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Abstract

Stacking interactions, also known as n-n or face-to-face interactions, occur between molecules whose
7 bonds are in parallel planes. They are used to design self-assembling structures in nanotechnology,
influence organic reactions and are ubiquitous in nature.

The stacking interactions of substituted benzene heterodimers and substituted benzene-natural
nucleobase heterodimers are examined. Both electron-donating and withdrawing groups are studied
by varying their type, number and location around the benzene ring. The studies are done by carrying
out systematic scans of the potential energy surface at the MP2/6-31G*(0.25) level of theory. Charge
transfer interactions and extent of charge separation in the monomer are found to be dominant when
the difference in ESP between the monomers is large and small, respectively. Dipole-dipole
interactions ate also found to affect stacking interactions. The results from MP2/6-31G*(0.25) are
checked against those at the CCSD(T)/CBS limit for select cases and are found to be within 81-
110%.
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1 Introduction to stacking interactions

1.1 General Introduction

Stacking interactions are a specific class of non-covalent interactions found in biological
systems,!5 used in nanotechnology®-'2 and are thought to influence reactions in organic chemistry.13-16
Given their widespread prevalence, extensive experimental and theoretical studies on stacking
interactions have been done. These studies have primarily been carried out in two main contexts:
biology!76¢ and to understand the fundamentals of stacking interactions.6”¢ In the context of
biology, stacking interactions between various biological molecules (such as nucleobases and amino
acid side-chains) have been studied in order to better understand their role in natural processes such
as stabilizing DNA and RNA helices and in protein-DNA interactions.!7-%6 In the context of
understanding the fundamentals of stacking interactions, benzene and substituted benzene dimers
have been studied in order to determine the effect of electrostatics, dispersion and charge transfer on
stacking stabilization.”%¢ In addition, papers in the field of nanotechnology attempt to manipulate
stacking interactions with the aim of building new materials for photovoltaics and non-linear

opticals.6-12

1.2 What are stacking interactions?

Stacking interactions are a sub-group of n-n interactions. These are defined as interactions
between systems containing n-bonds and are considered weak since they are weaker than covalent
and ionic bonds. The importance of n-bonds is demonstrated by Grimme$” who shows that the
stabilization for systems with n-bonds is greater than for systems without n-bonds (for the same
number of atoms). Studies of n-m interactions can be divided into two broad categories: stacking
interactions and T-shaped interactions.” The interactions between neutral closed-shell molecules
whose © bonds are in parallel planes are called stacking interactions (Figure 1a), whereas the

interactions between molecules whose n-bonds are in perpendicular planes are called T-shaped
1



interactions (Figure 1b).78 The properties of stacking interactions are different from T-shaped
interactions with the former being dominated by dispersion interactions while the latter are
dominated by electrostatic interaction.”® Therefore this thesis specifically examines stacking

interactions in order to sharpen the focus and thereby increase the depth of the study.

Figure 1 a) n-n stacking and b) n-n T-shaped interactions of the benzene dimer.

Computational and experimental studies of stacking interactions have most often been
carried out on dimers, where in this thesis dimers is used to refer to both heterodimers as well as
homodimers.67-9617-66 In dimers, stacked structures have been divided into two main categories:
sandwich (Figure 2a) and parallel-displaced (Figure 2b). In the sandwich configuration of dimers, the
atoms in the rings perfectly eclipse each other when viewed from the top. In the parallel-displaced
configuration, one monomer is shifted in the horizontal molecular plane so that the atoms are no

longer eclipsed.



b)

Figure 2 a) The sandwich benzene dimer with the two monomers eclipsed. b) The parallel-displaced
benzene dimer with the two monomers off-set. Both a side (top) and top (bottom) view are

provided.

Discrepancy exists in the literature regarding the nature of the forces responsible for stacking
interactions as will be shown in section 1.4. The benzene studies, studies on biological systems and
the papers in the area of nanotechnology do not agree on the nature of the dominant (strongest)
forces in stacking interactions. The goal of this thesis is to examine some of the discrepancies and
thereby bring the literature closer together on the nature of the forces responsible for stacking

interactions.

1.3 Applications of stacking interactions

As mentioned in the previous sections, stacked structures are found in a variety of different
fields ranging from biology,!* to nanotechnology,® and traditional chemistry.!31¢ This section

claborates on the importance of the role of stacked structures in each of these areas.



1.3.1  Stacked structures in biology

Stacked structures play a crucial role in stabilizing DNA and RNA molecules.! The
interaction energy associated with stacking is as essential to stabilizing the conformations of DNA
and RNA as that associated with hydrogen bonding.! Stacked structures are also present in the
interactions between protein side-chains and nucleic acids.>* Furthermore, stacking interactions are
found to occur between DNA and certain cancer-causing molecules, such as acridine, which
intercalate into DNA.J Therefore, understanding stacking is an important factor in better

understanding these important phenomena.

Another specific example of a biological application of stacking interactions is their potential
role in the design of universal nucleobases. A universal nucleobase, in theory, should be able to
replace any other nucleobase in a DNA or RNA strand.”” For this to happen, any potential universal
nucleobase should have equal affinity toward all natural nucleobases without destabilizing the helix
and should also be able to act as a substrate for DNA enzymes. Universal nucleobases have potential
applications in gene therapy, as hybridization probes and in the design of primers for PCR.%7 While
some universal nucleobases are currently in use, they have shortcomings such as their ability to act as
substrates for DNA enzymes.?” Indeed, it has been challenging to find molecules that satisfy all of
these criteria. Since the specificity of natural nucleobases results from their hydrogen bonding and
stacking interactions, understanding stacking interactions is one key aspect to designing universal

nucleobases.

1.3.2  Stacked structures in nanotechnology

Stacking interactions are useful in creating self-assembling systems used in nanotechnology.
Self-assembled stacked structures are attractive because of their simplicity and low cost to

manufacture,® and this has resulted in extensive research in this particular field of study. One



application of self-assembled stacked structures is in the field of photovoltaics.67 Self-assembled
photovoltaics are attractive because they combine the electronic properties of semiconductors with
the processivity of polymers.6 These structures have also been shown to have unique photophysical
characteristics,” such as non-linear optical properties.® The market for non-linear optical materials in

industries such as telecommunications was estimated to be $856.1 million in 200598,

1.3.3  Stacked structures in organic chemistry

Stacked structures have also been shown to play a role in synthetic chemistry. Stacked
structures enable stereospecificity of a number of common organic reactions such as Diels-Alder,
Friedel Crafts, alkylation reactions, as well as less common reactions, such as the addition of 2-

trimethylsilyloxyfuran to N-benzyl nitrone.!6

An example of the ability of n-stacking to control the stereoselectivity of product formation
can be seen in the addition of cyclopentadiene to a detivative of levoglucosenone (the major product
of the pyrolysis of cellulose).!? In this Diels-Alder reaction, one of the two faces able to take part in
the reaction is blocked due to stacking with a phenoxyl group. As a result, the reaction gives a
product with S-stereochemistry (up to 87%). Interestingly, if more than 1.5 equivalents of the Lewis
acid EtAICl; are present, a change in stereoselectivity leads to the formation of the R-stereoisomer
(by up to 97%).13 This change in stereoselectivity has been attributed to a change in the preferred

stacking configuration caused by coordination of the molecules with Al in the Lewis acid.!3

1.4 Forces involved in stacking interactions

Different forces have been deemed responsible for stacking interactions, the main ones

being electrostatics, dispersion and charge transfer.8?

Electrostatic interactions are the interactions between the permanent charge separations in

the monomers.? The most basic definition of electrostatic interactions accepted in the literature is
5



that these are governed by Coulomb’s Law,3% where the interactions between any two charges in
the system are directly proportional to the product of the magnitude of the charge and inversely
proportional to the square of the distance between the two charges. Specifically, the force can be

calculated as:

E- k'quz'qz_ (D)

where q1 and q are the magnitude of the charges, r is the distance between the two charges and k is

the constant of proportionality.

In cases where multiple point charges exist in a monomer, the electrostatic interactions
between the monomers can be calculated as the sum of the interactions between the point charges.
However, calculating the interaction between each point charge can be time consuming. Therefore,
the interaction is simplified to the interaction between the monomer multipole moments. The
multipole moment chosen to represent the charge distributions can range from the simplest
monopole, to dipole, quadrupole or even higher multipole moments, such as hexadecapole. This is
done by representing the charge interaction as a power series in the inverse distance between the

charges.

The literature on stacking interactions also discusses the electrostatic contribution in terms
of the electron density over the (benzene) ring.6869 For interactions with electron rich molecules,
increased electron density over the (benzene) ring causes increased electron repulsion and results in
weaker stacking interactions, whereas decreased electron density caused by electron-withdrawing
groups results in smaller electron repulsion and therefore increases stacking interactions.®® For
interactions with electron deficient molecules, the opposite trend is said to hold where electron-
donating groups increase the stacking interactions with the electron deficient ring, while electron-

withdrawing groups decrease the stacking interactions with the electron deficient ring.8
6



A third method of estimating electrostatic interactions used in the literature is to examine the
interactions at the Hartree-Fock (HF) level of theory (Chapter 2, section 2.1.2).119 The HF interaction
energy allows an estimate of the effect of electrostatics and exchange repulsion to the net stacking

interaction.95.99

Dispersion interactions, also known as van-der Waals interactions, are the interactions
between the instantaneous and induced dipoles in the monomers. Dispersion interactions occur most
strongly at the distance equal to the sum of the van der Waals radii of the atoms. Incorporating
dispersion interaction models of stacked structures is essential since the largest stabilizing contributor
to stacking has been found to be dispersion.”®87 Dispersion is modeled either empirically (Egip=—
Cs/RS, where C is the calculated molecular coefficients of dispersion and R is the distance between
the molecules) or by including electron correlation using ab initio methods (refer to Methods sections
2.1.3 and 2.1.4 for more detail). It has been shown that the dispersion interactions in n-n stacking
need to be modeled using ab initio electron correlation methods since empitrical methods do not

correctly account for m-n stacking.8” Therefore, the studies in this thesis use ab initio methods.

Dispersion interactions ate thought to be related to the polarizability of the monomers since
a larger polarizability is associated with stronger stacking interactions.!? The electronic polarizability
discussed in this thesis is the dipole polarizability, which is defined as the ratio of the induced dipole

moment, p, of an atom to the electric field, E, that produces this dipole moment. Specifically,

a=plE -2

where « is the dipole polarizability whose units are Boht?.

The literature has also suggested that substituent-ring interactions are a source of the
dispersion contribution to stacking (this does not rule out the possibility of stabilization due to

electrostatics). This is because the stacking stabilization always increases with an increase in the
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number of substituents, irrespective of whether the substituents are electron-donating or electron-
withdrawing.'%¢ Since electron-withdrawing and electron-donating groups have the same net effect,
electrostatics has been ruled out as a source of stabilization. Instead, increased substituent-ring

interactions may result from dispersion interactions.

Finally, charge transfer interactions are caused by the partial transfer of charge from one
monomer to another. These interactions occur at distances shorter than the sum of the van-der
Waals radii and are a result of differing electrostatic potentials. Charge transfer can occur either in the
ground state (as seen for ions) or as a result of electron excitation from the ground state. The latter
complexes are called exciplexes and are associated with coloured compounds.!%> During charge
transfer, electrons move from the electron donor to the electron acceptor because the electron
acceptor provides lower energy orbitals. As a result, the energy of the whole system decreases, which
causes stacking stabilization. In exciplexes, the electrons move from the electron donor to the

electron acceptor only in the excited state of the dimer.

There is discrepancy in the literature on the nature of the dominant interactions in stacked
structures. Most of the literature studying stacked benzene structures only discusses electrostatics and
dispersion as being responsible for stacking interactions.8-70.73-7478-80.868992 In contrast, a handful of
studies on stacked benzene structures attribute trends in stacking interaction to charge transfer.83-85
The literature on stacked self-assembling structures®-7.10-12106 attributes stacking interactions to dipole-
dipole interactions (electrostatics) and charge transfer. Both intramolecular and intermolecular charge
transfer have been found to be important in these studies (based on observed charge transfer bands).
Lastly, papers studying stacking between neutral molecules in a biological context have noted the
importance of dipole-dipole interactions (electrostatics) and polarizabilities (dispersion) in
determining stacking interactions2192-103 The rings are the same within the benzene studies but are

different between the benzene, nucleobase and stacking self-assembling systems and it shall be



examined whether the incongruities on the nature of forces dominating stacking interactions within
different parts of the literature are a result of ring types or can similarities be found across systems

with different ring types.

1.5 Overview of theoretical and experimental benzene, biological and stacking

application literature

In this section, the theoretical and experimental literature on benzene dimers, biological
dimers and applications of stacking is reviewed from the viewpoint of the nature of forces said to be
responsible for stacking interactions. Furthermore, the differences between the theoretical and
experimental benzene studies are examined in more detail, as well as possible reasons for differences

in the data sets.

1.5.1  Overview of experimental data from studies on stacking interactions

Various experimental models have been used to study stacking interactions. These include
the 1,8-diarylnaphthalene model,®® the triptycene based model,#¢ and the chemical double mutant
cycle.”2 The 1,8-diarylnaphthalene model and the triptycene model are molecular torsion balance
experiments which use NMR to study different conformations of the molecules. In the 1,8-
diarylnaphthalene model, the stacking interactions were measured using the barrier to rotation
between the two stacked conformations, with a higher barrier corresponding to stronger stacking
interactions.® In the triptycene based model, the ratio of stacked to unstacked conformation were
measured using NMR, which was in turn used to calculate the AG for conversion from the unstacked
to the stacked conformation.8¢ In the chemical double mutant cycle, the AG of dimerization between
two molecules (consisting of phenyl rings attached to a backbone) were calculated using 'H NMR

titrations. Each of the phenyl rings were then removed and replaced by non-interacting substituents



in a step-wise manner and the differences in AG (AAG) were used to determine the strength of the

stacking interactions between the phenyl rings.

Most of these studies examined either the phenyl-monosubstituted phenyl dimers (analogous
to the benzene-monosubstituted benzene dimers studied in theoretical studies)™, or the
pentafluorophenyl-monosubstituted phenyl dimers (analogous to the hexafluorobenzene-
monosubstituted benzene dimers studied in theoretical studies)®*$8. For the monosubstituted phenyl-
lightly substituted phenyl dimers (where lightly substituted phenyl refers to rings with up to 3
substituents), it is found that electron-donating substituents weaken the stacking interactions relative
to unsubstituted phenyl (Table 1). This is attributed to the fact that electron-donating groups increase
the electron density between the rings and thereby increase the electron-electron repulsion. Electron-
withdrawing groups have the opposite effect and increase the stacking interactions relative to phenyl.
This is attributed to the fact that electron-withdrawing groups decrease the electron density between
the rings and thereby decrease the electron-electron repulsion. As a result, electrostatics (lack of

electron-electron repulsion) was concluded to be responsible for stacking interactions in these

dimers.68-69.85-86,89-90

In the pentafluorophenyl-phenyl dimers, the trend is reversed (Table 2). In this case, the
electron-withdrawing substituents cause the weakest stacking interactions, while the electron-
donating substituents cause the strongest stacking interactions. In some experimental studies,®8°! this
trend has been attributed to electrostatics because of quadrupole interactions. Another study has also
provided an electrostatics based explanation, but used electrostatic potential maps to explain the
stacking interactions.® The authors used the fact that pentafluorophenyl has a large positive potential
on the ring and will therefore stack the strongest with molecules with the most negative potential
over the ring (Figure 3). However, the exact nature of these electrostatic interactions (ie, dipole vs

quadrupole vs higher multipole) has not been deduced.
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Table 1: Experimentally determined stacking interactions for some lightly substituted phenyl

dimers where the identities of the electron-donating and electron-withdrawing groups are given in

brackets.

1,8- Triptycene derived Chemical double
diarylnaphthalene | model when stacked | mutant cycle
derived model with phenyl (AG in | when stacked
when stacked with | kJ mol) with 1,5-
nitrotoluene dimethyl phenyl
phenyl (barrier to (AAG in k] mol-
rotation in kJ mol- D]
1y*

Electron-donating 103 (-OMe) 0.3 £ 0.2 (-OMe) 6.3 + 3 (-NMe)

Unsubstituted 104 (-H) 0.08 £ 0.2 (-H) 212 (-H)

Electron-withdrawing | 106 (-COOMe) -23 1 0.2 (-CN) -3 14 (-NOy)

* Note: For the 1,8-diarylnaphthalene derived model, a higher batrier to rotation corresponds to

stronger stacking interactions.

Table 2: Experimentally determined stacking interactions for pentafluorophenyl dimers

where the identities of the electron-donating and electron-withdrawing groups are given in brackets.

1,8- Triptycene detived Chemical double

diarylnaphthalen | model (AG in k] mutant cycle

e derived model | molt) (AAG in kJ mol)

(barrier to

rotation in k]

mol)
Electron-donating 84.6 (-Me) -90.8 + 0.2 (-NMey) -9.2 £ 4 (-NMey)
Unsubstituted - -5741+ 0.2 (-H) -12£ 4 (-H)
Electron-withdrawing | 81.6 (-NOy) -50.5+ 0.2 (-F) -0.8 £ 0.4 (-NOy)
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In addition to the electrostatics based explanation, one study suggested charge transfer can
explain the trends in the stacking interactions of pentafluorophenyl.83 The argument used was that
the more electron rich the monosubstituted phenyl ring, the more electron density it can donate to
the electron deficient pentafluorophenyl ring. This results in greater charge transfer and therefore
stronger stacking interactions. As a result, electron-donating groups cause the strongest stacking

interactions, while electron-withdrawing groups cause the weakest stacking interactions.

110 kJ mol?

-120 kJ mol! -92 k] mol! -17 k] mol!

Figutre 3: The electrostatic potential (ESP) maps calculated at the MP2/6-31G* level of theoty for (a)
hexafluorobenzene (b) aminobenzene, (c) benzene and (d) nitrobenzene. The numbers below
represent the ESP over the center of the ring. The colours (not standardized) correspond to the sign
of ESP, with red representing negative ESP and colours far away from red in electromagnetic

spectrum representing increasingly positive ESP with blue being the area of the most positive ESP.
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A question then arises: why do different studies give different explanations (electrostatics vs.
charge transfer) for the same trends in stacking interactions? The first part of the answer to this
question has to do with the fact that the same trends are expected based on both electrostatics and
charge transfer, and charge transfer in fact results from a difference in the monomer electrostatic
potentials. Secondly, in their foundational study, Cozzi et al. proved that charge transfer interactions
are not dominant in dimers of lightly substituted phenyls.®® This was done by comparing the stacking
interactions of the phenyl-cyanophenyl dimer and the cyanophenyl-cyanophenyl dimer and finding
that the cyanophenyl-cyanophenyl dimer has the stronger stacking interactions. This showed that
charge transfer interactions are not dominant in the monosubstituted phenyl dimers. However, this
result was then extrapolated to heavily substituted pentafluorophenyl dimers.®8 Therefore, one of the
central goals of this thesis is to determine whether the stacking interactions are the same for lightly
substituted phenyl dimers and heavily substituted phenyl dimers. This thesis will try and accomplish
this goal by examining changes in stacking interactions for a wider range of substituents around the
benzene ring. This will also allow the evaluation of the effects of other forces such as dipole-dipole

interactions, which have been found to contribute to stacking stabilization in biological

dimers.50,56,61,101,103

1.5.2  Overview of theoretical data from studies on stacking interactions

The trends reported in theoretical studies8488 (Table 3) differ slightly from the trends from
experimental studies. For the benzene-monosubstituted benzene systems, it was found that the
benzene dimer stacks the weakest (-7.5 k] mol?), while electron-withdrawing groups cause the
strongest stacking interactions (-12.8 kJ mol! for cyano substituent).” While experiment agrees with
calculations on the effect of electron-withdrawing groups, the two approaches disagree on the effect
of electron-donating groups. Experimental studies find that electron-donating substituents weaken

stacking interactions. For example, the experimental study by Cozzi et al.® found that stacking
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stabilization was decreased by 0.8 k] mol! when a hydrogen on a phenyl group is replaced by the
electron-donating methoxyl group (error margins were not reported in the paper). However, the
theoretical studies find that the electron-donating hydroxyl group actually stabilizes the stacked dimer
by 1.5 k] mol!.”8 Electrostatics was used to explain the stronger interaction energy caused by
electron-withdrawing groups in the theoretical studies.”® However, the interaction energy of electron-
donating groups cannot be explained on the basis of electrostatics alone and has been attributed to

dispersion.”

