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Abstract: Organic photovoltaic performance has been investigated about the fluorination effects as one part on the 

optoelectronic properties. The quantum chemical accuracy of the optoelectronic and structural properties based on D-A 

(Donor-Acceptor) conjugated copolymers as PDTPQX-type (Poly-dithieno-pyrrol-Quinoxaline) has been tediously exposed. 

The Donor-Acceptor in the copolymers was in our case constitutes to the Donor part in the photovoltaic device, while the 

Acceptor starting is the PC60BM in the same device, which composed the photovoltaic solar cells. The choice of the Donor part 

in the copolymers was obtained by their HOMO-LUMO bandgap and UV-visible absorption. The bandgap of the Donor part 

must be higher than that of the Acceptor part for an untroubled charges transfer from the Donor to the Acceptor according to 

the photovoltaic principle. The substitution of fluorine atoms (0F, 1F, 2F) on the quinoxaline constituents is an effective way to 

low the HOMO and LUMO energy levels of the alternating copolymers. This fluorine effect has been explored on the 

optoelectronic properties such as the HOMO-LUMO band gap Egap energy, the fill factor FF, the open circuit voltage Voc, the 

electron transfer energy ∆Eet, the excitation energy ∆Eex, the absorption wave length λ and the oscillator strength OS. The 

equilibrium geometry at the ground state, the electronic structures as the frontier orbital isosurface have been obtained under 

the caster of the density functional theory (DFT) assist by the time-dependent density functional theory (TD-DFT) with M05 as 

exchange-correlation functional to come with 6-311G(d,p) basis set. Calculations were performed both in vaccuum and 

Chlorobenzene (CB) solvent with IEFPCM quantum model. All this has been done with the aim to enhance the energy gap, the 

Voc values and the fill factor FF, which exposed the nanomorphology as the topology of the solar cells photoactive layers. The 

results of this study show that these promote compounds systems as in the fluorination order are excellent candidates to build 

photovoltaic device in aim to enhance the open-circuit voltage for donor-acceptor heterojunctions used in organic solar cells.  

Keywords: Fluorination, PDTPQx-types, Bandgap, UV-VIS Absorption, TD-DFT 

 

1. Introduction 

A technical challenge for improving bulk heterojunction 

solar cells performances, based on polymer-fullerene blends 

as typical semiconductor is to clarify a comprehensive 

understanding of the fundamental relationship between the 

morphology surface of the phase-separated blend and the 
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photophysics of the excited states involved in the charge 

transfer process [1-4]. However, the morphology surface 

appreciations and the photophysics behavior of the 

semiconductor are related to their efficiency for applicability 

in the polymer light emitting diodes, organic transistors and 

photovoltaics [5, 6]. Among these, conjugated polymers with 

high optoelectronic properties are of great important either 

scientifically and technologically because of their improved 

light harvesting ability from the solar emission spectrum in 

photovoltaic devices [7, 8]. In this aspect, the molecular band 

gaps are parameters of central importance when determining 

possible applications of conducting polymers [9, 10]. In fact, 

the molecular band gap control is essential to enhance 

electroluminescence of organic light-emitting diodes (OLED) 

[11] as well to improve the efficiency of light absorption in 

photovoltaic cells [12]. The search for materials with small 

band gaps has been motivated, by the need to develop 

organic polymers semiconductors with high electrical 

conductivity [13, 14]. The quantum chemical calculations 

with Kohn-Sham (KS) formalism [15] play an important role 

in studies of polymer materials, which is a great need to 

establish reliable, instructive and computationally efficient 

theoretical tools to predict electronic and optical properties of 

π-conjugated polymers. The main limitation of organic 

photovoltaic materials is their low efficiency. Nevertheless, 

their tenable electronic and optical properties, low-cost, high 

flexibility, versatility of synthetic chemistry [16] entitled 

them to be prominent candidates in the future market of 

optoelectronic devices, as substitutes for their inorganic 

counterparts [17, 18]. To be economically viable and 

competitive, it is crucial to increase this effectiveness. In 

order to reach this target, we need to find organic 

compounds, which have the most relevant electronic 

properties, including optimum band gap and energy levels 

allowing effective heterojunction. Scharber et al. proposed a 

semi-empirical model in 2006 to explain the operation of the 

organic devices and provide an efficiency maximum of 11% 

based on this model [19]. This Scharber model exposed the 

theoretical Voc calculation, with the margin error of the 

charge recombination at 0.3V. Furthermore, the fill factor 

(FF) has been evaluated under Green [20] empirical 

expressions. 

