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Abstract

:

We have simulated the effect of changing the end groups in BTP core with five organic units of 1,3-Indandione (IN), 2-thioxothiazolidin-4-one (Rhodanine), propanedinitrile (Malononitrile), (2-(6-oxo-5,6-dihydro-4H-cyclopenta[c]thiophen-4-ylidene)malononitrile) (CPTCN) and 2-(3-oxo-2,3-dihydroinden-1-ylidene (IC), and two halogenated units of (4F) IC and (4Cl) IC on the optical and photovoltaic properties of the BTP DA’D core molecular unit. Thus modified, seven molecular structures are considered and their optical properties, including HOMO and LUMO energies and absorption spectra are simulated in this paper. On the basis of HOMO and LUMO energies, it is found that two of the seven molecules, BTP-IN and BTP-Rhodanine, can act as donors and the other four, BTP-(4F) IC, BTP-(4Cl) IC, BTP-CPTCN and BTP-IC, as acceptors in designing bulk heterojunction (BHJ) organic solar cells (OSCs). Using these combinations of donors and acceptors in the active layer, eight BHJ OSCs, such as BTP-IN: BTP-(4F) IC, BTP-IN: BTP-(4Cl) IC, BTP-IN: BTP-CPTCN, BTP-IN: BTP-IC, BTP-Rhodanine: BTP-(4F) IC, BTP-Rhodanine: BTP-(4Cl) IC, BTP-Rhodanine: BTP-CPTCN and BTP-Rhodanine: BTP-IC, are designed, and their photovoltaic performance is simulated. The photovoltaic parameters    J  s c    ,    V  o c     and FF for all eight BHJ OSCs and their power conversion efficiency (PCE) are simulated. It is found that the BHJ OSC of the BTP-IN: BTP-CPTCN donor–acceptor blend gives the highest PCE (14.73%) and that of BTP-Rhodanine: BTP-(4F) IC gives the lowest PCE (12.07%). These results offer promising prospects for the fabrication of high-efficiency BHJ OSCs with the blend of both donor and acceptor based on the same core structure.
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1. Introduction


The conversion of solar energy into electricity using organic solar cells (OSCs) is key to achieving high renewable energy targets and cut down on CO2 emissions emanating from fossil-based energy generation sources [1]. The use of room-temperature-based chemical processes, their lower cost, and efficient manufacturing are the key advantages in advancing the use of OSCs [2]. As organic semiconductors are low dielectric constant materials, the absorption of solar photons in OSCs first generates Frenkel excitons, which are bound excited electron and hole pairs. These excitons need to be dissociated into free electron and hole pairs and move to their respective electrodes to generate a current in OSCs [3]. Accordingly, the power conversion efficiency (PCE) of the OSCs is intricately linked to the efficiency of photon absorption and subsequent generation and dissociation of excitons [4]. In the development of OSCs, the state-of-the-art structure is regarded to be the bulk-heterojunction (BHJ) in which the donor (D) and acceptor (A) organic materials are blended together in the active layer, which is then sandwiched between the electrodes. By blending D and A materials, the overall absorption of solar photons is enhanced due to complementary absorption in both D and A components [5]. Also, the blending of D and A leads to the formation of multiple D–A interfaces within the active layer, which introduces energy offsets due to differences in ionization potential and electron affinities of the donor and acceptor materials and aids in the dissociation of excitons [6]. The dissociated free electron and hole pairs are then separated and transported to their respective electrodes due to the electric field generated between the electrodes by the difference in their work functions [7].