Table 3: Theoretically determined stacking interactions for dimers of benzene-

monosubstituted benzene and hexafluorobenzene-monosubstituted benzene dimers where the

identities of the electron-donating and electron-withdrawing groups are given in brackets.

Benzene- Hexafluorobenzene- | Hexafluorobenzene-
monosubstituted monosubstituted monosubstituted
benzene benzene (MP2/aug- | benzene (MO05-
(CCSD(T)/aug-cc- | cc-pVDZ)84 2X/6-31+G(d)) 8
pVTZ)™
Electron-donating -9.0 (-OH) -38.5 (-NHy) -23.8 (-NHy)
Unsubstituted -7.5 (-H) -31.1 (-H) -20.5 (-H)
Electron-withdrawing | -12.8 (-CN) -32.0 (-CN) -15.2 (-CN)

There have been two studies on the interaction energies in hexafluorobenzene-
monosubstituted benzene dimers, which are analogous to the pentafluorophenyl-monosubstituted
phenyl dimers studied experimentally in terms of the electron densities over the rings.8488 The results
of both studies differ slightly as they were carried out at different levels of theory (ab-initio
MP2/aug-cc-pVDZ vs. the DFT functional MO05-2X/6-31+G(d) tespectively). While DFT

functionals usually fail to model dispersion interactions, this particular DFT functional was created to
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correctly model the stacking interactions of benzene-monosubstituted benzenes. In both studies,
electron-donating groups like amino substituents stack the strongest (-38.5 k] mol' and -23.8 k]
mol, respectively, for the different levels of theory).84%8 However, the studies differ in the effect of
electron-withdrawing groups. Some electron-withdrawing groups cause stronger stacking interactions
relative to unsubstituted benzene (by 0.9 k] mol-! for the cyanobenzene-benzene dimer) in the study
cartied out at MP2/aug-cc-pVDZ level of theory®, while all electron-withdrawing groups cause
weaker stacking interactions relative to unsubstituted benzene in the other study carried out at M0O5-
2X/6-31+G(d) (by 5.3 kJ mol-! for the cyanobenzene-benzene dimer).88 However, the second study
only considered sandwich, not parallel-displaced, configurations. For the sandwich configuration,
cyanobenzene was also found to stack weaker than benzene in the first study at MP2/aug-cc-pVDZ
level of theory, but by a smaller amount (2.97 k] mol-). It is interesting to note that while the trends
in the studies differ for the hexafluorobenzene-benzene dimers, they are the same between
MP2/aug-cc-pVDZ and M05-2X/6-31+G(d) level of theory for the monosubstituted benzene-
benzene dimers.88 This could be because the M05-2X level of theory was optimized using the
interaction energies of monosubstituted benzene-benzene dimers.!"! The stronger stacking
interaction in the parallel displaced configuration at MP2/aug-cc-pVDZ84 has been attributed to
dispersion, while the weaker stacking interaction in the sandwich configuration at M05-2X/6-
31+G(d) has been attributed to electrostatics.®® Lastly, the relative trends from the study at
MP2/aug-cc-pVDZ level of theory do not match experiment, while the results from the study at

M05-2X/6-31+G(d) match experiment.

In addition to electrostatics and dispersion interactions, charge transfer interactions and
substituent-ring interactions have also been implicated in stacking interactions in theoretical
studies.748488.104¢  Charge transfer interactions have been proposed for the hexafluorobenzene-
dimethylaniline dimer.8* Substituent-ring interactions have been proposed based on the fact that

increasing number of substituents always cause increasing stacking interactions.” Electrostatics were
15



said to be responsible for stacking interactions based on the trends of hexafluorobenzene with
various monosubstituted benzenes.88 However, a later paper!%* shows that increasing the number of
both electron-withdrawing and electron-donating groups increases the stacking stabilization with
benzene and therefore electrostatics cannot be responsible for the stacking interactions. It was

suggested that dispersion interactions are likely responsible for the substituent-ring interactions.

1.5.3 Why are there differences between experimental and theoretical

studies?

Both experimental and theoretical studies have limitations and differences that must be kept
in mind while comparing data. Experimental studies are affected by environmental variables such as
solvent effects and secondary interactions. Theoretical studies, on the other hand, have shortcomings
in the way electron correlation is treated and basis sets are defined. The shortcomings in theoretical
studies are a result of the fact that our computational resources are finite and are not powerful
enough to treat electron correlation and basis sets completely. Furthermore, experimentalists measure
AG at a certain temperature, whereas theoreticians typically measure the electronic energy at OK. The
electronic energy is closer to experimental AH values than AG, since the electronic energies do not

take into account entropic considerations.

1.5.4  Overview of data from biological stacking studies and studies on self-

assembled stacked structures

For biological systems, theoretical studies have found stacking interactions to be dependent
on dipole-dipole interactions because the conformations with the dipoles aligned favourably had
greater stacking stabilization than the conformations where the dipoles were not aligned.30.56:61,101,103
In addition, both theoretical and experimental studies have shown that stacking interactions increase

with increased polatizability of the monomers, particulatly between systems of different sizes.2100-103
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This has been attributed to stabilization caused by dispersion interactions. A possible role of charge
transfer has been suggested, but only for cationic nucleobases.!®! Lastly, hydrophobic effects have
been found to be important when evaluating the stacking interactions between nucleobases in

experimental studies in solvent.107-108

Both dipole moments and charge transfer have been implicated in the formation of self-
assembling stacked structures. The importance of dipoles is shown by a study on merocyanine dyes,
which found that the Gibbs free energy of dimerization has a high degree of correlation with the
square of the dipole moment of the dyes.”:1%° The role of charge transfer is inferred from the charge
transfer bands which appear in the self-assembled complexes.6-8.10-12 Both intramolecular and

intermolecular charge transfer bands are seen in the self-assembled stacked structures.

One reason why papers studying stacking interactions have not been able to attribute
stacking stabilization solely to electrostatics or charge transfer is because both forces explain the
trends seen with changing substituents. In this thesis, I examine the stacking interaction of a wider
range of systems (as elaborated on in section 1.6) so that the trends expected based on electrostatics
and charge transfer are different. Furthermore, I examine the effects of dipoles in benzene systems,
since, although dipole effects have been noted in biological systems, these arguments have not been
used in the benzene dimers literature to the best of my knowledge. Lastly, nucleobases are stacked
with substituted benzenes in order to determine whether the trends seen in substituted benzene

systems can be reproduced with nucleobases.

1.6 Thesis overview

Chapter 2 of the thesis presents the methods used to calculate the energy of the molecules.
The Schrédinger Equation is presented, followed by an introduction to the HF method, perturbation

theory, CCSD(T) method and basis sets. Next, the supermolecular approach used to calculate
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stacking interactions is explained. Lastly, the CCSD(T)/complete basis set (CBS) extrapolation

scheme used in this thesis is introduced.

In the present chapter, a number of unanswered questions regarding the nature of the
dominant interaction responsible for stacking were outlined. This thesis will attempt to shed more
light on these questions in Chapter 3 by first examining the stacking interactions of substituted
benzene dimers. First, the stacking interactions between benzene and a series of monosubstituted
benzenes is studied, where a number of electron-donating and electron-withdrawing substituents are
considered. Next, the effects of changing the number and position of electron-withdrawing or
electron-donating substituents on the benzene ring are examined in a systematic manner for stacking
with the benzene, aminobenzene and cyanobenzene monomers. Figure 4 shows the number and
combination of substituents examined around the benzene ring. This will allow the study of the
effect of substituents on stacking interactions in more depth than has been done in the past with the
goal of determining whether electrostatics, dispersion or charge transfer interactions are dominant in
stacking. In addition, the effect of dipole-dipole interactions in benzene systems will be examined.
Subsequently, the stacking interactions of hexasubstituted benzenes are studied as a function of the
number of cyano or amino substituents. This will provide further information on the nature of
interactions responsible for stacking. Lastly, the effect of increasing the basis set size and using
different levels of theory are considered, which will also provide a better understanding of the nature

of forces responsible for stacking interactions.
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Figure 4: The substituents are indicated by the letter X. For the benzene dimers, electron
withdrawing cyano and fluoro substituents and electron donating amino substitutents are considered.
For the nucleobase benzene dimers, the same substituents with the exception of cyano groups are
examined. For the hexasubstituted benzene-polysubstituted benzene dimers, cyano or amino

substitutions are considered for certain benzenes (marked with an asterisk (*)).

In Chapter 4, the stacking interactions between substituted benzenes and the natural
nucleobases are examined. First, the stacking interactions between monosubstituted benzenes and
the natural nucleobases are examined where a variety of electron-donating and electron-withdrawing
substituents are considered. Next, the number of electron-withdrawing fluoro or electron-donating
amino substituents is systematically varied to examine the trends in stacking interactions with respect
to changing monomer dipole moments and number of substituents (Figure 4). This will be done to
compare the results with the findings of Chapter 3 to conclude whether the nature of stacking
interactions involving benzene and the natural nucleobases are the same. An explicit comparison has
never been made between the stacking characteristics of benzene and nucleobase dimers as seen in
the discordant views in the benzene and biological literature. If the nature of the forces responsible
for stacking interactions are the same between benzene and natural nucleobases, then this will give

strong support for the conclusions of Chapter 3 and give more confidence when applying the
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findings reported in this thesis to other systems. Lastly, these results will also lend credibility to the

use of benzene systems for understanding the fundamentals of stacking interactions.

Chapter 5 of the thesis reviews the Global Conclusions from this study and the impact of

this work on the current understanding of stacking interactions. In addition, this Chapter will discuss

possible directions for future work.
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2 Methods

This Chapter introduces the reader to the different computational chemistry tools used to
study stacking interactions in this thesis. These include the methods used to calculate the energies of
molecules (HF, MP2 and CCSD(T)) and the supermolecular approach for calculating the strength of
stacking interactions. For a more detailed explanation of the different methods, the reader is referred
to any undergraduate computational chemistry textbook.! Lastly, the methodology used to estimate

the stacking interaction energy at the CCSD(T)/CBS limit will be explained.
2.1 Methods used to calculate the energies of molecules

Three types of ab initio methods are used in this thesis to calculate the stacking interactions
of molecules: Hartree-Fock (HF), Moller-Plesset perturbation theory up to the second order of
correction (MP2), and coupled cluster theory including single, double and perturbative triple

excitations (CCSD(T)). The undetlying theoties of these approaches shall be outlined below.
2.1.1 Schrédinger Equation

The Schrédinger Equation describes a molecular system using a wavefunction (§) and the
energy (E) of the system can be calculated by applying the Hamiltonian operator (H) onto the

wavefunction as follows:

Hp = EY 03
The different contributions to F are as follows:
H=T, + T, + Vpp + Vo + Ve .(4)

where T, represents the kinetic energy of protons, T, represents the kinetic energy of

~ ~

electrons, Vp), represents the potential energy due to internuclear interactions, Vee represents the

potential energy due to interelectronic interactions and V,, represents the potential energy due to the

interactions between protons and electrons.
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A limitation of the Schrédinger equation is that an exact solution cannot be determined for
any but the simplest systems. Therefore, ab initio (first principles) quantum chemistry uses different
approximations to solve the Schrédinger Equation and calculate the energies of chemical systems. I
shall discuss these assumptions in the appropriate sections below. The simplest level of

approximation, Hartree-Fock (HF) theory, will first be discussed in the following section.
2.1.2 Hartree-Fock Theory

Hartree-Fock theory estimates the energy of a given system by calculating an approximate
wavefunction. The approximations included in the Hartree Fock wavefunction include the Born-
Oppenheimer approximation, the allowed atomic orbitals are not always complete, energy
eigenfunction is assumed to be describable by a single Slater determinant, and the electron-electron
interactions are modeled by calculating the interaction between one electron and the average
electronic field of all the other electrons. The wavefunction is written as a single Slater determinant
and the orbitals are optimized iteratively until the change in energy falls below a set threshold, at

which point the wavefunction is said to be self-consistent with itself.

The Born-Oppenheimer approximation is common to all ab initio methods used in this
thesis and is justified based on the fact that nuclei are much heavier than electrons and therefore
move much more slowly than electrons. The Born-Oppenheimer equation reduces the proton-
proton potential energy in the Hamiltonian to a constant and the kinetic energy of the protons to

zero. As a result, the Hamiltonian operator is simplified to the equation:

A

H=T,+ Ve + 1, (5

The second major challenge for ab initio methods is to calculate the electron-electron
interactions. In Hartree-Fock, this is done by calculating the interactions between each electron and
the average electronic field of all other electrons. The shortcoming to this approach is that electron

correlation is not taken completely into account, which is important for accurately describing
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dispersion interactions. Therefore, in the present thesis, HF energies are used to approximate the
contribution to stacking due to electrostatics and exchange. In order to take into account dispersion
interactions, electron correlation is modeled using more sophisticated methods such as perturbation

theory and CCSD(T), which are discussed in the following sections.

2.1.3 Moller-Plesset Perturbation Theory

Moller-Plesset perturbation theory divides the exact Hamiltonian (H) into a known,

“unperturbed”, Hamiltonian () and a perturbation (FI') that does not have an exact solution.

=% +0 (6

The unperturbed Hamiltonian is the HF Hamiltonian, while the perturbed Hamiltonian is defined as

the difference between the correct electronic-electron interactions and the HF Hamiltonian.

Perturbation theory obtains the energy of the system by first solving the Schrédinger
Equation for the unperturbed Hamiltonian and thereby obtaining the energy of the known

unperturbed system.

~(0) (0 0
HOp = B p© ()
Second, the energy and wavefunction are expressed as an infinite power series.

E,=EQ+ EMN + EP 4+ . ~(8)
0 1 2
Un= PP+ P+ P4 -.9)
As the order of the corrections becomes larger, the magnitude of the corrections becomes

smaller for well-behaved systems. The first-order correction is equal to the HF energy. The second

order correction is calculated as:

2 0 0)* (1), (1
EP = [* 0 [P yp® ..(10)
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of,

(UJ(O) |H(1) |¢%b><¢%b |H(1) |1l1(°))

(0)_rab
E,-EY

(2) _ vyocc ywir
En _Zi<j a<b

(11)
where l/J{ljb represents the excited wavefunction in which two electrons have been promoted
from occupied orbitals i and j in the HF wavefunction to unoccupied orbitals a and b.

This thesis uses the Moller-Plesset implementation of perturbation theory (which is
described above) up to second order corrections since higher-order corrections are not

computationally feasible given the size of the systems being studied.
2.1.4 Coupled Cluster Theory

Coupled Cluster theory accounts for electron correlation by incorporating different excited
state wave functions, in addition to the HF wavefunction, into the total wavefunction. In coupled

cluster, the wavefunction is represented by the expression:
—oT
¥ =e Yy ..(12)

where ¥ is the “exact” coupled cluster electronic wavefuction, T is the excitation operator

and ¥y is the HF wavefunction. The excitation operator is defined as follows:
T =1+ (M + T +T+ )+ (M + T+ T+ )2+ (L + T +T5 + )3+ .(13)
o.
ef =1+ (T, +372) + (B + BTy +279) .. (14)
where Ty operator yields all of all single excitations

Tipo = DY R iy .(15)
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T, operator yields all of the doublet excitations
r]‘w l,b — ZOCC virt tab ab 16
2Wo = Lisj Zasb tij Yij -.(16)
Ty operator yields all of the triplet excitations, and so on.
T — yocc virt abc,pabc
T3Yo = Lisjsk Lasb>c tijk Yijk -(17)

Because of computational limits, only single and double excitations are calculated in the present
thesis using coupled cluster theory while the effects of the triple excitations are calculated
perturbatively. This method is called CCSD(T) and has been referred to as the “gold standard” in

computational chemistry due to the highly accurate results it yields.?
2.1.5 Basis sets

Pople basis sets use a set of functions to mimic atomic orbitals, which are regions of space
which the electrons are allowed to occupy. Basis sets are usually specified after the level of theory.
For example, MP2/6-31G*(0.25) states that the MP2 level of theory was used with the 6-31G*(0.25)

basis set.

When determining the wavefunction of a particular system, the molecular orbitals are built
using a linear combination of atomic orbitals. The basis functions most often used to desctibe the
atomic orbitals are Gaussian type orbitals (GTOs). A general form of a Gaussian type atomic orbital

is:
D30 (x,y,2) = Nxybzce =S .(18)

where N is a normalization constant, a,b,c control the total angular momentum (L=a+b+c) and {

controls the width of the orbital (small { gives diffuse functions and vice-versa).

The most widely used basis set in this thesis is the modified 6-31G*(0.25) Pople basis set.

6-31G*(0.25) is a split-valence double zeta basis set, where “split” indicates that core orbitals and

28



valence orbitals are treated differently. Specifically, each core electron has only one atomic orbital,
while the “double zeta” indicates that each valence electron has two basis functions. The 6 signifies
that 6 primitive GTOs make up the core atomic orbitals. Primitive GTOs are used to mimic Slater
Type Orbitals, the latter being physically more accurate but also more computationally expensive.
The 31 indicates that each valence electron has two basis functions, the first one made up of 3
primitive GTOs and the second one made up of 1 primitive GTO. The * indicates that six d-type
polarization functions have been added to the 6-31G basis functions. The (0.25) indicates that the {
for the d-type polarization functions has been modified from 0.8 to 0.25, which making the basis

function more diffuse. The rationale for changing the {is discussed in Chapter 3, section 3.2.2.

Other basis sets used in this thesis are the correlation consistent aug-cc-pVDZ and aug-cc-
pVTZ Dunning’s basis sets. These basis sets are designed to converge smoothly to the complete
basis set (CBS) limit for correlation methods and ate therefore used to calculate the MP2/CBS limit.
The CBS limit gives the energy of the system at an infinite basis sets and can only be determined by
extrapolation. The “aug” in these basis sets stands for augmented (diffuse) orbitals, the “cc” stands

for correlation consistent, “p” stands for polatized orbitals, “VIDZ” stands for valence double zeta

and “VTZ” stands for valence triple zeta.

2.2 Supermolecular method of calculating stacking interactions

Stacking interactions are calculated in this thesis by subtracting the energy of the monomer
from the energy of the dimer, where all energies are calculated using the same level of theory and

basis sets.

AE = Edimer - Emonomerl - Emonomerz “'(19)

A more negative AE corresponds to a stronger stacking energy. Basis Set Superposition
Error (BSSE) occurs when the monomers in the dimer borrow the basis set of the other monomer

and is a result of incomplete basis sets. BSSE errors are corrected for in this thesis using the method
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described by Boys and Bernardi.? In this method, the energy of each of the monomers is calculated
using its own basis set and the basis set of the adjacent molecule. Once this is done, this difference

for each of the monomer is then subtracted from the intermolecular interaction energy of the dimer.

