
ORE Open Research Exeter

TITLE

Density Functional Theory Study of Selenium-Substituted Low-Bandgap Donor-Acceptor-Donor
Polymer

AUTHORS

Ullah, H; Bibi, S; Tahir, AA; et al.

JOURNAL

Journal of Physical Chemistry C

DEPOSITED IN ORE

08 March 2017

This version available at

http://hdl.handle.net/10871/26336

COPYRIGHT AND REUSE

Open Research Exeter makes this work available in accordance with publisher policies.

A NOTE ON VERSIONS

The version presented here may differ from the published version. If citing, you are advised to consult the published version for pagination, volume/issue and date of
publication

http://hdl.handle.net/10871/26336


Density Functional Theory Study of Selenium‐Substituted 

Low‐Bandgap Donor-Acceptor-Donor Polymer 

Habib Ullah*,†, Salma Bibi‡, Asif A. Tahir*,†
, and Tapas K. Mallick† 

†Environment and Sustainability Institute (ESI), University of Exeter, Penryn Campus, 

Penryn, Cornwall TR10 9FE, UK 

‡National Centre of Excellence in Physical Chemistry, University of Peshawar, 25120 

Peshawar, Pakistan 

 

 

 

 

 

 

 

 

 

Corresponding Authors: 

habib_chemist@yahoo.com; hu203@exeter.ac.uk (H. Ullah) 

A.Tahir@exeter.ac.uk (A.A. Tahir) 

 

mailto:habib_chemist@yahoo.com
mailto:hu203@exeter.ac.uk
mailto:A.Tahir@exeter.ac.uk


2 
 

 

Abstract 

Theoretical study of an optically transparent, near-infrared-absorbing low energy gap 

conjugated polymer, donor−acceptor−donor (D-A-D); 2,1,3-benzosele-nadiazole (A) as 

acceptor and 3,4-ethylenedioxyselenophene (D) as donor fragments, with promising attributes 

for photovoltaic application is reported herein. The D and A moiety on the polymeric backbone 

have been found to be responsible for tuning the band gap, optical gap, open circuit (Voc) and 

short-circuit current density (Jsc) in the polymers solar cells (PSC). D-A-D has a key role in 

charge separation and molecular architecture which ultimately influences the charge transport. 

Reduction in the band gap, high charge transformation, and enhanced visible light absorption 

in the D-A-D system is because of strong overlapping of molecular orbitals of D and A. The 

polaron and bi-polaron effects are also investigated which has a direct relation with visible light 

photocurrent generation. In addition, the enhanced planarity and weak steric hindrance between 

adjacent units of D-A-D, resulted in red-shifting of its onset of absorption. The simulated band 

gap of the D-A-D has excellent correlation with experimentally reported values for closely 

related systems, which validates the level of theory used. Finally, PSC properties of the 

designed D-A-D was modeled in the bulk heterojunction solar cell, which gives theoretical Voc 

of about 1.02 eV. 
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1. INTRODUCTION 

Solar energy harvesting is one the challenging tasks to current renewable energy scientists. 

Researchers are struggling for designing a cheap, liable, elastic, and environmental friendly 

optoelectronic devices with high efficiency.1-4 Silicon-based materials are ideal in the current 

solar cells technology but having a high cost, high operation temperature; limits its portability 

and versatility.5 A step toward the development of low-cost, environmentally friendly, easily 

synthesizable, flexible and efficient material for solar cells lead scientists to the use of 

conjugated organic polymers (COPs).4,6 COPs are emerging as promising materials due to their 

stability, low-cost processing and ability to form tunable and robust structures. Four prominent 

generations of COPs are being explored by scientists, which has application in the field of solar 

to power energy conversion.7-11 

COPs have tunable band gap where one can precisely tune the desired band gap, HOMO, 

and LUMO energy levels during the synthesis, which directly affect the open circuit voltage 

(Voc), charge transport (ηcT) and short-circuit current density (Jsc) in the polymer solar cell 

(PSC).4 Generally, polymer with a band gap of more than 4 eV is considered to be insulator 

while the underneath represents semiconducting nature.12 Since the discovery of the conducting 

nature of polyacetylene (PA), researchers are working to minimize this band gap.13 Many 

efforts are reported in this regards which are either, co-polymerization, composites, 

nanoparticles, and donor-acceptor co-polymerization.14 

The major issues with PSCs are their low efficiency in the photovoltaic devices which links to 

the incident photon to electron conversion. To date, the power conversion efficiency (PCE) of 

PSC has been enhanced up to 13.2%,15,16 means still large efforts are being required of making 

it acceptable all over the world. As explained elsewhere,4 the conduction mechanism of the 

PSC is also different from that of inorganic semiconductors. Other problem associated with the 
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PSC is large exciton binding energy which requires the high energy of dissociation into electron 

and hole and thus results in less efficiency of the organic based PSC.17 Finally, COPs used in 

the PSC should have the ability to absorb the visible part of the solar spectrum (narrow band 

gap) and a well below HOMO energy level compared to the LUMO of Phenyl-C61-butyric acid 

methyl ester (PCBM), used in the bulk heterojunction. 

