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1. Preface 
 

 The electronics based on organic compounds (usually polymers) is very attractive for the 
scientists and industry due to low cost of the organic materials, their lightweight, easy large-area 
processing from solution at low temperature and mechanical flexibility. Organic electronics is 
considered as a new generation of technologies with a wide range of (opto)electronic applications 
including organic light-emitting diodes (OLEDs), organic photovoltaic cells (OPVs) and organic 
field-effect transistors (OFETs). These materials could additionally provide a free clean 
renewable energy source, high power conversion, low energy consumption of the devices and 
combining all these properties with wear resistance, environment friendliness, bio- renewability 
and degradability, they would completely substitute the traditional inorganic (mainly silicon 
based) semiconductors. Moreover, the synthetic chemistry provides a wide variety of possible 
molecules, which are applicable in the organic electronics as well as they can be easily modified 
in order to manipulate and tune their properties. One of the most negative characteristics of the 
semiconducting polymers (and small molecules) is their instability especially to thermal and air 
exposure and this is also one of the hindrances for their wide use into the market and their further 
successful development. Additional disadvantage of the conjugated polymers is on the one side, 
the theoretical prediction of their properties and defining which are the tunable parameters 
responsible for making the devices with high efficiency and controlled crystal packing ordering, 
and on the other side, the poor reproducibility of their synthesis. Many experimental and 
theoretical efforts are done in order to improve the performance of the devices at ambient 
conditions as well as to shed light on the relation between the chemical structure and their 
intrinsic properties but the governing factors, which define the properties of these materials are 
still under debate and this remains a great challenge for the researchers. One way to gain insight 
into the characteristics of polymeric materials is to begin exploring the polymers from small 
units, which they consist of and then step-by-step to construct and characterize all the compounds 
up to macromolecules. In this work, the semiconducting block copolymers, as promising 
candidates for application in organic transistors, are investigated starting from their small donor 
and acceptor blocks up to monomers and macromolecules, using computational methods working 
on different time and length scales. At each step the results are compared with available 
experimental data. 
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2. Introduction into Conjugated Polymers 
 

 This chapter explains general terms and ideas for the construction, manipulation, some of 
the crucial factors and rules of molecular design, which influences on the properties of the 
conjugated polymers, and how the charge transport (CT) properties can be predicted in computer 
simulations. This chapter ends presenting the aim and the objectives of this work. 

 

2.1. Characteristics of Semiconducting Polymers 

 
 Conjugated polymers represent the compounds with alternating simple and multiple 
chemical bonds or atoms with lone electron pairs (such as nitrogen, oxygen, sulphur etc.) which 
form π-conjugated systems. This conjugation grants the molecules with π-delocalized orbitals 
shown schematically in Figure 3 (p. 12). This conjugation narrows the band gap (Eg) of the 
materials and they possess semiconducting properties. 
 A semiconductor could be defined as an insulator with narrow Eg (forbidden band) which 
is capable to conduct electricity (unlike insulator). Alternatively, it can be defined by resistivity 
which lies in the range between 10-5÷106 Ω·cm. Moreover, some supplemental characteristics of 
the essential physical properties of the semiconductors should be added such as the resistivity 
decreases with rise of the temperature (at least for a certain temperature range, unlike metals), 
they are sensitive to visible light but transparent in the infrared region and they often give rise to 
rectifying or non-ohmic contacts. Inorganic semiconductors are constructed by periodic structures 
with covalent bounded atoms or molecules, whereas the organic semiconductors are composed by 
conjugated systems (small molecules or polymers) which are hold together by much weaker van 
der Waals (vdW) interactions. This leads to a fundamental difference between the CT mechanism 
where the former one has delocalized electron (e-) density, whereas the later one has more 
localized charge carriers, which are related to band-to-band and hopping mechanisms, 
respectively. Additionally, this leads to a difference in their electronic structures where the 
inorganic semiconductors have periodic bands, whereas the organic molecules have discrete 
electron states (molecular orbitals) - Figure 1.  
 
 
 
 
 
 
 Figure 1. Schematic representation of electronic structure of organic (left) and inorganic 
(right) semiconductors. 
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 One efficient way in order to obtain semiconducting polymers, introduced by Havinga et 
al. [1], is to attach an electron rich donor (D-) unit to an electron deficient acceptor (A+) unit 
making D--A+ alternating conjugated compounds achieving band gap (Eg) of 0.5 eV for a 
polymer. The spatial overlap of the highest occupied molecular orbital (HOMO) of D- molecule 
and the lowest unoccupied molecular orbital (LUMO) of A+ molecule in polymers is often related 
to a decrease of the exciton binding energies (weakly bounded electron-hole pairs) and promotes 
the ultrafast intramolecular charge transport.  
 
 
 
 
 
 
 
 
 
 
 
 Figure 2. Schematic representation of e- density gradient in D--A+ conjugated polymers. 

 This D--A+ ("push-pull") design strategy (attaching electron donating and electron 
withdrawing units) also provides e- density gradient (curved bands) due to electronegativity 
difference of the units along the backbone and creates a lower energy band gap, which promotes 
better charge transport (Figure 2), as well as a large degree of freedom to manipulate the optical 
and electrical properties [2, 3, 4, 5, 6, 7, 8], including not only different combinations of D- and 
A+ molecules or adding additional units (D- or A+) into the backbone of polymers but also varying 
the ratio between D-:A+ moieties in the macromolecules [9, 10, 11]. If this specific ratio is 
selected properly, it can improve the performance of the polymers and change the 
macromolecular arrangement [10, 11, 12, 13]. A supplemental proof of the importance of unit 
alternation is that in the case of a random D--A+ arranged copolymers, it is found that the charge 
carrier mobilities are lower as compared to their alternating counterparts [12, 13]. 
 The charge carrier mobility (μ), which is an experimentally measurable quantity, is related 
to the drift velocity of the charge carrier (vd, cm/s) per unit of applied electric field (EF, V/cm) 
and determines the performance and efficiency of the devices: 

      d

F

v

E
       (1) 

 The D--A+ approach additionally ensures better π-stacking structures of cofacially packed 
polymer backbones due to better spatial molecular orbital overlap. Moreover, this approach also 
implies possibilities of different spatial orientation, i.e. packing motif - segregated or mixed 
stacks (Fig. 7, p. 19) which correspond to the extreme cases [14, 15].  

Energy D- A+ D- A+ D- A+ 
n 
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Also this strategy could facilitate the intermolecular interactions due to dipoles [16] and strong 
interchain communications in polymer solid-state films resulting in high charge carrier mobilities 
[2, 17, 18, 19, 20]. Typical examples for D- and A+ units are shown in Figure 4 (p. 15). 
 One very important and complicated factor of the organic semiconductors is the 
crystallinity and the thin-film structure of these materials, similar to the inorganic analogues. The 
morphology of conjugated polymers can vary from amorphous or semicrystalline to highly 
crystalline [21] and it is the main factor for high performance of the devices. 
 A lot of efforts in the molecular design were done in order to improve the degree of 
crystallinity of polymeric semiconductors to promote efficient CT [2, 3, 4, 22, 23, 24, 25]. The 
most of high-performance polymers form highly crystalline solids with a strongly long-range-
ordered structure that can transport charge carriers effectively [26, 27, 28, 29, 30, 31, 32, 33]. 
Moreover, such highly crystalline polymers tend to provide an optimal phase separation structure 
in bulk-heterojunction films, which can enhance both exciton dissociation efficiency and charge 
carrier mobility [34, 35]. There are a lot of ways with respect to the structural design which can 
be applied in order to stimulate more ordered structure of the polymers and they will be discussed 
later, for instance, modification of D- and A+ units or spacers with heteroatom (Xatom) enhancing 
the electrostatic or dispersion interchain interactions. The micro-structure is not always the main 
factor for successful development of high performance conjugated polymers and it could 
compete, for instance, with backbone planarization which is the next consideration. 
 Another factor which influences the properties of semiconducting polymers is the 
planarity of the backbone, which has significant impact on the improvement of the crystallinity. 
Combining planar D- and A+ units ensures more rigid and planar molecules, which can make the 
π-electron delocalization more effective, as well as promotes the formation of crystalline domains 
in the active layer [36] and also provides a narrow optical Eg due to orbital interactions [37] (as 
aforementioned), which leads to widening and red-shifting of the absorption of the solar spectrum 
[38, 39, 40, 41]. Another example can be given, when specifically selected hydrogen atoms (for 
instance, the end groups of a chain) are substituted by fluorine in phenylene oligomers leads to a 
loss of planarity and to altered electrooptical properties such as lower conductivities due to steric 
intramolecular interactions [42]. Additionally, some D--A+ alternating polymers showed high 
mobilities even though they have less ordered packing structures [20, 43, 44, 45, 46] and this 
contradiction is ascribed to the promotion of planarization and strengthening π-π intermolecular 
interactions, which compensates the effect of the reduced ordering [47, 48]. Moreover, the planar 
conformation induced from e- delocalization between neighbouring monomers leads to a rod like 
behaviour and liquid crystallinity of the polymers [49, 50]. The planarity can be improved by 
introducing a Xatom into the backbone due to supplemental non-covalent interactions or with 
modification of the side chains. The improvement of the planarity of polymers additionally 
affects the conjugation length and the stacking of polymer chains [13, 51].  
 The so called conjugation length plays an important role in the conductivity of the 
polymers. The conjugation length is the effective π-orbital delocalization between adjacent 
conjugated units and correlates with the CT properties of conjugated polymers. Decreasing the 
conjugation length leads to decrease of the mobilities [52] due to increased disorder in polymers. 
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 More conventional definition of the conjugation length is the length of a defect-free 
oligomer which has approximately the same values of the ionization potential, electron affinity 
and optical Eg like the corresponding polymer [53]. The conjugation length promotes coplanar 
conformation allowing better overlap of the π-conjugated systems along the backbone [54], 
forming lamellar structure of π-orbital stacked backbones separated by regions of alkyl side 
chains [55]. The conjugation length is typically broken by a steric hindrance especially from the 
side chain interactions or distortion of the backbone planarity [56]. The conjugation length also 
can be increased by higher molecular weight mainly due to increased planarity causing stronger 
interchain interaction and lowers the Eg [ 57 ]. The conjugation length can be estimated 
experimentally [ 58 , 59 , 60 ] or theoretically [58]. Nevertheless, long conjugation length 
accompanied with planar geometry and rigid structure in organic electronics often leads to poor 
solubility or even insolubility in common solvents. Schematic representation of the conjugation 
length is shown in Figure 3. 

 
 Figure 3. Schematic representation of the conjugation length in polythiophene when the 
molecule is completely planar (a) and when the conjugation length is interrupted due to geometry 
distortion (b). 

 One more aspect which allows manipulating the properties of the conjugated polymers are 
the side chains. Generally, the side chains are considered as an insulating part and they do not 
contribute to the CT properties directly. They are vital for the organic devices not only because of 
increasing the solubility of the polymers in common organic solvents but they also play a role in 
the self-assembly, which is related to the packing mode and morphology, and further to the 
mobilities. There are different types of side chains depending on the chemical composition, for 
instance, alkoxy, thioalkyl, fluoroalkyl, triethyleneglycol but the most common side chains are 
alkyl chains. Depending on their structure they can be linear or branched but the branched side 
chains are much more favourable for synthesis due to increased solubility of the polymers. At the 
same time branched side chains lead to reduced crystallinity [61] but this can be overcome, for 
instance, with controlled vapour annealing [62] in order to restore the crystallinity of the samples. 
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 Generally, when alkyl side chains are attached to the conjugated backbone they may 
introduce two competing effects: a steric hindrance and intermolecular dispersive attraction. The 
modifications of side chains such as chain lengths [25, 63, 64, 65], branching positions [63, 64, 
66, 67, 68, 69, 70], odd-even effects [71, 72] and chirality (of carbon atoms in the side chains) 
[73] have great impact on the semiconducting polymers and further influence the charge carrier 
mobility. The steric hindrance can be minimized by moving the branching point away from the 
backbone, which leads to a decrease of the π-π distance [63, 64, 66, 67, 68], which is transformed 
into increased mobility [66, 68]. However closer π-π distance does not always improve the CT 
properties and the film quality [63, 67]. The adjustment of the branching position can also lead to 
stacking of the polymer chains, which mainly tunes the planarity, and hence the effective 
conjugation length and further improves the photovoltaic efficiency [74, 75, 76, 77, 78, 79, 80]. 
Also, it is shown that different side chain branching positions result in different polymer 
crystallinities and the solid-state packing conformations thus leading to different hole (h+) 
mobilities [3] and a shorter π-π distance leads to higher mobility using branching side chains [73]. 
 It is found that the most of semiconducting polymers made of a conjugated backbone 
bearing alkyl side chains have a "layered" structure made of an alternation of π-stacked 
backbones and layers of more or less ordered side chains [81, 82]. Longer side chains usually 
lead to higher charge carrier mobility, nevertheless, it is observed that increasing the side chain 
length from C6H10 to C8H12, a decrease of the charge mobility is measured due to low crystalline 
ordering [63]. Also, it was reported that linear alkyl side group with even numbers of carbon 
atoms results in one order of magnitude higher hopping mobility due to shorter (π-π) spacing 
between adjacent backbones [72]. 
 The side chain attractive dispersion forces systematically increase with increasing alkyl 
chain length and they are the main source of increase in the total cohesive energy [51] thus 
polymers exhibit decreased π-π stacking distance, which results in a higher mobility [42]. 
Different chemical composition of the side chains can lead to different crystal structure 
parameters and supramolecular organization [ 83 ]. Additionally, the chain conformation of 
conjugated polymers can be studied experimentally, for instance, using dilute solution light 
scattering [ 84 ] and small-angle neutron scattering [58]. Moreover, it is demonstrated that 
asymmetric side chains (two different side chains of the same polymer) lead to increase of the CT 
properties due to better packing, forming bimodal (both face-on and edge-on) orientation as well 
as asymmetric chains influence on the mechanical properties [85]. The choice of appropriate 
alkyl chains has become an important factor for the design of high performance organic 
electronics because it could influence on the other properties such as crystallinity, planarity etc. 
 Additional modification which can be applied in order to affect the properties of the 
conjugated polymers is the Xatom substitution. This is a very broad field of possible realizations 
not only because of the variety of synthetic chemistry but also because when some atoms of the 
molecules are added or exchanged, new molecules are formed with different properties and 
benefits. This is a simple and an effective way to tune the electronic, inter- and intramolecular 
interactions in polymers and small molecules, mainly due to non-covalent interactions, which are 
dominant forces in organic molecular crystals. 
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 Non-covalent interactions play an important role in polymers and oligomers because of 
their multiple growth along the polymer backbones [86]. The simplest way for incorporating a 
heteroatom is a hydrogen substitution or synthesis of heterocycles. Introducing a Xatom 
substitution has a great impact on the electronic properties, especially on the energy of frontier 
orbitals and UV-VIS absorption spectra [87]. The Xatom substitution affects also the crystal 
packing, the band structures as well as the conductivity of the samples [88]. Changing the Xatom 
has a strong impact on the potentials of internal rotation and interconversion of conformers, 
which is related further to the molecular and mechanical properties of the materials [89, 90]. On 
the other hand, the Xatom mainly induces non-covalent (through-space) interactions, which affects 
primary the planarity of the backbones. Substituting the Xatom can also lead to improved air 
stability and to balanced the e- and h+ mobilities [91]. 
 The most popular Xatom substitution is the substitution of a hydrogen with fluorine, which 
influences strongly the electronic and CT properties as well as strengthens the non-covalent 
interactions of polymers without negative steric effects [92, 93]. One example for such non-
covalent interaction (for instance, in fluorinated benzothiadiazole based polymers) is F∙∙∙S 
planarization interactions between the nearest neighbour (flank) which have been seen to affect 
the crystal lattice parameters [94], to increase the barrier and energy difference of torsion rotation 
[ 95 ] and to change the crystallinity of polymers [ 96 ]. Another example of through-space 
intermolecular interaction (in case of polythiophenes) is the S∙∙∙S multiple short interactions 
increasing the effective cross-conjugation (forming networks) of orbital overlap, which leads to 
enhanced CT properties [97, 98]. One more example of the importance of the non-covalent 
interactions is the self-organization of molecules into single-crystal microribbons via an attractive 
intermolecular S∙∙∙S non-covalent interaction [99] or similar S∙∙∙O interaction (in thienoisoindigo 
based polymer), which leads to ultra-high hole mobility of 14.4 cm2/V∙s [100]. Moreover, a non-
covalent interaction causes the charge penetration, which can occur in stacked monomers. This 
charge penetration appears when the π-electron clouds of two stacked monomers overlap at 
relatively small intermolecular distances, which leads to reduced screening of the nuclei. This 
interaction between stacked molecules is found to be significant in organic crystals [101, 102]. 
 One special case of the through space interactions is the hydrogen bonding (H-bonding). 
Many investigations are done in order to clarify the interactions due to H-bonding [103, 104, 
105]. It is possible to modify the morphology, crystal structure and molecular organization in 
systems with H-bonding interactions, which is more pronounced for small molecules due to 
spatial preferences in the crystal structure [106] as compared to polymeric materials. Besides, 
there is also so called non-conventional H-bonding such as CH∙∙∙O and CH∙∙∙N, which has great 
impact as potential "locking" forces in small molecules and polymers [89]. Additionally, H-
bonding can affect the structure and the molecular packing of the molecules [83]. 
 The next factor which has a strong influence on the properties of conjugated polymers are 
the so-called spacers (flanking units). The D- and A+ units can be connected directly to each other 
or through spacers. It has been shown that when spacers are included between the blocks some of 
the properties can be changed significantly. 
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In the most simple case spacers can be -C=C-,-C≡C- bonds as the simplest molecular fragments. 
These common spacers primary affect the planarity, conjugation length and the rigidity of the 
polymers and further the electronic and CT properties. For instance, inserting vinylene linker 
between the units leads to backbone planarization and to extension of the π-conjugation length 
and further to higher charge carrier mobility [43, 107, 108]. Another example is when units are 
connected through cyanovinylene spacer. Here the corresponding devices showed maximum e- 
mobility and also exhibited the lowest h+ mobility, which can be used for tuning the polarity of 
devices [ 109 ]. A simple change of double with triple bond between thiophene rings in 
thienoisoindigo polymer can alter the electronic properties of materials such as increasing the 
mobilities and decreasing the Eg [110]. Furthermore, the spacers (for instance vinylene) provide 
reduction of the steric interactions, which partially increases the polymer solubility [111]. More 
complicated spacers like aromatic rings, for example, thiophene as a small D- fragment or pyrrole 
as a small A+ unit, are very promising π-conjugated units. This approach also allows one to 
control the electronic properties of polymers because of e--donating or e--withdrawing nature of 
the spacers. Examples of types of spacers are shown in Figure 4. 
 All the similarities of these linkers are that they are π-conjugated (sometimes one can 
utilize a methylene fragment in order to prevent further conjugation) but using small molecules as 
linkers provides much more extension of the π-conjugation (better orbital overlap leads to better 
performance of the devices). For instance, increasing the number of spacers in benzothiadiazole 
polymer leads to increased mobility due to changes in the micro-structure of thin films [112].  

 

 Figure 4. Schematic representation of conjugated D--A+ alternating block copolymer 
linked with spacers (flanking units). Examples for spacers, D- and A+ units are also shown.  

 From experimental viewpoint very important factors during the synthesis of conjugated 
polymers are the polydispersity, the molecular weight distribution, the terminal chemical groups, 
which can vary in each synthesis. Increasing the molecular weight leads to higher charge carrier 
mobilities and improvement of the device performance, which ultimately relates to the 
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supramolecular order and morphology [20, 113]. Additionally, high molecular weight is desirable 
for application in bulk heterojunction solar cells, which enhances the efficiency by improved 
inter-polymer interaction to enhance the current [114, 115, 116]. 
 Along with the molecular weight, the increased solubility due to incorporation of side 
chains plays a crucial role in the performance of polymers [112] as it was already mentioned. The 
impurities influence on the CT in semiconducting polymers, acting as charge-carrier traps or 
exciton quenching sites [117, 118]. The chain end groups have also impact on the device 
parameters by acting as chemical traps which are quenching the photogenerated excitons, 
disrupting the chain packing or accelerating degradation [ 119 , 120 , 121 ]. Additional 
manipulations on the polymers could be done, for instance, by a simple change of the orientation 
of the repeat units along the backbone that affects the bulk film order and electronic behaviour 
[122, 123], which is ascribed to higher regioregularity, due to improvement of the interchain 
packing [ 124 ]. The effect of the surrounding medium is observed forming well-ordered 
aggregation in several common organic solvents and that aggregation strongly affects the solution 
and the bulk optical properties [125], which can be used for optimization of the regioregularity 
and crystallinity [126]. Moreover, by careful selection of solvent mixtures (taking into account 
vapour pressure, solubility and the solvent amount) the performance of organic solar cells can be 
enhanced by influence on the morphology [127]. 
 Additionally, there are some methods of treatments of the polymers which are very 
effective for inducing a high crystallinity such as solvent vapour annealing [128, 129], zone 
casting [130, 131], epitaxy [132, 133, 134, 135], high-temperature rubbing [136, 137, 138, 139, 
140] or with presence of additives (such as 1,8-diiodooctane) in the processing, which induces 
layered structures [141, 142, 143, 144, 145], or adding extra two polar solvents playing the role of 
additives [146]. Other factors such as changes in the underlying substrate [147] and the thermal 
management history of the samples also influence on film characteristics and can ultimately 
define the final optoelectronic performance, for instance, charge carrier mobility decreases when 
the dielectric constant of insulating layer is increased [148]. Moreover, the hopping mobility is 
very sensitive to the packing in the first few layers adjacent to the dielectric interface (substrate), 
which adds another consideration to supramolecular control [149]. 
 Effect of the pressure on the properties of conjugated polymers is described theoretically 
[150], where the planarity of a polymer can be tuned by applying pressure. Experimentally, the 
effect of pressure on the charge transport properties of a single crystal is also observed, where 
with increasing the pressure the mobility is improved due to reduction of the intermolecular 
distance [151]. 
 Additionally, there are some factors which remain absolutely unexplained such as (i) how 
the size and orientation of the repeat unit can be used to control the organization or (ii) the 
influence of processing conditions in determining the final bulk properties cannot be understood 
as well as (iii) the impact of crystal grain boundaries. 
 General difficulties emerged that polymers are mixtures of statistical structurally related 
macromolecules (mainly due to polydispersity and irregular unit arrangement) that differ in 
number, arrangement and distribution of the repeat units per polymer chain, which leads to the 
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fact that the polymeric properties can vary in a wide range. One is a reason for the poor 
reproducibility of polymer synthesis and the difficulty of prediction of their properties. Thus 
improving the chemical synthesis and the purification processes has ultimate impact on the 
properties of the polymers [122, 152, 153, 154,155] especially in order to achieve high molecular 
weight, which leads to better device performance accompanied with changes in thin-film 
morphology and more isotropic films as it was already mentioned [156].  
 The complexity of the polymeric properties can be summarized for the attempt to combine 
solution processability, high charge carrier mobility, wide range optical absorption profiles and 
large absorption coefficients, appropriate energy band structure and environmental stability. Their 
electronic properties reflect the interplay between polaronic relaxation, energetic and positional 
disorder. Strong electron-phonon coupling in polymer solids results in polaron formation, and 
consequently, the charge transport processes are affected by polaronic relaxation. On the other 
hand, variation in the local conformation as well as the presence of defects along the polymer 
chains can cause large energetic disorder and broadening of the electronic density of states. 
 From theoretical point of view a lot of efforts are done in order to clarify and predict the 
properties of semiconducting polymers and usually they support the experimental studies. As a 
rule, the calculations are done on small isolated molecules [86, 157, 158, 159, 160] or using 
periodic boundary conditions (PBC) on small crystals [86, 161, 162] in order to avoid extremely 
expensive calculations of real polymeric materials. These simplified calculations provide 
knowledge about the ground state geometry, possible distortion of the planarity as well as the 
electronic properties. 
 The charge transport properties depend on the mutual orientation of the molecules in 
crystals so they depend on the crystal structure and the intermolecular distances. If the crystal 
structure of the current compound under investigation is experimentally resolved, it is very easy 
to compute the CT properties in all the possible pathways (described as stacks of dimers) [163]. 
The problems arise when the crystal structure is unknown, which is a usual case for polymers, 
and so a lot of possible structures should be studied and all the different crystal cells reproduce 
different charge carrier mobilities. Moreover, the prediction of the crystal structure is a very 
complicated computational task and there are only few cases where the crystal structure is 
successfully predicted, usually starting from well-known structure of derivatives of the current 
compounds [164]. 
 One alternative of the crystal structure calculations is to study dimer systems for 
calculation of the CT properties or binding energies (Ebind), which is useful to scan all the 
possible spatial positions of dimer forming 2D quasi-surface (shifting one of the molecules both 
horizontally and vertically) [165, 166, 167]. One advantage of this method is that it gives the 
order of maximum (and minimum) value of the mobility or the dimer configuration with 
minimum energies. On the other hand, it is difficult to say which of these values will be obtained 
experimentally. Another disadvantage of this method is that it takes into account only cofacial or 
perpendicular stacked orientation and it is not suitable for herringbone orientation (Fig. 5, p. 18) 
since a 3D scan has to be performed around one of the molecules under certain angle (different 
from 90 or 180°) as well as the dimer molecules are kept at the same distance during the scan. 
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The number of possible side chain orientations could be reduced if configurations with steric 
hindrances or unfavourable structures are avoided, involving highly coiled alkyl chains or 
minimal interactions between the side chains but this attachment still remains a challenge. 
 According to the experimental studies, linear (hexyl) side chains can adopt primary two 
types of configurations: shifted (interdigitated) side chains, which are presented in thin films 
(usually obtained by spin-coating), and non-shifted (non-interdigitated) side chains obtained by 
growth from extremely slow cooling of melt [175, 178], which are referred to kinetic and 
thermodynamic structures, respectively (Figure 6). 
 One more tool to study semiconducting materials is by the means of Molecular Dynamics 
(MD), which is not so widely applied in semiconducting small molecules [176, 177], oligomers 
[83, 169] or polymers as compared to QM calculations. One reason is that classical MD cannot 
provide the electronic properties of the molecules under investigation but there could be found 
some combined MD/QM approaches, which allow obtaining of the CT properties as additional 
calculations [83, 178]. Classical MD primary allows one to gain an insight into the packing mode 
of molecules and the self-organization, for example, two extreme cases of mutual orientation of 
the D- and A+ units in the polymers, mixed or segregated stacks (Fig. 7), can be observed as 
aforementioned. Additionally, classical MD can provide (statistical) average values obtained 
from the trajectory of the simulations and the effect of the temperature is taken into account, 
which are the main advantages as compared to QM.  

                                

  

 Figure 6. Representation of shifted (a, SH, interdigitating) and non-shifted (b, NS, non-
interdigitating  side chains. 

 

 Figure 7. Schematic representation of mixed (a) and segregated (b) stacks. 
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 However, using periodic boundary conditions (PBC) within MD for polymers is a 
challenge since the system becomes ideal and defects are not taken into account such as isolated 
molecules, polydispersity or irregular units when the periodicity is along the backbone. 
 Some theoretical characteristics of the conjugated polymers are absolutely lacking or very 
rare such as excited state optimizations or mechanical properties and detailed and systematic 
investigations of their properties are not available or they are very specific. 
 According to the conductive properties, there are two kinds of conductance: n- and p- type 
depending on the charge transport of e- or h+, respectively. After n-type conductance was 
discovered in organic electronics, which is intrinsic property of the organic semiconductors [179], 
this field of the science has undergone new advances. It is very interesting, for the advanced 
technologies, when the materials exhibit simultaneously n- and p-type conductance, i.e. 
ambipolarity, which is not only a fundamental property of the materials but this character allows 
investigation, for instance, of surface phenomena where on the surface states of topological 
insulators conductivity with well defined n- and p- regions can be observed [180, 181]. The 
devices which exhibit ambipolarity have many advantages such as very low power consumption, 
compensating effects in device tolerances (varying the device performance) [182], low power 
dissipation [183], high noise margin [184], greater operation stability [185], the ability to change 
the type of the conductance under suitable biasing conditions and device configurations [179, 
186, 187, 188]. There are some approaches which demonstrate how ambipolar materials can be 
obtained: using two stacked layers of discrete e-- and h+-transporting organic semiconducting 
materials [ 189 ], using two-component layer comprising a blend of unipolar e-- and h+-
transporting organic semiconductors [190] and using a single-component layer with symmetric or 
asymmetric electrodes [191]. In order to achieve high performance air-stable ambipolar polymers, 
three criteria should be taken into consideration: low-lying LUMO (≤ -4.0 eV) for air-stable 
electron injection, appropriate deep HOMO ensuring small gap (Eg) (≤ 1.8 eV) and oxidative 
stability and structural planarity of the polymer backbone for tight solid-state packing and 
therefore efficient charge delocalization [192]. 
 Even though, the polymers are complicated molecules themselves, they are not so 
different from the classical inorganic semiconductors according to the charge transport limitation 
factors. There are some crucial differences between organic and classical inorganic 
semiconductors such as thermal conductivity [193, 194] and heat energy dissipation, which are 
much less for conjugated molecules as compared to the Si based devices, but generally they 
depend on the same factors mentioned above (chemical composition, impurities, molecular 
structure etc.) with respected to their conductivity. The most critical difference is the crystal 
structure, which is even more difficult to be resolved for polymeric materials especially when the 
side chains are included. Conjugated molecules and polymers [195] usually possess more than 
one (two or more) polymorph forms, which can differ in a few kJ/mol energy, which makes the 
picture complicated since it is well-known from the inorganic semiconductors that different 
crystal structures exhibit different charge transport properties. And this problem can be extended 
very easy to occurrence of more than one mesophase such as liquid crystalline or plastic one (for 
instance, C60 does not have orientation order at room temperature [196]). 
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Organic crystal structures usually provide devices anisotropic CT within two directions and only 
in few cases three dimensional mobility is achieved [197, 198]. 
 The temperature has a great influence on the organic electronics materials. For example, 
the maximum mobility of a device was found in the range from 30 to 200K [199, 200] or quasi-
constant mobility was observed in high temperature range 400÷450K [201]. Also, it should be 
kept in mind that these devices are constructed by several layers of materials with different 
thermal expansion coefficients and the temperature dependence becomes already a complicated 
factor. 
 One very important feature of the performance of the devices is that it depends on the 
fabrication methods of their architectures, working principles, current-voltage characteristics as 
well as of the measurable instrument and the working operation which cannot be excluded when 
the mobilities should be compared or discussed experimentally. One example can be given that 
the charge carrier mobility varies by a factor of 20 has been recorded when the gate voltage 
sweep rate is changing [ 202 ], so the mobilities depend on the experimental measurement 
conditions. 
 There are three general ways of how the hopping mobilities can be improved: first, 
developing crystal structures with shorter intermolecular distances, second, the surface 
modifications for single crystals in order to reach trap-free transport which remains unexplored 
field and third, with improvement of metal-semiconductor contacts [203]. 
 From an overview of the reported mobilities of the conjugated polymers or organic small 

 

 Figure 8. Reported field-effect charge carrier mobilities (in cm2/V∙s) as a function of the 
publication date adapted from Ref. [204]. 
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molecules (Fig. 8, p. 21) follows that during the last 30 years investigations the charge carrier 
mobility is increased by seven orders of magnitude (from 10-5 up to 102 cm2/V∙s) which shows 
remarkable progress in this field. 
 From Figure 8 (p. 21) it looks like that there is an upcoming plateau and the maximum 
obtained mobility would be of the order of 103 cm2/V∙s and the highest reported mobility so far is 

170 cm2/V∙s [205]. If the maximum reached mobilities for conjugated molecules are compared 
with that of inorganic semiconductors, so far they correspond to the values of disordered classical 
inorganic semiconductors. Nevertheless, organic materials are still very interesting for science 
and industrial applications. There are some additional reasons (except of those mentioned above) 
why organic semiconductors are so intensively studied in recent years: a wide variety of possible 
molecules, multi-functionality (for example they can emit or absorb light) and they exceeded the 
mobility of amorphous silicon. 
 Summarizing all the factors, one can conclude that promising organic semiconductors 
should have coplanar backbone, low conformational disorder, short π-π distances in a stack, 
strong intermolecular interactions, high and narrow molecular weight distribution, ordered crystal 
structure, increased solubility, low lying LUMO, low band gap, pronounced interchain 
interdigitation, stability upon ambient conditions, soft conditions of performance (operation 
stability), should be easy and available for synthesis, simple for fabrication etc. When 
computational methods are applied many of these parameters are simplified or omitted and the 
mobility depends only on the chemical composition and the structure of the materials. In the next 
section is described how can be predicted the charge transport properties using theoretical 
methods. 

