
Understanding the Electronic Interactions, Vertical
Excitation Analysis, and the Photovoltaic Properties
of 5-(2-ethylhexyl)-1,3-di(furan-2-yl)-4H-thieno[3,4-
c]pyrrole-4,6-dione
Obieze Christian Enudi  (  enudij@gmail.com )

University of Calabar https://orcid.org/0000-0001-6306-2047
Hitler Louis 

University of Calabar
Goodness J. Ogunwale 

University of Ibadan
Michael T. Kadiri 

University of Ibadan
Prince M. Okibe 

University of Ibadan
Isaiah A. Adejoro 

University of Ibadan
Terkumbur E. Gber 

University of Calabar
Anthony M.S. Pembere 

Jaramogi Oginga Odinga University of Science and Technology
Adedotun E. Adewale 

University of Ibadan

Research Article

Keywords: D-A-D, spectroscopy, excitations, photovoltaic, DFT

Posted Date: October 22nd, 2021

DOI: https://doi.org/10.21203/rs.3.rs-978991/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-978991/v1
mailto:enudij@gmail.com
https://orcid.org/0000-0001-6306-2047
https://doi.org/10.21203/rs.3.rs-978991/v1
https://creativecommons.org/licenses/by/4.0/


Understanding the electronic interactions, vertical excitation analysis, and the 

photovoltaic properties of 5-(2-ethylhexyl)-1,3-di(furan-2-yl)-4H-thieno[3,4-

c]pyrrole-4,6-dione 

Obieze C. Enudi1,2,3*, Hitler Louis1,2*, Goodness J. Ogunwale3, Michael T. Kadiri3, Prince M. 

Okibe3, Isaiah A. Adejoro3, Terkumbur E. Gber1,2, Anthony M.S. Pembere4, and Adedotun E. 

Adewale3 

1Computational and Bio-simulation Research Group, University of Calabar, Calabar, Nigeria 

2Department of Pure and Applied Chemistry, Faculty of Physical Sciences, University of Calabar, 

Calabar, Nigeria. 

3Department of Chemistry, Faculty of Sciences, University of Ibadan, Ibadan, Nigeria.  

4Department of Physical Sciences, Jaramogi Oginga Odinga University of Science and Technology, 
Bondo, Kenya 

*Corresponding author’s email; enudij@gmail.com; and louismuzong@gmail.com  

Abstract 

Organic photovoltaic (OPV) are a promising new class of photovoltaic as they offer several advantageous 

features including large surface area to volume ratio, low cost, lightweight properties, and durability. The 

limitation of OPV that prevented their adoption for use in the past was their low power conversion 

efficiency (PCE) but that drawback has been solved by the development of the donor-acceptor-donor (D-

A-D) system with high conversion efficiencies. Herein, 5-(2-ethylhexyl)-1,3-di (furan-2-yl)-4H-thieno 

[3,4-c]pyrrole-4,6(5H)-dione (FTPF), a donor-acceptor-donor monomer was investigated for its 

optoelectronic, excited state, and photovoltaic properties using a density functional theory (DFT) and 

time-dependent density function theory (TD-DFT) at the B3LYP/6-31+G(d,p) theoretical method. The 

spectral analysis (FT-IR, UV-vis, and NMR), electronic molecular properties, natural bonding orbitals 

(MOs and NBOs) analyses, and excitation were studied at this level in gas, hexane, DMF, and THF. The 

UV-Vis spectrum showed that FTPF exhibited mono-absorption in non-polar gas and hexane, but dual 

absorptions in polar solvents (DMF and THF) having maximum wavelength (λmax) at 351, 359, 371 and 

373 nm in gas, hexane, THF, and DMF respectively, showing a major red shift as solvent became polar. 

The hole-electron excitation studies of the first five singlet states: S0→S1/S2/S3/S4/S5 in gas and DMF 

phases showed that S0→S1 is a delocalized π→π* Rydberg excitations originating from the D-A-D C=C π 

bonds, S0→S2 is π→π* local excitation, while S0→S3 in water occurred as an n→π* from the carbonyl and 
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azolide groups of the acceptor unit, but n→π* charge transfer (CT) in DMF. The S0→S5 in water and 

S0→S4 are n→π* LE type excitations, while S0→S5 in DMF conformed to a delocalized π→π* excitation 

extended over the D-A-D conjugated backbone. FTPF provided efficient electron injection in all studied 

solvent; showing that FTPF is a sure-bet for opto-electronic application. 

Keywords: D-A-D; spectroscopy; excitations; photovoltaic; DFT 

 

1.0 Introduction 

Photovoltaics (PVs) are used in solar cells to convert optical energy into electrical energy for various 

applications [1-8]. Typically, inorganic semiconductors like crystalline silicon are used as photovoltaics 

in solar cells but they are costly and suffer from efficiency limitations [1, 9-12]. Organic photovoltaics 

(OPVs) are a promising new class of photovoltaics as they offer several advantageous features including 

large surface area to volume ratio, low cost, lightweight properties and durability [13-18]. OPVs can even 

be made up to 1000 times thinner than crystalline silicon photovoltaics offering significant savings on 

materials needed [14,18]. The limitation of OPVs that prevented their adoption for use in the past was 

their low conversion efficiency (CE) but that drawback has been solved by the development of the donor-

acceptor-donor (D-A-D) system with their high conversion efficiencies [14, 19-20]. The D-A-D systems 

are classified by high conjugated bonding systems which allow strong electronic transitions. Dyes are 

other category of organic materials applied in photovoltaics, due to their high π-electron conjugations, 

leading to great electronic excitations and transitions [21-23]. These systems are characterized with low 

HOMO/LUMO energy gap, which gives insight into why these molecules act as semiconductors [24]. 

Studying highly conjugated systems in order to understand their properties and to improve their energy 

conversions and hence applicability is crucial in the optical and electronic industries [25-28]. Density 

functional theory (DFT) is a very reliable theory for predicting the density of electrons around a molecule 

thereby enabling easy simulation and prediction of that molecule’s reactions and behaviour under certain 

conditions with high level of accuracy [29-34]. DFT and other computational chemistry methods are 

employed in independent studies of molecules systems or also as a validating study premise for 

experimentally studied chemical interactions [29, 30, 34]. 

A D-A-D system is usually a polymer in which its repeating monomer is made up of an acceptor unit 

(A), sandwiched between two donor units (D) [31, 35-36]. Examples of donor units are thiophene (T), 

selenophene (S) and furan or their structural derivatives. The D-A-D systems have proven themselves 

essential in the development of organic photovoltaics and so it will be necessary to carry out studies on 

them in order to predict their optoelectronic behaviour [35-37]. Çakal et al, on their journey to 

understanding the effect of D units on the opto-electrical characteristics of a monomer and subsequently 

the polymer, achieved the synthesis and characterization of 5-(2-ethylhexyl)-1,3-di (furan-2-yl)-4H-thieno 



[3,4-c]pyrrole-4,6(5H)-dione (FTPF) and 5-(2-ethylhexyl)-1,3-di (selenophen-2-yl)-4H-thieno [3,4-

c]pyrrole-4,6(5H)-dione (STPS), which are furanyl and selenophenyl based D-A-D systems, respectively 

[35]. They reported the absorption UV excitation behaviour of FTPF in dichloromethane (DCM), and its 

emission spectroscopic characteristics in hexane, THF and DMF, highlighting the solvent effect on the 

spectral properties. 

In order understand the electronic interactions within the D-A-D system of FTPF and to further 

explore other informative optoelectronic and photovoltaic properties of their conjugated π-electron 

system, we employed the DFT method of investigation to perform theoretical calculations on FTPF (Fig. 

1.). The UV-Vis spectral determination is conducted in gas, hexane, THF and DMF while the other 

spectral properties (FT-IR and NMR) was analyzed in gas phase to obtain data necessary for 

characterization and structure determination. Potential energy distribution (PED) analysis was performed 

to achieve the FT-IR absorption parameters [38-39]. Other electronic property determinations like natural 

bonding orbital (NBO) analysis [40] and vertical excitation analysis of the first 5 excitations of FTPF are 

also pivotal in this study, so as to register the important intra-monomer, hence polymeric electronic 

transitions of our titled molecule [21-23]. The electronic excitations and oscillator strength parameters 

obtained from the UV-vis calculations were employed for the investigation of the photovoltaic properties. 

The structure of 5-(2-ethylhexyl)-1,3-di (furan-2-yl)-4H-thieno [3,4-c]pyrrole-4,6(5H)-dione is shown in 

Fig. 1. 

 

Fig. 1. Optimized Structure of 5-(2-ethylhexyl)-1,3-di(furan-2-yl)-4H-thieno[3,4-c]pyrrole-4,6-dione 
(FTPF). 

 

 

 



2.0 Computational details 

The density functional theory (DFT) computational method is an appropriate theoretical approach 

to studying the optical and spectral properties of highly conjugated systems (e.g. natural dyes, D-A-D 

systems), owing to its swiftness and accuracy in dynamic electron correlation recovery [21, 41-42]. The 

ground state geometry optimization of the 5-(2-ethylhexyl)-1,3-di(furan-2-yl)-4H-thieno[3,4-c]pyrrole-

4,6-dione (FTPF); a donor-acceptor-donor monomer was conducted at the DFT/B3LYP theoretical 

method using 6-31+G (d, p) basis set [43,44] in gas, hexane, tetrahydrofuran (THF) and 

dimethylformamide (DMF) solvents using Gaussian09W and GaussView 6.0.16 packages [45]. For 

vertical excitation energy and photovoltaic property determinations, a single point energy calculations 

using the TD-SCF/CAM-B3LYP/6-31+G (d,p) time-dependent density functional calculations was 

carried out for the initial 5 singlet vertical excitation states in gas and all the studied solvents. Scanning 

tunneling microscopy (STM) images, computed UV-vis spectrum in different solvents, density of state 

(DOS) plots and atomic dipole corrected Hirshfield (ADCH) atomic charges were all analyzed using the 

Multiwfn 3.7 (dev) function program [46] (freely obtainable from http://sobereva.com/multiwfn). The 

frontier molecular orbital (FMO) isosurfaces, molecular electrostatic potential (MEP) maps and natural 

bonding orbital (NBO) analyses were conducted on in-built Gaussian 3.1 method available in Gaussian 

09W programme [45]. NBO analysis was carried out to determine the second perturbation energies of all 

energy stabilizing donor-acceptor orbital interactions of filled donor and virtual acceptor molecular 

orbitals. Potential energy distribution (PED) analysis were performed on Vibrational Energy Distribution 

Analysis (VEDA) 4 software [47] to form the basis of elucidation of IR spectrum of FTPF. 