COPs monomers such as 3,4-ethylenedioxythiophene (EDOT) and 3,4-

ethylenedioxyselenophene (EDOS) are working as a donor while 2,1,3-bezothiadizole (BOD) 

and 2,1,3-benzoselenadiazole (BSD) moieties act as an acceptor in the donor-acceptor 

combination (Scheme S1). Synthetic mechanism and electropolymerization of EDOS into poly 

3,4-ethylenedioxyselenophene (PEDOS) are given in Fig S1 and S2, respectively while that of 

poly 3,4-ethylenedioxythiophene (PEDOT), poly 2,1,3-benzoselenadiazole (PBSD), and poly 

2,1,3-bezothiadizole (PBOD)  can be found elsewhere.18 

To overcome the challenges of PSC, a donor-acceptor approach has been using to efficiently 

tune the HOMO-LUMO levels and optical band gap.19-23 As we know, the processes are not so 

simple, requires a lot of efforts to get insight into the underlying phenomenon.17 The 

combination of the donor (electron donating species) and acceptor moieties (electron 

withdrawing) in a copolymer can tune the optical gap and efficiently harness the solar energy 

influx which is consequently responsible for the increase of Jsc. This would not simply solve 

our problem but band gap engineering of a polymer can lead to increase the Voc, followed by 

efficient exciton dissociation in the PSC.24 

The purpose of this work is to design and suggest such a polymer that can be used in the bulk 

heterojunction (organic solar cell), having enhanced Voc, Jsc, and fill factor (FF).25 In this 

work, we used different conjugated organic monomer having donors and acceptors nature 

which can give rise to a low band gap polymer with desired bandwidth positions. More 
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interestingly, these exciting materials are rarely investigated for solar to power energy 

conversion and have not been simulated to design an efficient PSCs. Finally, this theoretical 

investigation will minimize the synthetic effort for the future experimentalists. 

2. Computational Methodology 

Both molecular and periodic boundary condition’s (PBC) simulations of the donor, acceptor, 

and their combinations have been carried out on Gaussian 0926 and Quantum Espresso,27 

respectively while visualizations are achieved on Gabedit,28 QuantumWise,29 and 

GaussView.30 Electronic structure properties of nBSD, nEDOS, and their co-oligomeric 

combination in the form of nEDOS-BSD (where n= 1, 2, 3…infinity) are carried out with the 

help of density functional theory (DFT) at hybrid functional of the B3LYP/6-31G** level of 

theory. The oligomeric chain length of 9BSD (A), 9EDOS (D) and 9EDOS-BSD (D-A-D) 

represent their polymeric nature very well; therefore, calculations are restricted to nine 

repeating units. The D-A-D crystal with an orthorhombic structure in the Pbcn (60) space group 

with 204 atoms, having lattice constants a = 4.4551 Å, b = 15.982 Å, and c = 23.91 Å are used 

for the PBC simulations. PBC/DFT simulations at Generalized Gradient Approximation 

(GGA) with a Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional with a Double 

Zeta Polarized basis set is performed for the structural and energy optimization due to its 

superiority over other pseudopotentials. Monkhorst-Pack k-grid of 9x9x9 and energy cutoff of 

400 eV is used in these simulations. B3LYP hybrid pseudopotential is employed for the optical 

properties simulations of D-A-D. From computational and accuracy point of view, TD-DFT is 

optimistic between semi-empirical and wave function approaches.31-33 TD-DFT calculations 

can incorporate environmental effects and quickly give best quantitative fit to UV-vis spectra 

(excitation energy) of these species, especially using hybrid functionals (B3LYP).33-35 In the 

case of approximate DFT, negative orbital energies (HOMO and LUMO) do not give accurate 
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ionization potentials (IP) and electron affinities (EA), but the deviation is about 1 eV. Since 

the error is method dependent and consistent for all oligomers, orbital energies can be still used 

to examine trends consistently.36-48 

Furthermore, to verify our computational method, oligomeric properties of these species are 

extrapolated to the polymer using second order polynomial fit equations (Table S1-S3). M. 