BHJ OSCs with the active layer consisting of a blend of an organic donor material and a fullerene-based organic acceptor material, commonly used PCBM, have been studied extensively and reached a PCE of about 8% [8]. This low PCE is mainly due to the limited light-absorbing capabilities of fullerene-based acceptor materials. Despite these limitations, fullerene-based acceptors have remained the focus of extensive research efforts due to their exceptional charge transport properties [9,10]. For enhancing the absorption, non-fullerene acceptor (NFA) materials, primarily based on small molecules, have now emerged as promising alternatives. These NFA-based OSCs offer a range of advantages, including broad absorption profiles, the tunability of energy levels, high charge carrier mobility, enhanced open-circuit voltage (   V  o c    ), and improved stability [11]. The molecular engineering of non-fullerene small-molecule acceptors (SMA) plays a key role in enhancing the performance of organic solar cells. An effective strategy is to introduce functional groups into SMA end groups to tune the electronic and morphological properties of non-fullerene SMAs [12]. The development of small molecule NFA-based BHJ OSCs has heralded a significant breakthrough and achieved a record efficiency of more than 15% [13]. It has recently been reported [14] that an NFA with a core unit (D) connected with two end groups (A) in the form of acceptor–donor–acceptor (A-D-A) appears to be one of the most successful design strategies to achieve high PCE in OSCs. This classification as A-D-A-type molecules is derived from their electron–donor central backbone flanked on both sides by electron-withdrawing groups. Following [14], this concept has been implemented in this paper to design seven NF molecular structures with one central core unit of dithienothiophen[3,2-b]-pyrrolobenzothiadiazole (BTP) [15] (D) and seven end groups (A). The seven end groups have been selected as follows: The fluorinated (4F) IC is selected to form Y6, a well-known NFA, and the chlorinated (4Cl) IC, previously reported as Y7, is selected as another halogenated end group [14]. The other five end groups are rhodanine, IC, IN, CPCTN and malonitrile which have been used in [16], where the effect of different end groups on the calamitic-type small molecules NFAs with a structural configuration of A-π-D-π-A has been studied. Thus formed, the seven NF molecular structures with the central core unit of BTP are shown in Figure 1. Thus, we have considered seven end groups on the central core unit of BTP as discussed below. It is found that such designs of donor and acceptor molecules enhance the charge carrier mobility and minimize the typical batch-to-batch variations in molecular weight, polydispersity, and purity often associated with polymer-based donors and acceptors used in the active layer of OSCs [17]. The molecular configuration of the BTP core involves the insertion of an electron-deficient (A′) moiety into the middle of the central D conjugated building block, forming a fused DA’D backbone [18,19]. The development and use of such A-DA’D-A molecules has been found to enhance PCE exceeding 18% [18,20].



Since the initial breakthrough in achieving high PCE with the use of A-DA’D-A-type acceptor materials, there has been a notable gap in the literature in this direction. Furthermore, there is a distinct absence of studies exploring all-small molecule-based OSCs that utilize derivatives of the same central core unit of a molecule. Therefore, the primary focus of this paper is to delve into a comprehensive study of the quantum chemical, optoelectronic and photovoltaic properties of the seven derivatives of the BTP central core unit shown in Figure 1. As described above, these seven derivatives emerge from the strategic substitution of seven end groups, including, 1,3-Indandione (IN), propanedinitrile (Malononitrile), 2-thioxothiazolidin-4-one (Rhodanine), (4F) IC, (4Cl) IC, (2-(6-oxo-5,6-dihydro-4H-cyclopenta[c]thiophen-4-ylidene)malononitrile) (CPTCN), and 2-(3-oxo-2,3-dihydroinden-1- ylidene (IC), onto the central core unit of BTP. By analyzing the absorption spectra of these seven derivatives, we have found that four of them can be used as acceptors and three as donors in the BHJ blend of OSCs. Such modifications in the molecular structure may therefore be regarded as very innovative and economical ways of synthesizing donor and acceptor molecules for BHJ OSCs.



A donor (D) molecule usually has energetically higher frontier molecular orbitals, i.e., highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), in comparison with those of acceptor (A) materials. An efficient acceptor molecule is expected to have a high electron-accepting ability, appropriate HOMO and LUMO energy levels, and high absorption [21,22]. The selected units in this research are efficient electron-withdrawing groups with extended conjugation, which improves the overall absorption and charge transport properties [16]. Such a modification in molecules by combining a core and end groups to form a non-fullerene-based acceptor Y7 and used in the fabrication of BHJ OSCs with the two donors, PTQ10 and PM6, has been recently reported [14]. It may be noted that the acceptor Y7 is the same as one of the acceptors BTP-(4Cl) IC considered in this paper.



