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ABSTRACT

Polysilylenes are materials that have potential application as active layers in
electronics, active optical elements, photo- and electron resists, macroinitiators,
ceramic precursors etc. Their properties are significantly affected by
conformation of their backbones because their o-electrons are conjugated and thus
any modification of a backbone arrangement involves corresponding response in
o-conjugation extent and any change on the electron level naturally causes an
alteration in final material properties. One of the causes definitely influencing the
o-conjugation is a conformational defect in the backbone that can be represented
by some kind of a bend. However, bends are inevitable parts of chains of any
polymers as they can be regarded as sites, which enable backbone folding into
a regular arrangement or to the contrary can increase random disorder.

This doctoral thesis is focused on the theoretical description of electronic
properties of alkyl- and aryl-substituted oligosilylenes which are significantly
dependent on the structural arrangement of their silicon backbone. The main aim
of the work is modelling of a conformational defect, which comprises a kink in
the chain. The excitation process was evaluated in such disrupted structures in
neutral and charged (polaron modelling) molecules. Furthermore, stabilization of
a kink by non-bonding interactions was also considered. The goal was to discover
if this kink is viable type of defect, which can occur in real polysilylene chains.

Density functional theory was used as a tool for investigation of geometry and
electronic properties of several sets of oligosilylene structures up to tridecamers
with and without an introduced kink. Conformational studies, which were
performed mainly on tetrasilylenes with various side groups, were indispensable
part of the work. The choice of model side groups was pointed towards selection
of practically relevant and most reported polysilylene materials in experimental
literature as poly(dimethyl)silylene, poly[cyclohexyl(methyl)silylene] and
namely poly[methyl(phenyl)silylene].

The thesis has been prepared as a thematically arranged collection of papers
published with accompanying texts.

Keywords:
Conformation, DFT (density functional theory), defect, kink, oligosilylenes,
polaron



ABSTRAKT

Polysilyleny jsou materialy, které maji aplikacni potencidl jako aktivni vrstvy
v elektronice, opticky aktivni elementy, foto- a elektronové rezisty,
makroinicidotry, prekurzory v keramice apod. Jejich vlastnosti jsou znacné
ovlivnény konformaci hlavnich fetézcli, protoze jejich o-elektrony jsou
konjugovany, a proto jakdkoliv zména v konformaci vyvola odpovidajici zménu
v c-konjugaci a tim zménu v celkovych elektronovych vlastnostech materialu.
Jednim z faktort, ktery dozajista zptisobuje tyto zmény, je konformacéni defekt na
fetézci, ktery mize byt tvofen naptiklad jeho ohybem. Ohyby hlavnich fetézct
jsou nevyhnutelnou soucésti polymert a slouzi jako mista, kterda umozZnuji
poskladani fetézcti do uspotadanych struktur nebo naopak, zvétSuji nahodilou
neusporadanost.

Diserta¢ni prace se zabyva teoretickym popisem elektronovych vlastnosti
alkyl- a aryl-substituovanych oligosilylenli, které jsou znacné zavislé na
strukturnim uspotadani jejich kifemikového fetézce. Hlavnim cilem préace je
modelovani konformac¢niho defektu, ktery je reprezentovan ohybem v fetézci.
Konformac¢né narusené fetézce byly studovany z hlediska excitacniho procesu,
a to v neutralnich molekuldch a ionech (modelujicich polarony). Dale byl
uvazovan prispévek nevazebnych interakci ke stabilizaci ohybu, ¢imz bylo
posouzeno, zda je mozné, aby se tento ohyb vyskytoval v redlnych fetézcich
polysilyleni.

Pro popis geometrie a elektronovych vlastnosti byla pouZita teorie funkcionalu
hustoty, pficemz vypocty byly aplikovany na nékolik sad oligosilylenovych
struktur az do velikosti tridekameru a to s vloZenym ohybem fetézce 1 bez ng;.
Nezbytnou soucasti prace byly také studie konformaci, které byly provedeny na
tetrasilylenech s riznymi vedlejSimi skupinami, jejichz vybér sméfoval
k polydimethylsilylenu, polycyklohexylmethylsilylenu a predevsim
k polyfenylmethylsilylenu, jakoZto k nejCastéji experimentdlné studovanym
polysilyleniim.

Tato disertacni prace byla vypracovana jako tematicky uspofddany soubor
uvefejnénych praci s privodnim textem.

Klicova slova:

Konformace, DFT (density fuctional theory — teorie funkcionali hustoty), defekt,
ohyb, oligosilyleny, polaron

1



1. INTRODUCTION

Computational chemistry, which is used for modelling of molecular systems
and calculation of their properties, has undergone development on two different
levels. The first was the development of theories of quantum chemistry (QC) in
the beginning of 20™ century, from which models used in present days have been
subsequently established. However, until the 1990s computational chemistry was
significantly limited by capabilities of personal computers used at that time, and
it was also a privilege of scientists, who were skilled in programming of software
and operational systems. Therefore, true development has started in 1990s and
followed the evolution of computers and computational software. This has led to
present situation that offers various computational software available for general
scientific public. Computational chemistry has become an important part of
research and gained a stable position in the scientific areas such as chemistry,
physics and biology. The significance of various modelling methods has also been
supported by the rise of special term in silico (analogous to in vivo, in vitro) that
describes studies performed with modelling, calculation and computer simulation.
Main advantages of computational chemistry lie in the opportunity to model
various systems and situations that would consume significant time and resources
in laboratory experiment. For example, if new derivatives of substance are to be
synthesized, calculation of several molecules can be done first and only the
derivatives with required properties thus can be chosen for preparation. For
example, calculations of various spectra performed with organic compounds are
given in refs. [1, 2, 3, 4].

Polysilylenes are materials with interesting electrical properties that are crucial
for all of their electrical, optical and optoelectrical applications due to their
electronic structure and photoelectrical properties caused by the effect of
c-electron delocalization along the main chain composed from single bonded
silicon (S1) atoms. An extent of delocalization is given by overlapping of c-orbital
lobes and that is strongly dependent on the conformation of backbone, as was
shown by experimental measurements.

Therefore, the thesis is focused on the description of conformational defect in
polysilylene backbones and considers a defect — a kink — and its properties and
stability in neutral and charged state by methods of computational chemistry,
precisely by density functional theory (DFT). Such investigation can contribute
to interpretation of experimentally observed phenomena as well as to prediction
of new features in virtual (logical) experiments.

The thesis has been prepared as a thematically arranged collection of three
already published papers and two papers at the stage of manuscript with
accompanying texts, whose full texts can be found in Appendix.



2. POLYSILYLENES

Polysilylenes (also called linear polysilanes, polyorganosilylenes) consist of
silicon atoms, which are bonded through interaction of c-electrons in sp’
hybridized orbitals. In fact, several types of interactions, which are depicted in
Fig. 1A, can be found in these structures. The first involves interaction of two sp?
orbital lobes of adjacent Si atoms. Their overlapping enables formation of
o-bonds and it is characterized by vicinal resonance integral (Bvic). Another
interaction is provided by sp* orbital lobes of the same atom and it is responsible
for o-electron delocalization along the backbone and formation of 6-conjugated
structure. This interaction is described by geminal resonance integral (Bgem)-
Moreover, the ratio Byic/Peem serves to evaluation of an extent of the delocalization
with maximum in the value of 1. On the contrary, strong localization is expressed
by Bvic/Beem value close to 0. This description has been adopted and applied on
polysilylenes from Sandorfy C and Sandorfy H model that was originally defined
for alkane chains [5]. However, as can be also seen in Fig. 1A, other integrals B 3
and P 4 are presented. These interactions express the conformational dependence
of the orbitals arrangement and are described by ladder C and ladder H models [6,
7, 8, 9, 10]. In spite of the often used comparison of polysilylenes with
n-conjugated carbon backbones, such as polyacetylenes, their real carbon
analogues are polymers with single 6-bonds between carbon (C) atoms. However,
carbon-based structures do not evince o-conjugation and their properties are
different, for instance, Si-Si bond distances are longer, photostability of
Si-structures is lower and charge carrier mobility is higher than those of
C-polymers [10].
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Fig. 1: Orbitals (A) and their intramolecular interaction (B) in polysilylene chain [10]

In addition, Fig. 1B illustrates several types of intramolecular interactions
which occur in polysilylenes. These interactions are dependent on the attached
functional groups, which strongly influence final material properties. The role of
alkyl and aryl substituents has been thoroughly examined for
poly[methyl(phenyl)silane] (PMPSi). This polymer is interesting for investigation
since it contains combination of o- as well as m-bonds and it is processable and
accessible for production [11, 12].



A diagram of the electronic structure of PMPSi is displayed in Fig. 2. As can
be seen, this scheme consists of particular energy levels (left vertical axis)
expressed also by horizontal lines and corresponding to various electronic states.
Vertical energy gap (£,) 1s defined by valence (£,) and conduction (E.) band and
additionally, second energy gap (£5) can be found. On the right side of the figure,
the ionization potential (/.) and electron affinity (4.) of PMPSIi in solid state are
given [13, 14, 15].
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Fig. 2: Energy diagram of bands in electronic structure of PMPSi [13]

Polysilylenes, and namely PMPS;, are able to cope with delivered and absorbed
energy by absorption and emission transitions. The absorption maximum (Aax)
330 nm with E, = 3.65 eV corresponds to 6-6* transition from ground to !(c-6*)
level and it is localized at silicon backbone. Another absorption band belong to
n-m* transition (i.e. from ground to '(m-m*) state), which is typical for phenyl
group, is of lower intensity and can be detected at 280 nm [16]. Mixed o-r*
absorptions are also present, corresponding to states !(o-n*)‘T and !(c-6*)T of
intramolecular and intermolecular charge transfer (CT) states, respectively [13,
17, 18]. !(0-6*)“Tis formed when excitation energy is higher than E}, (i), whereas
(c-n*)Tis a result of 6-6* and n-n* transitions, which involve the charge transfer
between Si backbone and phenyl ring. As can be further found in Fig. 2, energy
gap 1s divided into several energy levels; energy of branching points, energy of
defect states and energy of polarons (also polaron binding energy) which are
designed as Epp, E/" and E,, respectively. Emissions (ii), (iii), (iv) and (v) related
with all described states are located at 355 nm, 500 nm, 415-500 nm and
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520-540 nm, respectively [8, 9, 13, 17]. Energy of (6-6*) and '(c-n*)T states is
influenced by conformational changes, while !(c-6*)“T is temperature-dependent
and with higher temperature shifts to higher wavelengths [18].

CT states characterise result of charge transport process that is accompanied by
polaron quasiparticle formation in PMPSi. As was described in ref. [19], polaron
quasiparticle is here described as charged molecule (cation or anion), whose
atoms are shifted to another equilibrium position due to presence of charge and
its potential energy minimum (with respect to neutral state) is characterised by
polaron binding energy E, as depicted in Fig. 3 [20, 21, 22, 23, 24].

Energy, E

Coordinate, q
Fig. 3: Potential energy curves of neutral and polaron geometry [20]

An influence of conformational changes on CT and c-conjugation is often
studied by means of QC calculations, which allow to better understand to unique
properties of polysilylenes (photosensitivity, photoconductivity). A few examples
of theoretical works concerning PMPSi are given in ref. [25, 26] and
alkyl-substituted analogues in various conformations in [27, 28]. Excited states
and geometries were described theoretically in a study of peralkylated
oligosilylenes [29, 30], which describes the excitation and emission mechanism
up to the backbone length of 16 repeating units. Even thought that long backbones
of polysilylenes enable clear emission behaviour, short chains of
di- or trisilylenes do not fluoresce at all. This issue was studied in [31, 32] and
revealed shallow energy minima of excited singlet states and funnels that enable
efficient deactivation of excited states. Currency of the research, such as above
mentioned [28, 29], has proven that this topic is still at the forefront of scientific
interest.

As stated above, conformation of Si backbone has direct influence on
o-conjugation and electronic properties related to it as was studied on
permethylated oligosilylenes, for instance, in [2, 33]. In addition, other than linear
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backbones were described in [34], which is dedicated to branched, network and
dendrimer polysilanes. Further, chemical character of side groups and their size
affect conformation and also polysilylene properties [35, 36 37], as in case of
optically active side groups [38]. The crucial parameter that affects the final
conformation and thus properties is the value of a dihedral angle of four
consecutive Si atoms (). Molecular energy dependence on @ was published in
many papers and the first complex nomenclature was suggested by Michl and
West in ref. [39]. Conformations were previously often investigated for
tetrasilylene and it was found that ® = 40° — cisoid, ® = 60° — gauche,
® = 90° — ortho,0 =150° — deviant and ® = 165° — transoid are stable
arrangements. The preferred ordering in polymer-size chains with bulky
substituents, such as phenyl groups, is of deviant or transoid type along the
backbone, which is thus twisted into the helix of 7/3 or 15/7 size, respectively
[40]. Other conformers, where @ = 0° — syn, ® = 120° — eclipsed and
o = 180° — anti, are not energetically favourable even though all-anti chain
provides maximum of the 6-conjugation [10, 12, 41]. On the other hand, all-anti
arrangement is not completely unavailable and can be found in polysilylenes with
small side groups, for example in permethylated backbones [42].



3. COMPUTATIONAL CHEMISTRY

The large number of molecular quantum chemical investigations is based on
theories assembled by Hartree and Fock (Hartree-Fock theory, HF) and by
Hohenberg, Kohn, Sham (Density Functional Theory, DFT). These theories have
become a stable base for computational chemists because they are able to treat
quite large systems and provide good agreement with experimental results with
satisfactory computational time, especially DFT [43, 44, 45].

3.1 Computational theory

Eq. 1 is general expression of Schrodinger equation, which is defined by

Hamiltonian operator (H), wavefunction (¥) and numerical value of energy (E)
of the state that is defined by W [46, 47, 48, 49].

HY = EY (1)

H corresponds to the total energy of the molecules, and can be divided into
several components that are given in eq. 2. It comprises kinetic energy of electrons
[ and j and nuclei A and B, where M, is mass of nucleus and three coulomb terms,
where Z,,Zp are nuclear charges. These terms describe as follows electrons-
nuclei attractive interaction and repulsive interaction between electrons and nuclei
and these interactions are dependent on the distance between electron and nucleus
(x;4), electrons (x;;) and nuclei (X4p), respectively [45, 46, 47, 48].

electrons nuclei electrons nuclei electrons nuclei

— 1 1 1 Z 1 YAVA
A=eg 2 Vi 2% D Dt Dt s (2)
- A - - XiA Xij i Aap

i i i<j

Y describes a state of the system and it is dependent on 3N of spatial
coordinates, N spin coordinates of electrons and 3M spatial coordinates of nuclei,
where N and M is the number of electrons and nuclei of the system, respectively
[50].

Schrodinger equation cannot be solved exactly for many-electron systems and
therefore, approximations must be done. This is the point where differences
between theoretically calculated values and results from experiment originate.

Born-Oppenheimer (frozen core) approximation excludes the influence of
nuclear motion from Hamiltonian, because nuclei are much heavier then
electrons. Since distance between nuclei X5 does not alter in this approximation,
the term in eq. 2 describing electrostatic interaction of nuclei is constant and can
be designed as E™"¢. Hamiltonian and thus Schrodinger equation is transformed
to the electronic form by this approximation and provides energy of electrons
(E®") as a result. However, total energy of system consists of E€* and E™¢ [51].



3.1.1 Hartree-Fock theory

HF theory simplifies the complexity of N-electron wavefunction W. It is here
replaced by N one-electron wavefunctions — spin orbitals, which are arranged into
antisymmetrical Slater determinant. Through steps of variational principle, the
energy of Slater determinant is minimized and thus energy of system
(HF energy, Eyr) is minimized too. Eyp 1s dependent on the spin orbitals, whose
definition that leads to minimal Eyp, is given by Hartree-Fock equations. These
equations involve Fock operator f (given in eq. 3) that similarly as H describes
kinetic and potential energy, however of one electron and nuclei [50].

nuclei

- 1 Z
=3V > A4V G)
A

1A

A problem that arises from the description of repulsive interactions between
two electrons as given by 1/xl.j in eq. 2 is in eq. 3 solved with introduction of

Vyr(i) that is time-averaged repulsive potential of one electron due to other
remaining electrons. HF approximation thus assumes that particular electron
moves in the average field formed by other electrons. However, electron motions
are in fact interdependent and thus correlated and resulted Eyr value is higher
than would be the energy calculated from Schrodinger equation, in which electron
motions are fully correlated. This difference is the direct result of the ignorance
of electron correlation, which is the weak point of this theory [45, 50].

On the other hand, HF theory level offers its specific benefits. Contributions to
Eyr are summarized by three operators — kinetic, Coulomb and exchange and the
exchange operator is the advantage of HF theory as it solves the problem of
self-interaction of electron and thus Eyy is not influenced by this. Detailed
definition can be found in ref. [50].

3.1.2 Density functional theory

Density functional theory is established on the work of Hohenberg, Kohn and
Sham [52, 53]. The main idea that ground state properties of the many electron
system can be described by electron density was presented in Hohenberg-Kohn's
first theorem, which states that ground state properties of many-electron system
can be determined as a functional only of ground state electron density. Further,
the second Hohenberg-Kohn's theorem explains how the true ground state density
is obtained by application of variational principle [53].

Total electronic energy in DFT is treated as a sum of electron-nuclear
interaction, electron-electron repulsion and kinetic energy. These terms are here
described with electron density (p,) as they are functionals of electron density
Vonlpol, Veelpol and T[pg], respectively. V,.[po] and T[p,] operators are system
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independent and are expressed by Hohenberg-Kohn functional Fyg[po]. Thus,
exact knowledge of Fyx[po] would lead to exact ground state energy of any kind
of molecule. However, exact Fyx[p,] is unknown [50, 51, 54, 55].

The above described density functionals represents the main difference from
HF theory, where these energies are based on many-electron wavefunction W.
Moreover, DFT also takes into account electron correlation, which was
completely neglected in HF theory. The exact solution of exchange-correlation
term is, however unknown, and it is approximated by various DFT functionals
and results are thus often dependent on the type of the used exchange-correlation
functional. DFT functionals can be divided into local density functionals [52],
which rely on local spin density and functionals emerging from generalized
gradient approximations [56, 57] and non-local, so-called hybrid functionals,
which incorporates the part of exact (Hartree-Fock) exchange [58, 59].

To summarize HF theory and DFT, DFT considers the correlation of electrons
that is advantageous in comparison with HF theory. On the other hand, exchange-
correlation functional is not exactly known and it is approximated by various
types of functionals that influence the final results. Hybrid functionals, which
combine correlation part of DFT and exact exchange from HF, are very good
performing as they prevent the most significant weaknesses of both HF and DFT.

3.1.3 Calculated properties

Quantum chemical theories are able to deal with many different tasks.
Information on energy of molecule and orbitals energies, equilibrium geometry
and transition state geometry, energy profiles and conformer search, reaction
mechanisms including reaction products and reactants, various spectra (IR,
UV-Vis, Raman, NMR), atomic charges, orbital occupancies, dipole moments
and many others can be obtained from calculations [60].



4. THEORY AND EXPERIMENTS

Theoretical results of calculations are often compared with experiments. The
reasons are different but their main goal is to describe chemical systems as deeply
as possible and confirm this information by fundamental theories. For instance,
results from experiments can serve as initial and valid references that enable to
find the most proper theoretical approach. This assumption is based on the fact
that all computational theories, which are used in practice, are various
approximations of Schrodinger equation and therefore the perfect match between
theory and experiment cannot be reached. On the other hand, predictive and
explanatory power of QC can be used for prediction of experimental data and their
analysis. Pure theoretical investigations have also their stable place in the
molecular characterization field because they can reveal the trends of molecular
behaviour considering any conceivable influences.

4.1 Equilibrium geometry

Bond between two nuclei is provided by an interaction of electrons from
individual atomic orbitals (AO). The lobes of AO overlap and form space that is
shared by two electrons. For diatomic molecule, a bond length is given as an
equilibrium distance of nuclei (r) when potential energy reaches minimum as can
be seen in Fig. 4.

optimal distance
(bond length) Distance of nuclei

Potential energy

Fig. 4: One-dimensional potential energy curve for diatomic molecule

Equilibrium geometry of many-atomic molecules can therefore be regarded as
optimal position of each nucleus. Energy minima or maxima of such systems are
described with force constants (k) together with frequency of vibration [45].
Eq. 4 reflects the way of energy minimum and maximum differentiation using
derivation rules. Eq. 5 (where V is wavenumber and m; and m, are atomic masses)
then complements relation between force constant and wavenumber, whose
values are used for construction of calculated vibrational spectra [61, 62, 63, 64].
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It is confirmed in various publications that differences in experimentally
obtained results by X-ray diffraction (XRD) [65, 66] and theoretically determined
geometries are in hundredths of Angstroms (A) for lengths and up to several
degrees (°) for angles [45, 67, 68, 69]. These differences mainly origin in inability
to simulate exactly same conditions in the model as in the experiment, especially
the effect of crystal packing, which can be solved e. g. by the introduction of
periodic boundary conditions into used system of equations describing the
problem. Thus, calculations are usually set for isolated molecules that are more
similar to molecules in gaseous phase, whose geometry is experimentally studied
by microwave spectroscopy or electron diffraction [70, 70, 72]. However, studied
systems are often large molecules of organic character (polymers, oligomers,
proteins), not available in gas phase and therefore calculation of such large
molecules on the proper level of theory or alternatively modelling of crystal lattice
require advanced software and hardware equipment and long computational time.