2.3 Calculating the CCSD(T)/CBS energy

The most accurate energies calculated in this thesis are those extrapolated to the
CCSD(T)/complete basis set (CBS) limit. These calculations ate done to test the validity of the
computationally efficient MP2/6-31G*(0.25) level of theoty. Calculating the CCSD(T)/CBS limit is
time consuming and computationally expensive. Specifically, three calculations are done using MP2
and three different basis sets (6-31G*(0.25), aug-cc-pVDZ and aug-cc-pVTZ). The latter two
calculations are computationally expensive because the basis sets are large. A third calculation is done
using the computationally expensive CCSD(T) method at the 6-31G*(0.25) basis set. First, the HF
and MP2 energies obtained using the correlation consisten t aug-cc-pVDZ and the aug-cc-pVIZ
basis sets are extrapolated to calculate the MP2/CBS limit energies as described by Helgaker et al. in
their two-point extrapolation method.*> Following this extrapolation, the AEccspm-mp2 enetrgies are
calculated with the 6-31G*(0.25) basis set and added to the MP2/CBS energy to vyield the

CCSD(T)/CBS extrapolated energy.+>
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3 Stacking of benzene dimers
3.1 Introduction

This chapter examines the effects of different electron-withdrawing and electron-donating
substituents on the stacking interaction energy of the benzene dimer. Previous studies on substituted
benzene dimers have identified a number of different interactions as being responsible for stacking
energy trends, such as electrostatics,!10 charge transfer,>¢ dispersion,'’!¢ and substituent-ring
interactions.!%:1213 However, there is no consensus on the nature of forces responsible for these
stacking interactions. Furthermore, studies on stacking in non-benzene systems have noted the
importance of dipole-dipole interactions,'’?3 intramolecular charge transfer and intermolecular
charge transfer.2!-23 While a small section of the literature on benzene dimers has noted the presence
of intermolecular charge transfer,3S the role of dipoles and intramolecular charge transfer has not yet
been recognized in benzene dimers.

The goal of this chapter is to bring these disparate views on the source of stabilization of
benzene dimers closer together. This will be done by examining a wider range of dimers than
considered in the past. First, the role of dipoles in stacking shall be examined in the absence of
dipole-dipole interactions by studying the stacking interactions of benzene-monosubstituted benzene
dimers. In order to further understand the role of dipoles in the absence of dipole-dipole
interactions, polysubstituted benzene-benzene dimers are studied where electron-withdrawing (cyano,
fluoro) or electron-donating (amino) substituents ate added to the polysubstituted benzene. In order
to understand the role of charge transfer and dipole-dipole interactions in stacking, polysubstituted
benzene-monosubstituted benzene dimers are studied next, where the effects of the cyano and amino
substituents are examined. In order to test conclusions drawn for these dimers, the stacking
interactions of hexasubstituted benzene-polysubstituted benzene dimers are investigated where the
substituents are either the electron-withdrawing cyano group or the electron-donating amino group.

Lastly, the stacking interactions of a select group of dimers is studied at the HF, MP2 and CCSD(T)
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level in order to further elucidate the nature of stacking stabilizations, as well as verify the main
computational approach.
3.2 Computational Methodology

3.2.1 Potential Energy Surface Scans

R1
1

D O

Figure 5: The variables considered in the potential energy surface scans. First, the relative orientation

_————-——

(x) and the distance between the monomers (R1) are simultaneously changed. The most stable
structure is then used for a horizontal displacement (R2) scan where monomer was moved in 2

directions.

Potential energy surface scans are carried out in this study instead of optimizations because
previous studies have found that the dimers adopt a tilted conformation upon optimization.2+2> Since
T-shaped conformations are governed by substituent effects different from stacking interactions,!!-12
potential energy scans were chosen to examine the structure-energy relationships on definitive
stacking interactions.

Each monomer was fixed in C; symmetry and optimized at the MP2/6-31G(d) level of
theory. The monomers were fixed in C; symmetry in order to minimize the number of
conformations needed to be studied and to avoid stabilizing/destabilizing secondaty interactions
caused by, for example, puckering of the substituents. The optimized monomers were stacked so that
their centers of mass were on top of each other along a cartesian axes. First, the effect of the relative
orientation between the monomers was studied by simultaneously rotating the less substituted

monomer countet-clockwise in 30° increments (defined as o) and changing the vertical distance
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(defined as R1) between the monomers by 0.1 A increments, usually between 3.2 A and 3.6 A (Figure
5). The starting structure for each set of rotations was set to the point where the torsional angle was
0° between the centers of mass of the two monomers and the substituent shown in Figure 6 with the
less substituted monomer on top. Next, the molecule on top was rotated counter-clockwise in 30°
increments.

Once the relative monomer orientation with the strongest stacking was determined with
respect to o and R1, the molecule with the smaller number of substituents was moved on a
horizontal grid 3 A by 3 A wide in 0.5 A increments (R2 shifts, Figure 5). If the structure with the
strongest stacking energy was on the edge of the 3 X 3 A grid, then the grid was expanded to ensure
that the minimum was identified. All dimer energies in this thesis report the strongest (most negative)
stacking energy after the R2 shifts unless otherwise specified. To see an illustration of the PES

resulting from R1, o and R2 scans, please refer to Tables 10 and 11 in the Appendix.

O
X X X X X
X X x X X °x X X X X 0
o (¢} o
X X
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X X X o ©
X7 o 5 X o

Figure 6: The different polysubstituted benzenes considered, where X denotes electron-donating
amino or electro-withdrawing cyano or fluoro substituents. The circles indicate the hydrogen atoms
aligned before the a rotations.
3.2.2 Level of Theory
All energies were calculated at the counterpoise corrected MP2/6-31G*(0.25) level of
theory.26 The level of theory and the associated basis set are based on the study by Hobza et al., who

determined that MP2/6-31G*(0.25) is a good compromise between speed and accuracy for stacking
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interactions of natural nucleobase dimers.2?” While MP2 is not as accurate as other methods, such as
CCSD(T), and overestimates the binding energy with large basis sets, the medium-sized 6-31G*(0.25)
basis set has been shown to give accurate results through a cancellation of errors. Specifically, this
method yields binding energies within 75-90% of more expensive computational methods such as
CCSD(T)/CBS for the natural nucleobase dimers.28

A major difference between the benzene dimers and nucleobase dimers is that the benzene
monomers in some cases do not have a dipole moment. Furthermore, MP2/6-31G*(0.25) has not
been tested for dimers where the monomers do not have a dipole. However, the MP2/6-31G*(0.25)
binding strength of the sandwiched benzene dimer (=7.4 k] mol) is very close to previously
published CCSD(T) values at the complete basis set (CBS) limit (7.6 k] mol ! and —6.2 k] mol 1).11.14
Similarly, the MP2/6-31G*(0.25) binding strength for the sandwich minima of the

hexafluorobenzene-benzene dimer (-25.4 k] mol!) is close to the interaction energy at the

CCSD(T)/CBS level (=21.2 k] mol 1) although for a parallel displaced conformation.! As a result, the
MP2/6-31G*(0.25) method seems appropriate for the present study, especially given the large
number of calculations inherent in the potential energy scans employed (108 calculations per dimer).
All calculations were carried out in the gas phase using the Gaussian 03 program.?
3.3 Results and Discussion

3.3.1 Monosubstituted benzene-benzene dimers

The first set of dimers to be studied have unsubstituted benzene stacked with various
monosubstituted benzenes. Both electron-withdrawing (-CN, -CONH,, -IF and -NO,) and electron-
donating (-NHs, -OH, and —CH3) substituents are considered on the monosubstituted benzene ring.
In addition, the unsubstituted benzene dimer is examined as a reference. The benzene-
monosubstituted benzene dimers have been extensively studied in the past.210-11,14-1624-2530-31
However, the relationship between monomer dipole moments and stacking, which has been

documented in studies on biological dimers!7-20 and self-assembled stacked structures,21-2332 has never
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been examined for benzene dimers. Furthermore, while biological studies have examined the effect
of dipole-dipole interactions, the role of a monomer dipole moment in the absence of dipole-dipole
interactions has not been studied. Therefore, the benzene-monosubstituted benzene dimers are
studied in order to see if a single monomer dipole moment affects the stacking interactions of
benzene dimers.

Figure 7 plots the stacking interaction energies of the benzene-monosubstituted benzene
dimers as a function of the magnitude of the dipole moment of the monosubstituted benzenes
(detailed data on the dimers is available in the Appendix Table 12). At the end of this chapter, the
CCSD(T)/CBS values for a set of benzene dimers is calculated and compared back to the MP2/6-
31G*(0.25) values (section 3.3.5, Table 7). The MP2/6-31G*(0.25) values are found to be within 81-
112% of the CCSD(T)/CBS values. As a result, error bars equal to 31% of interaction energy are
added to all of the graphs to remind the reader of the accuracy of the MP2/6-31G*(0.25) values with
respect to the benzene dimers. A strong correlation exists between the interaction energy and dipole
moments ‘(t=-0.93). Given that the magnitude of the dipole is representative of the extent of charge
separation in the monosubstituted benzene, it appears that the extent of charge separation in the ring
corresponds to the strength of stacking interactions. This relationship holds more strongly for planar
monosubstituted benzenes (1=-0.98). Toluene, which has an out-of-plane C—H:*-n interaction with
the benzene ring, shows stronger interactions than would be expected based on its dipole moment

(dipole=0.278, Figure 7) due to additional (out-of-plane) stabilizing C—H- -7 interactions.??
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Figure 7: Plot of the stacking interaction energies of the monosubstituted benzene-benzene dimers as
a function of the magnitude of the dipole moment of the monosubstituted benzene.

Although charge separation in the benzene monomer (dipole moment) is one possible
reason for the observed trends in stacking interactions of monosubstituted benzene-benzene dimers,
stabilization due to charge transfer would also cause the same trends. This is because charge transfer
interactions ate caused by the difference in electrostatic potential (ESP) of the monomer rings and
the monomers with the largest charge separation also have the largest difference in ESP from non-
polarized benzene. In addition, stabilization due to substituent-ring interactions!%12 explain the trends
in stacking interactions since unsubstituted benzene stacks the weakest, and more polarizing
substituents have the strongest dipoles and stacking interactions (Figure 7). However, on examining
the structures of the dimers after the R2 scans (Appendix, Figure 27), direct substituent-ring
interactions cannot be identified. Nevertheless, the substituent is always close to the unsubstituted
benzene ring, which makes it difficult to definitively comment on the role of substituent-ring
interactions. Although electrostatic interactions have also been thought to be behind the trends in
stacking interactions in the past,*’ they do not explain the trends in stacking interactions in the
systems considered here since both electron-donating and electron-withdrawing substituents increase
the stacking interactions relative to the benzene dimer. This suggests that electron-electron repulsion

over the benzene rings does not cause the trends in stacking interactions. Dipole-induced dipoles is
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another interactions which could explain the trends. However, other studies that have broken down
the energy components!! 4 using SAPT found induction interactions (dipole-induced dipole) to be a
very small component of stabilizing interactions that did not vary with the trends in the overall
stacking energies. Lastly, dipole-dipole interactions, which are also considered electrostatic, cannot be
behind the trends in stacking interactions because only one monomer in the dimer has a dipole
moment. To sum up, charge separation in the benzene ring, charge transfer or substituent-ring
interactions could all cause the calculated trends in stacking interactions, while electrostatics cannot
explain the observed trends.

Previous theoretical work at both the CCSD(T)/CBS!! and the M05-2X/6-31+G(d)!° levels
have found identical trends to those reported here wherein any substituent, whether electron-
donating or electron-withdrawing, increases the stacking interactions relative to the unsubstituted
benzene dimer. The increased interactions caused by substituted benzenes has been attributed to
dispersion interactions, whereas the stronger stacking interactions caused by electron-withdrawing
groups telative to electron-donating groups has been attributed to electrostatics.!! Experimental
studies have found a different trend where electron-withdrawing groups increase the stacking
interactions relative to benzene dimer, whereas electron-donating groups decrease the stacking
interactions relative to the benzene dimer.>47 Since the experimental results suggest that the
stacking interactions change according to the electron density over the ring, electrostatics has been
used to explain the observed stacking interactions.

The reason for the discrepancy between the experimental and theoretical results is not clear,
but shortcomings in both experimental studies (effect of solvent, secondary interactions) and
theoretical studies (level of theory and basis set) might be responsible for the different trends. For
example, the experimental studies measuring the strength of stacking interactions compare the
stacked structures with the non-stacked structures. While the non-stacked structures will vary
depending on whether the 1,8-diarylnaphthalene model,® the triptycene model,8 or the chemical

double mutant cycle®? is being used, all of these will have confounding substituents-ring interactions
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either due to direct interactions®¢92 or as a result of conjugation.® If these confounding substituent
ring interactions are greater than the effects of the substituent ring interactions the authors are
interested in measuring, then the findings of these studies would be difficult to compare to the
theoretical studies.

The correlation between the magnitude of the dipole moment of the substituted monomer
and stacking interactions has also been noted in the past for some biological stacked structures!”-20
and self-assembling stacked systems.32 In certain cases, for example the pyrimidine cytosine, uracil
and thymine dimers, the strength of the dipole moment does not necessarily correspond to the
strength of the stacking interactions.'”20 In these cases, the dipole moments might not be
representative of the charge separation in the rings (as discussed in more detail in the next chapter on
nucleobase-benzene dimers). Therefore, the effect of increasing charge separation in the ring shall be
examined when the extent of charge separation is not represented by the dipole moment. This will be
done by increasing the number of substituents around the benzene ring while keeping the dipole
moment of the monomer equal to zero. Specifically, the interactions between the non-zero dipole
polysubstituted benzene monomers and benzene will be examined. In addition, the effect of charge
transfer and substituent-ring interactions can also not be ruled out at this point and shall be further
discussed in the following sections.

3.3.2 Polysubstituted benzene-benzene dimers

In the previous section, it was noted that the stacking interactions of the monosubstituted
benzene-benzene dimers increase with an increase in the magnitude of the dipole moment of the
monosubstituted benzene. This section examines the stacking interactions of polysubstituted
benzene-benzene dimers (Figure 6) where the effect of electron-withdrawing cyano and fluoro
substituents, and the electron-donating amino substituent on the polysubstituted benzenes is
examined. This will allow the effect of charge separation in the ring to be studied when the increase
in charge separation does not necessarily correspond to increasing dipoles (where all of the zero-

dipole polysubstituted benzene monomers are considered). For example, the difference in the charge
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separation in 1,4-difluorobenzene and hexafluorobenzene is seen in Figure 8 even though both have
a dipole moment of zero.

The effect of increasing charge separation shall also be examined for cases when this
increase corresponds to increasing dipole moments as was the case for the monosubstituted benzene-
benzene dimers. This shall be done by keeping the number and type of substituents constant, but
changing the position of substituents. For example, comparing the stacking interactions of 1,4-

dicyanobenzene-benzene, 1,3-dicyanobenzene-benzene and 1,2-dicyanobenzene-benzene dimers.

130 i mol! .
a8 ¢
-84 k] mol! . ’

Figure 8: The electrostatic potential map calculated at MP2/6-31G* for 1,4-difluorobenzene (left)

and hexafluorobenzene (right).

Figure 9 plots the stacking interaction energies of the polysubstituted benzene-benzene
dimers as a function of the number of substituents. For both electron-withdrawing and electron-
donating groups, the stacking interactions become stronger with increasing number of substituents,
irrespective of the dipole moments. This suggests that stacking interactions are indeed dependent on
the extent of charge separation in the benzene ring, even when the increase in charge separation does
not correspond to increasing dipole moments. Charge transfer could be behind the increasing
stacking stabilization with increasing charge separation. This is because increasing charge separation
of the polysubstituted benzene ring increases the difference in ESP between the two molecules and
thereby increases the potential for charge transfer. Alternatively, stronger stacking with increasing
number of substituents could also be caused by substituent-ring interactions,!%!2 which may be

dominated by dispersion interactions.!? Stronger stacking with increasing number of substituents
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cannot be a consequence of electrostatics (electron-electron repulsion) because increasing number of

electron-donating substituents would be expected to weaken the electrostatic interactions.
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Figure 9: The stacking interactions of the polysubstituted benzene-benzene dimers showing an
increase in the stacking interactions with increasing number of substituents.

An increase in the charge separation in the benzene ring is associated with an increase in the
stacking interactions when the charge separation arises from an increase in the number of
substituents (Figure 9). Increasing charge separation also corresponds to increasing stacking
interactions when the difference in charge separation is caused by a different type of substituent. For
instance, the cyano substituent causes the strongest stacking interactions (-18.3 kJ mol) followed by
the fluoro substituent (-12.6 kJ mol!) while the amino substituent causes the weakest stacking
interactions (-11.5 k] mol?), which is in accordance with their dipole moments. In addition, the
increase in stacking interactions as a result of increasing number of substituents is the greatest for the
polycyanobenzenes (m=-6.97 k] mol" substituent?), followed by the polyfluorobenzenes (m=-2.87
k] mol! substituent?!), while the polyaminobenzenes (m=-1.10 k] mol! substituent?) lead to the

smallest increase.
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On examining the stacking interactions of polysubstituted benzenes with the same number
and same type of substituents, the stacking interactions are generally found to strengthen with
increasing dipole moments (Appendix, Table 13). It was previously noted that the increase in
stacking stabilization caused by increasing number of substituents is greater than the increase in
stacking stabilization caused by changing dipoles. Exceptions to this trend are found in some of the
polyaminobenzene-benzene dimers where the stacking interactions of polyaminobenzene dimers
with a large dipole (ex, 1,2-diaminobenzene-benzene, AE=-12.8 k] mol!) can sometimes be stronger
than a polyaminobenzene dimer with more substituents but a smaller dipole (ex, 1,3,5-
triaminobenzene-benzene, AE=-12.0 k] mol!). This is seen because the polyaminobenzene dimers
show the smallest increase in stacking interactions with increasing number of substituents.

Previous studies have explained the increase in stacking interactions of polysubstituted
benzene-benzene systems with increasing number of substituents on the basis of electrostatics,®
charge transfer,® and substituent-ring interactions.!2 The studies that use electrostatic arguments have
always considered an electron-rich ring stacked with an electron-deficient ring.68 These studies find
that increasing the number of electron-withdrawing groups on the electron deficient ring strengthens
the stacking interactions. This strengthening of stacking interactions has been explained on the basis
of stronger quadrupole-quadrupole interactions® and on the basis of stronger interactions between
the electron-rich and electron-deficient cores of the two rings.8 However, Gung et al.¢ noted that the
same trend can also be explained on the basis of charge transfer. The only study to not propose
clectrostatics as a possible explanation found that both increasing the number of electron-donating
groups and electron-withdrawing groups make the stacking interactions stronger.!2 Given the
opposite effects of electron-donating and withdrawing groups on electrostatic interactions, this
cannot be the correct explanation and substituent-ring interactions were suggested to be responsible
for increased stacking interactions!? and dispersion could be the force behind the substituent-ring
interactions.’3 On examining the structures of the polysubstituted benzene-benzene dimers after the

R2 scans, it is found that the substituents never interact directly with the benzene monomer.
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However, the substituents are always close to the benzene ring and therefore substituent-ring
interactions cannot be ruled out. Interestingly, the rings show a greater degree of ovetlap with
increasing number of substituents (Appendix, Figures 28 and 29), which would be expected to cause
increased charge transfer stabilization because of greater orbital overlap.!

To conclude, electron-electron repulsion cannot be the dominant force that increases the
stacking stabilization with increasing number of substituents since both electron-withdrawing groups
and electron-donating groups have the same effect. This trend holds true irrespective of the dipole or
quadrupole moments as shown. Charge separation in the ring, charge transfer and substituent-ring
interactions can all potentially cause the increase in stacking stabilization with increasing number of
substituents. The next section examines the stacking interactions of polysubstituted benzene-
monosubstituted benzene dimers in an attempt to determine which of these three forces is dominant.