However, despite the remarkable PCE enhancement achieved by A-DA’D-A-type molecules, the open-circuit voltage (   V  o c    ) of such OSCs is still found to be relatively low [23,24]. Achieving higher    V  o c     necessitates a careful selection of donor and acceptor materials with appropriate energies of their highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) because the energy difference between the LUMO of acceptor and HOMO of donor at the interface governs the attainable    V  o c     [25]. Also, the energy offsets between donor and acceptor materials at the interface is a crucial inherent property that affects the dissociation of excitons leading to charge separation and recombination and, hence, influences the achievable    J  s c     and    V  o c     [26]. In addition to these material-dependent properties that impose constraints on    V  o c    , various processing-related parameters further contribute to limiting    V  o c    . These include the purity of materials and the morphology of the active layer, as well as the quality of the interface between donor and acceptor materials, and the thermal processing conditions during device fabrication [27]. The effect of the interplay of material and processing parameters on    V  o c     necessitates careful consideration in optimizing the inherent material properties prior to the fabrication of OSCs.



Following the procedures published in our earlier work [28,29] and using self-consistent field (SCF) Density Functional Theory (DFT) through the ORCA software (version 5.1), the ground state structure and energy are first optimized, and then, using Time-Dependent (TD) DFT through ORCA, the excited state energies and the absorption spectra in the UV-VIS region are calculated for all seven molecules.



Finally, by selecting the suitable donors and acceptors, we have designed eight BHJ OSCs whose photovoltaic performance is simulated and analyzed. The exploration of distinctive donor and acceptor configurations as presented here unlocks new venues in the field of organic photovoltaic in developing A-DA’D-A-type donor and acceptor molecules for fabricating more efficient and chemically economical BHJ OSCs.



The contents of this paper are organized as follows: After the introduction presented in Section 1, the computation and results are described in Section 2. Section 3 presents a discussion and Section 4 the conclusions.




2. Computation and Results


2.1. Computational Procedure


Following our recent simulation work [28,29], the molecular structures are initially designed using Avogadro software (version 1.98.1). The seven distinct molecules, namely (a) BTP-(4F) IC, (b) BTP-(4Cl) IC, (c) BTP-CPTCN, (d) BTP-IC, (e) BTP-IN, (f) BTP-Malononitrile, and (g) BTP-Rhodanine, are subjected to a comprehensive simulation process to attain the optimized ground state equilibrium structures, as shown in Figure 2. The optimization process uses the Avogadro software and starts with the initial molecular geometries shown in Figure 1 for each of the seven derivatives. It may be noted that the initial structures of the seven molecules shown in Figure 1, created using Molsketch software, may visually differ significantly from their respective optimized structures shown in Figure 2, generated through the Avogadro software. The main difference is that Figure 1 shows the 2D sketches of the seven initial molecular structures, whereas Figure 2 illustrates their 3D optimized structures obtained using the Avogadro software.



The Universal Force Field and the steepest descent method are employed for energy minimization, aiming to obtain improved geometries for subsequent iterations. To calculate the ground state equilibrium structures, the Kohn–Sham Density Functional Theory (DFT) implemented in Orca (version 5.1) [30] is employed. The ground state optimization involves the use of Becke, three-parameter, Lee–Yang–Parr exchange–correlation (B3LYP) functional [31,32] with def2-SV(P) and def2/J basis sets, including frequency calculations, to ensure the obtained structures correspond to the true minima. The self-consistent field (SCF) convergence criteria and print options are carefully chosen to balance the accuracy and computational efficiency. Using the optimized equilibrium ground state structures (Figure 2), we compute the equilibrium energies, single-point energies, and EHOMO and ELUMO, which are used for calculating the photovoltaic and quantum chemical parameters, as described in our earlier work [28,29]. Finally, TD-DFT calculations implemented in Orca (version 5.1) [30], are performed to calculate the electronic transitions in each molecule. The B3LYP functional is again employed with the def2-SVP and def2/J basis sets, utilizing the RIJCOSX approximation and a tight SCF convergence. The TD-DFT calculations includes calculating 30 excited states, the maximum dimension of 200 for the Davidson diagonalization space, and the exclusion of the Tamm–Dancoff Approximation (tda false).