 

2.2. Charge Transport Modelling 

 
 Two widely used theories describing charge transport in organic materials are the band 
gap theory (coherent electron transport) and the hopping model (incoherent electron transport) 
[206, 207, 208]. The first one is ascribed to ordered organic materials at low temperature and 
there are some experimental confirmations of this model [200]. It assumes that the charge carriers 
are delocalized all over the system although this mechanism is observed also at room temperature 
[209]. The second one is attributed as CT in high temperature limit and considers the charge 
carriers as localized ones due to strong coupling to thermally excited intra- and intermolecular 
vibrations (electron-phonon coupling). Besides, if weak intermolecular electronic coupling occurs 
the hopping regime becomes dominant and in this case the charge transport is described as 
intermolecular hopping. 
 The charge carrier mobility characterizes the ability of a semiconductor to transport 
charges and it determines the device performance as it was discussed in the previous chapter. 
According to the two above mentioned mechanisms the hopping mobility can be approximated as 
a sum of two contributions: 
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      tun hop        (2) 

where μtun is the contribution for the band-like regime (electron tunneling) and μhop is the term for 
hopping like regime. Standard mathematical expression for the charge carrier mobility (μ) is 
given by Einstein-Smoluchowski equation and if the CT is considered as one dimensional, 
similarly to the diffusion processes: 
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where e is the elementary charge, Dc is the diffusion coefficient, d is the (travel) distance, KCT is 
the charge rate constant, kB is the Boltzmann constant and T is the temperature. 
 In order to compute the mobility, the charge rate constant (KCT) has to be evaluated. The 
charge (electron) transport is usually assumed as a "chemical reaction" between two neighbouring 
molecules at appropriate distance. Classically, the calculation of the charge rate constant involves 
estimating the probability of reaching a many-dimensional intersection region of a transition state 
on a potential energy curve. Moreover, it should be taken into account a suitable weighted 
frequency for crossing this intersection region and a transition probability going from one state to 
another one. Since the electron transfer is much faster as compared to nuclei motion the Franck-
Condon principle (during electron transition nuclei do not change their coordinates) can be 
applied. Additionally, the charge transport between two molecules (bimolecular reaction) 
assumes that the molecules do not share atomic groups since only electron is transferred during 
the reaction as it is described like weak electronic coupling. First-order charge rate constant for 
electron transfer at fixed distance is given by [210, 211]: 
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where ħ is reduced Plank constant, V is the electronic coupling (charge transfer integrals) and FFC 
is the Franck-Condon factor. FFC is a sum of products of overlap integrals of the vibrational and 
solvational wave functions of the reactants with those of the products weighted by Boltzmann 
factors. Typically, quantum-mechanical theories treat the nuclear motion like (i) all coordinates at 
fixed distance as a collection of independent oscillators or like (ii) assuming harmonic (or Morse) 
oscillators for the reactants and the rest (the solvent) is treated classically using the free energy of 
solvent reorganization. When the first (i) choice is made eq. (4) takes the form: 
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where (FFC)v is the Franck-Condon (vibrational) factor for any given set of vibrational quantum 
numbers vr of the reactants' and vp of the products' (including the solvent oscillators) and p(vr) is 
the equilibrium (Boltzmann) probability of finding the system in the vibrational state vr. 
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When all of the vibrational frequencies vi in (FFC)v are small (hvi/2kBT ≤ 1), eq. (5, p. 23) 
becomes a standard Arrhenius type equation: 
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where ΔE0* is the enthalpy of the reaction and λtot is the total reorganization energy. 
 When the second assumption (ii) is made in the high temperature limit, the charge rate 
constant is transformed into the equation of semiclassical Marcus theory: 
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where ΔG0 is the free energy of the reaction. The difference between eq. (6) and eq. (7) is only 
that eq. (7) contains ΔG0 instead of ΔE0*. However, if eq. (7) is accompanied with the most 
simple case when the reactants and the products are identical, and there are no broken or new 
formed chemical bonds, so called self-exchanged reactions (ΔG0=0, eq. 57, p. 42), it results: 
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 This is the most frequently applied equation for estimation of the charge rate constants in 
organic materials at room temperature since it is easy for implementation. The same expression 
(eq. 8) can be obtained from the more general polaron model where electron-polaron interactions 
are taken into account (Holstein theory). In the polaron model if it is considered the limiting case 
when the phonon energy is much less as compared to the thermal energy (ħω0 << kBT) and 
assuming that the polaron energy is equal to Epol=λtot/2 it will be obtained again the expression of 
the semiclassical Marcus equation (for self-exchanged reactions). The polaron model can be used 
to estimated both hopping and tunneling mechanisms (eq. 2, p. 23) since semiclassical Marcus 
theory is suitable to evaluate only for hopping mechanism. 
 Since chemical and physical defects are usually presented in organic materials (for 
instance, presence of an amorphous regions in the crystal structure) the charges are more and 
more localized and the CT regime becomes hopping-like mechanism (which is expected for 
organics). There are two main models for description of disordered structures. One is the above 
mentioned Marcus theory. Another model, the Miller-Abrahams' formalism, originally has been 
developed to describe doped inorganic semiconductors and the charge rate constant from hopping 
mechanism from site i to site j is given by: 
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where ω is the hopping frequency, Rij is the separation between site i and j, γ is an overlap factor, 
εi and εj are the site energies.   
 Both Marcus and Miller-Abraham theories can be derived as two limiting cases by the 
means of time-dependent perturbation theory in case of weak electronic coupling.  
 Theories describing inorganic and organic semiconductors are different because they 
differ in the scale of the mobility, for instance, AlGaAs/GaAs heterostructures grown by 
molecular beam epitaxy afford incredible mobility on the order of about 3.5∙107 cm2/V∙s [212]. A 
united theory for both types of semiconductors which covers the whole range of temperature 
(both mechanisms) still does not exist. However, calculating CT properties in organic molecular 
crystal is a challenging task, since electron and nuclei (phonon/vibrations) motions are coupled 
together. 
 In this work eq. (3, p. 23) and eq. (8, p. 24) are utilized for calculation of the mobility and 
the charge rate constant, respectively, because they predict correct values for organic devices at 
room temperature according to the experimental measurements and they are easy for 
implementation: they depend only on two parameters λtot and V. 
 λtot is the total reorganization energy which measures the strength of the local electron-
phonon coupling [207, 213] and it should be minimized in order to achieve high mobilities with 
respect to eq. (8, p. 24). It consists of two contributions, one is due to the fast changes in 
molecular geometry (λi, inner contribution) and the other one is due to the slow variations in 
polarization of surrounding medium (λo, outer shell contribution): 

      tot i o         (10) 

 Generally, λtot is a individual molecular properties and it can be calculated for each 
molecule. The inner shell contribution (λi) can be estimated by so called four-point formalism as a 

difference of geometry relaxation energies upon going from neutral (0) to charged state (±) 
geometry [206]: 
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where E± and E0 are the ground (equilibrium) state energies of charged and neutral state, 

respectively, 𝐸#
± and 𝐸#

଴ are the energies of charged states at optimized neutral-state geometry, 
and vice versa. The outer shell contribution is usually adjustable parameter and also it can be 
omitted for conjugated molecules [206] as well as it can be computed by frequency-resolved 
cavity model (FRCM) [214, 215]: 
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where q is the transferred charge, r1 and r2 are the effective radii of solvated molecules, R=r1+r2 
is the intermolecular distance, εop and εst are the optical (square of the refractive index) and static 
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dielectric constants of the solvent, respectively. Another way for calculation of the outer shell 
contribution is to take into account the solvent effect [ 216 ]: first to evaluate the total 
reorganization energy (with surrounding medium) and afterwards to subtract the obtained value 
from the value calculated without solvent interactions (λi): 

      Solvent
o tot i        (13) 

 The second parameter (V) required for computation of the charge rate constant (and 
further the mobilities) is the electronic coupling (charge transfer integrals). It describes the 
transition between two electronic states when a charge is transferred between adjacent molecules 
in an interacting dimer. It is determined by the electronic nature of the molecules or fragments 
involved and it depends on the mutual orientation of the molecules, especially of the distance 
between them or more correctly it depends on the degree of the wave function overlap which in 
turn depends on the bonding/anti-bonding pattern between adjacent molecules [ 217 ]. The 
electronic coupling is defined by the matrix element: 

      V H        (14) 

where H is the electronic Hamiltonian of the system, Ψα and Ψβ are the wave functions of the 
initial and final charge-localized state, respectively. There are various procedures of how V can 
be estimated [218, 219]. One simplified approach is the energy splitting in dimer (ESID) method 
which provides an approximation evaluated from the Kohn-Sham (KS) orbital energies of dimer 
system (two molecules): 
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where VET and VHT are the electron coupling for e- and h+ transfer, respectively, LUMO, 
LUMO+1, HOMO and HOMO+1 are the corresponding orbital energies. This approach is the 
most frequently utilized for evaluation of the electronic coupling [166]. The next section 
describes the aim and objectives of this theoretical investigation. 

 

2.3. Aim and Objectives 

 
 The goal of this study is to investigate semiconducting D-/A+ copolymers by the means of 
a multiscale computational approach starting from the constitutive small units via rational 
monomer design to the charge transport properties of copolymers. 



2. Introduction into Conjugated Polymers 

   
27 

As A+ units, diketopyrrolopyrrole (DPP) and benzothiadiazole (BTZ) molecules are selected, 
linked either with furan (Fu) or thiophene (Th) spacers as D- in one polymer chain (Figure 9). In 
order to reach the above mentioned goal the following steps have been undertaken: (1) starting 
from isolated small molecules Fu-BTZ-Fu, Th-BTZ-Th, Fu-DPP-Fu, Th-DPP-Th and Th-DPP-
Th, and their corresponding monomers Fu-BTZ-Fu-DPP-Fu, Th-BTZ-Th-DPP-Th, the 
conformational, energetic and the optical properties are characterized using Density Functional 
Theory (DFT) calculations. Here, the effect of the spacer (flank, Fl) linking two units is 
evaluated. (2) The next stage of the study is based on calculations of parallel and anti-parallel 
interacting dimers of the above mentioned molecules on DFT level. Here the effect of the mutual 
orientation of the molecules in dimers (two molecules in a stack) are described in the binding 
energies and the electronic couplings depending on the spacer, π-π distance in the stacks and later 
to the transversal and longitudinal shifts of the molecular backbone. Additionally, n-mers 
(n=2÷5) of Fl-(BTZ-Fl-DPP-Fl)n are studied within DFT in order to reproduce better electronic 
properties as compared with available experimental data. (3) The third part of this work is related 
to the classical Molecular Dynamics simulations of the crystalline phases of the constructive parts 
(Th-BTZ-Th) and polymeric crystals (-Fu-BTZ-Fu-DPP-)6, (-Th-BTZ-Th-DPP-)6 subjected to 
periodic boundary conditions (PBC). Here the effect of the thermal disorder is simulated 
implicitly. Additionally, the type of the side chains (here, linear or branched) is taken into 
account for polymers (Figure 9). (4) Finally, the predicted charge transport properties are 
compared with available experimental data. 
 The chosen molecules are very common in experimental investigations and they are very 
effective in fabrication of organic electronic devices. 
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 Figure 9. Schematic representation of the molecules under study (X=O or S, Fu or Th, 
respectively), R=-H, -CH3, -C12H25 or -C2H3(-C8H17)-C10H21, n=1÷5 or 6. 

 BTZ molecule unit has been widely utilized in organic electronics especially in organic 
photovoltaics [220, 221] and it can be considered as a building block for both n- and p-type 
materials [110, 192]. BTZ is one of the most promising A+ unit in D--A+ polymers owing to its 
strong electron affinity [92, 93, 222 , 223 ] and it can be easily modified by introducing 
electronegative substituents such as fluorine or nitrile (-CN) groups. Single junction devices 
based on BTZ containing polymers have achieved power conversion efficiency of over 10% [26]. 
Some of BTZ polymers exhibit high charge carrier mobilities [20] as well as ambipolarity and air 
stability [192]. 
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 DPP unit has become like a benchmark in organic electronics and a lot of DPP containing 
polymers are studied and many high performance ambipolar conjugated polymers are based on 
this unit [43, 224, 225] and some of them possess high thermal stability (5% loss over 360 °C) 
[226 ]. DPP has a strongly polarized core, which increases dramatically the intermolecular 
interactions in polymers. DPP requires a number of long or bulky alkyl side chains to ensure 
solubility, however, the side chains often interfere with an effective π-π overlap, leading to low 
crystallinity. An additional benefits of DPP is that it is relatively easy and inexpensive for 
synthesis and there are a lot of possibilities for its decoration. 
 Combining DPP and BTZ in D--A+ polymers results in high performance ambipolarity and 
reproducible characteristics [44, 227, 228, 229, 230, 231]. 
 First of all, molecules containing fused-ring systems (such as BTZ and DPP) intend to 
maximize the π-overlap by restricting the intramolecular rotation in the oligomer and possibly 
due to inducing face-to-face π-stacking, facilitating charge transport through intermolecular 
hopping. On the other hand, the fused aromatic rings can make the polymer backbone more rigid 
and coplanar, therefore enhancing effective π-conjugation, lowering Eg and extending absorption 
[232]. 
 Nevertheless, increasing the planarity could decrease the solubility, which leads to low 
molecular weight, but in some cases the CT properties remain unaffected [ 233 ]. Usually, 
molecules with coplanar and rigid structure have smaller λtot, which is beneficial for achieving 
high charge-carrier mobility according to eq. (8, p. 24) as it was mentioned. 
 Usually, D-/A+ units are linked with spacers and one more advantage (in addition to the 
mentioned ones in the introductions) of the aromatic spacers (such as Fu and Th) is that they will 
reduce the steric hindrance between adjacent BTZ and DPP units and thereby the planarity will be 
improved (and further the charge transport properties) as well as the side chain interactions will 
be facilitated. Regardless, the solubility could be significantly reduced when more flanks like Th 
are introduced in a polymer [234].  
 Polythiophenes and fused thiophenes are perhaps the most prevalent class of conjugated 
organic semiconductors [186, 235 , 236, 237] and nowadays Th remains as flaking units or D- 
block in organic semiconductors [86, 91, 109, 110, 112, 126, 192]. One reason for the wide use of 
Th based compounds is the high polarizability of sulphur atoms and their ability to engage in 
strong S∙∙∙S and S∙∙∙π intermolecular interactions, which contributes to the good charge carrier 
mobility of oligothiophenes and their derivatives [ 238 , 239 ] as it was already discussed. 
Additionally, oligothiophenes have greater stability than other π-conjugated oligomers. But there 
are also some drawbacks of sulphur containing molecules such as relatively low solubility, 
inefficient luminescence because of the quenching "heavy atom" effect and low rigidity of Th-Th 
bond, which allows twisted conformations. 
 The analogues of polythiophenes are polyfurans. Fu based materials are not so intensively 
studied as compared to Th compounds. One reason is that upon replacing sulphur with oxygen 
atom, the aromaticity is reduced and the oxidation potential is lowered. On the other hand, Fu 
molecules are considered as promising candidate for sustainable organic electronics because they 
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are biodegradable and can be produced from renewable resources [ 240 , 241 ]. One major 
advantage of Fu containing molecules is that they are much more soluble as compared to Th ones. 
Additionally, Fu based derivatives can be synthesized in non-chlorinated solution processing 
[242]. 
 If one compares the properties of Th and Fu oligomers, Fu ones are much more rigid, they 
have greater Eg [171], better charge delocalization and strong fluorescence [ 243 , 244 ] as 
compared to Th molecules. According to their CT properties it is shown that Fu and Th 
containing polymer analogues have comparable, high and balanced mobilities [225, 227, 228, 
229, 230, 245]. There are only several studies where Fu containing molecules are investigated 
theoretically [171, 176, 243, 244, 246, 247, 248, 249]. 
 Despite of all experimental and theoretical efforts in this field it is still debated which are 
the tuning parameters for achieving high performance devices and there are mainly specific 
investigations of conjugated organic electronic molecules where the main aims are to obtain high 
hopping mobilities or high power conversion. 
 This work answers several questions regarded to how to obtain high (and balanced) 
performance organic electronics with systematic and detailed research of the chosen objects (Fig. 
9, p. 27): 

 Which are the parameters defining high and balanced mobilities for organic molecules? 
 How does the charge carrier mobility depend on molecular orientation? 
 What is the influence of heteroatom on molecular properties? 
 How do the side chains influence on the crystal structure in polymers? 
 How do the charge transport properties depend on crystal structure? 
 Which are the dominant interactions in polymeric materials? 
 How do the mechanical properties depend on heteroatom and side chains? 

 The scientific novelty of this work is in the step-by-step investigation and comparison of 
the properties on each level combing classical and quantum methods. Moreover, different 
methods for calculation of the charge transport properties are compared. This work can point out 
how the chemical structure can be manipulated in order to achieve desirable (for example, 
ambipolar) properties and it will be useful for design of high performance materials applied in 
organic electronics. In the next chapter the computational tools are explained, which are utilized 
in order to obtain the goal of this study. 
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3. Computational Methods and Models 
 

 This chapter gives a brief introduction of the theoretical methods and models which are 
employed in order to achieve the goal of this work. 

 

3.1. Oligomer Molecular Approach 

 
 Since the theoretical description of polymers is computationally expensive and usually, it 
is even impossible to simulate infinitely long chains, the so called oligomer molecular approach 
can simplify the calculations. The idea of this approximation is to investigate small molecules or 
oligomers, which the polymers are constructed from, and further to relate the properties of small 
molecules to the polymeric materials. This approach is very useful when it considers only static 
molecular arrangements because the semiconducting polymers are usually stacked in networks 
and their motion (for instance, due to diffusion) is hindered as compared to organic electronics 
based on small molecules. On the other hand, this method does not take into account some of 
details, for example, such as side chains and interactions due to the closest neighbours. One of the 
most applicable ways to apply this oligomer molecular approach is to study systems 
systematically increasing the number of molecules (the system size) involved in the calculations 
and further to apply an extrapolation method in order to predict the properties of polymers 
(infinite number of units). Applying such an approach, usually the electronic properties of the 
conductive polymers are evaluated such as Eg or electronic coupling (V) and further the charge 
transport properties [157, 160, 250]. But also it could be used to calculate the mechanical 
properties (rigidity of the chains, Kuhn segment) of polymers [251]. 
 The oligomer approach also allows obtaining another key parameter like the 
reorganization energy (λtot) and it is shown that for polymers the reorganization energy tends to 
zero [252], which is favourable for higher mobilities according to the semiclassical Marcus 
theory (eq. 8, p. 24). It is very useful to study molecular organizations and assemblies in periodic 
systems of oligomers, which provides information about the preferable orientations and the 
packing modes. Moreover, this approach is very easy for implementation and shows good results 
for polymers, if the polymers are not amorphous. Nevertheless, it should be kept in mind that the 
most specific and fundamental properties of the organic materials and generally for polymers are 
obtained when it is considered the whole macromolecules such as electron delocalization and 
conductivity, mechanical flexibility, crystal structure, stacking mode, relaxation effects, glass 
transition, which cannot be investigated only with monomer (or oligomer) units. In order to 
reproduce good results all the details must be included, which is usually done with periodic 
boundary conditions. The next sections explain the computational tools which are used in order to 
study organic electronics materials from small molecules up to block copolymers. 
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3.2. Density Functional Theory 

 
 Density Functional Theory (DFT) is a quantum mechanical method based on Hohenberg-
Kohn theorem - every stationary many-particle system in its ground state can be characterized 
fully (uniquely) by the ground state electron density. DFT does not rely on the wave function (Ψ) 
itself but only on the electron density (n0), which depends on three spatial coordinates. If N 
interacting particles are considered the standard Hamiltonian (Ĥ) for stationary system has the 
following form: 

     ˆ ˆ ˆ ˆ
extH T V W         (17) 

where 𝑇෠  is the operator of kinetic energy, 𝑉෠௘௫௧  is the interaction of particles with an external 
source operator, which is characterized by time-independent potential vext (due to nuclei), and Ŵ 
is the particle-particle interaction. Many-body eigenstates  |Ψ୩〉  corresponding to the Ĥ are 
obtained by the stationary Schrödinger equation: 

     ˆ
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 The ground state electron density is introduced by: 
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where 𝑛ො(𝑟) is a spin density operator, r is spatial coordinate and σ is a spin variable. 
 The Hohenberg-Kohn theorem leads to three fundamental statements: (1) the ground state 
is a unique function of the ground state electron density, (2) any ground state observables are 
density functionals and (3) the ground state energy can be obtained only with the ground state 
density (variational principle). 
 In order to introduce the Kohn-Sham equations (DFT method), it should be considered a 
system with non-interacting particles (electrons) with a multiplicative effective (external) 
potential vs. The corresponding N-particle ground state  |Ф଴〉 where  |Ф଴〉 is a Slater determinant 
(where the subscript "s" means non-interacting): 
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which is constructed from the energetically lowest solutions (ϕi) of single particle Schrödinger 
equation: 
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 The last step is to introduce the potential vs, which can be subdivided into the individual 
contributions: 

    0 0( ) ( ) [ ]( ) [ ]( )s ext H xcv r v r v n r v n r       (23) 

where vH[n0] and vxc[n0] are the potentials for Hartree (direct Coulomb) and exchange-correlation, 
respectively. Finally, inserting eq. (23) into eq. (22) the Kohn-Sham equations for single particle 
interacting system are obtained: 
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 The total energy can be decomposed as: 

    0 0 0 0 0[ ] [ ] [ ] [ ] [ ]s H ext xcE n T n E n E n E n        (25) 

where Ts[n0] is the kinetic energy, EH[n0] is classical (Hartree) interaction energy between N 
particles with density n0 (including their self-interaction), Eext[n0] describes the couplings 
between the particles and the external potential and Exc[n0] is called exchange-correlation energy. 
 The functionals Ts[n0], EH[n0] and Eext[n0] are universal and this is valid also for Exc[n0]. It 
should be emphasized that DFT exchange-correlation energy is not identical with the 
conventional exchange-correlation energy, which is usually employed in standard many-body 
theory and in quantum chemistry (the difference between the energy of system with interacting 
particles and its classical counterpart without taking into account the electron correlation). 
 However, system of interacting particles is described by another system with non-
interacting particles in an effective external potential (due to the nuclei), it appears the problem 
that it is required the exact Exc[n0] in order to map the electron density, and a universal exchange-
correlation functional is still not found. The exact representation of Exc[n0] provides an ideal 
starting point, which can be improved later in order to reach the exact solution. In this sense DFT 
is called first-principle approach. Also, there are many approximations which provide expressions 
for the exchange-correlation functional (different DFT functionals). 
 In this work mainly two so-called DFT hybrid functionals are employed. Within this 
approximation the exact exchange functional is an admixture with other (gradient) type 
functionals. As a consequence the exchange-correlation energy is split into two terms, one for 
exchange and one for correlation energy, which are usually treated as parameterized linear 
combinations: 
 B3LYP functional [253] - Becke (B), three-parameter (3), Lee-Yang-Parr (LYP) has the 
following form of the exchange energy: 
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where the parameters a0, ax and ac have values 0.20, 0.72 and 0.81 respectively, the subscript 
indexes "x" and "c" are for exchange and correlation (energy), respectively. The superscripts 
correspond to the following functionals: Local-Density Approximation (LDA), Hartree-Fock 
(HF) and Generalized-Gradient-(Density)-Approximation (GGA). B3LYP has the same 
parameters as B3PW91 functional but instead of correlation functional term PW91 it has LYP. 
B3LYP has been widely and successfully employed in studies of conjugated polymers delivering 
the most accurate ground state geometries [161, 254, 255, 256].  
 M06-2X [257] - Minnesota (M) 06 two time exchange (2X). This is global hybrid 
functional based on meta-GGA approximation with 54% Hatree-Fock exchange. It has high 
accuracy for thermochemistry, kinetics and the π-π non-covalent interactions which are 
important, for instance, for determination of the binding energies (Ebind) in stacked dimers.  
 Additionally, in order to describe a N-electron system (wave function) it is required N- 
single-electron orbitals and each single-electron orbital should be defined by a set of functions. In 
order to simplify the efforts the number of the functions is reduced to a set of pre-defined 
functions (basis set) which is capable to describe different types of electrons (for instance, 
functions for 1s, 2s, 2p etc. electrons). Moreover, a basis set can provide functions for specific 
interactions (polarization function, diffusion function etc.) and also different type of functions 
(Gaussian functions, Slater type functions, plane waves etc.). 
 In this study 6-31G* basis set (Pople's split-valence double zeta) is applied with B3LYP. 
This basis set provides six (6) primitive Gaussian functions (G) for the inner shell and four 
primitive Gaussian functions split into two (31) for the valence shell and there is an additional 
polarization function (*) on the heavy (without hydrogen) atoms. Dunning correlation-consistent 
polarized (cc-p) valence triple-zeta (VTZ) basis set is utilized with M06-2X, which includes large 
set of polarization functions for the corresponding shells (d, f, g etc.). It provides 16 functions for 
the H-atoms, 30 functions for the atoms up to Ne and 34 functions for the atoms from Na to Ar. 
 In order to access excited states time-dependent (TD)-DFT is additionally applied. TD-
DFT shows that there is a unique mapping between the time-dependent external potential of a 
system and its time-dependent e- density at given initial wave function (known as Runge-Gross 
theorem). Many-body wave function  |Ψ(𝑡)〉  corresponds to the time-dependent Schrödinger 
equation at initial state  |Ψ(𝑡଴)〉 =  |Ψ(0)〉 can be written as: 
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where Ĥ(t) is standard time-dependent Hamiltonian (eq. 17, p. 31). If a Slater determinant with 
time-dependent many-body state  |Ф(𝑡)〉  (constructed from N single-particle time-dependent 
orbitals ϕi(rσt)) satisfies a given initial condition (t0), a unique solution of a TD-non-interacting 
system is guaranteed. If one can find a non-interacting TD potential vs(rt), which reproduces an 
identical density with interacting system, TD-DFT is capable to simulate interacting systems.
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The time-dependent Kohn-Sham equations for single-particle take the form: 
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 However, DFT method provides static description of the system since it is assumed that 
the nuclei are immobilized as the electrons move much faster than the nuclei. This is known as 
Born-Oppenheimer approximation, which allows separation of the wave function into two 
contribution - one for the nuclei coordinates (R) and one for the electronic coordinates (r): 

     ( , ) ( ) ( , )n eR r R R r        (29) 

where Ψn(R) is the wave function, which depends only on the nuclei coordinates, and Ψe(R,r) is 
the wave function, which depends on the electronic coordinates and only parametrically of the 
nuclei coordinates.  
 Therefore, in this work quantum chemical calculations are performed on oligomers and 
further they are combined with classical Molecular Dynamics (MD) where the motion of the 
atoms is included explicitly and additionally it allows simulation of systems with many particles. 
Moreover, due to high computational efforts DFT is not suitable for simulation of large systems 
consisting of many molecules or macromolecules especially when the basis set is large enough. In 
the next section MD is described in order to gain insight into the details of interactions and 
molecular organization in polymeric materials. 