0°E . oE » :
K =——>(0 — energy minimum, — = () — minimum or maximum  (4)
or?2 or
.1 | " . omm, 5
v—% ;,were u—ml_l_mz (%)

4.2 Excitation process

An exposition to ultraviolet and visible (UV-Vis) radiation affects molecules
to a significant extent. Electrons, which are in ground state, are excited to higher
energy levels — singlet or triplet, according to presence of spin-paired or
spin-unpaired electrons in a molecule (i.e. according to electronic configuration
of atoms and molecules). Further, electrons are considered as occupants of
molecular orbitals (MO), and excitation can therefore be regarded as transition
from one MO to another, e.g. from highest occupied molecular orbital (HOMO)
to lowest unoccupied molecular orbital (LUMO). Received energy is
subsequently emitted by fluorescence (10°-10"'" s) or phosphorescence
(10>~days) mechanism. The first process is immediate and involves transition
from excited to ground singlet state, while the latter is longer in time as it is related
with transition from excited singlet to triplet state and then to ground state [25,
73, 74]. Every molecule has its own characteristic absorption behaviour that is
complementary to its emission profile. These spectra consist of broad bands
located at particular wavelengths, which carry information about electron
transition. Transitions are realized from bonding (o, 7) or non-bonding (n) orbital
to anti-bonding orbital (6*, n*) and can be of c—0c*, n—n*, n—n*, n—oc*
character [75, 76].
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A contribution of theoretically calculated absorption/emission spectra does not
lie only in the values of wavelengths and intensities, but also in the description of
the whole excitation process. It means that energy and identification of all MO
which are involved in particular transitions is available together with respect to
amount each MO involvement. Distribution of MO indicates locations of
electrons and effects, such as electron transfer. Difference in absorption
wavelengths between theoretical calculation and experimental values is inevitably
experienced, however, it is relatively small and can be refined by certain
procedures, for example, for B3LYP/6-311G calculation of organic acids it is
around 0.1-0.5 eV, as quoted in ref. [77, 78].
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5. AIMS OF WORK

The doctoral thesis is mainly focused on a theoretical description of the
influence of conformational defects on electronic structure and processes
occurring during the electron excitation in two types of oligosilylene molecules;
oligo[(dimethyl)silylene] and oligo[methyl(phenyl)silylene] which have been
selected as representatives for alkyl and aryl substituted polysilylenes. Relaxation
processes in excited state are studied as well, however the scope of these
calculations is limited due to excessive demand for computational time.

The electronic structure of o-conjugated linear polysilylenes is extremely
sensitive to conformational disorder. The simplest conformational defect
plausible on linear silicon chain is a kink formed by four consecutive silicon atoms
in other than ideal conformation for maximal c-conjugation. Therefore, the
crucial part of the work is investigation of influence of the kink on electronic
behaviour and molecular stability (total energy) of given oligomers in neutral or
charged state (ions). The basic questions of kink stabilization by non-bonding
interactions between polymer side groups are elucidated with conformational
studies. Results, obtained for series of oligomers are further extrapolated and
generalized for long polymer chains. These theoretical findings are corroborated
with experimental spectroscopic data available partially from previous work and
partially from the literature. Chosen polymers belongs mainly to the family of
processable polysilylenes with alkyl and/or aryl side groups imparting solubility
as well as many other structural and functional properties. The study contributes
to explanation of features observable namely in thin polymer films which is the
main polysilylene form used to electronic and resist applications. The properties
relevant for making of silicon carbide ceramics are not in the focus of this study.
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6. COMPUTATIONAL METHODS

Spartan software v. 08 and 14 (Wavefunction, Inc., Irvine, CA) was used in all
cases of calculations [79].

6.1 Geometry optimization

Equilibrium geometries of studied oligo[(dimethyl)silylene]s (ODMSIi,, n is the
number of repeating units, n = 1-13) and oligo[methyl(phenyl)silylene]s
(OMPSIi,, n = 1-10) were calculated firstly at semi-empirical level with PM3
model and then using DFT and B3LYP functional. The 6-31G* basis set was used
overall the work, as it is appropriate for involved elements (H, C, S1). Calculations
were set in vacuum. Geometry specifications for all presented studies are
described below.

Paper I has been focused on the modelling of conformational defect, whose
geometry was obtained according to following steps. First, an energy profile of
oligosilylene conformers with n > 4 was calculated at PM3 level. An observed
property was the value of dihedral angle that consists from four subsequent Si
atoms and thus forms a kink in a chain. The most convenient kinks were
approximately of gauche conformation and were chosen as an initial guess for
DFT optimization of OMPSi4.;0 and ODMSi4. ;3 with an introduced kink. As the
number of Si atoms in backbone increased, the kink could have been modelled in
more positions on the backbone. Therefore, five sets of oligosilylenes (four with
a kink in different backbone position and one without any kink) were obtained
and used for following investigation. Equilibrium geometries of OMPSi, obtained
by this way were also used for study of charged oligomers described in Paper V.

OMPSi1,y with all Si dihedral angles locked have been investigated in
Paper II. Backbone geometries were constrained with @ = 120°-180° and the
kink dihedral angle was set to 60°. Molecules, which were virtually prepared
according to these requirements, were then optimized. Thus, the main
contribution to geometry optimization was related with rotation of phenyl rings.

Five different tetramers, represented by OMPSiy, ODMSIi,, tetra(silylene)
(OSiy), tetra[cyclohexyl(methyl)silylene] (cyc-HMSis) and carbonaceous
analogue of OMPSi; (MPC4) have been the main aim of the Paper III and
Paper IV. Equilibrium geometries were obtained with constrained dihedral
angles ® in the range of 180° for ODMSi,, OSis, cyc-HMSi4 and MPC,4 with
a step of 10° and 20°, respectively. The range of studied ® was 360° for OMPSi4
with a 10° step, 1.e. from 0° (modelling ideal kink syn) through 180° (modelling
ideal linear anti) back to -0°. These geometries served for conformational studies
that led to further characterisation of a kink from the viewpoint of its stabilization
by non-bonding interaction.
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6.2 Energy of excitation transitions

Excitation properties including mainly absorption spectra, which are involved
in Paper I and Paper I1, were calculated with time dependent DFT method [80,
81] with B3LYP functional and 6-31G* basis set, according to ref. [82, 83, 84.
Optimal geometries of excited states were not determined with the use of chosen
functional therefore the relaxation processes and luminescence in studied
molecules were not investigated although experimental data on fluorescence were
available.

6.3 Energy of non-bonding interactions

Investigation of non-bonding interactions involvement into molecular energy
of studied conformers of OMPSi;o and several tetrasilylenes as described in
Paper 11, Paper III and Paper IV was also performed with DFT and 6-31G*
basis set, however density functionals were chosen with the respect of
involvement of the dispersion term. B3LYP hybrid functional is considered
among computational chemist as a reliable tool for calculations; however it
significantly underestimates long range (non-bonding) interactions and treats
them poorly. From this reason, M06 functional, which has a very good response
under dispersion forces, was used [85] and compared with long-range corrected
®B97X-D functional that involves empirical dispersion[86].

These specific functionals were chosen as they are available in used Spartan
software, despite the awareness that some other functionals could serve better for
comparison with B3LYP, namely CAM-B3LYP or B3LYP-D [87, 88].

The above described selection of functionals allowes a virtual experiment based
on comparison of three calculated conformational energy profiles with different
extent of long range interactions involvement. Hence, it is expected that the
increasing contribution of non-bonding interactions will be manifested as
increasing either positive or negative energy difference for each conformer
enabling thus conformational analysis and comparison between tested model
molecules with different chemical structure.
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7. SUMMARY OF RESULTS

Properties of polysilylene materials are considerably dependent on the degree
of o-electron delocalization, which is provided by overlapping of lobes belonging
to Si orbitals. The degree of delocalization (or c-conjugation) is significantly
affected by the backbone conformation. The maximal rate of the
o-conjugation would be reached with all-anti conformation of the silicon chain.
However, several defects, which disrupt the ideal all-anti arrangement, may
appear in the real polymer system. The research performed with the aim to clarify
these issues has been reported in a series of Papers I to V that have been attached
to this Doctoral thesis and are available in Appendix.

7.1 Conformational defect in oligosilylene backbone
This chapter summarizes findings published in Paper I.

One of the conformational defects can be a kink on the polymer backbone that
assures, for instance, folding of backbone chains in the semi-crystalline structures.
Four consecutive silicon atoms form the kink by rotation along the bond between
the second and third Si atom, i.e. by the change of the dihedral angle from the
value 180° for all-anti conformation (ideal for polysilylenes with small side
groups only, polymers with bulky substituents adopt helical arrangement of the
chain, see below). In this theoretical work, changes in electronic properties of
ODMSIi,.13 and OMPSi,_j caused by an introduced kink of approximately gauche
conformation have been investigated. Obtained equilibrium geometry of
defect-less OMPSi;, corresponds to helical transoid—deviant (dihedral angle in
the range approx. 155-165°) conformation, just due to presence of bulky phenyl
side groups that would lead to helical structure in case of polymer with a long
backbone chain. The defect-less structure together with oligomers having the kink
on various positions are depicted in Fig. 5.

Oligosilylene labels here and through the whole text consist of a figure (10) and
a letter (A-D), where the first represents the number of silicon atoms in the
backbone (this case “decamer”) and the latter is the kink location. The kink was
investigated in as many locations as possible in accordance with the backbone
length. The purpose of this was to describe the influence of a kink on the
properties regarding its location moving from the edge (S110-Si7) up to the centre
(Si7-Si4) of the backbone. Carbon atoms are coloured in grey, silicon atoms in
cyan and hydrogen atom are omitted. The kink is highlighted by red. The structure
10 illustrates the defect-less molecule with disrupted all-anti arrangement and the
effect of kink introduction to positions from 10A to 10D is clearly visible too. On
the contrary, ODMSIi, structures kept the all-anti arrangement with optimal (no
kink) case, which can be also found in the Fig. 5.
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Fig. 5: Optimized helical structures of OMPSiio without (10) and with a kink (104-D)

It was discovered that the energy gap between HOMO and LUMO decreases
with an increasing length of the backbone chain and therefore A, evinces
bathochromic shift. This dependence is graphically shown in Fig. 6, where the
evolution of frontier molecular orbital (FMO) energies with increasing number of
backbone units can be seen. Generally, the kink divides the chain into two parts
and it can be located at several positions on the backbone (see Fig. 5). Therefore,
as the kink alters its position closer to the centre of the particular chain, 4., shifts
to lower wavelengths and at the same time energy of HOMO decreases and
LUMO energy increases (in other words the bandgap becomes wider).
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Fig. 6: FMO energies of OMPSi, and ODMSi, structures

Further, distribution of molecular orbitals was examined. It was found that
HOMO and LUMO are distributed symmetrically along backbone in chains
without the defect. This is depicted in Fig. 7, where FMO of three molecules of
OMPS;, are displayed and they represent the symmetrical and asymmetrical cases
of FMO distribution along the backbone caused by the presence of a kink in
non-central part of the chain and also by phenyl groups. The regularity of FMO
distribution is disrupted in chains, where the kink divides the backbone into a two
length-unequal parts (chains segments). FMO are in these cases shifted to longer
chain segments. This situation is slightly different in OMPSi,, where the trend of
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Amax shift is not so clear. Energies of FMO and their delocalization are, beside the
kink, affected also by the presence of phenyl substituents. This influence is more
evident for LUMO. This orbital is somewhat contra-intuitively (one would expect
its location on phenyl groups) delocalised along the Si chain in case of defect-less
chain while strongly located at attached phenyl rings neighbouring the kink
introduced to the backbone.

OMPSi ODMSI
HOMO  _ LUMO HOMO LUMO

) 5 I S
oy

Fig. 7: HOMO and LUMO of OMPSi;o— 10, 10B and 10D

In addition, a prediction of behaviour of HOMO/LUMO energies for polymer-
size backbones of poly[(dimethyl)silylene] (PDMSi) and PMPSi was done with
linear regression. HOMO and LUMO energies plotted against 1/N
(N is number of Si atoms in the backbone) were fitted with line. It was found that
the introduced kink has negligible effect on FMO energies of substantially long
chains. This is expectable because the kink located at A, B, C or D position on the
backbone is in the very edge part of chain for N — oo in this virtual experiment.
On the other hand, more than one kink can be present on one chain dividing thus
the long chain into segments.

7.2 Oligo[methyl(phenyl)silylene] conformation
This chapter summarizes findings published in Paper I1.

Another part of theoretical description of electronic behaviour of polysilylenes
was dedicated only to OMPSi, (n = 10) which was selected as the most suitable
model molecule. The kink of given dihedral angle ® = 60° was introduced in the
backbone, as described in previous chapter (positions A...D), but moreover all
backbone dihedral angles were locked to 120°, 130°...180°, so the conformation
from helical to all-anti arrangement was investigated. Geometry optimization was
thus performed with these dihedral angle constraints.

18



Fig. 8A depicts the dependence of A,,, on the OMPSi;y backbone dihedral
angles. It can be considered that with increasing extent of o-delocalization the 4,4y
shifts to higher wavelengths. Indeed, a maximum was found at ®=180°
corresponding to all-anti conformation and another local maximum at about
130-140° corresponding to eclipsed conformation. The A,. dependence has
a local minimum in the o range of 140—160°, which means that the delocalization
is somewhat disturbed. On the contrary, this range represents the most favourable
backbone conformation among tested geometries (see Fig. 8B) and the
equilibrium geometry of non-constrained OMPSi,o molecules too. Hence, it was
confirmed that the most stable conformation 1is the helix with
o = 160-165° regardless the presence of a kink as can be further found in
Fig. 8B. The energy gain from conjugation cannot overbalance the steric effect
(conformational barrier) and other possible non-bonding interactions of the bulky
phenyl substituents imparting thus the helical transoid—deviant geometry to the
molecule as discussed above. These results have strong implications towards
experimentally obtained UV-Vis of PMPSi that have been reinterpreted in the
Paper I1.
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Fig. 8: Absorption maximum (graph panel A) and oligomer energy (B3LYP/6-31G*)
(graph panel B) reported vs. conformation of OMPSi o (empty symbols
are non-constrained equilibrium geometries of OMPSi )

7.3 Stabilization of conformational defect by non-bonding
interactions

This chapter summarizes findings published in Paper II, Paper 11l and Paper 1V.

The presumption that a kink in OMPSi,, structure does not bring any
impassable energy disadvantage and therefore it is probably stabilized by phenyl
ring non-bonding interactions has been stated previously. Optimized geometries
were analysed from the viewpoint of mutual phenyl group distances and angles
between their planes. Four phenyl groups in the vicinity of a kink (see Fig. 9A)
were analysed. An angle was measured between two phenyl planes and
a distance was measured between two plane central points. In total, six pairs of
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phenyl groups have been investigated for each decamer (120-180° and A—D). The
values were plotted in the form of angle-distance dependence in Fig. 9B,
according to ref. [89]. This revealed that adjacent phenyl groups (pair I-1I and
III-1V, in the figure highlighted by encircling) are in the mutual position suitable
for employment of attractive m-m interactions. It is possible to find two pairs of
phenyl groups in suitable geometry for positive interaction on each sequence of
four consecutive Si atoms on an ideal PMPSi chain. Due to its relatively sterically
constrained helical transoid—deviant geometry, the phenyl groups have
alternating orientation along the chain axis hence the pairs are formed by phenyl
groups joined to evenly numbered Si atoms and by phenyls joined to odd
numbered Si atoms. This arrangement can be seen in Fig. 9A on the sequence of
first six Si atoms of the molecule 10B_180 (left part of the figure). However, the
formation of a kink passes over a conformational energy barrier and new order of
pairs is arranged so phenyl rings joined to the first and fourth Si atom and phenyl
rings joined to the second and third Si atom of the kink occupy positions suitable
for attractive m-m interaction stabilizing thus the kink conformation.

180
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Fig. 9: Kink and designation of phenyl groups (4) and angle-distance dependence (B)
in OMPSi;o

Moreover, energy of OMPSi, structures was calculated with functionals M06
and ®B97X-D (all employing 6-31G* basis set) describing the dispersion
interaction better than B3LYP and therefore the value of molecular energy
obtained with these functionals covers also employment of non-bonding
interactions. (Details on functional and basis selection can be found in
Computational methods section.) B3LYP energies then stand for situation where
phenyl ring interactions are not involved into result and thus describe energy
contribution of Si backbone. Graphically expressed comparison of B3LYP and
MO06 and ®B97X-D energies of all studied OMPSi, is given in Fig. 10. The
results indicate which conformation is mostly influenced by dispersion term and
therefore phenyl interactions.
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Fig. 10: Energy profile of OMPSiio obtained by B3LYP, M06 and wB97X-D with
6-31G* basis set (empty symbols. equilibrium non-constrained geometries)

The largest difference between B3LYP and M06/wB97X-D energies was found
for ® = 160° in all studied decamers. The energy difference decreases from
0.6-0.7 eV for 10 (OMPSi,o without a kink) through 10A, 10B, 10C up to 0.3 eV
for 10D (OMPSi;y with a kink in the centre of chain). This finding can be
explained with an asssistance of previous Fig. 9 and by phenyl interactions,
however between different phenyl planes in molecule 10 than in molecules
10A—10D. Helical conformation of 10 (o = 160°) offers the employment of
phenyl planes that are attached to alternate Si atoms (from Fig. 9 planes II-III and
I-IV) and without a kink defect, these interactions are kept along the whole
backbone therefore providing maximally dispersion stabilized molecule. On the
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other hand, the kink causes disruption of the helical arrangement and employs
phenyl interactions between planes I-II and III-IV. It can be deduced from these
results that non-bonding stabilization by phenyl rings attached to kink Si atoms is
weaker than that of phenyl rings attached to Si atoms of helix as the energy
differences are lower in molecules with the kink. 10A molecule with the kink at
the edge part of the backbone is influenced the least significantly as it is actually
helix with the kink defect at the very edge part. This means that an equilibrium
geometry of OMPSijy (in Fig. 10 depicted at ® = 165°) is supported by phenyl
interactions and that a kink in the backbone is stabilized too and thus it is viable
conformational defect in real PMPSi chains.

Another part of oligosilylene conformational research was focused only on
tetrasilylene geometrical arrangement, first of OMPSi4 (in Paper III) and then of
the other tetramers, namely ODMSiy, OSis, cyc-HMSiy and MPC, (in
Paper IV). As a kink defect consists of four Si atoms, tetrasilylene can serve as
a suitable model for such kink. Geometries were optimized and palette of
conformers with @ varying with 10° or 20° step was obtained. These (sub)optimal
structures with energies calculated by B3LYP were then subjected to additional
energy calculation using M06 and ®B97X-D functionals as described above. The
purpose of this investigation was to discover which geometry of a kink is the most
influenced by non-bonding interactions and to consider if this conformation
corresponds to those obtained in optimal geometries of other oligosilylenes.
Fig. 11 shows energy profile of OMPSi, as the energy difference between
particular computational methods.

0.00 —_l —eo— B3LYP —=— M06 —a— uB97X-D ' B
-0.05

0.10-
0.15 \\ / ‘\ e, a2l /‘/°\& o/

| ¢ 2o l \.\ ./:/‘/
-0.20 - - ?-i 7:// \\\Af//. e .\\.\\ e

-0.25 i \‘*A ) \aA/

1OMPSi, " - u-u
030777 7T T

0 40 80 120 160 -160 -120 -80 -40 -0
Backbone dihedral angles [°]

Fig. 11: Energy profile of OMPSi, obtained by B3LYP, M06 and wB97X-D with
6-31G* basis set

AE [eV]

Conformation with ® = 0° has the highest energy, therefore, it has been set as
the reference level for all obtained energy profiles which are then expressed as
differences AE. The main result is that the most stable conformation belongs to
molecule with o value 70°, -70° and 80°, -80° and at the same time these are the
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conformations in which phenyl interactions are the most dispersion stabilized.
This also supports previous results that four atom kink is stable in approximately
gauche conformation and that it is stabilized by phenyl interactions. Furthermore,
it can be seen in the graph, that phenyl-phenyl interactions have not only
stabilizing effect but contribute also to an increase of conformational energy
barriers between local minima which can be explained by mutual positions of
phenyl rings where the repulsive interactions prevail.

A careful inspection of the graph also reveals that all-anti conformation is
viable for tetramer with extremely large stabilizing contribution of non-bonding
interactions, however, this geometry is unattainable in case of PMPSi polymer
chain that is of transoid conformation and leads to helical secondary structure.

The results for OMPSi, were compared with the energy plots obtained by the
same procedure for tetrasilylenes with smaller alkyl- side groups (ODMSi4) and
hydrogen atoms (OSis), whose energy profiles are shown in Fig. 12. Generally,
the energy barriers between conformers and the depth of local energy minima
obtained for ODMSi4 and OSi4 are significantly lower than those calculated for
OMPSi4. OSis molecule can be characterised by extremely shallow energy
barriers between stable conformers gauche and anti that can be associated to high
flexibility of its chain. Experimental studies demonstrated directly that
a mixture of gauche (o = 60°) and anti (o = 180°) conformers of OSi4 is present
in a nitrogen matrix [90, 91] indicating thus that ®B97X-D functional performs
best. In comparison with OSi4, ODMSi4 molecule is more suitable for formation
of a stable conformers that corresponds to its deeper minima on the energy profile
with ® = 50° (gauche) and o = 160° (transoid). This leads to conclusion that
gauche conformation of ODMSis can be expected as a kink defect in
polymer-size PDMSi chains similarly as in PMPSi.
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Fig. 12: Energy profile of ODMSis and OSis obtained by B3LYP, M06 and wB97X-D
with 6-31G* basis set

Poly[cyclohexyl(methyl)silylene] belongs to the groups of solution processable

polysilylenes which invoked investigation of cyc-HMSis. This tetrasilylene
evinces surprisingly strong stabilization in cisoid and gauche conformation that is
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assigned to Van der Waals interactions between cyclohexyl groups as this
molecule represents non-aromatic case of the investigated set of tetrasilylenes.

It was found that long range interactions are very important when polysilylenes
are described and they should not be ignored despite the fact that their
conformational barriers are lower by order of magnitude than the barriers of
carbonaceous analogues as molecules with carbon skeleton have much larger
steric strain than their silicon counterparts, which was deduced from energy
profile investigation of MPC,.

7.4 Conformational defect in oligosilylene ions — A model for
polarons on polysilylene chain

This chapter summarizes findings published in Paper V.

Another step in OMPSi, electronic properties investigation was their evaluation
in the form of positive and negative ions modelling thus polaron quasiparticles
(P" and P, respectively) with and without a defect — a kink. Calculations were
done in three steps. First, an optimal geometry of neutral molecule was calculated
(these geometries were taken from previously investigated OMPSi;_j). Second,
an excessive charge (+1 in P" and -1 in P") was set into calculation of single point
energy with geometry from the first step; and third, the geometry of an ion
(molecule with excessive charge either positive or negative) was optimized. An
unrelaxed state, also called hot state, was obtained from the second step and the
relaxed structure was obtained from the third step of calculation. Furthermore,
vibrational frequencies were calculated for neutral and relaxed molecules. These
values were used for calculation of polaron binding energy (E,) that consists of
two terms; deformation energy (Eq.s, approx. 90 % of E,), which is the difference
between the energy of hot and relaxed polaron and electron-photon energy (Eerpn)
calculated from vibrational frequencies of neutral and polaron molecule and given
ineq. 6 [12].