3.3.3 Polysubstituted benzene-monosubstituted benzene dimers

In the previous section, it was shown that electrostatics cannot be the dominant force
responsible for the strengthened stacking interactions caused by an increase in the number of
substituents. It was argued that charge separation, charge transfer and substituent-ring interactions
can all be responsible for the increase in stacking interactions with increasing substituents, but which
of these interactions is dominant, if any, temains unclear. Furthermore, an increase in charge
separation in the ring caused by different types of substituents and by increasing the dipoles was
found to make the stacking interactions stronger.

The stacking interactions of polycyanobenzenes and polyaminobenzenes are again studied in
this section. Specifically, the polycyanobenzenes and the polyaminobenzenes are stacked with
cyanobenzene and aminobenzene, and their stacking interactions are compared back to those of
benzene. The cyano substituent is chosen because it is a strong electron withdrawing group while the
amino group is chosen because it is an electron donating while benzene serves as a control.
Cyanobenzene is more electron deficient than benzene, while aminobenzene is more electron rich

than benzene. Cyanobenzene has the most charge separation, followed by aminobenzene while
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benzene has the least charge separation as indicated by their dipole moments (5.001 D, 1.616 D and
0.000 D respectively using the Mulliken charges at MP2/6-31G(d)). Thetefore, compating the
stacking stabilization of aminobenzene, cyanobenzene and benzene will help determine whether it is
charge transfer, or separation of charge in the benzene ring which is responsible for the #nerease in
stacking stabilization with increasing number of substituents since the two properties will cause
different trends as discussed below. Lastly, the effect of dipoles will also be examined to see if the
increase in charge separation due to dipoles again corresponds with increasing stacking interactions,
as seen in the previous two sections.

Figure 10 plots the stacking interactions of aminobenzene, benzene and cyanobenzene with
polycyanobenzene as the number of cyano groups is increased. The stacking stabilization always
increases with increasing number of cyano groups. For two or less than two cyano groups,
cyanobenzene stacks the strongest, followed by aminobenzene and benzene. Given that
cyanobenzene has the most charge separation, followed by aminobenzene and benzene, these results
suggest that charge separation in the molecule dominates the stacking interactions. Alternatively, the
same trends can also be explained by substituent-ring interactions where the substituent that causes
more charge separation in the benzene ring also has the greater stacking stabilization, as shown for
the monosubstituted benzene-benzene and polysubstituted benzene-benzene dimers. For three or
four cyano substituents, it can be seen that cyanobenzene and aminobenzene experience almost the
same stacking stabilization while benzene continues to stack the weakest. This implies that the
difference in charge separation between cyanobenzene and aminobenzene is no longer the dominant
force in determining the stacking stabilization energies. Instead, charge transfer interactions become
increasingly important, as the polycyanobenzenes become increasingly electron deficient and the
difference in ESP between the monomers increases. For four or more cyano substituents,
aminobenzene always stacks stronger than cyanobenzene, while benzene continues to stack the
weakest. Therefore, charge transfer (resulting from difference in ESP of the monomers) is the

dominant force for determining the relative trends of aminobenzene and cyanobenzene, while charge
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separation in the substituted benzene ring or substituent-ring interactions are dominant in
determining the relative stacking interactions of benzene and cyanobenzene. The nature of the force
responsible for increasing the stacking stabilization with increasing number of substituents shall be

further examined below.
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Figure 10: The stacking interaction energies of the polycyanobenzene-monosubstituted benzene
dimers as a function of the number of cyano substituents.

In order to examine the dominant force in increasing the stacking interactions, the difference
in stacking stabilization between zero-dipole di-, tri-, tetra- and hexa-cyanobenzenes is examined.
Figure 11 plots the increase in stacking stabilization energies associated with increasing number
substituents of zero-dipole tricyanobenzene, tetracyanobenzene and hexacyanobenzene dimers in
comparison to the zero-dipole polycyanobenzene dimers with the next fewer number of cyano
substituents. In almost all cases, aminobenzene shows the greatest increase in stacking stabilization,
followed by benzene, while cyanobenzene shows the smallest increase in stacking stabilization. This

trend suggests that charge transfer is the dominant force in these stacking interactions.
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Figure 11: Increase in stacking stabilization energy of zero-dipole tri-, tetra- and hexa-cyanobenzene
in comparison to the zero-dipole polycyanobenzene with the next fewest number of cyano
substituents.

Lastly, the change in stacking stabilization with increasing dipoles shall be examined. The
difference in stacking energies on going from a zero-dipole polycyanobenzene to the maximum-
dipole polycyanobenzene with the same number of substituents was calculated (Figure 12). In all
cases, an increase in the stacking interaction with increasing dipole moments is seen as had been
noted in the last two sections. Among the different monosubstituted benzenes, cyanobenzene shows
the greatest increase in stacking stabilization, followed by benzene, while aminobenzene shows the
smallest increase in stacking stabilization with increasing dipole moments. This is not the trend
expected based on dipole-dipole interactions, wherein cyanobenzene would be expected to show the
greatest stacking stabilization, followed by aminobenzene, while benzene (with no dipole) would
show the smallest stacking stabilization. In order to explain the unexpected trends, the structures of
the polycyanobenzene dimers are examined. In all cases, the substituents are found to be away from
cach other, which implies that in the polycyanobenzene-cyanobenzene dimers, the dipole moment
vectors in the monomers are anti-parallel (average torsional angle=165.9°), whereas, in the

polycyanobenzene-aminobenzene dimers, the dipoles are parallel (average torsional angle=59.8°).
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The anti-parallel dipole moment vectors have the negative center of charge of one monomer on top
of the positive center of charge of the other monomer and vice-versa. This is energetically favourable
as noted by the literature on stacking of natural nucleobases.20343¢ The parallel dipoles, on the other
hand, have the center of negative charge of one monomer on top of the center of negative charge of
the other monomer, which is energetically unfavourable and explains why the polycyanobenzene-
aminobenzene dimers show the smallest increase in stacking stabilization with increasing dipole
moments. In all of the dimers, the substituents are always far away from each other and repulsion
between the substituents could be the reason why the dipoles are parallel. The same trends have been

noted by Sinnokrot and Sherrill for monosubstituted benzene dimers.!!
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Figure 12: The increase in stacking stabilization energies on going from a zero-dipole
polycyanobenzene to the maximum dipole polycyanobenzene with the same number of substituents.

Figure 14 plots the stacking interactions of the polyaminobenzene dimers against the
number of amino substituents. Stacking interactions are found to always increase with increasing
number of substituents. Cyanobenzene always stacks the strongest, followed by aminobenzene, while
benzene stacks the weakest. Cyanobenzene would be expected to stack the strongest based on the
charge separation in the monomer, charge transfer (caused by difference in ESP of the monomers)
and substituent-ring interactions. Aminobenzene would be expected to stack stronger than benzene

based on the extent of charge separation and substituent-ring interactions, while benzene would be
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expected to stack stronger than aminobenzene based on charge transfer. Therefore, charge separation
in the benzene ring or substituent-ring interaction dominates over charge transfer in dimers
containing aminobenzene and benzene monomers. In the polycyanobenzene dimers, it was shown
that charge transfer dominates the relative stacking interactions of cyanobenzene and aminobenzene
for four or more cyano substituents. However, the same trend will not be visible in the
polyaminobenzenes since the trends expected based on charge transfer, charge separation in the
benzene ring and substituent-ring interactions are all the same, making it difficult to study the effects

of charge transfer.
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Figure 13: Stacking stabilization energies of polyaminobenzene-monosubstituted benzene dimers
plotted as a function of number of amino substituents.

In order to examine the nature of the dominant force in polyaminobenzene dimers, the
increase in stacking stabilization for zero-dipole tri-, tetra- and hexa-aminobenzene in comparison to
the zero-dipole polyaminobenzene with the next fewer number of substituents is examined (Figure
14). Cyanobenzene shows the greatest increase in stacking interactions, followed by benzene, while

aminobenzene shows the smallest increase in stacking interactions with increasing number of
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substituents. Therefore, charge transfer appears to be the dominant force in increasing the stacking

stabilization as the number of amino substituents is increased.
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Figure 14: Increase in stacking stabilization with increasing number of substituents for zero-dipole
polyaminobenzene containing dimers with benzene, aminobenzene and cyanobenzene. For example,
for 3 substituents, the difference in stacking energy with 1,4-diaminobenzene minus the stacking
energy with 1,3,5-triaminobenzene is shown for benzene, aminobenzene and cyanobenzene.

Figure 15 plots the difference in stacking interactions of dimers of zero-dipole
polyaminobenzene and maximum dipole polyaminobenzene for a given number of amino
substituents. The difference in stacking interaction is plotted as a function of the number of amino
substituents. In all cases, stacking interactions increase with increasing dipole moment. Since the
amino substituent causes less charge separation than the cyano substituent, the average increase in
stacking interactions with increasing dipole moments is smaller in the polyaminobenzene dimers (1.5
k] mol!) than the polycyanobenzene dimers (5.3 k] mol?). For the different polyaminobenzene-
monosubstituted benzene dimers, aminobenzene dimers generally shows the greatest increase in
stacking stabilization with increasing dipoles, followed by benzene, while cyanobenzene dimers show
the smallest increase in stacking interactions with increasing dipole moments. This trend is the

reverse of the trend seen in the polycyanobenzene dimers and not what would be expected based on
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the charge separation in the monosubstituted benzenes (cyanobenzene>aminobenzene>benzene). In
order to explain this trend, the structures of the polyaminobenzene dimers shall again be examined. It
is noted that the substituents prefer to be far away from each other, as was the case for the
polycyanobenzene dimers. This means that the dipole moments in the polyaminobenzene-
cyanobenzene dimers are parallel, while the dipole moments in the polyaminobenzene-aminobenzene
dimers are anti-parallel. The energetically unfavourable parallel dipoles have a smaller increase in
stacking stabilization due to increased dipole moments, while the energetically favourable anti-parallel
dipoles have a larger increase in stacking stabilization. For information on the structures associated

with these dimers, please refer to Tables 14 and 15, as well as Figures 30 and 31 in the Appendix.
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Figure 15: The increase in stacking stabilization energy on going from a zero-dipole
polyaminobenzene to the maximum dipole polyaminobenzene with the same number of substituents.

The trends in this section suggest that there are two different kinds of forces responsible for
stacking interactions. When the difference in ESP of the monomers is small, then substituent-ring
interactions or charge separation in the ring is responsible for stacking interactions. However, when
the difference in the ESP of the monomers becomes large, charge transfer interactions dominate the
trends in stacking interactions. A similar idea has been proposed before by Gung et al. who suggested
that charge transfer interactions occur once a threshold has been crossed.> Even though charge
transfer dominates the stacking interactions in our systems only after a certain point, it has been

shown that the increase in stacking stabilization resulting from increased number of substituents is
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dominated by charge transfer. Therefore, our results suggest that charge transfer stabilization
gradually increases with increasing number of substituents and does not take place suddenly after a
threshold is crossed, but does become the dominant force once the difference in ESP of the
monomers is large enough.

Previous theoretical studies have examined the stacking interactions of hexafluorobenzene
with various monosubstituted benzenes.>10 One of these studies which used the MP2/aug-cc-pVDZ
level of theory, found the same trends in stacking interactions, wherein aminobenzene stacks the
strongest, followed by cyanobenzene, while benzene stacks the weakest.> The other study examined
the stacking interactions of hexafluorobenzene with various monosubstituted benzenes at the M05-
2X/6-31+G(d) level of theory.!0 It found that aminobenzene stacks the strongest, followed by
benzene, while cyanobenzene stacks the weakest. The trends between cyanobenzene and
aminobenzene in both of these studies were explained on the basis of electrostatics, while the
stronger interaction of cyanobenzene over benzene was explained on the basis of dispersion
interactions in the former study and electrostatics in the latter study. The difference in the relative
interactions of cyanobenzene and benzene can be explained on the basis of different conformations
and different levels of theory. The former study examines both the parallel displaced and sandwich
conformations, with the parallel displaced conformation being more stable. The latter study only
examines the sandwich configuration. On comparing only the sandwich configuration, both studies
find that cyanobenzene stacks weaker than benzene. However, although the former study finds that
cyanobenzene stacks weaker by 2.97 k] mol-!, the latter study finds that cyanobenzene stacks weaker
by 5.36 k] mol!. This can be attributed to the differences in the level of theory.

Experimental studies that have examined the stacking interactions of pentafluorophenyls
have found that electron rich phenyls resulting from substituents such as dimethylaniline stack
stronger than the electron deficient phenyls resulting from substituents such as the nitro group.3689
This trend is slightly different from our theoretical results which find that electron rich benzenes

stack the strongest, but the stacking interaction of unsubstituted benzene is weaker than the stacking
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interactions of electron deficient benzenes with greater charge separation. The experimental trend
has been explained on the basis of electrostatics. This section has shown that electrostatics does 7ot
appear to be the dominant interaction, but rather the charge transfer resulting from the difference in
electrostatic potential which is the dominant force dictating an increase in the stacking interactions
with increasing number of substituents.

3.3.4 Hexasubstituted benzene-polysubstituted benzene dimers

In this section, the stacking interactions of hexacyanobenzene-polycyanobenzene,
hexaaminobenzene-polyaminobenzene, hexaaminobenzene-polycyanobenzene and
hexacyanobenzene-polyaminobenzene dimers are studied. Zero-dipole polycyanobenzenes and
polyaminobenzenes are studied to examine the effect of increasing number of substituents while the
effect of dipoles is studied by examining the change in stacking interactions of tricyanobenzenes and
triaminobenzenes with different monomer dipoles. Previous sections have shown that charge
transfer dictates the change in stacking interactions with change in the number of substituents. This
section will test this hypothesis.

Figure 16 plots the stacking stabilization energies as a function of the number of substituents
after the R1/o scans (since the trends after the R1/a scans differ slightly from the R2 scans, the two
trends are examined separately). Increasing the number of substituents causes a decrease in stacking
stabilization ~ for  the  hexacyanobenzene-polycyanobenzene  and  hexaaminobenzene-
polyaminobenzene dimers, but an increase in stacking stabilization for the hexacyanobenzene-
polyaminobenzene and hexaaminobenzene-polycyanobenzene dimers. For the hexacyanobenzene-
polycyanobenzene and hexaaminobenzene-polyaminobenzene dimers, charge transfer interactions
decrease with increasing number of substituents. Since it has been suggested in the last section that
charge transfer dominates the change in stacking stabilization with the number of substituents, the
decrease in stacking stabilization with increasing number of substituents is probably a result of
decreased charge transfer. Hexacyanobenzene-polycyanobenzene dimers show a bigger decrease in

stacking stabilization with increasing number of substituents than the hexaaminobenzene-
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polyaminobenzene dimers. This difference can be attributed to the fact that the cyano substituent
causes more charge separation than the amino substituent. Therefore, the decrease in charge transfer
associated with the addition of each substituent is greater for the hexacyanobenzene-
polycyanobenzene dimers. Conversely, stacking stabilization increases with increasing number of
substituents  for  the  hexacyanobenzene-polyaminobenzene  and  hexaaminobenzene-
polycyanobenzene dimers and the change in stacking stabilization with the number of substituents
can again be explained on the basis of charge transfer. Also, the increase in stacking stabilization per
substituent is greater for the hexaaminobenzene-polycyanobenzene dimers than the
hexacyanobenzene-polyaminobenzene dimers, which can again be attributed to the fact that the

cyano substituent causes more charge separation than the amino substituent.
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Figure 16: Stacking stabilization energies after R1/a scans of the hexasubstituted benzene-
polysubstituted benzene dimers plotted as a function of the number of substituents.

On looking at the charge transfer interactions after the R2 scans (Figure 17), the stacking
interactions of the hexaaminobenzene-polyaminobenzene dimers no longer decrease with increasing
number of substituents, but rather stay neatly constant. The hexacyanobenzene-polycyanobenzenes

show a decrease in stacking stabilization with increasing number of substituents, although the
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decrease in stacking stabilization is not as large. This suggests that the R2 scans result in a more
favourable orientation where the substituent-ring interactions might be dominant (Appendix, Figure
32 and Figure 33). The hexacyanobenzene-polyaminobenzene and hexaaminobenzene-
polycyanobenzene dimers continue to show an increase in stacking stabilization with increasing

number of substituents.
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Figure 17: Stacking stabilization energies of hexasubstituted benzene-polysubstituted benzene dimers
after the R2 scans plotted as a function of number of substituents.

In order to examine the effect of dipoles, the increases in stacking interactions between the
zero-dipole and maximum dipole dimers of tricyanobenzene and triaminobenzene are examined. In
all cases, an increase in dipole moment corresponds to an increase in stacking stabilization. For the
triaminobenzenes, hexacyanobenzene showed an increase of 7.4 k] mol-!, while hexaaminobenzene
shows an increase of 5.6 k] mol!l. Therefore, the cyano substituent causes the greater increase in
stacking stabilization due to greater charge separation. For the tricyanobenzenes, hexacyanobenzene
showed an increase of 14.4 k] mol, whereas hexaaminobenzene showed an increase of 5.2 kJ mol-L.
Again, the cyano substituents cause the greater increase in stacking stabilization relative to the amino
substituents. Given that dipole-dipole interactions cannot be responsible for the trends (there is no
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dipole on hexacyanobenzene or hexaaminobenzene), it is the stronger charge separation and the
resulting dispersion interactions caused by cyano groups that are responsible for the trends in
stacking interactions. Also, the increase in stacking stabilization with increasing dipoles is greater for
the tricyanobenzenes (9.8 k] mol!) than for the triaminobenzenes (6.5 k] mol").

This section has, for the first time, shown that the stacking stabilization decreases with an
increase in the number of substituents. Therefore, substituent-ring interactions have been ruled out
and charge transfer has been reaffirmed to be the dominant interaction changing the stacking

stabilization with changing number of substituents.

3.3.5 Effect of HF, MP2 and CCSD(T) levels of theory on stacking interactions.

It has been shown in this chapter that electrostatics is not the dominant interaction in
stacking stabilization. Furthermore, charge separation in the ring/substituent-ting interactions are
dominant when the number and type of substituents (electron withdrawing or electron donating) on
the two benzene rings is the same, while charge transfer dominates when the number and the type of
substituents atre different. Given that electrostatics and charge transfer do not appear to be the source
of stabilization caused by charge separation in the ring/substituent-ring interactions, dispersion
interactions might be the source of stabilization (as proposed eatlier for substituent-ring
interactions)!3. In this section, I shall examine the stacking interactions of aminobenzene, benzene
and cyanobenzene with each of benzene, hexacyanobenzene and hexaaminobenzene at the HF level
and MP2 level using the 6-31G*(0.25), aug-cc-pVDZ, and aug-cc-pVTZ basis sets. This will be done
to test our conclusions on the role of electrostatics, dispersion (charge separation in the
ring/substituent-ring interactions) and charge transfer based on the trends in stacking interactions.
Finally, using the above mentioned calculations and calculations at the CCSD(T)/6-31G*(0.25) level
of theory, the stacking stabilizations at the CCSD(T)/CBS level ate calculated using the method

proposed by Helgaker et al.373# to test the validity of the MP2/6-31G*(0.25) level of theory used in
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this study. Similar methods for CCSD(T)/CBS extrapolations for stacked structures have been used

before in the literature.!28.39

Tables 3, 4 and 5 give the HF and MP2 stacking energies at the 6-31G*(0.25), aug-cc-PVDZ
and aug-cc-pVTZ basis sets respectively. For all basis sets, the interaction energies at the HF level are
neatly always repulsive. Other studies have also shown that HF gives repulsive interactions energies
and does not correctly account for stacking interactions.!#*-4! Furthermore, the trends in stacking
interactions at the HF level do not correctly predict the total MP2 stacking stabilization. For example,
when the benzene dimers are considered with HF, benzene has the strongest stacking stabilization
energy, followed by cyanobenzene, while aminobenzene has the weakest stacking stabilization.
However, at the MP2 level, cyanobenzene has the strongest stacking stabilization, followed by
aminobenzene and benzene, which is in accordance with the dipole moments of the monomers. This
supports our conclusion that electrostatics is not the dominant interaction in these stacked structures
since otherwise HF should correctly predict the trends in the stacking stabilization. Instead, electron
correlation is found to be responsible for the trends in stacking stabilization in neatly all of the

dimers.