 

3.3. Molecular Dynamics 

 
 Molecular Dynamics (MD) is based on solving classical equation of motion for a system 
of N particles via a potential U given in eq. (36, p. 35) as Utot. These equations can be written in 
various ways but perhaps the most fundamental form is the Lagrangian equation of motion: 
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     (30) 

where t is time, 𝑞௞  are generalized coordinates (𝑞̇௞  is the first time derivative of 𝑞௞ ) and the 
Lagrangian function L(q,𝑞̇) is defined in terms of kinetic and potential energy: 

     L K U        (31) 

 If a system of atoms is considered and if one chooses appropriate forms for the kinetic 
(eq. 32, p. 35) and the potential (eq. 33, p. 35) energy, it can be obtained the second Newton's law 
(eq. 34, p. 35): 
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     i i imr f       (34) 

where pi is the momentum, mi is the mass, ui are pair potentials, 𝑟̈௜ are second time derivatives 
cartesian coordinates (acceleration), fi is the force, i, j, k run over all particles (N) and α runs over 
all the components (x, y, z).  
 It has to be computed all the force (fi) between the particles, i.e. the Newton's equation of 
motion (eq. 34) requires integration. There are many procedures in order to integrate eq. (34) and 
the quality of MD simulation depends on the method of integration. One way to do this 
integration is so-called Verlet algorithm, which has the following form: 
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where Δt and Δr are the time (equal to time step in MD simulations) and the coordinate 
difference between two steps, respectively. 
 Verlet algorithm estimates the new coordinate positions with an error of order of Δt4 and 
does not use the velocity to compute the new positions. It computes the new positions from the 
previous ones and only for the first two steps an initialization is needed.  
 If the particles in the system are considered not like single beads but molecules consisting 
of connected atoms, the inter- and intra-atomic interactions have to be computed, i.e. the total 
potential energy in MD system (eq. 36). 
 The total potential energy can be estimated using so-called force-field (FF). Usually, FF is 
described by parameterized potentials where the atoms are considered as rigid (undeformable) 
spheres and the total potential energy can be subdivided into individual contributions of the 
interactions: bond stretching, torsion rotation, etc. There are many force fields available in order 
to simulate the behaviour of a certain system. In this work the Polymer Consistent Force Field 
(PCFF) is employed, which is the second-generation FF. It is developed for a wide range of 
organic compounds and intended for application in polymers and organic materials. 
 The total potential energy of FF can be expressed as: 

    tot bonded cross nonbondedU U U U       (36) 

where Ubonded and Unonbonded correspond to intra- and inter-molecular interaction, respectively, 

Ucross corresponds to the coupling between the individual contributions of Ubonded, if all the terms 

are written down it will be obtained: 

    bonded bond angle tor imprU U U U U        (37)
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cross stretch stretch stretch bend stretch bend bend tor stretch tor bend bend bend tor bendU U U U U U U               (38) 

    nonbonded LJ electrU U U       (39) 

where Ubond is bond stretch, Uangle is angle bend, Utor is torsion, Uimpr is inversion (or out of 

plane), ULJ is Lennard-Jones (or van der Waals) and Uelectr is electrostatic.  

 In PCFF, the torsion rotation (Utor) term has the following form: 
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where θ and θ0 are the actual and equilibrium torsion angles, respectively, V1, V2 and V3 are 

parameters and i is a phase factor. 

 Angle-bend (Uangle) has the term:
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where φ and φ0 are the actual and equilibrium valance angles, respectively, and k2, k3 and k4 are 
parameters. 

 Bond-stretch (Ubond) term: 
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where b and b0 are the actual and equilibrium bond lengths, respectively, k2, k3 and k4 are 

parameters. 
 Improper (Uimpr) or out of plane term reads: 

     2
imprU k



      (43) 

where and χ is the improper torsion angle and kχ is a parameter. 

 Lennard-Jones (ULJ) or vdW term: 
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where ε0 is the depth of the potential well, σ0 is the minimum distance between two particles 

when the interaction energy is zero and r is the distances between the particles. 

 Electrostatic (Uelectr) interaction term are taken into account with Ewald summation 
method. The basic idea of Ewald is to split the interaction into two terms, one for short-range 

(Usr) and one for long-range (Ulr) interactions: 
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     Ewald
electr sr lrU U U U       (45) 

 Usually, the short-range interactions are calculated in the real space by classical Coulomb 

potential (eq. 46) and the long-range interactions are evaluated in reciprocal space by standard 

Ewald summation (eqs. 47 and 48): 
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where C is energy-conversion constant, qi and qj are the charges of two atoms, ε is the dielectric 

constant of the medium, i is the imaginary unit, V0 is the volume, ρ0 is the electrostatic potential, 

k are the lattice vectors in reciprocal space and α is a parameter responsible for the width of a 

Gaussian function. This technique provides a rapid convergence of long-range interactions in 

reciprocal space for application in periodic systems. 

 All the other terms have standard expressions which are usually power series. 

 In order to compute the statistical average quantities of a system with N particles a 

(partition) function (Q) is required. In this wok two partition functions (ensembles) are employed: 

 NPT or isobaric-isothermal ensemble is utilized where the constant quantities are the 

number of particles, pressure and temperature: 
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where Λ is the thermal de Broglie wavelength (eq. 50), P0 is the momentum of a particle, s is a 
time scaling coordinate. 
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where m is the mass of the particle and h is the Plank constant. 

 NVT or canonical ensemble is used where the corresponding quantities (the number of 

particles, volume and temperature) are constant:  
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 The major advantage of the classical MD approach for simulation of organic 
semiconductors is the possibility to mimic the experimental conditions, takes into account the 
environment and allow averaging the quantities over the time scale. 
 

3.4. Computational Details 

 
 First, DFT is applied in order to obtain the ground-state molecular geometries of all 
conformers of the small BTZ and DPP molecules. All molecules are optimized without any 
symmetry constraints. After geometry optimization, a frequency analysis is performed in order to 
check whether these structures correspond to a local minimum on the potential energy surfaces. 
D--A+ monomers are constructed from the most stable conformers of the small individual units.  
 Torsion potentials are obtained in the relaxed rotor approximation by computing partially 
optimized energies at each constrained value of the torsion angle θ, i.e. all internal degrees of 
freedom are allowed for relaxation during the rotation expect of the four atoms describing the 
torsion angle θ, which remains fixed. The value of θ varied from 0° to 180° by 10° step, i.e. by 
scaling the torsion angle along potential energy surface. 
 The electrostatic potentials (ESP) are calculated using Merz-Singh-Kollman procedure 
[258] and mapped onto a surface with an isovalue of electron density of 0.02 a.u. This defines a 
molecular surface in 3D space around the atoms, which characterizes a continuous molecular 
shape in terms of electron density. The electrostatic potential is represented as the interaction 
energy between the electrical charge generated from the molecule electrons and a positive point 
charge as a probe located at position r: 
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where ZA is the charge of the nucleus A, which is a point charge located at RA. The term ρe(r) is 
the electron density function. The sign of the electrostatic potential is correlated to the partial 
charges on the atoms/atomic groups, i.e. the value at the minimum of VESP(r) quantifies the 
electron-rich character of that region, and vice versa. 
 Two atomic population analyses are utilized in this study: Mulliken population analysis 
which separates the electron density into the individual atomic contributions using the basis set 
functions: 
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where qA are the partial charges, B is a molecule orbital, which runs over the total number of 
electrons (N), l and s are the indexes of atomic orbitals, c are the coefficians of molecular orbital 
basis functions, S is the overlap matrix and k runs over all the atoms. 
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 The second atomic population analysis is ESP analysis where the charges are fitted to a 
electrostatic potential surface calculated by eq. (52, p. 38), which is usually reproduced by a grid 
of points surrounding the vdW surface of the molecule. The partial charges are determined 
minimazing eq. (52, p. 38) and eq. (54): 
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 The atomic population analyses allow estimating the partial charges of each atom in the 
molecules and for instance, further they can be transferred into MD simulations.  
 Solvent effects are simulated by embedding the molecules in a polarizable continuum 
model (PCM) [259] as a continuum phase with dielectric constant of toluene (ε=2.379) and 
chloroform (ε=4.9), which are chosen for consistency with the experimental studies [260, 261]. 
 The optical properties of the molecules at the optimized geometries for the most stable 
conformers and monomers are characterized by investigating the vertical singlet-singlet 
electronic transition energies calculated with time-dependent Density Functional Theory (TD-
DFT) method of the same level of the theory including solvent effects of toluene and chloroform 
since the experimental UV-VIS spectra are measured with these solvents. In this work excited 
state energies are computed for the lowest twenty excited states. The UV-VIS absorption spectra 
are simulated employing Gaussian functions with the GaussView5 default parameters for half-
width to build a continuous spectrum from a collection of transition peaks corresponding to TD-
DFT transition energies and oscillator strengths. 
 The charge transport properties and binding energies (Ebind) are calculated for the most 
stable conformers (and monomers) in the case of π-π stacks: the ground state geometry is 
duplicated in two different starting configurations for interacting dimer - parallel (face-to-face) 
and anti-parallel (one of the molecules is rotated over 180° over its center of mass) orientations 
(Fig. 10, p. 40) and further single point calculation is performed in order to obtain the energy of 
the system. For each orientation, two different stacking modes are investigated: (1) dimers with a 
perfect registry, i.e. segregated stacking motif when both the central unit (BTZ or DPP) and 
flanks (Fu or Th) of one molecule are a top of the same blocks of neighbouring molecule, (2) 
dimers forming slipped cofacial orientations with longitudinal (l) and transverse (k) shifts, i.e. 
mixed stacking motif. Each molecule is shifted with a certain step (0.1 or 0.2 Å) along the 
corresponding direction (d, k or l) shown in Figure 11 (p. 40). 
 When the functions of the basis sets are centered on the nuclei (like in this work) and the 
basis set is incomplete (small amount of functions), an absolute error in the energy occurs since 
the geometries could be different. The quality of the basis set is not the same at all geometries, 
owing to the fact the electron density around one nucleus may be described by functions centered 
by another nucleus. This appears in stack of dimers where the basis functions from one molecule 
can contribute to the basis functions of the other molecule and vice versa. This is called basis set 
super position error (BSSE). In this work BSSE is taken into account via counterpoise method 
only for calculation of Edim (in dimers), which estimates the difference between monomer 
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ith the regular basis set and the energies calculated with the full set functions for the 
Later binding energies (Ebind) are evaluated via the equation:

 2bind dim monE E E     

is the energy of a dimer system (single point) and Emon is the energy of a monomer 
The counterpoise energy (ECP) is estimated via the equation:

 ( ) 2 ( )AA AA
CPE E AA E A    

the superscript indexes "AA" indicates the basis sets of the systems AA (dimer) and A 
(single molecule). BSSE is estimated subtracting eq. (55) and eq. (56). 

Representation of parallel (left) and anti-parallel (right) stacked dimers.
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 Since DFT is not capable to simulate large amount of atoms and also it takes into account 
only static properties of the system under investigation, later DFT is combined with classical MD. 
 Experimentally resolved crystal structure of Th-BTZ-Th is simulated using MD in NVT 
ensemble (t=10 ns) with periodic boundary conditions (PBC) in all the directions. PBC allows 
simulation of infinite number of particles or unit cells. If a particle leaves the unit cell from one 
side, it automatically appears from the other side. PBC consist of infinite number of unit cells 
where only one of them is the original unit cell and all the others are copies. It is useful to 
simulate polymers (infinite system) and periodic crystal structures as well as it avoids surface 
phenomena. 
 The elementary unit cell of Th-BTZ-Th is replicated three times in all the directions in 
order to reproduce a larger super cell. From the crystal structure of Th-BTZ-Th molecule stacks of 
dimers corresponding to each possible pathway (dimer orientation) for charge transport are 
extracted in order to perform single point DFT calculation required for estimation of the 
electronic properties. This approach allows obtaining average values of the CT properties 
corresponding to every possible direction for each dimer stack. At every 100000 step a frame is 
taken and each (CT) property is averaged over 100 frames. 
 In MD simulations ESP charges are implemented, adopted from DFT calculations of 
optimized small molecules (as well as for monomers and dimers, n=1 or 2). 
 Polymers in certain simulation boxes are constructed from D-/A+ monomers (with 
backbone created from six monomers, n=6) using PBC in all the directions and simulated without 
a solvent within MD. Since the atoms connected to the backbone are included in the periodicity 
the number of the monomers (n), which the polymer is constructed from, in the backbone goes to 
infinity (infinitely long chains are reproduced). Four π-π stacks of backbones are taken into 
account and further these stacks are multiplied four times in the direction of the alkyl side chains 
in order to form a polymeric material (totally 16 backbones per super cell, Fig. 37, p. 94). The 
attached side chains have stretched initial conformations. In the beginning, all the super cells are 
extended in order to avoid steric conflicts of the side chains. The starting π-π distance of the 
backbones is in range of 3.6÷4.0 Å where for linear side chains the range is shorter (3.6÷3.7 Å). 
 Two starting positions of the side chains are modelled with respect to the shift of 
backbone: when the side chains are shifted (SH, interdigitating) and when they are non-shifted 
(NS, non-interdigitating) (Fig. 6, p. 19). In order to reproduce SH side chains the backbones are 
initially shifted by 9 Å where the BTZ unit coincides with DPP. 
 For each MD simulation of polymers, first short NPT run (t=1 ns) is performed with 
isotropic pressure (Px=y=z=1 atm.) and T=300 K in order to check the planarity of the backbone 
and to obtain a proper density of the system. After the NPT run, the system is annealed from 
300K to 600K and cooled down to 300K with two subsequent NVT runs (with a rate of 3K 
per·1·10-10 s) and finally a productive NVT run (T=300K) is performed for the analysis. Each 
NVT run has simulation time of 10 ns, totally 31 ns for each polymer. From the MD trajectory of 
the NVT productive run (the last 10 ns of a simulation) at every 100000 frame a snapshot is taken 
for analysis in order to estimate average properties of the polymers (each property is averaged 
over 100 frames). 
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 The partial charges for each polymer are adopted from DFT calculation (ESP charges) 
where the backbone charges are applied from optimized dimer (n=2) molecules and the charges 
on the side chains are taken from optimized monomers with side chains and later the excess of the 
charge (maximum ±0.5e-) is redistributed over the whole molecule. For estimation of the CT 
properties stacks of dimers (Fl-BTZ-Fl-DPP-Fl, Fl(Flank)=Fu or Th) are extracted from the most 
planar regions of the samples and further all molecules are saturated with H-atoms since in MD 
they are included in the infinitely long polymer chains, and the side chains are reduced to methyl 
(-CH3) groups. Finally, single point DFT calculations are performed in order to reproduce the CT 
properties for each polymer. Since the backbone of the polymers are stacked there is only one 
possible direction (pathway) for charge transport. 
 For all MD simulations a modified PCFF force field is applied with Nosé-Hoover thermo- 

and barostat with Verlet integration algorithm with time step of 1∙10-15 s. The changes in the FF 
are shown in Table 1. Ewald summation method with accuracy of 10-6 is applied for the 
electrostatic energy. The Lennard-Jones interactions are modelled as atom-based and calculated 
applying cut-off radius of 18.5 Å - a 9-6 Lennard-Jones potential with sixth power mixing rule. 
 All CT properties are taken into account only for self-exchanged reactions when the 
charge transport is carried out between two identical molecules (M), ΔG0=0: 

    / 0 0 /M M M M          (57) 

Type: Definition: Values: 

Bond: 
 b0 [Å] k2 [kcal/mol∙Å2] k3 [÷] k4 [÷] 

np-sp 1.6384 719.2471 0.0 0.0 

Angle: 

 φ0 [°] k2
 [kcal/mol∙rad2] k3 [÷] k4 [÷] 

cp-op-cp 107.330 130.6992 -18.4789 0.0 
cp-cp-op 105.530   96.2006 -44.9267 0.0 
c5-c5-c5 106.780   61.0226 -34.9931 0.0 
c5-c5-op 108.900   61.0226 -34.9931 0.0 
cp-c5-c5 134.320 220.0226     0.0 0.0 

 cp-cp-c5a 134.320 220.0226     0.0 0.0 
 cp-c5-opa 134.320 220.0226     0.0 0.0 
cp-c5-c5 118.900   61.0226 -34.9931 0.0 
cp-cp-op 118.900   61.0226 -34.9931 0.0 
c5-np-sp 106.880 220.9746     0.0 0.0 
np-sp-np   99.670 220.1730     0.0 0.0 

Improper: 

 χ [°] kχ [kcal/mol∙rad2] 
 cp-c5-c5-npb 0.0   0.3 
 cp-c5-c5-opb 0.0 10.0 
cp-cs-c5-spb 0.0   0.3 

 Table 1. Introduced changes in PCFF force field. aParameters modified only for Fu 
derivatives. bImproper parameters are taken from Ref. [262]. 
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 In order to obtain the hopping mobilities (eq. 3, p. 23) it is required the distance (d) 
between the molecules. d is taken as π-π stacking distances (dπ-π) for monomers (as well as for 
extracted dimers from polymers) and as a distance between centroids (dh) for isolated stacks of 
small molecules (one dimensional shift) as well as in dimers taken from the crystal structure in 
case of Th-BTZ-Th small molecule (Fig. 11, p. 40). 
 In order to evaluate the mechanical properties of the polymers, Kuhn segment (lK) is 
calculated of small molecules. lK represents an equivalent chain length of a polymer, which is 
reduced to effective number of chains due to universal properties of the polymers (independence 
of the local chemical structure). The length of one effective segment is called Kuhn segment and 
it is estimated by the hindered rotation model: 
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where C∞ is the characteristic ratio, l0 is the monomer size and αA is the valence angle of the 
“model” chain. αA is taken as the angle between center of mass of the three constitutive units of a 
small molecule (Flank, BTZ or DPP and Flank, average for each derivatives) - Figure 17 (p. 55).
 The hindered rotation model assumes that all the bonds have the same bond length, all the 
bond angles are constants and all the torsion angles hindered by a potential U(θi) are not 
correlated. The characteristic ratio (C∞) is the average sum of all bond vectors when the number 
of monomers (n) tends to infinity and it has the following expression: 
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where 〈cos θ〉 is the average value of the cosine of the torsion angle θ with probability, which is 

proportional to the Boltzmann factor eି௎(ఏ౟)/௞். In the hindered rotation model, the mean-square 
end-to-end distance (Re) has the following expression: 

     2 2
0eR C l n        (60) 

where n is the number of the monomers. 
 In order to check the quality of the theoretical methods, with respect to the structure of the 
molecules, experimentally resolved crystal structures and theoretically obtained structures are 
compared with root-mean-square deviation (RMSD) between the covalent bonds. RMSD between 
the difference of two data sets is evaluated where one set is the covalent bonds from the 
experiment and the other set is the covalent bonds obtained from the theory (DFT): 
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where j is the number of the values (covalent bonds) in each data set, x1,i and x2,i are the two sets 
of data (experimental and theoretical bond lengths, respectively). 
 The utilized software packages for MD simulations are BIOVIA Material Studio (for 
small molecules and preparation of polymers) and LAMMPS (for polymeric materials). For all 
the DFT calculations Gaussian09 software is used. 
 In the next chapter are presented the results of small molecules. 
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4. Donor-Acceptor Small Units 
 

 This chapter describes the results of DFT calculations of isolated constitutive units in its 
environment, modelled by Polarizable Continuum Model (PCM).  

 

4.1. Conformational Properties 

 
 First, the conformational preferences of small molecules flanked with Fu or Th spacers 
are considered depending on conformational state (Fig. 12 and Fig. 13, p. 46). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 12. Optimized geometries of the conformers of Fu-BTZ-Fu (left column) and Th-
BTZ-Th (right column); the relative energy difference between trans-trams state and respective 
conformer is given in kJ/mol. The dipole moments (in D) are also shown (B3LYP/6-31G*, ε=0). 

 In this work, one conformer of BTZ molecules is called cis-cis when both heteroatoms of 
the flanks, i.e. oxygen from furan or sulphur from thiophene, are pointing out in the direction of 
1,2,5- thiadiazole. 
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For trans-trans conformational state, the heteroatoms are oriented to benzene ring of BTZ. 
Finally, the cis-trans conformer has two flanks with different orientations. 
 For DPP compounds this definition of the conformers is not available because of 
symmetry reasons of its core but it will be used the same nomenclature with respect to the relative 
energy difference shown in Figure 13 or it can be used the following assumption: if a line passes 
through the diagonal of DPP molecule (through the two nitrogen atoms) and in the remaining half 
of the molecule (together with one Fl) if the Xatom of the Fl is pointing the oxygen atom from 
DPP (X∙∙∙O contact) this will be called cis- conformation and if the heteroatom in the flank is 

pointing the opposite direction to the hydrogen atom of N-H group (X∙∙∙H-N contact) this will be 
named trans- conformation. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 13. Optimized geometries of the conformers of Fu-DPP-Fu (left column) and Th-
DPP-Th (right column); the relative energy difference between trans-trams state and respective 
conformers is given in kJ/mol. The dipole moments (in D) are also shown (B3LYP/6-31G*, ε=0). 

 In both cases the most stable conformers are trans-trans ones and they are considered as a 
reference system, i.e. its relative energy difference E is zero. The rotation of one Fl of BTZ 
derivatives about θXCCC angle (Fig. 12, p. 45) is accompanied by the energy penalty of E=16.68 
and 2.80 kJ/mol for Fu-BTZ-Fu and Th-BTZ-Th, respectively; the rotation of the second flank 
doubles these values. For the DDP molecules the rotation of one Fl about the equivalent angle 
θXCCN is slightly higher when Xatom is oxygen and it is two times higher when Xatom is sulphur as 
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compared to the energies of BTZ molecules, E=19.34 and 7.31 kJ/mol for Fu-DPP-Fu and Th-
DPP-Th (Fig. 13, p. 46), respectively. Again the rotation of the second flank doubles these values 
similar to BTZ derivatives. 
 For both molecules when Xatom=O the greater energy difference between the conformers 
can be explained by the existence of H-bonding, which stabilizes the trans-trans conformers. 
With rotation of a Fl from cis- to trans- conformation the number of the H-bonding is increased 
and the energy difference rapidly reduced. This energy difference is significantly lower in the 
case when Xatom is sulphur because of different interactions (S∙∙∙H). The number of H-bonds is the 
same (four) when Xatom=O in both DPP and BTZ derivatives but in BTZ there are two types of 
N∙∙∙H and O∙∙∙H, whereas in DPP there are four types of O∙∙∙H, which means that in DPP the H-
bonding is stronger and the energy penalty for Fu-DPP-Fu is slightly higher (ca. 3 kJ/mol). In 
case of sulphur containing molecules these S∙∙∙H interactions are not conventional H-bonds and 
they are unfavourable, which explains the lower energy difference between conformers, which 
was mentioned above. An additional proof is that when the Xatom is sulphur DPP compounds still 
have H-bonding due to O∙∙∙H-N interactions unlike Th-BTZ-Th molecules where in the later one 
the H-bonding is N∙∙∙H (weaker), which explains the two times higher energy difference between 
the corresponding conformers. Additionally, these flank/core intramolecular interactions will give 
rise to a large stiffening effect for the corresponding polymers, which is discussed later. 
 The cis-cis conformations of the molecules with Fu flanks appear to be highly 
unfavourable, which is in line with theoretical predictions by Kayi for Fu-BTZ-Fu [158]. On the 
other side, for both molecules with Th flanks cis- and trans- orientations can be realized since 
both conformers are relatively stable. Indeed, Nielsen et al. [94] in H-NMR studies indicated that 
thiophene Fl of BTZ can rotate freely even at low temperature allowing cis-trans interconversion 
[94]. Considering the X-ray crystal structures of Th-BTZ-Th, it was concluded that approximately 
71% of the molecules are in cis-trans conformation, and the remaining molecules adopt cis-cis 
one [94], on the other hand, only cis-trans conformation is found for the same compound by other 
authors [ 263 ]. The cis-trans conformation of Th-BTZ-Th has been observed in crystalline 
structures of a parent compound by Dhar et al. [264]. Moreover, the torsion angles defining the 
orientation of the flanking units and the BTZ core deviate from the experimentally observed 
values (Table 2, p. 48). 
 For example, the cis- oriented thiophene Fl of cis-trans Th-BTZ-Th conformer in 
crystalline samples is characterized by the value of dihedral angle of 2.03o [94] and of 5o [264], 
i.e. the deviation from planarity is smaller than the predicted value here of 13.4o for the molecule 
in gas phase where the planarity is distorted. It can be explained by the tight packing in the 
crystalline solid-state where the presence of ordered adjacent molecules held together via 
intermolecular interactions including π-π stacking generates more coplanar structures. The trans- 
oriented Th flank of cis-trans Th-BTZ-Th is almost coplanar to the central BTZ unit, as follows 
from the calculations and from the available experimental data [94, 264]. In this work in order to 
compare the experimental [94] and calculated structures RMSD (root-mean-square deviation) 
between covalent bonds (eq. 61, p. 43) is utilized. 
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For cis-trans conformer of Th-BTZ-Th RMSD is estimated to be 0.0241 Å, which follows that 
B3LYP/6-31G* gives rather accurate bond lengths [265] and this is one of the criteria choosing 
this functional and basis set for theoretical investigations. 
 All DPP conformers with Fu and Th flanks possess perfectly planar structures as well as 
the trans-trans conformers of both BTZ molecules with Fu and Th flanks, as follows from Table 
2 and 3. Similar conclusions have been drawn by Pina et al. [266], Lima et al. [267] and Grisorio 
et al. [268] for the torsion angles along the conjugated backbones of Th-BTZ-Th molecules, and 
by Kayi [158] in computational study of Fu-BTZ-Fu oligomers. The cis-cis conformers of Fu-
BTZ-Fu and Th-BTZ-Th deviate from the planar geometry with dihedral angles 22.0 and 12.2o, 
respectively. The latter one corroborates well with the value predicted for Th-BTZ-Th by Özen et 
al. (12.3o) [86]. 

B3LYP/6-31G* 
ε=0 

Fu-BTZ-Fu (X=O) Th-BTZ-Th (X=S) 
cis-cis cis-trans trans-trans cis-cis cis-trans trans-trans 

rXN [Å] 2.82 2.82 - 2.93 2.93 - 
rNH/rXH [Å] - 2.49/2.43 2.50/2.43 - 2.33/2.66 2.32/2.66 
θXCCC/θXCCC [°] 22.0 21.8/179.8 180.0 12.2 13.4/179.7 180.0 
Exp.[Å] rSN/rSH - - - - 2.88/2.64[94] - 
Exp. [Å] rSN - - - - 2.83[263] - 
Exp. [°] θXCCC - - - - 5/171[263] - 

 Table 2. Intramolecular non-conventional hydrogen bond N∙∙∙H, O∙∙∙H, S∙∙∙H, X∙∙∙N 
interactions and interring torsion angles of all BTZ conformers (for definitions see Fig. 12, p. 45). 

