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Abstract

The subject of the present licentiate thesis is density functional theory
based electronic structure calculations of organic thermoelectric materials and
novel organic molecules. We used the Car-Parrinello molecular dynamics met-
hod in order to investigate the electronic structure of “green energy” and “green
chemistry” compounds.

First, we have investigated the electronic structure of the poly(3,4-ethylene-
dioxythiophene) (PEDOT) and its derivatives - the best studied and success-
fully implemented by industry organic thermoelectric material. Its transpar-
ency, low toxicity and high stability in the oxidized state are combined with
an ability to produce electrical current when applying a temperature gradient.
This makes PEDOT a perfect “organic metal” and a first candidate for organic
thermoelectrogenerators - devices that can produce “green energy” from a tem-
perature difference. The average structures found in these quantum dynamical
simulations agree well with earlier static electronic structure studies. The en-
ergy gap of two, four and six unit oligomers of PEDOT was calculated and was
found to lie in the range of previous theoretical studies. We have also calculated
the point-charge distributions along the polymer backbone in order to invest-
igate the polaron formed by doping agents of PEDOT. Our analysis allowed
us to predict possible localization of the charge in the center of the polymer
chain. However, further calculations of the twelve unit PEDOT and its selen-
ium and tellurium derivatives will provide more information. First-principles
calculations for the tellurium derivative of PEDOT are here presented for the
first time.

The second part of our investigation concerns theoretical calculations of
novel piperidine-containing acetylene glycols. These molecules were newly
synthesized by our experimental collaborators and are expected to provide
plant growth stimulation properties, the same as its diacetylene analogs. We
performed quantum mechanical calculations of four compounds, presented an
analysis of the highest occupied and lowest unoccupied molecular orbitals and
collected detailed information on point-charges for further parametrization of
novel molecules for future computational studies. According to these results,
the low production yield found in the experiments cannot be attributed to
chemical instability in these novel compounds.
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Abstract

Ämnet i denna licentiatavhandling är elektronstrukturberäkningar, basera-
de på täthetsfunktionalteori, av organiska termoelektriska material och nya
organiska molekyler. Vi använde oss av Car-Parrinello-molekylärdynamik för
att undersöka elektronstrukturen hos möjliga “grön energi”- och “grön kemi”-
föreningar.

Först har vi undersökt elektronstrukturen hos poly(3,4-ethylenedioxythio-
phene) (PEDOT) och dess derivat - PEDOT är det bäst studerade och av
industrin framgångsrikt implementerade organiska termoelektriska materialet.
Dess transparens, låga giftighet, höga stabilitet i oxiderade tillstånd kombineras
med förmågan att producera elektrisk ström när en temperaturgradient appli-
ceras. Det gör PEDOT till en utomordentlig organisk metall och en prima
kandidat till att utgöra grunden för organiska termoelektriska generatorer -
anordningar som kan producera grön energi från temperaturskillnader. I våra
teoretiska undersökningar studerade vi bl.a. energigapet hos två-, fyra- och
sex-enhets oligomerer av PEDOT. Vi har också beräknat punktladdningsdis-
tributionen längs polymerstommen i syfte att bestämma den geometriska po-
sitionen av den polaron, positiva laddning, som skapas när PEDOT dopas.
Vår analys tillät oss att förutsäga möjlig lokalisering av laddningen i mitten
av polymerkedjan. Men ytterligare beräkningar av tolv-enhets PEDOT och
dess selen- och tellurderivat kommer att ge mer information. Beräkningar för
tellurderivaten av PEDOT presenteras för första gången i denna skrift. For-
skningsprojektet är pågående och kommer att fortsätta i efterföljande arbete
och doktorsavhandling. I den andra delen av vår undersökning redovisar vi
teoretiska beräkningar av nya piperidin-innehållande acetylenglykoler. Dessa
molekyler syntetiserades nyligen av våra experimentella medarbetare och de
förväntas tillhandahålla tillväxtstimulerande egenskaper på växter, på samma
sätt som dess diacetylen-analoger. Vi utförde här kvantmekaniska beräkningar
för fyra föreningar, presenterade molekylärorbitalsanalyser för högst ockuper-
ade och lägst oockuperade orbitaler och samlade detaljerad information om
atomära punktladdningar möjliga att använda till ytterligare parametriseringar
av dessa nya molekyler för eventuella framtida beräkningsstudier.
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Chapter 1

Introduction

This licentiate presents theoretical studies of the thermoelectric materials (focusing
on the poly(3,4-ethylenedioxythiophene) and its derivatives) and novel biologically
active compounds (mainly piperidine-containing acetylene glycols).

The dramatic growth of the human population requires more resources, including
energy and food sources. Even small improvements of the modern energy produc-
tion can significantly change the life level world-wide. We have studied an organic
thermoelectric material which has been investigated for several decades and suc-
cessfully implemented in industry - poly(3,4-ethylenedioxythiophene) (PEDOT).
PEDOT is characterized by high conductivity, high stability in the oxidized states
and transparency. It is the perfect “organic metal”. However, the properties of
current thermoelectric devices based on PEDOT do not reach the level needed
in thermoelectric generators - devices which can produce electricity directly from
the temperature gradient and, consequently, save considerable amounts of energy.
Therefore, improving the efficiency of organic thermoelectrics could herald the im-
plementation of “green energy” in our lives.

Also we have performed research on novel molecules which have been synthes-
ized recently - piperidine-containing acetylene glycols. The analogue compounds
to them (piperidine-containing diacetylene glycols) have already showed biological
properties. Hence, the studied piperidine-containing acetylene glycols have poten-
tial plant growth stimulation properties. Implementation of these novel molecules
can dramatically influence food production all over the world. It is also import-
ant to mention that these new molecules were synthesized using so-called “green
chemistry” rules.

Both these theoretical projects were carried out using a density functional theory
based approach - Car-Parrinello molecular dynamics. Theoretical studies of green
energy and green chemistry compounds can give a deeper understanding of the
compounds and guide the experimental synthesis, work aimed at improving the
properties of these materials.

1





Chapter 2

Theoretical background

The description of the many-body problem and density functional theory has been
covered in a variety of textbooks, theses and scientific literature. The text here
largely follows that found in [13, 61, 62].

2.1 The many-body problem

In a quantum mechanical description the system of interacting electrons and nuclei
is characterized by the Schrödinger equation:

Ĥψ = εψ, (2.1)

where Ĥ is a Hamiltonian operator of the system, ε is a total energy, and ψ=
ψ(r1, r2, ..., rn) is a many-body wave function which is a function of the particle
coordinates and spins. In 1928 Hartree made an approximation in order to get the
full many-electron wave function[35]. Hartree proposed to use ψ as a product of the
single-particle wave functions:

ψ(r1, r2, ..., rn) = ψ1ψ2...ψn. (2.2)

Each of the single-particle wave functions could be determined through the
Schrödinger equation:

Ĥψi = εiψi. (2.3)

Later on the Hartree approximation was improved by substituting the product
of the single-particle wave function by a determinantal wave function. This is the
so-called Hartree-Fock method (HF). The exchange effects are characterized by HF
theory, and any effects beyond the HF theory are called correlation effects.