3D-6

1
Fapn==5 ) h(wf’ - ), (6)

k=1

where h is reduced Planck constant, a)(()k) and w, ~ is angular frequency of

k-th vibrational mode of neutral and charged molecule, respectively, k is the
number of vibrations and D is the number of atoms in the molecule.

Eqr evinced different behaviour for positive and negative polarons, i.e. for
P" molecules E,rdecreases with increasing oligomer size and on the contrary Eg.r
of P~ rather increases. Even though in P", and especially in OMPSi,.4, the change
in bond lengths is around 0.05 — 0.1 A, P~ of OMPSi, go through more substantial
changes in bond angles up to 15° with respect to the geometry of the neutral

(k)
12
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molecule. This probably caused the opposite trends in P™ and P~ dependencies of
Eqr on the oligomer size. The Ejs decrease in P* can be also attributed to
o-delocalization in longer OMPSi, that facilitates the filling of the lack of electron
density caused by removal of electron. On the other hand, a higher extent of
o-delocalization in P~ can cause the opposite effect and molecule must undergo
more significant structural changes to cope with excessive electron density. It was
further found that FE,.,, values are similar for all investigated
P (0.01 eV) and P~ (0.13 eV) irrespective to both chain length and position of the
kink.

Changes in spin density distribution along OMPSi;y molecule, which is
depicted in Fig. 13, we also studied. As can be observed, this property is
considerably influenced by the presence of a kink in the ion. Generally, the highest
values of spin density are found in the centre of OMPSi; chain, however, an
introduced kink shifts the maxima to the part of a chain opposite to the location
of the kink. Thus, the kink influences the polaron whose spin density is centralized
to the longer undisturbed part of polymer backbone and a kink appears as a barrier
limiting extension of the polaron.

0,24 - 0,24 -

2 —u— 10 (no kink P * —u— 10 (no kink
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Fig. 13: Spin density distribution along OMPSi o backbone in P* and P~ structures

FMO of P" and P~ are shown in Fig. 14. HOMO of P" is distributed comparably
as in neutral molecule (see also Fig. 7) and LUMO of P* is distributed to central
phenyl rings. On the other hand, HOMO of P~ oligomers is localized only on
backbone part and the kink affects it as was described for neutral state in 7.1.
LUMOs of P~ molecules are influenced the most by the presence of excessive
electron density and are strictly distributed to two edge phenyl rings on one side
of the oligomer (eventually the side of shorter segment). This implies that charge
carriers (positive and negative) are delocalised in polysilylenes over relatively
large segments (at least several mers) which is in compliance with relatively low
Ep. The polaron binding energy is approx. two times smaller for P than P
indicating thus that most plausible charge carrier is P* which is in accordance with
generally experienced hole type conductivity of polysilylenes. On the other hand,
strong localization of LUMOs in both types of polarons may indicate strong
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localization of eventual trapped states on phenyl groups at central parts of chains
for P* and chain ends for P.

10 10B 10D

HOMO

LUMO

HOMO

LUMO

Fig. 14: FMO of OMPSi;o (10, 10B and 10D) in the form of P" and P
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8. CONCLUSIONS

Doctoral thesis has been submitted as a collection of five papers, three have
been already published and two papers are at the stage of submitted manuscript.
The series of complementary papers clarifies influence of the chain
conformational defect — a kink (four Si atoms in approx. gauche conformation),
and thus disruption of 6-conjugation on electronic properties of polysilylenes that
were modelled on OMPSi, and ODMSi, in neutral as well as charged state (anions
and cations as models for polaron).

o-conjugated polymers are considerably dependent on their geometrical
arrangement. Electron delocalization is proportional to interactions of c-orbital
lobes and reaches maximum in all-anti arrangement. However, ideal
conformation is disrupted mainly by two factors; the presence of bulky side
groups, such as in PMPSi and also by conformational defects, such as kinks in
backbones of semi-crystalline polymers (PMPSi, PDMSi) that serve as chain
folding sites during crystallization or as bends in random coil formation in
amorphous phase and in solution.

Following main points can be concluded from the contents of Doctoral thesis.

Conformational studies showed viable geometries of kink defect on
polysilylene chains with various substituents (hydrogen, alkyl, aryl) and revealed
the 1importance of non-bonding interactions 1in its stabilization.
Phenyl-phenyl attractive interactions stabilize both conformations gauche and
transoid. Repulsive forces between phenyls increase barriers between
conformers. Conformation of non-aromatic polysilylenes is mainly governed by
Van der Waals interactions due to relatively small steric strains in polysilylene
molecules in contrast to their analogues with carbonaceous skeleton which is
caused by longer Si-Si bond than C-C. Among tested functionals, ®B97X-D
functional was found to perform best for the studied group of molecules attaining
best compliance with experimental data.

The position of a kink in Si1 backbone has been found one of the factors, which
influence the value of energy gap between HOMO and LUMO and therefore 4,
in UV-Vis absorption spectrum. It has been discovered that the bandgap becomes
wider as a kink position moves closer to the centre of Si backbone. Distribution
of FMO is affected too. HOMO and LUMO are distributed symmetrically along
S1 backbone in case of molecules without a kink defect and molecules, where the
kink is localized symmetrically in the central part of the backbone. Other kink
positions cause redistribution of FMO to the longer chain segments, 1.e. to the
undisturbed parts of backbones. Moreover in OMPSi1, LUMO density is gathered
on phenyl rings in the vicinity of the kink that is in contrast to LUMO
delocalization on Si backbone in OMPSI1, without the kink. Therefore, the kink
does influence the electronic properties. The effect of its position in the backbone
is predominantly observable in shorter chains. Thus it is expected from
extrapolation to polymer-size backbones that in PDMSi and PMPSi, the influence
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of the kink position in the chain is reduced due to the presence of significantly
longer undisturbed parts of backbones. On the other hand, more than one kink can
be present on one chain dividing thus the long chain into segments. The all-anti
and all-transoid/deviant conformation was discovered to be the most energetically
favourable arrangement of ODMSi, and OMPSi,, respectively, regardless the
presence of the kink defect. This structural defect was further found to be
stabilized by phenyl-phenyl interactions and therefore it is expected as folding
element in real PMPSi backbones. The trends that were observed in experimental
(PMPSi) and calculated (OMPSi, in various conformations and with the kink)
absorption spectra support these results as they imply possible helical
arrangement of backbone and presence of the conformational defects.

The kink also causes significant changes in spin density and FMO distribution
in positively and negatively charged OMPSi, that were used as models for
polaron. Maximum of spin density is centralized to longer and by the kink
undisturbed part of the Si backbones which means that the kink forms
a structural barrier on the backbone that cannot be overcome by polaron. Similar
conclusion can be observed on FMO distribution and it indicates that a kink defect
contributes to trapping process of polaron and thus decreases a charge carrier
mobility in PMPSi chains.
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9. CLOSING REMARKS

9.1 Contributions to science and technology

The topic seemed to be covered and relatively quiet for a long time having
a stable interpretational framework. However, the last findings in the field of thin
films made from these polymers or conductive n-conjugated systems and other
polymers revived interest on the importance of polymer chain ordering, stacking,
H or J aggregate formation, chain alignment and dependence of the material
properties on the development of the film thickness starting from sub-molecular
cover degree through thin films from several to hundreds nanometres up to
micrometric thickness. Solution processing of thin and thick polysilylene films is
a key step in their application either in electronics and optoelectronics or as photo-
and electro resist. Structural ordering (or disorder vice versa) influences their
properties up to formerly unanticipated level and the present thesis contributes to
interpretation of recent experimental findings attained at the Tomas Bata
University in Zlin.

The study sheds light on the role of conformational disorder in development of
electronic properties of various oligosilylenes and obtained knowledge has been
successfully extended to their polymer homologues. New interpretational
framework has been developed for this specific field of structure-property
relationships in silicon chain polymers.

Among studied materials, the main attention has been paid to PMPSi which is
the most experimentally investigated and theoretically studied most important
member of the solution processable polysilylenes family suitable for electronic
and other applications. The second studied polysilylene — PDMSi is insoluble,
however, it finds applications in ceramics etc.

9.2 Ongoing research and future prospective

Ongoing and future research effort concerning polysilylenes in Zlin can be
summarized as follows. First, PMPSi, PDMSi and their copolymer together with
analogous oligomers are subjected to ongoing investigation of vibrational spectra,
both Raman and infrared. Second, oligosilylene molecules with dopant are going
to be studied. Fullerenes and cage-borane molecules have been selected as
dopants and will be compared with experimental results obtained on PMPSi
blends with these molecules by other members of the research group in
cooperation with Academic institutions in Prague. Third, in the field of
computational software, the main goal of the author is to deepen her knowledge
of Gaussian software, especially in the area of emission and NMR spectra and
become advanced user of full options offered by The National Grid Infrastructure
— MetaCentrum.
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Manifestations of Conformational Defects
in Electronic Spectra of Polysilanes -
a Theoretical Study

Barbora Hanulikova,*'? Ivo Kuritka'?

Summary: In this paper, density functional theory (DFT) and time dependent
DFT (TDDFT) are applied on the calculation of electronic properties of alkyl- and
aryl-substituted oligosilanes with conformational defect introduced into their
silicon chain. Oligo[methyl(phenyl)silane]s and oligo(dimethylsilane)s up to 10
or 13 mer units, respectively, are treated as model structures by DFT and TDDFT
with B3LYP/6-31 G* base. Frontier molecular orbital (FMO) energies evince the
dependence on the presence as well as on the position of the defect in oligomer
backbones. Delocalization of FMO is strongly influenced by position of the
defect which in some cases divides the molecule to the FMO-rich part and the
part almost without FMO delocalization and therefore affects location of
electrons. Behaviour of longer chains in analogous polysilanes is deduced from
linear regression of plots of FMO energy over the inverse of the polymerization

degree.

Keywords: calculations; density functional theory; kink; polysilanes; UV-vis spectroscopy

Introduction

Poly[(alkyl)silylene]s and poly[alkyl(aryl)
silylene]s (generally called polysilylenes,
organosilanes, polysilanes) evince notewor-
thy properties and therefore they have been
of increased researchers interest for almost
three decades. The uniqueness of these
compounds lies predominantly in their
electronic and thus optical properties that
originate in electron delocalization along
the chain which is made of silicon (Si) atoms
connected by single bonds.!"?! The delocal-
ization or o-conjugation is explained by
overlapping of the lobes of sp® hybridized
silicone o-orbitals of the particular or
adjacent Si atoms (also called vicinal and
germinal orbitals) as was reported else-

! Polymer Centre, Faculty of Technology, Tomas Bata
University in Zlin, namesti T. G. Masaryka 275, Zlin
76272, Czech Republic
E-mail: hanulikova@ft.utb.cz

2 Centre of Polymer Systems, University Institute,
Tomas Bata University in Zlin, Nad Ovcirnou 3685,
Zlin 76001, Czech Republic

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

where.>*! Hence, absorption spectra of

polysilanes have become indispensable
knowledge and still investigated topic in
the area of polymers and have been
described, for instance, by!*®7! or UV-vis
spectra of polysilanes-containing compo-
sites by.[®l The longest wavelength absorp-
tion around 300-350nm is assigned to
o—ag”* transition on Si-Si bond and it is
known that the position of this absorption
peak shifts with different side groups
attached to the main chain. This was
studied as early as in late 1980s by West,
who measured absorption spectra of poly-
[methyl(phenyl)silane], poly[cyclo-hexyl-
(methyl) silane], poly[n-dodecyl(methyl)
silane] and obtained wavelength maximum
on 340 nm, 325 nm and 310 nm, respective-
ly.’) The description of excitation transi-
tions of poly[methyl(phenyl)silane] was
provided in detail in ref.”! where combi-
nations of transition c—o¢* on Si backbone
and m—* of phenyl are shown. Transition
from silicon backbone to phenyl substituent
through charge transfer, designed as c—7*,

wileyonlinelibrary.com



Macromol. Symp. 2014, 339, 100-111

was also found in ref.">!") Piqueras et al.

have computed recently that the first and
the second transition could be assigned as
o—7" and o—c*, respectively but the latter
is probably located on Si-C bond instead the
Si-Si bond."?! Generally, UV-vis spectra of
organosilanes are dependent on tempera-
ture, electric and magnetic field or used
solvent.!

Another substantial fact is the effect of
secondary polymer structure on the elec-
tron excitation and related properties. That
is why polysilane conformations were also
object of abundant research, both experi-
mental and theoretical. The structural
arrangement of polysilanes is described
by particular dihedral angle, which consists
of four consecutive silicon atoms and which
can adopt six local energy minima designed
as cisoid (C, 40°), gauche (G, 60°), ortho (O,
90°), deviant (D, 150°), transoid (T, 165°)
and anti (A, 180°) conformation. There are
two more states of arrangement, syn (S, 0°)
and eclipsed (E, 120°), however, they are
not stable conformations and cannot be
caught and held for some time by polysilane
structure.'>!* All of the angle values can
be either positive (+) or negative (—) and in
proper cases (e.g. rod-like crystalline poly-
silanes with deviant or transoid conforma-
tion along the chain) can create right- or
left-handed helix, respectively.'>!®l The
planar conformation for silicone backbone
is called all-anti (in the earlier papers all-
trans), which means that each successive
dihedral angle is about 180°. This is the case
of rigid, crystalline and insoluble poly-
(dimethylsilane), as was shown in ref.!'”!
Fuzakawa et al. used cyclic oligosilane
structure, which was attached to linear
octasilane chain and prepared all-anti
conformer that can offer maximum of
o-conjugation.!8!

Furthermore, some of the polysilanes
are polymorphous. For example, poly-
(methyl-n-propylsilane) is able to adopt
deviant, transoid and all-anti conformation
in dependence on the temperature and
processing history.""”) The optimum confor-
mation is also influenced by polaron or
exciton formation.*”! These quasiparticles

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

are also involved in the changes of electron
density distribution as well as vibrational
and absorption spectra.m]

However, the regularity of the chain
can be disrupted when one of its parts is
forced to change its conformation. One
of these defects can be demonstrated
as a kink which creates a bend on the
otherwise regular chain. Some theoretical
research on this topic with oligosilanes as
quantum wires has already been done in
past.’2l Nevertheless, deeper investiga-
tion which can indicate the direct influence
of the particular kink on electronic
properties (energy of frontier orbitals,
absorption maximum or delocalization of
molecular orbitals) of polysilanes is still
missing and therefore is the aim of this
research paper.

As proved in many references above,
nowadays, it is more and more usual to
support or directly lead the investigations of
structural, electronic or other properties of
various molecules on the theoretical level.
The foundations of these computations,
which were based on the Schrodinger
equation, were developed into the form
of the density functional theory (DFT) and
later time-dependent density functional
theory (TDDFT) by Hohenberg, Kohn
and Sham in the original papers from
1960.1>2423] In the present investigations,
DFT is among the most popular quantum
chemical theories which are able to work
with the large number of models and basis
sets, which give them the required flexibility
for calculation of both the ground and
excited molecular state.?**”!  Quantum
chemistry provides a palette of theoretical
approaches which are able to give trust-
worthy results. One of them is DFT/B3LYP
method. It brings a little of ambiguity
to a precise solution of some theoretical
terms used in description of DFT in
comparison with Hartree-Fock models,
such as an exchange-correlation function-
al.?8! On the other hand, it corresponds
well to experimental data of conjugated
systems, as it has been successfully demon-
strated in!'>?*’! to name a few. Time
dependent extension of DFT provides

www.ms-journal.de
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results which are close to experimental
values for excitation energies of many
chemical compounds[30’31] and in combina-
tion with hybrid model B3LYP, DFT
provides good computation-experimental
agreement with the statistical deviation of
excitation energies about 0.5 eV.[28

In the present paper, DFT and TDDFT
are used to predict electron properties
of poly[(dimethyl)silylene] (PDMSi) and
poly[methyl(phenyl)silylene] (PMPSi) by
extrapolation of results obtained for analo-
gous oligomers with the backbone length
from one to ten (in case of (dimethyl)
silylene oligomers to thirteen) silicone
atoms.

Molecules and Computational
Methods

Alkyl- and aryl-substituted oligosilanes were
investigated using Spartan *08% computa-
tional software. Oligo[methyl(phenyl)silane]s
(OMPSi,) and oligo[(dimethyl)silane]s
(ODMSi,), where n is 1-10 and 1-13,
respectively, were used as model mole-
cules. The terminal silicone atoms in each
oligosilane chain were capped with methyl
groups.

Each molecule of OMPSi, and ODMSi,
was optimized by DFT with B3LYP
hybrid model and 6-31G* polarization basis
set. Structures of approximately transoid
(OMPSi,) and all-anti (ODMSi,) confor-
mation were attained in the first step of
calculation. Afterwards, a set of semi
empirical PM3 calculations was done to
obtain energy profiles of the oligosilane
conformers (n > 4) with different values of
the dihedral angle representing the kink.
From the plot of energy against this
dihedral angle, the most suitable conform-
ers, i.e. those containing the kink were
chosen and set as initial guess to another
structural optimization by DFT/B3LYP 6-
31G* to obtain the new energy minimum
and at the same time to have more precise
geometry of the required kink. Ideally, four
silicon atoms forming the kink would
have syn conformation, however, it is not

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the energetically favourable position for
systems with bulky substituents, and thus
the energy minimum is not possible to
obtain with this geometry. Therefore, the
set of calculations was carried out with a
different but realistic initial value of the
kink angle to find the minimum as close to
the syn value as possible. After optimiza-
tion, this angle was virtually measured with
the result of 50-60° for all oligosilanes and
thus the kink with an approximate confor-
mation of gauche was formed. All of these
calculations were made in the ground state
of oligomers and at the same time no
constraints of bonds and angles were set in
the calculations. In addition, neither tem-
perature nor solvent effect was considered,
thus all molecules were virtually treated
in vacuo.

To properly evaluate electronic proper-
ties, excited state calculations were run with
TDDFT B3LYP model and 6-31G* basis
set. In this case, the single point energy was
calculated with the initial geometry which
was obtained in previous steps.

As a result, absorption wavelengths,
excitation energies, intensities, molecular
orbital energies and others were attained
and they are commented in the following
text.

Results and Discussion

Geometry Optimization
Gauche conformation of the introduced
kink was achieved during the optimization
step in all studied molecules of OMPSj,
and ODMSi,,. Table 1 shows the optimized
structures of decasilane oligomers and the
position of the kink in the backbone to
exemplify studied geometries. As can be
seen, four kink positions can be obtained in
decamer. The number of possible kink
location is dependent on the length of the
backbone, and from tetramer it increases by
one per each two oligomers.

Oligosilane labels consist of a figure and
a letter, where the first represents the
number of silicon atoms in the backbone
and the latter is the kink location. Carbon

www.ms-journal.de
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Table 1.
Optimized structures of decamer molecules with kink.
OMPSi
10 10A 10B 10C 10D

10A 10B 10C 10D

atoms are coloured in black and silicon changes in molecular orbital (MO) energies

atoms in light grey. in both alkyl- and aryl-substituted oligosi-
lanes. Figure 1A depicts the highest and the
Delocalization and Absorption Spectra lowest occupied molecular orbital (HOMO

The presence of the conformational defect and LUMO, respectively) energies of
represented by the kink causes significant ODMS;,. As can be clearly seen, LUMO

A),. T WO rokmg 5 Apostonwnk] B)aq_ ~ ODMSI wilhout KTk G position Kink
e HOMO(nokink) & & B position kink - . ¢ Aposition kink * D position kink
2dm v < C paosition Kink 2= = & B position kink & E position kink
" o = D position kink
5 11 g @ @ E position kink 14
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Number of silicon atoms in the chain and kink position Mumber of silicon atoms in the chain and kink position

Figure 1.

- HOMO, LUMO energies of ODMSi oligomers depicted in detail (A) and MO energy levels involved in excitation
process (B).
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energy levels are reduced from positive to
negative values with the increasing number
of repeated units. However, the situation
is more complex for ODMSi, with the
kink. In case of kinked ODMSi;_s, LUMO
energies have positive values. Therefore
LUMO energies can be assumed as stable
up from the ODMSig 9, where LUMOs
reach negative values in dependence on the
particular position of the kink. Further-
more, a presence of the kink itself causes
increase in the LUMO energies and this
trend continues substantially as the confor-
mational defect position alters along the
chain. In detail, the further from the end of
the chain the kink is located, the higher the
LUMO energy. The similar difference
between LUMO of the chain with no kink
and LUMO of the last possible oligomer
with the kink can be seen in all ODMSI,, and
its value is around 0.4eV. On the other
hand, HOMO energy levels of ODMSi,
evince opposite behaviour as their energy
decreases with the kink position and
generally they are affected to the lesser
extent. Apparently, these energies stabilise
when heptamer chain length is reached and
further they stay on the similar level. In
this case the scatter of values in HOMO
energies between ODMSi, of the same
chain length is around 0.1eV.

Part B of Figure 1 shows all MO energy
levels of ODMSI,,, which are involved in the
excitation process. As can be observed,
energies of the levels above LUMO (supra-
levels) are in most ODMSi, unstable,
which corresponds with their UV-vis spec-
tra. This fact can be seen in graphical inset
in Table 2 which represents calculated
UV-vis spectra of ODMSi,y. The absorp-
tion maximum at 280-250 nm is assigned to
HOMO—LUMO transition. As the kink
changes its position further from the chain
end, the maximum absorption wavelength
(Amax) is shifted to lower values and
therefore the band gap increases. Another
fact is that with increasing values of LUMO
energies in dependence on the kink posi-
tion, the LUMO +1 level evince comple-
mentary decrease approaching the frontier
energy level.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figures 2A, 2B and graphical inset in
Table 3 show MO energies and UV-vis
spectra of OMPSi,. When compared with
ODMSI,, the main difference lies in the fact
that all LUMO energies have stable nega-
tive values and HOMO energies are slightly
more influenced than LUMO energy level
by the kink presence and position.

Although the variations in energy values
(LUMO around 0.1eV, HOMO 0.15¢eV)
are not so evident as in ODMSi,, the clear
shift is observable in absorption spectra in
Table 3. The band gap is created between
HOMO and supra-LUMO levels in OMP-
Si, (detailed assignments are also provided
in Table 3) and combines c—o¢™ transitions
and o—m*. HOMO—LUMO transition is
realised in cases with LUMO delocalized
along the backbone not only along aromatic
substituents, as can be seen in Figure 4.

