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This thesis focuses on the chemical concept of conjugation, i.e., electron delocalization, and
the effect it has on electronic and optical properties of molecules. The emphasis is on electron
delocalization across a saturated σ-bonded segment, and in our studies these segments are
either inserted between π-conjugated moieties or joined together to form longer chains. The
electronic and optical properties of these compounds are probed and compared to those of
traditionally π-conjugated compounds. The investigations utilize a combination of qualitative
chemical bonding theories, quantum chemical calculations, chemical syntheses and different
spectroscopic methods.

Herein, it is revealed that a saturated σ-bonded segment inserted between two π-systems
can have optical and electronic properties similar to a cross-conjugated compound when
substituents with heavy Group 14 elements (Si, Ge or Sn) are attached to the central atom. We
coined the terminology cross-hyperconjugation for this interaction, and have shown it by both
computational and spectroscopic means. This similarity is also found in cyclic compounds, for
example in the 1,4-disilacyclohexa-2,5-dienes, as we reveal that there is a cyclic aspect of cross-
hyperconjugation. Cross-hyperconjugation can further also be found in smaller rings such as
siloles and cyclopentadienes, and we show on the similarities between these and their cross-π-
conjugated analogues, the fulvenes. Here, this concept is combined with that of excited state
aromaticity and the electronic properties of these systems are rationalized in terms of “aromatic
chameleon” effects. We show that the optical properties of these systems can be rationally tuned
and predicted through the choice of substituents and knowledge about the aromaticity rules in
both ground and excited states.

We computationally examine the relation between conjugation and conductance and reveal
that oligomers of 1,4-disilacyclohexa-2,5-dienes and related analogues can display molecular
cord properties. The conductance through several σ-conjugated silicon compounds were also
examined and show that mixed silicon and carbon bicyclo[2.2.2]octane compounds do not
provide significant benefits over the open-chain oligosilanes. However, cyclohexasilanes,
a synthetic precursor to the bicyclic compounds, displayed conformer-dependent electronic
structure variations that were not seen for cyclohexanes. This allowed for computational design
of a mechanically activated conductance switch.
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1. Introduction 

This thesis primarily deals with how electrons are delocalized in a mole-
cule, which in chemistry is known as conjugation. Delocalization of elec-
trons results in effects such as shortenings or elongations of chemical 
bonds, but it also gives the molecule different properties compared to 
ordinary non-conjugated molecules, for instance absorption of light at 
longer wavelengths. Conjugation is one of the cornerstones of organic 
chemistry and a core part of any organic chemistry curriculum.  
 
Following the classical definition (IUPAC Gold Book) this thesis should 
primarily concern molecules with alternating single and double bonds, a 
π-conjugated system (Figure 1A).1 It is not. Instead, we study delocaliza-
tion of π-type across saturated σ-bonded molecular segments. The term 
for this type of conjugation is hyperconjugation. In our studies the satu-
rated segments are inserted between two π-systems (Figure 1B) and we 
study the interaction between the π-systems and the saturated segment 
and make comparisons with purely π-conjugated compounds. We also 
study the electron delocalization across several saturated atoms inserted 
between π-conjugated fragments (Figure 1C). In our studies the saturated 
segment, which often is organosilicon-based, is varied to study its effect 
on the conjugation strength. We further study conjugation in purely (or 
nearly so) σ-bonded saturated molecules (Figure 1D); this type of conju-
gation is called σ-conjugation. Once again, organosilicon compounds are 
employed as they show experimentally measurable σ-conjugation. We 
attempt to tune the conjugation strength by altering the connectivity and 
conformation in these σ-conjugated molecules. 

 

 
Figure 1. Schematically, the different molecular fragments discussed in this 
thesis. (A) A π-conjugated molecular fragment. (B) A hyperconjugated fragment, 
where is E is an element from Group 14 in the periodic table (C, Si, Ge or Sn), 
located between two π-conjugated fragments. (C) Two σ-bonded saturated atoms 
between two π-systems. (D) Several σ-bonded atoms in a linear chain. 
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The studies reported herein first and foremost represent a fundamental 
interest in expanding the understanding of alternative conjugation topolo-
gies. The investigations are not intended to produce molecules suitable 
for applications. Instead, they can be viewed as an attempt to expand the 
scope of what is possible to achieve using non-standard conjugation to-
pologies. How tunable is the conjugation in these compounds and how 
similar to “real” π-conjugation is it? In order to answer this, we perform 
both computational and experimental studies. 

 
Rather than studying the reactivity patterns and comparing them to those 
of π-conjugated molecules, the main focus of these studies reside in the 
electronic, optical and electrical properties of the compounds. Research 
areas where these findings may be applied are materials science, organic 
electronics and single-molecule electronics. In all of these areas π-
conjugated structures have been extensively investigated and applied 
whereas hyperconjugated and σ-conjugated compounds are much less 
explored. 

 
This thesis is based on a number of research papers, which all have their 
own direction and storyline. Here, I will present some background on the 
concepts and methods we employed, as well as briefly present the find-
ings of the studies. In order to give a coherent story, the focus of these 
summaries can be somewhat different and abbreviated compared to the 
research papers. For the complete picture, the reader is referred to the 
original research papers.  
 
This thesis is structured in the following way: first, the conjugation con-
cept is described and thereafter the design and evaluation process applied 
in our work is shortly explained, together with a short overview of the 
computational methods and spectroscopic techniques applied. Thereafter, 
in the following three chapters the research presented in papers I-IX is 
discussed and put into context.   
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2. Conjugation 

In this chapter the conjugation concept is briefly explained and its divi-
sion into different categories; π-conjugation, hyperconjugation and σ-
conjugation is described. This division, based on what types of bonds are 
involved, serves its purpose at many levels. Yet, as Robert Mulliken stat-
ed, the difference between various conjugation topologies is quantitative 
rather than qualitative.2 Thus, rather than being fundamentally different 
phenomena, they all describe electron delocalization with the main dif-
ference between them being the delocalization strength.  

2.1. Conjugation in chemistry 
The IUPAC definition of conjugation describes systems with alternating 
single and multiple (double or triple) bonds. Conjugation is seen as the 
interaction between one atomic type pπ-orbital with another pπ-orbital 
across a single () bond.1 This can also be extended to the interaction 
between a pπ-orbital with an electron lone-pair. The above interactions 
are commonly referred to as π-conjugation (Figure 2A). In these systems 
the electrons in the π- or pπ-orbitals are extensively delocalized across the 
molecule, i.e., these electrons are not associated with a single nuclei or a 
covalent bond but rather are shared between several nuclei. However, 
delocalization can also involve σ-bonds (hyperconjugation or σ-
conjugation, Figure 2B and C). The manifestation of conjugation can be 
significant in many cases with different electronic, optical and structural 
properties as well as different chemical reactivity when compared to non-
conjugated analogous compounds.  
 

 
Figure 2. Schematically, the three main forms of conjugation. (A) π-conjugation, 
(B) hyperconjugation which is conjugation between σ- and π-bonded segments, 
and (C) conjugation between σ-bonded segments, σ-conjugation. 
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2.2. π-Conjugation  
π-Conjugation, or usually just conjugation, is the strongest and most stud-
ied conjugation topology. It can be further classified as either being line-
ar or cross-conjugated (Figure 3).3 Linear conjugation is the most com-
mon form while cross-conjugation exists in branched molecules. These 
branched molecules have linearly conjugated paths but also a branching 
point across which the interaction is weak.4  

 

 
Figure 3. Example of linear conjugation and cross-conjugation. The interaction 
is strong between carbon atoms A and B (and atoms B and C) while the interac-
tion between atoms A and C is weak. 

Linearly conjugated compounds can in special cases also be omniconju-
gated. In these, all parts in a branched system are linearly conjugated 
with each other and no cross-conjugated paths exist.5 Linearly conjugated 
molecules can further be cyclic, and depending on the number of elec-
trons involved, be aromatic or antiaromatic (Figure 4).  

 

 
Figure 4. Linearly and branched compounds can be omniconjugated if no cross-
conjugated paths exist. Cyclic linearly conjugated compounds can be aromatic or 
antiaromatic.  

Aromaticity occurs when cyclic compounds have 4n+2 π-electrons 
(Hückel’s rule) and provides increased stabilization and different chemi-
cal reactivity as compared to non-aromatic compounds. While com-
pounds containing 4n+2 electrons are aromatic, rings containing 4n π-
electrons are antiaromatic (Figure 5).6 Aromatic compounds are generally 
planar, as they strive to maximize orbital overlap, have equalized bond 
lengths, and are highly stabilized. Antiaromatic compounds are highly 
unstable and have bonds of clear single and double bond character as the 
electrons localize pairwise. The above aromaticity rules are true for the 
electronic ground state (the S0 state), however, when exciting a molecule 
electronically, producing an electronically excited state, these rules be-
come reversed. In the lowest excited state of ππ* character (for example 
the first singlet (S1) or triplet (T1) excited state) annulenes (monocyclic 
fully conjugated hydrocarbons) with 4n electrons are aromatic and those 
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with 4n+2 electrons are antiaromatic. The reversal of Hückel’s rule is 
called Baird’s rule after Colin Baird who formulated this concept in the 
1970s,7 and it has been proven computationally for both the lowest tri-
plet,8 and singlet states,9 as well as experimentally.10,11 This thesis focuses 
on linear and cross-conjugation although it will become clear that when 
dealing with cyclic structures, effects from aromaticity and antiaromatici-
ty need to be considered.  

 

 
Figure 5. The two different aromaticity rules, Hückel’s rule for the ground state 
(S0) and Baird’s rule for the excited states of ππ* character.  

For optimal π-conjugation there needs to be good orbital overlap between 
adjacent local π-orbitals. This often results in molecules that strive for 
planarity to extend and optimize this overlap, i.e., they tend to be rather 
rigid. Extended conjugation also leads to a smaller energy gap between 
the highest occupied and the lowest unoccupied orbital (the HOMO-
LUMO gap, Figure 6). This smaller HOMO-LUMO gap is a crude, yet 
useful, way of estimating the conjugation strength as these molecules 
absorb light at longer wavelengths, making them colored (more on this in 
section 3.2.2). Here it should be noted that also other non-conjugated 
compounds can be colored due to shifted orbital energies.12 With regard 
to other properties, conjugated compounds can react differently in a range 
of chemical reactions due to their delocalized and high energy π-orbitals.  
 

 
Figure 6. A schematic representation of increased conjugation in an oligoene and 
the effect this has on the HOMO-LUMO energy gap. I.e., long conjugated com-
pounds have a smaller HOMO-LUMO gap than compounds with a short conju-
gated path, and thus, they usually absorb light at a longer wavelengths (making 
them colored). 
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2.3. Hyperconjugation 
The hyperconjugation concept originates from the late 1930s and early 
1940s when Robert Mulliken coined this term when explaining the dif-
ferences found in UV absorption spectra of cyclopentadienes, furans, 
thiophenes and related compounds as compared to linearly conjugated 
chains.13 He stated that hyperconjugation is a “mild sort of conjugation” 
and it concerns how saturated σ-bonded segments interact with π-bonded 
segments. Mulliken and coworkers suggested that the difference between 
conjugation types was a question of conjugation strength rather than qual-
itatively different phenomena.14 They called the interaction between an 
orbital of π-symmetry originating from a σ-bonded saturated segment and 
a π-conjugated system “first-order hyperconjugation” or “second-order 
conjugation” and the interaction between two σ-bonded units “second-
order hyperconjugation” or “third-order conjugation”, indicating there 
relative strength compared to conjugation between local π-orbitals 
(Figure 7).2 

 

 
Figure 7. The different types of conjugation and their relative strengths accord-
ing to the description of Mulliken and coworkers.2  

The original description above was qualitative and done using the molec-
ular orbital language. Here, hyperconjugation is the interaction between 
electronic orbitals, the interaction is of π-symmetry, but at least one of the 
orbitals originates from a saturated segment. The interaction of these 
fragment orbitals provides new molecular orbitals, with the net result of a 
total lowering of the energy of the molecule (Figure 8A). Analogous to 
the resonance description of π-conjugation, hyperconjugation can also be 
described using a double bond/no-bond model (Figure 8B). 
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Figure 8. The hyperconjugative interaction between a filled local σ-bond orbital 
described and an empty local pπ-orbital by (A), molecular orbital theory, and (B), 
using a double bond/no-bond resonance structure. 