Bendikov et al has extensively studied this group of polymers both experimentally and 

theoretically and confirmed the superiority of B3LYP/6-31G** level of theory over other 

methods.16,49-52 Our simulated results have also a nice correlation with the experimental data as 

can be seen from Table S4, so, that is why the current level of theory is employed for the rest 

of simulations.18,52 

Key parameters of the photovoltaic system such as reorganization energy (λ), Polaron, Bi-

polaron, UV-Vis spectra, and exciton binding energy (Eb) are also simulated with the said level 

of theory. The stability, perturbation in electroactivity and conductivity upon mixing of donor 

and acceptor species are estimated from the energy of HOMO, LUMO, and band gap. The 

electrons and holes carrying nature are simulated from the reorganization energy and also from 

the contours of HOMO and LUMO, respectively. UV-vis, UV-Vis-Near IR spectra and an 

optical gap of the D-A-D are simulated, using TD-B3LYP/6-31G** level of theory. 

3. Results and Discussion 

 3.1. Optimized Geometries.  

Planarity in molecular geometry and the corresponding π-electrons conjugation over the 

backbone play an important role in the visible light absorption of a chemical substance. 

Optimized molecular and crystal structure of D-A-D are given Fig 1. An ideal 180○ dihedral 

(Table 1) of the D-A-D shows that combination of donor and acceptor moieties has planarized 



7 
 

the geometry of the resulting polymer via establishing a delocalized π-electronic cloud density 

over the backbone. This intra-chain dihedral angle (180○) of the D-A-D is responsible for its 

low cost and straightforward synthetic approach. This statement is also inconsistent with the 

recently reported work.16,49-52 

 

Figure 1. Optimized geometric structure of D-A-D (a) along with side view (b) and its Crystal 

Structure (c) 

The dihedral angles in the intra-molecular rings of D are also near to planarity, however, in the 

case of A this is about 146○. The deviation in A from 180○ is due to the internal steric hindrance 

of N atoms of the adjacent rings of benzo selenadiazole; caused them out of the plane as well. 

This out of the plane behavior of the benzo selenadiazole rings in the polymeric body may be 

responsible for the high resistance in delocalization of the electron cloud density (Fig 2). 
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Figure 2. Optimized geometric structures of D (a), A (b) and D-A-D (c) 

Table 1: Dihedral angles between the neighboring rings of D, A, and D-A-D. 

#  Ф1 Ф2 Ф3 Ф4 Ф5 Ф6 Ф7 Ф8 

D 179 180 179 179 179 179 180 179 

A 146 148 147 149 147 149 147 148 

D-A-D 180 180 180 180 180 180 180 180 

 

3.2. Electronic Prosperities.  

Charge transformation, localized and delocalized nature of the electronic cloud density of these 

three different oligomers are estimated from their frontier molecular orbitals, as the electronic 

cloud density over the HOMO predict holes and LUMO determines the possibility of the 

electron. The more delocalization of the charge density, higher will be the electron/hole 

mobility and vice versa. HOMO and LUMO of D, A, and D-A-D are comparatively given in 

Fig 3 while their orbital correlation diagram is shown in Fig 4. Molecular orbitals energy of 

small oligomers of these species, from monomers up to infinite chain length, are simulated and 

listed in Table S1-3 of the Supporting Information. 
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Figure 3. Contours of the HOMO and LUMO of D (a), A (b) and D-A-D (c) 

Comparative analysis of the data of Table 2 and a visual look of the contours of HOMO and 

LUMO (Fig 3) predict that excited state properties in D-A-D are optimum compared to their 

individuals’ D and A species. The data shown in Table 2 are specifically for the nine repeating 

units, however, rest of oligomeric species are given in the Supporting Information. Variation 

in characteristic properties is very common in short oligomers, but beyond the seven or eight 

repeating units, they remain almost constant. The purpose of other repeating units is to provide 

a range of entities which may be useful as a guideline for other experimentalists, as short 

oligomers are more electroactive but tricky to synthesize. 

 

Figure 4. Orbital correlation diagram for D, D-A-D, and A 
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Our simulated HOMO, LUMO and band gap values has excellent correlation with the recently 

reported data.18 Excited state properties of the different oligomers of D-A-D, estimated from 

the frontier molecular orbitals; give a clue of the free availability of π-electrons over its 

conjugated body (Fig. 3 and S1). These molecular orbital overlapping in the D-A-D 

(delocalized π-electrons) provides an easy pathway for the motion of free electrons which make 

it an excellent transparent material in the visible region of solar light (vide infra). 

Table 2. HOMO, LUMO, Band gap, optical gap, Exciton binding and Reorganization 

energy in eV of the studied species at B3LYP/6-31G** level of theory. 

