1 eV, whereas
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the bright 1'B state is stabilized by 0.2-0.3 eV. This difference in relaxation energy is
closely related to the distinct nuclear equilibrium geometries of the states involved. While
the 21Ag_ state exhibits an alternating single-double bond pattern opposite to that of the
ground state, the 1'B] state features a more equalized bond-length distribution along the

polyene chain.

Taken together, the studies presented in this thesis offer a comprehensive view of the
electronic structure of conjugated organic molecules, ranging from the modulation of aro-
maticity in the benzenoid ring to the complex excited-state behavior of linear polyenes.
By critically employing state-of-the-art multireference methods, we have gained detailed
insight into both ground- and excited-state properties across these systems, highlighting
the importance of orbital interaction, electron correlation, and state-specific geometry
effects. These findings not only enhance our understanding of electronic features such
as aromaticity but also elucidate dynamic phenomena such as excited-state ordering and
radiative decay pathways. In this way, the thesis fulfills its aim of exploring the *Elec-
tronic Structure of Conjugated Organic Molecules: From Aromaticity to Excited-State
Dynamics*, bridging fundamental electronic structure theory with spectroscopic observ-
ables and contributing to the broader understanding of conjugated systems in theoretical

chemistry.
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A.1 Reference Molecules - HOMA and AI(vib) descriptors

Equilibrium geometry, analytical harmonic frequencies, and local mode force constants
of the reference molecules used in the determination of relative bond strength order, ngp,
v (AI(vib)), ropt, and o (HOMA).

B3LYP/def2-TZVP

a b c
H H
2.000
9.660
H 1325 H

FIGURE A.1 — Reference molecules (a) ethane and (b) ethene were employed to establish the relative bond
strength order. Buta-1,3-diene (c) was utilized for determining nqpy and « values in AI(vib) calculations, as
well as 7opt and « values in HOMA calculations. Red numbers represent the relative bond strength order,
blue numbers denote local mode force constants (mdyn A‘l), and black numbers indicate interatomic

o

distances (A). All values were obtained at the B3LYP /def2-TZVP level of theory.

Equilibrium geometries

CoHg (So, D3a)

Atom x y z

C 0.000000  0.000000  0.763372
C 0.000000  0.000000 -0.763372
H 0.000000  1.017065  1.160943
H -0.880804 -0.508532  1.160943
H 0.880804 -0.508532  1.160943
H 0.880804  0.508532 -1.160943
H 0.000000 -1.017065 -1.160943
H -0.880804  0.508532 -1.160943
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Atom x y z

C 0.000000  0.000000  0.662376
C 0.000000  0.000000 -0.662376
H 0.000000  0.921381  1.232419
H 0.000000 -0.921381  1.232419
H 0.000000 -0.921381 -1.232419
H 0.000000  0.921381 -1.232419

C4Hs (So, Caon)

Atom x y z

0.599706  1.744284 0.000000
0.599706  0.409847 0.000000
-0.599706 -0.409847 0.000000
-0.599706 -1.744284 0.000000
1.520252  2.312490 0.000000
-0.325310  2.309580  0.000000
1.547033 -0.122846 0.000000
-1.547033  0.122846 0.000000
0.325310 -2.309580 0.000000
-1.520252 -2.312490 0.000000

T DT - 2T QQaAqa

Analytical harmonic frequencies

CoHg (So, D3a)

306.7265
998.0252
1412.4088
1502.2945
3029.7967
3073.8742

827.9056
1223.0953
1423.1222
1505.7710
3030.8738
3099.2559

827.9056
1223.0955
1502.2944
1505.7713
3073.8742
3099.2560

CoHy (So, Dan)

837.2152
1062.9807
1479.2742
3143.1520

978.7098
1246.4293
1692.5248
3199.1444

983.2476
1382.9622
3130.1379
3227.3639
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C4Hs (So, Con)

174.7359
540.0030
942.9602
1008.1646
1319.1759
1479.7137
3127.8470
3141.0108

298.3523
782.5650
943.2290
1055.5497
1325.1317
1653.7660
3138.5175
3224.9418

519.4948

901.9208
1001.7873
1230.6022
1420.5846
1704.6984
3140.9526
3225.3140

wB97X-D/def2-TZVPD

2.000
10.00
H 1.322 H

FIGURE A.2 — Reference molecules (a) ethane and (b) ethene were employed to establish the relative bond
strength order. Buta-1,3-diene (c) was utilized for determining nop, and 7y values in AI(vib) calculations, as
well as 7ops and « values in HOMA calculations. Red numbers represent the relative bond strength order,
blue numbers denote local mode force constants (mdyn A‘l), and black numbers indicate interatomic

o

distances (A). All values were obtained at the wB97X-D/def2-TZVPD level of theory.

Equilibrium geometries

CoHs (So, D3a)

Atom x y z

C 0.00000000  0.00000000  0.76138861
C 0.00000000  0.00000000 -0.76138861
H 0.00000000  1.01703852  1.15745108
H -0.88078120 -0.50851926  1.15745108
H 0.88078120 -0.50851926  1.15745108
H 0.88078120  0.50851926 -1.15745108
H 0.00000000 -1.01703852 -1.15745108
H -0.88078120  0.50851926 -1.15745108
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Z

0.00000000
0.00000000
0.00000000

0.00000000
0.00000000
0.92270534

0.66092924
-0.66092924
1.22919880

0.00000000 -0.92270534 -1.22919880

C
C
H
H 0.00000000 -0.92270534  1.22919880
H
H 0.00000000  0.92270534 -1.22919880

C4Hs (So, Can)

Atom x y z

C 0.60379698  1.73649241 0.00000000
C 0.60379698  0.40747954 0.00000000
C -0.60379698 -0.40747954 0.00000000
C -0.60379698 -1.73649241 0.00000000
H 1.52548876  2.30352042  0.00000000
H -0.32300215  2.29974212  0.00000000
H 1.54876697 -0.12909026 0.00000000
H -1.54876697  0.12909026 0.00000000
H 0.32300215 -2.29974212  0.00000000
H -1.52548876 -2.30352042 0.00000000

Analytical harmonic frequencies

CoHs (So, Dsa)

310.2848
1017.7210
1412.1971
1507.6214
3053.0851
3111.4549

833.8049
1226.0732
1432.9030
1508.0296
3054.1185
3135.3404

833.8193
1226.0806
1507.6199
1508.0312
3111.4476
3135.3455

CoHy (So, Dan)

841.5026
1071.1467
1476.1581
3166.5817

987.7744
1247.7254
1714.2330
3227.1925

1000.3653
1390.3166
3148.5381
3253.7526
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C4Hs (So, Con)

164.7367
542.3878
960.9435
1018.3208
1326.5167
1480.7523
3153.7316
3169.8008

302.7216
790.9244
962.4648
1065.5867
1329.4543
1682.1240
3156.8739
3249.5926

525.2373

906.0479
1011.8799
1235.8851
1425.0963
1746.0978
3164.5906
3249.7766
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A.2 Numerical Values of Descriptors

B3LYP/def2-TZVP

Tables A.1 to A.14 present the numerical data for the descriptors HOMA, Al(vib), BVI,

Liing, MCI, NICS, and Sy-T; splitting. The results are based on the geometries and
analytical harmonic frequencies obtained at the B3LYP /def2-TZVP level of theory.

TABLE A.1 - HOMA, EN, and GEO of benzene and monosubstituted benzene derivatives.

X HOMA  EN GEO
H 0.998 0.002 0.000
CH3 0.997 0.001 0.002
CH; 0.702 0.075 0.223
CHy 0.743 0.031 0.226
NH, 0.992 0.000 0.008
NH; 0.724 0.071 0.206
NHj 0.448 0.093 0.459
OH 0.997 0.002 0.001
O~ 0.736 0.072 0.192
O+ -0.100 0.234 0.865

TABLE A.2 - HOMA, EN, and GEO of disubstituted benzene derivatives.

X HOMA EN GEO
CHs 0.997 0.000 0.003
CH, 0.006 0.180 0.814
NH, 0.995 0.000 0.005
NH -0.309 0.269 1.041
OH 0.997 0.003 0.001
O -0.808 0.454 1.353
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TABLE A.3 — Al(vib), WS, and ALT of benzene and monosubstituted benzene derivatives.

X Al(vib) WS ALT
H 0.925 0.075 0.000
CH; 0.907 0.090 0.003
CH, 0.587 0.266 0.148
CHj 0.709 0.134 0.157
NH, 0.895 0.098 0.007
NH, 0.593 0.265 0.142
NH; 0.437 0.210 0.353
OH 0.917 0.081 0.002
0~ 0.537 0.305 0.157
Ot 0.076  0.377 0.699

TABLE A.4 — AI(vib), WS, and ALT of disubstituted benzene derivatives.

X Al(vib) WS ALT
CH; 0.890 0.107 0.003
CH, 0.085 0.180 0.735
NH, 0.871 0.125 0.004
NH 0200  0.242 0.958
OH 0.910 0.089 0.001
0 -0.684  0.408 1.277

TABLE A.5 — Topological analysis of ELF; of benzene and monosubstituted benzene derivatives.

B3LYP/def2-TZVP level of theory.

X BViax BVmm ABV  BVI

H 0.894  0.894  0.000  1.000
CH;  0.893 0875 0.018  0.982
CH, 0922 0568 0.354  0.646
CHf 0979 0604 0375  0.625
NH, 0909 0778 0.131  0.869
NH;, 0924 0599 0325  0.675
NH; 0992 0440 0552  0.448
OH 0.894  0.849  0.045  0.955
O~ 0.907  0.660 0247  0.753
ot 0.998 0276  0.722  0.278




APPENDIX A. SUPPLEMENTARY INFORMATION FOR CHAPTER 4

115

TABLE A.6 — Topological analysis of ELF; of benzene and monosubstituted benzene derivatives.
MRCI/def2-TZVP//B3LYP /def2-TZVP level of theory. Natural orbitals were used to construct the

m-density.

X BViax  BVmin ABV BVI

H 0.840 0.837 0.003 0.997
CH; 0.837 0.818 0.019 0.981
CH; 0.896 0.505 0.391 0.609
CHj 0.954 0.538 0.416 0.584
NH, 0.835 0.685 0.150 0.850
NH; 0.893 0.518 0.375 0.625
NH; 0.972 0.360 0.612 0.388
OH 0.838 0.791 0.047 0.953
O~ 0.876 0.609 0.267 0.733
o+ 0.982 0.230 0.752 0.248

TABLE A.7 — Topological analysis of ELF,; of disubstituted benzene derivatives. B3LYP/def2-TZVP

level of theory.

X BViax  BVim ABV  BVI
CHs 0.895  0.871 0.024  0.976
CH, 0.994  0.412 0.582 0.418
NH, 0.897  0.748 0.149  0.851
NH 0.998  0.357  0.641 0.359
OH 0.869  0.850 0.019  0.981
O 0.999  0.313 0.686  0.314

TABLE A.8 — Topological analysis of ELF, of disubstituted benzene derivatives.

MRCI/def2-

TZVP//B3LYP/def2-TZVP level of theory. Natural orbitals were used to construct the w-density.

X BViax BV ABV  BVI

CHs 0.835  0.801 0.034  0.966
CH, 0976  0.323 0.653  0.347
NH, 0.789  0.749 0.040  0.960
NH 0.982  0.262 0.720  0.280
OH 0.811 0.803 0.008  0.992
O 0.987  0.229 0.758  0.242
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TABLE A.9 — Multicenter descriptors Iying and MCI of benzene ans monosubstituted benzene derivatives.
The results were obtained at the B3LYP/def2-TZVP level of theory using the AIM atomic partitioning.

X Ling MCI

H 0.0479 0.0717
CH; 0.0455 0.0679
CH; 0.0230 0.0306
CHj 0.0225 0.0262
NH, 0.0404 0.0596
NH; 0.0246 0.0336
NH; 0.0132 0.0103
OH 0.0419 0.0622
o 0.0272 0.0379
ot 0.0070 0.0001

TABLE A.10 — Multicenter descriptors Iyine and MCI of disubstituted benzene derivatives. The results

were obtained at the BSLYP/def2-TZVP level of theory using the AIM atomic partitioning.

X Ling MCI

CH 0.0434 0.0644
CH, 0.0090 0.0100
NH, 0.0362 0.0531
NH 0.0066 0.0069
OH 0.0377 0.0560
0 0.0049 0.0047

TABLE A.11 — NICS(0), NICS(1), and NICS(1),, of benzene and monosubstituted benzene derivatives.
GIAO-B3LYP/pcS-3//B3LYP/def2-TZVP level of theory.

X NICS(0) NICS(1) NICS(1),,
H -7.90 -9.99 -30.00
CH; 7.84 -9.84 -28.87
CH, 1.75 -0.74 -3.32
CH; -1.28 -5.80 -15.05
NH, -7.65 -8.68 -25.18
NH, -1.73 -3.59 ~11.70
NH; 4.67 -1.79 -4.27
OH -8.81 -9.44 -27.21
on -3.93 -5.65 -18.17
o+ 13.86 3.91 9.36
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TABLE A.12 — NICS(0), NICS(1), and NICS(1),, of disubstituted benzene derivatives. GIAO-
B3LYP/pcS-3//B3LYP/def2-TZVP level of theory.

X NICS(0) NICS(1) NICS(1),,
CHj -7.80 -9.55 -27.33
CH, 2.62 -1.37 -1.36

NH, -8.12 -8.24 -22.64
NH 417 -0.89 -0.73

OH 9.83 9.11 -24.94

0 8.86 1.37 3.20

TABLE A.13 — S¢-T; splitting of benzene and monosubstituted benzene derivatives. Full valence 7-
electrons and m-orbitals were considered in the complete active space self-consistent field (CASSCF).
MRCT wave functions, including all single and double excitations (MR-CISD), were constructed based on
CSF's generated by CASSCF. Size-extensivity contributions were incorporated using the Davidson-Silver
method (MRCI+Q). The def2-TZVP basis set was employed at both steps.