Hyperconjugation is strongest when a donor/acceptor type interaction 
between orbitals is present. If the donor is a σ-orbital and the acceptor is 
of p, π or σ* type then the term positive hyperconjugation is used,15 nega-
tive hyperconjugation occurs if the donor is a π or atomic type p or-
bital.16,17 The donation of electron density in these cases results in a stabi-
lizing bonding interaction and partial double bond character to a formal 
single bond (Figure 9). Such directionality is found in charged species 
and used to explain a number of experimental observations.15,18 When no 
such strong directionality is present the hyperconjugation is neutral.19 
The effects from neutral hyperconjugation can be very subtle and is not 
as easily investigated experimentally.20 Hence, it is not always straight-
forward to attribute properties to neutral hyperconjugation. Herein, we 
are predominantly working with neutral hyperconjugation and use strong-
ly electron donating or withdrawing substituents in order to modulate the 
hyperconjugation strength. The conjugation strength is then evaluated 
against that in π-conjugated molecules.  
 

 
Figure 9. Examples of positive and negative hyperconjugation described using 
resonance theory. On top, the interaction in charged species is depicted and be-
low the isoelectronic interaction in a neutral molecule is shown.  

As the hyperconjugation strength depends on orbital overlap the confor-
mation of the molecular fragments involved is an essential parameter. 
Correct alignment increases the interaction while a suboptimal orbital 
overlap essentially destroys it.21,22 Besides the geometric conformation, 
properties such as bond polarization and relative energy of the participat-
ing orbitals are important factors influencing the conjugation strength as 
the stabilizing effect is stronger when the orbitals are close in energy.23-25 
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2.4. -Conjugation 
Delocalization of electrons is not limited to systems containing π-bonds 
but can also be found in purely -bonded species.26-31 This property can 
be detected especially when descending down the Group 14 of the Peri-
odic Table, in linear oligomers of silicon, germanium and tin. Detecting 
-conjugation has been achieved primarily through investigation of the 
electronic and optical properties, primarily of silicon compounds.29,32,33 
Compared to π-conjugation, and to a lesser degree hyperconjugation, 
there are no easily identified reactivity differences between compounds 
which are strongly -conjugated and those which are not. On the other 
hand the electronic structure studies of σ-conjugation have been extensive 
and a significant dependence on conformation has been demonstrated. 
Here, for optimal -conjugation in linear chains, the E-E-E-E segments 
should adopt (near) anti alignments, however, small E-E-E-E dihedral 
angles instead hinders the conjugation.34-36 
 
The conformational dependence of -conjugation has been explained by 
two interactions, one geminal which describes the interaction between 
two hybrid orbitals on the same atom and one vicinal between orbitals 
from different atoms. Depending on the dihedral angles these interactions 
will vary in strength. Michl and co-workers have viewed this interaction 
as a form of cyclic conjugation where four subunits interact and at small 
angles the interaction can be viewed as ordinary cyclobutadiene, i.e., an 
antiaromatic system. The antiaromaticity enlarges the energy gap be-
tween the σ(Si-Si) and σ*(Si-Si) orbitals (usually the HOMO-LUMO 
gap) in the gauche (Figure 10A) compared to the anti conformer (Figure 
10B).33  
 

 

Figure 10. The different resonance integrals present in a linear tetrasilane. The 
sign and size of the resonance integrals are dihedral angle dependent. At small 
dihedral angles (left structure) the interaction is isoelectronic to that of the anti-
aromatic cyclobutadiene. At large angles (right structure) the interaction has 
been described as isoelectronic to Möbius cyclopentadiene.33  
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3. Design, synthesis and evaluation  

In this chapter, the methodology and tools used in our work to design and 
synthesize, but also to evaluate the created molecular structures, both 
computationally and experimentally, are briefly presented. It is not an 
essential read for the expert, but gives some background and rationaliza-
tion for the choice of methods and conclusions drawn.  

3.1. Design and optimization 
In general, the work presented in this thesis has started as simple draw-
ings on a piece of paper (or white board), progressed into the computer 
where the geometries and other properties of these molecules have been 
calculated in gas phase. The compounds have thereafter been redesigned 
to enhance the desired properties. However, our end goal has been to 
identify synthesizable molecules and investigate their experimental prop-
erties. 

3.1.1. Molecular orbital theory 
The drawings on the white board have often been based on either of the 
two (main) ways chemists view chemical bonding and electronic struc-
ture, molecular orbital theory (MO) and valence bond theory (VB).37 
Both originated in the 1930s and the valence bond approach dominated 
until the 1950s, after which the MO approach has been the principal theo-
ry of how to describe chemical bonds. Using VB theory the molecule is 
described by atomic orbitals (AOs), these combine to form local bond 
orbitals between the nuclei. In the MO picture, the AOs are combined to 
form molecular orbitals which can be delocalized across the whole mole-
cule. In the most simple case, i.e., a homonuclear diatomic molecule, a 
bonding orbital (lower in energy than the corresponding atomic orbitals) 
and an antibonding (higher in energy, Figure 11). Here, it should be not-
ed that the antibonding orbital is destabilized more than the bonding or-
bital is stabilized. The MOs are then filled with electrons starting with the 
orbital of lowest energy. Atomic orbitals that are left over, primarily be-
cause they cannot mix with other orbitals due to symmetry constraints, 
becomes non-bonding molecular orbitals. To be able to mix, the atomic 
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orbitals or fragment orbitals need to both overlap, be of the same sym-
metry, and be of similar energy. By MO theory it is possible to qualita-
tively predict the electronic structure by combining smaller and simpler 
fragments into more complex structures.25 
 

 
Figure 11. A simple diagram describing the combination of the two hydrogen 1s 
atomic orbitals to the two molecular orbitals σ and σ*. The antibonding interac-
tion in σ* is more destabilizing than the bonding interaction in σ is stabilizing.  

Recognizing that molecular fragments which seemingly are very different 
in fact are similar in their molecular orbital description Roald Hoffmann 
and co-workers coined the term valence isolobal.38 Valence isolobal 
fragments have the same symmetry, similar orbital energy, orbital shape, 
and contain the same number of electrons (examples of isolobal frag-
ments will be discussed in Chapter 4). Much of this thesis is based on 
such valence isolobal descriptions. This qualitative pen and paper model 
can then be more thoroughly explored by modern computational chemis-
try. 

3.1.2. Computational chemistry 
This section contains a short introduction to computational chemistry. 
Quantum chemical computations are a useful tool when investigating 
reaction mechanisms and when calculating molecular properties. The 
development and increased availability of cheap computational power, 
computational chemistry programs and methods have made it possible 
also for non-experts to perform high-level calculations. In the next sec-
tions, an overview of the earliest method, Hartree-Fock, and the most 
popular method today, Density Functional Theory (DFT), and how they 
work, is presented. Our use of these are also specified.  

3.1.2.1. Quantum mechanics and Hartree-Fock theory 
This section contains background on how quantum chemical calculations 
are performed and the approximations made in these. While we do not 
use the Hartree-Fock theory to any large extent, many of the concepts 
described below are viable also for the method we mostly employ, DFT.  
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In classical mechanics Newton’s laws can be used to explain the world 
around us, however, on the miniature scale of atoms and molecules these 
laws do not longer apply. Instead information about a molecule can be 
obtained from the Schrödinger equation. From this equation the wave 
function and energy of the system is obtained and from the former the 
electron density and other atomic or molecular properties can be calculat-
ed. However, the Schrödinger equation can only be solved exactly for 
two particle systems (e.g., one nuclei and one electron). Using the Born-
Oppenheimer approximation, where the nuclei are fixed in space and only 
the electrons are moving, three-particle (one electron and two nuclei) 
systems can be solved. As most molecules tend to consist of more than 
three particles, more approximations are needed. To treat many-electron 
systems, the orbital approximation is made where the electrons behave as 
they move in an averaged potential generated by the nuclei and an aver-
aged interaction between the electrons. In turn, each electron is described 
by a function called an orbital. These functions are then expressed as a 
so-called Slater determinant, describing the molecular system and how 
the electrons occupy the orbitals. To accurately describe the system the 
orbital function needs to be as good as possible. When considering mole-
cules, delocalized orbitals across the entire molecule are usually em-
ployed and these molecular orbitals are constructed from a linear combi-
nation of atomic-type orbitals (LCAO-MO). The mathematical functions 
used to form these atomic orbitals are derived from the atomic orbitals of 
the hydrogen atom or purely mathematical functions (common functions 
are of Slater or Gaussian type). These functions are called a basis set and 
consequently, using additional and several different types of basis func-
tions (approximately atomic orbitals), i.e., using a larger basis set to de-
scribe a molecular orbital, generally provides a more accurate result. 
 
Next, a trial wavefunction can be generated and used to approximate the 
true wavefunction. As the variational principle states that the best wave-
function is the one with the lowest energy, an iterative process, the self-
consistent field (SCF) method, can be used to obtain the best wavefunc-
tion. This is done by altering the coefficients of the LCAO-MO that con-
structs the molecular orbitals to achieve the lowest energy. The molecular 
geometry with the lowest energy can also be found this way. Here, when 
the electronic structure of the starting geometry has been found (the low-
est energy), the geometry is changed (bond lengths, bond angles and di-
hedral angles can be altered). For the new geometry, a new SCF proce-
dure takes place until the lowest energy is found. The lowest SCF ener-
gies are compared and this process continues until the overall lowest en-
ergy is found. This is not a completely random process because by 
analyzing the second derivative of the energy with respect to the coordi-
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nates (called the Hessian) one obtains information on how to change the 
geometry next. 
 
The SCF method treats the individual electron as they move through a 
mean-field of the other electrons. A consequence of this approximation is 
that the interaction between electrons is described exactly. In reality, the 
electrons avoid each other more than the HF method suggests due to in-
stantaneous correlation. While this error on the absolute electronic energy 
is small (about 1%), it is important if one hopes to relate computed chem-
ical systems with subtle differences in experiments. Newer HF based 
methods such as Coupled Cluster (CC), Möller-Plesset perturbation theo-
ry (MP) and the complete active space self-consistent field (CASSCF) 
method include electron correlation so that a better solution can be found. 
These methods can be divided into single-reference and multireference 
methods. The single-reference methods (e.g., CC and MP) start from the 
HF wavefunction (a single Slater determinant) as a reference and rely on 
the inclusion of excited electron configurations to better describe the 
electron interaction. Here, the description of the molecular electronic 
structure is improved by inclusion of excited configurations, where one or 
several electrons (the inclusion of singly, doubly, triply and/or quadruply 
etc. excited configurations is possible) is/are lifted to a virtual orbital or 
orbitals. This allows the electrons to repel each other less by spreading 
further apart. Another approach that should be applied when the molecule 
has more than one dominant electronic configuration is the multireference 
method. Here, the electronic structure of the molecule is described as a 
linear combination of several reference determinants, i.e., more than one 
electronic configuration of the molecule is included in the calculations to 
account for the multi-configurational character of the molecule. The 
weight of each configuration is varied to achieve the lowest energy wave-
function according to the variational principle. The added accuracy of 
these results comes at the price of significantly increased computational 
cost, especially if all possible arrangements of the electrons are allowed 
(this is referred to as having chosen the complete active space). However, 
only the smallest molecules can be calculated in this way and instead 
which configurations to include in the calculation often have to be decid-
ed manually. 