# HOMO LUMO Band gap Optical gap Eb λ 

D -4.44 -2.02 2.42 2.04 0.38 0.22 

A -5.22 -2.99 2.22 1.85 0.37 0.16 

D-A-D -4.65 -2.90 1.75 1.46 0.29 0.20 

 

The electrical band gap (estimated from the HOMO-LUMO difference) of the isolated D (2.42 

eV) and A (2.22 eV) provide the evidence of their absorption in the green region of visible 

spectrum. Prominent near-IR absorption (red regions of the visible spectrum) by the D-A-D 

can be correlated with its band gap of 1.75 eV. Simulated band gaps of the D, A, and D-A-D 

are comparatively shown in Fig 4. The band gap reduction in all the resulted co-oligomers of 

D-A-D (Fig S3-6), highlights the importance of two opposing species in a single junction. The 

band structure of D-A-D is also obtained from the PBC simulations and has a good correlation 

with the molecular one, as given in Fig 5. The purpose of the PBC simulated band gap of D-

A-D is to clarify and confirm our level of theory used. 
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Figure 5. Band Structure of D-A-D 

3.3. Reorganization Energy. 

Reorganization energy (λ) is directly associated with the geometrical distortion of a chemical 

substance when it changes from neutral to cationic state. This energy is responsible for an 

electron to be excited from its ground state potential, charge carrier and related geometrical 

distortion which may be either polaron or bi-polaron. Moreover, hole mobility in an organic 

semiconductor can be understood in term of its reorganization energy, lower the reorganization 

energy the faster will be hole transformation and vice versa. The internal reorganization 

energies of an oligomer decrease with chain length elongation which is due to the greater 

positive charge (π-electrons) delocalization over the oligomeric backbone. The internal 

reorganization energy of A, D and D-A-D are simulated, using the adiabatic potential energy 

surface method with equation 1 (Table 2). 

𝜆 =  𝜆1 +  𝜆2 = (𝐸0
∗ − 𝐸) + (𝐸+

∗ − 𝐸+)       (1) 
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The E0 and E+ are the energies of neutral and cationic species in their lowest energy geometries 

and E0
* and E+

* represent the energy of a neutral molecule at the geometry of charged molecule 

and charged molecule at the geometry of the neutral molecule. 

The reorganization energies of D is 0.22 eV which is little higher than that of A (0.16 eV) while 

that of D-A-D has a λ of 0.20 eV. Comparative analysis of the reorganization energies of these 

three different species (Table 2) led us to conclude that geometrical distortion in A is quite easy 

but on the other hand its exciton binding (0.37 eV) is higher because of its electron accepting 

nature. So, D-A-D has an optimum reorganization energy compared to the isolated D, and A 

but a much lower Eb (0.29 eV) which ultimately easily separate the electron-hole pair upon 

visible light irradiation. Moreover, we also compared our simulated λ to the already reported 

hole transporting organic semiconducting materials.53,54 These hole transporting materials such 

as N,N′-diphenyl-N,N′-bis(3-methylphenyl)-(1,1′-biphenyl)-4,4′-diamine has 0.33 eV,55 

((N,N′-bis(2,4-dimethyl-phenyl)-N-(4′-((2,4-dimethylphenyl) (phenyl)amino)-[1,1′-bi-

phenyl]-4-yl)-N′-phenyl-[1,1′-biphenyl]-4,4′-diamine has 0.23 eV, 4-(4-phenyl-4-α-

naphthylbutadienyl)-N,N-di(4-tolyl)-phenylamine has 0.2453 and silole-based organic 

semiconductors has 0.50 eV54 internal reorganization energy. So, it is verified that D-A-D has 

better hole transferability due to lower reorganization energy which may be correlated to its 

fully planner geometrical structure with an ideal dihedral of 180°. 

3.4. Polaron, Bi-polaron, and Exciton Binding Energy. 

It is generally believed that PSCs require well-controlled movement of charges for  efficient 

photon conversion.56 In conjugated polymers, usually polaronic and bi-polaronic states appear 

within the parent band gap57 upon doping with appropriate doping agents. These are the key 

tools for charge storage and charge transportation in COPs. Charge and the associated 

distortion along the backbone of COP create either polaron or bi-polaron. Single charge and 
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the associated distortion are termed as polaron (delocalized state), denoted as Ep while a pair 

of charges and their distortion in the polymeric body is regarded as bi-polaron. Bi-polarons 

states are comparatively stable, localized and less electroactive to that of polarons. Donation 

of charge by a particular conjugated system is followed by intra-molecular relaxation which 

can be precisely called as polaronic effect. Polaron-binding energy can be easily obtained from 

the reorganization energy (λ) using an expression such as Ep=(1∕2 λ). On the other hand, exciton 

binding energy or an electron−hole binding energy is the amount of that barrier (coulombic 

energy) with which the lowest unoccupied orbital accepts an extra electron and left behind the 

occupied orbital as degenerate. We have simulated the exciton binding energy (Eb) from the 

energy difference of neutral exciton and the two free charge carriers, using an expression such 

as Eb = EBand gap – EOptical gap. 