Table 4: HF and MP2 binding energy for the 6-31G*(0.25) basis set. All energies are in k] mol-!.

Monomer 1 Monomer 2 fllf; /6-31G*(0.25) 1%/[%2 /6-31G*(0.25) . AAE aw2.11r)
benzene aminobenzene 19.0 -11.5 -30.5
benzene Benzene 10.6 -8.9 -19.5
benzene cyanobenzene 17.9 —18.3 -36.2
hexaaminobenzene | aminobenzene 22.7 —17.7 -40.3
hexaaminobenzene | Benzene 42.8 —16.8 —59.6
hexaaminobenzene | cyanobenzene 49.8 =379 -87.8
hexacyanobenzene '@ aminobenzene 30.9 —74.0 —104.9
hexacyanobenzene @ Benzene 12.0 =526 —64.7
hexacyanobenzene | cyanobenzene 384 —54.4 -92.8
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Table 5: HF and MP2 binding energy for the aug-cc-pVDZ basis set. All energies are in k] mol-.

AE

AE

AAE

Monomer 1 Monomer 2 HF/aug-cc-pVDZ = MP2/aug-cc-pVDZ = pp o
benzene aminobenzene 134 -17.7 =311
benzene benzene 8.6 —13.2 -21.8
benzene cyanobenzene 12.2 -23.9 -36.1
hexaaminobenzene = aminobenzene 8.7 —26.4 =351
hexaaminobenzene | benzene 24.9 —28.4 —53.3
hexaaminobenzene | cyanobenzene 22.0 =50.0 —72.0
hexacyanobenzene | aminobenzene 5.3 —81.0 —86.3
hexacyanobenzene | benzene —0.4 —58.5 —58.1
hexacyanobenzene | cyanobenzene 19.7 —60.2 —79.9

Table 6: HF and MP2 binding energy for the aug-cc-pVTZ basis set. All energies are in k] mol-'.

AE AE AAE
Monomer 1 Monomer 2 HF /aug-cc-pVTZ | MP2/aug-cc-pVIZ | wp2-rip
benzene aminobenzene | 12.6 -18.8 =314
benzene benzene 8.3 -14.1 —22.3
benzene cyanobenzene | 12.0 -25.5 -37.5
hexaaminobenzene | aminobenzene | 8.6 -26.9 -35.5
hexaaminobenzene | benzene 24.5 -30.2 —54.6
hexaaminobenzene | cyanobenzene | 21.9 -52.3 —74.2
hexacyanobenzene | aminobenzene | 5.3 —86.7 -92.0
hexacyanobenzene | benzene -0.3 —61.7 -61.5
hexacyanobenzene | cyanobenzene | 19.9 —65.1 -84.9

This section has shown that correlation is responsible for stabilizing the stacked dimers. The

role of electron correlation in stabilizing stacking interactions has been noted previously in the

literature.1440-41 In addition, electron correlation is found to determine the trends between the

different dimers. Previous computational studies on the benzene dimers have not analysed the

stacking interactions along these lines, and therefore a direct comparison with those studies is not

possible. Previous studies used to analyse stacking interactions of benzene dimers include SAPT
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(DFT-SAPT and SAPT2),!1:42 effective fragment potential 3! and dividing the stacking energy into
electrostatic, induction, exchange and dispersion in a different way from any of the previously listed
methods (ref. 45).14#5 The majority of the stabilization due to electron correlation in all of these
methods has been attributed to dispersion (with a minor component being attributed to inductions).
However, based on the trends seen here, I propose that charge transfer between the molecules in
conjunction with dispersion could be responsible for stabilization associated with electron
correlation. Similar to this study, all of these studies have found that correlation is the biggest
stabilizing contributor to stacking interactions,!-!1:14-162431.3443 glthough the different studies do not
agree on the nature of the interaction that dominates the trends. In the monosubstituted benzene-
benzene dimer study by Sinnokrot and Sherrill, which used SAPT,!! electrostatics and dispersion
were both responsible for determining the trends in stacking interactions for electron-withdrawing
groups, while dispersion interactions were found to be responsible for the trends in stacking
interactions caused by electron-donating groups. Similar results were found using the EFP2 method
on the same monosubstituted benzene-benzene dimers by Smith et al.3! Tsuzuki et al. calculated the
stacking interaction energies of the toluene dimer,!> nitrobenzene dimer and the nitrobenzene-
benzene dimer!¢ using the approach as described in reference 44. In all of these cases, electron
correlation is found to be responsible for the increase in stacking interactions relative to the benzene
dimer. Tsuzuki et al. also studied the stacking interactions of the hexafluorobenzene-benzene dimer!
and found that electrostatic interactions were responsible for the biggest increase in stacking
interactions relative to the benzene dimer. The different results of this study can be attributed to the
different approach used to calculate the electrostatic interaction in the dimers. In summary, the

nature of stabilizing interactions can vary between different methods.

The present study has used MP2/6-31G*(0.25) level of theoty to study the stacking
interactions. MP2 overestimates the stacking interactions, while the incomplete basis set destabilizes

the stacking interactions, and this cancellation of etrors is the reason MP2/6-31G*(0.25) has been
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successfully used in the past to study stacked structutres.28 A CCSD(T)/CBS extrapolation is done for
nine dimers studied in this section (Table 7) in order to compate the performance of MP2/6-
31G*(0.25) method in cases where charge transfer is not dominant (benzene-monosubstituted
benzene) and in cases where charge transfer is dominant (hexaaminobenzene and hexacyanobenzene
dimers). Table 7 gives the stacking stabilization enetgies at the CCSD(T)/CBS limit. As can be seen,
the MP2/6-31G*(0.25) energies are within 81-110% of the CCSD(T)/CBS energies. Furthermore,
the trends at the MP2/6-31G*(0.25) level for the benzene, hexacyanobenzene and
hexaaminobenzene dimers are the same as the trends at the CCSD(T)/CBS limit. Lastly, there is no
trend in the MP2/6-31G*(0.25) and CCSD(T)/CBS energies between dimers where charge transfer is

not dominant vs. dimers where charge transfer is dominant. These results reaffirm the choice of the

MP2/6-31G*(0.25) level of theoty for calculating the energies of dimers considered in this thesis.

Table 7: Results from the CCSD(T)/CBS extrapolation. All energies are in k] mol-. The aug-cc-
pVTZ calculations for the hexaaminobenzene-aminobenzene and hexaaminobenzene-cyanobenzene

dimers were calculated using the RI approximation with Turbomole V5-9-1 18.4

*
Monomer 1 Monomer 2 ?CCE?(T) 16\/—[;2(/} £(0.25) g\?{rlg;???%? G*((g.12()5(;
%) /(CCSD(T)/CBS))
Benzene Aminobenzene | —9.9 -8.9 90.3%
Benzene Benzene -18.3 -18.3 100.1%
Benzene Cyanobenzene | —13.1 -11.5 88.0%
Hexaaminobenzene | Aminobenzene | —-21.6 =177 81.8%
Hexaaminobenzene | Benzene -20.8 -16.8 80.8%
Hexaaminobenzene | Cyanobenzene | —38.7 =379 98.1%
Hexacyanobenzene @ Aminobenzene | n/a —74.0 n/a
Hexacyanobenzene | Benzene —47.1 -52.6 111.7%
Hexacyanobenzene = Cyanobenzene  n/a —54.4 n/a
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3.4 Conclusion

Electrostatics has been ruled out as being dominant in stacking stabilization since it cannot
explain the trends. In addition, HF energies (electrostatic + exchange interactions) are always
repulsive and never give the correct trends in stacking stabilization suggesting that electrostatics is
not responsible for stacking interactions. The trends in stacking stabilization are successfully
explained by electron correlation (dispersion, induction and charge transfer). Dispersion interactions
dominate the trends in stacking stabilization when both monomers are lightly substituted while
charge transfer dominates the trends in stacking stabilization when the one of the monomers is
heavily substituted. In addition, charge transfer interactions have been shown to be dominant in
changing the relative stacking stabilization between benzene, cyanobenzene and aminobenzene with
changing number of substituents.

This chapter finds that the MP2/6-31G*(0.25) level of theory is accurate for studying dimers
where charge transfer interactions are not dominant and in dimers where charge transfer interactions
are dominant. Previous studies had never examined the validity of the MP2/6-31G*(0.25) level of
theory under the two different circumstances and this supports the use of MP2/6-31G*(0.25) level of
theory for studying stacking interactions.

To conclude, on being stacked with lightly substituted monomers, the trends between lightly
and heavily substituted benzene monomers are dominated by different stabilization forces, with the
former being dominated by dispersion and the latter by charge transfer.
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4. Stacking of nucleobase-benzene dimers

41 Introduction

In the previous chapter, it was shown that the dominant force responsible for stacking
interactions varies with the difference in substitution of the rings. When the difference in the number
and type of substituents of the rings is small, dispersion interactions are dominant in determining the
trends. When the difference is large, charge transfer interactions are dominant in determining the

trends in stacking interactions between the dimers.

Previous work has studied the stacking interactions between the nucleobases,''2 and
between the nucleobases and other biological molecules such as amino acid side-chains.!>!4 Both
experimental and theoretical studies have found that the polarizability of the monomers affect
stacking interactions, with increase in polarizability corresponding to an increase in stacking
interactions.!317 Polarizability in turn has been found to be related to the sutrface area (size) of the
molecules.!? In addition, the role of dipole-dipole (electrostatic) interactions has also been noted in
the literature.”.10.13-1418 Finally, experimental studies have found hydrophobic interactions to be
important for stacking interactions,'®20 although they will not play a role in our gas-phase
calculations. The literature on nucleobase stacking has not yet examined the role of charge transfer
interactions in stabilizing stacked neutral monomers. The literature examining the stacking
interactions of cationic methylated adenine with the histidine and tryptophan amino acid side-chains

has noted the possibility of charge transfer influencing stacking interactions.!3

In this chapter, the stacking interactions of nucleobase-benzene dimers are studied. The five
common natural nucleobases, namely adenines, cytosines, guanines, thymines and uracils are
examined (Figure 18). The substituents around the benzene ring are vatied in the same fashion as the
benzene chapter so that the results can be compared. The nucleobases are first stacked with
monosubstituted benzenes where both electron-donating (-NH,, -OH, -CH;) and electron-
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withdrawing (-CN, -CONH,, -F, -NO») substituents are considered. In addition, the unsubstituted
benzene is also studied as a reference. Next, each of the nucleobases is stacked with polysubstituted
benzenes (Figure 9) where the effects of electron-donating amino groups and electron-withdrawing
fluoro groups are examined. The fluoro groups are examined because previous experimental work

have examined the effects of various fluoro substituted rings with the natural nucleobases.2

6
i 22 NH! 22 NH!
Y IS

HN N3O O73N270 07 3N2°0

cytosine thymine uracil
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HN_ )5 Np i &8 N7
2
I i | N\>8
NNy HN"2'N"4 N9
adenine guanine

Figure 18: The five natural nucleobases (adenine, guanine, cytosine, thymine and uracil) and the

numbering of their ring atoms.

4.2 Computational methodology

The methodology for examining these dimers is the same as for the benzene dimers
discussed in section 2.2. The only two differences are the structure chosen to be «a=0° and the
monomer kept constant during the scans. For «=0°, the torsional angle between the hydrogen at the
glycosidic bond on the nucleobase, the centers of mass of the nucleobase and benzene, and the
substituent indicated by the circles in Figure 9 is set to zero. In addition, the nucleobase is always
kept fixed during the R1/a and R2 scans for these systems. For some of the substituted benzenes
which are asymmetrical, the monomers are flipped and the potential energy surface of the flipped
monomers are examined. These flipped monomers have the suffix “-fl” attached to them in the data

tables in the Appendix and their energies are also plotted in all of the graphs.
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4.3 Results and Discussion

4.3.1 Nucleobase-monosubstituted benzene dimers

The stacking energies of the one-ring molecules (pyrimidines and benzene) are examined
separately from the stacking interaction of the two ring molecules (purines). Breaking down the
analysis into smaller subgroups will make for a more systematic examination of the systems and
therefore aid in the analysis. A breakdown based on ring size is chosen since ring size is the
fundamental difference between the structures. Both electron-donating (-NH,, -OH, and —CH3) and
electron-withdrawing groups (-CN, -CONHa, -F and —NOy) are considered on the monosubstituted
benzenes. In addition, unsubstituted benzene is also studied as a reference. The stacking stabilization
energies for pyrimidine-monosubstituted benzenes and benzene-monosubstituted benzenes are
plotted as a function of the dipole moments of the monosubstituted benzenes in Figure 19a. Both
electron-donating and electron-withdrawing substituents are found to increase the stacking
stabilization energy relative to unsubstituted benzene. This suggests that electrostatics cannot be the

dominant interaction in determining the stacking stabilization energies.

For charge transfer to be the dominant interaction between the natural nucleobases and
monosubstituted benzenes, the stacking interactions between the dimers should increase with
increasing difference in the ESP of the monomers. This is not found to be the case. For example,
uracil has two strong electron-withdrawing carbonyl groups (Figure 18 and Figure 20), but still stacks
the strongest with monosubstituted benzenes containing electron-withdrawing groups like

nitrobenzene (Dipole = 5.376D, Figure 19a).
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Figure 19: (a) Stacking stabilization energies of the pyrimidine-monosubstituted dimers and benzene-
monosubstituted dimers plotted as a function of the dipole moments of the monosubstituted
benzenes. (b) Stacking stabilization energies of the purine-monosubstituted benzene dimers plotted

as a function of the dipole moments of the monosubstituted benzenes.
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Figure 20: Electrostatic potential maps of the different nucleobases. (Top row, left to right: thymine,

uracil and guanine. Bottom row, left to right: adenine, benzene and cytosine)

A high degree of correlation can be seen between the dipole moments of the
monosubstituted benzenes and their stacking stabilization energies for each set of dimers (Table 8).
On examining the increase in stacking stabilization with increasing dipole moments of the
monosubstituted benzenes, benzene shows the smallest increase followed by thymine, cytosine, and
uracil (Table 8). Therefore, the rate of increase in the stacking stabilization with increasing dipole
moments of the monosubstituted benzenes has a positive correlation with the dipole moments of the

monomers for benzene, thymine and cytosine, but not for uracil (Table 8).

In order to examine why the uracil dimers are an exception, the uracil-monosubstituted
benzene data is evaluated further (Figure 19a). Uracil shows a stronger stacking interaction with
benzenecarboxamide than would be expected based on the dipole of benzenecarboxamide (Figure
19a, dipole moment = 4.094 D). Therefore, the rate of increase in the stacking interactions with an
increase in the dipole moments are examined without the benzenecarboxamide outlier. In this case, it

is now found that benzene has the smallest increase, followed by uracil, thymine and cytosine (Table
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8), in accordance with the dipole moments of the molecules. This trend can be explained on the basis
of (electrostatic) dipole-dipole interactions. Dipole-dipole interactions have also been noted in the

nucleobase literature in the past,”10:13-1418 and can be seen in the anti-parallel dipole orientation (Table

8).

Table 8: The dipole moments of the different monomers, dipole alignments and their coefficients of
correlation and slopes (with and without benzenecarboxamide) when the stabilization energy of their
dimers with monosubstituted benzenes are plotted as a function of the dipole moment of the

monosubstituted benzenes (Figure 19).

Monomer Dipole at Coefficient | Dipole Slope (k] | Slope without
MP2/6-31G* | of alignment | mol"! benzenecarboxamide
(Debye) correlation | * (9) Debye!) | (k] mol! Debye)

r

Benzene 0.0000 E(3.93 n/a -2.0 -2.0

Cytosine 7.3552 -0.93 153.6 -2.5 -2.7

Thymine 4.9599 -0.95 151.7 -2.4 2.3

Uracil 5.0295 -0.94 133.2 -2.6 2.3

Adenine 2.4591 -0.93 139.1 2.3 -2.4

Guanine 7.3335 -0.93 141.4 -2.9 -2.9

* The dipole alighment is the angle between the dipoles plotted from the center of masses.

Benzenecarboxamide shows stronger stacking interactions than expected based on its dipole.
The reason for this discrepancy could be because the carboxamide group has a carbonyl and amino
group, both of which cause charge separation in the molecule. However, the extent of charge
separation caused by these groups may not necessarily be reflected in the dipole moment of
benzenecarboxamide. In order to test this idea, the relative stacking interactions of the pyrimidines
are examined. One would expect the thymine ring to be have the most charge separation, followed
by uracil, while cytosine would be expected to have the least charge separation (Figure 20). As
expected based on charge separation, thymine has the strongest stacking interactions, followed by
uracil, while cytosine has the smallest stacking interactions (Figure 19a). The same trend has been

seen in previous studies which examined the stacking interactions of natural nucleobases with each
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other and the protein side-chains histidine, phenylanalinine, tyrosine and tryptophan.”-!# Substituent-
ring interactions could also explain the stacking interaction energies, since the substituents cause the
charge separation in the ring, which in turn would cause increased dispersion interactions with the
other ring. In terms of dipoles, cytosine has the largest dipole (7.355 D), followed by uracil (5.030 D),
while thymine has the smallest dipole moment (4.960 D) at MP2/6-31G(d). Therefore, like
benzenecarboxamide, the extent of charge separation of the pyrimidine rings is not reflected in their
dipole moments. This suggests that in addition to dipole-dipole electrostatic interactions, the extent
of charge separation also plays a role in determining stacking stabilization energies. In terms of
polarizabilities, cytosine has the greatest polarizability (108.3 au), followed by thymine (97.6 au), while
uracil has the smallest polatizability (95.7 au) at the MP2/aug-cc-pVDZ level of theory. One possible
reason why the polarizabilities do not reflect the extent of charge separation could be because it is the
dipole polarizability that was calculated,?! and therefore it is not surprising that the polarizabilities of
the pyrimdines correspond to their dipole moments. Thus, the stacking interactions follow the extent
of charge separation in the pyrimidines, even when charge separation is not reflected in the dipole

moments or the polatizabilities.

The stacking interactions of the purines ate plotted as a function of the dipole moments of
the monosubstituted benzenes in Figure 19b. The trends in stacking stabilization of the
monosubstituted benzenes are the same between the purines and pyrimidines, suggesting that
electrostatics and charge transfer are not the dominant interactions determining the trends of the
purine-monosubstituted benzene dimers. Guanine shows a greater increase in stacking stabilization
with increasing dipole moments than adenine (Table 8). This can be explained on the basis of both
the extent of charge separation and dipole-dipole interactions since guanine has a larger dipole
moment (7.334 D) than adenine (2.459 D) (Table 8). Guanine has an exocyclic carbonyl substituent
and an amino substituent, which would imply that it has more charge separation than adenine, which

has only one exocyclic amino substituent. Guanine also seems to undergo more dipole-dipole
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stabilization as suggested above. In terms of the polarizabilities, guanine (123.4 au) and adenine
(124.5 au) have neatly the same polarizabilities at MP2/aug-cc-pVDZ and therefore this property

cannot explain the difference in stacking stabilization.

It has so far been established that electrostatics and charge transfer cannot explain the
stacking interactions of the monosubstituted benzene-nucleobase dimers examined in this section.
However it can be concluded that when the dipole moments and polarizability of the molecules
differ from the degree of charge separation, the latter dominates the stacking interactions. However,
the role of substituent-ring interactions cannot be ruled out since the same trends would be expected

based on the extent of charge separation and substituent-ring interactions.