In this investigation, the control of the band-gap and the 

position of HOMO and LUMO levels of the studied 

systems are extremely important. For instance, the open 

circuit voltage Voc and the energy difference between the 

HOMO level of the donor and LUMO level of the acceptor 

are related with each other. In fact, the active layers in 

organic solar cells typically consist of two π-organic 

materials: a Donor (D) moiety rich in electron and a 

Acceptor (A) moiety poor in electron, assembled either into 

a bi-layer structure or in the form of a blend [21]. Fullerene: 

(6,6)-phenyl-C61-butyric acid methyl ester (PC60BM or 

PC71BM) [22, 23] and its derivatives are the most used as 

electron-acceptor materials [24, 25]. This bi-layer structure 

is sandwiched between two electrodes. Generally, the 

Anode is made of Indium Tin Oxide (ITO) and the Cathode 

of Aluminum (Al) [26]. Moreover, bulk heterojunction 

configuration of the Donor-Acceptor cell is currently the 

most used device architecture in the organic photovoltaic 

field due to its good power conversion efficiency (PCE), 

which is more than 12% [27]. 

The present work aims to investigate structural electronic 

properties, absorption spectra and the morphology surface of 

PDTPQx-type copolymers (Poly-dithieno-pyrrol-

Quinoxaline) compounds, non-fluorinate, mono-fluorinate 

and di-fluorinate [28] on the Quinoxaline lateral chain 

(Figure 1), by using quantum chemical modeling methods 

investigated with efficient experimental data. 

 

Figure 1. Molecular structures of polymers PDTPQx(0F), PDTPQx(1F-a, 1F-b as the possible position of F atom on the quinoxaline benzene cycle) and 

PDTPQx(2F) as modeling in chemical approach. 

2. Computaional Details 

In the caster of Density Functional Theory (DFT) modeling 

conceptions and Time Dependent-Density Functional Theory 

(TD-DFT) [29, 30] implemented in Gaussian09 ab initio 

quantum chemical software package [31] and GaussView.5.0.8 

visualization program [32], the ground state geometries of 

molecular system PDTPQX-type were optimized in gaseous 

state and in the solvent, using M05 hybrid functional 

exchange-correlation functional [33], [34], along with 6-

311G(d,p) basis set [35, 36] for all atoms (C, N, O, S, H) into 

the molecular system explored at the temperature 298.15K and 

P = 1 atm. Moreover, time-dependent density functional theory 

(TD-DFT) calculations were performed to allow an estimation 

of the wavelengths at which electronic transitions take place 

upon excitation [37]. Single-point TD-DFT calculations for the 

first 100 singlet–singlet vertical transitions were carried out 
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using the optimized geometries of the systems to generate the 

UV-visible spectra. The solvation effects including the Integral 

Equation Formalism (IEF) [38-41] version of the Polarizable 

Continuum Model (PCM) [42-44] were used to emulate a 

dielectric environment for the Chlorobenzene (CB) solvent. 

After benchmarking, we found that the M05/6-311G(d,p) 

method provided the best correlation to the experimental data. 

Our process began with structural optimization of each 

PDTPQx-type copolymers at the M05 functional level and at 

TD-DFT level of the UV-visible absorption spectroscopy and 

the optoelectronic properties. We are using the equilibrium 

geometric structure to assume that the structural modifications 

as the torsion of each system would be minimal, which haven’t 

some perturbations on the intrinsic optoelectronic properties 

[45]. In the calculations, the large alkyl chains were substituted 

by methyl groups, which reduce the time required for the 

calculations without impacting the results. Using the optimized 

geometries, the energies and the topologies of HOMO and 

LUMO, the band gap Eg and the open-circuit voltage Voc data 

were determined via the isosurface of the frontier orbital in the 

gaseous and solvent state. 

3. Results and Discussion 

3.1. Molecular Design and Geometric Properties 

The choice of a photovoltaic material is subjective to the 

principles of voltage and charge transfer of excitons within it, 

as shown in Figure 2, through the energy levels HOMO and 

LUMO in the direction of displacement of electrons and 

holes. It is bester to respect the state of the photovoltaic cell 

to UV-visible absorption for the purpose of building a 

photovoltaic device. This method of choice is not exhaustive 

for any organic photovoltaic solar cell. In our work, we have 

adopted this method in order to stay within the standards of 

choosing a photovoltaic solar cell. Other more experienced 

techniques can be explored, as the goal is to find an organic 

photovoltaic material for the efficient conversion of solar 

energy into electricity or light. 