3.1.2.2. Density functional theory 
Another way of obtaining the electronic structure of a molecule and 
which has been primarily used throughout this thesis is the density func-
tional theory (DFT). Instead of trying to approximate the correct wave-
function for the system as the HF-based methods do, DFT focuses on the 
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electron density. DFT is founded on the Hohenberg-Kohn theorems 
which state that the electron density determines the wavefunction and the 
total energy of the system. In turn, the best electron density that can be 
produced gives the lowest energy.39 The huge success of DFT is due to 
the fact that it is a computationally cheap way of including electron corre-
lation in the calculations. 

 
A procedure by Kohn and Sham is normally employed in DFT computa-
tions. In this procedure, a trial electron density is constructed were elec-
trons occupy electronic orbitals.40 In the Kohn-Sham system the electrons 
occupy one-electron orbitals and they do not interact. However, the elec-
tron density of the real and Kohn-Sham systems are the same. The energy 
of this fictitious system is then minimized similarly as in HF by changing 
the electron density. To account for the lack of interaction between elec-
trons in the Kohn-Sham system the exchange-correlation (xc) functional 
is introduced. Unfortunately, the exact xc is unknown and has to be ap-
proximated. How this approximation should be performed is the reason 
for the plethora of DFT methods found today. The approximate descrip-
tion of the inhomogeneity of the electron density has been achieved with 
the local density approximation (LDA) or the general gradient approxi-
mation (GGA), which are methods dealing with deviations from the pure 
electron gas. Combining these approximations with some exact exchange 
from HF, producing what is known as hybrid-DFT methods, made these 
approaches even more accurate and propelled their popularity within 
chemistry.  
 
Throughout our studies, we have primarily utilized hybrid-DFT methods 
and calculated both large molecules and smaller molecular fragments. We 
have searched for signs of electron delocalization in the molecular geom-
etries, orbital energies and orbital shapes, as well as in the calculated UV 
absorption properties (how this was done will be discussed in the next 
section). Here, it should be noted that the energy required to remove elec-
trons from the molecule (the ionization energy) is not directly related to 
the DFT calculated orbital energies. Instead these calculated orbital ener-
gies are solutions to the Kohn-Sham equations of the above mentioned 
fictitious system. However, the relative order and shapes of these orbitals 
have been found to be a good approximation for the real system. On the 
other hand, using HF theory, Koopmans’ theorem gives a relationship 
between the orbital energy and the ionization energy, i.e., the negative of 
the orbital energy is the cost of removing an electron from a particular 
orbital.41 
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3.1.2.3. Excited states with time-dependent DFT  
To experimentally determine at which wavelengths a molecule absorbs 
light (the optical properties) is a readily available technique. Therefore, to 
understand why the molecule behaves as it does is of outmost interest. 
Especially as the optical properties are often associated with the conjuga-
tion length within a chromophore (see 3.2.2 for further discussion and 
problems with this method). However, Kohn-Sham DFT can only de-
scribe molecules in their electron ground states and to handle electroni-
cally excited states time-dependent DFT (TD-DFT) was developed. In 
this method which is based on the Runge-Gross theorem,42 i.e., the TD-
DFT analog of the Hohenberg-Kohn theorem, the electron density is still 
the factor being considered (not the wavefunction) but here the molecule 
is exposed to a time-dependent electric field. Construction of the ficti-
tious electron density is however more complex as it depends on the den-
sity in all points at all times.43 TD-DFT calculations gives properties such 
as excitation energies, oscillator strengths (i.e., probability of the elec-
tronic transitions) and configurations involved in the excited state (essen-
tially which orbitals the electron is transferred between). Commonly, TD-
DFT is used to calculate the excited states from the ground state geome-
try obtained by standard DFT. This process describes an idealized vertical 
absorption. If one optimizes the excited state the energy difference corre-
spond to the fluorescence or phosphorescence (depending if the excited 
state is singlet or triplet emission).  
 
Throughout this thesis we have used the first method and from the ground 
state geometry used TD-DFT calculations (in the gas phase) and com-
pared the calculated excitation energies to experimental observations (in 
solution). However, we see good correlation with experiments and are 
generally more interested in the relative energies for a collection of simi-
lar compounds. We also use TD-DFT calculations to estimate the conju-
gation in newly designed structures and search for similarities with π-
conjugation. Generally, the lower the first few excitation energies, the 
more interesting is the compound.  

3.1.2.4. Calculating electron transport  
Good conjugation often equals good conductance,44-46 therefore we are 
also interested in studying this property and to calculate how well (or 
poorly) our molecules conduct electricity. To experimentally measure 
conductance through molecules is not easy, and it is only in the last two 
decades that experimental procedures have evolved to accomplish this 
(Figure 12). 
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Figure 12. A schematic drawing on how conductance through a molecule is 
measured. The molecule is anchored to the electrodes and a current passed 
through the system. 

Today, conductance experiments are often performed using moving elec-
trodes to trap molecules between the electrodes, which is achieved by 
closing/opening a gap or by moving a probe up or down (Figure 13).47,48 
However, anchoring miniature objects to macroscopic electrodes in a 
reliable way and measuring their conductance remains a challenge. From 
a chemical point of view, great synthetic efforts are often necessary to 
design and produce molecules which are suitable for such investigations. 
Prediction of conductance is hence of high importance to determine what 
molecular features are important. These calculations can then serve as a 
guiding tool for synthesis.  
 

 
Figure 13. The experimentally most utilized measurement techniques. At top, the 
mechanically controllable break junction setup with a controllable gap and a 
liquid cell where the molecules are placed. Below, the scanning tunneling micro-
scope setup with a movable probe and the deposited molecules on the surface.  

In these calculations there is a need to extend DFT to treat a molecule 
inserted between two electrodes. As the purpose is to drive a current 
through the molecule, one of the electrodes is applied a bias-voltage, 
deviating the system from the ground state. To describe this computation-
ally, the non-equilibrium Green’s function (NEGF) formalism in combi-
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nation with Kohn-Sham DFT is used. Calculating conductance with this 
method provides useful information about molecules under static condi-
tions, however, the conductance of organic molecules at ambient temper-
ature is a dynamic process. To properly simulate the dynamic process 
requires methods which combine molecular dynamics and conductance 
calculations.  
 
In our studies we investigate the connection between conjugation and 
conductance and calculate the conductance using both static and dynamic 
methods. Our focus is on molecules with predictable conformations with 
low conductance variations, i.e., if the molecule twists the conductance 
should not decrease/increase sharply. We often compare our structures 
with σ-conjugated oligosilanes which have large conductance variations 
and have been investigated experimentally (more on this in chapter 6).  

3.2. Synthesis and evaluation 
In the end, theory and computations can only carry you so far. To prove 
that the theory holds, synthesis of the designed set of compounds and 
experimental measurements are needed. Some of the general features of 
the syntheses used and the spectroscopic methods employed are briefly 
described below.  

3.2.1. Synthesis 
In our studies we have been primarily interested in the properties of the 
final product, therefore, the reported synthetic procedures herein are not 
optimized to any larger extent and the reader should be aware of this. The 
synthetic procedures involve classical chemical coupling reactions of e.g., 
Grignard, Sonogashira or Wurtz type.  
 
Throughout our studies silicon compounds are used to investigate conju-
gation, partly because silyl substituents were found to enhance the hyper-
conjugative interaction and partly because silicon-containing segments 
were synthetically accessible. However, the organic chemist should not 
fear, there are significant similarities between organosilicon compounds 
and their hydrocarbon analogs. The Si-Si bond is somewhat weaker but 
many of the standard organic chemistry reactions can also be performed 
with silicon. Among the differences are the much weaker π-bond formed 
by silicon atoms and the greater electropositivity, which results in more 
polarized bonds when silicon binds to, for example, carbon.33  
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One type of reaction frequently used herein deserves some special atten-
tion, the reaction of trimethylsilyl substituted silicon compounds with 
potassium tert-butoxide. This reaction, developed by Marschner and co-
workers,49 has been shown to be remarkably selective towards external 
trimethylsilyl groups and can even be used to produce polysilyl dianions, 
i.e., two anions on separate parts of the molecule. Originally, the reaction 
was performed in polar solvents (i.e., THF or dimethoxyethane) and un-
der these conditions the dianion formation was slow, heating (60 °C) for 
up to 48 h were required in some cases.50 However, by changing solvent 
and adding a coordinating agent, like TMEDA or 18-crown-6, to coordi-
nate the potassium ion, making the tert-butoxide more reactive, dianions 
could be produced in a matter of hours at room temperature.51-56 A crystal 
structure of complexes by Baumgartner and Marschner show on the trans 
arrangement of the potassium counterions (Figure 14).57 In sterically 
constrained structures these would hinder synthesis of more elaborate 
structures. However, the inversion capability of the silicon anion allows 
the construction of bicyclic cage structures using this methodology and 
we utilize this in Paper VII.58 

 

 
Figure 14. Schematic depiction of the crystal structure obtained by Marschner 
and co-workers showing the potassium ion coordinated in the axial positions of 
the cyclohexasilane ring. Despite this, the bicyclo[2.2.2]octasilane can be formed 
in almost quantitative yield.57  

The earlier reported way of generating silyl anions reported by Gilman is 
the treatment of polysilanes with MeLi.59,60 This reaction works well for 
simpler polysilanes but a major drawback is its reactivity towards inner 
Si-Si bonds in more complicated oligosilanes, which then undergo bond 
scission.61,62  

3.2.2. Ultraviolet/visible spectroscopy 
One of the most accessible analysis methods for quantifying conjugation 
is UV/vis absorption spectroscopy. Here, how strongly molecules absorb 
light of different energies (wavelengths) is measured. The physics behind 
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this process can in general terms be described as follows: If a molecule in 
the ground state absorbs a photon of the appropriate energy (wave-
length/frequency) it can be raised to an electronically excited state. By 
different processes it can thereafter, by emission (fluorescence or phos-
phorescence) or a non-radiative process, return to its ground state (Figure 
15). In this context it is important to remember that the excitation usually 
occurs to different vibrational states which lead to a broadening of the 
experimental spectra. The excitation energy can be defined as either ver-
tical (no change in the geometry from the ground state) or adiabatic (dif-
ferences between the lowest vibrational mode of the ground and excited 
state). 

 

 
Figure 15. The processes by which light can be absorbed and emitted by a mole-
cule. Depicted is the ground state (S0) and the lowest singlet (S1) and triplet (T1) 
excited states, the dashed lines represent vibrational states. 