4.3.2 Nucleobase-polysubstituted benzene dimers

In this section, the stacking interactions of the natural nucleobase-polysubstituted benzene
dimers are examined and compated to the benzene-polysubstituted benzene dimers for fluoro and
amino substituents. It was shown in the previous section that an increase in the dipole moment
causes an increase in the stacking stabilization, particularly when the magnitude of the dipole
represents the extent of charge separation in the molecules. In the case of the polysubstituted
benzenes, increasing dipoles corresponds to increasing charge separation only when the number and
type of substituents is kept constant. Figure 21a plots the difference in stacking stabilization energy
between the zero-dipole polyaminobenzene and maximum dipole polyaminobenzene dimers with the
same number of amino substituents for the pyrimidine and benzene dimers. Cytosine shows the
greatest increase in stacking stabilization energy with increasing dipole moments (6.6 kJ mol),
followed by uracil (4.2 k] mol!), thymine (2.3 k] mol!) and benzene (1.3 kJ molt). Therefore, the
increase in stacking stabilization energy follows the trends in dipole moments for the pyrimidines and
benzene, suggesting that dipole-dipole interactions are responsible for the relative increase in stacking

stabilization energies. For the purines (Figure 21b), guanine shows a greater increase in stacking

70



stabilization energy (2.0 k] mol!) than adenine (1.5 k] mol') and this difference can again be
explained on the basis of the stronger dipole moment of guanine, which gives further evidence of the

presence of dipole-dipole interactions.
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Figure 21: Increase in stacking stabilization energy on going from a zero-dipole polyaminobenzene to
the maximum dipole polyaminobenzene with the same number of amino substituents plotted as a
function of the number of amino substituents for (a) pyrimidines-polyaminobenzene and benzene

polyaminobenzene dimers, and (b) purine-polyaminobenzene dimers.
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On examining the increase in stacking stabilization energies on going from a zero-dipole
polyfluorobenzene dimer to the maximum dipole polyfluorobenzene dimer with the same number of
fluoro substituents for pyrimidines and benzene (Figure 22a), cytosine again shows the greatest
increase in stacking stabilization energies (4.6 k] mol), followed by uracil (2.9 k] mol), thymine (2.8
k] mol') and benzene (2.7 k] mol!). Therefore, increase in stacking stabilization energy again follows
the trends in dipoles of the pyrimidines and benzene. On examining the increase in stacking
stabilization energies for the purine-polyfluorobenzene dimers, guanine shows a greater increase (2.0
k] mol) than adenine (-0.7 k] mol') and this difference can again be explained on the basis of the
greater dipole moment of guanine. The decrease in stacking stabilization energies of adenine (-0.7 k]
mol!) suggests that dipole-dipole interactions are not the dominant interaction and this can be
attributed to the small dipole moment of adenine (2.459 D). Other secondary interactions might be
responsible for the small decrease in stacking stabilization observed for the adenine-

polyfluorobenzene dimers.

In conclusion, it appears that dipole-dipole interactions can be seen in neatly all of the
polyfluorobenzene and polyaminobenzene dimers, but only when the type and number of

substituents remain constant around the polysubstituted benzene ring.
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Figure 22: Increase in stacking stabilization energy on going from a zero-dipole polyfluorobenzene to
the maximum dipole polyfluorobenzene with the same number of substituents for (a) pyrimidines

and benzene dimers, and (b) purine dimers.

The stacking stabilization energies of purine-polyaminobenzene and benzene-
polyaminobenzene dimers are plotted as a function of the number of amino substituents in Figure

23. On examining the stacking stabilization energies after R1/o scans (Figure 23a), the stacking
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interactions of all of the molecules are found to increase with increasing number of amino
substituents. Furthermore, the increase in stacking stabilization is the greatest for uracil (m=-2.52 kJ
mol! substituent), followed by thymine (m=-2.15 k] mol-! substituent'), benzene (m=-1.28 k] mol~!
substituent!) and cytosine (m=-1.22 kJ mol-! substituent!) after the R1/a scans. The relative trends
between the different molecules remain the same after the R2 scans with the exception of benzene
and cytosine. Cytosine now shows a greater increase in stacking stabilization (m=-2.41 kJ mol"!

substituent!) than benzene (m=-1.28 k] mol-! substituent).

Figure 24 shows the stacking interactions of pyrimidine-polyfluorobenzene dimers as a
function of the number of fluoro substitutions. On examining the change in stacking stabilization
with increasing number of substituents after the R1/a scans (Figure 24a), it is found that the stacking
interactions of cytosine and benzene increase (m=-2.45 and -2.94 k] mol-! substituent! respectively),
the stacking interactions of thymine stay neatly constant (m=-0.02 k] mol! substituent!) while the
stacking interactions of uracil decrease with increasing number of substituents (m=1.05 k] mol~

substituent!). The relative trends in stacking interactions between the molecules stay the same after

the R2 scans (Figure 24b).

74



o)
—

% 0.0 benzene Tcytosine Xthymine =uracil
4
EB -10.0 4
-*]
S
g g -200 1
g0 = 1
3= - T+
2 0] % M
% X K - 7
_S -40.0
[}
b}

-50.0 . .

1 2 3 4 5 6
Number of amino substituents

b)
% 0.0 benzene Tcytosine Xthymine “uracil
&
[+
@ -10.0
[+]
S~
U -
g ¢ -20.0 1
§ g |1+
_N E ==}
% -30.0 g T+
T : -
g 0 X x4
%]

-50.0 T

1 2 3 4 5 6
Number of amino substituents

Figure 23: (a) The stacking stabilization energies of the pyrimidine-polyaminobenzene and
benzene-polyaminobenzene dimers after the R1/a scans plotted as a function of the number of
amino substituents. (b) The stacking stabilization energies of the pyrimidine-polyaminobenzene and
benzene-polyaminobenzene dimers after the R2 scans plotted as a function of the number of amino

substituents.
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Figure 24: (a)

polyfluorobenzene dimers after the R1/a scans plotted as a function of the number of fluoro
substituents. (b) The stacking stabilization energies of the pyrimidine-polyfluorobenzene and

benzene-polyfluorobenzene dimers after the R2 scans plotted as a function of the number of fluoro

substituents.

Number of fluoro substituents

The stacking stabilization energies of the pyrimidine-polyfluorobenzene and benzene-

76



Given that an increase in number of substituents can cause a decrease in the stacking
stabilization as seen for the uracil-polyfluorobenzene dimers, dispersion cannot be the dominant
interactions in determining the change in stacking interactions with changing number of substituents.
This is because stacking interactions would only be expected to increase with increasing number of
substituents were dispersion interactions (due to charge separation in the monomers) dominant in
changing the stacking interactions with changing number of substituents. In order to explain the
different trends in stacking stabilization associated with increasing number of substituents, let us
examine the substituents present on the different pyrimidines (Figure 18). As a result of the two
carboxyl groups, uracil has the most positive ESP, followed by thymine while cytosine would have
the most negative ESP over the ring (Figure 20). Benzene also has a negative ESP over the ring
(Figure 20). Therefore, electrostatics or charge transfer could explain why uracil shows the greatest
increase in stacking interactions with increasing number of electron-donating amino substituents,
followed by thymine, cytosine and benzene, and why the reverse trend is seen for increasing number

of electron-withdrawing fluoro substituents.

In order to determine whether electrostatics or charge transfer is responsible for the change
in stacking stabilizations, the interaction energy of all of the zero-dipole uracil-polyfluorobenzenes
and uracil-polyaminobenzenes are examined (Table 9). The stacking interactions of only the zero-
dipole systems are examined so that the effect of dipole-dipole interactions can be separated from the
effect of changing number of substituents. For the uracil-polyfluorobenzene dimers, neither the HF
interaction nor the MP2 interaction alone account for the trends in stacking stabilization. The
destabilization due to HF does not always increase with increasing number of substituents, suggesting
that electrostatic repulsion alone is not responsible for the decrease in stacking stabilization with
increasing number of substituents. Instead decreases in both the HF energy and correlation energy
can be seen with increasing number of substituents. For the polyaminobenzenes, the stacking

interactions are dominated by the correlation energy, which shows an increase with increasing
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number of substituents. The HF component, on the other hand, stays nearly constant with increasing
number of amino substituents. The trends for the polyaminobenzenes and polyfluorobenzenes
suggest that the increase in stacking stabilization with increasing number of substituents is caused by
increased charge transfer interactions and not by increased electrostatic interactions. The decrease in
stacking stabilization seen with increasing number of substituents results from small changes in

stabilization due to either electrostatics or correlation (charge transfer).

Table 9: Stacking stabilization energies of zero-dipole uracil-polyfluorobenzenes and uracil-
polyaminobenzenes at the HF/6-31G*(0.25) and MP2/6-31G*(0.25) level and the stacking

stabilization due to electron correlation at the MP2/6-31G*(0.25) level.

Monomer1 Monomer2 (kJAI’]iili ) a{?i\gz D Aéngﬁ:%m
uracil 1,4-difluorobenzene 7.3 -25.2 -32.5
uracil 1,3,5-trifluorobenzene 111 -23.4 -34.5
uracil 1,2,4,5-tetrafluorobenzene | 6.7 -26.5 -33.2
uracil hexafluorobenzene 11.2 -24.5 -35.7
uracil 1,4-diaminobenzene 2.0 -28.3 -30.4
uracil 1,3,5-triaminobenzene 2.7 -33.8 -36.5
uracil 1,2,4,5-tetraaminobenzene | 3.0 -36.4 -39.5
uracil hexaaminobenzene 2.8 -44.2 -47.1

Figure 25 plots the stacking interactions of the purine-polyaminobenzene dimers after the
R1/a scans and after the R2 scans. As can be seen, the stacking interactions always increase with
increasing number of substituents. After the R1/a scans, the stacking interactions of adenine increase
more (m=-1.24 kJ mol! substituent!) than the stacking interactions of guanine (m=-0.64 k] mol!
substituent!) with increasing number of substituents. The same relative trends are seen after the R2
scans, with adenine showing a greater increase in stacking stabilization (m=-2.03 kJ mol!

substituent-1) than guanine (m=-1.79 kJ mol! substituent?).
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Figure 25: (a) The stacking stabilization energies of the purine-polyaminobenzene dimers after the
R1/o scans plotted as a function of the number of amino substituents. (b) The stacking stabilization
energies of the purine-polyaminobenzene dimers after the R2 scans plotted as a function of the

number of amino substituents.

Figure 26 plots the stacking interactions of the purine-polyfluorobenzene dimers as a

function of the number of fluoro substituents after the R1/alpha and R2 scans. After the R1/a scans,
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adenine shows a greater increase in stacking stabilization (m=-2.84 k] mol! substituent!) than
guanine (m=-1.75 kJ mol substituent?) with increasing number of fluoro substitutions. After the R2
scans, the increase in stacking interactions with increasing number of fluoro substitutions is almost

the same for adenine and guanine (m=-2.20 and -2.08 k] mol-! substituent! respectively).

Since adenine has one electron-donating amino group while guanine has an electron-
withdrawing carbonyl group and an electron-donating amino group, adenine would be expected to
show a greater increase in stacking stabilization with increasing number of fluoro substitutions. In
contrast, guanine would be expected to show a greater increase in stacking stabilization with
increasing number of amino substitutions on the basis of electrostatics and charge transfer. Adenine,
however, shows a greater increase in stacking stabilization with increasing number of both amino and
fluoro substituents. This suggests that charge transfer and electrostatics are not the dominant
interactions in determining the relative increase in stacking interactions between the two purtines.
Additionally, charge separation in the ring also does not appear to be the dominant interaction in
determining the relative increase in stacking interactions between the two purines, since guanine has
more charge separation. Substituent-ring interactions also cannot explain the difference in stacking
stabilization with increasing number of substituents since both guanine and adenine would be
expected to show the same increase in stacking interaction with increasing number of substituents.
The slightly greater increase in stacking stabilization of adenine with increasing number of

substituents could be as a result of the slightly greater polarizability of adenine vis-a-vis guanine

(124.5 vs 123.4 au respectively at the MP2/aug-cc-pVDZ level of theory).
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Figure 26: (a) The stacking stabilization energies of the purine-polyfluorobenzene dimers after the
R1/o scans plotted as a function of the number of fluoro substituents. (b) The stacking stabilization
energies of the purine-polyfluorobenzene dimers after the R2 scans plotted as a function of the

number of fluoro substituents.

The two-ring purines differ from the single-ring molecules examined in this thesis so far

because the trends in stacking stabilization with increasing number of substitutions has always been
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dominated by charge transfer interactions for the latter. This difference could be due to the larger
number of electrons in the two ring systems. As a result, the substituents do not perturb the
electrons in the rings to the same extent as the single-ring molecules. Therefore, the polarizabilities of
the two ring molecules, and not the effect of substituents, determine the trends in stacking

interactions.

Evidence has been provided in this chapter for the role of charge transfer interactions in
stabilizing stacked structures of the nucleobases. It has been suggested that uracil is the best electron
acceptor among the pyrimidines, followed by thymine and cytosine. The calculated and experimental
(in DMSO) electron affinities of the pyrimidines support this argument where uracil has the greatest
electron affinity, followed by thymine, while cytosine has the smallest electron affinity.2223
Furthermore, the data also shows that guanine is a better electron acceptor than adenine and the
calculated and experimental (in DMSO) electron affinities of the two purines support this

argument.?23

4.4 Conclusions

This thesis chapter has shown that charge transfer interactions, which were determined to
dominate the stacking energy of benzene dimers with a large difference in ESP, also dominate the
stacking interactions of single-ring nucleobases (pyrimidines) when the difference in ESP of the
benzene monomers is large. In addition, the role of charge separation in determining the relative
strength of stacking interactions in cases where the difference in ESP is small between the monomers
has again been noted. Lastly, the role of dipole-dipole interactions in determining the relative

orientation of monomers and their effect on stacking interactions is seen.

This is also the first study to suggest that the effect of substituents on stacking interactions
differs between the single-ring pyrimidines and the two ring purines. The effect of substituents on
stabilization due to chatrge transfer interactions in the single-ring molecules is not seen for the two
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ring pyrimidine, as specifically, adenine shows a greater increase in stacking interactions with

increasing amino and fluoro substituents. Instead, the difference in stacking stabilization with

increasing number of substituents between the purine-polysubstituted benzene dimers could be a

result of the different polarizabilities of the purines. However, the true dominant force for purines is

yet to be determined.
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5. Global Conclusions and Future Work

5.1 Global Conclusions

The Introduction mentioned that the goal of this thesis is to bring together the different
viewpoints in the literature on the source of stacking interactions. The stacking application papers
mention the importance of charge transfer and dipole-dipole interactions in stabilizing stacked
structures,!6 the theoretical literature on biological molecules emphasise the importance of dipole-
dipole interactions and polarizability of the monomers,’!! the experimental literature on benzene
systems mention the importance of electrostatics,!%18 and in some cases charge transfer,'9-2! while the
theoretical literature on benzene systems has so far not given a global explanation that explains all of
the trends seen.2227 This thesis has examined stacking interactions in more depth than has been done
in the past, and the results are found to agree most closely with the findings of the stacking
application papers wherein two different kinds of forces (charge transfer and dipole-dipole
interactions) have been identified. In addition, the extent of charge separation in the ring is found to
be important. Charge separation is found to be important when the difference in the ESP of the
interacting monomers is small. Charge transfer is dominant when the difference in ESP of the
stacked rings is large, while dipole-dipole interactions are present in all of the studied dimers. This
answers the question set-out in the Chapter 1 regarding whether the nature of interactions change

between heavily-substituted phenyl dimers (>3 substituents) and lightly-substituted phenyl dimers

(<3 substituents).

The stabilization due to dispersion can be strengthened by increasing the extent of charge
separation in the ring or by increasing the ring size. Charge transfer can be increased by increasing
the difference in ESP of the two rings. The stabilization due to charge transfer is seen in the electron

correlation. This has been deduced by examining the stacking stabilization energies at HF and MP2
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level of theory. These results will no doubt prove valuable for studies interested in designing self-

assembling stacked structures.

This thesis also provides valuable structural information on stacked structures. It is shown
that dipoles are anti-parallel when both stacked rings have an electron-withdrawing substituent or
when both rings have an electron-donating substituent. However, in cases where one ring has only
electron-donating substituents while the other ring has only electron-withdrawing substituents, the
dipole orientation is no longer anti-parallel. This deviation has been shown to have an associated
energetic cost. While these results do a good job illustrating the potential energy surface of the dimers
in the gas phase, they are not optimizations and therefore cannot predict exactly how the molecules

will behave in solution.

5.2 Future Work

The biggest unanswered question in this thesis is: why does the effect of substituents differ
between the two-ring purines and one-ring pyrimidines? While the one-ring pyrimidines show the
same substituent effects as benzene, the two-ring purines do not show the same substituent effects.
It might be that the substituents on two-ring systems do not have the same stacking interaction
trends because one or two substituents are not enough to change the charge transfer interactions
involving the bigger ring systems, and substituent effects will be seen only when more substituents
are added to the ring. Another reason why substituent effects cannot be seen could be because the
opposite molecule has only one ring and substituent effects will become visible if the two-ring

systems are stacked with other two ring systems.

Another interesting question to address in future work is which orbitals are involved in the

clectron correlation, and whether my hypothesis of intramolecular electron correlation vs
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intermolecular electron correlation can be confirmed. Furthermore, it will be interesting to see if it is

the ring carbons or the substituent atoms or both that take part in the electron correlation.

This study has so far concerned itself with gas-phase calculations. It would be interesting to
determine the effect of external solvents on the two different forces involved in-[/ stacking

interactions, given that the experimental applications of stacking are always in a solvent.

The last important question that needs to be investigated is why experimental benzene
studies differ from theory. Experimental studies have never confirmed charge transfer interactions by
showing decreasing stacking energies with increasing number of substituents as has been shown in
the hexasubstituted benzene-polysubstituted benzene systems. Further experimental studies would

help confirm or refute the charge transfer hypothesis proposed in this study.
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Appendix

Table 10: Sample results from the R1 and a potential energy surface scans (for 1,2,4-
triaminobenzene and benzonitrile dimer).

R1(A) across
o (°) down 3.1 3.2 3.3 3.4 3.5 3.6
0 -2.5 -12.1 -17.9 -21.1 -22.4 -22.6
30 -12.2 -19.0 -22.9 -24.6 -24.9 -24.3
60 -18.7 -23.9 -26.5 -27.2 -26.8 -25.7
90 -19.7 -24.4 -20.6 -27.1 -20.5 -25.2
120 -14.3 -20.1 -23.1 -24.2 -24.1 -23.2
150 -17.6 -22.6 -24.9 -25.6 -25.0 -23.8
180 -18.4 -22.9 -25.0 -25.5 -24.9 -23.6
210 -20.6 -24.5 -26.2 -26.4 -25.5 -24.1
240 -25.3 -28.4 -29.4 -28.9 -27.6 -25.8
270 -21.6 -25.9 -27.8 -28.0 -27.2 -25.7
300 -12.1 -19.0 -22.9 -24.6 -24.8 -24.2
330 -11.5 -18.7 -22.8 -24.7 -25.1 -24.6

Table 11: Sample results from the R2 potential energy surface scans (for 1,2,4-triaminobenzene and
benzonitrile dimer).

X ACross
(A
y down
(A) -1.5 -1 -0.5 0 0.5 1 1.5
-1.5 -17.4 -19.6 -22.4 -22.7 -20.7 -20.3 -22.4
-1.0 -17.2 -21.6 -25.0 -23.2 -18.6 -18.0 -21.8
-0.5 -18.3 -23.7 -27.7 -26.2 -21.7 -20.8 -23.4
0.0 -19.7 -24.3 -28.7 -29.4 -27.2 -25.8 -25.2
0.5 -20.0 -22.6 -26.1 -28.3 -28.3 -26.8 -24.3
1.0 -18.9 -19.7 -21.5 -23.7 -24.9 -24.4 -22.5
1.5 -16.9 -17.1 -17.9 -19.9 -22.0 -23.0 -22.2
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Table 12: Summary of information from potential energy surface scans of the benzene-
monosubstituted benzene dimers at the counterpoise corrected MP2/6-31G*(0.25) level of theory.
All energies are in k] mol!, dipoles in Debye and distances are in A.