Using the calculated energies    E  H O M O     and    E  L U M O     of each of the optimized structures, the bandgap (   E g   ), ionization potential (IP), electron affinity (EA), chemical potential ( μ ), electronegativity (χ), softness (S) and hardness (η) are obtained as follows [28,29,33]:


   E g  =  E  L U M O   −  E  H O M O    



(1)






  I P = −  E  H O M O    



(2)






  E A = −  E  L U M O    



(3)






  μ =    E  H O M O   +  E  L U M O    2   



(4)






  χ =    (  I P + E A  )   2   



(5)






  η =    E  L U M O   −  E  H O M O    2  =    E g   2  ,   S =  1 η   



(6)







The reorganization energy of each molecule is calculated as follows [28,29]:


  R E = R  E e  + R  E h   



(7)




where   R  E e    and   R  E h    are the reorganization energies of electrons (e) and holes (h), respectively, and these are expressed as follows:


  R  E e  =  (   E 0 −  −  E − −   )  +  (   E − 0  −  E 0 0   )   



(8)






  R  E h  =  (   E 0 +  −  E + +   )  +  (   E + 0  −  E 0 0   )   



(9)




where    E 0 0    is the single-point energy (SPE) of a molecule, and    E 0 −    is the SPE of the corresponding anion state.    E − −    is the SPE of anionic state of an anion molecule,    E − 0    is the SPE of an anion,    E 0 +    is SPE of a cation,    E + +    is the SPE of the corresponding cation state, and    E + 0    is the SPE of a cation.



The calculated energies of HOMO and LUMO and the corresponding band gap energies obtained from Equation (1) for all the seven molecules are listed in Table 1. Using Equations (2)–(9), other parameters are also calculated and listed in Table 2 for all seven molecules. The absorption spectra of all seven molecules were obtained by calculating 30 excited state transitions, each corresponding to the absorption of light at distinct wavelengths using TD-DFT at the B3LYP level of theory; the resulting excitations along with their relative intensities were then plotted using MATLAB, as illustrated in Figure 3.



The energy level diagrams of the HOMO and LUMO energies for all the seven molecules listed in Table 1 are shown in Figure 4.




2.2. Optical Properties


In addition to calculating the absorption spectra shown in Figure 3, it may be desirable to calculate the singlet (ES) and triplet (ET) excitation energies, corresponding binding energies,    E b S    and    E b T   , oscillator strength (f) and light-harvesting efficiency (LHE). The exciton binding energies and LHE are calculated using Equation (10) [29,36] and Equation (11) [37], respectively, as follows:


   E b  =  E  g a p   −  E  o p t    



(10)






  L H E = 1 −   10   − f    



(11)




where    E  o p t     is the excitation energy of singlet or triplet excitons.



The calculated energies ES, ET,    E b S    and    E b T   , oscillator strength f and LHE for all seven molecules are listed in Table 3.




2.3. Design of BHJ OSCs


According to the absorption spectra shown in Figure 3, three molecules of BTP-IN, BTP-Malononitrile and BTP-Rhodanine show absorption in the high energy range and four molecules of, BTP-(4F) IC, BTP-(4Cl) IC, BTP-CPTCN and BTP-IC, show absorption in the lower energy range. Accordingly, the first three molecules can act as donors and the other four as acceptors if blended in the active layer of OSCs designed using these seven molecules, leading to the total possibility of 12 BHJ OSCs. However, according to Table 1 and Figure 4, only BTP-IN and BTP-Rhodanine have higher HOMO and LUMO energies compared to the four acceptor molecules of BTP-4F, BTP-4Cl, BTP-CPTCN and BTP-IC.



The possible third donor of BTP-Malononitrile has the lowest HOMO energy and, hence, it does not comply with the requirements to become a donor with the four selected acceptors shown in Figure 4. Accordingly, only BTP-IN and BTP-Rhodanine will act as donors and BTP-(4F) IC, BTP-(4Cl) IC, BTP-CPTCN and BTP-IC as acceptors if blended in the active layer of OSCs. It is therefore important not only to choose the donor and acceptor molecules based on the absorption spectra but also compare their HOMO and LUMO energies using the energy level diagram as shown in Figure 4. Thus, among the seven studied molecules, only two can act as donors and four as acceptors leading to the total possibility of designing eight BHJ OSCs. The energy level diagrams of the active layer of these eight BHJ OSCs are shown in Figure 5.