X B3LYP CASSCFMRCI MRCI+Q
H 4484 3926  4.140  4.235
CHy 4735  3.906 4115  4.224
CH; 2280 2534 2521 2512
CH; 2172 2255 2333  2.374
NH,  4.014 4712 4531  4.402
NH,  2.667 2933 2956  2.952
NH;y  1.619 1948 1989  2.022
OH 4150 3.941 4146  4.264
0~ 3.002  3.398 3422 3.398
O+ 0.751  1.817 1781  1.768

TABLE A.14 — Sy-T splitting of disubstituted benzene derivatives. Full valence m-electrons and m-orbitals
were considered in the complete active space self-consistent field (CASSCF). MRCI wave functions, includ-
ing all single and double excitations (MR-CISD), were constructed based on CSFs generated by CASSCF.
Size-extensivity contributions were incorporated using the Davidson-Silver method (MRCI+Q). The def2-
TZVP basis set was employed at both steps.

X B3LYP CASSCFMRCI MRCI+Q
CHs 4.511 3.876  4.303  4.287
CHs, 1.898 2.309 2239  2.193
NH, 3.332 4264  4.010  3.835
NH 2.382 2.827  2.778 2738
OH 3.678 3918  4.062  4.132
O 2.150  3.413 3.365 3.311
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wB97X-D/def2-TZVPD

Tables A.15 to A.21 present the numerical data of the descriptors HOMA, Al(vib), and

NICS. The results are based on the geometries and analytical harmonic frequencies
obtained at the wB97X-D/def2-TZVPD level of theory.

TABLE A.15 - HOMA, EN, and GEO of benzene and monosubstituted benzene derivatives.

X HOMA  EN GEO
H 0.992 0.008 0.000
CH; 0.993 0.005 0.001
CH, 0.766 0.042 0.191
CH; 0.794 0.013 0.194
NH, 0.991 0.004 0.005
NH; 0.796 0.036 0.167
NH; 0.520 0.060 0.420
OH 0.991 0.008 0.001
O~ 0.809 0.037 0.154
ot 0.027 0.174 0.799

TABLE A.16 - HOMA, EN, and GEO of disubstituted benzene derivatives.

X HOMA EN GEO
CHs 0.992 0.004 0.004
CH, 0.000 0.160 0.840
NH, 0.994 0.003 0.003
NH -0.256 0.232 1.024
OH 0.990 0.010 0.000
O -0.663 0.383 1.280

TABLE A.17 — AI(vib), WS, and ALT of benzene and monosubstituted benzene derivatives.

X Al(vib) WS ALT
H 0.914 0.086 0.000
CH; 0.900 0.099 0.002
CH, 0.621 0.259 0.120
CHj 0.739 0.133 0.128
NH, 0.889 0.107 0.005
NH, 0.634 0.253 0.113
NH; 0.485 0.203 0.312
OH 0.907 0.092 0.001
o 0.587 0.287 0.126
ot 0.026 0.354 0.620
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TABLE A.18 — AI(vib), WS, and ALT of disubstituted benzene derivatives.

X Al(vib) WS ALT
CH; 0.884 0.112 0.004
CH, 0.069 0.157 0.775
NH, 0.867 0.131 0.002
NH 0166 0.209 0.957
OH 0.898 0.101 0.001
0 0570 0.349 1.222

TABLE A.19 — NICS(0), NICS(1), and NICS(1),, of benzene and monosubstituted benzene derivatives.
GIAO-B3LYP /pcS-3/ /wB97XD/def2-TZVPD level of theory.

X NICS(0) NICS(1) NICS(1),,
H 7.903  -10.005  -30.115
CH; 7845  -9.855  -28.970
CH, 1.818 0.692  -3.260
CH; 1287 -5.843  -15.209
NH, 7641 -8.678  -25.259
NH, 1.681  -3.555  -11.702
NH; 4.688 1821 -4.386
OH 8789  -9.427  -27.256
on 3897 -5.629  -18.192
ot 13.726  3.788 9.098

TABLE A.20 — NICS(0), NICS(1), and NICS(1),, of disubstituted benzene derivatives.

B3LYP /pcS-3//wB97XD/def2-TZVPD level of theory.

X NICS(0) NICS(1) NICS(1),,
CH; 7766 -9.543  -27.361
CH, 2.685 1293 -1.126
NH, 8103 -8.234  -22.684
NH 4217 -0.830  -0.597
OH 9.807  -9.093  -24.965

0 8.827 1.357 3.193

GIAO-
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Statistical data

TABLE A.21 — Coefficient of determination (R2) for the relationship between aromaticity descriptors
values obtained at both levels of theory (B3LYP/def2-TZVP and wB97X-D/def2-TZVPD). The analysis
includes benzene and all the derivatives studied in this work.

Descriptor R?

HOMA 0.9956
Al(vib) 0.9968
NICS(0) 1.0000
NICS(1) 0.9999
NICS(1).. 0.9999
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A.3 Bonding Analysis

TABLE A.22 — Bond Length r (A), Local Mode Force Constants k% (mdyn A~1), Relative Bond Strength
Order Values (n), Electron Density p (e A=3) and its Gradient V2p (e A~5), and Energy Density H (Ey

A~3) at the Path Critical Points for benzene and monosubstituted benzene derivatives. Carbons are
Numbered in Accordance with Figure 1. Results obtained at the wB97X-D/def2-TZVPD.

substituent symmetry bond 7 k¢ n Pe V2p H.
H Dgp, C1-C2 1.387 6.629 1.434 0.321 -0.951 -0.345
CH; Cs X-Cl1 1.504 4.544 1.056 0.258 -0.674 -0.230

C1-C2 1.392 6.111 1.342 0.319 -0.938 -0.341
C2-C3 1.387 6.289 1.374 0.321 -0.952 -0.345
C3-C4 1.387 6.359 1.386 0.321 -0.953 -0.345
CH; Cay X-Cl 1380 6.916 1484 0.318 -0.909 -0.347
C1-C2 1.443 5.248 1.187 0.289 -0.806 -0.284
C2-C3 1.375 7.075 1.511 0.325 -0.954 -0.356
C3-C4 1400 6.188 1.356 0.310 -0.891 -0.326
CHy Cay X-Cl 1359 8.127 1.691 0.343 -1.081 -0.391
C1-C2 1434 5.661 1.262 0.298 -0.864 -0.298
C2-C3 1.365 7.533 1.590 0.337 -1.036 -0.377
C3-C4 1.401 6.254 1.368 0.316 -0.945 -0.335
NH, Cs X-Cl1 1391 5280 1.193 0.307 -0.966 -0.409
C1-C2 1.395 6.351 1.385 0.317 -0.935 -0.339
C2-C3 1.384 6.708 1.448 0.321 -0.947 -0.346
C3-C4 1.387 6.613 1.431 0.320 -0.947 -0.344
NH™ Cs X-Cl 1324 7.575 1.597 0.362 -1.229 -0.525
C1-C2 1.440 5.303 1.197 0.294 -0.838 -0.292
C2-C3 1.376 7.078 1.512 0.325 -0.955 -0.355
C3-C4 1.400 6.236 1.365 0.311 -0.895 -0.326
C4-C5 1.396 6.381  1.390 0.313 -0.905 -0.331
C5-C6 1.379 6.908 1.482 0.323 -0.943 -0.350
C6-C1 1.441 5.191  1.176 0.292 -0.817 -0.289
NH* Cs X-Cl  1.281 9.826 1972 0.392 -1.129 -0.693
C1-C2 1.459 5.056 1.152 0.290 -0.843 -0.282
C2-C3 1.360 7.792 1.634 0.341 -1.059 -0.386
C3-C4 1.404 6.1656 1.352 0.314 -0.943 -0.333
C4-C5 1.413 5903  1.305 0.309 -0.921 -0.323
C5-C6 1.355 8.022 1.673 0.343 -1.065 -0.391
C6-C1 1.460 4.917 1.126 0.287 -0.822 -0.278
OH C X-Cl 1359 6.088 1.338 0.295 -0.565 -0.463
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C1-C2 1.389 6.530 1.416 0.323 -0.974 -0.351
C2-C3 1.384 6.740 1.453 0.321 -0.949 -0.346
C3-C4 1.389 6.580 1.425 0.320 -0.945 -0.343
C4-C5 1.386 6.679 1.443 0.321 -0.951 -0.346
C5-C6 1.387 6.626 1.433 0.319 -0.938 -0.342
C6-C1 1.389 6.493 1.410 0.322 -0.956 -0.347
o~ Coy X-Cl 1.261 9.031 1.841 0.380 -0.612 -0.665
C1-C2 1.440 5.080 1.156 0.295 -0.839 -0.294
C2-C3 1.380 6.873 1.476 0.322 -0.943 -0.350
C3-C4 1.396 6.387 1.391 0.313 -0.908 -0.332
ot Cay X-Cl 1.203 12.636 2417 0.427 0.070 -0.771
C1-C2 1.491 4.107 0973 0.274 -0.771 -0.255
C2-C3 1.351 8.223 1.707 0.346 -1.083 -0.397
C3-C4 1.416 5.737 1.276 0.308 -0.918 -0.322

TABLE A.23 — Bond Length r (A), Local Mode Force Constants k¢ (mdyn A’l), Relative Bond Strength
Order Values (n), Electron Density p (¢ A=) and its Gradient V2p (e A=5), and Energy Density H
(E, A=3) at the Path Critical Points for disubstituted benzene derivatives. Carbons are Numbered in
Accordance with Figure 1. Results obtained at the wB97X-D/def2-TZVPD.

substituent symmetry bond 7 k® RBSO p. Vp H.
CH; Coy X-Cl 1.504 4.552 1.058 0.258 -0.673 -0.230
C1-C2 1.387 6.592 1.427 0.321 -0.948 -0.345
C2-C3 1.389 6.543 1.419 0.319 -0.945 -0.342
C4-C5 1.394 6.370  1.388  0.318 -0.933 -0.338
C5-C6 1.383 6.774 1459 0.323 -0.959 -0.349
CH, Dy, X-Cl 1339 8.998 1.836 0.350 -1.074 -0.406
C1-C2 1.460 5.084 1.157 0.282 -0.792 -0.271
C2-C3 1.336 9.208 1.871 0.352 -1.086 -0.412
NH, Cop X-Cl 1402 5201 1.178 0.300 -0.918 -0.383
C1-C2 1.392 6.408 1.395 0.319 -0.941 -0.341
C2-C3 1.384 6.624 1.433 0.320 -0.937 -0.344
NH Cop X-Cl 1.276 10.268 2.043 0.397 -1.236 -0.697
C1-C2 1.469 4.875 1.118 0.282 -0.803 -0.269
C2-C3 1.332 9.389 1.900 0.355 -1.103 -0.417
C3-C4 1470 4.756  1.096 0.280 -0.784 -0.266
OH Con X-Cl 1364 6.006 1.324 0.292 -0.571 -0.454
C1-C2 1.386 6.601 1.429 0.325 -0.977 -0.352
C2-C3 1.385 6.651 1.438 0.319 -0.932 -0.342
C3-C4 1.389 6.480 1.408 0.322 -0.955 -0.347
O Doy, X-Cl 1.210 12.488 2.394 0.421 -0.072 -0.760
C1-C2 1.484 4360 1.021 0.276 -0.773 -0.259
C2-C3 1.330 9.497 1918 0.357 -1.113 -0.421
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A.4 Electron Localization Function

Isosurface plots of the m-contribution to the electron localization function of benzene
(Figure A.3). The ELF,-based indices of benzene and its derivatives, obtained from
B3LYP and MRCI densities, are also presented (Figures A.4 and A.5).

a b

FIGURE A.3 — Isosurface plots of the m-contribution to the electron localisation function (ELF, = 0.75)
of the benzene using (a) B3LYP and (b) MRCI methods. The MR 7-density was constructed using
natural orbitals.
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FIGURE A.4 — ELF,-based indices of benzene and monosubstituted benzene derivatives. The span in
bifurcation values (ABV = BVyax — BVmin) has been calculated for both (a) B3LYP and (b) MRCI
m-densities. The vertical dumbbells show the range between BV .. (upper side) and BV, (bottom
side). The quantity 1 — ABV, defined as BVI, is represented by the dashed line. The MR w-density was

constructed using natural orbitals.
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FIGURE A.5 — ELF;-based indices of benzene and disubstituted benzene derivatives. The span in
bifurcation values (ABV = BVyax — BVmin) has been calculated for both (a) B3LYP and (b) MRCI
m-densities. The vertical dumbbells shows the range between BV .y (upper side) and BV, (bottom

side). The quantity 1 — ABV, defined as BVI, is represented by the dashed line. The MR w-density was
constructed using natural orbitals.
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A.5 Nucleus-Independent Chemical Shifts

Visualization of the chemical shielding tensors of benzene (Figure A.6) and NICS plots
of benzene and its derivatives (Figure A.7 and A.8).