The Hamiltonian Ĥ given in the previous equation describes the electron inter-
actions. It is characterized by the following equation:

3
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where h̄ is Planck constant, Rj is the nuclear coordinate for jth nucleus, ri and rj are
the electronic coordinates for the ith and jth electrons, respectively, Mj is the mass
of the nucleus, me is the mass of the electron, and Zj is the nuclear charge. The first
two terms are kinetic energies for the nuclei and electrons, respectively. The third
term characterizes the electron-nucleus interaction. The last two terms describe
the electron-electron and nucleus-nucleus interactions. As nuclei are significantly
heavier than the electrons, the nuclei can be considered as fixed and its kinetic
energy can be omitted while electrons can be considered to be moving in the external
potential Vext generated by static nuclei. That is the so-called Born-Oppenheimer
(BO) approximation which simplifies the Hamiltonian to the following form:

Ĥ = − h̄2
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Another way of writing the Hamiltonian under the BO approximation is:

Ĥ = Te + Vext + Vee + VNN , (2.6)

where Te is the kinectic energy of the electrons, Vext is the external potential, Vee

is the electron-eletron interaction, and VNN is the nucleus-nucleus interaction.

2.2 Density functional theory
Density functional theory (DFT) reduces the many-electron problem presented
above to a single-electron problem. Here, the wave functions are substituted by
the electron density n(r) as the main variable[13]. Basically, DFT is represented
by two main theorems. The first one states that the ground state of an interacting
electron system is uniquely described by an energy functional En of the electron
density. The second theorem refers to the fact that the true ground state electron
density n(r) minimizes the energy functional E[n], and the minimum gives the total
energy of the system.

These theorems were introduced by Hohenberg and Kohn[40]. The energy func-
tional is written as:

E[n] = F [n] +
∫
Vext(r)n(r)dr, (2.7)

where the F [n] is an universal functional of the electron density, while the integral
term is the interaction energy with the external potential.
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The universal functional of electron density may be written as:

F [n] = EH [n] + TS [n] + Exc[n], (2.8)

where the first term is Coulomb electron-electron interaction, or Hartree energy EH :

EH [n] =
∫ ∫

n(r)n(r′)
|r − r′|

drdr′, (2.9)

The second term represents the kinetic energy of non-interacting electrons. Fi-
nally, the third term refers to the exchange-correlation energy functional (includ-
ing both the non-classical part of electron-electron interaction and the difference
between the real kinetic energy and the kinetic energy of the non-interacting elec-
tron gas). That brings the energy functional to the following form:

E[n] =
∫
Vext(r)n(r)dr +

∫ ∫
n(r)n(r′)
|r − r′|

drdr′ + TS [n] + Exc[n] (2.10)

After applying the variational principle, we end up with the Schrödinger equa-
tion for non-interacting electrons in the effective potential, known as the Kohn-Sham
(KS) equation[51]: {

−∇2 + Veff ([n]; r)
}
ψj(r) = εjψj(r), (2.11)

where
Veff ([n]; r) = Vext(r) +

∫
n(r′)
|r − r′|

dr′ + δExc[n]
δn[n] . (2.12)

The only unknown term in the KS equation is the exchange-correlation func-
tional Exc[n] and the corresponding exchange-correlation potential

µxc = δExc[n(r)]/δn(r). (2.13)

As long as the exact form of this functional is unknown, some approximations
need to be applied (for example, the local density approximation (LDA) or general-
ized gradient approximation (GGA)). LDA was formulated based on the properties
of the uniform electron gas, and, therefore, it is exact for the special case of a uniform
electronic system. The LDA can be easily applied using plane waves with periodic
boundary conditions. In this case the exchange-correlation energy is calculated as
follows:

ELDA
xc =

∫
n(r)εxc(n(r))dr, (2.14)

where εxc is the exchange-correlation energy per electron and it is equal to the sum
of the exchange energy per electron εx and the correlation energy per electron εc:

εxc = εx + εc, (2.15)

For GGA the exchange energy has the following form:

EGGA
x [n] =

∫
d3rnεLDA

x (n)FGGA
x (s), (2.16)



6 CHAPTER 2. THEORETICAL BACKGROUND

where n(r) is electron density, εLDA
x is the exchange energy density of a uniform

electron gas, and F (s) is an additional enhancement factor which depends on the
scaled gradient s:

s = |∇n|2kFn
. (2.17)

Here, kF = (3π2n)1/3 is the Fermi wave vector (this is the vector of the highest
occupied orbital in the system) of the electron gas of density n. For s→ 0 the Fx(s)
term can be written as follows:

Fx(s) = 1 + µs2 + ...(s→ 0). (2.18)

The gradient expansion for the GGA correlation functional is:

Ec[n] =
∫
d3rn(r)

{
εLDA
c (n) + βt2(r) + ...

}
, (2.19)

where εLDA
c is the correlation energy per particle of the uniform gas, β is a coefficient,

and t is the appropriate reduced density gradient for correlation.
In the present licentiate we have investigated van der Waals corrections by ap-

plying the semi-empirical Grimme method[31]. This method was introduced in 2006
by Stefan Grimme and has proven to give high accuracy in many different applic-
ations. It is based on adding a consistent atomic parameter CijR

−6 coefficient to
the GGA functional. High importance of van der Waals corrections is obvious for
large systems (including polymers) where many electron correlations at interme-
diate interelectronic distances are “double counted”. The CijR

−6 coefficient was
calculated by Grimme for all atoms up to Xenon. It corrects the dispersion term
of the electrons of atoms i and j through combining Cij between the two atoms as
follows:

Cij =
√
CiCj (2.20)

2.3 Car-Parrinello molecular dynamics
The Car-Parrinello molecular dynamics (CPMD) method was presented by Car
and Parrinello in 1985[15]. Since then ab initio molecular dynamics, here meaning
molecular dynamics where the forces are calculated using an electronic structure
method, has grown dramatically. The CPMDmethod is DFT-based and usually it is
used in combination with a plane waves basis set and periodic boundary conditions.

Car and Parrinello introduce in their method the electronic degrees of freedom
as fictitious dynamical variables. In the space of the coefficients ci,G the fictitious
dynamics is represented by fictitious velocities dci,G/dt:

µ
d2

dt2
ci,G = −∂EKS

∂c∗i,G
−
∑

j

λijci,G, (2.21)

where µ is a fictitious electronic mass, EKS is Kohn-Shamn functional and λ is an
extended Lagrangian which enforces the orthonormality of the wave function. For
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a fixed nuclear configuration the quantity EKS(
{
ci,G

}
) is considered as an effective

potential energy (including both kinetic and potential energies of the quantum-
mechanical electron gas). It is also supposed that the system is trapped in a local
minimum. However, the system can theoretically overcome the surrounding barriers
due to the fictitious kinetic energy. Moreover, in principle it is possible to reach
a global minimum by gradually reducing the fictitious temperature down to zero.
The following step forms of a system of coupled equations of motion for both ions
and electrons:

µ
d2

dt2
ci,G = −∂EKS

∂c∗i,G
−
∑

j

λijci,G, (2.22)

MI
d2

dt2
RI = − ∂E

∂RI
, (2.23)

where RI are nuclear coordinates. Also hereE = EKS(
{
ci,G

}
,
{
RI

}
)+Enuclei(

{
RI

}
).