Using the molecular orbital description, the excitation can very simplisti-
cally be viewed as the elevation of an electron from an occupied to an 
unoccupied orbital, although, excited states are often multi-
configurational, i.e., they must be described by several different electron 
configurations. The transitions can be classified depending of the classifi-
cation of the orbitals (σ, π or n) or from the symmetry of the transition. 
Not all transitions are possible due to symmetry considerations, and tran-
sitions are therefore classified as either allowed or forbidden. However, 
due to effects from solvents and vibrational states, forbidden transitions 
may be seen as weak peaks (low extinction coefficients) in the spectra 
compared to the allowed transitions. As the excitation energies of a con-
jugated compound generally are shifted to lower energies (resulting in 
higher λmax) UV/vis absorption spectroscopy is one of the most oftenly 
applied methods of quantifying conjugation.63 However, it should be used 
with some caution as it has been shown that redshifted absorptions not 
always equals better conjugation, especially when studying compounds 
with strong donor/acceptor fragments.64,65  

3.2.3. Cyclic voltammetry  
The electrochemical properties of organic compounds can be investigated 
through cyclic voltammetry (CV). Here, the potential at which the oxida-
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tion/reduction occurs is the main output. The applied voltage is varied 
and plotted versus the current. In CV the voltage is scanned, back and 
forth, between two values at a fixed rate allowing the reversibility of the 
oxidation/reduction to be investigated. Estimating conjugation through 
CV experiments can in turn be achieved through comparing oxidation 
potentials of similar compounds. In the molecular orbital description the 
ease of oxidation is related to the energy of the highest occupied orbitals 
as it is these electrons that can be removed.  

3.2.4. Photoelectron spectroscopy 
How strongly electrons are bonded in a molecule, i.e., the ionization en-
ergies (IEs), can be determined experimentally by photoelectron spec-
troscopy. The energies of the molecular orbitals can thus be determined, 
which in turn provides information about conjugation effects. The most 
common form of photoelectron spectroscopy is the ultraviolet photoelec-
tron spectroscopy (UPS) which can remove electrons down to 21.22 eV, 
meaning only valence electrons will be removed. Conjugation generally 
results in a decrease in the electron bonding energy and UPS can be used 
to experimentally determine these energy levels. As the relative order of 
the orbital energies often is correctly predicted by calculations, photoe-
lectron spectroscopy has become a powerful tool for mapping the molec-
ular electronic structure. 63 At the same time, it has also provided experi-
mental support for molecular orbital theory.  

3.3. Next, the research  
In the next three chapters the work of papers I-IX will be briefly ex-
plained and put into context. I will describe what I consider to be the 
take-home messages from these papers. The focus will be on my contri-
bution and more briefly discuss the work where our collaborators have 
provided most of the expertise. For all the data, extensive discussions and 
finer details, the reader is referred to the research papers.  
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4. Cross-hyperconjugation (papers I–II) 

A large part of this thesis utilizes a concept we have chosen to call cross-
hyperconjugation. In papers I and II we investigate how and when a σ-
bonded saturated segment inserted between two π-bonded fragments will 
exhibit similar electronic properties as a geminally connected C=C dou-
ble bond, i.e., as it were cross-conjugated.  

4.1. Concept development (paper I) 
The original research idea was formulated to investigate how the con-
ductance through a molecule could be varied by using electron withdraw-
ing or electron donating substituents at a saturated σ-bonded segment 
inserted between two π-conjugated paths. We chose to investigate 
bis(phenylethynylene)silanes with thiol groups on the phenyl rings to 
allow anchoring of the molecule to gold electrodes and enable the con-
ductance to be determined experimentally (Figure 16). The ethynylene 
segments ensure minimal steric interaction between the substituents at the 
Si atom and the π-bonded phenyl groups while silanes were chosen pri-
marily for their synthetic availability. The tuning would be achieved by 
altering the orbital interaction of the π(SiR2) group orbital with the π-
orbitals of the phenylethynylene groups through variation of the substitu-
ents R. As reference molecules a C=C double bond vicinally or geminally 
connected to the rest of the π-system were employed, producing linearly- 
or cross-conjugated molecules, respectively. During the experimental 
investigation it became clear that these silanes were not optimal for con-
ductance experiments as they were too flexible and the labile ethyne-Si 
bond was a problem in conjunction with the thiol acetyl protecting group. 
However, a UV spectroscopy investigation revealed that there were more 
similarities between the TMS substituted compound and the cross-
conjugated reference than between the TMS and the methyl substituted 
silane. From this observation paper I was born. 
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Figure 16. The structures intended for experimental conductance measurement 
(R’ = p-Ph-SAc), and the unfunctionalized molecules (R’ = Ph) studied in paper 
I. The compounds contain atom E and substituent R which result in compounds 
with different ER2 segments (CMe2, SiMe2 and Si(TMS)2). Comparisons are 
made with a cross-π-conjugated compound (C=CMe2). 

Applying the isolobal concept formulated by Hoffmann to these frag-
ments the similarity between the π(C=C) and π(ER2) group orbitals be-
come apparent (Figure 17).38 The group orbitals of the ER2 moiety have 
the same symmetry (one σ, one σ*, one π and one π*), contain the same 
number of electrons (four) and are similarly arranged in space as the 
group orbitals of the π(C=C) fragment. The final criteria, equality in or-
bital energy can be tuned by choice of substituents. Here, electron donat-
ing TMS substituents raises the energy of the π(ER2) group orbital and 
electron withdrawing substituents (e.g., CF3) lowers it. The energy of the 
π(C=C) orbitals are high in energy and the similarity is strongest in the 
TMS substituted compound. These fragments can also interact strongest 
with the π(C≡C) orbitals of the ethynylene units.  
 

 
Figure 17. The isolobal similarity between a cross-π-conjugated compound (left) 
and a molecule with a saturated ER2 segment inserted between two π-systems 
(right).  

Yet, something similar must have been studied before? Hyperconjugation 
is after all a fundamental concept in chemistry. The answer to that ques-
tion is both yes and no. Already Mulliken in his 1939 paper on hypercon-
jugative interactions, acknowledging the suggestion from W. G. Brown, 
suggests a “bond structure” similarity between cyclopentadienes and pen-
tafulvene, i.e., a cross-conjugated molecule, and that the CH2 group has a 
“considerable similarity to a double bond” (Figure 18).13 However, he 
also indicates the weaker hyperconjugation in these compounds and states 
that “the conjugation is of course not nearly so intense as in fulvenes”.  
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Figure 18. The suggested similarity between pentafulvene and cyclopentadiene 
as depicted by Mulliken in 1939.13  

Later on, interactions between saturated carbon or silicon segments and 
two π-systems in cyclohexa-1,4-dienes have been described as hypercon-
jugative “through-bond conjugation” by Hoffmann,66,67 and later also as a 
hyperconjugative σ(C-Si)/π interaction,68,69 and used to explain a range of 
experimentally observed properties which point towards conjugation 
being present.  
 
The enhanced effect of hyperconjugation by Group 14 elements was first 
reported in the early 1970s by Traylor and co-workers,70,71 and theoretical 
support was rapidly attained.72 Since then the substituent effect of hyper-
conjugation has been investigated extensively by the groups of 
Lambert,19,73-77 and Alabugin.23,24 In these later studies, the do-
nor/acceptor strengths of the substituents have been studied. These exper-
iments have shown that the stabilization provided to a developing posi-
tive charge approximately follows Pauling’s electronegativity scale with-
in a periodic table row (period) and ionization energy/orbital energy with-
in a column (group) (Figure 19).63 For Group 14 the order is then: C-C, 
C-Si, C-Ge and C-Sn. Here the C-Si bond provides much greater stability 
compared to the C-C bond. These concepts have also been studied by 
Schleyer and co-workers who looked at cyclopentadienes and studied 
how the aromaticity varies as the electron donating/withdrawing capabili-
ties of the substituents are varied.78-80 
 

 
Figure 19. The stabilization provided to a developing positive charge follows 
Pauling’s electronegativity scale across a period and the ionization energy/orbital 
energy down a group. 
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Then what is new? In my view it is the combination of different chemical 
concepts and the application of these. Here, Mulliken’s qualitative picture 
of hyperconjugation and the similarity between the CH2 and the geminal 
C=C fragments is combined with Hoffmann’s valence isolobal concept. 
In addition, we utilize the knowledge of which substituents provide 
strong hyperconjugative interactions. The above concepts and infor-
mation are then combined to expand on the electronic structure descrip-
tion of partly saturated compounds. With our interpretation it follows that 
compounds that have a strong interaction between the ER2 segments and 
the two π-segments have an electronic structure similar to a cross-π-
conjugated. We use the term cross-hyperconjugation for these cases to 
indicate the similarity this hyperconjugation share with regular cross-
conjugation. Tentatively, and in line with Mulliken’s prediction, we ex-
pect the strongest conjugation that the cross-hyperconjugated compounds 
could reach to be that of the analogous cross-π-conjugated compound.  
 
Applying the above view in Paper I, we calculated the orbital energies of 
some simple silanes bearing electron donating or withdrawing substitu-
ents to test our hypothesis. Indeed, with electron donating TMS groups 
the π(Si(TMS)2) group orbital energy closely matched the π(C≡C) orbital 
of phenylacetylene and the π(C=C) orbital of 2-methylpropene. Calcula-
tions on the entire molecule provided similar results with strong resem-
blance both in orbital shape and energy between the cross-conjugated 
compound (C=CMe2) and the TMS substituted silane (Si(TMS)2, Figure 
20). The SiMe2 and CMe2 molecules that served as reference compounds 
on the other hand did not share these similarities. 
  

 
Figure 20. The HOMOs of C=CMe2, Si(TMS)2 and SiMe2 with phenyl substitu-
ents on the ethynylene segment. Particularly note the absence of orbital density 
across the saturated segment in SiMe2, and the similarity across this segment 
between C=CMe2 and Si(TMS)2. 

Experimental investigations by UV spectroscopy and electrochemical CV 
confirms the similarities between Si(TMS)2 and C=CMe2. These two 
compounds are markedly different from the methyl substituted SiMe2 and 
CMe2 (Figure 21).  
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Figure 21. The UV spectra and cyclic voltammograms of C=CMe2, Si(TMS)2 

and SiMe2 displaying the similarities between the Si(TMS)2 and C=CMe2 and 
also how different these two compounds are relative to SiMe2. Note, results from 
CMe2 can be found in Paper I. * indicates ferrocene internal standard. 

4.2. Charge transfer (paper II) 
Utilizing the knowledge and molecular fragments from paper I we syn-
thesized compounds with triaryl amine groups on the ethynylene arms 
(Figure 22). We use these to study the charge transfer across cross-
hyperconjugated and cross-conjugated bridges, i.e., a dynamic process 
rather than the static electronic structure studied in paper I. The triaryl 
amines are common donor groups which can be easily oxidized. By con-
trolling the amount of Cu2+ oxidant, a one electron oxidation was per-
formed to produce a mixed valence system were one amine is oxidized 
and the other not. By studying how the charge transfers between these 
sites (intervalence charge transfer, IVCT),81 the electronic coupling can 
be determined, and the results of this investigation is presented in paper 
II.  
 

 
Figure 22. The molecules investigated in paper II (A) and the charge transfer 
process studied (B). The arrows indicate the location of the positive charge.  
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In this paper, the charge transfer investigations produced results which 
deviated from the trend from paper I as the strongest electronic coupling 
was found with CMe2 and C=CMe2. For these two compounds the elec-
tronic coupling was of the same magnitude. Rationalizing these results 
through a computational study revealed that there likely are two conjuga-
tion pathways involved in these systems, one through-space between the 
two ethynylene π-orbitals, and one cross-hyperconjugated through-bonds 
(Figure 23). When the donor fragments are locked in-plane with the rest 
of the molecule, the through-bond interaction dominates and the trend 
expected from Paper I is reproduced in the calculated oscillator strengths. 
However, at 90° the through-space interaction is strongest. This interac-
tion is distance and angle dependent and is thus strongest for the CMe2 
compound where the shorter C-C bonds effect the distance between the 
ethynylene spacers. The combination of these two effects rationalizes the 
experimental observations. 
 