NICS(0) = -7.9 NICS(1) = -10.0
(-16.3/-3.7/-3.7) (-30.0/0.0/0.0)

FIGURE A.6 — Visualization of benzene’s chemical shielding tensors (VIST). Shielding tensors were
computed at (a) the center of the ring and (b) 1 A above the plane. GIAO-B3LYP /pcS-3//B3LYP/def2-
TZVP level of theory.
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FIGURE A.7 — Relation between nuclear independent chemical shift computed at the center of the ring
NICS(0), 1A above the plane NICS(1), and its zz-component NICS(1)., of benzene and monosubstituted
benzene derivatives. The magnetic properties were calculated using the Gauge-Independent Atomic
Orbital method GIAO-B3LYP/pcS-3 at B3LYP /def2-TZVP equilibrium geometries.
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FIGURE A.8 — Relation between nuclear independent chemical shift computed at the center of the ring
NICS(0), 1A above the plane NICS(1), and its zz-component NICS(1),, of benzene and disubstituted
benzene derivatives. The magnetic properties were calculated using the Gauge-Independent Atomic
Orbital method GIAO-B3LYP/pcS-3 at B3LYP /def2-TZVP equilibrium geometries.
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A.6 Number of Effectively Unpaired Electrons

To evaluate the extent of the radical character of the structures, the total number of
effectively unpaired electrons Ny'? was estimated by analyzing the deviations of
individual NO occupations n; from zero (unoccupied), and two (doubly occupied)

following Head-Gordon’s approach.? Specifically, the non-linear expression
M
Ny =) n}(2—m) (A1)
i=1

where n; is the occupation number of the i*" natural orbital derived from the MRCI

calculations. The results are presented in Table A.24.

TABLE A.24 — Number of Effectively unpaired electrons of benzene, monosubstituted, and unsubstituted
benzene derivatives.

Monosubstituted Disubstituted

X Ny X Ny
H 0.163 CHj 0.159
CHj 0.160 CH, 0.306
CHS 0.144 NH, 0.156
CHj 0.193 NH 0.282
NH, 0.155 OH 0.156
NH, 0.140

NH; 0.234

OH 0.155

O~ 0.131

O 0.229
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A.7 pEDA descriptor

Relation between pEDA (m-electron donor-acceptor descriptor) and So-T; splitting
(Figure A.9).

’>'~ 4.5 H\; NH,
2 40 CH;7 OH
=y |
E 3.5 E O—.
E— 3.0 NH @
25 " | CHy e
20 or O E
s |

-1.0 -0.5 0.0 0.5

pEDA

FIGURE A.9 — Relation between pEDA (m-electron donor-acceptor descriptor) and So-T; splitting
(MRCIH-Q at the B3LYP/def2-TZVP equilibrium geometries) of benzene and monosubstituted benzene

derivatives.
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A.8 Equilibrium Geometries

Equilibrium geometries (A) obtained at the B3LYP /def-TZVP level of theory.

B3LYP/def-TZVP

o

CeHe (So, Dan)

Atom x y z

C 0.00000000  1.20467177  0.69551377
C 0.00000000  0.00000000  1.39102632
C 0.00000000 -1.20467177  0.69551377
C 0.00000000 -1.20467177 -0.69551377
C 0.00000000  0.00000000 -1.39102632
C 0.00000000  1.20467177 -0.69551377
H 0.00000000  2.14253772  1.23699958
H 0.00000000  0.00000000  2.47398441
H 0.00000000 -2.14253772  1.23699958
H 0.00000000 -2.14253772 -1.23699958
H 0.00000000  0.00000000 -2.47398441
H 0.00000000  2.14253772 -1.23699958
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CeH5CHj3 (S, Cs)

Atom

X

y

Z

as g aniiiasBlasfas ool O OO OO O NG

0.00427725
0.00734300
0.00734300
0.00631594
0.00734300
0.00734300
-0.02810302
0.01224741
0.01200744
0.00921256
0.01200744
0.01224741
-1.05761813
0.46436137
0.46436137

0.91099631
0.19349167
-1.19662177
-1.89799658
-1.19662177
0.19349167
241726180
0.73041592
-1.73218916
-2.98067333
-1.73218916
0.73041592
2.78755937
2.82632628
2.82632628

0.00000000
1.19730125
1.20029486
-0.00000000
-1.20029486
-1.19730125
0.00000000
2.13919046
2.14171530
-0.00000000
-2.14171530
-2.13919046
0.00000000
0.88334269
-0.88334269

CeH5CH;5 (So, Cay)

Atom x

y

Z

T D QO@-D @D oD oD T OO0 0aa

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
1.19539407
1.20828374
0.00000000
-1.20828374
-1.19539407
0.00000000
2.14678987
2.16167914
-2.16167914
-2.14678987
0.00000000
0.92653312
-0.92653312

-1.87359840
-1.13609343
0.24234692
1.03742770
0.24234692
-1.13609343
-2.95686748
-1.66523341
0.76455731
0.76455731
-1.66523341
2.42187554
2.98447440
2.98447440
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CeHsCH; (So, Cay)

Atom x y zZ

C 0.00000000  0.00000000 -1.79437962
C 0.00000000  1.23044901 -1.11629352
C 0.00000000  1.24108004  0.25280749
C 0.00000000  0.00000000  0.97913438
C 0.00000000 -1.24108004  0.25280749
C 0.00000000 -1.23044901 -1.11629352
H 0.00000000  0.00000000 -2.87809572
H 0.00000000  2.15459644 -1.67761959
H 0.00000000  2.17268486  0.80452323
H 0.00000000 -2.17268486  0.80452323
H 0.00000000 -2.15459644 -1.67761959
C 0.00000000  0.00000000  2.34328792
H 0.00000000  0.92473686  2.90893239
H 0.00000000 -0.92473686  2.90893239
CeHsNH;z (So, Cs)

Atom x y z

C 0.00238281  0.93537128  (0.00000000
C 0.00308528  0.21991924  1.20312775
C 0.00308528 -1.16770899  1.19773958
C 0.00327083 -1.87500590  0.00000000
C 0.00308528 -1.16770899 -1.19773958
C 0.00308528  0.21991924 -1.20312775
N 0.06046324  2.32811227  0.00000000
H 0.00762686  0.75852110  2.14411494
H 0.00211452 -1.70017548  2.14104633
H 0.00254513 -2.95686736  0.00000000
H 0.00211452 -1.70017548 -2.14104633
H 0.00762686  0.75852110 -2.14411494
H -0.27661955  2.77733747 -0.83661613
H -0.27661955  2.77733747  0.83661613
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CeHsNH™ (S, C5)

Atom x y z

C 0.02454445 -1.84506321 0.00000000
C 1.21425217 -1.09904300 0.00000000
C 1.21499143  0.27991286 0.00000000
C -0.00000000  1.06113414 0.00000000
C -1.20119584  0.25621411  0.00000000
C -1.17653382  -1.12629806 0.00000000
H 0.03583178 -2.92853243 0.00000000
H 2.16878090 -1.62203177 0.00000000
H 2.15106255  0.82941632 0.00000000
N 0.05304504  2.38655437 0.00000000
H -2.15798326  0.77452757  0.00000000
H -2.12152737 -1.66680947 0.00000000
H -0.90383029  2.74640814 0.00000000

CeHsNH™ (So, Cs)

Atom x y z

0.01278430 -1.76304419 0.00000000
1.24999109 -1.09093007 0.00000000
1.25984754  0.27355027  0.00000000
0.00000000  1.01238425 0.00000000
-1.25711669  0.26870978  0.00000000
-1.23371473 -1.09154121 0.00000000
0.01200744 -2.84767578 0.00000000
2.17036087 -1.65871990 0.00000000
2.17194807  0.85682686 0.00000000
0.08831621  2.29682198 0.00000000
-2.18816867  0.82323111 0.00000000
-2.14890880 -1.66796387 0.00000000
-0.82620141  2.76177480 0.00000000

T DD Z2 D DT QOO0 aa
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CegH5OH (So, Cs)

Atom x y z

0.02168082 -1.85087446 0.00000000
-1.18373444 -1.15997402  0.00000000
-1.20047910  0.23039486  0.00000000

0.00000000  0.93680239 0.00000000

1.21293860  0.25180476 0.00000000

1.21625605 -1.13581879 0.00000000

0.03157977 -2.93274138 0.00000000
-2.12123943 -1.70188591  0.00000000
-2.14414699  0.76573750 0.00000000

0.04801839  2.30273909 0.00000000

2.13521714  0.81760803 0.00000000

2.16214984 -1.66306458 0.00000000
-0.84767910  2.65842521  0.00000000

TDD O I@- Dm0 aaa

Atom x y zZ

0.00000000  0.00000000 -1.82338182
0.00000000  1.19678129 -1.09762593
0.00000000  1.20911977  0.28612463
0.00000000  0.00000000  1.07729702
0.00000000 -1.20911977  0.28612463
0.00000000 -1.19678129 -1.09762593
0.00000000  0.00000000 -2.90742241
0.00000000  2.14385394 -1.63452482
0.00000000  2.14975268  0.82930188
0.00000000 -2.14975268  0.82930188
0.00000000 -2.14385394 -1.63452482
0.00000000  0.00000000  2.34154909

(@p=s s plas o il B OO OO NGNS
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CeH50™ (So, Cay)

Atom x

y

Z

(@p=rpasgias s il B OO O OO NS

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
1.25414149
1.28098457
0.00000000
-1.28098457
-1.25414149
0.00000000
2.16384939
2.19545929
-2.19545929
-2.16384939
0.00000000

-1.73768605
-1.07344801
0.28272873
1.04611110
0.28272873
-1.07344801
-2.82329964
-1.65924881
0.86376005
0.86376005
-1.65924881
2.25654478

CGH4(CH3)2 (SOa 02)

Atom

X

y

Z

a=Qpasiijasilaniiias il s BNO NG M asijas Jax il SO OO N OO NG

-0.01091327
-0.00620903
0.00620903
0.01091327
0.00616109
-0.00616109
-0.01108426
0.01108426
0.01086030
-0.01086030
0.00616109
-0.00616109
-0.64189072
-0.32586034
1.01377060
0.64189072
0.32586034
-1.01377060

1.41734015
0.69389778
-0.69389778
-1.41734015
-0.69547983
0.69547983
1.22545047
-1.22545047
-1.22661867
1.22661867
2.92373582
-2.92373582
3.32726420
3.32784847
3.30699773
-3.32726420
-3.32784847
-3.30699773

0.00248065
-1.19184232
-1.19184232

0.00248065

1.19410760

1.19410760
-2.13709593
-2.13709593

2.13932447

2.13932447
-0.00234330
-0.00234330
-0.78269411

0.95469869
-0.18864887
-0.78269411

0.95469869
-0.18864887
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C6H4(CH2)2 (S(b D2h)

Atom x

y

Z

T DD D DD OOT-T T O aaa

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
1.23576101
1.23576101
0.00000000
-1.23576101
-1.23576101
0.00000000
217131457
2.17131457
0.00000000
-2.17131457
-2.17131457
-0.92363598
0.92363598
0.92363598
-0.92363598

1.44255674
0.67162412
-0.67162412
-1.44255674
-0.67162412
0.67162412
2.79118410
1.21884313
-1.21884313
-2.79118410
-1.21884313
1.21884313
-3.35516023
-3.35516023
3.35516023
3.35516023

CeH4(NHz)2 (So, Con)

Atom

X

y

Z

T TZIDDI@DZaOom@DITD T Qa0

0.00068964
-0.00068964
0.00068964
-0.00068964
0.00068964
-0.00068964
0.31054592
0.31054592
-0.00752106
0.00752106
0.06772003
0.00752106
-0.00752106
-0.06772003
-0.31054592
-0.31054592

1.41618356
0.69391873
-0.69391873
-1.41618356
-0.69391873
0.69391873
3.25185986
3.25185986
1.22419096
-1.22419096
-2.82022536
-1.22419096
1.22419096
2.82022536
-3.25185986
-3.25185986

0.00000000
1.19497899
1.19497899
0.00000000
-1.19497899
-1.19497899
0.82986429
-0.82986429
2.14078682
2.14078682
0.00000000
-2.14078682
-2.14078682
-0.00000000
0.82986429
-0.82986429
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C6H4(NH>2 (807 C'2h)

Atom x y z

C 1.22550535 -0.75565244  0.00000000
C 1.22550535  0.71083449 0.00000000
C 0.08607210  1.41388950 0.00000000
C -1.22550535  0.75565244  0.00000000
C -1.22550535 -0.71083449  0.00000000
C -0.08607210 -1.41388950 0.00000000
N 2.355556472  -1.36523049 0.00000000
H 2.19682918  1.18866400 0.00000000
H 0.09918706  2.49836280 0.00000000
N -2.355556472  1.36523049 0.00000000
H -2.19682918 -1.18866400 0.00000000
H -0.09918706 -2.49836280 0.00000000
H -2.22336092  2.37838312  0.00000000
H 2.22336092 -2.37838312 0.00000000

C6H4(OH)2 (807 CQh)

Atom x y z

1.20720217 -0.70065789 0.00000000
1.20720217  0.68947114 0.00000000
0.00509579  1.38532901 0.00000000
-1.20720217  0.70065789  0.00000000
-1.20720217 -0.68947114 0.00000000
-0.00509579 -1.38532901 0.00000000
242158347 -1.33812988 0.00000000
2.15154731  1.21736109 0.00000000
0.01538568  2.47005037  0.00000000
-2.42158347  1.33812988 0.00000000
-2.15154731 -1.21736109  0.00000000
-0.01538568  -2.47005037 0.00000000
-2.28522040  2.29168294  0.00000000
2.28522040 -2.29168294 0.00000000

a=Raniiias @M=l O OO O OO NS
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CeH4O2 (So, Dan)

Atom x

y

Z

oo I@mEmIEmIEHOOOOOOQaQA

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
1.26587017
1.26587017
0.00000000
-1.26587017
-1.26587017
2.17696713
2.17696713
-2.17696713
-2.17696713
0.00000000
0.00000000

1.43899360
0.66802593
-0.66802593
-1.43899360
-0.66802593
0.66802593
1.25374060
-1.25374060
-1.25374060
1.25374060
-2.65666095
2.65666095

C6H5BeJr (So, CQV)

Atom x

y

Z

asgpasplasiias i B OO OO O NG!