Forming the system of coupled equations for ions and electrons leads to the calcu-
lation of the equilibrium nuclei configuration and achieves self-consistency simul-
taneously. The molecular dynamics which results from these equations is different
from the Born-Oppenheimer molecular dynamics (BOMD). Thus, the ions are af-
fected by the forces different from the BO generated ones. However, if the fictitious
electronic kinetic energy stays small, then the ionic trajectories can be considered
as good approximations to the BO trajectories. To achieve a small fictitious kinetic
energy the following steps need to be completed:

• the given electronic configuration needs to be in its ground state at the ini-
tial time (for that the Kohn-Sham Hamiltonian is required to be solved self-
consistently in the first MD step);

• the initial fake velocity must be small;

• during the simulation the exchange of energy between the nuclei and the
fictitious electronic degrees of freedom must be small.

In case all three requirements are fulfilled, then the fictitious kinetic energy
will remain small along the trajectory. The fictitious electronic and true ionic mo-
tions can be decoupled if the system has an energy gap or the fictitious mass µ
is significantly small. In the case of metals which do not have an energy gap, the
Car-Parrinello method needs to be combined with two thermostats[10] which are
coupled to the ionic and the fake electronic degrees of freedom, and they are set at
different T. The use of separate thermostats for the electrons allows the electronic
system not to heat up due to exchange of energies with the ionic system. Thus, the
fictitious kinetic energy stays very small. Therefore, two subsystems can be held at
different temperatures while the whole system is kept in metastable state.

The CPMD method has two strong advantages over BOMD: it does not re-
quire the accurate force calculations or self-consistently solution for Kohn-Sham
Hamiltonian at each time step, which leads to a reduction in the computational
time required.





Chapter 3

Thermoelectrics of conducting polymers

Thermoelectrics (TE) are materials which characterized by an ability to convert
heat directly to electricity. In TE materials the electrical charge carriers, such
as electrons and holes, transport current over the sample over which there is a
temperature gradient. The charge carriers from the hot source are characterized by
a higher energy and with time are accumulated on the cold source of the sample.
This effect is known as the Seebeck effect.

The Seebeck effect was first discovered in the 1820s by Thomas Johan Seebeck
who made experiments to investigate the relation between heat and electricity. In
Seebeck’s experiment the standard thermocouple is made of two dissimilar materials
under two different temperatures. The discovered potential difference (∆V) is dir-
ectly related to the temperature gradient ∆T and can be described mathematically
as follows[73]:

S = −∆V/∆T, (3.1)

where S is the Seebeck coefficient. The sign of the Seebeck coefficient depends on the
type of the material: the n-type semiconductors are characterized by the movement
of the electrons from the hot side of the material to the cold one and, consequently,
they have a negative value. On the other hand, the p-type semiconductors have a
positive value of the Seebeck coefficient due to motion of the holes from the hot end
of the sample to the cold one. It should be pointed out that the Seebeck coefficient
is temperature dependent.

The opposite physical phenomenon which describes an electrical current gener-
ating or removing the heat at the junction of the standard thermal couple is called
the Peltier effect[77]. It was discovered by Jean Peltier in 1834. The Peltier effect
can be defined by the equation

Q = πI, (3.2)

where Q is the generated or absorbed heat, π is the Peltier coefficient, and I is the
current between the two dissimilar conducting materials. The sign of the Peltier
coefficient is positive for p-type semiconductors and negative for n-type semicon-
ductors. The nature of the Peltier effect was explained in 1838 by Lentz who
introduced that heat can be absorbed or generated by a conducting material under

9
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the influence of a current. Lentz also determined that in both cases the heat is pro-
portional to the applied current flow. It should be highlighted that also the Peltier
coefficient is temperature dependent, as the Seebeck coefficient.

Finally, the third thermoelectric effect is the Thomson effect[2] which was dis-
covered in 1851 by William Thomson, Lord Kelvin. The Thomson effect combines
both the Seebeck and the Peltier effects through the equation:

QT homson = τI∆T, (3.3)

where QT homson is the heat production rate per unit volume, τ is the Thomson
coefficient, I is the current thought the dissimilar materials, and ∆T is the tem-
perature gradient. The sign of the Thomson coefficient also depends on the type
of the semiconductor: negative for n-type and positive for p-type. The Thomson
effect describes the heating or cooling of a homogeneous conducting material when
an electrical current and a temperature gradient are applied to it.

TE materials can be characterized through a dimensionless number - the figure
of merit (ZT), which is expressed as

ZT = S2σT

κ
, (3.4)

where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal
conductivity, and T is the absolute temperature. The physical transport properties
of the conducting material are directly dependent from ZT, which means that the
higher the figure of merit, the higher the thermoelectric properties of the material.
Therefore, improving ZT through higher σ, larger S on smaller κ is a good strategy
for synthesizing new effective TE materials.

Dughaish[24] gives an overview for known materials and their physical proper-
ties as possible TE materials (Fig 3.1). For example, metals with a high electrical
conductivity σ have a comparatively low value of Seebeck coefficient S, while insu-
lators have high Seebeck coefficient S and low conductivity σ values. Both cases
result in low ZT values. Consequently, optimum thermoelectrical properties are
usually found in semiconductor materials. A possible way to improve the electrical
conductivity of semiconductors is by applying doping. The dopant produces addi-
tional carriers (both n- and p-type) and in some case change the physical properties
of the material (such as water solubility).

All TE materials can be categorized by their working temperature. Some of the
high ZT thermoelectrics are shown in Fig 3.2. Here it can be seen that some of the
presented alloys have high value of ZT at low temperatures while others are effective
at intermediate or high temperature ranges. Recently, the highest value of ZT is
around 2.0, reported by Korkosz et al.[52] for inorganic materials (doped tellurium
alloys) at 800 K. For organic TE materials the best result so far known to the author
was achieved by G-H. Kim et al. in 2013[48]: ZT = 0.42. Even though organic TE
materials are less efficient at present, they have several advantages over inorganic
thermoelectrics. For example, organic thermoelectrics are less toxic and they can
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Figure 3.1. Seebeck coefficient, conductivity, thermal conductivity and figure of
merit with respect to the free carrier concentration (Figure and caption are taken
from [24]).

Figure 3.2. ZT dependence on T (oC): a) for p-type semiconductors; b) for n-type
semiconductors[74].

be synthesized under less harsh conditions, meaning lower temperatures and less
toxic solvents. Also the constituents of organic TEs (for instance, thiophenes) are
much more abundant than the constituents of metal-based TE (Te, Sb, etc).

3.1 Conducting polymers

Organic TE materials are represented by conjugated polymers which combine the
physical properties of both semiconductors and plastics. The effect of conductivity
among polymers was discovered by MacDiarmid, Heeger and Shirakawa back in the
1970s[19]. They were awarded with the Nobel Prize in Chemistry in 2000 for their
breakthrough work on the conductivity of doped polyacetylene films[37, 59, 72].
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Figure 3.3. Polyacetylene chain[59].

Shirakawa et al. came up with the idea that the difference between lengths of double
and single bonds inside polyacetylene decreases with increasing conjugation (Fig
3.3). Therefore, all bonds tend to be equal in length. This leads to infinitely long
one-dimensional π electrons that form a half-filled band, or the highest occupied
(HO) and the lowest unoccupied (LU) π-electron bands to merge with each other,
leading to metallic behavior[59].