 
Figure 23. The two conjugation pathways found in the donor-donor bridged 
compounds. To the left the cross-hyperconjugated (through-bond) pathway and 
to the right the through-space pathway. 

This study expose the problem associated with conformationally flexible 
structures as several conjugation pathways exist and compete. For strong 
cross-hyperconjugation conformationally locked structures seem to be 
preferable.  

4.3. Conclusions from papers I and II 
In both paper I and II we also attempt computationally to increase the 
cross-hyperconjugation strength by varying the ER2 group. The results 
obtained confirm earlier findings of heavier Group 14 substituents 
providing increased conjugation. These calculations show that electropo-
sitive substituents attached to a central C atom provide the strongest in-
teraction. We reason that this is due to the large electronegativity differ-
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ence between the E atom and Group 14 substituent R (Si or Sn) which 
polarizes the electron density towards the E atom, and this difference 
increases when utilizing a CR2 instead of a SiR2 group. Another factor is 
the shorter bond length between the central atom and the π-system (C-C 
vs. C-Si) which provide better opportunities for orbital overlap. This is 
more systematically investigated in Paper IV (discussed in section 5.2). 
 
The take-home message from papers I and II is that an ER2 fragment 
between two π-system in a linear system electronically can behave as a 
geminally connected C=C bond. Therefore, it is cross-hyperconjugated. 
Cross-hyperconjugation is strongest when E is a C atom (but a Si atom 
can also work) and the R substituents have as high orbital energies as 
possible (low ionization energy; descend down Group 14 for larger ef-
fect). Moreover, to maximize the conjugation the π-system should be 
locked in-plane with the ER2 fragment so that it provides maximal orbital 
overlap. 
 
Finally, why are paper I and II interesting? There are several answers to 
this question. From a fundamental electronic structure point of view the 
possibility for similarities between a seemingly saturated and cross-
conjugated compound is fascinating. One can utilize this knowledge to 
explain the experimental properties of already existing molecules. How-
ever, the main benefit lies in that the concept can be used when designing 
new compounds. In the following chapter some examples of this will be 
shown, but likely there are other ways how to use this fragment and op-
timize the electronic communication across the saturated segment. 
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5. Cyclic cross-hyperconjugation (papers III-
V) 

In the previous chapter the effect of the ER2 fragment inserted between 
two phenylethynylene π-systems was investigated. These rather modest 
compounds were suitable for a study primarily focused on the concepts. 
However, can the knowledge obtained be applied to more interesting 
systems? In papers III and IV, we explore a cyclic structure consisting of 
two ER2 fragments bounded to two C=C double bonds. Here, these C=C 
bonds are formally isolated from each other and not connected to an ex-
tended π-system (phenyl group) as in paper I and II. The ring structure 
locks the C=C bonds in a conformation that should provide possibilities 
for strong orbital interaction and the C=C bonds could potentially be fur-
ther functionalized to influence the electronic structure. In paper V, the 
cross-hyperconjugation concept is extended to other types of rings and 
combined with the aromaticity concept to explain and predict experi-
mental properties of other small ring compounds. Similarly, as in chapter 
4 the focus will be on certain aspects of these studies and the reader is 
referred to the research papers for the details.  

5.1. Two ER2 moieties in a cycle (paper III) 
In paper III we study 1,4-disilacyclohexa-2,5-dienes where the ER2 unit is 
again found, in this study E = Si and R = Cl, Me or TMS, representing 
electron withdrawing, neutral, and donating substituents, respectively 
(Figure 24). Due to the synthetic protocol used, ethyl groups are attached 
to the C=C double bonds. The question is how strong the interaction be-
tween the ER2 units and the double bonds in these structures can become?  
 

 
Figure 24. The general structure of the investigated rings. In paper III only 1,4-
disilacyclohexa-2,5-dienes (E = Si ) are studied. The substituents R are either Cl, 
Me or TMS. 
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Besides the fundamental interest we also saw potential for these rings in 
more applied fields because small cyclic structures such as thiophenes, 
pyrroles and siloles are used in organic electronics research. We envi-
sioned that a properly substituted 1,4-disilacyclohexa-2,5-diene could 
complement these compounds.82-85 Earlier, studies on 1,4-
disilacyclohexa-2,5-diene derivatives have focused primarily on synthesis 
rather than properties.86-89 Hyperconjugation in cyclohexa-1,4-diene have 
previously been discussed by Hoffmann,67 and a study by Bock and Kaim 
on the TMS tetrasubstituted cyclohexa-1,4-diene, the carbon analog of 
our silicon compounds, reveals what they describe as hyperconjugative 
σ(C-Si)/π interactions and a high energy HOMO (7.0 eV) determined by 
UPS.69  
 
Applying the isolobal analogy described in paper I, the cross-
hyperconjugated 1,4-disilacyclohexa-2,5-diene will be isolobal with pa-
ra-xylylene (Figure 25). The question is how extensive the cross-
hyperconjugation can be with electron donating substituents as R in the 
ER2 unit (Figure 24)? 
 

 
Figure 25. The valence isolobal analogy between para-xylylene and 1,4-
disilacyclohexa-2,5-dienes. 

Using a trio of experimental procedures, UV, UPS and CV, the properties 
of the Cl, Me and TMS substituted compounds were determined. These 
studies show on the impact of cross-hyperconjugation because the first 
visible electronic excitation of the TMS substituted compound is found at 
273 nm (4.54 eV) while the Me and Cl substituted compounds have no 
excitations above 220 nm (5.63 eV) (Figure 26). In the UPS study the 
difference between the highest occupied orbital of the TMS and Me sub-
stituted compounds is more than 1 eV (6.7 eV vs 7.9 eV, onset values). 
The same trend (TMS > Me > Cl) is observed in the electrochemical 
studies indicating the ease of oxidation and the high-energy HOMO.  
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Figure 26. The experimental UV and CV results from Paper III. There is a dis-
tinct difference between the TMS substituted compound and the Me or Cl sub-
stitued compounds in all the studies. * indicates ferrocene internal standard. 

The results show that in these compounds one can tune the electronic 
structure to a very high degree by choice of substituent R (with E = Si). 
Here, the TMS groups create a cross-hyperconjugated compound while 
compounds with Me or Cl substituents behave as they have two essential-
ly isolated C=C double bonds. Notably, the excitation energy for the 
TMS substituted compound is in the same region as other small conjugat-
ed molecules, e.g., silole, cyclopentadiene, thiophene and pyrrole.90 The 
difference between these molecules and the 1,4-disilacyclohexa-2,5-diene 
is that the former have conjugated π-systems consisting of at least 1,3-
butadiene segments. In the 1,4-disilacyclohexa-2,5-diene there are two 
formally isolated C=C double bonds connected by two saturated seg-
ments (Figure 27).  
 

 
Figure 27. The longer π-conjugated diene paths in thiophene, pyrrole, and silole 
compared to the formally isolated C=C bonds of 1,4-disilacyclohexa-2,5-diene. 

But where does the effect stem from? Is it a form of linear hyperconjuga-
tion or is there a cyclic factor involved? A computational study revealed 
significant similarities in frontier orbital shapes and energies between 
para-xylylene and the TMS substituted 1,4-disilacyclohexa-2,5-diene. 
However, also in the case of para-xylylene there is the question of linear 
vs. cyclic conjugation. To probe this we computationally removed (one 
can think of it as a computational hydrogenation) the double bonds and/or 
replaced one of the Si(TMS)2 segments with a CH2 segment (replacing 
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both creates cyclohexa-1,4-diene which was experimentally determined 
to not absorb above 190 nm). These calculations show that the interaction 
between the two Si(TMS)2 fragments and the two C=C bonds are respon-
sible for the electronic and optical properties of 1,4-disilacyclohexa-2,5-
diene. Hydrogenating the C=C bonds or substituting the Si(TMS)2 with 
CH2 give compounds which absorb at shorter wavelengths (higher ener-
gies) and have a higher first ionization energy (IP1) (Figure 28). Clearly, 
there is a cyclic element that contributes to the experimental properties 
observed.  
 

 
Figure 28. The computational hydrogenation and/or substitution starting from a 
1,4-disilacyclohexa-2,5-diene, without ethyl groups, and the calculated first 
excitation energies (E(S1)) and first ionization energies (IP1). The calculations 
reveal that there is a cyclic conjugation component to the optical and electronic 
properties displayed by this molecule. 

5.2. Tuning the cross-hyperconjugation (paper IV) 
Utilizing the knowledge from papers I, II and III, in paper IV we system-
atically investigated the effect of both the ER2 fragments and substituents 
on the C=C bonds. This combined experimental and computational study 
is a test of how far the optical and electronic properties can be altered. 
The aim is also to investigate what papers I-III touches upon, i.e., which 
atom E and substituents R should be employed to achieve the strongest 
cross-hyperconjugation. In this section the R group is a trimethyl substi-
tuted Group 14 element (Group 14 elements are also known as the tetrel 
elements). To stretch the limit and probe the tunability of cross-
hyperconjugation the theoretical study involved exotic (and synthetically 
unrealistic) Group 14 central atoms and substituents (1,1,4,4-
tetrasubstituted-1,4-ditetrelcyclohexa-2,5-dienes, Figure 29), with central 
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atom E as C, Si, Ge, Sn or Pb and with R as tBu (CMe3), TMS (SiMe3), 
GeMe3, SnMe3 or PbMe3. 

 
Figure 29. All combinations of atoms E and substituents R investigated in paper 
IV. These 1,4-ditetrelcyclohexa-2,5-dienes were studied computationally to 
reveal which combination of E and R provides the strongest cross-
hyperconjugation. 

As one of the manifestations of conjugation are less pronounced bond 
length alternation, due to the increased electron delocalization, in paper 
IV we more systematically analyzed the geometric influence of cross-
hyperconjugation that was touched upon in papers I and III (sections 4.1 
and 5.1). In paper IV a larger number of compounds were investigated in 
order to reveal which combinations of E and R most effectively contrib-
utes to the conjugation. In addition, we also include a computed Natural 
Resonance Theory (NRT) analysis to further support the conjugation in 
the 1,4-ditetrelcyclohexa-2,5-dienes. In the NRT calculations the differ-
ent resonance structures that the molecule can adapt are calculated and 
their importance to the structure weighted. Hyperconjugation is typically 
described by no-bond/double bond resonance structures, and this is also 
true for the cross-hyperconjugation concept. The resonance structures 
imply, in the same way as the molecular orbital description above, that 
the C=C double bonds would be longer and the E-C bonds shorter 
(Figure 30). 
 

 
Figure 30. Some of the contributing resonance structures for the 1,4-
ditetrelcyclohexa-2,5-dienes. Cross-hyperconjugated compounds will be influ-
enced to a larger degree by the resonance structure to the right while less conju-
gated compounds will primarily be influenced by the left and the middle struc-
tures. 

The calculations reveal that raising the orbital energy of substituent R, i.e. 
descending down Group 14, elongates the C=C bond in the compounds 
with E = C and Si. For compounds with E = Ge, Sn or Pb, changing sub-
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stituents have the inverse effect with slightly shorter C=C bonds lengths, 
or it has no effect on the bond length. The same trend is evident also for 
the ring C-E bonds. These calculations reveal increased delocalization of 
the electrons particularly when E = C. Support for this can also be ob-
tained by analyzing the NRT bond orders. These bond orders are derived 
from the contributing resonance structures and indicate which resonance 
structures, besides the original Lewis structure, that are important. The 
NRT analysis is consistent with the geometrical trend and also here the 
effect is strongest in compounds with E = C, evident when E = Si and 
very small or reversed when descending down Group 14 (E = Ge, Sn and 
Pb). 
 