 

Figure 2. State of measurement of charge transfer and voltage in the sense 

of choosing a photovoltaic material. 

The technical aspect of the isolated choice of a solar cells 

whose electron Donor part is applied to these PDTPQx 

copolymers. It is here to build the electron Donor as a 

copolymer that will be used in the photovoltaic device. The 

two compartments (donor and acceptor) of the copolymer 

(Figure 3) form the Donor part used in photovoltaic device 

and the Acceptor part of the same device is including the 

PC60BM part (Figure 4). 

 

Figure 3. Donor and Acceptor compartment in the copolymer PDTPQx-type. 

Thus presented in Table 1, the Gap energy of the Donor (4.84 

eV) must be greater than that of the Acceptor (4.11 eV) in 

order to allow an untroubled transfer of charge carriers 

(electrons and holes), aiming the displacement of the 

electrons towards the LUMO of the Acceptor and the holes 

towards the HOMO of the Donor. The Donor thus built in the 

device, can then undergo an increasing substitutions of 

fluorine atoms (F) on its quinoxaline part for to enhance the 

open-circuit voltage Voc. 

Table 1. The energies of the HOMO and LUMO levels and the energy Gap in 

the PDTPQx copolymer. 

 DTP-Donor DTP-Acceptor 

εHOMO (eV) - 6.01 - 6.20 

εLUMO (eV) - 1.17 - 2.09 

∆εLUMO-HOMO (eV) 4.84 4.11 
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Figure 4. Chemical Structures of Donor PDTPQx-types and Acceptor 

PC60BM in below and Displacement of charge carriers and related 

parameters in a photovoltaic device. 

The ground states geometrical characteristics of the 

optimized structures of six fluorinates PDTPQx-type 

copolymers (3 monomers and 3 dimers) depicted in Figure 1 

and optimized geometries plotted in Figure 4 by quantum 

chemical method M05/6-311G(d,p) in the goal to determine 

their optoelectronic parameters at the relaxation energies. Prior 

to the monomers optimization, the gaps energy between the 

HOMO levels of the donor and the acceptor have been 

calculated to verify the fact that the HOMO and the LUMO 

levels of the donor must be higher than that of the acceptor for 

them to form a monomer. This investigation made for parts 

identified to play the role of donor and acceptor revealed that 

they could effectively be associated to form monomers with 

the part of thiophene-combined rings [46]. Secondly, we 

combined this both parts to have the monomer at the relaxation 

energy. Thirdly, the succession of several monomers unit 

constitutes the polymers (Figure 5). The one obtained from the 

combinations of two monomers were designated by dimer. 

Monomers differ by the number of substituted fluorine atoms 

on the acceptor part at the Quinoxaline lateral part. There are 

two equivalents substitution position on the Quinoxaline part, 

given that fluorine atom in anyone of both position has no 

difference on the stability and the structural properties of the 

molecular system. 

 

Figure 5. The most stable PDTPQx-type of the monomers and the dimers at the increase fluorinate substitution on the molecular system. The molecular 

system, without fluorine atom is as a witness to design the fluorinate effect under the substitution. These optimized system are realized at the gaseous (vacuum) 

state and at the solvent state of the quantum chemical approach. 

The optimized geometries for studied oligomers show that 

all oligomers as in the monomers and in the dimers (0F) 

possess almost planar freeze torsional angles ��� ≃ ��� ≃
���. This value is relatively low in the dimers part due to the 

length of the PDTPQx chain with the steric hindrance effect 

caused by hydrogen atoms in thiophene rings on the 

quinoxaline part. The planeness has been enhanced with the 

fluorine atoms substitution on the dimers (1F, 2F) chain as 

freeze torsion angles �� ≃ �� ≃ �� (Table 1). 

The geometric parameters show that the planeness of all 

fluorinate structure (1F and 2F) was almost high of attempts 

of the donor and acceptor moiety. 
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Table 2. Geometric properties: Torsion angle (°) values of the studied monomers and dimers PDTPQx-types compounds optimized with the quantum chemical 

method M05/6-31G(d,p), at the relaxation energy of the system in order of fluorine atoms substitution on the Quinoxaline lateral moiety. 