Since then, a number of research papers on conducting polymers have been
published. Researchers have studied polyanilines, polypyrroles, polythiophenes,
polyphenylenes, poly(p-phenylene vinylene)s and their derivatives. The following
literature review will mainly describe polythiophene (PT), polyselenophene (PS)
and poly(3,4-ethylenedioxythiophene) (PEDOT) and its derivatives as these are
the main polymers investigated in this work.

3.2 Poly(3,4-ethylenedioxythiophene)
Poly(3,4-ethylenedioxythiophene) (PEDOT) is an insoluble polymer in its pure
state. However, it was discovered that doped PEDOT can be water soluble which is
highly essential for industrial production. It also has high conductivity (ca 3400
S/cm)[32]. In addition, it is almost transparent as oxidized film and provides
a high stability in its oxidized state. The most studied doping agent is poly-
(styrenesulfonate) (PSS). Other well known doping agents are tosylate (TOS) and
tetramethacrylate (TMA).

To the present experimental investigations have been mainly focused on the
improvement of the ZT of PEDOT by using new synthesis techniques, such as va-
por phase polymerization[25], enzymatic synthesis[80], copolymerization[60], and
solution-processed crystallization[49]. Also the use of substitutes, modern dop-
ing agents[46, 34, 57], polar solvents for synthesis[50] and applying modern doping
methods[53] are of recent interest.

Initially, the structure of the PEDOT molecules was determined theoretically
in 2002 by Dkhissi et al.[23]. It was shown that neutral oligomers of the PEDOT
can have both stable quinoid and aromatic structures (Fig 3.4). However, the
DFT[57] and HF calculations indicated that the neutral PEDOT molecule changes
from aromatic-like structure to the quinoid-like one during the doping. Also the
investigation of the PEDOT:toluensulphonic acid determined that the most stable
molecule structure is achieved for a perpendicular position of the doping agent[22].
For PEDOT:PSS it was found that the counter ion is parallel to the PEDOT polymer
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Figure 3.4. Aromatic (a) and quinoid (b) structure of the PEDOT.

Figure 3.5. Effects of chain length and ethylenedioxy substitution on the bond
length alternation in isolated EDOT homologs. The bond length change in the bottom
panel is with respect to the unsubstituted thiophene counterparts. All values for the
oligomers are from the innermost units (Figure and caption are taken from[47]).

chain[21].
In 2008 Kim and Brédas[47] determined in their theoretical investigations the

structures of pristine and doped PEDOT molecules and confirmed their aromatic-
like structure. In their CPMD calculations (BLYP/GGA), 1-4 oligomers of the
PEDOT have aromatic structure (Fig 3.5) preferring it to the quinoid one. The
studies of the pristine structure of PEDOT determined a monoclinic lamellar struc-
ture of the pristine PEDOT in the orthorhombic unit cell. The relative orientations
of the ethylene bridges between neighboring chains and the rotation of the chains
around their backbone axis was also determined.
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In addition, they noted that the distance between the oxygen and the sulphur
atoms of neighboring monomer units is around 3.32 Å for an isolated polymer chain.
S-O interactions were also thought to assist in the planarization of the polymer
chain. However, later in 2010 Burkhardt et al.[14] showed that the planarity is more
a result of the π-bonding interactions rather than S-O bonding. Moreover, Poater et
al. examined a row of polythiophene and its derivatives[69] and concluded that the
proposed intramolecular interactions between the sulphur and oxygen atoms in fact
destabilize PEDOT structure. Anyway, the participation of the oxygen atoms of the
alkylene substitutes among main polymer backbone (in the position 3 and 4 accord-
ing to the Fig 3.7) in the conjugation process compensate the destabilization. In ad-
dition, Burkhardt et al.[14] carried out on a theoretical (6-31+G(d,p)/B3LYP) and
electrochemical analysis of the poly(3,4-alkylenedioxythiophenes) in 2010. Among
other research topics they studied the nature of the the carbon atom at the 3
position (Fig 3.7) of the thiophene ring and the oxygen of the alkylenedioxy sub-
stitute. The sp3-hybridized oxygen atom and carbon atoms should be linked by
a bond with the bond length 1.43 Å. However, it is demonstrated that the C-O
bond lengths and the C-O-C angles both are typical for sp2-hybridized oxygen atom
which means that p-electrons of the oxygen are also participating in the conjugation
of the system. According to the results, the conjugation of the π-system inside the
polymer increases with the sizes of the alkylenedioxy substitutes and delocalization.
Burkhardt et al.[14] also determined weak influences of the van der Waals forces on
the individual linear chains.

Returning back to the work of Kim and Brédas[47], they demonstrated the
influence of the ethylendioxy substitution on the highest occupied (HOMO) and
lowest unoccupied molecular orbitals (LUMO). In general, HOMO represent bond-
ing π-orbitals, while LUMO are antibonding π∗-orbitals. The destabilization of the
HOMO/LUMO in the EDOT molecule occurs similarly to the donor-type substitu-
tion in the poly(paraphenylene vinylene) and poly(paraphenylene)[12] and it can be
stabilized by inter-ring interactions of the larger oligomers. That was also shown by
Shalabi et al.[71] in 2012 when strong localization of the HOMOs accumulates on
the PEDOT’s donor subunits of the polymer backbones while strong delocalization
of the LUMOs accumulates on the bridges between monomer units (Fig 3.6). The
symmetric accumulation of the frontier orbitals also characterizes coplanarity of the
PEDOT polymer molecules.

The band gap value for isolated PEDOT chains (calculated by Kim and Brédas
in [47]) is approximately 0.87 eV which is smaller than the polythiophene band gap
(0.99 eV), but dramatically higher than the PEDOT pristine crystal (0.37 eV). Un-
derestimated results are typical for DFT calculations applying the BLYP exchange-
correlation functionals[57]. On the other hand, the B3LYP calculations of the infin-
ite polymer chain done by Alemán et al.[3] are equal to 2.2 eV, which overestimates
the band gap. Shalabi et al.[71] studied PEDOT and its fluorine derivatives using
DFT/6-31G(d)/B3LYP. All investigations of the frontier orbitals determined that
the band gap of the PEDOT polymer chain is smaller (1.72 eV) compared to the
band gaps of the fluorine derivatives (1.72-1.83 eV). These theoretical calculations
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Figure 3.6. Frontier orbitals of 1-6 monomer PEDOT[71].

of the PEDOT band gap, however, shows good agreement with experimental results
(1.5 eV[16]). Moreover, the tendency of the unsubstituted polythiophene copoly-
mers to increase band gaps as a result of the absence of electron-releasing effects
of the alkyl side chains was first observed by the experimental work of Jayakan-
nan and co-workers[45] and agrees with theoretical results. Studies of the doped
PEDOT:PSS[57] determined that both HOMO and LUMO are partially filled unlike
the undoped state when HOMO is located over PEDOT and LUMO - over PSS. For
PEDOT+:PSS− the occupied parts of the partially filled bands are mainly located
at PSS and the unoccupied parts partially accumulates on PEDOT.

Kim and Brédas[47] also showed that the intrachain charge carrier effective
masses decrease under the influence of the ethylenedioxy substitution. However,
in crystals the intrachain effective mass increases for holes as a result of the in-
terchain interactions, so that electrons become the less heavy charge carrier (in all
directions)[47].