Excitation determinant indices (Sr, D, H, t, hole delocalization and electron delocalization) were 

calculated for the first 5 excitations to ascertain the spatial distributions of hole and electron on FTPF. 

Excitations are classified as charge transfer (CT), Rydberg or local excitations (LE) depending on the 

spatial distribution, overlapping extent, centroid position, etc. which are deduced from the various indices 

considered in this work [23]. Calculations for the various indices in this excitation study were done using 

equations from Le Bahers et al. (2011) [48]. The extent of overlap between hole and electron in a 

molecular system is defined by Sr index. Sr can be obtained using equation 1. 

Sr index = ʃ Sr (r)dr = ʃ √𝜌ℎ𝑜𝑙𝑒(𝑟)𝜌𝑒𝑙𝑒(𝑟)𝑑𝑟       (1). 

Where r is vector component with respect to position, ρhole and ρele are the hole and electron densities, 

respectively. The most significant position of either hole and electron distribution in the x,y or z 

coordinate is defined by the centroid to the coordinate under consideration. For example, the X coordinate 

of centroid of hole is written in equation 2. 

Xele = ʃx ρhole (r)dr          (2) 



Where x is the X component of vector, r with respect to position. 

The spatial separation of the centroids of hole from electron (i.e. Chole from Cele) is defined by the D index 

which is deduced by invoking equations 3 to 6. This defines the net charge transfer length magnitude. The 

extend of charge transfer is obtained from the D values for the various coordinates. Considering x, y and z 

coordinates, D is given by equations 3, 4 and 5, respectively.  

Dx = | Xele – Xhole |           (3) 

Dy = | Yele – Yhole |           (4) 

Dz = | Zele – Zhole |           (5) 

D index = √(𝐷𝑥)2 + (𝐷𝑦)2 +  (𝐷𝑧)2        (6) 

t index is the mean difference between H in CT direction from D index. The degree of separation of hole 

and electron in CT direction is defined by the t index. H index, which is the overall measure of spatial 

extension of hole and electron distribution. H index is deduced from the root mean square distribution of 

electron (|σele |) and hole (|σhole |), using equation 7. 

H index = (|σhole | + |σele |)/2         (7) 

The hole delocalization index (HDI) and electron delocalization index (EDI) are electron density 

dependent parameters, and are important in explaining the type of excitation occurring in a conjugated 

system. Equations 8 and 9 are used to determine HDI and EDI. 

HDI = 100 x √ʃ[𝜌ℎ𝑜𝑙𝑒(𝑟)]2𝑑𝑟         (8) 

EDI = 100 x √ʃ[𝜌𝑒𝑙𝑒(𝑟)]2𝑑𝑟         (9) 

 

 

 

 

 

 

 



3.0 RESULTS AND DISCUSSIONS 

3.1 Spectroscopic and Geometrical Properties 

 We carried out UV-Vis spectroscopic calculations of FTPF using Gaussian09W in gas, DMF, 

hexane and THF solvents in order to investigate the effect of these solvents on maximum wavelength 

(λmax) of the electronic absorption transitions. The 1H-NMR and 13C-NMR calculations were performed to 

determine the chemical shifts values for hydrogen and carbon atoms in the FTPF monomer unit [49,50]. 

A combined UV-Vis spectrum of FTPF monomer in the various considered solvents was plotted using 

Multiwfn programme for clear visualization. Also, potential energy distribution (PED) assignments for 

the various IR vibrations were conducted on VEDA software [47], in order to understand the different 

interatomic vibrations of the studied D-A-D molecule. 

3.1.1 UV-Visible analysis 

 In this study, we considered the effect of three solvents on the UV-Vis spectrum obtained in gas 

phase. A non-polar hexane and aprotic polar DMF and THF were added to solvate FTPF to achieve the 

maximum wavelenght of absorption. The combined computational UV-Vis spectrum of FTPF can be 

visualized in Fig. 2., for a clear understanding and correlation of the contributions of various solvents on 

the optoelectronic behaviour of FTPF. 

 

Fig. 2. Computational UV-Vis spectrum of FTPF in gas, hexane, DMF and THF, calculated with CAM-
B3LYP method at 6-31+G(d,p) basis set. 



 Dual absorption peaks were recorded for FTPF in DMF and THF, which is characteristic of two 

different allowed transitions in a conjugated system [51,52]. The peak corresponding to a high energy 

absorption occurred at 261 nm in DMF and 263 nm in THF nm (π→π* transition), while the n→π* 

transition occurred at 373 nm in DMF and 371 in THF (lower energy transition, traceable to 

intramolecular charge transfer (ICT) between D and A units) [35]. Both absorptions exhibit equivalent 

intensities, showing that both solvents have significantly similar effect on the optical properties of our 

studied molecule. From the λmax of absorption values in the different solvents (351 nm in gas, 359 nm in 

hexane, 371 nm in THF and 373 nm in DMF), one can observe a significant red shift from non-polar to 

polar solvents. Hexane posed an ignorable shift effect on the system.   

3.1.2 Infrared Vibrational Studies 

Every molecule responds to IR light through signatory interatomic vibrations whose frequencies 

depend on the nature of bonds (different functional groups) and the modes of vibration is determined by 

the number of atoms in the molecule and spatial arrangement of the molecule. For a non-linear system 

like FTPF, the number of vibrations is given by equation 10, where N is the total number of atoms in the 

molecule [51,52]. The potential energy distribution (PED) assignments for the various frequencies of 

vibrational were generated for FTPF at B3LYP/6-31+G(d,p) levels. 

Number of vibrational modes = 3N + 6       (10) 

Results for the PED assignments (in %) for IR vibrational frequencies are reported on Table 1. 

Selected important vibrations are discussed in this manuscript paying more attention to the two donors 

and the acceptor units. The IR spectrum from our studies on FTPF is shown in Fig. S1., of the 

supplementary information. 

Table 1. PED Assignment for IR vibrational frequencies of FTPF calculated with CAM-B3LYP method 
at 6-31+G(d,p) basis set. 

Frequency (cm-1) Assignment of PED (%) 
3299.92 11 ν CH + 85 ν CH   
3278.80 80 ν CH + 11 ν CH 
3278.53 79 ν CH + 12 ν CH 
3265.65 16 ν asy CH + 72 ν CH 
3265..46 14 ν CH + 73 ν CH 
3123.10 96 ν asy CH  
3109.08 81 ν asy CH + 10 ν asy CH 
3096.90 84 ν CH 
3078.93 83 ν asy CH 
2992.15 96 ν CH 
1788.50 80 ν (C=O) 
1747.15 85 ν asy (C=O) 



1623.58 75 ν (C=C) 
1617.25 78 ν (C=C) 
1585.58 62 ν asy (C=C) 
1517.81 62 β HCH 
1517.61 61 ν (C=C) + 16 β asy (HCO) 
1512.73 66 β asy (HCH) + 11 τ (HCCC) 
1510.05 49 β (HCH) + 10 β (HCH) 
1506.56 63 ν (C=C) + 16 β (HCO) 
1504.72 69 β (HCH) + 11 τ (HCCC) 
1430.09 14 ν asy (C-C) + 10 β (HCO) + 17 β (C-O-C)  
1425.64 14 τ (HCNC) +14 τ (HCCC)  
1395.69 14 β (HCN) + 12 β asy (HCC) + 10 τ (HCCH)  
1383.93 17 ν (CC) + 12 β (HCC) + 13 τ asy (HCNC)   
1377.62 51 τ asy (HCCH) 
1338.57 22 β (HCC) + 10 τ asy (HCCC) + 14 τ (HCCC)  
1329.54 11 β (HCN) + 19 β (HCC) 
1321.80 30 ν (CC) + 11 β (CCC) + 15 β (HCC) 
1275.38 14 β asy (HCC) + 11 τ asy (HCCC) + 10 τ (HCCC)  
1187.65 11 ν asy (CC) + 18 ν (CH) + 32 β asy (HCO) 
1124.01 10 ν asy (CC) + 15 τ asy (HCCC) 
1056.96 11 τ asy (HCCH) 
1040.33 31 β (HCC) + 14 β asy (HCC) + 10 β (COC) 
1038.26 13 β asy (HCC) + 12 β (HCC) + 14 β asy (COC) 
748.07 20 τ asy (HCOC) + 37 OP asy (CCCC) 
165.51 11 β (CCC) + 14 τ (CCCC) + 11 τ asy (CNCC) 
 

 

3.1.2.1 C-H vibrations  

Saturated C-H stretching vibrations (both symmetric and asymmetric) occurred around 2900-2992.25- 

cm-1, all are characteristic of the ethylhexyl substituent on the pyrroledione acceptor. Other C-H 

stretching vibrations above 3000 cm-1 are for the sp2 hybridized C-H bonds, notable are the vibrations at 

3299.92, 3278.80, 3265.65 3123.10, 3109.08 cm-1 with PED (85, 80, 72, 96 and 81 %), respectively. 