PDTPQx-type 
Dimers 

Monomers 
d1 (°) d2 (°) d3 (°) 

PDTPQx(0F) 34.28 27.82 33.21 d01 (°) 37.57 

PDTPQx(1F) 146.23 145.07 144.70 d02 (°) 29.14 

PDTPQx(2F) 139.56 144.59 142.21 d03 (°) 38.38 

 

According to Table 2, the values of the torsion angles in the 

neutral state for the PDTPQx-types with linear chain show that 

the optimized structure is not totally planar in the monomers 

with a medium-sized d0X (35.03°) and in the dimers with a 

medium-sized dX (31.77° -145.33° -142.12°) in spite of 

fluorinate effects. The analysis of these results shows that the 

length of the chain alkyl has low significant effect on the 

conformation of the structure of the studied PDTPQx-types. 
 

3.2. Analysis of Frontier Molecular Orbitals 

The electronic contour of isosurface plots HOMO and 

LUMO orbitals of the three monomers and three dimers in 

increasing of the Quinoxaline lateral side fluorination 

obtained by M05/6-311G(d,p) are shown in Figure 6. We 

observed on the isosurfaces orbitals that the HOMO orbital 

is concentrated on the donor part and develop an anti-

binding character either on monomers or on dimers. The 

LUMO orbital, concentrated on the acceptor part, develop 

in contrast a binding character. These LUMO orbitals are 

characterized by a delocalized electronic distribution along 

the compounds skeleton. Such distribution of molecular 

orbitals suggest that electric conduction would result of the 

� → 	 �∗ transition. 

 

Figure 6. Occupied-Unoccupied frontier molecular orbital pair contributions to the lowest-energy singlet transition, from level of TD-DFT data for PDTPQx 

monomers and dimers molecules. Isosurface values are ± 0.02 a.u for the orbital plots. 

3.3. Quantum Chemical Parameters of PDTPQx-types 

The knowledge of the chemical reactivity parameters is 

very important to understand more details on the chemical 

structures of the donor and the acceptor part. By using 

HOMO and LUMO energy values for a molecule, chemical 

potential (µ), chemical hardness (η) [47], electronegativity 

(χ) and electronegativity power (ω) can be calculated as 

follows [48]: 

� =

�����	�	������

�
; � =


�����	�	������

�
; � = −


������������

�
; � = ��

��
 

On the acceptor part, we note that the PC60BM has the 

smallest value of the chemical potential ( � = −5.10	#$ ) 

compared to three PDTPQx-types compounds (Table 3). This 

is a tendency to view the electrons to escape from those 

compounds has a high chemical potential to PC60BM which 

has a small chemical potential. Therefore, PC60BM behaves 

as an acceptor of electrons and other compounds behave as a 

donor of electrons. As for the electronegativity, we notice 

that the PC60BM has a higher value of electronegativity (5.10 

eV) than other compounds. This indicates that the PC60BM is 

able to attract the electrons from other studied compounds. 

The compound PC60BM has �   greater than other 
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compounds. This indicates that PC60BM finds it difficult to 

liberate the electrons, while the other compounds are the best 

candidates to liberate an electron to the PC60BM. Finally, we 

notice that the compound PC60BM is more electrophilic 

compound than other compounds, which shows the lowest 

values of �. Therefore, these compounds are better electrons 

donors in photovoltaics device. 

Table 3. Electronic properties parameters, chemical hardness (�), chemical potential (�), electronegativity (�) and electronegativity power (�) obtained by 

M05/6-311G(d,p) of the studied molecules. 

Monomers / Dimers Compounds 

PDTPQx-types %
&'� (
&'� )
&'� *
&'� 

PDTPQx-(0F) 1.76 / 1.50 -4.02 / -3.96 4.02 / 3.96 4.59 / 5.23 

PDTPQx-(1F) 1.75 / 1.60 -4.10 / -4.02 4.10 / 4.02 4.80 / 5.05 
PDTPQx-(2F) 1.76 / 1.60 -4.13 / -4.08 4.13 / 4.08 4.85 / 5.20 

PC60BM 1.80 -5.10 5.10 7.23 

 

3.4. Optoelectronic and Photovoltaics Properties Analysis 

The absorption of a new material matches with the solar 

spectrum is an important factor for the application as a 

photovoltaic material. Also, a good photovoltaic material 

should have broad and strong visible absorption 

characteristics. However, the optoelectronic properties 

depend essentially on the appropriate HOMO and LUMO 

energy levels and the electron and hole mobilities. On the 

other hand, the energy band gap (Egap) between the Highest 

Occupied Molecular Orbital (HOMO) and the Lowest 

Unoccupied Molecular Orbital (LUMO) is an essential 

parameter that determines the molecular admittance since it 

is a measure of the electron density hardness. This band gap 

of the organic photovoltaic compounds is estimated as the 

difference between the HOMO and the LUMO level energies 

on the ground singlet state. 