Thus, we have designed eight solar cells as shown in Figure 5. For an efficient dissociation of the charge transfer (CT) excitons formed at the interfaces, the energy differences in the HOMO and LUMO of the donor and acceptor at the interfaces,   Δ  E  L U M O   =  |   E  L U M O  D  −  E  L U M O  A   |    and   Δ  E  H O M O   =  |   E  H O M O  D  −  E  H O M O  A   |    are required to be greater than or equal to the binding energy of CT excitons (   E B   ), as follows [38]:


  Δ  E  L U M O      or    Δ  E  H O M O   ≥  E B   



(12)







Both energy offsets,   Δ  E  H O M O     and   Δ  E  L U M O    , for the eight selected donor and acceptor pairs have been calculated and listed in Table 4, which shows that the condition in Equation (12) is satisfied by all eight selected BHJ OSCs.




2.4. Photovoltaic Properties


Here, we present the photovoltaic properties of the eight donor–acceptor molecular blends shown in Figure 5, which are (1) BTP-IN: BTP-(4F) IC, (2) BTP-IN: BTP-(4Cl) IC, (3) BTP-IN: BTP-CPTCN, (4) BTP-IN: BTP-IC, (5) BTP-Rhodanine: BTP-(4F) IC, (6) BTP-Rhodanine: BTP-(4Cl) IC, (7) BTP-Rhodanine: BTP-CPTCN and (8) BTP-Rhodanine: BTP-IC. The photovoltaic properties are then calculated for all eight OSCs first;    V  o c    , is calculated as follows [39]:


   V  o c   =  1 q     (   |   E  L U M O  A  −  E  H O M O  D   |   )  − 0.3  



(13)




where    E  L U M O  A    and    E  H O M O  D    are the energies of the acceptors’ LUMO and donors’ HOMO, respectively. Following our previous work [28,29], we have calculated    J  s c     for all eight BHJ OSCs shown in Figure 5. The fill factor (FF) is calculated as follows [28,29,40]:


  F F =     q  V  o c      K B  T   − l n  (    q  V  o c      K B  T   + 0.72  )        q  V  o c      K B  T   + 1    



(14)




and finally, the PCE of each OSC is calculated as follows:


   PCE    =    J  s c    V  o c   F F    P  i n      



(15)







The    J  s c    ,    V  o c    , FF and PCE thus calculated for all eight OSCs are given in Table 4. Accordingly, the OSC of BTP-Rhodanine: BTP-(4F) IC is found to have the lowest PCE (12.07% (and that of BTP-IN: BTP-CPTCN has the highest PCE (14.73%).





3. Discussions


3.1. Optical Properties


The PCE of BHJ OSCs depends on the energy of HOMO and LUMO of the donors and acceptors. Therefore, the positioning of these orbitals on the energy scale governs the optimal operation of BHJ OSCs. Additionally, the positioning also determines whether a molecule should serve as a donor or an acceptor in the BHJ blend, as described above. To further facilitate the material selection and design of donor and acceptor molecules, one may also analyze the following reactivity parameters: IP, EA, η and μ = −χ of all the seven molecules. Both BTP-IN and BTP-Rhodanine have the lowest ionization potential (5.56 eV) (see Table 2) and, hence, can act as donors, and molecules BTP-(4F) IC, BTP-(4Cl) IC, BTP-CPTCN and BTP-IC have higher electron affinities and can act as acceptors. Likewise, both BTP-Rhodanine and BTP-IN appear to have the lowest μ value (−4.04 eV; see Table 2), indicating these to be an efficient electron donor.



The reorganization energy (RE) calculated from Equation (7) for all seven molecules as presented in Table 2 shows a general trend that all acceptor molecules have lower electron reorganization energy (REe) and higher hole reorganization energy (REh), and all donor molecules have higher REe and lower REh [41]. This is expected because donor molecules transport holes and, hence, have lower REh, and acceptor molecules transport electrons, and thus have lower REe.