&
o)

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
1.210910
1.221756
0.000000
-1.221756
-1.210910
0.000000
2.147025
2.171840
-2.171840
-2.147025
0.000000

1.596758
0.908428
-0.476778
-1.184032
-0.476778
0.908428
2.679219
1.451250
-0.995567
-0.995567
1.451250
-2.811684
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CeHsBH;3 (S, Cs)

Atom x

y

Z

0.008888
0.010046
0.010046
0.004252
0.010046
0.010046
0.012741
0.015098
0.017815
0.017815
0.015098
-0.038454
0.505481
0.505481
-1.217213

T E DT IDID DD DD Q00000 0aa

-1.891370
-1.178556
0.213762
0.971866
0.213762
-1.178556
-2.976484
-1.713310
0.745723
0.745723
-1.713310
2.592641
3.041081
3.041081
2.960844

0.000000
1.196707
1.186154
0.000000
-1.186154
-1.196707
0.000000
2.142907
2.133212
-2.133212
-2.142907
0.000000
1.009317
-1.009317
0.000000

CGH5CHQ_ (O) (So,

O?v )

Atom x

y

Z

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.932550
-0.932550

T DT OQO@-D @D oD oD T OO0 aa

0.000000
1.196338
1.187286
0.000000
-1.187286
-1.196338
0.000000
2.142146
2.121947
-2.121947
-2.142146
0.000000
0.000000
0.000000

-1.869617
-1.157448
0.236430
1.011928
0.236430
-1.157448
-2.955014
-1.693820
0.786942
0.786942
-1.693820
2.483490
3.033092
3.033092
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C6H5CH;(O) (So, CQV)

Atom x

y

Z

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.927061
-0.927061

T DT OO@D @D D ToD oD OO0 aaa

0.000000
1.199226
1.229764
0.000000
-1.229764
-1.199226
0.000000
2.144382
2.168900
-2.168900
-2.144382
0.000000
0.000000
0.000000

-1.822047
-1.123877
0.261309
0.960317
0.261309
-1.123877
-2.903121
-1.653448
0.794364
0.794364
-1.653448
2.372370
2.954138
2.954138

CeH5NHy (So, C1)

Atom x

y

Z

1.912767
1.222940
-0.167303
-0.824157
-0.167303
1.222940
2.994414
1.762052
-0.709566
-0.709566
1.762052
-2.317992
-2.690839
-2.691075
-2.690837

T oD EZ2IZocaoDID D Qa0aaaa

0.000000
1.207648
1.217653
0.000000
-1.217653
-1.207648
0.000000
2.145031
2.155895
-2.155895
-2.145031
0.000000
-0.825094
-0.000033
0.825129

0.005938
0.001503
-0.005735
-0.008932
-0.005735
0.001503
0.009257
0.000424
-0.009396
-0.009396
0.000424
0.007719
-0.469780
0.962902
-0.469721
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wB97X-D/def-TZVPD

Equilibrium geometries (A) obtained at the wB97X-D/def-TZVPD level of theory.

CsHsOH; (So, C1)

Atom x y Z

C 1.895461  0.021714 -0.000001
C 1.227220 -1.198379  0.000002
C -0.165537 -1.236688 -0.000001
C -0.799961 -0.018808  0.000000
C -0.200860  1.219403  0.000002
C 1.191776  1.222650 -0.000001
H 2976977  0.038191 -0.000003
H 1.781347 -2.126972 -0.000001
H -0.715510 -2.167331  0.000000
H -0.766594  2.142204  0.000006
H 1.718397  2.167080  0.000000
O -2.303861 -0.082481 -0.000002
H -2.726169  0.273654  0.804776
H -2.726162  0.273680 -0.804773

o

Atom x y z

C 0.00000000  1.20157450  0.69368391
C 0.00000000  0.00000000  1.38734165
C 0.00000000 -1.20157450  0.69368391
C 0.00000000 -1.20157450 -0.69368391
C 0.00000000  0.00000000 -1.38734165
C 0.00000000  1.20157450 -0.69368391
H 0.00000000  2.13930947  1.23523271
H 0.00000000  0.00000000  2.47020715
H 0.00000000 -2.13930947  1.23523271
H 0.00000000 -2.13930947 -1.23523271
H 0.00000000  0.00000000 -2.47020715
H 0.00000000  2.13930947 -1.23523271
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CeH5CHj3 (S, Cs)

Atom

X

y

Z

as g aniiiasBlasfas ool O OO OO O NG

0.00472103
0.00725879
0.00725879
0.00626995
0.00725879
0.00725879
-0.02782367
0.01183184
0.01127369
0.00892780
0.01127369
0.01183184
-1.05815928
0.46490281
0.46490281

0.90749488
0.19330637
-1.19315768
-1.89241082
-1.19315768
0.19330637
2.41087091
0.73142430
-1.72894068
-2.97500065
-1.72894068
0.73142430
2.77565545
2.81843195
2.81843195

0.00000000
1.19435135
1.19737201
-0.00000000
-1.19737201
-1.19435135
0.00000000
2.13566292
2.13856185
-0.00000000
-2.13856185
-2.13566292
0.00000000
0.88340055
-0.88340055

CeH5CH;5 (So, Cay)

Atom x

y

Z

T D QO@-D @D oD oD T OO0 0aa

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
1.19203023
1.20605172
0.00000000
-1.20605172
-1.19203023
0.00000000
2.14288596
2.15918370
-2.15918370
-2.14288596
0.00000000
0.92844110
-0.92844110

-1.86784468
-1.13287501
0.24213176
1.03414264
0.24213176
-1.13287501
-2.95104259
-1.66206661
0.76429024
0.76429024
-1.66206661
2.41458952
2.97509472
2.97509472
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CeHsCH; (So, Cay)

Atom x

y

Z

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

T DT OO@D @D DD oD OO0 aa

0.00000000
1.22856853
1.23871085
0.00000000
-1.23871085
-1.22856853
0.00000000
2.15193103
2.17040094
-2.17040094
-2.15193103
0.00000000
0.92592552
-0.92592552

-1.78630374
-1.11306050
0.25232906
0.97547439
0.25232906
-1.11306050
-2.87029801
-1.67526085
0.80473504
0.80473504
-1.67526085
2.33435251
2.89949394
2.89949394

CeHsNHa (So, Cs)

Atom x

y

Z

0.00319794
0.00419134
0.00419134
0.00403666
0.00419134
0.00419134
0.05573515
0.00978720
0.00397739
0.00380945
0.00397739
0.00978720
-0.28274225
-0.28274225

T TN DR EZ0a0aaaa

0.93202730
0.21975526
-1.16442503
-1.86957973
-1.16442503
0.21975526
2.32194378
0.75845027
-1.69704542
-2.95136958
-1.69704542
0.75845027
2.76815267
2.76815267

0.00000000
1.19989606
1.19454872
0.00000000
-1.19454872
-1.19989606
0.00000000
2.14077819
2.13767406
0.00000000
-2.13767406
-2.14077819
-0.83552156
0.83552156
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CeHsNH™ (So, Cy)

Atom x y z

C 0.02513031 -1.83950845 0.00000000
C 1.21130833 -1.09569038 0.00000000
C 1.21200694  0.27989193  0.00000000
C 0.00000000  1.05661279 0.00000000
C -1.19794186  0.25601810 0.00000000
C -1.17250609 -1.12305116 0.00000000
H 0.03642532 -2.92284078 0.00000000
H 2.16561398 -1.61809171 0.00000000
H 2.14850957  0.82842211 0.00000000
N 0.05070317  2.37928668 0.00000000
H -2.15472037  0.77373958  0.00000000
H -2.11704618 -1.66319946 0.00000000
H -0.90169031  2.74132647 0.00000000

CeHsNH™ (So, Cs)

Atom x y z

C 0.01333071 -1.75456750 0.00000000
C 1.24921906 -1.08805216 0.00000000
C 1.25822252  0.27220824 0.00000000
C 0.00000000  1.01048347 0.00000000
C -1.25607044  0.26722076  0.00000000
C -1.23262916 -1.08800306 0.00000000
H 0.01244177 -2.83960671 0.00000000
H 2.16858528 -1.65692615 0.00000000
H 2.17034266  0.85637658 0.00000000
N 0.08781804  2.28799593  0.00000000
H -2.18731815  0.82214507  0.00000000
H -2.14655669 -1.66590209 0.00000000
H -0.82465727  2.75220324  0.00000000
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CegH5OH (So, Cs)

Atom x y z

C 0.02201139 -1.84538777 0.00000000
C -1.18004103 -1.15623454 0.00000000
C -1.19726688  0.23039211  0.00000000
C 0.00000000  0.93543450 0.00000000
C 1.20971194  0.25196298 0.00000000
C 1.21321132 -1.13195219  0.00000000
H 0.03200876 -2.92715922 0.00000000
H -2.11741445  -1.69828385  0.00000000
H -2.14151073  0.76463094  0.00000000
O 0.04668557  2.29350611 0.00000000
H 2.13239724  0.81716952  0.00000000
H 2.15912949 -1.65905984 0.00000000
H -0.843855642  2.64936306 0.00000000

Atom x y zZ

0.00000000  0.00000000 -1.81812524
0.00000000  1.19320294 -1.09396106
0.00000000  1.20580766  0.28626143
0.00000000  0.00000000  1.07262911
0.00000000 -1.20580766  0.28626143
0.00000000 -1.19320294 -1.09396106
0.00000000  0.00000000 -2.90194824
0.00000000  2.14026629 -1.62972661
0.00000000  2.14702502  0.82793691
0.00000000 -2.14702502  0.82793691
0.00000000 -2.14026629 -1.62972661
0.00000000  0.00000000  2.33386249

(@p=s s plas o il B OO OO NGNS
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CeH50™ (So, Cay)

Atom x

y

Z

(@p=rpasgias s il B OO O OO NS

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
1.25353732
1.28000502
0.00000000
-1.28000502
-1.25353732
0.00000000
2.16205084
219496773
-2.19496773
-2.16205084
0.00000000

-1.72965487
-1.07040480
0.28065161
1.04574338
0.28065161
-1.07040480
-2.81573853
-1.65743828
0.86156920
0.86156920
-1.65743828
2.24849799

CGH4(CH3)2 (SOa C2V)

Atom

X

y

Z

a=Qpasiijasilaniiias il s BNO NG M asijas Jax il SO OO N OO NG

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.87980767
-0.87980767
0.00000000
-0.87980767
0.87980767

1.41197451
0.69456649
-0.69456649
-1.41197451
-0.69124393
0.69124393
1.22625307
-1.22625307
-1.22505799
1.22505799
2.91559523
-2.91559523
3.32084467
3.30413539
3.30413539
-3.32084467
-3.30413539
-3.30413539

0.00607723
1.19350798
1.19350798
0.00607723
-1.18687495
-1.18687495
2.13842898
2.13842898
-2.13104433
-2.13104433
-0.00672452
-0.00672452
1.00519378
-0.52424644
-0.52424644
1.00519378
-0.52424644
-0.52424644
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C6H4(CH2)2 (S(b D2h)

Atom

X

y

Z

T DD D DD OOT-T T O aaa

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
1.23922296
1.23922296
0.00000000
-1.23922296
-1.23922296
0.00000000
2.17387668
2.17387668
0.00000000
-2.17387668
-2. 17387668
-0.92510661
0.92510661
0.92510661
-0.92510661

1.43983571
0.66785793
-0.66785793
-1.43983571
-0.66785793
0.66785793
2.77915534
1.21672306
-1.21672306
-2.77915534
-1.21672306
1.21672306
-3.34198957
-3.34198957
3.34198957
3.34198957

CeH4(NHz)2 (So, Con)

Atom

X

y

Z

T TZIDDI@DZaOom@DITD T Qa0

0.00056917
-0.00056917
0.00056917
-0.00056917
0.00056917
-0.00056917
0.31961827
0.31961827
-0.00746519
0.00746519
0.05973114
0.00746519
-0.00746519
-0.05973114
-0.31961827
-0.31961827

1.41117216
0.69218551
-0.69218551
-1.41117216
-0.69218551
0.69218551
3.24054680
3.24054680
1.22259122
-1.22259122
-2.81213554
-1.22259122
1.22259122
2.81213554
-3.24054680
-3.24054680

0.00000000
1.19155578
1.19155578
0.00000000
-1.19155578
-1.19155578
0.82876598
-0.82876598
2.13726259
2.13726259
0.00000000
-2.13726259
-2.13726259
0.00000000
0.82876598
-0.82876598
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C6H4(NH>2 (807 C'2h)

Atom x y z

C 1.22334428  0.75406198 0.00000000
C -0.08880038  1.41432162 0.00000000
C -1.22334428  0.71599538  0.00000000
C -1.22334428 -0.75406198  0.00000000
C 0.08880038 -1.41432162 0.00000000
C 1.22334428 -0.71599538 0.00000000
N 226953419  1.48459231 0.00000000
H -0.07872853  2.49683008 0.00000000
H -2.18667770  1.21418852  0.00000000
N -2.26953419 -1.48459231  0.00000000
H 0.07872853 -2.49683008 0.00000000
H 2.18667770 -1.21418852 0.00000000
H -3.11356566 -0.91290166 0.00000000
H 3.11356566  0.91290166 0.00000000
CegH4(OH)2 (So, Can)

Atom x y z

C 1.20405615 -0.69984748 0.00000000
C 1.20405615  0.68639827 (0.00000000
C 0.00574242  1.38133469 0.00000000
C -1.20405615  0.69984748  0.00000000
C -1.20405615 -0.68639827  0.00000000
C -0.00574242 -1.38133469 0.00000000
O 241056995 -1.33533667 0.00000000
H 2.14818289  1.21483636 0.00000000
H 0.01796520  2.46603209 0.00000000
O -2.41056995  1.33533667 0.00000000
H -2.14818289 -1.21483636 0.00000000
H -0.01796520 -2.46603209 0.00000000
H -2.27647298  2.28446964 0.00000000
H 2.27647298 -2.28446964 0.00000000
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CeH4O2 (So, Dan)

Atom x y zZ

C 0.00000000  0.00000000  1.43661406
C 0.00000000  1.26739327  0.66510491
C 0.00000000  1.26739327 -0.66510491
C 0.00000000  0.00000000 -1.43661406
C 0.00000000 -1.26739327 -0.66510491
C 0.00000000 -1.26739327  0.66510491
H 0.00000000  2.17862605  1.25047480
H 0.00000000  2.17862605 -1.25047480
H 0.00000000 -2.17862605 -1.25047480
H 0.00000000 -2.17862605  1.25047480
O 0.00000000  0.00000000 -2.64660651
O 0.00000000  0.00000000  2.64660651
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A.9 Analytical harmonic frequencies

B3LYP/def2-TZVP

Analytical harmonic frequencies (cm™!) obtained at the B3LYP/def-TZVP level of

theory.