Computed values of both ODMSi,, and
OMPS;i, excitation energies (E) are slightly
overestimated (around 0.5 eV) in comparison
with experimental results published in. 233341

Delocalization of MO along the mole-
cules of ODMSi,, and OMPS],, is of essential
importance. Figure 3 and Figure 4 display
delocalization of HOMO, LUMO and
other MO involved in UV-vis absorptions
of ODMSi, and OMPSi,, respectively. The
most important are HOMOs and LUMOs
as they determine the absorption edge and
maximum.

ODMSi,, without the kink has both
FMO (Frontier Molecular Orbitals) delo-
calized equally along the whole chain
length. On the contrary, 10A, 10B and
10C oligomers seem to be divided into two
parts by the introduced kink. Equal delo-
calization is kept only on the longer part of
the chain and reaches the centre of the
defect. At the same time, the rest of the
molecule, representing the shorter part of
the molecule, is almost completely without
FMOs delocalization. This influence of
gauche conformation occurs when the kink
divides the structure into asymmetric parts.
Therefore, in the case of 10D this effect
disappears and FMOs are delocalized along
the whole chain as in 10 because of perfect
symmetry.

www.ms-journal.de
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Table 2.

Calculated UV-vis spectra and excitation process data of ODMSi,,.

UV-vis spectra of ODMSi,, ODMSi 10
RN i E[fev] N[nm] M 1[au] MO A
. ‘ “\glS) oS0 100 4.3732 284 S 2.0023 H—L 0.985
H L
_alSi) ~o+(Si)
i N 00 51307 242 S 0 H-1—-L 0.983
;' H el
o, a(Si) a5
= T
: __//N N o 51522 241 S 0.0002 H—L+2  0.967
= H ool
- (S0 —-a4(S0)
//'}"\\ 5.3956 230 S 0 H-1—-L+2 —0.357
- H\:_-:L 104 H—L+3  0.908
__o{Si) ~o(Si)
5.4448 228 S 0 H—L+1 0.980
- 10
200 220 240 260 280 300 320
Wave|ength [nm] 5.685 218 S 0.0021 H-2—L 0.977
ODMSi 10A ODMSi 10B
Elev] A[nm] M 1]au] MO A Elev] AN[nm] M I]au] MO A
4.4985 276 S  1.6962 H—L 0.985  4.6187 268 S 15149 H—L 0.982
5.0854 244 S 0.0004 H—L+1 0.946 5.0934 243 S 0.0105 H—L+1 0.881
H—L+2 0.373
5.2453 236 S 0.0060 H-1—L 0.970  5.2139 238 S 0.0501 H-1—L 0.951
5.2960 234 S 0.0011 H-1—L+1 0.296 52984 234 S 0.0878 H—L+1 —0.332
H—L+42 0.759 H—L+42 0.676
H—L+3  0.487 H—L+3  0.549
5.5063 225 S 0.0048 H-2—L 0.403  5.4693 227 S 0.0673 H—L+2 —o0.580
H—L+2 —0.457 H—L+3 0.712
H—L+3 0.690
H—L+4 0294
5.5675 223 S 0.003 H2—1L 0.828  5.6203 221 S 0.0279 H-2—L 0.957
H—L+2  0.295
H—L+3 —o037
ODMSi 10C ODMSi 10D
Efev] AN[m] M I[a.u] MO A Elev] MN[nm] M I[au] MO A
4.7671 260 S 13360 H—L 0.965 4.9064 253 S 1.4185 H-1—L —0.253
H—L41 0.946
5.0506 245 S 01738  H—L-+1 0.908  4.9758 249 S 0.1583 H-1—L 0.977
H—L+2 —0.305
5.1904 239 S 0.2784 H-1—L 0.923  5.1751 240 S 0.4305 H-1—L 0.874
H—L+2  0.238 H—L+2 0398
5.2850 235 S 01265 H—L-+1 0.294  5.3250 233 S 0.0259 H-1—L —0.368
H—L+2  0.807 H-1—L+3 —0.294
H—L+3 —0.364 H—L+1 —0.223
H—L+2 0.841
5.4329 228 S 0.0156 H-1—L+1 —0.495 5.3279 233 S 0.0977 H-1—L+1 0.796
H-1—L+2 0315 H-1—L+2 0342
H—L+2 0.321 H—L+3 —0.454
H—L+3 0.633
5.5279 224 S 0.2325 H-1—L+1 0788  5.4586 227 S 0.0575 H-1—L+1 0.570
H—L+3  0.480 H-1—L+2 —0.383
H—L+3 0.688

E [eV] - excitation energy; A [nm]- wavelength; M - multiplicity; | [a.u.] - intensity (oscillator strength); MO -

molecular orbital; A —amplitude; S - singlet

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2.
HOMO, LUMO energies of OMPSi oligomers depicted in detail (A) and MO energy levels involved in excitation
process (B).

Table 3.
UV-vis spectra and excitation process data of OMPSi,,. For explanation of symbols and abbreviations see
the legend in Table 2.

UV-vis spectra of OMPSi,, OMPSi 10
. Elev] M[nm] M 1[au] MO A
N 100 4.0063 309 S 13942 H—L 0.971
4.2826 290 S 0.0676 H—L+1 0937
Hol 4.3214 287 S 0.0438 H—L+2 0.845
olSi) —x*+o+(AR+SI) HoL43 —0270
— vl 10C H—L+5 —0.235
= H—L
o (F— H—L+46 0.246
= —— 43360 286 S 0.0354 H—L+2 0334
e Il N e H—L+3 0.847
E H=——L H—L+6 —0.302
:[Si} __L;'[Si] 43677 284 S 00309 H—L+3 —0.279
| - H—L+4 0.577
= H—L+5 —0.348
:Su -;-.si] H—=L+6 —0.467
H—L+7 0.410
_ I 10 4.3803 283 S 0.0350 H-1—L  0.245
240 260 280 300 320 340 360 H—L+4 0598
Wavelenght [nm] H—L+6 0.221
H—L+7 —0.600
OMPSi 10A OMPSi 10B
E [eV] N[nm] M I[au] MO A Elev] N[nm] M 1]au] MO A
4.1950 296 S 1.1202 H—L 0.878 4.2548 291 S 0.8880 H—L 0.740
H—L+1  —0.310 H—L-+1  —0.408
HoL+2 0.373
H—L+4 —0.247
4.3301 286 S 0.0160 H—L 0.291 4.3190 287 S 0.0497 H—L 0.621
H—L+1 0.875 H—L+1 0.595
H—L+4 0.271 H—L+2  —0.263
H—L+4 0.335
4.3613 284 S 0.0797 H—L 0.282  4.4057 281 S 0.0979 H—L+2 0.406
HoL42 0.819 H—L+3  —0.264
H—L+3 —0.276 H—L+4 0.782
H—L+4 0.230 H—L+5 0.241
H—L+6 —0.240
4.4173 281 S 0.0787 H—L+1  —0261 4.4261 280 S 0.0638 H—L+2 0.438
H-—L+3 0.345 H—L+3 0.730
H—L+4 0.864 H—L+5 —0.399

(Continued)
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Table 3. (Continued)

l1o7

OMPSi 10A OMPSi 10B
4.4663 278 S 0.0230 H—L+2 —0.239 4.4628 278 S 0.222 H—L+1 0.532
H—L+6 —0.908 H—L+2 0.420
H—L+3 —0.517
H—L+5  —0.365
4.502 275 S  0.0690 H—L+2 0.299  4.4916 276 S 00354 H—L+2 0.424
H—L+3 0.789 H—L+4  —0.332
H—L+4  —0.285 H—L+5 0.724
OMPSi 10C OMPSi 10D
Elev] AN[m] M I[au] MO A Elev] N[nm] M 1[au] MO A
4.3319 286 S 0.4887 H—L 0.969  4.2649 291 S 0.8493 H—L 0.940
4.3769 283 S 01233 H—L+1 0.856  4.3408 286 S 02485 H—L+1 —0.527
H—L+2 —0.303 H—L+2 0.496
H—L+5  —0.235 H—L+3 0.529
H—L+4 0.334
4.4485 279 S 02987 H-1—L+1 0.257 4.3715 284 S 01900 H—L+1 0.801
H—L+1 0.388 H—L+2 0.407
H—L+2 0.772 H—L+3 0.344
H—L+5 0.290
4.4859 276 S 0.2510 H-1—L+5 —0.222 4.4296 280 S 0.0124 H—L+3  —0.561
H-—L+2 —0.388 H—L+4  0.676
H—L+45 0.776 H—L+6 —0.267
H—L+6  —0.224
4.5331 274 S 01059 H-1—L+2 —0.281  4.457 278 S 0.0736 H-1—L+2  0.298
H—L+3 0.594 H—L+2 0.575
H—L+4 0.471 H—L+3 0.321
H—L+6  —0.451 H—L+4  —0.339
H—L+5 0.331
H—L+6  —0.416
4.5449 273 S 0.0424 H-1—L+2 —0.250 4.5029 275 S  0.0463 H-1—L+4  0.240
H-1—L+3 —0.224 H—L+2 —0.311
H—L+3 —0.478 H—L+4 0.318
H—L+4 0.591 H—L+5 0.737
H—L+7  —0.399 H—L+6 0.256
o Lo ! oo 08gece. eap _ YO CFOIL ¥
10 V% a}-"“i 3&’1 d o T T T ‘?‘%“‘;";J‘ 4 ’f; ' \ﬂv’l‘:‘
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Figure 3.

Molecular orbitals of ODMSi,, - positive MO grey, negative MO black.
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Figure 4.

Molecular orbitals of OMPSi,,—positive MO grey, negative MO black.

In OMPSi;, the situation is partially
different. Previous claims on orbital delo-
calization and density distribution are valid
only for HOMOs. LUMOs are also delo-
calized to phenyl rings to some extent and in
some cases (10B and 10C) they are located
mostly on the rings which are attached
exactly to the defect part of the structure.
This indicates possible trap sites for even-
tual charge transfer state generation. In
next, the symmetry of LUMOSs involving o-
o mixing with 7 orbitals of phenyl groups
helically arranged along the chain is not that
perfect as in purely o-like LUMOs of
ODMS:is in case of the D-position of the
kink. It can be seen in Figure 4 that a
delocalisation of the OMPSis;; LUMO
spreads from the chain over a phenyl group
in suitable position extending thus the

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

conjugation length in one direction which
is probably more energetically favourable
than delocalisation over the other part of
the chain which would be shorter.

Extrapolation to Polysilanes

The number of oligomers which served as
model molecules was chosen according to
the computational time convenience. OMP-
Si, were therefore investigated to deca-
mers, while ODMSi, to tridecamers.
Obtained HOMO and LUMO energies
were then plotted as a function of reciprocal
number of Si atoms in the chain (1/N) with
linear regression. For the purpose of
linearization, the first three values (mono-
mer to trimer) of FMO energies were
omitted as they cannot represent the defect
structure involving four Si atoms at all. The

www.ms-journal.de
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properties of higher polymeric chains can
therefore be predicted. Figure 5 and
Figure 6 illustrate linearized dependence
of MO energies on the chain length for
ODMSi, with the kink at A, B, C and D
position and OMPS;j,, with the kink at A and
B position, respectively. As can be seen, this
fitting curve was chosen in vast majority of
cases properly as the points are in agree-
ment with linear function (predicted values

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of FMO energies for polymer-size back-
bones, mean errors and coefficients of
determination are listed in Table 4). The
exception in these reliable linear trends is
the dependence of LUMO energies of
PMPSi on 1/N where coefficients of deter-
mination are only around 0.6.

FMO energy values for infinite defect-
less chain were predicted (-0.69 £ 0.05) eV
and (-4.87+0.01) eV for PMPSi and

www.ms-journal.de
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Table 4.

Linear regression data

PDMSi HOMO (poly) R? LUMO (poly) R?
no kink —5.13£0.01 0.995 —1.19 4+ 0.01 1.000
A —4.99 +0.01 0.998 —1.03+£0.04 0.985
B —4.94 1 0.02 0.996 —1.16 £ 0.03 0.996
C —4.97 £ 0.03 0.989 —1.28 £ 0.05 0.991
D —4.95+0.02 0.997 —1.27 £ 0.06 0.993
PMPSi HOMO (poly) R? LUMO (poly) R?
no kink —4.87 £ 0.01 0.995 —0.69 +0.05 0.788
A —4.91+0.02 0.993 —0.621+0.04 0.613
B —4.87 £0.04 0.989 —0.60 £ 0.05 0.676

(-1.19+£0.01) eV and (-5.13+0.01) eV for
PDMS.. Introduction of the kink at the end
of a semi-infinite chain causes observable
decrease of LUMO energy from —0.69 eV
to —0.6 eV for PMPSi and has no effect on
its HOMO energy level. The opposite effect
can be observed for PDMSI. In this case,
the kink at the end of a semi-infinite
chain slightly elevates HOMO level from
—5.13eV to —4.9¢eV and there is almost no
effect on LUMO energy. When deviations
of HOMO and LUMO energies for infinite
chain length are considered, it can be said
that the fitting curves meet in one point,
which is expectable due to the presumption
that the kink, which is located in the
backbone as was described above, does
not significantly influence properties of very
long molecules without any other defect. In
addition, overall precision cannot be better
than 0.5eV which arises from the applica-
tion of DFT.

Beside extrapolation, we claim that the
other findings obtained for treated oligo-
mers hold on for long chain polymers
adequately as well.

Conclusion

Delocalization of molecular orbitals is very
asymmetric and localized to the longer
segment when conformational defect, here
presented by the kink of gauche conforma-
tion, is introduced into silicon backbones of
both alkyl- and aryl-substituted oligosi-
lanes. This causes the shift of absorption
maxima to lower wavelengths as the

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

position of the kink is moved to the centre
of the chain, in other words, the conjugated
segments become shorter. If the linearity of
polysilane chain is disrupted FMOs are
located on longer segments as they allow
greater extent of delocalization. A fully
symmetric situation can occur for oligomers
with even number of Si atoms which mean
that no segment is energetically favourable
as they are of the same length. For LUMO
in OMPSi oligomers, this can be corrupted
locally with the contribution of phenyl
group which is in suitable position with
respect to one of the two segments.

FMO energy also evinces clear depen-
dence on the kink location. Generally, in
both studied types of structures, HOMO
energies decrease while LUMO energies
increase as the gauche defect alters its
position to the centre of the backbone. In
case of PMPSi the kink is expected to be
the potential trap site for charge transfer
complex formation. However, optimal ge-
ometries of molecules in excited states have
not been addressed in this study because the
computational time is too high.
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Abstract

all-eclipsed to all-anti affects A,

varying range of interaction.

phenyl side groups.

Background: Recent efforts in the field of mesoscale effects on the structure and properties of thin polymer films
call to revival interest in conformational structure and defects of a polymer backbone which has a crucial influence
on electronic properties of the material. Oligo[methyl(phenyl)silylenels (OMPSI) as exemplary molecules were studied
theoretically by DFT in the form of optimal decamers and conformationally disrupted decamers (with a kink).

Results: We proved that transoid backbone conformation is true energy minimum and that a kink in the backbone
causes significant hypsochromic shift of the absorption maximum (4,,,,), while backbone conformation altering from
in the opposite way. - stacking was investigated qualitatively through optimal
geometry of OMPSi and mutual position of their phenyls along the backbone and also quantitatively by an evaluation
of molecular energies obtained from single point calculations with functionals, which treat the dispersion effect in the

Conclusions: The kink was identified as a realistic element of the conformational structure that could be able to cre-
ate a bend in a real aryl substituted polysilylene chain because it is stabilized by attractive m—m interactions between

Keywords: Density functional calculations, Kink, Methyl(phenyl)silylene, Stacking interaction, UV/Vis spectroscopy

Background

Silicon (Si) polymers with -Si—Si- backbones carry delo-
calized o-electrons as their sp> orbital lobes can overlap
[1, 2]. From this point of view, polysilylenes substantially
differ from single-bonded carbon analogues (e.g. poly-
ethylene, polystyrene), especially in the area of optoelec-
tronic properties [3]. Electron delocalization origins in
Si atoms arrangement and therefore it is highly depend-
ent on the polysilylene secondary structure [4]. Maxi-
mum of o-conjugation is related with all-anti backbone

*Correspondence: hanulikova@cps.utb.cz
Centre of Polymer Systems, Tomas Bata University in Zlin,
trida Tomase Bati 5678, 76001 Zlin, Czech Republic

@ Springer Open

conformation, which can be found in dialkylsilylenes with
small side groups, for instance poly(dimethylsilylene)
(PDMSi) [5, 6]. On the other hand, poly[methyl(phenyl)
silylene] (PMPSi) is arranged into helix due to presence
of bulky phenyl (Ph) groups and with them related devi-
ant or transoid backbone conformation [6—8]. Polysi-
lylene chains are not single rod-like, they form random
coil in solutions. Similarly in solid phase, the most of pol-
ysilylenes is semi-crystalline and contains regular as well
as amorphous phase. Recent efforts in the field of mes-
oscale effects on structure and properties of thin polymer
films made from both m- and o-conjugated conductive
polymers call to revival interest in conformational struc-
ture and defects of a polymer backbone which has crucial

© 2016 Hanulikova et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecomr

mons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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influence on electronic properties of the material. It has
been already shown by different groups that polymer
conformational order/disorder shows strong dependence
on the thin film thickness in order of hundredths nm and
results into non-trivial effects on optoelectronic prop-
erties in terms of segment conjugation length, lumines-
cence, photovoltaic effect, exciton diffusion length [9-12]
and fine bandgap electronic structure (density of deep
states) [13, 14]. Obviously, the polymer structure itself
and other typical polymer related properties [15—17] are
influenced too. Hence, various bends of backbones are
needed for the creation of regular or irregular arrange-
ments. Such bend can be regarded as conformational
defect because it disrupts regular o-delocalization and
therefore influences final polysilylene properties [18, 19].
This defect was defined as a gauche-kink in the backbone
and described on oligo-DMSi,, (ODMSi) and oligo-MPSi,
(OMPSi) with n = 1-10 by density functional theory
(DFT) in our previous work, where the kink influence on
the electronic properties of oligosilylenes was confirmed
[20]. The change has been clearly manifested in absorp-
tion spectra plots, where hypsochromic shift of the main
absorption band had been detected. In addition, the shift
is more strongly pronounced as the kink position altered
closer the centre of a backbone. Another cause that is
responsible for a rearrangement of the oligosilylene mol-
ecule can be identified as a charge carrier in its vicin-
ity. From this reason, we have also investigated polaron
quasiparticles of OMPSi, with the introduced kink [21].
In that research, a significant change has emerged in a
dependence of the spin density on the conformation of
a backbone and its shift to more regular part of a Si-Si
chain, i.e. a shift from the kink.

The p orbitals are distributed on the Ph rings in
PMPSi and it seems reasonable that m—m interactions are
employed during geometry arrangement and stabiliza-
tion. This type of non-bonding interaction was described
in detail by Hunter or Gung in 1990s, however the inter-
action has already been known since the first half of 20th
century [22-24]. These interactions play an important
role in stabilization of double helix of nucleic acids or
other biologically active substances and they have been
abundantly studied in these areas, e.g. Ref. [25-27]. The
character of the interaction (i.e. whether the interaction
is attractive or repulsive) depends on the mutual position
of involved aromatic rings (on their distance and angle
between planes). Several positions were described and
defined; they are sandwich, parallel displaced (offset of
rings), T-shape and edge-to-face arrangements. The first
is representative of repulsive interactions as the p orbit-
als, which carry delocalized m-electrons, are oriented to
each other. The rest evince attractive interaction, whose
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intensity is dependent on the particular ring offset [28,
29]. Recent research, e.g. review [30], has suggested not
to use only the term m-stacking for a description of all
non-bonding interactions between aromatic groups as
it could be related predominantly to a rarely observed
face-to-face arrangement and regarded as insufficient for
expression of other offset positions.

Contemporary theoretical research often uses DFT
and time dependent-DFT (TD-DFT) that has been estab-
lished by Kohn and Sham [31-33] and Runge and Gross
[34, 35], respectively. B3LYP (Becke-3-Lee-Young-Parr)
model has been confirmed as suitable for calculations
on silicon compounds [32, 36]. Its use for geometry opti-
mization is indisputable and in many cases, it is as well
as sufficient for calculation of spectral or thermal prop-
erties [37, 38]. However, B3LYP functional is not able
to clearly distinguish energy changes related with non-
bonding interactions which are better covered in density
functionals involving dispersion term in their definition
[39]. For m—m interaction energy evaluation are therefore
usually used functionals such as M06 [40], ®B97X-D [41]
or B3LYP-D [42], which are also able to characterise low-
and long-range electron—electron interactions at various
levels.

The present paper is another from the series of a
computationally-led investigation of oligosilylenes and
the purpose of this work is a determination of a mutual
influence of silicon backbone conformation and confor-
mational defect on the excitation properties of OMPSi,,,.
Several constrained structures are here investigated to
obtain a detailed and comprehensive view on the confor-
mation issues as well as to confirm deviant or transoid
conformation to be the global energy minimum. Descrip-
tion of m—m interactions of various conformations in the
vicinity of the conformational defect is done through
evaluation of phenyl angle-distance plot obtained from
optimized geometries and molecular energy evalua-
tion obtained from single point calculations with three
different density functionals. We believe that results of
this model study can be generalised and a useful lesson
towards description of real polysilylene polymers can be
learned from it.

Experimental

PMPSi was obtained from Fluorochem Ltd. UK, GPC
analysis revealed Mw = 27,600 g/mol and Mn = 8500 g/
mol. Films for UV-Vis measurements were prepared by
the spin coating method using spin coater Laurell WS-
650-MZ-23NPP from the solution in toluene. Quartz
glass was used as a substrate. The absorption spectrum
was measured by Lambda 1050 UV/Vis/NIR spectrom-
eter from Perkin Elmer.
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Computational methods

Geometry optimization

Structures of OMPSi with ten repeated units (OMPSi,)
were modelled with Spartan "14 software (Wavefunc-
tion, Irvine, CA) [43]. Optimal geometry of decamer
(later in this text designed as 10_opt) was calculated with
DFT on the level of BSLYP hybrid model and 6-31G(d)
polarization basis set [44]. The backbone end atoms were
capped with methyl groups and calculation was set in
vacuum with no constrained bonds or angles. OMPSi,,
with approximately transoid conformation was obtained
as can be also found in our previous work [20]. This opti-
mal structure was used for virtual preparation of other
OMPSj,, analogues with a kink, which represents a con-
formational defect. The optimization of kinked decamers
was performed with the same DFT model as described
above and resulted in four OMPSi;, molecules. These
structures differ in a position of the kink that adopted
approximately gauche conformation. Geometry calcula-
tion of oligomers with a kink was described in detail in
Ref. 11 these OMPSi,, were designed with A, B, C and D
according to position of the kink and suffixed with opt as
it is optimal structure with no constrained angles.