 Unfortunately, Fu-BTZ-Fu structure is not available experimentally and Fu-DPP-Fu as 
well as Th-DPP-Th small compounds are resolved only with side chains attached to DPP or in 
octanoic acid (C7H15COOH) as a solvent on graphite surface [106]. The closest structures, which 
were found to Fu-DPP-Fu is with hexyl (-C6H13) or tetradecane (-C14H29) [269] chains, with 
branched side chains (-C2H3-(C4H9)-C6H13) [270] or polymer with additional Fu unit [271]. For 
Th-DPP-Th is found a structure with only one hexyl (-C6H13) side chain [272], with two hexyl    
(-C6H13) chains [273] or with two methyl groups [274].The theoretical support of the experiment 
of Th-DPP-Th (with one hexyl side chain) [272] also shows planar geometry with torsion angle 
θSCCN less than 1°, which is in agreement with the results shown here (0.0°) as well as the authors  

B3LYP/6-31G* 
ε=0 

Fu-DPP-Fu (X=O) Th-DPP-Th (X=S) 
cis-cis cis-trans trans-trans cis-cis cis-trans trans-trans 

rXO [Å] 3.14 3.17 - 3.17 3.18 - 
rXH1/rOH2 [°] - 2.61 2.61/2.52 - 2.88/2.30 2.88/2.30 
θXCCN/θXCCN [°] 180.0 180.0/0.0 0.0/0.0 180.0 180.0/0.0 0.0/0.0 
Exp. [Å] rOH2 - - 2.41[269] - - 2.27[272]/2.29[274] 
Exp. [°] θSCCN - - 0.9[269] - - 1.9[274] 

 Table 3. Intramolecular non-conventional hydrogen bond O∙∙∙H, S∙∙∙H, X∙∙∙O interactions 
and interring torsion angles of all DPP conformers (for definitions see Fig. 13, p. 46). 
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propose herringbone orientation in the crystal (Fig. 5, p. 18). The intermolecular distance CH∙∙∙O 
(rOH2) in Th-DPP-Th here is predicted very well with respect to the experimental values of 2.30 Å 
and 2.27 Å, in theory and experiment, respectively, which proves again the fact that B3LYP/6-
31G* precisely predicts the geometric characteristics. 
 In the case when Th-DPP-Th is substituted with methyl groups [274] and also with two 
hexyl chains [273] the crystal structures show trans-trans conformation represented by the most 
stable conformer estimated here by the theory and the torsion angle between Th and DPP 
indicates planarity (1.9°), whereas DFT (both B3LYP/6-31G* and M06-2X/cc-pVTZ) predicts 
close value of 0.0° in gas phase as compared to the experiment. RMSD between covalent bonds is 
obtained to be 0.0116 Å, which is one more proof for the effectiveness of B3LYP/6-31G*. 
According to Fu-DPP-Fu crystal structure (with hexyl chains) [269], one is represented again 
with the most stable (trans-trans) conformer found here (like Th-DPP-Th). The predicted CH···O 
distance (rOH2) of 2.52 Å in Fu-DPP-Fu coincides with the experimental evaluated one (2.41 Å) 
as well as the torsion angle of 0.9 and 0.0° in experiment and theory, respectively. RMSD is 
estimated to be 0.0077 Å, which again proves B3LYP/6-31G* for successful description of 
organic molecules. 
 Comparing the ground-state geometries with the second main functional employed here it 
can be concluded that M06-2X/cc-pVTZ yields larger deviation of the torsion angles for BTZ 
derivatives (up to plus 10°) as compared to B3LYP/6-31G* for cis- and cis-trans orientations. 
Additionally, M06-2X/cc-pVTZ does not predict absolutely planar structure for trans-trans 
conformers of Th-BTZ-Th where one of the θSCCC torsion angles is distorted (162.3°), whereas 
DPP derivatives are not affected and they remain planar. 
 For BTZ compounds the dipole moments are reducing with rotation of the flanks from cis- 
to trans- conformation and in trans-trans state the dipole moments are vanished (Fig. 12, p. 45). 
DPP derivatives only have dipole moment in case of cis-trans conformations where the 
symmetry is partially broken (Fig. 13, p. 46). 
 Increasing the dielectric permittivity from zero (vacuum) to 4.9 (chloroform, the most 
polar solvent considered in this study) causes only small changes in torsion angles: the planarity 
of backbones of both Fu and Th based BTZ compounds has been improved by 1-2o in cis-cis and 
cis-trans conformers, and the impact of solvent is more pronounced for furan-containing 
derivatives. DPP compounds remain unaffected from the solvent. 
 In the case of the DPP molecules, if the H atoms in N-H groups are substituted with 
methyl groups (which is typically realized in experiments) the picture remains the same and there 
are only slight differences is the relative energy difference: with 2 kJ/mol the energy difference is 
increased for molecules containing sulphur in the Fl and with 2 kJ/mol the energy difference is 
reduced for molecules containing oxygen in the Fl, respectively, as well as a slight distortion of 
the planarity occurs only for cis-cis and cis-trans conformers (up to 10°). 
 The steric repulsive interactions might be sufficient to evoke non-planar structures of 
conjugated polymers hampering cofacial interactions. These repulsive forces originate from the 
steric conflicts in the BTZ derivatives from the two hydrogen atoms, which belong to benzene 
part of BTZ and flanks, or the benzene part of BTZ and alkyl substituents of flanks [264]. 
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 On the other side in the DPP compounds these repulsion forces are vanished and there are 
only attractive interactions originating from the backbone structure. These attractive interactions 
can impose strong restrictions to local conformations and therefore called “conformational 
locks”, which in turn direct the planarity and rigidity of the chains. In some sense the 
conformational locks act in a similar way as, for instance, additional chemical bonds between the 
aromatic units of the backbone but they have non-covalent nature. 
 Coulomb forces [86, 94, 275, 276] and D--A+ orbital interactions have been discussed to 
be the origin of the conformational locks [39, 90]. These potential non-bonding interactions have 
gained special attention becoming one of the major parts of design rules used for the precise 
control of the local molecular structures in conjugated systems [89, 277]. 
 In order to clarify the non-covalent interactions the electrostatic potentials (ESP) are 
calculated and mapped onto molecular surfaces. These maps describe the charge distributions 
with the negative (red) and the positive (blue) electrostatic potential at the selected value of the 
electron density (Fig. 14 and Fig. 15, p. 51). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 14. ESP maps of all the conformers of Fu-BTZ-Fu (left column) and Th-BTZ-Th 
(right column) in e- units. The special interactions are shown between the atoms (B3LYP/6-31G*, 
ε=0). 
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 As follows from Figure 14 (p. 50) for the BTZ compounds, the molecules having a cis- 
oriented Fl demonstrate a strong localization of a negative charge arising from the spatial 
proximity of the oxygen of Fu flank and the nitrogen atoms of 1,2,5-thiadiazole in Fu-BTZ-Fu. 
Similarly, this interaction is observed from the sulphur atom of Th flank and the nitrogen atoms 
of 1,2,5-thiadiazole in Th-BTZ-Th (red ESP regions, cis- orientation). This localization is less 
pronounced in case of the thiophene derivative, which explains the different value of torsion 
angle between the units (Table 2, p. 48). The torsion angle is reduced twice (12.2° versus 22.0°) 
as compared to Fu-BTZ-Fu cis-cis (as well as cis-trans) conformer because the negative charge is 
not so strongly localized and the charge is partially redistributed into the five-membered ring 
(Th). In other words, the negative ESP region (X∙∙∙N interaction) is smeared over the flank 
(yellow ESP regions, cis- orientation) when a Fl is rotated. In the case of trans-trans orientation 
of the BTZ molecules the whole negative charge is equally redistributed into the whole molecules 
and this is a reason why these conformers are the most stable ones (because of reduced 
electrostatic interactions, which is equal to delocalized electron density). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 15. ESP maps of all the conformers of Fu-DPP-Fu (left column) and Th-DPP-Th 
(right column) in e- units. The special interactions are shown between the atoms (B3LYP/6-31G*, 
ε=0). 
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 In case of DPP molecules (Fig. 15, p. 51) again in cis-cis conformation there is a strong 
negative charge localization but the difference between Fu and Th (O and S) is not so well 
pronounced and there is only a minor difference where in the Th flank the charge is slightly more 
delocalized. This contradiction from BTZ molecules can be explained with the planarity of DPP 
molecules and with the larger distance between the corresponding atoms (Table 3, p. 48): the 
oxygen atoms are far away (with ca. 0.3 Å further than X∙∙∙N in BTZ) in cis- and cis-trans 
conformers and the steric interactions are reduced, which leads to planar geometry and reduced 
electrostatic interactions (more delocalized e- density). After rotation of a Fl the negative charge 
is delocalized in the molecules and the most stable conformers are these ones without X∙∙∙O 
interactions similar to the BTZ molecules. 
 Here a second conclusion is reached (in addition to the increased H-bonds) that the 
molecules prefer charge delocalization (reduced electrostatic interactions) in ground states.  
 In all the conformers of both molecules the positive charge is spread over the periphery of 
the molecules and it is slightly affected during rotation of a flank unit. Similar ESP maps of cis-
cis and trans-trans conformers of the DPP molecules are obtained by C. Fu et. al. [106]. 
 The distortion of the planarity of cis-cis (and cis-trans) conformers in BTZ can be 
explained also with the partial charges of the atoms (Table 4). The highest energy cis-cis 
conformer of Fu-BTZ-Fu, both atoms of O∙∙∙N non-covalent interaction are negatively charged 
ones. Since equally charged species repel each other, the cis-cis conformer of Fu-BTZ-Fu is 
characterized by a pronounced non-planar structure. By contrast, the partial charges on both 
sulphur atoms of thiophene rings are positive, their interaction with negatively charged nitrogen 
atoms of 1,2,5-thiadiazole is attractive and sequentially the torsion angle is reduced twice.  

B3LYP/6-31G* 
ε=0 

Fu-BTZ-Fu (X=O) 

2N
S

1N

2X

1X

 

cis-cis cis-trans trans-trans 
X=O -0.424 -0.426/-0.457 (1X/2X) -0.457 
1N/2N --0.556 -0.552/-0.588 -0.585 
 Th-BTZ-Th (X=S) 
X=S  0.310  0.310/ 0.251(1X/2X)  0.252 
1N/2N -0.578 -0.575/-0.585 -0.582 
 Fu-DPP-Fu (X=O)  
X=O -0.426 -0.428/-0.466 -0.467 

2N

1N

2X

1X

1O

2O
H

H

 

1O/2O -0.498 -0.493/-0.528 -0.514 
1N/2N -0.435 -0.409/-0.433 -0.408 
 Th-DPP-Th (X=S) 
X=S  0.346  0.345/ 0.259  0.258 
1O/2O -0.502 -0.499/-0.514 -0.521 
1N/2N -0.423 -0.421/-0.420 -0.418 

 Table 4. Mulliken population (in e-) of the Xatom of both flanks and central core. The right 
panel provides the definition of the Xatom for cis-trans conformers, which are unequally charged. 
Nitrogen atoms of DPP are a sum of partial charges of N plus H atoms on the N-H bond. 
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These interactions are not observed in DPP derivatives since the molecules are absolutely planar 
and the atoms are at longer distance (no steric conflicts) as it was mentioned above. 
 Further to investigate the conformational properties and to define the barriers to internal 
rotations, the torsion potentials between the central core units (BTZ or DPP) and heterocyclic 
flanks are calculated. Figure 16 shows these curves for the rotation of one Fl. For BTZ derivatives 
the potential energy curves have two maxima located at 0o and 90o, which correspond to the cis- 
(the local maximum) and to the propeller-like orientation of the Fl (the global maximum), 

respectively, and two minima at 20o (Fu-BTZ-Fu) or 12o (Th-BTZ-Th) for cis-gauche (the local 
minimum) and 180o for trans-orientations (the global minimum), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Figure 16. Torsion potentials U(θ) (in kJ/mol) of cis-trans conformers of Fu (a, b) and Th 
(c, d) derivatives (B3LYP/6-31G*, ε=0). The rotation flank is marked with an arrow. 
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 There is only one maximum at 90° and two minima at 0° and 180° for the DPP 
compounds, corresponding to the local (cis-) and global minimum (trans-), respectively. DPP 
molecules do not possess second maximum in the torsion potentials due to planarity. If the 
second Fl is rotated the same charts are reproduced for all the molecules because of symmetry. 
 It is worth noting that the Th derivatives show two energy minima that differ only by 2.80 
and 7.31 kJ/mol for BTZ and DPP, respectively. The energy for BTZ is similar to kBT at room 
temperature (1 kBT≈2.497 kJ/mol), therefore both orientations can be realized [94, 264] and this 
two times energy difference was explained by the different types of H-bonds. 
 Fu molecules have much higher energy difference, which suggests for the unfavourable 
existence of cis- conformers for both acceptor units. It is notable that Fu flank in both derivatives 
has two times higher barrier than Th one. This is in agreement with the higher stiffness of the Fu 
molecules as compared to Th ones [171]. In all the cases Fu compounds have higher values for 
the barriers and the energy differences as compared to Th ones, which can be explained with the 
different type of H-bonding mentioned above. This proves the effect of four locking interactions 
(H-bonding for trans-trans conformers) preventing the rotations of the flanks. 
 The dielectric medium slightly affects both the height of barrier at 90° and the energetics 
of cis- conformer, which is another proof of the hypothesis about the electrostatic nature of the all 
non-covalent interactions. If the H atoms in DPP derivatives are exchanged with methyl groups 
the barriers are slightly reduced (by 7.5 and 9 kJ/mol, for Fu and Th derivatives, respectively) and 
there is a minor effect into the energy differences (minus and plus 2 kJ/mol, for Fu and Th 
molecules, respectively), which is an additional proof for the importance of H-bonding. 
Moreover, torsion potentials obtained by M06-2X/cc-pVTZ showed only minor reduction in the 
barrier heights by 3 kJ/mol as well as more pronounced minimum points of the charts. C. Fu et. 
al. predicted similar torsion potentials for both DPP molecules [106]. 
 In summary, the difference in barrier heights of furan- and thiophene- containing species 
at 90o makes it entirely possible to conclude that planarization/chain stiffening is dictated by 
intramolecular interactions, which are discussed above. 
 As follows from the previous discussion, Th compounds can rotate around θ with a 
relatively small difference in energy between the trans- and the cis- orientations of the flanks 
(Fig. 16, p. 53). By contrast, rotations are highly suppressed by conformational locks of the trans-
trans Fu molecules. Thereby, for the polymer chains consisting of –[BTZ/DPP-Th]n– units, one 
can expect shorter persistence and conjugation lengths, as compared to –[BTZ/DPP-Fu]n– chains. 
 In order to describe the conformational properties of these macromolecules, the hindered 
rotation model simplified to rotational isomeric states model is applied. Here three states of each 
monomer unit are considered: the first state corresponds to the energy minimum and two other 
states are at the local minima. In this model, the mean-square end-to-end distance (Re) is 
evaluated by eq. (60, p. 43) and the characteristic ration (C∞) is estimated by eq. (59, p. 43). The 
valence angle of the “model” chain (αA) is taken as the angle between center of mass of the 
corresponding units (Fig. 17, p. 55). The estimated angles are 147.7o and 180o for BTZ and DPP 
molecules, respectively. 
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 Figure 17. Representation of the “model” chain angle (αA) between the center of mass of 
the units utilized in hindered rotation model. The monomer lengths (l0) are also shown. 

The monomer lengths (l0) are obtained to be 0.432 and 0.424 nm for BTZ and DPP compounds, 
respectively. Both the "model" angles and the monomer lengths are taken as an average of each 
derivatives (averaged over Fu and Th molecules for each A+ unit). 
 The model predicts that the fraction of the trans- state chain of the Th derivatives is 
0.6070 and 0.9053, and the Kuhn segment estimated by eq. (58, p. 43) is lK=8.5 and 48.9 nm, for 
BTZ and DPP, respectively, i.e. it includes 12 and 70 repeating units for the corresponding 
compounds. The two times energy difference the Th conformers of the BTZ and DPP molecules 
(as well as the angle) has a great impact into the macromolecules. 

Chain Property State 1 (trans) State 2 (cis-gauche+) State 3 (cis-gauche-) 

–[BTZ-Fu]n– 

U [kJ/mol] 0.0 16.680 16.680 
Fraction      0.9976    0.0012     0.0012 
〈cos θ〉           0.99542 
C∞ 5196.39 
lK [nm] 2338.17 

–[BTZ-Th]n– 

U [kJ/mol] 0.0 2.8000 2.800 
Fraction      0.6070 0.1965   0.1965 
〈cos θ〉        0.22395 
C∞ 18.82 
lK [nm]   8.47 

–[DPP-Fu]n– 

U [kJ/mol] 0.0 19.340 19.340 
Fraction 0.9992     0.0004    0.0004 
〈cos θ〉             0.9984 
C∞ 14649.74 
lK [nm]   6204.76 

–[DPP-Th]n– 

U [kJ/mol] 0.0 7.310 7.310 
Fraction      0.9053  0.0474   0.0474 
〈cos θ〉         0.8127 
C∞ 115.49 
lK [nm]   48.91 

 Table 5. Calculation of the Kuhn segment (lK) of –[BTZ–Fu]n–, –[BTZ–Th]n–, –[DPP–
Fu]n– and –[DPP–Th]n– based polymers using hindered rotation model at 298 K. 

αA αA 

l0 
l0 
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he mechanism of the polymer chain flexibility is realized as a rotational
rather flexible polymer can be characterized as a chain having an isotropic 
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 It should be stressed here that theoretical predictions of the hindered rotation model are 
performed for molecules calculated in vacuum. Better results can be obtained if molecular 
dynamics simulations of longer chains with explicit-solvent are performed.  
 For further calculations only the most stable conformers (trans-trans) are utilized and 
there are only a few exceptions with other conformers where the results are compared with 
experimental data. 

 

4.2. Electronic and Optical Properties 

 
 For small molecules the "band gaps" are considered as the energy differences between 
frontier HOMO and LUMO orbital energies. The "band gap" values and the orbital energies of all 
trans-trans conformers are summarized in Table 6.  

B3LYP/6-31G*, ε=0 Fu-BTZ-Fu Th-BTZ-Th Fu-DPP-Fu Th-DPP-Th 
HOMO [eV] -5.18 -5.35 -5.03 -5.13 
LUMO [eV] -2.48 -2.61 -2.55 -2.62 
"Eg" [eV] 2.69 2.73 2.58 2.51 
"Eg" [Exp., eV] 2.10[260]/2.28[264] 2.43[263]/2.45[280] 2.14[270] 2.16[270]/2.20[272] 

Table 6. Summary of the orbital energies of the small BTZ and DPP molecules. "Eg" are 
shown as well. 

 As it can be seen from Table 6, DPP derivatives have slightly lower "band gap" values 
than BTZ compounds, with 0.1 and 0.2 eV lower, for Fu and Th flanks, respectively. 
Additionally, the "band gap" energies for the corresponding molecules (DPP and BTZ) are very 
close and they differ with less than 0.1 eV. The difference between the molecules with different 
flanks in negligible with respect to the "band gap" values and it can be concluded that the 
heteroatom does not influence on the "Eg". It is also notable that for BTZ derivatives, Th flanks 
have always deeper HOMO and LUMO as compared to Fu flanks, by contrast this dependence is 
inverse for DPP compounds. 
 According to the BTZ derivatives, the results of the "Eg" values are 2.69 and 2.73 eV for 
Fu and Th flanks, respectively, and these calculations correspond to previously obtained values 
predicted by Kayi for Fu-BTZ-Fu (2.70 eV) [158], and for Th-BTZ-Th by Özen et al. (2.72 eV) 
[86] and by Ogunyemi et al. (2.46 eV) [279]. Remarkably, the values of the electronic "band 
gaps" corroborate the experimental data from (i) cyclic voltammetry of 2.10 eV [260] for Fu-
BTZ-Fu and another one of 2.28 eV [264], (ii) optical measurement of 2.43 eV [263] for Th-BTZ-
Th, and photophysical data 2.45 eV [280] for Th-BTZ-Th. 
 Measured "Eg" of DPP molecules with branched side chains showed very close values of 
2.14 and 2.16 eV [270], for Fu and Th flanks, respectively, and these values are still close to the 
predicted ones here of 2.58 and 2.51 eV, for Fu and Th flanks, respectively. 
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confirms the minor effect of the Xatom into the electronic properties. J. Dhar et. al. showed 
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 Figure 20. UV-VIS spectra obtained from TD-DFT/B3LYP/6-31G*. 

TD-DFT  
vacuum ε=0, toluene ε=2.379, chloroform ε=4.9 Experiment: 

λmax [nm] λ1 [nm] λ2 [nm] λmax/λ1/λ2 [nm] 
Fu-BTZ-Fu 530, 544, 542 306, 314, 314 235, 237, 237 450/300/-[260] 
Th-BTZ-Th 519, 531, 529 321, 326, 325 233, 239, 239 445/316/-[264] 
Fu-DPP-Fu 479, 505, 503 307, 312, 313 244, 245, 244 †538/353/279[270] 
Th-DPP-Th 497, 523, 520 315, 320, 321 265, 266, 265 540/-/-[272] 

 Table 7. Summary of the wavelengths of UV-VIS spectra of all small molecules shown in 
Figure 20 (TD-DFT/B3LYP/6-31G*). †In this case the solvent is dichloromethane (ε=8.93). 

 Further, the UV-VIS spectra of the trans-trans conformers are investigated (Figure 20). 
The absorption spectra exhibit a dual-band character, which is attributed to the charge transfer 
between electron-rich flanks and the electron-deficient BTZ and DPP cores (a low energy band at 

longer wavelength λmax) and to higher-energy  transitions (denoted as λ1 and λ2). 

 It should be emphasized that all absorption bands are associated to  transitions 
because of the conjugated nature of the compounds. Here the low-energy transitions λmax are 

HOMOLUMO independently of the molecules. This explains the same intensity of absorption 
band at λmax for the corresponding BTZ and DPP derivatives. Since the major contributions are 

from HOMOLUMO, this band can be identified as charge-transfer transition. 
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By contrast, a higher energy band λ1 has HOMOLUMO+1 transition for both BTZ molecules 

where for Th-BTZ-Th is a mixed excitation with HOMO-3LUMO, whereas for both DPP 

derivatives (Fu-DPP-Fu and Th-DPP-Th) is a mixed transition of HOMO-3LUMO and 

HOMOLUMO+2. The highest energy band λ2 is a mixed transition: HOMOLUMO+4 and 

HOMO-1LUMO+1 for Fu-BTZ-Fu, and for Th-BTZ-Th is HOMO-2LUMO+2 and HOMO-

4LUMO. For DPP derivatives λ2 is HOMOLUMO+2, HOMO-3LUMO and HOMO-

4LUMO+1 mixed excitation, whereas for Fu-DPP-Fu is accompanied additionally with 

HOMO-6LUMO. The transitions of BTZ molecules are very similar independently on the 
heteroatom, which is true also for DPP derivatives, and it can be concluded that the Xatom has a 
minor effect on the excitations. 
 Generally, all the molecules have the same transitions in very close range (λmax in 
500÷540 nm, λ1 in 310÷330 nm and λ2 in 240÷270 nm), which could be related to the same nature 
of the flanks (five membered aromatic rings). It is notable that the higher transitions (λ1 and λ2) 
are separated in BTZ compounds and they trend to merge in DPP molecules where in Th-DPP-Th 
they form almost one band together. All the transitions are summarized in Table 7 (p. 59). From 
this table follows that the polarity of solvents red-shifts (bathochromic) the position of absorption 
bands as compared to the calculations in vacuum. Comparing the calculated absorption maxima 
in chloroform at λ1 and λmax with experimentally measured values for BTZ derivatives (Table 7, p. 
59) λ1 is better predicted (300/316 and 314/325 nm for Fu/Th molecules, in experiment and 
theory, respectively), than λmax (450/445 and 544/529 nm for Fu/Th molecules, in experiment and 
theory, respectively). This deviation is probably due to limitations of the models used here: the 
calculations are done for isolated molecules, i.e. the molecular aggregation and solvation effects 
cannot fully be covered by the PCM model. 
 For DPP molecules, the experimental values for Fu flank are 538, 353 and 279 nm [270] 
for λmax, λ1 and λ2, respectively, and 540 nm [272] for λmax, for Th flank, which are much closer to 
the theoretical predictions of 503, 313, 244 nm (λmax, λ1 and λ2, respectively,) for Fu flank and 
520 nm (λmax) for Th flank, respectively.  
 The slightly larger deviation (up to 40 nm) of absorption bands for Fu-DPP-Fu can be 
explained with different solvent of the measured spectrum (dichloromethane and chloroform, in 
experiment and theory, respectively). It should be emphasized that a split of λmax of DPP 
molecules exist in the experiments as well as the experiments show additional small splitting of 
the other two bands λ1 and λ2, which are not captured by TD-DFT 

 

4.3. Binding Energies 

 
 For further investigation of the non-covalent interactions the binding energies (Ebind) of 
isolated stacks are evaluated from the difference between the energy of a dimer and the energies 
of two monomers (eq. 55, p. 40). 
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Two cases are taken into account: when the dimers are oriented parallel or anti-parallel (Fig. 10, 
p. 40) as well as one of the molecules is shifted in all the spatial directions (Fig. 11, p. 40). 
 First, Ebind dependence of the distance between the molecules (d) is investigated (Fig. 21, 
p. 62). In case of face-to-face (parallel) orientation all the compounds have equilibrium distance 
at 3.7 Å (with small deviation of Fu-DPP-Fu at 3.6 Å) and not all of the distances are accessible 
since segregated cofacial arrangements usually exhibit large repulsive interactions [166, 238]. 
This shows that there is a strong repulsion due to steric and orbital interactions when the 
molecules are parallel oriented at short distance. 
 The equilibrium distances are not well pronounced for parallel oriented molecules where 
the charts have shallow and not deep minima as compared to the case of anti-parallel orientation 
(BTZ molecules) where in the later one the minima are better pronounced. It seems that parallel 
oriented molecules would form disordered crystals where the distance between the molecules can 
vary due to thermal fluctuations and this could be also a reason why the crystal structures of DPP 
derivatives, which are investigated here, are not resolved experimentally (without side chains). 
Nevertheless, these "equilibrium" minimum distances are utilized further in order to compute the 
same dependencies over the other axes and later the CT properties. 
 In anti-parallel orientation (BTZ molecules) the equilibrium distances are shorter than 
parallel orientation and there is a dependence of the Xatom: Fu stacks are at closer distance (3.3 Å) 
than Th stacks (3.5 Å) because sulphur atom of Th ring has larger radius than the oxygen of Fu 
flank. In the anti-parallel case the repulsion forces are reduced and more distances (at closer 
range) are accessible as compared to parallel orientation. 
 Comparing parallel and anti-parallel orientation, in case of anti-parallel orientation Ebind 
values are lower (deeper minima) with 20÷30 kJ/mol as compared to parallel oriented molecules. 
Consequently, it could be expected that in crystal structure the molecules will occupy anti-
parallel orientation due to stronger attractive (or reduced repulsive) forces and more compact 
(more densely packed) crystal structure with shorter intermolecular distances. Indeed, this is in 
agreement with experiments for Th-BTZ-Th molecule and π-π (d) distances of 3.41÷3.44 Å [94] 
and 3.5 Å [263] for anti-parallel cis-trans conformer are measured. It could be expected that Fu-
BTZ-Fu should also realize anti-parallel orientation in the crystal structure. It should be 
emphasized that the calculations are obtained for trans-trans (the most stable) conformers, 
whereas the preferable conformation in experiments is cis-trans one of Th-BTZ-Th compound. 
 In the case of Th-DPP-Th substituted only with one hexyl side chain the measured π-π 
distance is 3.71 Å [272], which very well coincides with theoretical value obtained here (3.7 Å). 
The same dπ-π (3.70 Å) is also obtained for a derivative with different (triethyleneglycol) side 
chains [274] of the same compound. Interesting, when two hexyl chains are attached to Th-DPP-
Th this π-π distance is reduced to 3.5 Å according to the experiments [273, 274], which could be 
related to the strong interchain interactions. 
 The experimental crystal structure of Fu-DPP-Fu with hexyl (as well as with -C14H29) 
side chains the π-π distance is measured to be 3.32 Å [269], which is much shorter as predicted 
by DFT here (3.6 Å) as well as it is also shorter than the same compound with Th flanks (3.50 Å) 
[273, 274]. 
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Binding energies (in kJ/mol) of trans-trans conformers 
in perfect segregated stacks as a function of distance between them

parallel (bottom) orientation - M06-2X/cc-pVTZ, 

could be due to the packing of the side chains. However
DPP-Fu (with 0.1 Å shorter) than Th-DPP-Th. Moreover, DFT shows 

binding energy close to zero at 3.3 Å for Fu based compounds (Fig. 21). 
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symmetry (or no explicit anti-parallel orientation)

are computed for molecular stacks when one of the molecules 
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). Figure 22 shows that all the energies are below zero
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Additionally, BTZ molecules which differ in the Xatom have very similar global (and other) 
minimum point positions in all the directions as well as they have similar dependencies and the 
difference could be addressed to the slightly different valence angle (geometry) between the cores 
and the flanks. Parallel oriented BTZ molecules have equilibrium distances at k=1.4 and 1.6 Å, 
and at l=1.6 and 1.4 Å, for Fu and Th molecules, respectively. In anti-parallel orientation BTZ 
molecules have minimum distances at k=-0.2 and 0.4 Å, and for l=3.2 and 3.4 Å, for Fu and Th 
molecules, respectively, which are also close. 
 It could be expected that in the crystal structure the molecules would prefer shifted 
position (and anti-parallel orientation) due to increased attractive interactions since in anti-
parallel orientation the minimum points (Fig. 22, p. 62) are deep enough. Indeed, in Th-BTZ-Th 
crystal structure the pair of molecules (in anti-parallel orientation) is shifted at k=-0.6 Å and l= 
3.8 Å (shown as a white point in Fig. 26, p. 71), which is close to the one dimensional predictions 
from Ebind (k=0.4 Å and l=3.4 Å), and better results could be obtained if the whole potential 
surface is scanned (two dimensional dependence), which is done for monomer units of the 
polymers discussed in the next chapter, or if the same Ebind calculations are performed for the 
conformer, which corresponds in the experimental crystal structure (cis-trans). It could be 
expected that Fu-BTZ-Fu molecule would have similar structure due to similar Ebind 
dependencies. 
 For DPP derivatives the equilibrium distances coincide perfectly independently of the 
Xatom in the flanks at k=1.4 Å and l=3.4 Å and according to the experiment of Th-DPP-Th with 
methyl groups the crystal structure coincide perfectly with the theoretical prediction where shifts 
over k=1.53 Å and l=3.27 Å are measured [274]. These correct predictions explain why the CT 
properties of this molecule are computed correctly (because the experimental structure is very 
close to the stacks obtained by DFT) discussed in the next section. Interesting, Th-DPP-Th with 
hexyl (as well as with other types) side chains has different displacement: k=0.13 Å and l=4.13 Å 
[274], which might be addressed to the interdigitation of the side chains. It could be suggested 
that Fu-DPP-Fu molecule should exhibit similar or the same crystal structure. 
 Indeed, in the crystal structure of Fu-DPP-Fu with hexyl side chains the measured 
displacements are k=1.12 Å and l=3.60 Å [269] and the theory shows k=1.4 and l=3.4 Å. The 
crystal structures of Fu-DPP-Fu (with hexyl chains) and Th-DPP-Th (with methyl groups) have 
very similar molecular orientations (cofacial stacks) according to the experiment, which differ 
only with 0.2÷0.3 Å over the corresponding axes. This small deviations is expected due to the 
smaller size of the oxygen atom than the sulphur one in the Fl (and the small difference in the 
valence angle, which was mentioned) and the stacks of molecules are shifted in both axes in order 
to compensate repulsive forces in parallel orientation as it was discussed above. 
 Moreover, parallel oriented Fl-BTZ-Fl and Fl-DPP-Fl have also similar charts (especially 
over k shift) which suggests that the Ebind depends of the orbital overlapping between the stacks 
and the difference could be explained with the slightly different ground state geometries. 
 Further the minimum distances obtained from Ebind graphics (Fig. 21, p. 62 and Fig. 22, p. 
63) are utilized for estimation of the CT properties (the electronic couplings and the charge 
carrier mobilities). 
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4.4. Charge Transport in Isolated Stacks 

 
 In order to compute the CT properties, first the total reorganization (λtot) energies and the 
electronic coupling (V) have to be calculated. Two contributions to λtot must be evaluated: for the 
inner (eq. 11, p. 25) and for the outer shell (eq. 12, p. 25 and eq. 13, p. 26). First, the 
reorganization energies of BTZ molecules are considered (Table 8). 

B3LYP/6-31G* 
ε=0 

Fu-BTZ-Fu Th-BTZ-Th 
ε=0 ε=2.379 ε=4.9 ε=0 ε=2.379 ε=4.9 

λi [eV] 
λ- 0.224 0.225 0.228 0.218 0.220 0.219 
λ+ 0.276 0.277 0.277 0.299 0.296 0.294 

λo [eV] 
λ- - 0.003 0.034 - 0.003 0.032 
λ+ - 0.003 0.037 - 0.003 0.034 

𝜆௢
௉஼ெ[eV] 

λ- - 0.001 0.004 - 0.002 0.001 
λ+ - 0.001 0.001 - 0.003 0.005 

 Table 8. Reorganization energies for the inner (λi) and outer (λo) shells of BTZ molecules. 

 From Table 8 it is seen that the inner shell terms (λi) are substantially larger than the outer 
shell (λo) values obtained with two methods. Since λo has a small contribution to the relaxation 
energy (less than 2%) it can be neglected. It should be mentioned that molecule volume of neutral 
and charged states are computed as the volume inside a contour of 0.001 e-/B3 density in order to 
estimate the radii of the molecules. Further, the outer shell reorganization energies are omitted 
and for the rest of the investigations only λi (ε=0) are estimated, and for DPP molecules λi are 
shown in Table 9. 