CeHe (So, Dan)

412.4080
623.7800
862.5055
963.0268
1028.8544
1176.5413
1336.1068
1518.0114
3160.4505
3185.4185

412.4508
688.9887
862.5273
992.1140
1061.5462
1199.7402
1388.4198
1636.9423
3169.9729
3185.4622

623.7588

716.8786

963.0042
1015.3633
1061.5725
1199.7518
1517.9991
1636.9912
3170.0140
3195.3397

CgH5CHj3

(SOa Cs)

21.9825
415.1435
638.5697
800.7865
956.8441

1021.5918
1113.6013
1231.3893
1415.8466
1504.5885
1648.4090
3104.2020
3171.0230

208.5898
477.2406
710.1862
855.9649
974.3728
1053.5974
1183.0865
1329.2528
1472.5468
1534.1592
3025.2975
3156.6216
3179.2182

344.3435
529.8116
744.5306
907.4976
1002.5332
1064.9766
1205.7083
1362.0220
1489.7106
1626.6275
3077.4470
3158.1036
3191.6746
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CsHsCH; (S, Cay)

165.3772
418.8769
542.1521
664.3397
810.5388
950.5219
1094.2680
1309.2220
1471.4394
1529.2331
3090.5182
3122.9075

355.9577
443.0686
547.2398
741.7399
859.6432
983.4222
1156.7149
1336.8822
1483.5357
1628.9009
3111.4353
3160.4159

410.0837
0928.5118
630.5278
768.4014
863.4038
1020.8231
1189.7026
1357.1143
1526.6144
3088.0650
3118.7587
3182.8477

CoHsCHY

(807 CZV)

167.7235
421.3185
632.7055
825.8603
1007.9038
1023.8661
1136.8401
1358.8828
1479.7613
1595.4478
3189.0942
3213.7407

342.2093
537.3399
652.5747
854.3552
1009.5956
1061.9238
1205.1189
1389.0085
1504.0966
1661.1254
3196.4049
3216.4586

360.7366
612.6948
811.9053
986.0371
1023.2891
1114.5069
1214.0198
1417.2171
1575.5242
3148.1833
3198.0521
3245.4326
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CeHsNHz (So, Cs)

220.9646
417.8573
576.9911
762.3303
882.3786
1014.7990
1136.6764
1303.6001
1505.6054
1647.0878
3156.5940
3195.7200

300.1306
504.7357
637.4021
824.7954
940.5150
1050.1522
1181.0011
1347.5648
1535.7675
1662.5252
3172.6467
3556.8530

383.7188
537.4653
702.3354
833.7786
952.6677
1065.2066
1202.2555
1373.4145
1628.4306
3155.5722
3178.0377
3652.6028

Ce¢Hs;NH™

(807 Cs)

177.4557
442.2282
625.7139
785.9844
855.7748
1022.8553
1178.3469
1356.0077
1520.0641
3085.8573
3141.8158

421.4114
533.0050
671.2656
818.0010
893.2127
1062.9422
1179.9312
1388.3240
1541.4046
3095.7957
3158.9650

424.0139
D72.4848
675.5300
823.0272
985.4172
1146.5028
1351.3200
1492.6474
1625.2591
3112.0733
3369.1335
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CeHsNHT (So, C5)

155.8972
417.7469
623.1788
838.8062
1004.2062
1069.5109
1203.2566
1433.0345
1565.4040
3184.6859
3212.3043

327.0075
531.7392
778.2731
928.7439
1030.8131
1090.3690
1206.5507
1447.3585
1595.9250
3191.4242
3217.7880

401.9759
594.6475
800.8051
998.9319
1040.5269
1157.8362
1359.7875
14777.2565
1655.9837
3206.6363
3407.4748

CeH50H (So, C5)

229.9515
421.5022
634.4466
824.0239
942.4128
1046.1670
1193.0449
1350.3007
1534.0700
3151.7561
3193.2997

340.7059
515.4509
696.2596
831.1573
962.1738
1095.8746
1193.4215
1374.9104
1638.5916
3171.2147
3199.7365

407.5459
037.2787
762.0132
890.5050
1017.8840
1178.4424
1283.3284
1506.6295
1649.5476
3179.4981
3800.6181

CeH507 (Sp, Coy)

191.3097
467.8332
616.8061
821.4771
892.6969
1068.6367
1242.9735
1478.7038
1623.6197
3134.1900

427.6764
534.2206
687.1835
848.7026
985.6616
1152.8228
1342.1960
1544.8969
3089.4770
3135.8185

448.0336
612.7764
792.5261
876.6250
1022.8681
1166.7587
1406.1180
1549.6219
3092.1970
3154.7744
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CeH507 (So, Cay)

132.8162
437.0086
601.7106
857.3319
1031.2948
1099.7829
1263.0690
1485.2857
1724.4117
3201.1578

307.8976
517.4368
753.2607
978.0969
1049.6059
1166.8303
1399.8930
1567.7353
3178.4197
3211.1986

362.5880
560.8712
784.3340
990.2939
1074.8792
1192.6577
1435.0664
1647.8883
3200.2787
3213.0009

CeH4(CHs)a (Sp, Co)

12.1187
287.0466
417.2380
660.7322
813.6195
947.9353

1026.3592
1066.9726
1224.7509
1346.9661
1440.4254
1490.0102
1615.2749
3024.5105
3102.4441
3152.7767

35.6103
309.0540
465.1513
722.6808
839.0080
949.8974

1042.5558
1143.8353
1241.2349
1416.0376
1487.5537
1501.7012
1659.1345
3074.2330
3102.4507
3167.1601

136.0575
388.0548
498.6748
730.4780
850.2442
990.3587
1061.8114
1210.9446
1323.9707
1416.3905
1488.3329
1552.9058
3024.3660
3074.3700
3150.1918
3171.1903
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C6H4<CH2)2 (807 D2h)

105.9231
378.3446
482.4421
707.0752
806.3664
901.5101
977.4309
998.5422
1323.9988
1425.3056
1604.4432
1696.1909
3158.2074
3179.3507

275.3962
399.4151
629.4377
757.6536
833.9533
909.6178
981.0852
1161.9623
1363.8005
1461.4934
1622.2105
3146.9004
3159.3395
3231.6558

325.4320
469.1215
655.4346
786.0952
845.4413
954.5444
995.5706
1207.3753
1375.3811
1487.5523
1660.8319
3147.0233
3176.1471
3231.7020

CeH4(NHaz)s (Sp, Can)

146.7013
317.0708
425.8085
630.8896
735.8125
839.5378
913.1430
1123.1889
1286.5731
1365.5654
1630.0835
1674.6633
3166.9682
3539.6280

228.0819
350.2151
475.5647
662.2455
778.6729
859.4021
1027.8966
1157.8259
1295.0261
1489.6840
1654.8260
3151.0076
3169.9629
3629.6516

230.3581
418.4519
513.8473
663.1977
808.1921
908.6503
1068.1438
1203.1027
1349.4953
1554.0651
1658.4493
3151.5746
3538.9210
3629.8326




APPENDIX A. SUPPLEMENTARY INFORMATION FOR CHAPTER 4

157

CegHy4(NH),

(SOJ CQh)

100.9032
387.3430
502.6343
780.9190
875.1937
970.0084
1070.6168
1196.2486
1426.2018
1640.0430
3160.9024
3196.1167

261.9683
456.7519
621.8261
787.2172
913.8379
1009.7334
1153.0122
1350.8641
1457.4518
1657.5923
3161.4531
3421.5545

365.7420
467.4067
738.7442
794.4506
939.8292
1016.1323
1190.3482
1394.9834
1604.8084
1699.9796
3194.1692
3422.0498

CgH4(OH)

(807 CQh)

154.2256
343.0755
449.7387
660.5597
804.1050
919.4579
1116.5915
1195.9941
1359.0317
1551.2226
3155.0140
3197.6078

288.6878
365.7841
472.6274
715.7473
837.6576
925.7537
1180.0737
1267.3831
1366.0385
1646.0826
3156.6523
3806.8503

290.7838
428.0271
519.9244
765.4556
864.6075
1026.8132
1185.3236
1288.6312
1489.9013
1668.0355
3195.9824
3808.0380
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CeHaO2 (So, Dan)

93.2844
414.3547
517.3830
763.1464
917.0099

1033.3653
1236.9230
1399.1502
1728.6876
3179.5212

234.0432
456.3705
603.0938
771.5466
951.9110
1085.6449
1316.3911
1645.5441
1729.6579
3195.4945

340.7625
458.9275
754.8964
816.8840
1024.7587
1168.9754
1389.5880
1679.4770
3179.2873
3197.7894

wB97X-D/def-TZVPD

Analytical harmonic frequencies (cm™!) obtained at the wB97X-D/def-TZVPD level of
theory.

CeHe (So, Dan)

415.9246

626.3010

880.1509
1013.0564
1039.6137
1177.6605
1339.1713
1527.3794
3186.9820
3212.5941

416.0187

696.3469

880.2245
1029.3918
1072.4854
1206.8663
1366.6125
1668.0844
3196.3300
3213.4620

626.2035

732.0913
1012.9843
1029.8838
1072.5232
1207.2494
1527.2564
1668.2576
3197.2892
3223.4258
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CegH5CHj3 (S, Cs)

40.1583
419.7267
641.4236
809.8872

1008.9814
1028.8454
1122.7834
1246.8351
1420.9325
1512.9416
1682.7456
3138.6299
3197.5238

211.4416
481.5639
724.1699
874.1709
1010.3670
1065.3576
1186.9405
1331.8874
1478.9681
1548.2725
3051.5329
3182.9094
3207.0576

350.9860
034.3242
756.4553
932.1371
1027.5089
1072.3547
1214.8194
1365.4219
1494.0715
1659.3954
3116.0849
3184.3350
3219.3275

CHsCHy

(807 OQV)

166.1952
433.3878
553.9972
690.6677
822.0517
962.4622
1104.1121
1317.0541
1476.0299
1555.4047
3124.8862
3154.0945

362.6810
494.5014
633.8936
800.3916
956.4105
986.1820
1162.8064
1343.5419
1496.0658
1649.5018
3132.0077
3189.9727

431.8835
531.9633
656.7850
802.5201
959.5644
1035.4380
1196.3023
1358.2172
1544.9992
3122.3498
3151.7910
3208.3329
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CeHsCH5 (So, Cay)

163.4783
418.3829
642.1895
834.2696
1015.1032
1043.0038
1146.8873
1362.4622
1489.7251
1620.6293
3210.0006
3239.7187

340.0939
541.0911
644.1550
862.0840
1019.8440
1073.0783
1212.2193
1398.2065
1512.3284
1682.4291
3217.9616
3242.4269

366.7107
616.0623
810.2910
993.9762
1037.6495
1129.5140
1220.7750
1433.0129
1602.7898
3162.6825
3219.4227
3264.3814

CeH;NH,

(807 CS)

223.4189
422.5547
574.8606
777.8092
909.7270
1021.4795
1142.9044
1321.0661
1517.7362
1662.0407
3183.9811
3222.9901

295.6102
507.2487
640.3954
844.3024
995.6334
1063.0386
1185.2710
1349.1080
1551.6500
1687.2715
3199.8351
3604.5445

391.1273
541.9589
715.0430
845.2509
1013.6448
1076.8952
1211.6311
1372.2388
1661.1435
3182.7906
3206.1431
3704.4684
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CgHs;NH™

(807 Cs)

178.1111
500.0493
673.8470
809.5585
959.6927
1037.3099
1181.6114
1361.4532
1538.7446
3121.2081
3172.3654

428.1271
536.7948
688.1154
831.1279
970.3880
1076.7424
1187.9853
1401.5494
1572.7891
3130.5152
3189.3912

435.8613
629.9868
713.8310
835.7040
988.6045
1155.7106
1351.9417
1505.3343
1648.4287
3146.5572
3448.4909

CgHsNH™

(807 Cs)

151.6109
422.2968
613.5116
840.3615
1016.4089
1079.0480
1209.7221
1447.5363
1588.8218
3204.1765
3238.5172

323.6313
534.5014
788.1790
948.0797
1043.8688
1102.6124
1212.9898
1460.2545
1640.1218
3213.1622
3242.7045

393.1240

596.5548

805.6718
1004.1012
1055.9647
1165.0099
1362.9647
1490.3646
1685.8501
3227.5591
3467.0220

Ce¢H50H (So, Cs)

232.7421
426.5358
637.8458
843.0756
997.5273
1058.4451
1201.4001
1352.3374
1551.1689
3179.0214
3219.3884

355.4128
525.4470
715.8966
844.4051
1019.8523
1108.3696
1205.6657
1377.3449
1671.9909
3197.5072
3226.5181

416.1613
542.1479
783.7596
918.4885
1024.8440
1180.8915
1308.8948
1519.6030
1683.3019
3206.6297
3891.9619
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Ce¢H507 (So, Cay)

190.7608
513.9714
701.6218
835.3723
969.8097
1081.5106
1255.2436
1491.7587
1647.8303
3166.2325