Molecular orbital energy diagram of the neutral, cationic and di-cationic states of D is depicted 

in Fig 6, where orbital transition along with energy is clearly shown. Band gap and exciton 

binding energy of D in its neutral state are 2.42 and 0.38 eV, respectively. Mono-cationic state 

in the unrestricted formalism and in the absence of counter-ion is considered to efficiently 

explore the polaronic effect. Removal of an electron from the oligomeric backbone of D 

induces an extra band within its parental band gap, regarded as inter-band. Mono-cationic state 

not only reduces the band gap (2.23 or 2.15 eV) of parent D by lowering down the HOMO and 

LUMO energy levels but also increases the delocalization over the polymeric backbone (Fig 

S7). The delocalization over the oligomeric body of mono-cationic state can be seen from the 

non-degenerate molecular orbitals, termed as Alpha and Beta (Fig 6) or polaron. However, 

restricted and unrestricted formalisms of the Kohn-Sham orbitals have a similar effect on the 

molecular orbital distribution of di-cationic state in D. Di-cationic state of D, creates a bi-

polaronic state as can be seen from its degenerate frontier molecular orbitals (Fig 6). This 
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degenerate state in the highly cationic state is not only responsible for reducing the band gap 

but promotes stability compared to that of the polaronic state. 

 

Figure 6. Energy level diagram of the neutral, mono, and di-cationic state of D. 

A similar trend in the molecular orbital distribution of A is observed upon making its cationic 

and di-cationic states, as shown in Fig 7. Band gap of the acceptor species in the neutral state 

is found to be 2.22 eV while the coulombic force which holds the electron-hole pair is 0.37 eV. 

The frontier molecular orbital cloud densities of the neutral, cationic and di-cationic states are 

given in Fig S8 of the Supporting Information. 



15 
 

 

Figure 7. Energy level diagram of the neutral, mono, and di-cationic state of A. 

The combination of the D and A moieties in the oligomeric form such as D-A-D has much 

stretched down the HOMO and LUMO energy levels which result in a band gap of 1.75 eV. 

Analysis of the contours of HOMO and LUMO (Fig S9) of D-A-D reflect an evidence of strong 

overlapping of the D and A orbitals. Keeping in mind the exciton binding energies of D and A, 

this donor-acceptor combination has considerably lowered down the Eb (0.29 eV). So, this 

lower exciton binding energy and narrow band gap are clear indications for the charge 

separation (electron-hole pair) at the donor-acceptor interface (here acceptor is the PCBM in 

the PSC device) and high short-circuit current density, respectively (vide infra).  
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Figure 8. Energy level diagram of the neutral, mono, and di-cationic state of D-A-D. 

The simulated narrow band gap (1.75 eV) of the D-A-D has a good correlation with the 

experiment, which strongly validates the level of theory, we used.18 To further validate the 

electronic properties of the designed polymer, cationic and di-cationic states are considered, 

upon removal of one and two electrons in the absence of counter ions, respectively. Oxidation 

causes a reduction in the band gap from 1.75 to 1.56 eV (considering the Alpha orbitals) and 

1.75 to 1.67 eV on considering the Beta orbital distributions. As explained earlier, a cation 

along with associated distortion produces a non-degenerate state; polaron (Fig 8). On further 

oxidation of the D-A-D species (extraction of a pair of electrons) in the absence of counter 

ions, result in a bi-polaronic state over the π-conjugated backbone which further reduces the 

orbitals band gap to 1.49 eV. The bi-polaronic state creates an extra band, called inter-band 
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transition which arises from the σ→π* orbital transition and has an energy of 0.61 eV. As 

explained earlier, the stability of bi-polaron over the polaron is due to these degenerate 

molecular orbitals. Moreover, restricted and unrestricted formalism has a similar effect in the 

di-cationic states. 

3.5. UV-Vis and UV-Vis-Near-IR Absorption Spectral Analysis  

UV-Vis and UV-Vis-Near-IR absorption spectra of the D, A, and D-A-D along with their 

corresponding mono and di-cationic states are simulated at TD-DFT. Generally, light 

absorption by conjugated polymers causes single and strong absorption in the visible region 

where an electron transferred from HOMO to LUMO. Moreover, this absorption band peak 

red-shifts with chain length elongation of the conjugated body.58,59 Absorption spectra of all 

these three species along with their defective states are categorized into separate sections. 