More structurally specified molecules were mod-
elled for the purpose of a description of an influence of
the backbone conformation on the electronic structure
of OMPSi,, with and without the kink, as well as for
an assignment of the m—m interactions between phenyl
groups. The dihedral angle of the kink was therefore con-
strained to 60° and all dihedral angles of a silicon back-
bone (w) were set to 120°, 130°...180° and constrained
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as well. Moreover, a kink position is clearly given in
Fig. 1. Geometry optimization was performed with DFT
B3LYP/6-31G(d) in vacuum. From this calculation, seven
structures of each decamer (10, 10A-10D) with a back-
bone gradually coiled into helix were obtained. These
structures are suffixed with 120...180 in their designation.

Non-bonding interactions

Single point energy calculations were performed for all
10A...10D OMPSi,, with M06 and wB97X-D function-
als, which are directly available in Spartan 14" software.
Although the absolute total energies obtained by these
methods differ all three methods are known due to their
low errors and variance of predicted values. Therefore,
they can be used for prediction of trends and compari-
son of energy differences among series of conformers.
The results calculated at higher levels of theory which
includes non-bonding interactions were compared with
molecular energy obtained with B3LYP which treats
bonding interactions only. From the plots, which are
given below, it was possible to determine the energy con-
tribution to conformer stabilization caused by the weak
phenyl- phenyl interactions because the Si backbone was
constrained in all considered cases. The most energeti-
cally un-favourable conformation of the Si backbone with
120° dihedral angle was selected as the reference level.
Hence, the contribution to the conformer stabilization
due to o-conjugation is predicted by B3LYP and the addi-
tional energy gain due to m-stacking is manifested as the
difference between B3LYP and dispersion term including
functionals.

bon atoms—grey side groups, hydrogen atoms—omitted)
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Fig. 1 Geometries of OMPSi,, and designation of atoms and a kink position manifested on all-anti decamers (silicon atoms—cyan backbone, car-
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Absorption spectra

An investigation of electronic properties was done
through examination of absorption spectra and excita-
tion energies, including distribution of molecular orbitals
and their percentage involvement into the process. These
features and UV-Vis spectra were calculated with TD-
DFT energy calculation in the excited state of OMPSi,,,
Functional, basis set and virtual environment of mol-
ecules were set as described in geometry optimization
part. Optimal geometries in the excited state were not
calculated due to excessive computer requirements.

Results and discussion

Backbone geometry and the kink

Optimal geometry of ODMSi,, have already been deter-
mined in Ref. 11 and resulted in the helical backbone
arrangement with dihedral angles corresponding to
transoid conformation. An introduction of a kink has
not influenced the rest of this arrangement in a sig-
nificant extent. In the present work, more detailed con-
formational investigation have been done on several
constrained OMPSi,, molecules, whose bond lengths are
provided in Additional file 1. Figure 2 shows an energy
dependence on the backbone conformation, which was
set from all-eclipsed (120°) to all-anti (180°) arrangement.
Relative energy on the y-axis was calculated by subtrac-
tion 0of—154849.74 eV (the calculated total energy of
10_120 decamer) from all other decamer energies. As
can be seen, the energy minima are in all cases related
with backbone dihedral angle 155° and 160° regardless
the presence of the kink that is in agreement with opti-
mal non-constrained OMPSi,,. An approximately 5°
difference can be attributed to 60°-locked kink dihedral
angle in constrained structures.

.0:3_ u e 10A
09] o ® 108
104 10C
S -1.1] $ ° » 10D
%-1.2- ). =
& -13] 4
g
154 >
2 18]
£ 17 | 2 L
x 18 34 »
19] g * 28
2.0 e R
2.1

120 125 130 135 140 145 150 155 160 165 170 175 180
Backbone dihedral angles [°]

Fig. 2 Energy profile of OMPSi,, with different backbone conforma-

tions (empty symbols: 10_opt...10D_opt)
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Molecular orbitals

Four molecular orbitals (MO) were investigated, namely
HOMO-1 (H-1), HOMO (H), LUMO (L) and LUMO+1
(L+1), because these are involved in the excitation pro-
cesses at the absorption maximum (described below). MO
distributions along silicon backbone and Ph groups were
plotted in the form of bubble graphs (Figs. 3, 4). The size
of the bubble expresses a value of MO coefficients (c,; in
LCAO equation [45]) that were obtained from calculation
output. Specifically, coefficients, whose absolute value is
above the 0.05 threshold value were taken into account and
at the same time coefficients related with particular atom
(e.g. Sil) were summed. Analogous approach was applied
to MO distribution on Ph groups but, in addition, MO
coefficients related with the phenyl ring (i.e. six carbon
atoms, while no density was transferred to hydrogen in any
case) were summed. The size of the bubbles was graphi-
cally adjusted by multiplication to make the bubbles com-
fortably comparable. Thus, occupied and unoccupied MO
coefficients were multiplied by 150 and 50, respectively.

Figure 3 depicts MO distribution along Si backbones
for all studied decamers. As can be found, the main dif-
ference is observable between symmetric (10 and 10D)
and asymmetric structures (104, 10B and 10C). The sym-
metry is here given by the position of the kink and the
fact that in 104, 10B and 10C is backbone divided into
two unequally length parts—segments. HOMOs-1 are
basically delocalized along whole Si backbone in 10 and
D molecules. 10A OMPSi represents transition between
symmetrical and asymmetrical structure as the kink is
located in the very edge of a chain. HOMO-1 of 10A mol-
ecules is thus distributed almost symmetrically along the
backbone, however a slight shift to a kink part is already
observable. This shift of HOMO-1 towards the kink and
its localization on the shorter segment is clearly visible in
10B and 10C decamers. Similarly as HOMOs-1, HOMOs
of 10 and 10D decamers are distributed equally along Si—
Si bonds and maximal values of ¢,; can be found on cen-
tral Si atoms. On the other hand, in 10A-10C, HOMO
orbitals are shifted from the kink part and maxima are
kept in the middle of chains on Si4—Si6. The effect of a
kink introduction on HOMOs seems to be of lower
intensity than in case of HOMO-1 but this is only a sem-
blance perception of the graph because the delocalization
length over the longer segment is just longer, naturally.
An influence of different  is in both cases of HOMOs-1
and HOMOs distribution negligible.

Unoccupied MOs are more dependent on the overall
backbone arrangement. As can be further seen in Fig. 3,
LUMOs of all 10 structures are distributed along chain
with higher values of coefficients in the central parts. This
central gathering is particularly observable in 10_120.
10As, 10Bs and 10Cs carry LUMOs in longer parts of Si
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Fig. 3 Kohn-Sham orbitals (H-1, H, L, L41) distribution along Si backbone for all studied conformations of OMPSi, , (opt designates optimal geom-
etry without constrained angles)

chain and this shift from kink part is especially observ-
able in conformers with @ = 120°. 10Ds are the most
influenced structures by o value. Since the kink is located
in the middle, the preference for LUMO delocalization
is determined by the values of backbone dihedral angles.
10D_120-150 have LUMO orbitals located rather on one
half of backbone and in 10D_160-180, the delocaliza-
tion is again symmetrical almost along the whole chain.
LUMO+1 orbitals are delocalized on Ph parts (described
below) and they are presented on Si backbone in much
less extent. There is no simple trend that could easily
sum the kink and conformation influence up. Increas-
ing o causes variable shifts including opposite trends
in dependence on the kink position. Images of all these

Kohn-Sham orbitals that graphically express the bubble
graphs are given in Additional file 2: Figures S1-S4.
Figure 4 reflects MO distribution on Ph rings attached
along backbone. Rings are numbered according to the
position of Si atom to which the ring is attached (e.g.
a bubble on a position (1; 120) corresponds to sum of
MO coefficients from six carbons that form the Ph ring
attached to Sil in conformer 120°). As can be observed,
MO on Ph rings are much more localized in comparison
with MO along Si backbone. HOMOs-1 are distributed on
the edge phenyls while the phenyl groups attached to cen-
tral Si5 and Si6 atoms remain practically not involved into
the orbital delocalization. In no-kink structures of 10 delo-
calization is symmetrical and this characteristic splitting
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is also kept in other molecules but with a lesser extent of
symmetry. HOMOs-1 of 10A-10C are preferentially local-
ized on Ph groups adjacent to the kink and to the shorter
segment of the decamer. In the case of 10D molecules, the
symmetry is again restored, although to a lesser extent
than in 10 oligomers. On the other hand, HOMOs seem
to appear rather on the central Ph rings and on the longer
segment up to Sil (cases A, B, C). The more is the kink
close to the centre of the decamer, the more these HOMOs
are squeezed to that longer segment and kink-attached Ph
groups are more involved in HOMO, which is an oppo-
site effect than manifested for HOMOs-1. The population
density of HOMOs on the two segments of symmetric
10D cases depends on w. The optimized structure has the

HOMO distributed more on the silicon chain than any
other structure under investigation. The tested geom-
etries have bigger population density located on phenyl
groups. With increasing angle from 120° to 180°, the den-
sity becomes less symmetric and shifts from left to right
(from lower number positions to higher number positions)
having thus always quite densely populated Ph5 and Phé.
It must be stressed out that Ph rings adjacent to Si atoms
forming the kink are involved in the MO delocalization.
In both cases of HOMOs-1 and HOMOs, the overall dis-
tribution of occupied MOs is influenced by the presence
of the kink and conformation of the backbone however it
does not mean that Ph rings adjacent to the kink Si atoms
are excluded from the delocalization.
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It can be stated that LUMOs are present on Ph rings
rarely. There are only a few Ph groups that carry LUMO
in the considerable extent. Seemingly, the Ph group
attributable portion of LUMOs in optimal conformations
of OMPSi,, is located on that Ph group from the kink
part in all kinked structures which is attached to the Si
atom closer to the longer segment or in other cases the
LUMO density is located on the two Ph groups attached
to those two Si from the kink with lower position num-
bers, which means that these MOs are shifted from Ph7
to Ph5. 10D OMPSi,,, carry LUMOs particularly on Ph5
and Phé irrespective of the dihedral angle of the back-
bone with exception of some population density located
to the Ph9 for angles 130° and 140°. On the contrary,
LUMO++1 delocalization is strongly related with Ph rings
when compared with Si backbone orbitals. 180° con-
formations are the most symmetrical cases, which are
affected by the kink presence. Generally, LUMOs+1 are
significantly distributed on one or two Ph rings accord-
ing to a kink position and backbone conformation. The
w has the largest effect on the distribution of LUMOs+1
among tested parameters as it evidently prevail over the
importance of the kink position. This influence scatters
the manifestation of kink-caused trends and makes the
results less readable than in all previous cases. Images of
Kohn-Sham orbitals distributed along phenyl rings are
appended in the Additional file 2.

Excitation properties

TD-DFT approach was used to calculate UV-Vis spec-
tra and related excitation properties. Figure 5 depicts
a palette of absorption spectra corresponding to every
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considered OMPSi,, conformer. There are also line spec-
tral bands that are helpful for determination and compar-
ison of transition intensities. Graphical information are
supplemented by Table 1, where the data describing exci-
tation at the highest wavelength (A,,) are given. Com-
prehensive characterization of all calculated transitions is
given in Additional file 3: Table S1.

As can be deduced, the maximum wavelength absorp-
tion is, in the vast majority, at the same time the most
intensive one. The main character of this transition is
0 — o* occurring between Si orbitals H — L, in some
cases H-1 — L or H — L+1 and exceptionally H — L+4
and L + 6. Further, in 120°, 130°, 170°and 180° analogues,
second absorption band is clearly seen. The transition
is from H or H-1 to higher unoccupied MO, which are
located on phenyl rings. This indicates ¢ — m* transition
from Si atoms to Ph groups. This transition is in litera-
ture often assigned as m—m* [46], however we propose in
accordance with our theoretical results that this band
better corresponds to ¢ — m* transition. m—m* transi-
tion is probably of higher energy and it is located close to
200 nm. The band below 200 nm is partially observable in
experimental spectrum of PMPSi in Fig. 6.

Calculated wavelengths are compared with experi-
mentally measured UV-Vis spectra of PMPSi which
is shown in Fig. 6. The spectrum contains peaks in the
UV part of the spectrum since no sign of the absorp-
tion is manifested in Vis area. There are two absorption
bands in UV range which can be also identified in cal-
culated spectra, rather of coiled decamers with a non-
centrally placed kink. This indicates that the real PMPSi
backbone is not planar and straighten but it is rather in
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Fig. 5 UV-Vis spectra of all studied OMPSi,, calculated with TD-DFT B3LYP/6-31G*
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Table 1 Summary of excitation process at A, for all OMPSi,,
w[°] 120 130 140 150 160 170 180
10 EleV] 4.1699 4.0404 4.0366 4.0773 4.0690 39203 3.8389
A [nm] 29733 306.86 307.15 304.08 304.70 316.26 32296
F 0.9208 1.0192 0.9681 1.2094 1.3080 1.3262 14727
T H—L H—L H—L H—L H—L H— L H—L
Amp. 0.9708 0.9683 0.9671 0.9615 0.9746 0.9783 0.9809
P [%] 94 94 94 92 95 96 96
10A EfeV] 41817 4.0899 4.0966 41151 4.1085 3.9892 3.9221
A [nm] 296.49 303.15 302,65 301.29 301.77 310.80 316.20
F 0.7367 0.9185 0.9709 1.0888 1.1393 1.1801 1.2672
T H—L H—L H—L H—L H—L H—L H—L
H— L+4
Amp. 0.9698 0.9672 0.9624 0.9545 0.9467 0.9755 0.9801
—0.2136
P [%] 94 94 93 91 90 90 96
108 E[eV] 42219 41181 4.1520 4.1795 41771 4.0856 3.9927
A [nm] 293.67 301.07 29842 296.65 296.82 30347 310.53
F 0.5475 0.6299 0.7831 09174 1.0123 1.0427 1.1435
T H—L H—L H—L H— L H—L H—L H—L
H— L+1
Amp. 0.9630 0.9762 0.9411 0.9509 0.9270 0.9634 0.9756
0.2428
P [%] 93 95 89 90 86 93 95
10C EleVv] 43223 4.1951 42310 42375 4.2371 4.1556 4.0906
A [nm] 286.85 295.54 293.04 292.59 29261 298.35 303.09
F 0.3999 04321 06311 06312 0.7266 0.9813 1.0675
T H—L H— L H—L H— L H—L H—L H—L
H— L+3 H— L+1 H— L+1
Amp. 09155 09194 0.8261 0.9330 0.9385 0.9607 0.9684
—0.2189 0.2450 -04610
P [%] 84 85 68 87 88 92 94
- - 21
10D EfeV] 4.3609 4.2885 4.2973 4.2880 4.2879 42313 41795
A [nm] 284.30 289.11 28852 289.14 289.15 293.02 296.67
F 0.1020 0.1895 0.1880 0.3833 0.5503 1.0527 1.1367
T H-1— L H—L H—L H—L H—L H—L H—L
H— L H— L+1 H— L+1
- H— L+2
Amp. 0.2525 0.8842 —0.3215 0.9266 09117 0.9305 0.9439
0.9225 0.2587 0.6534
- - —0.5969
P [%] 85 78 10 86 83 87 89
- - 43
- - 26

w dihedral angle, E excitation energy, A wavelength of excitation, f strength, TT type of transition, Amp amplitude, P percentage of allowed transition
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helical arrangement. This is in agreement with our opti-
mal geometries with lowest potential energy. On the
other hand, two band are observable in 180 B and 180 C
OMPSi;, too. In these cases, the kink probably serves
as a “helical mimic” structural element which delivers
twisted-like conformation to the oligomer that causes
similar spectral behaviour, which has been described for
helical backbones. The difference between experiment
and theory is, of course, observable predominantly due
to comparison of experimental spectrum of polymer and
theoretical spectrum of isolated decamer and therefore
calculated spectral bands are energetically overestimated
about several tenths of eV which is in accord with expect-
able eventual solvation effect of toluene. However, this
drawback would not destroy the main trends referring
to conformation and electronic behaviour of polysilylene
and addition of solvent force field terms to calculations
can neither significantly improve our virtual experiment
nor clarify the role of phenyl-phenyl group interaction.
It is important to note that no states in the bandgap are
formed by the investigated conformational defects, which
means that no peaks are present in the Vis area of the
absorption spectrum. This is in accordance with state-of-
the-art interpretation of origin of such features which are
normally manifested in luminescence spectra only [11].
Figure 7 provides another view on a dependence of 1,
on the backbone conformation. It is unambiguous that
Aynax shifts to longer UV wavelengths as w is higher and
thus as backbone conformation reaches planar all-anti
arrangement. All structures with o = 150°, 160° evince
decrease of A,,,, or in case of 10D a stabilization of A,,,,,
value. These conformers are also the most energetically
stable as was discussed above (see again Fig. 2). Follow-
ing change in w causes another and substantial growth
of A,,,, that reaches maximum for w = 180°. There is
also obvious that presence and position of the kink

significantly influences a value of A, .. As can be seen,
10 and 10A decamers are the most similar and change in
Aypax for 10A is not so large. On the other hand, difference
between 10 and 10C molecules is in some conformations
around 10 nm and between 10 and 10D even 25 nm. This
proves that conformational defect has essential effect on
excitation wavelength that is a crucial factor of UV-Vis
absorbing substances.

m-m interactions between phenyl side groups

Studied OMPSi,, structures are example of the sys-
tem, which can interact through p orbitals occupied by
ni-electrons. Figure 8 contains a structure of 10B_180
molecule with a detailed image of a kink part and a desig-
nation of phenyl planes, which are attached right on four
Si atoms which form the kink. Numbers of planes are
valid for all structures regardless the position of the kink.
The kink has set exact arrangement of gauche in all cases
and since the backbone is also geometrically defined Ph
groups could have therefore adopted various optimal
positions.

A qualitative evaluation of m—m interactions is done
through definition of mutual positions of the phenyl
groups obtained solely from geometry optimization pro-
cedure. A plane on each involved Ph have been deter-
mined with three points (three phenyl C atoms) and a
central point was defined as a point in the middle of a
line, which links two opposite phenyl C atoms. Thus,
Fig. 9 depicts an angle-distance dependence of these Ph
groups. An angle was measured between two Ph planes
and a distance was measured between two plane cen-
tral points. In total, six pairs of phenyl groups have been
investigated for each A-D and 120-180 decamer. As can
be seen from the plot, there are two distinct clouds of
points clearly separated by an approximately 1 A wide
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10B_180

Fig. 8 Designation of phenyl planes regardless the position of the kink shown on example molecule 10B_180

180+

Distance of phenyl planes [Angstrom]

Fig. 9 Plot of positions of phenyl groups located on the kink Si
atoms. Each symbol in the legend table involves seven conformers
(120-180) which are not graphically distinguished in the plot
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gap virtually centred at 6.5 A. According to Ref. 15,
attractive m—m interactions can be found between planes
I-1I and planes III-IV, whose mutual positions are in the
graph area of 4-6 A and 10-90°. This indicates that a
kinked arrangement of the chain could be stabilized by
these interactions and therefore this type of bending is
possible to consider as a folding contribution element in

the real polymer backbones. These constructive interac-
tions may also contribute to the localization of MOs on
Ph rings attached to Si atoms forming the kinks. Another
cluster of points is located in the area of 7-9 A and 0-90°
and it can be stated that the vast majority of plane pair
I-III, II-1V, II-III and I-1V is in a further distance then
that which is suitable for any kind of n—m stacking inter-
actions. Further, Fig. 10 is similar representation of n—mn
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Fig. 10 Plot of positions of all pairs of phenyl groups located along
backbone of 10_opt structure




Hanulikova et al. Chemistry Central Journal (2016) 10:28

interactions for 10_opt structure, which were here inves-
tigated along the whole chain. For this purpose, phenyl
rings were numbered from 1 to 10. As can be seen, there
are also two groups of points. The first cluster (at approx.
4-5 A) belongs to measurements of angle-distance
dependence of Ph pair which are next to each other (on
the same side of a chain) along the backbone. Ph groups
are designed in this graph with numbers corresponding
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to a Si atom they are attached on. These interactions can
be regarded as attractive and thus the helical arrange-
ment of a backbone is favourable. The latter cluster (at
approx. 7-8 A), which involves interactions of adjacent
Ph (in zig-zag way), is again beyond the marginal distance
suitable for m-stacking.

Figure 11 depicts the energy profile that is related with
a phenyl rings rearrangement on model molecules with
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different backbone geometry (kink position and dihe-
dral angle). The plots were obtained from single point
calculations and comparison of B3LYP and dispersion
containing functionals M06 and wB97X-D. Raw energy
data are displayed in Additional file 4: Table S2, however
y-axis in Fig. 11 expresses the energy difference (AE) in
eV between OMPSi with the kink in the same position
(i.e. 10A, 10B, 10C, 10D) and at the same time the zero
value corresponds to conformers with = 120°. Calcu-
lated B3LYP energies reflect the situation where long
distance phenyl interactions are not involved. These
curves describe only energy dependence on the dihedral
angle and they can be interpreted as the contribution of
o-conjugation to the chain stability which increases as
the geometry approaches closer to the ideal value for w
which is approximately 165°. Therefore the B3LYP ener-
gies can be considered as reference values. On the other
hand, M06 and wB97X-D energies do involve low-range
and long-range electron—electron interactions, respec-
tively. Since backbone dihedral angles were constrained
in all cases, these energies are directly related to phenyl
rings energy contribution to their mutual interactions.
Molecules which are conformationally more convenient
for m—mn stacking thus have lower energy. The kink-less
geometry (10) shows the highest stabilization contri-
bution 0.6 eV which is consistent with its most relaxed
geometry and ideal-likeness of molecule conformation.
According to our results, m—m interactions are employed
gradually with an increasing o and they reach maximum
in OMPSi which have w constrained to 160° and 170° and
then their strength again decreases. The additional con-
tribution of these interactions is marked in graphs by ver-
tical line segments with indicated difference in eV. These
conformations are tightly close to optimal geometries
obtained without any backbone constrain (also displayed
in Fig. 11) and therefore it is highly probable that kink sta-
bilization by non-bonding interactions can be expected
in PMPSi chains. In other words, the kink formation dis-
turbs slightly the stabilization effect of m-interactions,
however it does not vanish totally and still keeps a rea-
sonable contribution. The maximal difference between
B3LYP and M06 and B3LYP and wB97X-D for molecules
A-Dis 0.4 eV and 0.3 eV in average, respectively.