Bending vibrations involving C-H linkages appeared between 1380-1500 cm-1. Some notable bending in 

FTPF at various frequencies are, HCH; 1517.81 cm-1 (PED; 49 and 10), 1504.72 cm-1 (PED; 69), HCO; 

1517.61 cm-1 (PED; 16), 1506.56 cm-1 (PED; 10), HCC; 1383.93 cm-1 (PED; 12), 1329.54 cm-1 (PED; 12), 

HCN; 1395.69 cm-1 (PED; 14). 

3.1.2.2 C-C vibrations 

The C-C single bond stretching vibrations of FTPF occurred within the range 1124- 1390 cm-1, with all 

having relative low PED, a basic property of saturated C-C IR stretches of alkyl groups. Unsaturated C=C 

stretching vibrations occurred at higher frequencies when compared to the saturated vibrations, which 

agrees to the theory that stronger bond exhibits vibration at higher frequencies [53]. Notable C=C 



stretching vibrations are 1623.58 cm-1 (PED; 75), 1617.25 cm-1 (PED; 78), 1585.58 cm-1 (PED; 62). Other 

vibrations involving the C-C bonds are seen in bends of HCC and CCC, and the torsional vibrations 

involving HCCC, HCCH, CCCC, CNCC, etc., all occurring below 1530 cm-1. 

3.1.2.3 C-O vibrations 

Naturally, C=O stretching vibrations occurs around 1600-1800 cm-1, the carbonyl stretching vibrations for 

FTPF occurred at the following frequencies; 1788.50 cm-1 (PED; 80), 1747.15 cm-1 (PED; 85), and 

1623.58 cm-1 (PED; 75). Other vibrations involving C-O bonds are the bending vibrations of HCO; 

1517.61 cm-1 (PED; 16), 1430.09 cm-1 (PED; 10), and 1187.65 cm-1 (PED; 32), COC; 1430.09 cm-1 (PED; 

17), 1040.33 cm-1 (PED; 10), and also some torsional vibrations like; 748.07 cm-1 (PED; 20). 

 

3.1.2.4 C-N vibrations 

The N-H stretching vibrations are absent showing that there is no protonated nitrogen atom in FTPF 

molecule. Also, N-C stretching vibrations that occurred in FTPF are not significant, due to their ignorable 

PED. Notable bending and torsional vibrations involving HCN and CNCC, occurred at 1329.54 cm-1 

(PED; 11) and 165.51 cm-1 (PED; 11), respectively. C-S bond vibrations gave ignorable vibrations; hence 

they are exempted from our discussion. 

 

 

3.1.3 Nuclear Magnetic Resonance (NMR) Spectroscopy 

The chemical shift for the different protons and carbon atoms in FTPF corresponding to their 

level of interaction with external magnetic field or photons of radiofrequency were determine and the 

NMR spectrum plotted (Table 2, and Fig. S2). NMR data are very important especially in the diagnostic 

characterization of the compound [49]. 

 

Table 2. 1H and 13CNMR data for FTPF generated with CAM-B3LYP method at 6-31+G(d,p) basis set. 

H atom Chemical Shift δ 
(ppm) 

 

Atom 
Specification 

C atom Chemical Shift δ 
(ppm) 

 

Atom 
Specification 

H31 0.70 R-CH3 C4 151.07 N-C=O 
H40 1.17 R-CH3 C1 150.68 N-C=O 
H30 1.22 R-CH3 C8 136.48 =C-O 

H29,38,39 &H42 1.31 R-CH3 or R-CH2-R C12 136.18 =C-O 
H34,32 & H43 1.63 R-CH2-R or R3C-H C15 129.42 =C-O 

H35,36 1.73 R-CH2-R C11 129.20 =C-O 
H37 1.80 R-CH2-R C7 125.34 =C-S 



H33 1.87 R-CH2-R C6 124.54 =C-S 
H41 2.69 N-C-C-C-H C2 114.24 S-C=C 
H45 3.89 N-C-H C3 113.76 C=C 
H44 4.02 N-C-H C9 103.55 O-C=C 

H50,47 6.99 C=C-H aromatic C13 102.85 O-C=C 
H48 7.81 C=C-H aromatic C10,14 100.58 O-C=C 
H51 7.88 C=C-H aromatic C 17 39.05 R3CH 

H49,46 8.69 C=C-H aromatic C16 38.81 N-CH2R 
   C20 28.33 R2CH2 
   C21 24.28 R2CH2 
   C18 20.89 R2CH2 
   C22 17.71 R2CH2 
   C19 8.10 RCH3 
   C23 4.23 RCH3 

 

1H-NMR; The protons H29 to H33 exhibited the expected chemical shift within the range 0-2ppm, which 

varies depending on whether each proton is a methyl, methylene or methine in nature, and also the spatial 

stereo-chemical orientation which may project the proton towards or away from an electronegative group.  

These factors determine the de-shielding values of different atoms considering their proximity to 

heteroatoms. Protons from H41-H45 showed chemical shifts within the range 2.5ppm to 4.5ppm due to the 

de-shielding effect of the electronegative Nitrogen. H44 being above the plane and closest to the 

heteroatom is more de-shielded as evident in its chemical shift of 4.02ppm, while H45 with a chemical 

shift lower as it is below the plane and hence relatively protected from the de-shielding effect of the 

electronegative heteroatom Nitrogen. H47 to H51 are all vinylic/aromatic protons of the furan ring, this is 

evident in their chemical shift values (ranging from 6.5ppm to 8.9ppm). They experience further de-

shielded properties when they are localized around the highly electronegative oxygen atoms [50].  

13C NMR; The carbon atoms C2, C3, C6 and C7, as expected for a conjugated π acceptor system were 

observed downfield with chemical shift within the range of 100-130 ppm. C6 and C7 in a single bond each 

with the sulphur atom were also observed downfield at 124.54 ppm and 125.34 ppm, respectively. 

Carbonyl carbons (C1 and C4) of the pyrroledione acceptor system were observed to suffer further de-

shielding effect from the doubly bonded oxygen atom, hence exhibited chemical shifts at 150.68 ppm and 

151.07 ppm, respectively. An extra shift downfield is experience for C8 and C12 because both sp2 carbon 

atoms are directly bonded to a highly electronegative oxygen atom, hence their peaks occurred at 136.48 

ppm and 136.18 ppm, respectively.  Meanwhile, C16 to C23 of the side chain attached to the nitrogen atom 

of the acceptor system as expected, were found to appear below 40 ppm [50]. 

3.1.4 Bond Length, Bond Angle, and Dihedral Angles 



The bond lengths and angles of all interatomic bonds and the dihedral angles in FTPF were 

calculated using the VEDA software. Results from the geometrical property analysis are reported in 

Tables S1, S2 and S3., of the supporting information. From bond length results, C=C bonds round the A 

unit fall within the range 1.4192-1.4762 Å, while those around the D unit ring skeleton are around 

1.3660-1.4347 Å. Saturated C-C bonds along the alkyl backbone have bond lengths approximately 1.5400 

Å, which is longer than the C=C bonds. This same difference is seen between C=O (approx. 1.2210 Å) 

and C-O (approx. 1.3620). Bond length decreases with increasing unsaturation, and unsaturated bonds are 

stronger than the saturated counterparts [55,56]. C-S bonds (approx. 1.7655 Å) are way longer than C-O 

in FTPF, this is due to the large size sulphur atom in comparison with its group counterpart oxygen 

[56,57]. C-H bond lengths of the ethylhexyl group lie about the natural values (approx. 1.09 Å), this is a 

bit longer than the unsaturated C-H (approx. 1.08 Å). All C-N bonds in FTPF have lengths approximately 

equal to 1.4500 Å. 

The bond angles for the linked carbon atoms in the azolide group of the A unit, from the results 

reported in on Table S2., of the supporting information, have an approximate value of 108.3o (i.e. C1-C2-

C3 and C2-C3-C4). Also, the angle suspended by the azolide ring on nitrogen (C1-N5-C4) is 112.38o, while 

an angle of 124.74o (N5-C1-O27) and 124.63o (N5-C4-O26) suspended on the carbonyl carbon atoms of the 

pyrrole-dione acceptor. A notably small bong angle of 92.9o is suspended on Sulphur by the two adjacent 

carbon atoms, this is due to repulsion offered by the valence loan pairs of electron around Sulphur, which 

tends to shrink the bonds together [58]. Some specific bond angle results for the furanyl D units are listed; 

C6-C8-O24 (116.89o), C8-O24-C11 (107.12o), O25-C15-C14 (110.44o), C7-C12-O25 (116.95o), etc.  

The dihedral angles, which shows the angle between two intersecting planes is the clockwise 

angle suspended between two sets of three connected atoms [59]. The calculated dihedral angles of FTPF 

calculated at CAM-B3LYP/6-31+G(d,p) levels are reported in Table S3., of the supporting information. 

3.2 Frontier Molecular Orbital (FMO) Analysis 

FMO analysis is an important approach to the study of potential materials for electronic 

applications, it does not only expose the energies of molecular orbitals, but also explain the distributions 

of these orbitals around the molecular system [22, 23]. For an appreciable knowledge on the electronic 

excitation properties of FTPF, the HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 

diagrams were generated at CAM-B3LYP/6-31+G(d,p) levels to give pictorial explanation of the energy 

band gap (Eg). The electron transition properties are more informative and explicit when more molecular 

orbitals are considered [22, 23]. The FMO maps are visualized in Fig. 3 alongside the energies of the 

studied orbitals. HOMO is distributed mainly around the carbon and oxygen atoms of the donor and 

acceptor units of FTPF monomer, but no significant contribution was recorded from N and S atoms. From 

the lowest unoccupied molecular orbital (LUMO) isosurface, one can infer that LUMO spreads all over 



the donor and acceptor backbone including the S atom in the acceptor unit, but N. Visuals from the plots 

of LUMO+1, LUMO+2 and HOMO-1 show that they are also distributed around the donor and acceptor 

groups, but HOMO-2 is virtually distributed all over the FTPF monomer.  