The absorption spectra presented in Figure 3 reveal that among the seven molecules considered, BTP-IN, BTP-Malononitrile, and BTP-Rhodanine exhibit maximum absorption in the UV region at wavelengths 586 nm, 550 nm, and 573 nm, respectively. In contrast, the acceptor molecules BTP-(4F) IC, BTP-(4Cl) IC, BTP-CPTCN, and BTP-IC have maximum absorption in the visible region at wavelengths 669 nm, 678 nm, 668 nm, and 659 nm, respectively. Although the core unit is identical in all four acceptor molecules (see Figure 2), the absorption peaks appear at different wavelengths, which are due to different substitutions. The larger redshift in BTP-4Cl may be related to the stronger intermolecular π–π packing caused by the larger atomic size of Cl and larger length of the chlorine–carbon bond [35]. As all four acceptor molecules have absorption peaks at a lower energy than that of all three donor molecules, all can be regarded as efficient acceptors. However, only two, BTP-IN and BTP-Rhodanine, of the three donor molecules can be classified as be good donors because, as required, their HOMO and LUMO are above the HOMO and LUMO of all acceptors (see Figure 4). However, the third donor of BTP-Malononitrile has higher LUMO but much lower HOMO than the HOMO of all four acceptor molecules, which will not allow the holes’ transfer from acceptors to donors to form charge transfer excitons, leading to their dissociation. Therefore, a BHJ OSC fabricated using BTP-Malononitrile as the donor (with these four acceptors) can operate only through the transfer of electrons from donor to acceptor without the transfer of holes from acceptor to donor. As a result, such BHJ OSCs may be expected to be, at best, only half as efficient as those using the other two donors. This is the reason for the selection of eight possible highly efficient BHJ OSCs formed from the combination of two donors and four acceptors and excluding the donor BTP-Malononitrile.



It is to be noted that the light-harvesting efficiency (LHE) of all molecules in our study approaches unity at their respective absorption maxima, as indicated in Table 3, which makes them excellent candidates for the construction of an active layer blend.



The binding energy of singlet and triplet excitons is calculated and given in Table 3. An interesting trend emerges from the halogenation of BTP-IC, BTP-(4F) IC and BTP-(4Cl) IC, which reduces both their singlet and triplet exciton binding energies. According to Equation (12), the energy offsets at the D-A interfaces,   Δ  E  L U M O      and    Δ  E  H O M O    , must be greater than the exciton binding energy for efficient generation of free charge carriers in BHJ OSCs. According to Table 4, the condition given in Equation (12) is met for all eight BHJ OSCs designed in this paper.




3.2. Photovoltaic Properties


According to Figure 5 and Table 4, all eight BHJ OSCs designed here are found to have high    V  o c     but the blend of BTP-IN: BTP-IC has the highest at 1.51 V. However, this OSC has a lower    J  s c     and, hence, its PCE is slightly lower than that of BTP-IN: BTP-CPTCN at a PCE of 14.73%. This agrees closely with the PCE of 14.5% achieved from the BHJ OSC fabricated with a blend of the acceptor BTP-(4Cl) IC, which is also called Y7, and two polymer donors, PTQ10 and PM6 [14].



There are other studies [12,22,42] which have simulated the photovoltaic properties of BHJ OSCs with such A-D-A-type NFAs. The acceptor designed using the fluorine end groups is found to have superior carrier mobility, molecular packing, other structural properties, electronic structure, exciton separation, and charge transport, which determine ultimate cell efficiency [12,22,42]. It is also found that NFAs with fluorination end groups, like in Y6-based A-DA’D-A cores, exhibit a PCE of up to 17.10%. Although our OSCs (see Table 4) designed from the halogenated acceptors BTP-IN: BTP-(4F) IC(Y6) and BTP-Rhodanine: BTP-(4F) IC (Y6), do not give the highest PCE, they are not far behind the highest obtained from BTP-CPTCN as acceptor. The development of the A-D-A-type NFA structures has also led to the discovery that symmetric A-D-A or A-DA’D-A NFAs exhibit better PCE [12], but the reason for this universality is not yet fully understood. The symmetry may, however, affect the acceptor properties, crystallinity, charge dynamics, and exciton transport. The results of our study may be considered to be consistent with this symmetry effect as all seven acceptors are symmetric and show similar efficiency in the range of 13 to 15%.