From the DFT and TD-DFT calculations a drastic fall in the HOMO en-
ergy and excitation energies for differently substituted carbon compounds 
(E = C) is obvious. Visible electronic excitations as low as 3.1-3.5 eV 
(350-400 nm) is calculated when R = SnMe3 and PbMe3. These are re-
markably low excitation energies for compounds with two formally iso-
lated C=C double bonds (ethene has a first electronic excitation energy of 
7.5 eV at the same level of computations). Experimental support for these 
results could be obtained as we synthesized the trimethylgermyl substi-
tuted 1,4-disilacyclohexa-2,5-diene (E = Si and R = GeMe3) using the 
methodology of paper IV. The experimental UV absorption investigation 
supports the calculated trend with heavier trimethyltetrel substituents 
lowering the excitation energies (absorption maxima at longer wave-
lengths, Figure 31).  
 

 
Figure 31. The experimental UV spectra of differently substituted 1,4-
disilacyclohexa-2,5-dienes, displaying the redshift when changing substituent 
from Me through TMS to GeMe3. 

The comparison between the crystal structures also agree with the com-
puted results with longer C=C double bonds and shorter Si-C bonds in the 
GeMe3 substituted compound than in the TMS substituted one. While not 
a complete set of molecules could be studied, our investigation, together 
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with that of Bock and Kaim,69 clearly points to the possibilities of excit-
ing structures using carbon based compounds in combination with heavy 
Group 14 substituents. This is not to say that these cyclohexa-1,4-dienes 
with heavy tetrel substituents should be the next thing one tries to synthe-
size. Yet, it represents a general direction for further studies and guidance 
for which type of compounds and substituents to aim for. 

5.3. Generalizing cross-hyperconjugation (paper V) 
We now proceed to ask if the hypothesis that ER2 fragments behave elec-
tronically as 1,1-disubstituted C=C double bonds can be generalized and 
used to explain electronic and optical properties of other compound clas-
ses. In paper V this concept is applied to siloles and cyclopentadienes 
(Figure 32), two common compound classes that are much more investi-
gated than the structures discussed so far. The study of these two com-
pound classes was logical to us, because in paper III we compared 1,4-
disilacyclohexa-2,5-dienes to siloles, and in paper IV we reveal the po-
tential for strong interaction when E = C.  
 

 
Figure 32. The general structure of the compounds investigated in paper V, cy-
clopentadienes (ER2 = CR2) and siloles (ER2 = SiR2). 

So far I have only hinted to the strongest form of conjugation, aromatici-
ty. However, when cyclic structures are explored it is worth considering 
the possibility for this ultimate form of conjugation. By applying the 
cross-hyperconjugation concept to cyclopentadienes and siloles, i.e., the 
finding that the ER2 fragment can be viewed as a geminally connected 
C=C double bond, we find that the π-conjugated analog to these com-
pounds is the pentafulvenes. Remember, Mulliken predicted this similari-
ty already in 1939.13 In paper V, we set out to explain the electronic prop-
erties of these small ring systems and provide a qualitative model that can 
also be used for design of new partially π-conjugated rings. 
 
Fulvenes have earlier been studied in the Ottosson group and they de-
scribed these compounds as “aromatic chameleons”.91-93 An aromatic 
chameleon is a compound that can alter its electronic structure in order to 
adapt to the different rules of aromaticity of different electronic states. 
For fulvenes, the concept can be understood by use of dipolar aromatic 
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resonance structures (Figure 33A). From the exocyclic C=C double bond 
one can either construct a structure with a positive or negative charge 
residing on the exocyclic C atom, and the opposite charge inside the ring. 
These resonance structures are differently important in the ground state 
and the lowest ππ* excited states. The negative charge at the ring C atom 
produces a 6π-electron cycle, i.e., this structure is ground state aromatic 
(resonance structure C in Figure 33). However, in the ππ* excited state 
this structure would be influenced by antiaromaticity. In order to avoid 
antiaromatic destabilization the influential resonance structure instead 
becomes the pentafulvene (B). By use of EWG or EDG as R the influ-
ence of each resonance structure can be modulated and the energy gap to 
the excited states can be varied (Figure 33B). Using the valence isolobal 
concept the siloles and cyclopentadienes can then be expected to behave 
in a similar way (Figure 33A). 
 

 
Figure 33. (A) The aromatic chameleon effect in pentafulvens as well as in cyl-
copentadienes and siloles described by neutral and zwitterionic resonance struc-
tures. Resonance structure A is antiaromatic in the ground state while C is aro-
matic. The opposite is true in the lowest ππ* excited states. Depending on sub-
stituents the influence of these structures can be controlled. (B) An energy dia-
gram which displays how the T1 and S1 state energies of pentafulvenes, as well 
as cyclopentadienes and siloles, can be expected to vary with substituent R 
which either enhances S0 state Hückel aromaticity (R = EDG) or T1 and S1 state 
Baird-aromaticity (R = EWG). 

Similar as conjugation is difficult to measure, so is aromaticity,94 and in 
paper V we computationally use several different aromaticity indices to 
probe the aromatic/antiaromatic character in a set of siloles, cyclopenta-
dienes and pentafulvenes. We investigate both the ground state and first 
triplet state, and compare the difference in aromaticity in these states. Our 
computational study reveals that all three compound classes respond 
similarly when altering substituent R. For these systems R = EWG pro-
duces low calculated excitation energies and R = EDG gives larger gaps. 
A literature study confirms the trends in the substituent effects obtained 
from the calculations as there is good agreement between experimentally 
acquired UV spectral results and our computed excitation energies.
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It is important to note that in comparison with our earlier studies where 
electron donating groups produced compounds with low excitation ener-
gies, here the opposite is found as the EDGs produce compounds influ-
enced by Hückel aromaticity (6π electrons in the ring) in the S0 state. 
Therefore, these compounds have larger excitation energies. While the 
cross-hyperconjugated compounds behave similarly as the pentafulvenes, 
the π-conjugated compounds display the largest effect and can be seen as 
the limit for how much the aromaticity can be changed. 
 
Extending this study to three- and seven-membered rings, the opposite 
trend would be expected with EDGs producing low triplet π → π* excita-
tion energies. EDGs can produce 4π- or 8π-systems for the three- and 
seven-membered rings, respectively, which according to the aromaticity 
counting rules would be influenced by antiaromaticity in the ground state 
(Hückel antiaromatic) but influenced by Baird aromaticity in the ππ* 
excited states. The calculations confirm these predictions. Thus, a valua-
ble tool for predicting and understanding the electronic and optical prop-
erties of small ring compounds is obtained through the combination of the 
ER2 cross-hyperconjugation and the excited state aromaticity concepts.  

5.4. Conclusions from papers III-V 
Summarizing the main points presented in this chapter, 1,4-
disilacyclohexa-2,5-dienes, cyclic compounds with two ER2 moieties 
incorporated (E =Si), can exhibit electronic and optical properties not 
normally associated with a compound with two formally isolated double 
bonds. The strongest effect is found when R is a TMS substituent (paper 
III). These properties can be further modulated by changing atom E and 
attaching heavier Group 14 substituents to the ring. The strongest effect is 
found when E is a C atom with somewhat smaller effects found when E = 
Si. The heavier element 1,4-ditetrelcyclohexa-2,5-dienes (E = Ge, Sn or 
Pb) are less affected by substitution (Paper IV). These findings can be 
generalized by combining the cross-hyperconjugation concept with that 
of excited state aromaticity, one can explain and understand earlier exper-
imental findings in cyclopentadienes and siloles (Paper V). The combined 
concepts are also relevant to the three-membered and seven-membered 
rings. Thus, we provide a unified view on the S0, T1 and S1 states of a 
range of different cyclic cross--conjugated and cross-hyperconjugated 
compound classes. 
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6. Controlling - and π-conjugation and its 
effect on conductance (papers VI-IX) 

Up until now I have described cross-hyperconjugation, how it can be 
tuned by the use of different ER2 fragments and its similarities with cross-
π-conjugation. In this chapter, we investigate how several saturated σ-
bonded segments arranged after each other can be conjugated. The focus 
is also shifted towards how such segments could conduct electricity.  
 
First, in paper VI, we revisit the 1,4-ditetrelcyclohexa-2,5-dienes and 
computationally investigate oligomers of these compounds. Here these 
rings are connected through the E atoms (forming E-E bonds) into oligo-
mers, and we map how the electronic properties and conductance vary 
with length and substituents. In paper VII, the synthesis and spectroscopy 
of a number of cyclic and bicyclic mixed silicon and carbon compounds 
are described. Thereafter, in paper VIII, a computational study on how 
these compounds conduct electricity is reported. The question asked is: 
even though these compounds contain tetrasilane segments with Si-Si-Si-
Si dihedral angles unsuitable for σ-conjugation, can the number of bridg-
ing units compensate for this? Finally, in paper IX, we investigate how it 
is possible to change the electronic properties of 1,4-disubstituted cyclo-
hexasilanes by utilizing different configurations and conformations. We 
also reveal how these potentially can be used as a single-molecule con-
ductance switch.  

6.1. Hyperconjugated molecular wires (paper VI) 
In paper VI attempts towards conjugated, yet, flexible molecular wires 
are described. The basis for our study is that π-conjugated compounds are 
highly conducting when the orbital overlap is good but much less so 
when the π-systems are not planar.44,45 Similar results have been found 
also for σ-conjugation because large dihedral angles in an oligosilane 
chain, leading to strong σ-conjugation, are calculated to be over 1000 
times more conductive than when conjugation is hampered at small an-
gles.95 Experimental measurements have shown that while π-conjugated 
compounds are more conductive than σ-conjugated compounds, how fast 
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the conductance decreases with the molecular length is comparable.46 
This similarity indicates potential for σ-conjugation in molecular elec-
tronics; the challenge to overcome is the strong conformation dependence 
of the conjugation and conductance. 
 
The question we ask is what would result if the cross-hyperconjugated 
1,4-ditetrelcyclohexa-2,5-dienes were connected through the “cross” 
part? We argue in paper VI that a hyperconjugative interaction could 
result between the σ(E-E) and π(C=C) orbitals, and this interaction would 
vary only little with conformational change. If this interaction is strong, 
as it can be when the correct atom E and substituent R are chosen, linear-
ly hyperconjugated paths through the molecule can form (Figure 34). 
 

 
Figure 34. (A) The large primary orbital overlap between a local σ(E-E) orbital 
and the two local π(C=C) orbitals in the investigated 1,4-ditetrelcyclohexa-2,5-
dienes. The primary overlap should be independent of dihedral angle ω (shown 
in B), while the secondary overlap between the local π(C=C) orbitals is dihedral 
angle dependent, yet, small. Our desire is to design compounds that should be 
able to rotate while being equally conjugated.  

We investigated dimers to tetramers computationally, varying atom E and 
substituent R, and we explored how flexible these potential wires would 
be and how the electronic properties vary with conformation (Figure 35). 
The focus was placed on the compounds with E = Si as we envisioned 
these to be synthetically realistic, yet, they also would provide a com-
promise between good hyperconjugation and rotational flexibility. Com-
pounds with E = C could likely provide good molecular overlap with the 
appropriate substituents, but most likely would have higher barriers of 
rotation due to the shorter C-C bonds compared to the Si-Si bonds.  
 