Dipole of R2
Monomer monomer : R1 o AE AE
X y
Benzene 0.000 3.900 30.0 -7.4 -1 -1 -8.9
Toluene 0.277 3.700 30.0 -10.6 ¢ 0.5 1. -13.5
Phenol 1.513 3.700 0.0 -10 -1 0.5 -13.2
Aminobenzene 1.616 3.700 0.0 -9.1 -1 05 -11.5
Fluorobenzene 1.843 3.700 30.0 -10.8 0 1.5 | -12.6
Benzenecarboxamide 4.094 3.500 30.0 -17.6 1 0] -18.8
Cyanobenzene 5.001 3.600 0.0 -16.9 1 0.5 0.5 -18.3
Nitrobenzene 5.376 3.400 30.0 -21.8 0 0.5 -22.5
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Figure 27: The dimer conformation corresponding to the most stable structure after the R2 scans for
the benzene-monosubstituted benzenes. The carbon attached to the substituent is over the benzene
ring in all cases except for fluorobenzene (5) where the carbon atom is close to the ring. The
different dimers are C6H6-C6H5X where X=-NH,, -CONH,, -H, -CN, -OH, -CH3, -F, -NO;, for
structures 1-8 respectively.
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Table 13: Summary of information from potential energy surface scans of the benzene-

polysubstituted benzene dimers at the counterpoise corrected MP2/6-31G*(0.25) level of theory. All

energies are in kJ mol-! and all distances are in A.

Monomer R1 o AE R2 AE
X y

Hexaaminobenzene 3.500 0.0 -15.4 0 1 -16.8
Pentaaminobenzene 3.500 0.0 -14.1 0.5 0.5 -16.1
1,2,3,4-Tetraaminobenzene 3.500 0.0 -14.2 -0.5 0 -15.6
1,2,3,5-Tetraaminobenzene 3.600 0.0 -12.1 1.5 -1 -13.8
1,2.4,5-Tetraaminobenzene 3.600 0.0 -11.5 0 -1.5 -14.8
1,2,3-Triaaminobenzene 3.500 0.0 -13.6 0 0.5 -14.6
1,2 4-Triaminobenzene 3.600 0.0 -10.9 -1 0.5 -14.5
1,3,5-Triaminobenzene 3.700 0.0 -9.3 0 -1.5 -12.0
1,2-Diaminobenzene 3.600 0.0 -11.7 0.5 -1 -12.8
1,3-Diaminobenzene 3.700 0.0 -9.8 0 1 -12.9
1,4-Diaminobenzene 3.700 0.0 -8.8 1 1 -11.8
Aminobenzene 3.700 0.0 9.1 -1 0.5 -11.5
Hexafluorobenzene 3.500 0.0 -25.4 0.5 0.5 -26.5
Pentafluorobenzene 3.500 0.0 -22.4 0.5 0.5 -24.3
1,2,3,4-Tetrafluorobenzene 3.500 0.0 -20.6 -0.5 0 -22.2
1,2,3,5-Tetrafluorobenzene 3.600 0.0 -19.0 0 0.5 -20.4
1,2.4,5-Tetrafluorobenzene 3.600 0.0 -18.3 0 1 -20.3
1,2,3-Trifluorobenzene 3.500 0.0 -18.4 0 0.5 -19.5
1,2 4-Trifluorobenzene 3.600 0.0 -16.1 1 0.5 -18.3
1,3,5-Trifluorobenzene 3.700 0.0 -15.1 -1 0.5 -16.6
1,2-Difluorobenzene 3.600 0.0 -14.8 1 0 -15.6
1,3-Difluorobenzene 3.700 0.0 -13.3 0 1 -15.1
1,4-Difluorobenzene 3.700 30.0 -12.4 -1.5 0 -14.6
Fluorobenzene 3.700 30.0 -10.8 0 1.5 -12.6
Hexacyanobenzene 3.400 30.0 -49.4 1 0 -52.6
Pentacyanobenzene 3.400 30.0 -43.7 -0.5 -0.5 -47.1
1,2,3,4-Tetracyanobenzene 3.400 0.0 -40.2 -0.5 0 -41.8
1,2,3,5-Tetracyanobenzene 3.500 30.0 -36.4 -0.5 0.5 -39.1
1,2,4,5-Tetracyanobenzene 3.500 30.0 -34.5 -1 0 -37.4
1,2,3-Tricyanobenzene 3.400 0.0 -35.0 0.5 0 -35.0
1,2,4-Tricyanobenzene 3.500 30.0 -29.6 -0.5 0.5 -32.3
1,3,5-Tricyanobenzene 3.600 30.0 -26.9 -0.5 -1.5 -29.3
1,2-Dicyanobenzene 3.400 0.0 -27.3 0 0.5 -27.5
1,3-Dicyanobenzene 3.500 0.0 -22.9 0 0.5 -25.9
1,4-Dicyanobenzene 3.600 30.0 -20.2 -1 0.5 -23.0
Cyanobenzene 3.600 0.0 -16.9 0.5 0.5 -18.3
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Figure 28: Figure showing the effect of increasing number of substitutions on horizontal
displacements for all the zero dipole polysubstituted benzenes in the benzene-polysubstituted
benzene dimers. The horizontal displacements represent the distance between the centers of the ring.

The overlap between the rings increases with increasing number of amino, fluoro and cyano
substituents.

Figure 29: Final structures of the hexaminobenzene-benzene dimer, hexafluorobenzene-benzene

dimer and the hexacyanobenzene-benzene dimer. The rings show a considerable degree of overlap in
the dimers.
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Table 14: Summary of information from potential energy surface scans of the cyanobenzene-

polycyanobenzene dimers and cyanobenzene-polyaminobenzene dimers at the counterpoise
cotrected MP2/6-31G*(0.25) level of theory. All energies are in k] mol-! and all distances are in A

R2
Monomer R1 AE AE
}/7

Hexacyanobenzene 3.300 30.0 -50.4 -0.5 -54.4
Pentacyanobenzene 3.300 180.0 -53.2 0 -53.2
1,2,3,4-

Tetracyanobenzene 3.300 210.0 -49.5 0.5 -0.5 -49.7
1,2,3,5-

Tetracyanobenzene 3.300 270.0 -45.6 0 0 -45.6
1,2,4,5-

Tetracyanobenzene 3.300 180.0 -40.0 0 0.5 -43.9
1,2,3-Tricyanobenzene 3.300 180.0 -43.5 0 0.5 -45.7
1,24-Tricyanobenzene 3.300 210.0 -40.8 0 0 -40.8
1,3,5-Tricyanobenzene 3.400 60.0 -32.5 -0.5 0 -34.9
1,2-Dicyanobenzene 3.400 210.0 -36.0 0.5 0 -38.0
1,3-Dicyanobenzene 3.300 180.0 -36.2 0 0 -36.2
1,4-Dicyanobenzene 3.400 150.0 -28.1 0.5 0.5 -30.8
Cyanobenzene 3.400 150.0 -28.3 0 0.5 -28.4
Hexaaminobenzene 3.300 30.0 -36.6 0 1.5 -37.9
Pentaaminobenzene 3.300 180.0 -33.5 0.5 -0.5 -34.5
1,2,3,4-

Tetraaminobenzene 3.400 90.0 -30.8 -1 0 -34.1
1,2,3,5-

Tetraaminobenzene 3.300 300.0 -30.1 -0.5 1.5 -32.3
1,2,4,5-

Tetraaminobenzene 3.300 180.0 -31.8 0 0.5 -32.7
1,2,3-Triaaminobenzene 3.400 270.0 -27.2 1 0.5 -28.8
1,2 4-Triaminobenzene 3.300 240.0 -29.4 0 -29.4
1,3,5-Triaminobenzene 3.400 30.0 -25.6 -0.5 -0.5 -28.5
1,2-Diaminobenzene 3.400 300.0 -27.0 0 -27.0
1,3-Diaminobenzene 3.300 180.0 -25.1 0 -25.1
1,4-Diaminobenzene 3.400 60.0 -23.2 -1 0 -26.6
Aminobenzene 3.400 240.0 -21.2 0.5 -0.5 214
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Table 15: Summary of information from potential energy surface scans of the aminobenzene-

polycyanobenzene dimers and aminobenzene-polyaminobenzene dimers at the counterpoise
cotrected MP2/6-31G*(0.25) level of theory. All energies ate in k] mol! and all distances are in A

R2
Monomer R1 AE AE
}/7

Hexacyanobenzene 3.200 30.0 -70.2 -0.5 -74.0
Pentacyanobenzene 3.200 150.0 -61.8 0 -61.8
1,2,3,4-

Tetracyanobenzene 3.300 300.0 -54.4 0 -0.5 -55.1
1,2,3,5-

Tetracyanobenzene 3.300 270.0 -51.6 0 0 -51.6
1,2,4,5-

Tetracyanobenzene 3.300 90.0 -50.6 0.5 0 -53.4
1,2,3-Tricyanobenzene 3.300 120.0 -43.4 0.5 0 -44.5
1,24-Tricyanobenzene 3.300 150.0 -42.1 -0.5 0 -43.4
1,3,5-Tricyanobenzene 3.400 30.0 -38.3 0 -0.5 -40.7
1,2-Dicyanobenzene 3.300 300.0 -34.7 0 -0.5 -34.9
1,3-Dicyanobenzene 3.400 120.0 -32.1 -0.5 0.5 -34.1
1,4-Dicyanobenzene 3.500 90.0 -28.6 1 0 -31.3
Cyanobenzene 3.400 240.0 -21.2 0.5 -0.5 -21.4
Hexaaminobenzene 3.500 30.0 -14.6 2.5 -1.5 -17.7
Pentaaminobenzene 3.500 180.0 -14.9 0 2.5 -19.2
1,2,3,4-

Tetraaminobenzene 3.500 240.0 -14.9 -2 0.5 -19.1
1,2,3,5-

Tetraaminobenzene 3.500 270.0 -12.9 0 -2.5 -16.8
1,2,4,5-

Tetraaminobenzene 3.500 180.0 -13.4 0 0.5 -15.8
1,2,3-Triaaminobenzene 3.500 120.0 -14.0 2 1 -17.1
1,2 4-Triaminobenzene 3.500 240.0 -14.3 -2 1.5 -17.2
1,3,5-Triaminobenzene 3.600 30.0 9.3 0 -2.5 -14.0
1,2-Diaminobenzene 3.500 120.0 -13.8 0.5 0 -14.5
1,3-Diaminobenzene 3.500 180.0 -14.0 2.5 -16.8
1,4-Diaminobenzene 3.600 120.0 -10.5 1 -13.8
Aminobenzene 3.500 240.0 -12.0 0.5 0.5 -13.0
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Figure 30: Figure showing the effect of increasing number of substitutions on horizontal
displacements for all the zero dipole polysubstituted benzenes in the monosubstituted benzene-
polysubstituted benzene dimers. The horizontal displacements represent the distance between the

centers of the ring. The overlap between the rings generally increases with increasing number of
amino, fluoro and cyano substituents.
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Figure 31: Representative pictures of the structures found in monosubstituted benzene-
polysubstituted benzene dimers. Structures a) and b) are 1,2,4,5-tetraaminobenzene-aminobenzene
and 1,2,4,5-tetracyanobenzene-cyanobenzene respectively. They represent the typical structure with
the rings overlapping and the most polarized carbon atom of the monosubstituted benzene over the
benzene ring. In addition, the polycyanobenzenes-cyanobenzenes typically have the carbon atom of
the cyano substituent overlapping with ring of the other benzene monomer. Structures c) and d) are
hexaminobenzene-aminobenzene and 1,3,5-triaminobenzene-aminobenzene respectively, the two
exceptions which are exceptions to the above mentioned trend because substituent-ring interactions
dominate over charge transfer interactions.
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Table 16: Summary of information from potential energy surface scans of the hexacyanobenzene-
polycyanobenzene dimers and hexacyanobenzene-polyaminobenzene dimers at the counterpoise
corrected MP2/6-31G*(0.25) level of theory. All energies are in kJ mol- and all distances are in A.

Monomer R1 AE R2 AE
y

Hexacyanobenzene 3.400 30.0 -29.8 -2 -3 -45.3
1,2,4,5-Tetracyanobenzene 3.400 30.0 -29.6 -1.5 0 -40.7
1,2,3-Tricyanobenzene 3.300 0.0 -47.3 -2 -2 -52.5
1,2,4-Tricyanobenzene 3.400 30.0 -34.7 1.5 2.5 -50.3
1,3,5-Tricyanobenzene 3.500 30.0 -30.6 0 1.5 -38.1
1,4-Dicyanobenzene 3.400 30.0 -35.3 -0.5 1.5 -43.9
Cyanobenzene 3.300 30.0 -50.4 -0.5 0 -54.4
Hexaaminobenzene 3.100 30.0 -135.8 -1 0 -146.0
1,2,4,5-Tetraaminobenzene 3.200 30.0 -108.3 -1 0 -117.3
1,2,3-Triaaminobenzene 3.100 30.0 -109.0 0 0 -109.0
1,2,4-Triaminobenzene 3.200 30.0 -99.8 0.5 0.5 -104.7
1,3,5-Triaminobenzene 3.200 30.0 -99.8 -0.5 0.5 -101.6
1,4-Diaminobenzene 3.300 30.0 -78.8 -1 0.5 -88.4
Aminobenzene 3.200 30.0 -70.2 0 -0.5 -74.0
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Table 17: Summary of information from potential energy surface scans of the hexaaminobenzene-
polyaminobenzene dimers and hexaaminobenzene-polycyanobenzene dimers at the counterpoise
corrected MP2/6-31G*(0.25) level of theory. All energies are in kJ mol-! and all distances are in A.

R2
Monomer R1 AE AE
}/7
Hexaaminobenzene 3.500 30.0 -8.8 -5 -17.0
1,2,4,5-Tetraaminobenzene 3.500 30.0 -10.4 2.5 -16.9
1,2,3-Triaaminobenzene 3.500 30.0 -10.3 0 2.5 -20.4
1,2,4-Triaminobenzene 3.500 30.0 -11.2 -1.5 -18.9
1,3,5-Triaminobenzene 3.500 30.0 9.2 -1.5 -14.9
1,4-Diaminobenzene 3.500 30.0 -12.5 -1.5 -3 -15.1
Aminobenzene 3.500 30.0 -14.6 2.5 -1.5 -17.7
Hexacyanobenzene 3.100 30.0 -135.8 -1 0 -146.0
1,2,4,5-Tetracyanobenzene 3.200 30.0 -97.6 -1 0 -101.2
1,2,3-Tricyanobenzene 3.200 30.0 -77.0 0 1 -80.8
1,2,4-Tricyanobenzene 3.200 30.0 -78.3 -0.5 -1 -80.9
1,3,5-Tricyanobenzene 3.200 0.0 -75.1 -0.5 0 -75.7
1,4-Dicyanobenzene 3.300 30.0 -56.7 -0.5 -0.5 -58.2
Cyanobenzene 3.300 30.0 -36.6 0 1.5 -37.9
10.000 - -
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Figure 32: Figure showing the effect of increasing number of substitutions on horizontal
displacements for all the zero dipole polysubstituted benzenes in the hexasubstituted benzene-
polysubstituted benzene dimers. The horizontal displacements represent the distance between the
centers of the ring. The overlap between the rings generally increases with increasing charge transfer
interactions.
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Figure 33: Figures representative of the final horizontal displacement structures for the zero-dipole
hexasubstituted benzene-polysubstituted benzene systems. There are five representative figures of
the final conformations. a) The hexacyanobenzene-hexaaminobenzene structure shows the
overlapping benzene dimers with the most polarized carbon atom over the benzene ring. This
structure is representative of hexacyanobenzene-polyaminobenzene and hexaaminobenzene-
polycyanobenzene dimers where there are strong charge transfer interactions. b) The
hexacyanobenzene-1,2,4,5-tetracyanobenzene dimer with the most polarized carbon atom and the
substituents over the benzene ring. This structure is representative of all of the hexacyanobenzene-
polycyanobenzene dimers except for the hexacyanobenzene dimer. ¢) The hexaaminobenzene-
hexaaminobenzene dimer with only the substituents interacting with each other. d) The
hexacyanobenzene dimer showing no ring overlap and substituent-ring interactions. ¢) The
hexaaminobenzene-1,2,4,5-tetraaminobenzene dimer with no ring overlap and the amino substituent
interacting with the ring. This structure is representative of the polyaminobenzene-
hexaaminobenzene dimers.
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Table 18: Summary of information from potential energy surface scans of the adenine-
monosubstituted benzene dimers at the counterpoise corrected MP2/6-31G*(0.25) level of theory.
All energies are in k] mol!, dipoles in Debye and distances are in A. The “-f]” suffix represents the
flipped monomer.

Dipole of R2

Monomer monomer | Rl o AE X y AE

Benzene 0.000 | 3.400 30.0 | -24.3 -0.5 0| -24.4
Toluene 0.277 | 3.400 0.0 | -27.9 0 0| -27.9
Toluene-fl 0.277 © 3.300 150.0 © -28.3 0 -05: -29.0
Phenol 1.513 1 3.300 210.0 : -29.6 -0.5 0 -32.0
Phenol-fl 1.513 | 3.400 0.0 -27.8 0.5 0 -27.9
Aminobenzene 1.616 ;. 3.400 270.0 i -25.4 0 -0.5i -26.6
Fluorobenzene 1.843 | 3.400 180.0 | -26.5 -0.5 0 -29.1
Benzenecarboxamide 4.094 | 3.400 30.0 | -29.6 11 05| -345
Benzenecarboxamide-fl 4.094 | 3.400 180.0 | -32.3 -1 0| -37.6
Cyanobenzene 5.001 i 3.400 180.0 : -34.5 0.5 -0.5: -37.7
Nitrobenzene 5.376 i 3.300 180.0 | -33.3 1 0 -38.7

Table 19: Summary of information from potential energy surface scans of the cytosine-
monosubstituted benzene dimers at the counterpoise corrected MP2/6-31G*(0.25) level of theory.
All energies are in k] mol!, dipoles in Debye and distances are in A. The “-fI” suffix represents the
flipped monomer.

Dipole of R2

Monomer monomer i Rl o AE X y AE

Benzene 0.000 : 3.500 00 -152 -05: 15 -18.4
Toluene 0.277 © 3.500 210.0 = -20.4 0 -15 -21.9
Toluene-fl 0.277 © 3.500 270.0 -20.6 0 -1 -23.8
Phenol 1.513 | 3.500 30.0 | -21.0 -1 1 -24.0
Phenol-fl 1.513 | 3.400 180.0 | -22.1 | -0.5| 1.5 -23.6
Aminobenzene 1.616  3.500 90.0 ¢ -19.0: 05 1.5 -25.1
Fluorobenzene 1.843  3.400 240.0 . -21.6 0 0 -21.6
Benzenecarboxamide 4.094 © 3.400 180.0 : -31.0¢ 0.5 0 -32.0
Benzenecarboxamide-fl 4.094 : 3.400 0.0 : -311 0 1 -33.5
Cyanobenzene 5.001 , 3.300 240.0 : -304 0 0: -304
Nitrobenzene 5.376 | 3.300 270.0 | -32.8 | -0.5 0 -34.4
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Table 20: Summary of information from potential energy surface scans of the guanine-
monosubstituted benzene dimers at the counterpoise corrected MP2/6-31G*(0.25) level of theory.
All energies are in k] mol!, dipoles in Debye and distances are in A. The “-fl” suffix represents the
flipped monomer.