 

Fig. 3. HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 maps for FTPF Monomer 
generated with CAM-B3LYP method at 6-31+G(d,p) basis set. 

Negative energy terms was obtained for both HOMO and LUMO (-5.7509 eV and -2.3274 eV, 
respectively) using DFT method at CAM-B3LYP/6-31+G(d,p) levels employed; an indication that all 
calculation converged appropriately at this level [21,52,60-62]. The calculated HOMO-LUMO energy 
gap is 3.4256 eV, a relatively small energy gap which shows that FTPF polymer is a good candidate for 
application as opto-electrical component [22,23] in organic electronic devices like OPV cells. In 
extension, HOMO-1/LUMO+1 energy gap (4.7130 eV) calculated is also adequate when considering 
other possible transition energies if the molecule is incident with photons of appropriate energies. The 
computed HOMO and LUMO energies, and Eg of FTPF in gas, hexane, DMF and THF phases are 
reported in Table 3., to afford a comparative discussion. Significant increase in Eg is noticed as we 
introduced organic solvents, which implies that hexane, DMF and THF impedes excitation, and hence the 
optoelectronic properties depreciate in these solvents. The first transition in FTPF occurs with more ease 
than subsequent excitations in gas phase, as can be deduced from the difference in Eg at ground state 



(3.42 eV) and excited state (5.73 eV). Eg difference between ground and excited state are not significant 
in the organic solvated systems. 

 

Table. 3. Frontier Energy Parameters for Ground and Excited states of FTPF calculated with CAM-
B3LYP method at 6-31+G(d,p) basis set. 

Energy 
Parameter 

Gas Hexane DMF THF 

 Ground Excited Ground Excited Ground Excited Ground Excited 
HOMO (eV) -5.75 -6.99 -6.93 -6.92 -6.90 -6.88 -7.02 -6.88 
LUMO (eV) -2.33 -1.26 -1.20 -1.20 -1.19 -1.18 -1.30 -1.18 

Eg (eV) 3.42 5.73 5.73 5.72 5.71 5.70 5.72 5.70 
       

3.3 Density of State (DOS) Analysis 

The Partial DOS, Total DOS and Overlap Partial DOS plots of the DAD system in gas, hexane, 

DMF and THF are presented in Fig. 4 to afford a comparative study of its behaviour in various solvents. 

For TDOS, FTPF was split into fragments; the two furanyl donors, pyrroledione acceptor and the 

ethylhexyl moiety. The contributions of atoms of the furanyl donor compound to TDOS is represented 

with red curve, pyrroledione acceptor with blue, and the ethylhexyl group with pink curve. The position 

of HOMO of the molecule under study is represented by the vertical dashed line on the graph, while the 

polarity of OPDOS of FTPF D-A-D system at any position on the graph indicates its bonding behaviour 

at that position [63].  

 



Fig. 4. DOS, TDOS and OPDOS plots for FTPF Monomer in Gas, Hexane, DMF and THF generated 
with CAM-B3LYP method at 6-31+G(d,p) basis set. 

As can be visualized, the graph showed that the OPDOS of FTPF in DMF, gas, hexane and THF 

exhibited negative values at their respective HOMO positions. A negative OPDOS values represents an 

anti-bonding character for the molecular orbitals (MOs), but a positive OPDOS value indicates bonding 

character. Thus, they all show anti-bonding character at the HOMO. The furanyl donor showed maximum 

effect at energy position of 2.23 eV in all solvents indicating that the donor has its highest MO 

contribution at this position, also an appreciable contribution from ethylhexyl group occurred at energy 

range of 2.23 - 4.90 eV. DOS plots of FTPF monomer in gas and all solvents considered are equivalent, 

which is an indication that DOS, TDOS and OPDOS of our studied monomer are independent of solvent. 

3.4 Scanning Tunneling Microscopy (STM) 

To further study this FTPF system, we conducted simulations for the scanning tunneling 

microscopy (STM) which helps study the structural pattern in a chemical system. STM is directly 

proportional to electronic distribution in a system and its maps give full information about the flow of 

tunneling current (I) around atoms in a molecule [63, 64]. STM plots for FTPF was done in gas, hexane, 

DMF and THF, in order to investigate the effect of solvent on the tunneling current around the D-A-D 

molecule. 



 

Fig. 5. STM maps for FTPF Monomer in Gas, Hexane, DMF and THF generated with CAM-
B3LYP method at 6-31+G(d,p) basis set. 

The tunneling current is equivalent to local density of state (LDOS). An indication of a high 

LDOS within a region, in a molecule, is interpreted as a strong tunneling current within that region. As 

can be visualised in Fig. 5., the pyrroledione acceptor and the furanyl donor showed strong tunnelling 

current around their C backbone and S atom for all solvents, observable from the bright blue colouration 

with contour lines around these regions. The oxygen (O) heteroatom of the furanyl donor is also observed 

to be of significant electron density and LDOS which indicates an appreciable tunneling current (I). Mild 

colouration on both C-H bonds of the furanyl donors indicates the electronic distribution around these 

regions. It is worthy to note that change in solvents had no effect on the STM map of FTPF, as can be 

seen from the maps for gas, hexane, DMF and THF, in Fig. 5.  

 

 



3.5 Molecular Electrostatic Potential (MEP) Analysis  

The electrostatic potential plot comprises a mixture of colours that ranges from blue, red to green. 

The zones with negative potentials, i.e. high electron densities are transcribed as red with negative values 

for isosurfaces; while the electron deficient zones are blueish (positive isosurface values are recorded for 

such surfaces) [63,65]. From the plotted MEP map showing four planar view directions of FTPF in gas 

visualized in Fig. 6., it is visible that the high electron densities are concentrated around the very 

electronegative atoms in both D and A fragment of the monomer; D (oxygen) and A (oxygen, nitrogen 

and sulphur) and also around the conjugated carbon backbone, which implies that high electron densities 

are distributed along these paths. The isosurface values of the electronegative atoms in the compound 

decreases in this order: O >S>N. This implies that the electronic dependent activities of FTPF are 

expected along the D-A-D linked fragments, such properties like electron and hole excitations, energy gap 

reduction, and other optical properties will optimize as monomers polymerizes to form elongated 

conjugated backbone [66,67]. 

 

Fig. 6. MEP maps for FTPF Monomer in Gas (four viewing directions), generated with CAM-
B3LYP method at 6-31+G(d,p) basis set. 



In the simulated ESP map, the yellowish-red region shows the transition from a low electron density 

region to a high electron density region (red) [63]. Such distributions are visible around the non-polar 

ethylhexyl group on the A unit. Reactivity, polar properties, electronic transitions and its accompanied 

properties are not expected around these regions [63,65].   

3.6 Atomic Dipole Corrected Hirshfield (ADCH) Atomic Charge Properties 

We further studied the distribution of charges around FTPF monomer by conducting ADCH 

population analysis, so as to provide appropriate and corrected Hirshfield charge distribution than the one 

initially employed by Tanaka & Chujo [68]. ADCH approach is a more improved method in the 

determination of the activity sites within a molecule as a dependent property of electron density 

distribution obtainable from DFT studies [52]. The ADCH and Hirshfield results for all atomic elements 

in FTPF monomer in gas, hexane, DMF and THF solvent systems, calculated with CAM-B3LYP method 

at 6-31+G(d,p) basis level are presented on Table 4.   

Table 4. Results from ADCH Atomic Charge Analysis for FTPF Monomer in Gas, Hexane, DMF and 
THF calculated with CAM-B3LYP method at 6-31+G(d,p) basis set. 

 Gas Hexane DMF THF 
Atoms ADCH Hirshfield ADCH Hirshfield ADCH Hirshfield ADCH Hirshfield 
C1 0.4488 0.1860 0.4586 0.1873 0.4667 0.1907 0.4660 0.1896 
C2 -0.1281 -0.0462 -0.1275 -0.0456 -0.1235 -0.0430 -0.1251 -0.0440 
C3 -0.0808 -0.0462 -0.0752 -0.0456 -0.0575 -0.0429 -0.0633 -0.0438 
C4 0.2614 0.1853 0.2654 0.1868 0.2789 0.1908 0.2709 0.0189 
N5 -0.0040 -0.0341 -0.0005 -0.0327 0.0053 -0.0291 0.0035 -0.0302 
C6 0.0101 -0.0004 0.0086 -0.0006 0.0038 -0.0018 0.0053 -0.0014 
C7 0.0028 -0.0005 0.0005 -0.0007 -0.0036 -0.0017 -0.0030 -00014 
C8 0.0537 0.0491 0.0543 0.0468 0.0565 0.0423 0.0560 0.0436 
C9 -0.1108 -0.5486 -0.1153 -0.0568 -0.1271 -0.0618 -0.1235 -0.0602 
C10 -0.1548 -0.0699 -0.1569 0.0705 -0.1619 -0.0725 -0.1604 -0.0719 
C11 -0.0452 0.0309 -0.0455 0.0321 -0.0458 0.0344 -0.0458 0.0338 
C12 0.0602 0.0490 0.0646 0.0468 0.0763 0.0424 0.0736 0.0436 
C13 -0.1121 -0.0550 -0.1174 -0.0568 -0.1325 -0.0619 -0.1280 -0.0603 
C14 -0.1552 -0.0699 -0.1578 -0.0706 -0.1644 -0.0725 -0.1625 -0.0719 
C15 -0.0455 0.0309 -0.0467 0.0320 -0.0491 0.0343 -0.0485 0.0337 
C16 -0.1122 0.0042 -0.1125 0.0049 -0.1117 0.0066 -0.1121 0.0061 
C17 -0.0650 -0.0125 -0.0641 -0.0119 -0.0607 -0.0101 -0.0620 -0.0107 
C18 -0.1480 -0.0541 -0.1471 -0.0541 -0.1454 -0.0543 -0.1460 -0.0906 
C19 -0.2411 -0.0882 -0.2426 -0.0892 -0.2455 -0.0911 -0.2447 -0.0552 
C20 -0.1543 -0.0552 -0.1540 -0.0552 -0.1538 -0.0553 -0.1538 -0.0488 
C21 -0.1379 -0.0480 -0.1378 -0.0481 -0.1381 -0.0482 -0.1379 -0.0474 
C22 -0.1439 -0.0461 -0.1444 -0.0466 -0.1460 -0.0478 -0.1455 -0.0916 
C23 -0.2532 -0.0887 -0.2549 -0.0899 -0.2582 -0.0922 -0.2573 -0.0941 
O24 -0.1274 -0.0896 -0.1298 -0.0915 -0.1329 -0.0949 -0.1322 -0.0941 
O25 -0.1268 -0.0896 -0.1293 -0.0916 -0.1321 -0.0950 -0.1316 -0.0940 
O26 -0.3470 -0.2557 -0.3577 -0.2608 -0.3749 -0.2692 -0.3704 -0.2669 