436.1205
537.9005
739.1148
863.1070
990.7410
1159.6377
1345.5778
1571.4139
3125.7112
3167.3183

454.3745
622.2393
809.1945
968.1553
1037.1860
1175.8736
1419.0752
1575.7577
3129.2029
3186.0731

CeHs50" (So, Cov)

128.8312
438.9368
598.3221
862.7118
1044.4101
1110.7480
1273.6457
1501.2079
1791.7842
3222.8756

304.0431
519.3004
759.4562
985.9069
1061.0009
1176.2223
1405.9980
1592.4370
3196.9999
3236.2674

354.0062
563.0228
791.2540
998.7239
1084.7597
1199.0753
1441.6331
1676.2802
3222.1465
3238.2088
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CeHa(CHz)2 (So, Cav)

11.5680
291.6063
422.5967
663.6219
826.1555
975.5797

1029.7403
1074.2627
1243.6805
1350.6443
1452.7260
1493.7842
1650.2067
3051.6789
3136.2393
3179.5039

18.8707
315.1261
468.9448
734.6838
848.4986
996.7131

1051.7197
1149.8528
1252.4727
1420.9961
1489.6613
1508.8509
1696.0928
3113.4433
3136.2485
3193.4226

139.5883
393.5147
501.8979
740.9701
868.3182
1006.7161
1071.6816
1219.9841
1328.6840
1421.2653
1490.4114
1571.0198
3051.4787
3113.5999
3175.3700
3198.2576

C6H4(CH2)2 (So, D2h)

98.2712
381.8795
476.5473
733.4573
806.4522
929.9890
984.2343

1025.1451
1327.5773
1438.3939
1644.7659
1751.2614
3184.1315
3206.5897

262.9265
406.9179
629.5916
755.4570
844.7543
935.0376
1003.2110
1169.5912
1377.5875
1473.3263
1674.9303
3163.6111
3185.0293
3253.0246

332.0418
470.0385
671.4430
790.1574
854.6955
962.8624
1020.2809
1217.1732
1380.5664
1490.9210
1706.4646
3163.6580
3203.4940
3253.0647
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CegHy4(NHs)o

(807 C’2h)

148.5762
324.3307
434.3400
630.6889
743.2956
854.9548
969.7214
1130.9598
1300.3011
1370.4044
1661.1288
1710.8353
3194.7538
3590.3652

224.1767
356.8415
480.0367
657.1546
788.5590
871.2112
1037.2894
1160.9697
1320.6300
1505.1821
1664.6811
3178.0833
3197.7318
3684.2907

225.4981
424.4985
517.0642
666.7792
828.7884
950.3196
1080.7676
1213.5917
1347.7385
1573.9337
1665.4898
3178.6976
3589.6819
3684.4126

CeHy4(NH),

(S()u OQh)

94.3374
393.6954
502.4922
784.5618
885.6520
974.2813

1082.0697
1198.4918
1438.2716
1688.9878
3186.8135
3220.9354

254.6551
460.2815
623.2243
794.9099
933.8905
1035.4977
1156.5108
1354.5243
1469.9882
1712.8762
3187.1336
3482.5638

369.3665
468.4478
745.0951
797.0060
958.6843
1039.7421
1198.4766
1399.4622
1658.7763
1755.0884
3218.9124
3483.1253
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CeHa(OH)2 (So, Con)

156.3953
350.7359
457.8297
665.6202
823.4136
954.6018
1129.7533
1207.4605
1357.6624
1573.6318
3180.5401
3222.6850

301.9603
375.7548
477.9173
736.3131
858.0803
973.0767
1185.1232
1288.3059
1374.5111
1680.3104
3182.1876
3896.8919

304.9037
433.7200
531.0101
778.8404
878.0331
1035.3047
1195.0559
1319.6050
1507.3564
1705.4746
3220.9685
3898.0885

CsH4O2 (So, Don)

88.2595
420.2225
518.5308
767.0428
924.9736

1052.1006
1246.4291
1410.2562
1792.7963
3205.1445

231.2649
456.9388
607.3383
776.2600
957.5265
1095.2192
1331.1950
1691.6291
1799.0847
3222.3690

343.5049
459.6385
759.5345
829.3252
1045.5617
1176.3464
1393.4171
1720.3086
3205.0862
3224.6222
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B.1 Freezing schemes and reference active spaces selection

B.1.1 Active space

Tests on the active space were conducted on decapentaene. All tests were performed
using the optimal freezing scheme adopted in this work (Table B.1). The relevant tests are
presented in Table B.2. For all tests involving restricted active (RAS) and/or auxiliary
(AUX) spaces, one hole was allowed in the RAS (single excitations from this space), and

one electron was allowed in the AUX (single excitations to this space).

TABLE B.1 — Excitation energies (eV) of decapentaene calculated using a variety of reference spaces for
the MR-CISD computation. Molecular orbitals were calculated at the SA6-CASSCF(10,10) level. All
calculations were performed using the cc-pVDZ basis set.

Active Space Excitation AEct AEcr.p AEaqcc
MR—CISD(CAS(lO,lO)) 11Ag_ — QIAE? 4.562 4.472 4.462
11Ag — 11]3;r 5.380 4.613 4.560
11A7 — 21B7 5.657 5.559 5.541
MR-CISD(RAS(1)CAS(8,8)AUX(1)) 1'A; —2'A; 4599 4453 4.477
1A_ 1! B'gF 5.350 4.618 4.547
11Ag_ — 21BJ 5.691 5.537 5.547
MR-CISD(RAS(2)CAS(6,6)AUX(2)) 1'A; —2'A; 4648  4.448 4.505
1A, —1'B] 5311 4622 4.536
11Ag_ — QIBJ 5.838 5.498 5.636
MR-CISD(CAS(8,8))? VA, —2'A; 4834 4460 -
I'A, —1'Bf 5216  4.721 -
11A7 — 21B7 6.057 5.551 —
MR-CISD(CAS(6,6))? 1A_ —2'AT 5.019 4.547 —
1! A_ — 1! B'gF 5.146 4.752 —
1A_ — 2l B, 6.485 5.690 —

2 Important configurations are not included in the active space, and hence, many intruder
states appear at the MR-AQCC level.
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B.1.2 Freezing scheme

Freezing scheme tests were conducted on hexatriene. Table B.2 present the relevant
freezing schemes tested. Importantly, freezing schemes involving uneven percentage be-
tween reference doubly occupied (Docc) and virtual (Virt) orbitals were also tested, but
no significant advantage was observed from using such freezing schemes, and hence, they

were not listed below.

TABLE B.2 — Excitation energies (eV) of hexatriene calculated using a variety of freezing schemes of
o-orbitals at the CI/AQCC step. The frozen reference doubly occupied (Docc) and virtual (Virt) o-
orbitals were equally distributed over the irreps A, and B,. Molecular orbitals were calculated at the
SA6-CASSCF(6,6) level. All calculations were performed using the cc-pVDZ basis set.

Freezing Scheme Excitation AEcq AEcrp AExqcc
Doce: 30%? 11Ag_ — 21Ag_ 5.816 5.755 5.744
Virt: 0% 11Ag — 11Bj 6.521 5.803 5.764
11Ag —2'B; 7.005 6.915 6.880
Doce: 30% 11Ag_ — 21Ag_ 5.821 5.763 5.754
Virt: 30% 11Ag_ —1'Bf 6.487 5.785 5.757
11Ag_ —2'B; 7.008 6.918 6.888
Doce: 40% 11Ag — 21Ag_ 5.863 5.826 5.821
Virt: 40% 11Ag — 111321L 6.434 5.797 5.791
11Ag_ —2'B; 7.057 6.989 6.969
Doce: 50% 11Ag — 21Ag 5.856 5.819 5.818
Virt: 50% 11Ag — 11B1J1r 6.412 5.827 5.833
11Ag —21B7 7.044 6.976 6.964
Doce: 60% 11Ag_ — 21A§: 5.831 5.808 5.811
Virt: 60% 11Ag_ —1'B! 6.362 5.941 5.971
1I'A, —2'B,  6.997 6.942 6.944
Doce: 70% 11Ag — 21Ag_ 5.791 5.770 5.774
Virt: 70% 11Ag_ — 11B;r 6.409 6.108 6.137
11Ag —2'B; 6.945 6.896 6.902
Doce: 80% 11Ag — 21Ag 5.801 5.794 5.796
Virt: 80% 11Ag_ —1'Bf 6.612 6.486 6.505
11Ag_ —2'B; 6.918 6.894 6.899
Doce: 90% 11Ag_ — 1A~ 5.815 5.814 5.815
Virt: 90% 11Ag — 11B§ 6.813 6.770 6.777
11Ag —2'B; 6.926 6.915 6.919
Doce: 100% 11Ag — 21A; 5.819 5.818 5.818
Virt: 100% 1I'A, —1'B] 6848  6.824 6.832
11Ag —2'B; 6.933 6.924 6.930

2 30% of reference doubly occupied o orbitals correspond to carbon 1s
orbitals.
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B.2 Singlet states

a b c

T 4 7

6 6 6 2lp-
— — — | —~ u
I ‘\ I ‘ I ”
E 2 Lg E —1 Bu

5 —_ 5 5 — ot

4 4 4

6 8 10 12 6 8 10 12 6 8 10 12
N N N

FIGURE B.1 — Vertical singlet excitation energies of polyenes with N m-electrons computed using MR-
CISD and MR-CISD+P for the (a) 2A,, (b) 1B, and (c) 2B states. The height of each bar indicates
the difference between the MR-CISD result (top of the bar) and the MR-CISD+P result (denoted by the
marker). Calculations were performed with the cc-pVDZ basis set.

a b C d
6.0 6.0 6.0 6.0
] ‘
5.5 5.5 ' 5.5 . 5.5 —
5 z “ % z . —1B;
— 5.0 S — 5.0 v ~ 5.0 —— — 5.0 — "
e3 3 = €3 = _— La-
4 4 \ 4 <4 —2'A;
4.5 4.5 4.5 4.5
4.0 4.0 4.0 4.0
6 8 10 6 8 10 6 8 6 3
N N N N

FIGURE B.2 — Vertical singlet excitation energies of polyenes with N m-electrons, obtained by extrapo-
lating MR-CISD+P results to the complete basis set limit using (a, b) DT and (¢, d) TQ extrapolations.
The height of the lighter shaded bar indicates the difference between excitation energies obtained with
the smaller and larger basis sets. The height of the darker shaded bar represents the difference between
the larger basis set result and the extrapolated CBS value (represented by the marker).
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B.2.1 An extrapolation for N = 12

An extrapolation for N = 12, both for the cc-pVTZ’ basis set and for AEX, results,
was performed using a 3-point power function fit. This fitting approach was chosen
because it best predicts the excitation energy for dodecahexaene using the cc-pVDZ basis
set, where the actual excitation energies are known (Figure B.3). Additionally, it aligns
with the decrease in excitation energies observed for N = 6 — 10 when expanding from

the double- to triple-( basis set.

~

7 2'A7 7 1'B}

14.501 x N1 12.997 x N-0447
R? =1 R? =1

’>'\ 14.94 x an.nzu /:; 13.13 % j\;fn,nza g
< R? =1 L R? =1 L
&) e5 =
<5 <% <5 16471 x N4
R? = 0.99 5.030
: 16.074 x N~0-163
N 2 9
4 4.043 4 4260 4 R? = 0.99
6 8 10 12 6 8 10 12 6 8 10 12
N N N
d e f
- 21A— 7 11B+ -
L g i 7
14.016 x N1 14.09 x N~0491
R’=1 R?
6 6 6
r 1 97 A7-0.5 o '®
% 14.2/22 x N % %
= R?=1 < °
&) &3 [
< 5 < 5 < 5 15.214 x N-0-433 R
R? = 0.99 S
14.631 x N~0413
4 4.120 4 4 R? = 0.99
6 8 10 12 6 8 10 12 6 8 10 12
N N N

FIGURE B.3 — Vertical singlet excitation energies for the 2A;, 1B}, and 2B, states of polyenes with

N m-electrons calculated at the (a-c) MRCI+P and (d-f) MR-AQCC levels using the cc-pVDZ basis set.
The dashed line represents the 3-point power function fit, while the solid line represents the 4-point power
function fit. Numerical values for the actual (red) and estimated (blue) excitation energies are shown for
N = 12. The equation and the coefficient of determination (R?) for the 4-point (red) and 3-point (blue)
power function fits are shown.

Based on the MR-CISD+P results using the cc-pVDZ basis set, this approach under-
estimates the excitation energy for the 2A, and 1B/ states of dodecahexaene by 0.05 eV
and 0.02 eV, respectively. For the 2B, state, the excitation energy is overestimated by
0.06 eV. Slightly better results are also observed for the MR-AQCC estimates, where the

excitation energy for the 2A, state is underestimated by 0.03 eV, no difference between
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the estimated and the actual excitation energy is observed for the 1B} state, and the ex-
citation energy for the 2B state is overestimated by 0.09 eV. The estimates for N = 12,
both for the cc-pVTZ’ basis set (Figure B.4) and for AEJ extrapolates values (Figure

B.5), are presented below.