 Fu-DPP-Fu Th-DPP-Th 
𝜆௜
ି [eV] 0.171 0.177 
𝜆௜
ା [eV] 0.311 0.322 

 Table 9. Inner reorganization energies of DPP molecules (B3LYP/6-31G*, ε=0). 

 If λi values of BTZ and DPP (Table 8 and Table 9, respectively) are compared it can be 
concluded that all the values are in range of 0.17÷0.32 eV and the boundary of the lowest and the 
highest values is covered by DPP molecules, whereas BTZ derivatives have tighter range in the 
middle (0.22÷0.29 eV). It is noticeable that 𝜆௜

ି are always smaller than 𝜆௜
ା for all the molecules 

due to loss of conjugation in positive charged state and this is translated further to the CT 
properties - the hole transfer is less favourable and these molecules always show dominant 
electron mobility. Additionally, the values corresponding to each unit (BTZ or DPP) for different 
types of reorganization energies (positive or negative) have the same values independently of the 
flanks due to the fact that they have similar planar geometries (the Xatom does not influence on the 
λi). Moreover, because DPP molecules show the boundary values of λi and it could be expected 
that if one combines these two molecules into single one (DPP-BTZ) DPP values would 
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dominate, which is true only for 𝜆௜
ି, whereas for 𝜆௜

ା these values are closer to BTZ molecules and 
the monomers (Fl-DPP-Fl-BTZ-Fl) have intermediate 𝜆௜

ି  and lower 𝜆௜
ା  values as compared to 

DPP and BTZ small molecules, respectively, and this is demonstrated later (Table 19, p. 88). In 
any case, these (trans-trans) molecules have small reorganization energies and they are suitable 
for application as charge-transporting layers. 
 R. Jin and K. Wang [282] obtained similar values for the reorganization energies of 
similar DPP compounds with side chains and additional thiophene rings: with Fu flanks 0.153 
and 0.301 eV, for 𝜆௜

ି and 𝜆௜
ା, respectively, and with Th flanks 0.160 and 0.293 eV, for 𝜆௜

ି and 𝜆௜
ା, 

respectively. 

 

 Figure 23. Electronic couplings (in meV) for electron (ET - squares) and hole (HT - 
circles) transfers of trans-trans conformers of BTZ (a and b) in parallel (filled symbols, Par) and 
anti-parallel (empty symbols, Anti) orientation, and DPP (c and d) parallel oriented derivatives as 
a function of the distance between the molecules (d) - B3LYP/6-31G*, ε=0. 

 The next (and the last) parameter governing the CT properties is the electronic coupling 
(V). The V values are computed with ESID method (eqs. 15 and 16, p. 26), which utilized the 
orbital energies in stack of dimers. First, it is performed an approach which considers the 
energetically accessible geometries of two molecules in (isolated) dimer. In this case, the overlap 
integrals for a range of potential packing motifs are calculated as a function of all the possible 
directions in one dimensional (and two dimensional for comparison with experimental data) 
approximation similar to the Ebind for both electron (ET) and hole (HT) transfers. First, the 
dependence of V as a function of the distance between the molecules (d) is considered (Fig. 23) 
for all small molecules in segregated stacking motif in parallel and anti-parallel orientation. 
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 From Figure 23 (p. 66) it can be seen that V drops exponentially with an increase of the 
intermolecular distance (d) and at closer distance they have maximum values. It can be concluded 
that if the molecules can be brought at closer distance they will possess higher hopping mobilities 
since the charge carrier mobility (μ-/+) is proportional to the distance to according eq. 3 (p. 23) 
and the charge rate constant is proportional to V (on power two) according to eq. 8 (p. 24). This is 
proved experimentally when pressure is applied into the sample [151] as it was mentioned in the 
introduction. It is interesting that in parallel orientation e- and h+ couplings coincide for all the 
molecules (BTZ and DPP derivatives) independently of the Fl and they have very close values 
(which will lead to balanced mobilities). Whereas for anti-parallel orientation (BTZ molecules) 
the V values are much lower than parallel orientation since only a part of the molecule, namely 
“flank-benzene ring-flank” is involved in the interaction and h+ coupling dominates, which means 
that generally these molecules will posses different CT properties and in particular they will 
exhibit larger h+ mobilities than e- mobilities. 
 A second conclusion can be suggested (in addition to the closer distance) that if high 
symmetric molecules (DPP) or if the molecules can form parallel orientated stacks in the crystal 
structure they will possess balanced and high couplings/mobilities (as compared to anti-parallel 
stacks), which explains the wide application of DPP blocks in organic electronics. Additionally, 
many small molecules utilized as dopants in organic electronics have the same (and sometimes 
even higher) symmetry [283]. Moreover, small molecules with the same symmetry such as 
tetrathiafulvalene and 7,7,8,8-tetracyanoquinodimethane used as blends with polymers induce 
more ordered CT pathways [284], which leads to increased hopping mobilities. As it was already 
mentioned, Th-BTZ-Th molecule has anti-parallel orientation in the crystal structure due to 
increased interaction (Ebind) energies and indeed, it exhibits one order of magnitude lower μ+ 
mobility (Table 11, p. 73) as compared, for instance, with Th-DPP-Th molecule (Table 12, p. 75) 
according to the experiments. Additionally, if anti-parallel orientated Fu and Th derivative of BTZ 
are compared, Th-BTZ-Th dimer has much greater V values even in anti-parallel orientation, 
which explains the wide incorporation of Th molecules into the semiconducting polymers. 
 K. Thorley and C. Risko [281] obtained similar charts for the V dependencies of the d, 
like obtained in the parallel case here, for benzodithiophene molecules, which posses the same 
symmetry as DPP and also for asymmetric molecules. This proves the fact that when the anti-
parallel orientation do not exist explicitly the interaction between dimers will be stronger and this 
will lead to better performance of the devices. 
 In anti-parallel orientation, the hole exchange governed by the overlap of monomeric 
HOMO orbitals proceeds with larger values of coupling. Thiophene for furan substitution affects 
mainly the anti-parallel stacked molecules, leading to a decrease in both HOMO and LUMO 
splitting. The high values of electronic couplings in parallel orientation could be also explained 
with so called strong orbital interaction where the electron density is overlapping between the 
space of two molecules in dimer (forming bridge like shapes) shown for Fu-BTZ-Fu dimer in 
Figure 24 (p. 68). 
 Moreover, V values are computed as a function of one geometric variable k and l (Fig. 25, 
p. 69) when one of the molecules of the dimer is shifted over the short (k) or long (l) axis. 
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The distances between dimers (d) are taken as constants from Figure 21
the molecules under study show in general a non-monotonic behaviour.

scillations are primary related to the bonding/anti-bonding patterns of molecular HOMO/LUMO 
involved in hole and electron exchange, which is observed also in experiment [

The top and side views of HOMO-1, HOMO, LUMO and LUMO+1 molecular 
parallel dimer at d=3.4, k=0, l=0 Å (B3LYP/6

lobes of MOs are shown as isodensity surfaces with a contour of ±0.02 a.u. with positive (green) 
gative (red) phases of the wave function. 

ve lobes which are parallel to the long molecular ax
of HOMO are oriented perpendicularly [286, 287, 288] (Fig. 19, p. 58
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Electronic couplings (in meV) for electron (ET - filled symbols
trans-trans conformers of BTZ (a, b, c and d

orientation and DPP (e and f) parallel oriented 
) flanks as a function of k (left) and l (right) shifts (B3LYP/6

constant from Figure 21 (p. 62) for each pair of 

) dependencies like obtained here for parallel orientation case were calculated 
by K. Thorley and C. Risko [281] for benzodithiophene molecules, which posses

 for asymmetric molecules. This shows that symmetric molecules 
which do not have explicit anti-parallel orientation exhibit similar electronic couplings
to the similar overlap and distribution of the electron density of the frontier orbitals.
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It is worth noting that some of the peaks have the same or even higher values of the electronic 
couplings than the maximum point (k=l=0) in parallel orientation, which is a contradiction 
according to Figure 23 (p. 66) where parallel orientation have always higher values. This 
occurred because of d depends on the orientation and in the case of anti-parallel oriented stacks 
this distance is shorter (with 0.4 and 0.2 Å, for Fu and Th flanks, respectively) - dparallel>danti-parallel. 
Consequently, the molecules could exhibit similar or greater charge carrier mobilities even in 
anti-parallel orientation if they can be placed at special positions as compared to parallel 
orientation. These special configurations correspond to the cases when thiadiazole parts of BTZ 
are overlapping (S atoms are in the middle of benzene rings) at k=1.6 Å and k=1.8 Å, for Fu and 
Th, respectively, when the flanks of each molecule are in superposition (in case of Fu there is 
O∙∙∙O interaction) at k=-2.8 Å and k=-1.4 Å, for Fu and Th respectively, and in the case where the 
molecular fragments do not overlap and only individual atoms are placed one above (fully 
occupied free space) at l=2.2 Å and l=2.0 Å, for Fu and Th, respectively. All of these interactions 
lead to maximum V values. 
 The disadvantage of anti-parallel alignment is that when one of the couplings (ET or HT) 
has maximum value the other one usually has minimum or low value, which is a hindrance in 
order to obtain balanced charge carrier mobilities or it could be used to maximize only one type 
mobility (e- or h+). 
 In BTZ anti-parallel molecules, Fu flank generally dominates over Th one because Fu 
molecules are at closer d in dimer, which is obtained from the binding energies (Fig. 21, p. 62). 
There is only one exception of VET over l shift where Th dominates over Fu flank. In anti-parallel 
orientation the Xatom has great influence of the V values mainly due to different d in the dimer 
units. 
 If Ebind and V are compared (Fig. 22, p. 63 and Fig. 25, p. 69) some of the extremum 
points coincide very well (especially over k shift in anti-parallel orientation), which suggests that 
these quantities are closely related and the minimum points in Ebind can be used in order to 
estimate later the CT properties. Several points from Figure 25 (p. 69) are summarized in Table 
10 where V have maxima and they are compared for parallel and anti-parallel orientation. 

 
Coordinates: 

Fu/Th [Å] 
V [meV] 

-BTZ- -DPP- 
Fu Th Fu Th 

Parallel k=l=0 
VET 236.7 246.4 233.8 220.8 
VHT 232.9 241.2 230.2 200.6 

Anti-Parallel 

k=-2.8/k=-1.4 
l=0 

VET  65.4    6.9 - - 
VHT 244.9 289.0 - - 

k=1.6/k=1.8 
l=0 

VET 298.4 202.2 - - 
VHT  22.7  26.3 - - 

l=2.2/l=2.0 
k=0 

VET  42.9  53.5 - - 
VHT 225.6 184.5 - - 

 Table 10. Summary of the electron (VET) and hole (VHT) couplings (in meV) of BTZ and 
DPP molecules with Fu and Th flanks in the main (highest) maximum points from Figure 25 (p. 
69) - B3LYP/6-31G*, ε=0. 
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 Calculating the same couplings in Figure 23 (p. 66) and Figure 25 (p. 69) with M06-
2X/cc-pVTZ shows only slightly increased values maybe due to π-π non-covalent interactions. 
 In order to get better insight into the CT properties in experimental crystal structure of Th-
BTZ-Th, two-dimensional scan of the electronic couplings is performed, which are presented in 
Figure 26 of anti-parallel dimer of cis-trans conformer. As follows from the data, V ranges from 
very small values to 350 meV, depending on the stacking dimer geometry and substantial changes 
in the hopping mobilities can be expected in Th-BTZ-Th crystals. One can conclude that the 
regions characterizing the largest and lowest electronic interactions coincide with the values 
obtained from one dimensional charts (Fig. 25 c and d, p. 69). Here the peaks are more 
pronounced and there are regions of high and low V values. 
 The coordinates of the experimental crystal structure are shown as a white point. It is 
noteworthy that this arrangement of the molecules provides the structure reduced repulsion 
caused by the heteroatoms. The dipole-dipole interaction is attractive since the molecular dipoles 
of 1.17 D in anti-parallel dimer point out in opposite directions; and finally, one of the electron-
rich thiophene flanks builds mixed stack with the electron-deficient BTZ core of the other 
molecule in dimer, favouring D--A+ interactions. 

    

 Figure 26. 2D diagrams of electronic couplings V (in meV) versus k and l shifts for ET 
(left) and HT (right) in anti-parallel dimers of cis-trans Th-BTZ-Th calculated at d=3.4 Å 
(B3LYP/6-31G*, ε=0). The dimer with d, k and l coordinates corresponding to the experimental 
crystal structure [94] is shown as a white dot (d=3.4 Å, dh=5.15 Å, k=-0.6 Å, l=3.8 Å). 

 The electronic coupling values for electron and hole exchange are 109 meV and 70 meV, 
respectively, for cofacial stack of molecules in their ground state geometry and for dimer taken 
from the XRD crystal structure are 34 meV and 8 meV (for VET and VHT, respectively). For both 
cases, the efficiency of electron exchange is higher than hole exchange. The lower values of V for 
the second dimer can be explained by (i) different geometry of the molecules in tightly packed 
crystals as compared to ground state geometry of cis-trans conformer in gas phase (ii) a slight 
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l 

k 
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rotation of molecules in stacks, and (iii) lengthening the intermolecular spacing from 3.
Å (experiment). 
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 Finally, the hopping mobilities are computed with Einstein-Smoluchowski equation (eq. 
3, p. 23) in one dimensional approximation at T=298K for both e- and h+ mobilities where only 
the electronic coupling and the distance between the molecules (and λi) are required (Fig. 27, p. 
72). One molecule of the dimer stacks is shifted in one direction over two axes (k and l) for both 
compounds (similar to Fig. 25, p. 69) and the distance between dimers is taken as center-to-center 
distance (Fig. 11, p. 40). Comparing Figure 27 (p. 72) and Figure 25 (p. 69), i.e. hopping 
mobilities and couplings, respectively, the same oscillations are observed for the charge carrier 
mobilities as it is expected due to the mutual dependence of these two quantities. The mobilities 
are very sensitive to small intermolecular displacement over one of the axes. Generally, in 
parallel orientation the mobilities are higher than anti-parallel one (BTZ molecules) with 
exception of two maxima mentioned above for V values where the overlap of anti-parallel 
oriented molecules can reach higher values due to shorter d.  
 The greatest difference between the figures describing the electronic coupling (Fig. 25, p. 
69) and the hopping mobilities (Fig. 27, p. 72) is that for V values of e- and h+ couplings coincide 
in the most of the cases, whereas the electron mobilities are much larger than hole mobilities with 
only one exception for anti-parallel BTZ molecules over l shift (and the half of the values over k 
shift), which exception is also observable for V values.  

 
Coordinates: 

Fu/Th [Å] 
μ [cm2/V∙s] 

-BTZ- Ebind [kJ/mol] 
Fu Th Fu/Th 

Parallel 

k=l=0 
μ- 5.957 6.992 

-18.80/-27.70 
μ+ 3.164 2.600 

k=1.4/k=1.2 
l=0 

μ- 0.098 0.700 
-31.21/-37.21 

μ+ 1.116 1.567 
l=1.6/l=1.4 

k=0 
μ- 0.588 1.015 

-34.26/-43.45 
μ+ 0.106 0.058 

Anti-Parallel 

k=l=0 
μ- 0.125 0.640 

-47.49/-42.23 
μ+ 0.606 1.540 

k=-3.0/k=-2.6 
l=0 

μ- 0.243 0.029 
-25.32/-27.82 

μ+ 4.874 3.221 
k=2.4/k=2.8 

l=0 
μ- 1.888 0.835 

-34.81/-32.32 
μ+ 7∙10-4 2∙10-4 

k=-0.2/k=0.4 
l=0 

μ- 0.326 0.145 
-47.82/-46.04 

μ+ 0.741 0.926 
l=0.6/l=1.0 

k=0 
μ- 0.169 0.510 

-47.81/-48.69 
μ+ 0.151 0.041 

l=3.2/l=3.4 
k=0 

μ- 6∙10-4 0.310 
-50.77/-52.11 

μ+ 1.027 0.116 

Exp. [263] 
k=-, l=- 

k=-0.6, l=3.8 
μ- - - 

- 
μ+ - 0.038 

 Table 11. Summary of the electron (μ-) and hole (μ+) hopping mobilities (in cm2/V∙s) of 
BTZ molecules (with Fu or Th flanks) for non-shifted dimers (k=l=0) and in the minimum points 
of Ebind (Fig. 22, p. 63). The d values are taken from Figure 21 (p. 62) - B3LYP/6-31G*, ε=0. 
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 This dominant e- mobility for parallel orientation occurred due to the difference in the 
other parameter (λi) where the reorganization energies for negative charged states are lower than 
positive charged ones (as it was already mentioned that these molecules do not prefer positive 
charged states) and in anti-parallel orientation (BTZ molecules) over l shift the hole mobilities 
become dominant (with except of two peaks over k shift) due to difference in the electronic 
coupling. 
 Thus the parallel orientation alignment where the couplings are equal is not enough and 
also the reorganization energies should be equalized (𝜆௜

ି=𝜆௜
ା) or as an alternative way if can be 

chosen a position of dimer stacks (the crossing points) where this effect is compensated. 
 According to the experiment of Th-BTZ-Th, h+ mobility of 0.038 cm2/V∙s is measured 

[263] and the prediction of mobility varies from 0.0002÷5.5 cm2/V∙s for shifts over k and l in 
anti-parallel orientation (as it is according to the experiment) as well as the prediction of the 
corresponding crystal structure (the white point in Fig. 26, p. 71) has values of 2.252 and 0.365 
cm2/V∙s, for μ- and μ+, respectively, which is with two and one orders of magnitude higher than 
the experiment 0.038 cm2/V∙s (for μ+) [263]. This high deviation could be due to presence of 
defects or due to overestimation of the electronic coupling from the theory. 
 In order to clarify better the CT properties of BTZ molecules some values of mobilities are 
shown in Table 11 (p. 73), which correspond to non-shifted dimers (k=l=0) and special dimer 
orientations with minimum energies, which are taken from Ebind (Fig. 22, p. 63). Table 11 (p. 73) 
shows that for parallel orientation both Fu and Th derivatives of BTZ have the same order of 
mobilities independently of the Xatom in the Fl (with one exception over l shift for μ+ and one 
more over k shift for μ-) and usually μ- is greater than μ+ except over k shift. Non-shifted dimers 
(k=l=0) have always dominant mobilities. It is worth to notice that in the deepest minimum of 
Ebind the μ- is higher and the μ- is lower as compared to the second one, which is true also for Fu-
BTZ-Fu molecule. Interesting, the global minimum of Th-BTZ-Th (l=1.4, k=0 Å) predicts very 
well the μ+ of 0.058 and 0.038 cm2/V∙s [263] in theory and experiment, respectively, although the 
crystal structure is anti-parallel according to the experiments [94, 263]. 
 In anti-parallel orientation, BTZ molecules in the most of the cases Fu molecules 
dominates Th ones due to shorter π-π (d) distance and better orbital overlap, which leads to the 
fact that Xatom in the flank has impact into the CT properties in anti-parallel orientation. Non-
shifted dimers are no longer dominant for all the mobilities and k=0 (l=0) Å is a minimum point 
for Fu compound. The highest μ+ correspond to the point with the lowest Ebind energy. 
Additionally, the second minimum of Th-BTZ-Th (l=1.0, k=0 Å) μ+=0.041 cm2/V∙s corresponds 
very well to the experimental obtained value (0.038 cm2/V∙s) [263]. Moreover, this point is close 
to the experimental measurement at least in k shift (k=-0.6 Å and l=3.8 Å). It can be concluded 
that with dimer with minimum energy in Ebind (the second or the global minimum) predicts goods 
charge carrier mobilities as compared to the experiment since the predicted molecular stacks are 
close to the experimentally obtained crystal structure with respect to their mutual orientation.  
 The predicted values of the crystal structure (the white point in Fig. 26, p. 71) deviate 
from the experimentally obtained ones, which can be explained with the fact that the mobilities
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depend strongly on small molecular displacements as it was already mentioned but, for instance, 
BTZ-quarterthiophene polymer [289], the computed value here of μ+ (0.365 cm2/V∙s) coincides 
fairly well with experimentally obtained one of 0.20 cm2/V·s, which leads to the conclusion that 
in polymers the molecular displacement are restricted (mainly due to stacked chains) and the 
preferable charge transport direction is along the π-π stacks. 
 For DPP derivatives (Table 12) the case is similar as for BTZ parallel oriented molecules. 
Non-shifted dimers have dominant charge transport properties but in the deepest minimum of 
Ebind both μ- and μ+ are higher than the second one and the effect of the Xatom trends to disappear, 
and DPP compounds with different Fl have comparable mobilities (without μ- value at l=1.6, k=0 
Å). Moreover, the μ- is always higher than μ+ without exceptions this time. 

 Coordinates: 
Fu/Th [Å] 

μ [cm2/V∙s] 
-DPP- Ebind [kJ/mol] 

Fu Th Fu/Th 

Parallel 

k=l=0 
μ- 10.621 9.257 

-13.38/-16.75 
μ+   1.943 1.378 

k=1.4/k=1.4 
l=0 

μ-   1.069 1.065 
-28.69/-33.95 

μ+   0.211 0.170 
l=1.6/l=1.6 

k=0 
μ-   0.021 0.105 

-34.20/-39.80 
μ+   0.048 0.040 

l=3.4/l=3.4 
k=0 

μ-   4.702 2.365 
-36.48/-42.03 

μ+   0.104 0.105 

Exp. 
k=1.12, l=3.60[269] μ- - - 

- 
k=1.53, l=3.27[274] μ+ - 0.3[272] 

 Table 12. Summary of the electron (μ-) and hole (μ+) hopping mobilities (in cm2/V∙s) of 
DPP (with Fu or Th) molecules for non-shifted dimers (k=l=0) and in the minima of Ebind (Fig. 
22, p. 63). The d values are taken from Fig. 21 (p. 62) - B3LYP/6-31G*, ε=0. 

 For Th-DPP-Th, the μ+ is again good predicted as compared to experiment (0.3 cm2/V∙s 
with one hexyl side chain) [272] with a value in the same order of magnitude and this time at two 
minimum points of Ebind where again one of the points corresponds to the highest Ebind (k=1.4 Å, 
l=0 Å, μ+=0.170 cm2/V∙s) and the other one corresponds to a global minimum (l=3.6 Å, k=0 Å, 
μ+=0.105 cm2/V∙s), which shows again the precision of Ebind in π-π stack according to the CT 
properties. 
 This correct prediction of the hopping mobilities is explained with the fact that 
experimentally obtained structure is very close to the structure (the shifts over k and l) obtained 
from the calculation of the binding energies. Moreover, this is the reason why dimers with the 
deepest minimum in Ebind value (l=1.6, k=0 Å) predicted correct μ+, which coincide with the 
experiment as it was already mentioned. 
 It is interesting that in a polymer of Th-DPP-Th with one additional Th unit and branched 
side chains the mobilities are one order of magnitude lower than for the small molecule (μ-=0.01 
and μ+=0.04 cm2/V∙s, for polymer [271] and μ+=0.3 cm2/V∙s, for small molecule [272], 
respectively). 
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Here the mobility of this polymer (only μ+) is predicted by one of the points (l=1.6 Å, k=0 Å, 
μ+=0.04 cm2/V∙s) obtained from Ebind for Th-DPP-Th small molecule. The lower mobility of the 
polymer can be explained with not planar backbones in the polymeric material or by the addition 
of a second Th flank per monomer unit. 
 It can be concluded that the CT properties (mainly V values) in isolated stacks depend on 
the π-orbital overlapping, which is stronger for parallel oriented or high symmetric molecules. 
The Xatom has influence in anti-parallel orientation where shorter dπ-π between dimers (from Ebind) 
are obtained as well as reduced e- density overlap, which leads to lower experimentally measured 
mobility. The difference between the molecules in the corresponding orientations can be 
explained with slightly difference in the geometry (orbital overlapping). 

 

4.5. Charge Transport in Molecular Crystals 

 
 More investigations of the CT properties are performed of the experimentally resolved 
crystal structure of Th-BTZ-Th small molecules [263] where the unit cell is replicated three times 
in all directions in order to create a larger super cell and further it is simulated with MD within 
NVT (t =10 ns) ensemble with PBC (Fig. 28, p. 77). 
 All the possible nearest dimers (shown as pathways in Fig. 28, p. 77) are represented as 
hopping direction of a charge in the unit cell. Dimers are extracted every 100000 frame in order 
to reproduce average values (each value is averaged over 100 frames) for the electronic couplings 
(V) throughout the whole simulation at two different temperatures: T=298 K (Table 13, p. 77) and 
T=430 K (Table 14, p 78). After the extraction of each pair of dimers a DFT procedure is applied 
in order to obtain the electronic energies. 
 At T=298 K the average and standard deviations of V values are at the same order of 
magnitude for all the dimer stacks (pathways), which suggests that this molecule could exhibit 
two times higher or two time lower CT properties than the average values. The maximum 
obtained values for V correspond to path1 and path5, which are cofacial arrangement, so it can be 
concluded that cofacial CT will be preferable in molecular crystal as compared to herringbone CT 
(Fig. 5, p. 18). The average V values are in the range of 45÷88 meV. 
 The distance between the molecules (dh - center-to-center) has small deviation from the 
equilibrium position in all the dimer stacks and the molecules only oscillate around their 
equilibrium positions during the MD simulation. 
 If the charge rate constant (KCT) are compared the dominant CT (the highest KCT) will be 
ascribed to path1 and path5 because they have the largest V values and the smallest contribution 
to the CT will be realized by path3 and path4, which correspond to the lowest V values. 
 If the hopping mobilities are compared μ- is one order of magnitude larger than μ+, which 
again proves the fact e- mobility is preferable. The only exception is path5 where both electron 
and hole mobilities are on the same order of magnitude and also path5 has the maximum values 
for both e- and h+ mobilities. 
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All the other pathways have the same values (two and more times lower values than path5). 
 The superiority of path5 comes from the fact the hopping mobilities depend strongly on 
the distance between the molecules according to eq. 3 (p. 23), which is valid only for one 
dimension (like in stack of polymers) and in 3D molecular crystal it is difficult to be determined 
the distance between two molecules - the center-to-center distance only maximize the mobilities. 
At the same time, as it is shown in recent publications [290], this approximation remains reliable 
and allows comparing the CT properties in cofacial stacks using the center-to-center distance. All 
the pathways overestimate the mobilities according to the experiment and there is (at least) one 
order of magnitude difference between computed and measured hopping mobilities: μ+=0.038 
[263] and μ+=0.335 cm2/V·s (the lowest value of path1), for experiment and theory, respectively. 

 

 Figure 28. Unit cell of cis-trans conformer of Th-BTZ-Th molecule (anti-parallel 
orientation) [263] with parameters: α=β=γ=90°, a=12.81 Å, b=9.99 Å and c=20.31 Å. All the 
possible pathways (extracted dimers) for charge transport are shown with arrows. 

T = 298 K Path 1 Path 2 Path 3 Path 4 Path 5 Path 6 

<dh> [Å] 4.78 ± 0.26 8.08 ± 0.31 8.72 ± 0.30 9.67 ± 0.33 10.52 ± 0.31 10.59 ± 0.32 

<VET> [eV] 0.888 ± 0.509 0.623 ± 0.313 0.499 ± 0.411 0.457 ± 0.330 0.770 ± 0.519 0.573 ± 0.4089 

<VHT> [eV] 0.718 ± 0.489 0.510 ± 0.349 0.570 ± 0.428 0.458 ± 0.349 0.836 ± 0.555 0.558 ± 0.393 

K-
CT [1·1013/s] 2.899 ± 0.952 1.427 ± 0.361 0.914 ± 0.621 0.766 ± 0.399 2.176 ± 0.991 1.207 ± 0.614 

K+
CT [1·1013/s] 0.753 ± 0.349 0.378 ± 0.178 0.475 ± 0.267 0.306 ± 0.177 1.020 ± 0.449 0.455 ± 0.226 

µ- [cm2/V·s] 1.288 ± 0.423 1.814 ± 0.458 1.352 ± 0.920 1.395 ± 0.727 4.686 ± 2.134 2.636 ± 1.341 

µ+ [cm2/V·s] 0.335 ± 0.155 0.483 ± 0.226 0.703 ± 0.396 0.558 ± 0.324 2.197 ± 0.968 0.994 ± 0.493 

µ-/µ+ 3.850 3.757 1.925 2.499 2.133 2.653 

 Table 13. Summary of the CT properties of Th-BTZ-Th crystal cell [263] at T=298 K 
obtained from MD (B3LYP/6-31G*, ε=0). The pathways are shown in Figure 28. 
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 This deviation can be explained with the difficulty to measure the distance between the 
molecules in 3D space, which is not a problem in case of polymers when the backbones are 
stacked or additionally, presence of defects can influence on the experimental crystal structure 
and later to the hopping mobilities. 
 It should be also kept in mind that the standard deviations of the mobilities are one order 
of magnitude or double time reduced as compared to the average values (which is valid also in 
the case for higher temperature) and this can lead to large deviations in devices. 
 At 430 K (Table 14) the minimum values of V are slightly increased up to 55 meV and the 
dominant pathways become number 1 and number 6 and only in path6 the VHT is above 1 eV 
(1.106 eV). Thus with increasing the temperature V values are increased and the carrier mobilities 
will be also increased. Indeed, all the hopping mobilities (as well as the standard deviations) are 
higher as compared to T=298 K. This proves the fact that at higher temperature the organic 
semiconductors exhibit higher mobilities. Moreover, all the pathways shows the same order of 
magnitude mobilities for both e- and h+ carriers, which means besides the improved mobilities at 
higher temperature the molecule possess balanced charge carriers (the ratio is µ-/µ+≤1.67), which 
proves the effectiveness of the annealing procedures. 
 At this stage it can be concluded that the approach of calculating the dependence of V on 
molecular shifts in dimer structure (Fig. 25, p. 69) should be considered as an approximation as it 
gives only the range of values, which are accessible. In case of the estimation of Ebind (Fig. 22, p. 
63) this scan of the potential surface is in the same range of shifts over the axes but further it can 
be used to reproduce accurate values for the hopping mobilities (as well as for the mutual 
orientation of the molecules in the crystal structure) in the certain points, which are equal to 
minimum energy (usually the global and/or the secondary minima). 