O27 -0.4425 -0.2536 -0.4559 -0.2587 -0.4720 -0.2673 -0.4687 -0.2650 
S28 0.0855 0.1087 0.0745 0.1036 0.0491 0.0932 0.0566 0.0962 
H29 0.0823 0.0289 0.0823 0.0289 0.0803 0.0280 0.0812 0.0283 
H30 0.0877 0.0295 0.0876 0.0229 0.0869 0.0297 0.0872 0.0297 
H31 0.0781 0.0268 0.0788 0.0271 0.0818 0.0283 0.0806 0.0279 
H32 0.0771 0.0262 0.0770 0.0263 0.0756 0.0257 0.0763 0.0267 
H33 0.0777 0.0262 0.0782 0.0264 0.0799 0.0272 0.0793 0.0268 
H34 0.0743 0.0253 0.0756 0.0260 0.0786 0.0278 0.0776 0.0273 
H35 0.0758 0.0252 0.0768 0.0258 0.0789 0.0271 0.0782 0.0268 
H36 0.0589 0.0195 0.0589 0.0198 0.0592 0.0206 0.0591 0.0203 
H37 0.0701 0.0243 0.0681 0.0239 0.0632 0.0210 0.0648 0.0218 
H38 0.0914 0.0303 0.0909 0.0303 0.0879 0.0295 0.0891 0.0299 
H39 0.0743 0.0259 0.0754 0.0264 0.0787 0.2781 0.0776 0.0277 
H40 0.0799 0.0266 0.0805 0.0271 0.0820 0.0281 0.0816 0.0277 
H41 0.0675 0.0210 0.0643 0.0192 0.0572 0.0154 0.0593 0.0165 
H42 0.0714 0.0241 0.0720 0.0246 0.0727 0.0254 0.0726 0.0252 
H43 0.0808 0.0293 0.0839 0.0312 0.0904 0.0352 0.0885 0.0340 
H44 0.0978 0.0395 0.0998 0.0407 0.1036 0.0429 0.1025 0.0423 
H45 0.0949 0.0386 0.0967 0.0397 0.1004 0.0417 0.0993 0.0411 
H46 0.1235 0.0503 0.1220 0.0496 0.1194 0.0484 0.1201 0.0487 
H47 0.1545 0.0575 0.1611 0.0618 0.1728 0.0692 0.1696 0.0673 
H48 0.1551 0.0659 0.1634 0.0713 0.1783 0.0811 0.1743 0.0784 
H49 0.1311 0.0504 0.1299 0.0496 0.1278 0.0484 0.1284 0.0487 
H50 0.1545 0.0576 0.1611 0.0618 0.1728 0.0692 0.1696 0.0672 
H51 0.1552 0.0660 0.1634 0.0713 0.1784 0.0812 0.1743 0.0785 
 

Atoms with high negative ADCH charges are highly susceptible to electrophilic substitution. The 

carbonyl oxygen atoms on the pyrroledione acceptor showed highest tendencies as electrophilic 

substitution sites of reaction, this is inferred from the high negative ADCH values; O26 (-0.3470) and O27 

(-0.4425) in gas, O26 (-0.3577) and O27 (-0.4559) in hexane, O26 (-0.3749) and O27 (-0.4720) in DMF and 

O26 (-0.3704) and O27 (-0.4687) in THF. Also, the carbon of the terminal methyl groups of ethylhexyl 

moiety of FTPF are observed to be the good sites for electrophilic substitution, owing to their relatively 

high negative ADCH outputs; C19 (-0.2411) and C23 (-0.2532) in gas, C19 (-0.2426) and C23 (-0.2549) in 

hexane, C19 (-0.2455) and C23 (-0.2582) in DMF and C19 (-0.2447) and C23 (-0.2573) in THF. The 

pyrroledione acceptor Sulphur atom exhibited positive ADCH (0.0855) in gas, showing that it is a 

nucleophilic reaction site. 

Considering the effect of solvent on the ADCH charge distribution, from results in Table 4, one 

can see that no significant change was observed for change in solvent from gas, hexane, DMF to THF, 

and all inferences obey the electrophilic and nucleophilic activities on the various atoms of FTPF 

monomer. It is important to note that DMF gave the highest shift from results obtained in no solvent 

(gas). Also, it is visible that the magnitude of ADCH values for both positive and negative charges of 



different atoms are higher than the Hirshfield charges, which are more adequate in determination and 

explanation of charge moment distributions [52].  

 
3.7 Vertical Excitation Studies using Hole-Electron Analysis  

 In order to understand the types and nature of the first five excitations (S0 → S1, S0 → S2, S0 → S3, S0 → 

S4 and S0 → S5) [23], the hole-electron excitation properties of FTPF was studied in gas and DMF. The 

choice of solvent (DMF) for this analysis was influenced by the results obtained from other analysis that 

considered the effects of hexane, DMF and THF on the properties of our studied D-A-D molecule. DMF; 

an aprotic polar solvent offered the highest deviation to the properties of FTPF from its isolated form than 

every other solvent. Various exciton indices were calculated via a single point TD-SCF CAM-B3LYP/6-

31+G (d,p) calculations. Various hole and electron isosurfaces were also plotted, alongside heat map 

distributions of fragments for direct visualization analyses [23].  

 

3.7.1 Hole-Electron excitations 

For this study, quantitative excitation determinant indices (Sr, D, H, t, hole delocalization and 

electron delocalization) were generated using Multiwfn programme [46]. For molecular orbitals, the net 

configuration coefficients equal 1. This implies that ʃρhole (r)dr and ʃρele (r)dr are both equal to 1. All hole 

and electron distribution should satisfy this situation [48]. Computationally, all the considered indices 

were determined by employing equations 1-9 [48]. One can interpret if an excitation is a localized 

excitation (LE), charge transfer (CT) or a Rydberg type depending on the values of various indices 

studied. Also, maps of hole and electron, centroids of hole and electron, Sr and charge density difference 

(CCD) shows the positions of excitation around the molecule under consideration [22,23]. Results from 

the hole-electron excitation studies of FTPF monomer in gas and DMF are reported in Table 5., while the 

plotted excitation isosurfaces are provided in Fig. 7. 



 

Fig. 7. Isosurface maps of Hole and Electron, Centroids of Hole and Electron, Sr and CDD of 
FTPF generated with TD-SCF CAM-B3LYP method at 6-31+G(d,p) basis set. 

Sr is a function used to measure the overlap between hole and electron densities, it quantifies the spatial 

presence of hole and electron [48]. Sr is an important parameter for defining the excitation types from 

hole-electron interaction, in conjunction with other indices. The D index defines the total magnitude of 

CT length, it is equal to the distance between the hole and electron centroids (Chole and Cele) [48]. H index 

is an overall estimation of the average extent of spatial extension of hole and electron distribution in all 

coordinates. The assignment of the breath of distribution of hole and electron during an excitation process 

is defined by H index [48]. The measure of hole and electron separation degree in charge transfer 

dimension is connoted in t index value. For t<0, hole and electron separation is not large due to charge 

transfer, while when t>0, one can say there exist a substantial separation between hole and electron. The 

magnitude of t index can be transformed to the extent of separation between hole and electron for the 

particular excitation. The spatial distribution of hole and electron at excited state are defined by the HDI 

and EDI respectively. The values of HDI and EDI is a signal for whether the excitation is highly localized 

(high HDI and EDI) or delocalized (low HDI and EDI) [48].  

 



Table 5. Results from the Hole-Electron Excitation studies of FTPF in gas and DMF calculated 
with TD-SCF CAM-B3LYP method at 6-31+G(d,p) basis set. 