Mostly COPs are positively charged when experimentally synthesized so, that is why the 

cationic and di-cationic states are considered to efficiently explore the solar light absorption 

abilities. The UV-Vis spectra of the neutral state of D (Fig 9) show two distinct peaks at ca. 

608 and 440 nm and arises from π→π* and HOMO-1 to LUMO-1 transition, respectively. The 

effect of cationic and di-cationic is investigated in the absence of counter-ion; where the mono-

cation induces polaron and deficiency of two electrons create a bi-polaron state. 
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Figure 9. UV-vis Spectra along with Optical band gaps of Neutral, Mono, and Di-Cationic 

states of D at B3LYP/6-31G**. 

Upon removal of an electron from the oligomeric backbone of D, creates an extra absorption 

peak in the Near-IR region at ca. 2133 nm. Compared to the parent D, a red-shifting of about 

186 nm in the λmax is achieved in its cationic state. The lower energy absorption peak at a longer 

wavelength (2133 nm) is because of the delocalized polaronic state which is simply due to 

σ→π* transition or inter-band transition. This longer wavelength absorption, near the IR 

region, is responsible for the delocalized electronic cloud density over the oligomeric chain 

length (vide supra). From the UV-Vis-Near-IR spectra, we can see that mono-cationic state 

may be much efficient for the solar spectrum absorption but unstable compared to the ground 

state. 

Creation of a di-cationic state in D, significantly red-shifts the λmax from 608 to 1356 nm and 

give rise to a weak σ→π* transition (2044 nm) within the parent optical band gap. The lower 
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excitation energy of the π → π* in the bi-polaronic state is a direct consequence of its stability 

and localized nature compared to that of the polaronic state. The reduced optical band gap of 

the di-cationic state has a wide range absorption of Near-IR radiation besides visible spectrum 

of light. So, both of these polaron and bi-polaron states can be easily induced in the polymeric 

body to enhance the visible light absorption in the PSC device, upon covalent and non-covalent 

doping. In summary, a well-doped state of the D can also give desirable efficiency if used in 

the BHJ of the PSC (vide supra). 

UV-Vis spectra of A give rise to a strong absorption band peak which is peaked at 669 nm and 

is termed as the first allowed π→π* transition, capable of red light absorption of the solar 

spectrum, shown in Fig 10. In the polaronic state (mono-cationic), a significant amount of red-

shifting in absorption is simulated in the λmax (669 to 969 nm) and generate an inter-band 

transition. This inter-band peak arises from the transition of the partially occupied (n) 

molecular orbital to the vacant conduction (π*) band state. This forbidden absorption band peak 

is situated at 2430 nm and consequences a high delocalized π-electronic cloud density over the 

oligomeric body. The n→π* transition in higher wavelength region is because of the absence 

of counter-ion, which creates high electroactivity and instability. This polaronic trend in A is 

almost similar to that of D but substantially pronounced. Removal of two electrons from the 

oligomeric chain length of A establishes a stable and much prominent bi-polaronic state 

compared to D. The first allowed π → π* transition in A spans in the range of 1513 nm, which 

is capable of absorbing both the visible and Near-IR radiations of the solar spectrum. 

Furthermore, this localized di-cationic state along with associated distortion provide an easy 

pathway for the electron/hole transformation along the π-conjugated backbone (vide supra). 

The bi-polaronic state has wide range absorption of the solar spectrum as can be seen from the 

broad and high-intensity band peak at ca. 1513 nm. 
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Figure 10. UV-Vis Spectra along with Optical band gaps of the Neutral, Mono, and Di-

Cationic states of A at B3LYP/6-31G**. 

Comparative UV-Vis spectra of D, A, and D-A-D are given in Figure 11, where the maximum 

absorption band peaks are peaked at 608, 669 and 847 nm, respectively. These bands can also 

be regarded as the first allowed maximum electronic excitation (the one with higher oscillator 

strength) in the visible region and are due to π→π* transitions (Table 3). The absorption band 

peak at ca. 847 nm in D-A-D is a strong evidence of its efficient absorption in the visible region 

and responsible for charge transferring ability as well. Moreover, this simulated λmax has a 

strong correlation with the already experimental observed UV-Vis spectra (843 nm)18 which 

also supports and confirmed the level of theory used (See Fig S10 of the Supporting 

Information). Furthermore, it can be concluded that this wide range of the visible light 

absorption in the D-A-D is responsible for higher efficiency, compared to that of their 

individual counterparts. From Fig 11, it is evident that how the Donor and Acceptor moieties 

in the form of D-A-D, increase the visible light absorption in a particular polymer. 
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Figure 11. UV-vis Spectra of A, D, and D-A-D at B3LYP/6-31G**. 