 
Figure 35. The investigated oligomers in paper VI with different central atoms E 
and substituents R. Note that not all combinations of E and R were investigated. 
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The computational results to some degree confirm these predictions with 
high rotational barriers for dimers with E = C, this despite that only small 
H or Me substituents were considered (the C-C single bond is 1.575 Å). 
The silicon compounds (E = Si) with R = Me, SiH3 and TMS substituents 
produced compounds with lower rotational barriers (Si-Si distances 2.365 
- 2.395 Å). Compounds with E = Ge or Sn and R = TMS produces even 
lower rotational barriers, despite the bulky substituents, as a result of the 
longer E-E bonds (r(Ge-Ge) = 2.515 Å and r(Sn-Sn) = 2.854 Å). All 
compounds show very low variation in their HOMO energies (ΔεHOMO) 
across the conformational space. Somewhat surprisingly and opposite to 
our previous studies, the all-carbon compounds (E = C) have a relatively 
high εHOMO despite only R = H or Me as substituents. Moreover, the all-
carbon compound also has the HOMO orbital extended across the entire 
molecule, even more so than the analogous methylated oligosilane 
(Figure 36). Low variations are also found for the longer trimers and 
tetramers, indicating potential molecular wire properties.  
 

 
Figure 36. The HOMO and εHOMO of the carbon (E = C and R = H) and silicon 
(E = Si and R = Me) tetramers. Note that there is significant orbital density 
across the entire molecule in the carbon-based compound.  

Regular π-conjugated compounds would be more conducting than the 
oligomers of 1,4-ditetrelcyclohexa-2,5-dienes but would not be very flex-
ible, and were therefore not chosen as reference compounds in this study. 
Instead, we used regular linear oligoalkanes and oligosilanes, which are 
very flexible, containing the same number of atoms in the conducting 
path so as to determine if the oligomers in any way are better. Conduct-
ance calculations on static 1,4-ditetrelcyclohexa-2,5-diene oligomers, 
which were connected to the electrode via a silane anchor (more on this 
in section 6.2) show that compared to the linear all-anti alkanes or silanes 
(all E-E-E-E dihedral angles approximately 180°), the oligomers are 
roughly an order of magnitude more conducting (Figure 37). Among the 
different oligomers of 1,4-ditetrelcyclohexa-2,5-diene the heavier Group 
14 elements (E = Ge or Sn) are less conducting compared to the lighter 
elements (E = C or Si).  
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The different conformers of the tetramers were studied in order to deter-
mine if the low ΔεHOMO equals low variation in the calculated conduct-
ance. These oligomers display a conductance variation of up to a factor 
40 between different conformers. In comparison, the oligosilane chain 
with the same number of bonds and anchored to the electrodes via silyl 
groups displays a much larger conductance variation because the all-
gauche conformer is 100 000 times less conducting than the all-anti con-
former (Figure 37). 
 

 
Figure 37. (A) Some of the investigated structures in paper VIII and an explana-
tion of the naming system. Both the linear structures (E-E-E-E dihedral angles of 
~180°) and twisted structures with smaller dihedral angles are displayed. (B) 
Results from the conductance calculations on the tetramers and the linear refer-
ence alkane and silane. 

The results above show the role of silicon compounds as a “golden mid-
dle way” between flexibility, synthetic accessibility and interesting prop-
erties. Considering the results from papers I–VI carbon structures seem to 
be the structures to aim for when strong hyperconjugative interactions are 
desired, yet, they have disadvantages, both in flexibility and in synthetic 
accessibility. The results indicate a linear hyperconjugative interaction in 
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these oligomers despite that the π-bonds are separated by an E-E frag-
ment.  
 
From here the focus of our studies is shifted to exploring conjugation 
through longer saturated carbon or silicon segments and to investigate the 
differences between these. Here, σ-conjugation will be the dominating 
form of conjugation, and it should therefore be most evident in the orga-
nosilicon compounds. However, the question we try to resolve is how 
different the first two Group 14 elements are in this context. Also, how 
can one manipulate the electronic properties of these various compounds? 

6.2. σ-Conjugated molecular wires (papers VII-VIII) 
In the coming section other types of molecular wires are investigated. 
Here, the wires are based on a set of cyclic and bicyclic mixed car-
bon/silicon compounds which are investigated both experimentally and 
computationally. The focus in papers VII and VIII is on the study of σ-
conjugation in a set of conformationally locked bicyclic compounds 
(Figure 38). We expected the σ-conjugation to be strongest over the sili-
con sections, despite that some of the dihedral angles in these silicon 
segments are very small and therefore not optimal for σ-conjugation. Yet, 
could one by changing silicon to carbon, or vice versa, influence the elec-
tronic coupling through the cages, making these structures more than just 
the sum of their separate σ-conjugated segments? In paper VII the bicy-
clic monomers are studied in order to answer this question. The hope was 
also that these compounds could be attractive as molecular wires as the 
low conformational flexibility should result in predictable conformation 
and conductance profiles.  
 

 
Figure 38. The bicyclo[2.2.2]octane monomers investigated in paper VII. The 
compounds are all silicon-based with bridgehead silicon atoms and they differ 
only in the number of silicon- or carbon-bridge segments. 

The synthetic route involved silyl dianions and subsequent quenching 
with the appropriate electrophile to yield the target structures.54,57 The 
spectroscopic study revealed subtle differences between the different 
cages and a computational investigation exposed differences in their fron-
tier orbitals. The computations revealed that the HOMO in these cages is 
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primarily distributed on the silicon- and not on the carbon-bridges, the 
orbital energies on the other hand are nearly isoenergetic (Figure 39). 
This prompted an investigation into how these structures would conduct 
electricity, would the carbon-bridge function as a resistor and how would 
the conductance through two silicon-bridges compare to that through 
three?  
 

 
Figure 39. The experimental UV spectra of the different bicyclic cages contain-
ing one, two or three -SiMe2SiMe2- bridge segments (the other being -CH2CH2-), 
as well as the computed HOMOs (hydrogens omitted for clarity). The HOMOs 
display orbital density primarily across the Si bridge(s) and only minutely onto 
the carbon bridge(s).  

In paper VIII, the conductance through the bicyclic cages from paper VII 
is compared relative to an open-chain oligosilane. Here, we also study the 
electrode-molecule bond and ask which anchoring group provides the 
best conductance through the σ-skeleton? Classically, thiophenols have 
been used to anchor the molecule to the electrode (we originally designed 
our cross-hyperconjugated molecules in Paper I using this unit, see sec-
tion 4.1).96,97 The choice of thiol based groups (R-SH) to bind the mole-
cule to the gold electrode is due to its synthetic feasibility and the strong 
gold–sulfur bond.98 The thiophenol anchor is logical as most compounds 
studied experimentally are π-conjugated and the conjugated paths in these 
molecules are extended over the thiol lone pairs. But what about σ-
conjugated compounds? Here, the experimental studies that exist on oli-
gosilanes utilize a S-methylated thiophenol as the anchoring group.99,100 
However, our study shows that efforts should be made towards eliminat-
ing the π-conjugated parts in molecules dominated by σ-conjugation as 
the directly attached silicon anchor is significantly more conducting than 
the thiophenol unit. The SiH3 group might not be the most feasible target 
from a synthetic point of view but it represents a route that deserves fur-
ther attention. Previously ultrahigh vacuum conditions have been em-
ployed to induce Si-H disassociation leading to a tripod structure on the 
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surface with three Si-Au bonds (Figure 40).101-105 An alternative for oper-
ation under ambient conditions could be to attach “anchoring chains” to 
the silicon atom. These chains could force the central atom closer to the 
surface, either through electrostatic or chemical adsorption, allowing the 
current to pass directly into the σ-system (Figure 40). Alternatively, as 
shown by Venkataraman and co-workers, more labile Group 14 elements 
such as tin could be used. The stannyl group splits off from the rest of the 
molecule when it comes into contact with the gold and the residue form a 
covalent C-Au bond.106 
 

 
Figure 40. To the left, the tripod structure used in our computational studies and 
to the right an alternative approach perhaps suitable for ambient conditions.  

In the macroscopic world, the net conductance is the sum of the individu-
al conduction paths. However, non-linear behavior in parallel π-
conjugated systems has previously been observed, leading to a larger 
conductance increased than would be expected.107 This has been attribut-
ed to constructive interference between the conductive paths. Here, the 
study of the cage compounds reveal the complex nature of conductance 
through molecules as both the molecular orbitals and the conducting 
pathways are unevenly distributed across the bridges. However, there is 
also significant communication between the pathways which results in 
interference, in this case of the destructive kind. Unlike the previous re-
ported π-conjugated compounds, -SiMe2-SiMe2- chains therefore display 
higher resistance when connected in parallel. To properly model the ef-
fect of the bridges, there was a need to distance the cage from the elec-
trodes, as the transport otherwise occurred directly into the bridging seg-
ments making comparisons impossible (Figure 41). 
 

 
Figure 41. The bicyclo[2.2.2]octane cage structures studied computation-
ally and the corresponding oligosilane references in similar gauche con-
formations as found in the cages.  
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Calculations indicated that there is no significant conductance difference 
between the gauche oligosilane and the bicyclic cage compounds contain-
ing a silicon bridge, i.e., the cages behave as the most poorly conducting 
conformer of an oligosilane (as evident from paper VI, section 6.1, were 
the all-anti conformer was 100 000 times more conductive). Yet, an even 
less conductive structure is obtained by disrupting the chain of silicons by 
usage of an all-carbon cage (Figure 42). 
 

 
Figure 42. The calculated transmission through the cage systems and the gauche 
oligosilane. The name indicates the composition of the bridging unit, i.e., SiSiC 
has to two silicon and one carbon bridge between the silicon bridgehead atoms. 
Methyl groups on Si and hydrogens on C are omitted for clarity.  

The conclusions from papers VII and VIII are that other compounds than 
those based on the bicyclo[2.2.2]octane structures should be considered 
for good electron transport. This has recently also been indicated experi-
mentally by Stüger and co-workers who used donor/acceptor type all-
silicon bicyclo[2.2.2]octasilane and showed that the UV absorption data 
do not support the assumption of interaction via the σ(SiSi) bicycloocta-
silane framework.108 

6.3. Configuration and conformational changes 
(paper IX) 
While the bicyclo[2.2.2]octasilane have significant disadvantages, could 
its synthetic precursor, the cyclohexasilane, be useful? During our syn-
thetic study to functionalize the bicyclo[2.2.2]octasilane, which ultimate-
ly failed, we synthesized the cis- and a trans-isomers of a 1,4-
disubstituted cyclohexasilane and recorded their UV absorption charac-
teristics. The UV characteristics of the two isomers differed quite signifi-
cantly and prompted us to investigate the electronic structure variation 
between different configurations (cis vs. trans), but also between different 
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conformations (chair, twist, boat) (Figure 43). Especially the conforma-
tional aspects were intriguing because we reasoned that the cyclohexa-
silane should be a rather rigid unit, yet, it could still display some con-
formational flexibility. Accessing different conformers would most likely 
only be achievable by some form of induced mechanical stress and this 
technology is today utilized in experimental measurements.48  
 

 
Figure 43. At top, the different cyclohexasilanes, the left chair structure has the 
π-bonded substituents in axial positions, trans to each other. The right chair 
structure has one π-bonded substituent equatorial and one axial, cis to each other. 
Below, the envisioned ring-flip (pseudorotation) of the trans-1,4-disubstitued 
cyclohexasilane that would prompt a change in the electronic structure. 