4. Conclusions


We have investigated the effect of five organic and two halogenated end groups, namely, 1,3-Indandione (IN), 2-thioxothiazolidin-4-one (Rhodanine), propanedinitrile (Malononitrile), (2-(6-oxo-5,6-dihydro-4H-cyclopenta[c]thiophen-4-ylidene)malononitrile) (CPTCN) and 2-(3-oxo-2,3-dihydroinden-1-ylidene (IC), (4F) IC, and (4Cl) IC, on the photovoltaic properties of the BTP DA’D core structure. Our investigation has revealed that the substitution of IN, Rhodanine and Malononitrile end groups onto the BTP core makes these molecules capable of absorbing electromagnetic radiation in the higher energy region. Additionally, these three molecules exhibit higher LUMO energies, thus favoring their use as donors. In contrast, the absorption spectra of molecules with substituted end groups (4F) IC, (4Cl) IC, CPTCN, and IC occur in the lower energy spectral region, favoring their use as acceptors. Thus, among the seven studied molecules, three appear to act as donors and four as acceptors. However, the third possible donor of BTP-Malononitrile has the lowest energy of HOMO and, hence, it does not comply with the requirements to become a donor with the four selected acceptors. A BHJ OSC fabricated using BTP-Malononitrile as the donor can only operate through the electron transfer from donor to acceptor but no hole transfer from acceptor to donor. As a result, such an OSC can be expected to be half efficient at best and, hence, it has been excluded from the BHJ OSC designs, and only eight BHJ OSCs with the two donors and four acceptors combinations are designed.



The designed BHJ OSC with the active layer of BTP-IN: BTP-CPTCN has revealed the highest PCE (14.73%), while BTP-Rhodanine: BTP-(4F) IC exhibited the lowest PCE (12.07%). These findings indicate promising prospects for fabricating high-efficiency BHJ OSCs by blending both donor and acceptor components based on the same core structure. Finally, it is expected that this strategy of employing an identical core structure for both donor and acceptor components offers the potential of synthesizing these molecules for the fabrication of highly efficient BHJ OSCs.
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Figure 1. Molecular structures of seven A-DA’D-A-type donor and acceptor molecules: (a) BTP-(4F) IC, (b) BTP-(4Cl) IC, (c) BTP-CPTCN, (d) BTP-IC, (e) BTP-IN, (f) BTP-Malononitrile and (g) BTP-Rhodanine, sketched using the Molsketch software (version 0.7.2). 
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Figure 2. Optimized ground state structures of the seven molecules: (a) BTP-(4F) IC, (b) BTP-(4Cl) IC, (c) BTP-CPTCN, (d) BTP-IC, (e) BTP-IN, (f) BTP-Malononitrile and (g) BTP-Rhodanine. 
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Figure 3. TD-DFT-calculated absorption spectra of the optimized structures (shown in Figure 2) of the seven molecules: BTP-IC, BTP-(4F) IC, BTP-(4Cl) IC, BTP-IN, BTP-CPTCN, BTP-Malononitrile and BTP-Rhodanine. 
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Figure 4. Energy level diagrams of HOMO and LUMO energies of all seven molecules; three donor molecules: BTP-IN, BTP-Malononitrile and BTP-Rhodanine; and four acceptor molecules: BTP-(4F) IC, BTP-(4Cl) IC, BTP-CPTCN and BTP-IC. 






Figure 4. Energy level diagrams of HOMO and LUMO energies of all seven molecules; three donor molecules: BTP-IN, BTP-Malononitrile and BTP-Rhodanine; and four acceptor molecules: BTP-(4F) IC, BTP-(4Cl) IC, BTP-CPTCN and BTP-IC.



[image: Energies 17 00313 g004]







[image: Energies 17 00313 g005] 





Figure 5. Design of the active layer of eight BHJ OSCs using two donors of BTP-IN and BTP-Rhodanine and four acceptors of BTP-(4F) IC, BTP-(4Cl) IC and BTP-IC. 
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Table 1. DFT calculated energies of HOMO (EHOMO), LUMO (ELUMO) and bandgap (Eg) of the seven molecules. Also listed are a few available measured experimental values for comparison.
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	Molecules
	EHOMO

(eV)
	ELUMO

(eV)
	EHOMO

(eV)
	ELUMO

(eV)
	Eg

(eV)