Conclusions

OMPSj,, served as model systems for the DFT study of
overall backbone conformation with conformational
defect (a kink), its influence on electronic properties and
an investigation of the kink stability provided by m—n
stacking interactions. Helical backbones with Si-Si—Si—
Si angles equal to 150° and 160° have been determined
as the most stable backbone arrangements. Conforma-
tions have been treated from 120° to 180° and together
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with the kink they significantly affect the distribution
of Kohn—-Sham orbitals along both Si backbone and Ph
side groups. HOMO-1 orbitals are distributed along the
backbone, while LUMO+1 orbitals are strictly kept on
Ph groups. Further, HOMO and LUMO densities can be
found delocalized over the whole molecule.

The main calculated absorption transition is assigned
as 0—0* and located at around 310 nm, in experimental
UV-Vis spectrum at 336 nm. Second transition around
275 nm is probably of o—m* character despite traditional
assignment to m—m*. We presume that m—m* corresponds
energetically to lower wavelengths below 200 nm. How-
ever, optimal geometries of excited states have not been
successfully calculated due to too demanding computer
requirements and at the same time these calculations
could be a topic of the next research leading to specifica-
tion of excitation transitions.

The analysis of angle-distance dependence between
Ph planes determined from optimized geometries has
revealed that even the molecule with a kink is stabi-
lized by positive interactive mode of m-m stacking
between pairs of Ph groups. Conformations with back-
bone dihedral angle of 160° are the most convenient
for phenyl interactions, which was concluded from
energy investigation with B3LYP, M06 and wB97X-D
models. There can be distinguished two principally
different contributions to the PMPSi backbone geome-
try. First, it is the previously well-known o-conjugation
effect that has been estimated in order of approxi-
mately 1.2 eV Next, the long range m—mn interaction
contribution was found to be about 0.6 eV for linear
chain and about 0.3-0.4 eV for kink defect containing
chains. Since 160° conformation is close to the optimal
geometry of OMPSi without constrained parts, it can
be stated that the kink type of conformational defect is
viable in real PMPSi chains.
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Additional file 1. Contains raw data of bond lengths of all OPMSi,
structures as obtained from Spartan 14 output. The following additional
data are available with the online version of this paper.

Additional file 2. Contains four sets of figures of Kohn-Sham orbitals for
all studied deca[methyl(phenyl)silylene]s in various backbone conforma-
tions and with an introduced kink in the chain. Backbone dihedral angles
altered from 120° to 180° and the kink position altered from the edge of
chain (A) to the centre part of chain (D).
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Abstract

Density functional theory calculations are used for a study of non-bonding
interactions in tetra[methyl(phenyl)silylene] (MPSi4) conformers, whose Si-Si-
Si-Si dihedral angle was set to exact values 0°, 10°...360° because this tetramer
can serve as a model for conformational defect — a kink that disrupts optimal c-
electron delocalization in polysilylene backbones but that also serves as a chain
folding element. In this range of dihedral angles, tree local and dispersion
stabilized minima were calculated. Gauche conformation that corresponds to the
kink structure was found as the most suitable arrangement for phenyl-phenyl
interactions employment. Three various functionals accounting non-bonding
interactions and dispersion to different levels were used to assess the
contribution of interaction between aromatic side groups to the molecular energy
of each studied conformer. This virtual experiment was corroborated with a
classical interpretation framework obtaining consistent results. This confirms
that the kink disruptions are viable in poly[methyl(phenyl)silylene] chains and
moreover they have energetically favourable arrangement.

Keywords: Conformation, DFT, Kkink, poly[methyl(phenyl)silylene], non-
bonding interaction



1. Introduction

Polymer materials are generally composed of long chains usually of
amorphous or semi-crystalline structure. In order to adopt a regular arrangement,
chains must be flexible and therefore able to create the bends. In case of
polysilylenes, such bend can be regarded as four silicon (Si) atoms arranged in
approximately gauche conformation also called a kink [1, 2]. These kinks are
interruptions of a regular backbone arrangement (helical, zig-zag) and they can
be considered as local conformational defects. This is especially important for
conjugated systems and therefore polysilylenes, whose c-electron delocalization
Is disrupted by the kink that results in the changes in electronic properties of
material [3, 4, 5, 6, 7]. Poly[methyl(phenyl)silylene] (PMPSi) is a
representative, which evince o-conjugation and strong electron-structural
dependence typical for linear silicone backbone polymers. The presence of aryl
substituent group (aromatic m-conjugated system on the side group) imparts even
more specific properties to the polymer. It has been shown experimentally as
well as theoretically [8, 9, 10, 11] that Si backbone conformation and presence
of a kink defect and its position influence oligo[methyl(phenyl)silylene]
(MPSin, where n is the number of mers) and thus PMPSi absorption behaviour
and distribution of molecular orbitals and spin density in charged analogues [12,
13]. On the other hand, total energy of molecule is not significantly increased by
a kink presence as has been calculated during our previous work [14] and
therefore we believe that the defect is self-stabilized via non-bonding
interactions and specifically in case of MPSIin/PMPSi via phenyl-phenyl
interactions. On that account, the kink is viable as a chain folding element. As
has already been discovered, the interactions between phenyl groups are
employed the most in MPSi10 (decamers), whose backbones adopt
approximately transoid-deviant conformation that leads to helical arrangement
of the polymer backbone in case of long chains which is most energetically
favourable. However, a study of a kink conformation, which would be the most
suitable for its self-stabilization by phenyl interactions, has not been discussed
anywhere in the literature yet and from this reason, it is the goal of this paper.

The kink is regarded as four Si atoms ideally in syn conformation, whose
dihedral angle (®) corresponds to 0°. Several studies of linear tetrasilylenes with
small substituents, such as hydrogen, methyl or halogen, were described in ref.
[2, 15, 16]. These tetrasilylenes were found in the almost whole range of ® as
enantiomeric pairs with one exception of conformation 180° (anti) with local
minima representing angles @ = £40° (cisoid), ® = +£60° (gauche), ® = +£90°
(ortho), ® =£150° (deviant) and ® = £165° (transoid). Conformation syn is thus
unfavourable even for polysilylenes with small side groups. In case of MPSi4 is
expected that the adoption of kinked arrangement is significantly influenced by
phenyl groups and their steric limitations and also by the fact that this tetramer is
not necessary of enantiomeric type. Therefore this investigation of conformation
Is the object of the present paper.



The work is based on the DFT computational investigation of molecular
arrangement and energy of MPSi4. Density functionals were chosen with the
respect of involvement of the dispersion term [17, 18]. The classical B3LYP
functional is considered among computational chemist as a good workhorse
however as it suffers on underestimation of long range (non-bonding)
interactions. This can be improved by employment of meta-hybrid GGA DFT
functionals, among them MO06 which has 27% of HF exchange and has a very
good response under dispersion forces [19]. The non-Coulomb part of exchange
functionals typically dies off too rapidly and becomes very inaccurate at large
distances. Empirical dispersion can be implemented to handle such cases, e.qg.
the ®B97X-D [20]. The 6-31G* basis set was used overall the study, as it is
sufficient for involved elements (H, C, Si). The above described selection of
functionals allows a virtual experiment based on comparison of three calculated
conformational energy profiles with different extent of employment of long
range interactions. Hence, it is expected that the increasing contribution of non-
bonding interactions will be manifested as increasing either positive or negative
energy difference for each studied conformer.

2. Computational Methods

Studied MPSi4 was modelled in several conformations. Dihedral angle ® was
constrained by step of 10° to following values 0°, 10°...180° and further from -
170° to -0° (which means that 360° corresponds to -0°). The edge atoms were
capped with methyl groups and conformers were treated as isolated in a vacuum
environment. In total, 37 structures of MPSi4 were subjected, first, to geometry
optimization on the level of B3LYP/6-31G* and then to single point energy
calculation with M06 and ®B97X-D functionals (using identical 6-31G* basis
set) involving dispersion terms to describe energy contribution of weak
interactions between phenyl rings in the dependence on .

All calculations were performed with Spartan 14 software [21].

3. Results and discussion

Virtually prepared methyl and phenyl substituted tetrasilylenes were
subjected to geometry optimization in several conformations of Si backbone
corresponding to various values of ® and they were designed throughout the text
as follows, for example MPSi,_120, which stands for conformer with ©=120°.

Fig. 1 shows energy profile of MPSi, corresponding to conformational energy
dependence of MPSi; in the ® range from 0° to 360, i.e. from 0° to -0°.
Conformation with @ = 0° has the highest energy, therefore, it has been set as
the reference level for all obtained energy profiles which are then plotted as
energy differences AE, while raw calculated data with molecular energies are
given in Online Resource 1. This enabled to clearly see differences between
results obtained with particular density functionals that were used for
calculation.
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Fig. 1 Molecular energies of MPSi4 calculated with B3LYP, M06 and wB97X-D
functionals and 6-31G* basis set

Curves of potential energy dependence are symmetrical according to the value
o = 180°. It means that conformations with opposite sign of ® are energetically
on the same level. Such molecules are diastereomers as they are reversed mirror
images of each other as can be found in Fig. 2 for MPSi,_60 and MPSi,_-60.
Further, three minima of potential energy can be observed at @ = 70-80°, 170—
190° and —(70-80°). According to B3LYP, MPSi,4_70, -70 and MPSi,_80, -80
are the most energetically favourable arrangements of a backbone while
MPSi,_180 represents a local minimum only. In these molecules, the difference
between B3LYP and M06 and ®B97X-D is the largest, in numbers 0.07 and
0.05 eV for MPSi,_70, -70 and OMPSi,_80, -80, and 0.10 and 0.05 eV for
MPSi,_180, respectively. Most significant stabilization by phenyl interaction is
also observed for @ = 180°, where the difference between results obtained by
used functionals is the most obvious. On the other hand, this local minimum is
quite shallow when B3LYP is used, which indicates that stability of
arrangements close to all-anti is probably assured primarily by phenyl
interactions and cannot be accounted on o-delocalization only. However, the
MPSi,s_180 molecule is irrelevant for a description of the kink stability as it
represents the all-anti and thus stretched backbone. Moreover, the all-anti
conformation is unattainable as stable (energetically viable) for linear PMPSiI.
Thus, it has no direct implications towards the purpose of the work.
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Fig. 2 Example of diastereomers of MPSis_60 and MPSis_-60

From another point of view, local energy maxima are related to MPSi,_120, -
120 which can be described as conformational barriers. The energy difference
obtained by M06 and ®B97X-D is higher than B3LYP energy. It seems that,
besides attractive interactions between aromatic rings, phenyl-phenyl
interactions contribute to destabilization of these unfavourable conformers due
to repulsive effect. The most energetically inconvenient arrangements and
therefore the most improbable is the pair (of identical conformations) MPSi,_0,
-0, which represents maximally bent chain, an ideal kink i.e. a defect
theoretically causing largest conformational disorder. To summarize, these
results show that approximately gauche conformation of a kink is the most
favourable arrangement of MPSi, and therefore is suitable for occurrence in
PMPSi chains as folding element.

As was described above, the main evaluation of dispersion contribution to
geometry stabilization of MPSi, was done through calculation of molecular
energy with dispersion describing functionals M06 and ®B97X-D. This
paragraph deals with the issue of phenyl interactions employment from the
viewpoint of geometry arrangement that refers to classical interpretation
framework [22, 23]. Fig. 3a depicts four structures of MPSi, with @ = 0, 60,
120 and 170°, which were graphically aligned by Si atoms no. 1, 2 and 3. There
can be found two views on the molecules, which show response, (and
corresponding rotation) of phenyl rings on the changes in the backbone
conformation. Phenyl rings attached to atoms Si3 and Si4 were marked with red
and blue plane labels, respectively. They alter positions in the direction of green
arrows from MPSi,_0 subsequently to MPSi,_170. Further, Fig. 3b contains
insets of the same MPSiy structures which are in this case displayed separately
to see the differences in mutual positions of particular phenyl groups. The graph
plot in Fig. 3b represents angles between phenyl groups related to their distance.
The angle was measured as an angle between planes, which were constructed by
connection of three points (aromatic carbons atoms) and the distance was
measured as a distance between central points of phenyl ring planes. Generally,
the distance suitable for employment of =-Stacking attractive interactions
between two benzenes is, according to ref. [22, 24], around 6-8 A in maximum



and under the condition that angle between planes is close to 0°. The attractive
interactions between phenyl groups are employed when their aromatic rings are
positioned to T-shape or they are in convenient offset, i.e. an angle and distance
between two rings is proper for interaction employment.
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Fig. 3 Aligned structures of MPSis_0, 60, 120, 170 with highlighted planes of phenyl
groups at Si3 — red, at Si4 — blue (A) and angle-distance dependence of
phenyl group pairs and their structures displaying mutual positions
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As can be deduced from both structures and plot in this figure, the most
convenient arrangement of the backbone should be the case of MPSi,_60. Its
phenyl groups attained convenient mutual position corresponding to angle 45°
and 80° between planes I-1l and I11-1V, respectively. As the backbone of four Si
atom alters its structure from kinked syn to stretched anti, a convenient
arrangement of phenyl rings is adopted by plane II-11l and I-IV and a good
stability of this molecule is expected, however this structure does not form a
kink anymore. Therefore, MPSi,_60 seems to be favourably disposed to kink
stabilization. MPSi,_70 and MPSi,_80 then follow the properties of MPSi,_60
and based on the virtual measurement of phenyl plane angles and distances for
MPSi, with @ = 0-170°, which are given in Online Resource 2, they have even
better arrangement. Positions of the phenyl groups I-111 and 11-1V are in all cases
in larger distance than 7 A and therefore these pairs are not involved to the kink
stabilization by non-bonding interactions.

Conclusion

An investigation of a stabilizing effect of non-bonding interaction on a kink in
poly[methyl(phenyl)silylene] backbone was performed with DFT and three
types of functionals — B3LYP, M06 and ®B97X-D. Model tetramer-size
molecules of MPSi4 with exactly arranged Si-Si-Si-Si dihedral angles were used
for calculation. The three of various functionals accounting non-bonding
interactions and dispersion to different levels were used to assess the
contribution of interaction between aromatic side groups to the conformational
energy. It was discovered that MPSi4 in gauche conformation is the



arrangement, which is the most favourable energetically and also supported by
employment of non-bonding interactions between phenyl rings. This virtual
experiment was corroborated with a classical interpretation framework obtaining
consistent results.

This finding that gauche conformation is viable in other words the only
representative of a shortest possible kink is in agreement with our previous DFT
research of the electronic properties of oligosilylenes with a kink in the
backbones.
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Online Resource 1

Molecular energy data of studied MPSi, calculated by DFT with B3LYP,
MO06 and ®B97X-D functionals and 6-31G™* basis set. Energies are dependent on
the Si-Si-Si-Si dihedral angle o that was in calculation constrained by step of
10° from 0° through 180° to -0°.

Table A1 Molecular energy of MPSis4 obtained with different functionals

(0] B3LYP MO6 wB97X-D | ® B3LYP MO06 wB97X-D
0 -63243.7477 | -63215.1785 | -63231.9518 | -170 | -63243.9192 | -63215.4486 | -63232.1644
10 | -63243.7714 | -63215.2093 | -63231.9754 | -160 | -63243.9043 | -63215.3840 | -63232.1197
20 | -63243.7936 | -63215.2654 | -63232.0077 | -150 | -63243.8995 | -63215.3802 | -63232.1162
30 | -63243.8449 | -63215.3360 | -63232.0675 | -140 | -63243.8851 | -63215.3679 | -63232.1091
40 | -63243.8771 | -63215.3856 | -63232.1240 | -130 | -63243.8818 | -63215.3317 | -63232.0799
50 | -63243.9069 | -63215.4072 | -63232.1420 | -120 | -63243.8851 | -63215.2936 | -63232.0443
60 | -63243.9276 | -63215.4075 | -63232.1635 | -110 | -63243.8918 | -63215.3379 | -63232.0871
70 | -63243.9571 | -63215.4525 | -63232.1977 | -100 | -63243.9223 | -63215.3827 | -63232.1100
80 | -63243.9558 | -63215.4535 | -63232.2014 | -90 | -63243.9378 | -63215.4117 | -63232.1439
90 | -63243.9383 | -63215.4049 | -63232.1451 | -80 | -63243.9558 | -63215.4536 | -63232.2016
100 | -63243.9221 | -63215.3826 | -63232.1100 | -70 | -63243.9571 | -63215.4523 | -63232.1974
110 | -63243.8803 | -63215.3268 | -63232.0544 | -60 | -63243.9268 | -63215.4101 | -63232.1663
120 | -63243.8860 | -63215.2933 | -63232.0451 | -50 | -63243.9080 | -63215.3970 | -63232.1381
130 | -63243.8817 | -63215.3306 | -63232.0789 | -40 | -63243.8858 | -63215.3831 | -63232.1226
140 | -63243.8859 | -63215.3686 | -63232.1092 | -30 | -63243.8449 | -63215.3354 | -63232.0683
150 | -63243.9001 | -63215.3794 | -63232.1144 | -20 | -63243.7493 | -63215.2205 | -63231.9795
160 | -63243.9043 | -63215.3833 | -63232.1193 | -10 | -63243.7404 | -63215.1913 | -63231.9554
170 | -63243.9192 | -63215.4479 | -63232.1636 -0 -63243.7477 | -63215.1786 | -63231.9518




Online Resource 2

The list of angles [°] and distances [A] that were measured between pairs of
phenyl planes of each conformer with Si-Si-Si-Si dihedral angle ® in the range
from 0° to 170°. The angle was measured as an angle between planes, which
were constructed by connection of three points (aromatic carbons atoms) and the
distance was measured as a distance between central points of phenyl ring
planes. Planes are depicted in Fig. 3 in the article with illustration of their
designation I, I, Il and V.

Table A2 Angles and distances that were measured between pairs of phenyl groups

[ I-11 [A] I-IT[°] | IN-IV [A] | HI-IV [°] | I-IID [A] I-I11 [°]
0 4,655 52.08 5.086 88.82 7.409 56.82
10 4.697 51.91 5.106 88.32 7.742 13.88
20 4,799 51.73 5.181 89.65 7.727 14.26
30 4,924 51.47 5.176 86.41 7.735 14.24
40 4,986 48.63 5.155 80.31 7.701 15.01
50 5.143 45.71 5.162 80.30 7.676 14.31
60 5.285 42.86 5.161 75.59 7.728 12.93
70 5.693 48.29 5.962 54.35 7.748 14.24
80 5.899 39.80 6.238 49.87 7.721 4.80
90 6.145 37.67 6.827 45.67 7.719 5.35
100 6.465 28.69 7.716 48.09 7.706 4,54
110 6.763 21.71 8.190 43.10 7.687 24.50
120 7.055 24.14 8.399 35.46 7.690 28.94
130 7.319 33.56 8.717 13.73 7.677 24.17
140 7.485 36.29 9.077 11.83 7.690 37.42
150 7.634 26.36 9.196 8.55 7.633 27.98
160 7.703 16.17 9.454 14.93 7.615 35.83
170 7.705 2.97 10.288 15.34 7.571 54.60
® -V [A] | H-IV[P] | H-IIN[A] | H-IIT[°] | 1-IV [A] -1V []
0 7.751 12.44 9.159 79.26 8.736 39.82
10 7.474 54.36 8.699 38.27 9.090 80.68
20 7.523 50.77 8.601 40.91 8.949 82.34
30 7.618 47.11 8.409 39.78 8.798 83.89
40 7.671 43.60 8.321 36.72 8.590 88.79
50 7.726 43.00 8.154 37.47 8.412 88.20
60 7.730 35.70 7.601 41.01 8.228 76.09
70 7.731 14.86 6.625 39.52 8.023 62.91
80 7.744 13.74 6.349 36.17 7.800 53.35
90 7.769 11.76 6.089 33.95 7.632 49.43
100 7.746 24.39 5.834 24.65 7.212 52.44
110 7.731 25.47 5.893 23.98 6.794 47.04
120 7.742 22.77 5.599 19.26 6.366 46.59
130 7.705 4.07 5.447 14.00 5.892 30.49
140 7.704 2.81 5.321 9.30 5.273 37.70
150 7.711 2.47 5.112 6.47 4,927 27.66
160 7.719 8.87 4,975 21.21 4.677 25.04
170 7.549 2.95 4,977 53.75 5.229 68.95
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Abstract

Density functional theory calculations with B3LYP, M06 and ®B97X-D
functionals with 6-31G* basis set are used for a study of non-bonding
interactions in tetra[methyl(phenylsilylene] (MPSi4), tetra[(dimethyl)silylene],
tetra(silylene) (Sid) and further with molecules of
tetra[cyclohexyl(methyl)silylene] and carbon chain analogue of MPSIi4.
Tetramer can serve as a model for conformational defect — a kink that is worth
to understand especially in case of polysilylenes with c-conjugated backbones
and therefore with direct relation between chain conformation and polymer
properties. The kink disruptions are viable in poly[methyl(phenyl)silylene],
poly[(dimethyl)silylene] as well as in poly[cyclohexyl(methyl)silylene] chains
because the energy profiles of their oligomer analogues go through minimum in
gauche conformation and moreover in this conformation are stabilized by non-
bonding interactions (either n-m or Van der Waals). Si4 is more flexible and
keeping of a kinked conformation is less probable due to lower energy barriers
in its energy profile. The choice of dimethyl, cyclohexyl and namely methyl-
phenyl substituents for building of model molecules rely on experimental
importance of the respective polymers.