In addition, the bulk-heterojunction (BHJ) cells combine 

the advantages of easier fabrication and higher conversion 

efficiency due to the considerably extended D/A interface. 

The BHJ solar cells have been essentially based on the use of 

soluble π-conjugated (done) polymers as donor material, 

owing to a useful combination of optical and charge-transport 

properties. However, besides the limit imposed to the 

maximum conversion efficiency by its intrinsic electronic 

properties, PDTPQx-type and more generally polymers pose 

several problems related to the control of their structure, 

molecular weight, polydispersity, and purification [49]. 

The results of the experiment showed that the HOMO and 

LUMO energies were obtained from an empirical formula 

based on the onset of the oxidation and reduction peaks 

measured by cyclic voltammetry [50, 51]. However, 

theoretically the HOMO and LUMO energies can be 

calculated by DFT level of calculation. It is remarkable that 

the solid‒state packing effects are not calculated in DFT 

calculations, this fact affects the HOMO and LUMO energy 

levels in a thin film compared to an isolated molecule as 

considered in the calculations. Though these calculated 

energy levels lack some accuracy still we can use them to get 

information by comparing similar copolymers [52]
 

as 

candidate for photovoltaic device. In Table 4, we listed the 

calculated parameters for the PDTPQx-type at ground state. 

In order to determine optoelctronic properties of these 

PDTPQx-type copolymers, we have investigated the 

transition energy as HOMO-LUMO band gap:  

+,-. 	 = 	 +/010 	 − 	 +2310 , which highlight the light 

emission. The open circuit voltage V56 which evaluates the 

possibilities of electron transfer from the HOMO of the 

electron donor to the LUMO of the electron acceptor, that 

taking into account the energy lost during the photo-charge 

generation
 
[53, 54]. The theoretical values of open-circuit 

voltage $07  have been calculated from the following 

expression [19]:  

$89 = �

:
;|+=8>8?

= | − @+A99:.B8?
C7D1 @ − 0.3F. The fill factor FF, 

which one of the key parameters in determining the efficiency 

of solar cell photovoltaic [55]. Therefore, the expression for 

Fill Factor [20] can be determined empirically as:  

GG = HIJ�K>
HIJ��.L���

HIJ��
. On the other hand and knowing that 

in organic solar cells, the open-circuit voltage is found to be 

linearly dependent on the HOMO level of the donor and the 

LUMO level of the acceptor [56]. The power conversion 

efficiency PCE was calculated according to the following 

equation: MN+ = �

COP
QQ.HIJ.RSJ�
.  

Where MT>  is the incident power density, UV9  is the short-

circuit current, $89  is the open-circuit voltage and GG denotes 

the fill factor. The electron transfer energy ∆Eet from the 

LUMO level of the donor to LUMO level of the acceptor is 

expressed as:  

W+:B
#$� = +=8>8?
2310 − +A99:.B8?

2310 . The excitation energy 

∆Eex, as the absorption response of the UV-visible absorption 

was calculated according to the following equation: 

 ∆+:Y9 = Z7

[
>\�
= ��]�

[
>\�
. The quantum efficiency (QE) 

refers to the percentage of photons that are converted to 

electric current when the cell is operated under short circuit 

conditions. Two different QE are usually measured, the 

external (EQE) and internal (IQE) quantum efficiency. Since 

all the photons captured by the cell do not contribute to 

electric current, the EQE is introduced to quantify the 

fraction of incident photons that are converted to electric 

current at a given wavelength. The internal quantum 

efficiency IQE is defined as the fraction of absorbed photons 

that are converted to electric current at a given wavelength. 

Note that recombination losses make up a portion of the 

internal quantum efficiency. The external quantum efficiency 

EQE can be easily expressed as:  

+^+
_� = RSJ
[�

`
[�
× Z7

:[
, where UV9
_�  is the short-circuit 

current density for the wavelength _. 



38 Simplice Koudjina et al.:  Toward Bottom-up Optoelectronic Design of Increasing Fluorination Low  

Bandgap in PDTPQX-types Copolymers for Organic Photovoltaics Devices 

 

Table 4. Experimental electrochemical properties determined by cyclic voltammetry (CV) and UV-vis data of the PDTPQx-types in chlorobenzene (CB) solvent 

under the fluorination effects and a comparison between their DFT-calculated frontiers orbital energies. Excitation energies ∆Eexc (eV), Wavelengths λ (nm), 

Oscillator strength (OS) and Electronic Transitions of the absorption maxima of each PDTPQx compounds. 