 D (Å) Sr (a.u) H (Å) t (Å) Ecoul (eV) HDI EDI 
S0 → S1        
Gas 0.03 0.74 3.33 -2.61 4.36 6.11 6.40 
DMF 0.11 0.77 3.35 -1.99 4.51 6.17 6.46 
S0 → S2        
Gas 1.68 0.68 3.15 0.10 4.12 6.00 8.30 
DMF 1.76 0.67 3.16 0.22 4.05 6.05 8.30 
S0 → S3        
Gas 1.45 0.44 2.64 0.01 4.27 15.89 7.46 
DMF 1.38 0.45 2.67 -0.09 4.12 15.03 7.40 
S0 → S4        
Gas 0.47 0.49 2.86 -1.45 4.33 8.65 8.08 
DMF 0.44 0.50 2.88 -1.47 4.38 8.38 8.14 
S0 → S5        
Gas 1.69 0.41 2.83 0.02 3.32 12.18 6.10 
DMF 0.07 0.62 3.57 -1.81 3.76 6.29 6.21 
 

3.7.1.1 First Excitation (S0→S1); S0→S1 exhibited the least value of D index (0.03 Å and 0.11 Å in gas 

and DMF, respectively), which is tentatively indicative of a localized or Rydberg excitation. Sr index 

(0.74 a.u. in gas and 0.77 a.u. in DMF) of S0→S1 is the highest in the group, an π→π* excitation is 

perceived. A localized π→π* charge transfer is inferable when D, Sr and t (-2.61 Å in gas and -1.99 Å in 

DMF) are considered. A high negative t index value is indicative of low CT between hole and electron, 

this is supported by the HDI (6.11 and 6.17 in gas and DMF, respectively) and EDI (6.40 and 6.46 in gas 

and DMF, respectively) values, which are very low, showing delocalization. From Fig. 7., the hole and 

electron of FTPF in both gas and DMF are conspicuously located around the D-A-D moiety, with the 

holes occupying the fused heteroatoms (Oxygen and Sulphur), while the electron (blue lobes) are 

distributed along the rings. One can conclude that S0→S1 is a delocalized π→π* excitation originating 

from the unsaturated carbon atoms linked with fused oxygen of the furanyl donor and Sulphur of the 

pyrroledione acceptor along the conjugated system.    

3.7.1.2 Second Excitation (S0→S2); From D index values in Table 5., Relatively high values are 

recorded for S0→S2 (1.68 Å in gas and 1.76 Å in DMF), one can propose a charge transfer for such. But, 

these values are lower than those classified as CT by Louis et. al. [21-23], hence other indices are to be 

considered before assignment. t index values of (0.10 Å and 0.22 Å in gas and DMF, respectively) for the 

second excitation (S0→S2) is greater than zero (0), showing that the separation of hole from electron is not 

low, hence not a charge transfer. Also, from the Sr index (0.68 a.u. in 0.67 a.u. in gas and DMF, 

respectively), which is relatively high indicates that S0→S2 is a π→π* transition. S0→S2 is confirmed to be 



a delocalized π→π* transition. The relatively low HDI (6.00 and 6.05 in gas and DMF) and EDI (8.30 in 

both gas and DMF) values suggests a delocalized excitation system. Complementing this information 

with the visualized hole and electron isosurface for S0→S2 in Fig. 7., where the blue (hole) and green 

(electron) lobes are spread around both donors and acceptor, this is as a result of π→π* transitions along 

the conjugated furanyl-pyrroledione-furanyl ring backbone. 

3.7.1.3 Third Excitation (S0→S3); the third excitation exhibits a D index value of 1.45 Å in gas and 1.38 

in DMF, this is very close to the values obtained for S0→S2; a tentative charge transfer. FTPF exhibited a 

relatively low Sr index value (0.44 a.u. and 0.45 a.u. in gas and DMF) for S0→S3, showing a possible 

n→π*. From t index values (0.10 Å and -0.09 in gas and DMF, respectively) obtained, S0→S3 is proposed 

to be a localized or Rydberg excitation in gas, but charge transfer in DMF. Here, the effect of DMF on the 

hole-electron overlap is significant. The local status of S0→S3 is confirmed from the high HDI (15.89 and 

15.03 in gas and DMF, respectively) value. By visualizing the hole and electron isosurfaces, it is evident 

that the hole and electrons are distributed around the carbonyl On the azolide portion of the acceptor. 

S0→S3 originates from the lone pairs of electrons of the carbonyl oxygen atoms. 

3.7.1.4 Fourth Excitation (S0→S4); From the relatively low D (0.47 Å in gas and 0.44 Å in DMF) and Sr 

(0.49 a.u. in gas and 0.50 a.u. in DMF) suggest a localized n→π* excitation for S0→S4. Negative t index 

values; -1.45 and -1.47 in gas and DMF, respectively supports the fat that the transition is localized (the 

separation between hole and electron is minimal). Also, average HDI (8.65 and 8.38 in gas and DMF) and 

EDI (8.08 and 8.14 in gas and DMF) validates a local excitation (LE) of n→π* characterized to originate 

from heteroatoms (carbonyl oxygen) of the pyrroledione A unit. It is visible from Fig. 7., that during 

excitation, the hole is domiciled on the carbonyl oxygen, while electron extends locally around the A unit. 

Sr isosurfaces shows the overlap of hole and electron on the acceptor group, which confirms the 

localization of S0→S4 excitation. 

3.7.1.5 Fifth Excitation (S0→S5); D index of the fifth excitation is relatively high; 1.69 Å in gas, but 

extremely reduced in DMF (0.07 Å), this is where the effect of change in solvent is highest. The t index is 

also bipolar in gas and DMF, excitation is proposed to be local or Rydberg in gas (t=0.02), but CT in 

DMF (t=-1.81), another major shift. From Sr values, one can propose an n→π* transition for S0→S5 in 

gas, and π→π* in DMF. Also, observing the hole and electron isosurface on Fig. 7., where the hole and 

electron of S0→S5 excitation is localized on the acceptor unit in gas, but extends all over both acceptor 

and two donor units in DMF. HDI and EDI values (12.18 and 6.10, respectively in gas) supports a 

localized system, but this pair reduced for DMF, hence a delocalized transition is proposed. 



The effect of DMF solvent is seen for S0→S3 and S0→S5, which a greater twist of the type of 

excitation transition in S0→S5 (where an n→π* changed to π→π* due to the change from gas to DMF 

solvent). The various studied excitations are summarized in Table 6., for easy correlation and 

visualization, their behaviour in the two systems are presented. 

Table 6. Summary of the difference kinds and locations of Excitation of FTPF in gas and DMF from 
Hole-Electron Excitation studies with TD-SCF CAM-B3LYP method at 6-31+G(d,p) basis set. 

Excitations Excitation Type 
 Gas DMF 
S0→S1 Delocalized π→π* Rydberg excitation 

originating from C=C π bonds of D-A-D 
system. 

Same. 

S0→S2 A π→π* LE extended over the D-A-D 
backbone. 

Same. 

S0→S3 A localized n→π* transition around the 
carbonyl on the azolide moiety of A unit.  

An n→π* CT originating from the 
lone pairs of carbonyl oxygen. 

S0→S4 An n→π* LE originating from the carbonyl 
oxygen atoms of the A unit.  

Same. 

S0→S5 An n→π* LE on the A unit (equivalent to 
S0→S4)  

Delocalized π→π* extended over the 
D-A-D backbone. 

 

3.7.2 Heat Maps Analysis 

In order to further expose the major character of our studied D-A-D monomer, the contributions 

of the different fragments to hole and electron were plotted in the form of heat maps [23]. From heat 

maps, we can understand the source fragment of the excited electrons and their location after excitation, 

this gives more meaning to the results from hole and electron indices discussed in section 3.7.3. in order 

to plot the heat map of 5-(2-ethylhexyl)-1,3-di (furan-2-yl)-4H-thieno [3,4-c]pyrrole-4,6(5H)-dione, the 

molecule was split into three (3) fragments; Frag 1 is the two furanyl donors units, frag 2 is the 

pyrroledione acceptor unit and frag 3 is the ethylhexyl group. The plotted heat maps for FTPF monomer 

in gas and DMF is presented in Fig. 8. 



 

Fig. 8. Plotted heat maps of FTPF in gas and DMF generated with TD-SCF CAM-B3LYP 
method at 6-31+G(d,p) basis set. 

For S0→S1, 59.80 % and 40.00 % of holes are domiciled on fragment 1 (two furanyl donors) and fragment 

2 (pyrroledione acceptor) during excitation in gas phase, showing that before excitation, a high percentage 

of the subsequently excited electrons were concentrated on the donor (59.8 %) groups and some (40.00 

%) around the acceptor. After excitation, a high volume of electrons is now domiciled on the acceptor 

(60.45 %), while 39.26 % is now located on the donor groups. Overlap of hole and electrons significantly 

occurred on both the D (48.45 %) and A groups (49.17 %), because both shared appreciable amount of 

hole and electron during S0→S1 excitation. It is conspicuous that S0→S1excitation in DMF share same 

heat map properties as in gas phase. 

Before S0→S1 excitation in gas phase, the excited electrons were concentrated on the donor 

groups, with few on the acceptor. It is evident from Fig. 8., that majority of these electrons moved to the 

acceptor (85.17 %) during excitation, S0→S2 is a perfect D-A excitation interaction of a conjugated 

system, were electrons are transferred from the donor to acceptor. Although, for S0→S2 excitation in 

DMF, the excitation electrons were domiciled on the acceptor group (38.80 %) before excitation, this 

quantity of electrons on the acceptor increased after the excitation process to 85.59 %. The hole and 

electron overlap on pyrroledione acceptor are approximately 58 % for S0→S2. It is important to note that 

fragment 3 (ethylhexyl group) had no significant contribution to hole and electron for all studied 

excitations in gas phase and DMF.     

The excited electrons were located on the acceptor before S0→S3 excitation in both DMF (93.68 

%) and gas (95.68 %) phase, these electrons are insignificantly lost to the donors during excitation, 

leaving a high concentration of electron on the acceptor in both phases. This assured that a high overlap 

of hole and electron is located on the acceptor for S0→S3 excitation in both gas (88.51 %) and DMF 

(88.91 %) phases. 



The acceptor unit exhibited the highest contributions to hole, electron, and hole-electron overlap 

for S0→S4 in both phases as in S0→S3, the hole concentration on the acceptor (hence the concentration of 

electron before excitation) is 71.04 % and 69.30 % in gas and DMF, respectively. This electron density 

improved during S0→S4 excitation to 85.83 % (gas) and 86.16 % (DMF), while hole-electron overlap is 

valued at 78.08 % (gas) and 77.27 % (DMF) on the acceptor group. One can conclude that S0→S3 and 

S0→S4 are basically excitations around the pyrroledione acceptor group. 