T = 430 K Path 1 Path 2 Path 3 Path 4 Path 5 Path 6 

<dh> [Å] 5.03 ± 0.32 8.99 ± 0.43 7.93 ± 0.35 9.54 ± 0.36 10.51 ± 0.35 10.45 ± 0.33 

<VET> [eV] 0.833 ± 0.447 0.554 ± 0.381 0.649 ± 0.420 0.594 ± 0.440 0.687 ± 0.523 0.807 ± 0.522 

<VHT> [eV] 0.969 ± 0.491 0.604 ± 0.449 0.829 ± 0.543 0.665 ± 0.528 0.811 ± 0.580 1.106 ± 0.622 

K-
CT [1·1013/s] 4.238 ± 1.218 1.876 ± 0.884 2.568 ± 1.076 2.151 ± 1.183 2.880 ± 1.672 3.974 ± 1.662 

K+
CT [1·1013/s] 2.889 ± 0.741 1.122 ± 0.620 2.118 ± 0.908 1.361 ± 0.857 2.027 ± 1.037 3.766 ± 1.192 

µ- [cm2/V·s] 1.447 ± 0.416 2.0451 ± 0.964 2.178 ± 0.912 2.641 ± 1.453 4.288 ± 2.489 5.852 ± 2.447 

µ+ [cm2/V·s] 0.986 ± 0.253 1.223 ± 0.676 1.796 ± 0.771 1.671 ± 1.052 3.018 ± 1.544 5.547 ± 1.756 

µ-/µ+ 1.467 1.672 1.213 1.581 1.421 1.055 

 Table 14. Summary of the CT properties of Th-BTZ-Th crystal cell [263] at T=430 K 
obtained from MD (B3LYP/6-31G*, ε=0). The pathways are shown in Figure 28 (p. 77). 

 One disadvantage of the Ebind scan is that is more expensive than the scan of V values. The 
second disadvantage is that it does not give average values like MD simulations. Third 
disadvantage is that the points, which reproduce correct values of the CT properties are usually 
not the global minima of Ebind (for anti-parallel orientation or non-symmetric molecules) and 
finally it is not suitable for herringbone orientation since 3D scan is required. 
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Combing BTZ and DPP units into monomers reduces Eg values with more than 0.5 eV because of 
increased conjugation of the systems, and both monomers show the same Eg values (1.99 eV) 
independently of the Xatom in the flanks. According to the experiments Eg values of the small 
molecules (Table 6, p. 57) are two times larger than their corresponding polymers (Table 15, p. 
80): 2.10÷2.30 eV, and 1.20÷1.26 eV, for small molecules and polymers, respectively. This 
difference can be explained by a huge increase of the conjugation length in the polymers. The 
theoretical prediction of Eg values (1.99 eV) does not agree with experimentally measured of 1.26 
eV [228] for Fu polymer, and 1.20 eV [227] and 1.20/1.48 eV [230] for Th polymers, and here 
the theory deviates more from the experiment than in the case of small compounds. Since the 
theory is performed only for monomers (n=1) a large derivation is obtained and better results 
could be reproduced if n-mers (n≥2) are studied, which is shown later. 
 For instance, DPP molecules (linked either with Fu or Th flanks) in monomers have Eg 
values of 2.14 and 2.16 eV (for Fu and Th, respectively) and in polymers they have Eg values of 
1.61 eV and 1.50 eV (for Fu and Th, respectively), which shows a reduction of Eg ~ 0.5 eV 
estimated in experiment [270] when polymers are formed from monomers (increasing n). 
 It can be concluded that in monomer units Eg values remain unaffected from the 
heteroatom in the Fl in both theoretical and experimental investigations. 
 In Figure 29 and Table 16 are shown the UV-VIS spectra and absorption wavelengths, 
respectively, for the monomers. 

    

 Figure 31. UV-VIS spectra of the monomers obtained from TD-DFT/B3LYP/6-31G*. 

TD-DFT  
vacuum ε=0, toluene ε=2.379, chloroform ε=4.9 Exp. 

λmax [nm] λ1 [nm] λmax/λ1 [nm] 
Fu-BTZ-Fu-DPP-Fu 523, 694, 683 286, 289, 291 880/-[228] 
Th-BTZ-Th-DPP-Th 678, 696, 686 307, 324, 324 895/-[227] 

 Table 16. Summary of the wavelengths of UV-VIS spectra of the monomer units shown 
in Figure 31 (TD-DFT/B3LYP/6-31G*).  

λmax 

λ1 

Th-BTZ-Th-DPP-Th Fu-BTZ-Fu-DPP-Fu 

λmax 

λ1 

vacuum, ε=0         toluene, ε=2.379       chloroform, ε=4.9 
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If the UV-VIS spectra of the small compounds (Fig. 20, p. 59) are compared with monomer units 
it can be seen that the spectra of D--A+ small molecules are broadened and the result spectra of the 
monomers have wider bands. First of all, λ1 and λ2 from small units are already merged together 
in one single band independently on the Xatom and these bands are slightly less intensive in the 
monomers as compared to small molecules. Second, λmax is much wider and more intensive and 
moreover, it is red shifted wih 200 nm in the monomers than in small molecules, whereas the 
second band (λ1) remains unaffected. This shows an effective way how can be increased the 
absorbance range of conjugated systems by attaching D--A+ small molecules with different 
maximum of the absorbance bands. 
 According to the experiment λmax are positioned with 200 nm difference as compared to 
the theoretical investigation: 880 and 895 nm according to the experiment (Fu [228] and Th [227] 
based polymers, respectively), and 683 and 686 nm according to the theory (Fu and Th 
monomers, respectively). This deviation could be explained by the fact that experimental 
measurements corresponds to polymers (conjugated systems) and the theory is estimated only for 
monomers, which was also ascribed to the deviation of the band gaps estimated from the orbital 
energies. One proof of this is that when the small molecules are attached to monomer units λmax is 
shifted with 200 nm according to the theory.  
 There is only a slight difference in the intensity between the spectra of Fu and Th 
containing monomers and at this level the effect of the Xatom also disappears. 
 In order to reproduce better experimental results n-mers (up to pentamers, n=5) are 
optimized only in trans-trans conformations and the results of the frontier orbitals and the band 
gaps are shown in Figure 32 and Table 17 (p. 83), respectively. A linear extrapolation method is 
utilized in order to obtain the orbital energies for infinity number of monomers (n=∞) where the 
energies are plotted as a function the inverse monomer length (n-1) and the values corresponding 
to n=∞ are obtained from the intercept of the linear functions. 

 
 Figure 32. Linear extrapolation of the orbital energies and the band gaps (in eV) as a 
function of the inverse monomer length (n-1) for Fu (left) and Th (right) based molecules 
(B3LYP/6-31G*, ε=0). 
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 Fu-BTZ-Fu-DPP-Fu (X=O) Th-BTZ-Th-DPP-Th (X=S) 
n 1 2 3 4 5 ∞ 1 2 3 4 5 ∞ 
HOMO [eV] -4.89 -4.82 -4.80 -4.80 -4.80 -4.77 -5.01 -4.93 -4.91 -4.90 -4.90 -4.86 
LUMO [eV] -2.90 -3.21 -3.34 -3.40 -3.40 -3.57 -3.02 -3.33 -3.45 -3.50 -3.54 -3.66 
Eg [eV]  1.99  1.61  1.47  1.40  1.36  1.20  1.99  1.60  1.46  1.39  1.36  1.20 

 Table 17. Summary of the orbital energies and Eg (in eV) of the monomer units as a 
function of the monomer length (n) - B3LYP/6-31G*, ε=0 

 
 

 

 

 

 

 Figure 33. Frontier orbitals (LUMO top and HOMO bottom) of the pentamers (n=5) - 
B3LYP/6-31G*, ε=0. Here the lobes of MOs are represented by the isodensity surfaces with a 
contour of ±0.02 a.u. with positive (green) and negative (red) phases of the wave function. MOs 
show similar and complete delocalization. 

 The extrapolation method predicts for both polymers Eg value of 1.20 eV independently 
of the flank, which coincides perfectly with the experimental values for Fu based polymer of 1.26 
eV [228] and for Th based one of 1.20 eV [227, 230], respectively. 
 Additionally, the shapes of the frontier orbital are shown in Figure 33 where again can be 
seen complete delocalization of the electron density but only along three-four (n=3÷4) units. 
Moreover, the curvature of the backbone is very well pronounced of the pentamers where Fu 
based polymer has a zigzag backbone shape, whereas Th based one has very straight backbone 
due to difference of the valence angle φCCX between flank and A+ units (Fig. 29, p. 79), which was 
mentioned. This zigzag behaviour of the Fu based pentamer suggests that its polymer could 
possess more disorder crystal structure due to side chains repulsion, which is observed within 
MD results and it is demonstrated in the next chapter. 

TD-DFT 
vacuum ε=0, toluene ε=2.379, chloroform ε=4.9 

λmax [nm] λ1 [nm] 
n 2 5 2 5 
Fu-(BTZ-Fu-DPP-Fu)n 860, 893, 878 1089, 1092, 1073 561, 557, 554 - 
Fu-(BTZ-Fu-DPP-Fu)n 861, 896, 882 1089, 1094, 1076 549, 550, 546 - 

 Table 18. Summary of the wavelengths of UV-VIS spectra of D--A+ dimers (n=2) and 
pentamers (n=5) - TD-DFT/B3LYP/6-31G*. 

 The absorption bands are also estimated for n-mers and the results for dimers (n=2) agree 
very well with the experiments where 878 and 882 nm for λmax are calculated in chloroform, and 
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880 and 895 nm are measured for Fu [228] and Th [227] based polymers, respectively. 
Interesting, pentamers (n=5) overestimate the absorptions bands with values above 1000 nm as 
well as the second band (λ1) disappears for both polymers. All the wavelengths are summarized in 
Table 18 (p. 83). 

5.2. Binding Energies 

 
 Binding energies of isolated stacks of dimers are investigated in cases of parallel and anti-
parallel orientations where one of the molecules is shifted in all the spatial directions similar to 
the case of small molecules described in the previous chapter. First, the dependence of Ebind of the 
distance between the molecules (d) is considered in order to obtain the equilibrium distances 
between the monomers (Figure 34). 

  

 Figure 34. Binding energies (in kJ/mol) of the monomers in segregated stacks as a 
function of distance between them (d) in case of parallel (left) and anti-parallel (right) orientation 
- M06-2X/cc-pVTZ, ε=0.  

 If the graphic (Fig. 34) for monomers is compared with the analogous graphic obtained 
for small molecules (Fig. 21, p. 62) the same behaviour and the same conclusions are present for 
monomer units. Again Ebind for parallel orientation is much higher (two times) than the case of 
anti-parallel orientation since there are strong orbital interaction in parallel orientation and it 
could be expected again that these monomers (or polymers) will adopt anti-parallel orientation 
(and/or shifted stacks). In anti-parallel orientation all the distances are accessible (except of a 
very close distance in case of Th monomer), whereas in parallel orientation at closer distances 
Ebind become with positive values like in the case of small constitutive compounds. 
 All the distances for monomer units coincide with the distances obtained from small 
molecules: for parallel oriented monomer units d=3.6 and 3.7Å, for Fu and Th monomers, 
respectively, and for small parallel oriented BTZ molecules (both Fu and Th) d=3.7 Å, and for 
DPP d=3.6 and 3.7 Å, for Fu and Th, respectively. The exception of Fu-DPP-Fu stack (d=3.6 Å) 
is observed again in the case of Fu-BTZ-Fu-DPP-Fu stack (d=3.6 Å). 

d d 
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 In anti-parallel orientation the monomers have the same dependence on the Xatom, d=3.3 
and 3.5 Å, for Fu and Th monomers, respectively, as compared to small BTZ anti-parallel 
oriented molecules. Thus, it is expected again that Fu containing monomer (or polymer) will be at 
closer distance than Th one. Additionally, in the case of parallel oriented molecules shallow 
curves are again obtained where the equilibrium distances are not well defined similar to the 
small parallel oriented molecules. 
 It can be concluded that monomers (or polymers) constructed from D--A+ component units 
will have the same equilibrium distances like their small consisting units and the dependence of 
the Xatom in the flank is valid only in anti-parallel (unsymmetrical) orientation. 
 If stacks which are not fully segregated (shifted starting position), with an initial shift of 
one of the molecules, are considered similar Ebind dependencies and equilibrium distances are 
obtained: when BTZ is faced to DPP in parallel stack (shift over l) the obtained Ebind dependence 
reproduce the values of equilibrium distances equal to anti-parallel orientation case, d=3.2 and 
3.5 Å, for Fu and Th monomers, respectively); if DPP is faced to DPP in anti-parallel orientation 
(shift over l where DPP molecules will be exactly above each other because of symmetry 
reasons) equilibrium distances of parallel and anti-parallel orientations are obtained, d=3.5 and 
3.8 Å, for Fu and Th monomers, respectively; finally if BTZ molecule is faced to the other BTZ in 
anti-parallel orientation (shift over l where benzene rings overlap) the equilibrium distances take 
values as anti-parallel orientation, d=3.3 and 3.5 Å, for Fu and Th monomers, respectively. 
 It can be concluded that if the stack of molecules is shifted, the equilibrium distance 
between them (d) will be slightly (negligibly) different and this distance can be assumed as a 
constant corresponding to parallel or anti-parallel cases, respectively. 
 Experimentally π-π distance of 4.2÷4.66 Å for Fu based polymer [228], and 3.73 [227] 
and 3.65 Å [230] for Th based polymer are obtained. It can be seen that there is a perfect 
agreement for Th based polymer (the theory predicts 3.5 and 3.7 Å in anti-parallel and parallel 
orientation, respectively) according to two experiments. For Fu based polymer there is a large 
deviation (3.3 and 3.5 Å in anti-parallel and parallel orientation, respectively, according to the 
theory), which can be attributed to the experimentally unfavourable broad peak of measurement 
[228], which suggests that the sample is not completely homogeneous and contain defects, which 
will be shown in the next chapter within MD results where closer dπ-π value to the experiment is 
obtained from the concentration profile of branched side chains. Nevertheless, the equilibrium d 
values obtained from the Ebind are utilized later. 
 2D charts (Fig. 35, p. 86) of Ebind are computed for molecule stacks when one of the 
molecules in a stack is shifted over both horizontal and vertical axes (k and l) with constant d 
obtained from the equilibrium distances of d dependence (Fig. 34, p. 84). 
 In the case of parallel orientation both molecules have the same coordinates of the 
minimum points at k=-0.2 Å, l=3.4 Å in the global minimum of Ebind (orange points) and k=0.0 Å, 
l=1.4 Å (with very small deviation: k(Fu)=0.2 Å) in the second minimum of Ebind (red points), 
and these points differ with up to 3 kJ/mol (ΔEbind=3 kJ/mol) for each flank. The points of the 
second minimum correspond to structures where the ring fragments of the molecules are half size 
shifted thus there is a minimum π-π repulsion (avoiding of e- density overlap). 
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The global minimum points represent interactions between the A+ units (BTZ or DPP) with the 
flanks where again the dimer stacks have reduced repulsive orbital interactions. This shows again 
that the molecular stacks do not prefer parallel orientated (segregated case) and they tend always 
to be shifted (or anti-parallel oriented). Since Ebind(parallel)>Ebind(anti-parallel) in anti-parallel 
orientation π-π (repulsive) interactions are much smaller than in parallel orientation, which was 
also observed for small molecules. 
 In anti-parallel orientation the compounds have different behaviour depending on the 
Xatom in the Fl since the symmetry is broken and Ebind is very sensitive to small molecular shift 
(and the monomers differ slightly in the valence angle φCCX - Fig. 29, p. 79). First, three minima 
can be seen for Fu containing monomer unit and only two for Th containing one, and the 
coordinates of the points do not coincide unlike parallel orientation (due to broken symmetry). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Figure 35. Binding energies (in kJ/mol) of the monomer units with Fu (left) or Th (right) 
flanks in parallel (top) and anti-parallel (bottom) orientation in slipped cofacial stacks as a 
function of both transverse and longitudinal (k and l) shifts. The distances between molecules (d) 
are taken from Fig. 34 (p. 84). The configurations with minimum energies are marked with points 
(M06-2X/cc-pVTZ, ε=0). 
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 The global minimum in anti-parallel orientation of Ebind (green points) corresponds to 
k=1.0 Å, l=0.0 Å and k=-0.4 Å, l=0.0 Å, for Fu and Th monomers, respectively, and their 
coordinates coincide only in l shift. The second minimum (purple points) corresponds to k=-1.0 
Å, l=0.8 Å and k=0.4 Å, l=2.6 Å, for Fu and Th monomers, respectively. And finally, the third 
minimum available only for Fu containing monomer (blue point) at k=1.0 Å, l=2.0 Å. Actually, 
the third point of Fu monomer is close to the second point of Th monomer with respect to the 
coordinates. 
 All of these points in anti-parallel orientation correspond to geometrical positions where 
the ring fragments of the molecules are not fully overlapping, which leads to reduced repulsive 
interactions similar to the parallel orientation. Additionally, most of the points represent a 
superposition of BTZ above DPP unit, which leads to favourable interactions, whereas the rest 
points are slightly shifted. Moreover, the Fl are also stacked in the global minima. The second 
minimum points show slightly shifted stacks in order to increase the attractive interactions. This 
is additionally confirmed by MD simulations described in the next chapter where in the most of 
the cases BTZ faces DPP as well as the flanks are forming columns if the samples are 
homogeneous and the structures are not distorted. The global minimum points from anti-parallel 
dimes where BTZ perfectly coincides with DPP and the flanks are overlapping are shown in 
Figure 51 (p. 106). 
 The coordinates of minimum points in anti-parallel orientation do not coincide because 
there is a slight difference in the size and the shape of the flanks, which was already mentioned. 
 The minimum points for each monomer in anti-parallel orientation differ with 7 and 3 
kJ/mol, for Fu and Th monomer, respectively, whereas in parallel orientation both Fu and Th 
containing monomers have the same 3 kJ/mol energy difference between the minimum points of 
Ebind. The second and the third minimum of Fu anti-parallel monomer differ with less than 1 
kJ/mol. 
 Generally, Th monomer has lower Ebind as compared to Fu one in parallel orientation, 
whereas in anti-parallel orientation this dependence is inverse and Fu monomer has lower Ebind. 
In anti-parallel orientation the energy difference between Fu and Th minimum points in Ebind is 
much less (ΔEbind=1÷7 kJ/mol) and in the case of second minimum this difference is less than 1 
kJ/mol. In parallel orientation this energy difference between Fu and Th monomers is higher 
(ΔEbind=10÷17 kJ/mol). 
 It could be expected that all the minimum points either in parallel or anti-parallel can be 
presented in polymers (backbone shifts) because they have only minor difference in the Ebind and 
they can be realized due to thermal fluctuations. All the minimum points of the monomers (as 
well as k=l=0) are summarized in Table 20 (p. 88). 
 If 2D Ebind approximation of the monomers (Fig 35, p. 86) is compared with 1D Ebind of 
small molecules (Fig. 22, p. 63), it is clear that they have similar behaviour. One minimum in 
parallel orientated small compounds is observed as a function of the shift along k axis and two 
minima as a function of l shift, which is in agreement with two minima which have been seen in 
the 2D representation of the monomers. In anti-parallel orientation of small (BTZ) molecules 
three minima are observed as a function of k shift and two minima as a function of l shift, which 
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again correspond to three minima for Fu containing monomer and two minima for Th monomer 
where for Th monomer one peak disappears in the 2D graphic. It seems that the behaviour of Ebind 
depends on the shape of frontier orbitals (bonding/anti/bonding pattern) of the molecules. 
 It can be concluded that in crystal structure the molecules will prefer anti-parallel 
orientation (or shifted stacks) due to increased attractive interactions observed in Ebind, which may 
explain a reduction of the charge carrier mobilities described in the next section. 

5.3. Charge Transport Properties 

 
 Before discussing the calculated hopping mobilities, first the reorganization energies will 
be explained (Table 19).  

 Fu-BTZ-Fu-DPP-Fu Th-BTZ-Th-DPP-Th 
𝜆௜
ି [eV] 0.177 0.180 
𝜆௜
ା [eV] 0.259 0.266 

 Table 19. Inner reorganization energies of the monomer units (B3LYP/6-31G*, ε=0). 

 
Coordinates: 

Fu/Th [Å] 
μ  

[cm2/V∙s] 
-BTZ- -DPP- Ebind [kJ/mol] 

Fu Th Fu/Th 

Parallel 

k=l=0 
μ- 12.630 10.628 

 -31.69/-48.87 
μ+  3.701  2.722 

k=0.2, l=1.4 
k=0.0, l=1.4 

μ-  0.929  0.729 
 -67.07/-78.33 

μ+  0.085  0.012 
k=-0.2, l=3.4 
k=-0.2, l=3.4 

μ-  0.001  0.542 
 -69.27/-81.94 

μ+  0.043  0.059 
Average <μ->  0.470  0.636 

- 
Average <μ+>  0.064  0.036 

Anti-Parallel 

k=l=0 
μ-  0.359  5.700 

 -93.06/-91.69 
μ+  0.149  0.628 

k=1.0, l=2.0 
k=-, l=- 

μ-  0.683 - 
-94.70/- 

μ+  0.152 - 
k=-1.0, l=0.8 
k=0.4, l=2.6 

μ-  0.844  0.199 
 -94.99/-93.64 

μ+  0.264  0.289 
k=1.0, l=0.0 
k=-0.4, l=0.0 

μ-  0.016  5.143 
-103.07/-96.21 

μ+  0.087  0.822 
Average <μ->  0.514  2.671 

- 
Average <μ+>  0.168  0.556 

Exp.  
k=-, l=- 
k=-, l=- 

μ- 0.56a 0.40b, 0.58c, 0.57d 
- 

μ+ 0.20a 0.35b, 0.53c, 0.33d 

 Table 20. Summary and average values of the electron (μ-) and hole (μ+) mobilities (in 
cm2/V∙s) of the monomer units (with Fu or Th flanks) for non-shifted stacks (k=l=0) and in the 
minimum points of Ebind (Fig. 35, p. 86) - B3LYP/6-31G*, ε=0. a[228], b[227], c[229], d[230]. 
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Both monomer units have similar value of λi independently of the Xatom (0.01 eV difference) in 
the Fl similar to the small constitutive compounds. The monomer units have much lower 
reorganization energy for negative charged state than for the positive charged one, which proves 
again that these molecules do not favour the h+ hopping. 
 If the monomers are substituted with methyl groups in the DPP core the reorganization 
energies are slightly affected: for Fu based monomer 0.171 and 0.260 eV, for 𝜆௜

ି  and 𝜆௜
ା , 

respectively, and for Th based monomer 0.183 and 0.269 eV, for 𝜆௜
ି and 𝜆௜

ା, respectively. 
 If λi of monomer units (Table 19, p. 88) are compared with the values of the small 
molecules (Table 8 and Table 9, p. 65) it can be seen that monomer units have intermediate for 
𝜆௜
ି values and the lowest 𝜆௜

ା than the small compounds as it was already mentioned. Thereby, if 
proper combination of donor and acceptors is chosen the reorganization energies for positive and 
negative charged states can be modified (equalized). 
 Finally, the hopping mobilities of the monomer units are calculated at the minimum points 
of Ebind (Fig. 35, p. 86) and for non-shifted stacks (k=l=0) for comparison, and the results are 
summarized in Table 20 (p. 88). Again in parallel orientation the monomer units have higher 
hopping mobilities than anti-parallel orientation if non-shifted position are compared, similar to 
the case of the small molecules. This proves the fact that higher charge carrier mobilities can be 
obtained if there is a strong orbital interaction (for example in symmetric or asymmetric 
molecules, which do not have explicit anti-parallel orientation like DPP derivatives). For 
instance, increasing the symmetry of DPP base polymer (in this case increasing of the number of 
Th units) an increase of the hole mobility is observed experimentally [291]. 
 In parallel orientation both Fu and Th based monomers have mobilities of the same order 
of magnitude for non-shifted stacks and in the second minimum, whereas at the global minimum, 
they differ only in the μ- values. The electron mobilities are always one order of magnitude higher 
than the h+ mobilities in all cases due to difference in the reorganization energies for the 
corresponding charge states. Thereby, again the symmetry leads to equalization of the CT 
properties independently of the heteroatom in the flanks. Another reason for these similar values 
could be that they have the same k, l coordinates in the minima of potential surface (Ebind). 
 According to the experimentally obtained mobilities only the values in the second 
minimum (parallel case) as well as the average value calculated from the minima points (<μ->) 
agree and only for μ-. The points of non-shifted stacks predict much higher values, whereas in the 
points of Ebind the mobilities are much less (without afore mentioned point for μ- of the second 
minimum or the average value) with exception of the global minimum and the average value  
(<μ->) of Th containing monomer where the values for μ- coincide very well with the experiment. 
However, these points which agree with the experiment (or the average values) cover only the e- 
mobilities and h+ mobilities are not described well. 
 In anti-parallel orientation Th based monomers dominate in some of the cases over Fu 
based ones according to the CT properties. This can be explained with the higher V values of anti-
parallel oriented Th-BTZ-Th dimer in the case of d dependence (Fig. 23, p. 66) where the 
electronic couplings of Th-BTZ-Th are much higher than Fu based molecules especially for the 
hole coupling (VHT), probably due to an overestimation of the sulphur atom. 



5.3. Charge Transport Properties 

     
90 

 In anti-parallel orientation non-shifted stacks of dimers already predict good values with 
respect to the experimentally obtained mobilities with one exception of μ- for Th based monomer. 
In the second minimum (and the third one only for Fu) these charge carrier mobilities from 
theory coincide perfectly with experiment: according to the theory μ-=0.844 and 0.199 cm2/V∙s, 
for Fu and Th based monomers, respectively, and for μ+=0.264 and 0.289 cm2/V∙s, for Fu and Th 
monomers, respectively, and according to the experiment values with the same order of 
magnitude are measured: μ-=0.56 and μ+=0.20 cm2/V∙s, for Fu [228] based polymer, and for Th 
based polymer μ-=0.40÷0.58 and μ+=0.33÷0.53 cm2/V∙s [227, 229, 230]. Second minimum of 
Ebind gives accurate values as compared to the experiment similar to the case of anti-parallel small 
BTZ molecules. The global minimum points again do not reproduce good hopping mobilities as 
compared with experiment (only in the case of Th, μ+ coincides). The effect of the Xatom 
disappears in second minimum point (and almost in non-shifted stacks) for monomers. 
Additionally, the average values calculated from the minimum points (<μ-/+>) coincide well with 
the experimentally obtained mobilities (for Fu <μ->=0.514 and <μ+>=0.168 cm2/V∙s, and for Th 
<μ->=2.671 and <μ+>=0.556 cm2/V∙s) where only for Th <μ-> overestimates the experimental 
quantity, which can be explained with the overestimation of the S atom in the electronic 
couplings from Figure 23 (p. 66) in anti-parallel orientation, which was already mentioned. 
 Interesting, a selenophene derivative of the same polymer (Xatom=Se) reproduce hopping 
mobilities of the same order of magnitude (0.84 and 0.46 cm2/V·s for electron and hole hoppings, 
respectively) [230]. It seems that the effect of the Xatom is negligible since these polymers possess 
nearly the same mobilities, which is confirmed also from the experiments. Additionally, all the 
electronic couplings are summarized in Table 21. 

 
Coordinates: 

Fu/Th [Å] 
VET/VHT [eV] 

Fu-BTZ-Fu-DPP-Fu Th-BTZ-Th-DPP-Th 

Parallel 

k=l=0 0.265/0.236 0.242/0.204 
k=0.2, l=1.4 
k=0.0, l=1.4 

0.072/0.036 - 
- 0.063/0.013 

k=-0.2, l=3.4 
k=-0.2, l=3.4 

0.003/0.025 - 
- 0.055/0.030 

Anti-Parallel 

k=l=0 0.049/0.052 0.187/0.103 
k=1.0, l=2.0 

k=-, l=- 
0.067/0.052 - 

- - 
k=-1.0, l=0.8 
k=0.4, l=2.6 

0.075/0.069 - 
- 0.035/0.070 

k=1.0, l=0.0 
k=-0.4, l=0.0 

0.010/0.039 - 
- 0.178/0.119 

 Table 21. Summary of the electron (VET) and hole (VHT) couplings (in eV) of the 
monomer units (with Fu or Th flanks) for non-shifted stacks (k=l=0) and in the minimum points 
of Ebind (Fig. 35, p. 86). For definition see Table 20 (p. 88) - B3LYP/6-31G*, ε=0. 
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 Thus it can be concluded that polymers will occupy orientations with lower energy (anti-
parallel orientation and/or shifted stacks) and all the molecular shifts could be expected due to 
non-equilibrium methods for device fabrication (for instance, spin-coating) as well as they differ 
only in few kJ/mol in Ebind. 
 Moreover, dimers with minimum Ebind give a reliable charge transport properties as 
compared to the experiment (usually not from the global minimum in anti-parallel orientation) 
without knowledge of the crystal structure. 
 A second conclusion can be made that if molecules are placed one above and if the 
repulsive interactions are somehow reduced, this will lead to a system with the best charge 
transport performance since the highest attractive energy of Ebind (fully segregated parallel 
oriented monomers) reproduce the maximum hopping mobilities (maximum strong orbital 
interactions) and all the other points with lower Ebind have reduced CT properties (reduced e- 
density overlap). 



 

  

6. Block Copolymers
 

 This chapter describes 
previous chapter using combined MD and DFT approach.

 

6.1. Side Chain Engineering
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Copolymers 

describes primary polymers based on the monomer units 
using combined MD and DFT approach. 