Dipole of R2

Monomer monomer | R1 o AE X y AE

Benzene 0.000 | 3.400 30.0 | -24.5 0| 05| -25.2
Toluene 0.277 © 3.400 300.0 ¢ -29.0 0 -05: -31.0
Toluene-fl 0.277 © 3.400 0.0 © -30.0 0 0 -30.0
Phenol 1.513 = 3.300 0.0 -33.8 0 0 -33.8
Phenol-fl 1.513 = 3.400 150.0 @ -29.7 1:-05: -33.0
Aminobenzene 1.616 . 3.400 60.0: -28.7: -0.5; 0.5 -30.0
Fluorobenzene 1.843 | 3.300 330.0 | -29.9 | 0.5 0] -30.8
Benzenecarboxamide 4.094 © 3.300 150.0 @ -39.2 -1 1. 418
Benzenecarboxamide-fl 4.094 = 3.300 0.0 -40.4 0 -05 -424
Cyanobenzene 5.001 i 3.300 30.0 -394 ¢ 0.5 0 -41.0
Nitrobenzene 5.376 1 3.300 270.0 i -39.3 0:-05: -41.7

Table 21: Summary of information from potential energy surface scans of the thymine-
monosubstituted benzene dimers at the counterpoise corrected MP2/6-31G*(0.25) level of theory.
All energies are in k] mol!, dipoles in Debye and distances are in A. The “-fI” suffix represents the
flipped monomer.

Dipole of R2

Monomer monomer | R1 b AE X y AE

Benzene 0.000 : 3.500 30.0 i -20.8 11 -05 -22.5
Toluene 0.277 © 3.500 30.0 i -25.3 1 0 -26.8
Toluene-fl 0.277 | 3.500 90.0 | -25.6 | 05| -0.5| -26.7
Phenol 1.513 | 3.400 240.0 | -26.7 | -0.5 0] -27.6
Phenol-fl 1.513 . 3.400 210.0 = -25.8  -0.5 0 -26.9
Aminobenzene 1.616 = 3.400 60.0 : -28.7 ¢ 0.5 0 -30.6
Fluorobenzene 1.843  3.400 240.0 ¢ -26.1 : -0.5 0: -27.0
Benzenecarboxamide 4.094 : 3.400 180.0 i -334  -05: -0.5 -35.2
Benzenecarboxamide-fl 4.094 © 3.300 240.0 ¢ -35.0 0 -05 -355
Cyanobenzene 5.001 | 3.300 240.0 | -34.0 | -0.5 0| -349
Nitrobenzene 5.376 | 3.200 240.0 | -38.1 0 0] -38.1
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Table 22: Summary of information from potential energy surface scans of the uracil-
monosubstituted benzene dimers at the counterpoise corrected MP2/6-31G*(0.25) level of theory.
All energies are in k] mol!, dipoles in Debye and distances are in A. The “-f]” suffix represents the
flipped monomer.

Dipole of R2

Monomer monomer | Rl o AE X y AE

Benzene 0.000 | 3.500 30.0 | -18.7 0] -05| -20.1
Toluene 0.277 © 3.400 0.0 -22.6 0 0 -22.6
Toluene-fl 0.277 © 3.500 300.0 @ 244 -0.5: 0.5 -25.5
Phenol 1.513 . 3.300 120.0 i -26.6 0 0 -26.6
Phenol-fl 1.513 . 3.300 210.0 -24.8 0 -05: -252
Aminobenzene 1.616 . 3.500 300.0 ¢ -24.4  -0.5 11 -264
Fluorobenzene 1.843 | 3.300 150.0 | -25.4 0] -05| -25.8
Benzenecarboxamide 4.094 = 3.300 180.0 ¢ -32.9 1 0 -35.6
Benzenecarboxamide-fl 4.094 = 3.300 270.0 = -33.4  -0.5 0 -354
Cyanobenzene 5.001 3.300 150.0 = -33.6 0 -33.6
Nitrobenzene 5.376 1 3.200 180.0 i -34.5 0 0 -345
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Figure 34: Figure showing the final structures for all the aminobenzene and fluorobenzene dimers.
The final structures of all of the monosubstituted benzene-nucleobase dimers were examined and the
most polarized carbon atom on the monosubstituted benzene ring was always over the nucleobase
ring. Since there was not a large difference between the structures for the monosubstituted benzene-
nucleobase dimers, the aminobenzene and fluorobenzene dimers were chosen to represent the
stacking interactions of an electron rich and electron deficient monosubstituted benzene. a) Cytosine-
aminobenzene, b) cytosine-fluorobenzene, c) thymine-aminobenzene, d) thymine-fluorobenzene, e)
uracil-aminobenzene, f) uracil-fluorobenzene, g) adenine-aminobenzene, h) adenine-fluorobenzene, i)
guanine-aminobenzene, j) guanine-fluorobenzene.

105



Table 23: Summary of information from potential energy surface scans of the adenine-
polyfluorobenzene and adenine-polyaminobenzene dimers at the counterpoise cotrected MP2/6-
31G*(0.25) level of theory. All energies are in kJ mol-! and distances are in A. The “~fI”” suffix
represents the flipped monomer.

R2

Monomer R1 o AE X y AE
Hexafluorobenzene 3.200 0.0 -404 0 0: -40.4
Pentafluorobenzene 3.300 60.0 -37.6 0: 0.5 -38.8
1,2,3,4-Tetrafluorobenzene 3.300 2100 - -323: -05 -0.5: -345
1,2,3,5-Tetrafluorobenzene 3.300 150.0 i -354 -0.5 0 -359
1,2,4,5-Tetrafluorobenzene 3.300 90.0 -36.5 0 05 -37.1
1,2 3-Trifluorobenzene 3.300 150.0 . -28.3 -1 -0.57 -335
1,2 4-Trifluorobenzene 3.300 150.0 | -32.0| -0.5| 0.5 -36.0
1,2 4-Trifluorobenzene-fl 3.300 60.0 | -32.9 0| 05| -35.0
1,3,5-Trifluorobenzene 3.300 180.0 | -32.5 0 0| -32.5
1,2-Difluorobenzene 3.400 210.0 : -26.4 -1 0 -31.8
1,3-Difluorobenzene 3.400 120.0 © -284 -0.5i 0.5 -31.6
1,4-Difluorobenzene 3.300 120.0 . -32.2 0 0 -32.2
Fluorobenzene 3.400 180.0 : -26.5 -0.5 0 -29.1
Hexaaminobenzene 3.300 0.0 -31.6 -2 1 -36.9
Pentaaminobenzene 3.300 60.0: -319 -0.5 0: -34.6
1,2,3,4-Tetraaminobenzene 3.300 120.0 © -31.2 : -2.5 0 -324
1,2,3,5-Tetraaminobenzene 3.400 30.0  -29.3 -2 0: -32.7
1,2,4,5-Tetraaminobenzene 3.300 60.0 : -29.9 -2 0: -33.8
1,2,3-Triaaminobenzene 3.400 0.0 -285 -15° 05 -32.7
1,2, 4-Triaminobenzene 3.300 600 -292 -25. 05 -30.7
1,2,4-Triaminobenzene-fl 3.400 270.0 i -28.4
1,3,5-Triaminobenzene 3.400 600 276 -0.5 -05 -294
1,2-Diaminobenzene 3.300 0.0 -284 -2 1 -304
1,3-Diaminobenzene 3.300 0.0 -28.0 0:-05: -283
1,4-Diaminobenzene 3.400 60.0 i -27.2: -0.5 0: -27.7
Aminobenzene 3.400 270.0 i -25.4 0i-0.5: -26.6
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Table 24: Summary of information from potential energy surface scans of the cytosine-
polyfluorobenzene and cytosine-polyaminobenzene dimers at the counterpoise cotrected MP2/6-
31G*(0.25) level of theory. All energies are in kj mol-! and distances are in A. The “~fI”” suffix
represents the flipped monomer.

R2
Monomer R1 o AE X y AE
Hexafluorobenzene 3.300 30.0 | -31.0 0] -0.5| -34.0
Pentafluorobenzene 3.300 300.0 | -34.1 0] -0.5| -36.6

1,2,3 4-Tetrafluorobenzene 3.300 3000 | -34.7| -0.5 0] -355
1,2,3,5-Tetrafluorobenzene 3.300 3000 -31.3 0 0 -313
1,2,4,5-Tetrafluorobenzene 3.400 120.0 ; -27.5 0 -0.5: -30.1

1,2 3-Trifluorobenzene 3.300 240.0 + -30.5 0 0: -30.5
1,2 4-Trifluorobenzene-fl 3.400 3000 -27.11 -05 ¢ -05 -28.8
1,2 4-Trifluorobenzene 3.300 240.0 ¢ -29.3 0 0 -293
1,3,5-Trifluorobenzene 3.400 180.0 : -23.5 0 -0.5 -252
1,2-Difluorobenzene 3.300 240.0 ¢ -26.1 i -0.5 0 -27.5
1,3-Difluorobenzene 3.400 270.0 1 -24.8 1 -0.5 0 -25.8
1,4-Difluorobenzene 3.400 330.0 1 -22.4 0 -05; -243
Fluorobenzene 3.400 240.0 ¢+ -21.6 0 0 -21.6
Hexaaminobenzene 3.400 300 -2431| -0.5 1.5 | -36.4
Pentaaminobenzene 3.400 90.0 | -26.3 0| 15| -35.38

1,2,3,4-Tetraaminobenzene 3.400 150.0 | -27.9 0 1.5 | -34.6
1,2,3,5-Tetraaminobenzene 3.400 150.0 | -23.6 | -0.5 1.5 | -32.6
1,2,4,5-Tetraaminobenzene 3.400 150.0 i -22.0 1.5 3 -28.0

1,2,3-Triaaminobenzene 3.400 90.0 : -274 0 1 -33.1
1,2, 4-Triaminobenzene 3.400 900 : -233 15 25 -345
1,2 4-Triaminobenzene-fl 3.400 150.0 : -23.7 0 1.5 -355
1,3,5-Triaminobenzene 3.400 60.0 ¢ -19.7 -1 1.5 -275
1,2-Diaminobenzene 3.500 90.0 : -23.3 0 1.5 -30.0
1,3-Diaminobenzene 3.500 90.0 : -21.9 0 1 -26.9
1,4-Diaminobenzene 3.400 90.0: -194 -0.5 1.5 -22.5
Aminobenzene 3.500 90.0: -19.0 -0.5 1.5 -25.1
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Table 25: Summary of information from potential energy surface scans of the guanine-
polyfluorobenzene and guanine-polyaminobenzene dimers at the counterpoise corrected MP2/6-
31G*(0.25) level of theory. All energies are in kJ mol-! and distances are in A. The “~fI”” suffix
represents the flipped monomer.

R2

Monomer R1 o AE X y AE

Hexafluorobenzene 3.300 30.0 | -374 0| 05| -41.1
Pentafluorobenzene 3.300 270.0 | -40.6 0| 05| -40.7
1,2,3,4-Tetrafluorobenzene 3.300 210.0 | -40.9 | -0.5 0| -43.2
1,2,3,5-Tetrafluorobenzene 3.200 210.0 ¢ -37.7 0 0 -37.7
1,2,4,5-Tetrafluorobenzene 3.300 60.0 : -36.1 0 05 -390
1,2 3-Trifluorobenzene 3.300 270.0 ¢ -37.4 0 -0.5: -385
1,2 4-Trifluorobenzene-fl 3.300 270.0 : -38.0 0 0 -38.0
1,2 4-Trifluorobenzene 3.300 2100: -373: -05° 05 -39.8
1,3,5-Trifluorobenzene 3.300 330.0 ¢ -31.9 0 05 -347
1,2-Difluorobenzene 3.300 300.0 ¢ -32.0 0 -0.5i -334
1,3-Difluorobenzene 3.300 270.0 ¢ -35.6 0 0 -35.6
1,4-Difluorobenzene 3.300 90.0 : -33.5 0 05 -353
Fluorobenzene 3.300 330.0: -29.9: 0.5 0 -30.8
Hexaaminobenzene 3.400 30.0 | -31.1 1 -2 | -39.6
Pentaaminobenzene 3.400 90.0 | -31.7 1 -2 | -37.8
1,2,3,4-Tetraaminobenzene 3.400 600 -33.0| -0.5 -1 | -384
1,2,3,5-Tetraaminobenzene 3.400 90.0 | -32.1 0.5 -1 | -34.0
1,2,4,5-Tetraaminobenzene 3.400 120.0 i -32.3 . -0.5 -1 -36.2
1,2,3-Triaaminobenzene 3.400 60.0 { -33.1 0 -1 356
1,2, 4-Triaminobenzene 3.300 600 : -347  -05 0 -36.8
1,2 4-Triaminobenzene-fl 3.300 00: -31.4 0 -1.5i -324
1,3,5-Triaminobenzene 3.300 90.0 : -30.3  -25 1 -323
1,2-Diaminobenzene 3.300 0.0: -333 0 -1 -338
1,3-Diaminobenzene 3.300 270.0 i -28.9 0 -1 356
1,4-Diaminobenzene 3.300 60.0: -293: -0.5 0: -31.3
Aminobenzene 3.400 60.0: -287: -05 05 -30.0
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Table 26: Summary of information from potential energy surface scans of the thymine-
polyfluorobenzene and thymine-polyaminobenzene dimers at the counterpoise corrected MP2/6-
31G*(0.25) level of theory. All energies are in kJ mol-! and distances are in A. The “~fI”” suffix
represents the flipped monomer.

R2
Monomer R1 o AE X y AE
Hexafluorobenzene 3.400 300 -253| 05| 0.5] -26.8
Pentafluorobenzene 3400 | 210.0| -26.8| -0.5 0] -27.1

1,2,3 4-Tetrafluorobenzene | 3.300 | 240.0 | -27.7 | -0.5 0] -284
1,2,3,5-Tetrafluorobenzene : 3.400 . 180.0 . -29.1 -0.5 0 -30.3
1,2,4,5-Tetrafluorobenzene = 3.400 600 -258: -05: 0.5 -283

1,2 3-Trifluorobenzene 3.300 i 240.0 -30.3 0 0: -30.3
1,2 4-Trifluorobenzene-fl 3300 210.0: -283: -0.5 0 -299
1,2 4-Trifluorobenzene 3300 2700 -279 -05. 05 -29.5
1,3,5-Trifluorobenzene 3.400 60.0 1 -24.3 1 0 -252
1,2-Difluorobenzene 3300 i 210.0 -29.9 0 0 -299
1,3-Difluorobenzene 3400 2700 -241 -05: 05 -258
1,4-Difluorobenzene 3.400 0.0 -245 -1 0 -26.6
Fluorobenzene 3400 240.0: -26.1 -0.5 0 -27.0
Hexaaminobenzene 3.300 30.0 | -39.7 11 -0.5| -46.1
Pentaaminobenzene 3.300 90.0 | -39.6 1| -05| -43.7

1,2,3,4-Tetraaminobenzene | 3.400 600 | -37.2 05| -05| -424
1,2,3,5-Tetraaminobenzene | 3.400 30.0 | -35.3 1 -1 -394
1,2,4,5-Tetraaminobenzene | 3.300 150.0 . -35.9 1.0 -0.5: -36.9
1,2,3-Triaaminobenzene 3.400 900 -354: 0.5 -1 377

1,2, 4-Triaminobenzene 3.300 90.0 -33.8: 0.5 -0.5 -34.6
1,2 4-Triaminobenzene-fl 3.400 90.0 -33.8 1i -05 -38.7
1,3,5-Triaminobenzene 3.400 90.0 © -31.1 1 0 -34.7
1,2-Diaminobenzene 3.400 90.0 -329: 0.5 -0.5 -335
1,3-Diaminobenzene 3400 1200 -299: 0.5 -0.5 -34.5
1,4-Diaminobenzene 3.400 0.0 -29.6 1 -05: -32.3
Aminobenzene 3.400 60.0 -28.7 0.5 0 -30.6
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Table 27: Summary of information from potential energy surface scans of the uracil-
polyfluorobenzene and uracil-polyaminobenzene dimers at the counterpoise cotrrected MP2/6-
31G*(0.25) level of theory. All energies are in kj mol-! and distances are in A. The “~fI”” suffix
represents the flipped monomer.

R2
Monomer R1 o AE X y AE
Hexafluorobenzene 3.400 30.0 | -22.7| -0.5| -0.5| -245
Pentafluorobenzene 3300 | 180.0| -252| 0.5]| -05] -27.1

1,2,3,4-Tetrafluorobenzene | 3.300 | 180.0 | -26.0 | 0.5 0] -26.9
1,2,3,5-Tetrafluorobenzene : 3.300 . 300.0 . -279 0.5 15 -27.9
1,2,4,5-Tetrafluorobenzene : 3.400 . 150.0 : -240 0.0 -05 -26.5

1,2 3-Trifluorobenzene 3.200 i 240.0 -28.6 0 0 -28.6
1,2 4-Trifluorobenzene-fl 3300 180.0 -26.8: 0.5 -05 -28.7
1,2 4-Trifluorobenzene 3300 270.0 -265 -05: -05 -27.8
1,3,5-Trifluorobenzene 3.400 600 -225 05 1: -234
1,2-Difluorobenzene 3300 210.0 -283 0 0 -283
1,3-Difluorobenzene 3400 240.0 -232 0 0 -232
1,4-Difluorobenzene 3.400 0.0 -23.0 0 -0.5 -252
Fluorobenzene 3300 ¢ 150.0  -33.6 0 -0.5 -258
Hexaaminobenzene 3.300 30.0| -363| -0.5 1.5 -44.2
Pentaaminobenzene 3.300 | 300.0 | -37.0| 0.5 1.5 ] 415

1,2,3,4-Tetraaminobenzene | 3.400 30.0 | -33.3 0 1] -39.5
1,2,3,5-Tetraaminobenzene | 3.300 | 300.0 | -34.4 0.5 1.5 -364
1,2,4,5-Tetraaminobenzene @ 3.300 120.0 . -32.8 1.0 1.5 -364
1,2,3-Triaaminobenzene 3.400 0.0: -31.5 0.5 1 -37.0

1,2, 4-Triaminobenzene 3300 3000 -31.2 05 15 -345
1,2 4-Triaminobenzene-fl 3300: 180.0 -298 -05: 15 -32.8
1,3,5-Triaminobenzene 3.400 60.0 - -30.6 0.5 1 -33.8
1,2-Diaminobenzene 3.400 30.0 -288: 0.5 0.5 -347
1,3-Diaminobenzene 3.400 0.0 -282i 0.5 1 -31.9
1,4-Diaminobenzene 3.400 @ 1200 -27.3 -1 2.5 -28.3
Aminobenzene 3.500 © 300.0 0 -244  -0.5 1 -264
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Figure 35: The pictures of the final structures for zero dipole diaminobenzene and
hexaaminobenzene dimers are shown since they were found to be representative of the rest of the
dimer structures. The electron deficient fluorobenzene rings stack over the part of the nucleobases
with the most negative ESP. The electron rich aminobenzene rings stack over the part of the
nucleobases with the most positive ESP. 1,5,9,13,17,21 are 1,4-difluorobenzene dimers with benzene,
cytosine, thymine, uracil, adenine and guanine respectively. 2,6,10,14,18,22 are hexafluorobenzene
dimers with benzene, cytosine, thymine, uracil, adenine and guanine respectively. 3,7,11,15,19,23 are
1,4-diaminobenzene dimers with benzene, cytosine, thymine, uracil, adenine and guanine respectively.
4,8,12,16,20,24 are hexaaminobenzene dimers with benzene, cytosine, thymine, uracil, adenine and
guanine respectively.
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