A major difference is observed in the S0→S5 excitation of FTPF in gas and DMF phases, which 

correlates with the results from hole and electron indices results in Fig. 4. In gas phase; hole (89.12 %), 

electron (79.27 %) and hole-electron overlap (84.05 %) are all domiciled on the acceptor, like in S0→S3 

and S0→S4 excitations, hence same inference can be drawn. In DMF, the hole is highly concentrated on 

the donor (75.23 %), while the electrons are mostly located on the acceptor after S0→S5 excitation. A 

better overlap of hole-electron is located on the donor (54.14 %) during excitation, than around the 

acceptor (35.07 %). It is important to note that before the excitations in FTPF, the excitation electrons 

were domiciled on the two furanyl donors, this electron density shifted to the acceptor after the first 

(S0→S1) excitation. Other excitations virtually involved the transition of electrons within the acceptor 

moiety, but the S0→S5 in DMF, where the excitation electrons originated from the donor group like in 

S0→S1.  From the visualized heat maps in Fig. 8., the colour distribution on heat map for S0→S1, S0→S3 

and S0→S4 in gas and DMF are respectively equivalent, which suggest a possible equivalent domicile for 

hole and electron. 

 

3.8 Photovoltaic Properties 

The open circuit voltage (𝑉𝑂𝐶) is defined as the energy difference between the redox potential of the 

electrolyte’s redox couple (𝐼− 𝐼3−⁄ ) and the quasi-Fermi level of the semiconductor’s conduction band (𝑇𝑖𝑂2). It is mathematically represented as: 

  𝑉𝑂𝐶 = 𝐸𝐶𝐵+∆𝐶𝐵𝑞 + 𝑘𝑇𝑞 𝐼𝑛 ( 𝑛𝑐𝑁𝐶𝐵) − 𝐸𝑅𝑒𝑑𝑜𝑥𝑞      (11) 

Where, 𝐸𝐶𝐵 is the conduction band edge of 𝑇𝑖𝑂2, q is the unit charge, T is the absolute temperature, k is 

the Boltzmann constant, 𝑛𝑐 is the number of electrons in the conduction band, 𝑁𝐶𝐵 is the density of 

accessible states in  the conduction band and 𝐸𝑟𝑒𝑑𝑜𝑥 is the redox potential of the electrolyte. ∆CB is the 

shift of CB when the dyes are adsorbed [69,70]. It is mathematically represented as: 

  ∆𝐶𝐵 = 𝑞𝜇𝑛𝑜𝑟𝑚𝑎𝑙𝛾𝜀0𝜀         (12) 



Where 𝜇𝑛𝑜𝑟𝑚𝑎𝑙 is the dipole moment of the individual dye molecule perpendicular to the surface of 𝑇𝑖𝑂2, 

and 𝛾 is the dye surface concentration, 𝜀0 and 𝜀 are the vacuum permittivity and dielectric permittivity, 

respectively. The value of 𝑉𝑂𝐶 can also be approximately obtained from the difference between 𝐸𝐿𝑈𝑀𝑂 

and 𝐸𝐶𝐵. It is used for this purpose because the studied monomer system is singly not in the adsorbed 

state on 𝑇𝑖𝑂2[70].  𝐽𝑠𝑐 can be mathematically expressed as:             𝐽𝑆𝐶=∫ 𝐿𝐻𝐸(𝜆)𝜙𝑖𝑛𝑗𝑒𝑐𝑡 𝜂𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑑𝜆                       (13) 

LHE (𝜆) is the light harvesting efficiency at maximum wavelength, 𝜙𝑖𝑛𝑗𝑒𝑐𝑡 is the electron injection 

efficiency, and 𝜂𝑐𝑜𝑙𝑙𝑒𝑐𝑡 is the charge collection efficiency. To obtain a high 𝐽𝑆𝐶, LHE and 𝜙𝑖𝑛𝑗𝑒𝑐𝑡 should 

be as high as possible. The LHE can be mathematically expressed as:                                  𝐿𝐻𝐸 = 1 − 10−𝑓            (14) 

Where f is the oscillator strength of the dye corresponding to 𝜆𝑚𝑎𝑥, 𝜙𝑖𝑛𝑗𝑒𝑐𝑡 is related to the 

thermodynamic driving force ∆𝐺𝑖𝑛𝑗𝑒𝑐𝑡 of electron injection from the excited states of dye to conductive 

band 𝑇𝑖𝑂2 ∆𝐺𝑖𝑛𝑗𝑒𝑐𝑡 (The free energy difference for electron injection) is mathematically represented as: 

                                    ∆𝐺𝑖𝑛𝑗𝑒𝑐𝑡 = 𝐸𝑑𝑦𝑒∗ − 𝐸𝐶𝐵𝑇𝑖𝑂2 ≈ 𝐸𝑑𝑦𝑒 + ∆𝐸 − 𝐸𝐶𝐵𝑇𝑖𝑂2         (15) 

Where 𝐸𝑑𝑦𝑒∗ is the redox potential of the oxidized dye at excited state. 𝐸𝑑𝑦𝑒 is the redox potential of the 

oxidized dye at ground state and ∆𝐸 is the lowest vertical excitation energy. 𝐸𝐶𝐵𝑇𝑖𝑂2 is the energy of the 

conductive band edge of 𝑇𝑖𝑂2 [69-72]. ∆𝐺𝑟𝑒𝑔 (The driving force for dye regeneration) is mathematically represented as: ∆𝐺𝑟𝑒𝑔 = 𝜇(𝐼− 𝐼3−⁄ ) − 𝐸𝑑𝑦𝑒          (16) 

A value of ∆𝐺𝑟𝑒𝑔 greater than 0.2 eV for an oxidized dye could be the efficient electron injection.   

To determine the value of Jsc and the overall potential conversion efficiency (µ), the calculated values of 

open circuit voltage (Voc), the oscillator strength f, Light harvesting efficiency (LHE), λmax, the force 

energy difference for electron injection (△Ging), the driving forces of regeneration(△Greg) were calculated 

in Gas, Hexane, DMF, and THF phases as presented in the Table 7., it is worthy to note that a conjugated 

system with little energy band gap is beneficial to a red- shifted absorption spectrum and give rise to more 



electrons corresponding to an increase in nc and thus,  increase the efficiency of Voc. In this study, it was 

observed that in all the solvent, △Ginj is greater than 0.2 eV and therefore, FTPF monomer in the four 

phases provide efficient electron injection. However, △Ginj
 values for DMF and THF are larger than in 

other phases, this implies that both solvents ensure provision of highest electron injection in FTPF 

monomer system. It is also observed that the △Greg is greater than 0.4 in all the phases and at all the 

excitation hence; an implication that DMF and THF have more effect on △Greg compared to the other 

studied solvents. Results in Table 7., shows that among the studied phases, the highest f value comes 

from DMF and THF in the vertical excitation which could be accounted on the basis of solvent polarity. 

Also its was observed that the LHE varies in different phases and show greater stability in the first and 

second excitation state for both phases. The highest values of Voc were obtained in Hexane and DMF.  

Table 7. Photovoltaic Properties, oscillator strength, and   excitation energies of FTPF in Gas, Hexane, 
DMF and THF phases calculated at TD-SCF/B3LYP/6-31+G(d,p) 

Phases  Excitation  LHE/eV △Ginj/eV f E/eV  Jsc Voc △Greg △Gcr 
Gas So→S1 0.78 2.74 0.66 3.48 2.14 1.67 2.47 4.92 
Hexane  So→S1 0.84 2.80 0.79 3.35 2.35 2.80 3.40 6.05 
DMF So→S1 0.84 2.82 0.81 3.32 2.37 2.81 3.61 6.06 
THF So→S1 0.84 2.82 0.80 3.34 2.37 2.70 3.50 5.95 
          
Gas So→S2 0.39 2.74 0.21 3.71 1.07 1.67 2.77 4.92 
Hexane  So→S2 0.46 2.80 3.62 0.27 1.29 2.80 3.40 6.05 
DMF So→S2 0.47 2.82 0.27 3.60 1.32 2.81 3.61 1.32 
THF So→S2 0.47 2.80 0.27 3.61 1.33  2.70 3.50 2.82 
          
Gas So→S3 0.00 2.74 0.00    4.46 0.00 1.67 2.47 4.92 
Hexane So→S3 0.00 2.80 4.47 0.00 0.00 2.80 3.40 6.05 
DMF So→S3 0.00 2.82 0.01 4.53 0.00 2.81 3.61 6.06 
THF So→S3 0.00 2.82 0.00 4.50 0.00 2.70 3.50 5.95 
          
Gas So→S4 0.02 2.82 0.01 4.60 0.04 1.67 2.47 4.92 
Hexane So→S4 0.02 2.80 0.01 4.57 0.06 2.80 3.40 6.05 
DMF So→S4 0.03 2.82 0.01 4.50 0.08 2.81 3.61 6.06 
THF So→S4 0.03 2.82 0.01 4.53 0.08 2.70 3.50 5.95 
          
Gas So→S5 0.00 2.74 0.00 4.77 0.00 1.67 2.47 4.92 
Hexane So→S5 0.00 2.80 0.00 4.57 0.00 2.80 3.40 6.05 
DMF So→S5 0.30 2.82 0.16 4.77 0.85 2.81 3.61 6.06 
THF So→S5 0.42 2.82 0.15 4.78 1.18 2.70 3.50 5.95 

 

 

 



3.9 Natural Bonding Orbital (NBO) Analysis 

The major stabilization energies of FTPF monomer was analyzed using natural bonding orbital analysis. 