As discussed above, a reduction in the optical band gap of the resulted polymer along with 

wide UV-Vis absorption is achieved through a mutual overlapping of the molecular orbitals of 

donor and acceptor. The UV-vis spectra of D-A-D has three distinct absorptions; two small 

peaks in the visible and a broad one near the IR region, which is an indication of its efficient 

light-harvesting ability. Furthermore, we also predicted the polaron and bi-polaron states in the 

extended conjugation of D-A-D, which is given in Figure 12. 

Table 3: First three vertical allowed transitions along with f and MO transition. 

Species Excited 

Energy (eV) 

λ (nm) f Electronic 

Transition 

D 1 608 3.35 HOMO→LUMO 

2 456 0.17 HOMO-3→LUMO 

3 440 0.65 HOMO-1→LUMO1 

A 1 669 2.06 HOMO→LUMO 

2 544 0.08 HOMO→LUMO2 

3 512 0.20 HOMO-1→LUMO1 

D-A-D 1 847 1.78 HOMO→LUMO  
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2 680 0.17 HOMO-1→LUMO 

3 618 0.12 HOMO-1→LUMO1 

 

 

 

Figure 12. UV-Vis Spectra along with Optical band gaps of Neutral, Mono, and Di-Cationic 

states of D-A-D at B3LYP/6-31G**. 

Once again, a similar trend is observed in the case of D-A-D, upon creation of polaronic and 

bi-polaronic states. Optical band gap of the parent D-A-D is 1.46 eV, which reduces to 1.10 eV 

in the mono-cationic state. The optical band gap of the bi-polaronic state is about 1.12 eV which 

is because of the π→π* transition. Unlike the D, and A, UV-Vis-Near-IR spectra of the di-

cationic state is ideal and transparent in the whole region of the solar spectrum. Additionally, 

two extra low energy band peaks, located at 1501 and 2277 nm strengthen the absorption ability 
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of D-A-D in the bi-polaronic state. These near-IR absorptions arise from the electronic 

transition of σ→π* orbitals. 

3.6. Theoretical Performance of Polymer Solar Cells. 

To get the high efficiency of bulk heterojunction (BHJ) polymer solar cell, scientists are 

struggling to achieve higher (i) short-circuit current density (Jsc) (ii) open circuit voltage (Voc) 

(iii) and a high fill factor (FF). The efficiency of a PSC can be obtained using equation 2,4 

𝜂 =
𝑉𝑜𝑐 × 𝐽𝑠𝑐 × 𝐹𝐹

𝑃𝑖𝑛
× 100           (2) 

where η is efficiency and Pin is the power density of incident light. 

The Jsc has an inverse relation with the band gap value in PSC; lower the band gap much higher 

will be the short-circuit current density and vice versa. So, narrow band gap polymer can 

harvest sufficient amount of sunlight and lead to enhanced Jsc. Furthermore, Jsc is also 

dependent on the LUMO energy levels of the hole transporting material (here D-A-D) and 

acceptor (PCBM) in the PSC device. If the difference is more than 0.3 eV (equation 3), then 

the device will result in high Jsc, and this energy difference can also be correlated with charge 

transport (ηcT) within PSC. The smaller-scale phase separation creates larger area of interfaces 

where charge separation can take place. A large energy difference between the LUMO of D-

A-D (donor) and the LUMO of PCBM (acceptor) is required for ultrafast photoinduced electron 

transfer.60 The next important parameter of the PSC is the Voc, which can be tuned/enhanced 

by lowering down the HOMO level of the polymer in the BHJ. Theoretically, the Voc of PSCs 

can be estimated from the orbital difference of D-A-D (HOMO) and PCBM (LUMO), using 

equation 3.4 

Voc = 𝑒−1 × (|EHOMODonor| − |ELUMOAcceptor| −  0.3eV       (3) 
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Where e– is the elementary charge, E is the energy level and 0.3 eV is an empirical value for 

efficient charge separation (minimum difference of the LUMOs of donor and acceptor). The 

final crucial parameter in getting the high efficiency of PSC is the FF, which is simply a ratio 

between the maximum obtainable power and the product of Voc and Jsc. FF is strongly 

dependent on the film morphology, interface recombination, miscibility of polymer and PCBM 

and high charge carrier mobility in the PSC. So, from a molecular point of view, a planner 

polymer with high delocalized π-electrons, molecular chain packing, and good crystallinity are 

prime factors for high FF. 

 

Figure 13. Supposed device structure of the inverted organic solar cell along with energy band 

diagram of D-A-D and other species.   