3.3 Derivatives of PEDOT

As mentioned above the number of conducting polymers is limited. Due to the
high interest in polythiophene and particularly in PEDOT, as the most successful
commercial conductive polymer, it makes sense to study the structure and properties
of the poly(3,4-ethylenedioxyselenophene) (PEDOS) and poly(3,4-ethylenedioxytel-
lurophene) (PEDOTe) - derivatives of PEDOT (Fig 3.7).

Concerning polythiophene and its Se and Te derivatives, Tsumuraya et al.[78] in-
vestigated regio-regular-poly(3-hexythiophene) (rr-P3HT) and regio-regular-poly(3-
hexyselenophene) (rr-P3HS). By using DFT calculations they figured out that the
most stable structure is a base-centered monoclinic structure. In addition, strong
y-polarized optical absorption is found below 4 eV which is result of π-conjugation
of the PT[78]. Also the optical properties are influenced by the valence band max-
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Figure 3.7. PEDOT and its derivatives.

Figure 3.8. Calculated (black numbers) and experimental (red numbers) band gaps
of polyselenophenes and polythiophenes[70].

imum (VBM) and the conduction band minimum (CBM) of the carbon and sulphur
atoms of the PT, but are only slightly effected by the hexyl side chains.

Previous computational studies (PBC/B3LYP/6-31G(d)) on polyselenophenes
found a band gap equal to 1.85 eV[85]. For polythiophenes that value is higher
and it is equal to 2.06 eV[84]. The same tendency was observed for PEDOS and
PEDOT in which band gap values are equal to 1.66 eV and 1.83 eV, respectively
[68]. The experimentally obtained optical band gaps are 0.2-0.4 eV less than those
calculated[70] (Fig 3.8).

Wijsboom et al.[83] showed in theoretical studies that the twisting of the sel-
enium containing polymer systems requires more energy compared to the sulphur
containing polymers both in pentocycles and in the PEDOT/PEDOS cases (Fig
3.9).

Patra, Wijsboom et al.[68, 82] concluded that higher twisting energy of the
polyselenophenes is the result of the low aromaticity of the selenophene ring which
prefers quinoid structure of the polymer over aromatic and, in addition, it makes the
conductive polymer more planar. It is expected that polyselenophenes have more
planarity in general[20]. Also Zade et al.[85] showed that polyselenophenes can be
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Figure 3.9. Twisting potentials (per ring) vs twisting angle calculated at the
PBC/B3LYP/6-31G(d) for P1 and P2 (Figure and caption are taken from [68]).

doped with a larger number of doping agents than polythiophenes. Concluding
from both these facts, one can expect selenium-containing conductive polymers to
have a greater conjugation than sulphur-containing polymers, which increases the
conductivity, and as a result makes it more an effective organic TE.

The tellurophene-containing polymers are less investigated compared to the well-
studied thiophene and recently popular selenophene compounds. The dramatically
smaller number of reports on polytellurophenes indicates that there is a challenge
concerning the synthesis of stable oligomers and polymer chains[42, 55, 43, 44].
The best studied tellurium containing polymer is poly(3-hexyltellurophene) (P3HTe).
The experimental results of the band gap for P3HTe is equal 1.37 eV[42] while the
selenium analogue of that compound has a band gap equal to 1.6 eV[38].

Jahnke et al.[43] have made significant research on polytellurophenes both ex-
perimentally and theoretically. By using a DFT method (B3LYP-LANL2DZ) they
measured the band gap of the polytellurophene and compare it to the dihalogenated
bitellurophene (Fig 3.10). It can be seen the polytellurophene has a HOMO-LUMO
band gap 3.18 eV, while halogenotellurophene has a band gap equal to 2.19 eV. In
addition, halogenated tellurophene molecules showed a low-lying energy level which
characterized them as charge-transfer complexes.

A comparison of the electronic structures of the polytiophene, polyselenophene
and polytellurophene[17], done using Amsterdam Density Functional (ADF) with
B3LYP functional, showed HOMO-LUMO band gap to be 2.5 eV, 2.1 eV, and 1.9 eV
respectively. Chattopadhyaya et al.[17] also determined that the dipolar interaction
dominated exciton splitting has significant influence on the band gaps of these
oligomers.

To clarify the terms we are using here in the presented work, the terms the
“band gap”, the “energy gap” and “HOMO-LUMO gaps” are treated as equal and
interchangeable. We also match the term “HOMO” to the term “valence band
maximum” (VBM) and “LUMO” to the term “conduction band minimum” (CBM).
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Figure 3.10. Calculated energies of the frontier orbitals (LUMO and HOMO) and
electron distribution of the tellurophene polymer repeat unit and its brominated
adduct. A representative image of the optimized geometry is positioned between the
two frontier orbitals. Gray C, white H, orange Te, red Br (Figure and caption are
taken from [43]).

To sum up, polyselenophenes and polytellurophenes have a more quinoid char-
acter of the molecular structure compared to polythiophenes. They also have lower
band gaps and a higher polarizability. Previous studies have shown that in polysel-
enophenes intermolecular Se-Se interaction leads to a wide band width and stronger
inter-chain charge transfer. Consequently, it is reasonable to assume that the larger
size of the Se and Te will provide higher charge accumulation probability. The huge
industrial success of the PEDOT make PEDOS and PEDOTe interesting for further
studies, both experimental and theoretical.

3.4 Computational studies of the polaron in charged
conjugated polymers

Doping of the organic TE materials was discovered in the 1970s[37, 59, 72]. The
unique property of π-electron polymers to be reversibly doped after synthesis un-
der room temperature made them significantly different from conventional covalent
semiconductors[36]. The term “doping” of the conductive polymers refers to the
charge transfer, the associated insertion of a counter ion, and the simultaneous
control of the Fermi level or chemical potential[36]. Previous theoretical studies
have included a positive charge to the conductive polymers in order to simulate a
polaron which represents the doping agent. Here a polaron means an electronic ex-
citation manifesting itself in the form of localized structural changes and/or charge
accumulation[36].

One of the fundamental question for computational studies of the polaron is
to determine the localization of the charge on the polymer chain. It is expec-
ted that the addition of a unit charge (electron or hole) into conductive polymers
results in significant local geometric changes due to the strong electron-vibration
coupling[11]. Previous studies concluded that by introducing the effects of the elec-
tron correlation within the framework of the DFT at the GGA level, the positive
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Figure 3.11. Per-ring net charge profile for nT + (n=4, 6, 8 and 10) as computed at
(a) the ROHF/3-21G* and (b) UB-LYP/3-21G* levels (Figure and caption are taken
from [65]).

charge implemented to the oxidized thiophene oligomers is fully delocalized[65].
Serious disagreement between the outcome of HF and BLYP calculations was also
reported for doubly and singly charged oligothiophenes[65, 64]: the HF calculations
provided quionoid geometrical structure, while the DFT calculations, when applying
BLYP, found equal bond lengths along the polymer backbone (see the aromatic and
quinoid structures of conductive polymers in section 3.2). Following studies of the
oligo(phenylenevinylene)s performed at the semi-empirical Austin Model 1 (AM1)
level[29] also localized the polaron in the middle of the polymer chain alternatively
on a vinylene or a phenylene unit. On the other hand, the DFT studies calcu-
lated with the Gaussian09 software package using the B3LYP functional showed
that localization of positive and negative charge among poly(p-phenylene vinylene)
molecule increases when polarizable dielectric medium effects are included in the
calculations[66]. Another example of DFT studies of conductive polymers was done
by the Brédas group[28], here hybrid DFT using the the BHandHLYP functional,
was performed. The resulting structures indicate a self-localization of charge, spin,
and geometric distortion around the middle of the chain both in the case of shorter
and longer chains.