- 2'A; 7 1'B? 7

14.878 x N-0-526 6 12.63 x N~044 6

—~ 2] - 2 o
@ R?=1 i R?=1 @
&) 5 =
<5 <5 < 5
15.566 x N~047!
R? = 0.99
4 4 4
6 8 10 12 6 8 10 12 6 8 10 12
N N N
d e f
1A- o 1n+
7 2 Ag / 1 Bu 7 u
6 14.323 x N~0-20° 6 13.999 x N~0-20% 6
= R =1 = R?=1 =
3 @ i 5.189
&) &3 =
<5 <5 < 5
13.986 x N~0-3%
R? = 0.99
3.962
4 4 4
6 8 10 12 6 8 10 12 6 8 10 12
N N N

FIGURE B.4 — Vertical singlet excitation energies for the 2A,, 1B}, and 2B, states of polyenes with

N m-electrons calculated at the (a-c) MRCI4+P and (d-f) MR-AQCC levels using the cc-pVTZ’ basis
set. The line indicates the 3-point power function fit. The estimated excitation energies for N = 12 are
indicated. The equation and the coefficient of determination (R?) for the 3-point power function fit are
shown.
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FIGURE B.5 — Vertical singlet excitation energies for the 2A,, 1B}, and 2B states of polyenes with N
m-electrons calculated at the (a-c) MRCI4P and (d-f) MR-AQCC levels extrapolated from the double- to
the triple-¢ basis set (AER ). The line indicates the 3-point power function fit. The estimated excitation
energies for N = 12 are indicated. The equation and the coefficient of determination (R?) for the 3-point

power function fit are shown.
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B.3 Triplet states

TABLE B.3 — Triplet excitation energies (eV) of polyenes with N m-electrons calculated at the MR-
CISD+P level using a variety of basis sets.

N  Excitation Ecc—pVDzl AECC-pVTZ’Q AECC_pVQZ,g
6 1'A; —1%A;  4.608 4.627 4.595

11Ag — 13B; 2.948 2.948 2.941
8 llAg — 13Ag 3.933 3.928 3.934

11Ag_ — 13B; 2.581 2.578 2.581

L ce-pVDZ (H: (4s,1p)/[2s,1p], C: (9s,4p,1d)/[3s,2p,1d]).
2 ce-pVTZ (H: (4s,1p)/[2s,1p], C: (10s,5p,2d)/[45,3p,2d]).
3 ce-pVQZ (H: (4s,1p)/[2s,1p], C: (125,6p,3d,2f)/[55,4p,3d,2f]).

TABLE B.4 — Triplet excitation energies (eV) of polyenes with N 7-electrons calculated at the MR-AQCC
level using a variety of basis sets.

N Excitation ce-pvDZL AECC—pVTZ’2 AECC—pV Qz
6 11Ag_ — 13Ag_ 4.598 4.548 4.570

11Ag_ — 1B, 2.945 2.942 2.935
8 11Ag_ — 13Ag 3.928 3.913 3.908

11Ag_ — 1B, 2.562 2.557 2.557

' cc-pVDZ (H: (4s,1p)/[2s,1p], C: (9s,4p,1d)/[3s,2p,1d]).
2 cc-pVTZ (H: (4s,1p)/[2s,1p], C: (10s,5p,2d)/[4s,3p,2d]).
3 cc-pVQZ (H: (4s,1p)/[2s,1p], C: (125,6p,3d,2f)/[5s,4p,3d,2f]).
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B.4 Natural transition orbitals and transition densities

2'A; 1'B} 2'B;
Electron NTO Electron NTO Electron NTO
Hole NTO Hole NTO Hole NTO
23% 83% 27%

Electron NTO Electron NTO

Hole NTO Hole NTO
17% 19%
FIGURE B.6 — Natural transition orbitals (isovalue: £0.05 a.u.). The dominant pair of natural transition

orbitals and their contribution to the excitation are shown for the 2'A, 1'Bf, and 2'B; states of
hexatriene.
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2'A 1'B} 2'B;
Electron NTO Electron NTO Electron NTO
Hole NTO Hole NTO Hole NTO
20% 81% 24%

;
:

Electron NTO Electron NTO

:
:

Hole NTO Hole NTO
16% 14%

FIGURE B.7 — Natural transition orbitals (isovalue: £0.05 a.u.). The dominant pair of natural transition
orbitals and their contribution to the excitation are shown for the 2'A_, 1'Bf, and 2'B; states of
octatetraene.
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FIGURE B.8 — Natural transition orbitals (isovalue: £0.05 a.u.). The dominant pair of natural transition

orbitals and their contribution to the excitation are shown for the 2'A;, 1'B

decapentaene.
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1A

Electron NTO

Hole NTO
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Electron NTO
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LR 44 2 a2
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FIGURE B.9 — Natural transition orbitals (isovalue: £0.05 a.u.). The dominant pair of natural transition
orbitals and their contribution to the excitation are shown for the 2'A;, 1'B
dodecahexaene.
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2'A; 1'Bf 2'B;

N =12

FIGURE B.10 — Transition densities (isovalue: £0.002 a.u.) of the excited states 21A;, 1'B}, and 2'B;
of polyenes with N m-electrons calculated with respect to the ground state at the MR-CISD level of
theory.
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TABLE B.5 — Transition dipole moment, fiy;, (e-bohr) and oscillator strength, f, for the transition from
1A, to 21A;, 1'B, and 2'B; calculated using CASSCF and MR-CISD.

N CASSCF MR-CISD
Hor f for /
21Ag*
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
10 0.000000 0.000000 0.000000 0.000000
12 0.000000 0.000000 0.000000 0.000000
1'BF
2.788669 1.449741 2.851668 1.277410
3.310041 1.856344 3.489630 1.713239
10 3.766966 2.241605 4.072724 2.158272
12 4.171382 2.610051 4.605338 2.586742
2B
0.014323 0.000035 0.110412 0.002104
0.019647 0.000059 0.095771 0.001426
10 0.034695 0.000167 0.092181 0.001215
12 0.035388 0.000160 0.047863 0.000302
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B.5 Transition charges

Transition charge (¢},) on each atom, calculated as the sum over the diagonal elements
of the one-electron transition density matrix (1TDM) between the states of interest and
the ground state for hexatriene, octatetraene, decapentaene, and dodecahexaene. Results

were obtained at the MR-CISD/cc-pVDZ level of theory.

Hexatriene
2A, 1B} 2B

C -0.02166 0.20236 -0.02192
C -0.02166 -0.20236 0.02192
C 0.01845 -0.04893 0.01487
C 0.01845 0.04893 -0.01487
C 0.00327 0.14398 0.01994
C 0.00327 -0.14398 -0.01994
H 0.00051 0.01467 0.00023
H 0.00051 -0.01467 -0.00023
H -0.00048 0.01403 -0.00047
H -0.00048 -0.01403  0.00047
H 0.00009 0.00556 -0.00043
H 0.00009 -0.00556 0.00043
H -0.00019 0.00628 -0.00068
H -0.00019 -0.00628  0.00068
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Octatetraene

2A; 1B} 2B

0.01004 -0.08974 -0.01294
0.01004 0.08974 0.01294
-0.00566  0.13612  0.01807
-0.00566 -0.13612 -0.01807
0.01223 -0.02572  0.01748
0.01223  0.02572 -0.01748
-0.01624  0.15206 -0.02435
-0.01624 -0.15206  0.02435
-0.00004 -0.00060 -0.00002
-0.00004  0.00060  0.00002
-0.00017  0.00773  0.00005
-0.00017 -0.00773 -0.00005
0.00000  0.00581  0.00002
0.00000 -0.00581 -0.00002
-0.00042  0.01037 -0.00050
-0.00042 -0.01037  0.00050
0.00026  0.01146  0.00041
0.00026 -0.01146 -0.00041

a=jijajias i caiiasfijasjasjlaa ol B O OO O O NGO NGO NO!
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Decapentaene

2A; 1B} 2B

-0.01088 -0.12008 -0.01974
-0.01088  0.12008  0.01974
0.00762  0.01559  0.01342
0.00762 -0.01559 -0.01342
-0.00820 -0.11789  0.00445
-0.00820  0.11789 -0.00445
0.00936  0.05925  0.00059
0.00936 -0.05925 -0.00059
0.00250 -0.09716  0.02085
0.00250  0.09716 -0.02085
0.00007 -0.00937  0.00014
0.00007  0.00937 -0.00014
-0.00027 -0.00823 -0.00039
-0.00027  0.00823  0.00039
-0.00002 -0.00480  0.00006
-0.00002  0.00480 -0.00006
-0.00014 -0.00727  0.00009
-0.00014  0.00727 -0.00009
-0.00002 -0.00121  0.00006
-0.00002  0.00121 -0.00006
-0.00001 -0.00344  0.00002
-0.00001  0.00344 -0.00002

a=jijasjijasjias i anjiasfijas s i asiacfiiac e B OO O O N O N OO NGO OIS
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Dodecahexaene

2A; 1B} 2B

0.00831 -0.09883 -0.01461
0.00831  0.09883  0.01461
-0.00523  0.01204  0.00955
-0.00523 -0.01204 -0.00955
0.00783 -0.10063 -0.00262
0.00783  0.10063  0.00262
-0.00778  0.04196  0.00643
-0.00778 -0.04196 -0.00643
0.00115 -0.09678  0.01761
0.00115 0.09678 -0.01761
-0.00482  0.07479 -0.01301
-0.00482 -0.07479  0.01301
0.00023 -0.00654 -0.00029
0.00023  0.00654  0.00029
0.00000 -0.00766  0.00013
0.00000  0.00766 -0.00013
0.00004 -0.00404  0.00005
0.00004  0.00404 -0.00005
0.00015 -0.00630  0.00007
0.00015 0.00630 -0.00007
0.00005 -0.00205  0.00010
0.00005  0.00205 -0.00010
0.00009 -0.00435 0.00018
0.00009  0.00435 -0.00018
-0.00002  0.00123  0.00000
-0.00002 -0.00123  0.00000

a=fijasjijasiias i axiijasiasjas i anjias o Jla fl =il s B O NGO OO NGO HO NGO N OO NGO IO NS
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B.6 Equilibrium geometries

o

Equilibrium geometries (A) obtained at the wB97X-D/cc-pVTZ level of theory for

hexatriene, octatetraene, decapentaene, and dodecahexaene.

Hexatriene

a=jasiiasiiasiiiasjlasiias il B OGN O OO N @!

1.199785
1.199785
-0.001156
0.001156
-1.199785
-1.199785
2.120872
0.273669
2.145268
-0.950722
0.950722
-2.145268
-2.120872
-0.273669

2.813176
1.483143
0.668414
-0.668414
-1.483143
-2.813176
3.378561
3.375164
0.949588
1.196588
-1.196588
-0.949588
-3.378561
-3.375164

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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Octatetraene

a=iganiiiasiiasiiias i asjias ol asil - B O OO N O NGO NGO NS

0.002067
-0.002067
1.112008
-1.112008
1.112008
-1.112008
2.212462
-2.212462
-0.965580
0.965580
2.081206
-2.081206
0.140113
-0.140113
3.197764
-3.197764
2.162014
-2.162014

0.722228
-0.722228
1.471079
-1.471079
2.920760
-2.920760
3.668584
-3.668584
1.216443
-1.216443
0.980083
-0.980083
3.404728
-3.404728
3.218273
-3.218273
4.748277
-4.7482°77

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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Decapentaene

2.398511
2.392909
1.191228
1.191228
-0.001340
0.001340
-1.191228
-1.191228
-2.392909
-2.398511
3.322048
1.474714
3.336944
0.242564
2.142576
-0.953055
0.953055
-2.142576
-0.242564
-3.336944
-1.474714
-3.322048

a=jganiiias il asiiias o asiias i asiiasJl i SO OGO O NGO OO IO IO

4.962720
3.631995
2.821795
1.482319
0.670478
-0.670478
-1.482319
-2.821795
-3.631995
-4.962720
2.523983
0.528448
3.095691
3.351439
0.957164
1.194701
-1.194701
-0.957164
-3.351439
-3.095691
-5.528448
-9.523983

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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Dodecahexaene

a= g asiiias i asfias ol asiias Jla s Rl s fias o il .G O OO N O NGO N O NG O OO IO

0.080392
0.651879
-0.080392
0.500160
-0.223280
0.360806
-0.360806
0.223280
-0.500160
0.080392
-0.651879
-0.080392
-0.997217
0.669422
1.735021
-1.164771
1.584980
-1.307984
1.445625
-1.445625
1.307984
-1.584980
1.164771
-1.735021
0.997217
-0.669422

6.739396
5.537613
4.286915
3.079561
1.831635
0.623803
-0.623803
-1.831635
-3.079561
-4.286915
-2.537613
-6.739396
6.850054
7.645568
5.463469
4.353107
3.017966
1.891932
0.564353
-0.564353
-1.891932
-3.017966
-4.353107
-5.463469
-6.850054
-7.645568

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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B.7 Analytical harmonic frequencies

Analytical harmonic frequencies (cm™!) obtained at the wB97X-D/cc-pVTZ level of

theory for hexatriene, octatetraene, decapentaene, and dodecahexaene.