Theoretical performance of our investigated D-A-D is finally modeled for the solar cell 

application in a BHJ structure which is schematically given in Fig 13. The photovoltaic 

properties of D-A-D are modeled in a device structure of ITO|PEDOT:PSS/D-A-D:PCBM|Ag; 

where ITO, indium tin oxide; PEDOT:PSS, poly(styrene sulfonate)-doped poly(ethylene-

dioxythiophene); PCBM, and other fullerenes derivatives. Theoretical open circuit voltage 

(Voc) and the corresponding LUMO-LUMO difference of D-A-D and PCBM derivatives are 
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correlated with Jsc and charge transport energy (ηcT), respectively. All other parameters of the 

device are taken from experimental work such as illumination of AM 1.5G, weight ratios of D-

A-D and PCBM (fullerene derivatives) were 1:1.61 

Table 4. HOMO, LUMO of fullerene derivatives and open circuit voltage (Voc) and 

LUMODonor—LUMOAcceptor energy difference (L-L) of D-A-D; all values are in eV. 

# Species HOMO LUMO Voc L-L 

1 PC61BM62 -6.10 -3.63 1.02 0.73 

2 PC61BM63 -6.10 -3.70 0.95 0.80 

3 IC60BA64 -5.80 -3.70 0.95 0.80 

4 IC60BA65 -5.85 -3.74 0.91 0.84 

5 IC60MA65 -5.91 -3.86 0.79 0.90 

6 PC60BM66 -5.93 -3.91 0.74 1.01 

7 PC70BM67 -5.87 -3.91 0.74 1.01 

8 PC70BM68 -6.0 -4.0 0.65 1.10 

9 PC71BM64 -6.0 -4.0 0.65 1.10 

10 PC61BM69 -6.2 -4.10 0.55 1.20 

 

The photovoltaic properties of D-A-D in the PSC device such as Voc and charge transport are 

simulated which are listed in Table 4. Different HOMO and LUMO energy levels of the 

fullerenes derivatives are reported (Table 4), however, few of them are considered with our 

investigated D-A-D polymer. From Table 4, it can be analyzed that the Voc of the PSC has a 

direct relation with the LUMO energy level of PCBM, higher the LUMO level results in large 

Voc. A PC61BM62 with LUMO energy level of -3.63 eV, produces Voc of 1.02 eV with our 

designed D-A-D, however, this voltage drops down to 0.65 eV when PC71BM64 is used 

(LUMO, -4.0 eV). Comparative analysis of the data of Table 4 led us to predict that an average 
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open circuit voltage of roundabout 0.90 eV can be achieved, using D-A-D as donor material in 

the BHJ solar cell devices. Compared to individual D and A conformer, the resulted constituent 

has planner geometry so, a high FF is expected and the narrow optical band gap (1.46 eV) and 

electrical band gap (1.75 eV) are responsible for high Jsc (vide supra). 

Conclusion 

Solar to power energy conversion via photovoltaic process is a clean and renewable energy 

technology which holds a sustainable development. We have used density functional theory 

(DFT) and time-dependent (TD-DFT) at hybrid functional, to assess the nature and electronic 

properties of a near-infrared-absorbing, low energy gap conjugated polymer; 

donor−acceptor−donor (D-A-D). The D-A-D is consisting of 2,1,3-benzosele-nadiazole (A) as 

acceptor and 3,4-ethylenedioxyselenophene (D) as donor fragments. The D and A moieties in 

the polymeric backbone have been found to be responsible for reducing the band gap, open 

circuit (Voc) and increasing short-circuit current density (Jsc) in polymers solar cells (PSC). 

Our theoretical studies revealed that charge transportation efficiency (ηcT), Voc, Jsc and, in 

turn, device performance, are influenced by electronic energy level alignment at interfaces. A 

lower HOMO energy level (-4.65 eV) of designed D-A-D is responsible for increasing the 

ambient stability during device operation and results in high Voc of 1.02 eV. Furthermore, it is 

found that donor-acceptor combination has a key role in charge separation, weak steric 

hindrance, and molecular architecture (planarity of the polymeric backbone) which directly 

influences the charge transport compared to that of counterpart homopolymers (either D or A). 

Reduction in the band gap, high charge transformation, and enhanced visible light absorption 

in D-A-D system is because of strong overlapping of the frontier molecular orbitals of the D 

and A. A highly energetic, unstable and delocalized polaronic state exists when the polymer 

was oxidized (cationic state) while further oxidation (di-cationic state) generates a 
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comparatively stable and localized state, bi-polaron. Finally, these polaron and bi-polaron are 

found to have a direct relation with visible light absorbed photocurrent generation.  

Supporting Information 

Tables for the values of the valence band, conduction band, and band gaps of D, A and 

D-A-D from monomer up to infinite chain length. Figures of the band development upon 

chain length elongation, molecular orbital contours and absorption spectra of D, A and 

D-A-D. This material is available free of charge via the Internet at http://pubs.acs.org. 
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