Chapter 4

Piperidine-containing acetylene glycols

Piperidine-containing acetylene glycols are organic molecules which contain both
a piperidine ring and an acetylene bond. The analogue compounds to them are
piperidine-containing diacetylene glycols (Fig 4.1) which have the property of in-
creasing crop yield, for example, by making crops more drought resistant. Moreover,
the use of piperidine-containing diacetylene glycols may also increase the growth of
plants multifold[6, 7, 5, 1]. In addition, plants which were processed by piperidine-
containing diacetylene glycols prove to be more resistant to drought, temperature
changes and diseases. Treatment by piperidine-containing diacetylene glycols can
rapidly increase the annual harvest, especially in hot and arid regions. The syn-
thesis of piperidine-containing diacetylene glycols is however relatively complicated.
It includes ethynylation of piperidone-4 in liquid ammonia or diethyl ether in the
presence of solid potassium hydroxide KOH. After extraction the purified acetylenic
glycols dimerize and form diacetylene glycol. Dimerization of acetylenic glycols is
provided by oxidation in the presence of cuprous chloride and pyridine[6, 7, 1] or
through hydrogenation in the presence of Raney nickel[5].

Piperidine-containing acetylene glycols could potentially provide similar positive
effects on crop yield and drought resistance as piperidine-containing diacetylene
glycols. The synthesis of the piperidine-based acetylene glycols is based on so-
called green chemistry methods[4] under the Favorskii reaction[81]. The Favorskii
reaction can be defined as the nucleophilic attack of a terminal alkyne with acidic

 

Figure 4.1. Piperidine-containing diacetylene glycols.
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Figure 4.2. 1) Propargyl alcohol; 2) 3-butyn-1-ol.

protons on a carbonyl group.
In the presented study the propargyl (Fig 4.2.1) and 3-butyn-1-ol (Fig 4.2.2)

alcohols were used in combination with 1-(2-etoxyethyl)-piperidine-4-on and cyc-
lohexanone as model structure to create 1-(2-ethoxyethyl)-4-(3-hydroxypropynyl-
1)- piperidine-4-ol, 1-(2-ethoxyethyl)-4-(4-hydroxybutynyl-1)- piperidine-4-ol, 1-(3-
hydroxypropynyl-1)- cyclohexanol and 1-(4-hydroxybutynyl-1)- cyclohexanol. How-
ever, the yields were low in the reactions under the standard conditions, whereas the
duration of synthesis was long. That could be caused by the effect of the solvent, the
reactivity of the raw materials with each other, or the instability of molecules and
intermolecular interaction. In order to elucidate the latter possibility, we performed
theoretical studies of the molecules under realistic conditions, assuming ambient
temperature. We also tested the effect of van der Waals (vdW) interactions. The
quantum mechanical (QM) simulations allow us to determine the detailed structure
of the novel molecules (including the bond lengths, the angles and the electronic
structure). Furthermore, such simulations allow us to determine whether the mo-
lecules are stable or not. This is important since if they are unstable that would
be the explanation for the low production rate. In addition, using our theoretical
analysis we are able to suggest possible chemical reactions to be studied further
experimentally.

Numerous theoretical electronic structure studies using DFT and HF methods
investigating the structure and reactivity of acetylene and piperidine/cyclohexane
ring containing compounds have been presented[18, 8, 76, 58, 26, 30, 75]. Com-
mon to all these studies is that the triple bond has been found to have a high
reactivity. Also there is strong interest in studying the chemical reactivity of these
novel materials being used as catalysts[18, 8]. A number of works investigating the
chemical reaction mechanisms are known[76, 58]. DFT calculations of piperidine
compounds have also been performed to determine the heat of formation[26]. An
earlier investigation has convincingly demonstrated the high accuracy and agree-
ment between DFT methods and experimental results for 4-methylpiperidine[30].
This gives confidence that these methods are suitable for further studies of this
group of compounds. For 4-piperidone the ground state (HOMO) and first excited
state (LUMO) were found, and the structure has been determined both with theor-
etical (HF and DFT) and empirical (IR) methods[75]. However, we have found no
previous theoretical research for molecules containing both piperidine/cyclohexane
rings and triple bonds.



Chapter 5

Calculational details

The structures of the studied molecules (PEDOT, PEDOS, PEDOTe, and piperidine-
containing acetylene glycols) were built using the AVOGADRO software[33]. QM
calculations were made using the Car-Parrinello Molecular Dynamics (CPMD) which
is based on DFT. An orthorhombic simulation box with a size of x:y:z=(a+8)3Å:
10Å:15Å, where a is the length of the studied molecules (varying between 10-40
Å), was used. The pseudo-potentials were of the soft norm-conserving Troullier-
Martins type, with a cut-off of 90 Ry. We applied the exchange-correlation func-
tional BLYP[9, 56]. The initial quenching was combined with annealing down to
Ekin=0 eV for 0.1 ps. Here quenching refers to the converging the wavefunctions
at the beginning of a run, and annealing refers to scaling of the ionic velocities
towards zero. The equilibration process was followed by 4+ ps of temperature con-
trolled molecular dynamics calculations (velocity scaling 300 K with 4T = +/-20
K). After that the calculations were followed by 6+ ps of molecular dynamics at
300 K using a Nose-Hoover thermostat[67, 41] during which we collected statist-
ics. For conductive polymers we applied two thermostats if it was necessary due to
the fact that conductive polymers are so-called “organic metals” and they do not
have a band gap (see section 3.2). We extracted bond lengths and angles in every
simulation step of the calculations using the Nose-Hoover thermostat in order to
determine the average geometrical structure of all the studied molecules and charge
distribution along the molecules of the thermoelectrics. The CPMD code uses a
R-ESP method[63] to calculate the point charges from the electrostatic potential
restricted to charges from the Hirshfeld method[39]. For point-charge distribution
an additional 1 ps of Nose-Hoover calculation were performed while constantly col-
lecting charges after every 10 steps. In addition, complimentary simulations were
performed including the van der Waals interactions by adding the semi-empirical
Grimme method[31] (see section 2.2). Finally, for piperidine-containing acetylene
glycols charge density difference plots were generated via ground state DFT calcu-
lations using the Quantum Espresso simulation package with a setup similar to that
used in the CPMD simulations[27].
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Chapter 6

Results and discussion

6.1 Thermoelectric polymers

Below I present preliminary and previously unpublished results for PEDOT, PEDOS
and PEDOTe molecules.

6.1.1 Structure of PEDOT and its derivatives

The first task of theoretical studies of PEDOT and its derivatives is to determine
the structure of the polymer. The average bond lengths along the polymer backbone
for the two, three, four and six monomer units PEDOT were extracted from the
calculations under the Nose-Hoover thermostat and are shown in Figs 6.1-6.6. Here
one can note that the average bond lengths and bond length variation along the
polymer chain agrees well with those found in the previous studies by Brédas (shown
in Fig 3.5). The aim was to understand how the structure of the polymer changes in
the presence of the positive charge and when applying the van der Waals corrections.