NBO studies afford us with the nature of donor and virtual acceptor orbitals, the interaction between them 

and their occupancies. These interactions exist through the delocalization of mobile electrons from 

occupied Lewis orbitals to vacant (virtual) non-Lewis molecular orbitals to improve the presence of 

electrons, hence the occupancies [22, 73-74]. The magnitude of the interactions between molecular 

orbitals contributes fractionally to the overall stability of the molecule. Various donors and acceptor 

orbitals interactions were considered in this study, with respect to their energy (E2) contribution. Results 

for the second order perturbation energies of the donor molecular orbitals and virtual acceptor orbitals 

from NBO analysis are published in Table 8. 

Table 8. Second Order Perturbation Energies of FTPF from NBO Analysis generated with B3LYP 
method at 6-31+G(d,p) basis set. 

Donor Occupancy Acceptor Occupancy E2 
(kcal/mol) 

E(J)-E(i) 
(a.u) 

F(j.i) 
(a.u) 

πC1 - O27 1.97400 σ*C22 - H32 0.01468 201.89 0.10 0.126 
  σ*C23 – H29 0.00772 21.64 2.25 0.198 

πC2 – C6 1.76312 π*C1 – O27 0.29135 18.44 0.29 0.066 
σC3 – C4 1.96992 σ*C22 – H32 0.01468 68.54 0.41 0.149 

  π*C23 – H29 0.00772 24.79 2.56 0.226 
πC3 – C7 1.76325 π*C2 – C6 0.39324 16.30 0.29 0.064 

  π*C4 – O26 0.29001 18.44 0.29 0.066 
  π*C12 – C13 0.32255 13.42 0.31 0.059 

σN5 – C16 1.98638 σ*C22 – H32 0.01468 12.04 0.44 0.065 
πC8 – C9  π*C2 – C6 0.39324 17.05 0.28 0.064 

  π*C10 – C11 0.26717 16.42 0.29 0.062 
σC8 – O24 1.98878 σ*C11 – H51 0.01344 50.07 0.08 0.058 

  σ*C12 – H13 0.02100 264.38 0.03 0.084 
σC9 – H49 1.97900 σ*C22 – H32 0.01468 39.92 0.24 0.088 

  σ*C23 – H29 0.00772 10.74 2.39 0.144 
σC10 – C11 1.98743 σ*C22 – H32 0.01468 297.11 0.52 0.350 

  σ*C23 – H29 0.00772 194.10 2.67 0.643 
σC10 – H50 1.98272 σ*C22 – H32 0.01468 120.02 0.25 0.154 

  σ*C23 – H29 0.00772 14.48 2.40 0.167 
σC11 – O24 1.98984 σ*C11 – H51 0.01344 726.09 0.14 0.285 

  σ*C22 – H32 0.01468 149.04 0.65 0.279 
  σ*C22 – H33 0.01117 8022.80 0.09 0.756 
  σ*C23 – H29 0.00772 126.57 2.80 0.532 

σC11 – H51 1.98610 σ*C23 – H29 0.00772 194.10 2.00 0.557 
σC12 – C13 1.97716 σ*C22 – H32 0.01468 78.94 0.44 0.167 
σC18 – C19 1.99118 σ*C22 – H32 0.01468 98.59 0.29 0.152 
σC19 – H38 1.99026 σ*C22 – H32 0.01468 469.50 0.28 0.322 

  σ*C23 – H29 0.00772 102.19 2.43 0.445 
σC23 – H30 1.99068 σ*C22 – H32 0.01468 164.02 0.20 0.164 

LP N5 1.61771 π*C1 – O27 0.29135 53.34 0.26 0.108 



  π*C4 – O26 0.29001 52.88 0.26 0.108 
LP O24 1.96986 σ*C22 – H32 0.01468 492.76 0.09 0.201 

  σ*C23 – H29 0.00772 47.17 2.24 0.313 
  π*C8 – C9 0.32257 23.55 0.41 0.089 
  π*C10 – C11 0.26717 23.76 0.41 0.088 

LP O25 1.96989 σ*C22 – H32 0.01468 408.92 0.46 0.389 
  σ*C23 – H29 0.00772 151.49 2.61 0.565 

LP O26 1.97458 σ*C22 – H32 0.01468 2249.25 0.08 0.385 
  σ*C23 – H29 0.00772 127.87 2.23 0.493 

LP O27 1.97374 σ*C23 – H29 0.00772 29.55 2.14 0.232 
  σ*C1 – C2 0.07111 19.74 0.73 0.109 
  σ*C1 – N5 0.08937 28.00 0.69 0.125 

LP S28 1.98606 π*C2 – C6 0.39324 20.54 0.27 0.067 
  π*C3 – C7 0.39313 20.55 0.27 0.067 

π*C2 – C6 0.39324 π*C8 – C9 0.32257 182.43 0.01 0.075 
π*C3 – C7 0.39313 π*C12 – C13 0.32255 182.71 0.01 0.075 

 

Interaction between the non-bonding loan pair (LP) of electron on the heteroatoms and the sigma and pi 

antibonding orbitals (σ* and π*) contributed immensely to the stabilization of the studied D-A-D 

monomer. Most significant are the interactions; LP O24→ σ*C22 – H32 (E2 = 492.76 kcal/mol), LP O25→ 

σ*C22 – H32 (E2 = 408.92 kcal/mol)/σ*C23 – H29 (E2 = 151.49 kcal/mol), originating from the furanyl 

donors, and LP O26→ σ*C22 – H32 (E2 = 2249.25 kcal/mol)/σ*C23 – H29 (E2 = 127.87 kcal/mol), LP 

O27→σ*C23 – H29 (E2 = 29.55 kcal/mol)/σ*C1 – N5 (E2 = 28.00 kcal/mol), LP S28→ π*C2 – C6 (E2 = 20.54 

kcal/mol)/π*C3 – C7 (E2 = 20.55 kcal/mol), LP N5→ π*C1 – O27(E2 = 53.34 kcal/mol)/ π*C4 – O26 (E2 = 

52.88 kcal/mol), around the acceptor fragment.  

Other interactions (σ/π→σ*/π*) occur in hyper-conjugated systems to ensure resonance stability 

on the molecule [73]. πC1 - O27 (with occupancy; 1.9740) donated electron densities to σ*C22 - H32 (E2 = 

201.89 kcal/mol) and σ*C23 – H29 (E2 = 21.64 kcal/mol), σC3 – C4→σ*C22 – H32 (E2 = 68.54 kcal/mol), 

σN5 – C16→ σ*C22 – H32 (E2 = 12.04 kcal/mol), these interaction offers a connection between the highly 

conjugated pyrroledione acceptor and the substituted ethylhexyl moiety. Also, inter-fragment 

delocalization between the acceptor and donors exist, very significant ones are; σC8 – O24→ σ*C12 – H13 

(E2 = 264.38 kcal/mol), and back-donations (π*→π*) from acceptor to donor; π*C2 – C6→ π*C8 – C9 (E2 

= 182.43 kcal/mol), π*C3 – C7→ π*C12 – C13 (E2 = 182.71 kcal/mol). High energies were recorded for 

some intra-fragment (within donor) and inter-fragment (between D-A-D and ethylhexyl group) 

interactions; σC11 – O24→ σ*C11 – H51 (E2 = 726.09 kcal/mol)/σ*C22 – H32 (E2 = 149.04 kcal/mol)/σ*C22 – 

H33 (E2 = 8022.80 kcal/mol)/σ*C23 – H29 (E2 = 126.57 kcal/mol), a major contributor to the stability of the 

D-A-D monomer system. 

 



4.0 CONCLUSION 

We studied the spectra and excitation properties of FTPF monomer in gas, hexane, DMF and THF phases, 

using DFT and TD-DFT approach. A dual absorption was recorded for FTPF in DMF and THF, 

corresponding to n→π* and π→π* transitions, this correlates to the experimental results. Although, a 

single (π→π*) absorption occurred in gas and hexane phase. We conclude that FTPF experience more 

excitations in polar (DMF and THF) than non-polar (gas and hexane) solvents, a major red shift was also 

observed as we move from gas/hexane to polar DMF/THF. From FMO, we discovered that the calculated 

energy gap of FTPF is very low, and is close to the values obtained experimentally by Çakal et al, a good 

opto-electronic property required for organic cells. Little or no solvent effect was recorded in the DOS 

and STM results. Isosurface values on ESP plots showed that decrease in the distribution of electron 

densities around FTPF monomer follows the trend O>N>S. ADCH analysis exposed the best sites for 

electrophilic substitution reactions are the carbonyl oxygen atoms of the acceptor fragment and the 

terminal carbon atoms of the ethylhexyl substituents. 

We analyzed the hole-electron excitations for the first 5 excitations, for good understanding about 

the intramolecular electronic transitions in FTPF monomer. S0→S1 is a delocalized π→π* Rydberg 

excitations originating from the C=C π bonds within the D-A-D system. A LE was observed for S0→S2, 

while S0→S3 in water occurred as an n→π* from the carbonyl and azolide groups of the acceptor unit. 

S0→S3 was observed to be n→π* charge transfer originating from the carbonyl oxygen atoms in DMF. 

S0→S5 in water and S0→S4 are n→π* LE type excitations, while S0→S5 in DMF conformed to a 

delocalized π→π* excitation extended over the D-A-D conjugated backbone. The obtained photovoltaic 

properties suggest that FTPF provides efficient electron injection in all solvents, although best properties 

are observed in DMF and THF phases. NBO analysis results showed that there exists high contribution 

from several intra- and inter-fragment electron delocalizations that contribute immensely to the 

stabilization energy of FTPF monomer. In summary, FTPF is an adequate D-A-D monomer for an opto-

electrically active polymer applicable in organic photovoltaics. 
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