Side Chain Engineering 

Even though this chapter is named block copolymers, first the side chains are attached to
molecule linked with either Fu or Th as flanking units with two types of side 

. Two general possible orientations can adopt the side chains in 
: when they are at the same plane of DPP molecule (Zcon

they are at different planes of it (Econ conformer) - Figure 36. 

side chain conformations in isolated DPP molecule
chains are at different planes (Econ conformer, left) and when the side chains are at the same plane 

conformer, right) with respect to DPP molecule. Here the side chains are shown only with 

Branched and linear side chains are attached stepwise where the number of the carbon 
and later geometry optimization is applied. In T

are summarized for linear and branched side chains, respectively,

atom=O for Fu and Xatom=S for Th) and depending of the conformer 

For linear side chains it is seen that there is no change in the electronic properties (
when the length of the side chain is increased and the "band gap" remains constant for both 
derivatives independently of the conformer (Econ or Zcon). It is worth noting

flanks do not have dipole moment (close to zero), whereas
have dipole moments and for Th molecules μ

Moreover, the dipole moment is increasing with increasing of the chain 
 which is better pronounced for Th compounds

Zcon con 

monomer units discussed in the 
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conformer, left) and when the side chains are at the same plane 

molecule. Here the side chains are shown only with 
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Table 22 and 23 (p. 93) 
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that there is no change in the electronic properties ("Eg") 
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). It is worth noting that Econ conformers 
whereas the molecules with 

μd is larger than (almost 
Moreover, the dipole moment is increasing with increasing of the chain 

compounds. 
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R: -DPP- Fu (Xatom=O) Th (Xatom=S) 

-C2H5 

Conformer: Econ Zcon Econ Zcon 
Eg [eV] 2.50 2.50 2.45 2.45 
μd [D] 0.0005 0.1736 0.0001 0.2542 
ΔE [kJ/mol] -0.007  0.100 

-C4H9 
Eg [eV] 2.50 2.50 2.45 2.45 
μd [D] 0.0007 0.3084 0.0002 0.4300 
ΔE [kJ/mol]  0.006 -0.181 

-C6H13 
Eg [eV] 2.50 2.50 2.45 2.45 
μd [D] 0.0001 0.3788 0.0001 0.4911 
ΔE [kJ/mol] -0.139  0.159 

-C8H17 
Eg [eV] 2.50 2.50 2.45 2.45 
μd [D] 0.0000 0.3457 0.0002 0.5038 
ΔE [kJ/mol]  0.109  0.083 

-C10H21 
Eg [eV] 2.50 2.50 2.45 2.45 
μd [D] 0.0362 0.3447 0.0876 0.5186 
ΔE [kJ/mol]  0.335  0.185 

-C10H21 
Eg [eV] 2.50 2.50 2.45 2.45 
μd [D] 0.0277 0.3486 0.0763 0.5250 
ΔE [kJ/mol]  0.455  0.261 

 Table 22. Summary of the properties of DPP molecules linked with Fu (Xatom=O) or with 
Th (Xatom=S) flank as a function of the length of linear side chains (R). ΔE is taken as the 
difference between Econ and Zcon conformers (ΔE=Econ-Zcon) - B3LYP/6-31G*, ε=0. 

R: -DPP- Fu (Xatom=O) Th (Xatom=S) 

-C2H3-2(C2H5) 

Conformer: Econ Zcon Econ Zcon 
Eg [eV] 2.50 2.50 2.45 2.46 
μd [D] 0.0007 0.1140 0.0004 0.1249 
ΔE [kJ/mol] 0.019 0.451 

-C2H3-2(C4H9) 
Eg [eV] 2.50 - 2.45 - 
μd [D] 0.0000 - 0.0000 - 
ΔE [kJ/mol] - - 

-C2H3-2(C6H12) 
Eg [eV] 2.50 - 2.45 - 
μd [D] 0.0000 - 0.0003 - 
ΔE [kJ/mol] - - 

 Table 23. Summary of the properties of DPP molecules linked with Fu (Xatom=O) or with 
Th (Xatom=S) flank as a function of the length of branched side chains (R). ΔE is taken as the 
difference between Econ and Zcon conformers (ΔE=Econ-Zcon) - B3LYP/6-31G*, ε=0. 

 Also it is noticeable that the energy difference (ΔE) is slightly increased with increasing 
the length of the side chain where this ΔE is larger for Fu molecules than Th ones but this energy 
difference is still less than 1 kJ/mol, which means that both conformers could be expected for 
realization in the crystal structures. 
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 If the solvent interactions are taken into account (PCM model), "Eg" values remain 
unaffected and the dipole moments are slightly increased. According to the energy difference of 
Econ and Zcon conformers for Fu compounds it remains the same, whereas for Th molecules is 
increased but this ΔE is still less than 1 kJ/mol. If the energy of the different solvents is compared 
(toluene and chloroform) ΔEtoluene(Evacuum-Etoluene) is much less (7 kJ/mol) than ΔEchloroform(Evacuum-
Echloroform) (20 kJ/mol) with three times difference and this difference is not affected with 
increasing the side chain length or with conformer orientation (Econ or Zcon). This leads to the fact 
that chloroform solvent is more favourable for synthesis as compared to toluene. 
 In the case of branched side chains one can make the same conclusions. The "Eg" values 
are not affected and Zcon conformers have larger dipole moments than Econ conformers. Branched 
side chains with Zcon conformation are difficult to converge and they are not optimized as well as 
Econ conformers with longer side chains. If the solvent interactions are taken into account again 
ΔEtoluene is much less than ΔEchloroform similar to linear side chains (7 versus 20 kJ/mol, for toluene 
and chloroform, respectively). 
 Branched side chains -C2H3-(C8H17)-C10H21 are chosen for MD simulations of polymers 
because they are employed in experiments [227, 228] and only Econ conformers are taken into 
account for the starting configurations. Linear (LN) side chains (-C12H25) with Econ conformation 
are additionally simulated for comparison. 

 

6.2. MD Results 

 
 In order to reproduce a polymeric material one backbone is constructed from six 
monomers (n=6) and four backbones are stacked one above and further this is replicated four 
times in the direction of the side chains (16 backbones in a super cell) simulated with PBC in all 
directions. Since the periodicity is along the backbone bonds the polymer chain (n) goes to 
infinity. In polymers anti-parallel orientation is not allowed if it is assumed that the termination 
unit of the polymer is BTZ with opposite orientation (Figure 37). 
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 Figure 37. Super cell (left, the side chains are omitted for clarity) and schematic 
orientation (right) of the simulated polymers. If "parallel" oriented (top) polymer is attached to 
"anti-parallel" oriented one (bottom) the same polymer will be reproduced (elongated) - shown 
with an arrow (X=O or S). The lattice vectors are also shown. 
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 Even though of the symmetry of the polymers the "anti-parallel" orientation of the 
monomers (shown in Fig. 35, p. 86) could be realized locally if the backbones are shifted enough. 
 Two starting positions of the backbones (side chains) are taken into account for polymer 
simulations: when the backbones are not shifted (NS, non-interdigitating side chains) and when 
the backbones are initially shifted (by 9 Å where BTZ coincides with DPP - SH, interdigitating 
side chains) shown in Figure 6 (p. 19) named here NS and SH, respectively. For starting 
configurations only stretched side chains (with Econ conformations) with extended box sizes are 
taken into account where the steric repulsion are minimized for all polymers. All the periodic 
boxes are orthorhombic (α=β=γ=90°) due to limitation of the LAMMPS software. 
 First, the torsion angles between the units are measured throughout a productive run 
trajectory shown in Figure 38. 

 

 Figure 38. Torsion angle distribution of the marked angles between the units of the 
polymers (n=6) obtained from MD simulation with Fu (X=O) and Th (X=S) flanks (FF=PCFF). 
The torsion angles are measured of one whole backbone (23 torsions for each polymer). 

 According to Figure 38 the backbones remain planar during the MD simulations and the 
torsion angles are in the range of ±164÷180° and PCFF shows good planarity of the backbones of 
these polymers for both Fl. 
 First, MD results for furan (Fu) based polymers with linear (LN) side chains are discussed 
where two configurations of the side chains are taken into account: NS or SH side chains shown 
in Figure 39 (p. 96). During the whole simulations the backbones remain planar as the initial 
positions (t=0 ns) of the polymers independently of the configuration of the side chains (NS or 
SH). It can be concluded that linear side chains do not influence of the planarity since the 
backbones are perfectly stacked. This is additionally proved by the arrangement of the units in the 
bulk shown in Figure 40 (p. 96) where DPP is placed above BTZ and the flanks form columns in 
the box. Similar situation is observed in experiment [292]. Moreover, the global minimum of 2D 
Ebind scan shows perfected superposition of DPP and BTZ for both Fu and Th stack of dimers and 
the Fl also overlap (Fig. 51, p. 106). 
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 Figure 39. Crystal cells of the Fu based polymers with linear (LN) side chains when the 
chains are NS (left) and SH (right) shown with two perspectives (top and side views) for the 
initial (t=0 ns) and final (t=31 ns) frames of MD simulations. At the bottom panel are shown 
pieces of the polymers where center-to-center (dh) distances of the units (u1, u2, u3 and u4 - 
Figure 41, p. 97) are measured and the stacks (Stack 1 and Stack 2), which are extracted in order 
to evaluate the hopping mobilities (Table 29, p. 110). The crystal cell parameters are shown in 
Table 24 (p. 97). 

 

 Figure 40. Schematic representation of the arrangement of the units in the bulk of the Fu 
based polymer with linear (LN) side chains shown in Figure 39 with two initial configurations: 
NS (left) and SH (right) side chains. The corresponding units are: BTZ (rhomb), DPP (rectangle) 
and Fu (oval). 
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 Figure 41. Time evolution of the center-to-center (dh) distances (in Å) of the units taken 
from Figure 39 (p. 96) with NS (left) and SH (right) linear (LN) side chains. The corresponding 
units are: unit1 - BTZ-BTZ (squares), unit2 - DPP-DPP (circles), unit3 - BTZ-DPP (triangles up) 
and unit4 - DPP-BTZ (triangles down).  

 According to Figure 41 the units only oscillate around their equilibrium positions and they 
do not drift during the productive run of the MD simulations. Moreover, unit1 and unit2 are at the 
same dh distances independently on the configurations of the side chains (NS or SH), whereas 
unit3 and unit4 are different, which suggests that there is a slight slip of the backbones after 
annealing procedure depending on the configuration of the side chains. 
 The crystal cell parameters and the calculated properties of the Fu based polymers with 
linear (LN) side chains are shown in Table 24. The π-π (dπ-π) and lamella (dlamella) distances are 
measured locally: dπ-π as a distance from a point (taken as a center of mass of a local ring, for 
example Fu) to a plane (taken as three points defined from one core, for instance BTZ molecule) 
and it is measured several times averaged along the MD productive runs; dlamella distances are 
calculated from a point (atom in the vicinity of the side chains) to another point (another atom 
from the opposite backbone on the back side across the side chains - which is equal to side chains 
plus backbone distance) and it is measured again several times averaged along the MD productive 
runs. The angle between the measuring points of dπ-π and dlamella is chosen to be close to 90°. The 
most planar regions of the samples are chosen for analysis of the polymers. 

 Theory: 
Fu-LN-NS Fu-LN-SH 

dπ-π [Å]   3.78±0.13   3.80±0.12 
dlamella [Å] 15.55±0.31 16.20±0.29 
ρ [g/cm3]   1.06   1.05 
a [Å] 64.79 62.33 
b [Å] 91.55 91.59 
c [Å] 18.60 19.54 

 Table 24. Crystal cell parameters of Fu based polymers with linear (LN) side chains 
depending of the initial configurations (NS or SH). π-π and lamella distances as well as the 
densities are also shown. 

Fu-LN-NS Fu-LN-SH 

° ° 
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 Both side chains configurations show very similar results for the dπ-π and dlamella where SH 
side chains have slightly higher values. Moreover, both polymers have very close lattice vectors 
and the same density close to unity, which is acceptable for polymers. It can be concluded that 
initial configuration of the LN side chains are not important for the structural parameters. 
 When Fu based polymers are decorated with branched (BR) side chains (Fig. 42) there is 
significant impact into the backbones from the chains. The branched side chains penetrate 
between the backbones, which is more pronounced for SH configuration and it was not observed 
in the case of the linear (LN) side chains. This explains why BR side chains are much more 
favourable in experiments as compared to linear ones since the BR side chains can penetrate 
between the backbones and this leads to increased solubility. Even though the backbone planarity 
is distorted, experimentally this can be overcome, for instance, with vapour annealing, which was 
mentioned in the introduction. 
 Unlike linear side chains, the position of the units is distorted after the MD simulation in 
case of SH branched chains due to the side chain penetration (shown with red in Fig. 42) but the 
 

 

 

 

 

 

 

 

 

 

 

 

 
 Figure 42. Crystal cells of the Fu based polymers with branched (BR) side chains when 
the chains are NS (left) and SH (right) shown with two perspectives (top and side views) for the 
initial (t=0 ns) and final (t=31 ns) frames of MD simulations. At the bottom panel are shown 
pieces of the polymers where center-to-center (dh) distances of the units (u1, u2, u3 and u4 - 
Figure 44, p. 99) are measured and the stacks (Stack 1 and Stack 2), which are extracted in order 
to evaluate the hopping mobilities (Table 31, p. 112). The crystal cell parameters are shown in 
Table 25 (p. 100). Side chain penetration is also shown. 
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 Figure 43. Schematic representation of the arrangement of the units in the bulk of the Fu 
based polymer with branched (BR) side chains shown in Figure 42 (p. 98) with two initial 
configurations: NS (left) and SH (right) side chains. The corresponding units are: BTZ (rhomb), 
DPP (rectangle) and Fu (oval). 

flanks (Fu) remain approximately in one column (Fig. 43). Although the distortion there are some 
faced DPP-BTZ stacks. Additionally, NS chain remain approximately at the initial configurations 
(t=0) since the bulkier BR chains prevent shifting of the backbones during the MD simulations. 
 It can be concluded that this mixed units stacking mode will be favourable in block 
polymers and the dominant interactions will be between the building blocks (DPP and BTZ) and 
the Fl will form columns if the samples are crystalline and homogeneous (obtained from LN 
chains), and there are no present defects.  

    

 Figure 44. Time evolution of the center-to-center (dh) distances (in Å) of the units taken 
from Figure 42 (p. 98) with NS (left) and SH (right) branched (BR) side chains. The 
corresponding units are: unit1 - BTZ-BTZ (squares), unit2 - DPP-DPP (circles), unit3 - BTZ-DPP 
(triangles up) and unit4 - DPP-BTZ (triangles down).  

 Unit-to-unit distances (Fig. 44) oscillate around the their equilibrium positions and they 
do not shift during the productive MD run (like with LN chains). Also it can be seen that center-
to-center distances at longer distance for SH chains since the backbones are distorted from the 
bulkier chains and the backbones are slipped. This backbone distortion is more pronounced for 
SH backbones since they are initially shifted and BR chains prevent sliding of the backbones. 
 According to the crystal cell parameters (Table 25, p. 100) both configurations (NS and 
SH) have very similar properties and the density is again close to unity (like LN chains). 

Fu-BR-NS Fu-BR-SH 

Fu-BR-NS Fu-BR-SH 

BTZ    Fu    DPP   Fu BTZ    Fu    DPP   Fu 

° ° 
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 Theory: Experiment[228]: 
Fu-BR-NS Fu-BR-SH - 

dπ-π [Å]   3.47±0.13   3.56±0.09 4.2÷4.66 
dlamella [Å] 17.92±0.29 17.43±0.28 16.78 
ρ [g/cm3]   0.99   0.97 - 
a [Å] 77.07 80.69 - 
b [Å] 89.79 91.68 - 
c [Å] 22.34 21.31 - 

 Table 25. Crystal cell parameters of Fu based polymers with branched (BR) side chains 
depending of the initial configurations (NS or SH). π-π and lamella distances as well as the 
densities are also shown. 

Comparing with experiment, dlamella is very well predicted with an average value ca. 17.43 and 
17.92 Å for SH and NS chains, respectively, and 16.78 Å according to the experiment [228]. 
Nevertheless, this small deviation of 1 Å can be ascribed to the fact that orthorhombic cells are 
simulated. There is a significant difference in the predicted and the experimental dπ-π with 0.7 Å 
(3.5 and 4.2 Å in theory and experiment, respectively) and this large deviation could be due to 
difficulties in experimental measurement where the peak, which determines dπ-π is too broad 
[228], which suggests an inhomogeneous sample or high presence of defects, which was pointed 
out in the Ebind section of monomers. Moreover, DFT confirms the measured distance from MD 
(3.3 and 3.6 Å in anti-parallel and parallel dimers, respectively, Fig. 34, p. 84). Additionally, later 
is shown that the concentration profile estimates dπ-π very well with respect to the experiment 
(Figure 52, p. 107). 
 If the crystal cell parameters of LN and BR side chains of Fu based polymers are 
compared (Table 24, p. 97 and Table 25) the main difference is in the "a" lattice vector, which is 
with approximately 20 Å larger for BR side chains. The reason is that at this direction are placed 
the side chains and BR ones are much bulkier than LN chains. It can be concluded that polymer 
with BR side chains will lead to bigger crystal cell. dlamella for LN chains are up to 2 Å shorter than 
BR chains, which could be explained with the bigger size of the latter chains. There is 0.2 Å 
difference in the dπ-π of BR chains as compared to LN ones, which leads to the fact that BR chains 
induce stronger steric repulsion, which leads to shorter distance between the backbones. It is 
noticeable that dπ-π from MD coincides with the π-π distances obtained from Ebind (Fig. 34, p. 84) 
where linear side chains correspond to parallel oriented dimers (ca. 3.8 and 3.6 Å, from MD and 
Ebind, respectively) and branched chains correspond to anti-parallel oriented dimers (ca. 3.5 and 
3.3 Å, from MD and Ebind, respectively). 
 It can be concluded that polymers with LN and BR side chains will be stacked locally at 
distance close to parallel and anti-parallel orientation due to reduced and increased steric 
interactions, respectively. 
 The same procedure is done for Th based polymers and the MD results for LN side chains 
are shown in Figure 45 (p. 101). Similar to the Fu case, Th based polymers have only slight 
difference between the starting and final frames of MD simulations where in SH configuration the 
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backbones are slightly slipped but they are still planar. It can be concluded again that LN side 
chains have only minor influence into the backbones. 

 

 

 

 

 

 

 

 

 

 

 

 
 Figure 45. Crystal cells of the Th based polymers with linear (LN) side chains when the 
chains are NS (left) and SH (right) shown with two perspectives (top and side views) for the 
initial (t=0 ns) and final (t=31 ns) frames of MD simulations. At the bottom panel are shown 
pieces of the polymers where center-to-center (dh) distances of the units (u1, u2, u3 and u4 - 
Figure 47, p. 102) are measured and the stacks (Stack 1 and Stack 2), which are extracted in order 
to evaluate the hopping mobilities (Table 30, p. 110). The crystal cell parameters are shown in 
Table 26 (p. 102). 

 

 Figure 46. Schematic representation of the arrangement of the units in the bulk of the Th 
based polymer with linear (LN) side chains shown in Figure 45 with two initial configurations: 
NS (left) and SH (right) side chains. The corresponding units are: BTZ (rhomb), DPP (rectangle) 
and Th (oval). 
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 Figure 47. Time evolution of the center-to-center (dh) distances (in Å) of the units taken 
from Figure 45 (p. 101) with NS (left) and SH (right) linear (LN) side chains. The corresponding 
units are: unit1 - BTZ-BTZ (squares), unit2 - DPP-DPP (circles), unit3 - BTZ-DPP (triangles up) 
and unit4 - DPP-BTZ (triangles down).  

 Also, side chain penetration between the backbones is not observed in the case of LN 
chains (like Fu based polymers with LN chains), which suggests that the samples would be more 
homogeneous if the same polymers are synthesized with linear chains. 
 The arrangement of the units shown in Figure 46 (p. 101) demonstrates again that DPP-
BTZ interactions are favourable in the polymers independently of the starting configuration of the 
side chains (NS or SH) as well as Th flanks form columns. If the unit positions between Fu and 
Th based polymers with linear side chains are compared (Fig. 40, p. 96 and Fig. 46, p. 101) it is 
seen that there is no difference and the arrangement is the same independently on the heteroatom, 
which is additionally confirmed by Ebind for both Fu and Th monomer stacks (Fig. 51, p. 106). 
 Unit-to-unit distances (Fig. 47) show that the backbones of the polymers oscillate only 
around their equilibrium positions. It is interesting that the backbones of NS chains oscillate at 
larger amplitude since they are more even as compare to NS chains (Fig. 45 bottom panel, p. 
101). 
 Comparing the crystal cell parameters of the two configurations (Table 26) of Th based 
polymers with LN chains there is only one main difference in the "a" lattice vector, which the 
direction of the side chains. 

 Theory: 
Th-LN-NS Th-LN-SH 

dπ-π [Å]   3.65±0.10   3.66±0.10 
dlamella [Å] 20.87±0.43 16.08±0.25 
ρ [g/cm3]   1.10   1.10 
a [Å] 70.81 63.16 
b [Å] 97.40 97.00 
c [Å] 16.18 18.13 

 Table 26. Crystal cell parameters of Th based polymers with linear (LN) side chains 
depending of the initial configurations (NS or SH). π-π and lamella distances as well as the 
densities are also shown. 

Th-LN-NS Th-LN-SH 

° ° 
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For NS configuration "a" is with 7 Å larger than SH, which could be explained with the afore 
mentioned increased tilting of the backbones (more even backbone). Also, this is affected to the 
dlamella, which is with ca. 5 Å larger for NS chains than SH ones (Fig. 45 bottom panel, p. 101). 
 It can be concluded that the difference between the NS and SH configurations of the side 
chains are due to slightly change in the backbone tilt angle, which influences of the "a" lattice 
vector and dlamella. 
 If the crystal cells of Fu and Th based polymers with LN chains are compared (Table 24, 
p. 97 and Table 26, p. 102) the main difference in only in "b" lattice vector (along the backbone) 
where for Th based polymer is larger due to difference in the size of the five-membered rings 
(zigzag versus straight line), which was already pointed out when n-mers were investigated in the 
previous chapter (Fig. 29, p. 79 and Fig. 33, p. 83). The effect of the zigzag curvature of Fu based 
polymer is also pronounced for NS chains where the dlamella is with 3 Å shorter for Fu polymer 
than Th one . Moreover, there is a small difference in "a" lattice vector (with 7 Å) only for NS 
case where for Fu based polymer is bigger. It can be concluded that the effect of the Xatom is only 
due to different shape of the flanks, which leads to slightly difference in the structure parameters. 
 

 

 

 

 

 

 

 

 

 

 

 

 Figure 48. Crystal cells of the Th based polymers with branched (BR) side chains when 
the chains are NS (left) and SH (right) shown with two perspectives (top and side views) for the 
initial (t=0 ns) and final (t=31 ns) frames of MD simulations. At the bottom panel are shown 
pieces of the polymers where center-to-center (dh) distances of the units (u1, u2, u3 and u4 - 
Figure 50, p. 104) are measured and the stacks (Stack 1 and Stack 2), which are extracted in order 
to evaluate the hopping mobilities (Table 32, p. 112). The crystal cell parameters are shown in 
Table 27 (p. 105). Side chain penetration is also shown. 
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 Finally, Th based polymer is investigated with BR side chains shown in Figure 48 (p. 
103). It can be seen that BR side chains penetrate between the backbones only in the case of NS 
side chains and for NS configuration this is not observed. The reason is that in SH configuration 
due to side chain steric interactions a wave like behaviour of the backbones is obtained and this 
compensates the penetration effect between the backbones. Additionally, the backbones are not in 
one plane in NS configuration unlike SH case, which is observable in the side view panel. This 
wave like behaviour of the backbones is also observed in Fu analogue polymer but here this 
effect is much better pronounced. 
 Moreover, if the unit positions in the bulk are analyzed, in NS configuration they remain 
nearly undistorted as compared to the initial position (t=0) of the polymer and several DPP-BTZ 
interactions are observable only in SH configuration since the bulkier side chains prevent 
backbone sliding (like in case of Fu based polymer with BR chains). Nevertheless, Th flanks 
remain as columns in the polymer independently of the configuration of the side chains (similar 
to Fu based polymer with BR chains).  

 

 Figure 49. Schematic representation of the arrangement of the units in the bulk of the Th 
based polymer with branched (BR) side chains shown in Figure 48 (p. 103) with two initial 
configurations: NS (left) and SH (right) side chains. The corresponding units are: BTZ (rhomb), 
DPP (rectangle) and Th (oval). 

   

 Figure 50. Time evolution of the center-to-center (dh) distances (in Å) of the units taken 
from Figure 48 (p. 103) with NS (left) and SH (right) branched (BR) side chains. The 
corresponding units are: unit1 - BTZ-BTZ (squares), unit2 - DPP-DPP (circles), unit3 - BTZ-DPP 
(triangles up) and unit4 - DPP-BTZ (triangles down). 
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 Even though NS of Th polymer with BR chains has wave like character of the backbone, 
the unit-to-unit distances again oscillate around they equilibrium positions like SH configuration 
shown in Figure 50 (p. 104) but they have different values since they are slipped or distorted. 
Similar results for the unit-to-unit distances are obtained for Fu based polymers with BR chains 
(Fig. 44, p. 99) with respect to their values. 
 Considering the crystal cell parameters of Th based BR polymer (Table 27) there are only 
minor difference between NS and SH configurations. They have the same density of 1 g/cm3 and 
very close dπ-π and dlamella although NS chains have wave like character. 
 Comparing with experiment, Th based polymer with BR chains, dπ-π is very well predicted 
from the theory with 3.5 and 3.6 Å for NS and SH chains, respectively, and 3.73 Å [227], 3.65 Å 
[230] according to  the experiments. Moreover, dlamella is also well predicted with 19.8 and 20.1 Å 
for NS and SH chains, respectively, and 21.5 Å in experiment [227] and the small deviation of 1 
Å can be explained with the restriction of orthorhombic (α=β=γ=90°) super cells. Additionally, 
DFT showed also closer dπ-π of 3.5 and 3.7 Å (Fig. 34, p. 84) in the corresponding orientations. 
 If the crystal cell parameters of the LN and BR chains of Th based polymers are compared 
(Table 26, p. 102 and Table 27) the main difference is in the "a" lattice vector and dlemella due to 
different size of the side chains, which is also true for Fu based polymers. It makes impression 
that dlemella of NS LN chains is equal to NS for BR chains, which can be explained with the fact 
that Th based polymer with NS LN chains have more even backbones. Moreover, the obtained dπ-π 
from MD coincide with these ones obtained from Ebind scan in the corresponding orientation (Fig. 
34, p. 84) where for LN chains coincide with parallel oriented dimers (ca. 3.65 and 3.7 Å from 
MD and DFT, respectively) and for BR chains coincide with anti-parallel dimers (ca. 3.5÷3.6 and 
3.5 Å from MD and DFT, respectively), which was also found for the Fu based polymers. 
 If unit arrangement of the LN and BR Th based is compared (Fig. 46, p. 101 and Fig. 49, 
p. 104), LN chains reproduce perfect stacking between DPP and BTZ cores and the flanks are 
forming columns, whereas for BR chains the units remain near their initial position since BR 
chains hinder the sliding of the backbone during the simulations but the flanks still form columns 
and DPP-BTZ interactions can be found only locally. All this results were valid also for the Fu 
based polymers.  

 Theory: Experiment: 
Th-BR-NS Th-BR-SH - 

dπ-π [Å]   3.49±0.13   3.60±0.10 3.73[227], 3.65[230] 
dlamella [Å] 19.76±0.40 20.09±0.23 21.5 
ρ [g/cm3]   1.02   1.03 - 
a [Å] 76.75 78.75 - 
b [Å] 94.88 97.20 - 
c [Å] 21.40 20.13 - 

 Table 27. Crystal cell parameters of Th based polymers with branched (BR) side chains 
depending of the initial configurations (NS or SH). π-π and lamella distances as well as the 
densities are also shown. 
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 If the crystal cell parameters of the Fu and Th based BR polymers are compared (Table 
25, p. 100 and Table 27, p. 105) the differences are in the dlemella and in the "b" lattice vectors 
where for Fu based polymer are shorter (with 3÷5 Å) than Th based one, which can be explained 
with the zigzag curvature of Fu based polymer which originates from the minor difference in the 
size of the five membered flank as aforementioned for LN chains (Fig. 33, p. 83). The other 
parameters are very close and they are independently of the side chains and the heteroatom. 
 Generally, the polymers with LN side chains have only minor difference is the crystal cell 
parameters (Table 24, p. 97 and Table 26, p. 102), which is additionally proved by the same unit 
arrangement (Fig. 40, p. 96 and Fig. 46, p. 101) as well as the unit-to-unit distances are very close 
(Fig. 41 , p. 97 and Fig. 47, p. 102). Moreover, DPP is always stack above BTZ and the flanks are 
forming columns (which is additionally confirmed by DFT) independently on the starting 
configuration of the side chains and the backbones remain always planar. This suggests that the 
structural parameters and the unit arrangement in the bulk are independent of the Xatom in the 
flank if the samples are homogeneous and crystalline (obtained from LN side chains according to 
the theory) and they do not contain defects. 
 Polymers with BR side chains again showed close crystal structure parameters (Table 25, 
p. 100 and Table 27, p. 105) but they have different unit arrangements (Fig. 43, p. 99 and Fig. 49, 
p. 104) and unit-to-unit distances (Fig. 44, p. 99 and Fig. 50, p. 104) since the BR chains prevent 
sliding of the backbones during the simulations and the backbone are usually distorted. However, 
the flanks are still arranged in columns. Moreover, polymers with BR chains reproduced 
structures close to their initial configuration (t=0 ns) of the side chains: NS or SH chains where 
the former ones showed nearly unaffected crystal cell without any backbone shift and the later 
ones demonstrated only locally BTZ-DPP interactions due to distortion of the backbone. The BR 
side chain can penetrate between the backbones especially in the case of SH backbones, which 
was not observed for LN chains. It seems that more inhomogeneous samples are obtained with BR 
 

 

 

 

 

 

 

 

 Figure 51. Dimer configurations of the global minimum points obtained from 2D Ebind 
approximation (Fig. 33, p. 85) where perfect superposition of BTZ and DPP is represented as well 
as the flanks are also overlapping. 