The structure of the isolated molecule changes upon becoming positively charged
from the aromatic structure to a more quinoid one for all studied cases (Fig 6.1-
6.6). The switching in the ordering of the single (=1.54 Å) and double (=1.34
Å) bonds along the polymer backbone is not completed, and the structure of the
charged polymer cannot be defined as completely quinoid. We assume that the
main reason for the partial switching from aromatic to the quinoid structure is the
length of the polymer, and we expect that the longer polymers (12+ monomers)
will provide more quinoid-like structure under the influence of the positive charge
applied to the system. The structure of the six unit PEDOT has already provided
a partial localization of switching over the central part of the polymer (Fig 6.5-6.6).
We expect that in general the polaron is located over several monomers (2-3 units)
(see section 3.4), and studies of longer polymer chains can hopefully clarify this.
However, during our calculations we analyzed the average bond lengths and point
charges over 24 ps of the Nose-Hoover calculations, and consequently, and there
is also a possibility for polaron localization to dynamically drift over the polymer
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Figure 6.1. Bond lengths of the 2 monomer PEDOT in isolated state.

Figure 6.2. Bond lengths of the 2 monomer PEDOT in polymer state.

chain. In that case the analysis of the averages cannot show the real instantaneous
picture of the structural changes under the influence of the applied charge.

Also we determine that van der Waals forces for two (Fig 6.1-6.2) and four
((Fig 6.3-6.4) unit PEDOT do not have any significant influence, while for six unit
PEDOT (Fig 6.5-6.6) the influence of the charge is increased when applying van der
Waals corrections. Therefore, we expect to also find a strong influence of the van
der Waals corrections for 12+ units polymers.

We calculated the difference (delta) between bond lengths in the presence and
under the absence of the polaron (positive charge) to show the effect of the charge
(Fig 6.7, where a1-a23 represent single and double carbon bonds along the polymer
chain). As was mentioned above, from the presented graphs it is hard to determine
the exact position of the charge over the polymer chain. However, the main switch-
ing from the aromatic-like to the quinoid-like structures appears towards the center
of the molecules.

We also found the switching of the structure from aromatic to the quinoid state
for PEDOS molecule after applying of the charge (Fig. 6.8, where a1-a7 represent
single and double carbon bonds along the polymer chain).
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Figure 6.3. Bond lengths of the 4 monomer PEDOT in isolated state.

Figure 6.4. Bond lengths of the 4 monomer PEDOT in polymer state.

Figure 6.5. Bond lengths of the 6 monomer PEDOT in isolated state.



28 CHAPTER 6. RESULTS AND DISCUSSION

Figure 6.6. Bond lengths of the 6 monomer PEDOT in polymer state.

We determined the same type of switching (from the aromatic to a more quinoid
structure under the influence of the charge) for isolated molecules of the PEDOTe
(Fig. 6.9, where a1-a7 represent single and double carbon bonds along the polymer
chain). On the other hand, the polymer chain of the PEDOTe provides the opposite
type of switching: from the quinoid to the aromatic structure. This difference of
the PEDOTe compared to the PEDOT and PEDOS can possibly be explained due
to the difference between the nature of the S, Se and Te atoms. The formation of a
bond depends on several aspects, including the size and the electronegativity of the
atoms. The electronegativity of the C is equal to 2.5, H - 2.1, S - 2.5, Se - 2.6 and Te
- 2.1. The atomic radius of the C, H, S, Se ant Te are equal to 0.67 Å, 0.88 Å, 0.53
Å, 1.03 Å and 1.23 Å, respectively[79]. In an isolated dimer molecule the carbon
atom (C2 in Fig. 3.7) which is linked to tellurium, hydrogen and carbon atoms is,
approximately, equally influenced from the side of the hydrogen and tellurium and
more influenced by carbon atom. In the case of the polymer the hydrogen atom
is substituted by a carbon atom from the neighbor monomer unit. Consequently,
the same carbon atom (C2 in Fig. 3.7) is approximately equally influenced by two
carbon atoms and has less influence from the tellurium side. Thus, in the non-
charged state the isolated molecule has an aromatic structure, while the polymer
has a quinoid structure.

For both molecules the polaron is still delocalized in the two-unit polymer (Fig.
6.10, where a1-a7 represent single and double carbon bonds along the polymer
chain). The van der Waals corrections have only a slight influence on the PEDOS
and PEDOTe structures, the same as was found for PEDOT. However, just as for
the PEDOT polymer, we expect to find a stronger influence of the van der Waals
corrections on the longer polymer chain.
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Figure 6.7. Delta of the bond lengths for charged and noncharged two (a), four (b)
and six (c) PEDOT molecules.
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Figure 6.8. Bond lengths of the charged and noncharged PEDOS molecules.

Figure 6.9. Bond lengths of the charged and noncharged PEDOTe molecules.

Figure 6.10. Difference (delta) between the bond lengths for charged and non-
charged PEDOS and PEDOTe molecules.
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Figure 6.11. Molecular structure of PEDOT and its derivatives with the labeling
used in the discussions.

6.1.2 Charge distribution along the polymer backbone of PEDOT and
its derivatives

Another method to determine the position of the polaron is to study the charge
distribution along the main polymer backbone. Our previous geometrical study
showed that the aromatic structure of PEDOT is characterized by the following
distribution along polymer backbone: two carbon atoms connected to the sulphur
atom have more negative charge compared to two carbon atoms connected to the
oxygen atoms. Due to the fact that in the quinoid structure the sequence of the
single and double bonds will be opposite to the aromatic structure, we expect to see
switching of the signs for point charges of the carbon atoms along the main polymer
chain. The switching of the signs or the changing of the point charges values will
confirm the switching of the electronic structure towards quinoid-like. On Fig 6.12
and 6.13 the difference between point charges of the carbon atoms among C-C/C=C
chain is shown. The x-axis in Figs 6.12 and 6.13 is done according to the Fig 6.11.
Studied dimers of the PEDOS and PEDOTe show significant switching between
values (and sometimes signs) of the point charges. Therefore, R-ESP analysis also
confirms partial transition of the studied molecules from one structure to other.

6.1.3 Frontier orbital analysis
We also performed an analysis of the frontier orbitals - highest occupied (HOMO)
and lowest unoccupied molecular orbital (LUMO) of PEDOT, PEDOS and PE-
DOTe. In Fig 6.14 and 6.15 we present HOMO and LUMO for the isolated molecule
of the PEDOTe dimer, since that analysis is representative for all studied molecules.
The obtained results of the HOMO and LUMO also agree with previous theoretical
studies by other authors[43] (see Fig 3.6), where the HOMO mostly accumulates
over donor subunits of the polymer backbones and LUMO mostly accumulates on
the bridges between monomer units. The HOMO-LUMO gaps for 2 unit PEDOT,
PEDOS and PEDOTe are equal to 1.33 eV, 1.16 eV and 0.87 eV respectively. These
results underestimate the real band gaps of studied molecules, as expected for DFT
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Figure 6.12. Difference between point charges on carbon atoms among polymer
backbone of PEDOS dimer for charged and non-charged states.