Monomers PDTPQx-type 

PDTPQx EHOMO/Exp(eV) ELUMO/Exp(eV) Egap /Exp(eV) ∆Eet(eV) Voc(V) ∆Eexc(eV) FF λmax(nm) OS 

PDTPQx(0F) - 5.77/-5.18 - 2.26/-3.34 3.51/1.84 1.94 1.27 2.70 0.256 459.51 0.337 

PDTPQx(1F) -5.84/-5.31 -2.35/-3.40 3.49/1.91 1.85 1.34 2.68 0.264 462.26 0.399 

PDTPQx(2F) - 5.86/-5.50 - 2.43/-3.45 3.43/2.05 1.77 1.36 2.65 0.268 467.09 0.369 

Dimers PDTPQx-type 

PDTPQx EHOMO(eV) ELUMO(eV) Egap (eV) ∆Eet(eV) Voc(V) ∆Eexc(eV) FF λmax/Exp (nm) OS 

PDTPQx(0F) -5.44 -2.45 2.99 1.75 0.89 2.29 0.219 542.30/684 1.330 

PDTPQx(1F) -5.52 -2.50 3.02 1.70 1.22 2.38 0.251 520.18/661 1.154 

PDTPQx(2F) -5.63 -2.53 3.10 1.67 1.30 2.39 0.260 519.26/646 1.161 

PC60BM -6.0 -4.2 1.8       

 Electronic Transition Contribution 

PDTPQx(0F) 

HOMO ------------> LUMO 68% 

HOMO ------------> LUMO + 2 56% 

HOMO – 1 ------------> LUMO + 4 51% 

PDTPQx(1F) 

HOMO ------------> LUMO 68% 

HOMO ------------> LUMO + 4 32% 

HOMO – 2 ------------> LUMO 47% 

PDTPQx(2F) 

HOMO ------------> LUMO 68% 

HOMO ------------> LUMO + 4 52% 

HOMO – 2 ------------> LUMO 49% 

 

The theoretical electronic properties parameters are listed 

in Table 4. The Egap is much affected by the substitution of 

fluorine in the donor unit. These results can be explained by 

the electron-withdrawing power of the acceptor units 

PC60BM introduced in each copolymers chain. This implies 

that different side substituent structures play key role in 

electronic properties and the effect of slight structural 

variations. It can also be found that, the HOMO and LUMO 

energies of the studied compounds are slightly different. This 

implies that different structures play key roles on electronic 

properties and the effect of slight structural variations, 

especially the effect of the motifs branched to the molecule 

on the HOMO and LUMO energies is clearly seen. In 

addition, energy (Egap) of the PDTPQx-type is lower slightly 

with the fluorination (0F, 1F, 2F) from 3.51 eV to 3.43 eV in 

the monomers and from 3.00 eV to 3.12 eV in the dimers. 

Somewhere else, the open-circuit voltage increases slightly in 

the monomers-type and the dimers-type with the fluorination 

(0F, 1F, 2F) from 1.27 V to 1.37V in the monomers and from 

0.95 V to 1.13 V in the dimers. The electron transfer energy 

is also lower slightly with the fluorination (0F, 1F, 2F) from 

1.94 eV to 1.77 eV in the monomers and from 1.74 eV to 

1.68 eV in the dimers. The UV-visible absorption 

spectroscopy λmax increases slightly with the fluorination (0F, 

1F, 2F) from 542.30 nm to 519.26 nm in the dimers-type in 

the same tendency of experimental values from 684 nm to 

646 nm. This explained clearly that the aggregate PDTPQx-

type materials have the same tendency of voltage variation 

with the better UV-visible absorption and exposed these solar 

cell materials to be the potential candidate for organic 

photovoltaics device. 

The analysis of Figure 7 shows that the dimer 

PDTPQx(2F), which has the lowest energy gap (∆E = 3.110 

eV) in the fluorination series is the most reactive and less 

stable molecule. Thus, the following sequence polymers of 

PDTPQx(1F) will be the less reactive and most stable 

molecule. However, the fluorine atoms substitution in lateral 

Quinoxaline chain is a real mean to enhance the open-circuit 

voltage and to heighten the performance of photovolataic 

devices. 