The electron transfer through cyclohexanes, primarily 1,4-disubstituted 
cyclohexanes with π-substituents, were extensively investigated in the 
late 1980s and early 1990s by Closs, Miller and co-workers.109-112 Both 
the configurational and conformational electron transfer dependence were 
examined, however, the findings showed that subtle changes in experi-
mental conditions results in markedly different results for these carbon 
compounds. We hypothesized that by descending Group 14, thereby ac-
cessing compounds which display stronger σ-conjugation, it would be 
possible to produce molecules with larger differences than for carbon and 
to utilize these to control the conjugation.  
 
This was the basis for Paper IX in which we computationally compare 
different conformers and configurations of 1,4-disubstituted cyclohexanes 
and cyclohexasilanes (Figure 44) and experimentally investigate the con-
figurational aspects. The compounds contain one π-substituent and one 
bulky substituent on each side of the ring in order to achieve predictable 
and stable conformations as well as to provide connections to the earlier 
studies.  
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Figure 44. The cyclohexasilanes and cyclohexanes investigated in paper IX. 

From the computational investigations of the stable conformers of the 
cyclohexasilanes and cyclohexanes it became clear that the longer bonds 
between the silicon atoms reduced the energy difference between con-
formers in the former. The most stable conformer for the different trans 
isomers were the chair conformers with the bulky substituent equatorial-
ly. A twist conformer and a high energy chair conformer were also mini-
ma on the potential energy surface. Similarly, a slightly distorted chair 
was found as the energy minimum for the cis compounds (Figure 43). 
 
Then, what about the electronic structure variations? First considering 
configuration, the calculations show very small differences between cis 
and trans 1,4-disubstituted cyclohexanes. The silicon-based cyclohexa-
silanes have larger variations confirming our earlier UV spectroscopic 
studies. Notably, differences in the electronic structure were also found 
between the different conformers (chair (ax,ax), twist, and chair(eq,eq)). 
The variation between conformers is especially apparent in the trans cy-
clohexasilanes. Smaller variations are found for the cis cyclohexasilane, 
while the carbon systems show very small differences. 
 
Synthesis followed by crystal structure analysis confirm the structures of 
the most stable conformers of the cis and trans 1,4-disubstitued silicon 
compounds. Experimentally, the trans-cyclohexasilane displayed a red-
shifted UV absorption and it was also oxidized more easily compared to 
its cis isomer, corroborating the computational findings (Figure 45). The 
compounds with the longer π-conjugated substituents also display this 
behavior but to a lesser degree, presumably since the π-conjugated system 
dominates over the much weaker σ-conjugation.  
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Figure 45. (A) The electrochemical and (B) UV spectroscopy results for com-
pound with R = TMS. When R = PhMe (C) the stronger π-conjugation masks the 
differences between the trans and cis configurations. 

Next, we decided to computationally investigate if electronic structure 
differences could be utilized. One application we considered was a mo-
lecular switch that when compressed or stretched would change its elec-
tronic properties (Figure 46). This sort of behavior has earlier been 
shown computationally on other types of molecules.113,114 Investigating a 
number of such switches, based on our cyclohexanes and cyclohexa-
silanes, the trans cyclohexasilane once again was the winner. Both by 
comparing the optimal static case as well as in a dynamic simulation, this 
molecule, attached to the gold electrode through thiophenol anchors, dis-
plays switching behavior. In the static case, the most stable conformer is 
over 200 times less conducting than the high energy structure. No other 
compound come close to this with only small variations in conductance 
calculated. 
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Figure 46. The envisioned mechanoswitch based on the trans-1,4-disubstitued 
cyclohexasilane isomer. By flipping the ring between its two chair conformers, 
through application of mechanical force, the electronic structure of the com-
pound can be altered. For the trans cyclohexasilane, computations reveal that the 
electronic structure of the two isomers differs. This allows for switching behav-
ior and the high energy “long conformer” is approximately 200 times more con-
ducting than the “short conformer”. Here, long and short are related to the S-S 
distance in these molecules. 

6.4. Conclusions from papers VI-IX 
Finally, the conclusions and take-home messages from this chapter. Hy-
perconjugation in 1,4-ditetrelcyclohexa-2,5-dienes can be used to achieve 
linear hyperconjugation. Here a trade-off between rotational flexibility 
and conjugation points to the use of the 1,4-disilacyclohexa-2,5-diene as 
the monomer unit (Paper VI). The study of the bicyclic [2.2.2] cage mol-
ecules provided information about what type of anchoring group (the 
functional group that binds the molecule to the electrode) that delivers the 
best conductance for σ-conjugated compounds. It also showed that the 
cages do not provide clear benefits over linear oligosilanes, discouraging 
extensive studies of these compounds in this context (Papers VII and 
VIII). However, with this knowledge in hand, more flexible, yet, structur-
ally locked compounds could be identified. These cyclohexasilane-based 
structures exhibit different electronic properties depending on confor-
mation and configuration. We suggest that these structures could be used 
as molecular switches (Paper IX). However, we believe the concept of 
electronic structure variation with conformation change is more important 
than our suggested application that may, or may not, be realizable. 
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7. Final thoughts 

In this thesis I have attempted to describe how through combining “old” 
(perhaps somewhat forgotten) physical organic chemistry knowledge 
with computational and experimental investigations one can gain deeper 
understanding of the conjugation phenomena and help explain experi-
mental observations. 
 
In my view the studies presented herein have extended on the hypercon-
jugation concept and how electron delocalization can be viewed. The 
molecular fragments and molecules presented herein should not be seen 
as the limit of what can be achieved, but rather as examples and tools to 
be used in the further design and understanding of other compounds and 
compound classes.  
 
We have also shown that the electronic properties are difficult to control 
in locked rigid bicyclo[2.2.2]-cage structures, dominated by σ-
conjugation. Yet, by allowing for more conformational flexibility, as 
found in the cyclohexasilanes, there are possibilites for controlling the 
electronic structure. This control could potentially be utilized for switch-
ing applications.  
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8. Svensk sammanfattning 

Den här avhandlingen är baserad på ett antal artiklar publicerade i olika 
vetenskapliga tidskrifter. Artiklarna har alla en egen historia fast i denna 
sammanläggning har fokus lagts på att presentera de övergripande slut-
satserna och binda samman dessa snarare än på de specifika resultaten. 
Det sammanbindande är i detta fall det kemiska begreppet konjugation. 
En konjugerad molekyl har sina elektroner delokaliserade (utspridda) 
över ett större antal atomer än en molekyl med lokaliserade (sam-
lade/fixerade) elektroner. Elektrondelokalisering kan resultera i struktu-
rella förändringar (längre eller kortare bindningar mellan atomer), optiska 
och elektroniska effekter (absorption av ljus av längre våglängd eller mer 
löst bundna elektroner) samt annan reaktivitet i kemiska reaktioner jäm-
fört med system som inte är konjugerade (enbart har lokaliserade elektro-
ner).  
 
Den vanligaste formen av konjugation är π-konjugation (pi) som finns 
mellan alternerande multipel- (dubbel eller trippel) och enkelbindningar. 
Denna typ av konjugation kan i sin tur delas upp i underkategorier varav 
en, korskonjugation nämns ofta i våra studier. Denna avhandling handlar 
dock till största delen inte om π-konjugation. Istället har jag studerat 
elektrondelokalisering över mättade molekylsegment (enkelbundna) info-
gade mellan två π-system såväl som elektrondelokalisering genom mät-
tade molekylfragmentet. Benämningarna för dessa konjugationsformer är 
hyperkonjugation respektive σ-konjugation (sigma). Skillnaden mellan 
konjugationstyperna är främst en fråga om konjugationsstyrka snarare än 
fundamentalt olika fenomen. Alla beskriver hur elektroner delokaliseras. 
 
Fokus är lagt på att studera de optiska och elektroniska egenskaperna hos 
utvalda mättade (eller delvis mättade) föreningar och jämföra dessa egen-
skaper med vad man finner i π-konjugerade molekyler. Vi använder oss 
av en kombination av metoder där kvalitativ molekylorbitalteori och 
kvantkemiska beräkningar oftast utgör grunden. Med hjälp av dessa me-
toder försöker vi designa molekyler som kan förväntas ha intressanta 
egenskaper. Därefter följer syntes av de designade föreningarna eller 
relaterade system, och slutligen experimentella undersökningar av mole-



 62 

kylernas geometriska, optiska och elektroniska egenskaper för att för-
hoppningsvis bekräfta de egenskaperna som förutspåtts genom teori och 
beräkningar.  
 
Forskningen som presenteras är inte främst avsedd för någon specifik 
tillämpning utan ska ses som grundforskning där målet är att utveckla 
konjugationskonceptet. De forskningsområden som vi föreställer oss kan 
utnyttja de resultat som presenteras är molekylärelektronisk och organisk 
elektronik. 
 
Så vilka resultat presenteras? I de första artiklarna studerar vi hur en mät-
tad grupp genom att substitueras med tunga atomer från det periodiska 
systemets grupp 14 (E = kol, kisel, germanium, tenn och bly, Figur 1) 
kan få liknande elektroniska och optiska egenskaper som ett korskonjuge-
rat system när de placeras mellan två π-konjugerade fragment. Genom att 
kombinera teori och beräkningar med syntes och spektroskopi visar vi att 
de elektroniska egenskaperna hos våra linjära föreningar kan styras från 
väldigt lite elektrondelokalisering över det mättade segmentet (när 
elektrondragande grupper används som substituenter) till starkare 
elektrondelokalisering (med elektrondonerande grupper). Vi kallar denna 
starka interaktion korshyperkonjugation för att indikera likheten med 
korskonjugation. Likheten består även när dessa mättade segment an-
vänds i små cykliska föreningar där de separerar två dubbelbundna kol. I 
dessa föreningar är effekten större än i de linjära systemen och med sub-
stituenter på dubbelbindningarna i ringen är möjligheten att justera de 
optiska och elektroniska egenskaperna väldigt stora. Föreningar baserade 
på kol och kisel med tunga grupp 14 substituenter visade sig vara bäst. 
Kors-hyperkonjugation och kunskap om aromaticitetsregler kan också 
användas för att förklara optiska egenskaper i små cykliska molekyler, 
fast kan framförallt användas för att förutspå egenskaper i nydesignade 
föreningar. 
 

 
Figur 1. De olika molekyltyperna som undersökts i forskningsartiklarna.  

I de nästkommande artiklarna fokuserar vi på elektrondelokaliseringen 
genom fler än ett mättat segment. Här beräknar vi också hur denna delo-
kalisering relaterar till hur bra (eller dåligt) dessa molekyler leder ström. 
Att experimentellt mäta hur molekyler leder ström är ingen lätt sak utan 
har bara utförts under de senaste tjugo åren. Mycket arbete krävs oftast 
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både för att tillförlitligt kunna mäta konduktansen genom molekylen och 
även att framställa molekylen. Det är därför angeläget att kunna förutspå 
vilka egenskaper och strukturer som främjar eller försvårar elektrontrans-
porten så att rätt molekyler framställs från början. 
 
Våra studier visar att hyperkonjugerade molekylenheter i en kedja har 
sladdegenskaper, det vill säga, de har endast liten skillnad i konduktans 
beroende på hur den vrids. Däremot är rigida bursystem baserade på kol 
och kisel inte ideala som molekylära ledare även om man till viss del kan 
förändra deras elektroniska egenskaper. En byggsten till dessa burar, en 
cyklohexasilan visar dock på skillnad i elektronisk struktur beroende på 
konformation. Beräkningar visar att skillnaden är så stor att den skulle 
kunna fungera som en molekylär strömbrytare vars konduktans varierar 
med konformation. Brytaren skulle leda ström när den mekaniskt sträcks 
medan den leder mycket sämre när molekylen trycks ihop. 
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