Figure 6.13. Difference between point charges on carbon atoms among polymer
backbone of PEDOTe dimer for charged and non-charged states.

calculations[57]. However, the results agree with previous calculations (see section
3.2).

6.2 Piperidine-containing acetylene glycols
Below are presented the results for theoretical studies of piperidine-containing acet-
ylene glycols. More detailed data is found in the Paper A.

6.2.1 Structure of the piperidine-containing acetylene glycols
First of all, we determined the average bond lengths and angles for the studied
molecules. We here choose to concentrate our analysis on the acetylene bonds since
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Figure 6.14. Highest occupied molecular orbital of the PEDOTe dimer.

Figure 6.15. Lowest unoccupied molecular orbital of the PEDOTe dimer.

for our purposes this is the most chemically relevant part of the molecular structure.
The acetylene bond of the glycols is significantly shorter than neighborhood bonds
(1.2 Å compare to 1.4-1.5 Å) which strongly suggests that the studied bond is a
triple bond. This is an excellent agreement with the NMR results (see the paper A in
appendix). By comparing calculations with and without van der Waals corrections
we conclude that in general the effect of vdW corrections is minor. Thorough
analysis of the angles between different parts of molecules concludes that the OH
radical cannot interact with the triple bond of the alkyne radicals because of the
wide angle between these two substitutes. Also the hexane ring does not deform
after adding ether substitutes, neither for the hexanol, nor the piperidine rings.

Structural analysis of the theoretical calculations of the piperidine-containing
acetylene glycols determined that the acetylene bond is stable and does not interact
with the OH-radical or any other substitute in the molecule.
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6.2.2 Charge distribution and charge density difference
We also analyzed the electronic structure, and specifically the charge density to
gain more insight into the chemical reactivity of the molecules. The average overall
distribution of charges among all atoms in the studied molecules are shown in the pa-
per “Experimental and ab initio studies of the novel piperidine-containing acetylene
glycols”. The most revealing data is the Hirshfeld point charges (R-ESP charges)
which were compared to those found in the General AMBER force field (GAFF)
data base, where the sp-hybridized carbon atom is parametrized with the charge
0.360, the sp3-hybridized carbon atom - 0.878, the nitrogen atom - 0.530, and the
oxygen atom - 0.465. In our calculations all of molecules, both with and without van
der Waals corrections, we see that two sp-hybridized carbon atoms (triple-bonded
atoms) inside one molecule have different charge values while in the standard force
field they are equivalent. The difference in the charge can be explained by the in-
fluence of the cyclohexane/piperidine ring; carbon atoms located closer to the ring
have more negative charge. On the other hand, the cyclohexane/piperidine ring
also feels the influence of acetylene, hydroxy- and ether substitutes: charge values
of sp3-hybridized carbon atoms inside ring differs depending on position of the atom
and distance between the atom and the substitutes. Also from the calculations we
observe that sp3-hybridized carbon atoms closer to the triple bond have more negat-
ive charge while the same type of carbon atoms located closer to the ether’s radicals
contain less negative charges. Nevertheless, the sp3-hybridized carbon atom con-
nected both to the OH-group and acetylene-containing radical has strong positive
charge which is approximately twice more than the GAFF value. This discrepancy
can be explained by the double influence of the high electron density of the triple
bond and the vicinity to the oxygen atom in the OH-group. The results of the point
charges were also compared to the charge density difference visualization.

This detailed information on R-ESP charges calculated by CPMD code is presen-
ted in the paper A in the appendix and can be used for parametrization of the novel
molecules for further computational studies, specifically by use of force-fields.

6.2.3 Frontier orbital analysis
The frontier orbitals are the highest occupied (HOMO) and lowest unoccupied mo-
lecular orbitals (LUMO). A general result is that the HOMO and LUMO are con-
centrated in different parts of the molecule: HOMO is distributed relatively equally
over the molecule, whereas the LUMO is more concentrated to the acetylene sub-
stitute. The strong delocalization of the LUMO on the triple bond radical makes
the triple bond available for an electrophile attack. Furthermore, it visualises that
the triple bond and the OH-group of glycol are interacting. The energy gap is also
calculated for all structures and it is ranging between 3.4 and 4.8 eV. The vdW
interactions slightly reduces the HOMO-LUMO energy difference for the cases of
1-(3-hydroxypropynyl-1)-cyclohexanol and 1-(2-ethoxyethyl) -4-(4-hydroxybutynyl-
1)-piperidine-4-ol.
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Conclusions

In conclusion, we have performed quantum mechanical calculations of two, four and
six unit oligomers of PEDOT and its derivatives and novel piperidine-containing
acetylene glycols. Studies of recently synthesized organic polymers showed the sta-
bility of the acetylene bond and the piperidine/cyclohexane ring. Collected inform-
ation on point charges was compared to General AMBER force field data base and
confirmed stability of hydroxy-, acetylene and ether substitutes. Also collected data
can be used for further parametrization of studied molecules for future force-fields-
based computational investigations.

The research project on polymer-based thermoelectric materials contains a num-
ber of yet-unrealized ideas. Having calculated two, four and six oligomers of the
poly(3,4-ethylenedioxythiophene) and its derivatives we have confirmed the initial
expectations. Studied molecules have switched from the initial aromatic state to a
more quinoid one. Also we determined the energy gaps which underestimate experi-
mental results, but lie in the range of earlier theoretical studies. We have presented
for the first time theoretical calculations for the tellurium derivative of PEDOT,
and the results are in good agreement with experiment. Interestingly the polymer
chain of PEDOTe shows the opposite switching of the geometrical structure, from
quinoid to more aromatic. This finding needs to be confirmed by further studies
of the larger oligomer (twelve units). Thus, the next steps of the project are the
following:

• molecular dynamics calculations of the longer polymer chains (twelve monomer
units) for PEDOT, PEDOS and PEDOTe with a following analysis of the
highest and lowest molecular orbitals (HOMO and LUMO), geometrical struc-
ture analysis and point-charges;

• theoretical investigations of the van der Waals corrections influence on the
structures of pristine and doped, uncharged and charged PEDOT and its
derivatives;

• studies of novel doping agents and two-dopant systems (PEDOT:PSS: diethyl-
ene glycole);
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• hybrid DFT calculations with a following comparison to the CPMD results.

Studies of the longer polymer chains are important in order to determine the
localization of the polaron. The idea of continuous drifting of the charge along
the polymer backbone as a result of the molecular dynamics can be investigated
additionally. We hope to figure out the behaviour of the charge and we will try
to predict the trajectory of it movement. Understanding of the van der Waals
corrections influence on the electronic structure of studied polymers can significantly
improve the results of our studies. We have already done preliminary calculations by
applying the semi-empirical density functional with long range dispersion introduced
by Grimme. In future work we expect to improve on these results by also applying
the first-principles functional proposed by Langreth and co-workers[54]. Studies of
novel dopants is principally a new step in thermoelectrics theoretical calculations.
Experiments have already confirmed significant improvement in TE properties of
the two-dopant system. However, no theoretical investigations on that topic have
been found up to this date.

Our forthcoming results will be provided to our collaborating experimental re-
search group in order to become a part of a greater project on the construction of
thermoelectrical generators.
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