Hexatriene

95.1336
255.9578
552.9187
922.7781
961.8523

1040.3897
1227.9621
1340.8802
1473.9792
1746.7017
3154.8230
3165.1372

150.7519
358.0191
623.9102
955.8464
985.5939
1066.1807
1291.7130
1345.6464
1671.2505
3149.7507
3156.4427
3249.6232

211.5209
449.7425
723.5179
956.0392
990.8484
1161.3261
1328.4505
1446.5141
1723.0189
3150.2842
3164.5415
3249.6284

Octatetraene

58.0065
175.5533
344.6555
551.7074
695.0033
955.8429
976.4411

1049.5024
1168.0533
1319.7383
1349.4858
1471.3191
1734.7093
3148.7343
3155.0322
3163.2856

89.0457
227.9791
354.0860
580.3276
888.7538
956.6633
980.2533

1064.4052
1222.3243
1330.9599
1354.2800
1661.5676
1739.2413
3149.8237
3157.3526
3248.6255

146.4513
240.0637
398.7137
652.7047
938.3310
958.9506
1011.2405
1166.2661
1266.3935
1335.5178
1454.1398
1705.9223
3148.1013
3153.2998
3163.2744
3248.6352
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Decapentaene

39.4430
135.8017
236.1301
288.1648
496.9841
664.1020
917.9226
957.4848
970.2775

1054.9110
1174.2786
1253.4684
1334.1048
1351.3754
1468.7348
1722.7413
3147.5963
3150.2509
3156.7557
3164.2666

27.8961
153.3818
280.1418
399.2763
558.7764
682.5410
944.6001
968.9806
994.8173

1064.4060
1183.1725
1294.2542
1339.2740
1369.1895
1654.9311
1726.9375
3148.5767
3153.3100
3158.7931
3250.2006

102.6391
188.0334
280.8487
422.3690
611.5585
866.8573
954.3713
969.7571
1026.4846
1152.0253
1218.5637
1326.8542
1340.2768
1458.2054
1692.9295
1741.5269
3150.0570
3155.4337
3164.1468
3250.2055
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Dodecahexaene

27.6903
109.8725
191.3733
242.8161
338.1497
458.9032
614.5657
852.4118
947.2338
964.1880
983.6979

1057.4033
1156.0488
1215.0575
1313.3899
1338.0394
1352.6804
1467.4463
1712.0727
1737.6193
3149.7143
3153.3075
3157.9038
3164.0574

41.0313
111.5806
205.0345
250.2331
422.0856
027.6242
669.4709
899.0680
955.0495
967.9921

1008.9724
1063.7771
1184.5556
1244.8060
1330.6529
1344.1399
1382.8629
1649.8524
1714.6204
3148.3766
3150.0582
3154.9248
3159.9644
3248.9081

74.1112
144.5454
236.7164
318.1396
423.0473
598.2838
677.4618
930.3173
956.3252
971.4348

1035.8579
1154.2571
1188.2643
1277.1561
1333.0156
1345.3504
1460.6322
1683.0881
1736.3313
3148.5279
3150.6570
3156.1179
3163.9478
3248.9105
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C.1 Adiabatic excitation energies

Based on the optimized geometry of each state obtained via analytical energy gra-
dients based on the MR-CISD wavefunction using the cc-pVDZ basis set, MR-CISD+P
single point calculations were performed to analyze the effect of the basis set on adiabatic

excitation energies (Table C.1).

TABLE C.1 — Adiabatic excitation energies (eV) of polyenes with N 7 electrons computed at the MR-
CISD+P level. Values computed using the cc-pVDZ basis set (AEp), cc-pVTZ basis set (AET), as well
as values extrapolated from double-zeta to triple-zeta (AEY)), are presented. All values are based on
the minimum of each state obtained via analytical energy gradients based on the MR-CISD wavefunction
using the cc-pVDZ basis set.

N State AEp AEp AEX:

6 21Ag 4.365 4.439 4.471
1B} 0.335 9.239 5.199

8  2'A;  3.645 3718 3.748
1'BY 4698  4.761  4.787

10 2'A; 3122 3193 3.222
1'Bf 4236 4205 @ 4.192

C.2 Vertical excitation energies

Based on the optimized geometry of the ground state obtained via analytical energy
gradients based on the MR-CISD wavefunction using the cc-pVDZ basis set, MR-CISD+P
single point calculations were performed to analyze the effect of the basis set on vertical

excitation energies (Table C.2).
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TABLE C.2 — Vertical excitation energies (eV) of singlet states in polyenes with N 7-electrons computed
at the MR-CISD+P level. The ground-state geometry was optimized via analytic energy gradients based
on the MR-CISD wavefunction using the cc-pVDZ basis set. Reference theoretical values and experimental
data are provided for comparison.

MR-CISD+P
N  State CASPT2 Exp.

AE,  AEp  AEX

6 2'A; 5422 5382  5.365 5.420% 5.09" -

'Bf 5635 5499  5.442 5.363% 5.10° 4.934.93°
8 2'A; 4648 4623 4613 4.465 4.47° 4.1t

1'Bf 4968  4.867  4.825 4.355 4.66" 4.408 4.417 4.41% 4.41
10 2'A;  4.087 4066  4.057 3.65" 3.5%

U'Bf 4479 4398  4.364 4.05P 3.98!

# Ground-state geometry optimized at CASSCF/NEVPT?2 level; single-point energy at CASPT2
level.!

b Ground-state geometry optimized at CASSCF level; single-point energy at CASPT2 level.?

¢ Ground-state geometry optimized at CASSCF level; single-point energy at CASPT?2 level.?

4 Absorption band maximum of the spectrum for the isolated compound.*

¢ Absorption band maximum of the spectrum for the jet-cooled compound.®

f Estimated assuming mirror symmetry between absorption and emission. 0-0 excitation energy from
Table 2 and emission band maximum from Table 3.

g Absorption band maximum of the spectrum for the isolated compound.®

b Absorption band maximum of the spectrum for the isolated compound.”

I Absorption band maximum of the spectrum for the jet-cooled compound.®

I Absorption band maximum of the spectrum for the jet-cooled compound.®

k Estimated assuming mirror symmetry between absorption and emission. 0-0 excitation data from
Table 2 and emission band maximum data from Table 3.

I Absorption band maximum in condensed phase, corrected to gas phase using solvent shift theory.'?
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Note that the accuracy of experimental data for each state differs significantly due
to their accessibility in one-photon processes. Experimental estimates for the vertical
excitation energies of the 21Ag7 state rely on the mirror-image symmetry assumption,
which posits that the energy difference between the (0-0) and vertical excitation energies
is equal to the difference between the (0-0) and fluorescence intensity maximum-—i.e.,
vertical excitation energies are estimated as (0—0)+[(0 — 0) — Am2X]. On the other hand,
for the 1'B.! state, which is dipole-allowed and easily accessible in one-photon processes,
the 0-0 excitation band also corresponds to the most intense absorption band.!'! We can
also estimate the vertical excitation energy based on a mirror-image approximation using
the MR-CISD+P values for adiabatic excitation (Table 2) and vertical emission energy
(Table 3). This yields values of 5.10 eV for hexatriene, 4.33 eV for octatetraene, and 3.74
eV for decapentaene. For the two largest members, this represents an overestimation of
approximately 0.2 eV with respect to the experimental estimate obtained via the mirror-

image approximation.
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C.3 Equilibrium geometries

CC bond lengths

The carbon numbering system is shown in Figure C.1. The CC bond lengths of the
studied systems in the ground and excited states, at their relaxed geometries obtained via

analytical energy gradients based on the MR-CISD wavefunction, are presented in Table
C.3.

FIGURE C.1 — Atom numbering system used to label bonds in the studied polyenes with N w-electrons.

o

TABLE C.3 — Calculated CC bond lengths (A) in polyenes with N m-electrons in the ground and ex-
cited states at their relaxed geometries, obtained via analytical energy gradients based on the MR-CISD
wavefunction under the Cyj, symmetry constraint. Atom numbering follows Figure C.1. Values within
parenthesis obtained at the CASSCF level.?

Stat N Bond
ate
C—C,y Cy—C;5 Cs—Cy Cy4—Cs C5—Cg
11Ag 6 1.353 (1.338) 1.458 (1.469) 1.360 (1.345) — —
1.351 (1.345) 1.454 (1.457) 1.361 (1.351) 1.450 (1.451) —
10 1.350 (1.346) 1.450 (1.454) 1.359 (1.351) 1.445 (1.450) 1.362 (1.352)
21Ag 6 1.468 (1.445) 1.390 (1.383) 1.447 (1.427) — —
1.439 (1.432) 1.380 (1.369) 1.441 (1.432) 1.396 (1.390) —
10 1.413 (1.407) 1.381 (1.375) 1.439 (1.434) 1.389 (1.385) 1.426 (1.415)
11B:r 6 1.392 (1.395) 1.410 (1.397) 1.423 (1.423) — —
1.377 (1.379) 1.417 (1.413) 1.407 (1.401) 1.400 (1.395) —
10 1.370 (1.369) 1.422 (1.430) 1.394 (1.406) 1.400 (1.406) 1.403 (1.425)
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Equilibrium geometries (A) of the states 1'A7, 2'A7, and 1'BY of hexatriene, oc-

tatetraene, and decapentaene, obtained via analytical gradients based on the MR-CISD

wavefunction, are presented below.

Hexatriene

1'A;

C 1212244  2.846199 0.000000
C -1.212244 -2.846199 0.000000
C  1.209667 1.493113 0.000000
C -1.209667 -1.493113 0.000000
C -0.000222 0.679762 0.000000
C  0.000222 -0.679762 0.000000
H 2.141056 3.410545 0.000000
H -2.141056 -3.410545 0.000000
H 0.282941 3.413640 0.000000
H -0.282941 -3.413640 0.000000
H 2160163 0.958195 0.000000
H -2.160163 -0.958195 0.000000
H -0.954033 1.210056 0.000000
H 0.954033 -1.210056 0.000000
2'A,

C  1.233633 2.938021 0.000000
C -1.233633 -2.938021 0.000000
C 1193689  1.470122  0.000000
C -1.193689 -1.470122 0.000000
C  0.021076 0.723259 0.000000
C  -0.021076 -0.723259 0.000000
H 2.180707 3.465976 0.000000
H -2.180707 -3.465976 0.000000
H 0.313851 3.515505 0.000000
H -0.313851 -3.515505 0.000000
H 2.146903 0.942481 0.000000
H -2.146903 -0.942481 0.000000
H -0.933263 1.251796 0.000000
H 0.933263 -1.251796 0.000000
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Octatetraene

=
s

[=]

_l’_

a=janiiasiijasiiias s iias il B OGN O OO Q.

1.218192
-1.218192
1.194535
-1.194535
0.017830
-0.017830
2.158063
-2.158063
0.296328
-0.296328
2.146105
-2.146105
-0.939243
0.939243

2.879558
-2.879558
1.487753
-1.487753
0.711052
-0.711052
3.422557
-3.422557
3.457034
-3.457034
0.954783
-0.954783
1.235209
-1.235209

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

=

0

a=jaiiias il asiiias o las ol asiis- B O OO N ON OGN O NONS!

-0.000898
0.000898
1.126034

-1.126034
1.120340

-1.120340
2.235944

-2.235944

-0.972102
0.972102
2.098279

-2.098279
0.145078

-0.145078
3.226755

-3.226755
2.180137

-2.180137

0.725026
-0.725026
1.487443
-1.487443
2.941139
-2.941139
3.702764
-3.702764
1.219853
-1.219853
0.994667
-0.994667
3.426970
-3.426970
3.254049
-3.254049
4.786974
-4.786974

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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21Ag—

a=iganiiiasiiasiiias i asjias ol asil - B O OO N O NGO NGO NS

-0.018907
0.018907
1.153315

-1.153315
1.119347

-1.119347
2.286381

-2.286381

-0.990206
0.990206
2.123120

-2.123120
0.146787

-0.146787
3.282008

-3.282008
2.193969

-2.193969

0.697631
-0.697631
1.535873
-1.535873
2.914973
-2.914973
3.757313
-3.757313
1.190646
-1.190646
1.038485
-1.038485
3.405382
-3.405382
3.325100
-3.325100
4.836871
-4.836871

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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'Bf

C -0.008571  0.699762 0.000000
C  0.008571 -0.699762 0.000000
C  1.142383  1.509457 0.000000
C -1.142383 -1.509457 0.000000
C 1127138  2.926565 0.000000
C -1.127138 -2.926565 0.000000
C  2.252001  3.720900 0.000000
C -2.252001 -3.720900 0.000000
H -0.977814 1.198178 0.000000
H 0.977814 -1.198178 0.000000
H 2112351 1.012203 0.000000
H -2.112351 -1.012203 0.000000
H 0.150922 3.410943 0.000000
H -0.150922 -3.410943 0.000000
H 3.248495 3.286620 0.000000
H -3.248495 -3.286620 0.000000
H 2173945 4.802826 0.000000
H -2.173945 -4.802826 0.000000
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Decapentaene

11Ag‘

a=iganiiias il asiiias o jias o asiiasJl i BEO OGO NGO OO IO IO

2.416384
-2.416384
2.407503
-2.407503
1.201562
-1.201562
1.198528
-1.198528
0.000309
-0.000309
3.346030
-3.346030
1.491757
-1.491757
3.354588
-3.354588
0.250404
-0.250404
2.151363
-2.151363
-0.953089
0.953089

2.002357
-5.002357
3.652414
-3.652414
2.846971
-2.846971
1.487893
-1.487893
0.680776
-0.680776
2.561345
-5.561345
5.573495
-5.573495
3.115529
-3.115529
3.377439
-3.377439
0.960277
-0.960277
1.207124
-1.207124

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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21Ag—

a=jganiiias il asiiias o asiias i asiiasJl i SO OGO O NGO OO IO IO

2.435702
-2.435702
2.386735
-2.386735
1.224197
-1.224197
1.189830
-1.189830
0.019737
-0.019737
3.382080
-3.382080
1.524219
-1.524219
3.333840
-3.333840
0.269870
-0.269870
2.142878
-2.142878
-0.931644
0.931644

2.057419
-5.057419
3.645427
-3.645427
2.900480
-2.900480
1.461896
-1.461896
0.712862
-0.712862
5.584119
-2.584119
5.646151
-5.646151
3.108202
-3.108202
3.424637
-3.424637
0.936197
-0.936197
1.242232
-1.242232

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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=
s

[=]

_l’_

a=jganiiias il asiiias o asiias i asiiasJl i SO OGO O NGO OO IO IO

2.422001
-2.422001
2.393339
-2.393339
1.206515
-1.206515
1.184692
-1.184692
0.015114
-0.015114
3.361133
-3.361133
1.505474
-1.505474
3.339408
-3.339408
0.253591
-0.253591
2.138762
-2.138762
-0.939000
0.939000

5.018231
-5.018231
3.648412
-3.648412
2.865054
-2.865054
1.471007
-1.471007
0.701291
-0.701291
5.559740
-5.559740
5.601302
-5.601302
3.109365
-3.109365
3.392427
-3.392427
0.945738
-0.945738
1.226661
-1.226661

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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