Keywords: Alkyl, aryl, conformation, DFT, kink, tetrasilylenes, non-bonding
interaction



1. Introduction

Among polymers, linear polysilanes called polysilylenes (and other linear
polymers with backbone made from heavier atoms of the fourth main group
from periodical table of elements) have special position due to c-conjugation
along their main chain which does not require alternating scheme of single and
double bonds as in =m-conjugated carbonaceous polymers. Some of the
polysilylenes have aromatic substituents in positions of polymer side groups
which imparts even more complicated electronic properties due to mixing of c-
and m-delocalized systems. A great effort has been developed to synthesize,
characterize and explain all observed phenomena including hard theoretical
works [1, 2, 3]. Exhaustive studies on oligomeric model molecules in order to
approach long chain polymer properties by extrapolation have been performed
too [4, 5]. The topic seemed to be covered and relatively quiet for a long time
having a stable interpretational framework. However, the last findings in the
field of thin films made from these polymers [6, 7] or conductive m-conjugated
systems [8, 9] and even general polymers [10, 11, 12, 13] revived interest on the
importance of polymer chain ordering, stacking, H or J aggregate formation,
chain alignment and dependence of the material properties on the development
of the film thickness starting from sub-molecular cover degree through thin
films from several to hundreds nanometres up to micrometric thickness. Among
other factors, conformational disorder play crucial role in development of
various structural features and properties emerging with increasing thickness of
polymer films.

As has been cited above, poly and oligosilylene conformational studies have
been successfully performed in the past [14, 15] however, with respect to the
need of proper interpretation of conformational defects in the polysilylene
material structure the newly developed calculation methods are expected to be
useful in identification of contribution of long range interactions especially.
Polysilylene chains are not purely rod-like in shape. It has been already shown,
that they are able to adopt geometry with bends between conjugated linear
segments. The smallest conformational unit of a bend structure can be regarded
as four consecutive silicon (Si) atoms arranged in approximately gauche
conformation also called a kink [16, 17]. Such kinks are interruptions of a
regular backbone arrangement (helical, zig-zag) and they can be considered as
local conformational defects that disrupt c-electron delocalization resulting in
the changes in electronic properties of material [18, 19, 20, 21]. Although a
whole family of defects can occur in polysilylene solid phase, the kink is the
simplest one but omnipresent hence extremely important and worth of attention.

It has already been shown experimentally as well as theoretically [22] on
model oligo[methyl(phenyl)silylene] molecules and thus
poly[methyl(phenyl)silylene] (PMPSi) that Si backbone conformation and
presence of a kink defect and its position influence energy levels and spatial
distribution of molecular orbitals and spin density in charged (cations and
anions) analogues [23, 2x] modelling polarons in real solid state polymers. In



spite the dramatic effect of the kink on the structure of electronic levels, the total
energy of neutral molecule is not significantly increased by virtual introduction
of a kink as has been demonstrated in our previous work [25]. In a preliminary
study on tetra[methyl(phenyl)silylene] (MPSi4), we have shown that the defect
Is self-stabilized via strong phenyl-phenyl non-bonding interactions which can
be generalized for PMPSi in that sense that the kink is viable as chain folding
element.

In order to clarify specific structure-property relationships we present a re-
examination study in this field. The kink is considered as four consecutive Si
atoms ideally in syn conformation, whose dihedral angle (@) corresponds to 0°.
Tetrasilanes are the smallest and most tractable model molecular units. Several
studies of linear tetrasilylenes with small substituents, such as hydrogen, methyl
or halogen, were described in ref. [26, 27]. These tetrasilylenes were found in
the almost whole range of ® as enantiomeric pairs with one exception of
conformation 180° (anti) with local minima representing angles ® = #+40°
(cisoid), ® = +60° (gauche), ® = £90° (ortho), @ =+150° (deviant) and ® =
+165° (transoid). Conformation syn is thus unfavourable even for polysilylenes
with small side groups. Therefore, hydrogen, methyl, cyclohexyl and phenyl
groups were chosen as side groups to build a suitable set of models including
tetra(silylene) (Sid), tetra[(dimethyl)silylene] (DMSi4),
tetra[cyclohexyl(methyl)silylene] (cyc-HMSi4) and MPSi4. The choice of
model side groups is also practically relevant as poly[(dimethyl)silylene],
poly[cyclohexyl(methyDsilylene] and namely PMPSi are the most reported
polysilane materials in experimental literature [28]. It is expected that the
adoption of kinked arrangement is significantly influenced by different steric
limitations of chosen groups, attractive or repulsive interactions of phenyl
groups or other non-bonding interactions of used groups. It is important to note,
that these groups also affect the main chain, namely aromatic substituents. The
data for the case of MPSi4 is adopted from preliminary study [29]. The molecule
of MPSi4 carries chiral centres however, the symmetry of its conformational
profile has been proven, as the reasonable model molecule is a diastereomer.
Aside this, a molecule with carbon atoms inserted instead of Si was also studied
although the calculations were limited only to 1,2,3,4,5,6-hexamethyl-2,3,4,5-
tetraphenylhexane (MPC4) with methyl and phenyl groups in the same
arrangement as MPSi4 and considering the others is known and trivial. A five
membered (Si4, DMSi4, cyc-HMSi4, MPSi4 and MPC4) set of models was
completed in this way.

The aim of this paper is to investigate the above described set of models with
DFT computational analysis of molecular arrangement and energy. Density
functionals were chosen with the respect of involvement of the dispersion term
and at the same time each of them in a different extent [30, 31]. The B3LYP
functional is considered among computational chemist as a good workhorse
although it suffers on underestimation of long range (non-bonding) interactions
and treat them poorly. This can be improved by the utilization of M06 functional
which has 27 % of HF exchange and has a very good response under dispersion



forces [32]. The non-Coulomb part of exchange functionals typically dies off too
rapidly and becomes very inaccurate at large distances. Empirical dispersion can
be implemented to deal successfully such calculations, e.g. the ®B97X-D [33].
The 6-31G™* basis set was used overall the study, as it is appropriate for involved
elements (H, C, Si). The above described selection of functionals allows a
virtual experiment based on comparison of three calculated conformational
energy profiles with different extent of long range interactions involvement.
Hence, it is expected that the increasing contribution of non-bonding
interactions will be manifested as increasing either positive or negative energy
difference for each conformer enabling thus conformational analysis and
comparison between tested model molecules with different chemical structure.

2. Computational Methods

All calculations were performed with Spartan 14 software [34]. Studied
MPSi4, DMSi4, Si4 and cyc-HMSi4. MPC4 were modelled in several
conformations. Dihedral angle ® was constrained by step of 10° to following
values 0°, 10°...180° for DMSi4, Si4 and for MPSi4. For cyc-HMSi4 and
MPC4 was step value 20°and the range was set also from 0° to 180°. The edge
atoms of all types of molecules with exception of Si4 were capped with methyl
groups. Further, molecules were treated as isolated in a vacuum environment. In
total, 19 structures of DMSi4, Si4, MPSi4 and 9 structures of cyc-HMSi4 and
MPC4 were subjected, first, to geometry optimization by B3LYP/6-31G* and
then to single point energy calculation with M06 and ®B97X-D functionals
using identical 6-31G* basis set involving dispersion terms to describe energy
contribution of weak interactions in the dependence on w.

Chemical formulas of used model molecules

In order to make understanding of the reader to the text easier, formulas of all
investigated molecules are shown in Fig. 1 together with their various names
that can be found throughout the cited literature.

Name Abbreviation Formula
tetra[methyl(phenyl)silylene] MPSis |
1,1,2,3,4,4-hexamethyl-1,2,3,4-tetraphenyl-tetrasilane OMPSi, H.C Sl' CH:
CHs |,
tetra[(dimethyl)silylene] (’:H?’
permethylated tetrasilane DMSis :
decamethyltetrasilane ODMSij, HC—Si CH:

1,1,1,2,2,3,3,4,4,4-decamethyltetrasilane CH: |,




|'|| —
tetra(silylene) . s
n-tetrasilane Sia H E|3| H
H_|,
tetra[cyclohexyl(methyl)silylene] i . Q .
1,2,3,4-tetracyclohexyl-1,1,2,3,4,4-hexamethyl-tetrasilane cyc-HMSi4 H.C E|'>I CH:
L CHs |,
1,2,3,4,5,6-hexamethyl-2,3,4,5-tetraphenylhexane MPC.4 H3C——(:: CH.
L CHs |,

Fig. 1 Nomenclature and formulas of studied molecules (names and abbreviations
in bold are used in this paper)

3. Results and discussion

Virtually prepared tetrasilylenes and their various analogues were subjected to
geometry optimization in several conformations of Si backbone corresponding
to various constrained values of ®. Designation of molecules is through the
whole paper consistent and is composed from the type of tetramer and the value
of o, for example MPSi,_120.

Fig. 2 carries plots of the molecular energy dependence calculated for DMSi,
and Si4. Each graph was constructed from differences of molecular energies AE
and the energy of tetramer with ® = 0° was chosen as the reference value for
subtraction as it belongs to DMSi, and Sis with highest energy. The plot
contains energy values corresponding to ® value 0—180°. Raw energy data are
for all studied molecules are given in Table A1-A3 in Online Resource 1.
Calculations for @ greater than 180° were not performed as the molecules and
therefor their energy profiles are symmetric. In case of DMSiy, results clearly
show that adoption of the most stable conformation in the @ range 80—170° is
only the issue of steric effects because differences between energies obtained by
B3LYP, M06 and ®B97X-D functionals for eclipsed conformation are nearly
negligible. It means that ortho and transoid conformations and eventual
transition between them are fully governed by geometrical (steric) factors. The
transition between transoid (160-170°) and antitransoid (-(160—170°) or 190—
200°) — actually anti conformation — has a very small energy barrier calculated
by B3LYP but higher obtained for other functionals testifying thus for increased
role of long range interactions. On the other hand, results for o range 30—80° are
extremely sensitive on the applied functional. The cisoid-gauche conformation
has significant stabilization contribution due to long range interactions and the
barrier between cisoid-gauche and ortho conformations is increased
(destabilized) by repulsive interactions which discriminates anti conformation.



Obtained results are in accord with previous studies [35] and references therein
confirm agreement with experimental data too.

Slightly more complicated situation can be seen for Si, although the plots in
graph look simpler than in the case above. Hydrogen atoms form only minimal
energy barriers in comparison with DMSi, resulting in stable arrangements
gauche and transoid with extremely shallow minima on the energy profile in
case of B3LYP. Functionals accounting better dispersion predict even smaller
barriers than B3LYP pointing towards relatively highest flexibility of Si, among
tested molecules which is in accord with basic mechanistic expectations as
hydrogen is the smallest substituent. The carbonaceous analogue of Si, is the
notoriously known n-butane (C,;) which has stable conformations gauche and
anti. C4 has much higher energy barrier (eclipsed) between these two
conformations, i.e. approx. 0.17 eV while our estimation of the same barrier for
Siy is about 0.03 eV only which could be assigned to the c-conjugation effect as
well to longer bonding distance between second and third backbone atoms
resulting into less spatially demanding geometry. Moreover, both M06 and
®B97X-D predict anti confromation for large dihedral angles (o = 180°). In the
range of smaller ® the MO06 predict cisoid and ®B97X-D predict gauche
conformation. Experimental photolysis followed by UV and IR spectroscopy
studies demonstrated directly that a mixture of gauche and anti conformers of
Siy is present in a nitrogen matrix [36, 37, 38], indicating thus, that ®B97X-D
functional performs best.
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Fig. 2 Molecular energy differences of DMSis (left) and Sis (right) calculated with
B3LYP, M06 and wB97X-D.

Fig. 3 is divided into two graph window panels corresponding to
conformational energy dependence of MPSi, and MPC, in the ® range from 0°
to 180°. Again here, the conformational energy profile is symmetrical according
to a point ® = 180°. Two local minima of potential energy can be observed at ®
= 70-80° and 170-190° for MPSis corresponding to gauche and anti
conformers, respectively. MPSis_70 and MPSi,_80, are the most energetically
favourable arrangements of a backbone according to B3LYP and wB97X-D
although the latter method predicts bigger energy gain for transition from
eclipsed conformation to anti. The use of MO06 resulted into nearly the same



energy of anti as for gauche. However, the anti conformation is not viable at any
in long PMPSi chain. In these molecules, the difference between B3LYP and
MO06 and ®B97X-D is the largest, in numbers 0.07 and 0.05 eV, or even 0.1 eV
for MPSi,_170, respectively. Significant stabilization by phenyl-phenyl
interaction is observed due to their mutual positions typical for attractive
interactions. On the other hand, local energy maxima are related to MPSi,_120
(eclipsed) because repulsive phenyl interactions contribute to destabilization of
this conformers as manifested by the higher energy difference obtained by M06
and ®B97X-D in contrast to B3LYP. These results show that approximately
gauche conformation of a kink is the most favourable arrangement of MPSi, and
therefore is suitable for occurrence in PMPSi chains as folding element [29].

The second graph in Fig. 3 shows MPC, which is carbonaceous analogue of
MPSi,. This molecule stand for the case which contains the same side groups,
however o-conjugation related with Si atoms is cancelled. On the first sight, the
energy difference scale is much larger than for all other molecules. Energy
barriers exceed 1 eV testifying for much larger steric strain than observed for
tetrasilylenes. Similarly to MPSi,, gauche and transoid conformations can be
found as the most stable however, long range interactions do not contribute to
stabilization of these molecules but make the sterically demanding structure (due
to shorter C-C bonds than Si-Si) more flexible most likely due to decrease of
energy barriers between the two stable conformers [14]. The contribution can be
estimated roughly as 0.1 eV. Also here, syn and eclipsed conformations are the
least favourable.
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Fig. 3 Molecular energy differences of MPSis (left) and its carbonaceous analogue
MPCy4 (right) calculated with B3LYP, M06 and wB97X-D

The graph in Fig. 4 shows results of calculations performed with conformers
of cyc-HMSi, that represent the analogue of MPSi,;, however it carries
cyclohexyl groups instead phenyl groups. Thus cyc-HMSi, provides a model
molecule, which does not contain aromatic groups in its structure but at the same
time the side groups are of approximate size as phenyl groups having both six
membered carbon ring. On the other hand, the cyclohexyl group contains 10
hydrogen atoms making it bigger than phenyl group with 5 hydrogen atoms



only. Therefore these groups cause not exactly the same steric barriers but no
better model is at hand. Interestingly, the most energetically unfavourable
geometry was found for cyc-HMSi, 20 which serves as the reference for AE
calculations. The energy profile evidences for viability of the syn conformation
whose local minimum is predicted to be more than two times deeper using M06
and ®B97X-D than B3LYP. Both dispersion involving functionals predict
nearly the same values of AE for each tested ® value. It can be explained by
similar efficiency of both functionals in accounting of long range interactions
involved exactly in this kind of molecule. All three functionals predict the same
for o in the range 140—180° where the most stable conformation is transoid. The
biggest difference between B3LYP and M06 and ®B97X-D can be found for ®
= 40°. It is evident, that while B3LYP predicts local energy minimum for ortho
conformation the other two functionals predict broad flat-bottomed minimum
with most favourable geometry for cisoid cyc-HMPSi,_40 conformer which is
shown in the image in the right panel of Fig. 4.
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Fig. 4 Molecular energy differences of cycHMSi4 (Ieft) calculated with B3LYP, M06
and wB97X-D and molecule of cyc-HMSis_40 with highlighted shortest
distance between cyclohexyl groups

Cyclohexyl substituents attached to second and third Si atoms of the
tetrasilylene backbone come into closer contact during rotation of the Si-Si bond
from ® = 100° to @ = 40°. B3LYP which does not account dispersive forces that
much as the other two fuctionals predict increase of conformational energy in
the sense of increasing pushing of adjacent cyclohexyl side groups. The
cyclohexyl ring in chair conformation is relatively locked and has restricted free
rotation of CH, groups which makes possible more intimate contact between
these groups than one would expect for their linear aliphatic analogues. Indeed,
the distance between carbon atoms C11-C17 in the cyc-HMPSi,_40 conformer
is 3.734 A that is the smallest among all other conformers. This behaviour can
be ascribed to larger importance of VVan der Waals interactions in stabilization of
the molecular conformation which is in compliance with well-known difference
of cyclohexane and hexane boiling points [39].



Conclusion

Performed calculations corroborated with available experimental and
theoretical literature confirmed that long range interactions are very important
when polysilylenes are described and they should not be ignored despite the fact
that their conformational barriers are lower by order of magnitude than the
barriers of carbonaceous analogues as molecules with carbon skeleton have
much larger steric strain than their silicon counterparts. Comparison of the
calculation and experiment revealed ®B97X-D, which includes long range
correction and empirical dispersion terms, to be the best performing functional
in the prediction of polysilylene conformational dependencies regardless the
type of the tested side groups (H, methyl, phenyl, cyclohexyl). Van der Waals
and 7-7 interactions are employed significantly in stabilization of conformers of
described molecules. Si, molecule can be characterised by extremely shallow
energy barriers between stable conformers gauche and anti that can be
associated to high flexibility of its chain. In comparison with Sis, DMSi,
molecule is more suitable for formation of a stable conformers that corresponds
to its deeper minima on the energy profile with @ = 50° (gauche) and ® = 160°
(transoid). This leads to conclusion that gauche conformation of DMSi,, which
is a model for a kink in the polysilylene backbone, can be expected in polymer-
size (dimethyl)silylene chains. Similarly in MPSi4, gauche conformer is
energetically favourable as well as dispersion stabilized and therefore viable as a
kink defect in PMPSi backbones, which is in accordance with our previous
studies. Beside gauche conformer of MPSi,, transoid conformation represents
another energy minimum that can be also found in PMPSi as an optimal defect-
less conformation of the main chain resulting in its helical secondary structure.
Study on MPC, served for comparison of MPSi, with its carbonaceous
analogue. Generally, the energy barriers between conformers and the depth of
local energy minima obtained for DMSi4 and Si4 are significantly lower than
those calculated for MPSiy.

Besides PMPSI, poly[cyclohexyl(methyl)silylene] belongs to the most
important solution processable polysilanes which invoked investigation of cyc-
HMSI,. This tetrasilylene evinces surprisingly strong stabilization in cisoid and
gauche conformation that is assigned to Van der Waals interactions between
cyclohexyl groups as this molecule represents non-aromatic case of the
investigated set of tetrasilylenes.
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Online Resource 1

Molecular energy data of studied DMSis, Sis, MPSis, MPC,4, cyc-HMSiy
calculated by DFT with B3LYP, M06 and ®B97X-D functionals and 6-31G*
basis set. Energies are dependent on the Si-Si-Si-Si dihedral angle o that was in
calculation constrained by step of 10° or 20° from 0° through 180°.

Table A1 Molecular energy of DMSi4 and Si4

DMSis B3LYP MO06 wB97X-D
0 -42374.3801 -42361.5086 -42369.4099
10 -42374.3792 -42361.5076 -42369.4063
20 -42374.3904 -42361.5254 -42369.4164
30 -42374.4387 -42361.5785 -42369.4664
40 -42374.4612 -42361.6125 -42369.4928
50 -42374.4690 -42361.6285 -42369.5147
60 -42374.4622 -42361.6202 -42369.5089
70 -42374.4468 -42361.5294 -42369.4398
80 -42374.4602 -42361.5786 -42369.4749
90 -42374.4696 -42361.6094 -42369.5041
100 -42374.4634 -42361.5988 -42369.4882
110 -42374.4422 -42361.5600 -42369.4562
120 -42374.4310 -42361.5404 -42369.4455
130 -42374.4441 -42361.5622 -42369.4615
140 -42374.4524 -42361.5884 -42369.4761
150 -42374.4607 -42361.6022 -42369.4847
160 -42374.4763 -42361.6243 -42369.5133
170 -42374.4813 -42361.6179 -42369.5016
180 -42374.4690 -42361.5612 -42369.4698
Sia B3LYP MO06 wB97X-D
0 -31673.5547 -31669.8743 -31671.0672
10 -31673.5581 -31669.8794 -31671.0740
20 -31673.5686 -31669.8928 -31671.0897
30 -31673.5829 -31669.9009 -31671.1003
40 -31673.5914 -31669.9044 -31671.1076
50 -31673.5989 -31669.9026 -31671.1120
60 -31673.6031 -31669.9053 -31671.1151
70 -31673.6028 -31669.8992 -31671.1086
80 -31673.6001 -31669.8957 -31671.1055
90 -31673.5918 -31669.8897 -31671.1012
100 -31673.5848 -31669.8836 -31671.0922
110 -31673.5832 -31669.8807 -31671.0859
120 -31673.5834 -31669.8813 -31671.0843
130 -31673.5874 -31669.8850 -31671.0862
140 -31673.5920 -31669.8867 -31671.0897
150 -31673.5980 -31669.8896 -31671.0940
160 -31673.6077 -31669.8953 -31671.1026
170 -31673.6113 -31669.8970 -31671.1053
180 -31673.6082 -31669.8982 -31671.1045




Table A2 Molecular energy of MPSis and MPC,4

MPSia4 B3LYP MO06 wB97X-D

0 -63243.7477 -63215.1785 -63231.9518
10 -63243.7714 -63215.2093 -63231.9754
20 -63243.7936 -63215.2654 -63232.0077
30 -63243.8449 -63215.3360 -63232.0675
40 -63243.8771 -63215.3856 -63232.1240
50 -63243.9069 -63215.4072 -63232.1420
60 -63243.9276 -63215.4075 -63232.1635
70 -63243.9571 -63215.4525 -63232.1977
80 -63243.9558 -63215.4535 -63232.2014
90 -63243.9383 -63215.4049 -63232.1451
100 -63243.9221 -63215.3826 -63232.1100
110 -63243.8803 -63215.3268 -63232.0544
120 -63243.8860 -63215.2933 -63232.0451
130 -63243.8817 -63215.3306 -63232.0789
140 -63243.8859 -63215.3686 -63232.1092
150 -63243.9001 -63215.3794 -63232.1144
160 -63243.9043 -63215.3833 -63232.1193
170 -63243.9192 -63215.4479 -63232.1636

MPC4 B3LYP MO06 wB97X-D

0 -35874.6076 -35846.9739 -35864.4320
20 -35874.6272 -35847.0092 -35864.4911
40 -35875.3897 -35847.8253 -35865.3326
60 -35875.4887 -35847.9051 -35865.4164
80 -35875.6933 -35848.0955 -35865.6417
100 -35875.5741 -35847.9624 -35865.5044
120 -35875.2577 -35847.5943 -35865.1091
140 -35875.4912 -35847.9076 -35865.4515
160 -35875.7478 -35848.2443 -35865.8246
180 -35875.7007 -35848.1491 -35865.7227

Table A3 Molecular energy of cyc-HMSi4

cyc-HMSis B3LYP MO06 wB97X-D

0 -63637.8187 -63608.9788 -63628.3597
20 -63637.7818 -63608.8900 -63628.2764
40 -63637.9084 -63609.0985 -63628.4743
60 -63637.9474 -63609.0850 -63628.4748
80 -63637.9780 -63609.0780 -63628.4585
100 -63637.9847 -63609.0856 -63628.4616
120 -63637.9282 -63609.0031 -63628.3873
140 -63638.0492 -63609.1461 -63628.5440
160 -63638.0927 -63609.2238 -63628.6040
180 -63638.0820 -63609.1696 -63628.5667
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Abstract Density functional theory was used for a quantum
chemical study of oligo[methyl(phenyl)silylene] structures
containing a conformational defect: a kink in the silicon
backbone. Oligomers were studied in the neutral state as well
as in the form of positive (P*) and negative (P”) polaron
quasiparticles. Computations performed using the B3LYP
model and the 6-31G(d) basis set revealed that the charge
distribution is not influenced by the presence of the kink, but
the positive charge on the Si backbone differs slightly in P*
and P quasiparticles. On the other hand, the spin density is
significantly shifted away from the chain part that contains the
kink, and this effect is more intense in P~ polarons. Changes in
electron density are also evident from the frontier molecular
orbital distribution. The deformation energy (which is associ-
ated with the relaxation of polarons) decreases with the num-
ber of atoms in the oligomer backbone in P* but shows the
opposite behavior for P~ quasiparticles.