  

  k=1.0, l=0.0 Å                             k=-0.4, l=0.0 Å 
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side chains according to the theory where the annealing procedure does not cover completely the 
experimental conditions. However, the most of the available experimental characteristics are 
predicted very well from the most planar regions of the MD simulations with BR chains. 
 The main difference between LN and BR side chains is due to the bulkier size of the later 
ones, which hinder the backbone shifts, lead to greater "a" lattice parameter along the chain 
direction, grater dlamella, shorter dπ-π, and distortion of the backbone. 
 The main difference of Fu and Th polymers is due to the small difference in the size of the 
five membered flank. Fu polymers show always shorter "b" lattice vector along the backbone, 
shorter dlamella due to zigzag behaviour of the backbones as compared to Th based polymers. 
 Interesting, the dπ-π obtained from MD of LN side chains coincides with the distances of 
parallel oriented stack of dimers from DFT and the dπ-π obtained from BR chains coincide with 
the distances of anti-parallel oriented dimers as it was pointed out. 

 

 Figure 52. Concentration profiles (the concentration of N, S, O and C atoms belonging to 
the backbone of polymers in a given layer) along "a" lattice vector of the simulation boxes for Fu 
based (a and b) and Th based (c and d) copolymers with NS (hatched left) and SH (hatched right) 
side chains. The reported values are relative to a random distribution. 

 The available structural parameters from experiments (dπ-π and dlamella) are in very good 
agreement in the most of the cases independently of the type of the side chains (LN or BR) or the 
initial configurations (NS or SH) with few exceptions from the simulated (within MD) guess 
crystal structures. 
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It seems that polymers prefer to be stacked in chains if they are crystalline and the samples are 
homogeneous (without presence of defects).  
 Additionally, concentration profiles are calculated where the relative concentration of N, 
S, O and C atoms belonging to the backbone of a polymer in a given layer along "a" lattice vector 
is estimated from the last snapshot of the MD simulations. dπ-π are measured as a interval between 
the peaks across the conjugated stacks ("c" lattice vector) and dlamella are obtained from the 
maxima between the peaks (Fig. 52, p. 107) and the results are summarized in Table 28. 
 From Table 28 it can be seen that dπ-π ranges from 3.78 to 4.37 Å for all the simulated 
polymers. All these values are higher as compared to the locally obtained parameters (the tables 
corresponding for each polymer, 3.47÷3.80 Å) since the measurements of the later one are 
estimated from the most planar region of the samples. Interesting, the dπ-π for LN NS and BR SH 
chains obtained locally coincides with the concentration profiles independently on the polymers: 
according to the local parameters Fu-LN-NS (Table 24, p. 97) has 3.78 and 3.87 Å in compliance 
with the concentration profile (Table 28); dπ-π for Fu-BR-SH is 3.56 and 3.78 Å calculated locally 
(Table 25, p. 100) and the concentration profile, respectively. Similarly for Th based polymer are 
obtained 3.65 and 3.78 Å with LN-NS side chains according to the local analysis (Table 26, p. 
102) and the concentration profile, respectively, as well as for BR-NS chains are calculated 3.60 
Å in compliance of the local measurement (Table 27, p. 105) and 3.76 Å according to the 
concentration profile. 

Polymer Chain Configuration dπ-π [Å] dlamella [Å] Exp. dπ-π/ dlamella [Å] 

Fu 
LN 

NS 3.87±0.46 15.99±0.54 - 
SH 4.17±0.80 15.93±0.29 - 

BR 
NS 4.37±0.49 17.71±0.54 

4.2÷4.66[228]/ 16.78[228] 
SH 3.78±0.57 18.21±0.97 

Th 
LN 

NS 3.78±0.24 19.26±0.57 - 
SH 3.95±0.18 19.59±0.41 - 

BR 
NS 4.02±0.51 19.26±0.41 

3.73[227], 3.65[230]/ 21.5[227] 
SH 3.76±0.42 17.79±2.70 

 Table 28. Summary of the dπ-π and dlamella (in Å) of Fu and Th based polymers with LN 
and BR side chains depending on their initial configuration (NS or SH) obtained from the 
concentration profile analysis (Fig. 52, p. 107). 

 The other dπ-π deviate with up to 1 Å due to side chains penetration between the 
backbones (for BR chains) or due to tilting of the backbones (for LN chains). It makes impression 
that dπ-π of BR-NS chains of the concentration profile (4.37 Å) of Fu based polymer is very well 
predicted as compared to the experiment (4.2÷4.66 Å [228]), which confirms that the 
experimental sample could contain defects since MD showed distortion of the backbones. 
Moreover, the π-π distance of Th-BR-SH polymer is in agreement with the experiments where 
3.76 Å is calculated, and 3.73 [227] and 3.65 Å [230] are measured. On the other side, the other 
configuration of Th with BR chains (NS) overestimates this experiment slightly with ca. 0.3 Å 
(4.02 Å calculated). 
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 However, for the calculation of the charge carrier mobilities are utilized dπ-π obtained 
measured locally since the dimers are extracted locally (from the most planar region of the 
samples). Moreover, hopping mobilities calculated with the dπ-π obtained from the concentration 
profiles (Table 28, p. 108) showed only slightly higher values due to slightly higher distances. 
 According to the lamella distances, the results of the local investigation coincide very well 
with the concentration profile where the former ones range in 15.55÷17.92 Å for Fu based 
polymers and 19.76÷20.87 Å for Th based polymers (with one exception of 16.08 Å for Th-LN-
SH), and the later ones shows 15.93÷18.21 Å and 19.26÷19.59 Å, for Fu and Th based polymers, 
respectively (with one exception for Th-BR-SH of 17.79 Å). Moreover, all the values of dlamella are 
in agreement with the experiments (Table 28, p. 108).  
 Interesting, the standard deviations from the concentration profiles are much larger (at 
least 2-3 times) than the standard deviations of the locally measured parametrs. 
 It can be concluded that dπ-π and dlamella will remain unaffected if the crystal structures of 
the polymers are crystalline and homogeneous (no defects) and the side chains do not influence 
on the morphology. 

6.3. Charge Transport Properties 

 
 The CT properties are calculated from extracted dimers from the corresponding polymers 
(Fig. 39, 42, 45 and 48, p. 96, 98, 101 and 103, respectively) from every 100000 frame of the MD 
productive runs (each value is averaged over 100 frames). For each polymer two stacks of dimers 
are extracted (Stack 1 and Stack 2) from the middle of the periodic box as well as from the middle 
of the backbones and they belong to the most planar regions of the samples. Since four backbones 
are stacked one above, one stack is chosen close to the "top" (or "bottom") of the periodic box 
and the other one corresponds to the middle part. After dimers extraction, later the dimers are 
saturated and the side chains are substituted with methyl groups and further single point DFT 

calculations (B3LYP/6-31G*, ε=0) are performed in order to obtain the electronic energies. 
 First, the results of Fu based polymer with LN side chains (Table 29, p. 110) are shown. 
The electronic couplings (V) in all cases have average values in range of 0.038÷0.087 eV and the 
standard deviations are of the same order of magnitude with two times lower values (0.028÷0.037 
eV). Similar situation was observed with the CT properties of the crystal structure of Th-BTZ-Th 
small molecule where the values are slightly higher (Table 13, p. 77 and Table 14, p. 78). Charge 
transport is allowed only along the π-π direction in polymers (only cofacial stacks) since only 
stacked polymers are simulated (and intrachain CT is not taken into account), which simplifies 
the procedure unlike Th-BTZ-Th crystal structure. The charge rate constants of NS case of Stack 1 
slightly dominates over Stack 2, which is the opposite for SH case but these values are of the 
same order of magnitude and the average quantities of the hopping mobilities are very close (μ-

=0.4 and 0.3, μ+=0.2 and 0.3 cm2/V∙s, for NS and SH configurations, respectively). It is worth 
noting that the standard deviations of the mobilities is also from the same order of magnitude 
(usually two times lower) and the predicted values for LN side chains correspond perfectly with 



6.3. Charge Transport Properties 

   
110 

 Fu-LN-NS: 
Stack 1: Stack 2: Average: 

<VET> [eV] 0.049±0.030 0.042±0.029 0.046±0.030 
<VHT> [eV] 0.066±0.028 0.049±0.027 0.058±0.028 
K-

CT [1∙1013∙s-1] 1.667±0.623 1.217±0.578 1.433±0.606 
K+

CT [1∙1013∙s-1] 1.144±0.203 0.639±0.187 0.873±0.212 
μ- [cm2/V∙s] 0.463±0.173 0.338±0.161 0.398±0.169 
μ+ [cm2/V∙s] 0.318±0.056 0.178±0.052 0.243±0.059 
μ-/ μ+ 1.458 1.904 1.641 
 Fu-LN-SH: 

Stack 1: Stack 2: Average: 
<VET> [eV] 0.038±0.028 0.046±0.028 0.042±0.028 
<VHT> [eV] 0.043±0.031 0.087±0.029 0.065±0.037 
K-

CT [1∙1013∙s-1] 0.985±0.546 1.488±0.527 1.205±0.545 
K+

CT [1∙1013∙s-1] 0.488±0.248 2.001±0.220 1.116±0.361 
μ- [cm2/V∙s] 0.277±0.153 0.407±0.148 0.339±0.153 
μ+ [cm2/V∙s] 0.137±0.070 0.562±0.062 0.314±0.102 
μ-/ μ+ 2.020 0.724 1.080 

 Table 29. Charge transport properties of Fu based polymer with linear (LN) side chains 
depending of the initial configurations (NS or SH) obtained from MD simulations. The stacks of 
dimers are taken from Figure 39 (p. 96) - B3LYP/6-31G*, ε=0. 

 Th-LN-NS: 
Stack 1: Stack 2: Average: 

<VET> [eV] 0.058±0.028 0.065±0.034 0.052±0.028 
<VHT> [eV] 0.059±0.033 0.071±0.027 0.057±0.030 
K-

CT [1∙1013∙s-1] 2.267±0.517 2.783±0.776 1.771±0.504 
K+

CT [1∙1013∙s-1] 0.830±0.252 1.196±0.178 0.765±0.217 
μ- [cm2/V∙s] 0.588±0.134 0.722±0.201 0.459±0.131 
μ+ [cm2/V∙s] 0.215±0.065 0.310±0.046 0.198±0.056 
μ-/ μ+ 2.729 2.328 2.315 
 Th-LN-SH: 

Stack 1: Stack 2: Average: 
<VET> [eV] 0.050±0.029 0.065±0.034 0.057±0.029 
<VHT> [eV] 0.066±0.034 0.071±0.027 0.065±0.035 
K-

CT [1∙1013∙s-1] 1.638±0.541 2.784±0.776 2.144±0.571 
K+

CT [1∙1013∙s-1] 1.014±0.276 1.196±0.178 0.990±0.247 
μ- [cm2/V∙s] 0.428±0.141 0.728±0.203 0.561±0.149 
μ+ [cm2/V∙s] 0.265±0.072 0.313±0.046 0.259±0.065 
μ-/ μ+ 1.614 2.328 2.167 

 Table 30. Charge transport properties of Th based polymer with linear (LN) side chains 
depending of the initial configurations (NS or SH) obtained from MD simulations. The stacks of 
dimers are taken from Figure 45 (p. 101) - B3LYP/6-31G*, ε=0. 
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the experimental measurements for BR side chains (μ-=0.56 and μ+=0.20 cm2/V∙s [228]).  
 The results of Th based polymer with LN side chains (Table 30, p. 110) are very similar to 
the results obtained for Fu analogue. The conductive properties are approximately of the same 
range as well as the standard deviations like in the case for Fu polymer with LN chains. In Th 
polymer Stack 2 has slightly higher CT properties than Stack 1 for both configurations but again 
these values are of the same order of magnitude and the average values for all the other quantities 
(charge rate constants and hopping mobilities) are also from the same order of magnitude like Fu 
based polymer. Moreover, the theoretical obtained values for hopping mobilities (μ-=0.5 and 0.6, 
μ+=0.2 and 0.3 cm2/V∙s, for NS and SH configurations, respectively) again very well agree with 
the experimentally obtained ones with BR side chains (μ-=0.40÷0.58 and μ+=0.33÷0.53 cm2/V∙s 
[227, 229, 230]).  
 It can be concluded that there is no difference between these two polymers with linear 
side chains according to their charge transport properties. The combined MD/QM approach 
predicts very well the CT properties as compared to the experimental data (even though the 
experiments correspond to BR chains). Additionally, the values of the CT properties are averaged 
unlike, for instance, the values obtained from dimers with minimum Ebind (single values). 
 The same procedure is done for BR side chains. First, the results for Fu based polymer 
(Table 31, p. 112) are described. The V values are at the slightly higher range 0.056÷0.083 eV 
than the LN chains and there is only one exception for Stack 2 of NS configuration for VET where 
this value is 0.106 eV. The higher values of the electron transfer lead to one order higher μ- than 
the experiment and this is the only one exception, which deviates from the experiment. This 
exception can be explained with stacks at the shorter π-π distance obtained for this case of 3.47 Å 
(Table 25, p. 100) and with the distortion of the backbones due to bulkier size of the BR side 
chains. Additionally, the larger values of the electronic couplings lead to bigger standard 
deviations, which are again two times smaller than the average values. Moreover, the μ- are 
higher than the μ+ as well as this is observed also in experiment (μ-=0.56>μ+=0.20 cm2/V∙s [228]). 
Nevertheless, these values are of the same order of magnitude and the polymer remains 
ambipolar. Again the theory predicts very well the hopping mobilities (μ-=1.4 and 0.9, μ+=0.3 and 
0.3 cm2/V∙s, for NS and SH configurations, respectively) with the only one exception, which was 
mentioned above.  
 If the CT properties of Fu based polymers with LN and BR side chains are compared 
(Table 29, p. 110 and Table 31, p. 112, respectively), it can be seen that BR chains reproduce only 
slightly higher mobilities only for μ- (maybe due to distortion of the backbone caused by the 
bulkier chains) as compared to LN chains and it can be concluded that generally the mobilities are 
independent of the side chains (with one exception). Additionally, there is a difference in the ratio 
of the mobilities (μ-/ μ+) where for LN chains is closer to unity than BR chains but the mobilities 
are still from the same order of magnitude and the difference is only in the higher μ- of BR chains. 
 Finally, the charge transport properties of Th based polymer with BR chains are 
investigated (Table 32, p. 112). Similar to the case with LN chains, the electronic couplings are in 
the range of 0.063÷0.079 eV for BR chains where for LN ones the range is slightly lower of 
0.050÷0.071 eV (Table 30, p. 110) but these values are again from the same order of magnitude. 
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 Fu-BR-NS: Experiment[228]: 
Stack 1: Stack 2: Average:  

<VET> [eV] 0.082±0.043 0.106±0.045 0.094±0.045 - 
<VHT> [eV] 0.083±0.025 0.058±0.033 0.071±0.032 - 
K-

CT [1∙1013∙s-1] 4.676±1.265 7.657±1.373 6.075±1.404 - 
K+

CT [1∙1013∙s-1] 1.815±0.639 0.874±0.286 1.302±0.266 - 
μ- [cm2/V∙s] 1.100±0.298 1.802±0.323 1.429±0.330 0.56 
μ+ [cm2/V∙s] 0.427±0.039 0.206±0.067 0.306±0.063 0.20 
μ-/ μ+ 2.576 8.758 4.665 2.80 
 Fu-BR-SH:  

Stack 1: Stack 2: Average:  
<VET> [eV] 0.078±0.049 0.065±0.034 0.071±0.043 - 
<VHT> [eV] 0.056±0.038 0.071±0.027 0.064±0.034 - 
K-

CT [1∙1013∙s-1] 4.208±1.669 2.879±0.802 3.512±1.261 - 
K+

CT [1∙1013∙s-1] 0.813±0.370 1.326±0.197 1.054±0.298 - 
μ- [cm2/V∙s] 1.038±0.412 0.710±0.198 0.867±0.311 0.56 
μ+ [cm2/V∙s] 0.201±0.091 0.327±0.049 0.260±0.074 0.20 
μ-/ μ+ 5.172 2.171 3.332 2.80 

 Table 31. Charge transport properties of Fu based polymer with branched (BR) side 
chains depending of the initial configurations (NS or SH) obtained from MD simulations. The 
stacks of dimers are taken from Figure 42 (p. 98) - B3LYP/6-31G*, ε=0 

 Th-BR-NS: Experiment: 
Stack 1: Stack 2: Average:  

<VET> [eV] 0.067±0.031 0.065±0.034 0.068±0.030 - 
<VHT> [eV] 0.079±0.033 0.071±0.027 0.076±0.034 - 
K-

CT [1∙1013∙s-1] 2.994±0.628 2.783±0.776 3.087±0.610 - 
K+

CT [1∙1013∙s-1] 1.453±0.251 1.196±0.178 1.367±0.273 - 
μ- [cm2/V∙s] 0.712±0.149 0.662±0.184 0.734±0.145 0.40a, 0.58b, 0.57c 
μ+ [cm2/V∙s] 0.346±0.060 0.284±0.042 0.325±0.065 0.35a, 0.53b, 0.33c 
μ-/ μ+ 2.060 2.328 2.259 1.14a, 1.09b, 1.73c 
 Th-BR-SH:  

Stack 1: Stack 2: Average:  
<VET> [eV] 0.063±0.033 0.065±0.034 0.064±0.034 - 
<VHT> [eV] 0.072±0.035 0.071±0.027 0.078±0.037 - 
K-

CT [1∙1013∙s-1] 2.648±0.710 2.783±0.776 2.726±0.748 - 
K+

CT [1∙1013∙s-1] 1.212±0.294 1.196±0.178 1.436±0.322 - 
μ- [cm2/V∙s] 0.671±0.180 0.705±0.196 0.690±0.189 0.40a, 0.58b, 0.57c 
μ+ [cm2/V∙s] 0.307±0.074 0.303±0.045 0.364±0.082 0.35a, 0.53b, 0.33c 
μ-/ μ+ 2.185 2.328 1.898 1.14a, 1.09b, 1.73c 

 Table 32. Charge transport properties of Th based polymer with branched (BR) side 
chains depending of the initial configurations (NS or SH) obtained from MD simulations. The 
stacks of dimers are taken from Figure 48 (p. 103) - B3LYP/6-31G*, ε=0. a[227], b[229], c[230]. 
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The CT properties of Th polymer with BR chains for NS and SH configurations including not only 
the V values but also the charge rate constants and the charge carrier mobilities are very close. 
Comparing the predicted and experimentally obtained hopping mobilities again it can be seen a 
perfect agreement of the theory and experiment: theoretically μ-=0.7 and 0.7, μ+=0.3 and 0.4 
cm2/V∙s, for NS and SH configurations, respectively, and experimentally μ-=0.40÷0.58 and 
μ+=0.33÷0.53 cm2/V∙s [227, 229, 230], which again proves the precision of the combined 
MD/QM approach for the calculation of the CT properties. 
 Comparing Th based polymer with LN and BR chains (Table 30, p. 110 and Table 32, p. 
112) all the hopping mobilities are of the same order of magnitude, the exact values are very 
close as aforementioned as well as the electron mobilities are slightly higher than the h+ 
mobilities independently on the configurations of the side chains. 
 It can be conclude that the side chains do not influence the CT properties in polymers if 
the side chains do not affect the morphology and the polymers remain crystalline and 
homogeneous. 
 If Fu and Th polymers with BR side chains are compared (Table 31 and Table 32, p. 112) 
again the differences are only minor and the CT properties are unaffected of the Xatom in the flank 
(with one exception of μ- for Fu with NS and in the limit of SH chains), which might be due to the 
symmetry of the polymers. 
 Generally, all the simulated polymers with MD/QM approach exhibit charge carrier 
mobilities of the same order of magnitude independently of the type of the side chains (LN and 
BR), the side chain configurations (NS or SH) or the heteroatom in the flank (oxygen or sulphur, 
in Fu and Th flanks, respectively) with one exception of Fu for μ-, however, these are average 
values. In all the cases the polymers were crystalline and it seems that the crystallinity is the main 
factor for high and balanced hopping mobilities. 
 A second reason why these polymers remain with unaffected CT properties is that they do 
not have anti-parallel orientation, which it was pointed out (Fig. 37, p. 94) similar to the case of 
small molecules (for instance DPP) where the effect of the Xatom disappeared. 
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7. Conclusion and Outlook 
 

 Semiconducting molecules were investigated systematically starting from small 
constitutive D--A+ compounds, through monomers up to block copolymers using different 
methods regarding the number of the atoms in the systems. Geometric, electronic and charge 
transport properties were calculated and compared on every stage of the investigation. The charge 
transport properties were estimated with four different ways: scanning the potential surface with 
electronic coupling, scanning the potential surface with binding energies (Ebind) and later the 
minimum points were utilized, calculating the charge transport (CT) properties of experimentally 
resolved crystal structure for all the possible dimers, which correspond to pathways and finally 
using combined MD/QM approach of simulations of polymeric materials extracting pairs of 
dimers. 
 The most expensive method for calculation of the charge transport properties was the 
combined MD/QM dimer extraction approach of polymers, which allows calculating of average 
values from assumed (guess) crystal structure. Since the investigated polymers were modelled as 
crystalline the mobilities were very well predicted with respect to the experimental 
measurements. Next cheaper method utilizing dimers with minimum energy in Ebind (for 
monomers and small molecules) provided correct values of the hopping mobilities from the 
global minimum points (and/or the second minimum) without knowledge of the crystal structure. 
The last method utilizes known crystal structure where the charge transport properties were 
evaluated for each stack of dimers (pathway), which usually overestimates the charge carrier 
mobilities due to incorrect definition of the distance between the molecules. 
 Effect of the heteroatom (Xatom) in the five-membered rings (flanks) was investigated and 
it was shown that the Xatom affects primary the conformational properties of isolated molecules, 
the torsion potential barriers and rigidity (Kuhn's length) with different type of H-bonding and 
increased electrostatic interactions. The Xatom has a minor effect to the electronic and optical 
properties but has a great impact on the curvature of the polymeric backbones due to slightly 
difference in the geometry. In dimers it was demonstrated that the effect of heteroatom appears 
only in the case of non-symmetric (anti-parallel oriented) molecules. In such anti-parallel 
orientation the heteroatom influences primary to the Ebind (different equilibrium distances (d) 
between the molecules) and further to the electronic couplings (V) due to reduced overlap of 
electron density (reduced strong orbital interactions) and later affects the CT properties where the 
hopping mobilities were always smaller as compared to parallel orientation. Parallel oriented (or 
symmetric) molecules have no effect of the Xatom with respect to the CT properties due to similar 
pattern and overlap of the frontier orbitals and they possess better charge carrier mobilities due to 
better π-orbital interactions. 
 Block copolymers were investigated with Periodic Boundary Conditions with two types 
of side chains (linear and branched, LN and BR, respectively) and additionally, with two different
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starting positions: shifted (SH) and non-shifted side chains (NS), with or without initial shift of 
the  backbones, respectively. It was demonstrated that there is only minor difference in the crystal 
cell parameters between linear and branched side chains (primary in "b" lattice vector along the 
chains and lamella distance due to difference in the size of the five membered rings). Different 
starting configurations (SH or NS) of the side chains showed different unit-to-unit distances 
where SH chains represented structures close to the starting configurations only in case of BR side 
chains. Lamella and π-π distances were measured in polymer systems where the they were 
predicted very well from local measurement of the samples as well as the concentration profile 
showed similar values if there is no distortion of the crystal structures (homogeneous samples). 
The effect of the heteroatom substitution disappeared due to symmetry reasons of the polymer 
units with respect to the charge transport properties and the most of the structural parameters. 
 The stacking modes of the constitutive units were investigated in the polymers and it was 
demonstrated that the flanks are forming columns and the different acceptor units are facing each 
other if the samples are crystalline and homogeneous (obtained from LN side chains) later 
confirmed by DFT dimers from the minimum points of Ebind.. The charge transport properties 
were obtained by the mean of combined MD/QM approach throughout the trajectories. The 
hopping mobilities were in very good agreement with the experimental available data due to 
crystallinity of the simulated polymers. 

o It was found that the most stable conformers of small molecules prefer maximum H-
bonding and reduced electrostatic interactions.  

o It was observed that the heteroatom does not influence on the reorganization energies. 
o In all cases the molecules have higher reorganization energies for positive charged state as 

compared to negative ones (𝜆௜
ି  < 𝜆௜

ା ) due to reduced conjugation length of positive 
charged molecules, which led to the fact that electron mobility is more favourable as 
compared to hole mobility in the most of the cases. 

o Dimers with minimum Ebind give accurate coordinates of the molecular shifts (as well as 
π-π distances), which coincide with experimentally obtained crystal structures for small 
molecules, which is applicable only for cofacial orientation. 

o Anti-parallel orientation is preferable than parallel one due to increased attraction in Ebind 
and reduced repulsive (π-orbital) interactions in dimers. 

o Dimers at closer (π-π) distance exhibit stronger electronic couplings, which led to better 
charge transport properties. 

o Equilibrium (π-π) distances (obtained from Ebind) were found for anti-parallel oriented 
dimers. For parallel oriented dimers there were no clear minimum points and molecules 
had only weak attraction. Additionally, such weak attractive dimers could behave like 
disordered structures where the distances between dimers can vary due to thermal 
fluctuations and they are not able to form stable crystals. This is confirmed by the fact that 
the crystal structure of DPP based molecules are not resolved without side chains.   

o The minimum distance (d) from Ebind of small dimer molecules coincided with the same 
distances for monomers. 
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o Parallel oriented dimers have larger minimum (π-π) distances as compared to anti-parallel 
oriented dimers due to stronger π orbital interactions. 

o In anti-parallel orientation the equilibrium (π-π) distance depends on the heteroatom 
substitution where for oxygen was shorter as compared to sulphur atom due to difference 
in their radii. 

o Parallel oriented dimers (or high symmetric molecules) had the same dependencies of 
electronic coupling due to similar delocalized distributions of the frontier orbitals. 

o Parallel oriented dimers or high symmetric molecules led to higher and balanced 
electronic coupling due to increased e- density overlap (increased strong orbital 
interactions) and further to high charge carrier mobilities than anti-parallel oriented 
dimers. 

o Parallel oriented dimers prefer to be shifted in order to compensate the weak interactions 
obtained from the shallow curves of Ebind. 

o Parallel oriented dimers, which are not shifted (exactly face-to-face) led to higher 
electronic couplings and further better charge carrier mobilities due to strong orbital 
interactions. 

o It was demonstrated that in anti-parallel oriented dimers (BTZ molecules) the V values can 
be enhanced if the molecules are placed at special positions, which usually led to 
unbalanced e- and h+ mobilities. 

o In the crystal structure of Th-BTZ-Th cofacial charge transport is favourable as compared 
to herringbone one. At higher temperature, the mobilities were increased as well as they 
become balanced (μ-≈μ+). 

o Attaching the small molecules led to improvement of the electronic properties (UV-VIS 
spectra) as well as it can be used in order to manipulate the reorganization energies (λi). 

o Stacks of dimers prefer to be shifted and/or anti-parallel oriented in order to compensate 
the strong repulsive orbital interactions since they form of configurations, which exhibit 
stronger attractive forces obtained from the minimum points of Ebind (which led to reduced 
CT properties) especially for the case of monomer units. 

o It was demonstrated that LN and BR chains differ primary in the "a" lattice vector along 
the side chains since the later ones are bulkier. Moreover, Additionally, BR side chains 
demonstrated longer lamella distances and slightly shorter π-π distances than LN chains, 
which is related to stronger steric interactions according to the local measurements. All 
the other crystal cell parameters were approximately the same. 

o It was shown that LN chains reproduce much planar backbones as compared to BR side 
chains. 

o Branched side chains hindered the sliding of the backbones during the simulations and 
these polymers remained close to their starting configurations. 

o Branched side chains showed penetration between the backbones (which explains the 
increased solubility of them as compared to linear side chains).  
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o Polymers with linear side chains exhibited π-π distances like parallel oriented stack of 
monomers and branched side chains exhibit π-π distances like anti-parallel oriented stack 
of monomers according to the local measurements and Ebind, respectively. 

o Fu based polymers have shorter lamella distance and "b" lattice vectors as compared to Th 
based polymers due to difference of the curvature of the backbones (the size of the five 
membered ring) where former one has zigzag shape, whereas later one has more straight 
backbone. 

o The charge carrier mobilities obtained from the samples with BR chains were slightly 
higher as compared to the case with LN chains. However, most of them were from the 
same order of magnitude where it was observed only one exception (for μ- of Fu-BR-NS 
and in the limit of SH chains), which deviated also from the experiment. Generally, the 
side chains do not influence directly on the charge transport properties if the samples 
remain homogeneous and there are no present defects (and the morphology is not 
affected). 

o Usually the A+ and D- building moieties were independently situated one above in 
polymers (as well as in monomers with minimum energies from Ebind) when the polymers 
are perfectly crystalline but the charge transport properties remained from the same order 
of magnitude in the most of the cases. 

o Flanking units (furan or thiophene) usually were forming columns in the crystal structures 
in the polymers. 

o The effect of the heteroatom in copolymers was vanished due to symmetry reasons and 
favourable interactions between the units as well as due to crystallinity of the samples and 
as a result the charge transport properties remained unaffected in the most of the cases. 

 Final conclusion can be made that if stack of conjugated molecules is placed exactly one 
above (for instance, parallel orientation or symmetric molecules) and as much as shorter π-π 
distance between them thus will lead to the best charge performance device independently on the 
type of the molecules. At this situation will be realized maximum strong orbital interactions (due 
to maximum π-orbitals overlap) where usually the molecules form unstable stacks and they prefer 
to be shifted and/or at longer π-π distance. 
 Further investigations can be done for the same polymers if the side chains are replaced to 
BTZ part of the molecules and/or to be added additional side chains to this part. Moreover, it will 
be interesting if the mechanical properties of these polymers are estimated.  
 In order to clarify better the charge transport in isolated stacks of molecules it can be 
investigated symmetric or asymmetric molecules, which do not have explicit anti-parallel 
orientation. Additionally, an heteroatom can be added in the backbone, for example, substitution 
of hydrogen atom with fluorine one leading to a supplemental non-covalent interaction (X···F). 
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