	BTP-IN
	−5.29
	−2.95
	
	
	2.33



	BTP-Malononitrile
	−5.75
	−3.30
	
	
	2.45



	BTP-Rhodanine
	−5.25
	−2.83
	
	
	2.42



	BTP-(4F) IC
	−5.69
	−3.65
	–5.65 [34]
	−4.10 [34]
	2.04



	BTP-(4Cl) IC
	−5.70
	−3.67
	−5.68 [35]
	−4.12 [35]
	2.03



	BTP-CPTCN
	−5.58
	−3.54
	
	
	2.04



	BTP-IC
	−5.56
	−3.48
	
	
	2.08










 





Table 2. Calculated values of IP (Equation (2)), EA (Equation (3)), μ (Equation (4)), χ (Equation (5), η (Equation (4)), REe (Equation (8)), REh (Equation (9)).
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	Molecules
	IP

(eV)
	EA

(eV)
	η

(eV)
	μ (=−χ)

(eV)
	Ree

(meV)
	Reh

(meV)





	BTP-IN
	5.29
	2.95
	1.17
	−4.12
	187
	125



	BTP-Malononitrile
	5.75
	3.30
	1.23
	−4.53
	238
	142



	BTP-Rhodanine
	5.25
	2.83
	1.21
	−4.04
	271
	154



	BTP-(4F) IC
	5.69
	3.65
	1.02
	−4.67
	138
	170



	BTP-(4Cl) IC
	5.70
	3.67
	1.01
	−4.68
	130
	167



	BTP-CPTCN
	5.58
	3.54
	1.02
	−4.56
	132
	159



	BTP-IC
	5.56
	3.48
	1.04
	−4.52
	131
	173










 





Table 3. Calculated (Cal) singlet and triplet excitation energies, binding energy of singlet (BES) and triplet excitons (BET), oscillator strength (f) and light-harvesting efficiency (LHE).
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	Molecules
	Singlet Excitation

Energy (eV)
	Triplet Excitation

Energy (eV)
	BES

(eV)
	BET

(eV)
	Cal λmax (nm)
	Osc. Strength (f)
	LHE





	BTP-IN
	2.117
	1.446
	0.214
	0.885
	586
	1.76
	0.98



	BTP-Malononitrile
	2.255
	1.52
	0.199
	0.934
	550
	1.77
	0.98



	BTP-Rhodanine
	2.164
	1.522
	0.254
	0.896
	573
	2.04
	0.99



	BTP-(4F) IC
	1.853
	1.263
	0.189
	0.779
	669
	2.12
	0.99



	BTP-(4Cl) IC
	1.830
	1.260
	0.180
	0.700
	678
	2.0
	0.99



	BTP-CPTCN
	1.857
	1.252
	0.185
	0.785
	668
	2.17
	0.99



	BTP-IC
	1.881
	1.293
	0.199
	0.787
	659
	2.08
	0.99










 





Table 4. Calculated values of    V  oc    ,    J  Sc    , FF, PCE,   Δ  E  LUMO     and   Δ  E  HOMO    .
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	Molecular Blends
	    V   o c      

(V)
	   J  Sc    

(mA/cm2)
	FF %
	PCE %
	   Δ  E   L U M O      

(eV)
	   Δ  E   H O M O      

(eV)





	BTP-IN: BTP-(4F) IC
	1.34
	11.07
	90.6
	13.24
	0.70
	0.40



	BTP-IN: BTP-(4Cl) IC
	1.32
	11.27
	90.4
	13.25
	0.72
	0.41



	BTP-IN: BTP-CPTCN
	1.45
	11.14
	91.2
	14.73
	0.59
	0.29



	BTP-IN: BTP-IC
	1.51
	10.63
	92.6
	14.3
	0.53
	0.27



	BTP-Rhodanine: BTP-(4F) IC
	1.30
	10.27
	90.4
	12.07
	0.82
	0.31



	BTP-Rhodanine: BTP-(4Cl) IC
	1.28
	10.46
	90.3
	12.09
	0.84
	0.45



	BTP-Rhodanine: BTP-CPTCN
	1.41
	9.82
	91.0
	12.61
	0.71
	0.33



	BTP-Rhodanine: BTP-IC
	1.47
	9.82
	91.3
	13.20
	0.65
	0.31
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