Keywords Oligo[methyl(phenyl)silylene] - Polaron - Spin
density - Charge - Density functional theory

Introduction

Polymers that contain silicon (Si) atoms as the structural units
in their backbones show remarkable and unique electron
properties. Electrons are delocalized along the chain since
the vicinal and geminal Si orbitals overlap, enabling the
formation of a continuous space that can be occupied by o

B. Hanulikova (0<)) - I. Kuritka

Centre of Polymer Systems, University Institute, Nad Ovcirnou
3685, 76001 Zlin, Czech Republic

e-mail: hanulikova@ft.utb.cz

electrons. This o conjugation is similar and often compared to
7 conjugation in compounds with carbon backbones, even
though they have different origins [1-3].
Poly[methyl(phenyl)silylene] (PMPSi) is a commonly studied
polymer of this type because it is attainable, processable, and
presents both o and 7t bonds on the backbone and aromatic
substituent, respectively. Further, PMPSi is a semicrystalline
polymer with properties that are influenced by both the back-
bone conformation and the presence of substituents [4]. Gen-
erally, the conformations of polysilylenes are described by the
values of dihedral angles, each of which is defined by the
relative positions of four successive silicon atoms [5]. The
ideal conformation is all-anti, meaning that the silicon chain is
stretched, all dihedral angles are equal to 180°, electrons are
regularly delocalized, and o conjugation is maximized [6].
However, the presence of a bulky substituent such as a phenyl
group discourages this arrangement, leading to the formation
of a left- or right-handed helix structure with dihedral angles
close to the deviant (150°) or transoid (165°) conformation [7,
8]. The difference between these two conformations is
depicted visually in Fig. 1.

Some backbone deformations or defects, such as bends in
the chains and disruptions to the ideal conformation, can
appear in the chains. As would be expected, such backbone
defects influence the properties of the polymer that are related
to electron delocalization, such as the absorption maximum
(Amax) o1 the course of the excitation process itself, since it can
disrupt the overlaps between orbitals. We performed a theo-
retical investigation of such a defect—a kink consisting of
four silicon atoms in an approximately gauche conformation,
which was introduced into oligo[methyl(phenyl)silylene]
chains—in our previous work [9]. It was discovered that A,.¢
shifted to shorter wavelengths as the position of the kink was
moved towards the center of the oligomer. Moreover, when
the chain was divided into a longer and a shorter part by the
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all-anti (D = 180%)

555 X

deviant / transoid (D = 150°-1657)

Fig. 1 Ideal deca(dimethylsilylene) (all-anti) and real deca[(methyl)phenylsilylene] (deviant/transoid) conformations of a decasilane chain (D dihedral

angles in the silicon backbone)

kink, the frontier molecular orbitals were delocalized more on
the longer part of the chain.

Another deeply investigated area of poly/oligosilylene
molecules is their ability to form polaron quasiparticles. A
polaron quasiparticle is a relaxed system with either a positive
or a negative excess charge. It can be considered a
(macro)molecule that alters the positions of its atoms in order
to minimize its potential energy when a charge carrier is
present [10]. Theoretical research in this field (primarily on
equilibrium geometries, charge distributions, and polaron
binding energies) is described in [10—15]. Si—Si bonds in both
positive and negative polaron quasiparticles are longer than
those found in the neutral geometry. Bond angles are smaller,
and dihedral angles are similar in positive polarons and neutral
molecules [10]. On the other hand, the bond angles are
stretched in negatively charged polarons [11]. In addition,
excess charge is accumulated on the attached substituents,
whereas the spin density is greatest on the backbone
[10-14]. Changes in energy between neutral and charged
states of a molecule can be expressed via the polaron binding
energy E,, which consists of a deformation energy part and an
electron—photon energy part. The former represents, on aver-
age, 90 % of the E, of a polymer molecule, because the
process of relaxation involves a significant change in the
macromolecular conformation (i.e., shifts in the equilibrium
positions of the atoms). The latter is obtained from the differ-
ence in the vibrational frequencies of the neutral molecule and
the relaxed molecule [10]. Experimentally, £, is found to have
a value of 0.29 eV [16-19], which is in good agreement with
theoretically calculated values, which are 0.20 eV on average
[12]. All of these results were obtained from theoretical stud-
ies of oligomer-sized chains in the all-anti conformation.
However, there were no reported studies of molecules
with both a chain defect (a kink) and a polaron, so the present
paper investigates such systems. Even though the all-anti
conformation is an ideal case, kinks are conformational de-
fects that are responsible for polymer chain folding or coil
formation in real materials.

Therefore, the aim of the work reported in this paper
was to describe the influence of a kink in an
oligo[methyl(phenyl)silylene] chain in the form of a positive
(P") or a negative (P) polaron quasiparticle. Equilibrium
geometries, spin densities, charges, and deformation energies
were investigated using density functional theory (DFT) and

@ Springer

the B3LYP hybrid model with the 6-31G(d) basis set. This
level of theory and this model were chosen because they have
already been successfully employed to perform calcula-
tions similar to those of interest to us in the present
work (see, for instance, [10—13, 20]).

Computational methods

Oligo[methyl(phenyl)silylene] (OMPSi,)) molecules were in-
vestigated via quantum chemical calculations performed in
the Spartan 08 software (Wavefunction, Inc., Irvine, CA,
USA) [21]. Oligomers ranging from two to ten repeated units
in length were studied by DFT with the B3LYP (Becke-3-
parameter—Lee—Yang—Parr) hybrid model and the 6-31G(d)
basis set. Each end of the Si backbone was capped with a
methyl group, and no geometric constraints were placed on
the calculation. The molecules were treated as isolated in a
vacuum environment.

Each molecule of OMPSi, was optimized with the theory
described above. Structures of approximately transoid confor-
mation were attained in the first step of the calculation. After-
wards, a set of semi-empirical PM3 calculations was per-
formed to obtain energy profiles of the oligosilane conformers
(n>4) with different values of the dihedral angle representing
the kink which, in the ideal case, adopts the syn (0°) confor-
mation. Using a plot of energy against dihedral angle, the most
suitable conformers containing the kink were chosen and set
as initial guesses for another structural optimization by DFT/
B3LYP 6-31G(d) in order to obtain a new energy minimum,
as well as to establish the geometry of the required kink more
precisely. To ensure that the most appropriate results were
obtained (i.e., to get the smallest kink angle possible and the
true potential energy minimum), several geometry optimiza-
tions were run for each oligomer from different initial values
of the kink angle. After optimization, this dihedral angle was
measured virtually, which yielded values of 50-60° for all
oligosilylenes, i.e., a kink with an approximately gauche
conformation was formed.

Further, positive and negative polaron quasiparticles were
created from the optimized structures in the cationic or anionic
state, respectively. Firstly, the calculations were performed
using the single point energy to obtain the oligomer [10] in
the hot (i.e., unrelaxed) state. Finally, the polaron geometry
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was optimized, which led to the formation of the relaxed
structure. The unrestricted B3LYP model was used for these
calculations, as it is suitable for open-shell systems. All other
settings were kept the same.

Results and discussion
Geometry

The results of geometry optimization of neutral oligomers by
DFT B3LYP/6-31G(d) are depicted in Fig. 2. As can be seen,
the oligomer chain can adopt several conformations that differ
in the position of the kink. Ten Si atoms in the chain enable the
creation of four different structures with a kink. The number of
potential kink positions is dependent on the number of silicon
atoms in the backbone. For oligomers containing four or more
units, the number of possible kink positions increases by one
every two monomers added to the backbone. Figure 2 also
provides information about the designation of the kink loca-
tion in oligomers. The value (10) represents the size of the
oligomer and the letter (A) shows where the first atom of the
kink is located.

The dihedral angle for the kink was measured for each
oligomer. The average value was 54.7°, irrespective of the
direction in which the angle was measured. This angle in-
creased during positive polaron (P") formation to 69.0° but
remained unchanged during negative quasiparticle (P) for-
mation (54.7° on average).

Our investigation of the Si—Si bonds revealed (see Fig. 3)
that these bonds lengthened during polaron relaxation. This
effect was slightly more intense for P* than for P~. The longest
bonds in molecules without the kink were found in the central
part of the structure for all neutral (P%), P*, and P~ oligomers.
Another interesting fact can be ascertained from the lengths of
the kink bonds. Each kink contains three bonds that are
inconsistent in length when compared with the defectless

10 10A

10B

chain. The next adjacent bond right after the kink shows the
longest length, which is significantly above average. The
exception to this rule is the 10D oligomer, where the longest
bond is part of the kink. Similar trends can be observed for
both the P" and P~ structures.

A comparison of the bond lengths in other investigated
OMPSi, also revealed that the changes in bond lengths are
greater in very short chains (2—4 units long). This may be due
to the fact that atoms in short chains are less limited by the
presence of other atoms and functional groups.

Bond angles are shown in Fig. 4. The angles in a defectless
P decamer chain are about 7° higher than those in the neutral
form, and they are highest in the central part of the backbone.
Negative polarons are therefore more open structures. On the
contrary, P* structures without the kink have angles that are 5°
smaller and the largest angles occur at the edges of the chain (as
in the neutral case). These results are in agreement with those
reported in the literature, as described in the “Introduction.”
The insertion of a kink, however, caused the bond angles to
change again. As can be seen in 10A—10D of P° and P, the
largest bond angle is reached at the location of the kink. More
precisely, the largest bond angle is the first angle in 10A-10C
and the second angle in 10D, as the kink consists of two angles.
This suggests that the part containing the defect stretches more
than the rest of the chain, the angles of which are closer to those
seen in the defectless chain. The situation is more complicated
in P, as the highest angles are located furthest from the kink.
Therefore, the part of the chain that is close to the kink con-
tracts, as the angles are smaller than in the defectless chain. On
the other hand, the remainder of the backbone is significantly
stretched, as the angles are higher than in the no-kink chain.

Charge and spin distribution

Other monitored properties of oligosilanes are connected to
the electron density distribution before and after polaron

10C 10D

Fig. 2 Optimized structures (DFT B3LYP/6-31G(d)) of OMPSi, o, with atom numbering and molecule designation shown (H atoms are omitted)

@ Springer
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Fig. 3 Bond lengths (Si-Si) in 2,46 -{ negative polaron >
the decamer chain, as calculated 244 4 & *
with DFT B3LYP/6-31G(d) oy - ) o e 2.
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formation. Figure 5 shows the distribution of natural charge
along the backbone of the decamer. The results for the P°, P*
and P~ molecular states are displayed and compared. All Si
chains are positively charged, with the highest charges seen on
the edge atoms. This is probably due to Coulomb repulsion,
which pushes the positive charge to the edges. The P* state
carries more charge, approximately 0.05 e, than the neutral
structure. If marginal atoms are not considered, the central part
of the P* decamer is the area with the highest charge. On the
other hand, the P~ decamer carries a slightly lower charge
(average difference 0.05 e) then the neutral molecule. Again,
the lowest charge can be found at the center of the decamer.
Figure 5 also presents a similar plot for carbon atoms from the
methyl group and phenyl ring. The group of carbon atoms

Fig. 4 Bond angles (Si-Si-Si) in 132
the decamer chain, as calculated 128 1
with DFT B3LYP/6-31G(d) 124 4 I

120 4 A
"

116 4
112 ]
108 :

Position of bond along decamer chain

attached to a particular silicon atom (Si number 4 for example)
is indicated by a rectangle. Methyl carbons carry a negative
charge of around —1.17 e, carbons that link the Si chain to the
phenyl have a charge of —0.48 e, and other carbons in the
phenyl ring carry a charge of —0.23 e. The charges on struc-
tures containing the kink were compared with these curves,
and their dependencies are shown in Fig. 6. However, this did
not lead to any new insight as the differences between partic-
ular molecules are very slight. Therefore, it can be said that the
kink does not cause any significant change in the charge
distribution.

Figure 7 shows the spin distribution along the decamer
backbone. The left graph shows the spin distributions for P*
quasiparticles and the right graph shows the distributions for
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Fig. 5 Natural charge 1,5+
distribution along the silicon .
chain and on the carbon atoms in 144

decamer 10, as calculated with

DFT B3LYP/6-31G(d) 13 ]
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P quasiparticles. In both of the defectless cases, the highest
spin density is located in the central part of the backbone,
which is in agreement with [11]. At the same time, the differ-
ence between the spin densities for P~ and P* is about 0.07 e/
au® at most. Further, introducing a kink significantly influ-
ences the spin density distribution. As can be observed in the
plots for 10A-10D, the spin density changes when the
position of the kink in the chain is altered. The o-orbital
conjugation is disrupted by this conformational anomaly,
which is displayed in the form of Kohn—Sham orbitals in
Fig. 8. Therefore, the spin density is shifted away from
the kink region to the regular parts of the oligomers,
where it reaches its maximum.

Fig. 6 Natural charge along the 14
Si backbone for all decamer ' »
structures in P, P*, and P~ form, 1,2
as calculated with DFT B3LYP/6- 10
31G(d) ? )

084 P

2 3 4 5 6 7 8 9 10

Position of silicon atom along decamer backbone

As mentioned above and depicted in Fig. 8, the presence of
a defect in the chain (the kink as well as the polaron) impacts
on the delocalization of the HOMO (the highest occupied
molecular orbital) and the LUMO (the lowest unoccupied
molecular orbital). In neutral molecules (such as 10), the
HOMO and LUMO are regularly delocalized along the whole
Si backbone. When the kink is introduced and the chain is
divided by its presence into longer and shorter parts, the
HOMO shifts to the longer part of the backbone. At the same
time, the more symmetrical the division of the backbone by
the kink, the more regularly the HOMO is delocalized. The
LUMOs are concentrated in the central parts of the oligosilane
chains on silicon atoms as well as on three adjacent phenyl

144 @
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Natural charge [e]
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Fig.7 Spin distribution along the silicon decamer chain, as calculated with DFT B3LYP/6-31G (d). Left panel: positive polaron structures. Right panel:

negative polaron structures

rings. P quasiparticles show a similar trend in the HOMO
distribution to that seen for neutral molecules. However,

they differ in the delocalization of the HOMOs, which

are also present on the phenyl rings that are close to the
kink. The LUMOs are only distributed in the center of

the chain on two or three phenyl rings that are attached
to Si numbers 4, 5, and 6.

Finally, the HOMOs of negative polaron molecules alter

considerably when a kink is inserted. These orbitals are
delocalized on the Si atoms and they are located on the longer

Fig. 8 Frontier molecular orbital (HOMO and LUMO) delocalization in P°, P*, and P~ molecules, as calculated with DFT B3LYP/6-3 1G(d)
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Fig. 9 Eger of each OMPS, in G494 positive polaron —m— no kink
the form of a positive polaron - Q e A position kink
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parts of kinked chains. Even in the symmetrical case (10D),
the HOMO is located only on one part of the backbone. The
LUMOs of P~ are also strictly localized on the phenyl
ring, as in P molecules, but they are located at different
positions. They are distributed on the phenyls attached to
Si numbers 9 and 10, and they ignore the presence of the
kink and its position.

Polaron binding energy and deformation energy

The polaron binding energy (£,) consists of two terms: the
deformation energy (Eqer) and the electron-photon energy

Number of silicon atoms in chain and kink position

(Ec1-pn)- Since segments can move relatively easily in oligo-
mer molecules, Eg.r comprises most of E,, (about 90 %) for
such molecules. Therefore, Eq.r was plotted for the positive
and negative polaron quasiparticles derived from all of the
studied oligomers, and these are displayed in Figs. 9 and 10,
respectively. First, let us consider OMPSi,, without the kink
defect. As can be seen, both graphs can be divided into parts
associated with very short oligomers (2—4 units) and with
longer chains. For P*, Eg decreases rapidly with oligomer
length until the pentamer, after which the decrease in Eyer is
much more gradual. Our investigation of geometries revealed
that there is a significant influence of the relaxation process on

Fig. 10 Ey.; of each OMPSi,, in 0.45
the form of a negative polaron ®
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Number of silicon atoms in chain and kink position
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Table 1 Values of Eqef, Ec.phs

and £, in eV, as calculated Molecule P P

according to [10] (estimated

values are shown in italics) E, Eger Eerph E, Eger Eer.ph
2 0.43 0.42 0.01 0.37 0.22 0.15
3 0.26 0.25 0.01 0.31 0.18 -
4 0.23 0.23 —0.01 0.27 0.14 -
4A 0.44 0.43 0.01 0.40 0.27 -
5 0.21 0.23 —-0.02 0.45 0.31 0.14
5A 0.27 0.27 0.00 0.48 0.33 0.15
6 0.17 0.20 -0.03 0.54 0.42 0.12
6A 0.25 0.27 -0.02 0.47 0.36 0.11
6B 0.18 0.20 -0.02 0.42 0.31 0.11
7 0.19 0.19 - 0.55 0.42 0.13
TA 0.17 0.18 — 0.55 043 -
7B 0.19 0.16 - 0.56 0.39 -
8 0.27 0.18 - 0.52 0.42 -
8A 0.18 0.26 - 0.55 0.39 -
8B 0.17 0.17 - 0.53 0.42 -
8C 0.16 0.16 - 0.55 0.39 -
9 0.25 0.15 - 0.52 0.39 -
9A 0.25 0.24 - 0.52 0.42 -
9B 0.15 0.24 — 0.55 0.40 —
9C 0.15 0.14 - 0.53 0.32 -
10 0.23 0.14 - 0.45 0.42 -
10A 0.16 0.22 - 0.55 0.36 -
10B 0.14 0.15 - 0.49 0.32 -
10C 0.14 0.13 - 0.45 0.28 -
10D 0.19 0.13 - 0.41 0.39 -

the geometries of short oligomers. Hence, the higher values of
Eqer can be explained by this considerable change in geometry
(e.g., bond lengths).

Negative polarons show a different trend in Eg.r with
oligomer length. Surprisingly (considering the conclusion of
the previous paragraph), in this case the longer oligomers
show higher deformation energies. However, the bond angles
must be also taken into account when describing the geometry,
and it is worth noting that (as depicted in Fig. 4) the highest
difference between the neutral molecule and the P* decamer is
6°, whereas the highest difference between the P and P~
OMPSi; is 15° (bond number 6).

Hence, P relaxation greatly affected some bond angles,
and these particular changes in geometry were probably more
influential than the changes in bond lengths, leading to an
increased E4r for the longer oligomers.

Table 1 summarizes all of the computed E,,, Eqep, and Ecj_pn
values. It is clear that the difference between E, and Egr is
given by E¢jph, Which seems to have a similar value for all
oligomers (although many of the £, values for the longer
oligomers were not computed due to the excessive computa-
tional time required to do so). The average value for positive

@ Springer

polarons is | 0.01 | eV and that for negative polarons
is| 0.13 | eV. Note that Ey. for P~ quasiparticles is no smaller
than Egyee for P* quasiparticles, but E,, for P~ quasiparticles is
significantly higher than E, for P" quasiparticles, which
means that the E_p, contribution for P~ quasiparticles is much
higher than the corresponding contribution for P* quasiparti-
cles. To summarize the whole situation for E,,, Table 1 also
displays estimated E,, values (in italics) for the molecules for
which E¢ip, could not have been computed. They were esti-
mated by adding 0.01 eV to Eqeeor P* and adding 0.13 eV to
Ejecfor P, respectively.

Conclusions

A computational investigation of
oligo[methyl(phenyl)silylene]s into which a kink was intro-
duced, leading to the disruption of the backbone conforma-
tion, revealed that this defect exerts a significant influence on
the relaxation processes of positive and negative polaron
quasiparticles. In particular, the spin density distribution is
sensitive to the presence of the conformational anomaly.
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Overlaps between molecular orbitals and the delocalization of
these orbitals are disturbed, which has a direct impact on the
electron distribution. When the kink is inserted such that it
divides the chain into longer and shorter parts, the delocalized
HOMOs are shifted towards the longer part. The LUMOs are
only delocalized on the phenyl rings in the P* and P~ quasi-
particles, and this delocalization is seemingly independent of
the presence of a kink. In the P* quasiparticles, the LUMOs
are located on the central phenyls, whereas they are on the
edge phenyls in the P~ quasiparticles.

While the spin distribution is significantly affected, the
charge distribution is only slightly influenced by the introduc-
tion of a kink. There are differences between P%, P¥, and P~ in
the central region of the backbone. However, the introduction
of the kink does not cause a substantial charge redistribution.

The change in the deformation energy, which is the change
in energy associated with the process of relaxation from the
neutral molecule to the polaron quasiparticle, was found to
present opposite trends for P and P~. This is because the
change in deformation energy is related to changes that occur
to the geometry of the oligosilylene. Nevertheless, the shorter
chains can easily adjust their geometries during the relaxation
process, whereas longer chains can undergo larger changes in
geometry but those changes only occur to a particular part of
the chain.
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