 

Figure 7. Energy distribution of HOMO and LUMO levels of PDTPQx-type dimers, observed by Chemissian chemical software package [57, 58]. 
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The results of quantum calculations indicates that upon 

addition of fluorine atoms onto the Quinoxaline moiety, both the 

HOMO and LUMO levels are stabilized, but due to a stronger 

impact on the former HOMO-LUMO gap slightly opens up with 

increasing number of fluorine atoms (0F, 1F, 2F). The observed 

theoretical trends correlate nicely to the experimental results. 

However, the knowledge of the frontier molecular orbitals is 

very important to understand more details on excited-state 

properties. The HOMO and LUMO can then provide a 

reasonable qualitative indication of the excitation properties and 

the ability of electron or hole transport [37]. 

The absorption properties of a new material matches with 

the solar spectrum is an important factor for the application 

as a photovoltaic material, and a good photovoltaic material 

should have broad and strong visible absorption 

characteristics. The TD-DFT method has been used on the 

basis of the optimized geometry to obtain the energy of the 

singlet-singlet electronic transitions and absorption properties 

λmax (nm) of PDTPQx-type. The corresponding simulated 

UV-Vis absorption spectra of the studied molecules, 

presented as oscillator strength against wavelength, and the 

experiment one is shown in Figure 8. As illustrated in Table 

4, we can find the values of calculated absorption λmax (nm) 

and oscillator strength (O.S) along with main excitation 

configuration of all studied molecules. 

UV–vis measurements revealed that all polymers show a 

broad absorption in the visible range of the solar spectrum 

(Figure 8). For PDTPQX-types, the lowest optical bandgap was 

observed, with a wavelength of maximum absorption (λmax) at 

684 nm in solution, shifting to 703 nm in thin film. Upon 

monofluorination PDTPQx (1F), a clear blue-shift was 

observed [59]. A similar trend, however less pronounced, was 

seen for the difluorinated copolymer PDTPQx (2F). The 

electrochemical properties of the three copolymers were 

investigated by cyclic voltammetry (CV) and their HOMO and 

LUMO energy levels were determined by the onset of the first 

oxidation and reduction peaks, respectively (Table 4). Through 

the introduction of one or two fluorine atoms, the electron 

withdrawing power of the Qx acceptor increases, leading to a 

further deepening of the HOMO level. The LUMO levels are 

affected to a lesser extent, leading to an increased band gap, as 

also seen in the UV–vis spectra (Figure 8). 

 

 
Figure 8. UV-Vis absorption spectra for all copolymers in CB 

(Chlorobenzene) solution, at left for the experimental UV-vis spectra and at 

right calculated spectra of the PDTPQx copolymers, with the fluorination 

variation. 

To investigate the photovoltaic features of the novel 

PDTPQx-types copolymers, blends were prepared in 

combination with PC
71

BM and these were applied as 

photoactive layers in BHJ polymer solar cells with a standard 

configuration (glass/ITO/PEDOT:PSS/active layer/Ca/Al). 

As represented in Figure 9 and Table 5, the optimized devices 

(after careful screening of solvent, blend ratio and active 

layer thickness) based on PDTPQx:PC
71

BM (1:3 ratio in 

chlorobenzene (CB)) yielded a Voc of 0.67 V, and combined 

with a Jsc of 12.57 mA/cm
2
 and a FF of 0.54, an average 

power conversion efficiency (PCE) of 4.53% (best device 

4.81%) could be obtained (Table 5, Figure 9). Despite the 

still modest Voc, record device efficiency was obtained for 

PDTPQx polymer donor materials [60]. A noticeable increase 

in Voc (to 0.76 V) was observed when combining the 

monofluorinated PDTPQx(1F) copolymer with PC
71

BM 

(Table 4, Figure 7). However, a simultaneous drop in Jsc to an 

average of 6.63 mA/cm
2
 was observed as well, even after 

tedious optimization. Eventually, the best performing device 

for the PDTPQx(1F):PC
71

BM combination showed a power 

conversion efficiency of 2.30%. This decrease in Jsc cannot 

be attributed to reduced charge carrier mobility, as photo-

induced charge extraction by linearly increasing voltage 

(photo-CELIV) measurements indicated that the mobilities 

(in the appropriate direction of the solar cell mode) are in the 

same (suitable) range for the three copolymer 

PDTPQx:PC
71

BM blends and even increase upon Qx 

fluorination (Table 5). 

To investigate if the reduced Jsc could be linked to the 

active layer nanomorphology, AFM imaging was applied, 

which revealed the formation of large aggregates in the 

films, even for the best devices (Figure 9). Similar previous 

observations for fluorinated copolymers have been 

attributed to the fluorophobicity of PC
71

BM [61]. 

Therefore, the aggregates can most likely be ascribed as 
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PC
71

BM-rich clusters, which is confirmed by the surface 

ratio (68-75%) matching closely to the polymer:PC
71

BM 

1:3 feed ratio. Aggregation at this large scale (~200 nm) 

strongly diminishes the donor-acceptor interface available 

for charge separation. In an attempt to overcome this, a 

number of processing additives were applied. However, no 

noticeable improvement in blend nanomorphology (and 

hence efficiency) could be obtained. It has recently been 

stated that fluorination of low bandgap copolymers will 

only lead to enhancements in photovoltaic performance 

when the PDTPQx-types copolymer molar mass is 

reasonably high [62]. 

Table 5. Photovoltaic performances of (optimized) PDTPQx:PC71BM (1:3) 

BHJ polymer solar cells and charge carrier mobilities obtained for these 

devices structures PDTPQx-types glass/ITO/PEDOT:PSS/active layer/Ca/Al. 

PEDOT:PSS [poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid). 

The active layer thicknesses for the optimized devices were ~80 – 95 nm. 

Samples were prepared by dip coating the platinum working electrode in the 

respective polymer solutions (also used for the solid- state UV–vis 

measurements). 

PDTPQX:PC60BM 

 
bcdefegh	 

ijk/'. m� 

nmi	
jo. ij�k� 'ci
'� pqr
%� 

PDTPQx-(0F) 4.10-5 12.57 0.67 4.53 
PDTPQx-(1F) 1.10-4 6.63 0.76 2.30 

PDTPQx-(2F) 1.10-3 3.90 0.79 1.55 

Moreover, no further enhancement in Voc, as expected 

from the deepened HOMO level (Table 5), was seen. As 

illustrated by the AFM images (Figure 10), even larger 

aggregates were formed during film formation for the 

PDTPQx(2F):PC
71

BM blend, which suggests that the overall 

lower photovoltaic performance can be attributed to the far-

from-optimal BHJ blend nanomorphology. However, the 

nanomorphology still remained unfavourable as compared to 

the active layer based on the non-fluorinated copolymer. 

Although there are no large aggregates any more, a quite 

rough morphology with spike-shaped structures at the surface 

is formed. Moreover, the enhancement in Voc due to Qx 

fluorination was completely lost in this case. Nonetheless, 

combined with a lowering of the J
sc

, poor device properties 

were still obtained. Furthermore, for both the 

PDTPQx(1F):PC
71

BM and PDTPQx(2F):PC
71

BM active 

layer blends, the FF of the optimized devices was never as 

high as for PDTPQx:PC
71

BM. 

 
Figure 9. J-V curves under illumination for the best solar cell devices based 

on the PDTPQx-types copolymers. 

 

Figure 10. AFM topography images of the photoactive layers of the PDTPQx:PC71BM solar cells prepared without processing additives. For PDTPQx(0F) 

the maximum layer bias is 2.5 nm, PDTPQx(1F) the maximum layer bias is 12.2 nm, PDTPQx(2F) the maximum layer bias is 18.9 nm; that was explained the 

fluorination effect on the nanomorphology observed in the aggregate materials, which enhanced the photovoltaics performance in device. 

4. Conclusion 

At the end of this work, we have investigated π-

conjugated polymers, which are quite versatile in their 

application to organic electronic devices. Application of 

quantum chemical calculations has been shown to provide 

structural and spectroscopic insight into experimentally 

determined results. By modelling six kind of fluorinate 

organic material (3 monomers and 3 dimers), with the 

quantum chemical method M05/6-311G(d,p), comparable 

optoelectronic predictions have been made and translated 

into the experimental one to promote the performance of the 

photovoltaic devices. This modeling method produces 

simulated the accuracy optoelectronic properties by 
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increasing the number of fluorine atoms in the lateral 

quinoxaline Qx chain in the molecular system compared to 

the experimental spectra. The morphology surface as 

showing with AFM Microscopy heightened the photoactive 

layers of the three kind of PDTPQx(0F), PDTPQx(1F) and 

PDTPQx(2F), that the maximum layer bias is 18.9 nm, 

obtained in PDTPQx(2F), which was explained the 

fluorination effect on the nanomorphology observed in the 

aggregate materials, with enhancement photovoltaic device 

performance. 
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