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Abstract

:

Three experimental hole transport materials containing fluorine-substituted benzothiadiazole-based organic molecules (Jy5–Jy7) have been studied to explore the relationship between photoelectric performances and the core structures of hole transport materials (HTM). By employing density functional theory (DFT) and time-dependent density functional theory (TD-DFT), it was found that the substitution of the hydrogen atom by fluorine atom in the core structure can significantly boost the hole mobility; and the replacement of core structure from electron-withdrawing group to electron-donating group has strong influence on the increment of LUMO level energy, ability to preventing electron-backflow, molecular stability and oscillator strength of HTM molecules. We hope our investigation can provide theoretical guidance to reasonably optimize HTM molecules for perovskite solar cells.
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1. Introduction


Nowadays, the continuous consumption of fossil fuels and the sustained environmental crisis have prompted people to seek for new sustainable and clean energy sources. Solar energy is an ideal candidate, not only because of its tremendous reserve, but also it can be directly converted to be electricity through solar cell devices. Recently, organic solar cells (OSC), such as conductive polymers, small molecules, fullerene-based and non-fullerene-based system [1,2,3], have attracted much attention due to the advantages of low cost, easy synthesis and structural tuning performance etc. [2,3]. Higher power conversion efficiency (PCE) and stability of OSC have also been reported [2], which provide a channel to efficient utility of solar energy in a clean and environmentally friendly way. Meanwhile, organic–inorganic halide perovskite solar cells (PVSCs) have been paid extensive attention owing to many their advantages, such as intense broad-band absorption (covering UV and near infrared regions), photo-absorption coefficients (ten times bigger than organic dyes), low-band gap (1.25 eV), long charge diffusion lengths (charge transport is about 1 μm) and high charge mobility, et al. [4,5,6] In the last year, PCE of PVSCs has made impressive progress, from 3.8% to a reported 22% [6,7], which have revolutionized the field of photovoltaic technologies. The basic structure of perovskite solar cells is usually three layers (electronic transport layer (titanium dioxide)/perovskite absorption layer/hole transport layer) [8], which are placed between substrate materials (see Supplementary Materials Figure S1). Here, the hole transport material (HTM) plays an indispensable role in PVSCs, and an ideal HTM can increase the short-circuit current density (JSC), open-circuit voltage (VOC) and have a marked impact on the stability of PVSCs [9,10]. Good HTM must indeed exhibit the following features [11,12,13,14]: firstly, a good energy match between HTM molecular orbitals (highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)) and contacted interfaces for efficient charge injection; second, high hole transporting properties to reduce charge recombination; stability with characteristics in protection of corrosion and resistance of oxidation. Some HTMs have been reported using spirobifluorenes, conjugated polymers, triphenylamines, triazatruxenes and so on [11]. Although the 2,2′,7,7′-tetrakis (N,N-p-dimethoxy-phenylamino)-9,9′-spirobi fluorine (Spiro-OMe TAD) as HTM is viewed to be a most successful material, there are some shortcomings in the utility of Spiro-OMeTAD [12,13], such as cost-performance, long-term stability and low charge-carrier mobility, etc. As an alternative to Spiro-OMeTAD, carbazole-based material (X51) was designed and used as HTM owing to easy substitution with functional groups to control optical and electrical properties [13]. From the viewpoint of molecular design, a new hole transport material Jy5 was experimentally reported on by introduction of benzothiadiazole (BT). Based on HTM X51, and mono-fluorinated benzothiadiazole (BT) and difluorinated BT (FBT) have been used as core structure to design new HTM Jy6 and Jy7 [14] (the core structures of Jy5–Jy7 are represented by the red groups, and the chemical structures of them can be found in Figure 1). Experimentally, the designed Jy6 obtains high open circuit voltage (VOC) for 1.06 V, large short-circuit current density (JSC) for 21.39 mA/cm2 and outstanding fill factor (FF) up to 81%, which leads to the PCE of 18.54% for the Jy6 system.



The concept of replacing atom with thiophene and conjugated group has been well-established in the design of photovoltaic materials [15,16], and strategy of manipulation on alkoxyl-substituted benzodithiophene or conjugated bridge with electron deficient groups can improve hole mobilities and energy levels and affect the device performance because of intermolecular interactions and orientation correlations. Stimulated by the experimental report on HTM molecules [14], three new HTM molecules Jy8, Jy9 and Jy10 were designed on the basis of the structures of Jy5–Jy7. For Jy8, we employed the benzodithiophene (BDT) as the core structure (red group in Figure 1); for Jy9, dithienosilole (DTS) was used as core structure; while for Jy10, alkylthienyl-substituted benzo[1,2-b:4,5-b’]dithiophene (TBDT) was taken as core structure. For the three molecules Jy5–Jy7, the core structures are the electron-withdrawing groups, and the core structures of Jy8–Jy10 are the electron-donating groups. According to the work of Chen et al. [17], the BDT acts as electron donor and BT as electron acceptor in their investigated molecules. The work of Yun el al. [18] shows that the DTS is the electron donor, and the BT is the electron acceptor in their HTM molecule, and the TBDT was used as the electron-donating group in the HTM molecule [19]. Contrarily, for Jy5–Jy7 the core structure BT acts as the electron-withdrawing unit in molecular frame, and the introduction of fluorine has increased the electron-withdrawing ability of BT. The current aim of our investigation is to study the relationships between the photoelectric performances of HTM molecules and to reveal the influence of the electron-donating/electron-withdrawing core structures on transport ability of HTM.




2. Computational Details


The ground-state, cation and anion geometry structures of the Jy5–Jy10 have been optimized by using the density functional theory (DFT) method [20] with B3LYP functional [21] at the 6-31G(d) basis set associated with C-PCM model [22] in dichloromethane solvent. Based on the optimized structures of Jy5–Jy10, we calculated their UV-Vis absorption spectra by employing the time-dependent density functional theory (TD-DFT) method [23] with CAM-B3LYP functional [24] at 6-31G(d) level associated with C-PCM model in dichloromethane solvent. DFT calculations were used to study the excited state features of dye-sensitized solar cells (DSSCs) [25], the photo physical properties of expanded bacteriochlorins [26] and the charge transport in solar cell [27,28]. To obtain the density of state (DOS) and partial density of states (PDOS) of six investigated molecules, the Multiwfn 3.4.1 package [29] was employed. For further investigating the hole mobility of six molecules, the Marcus theory was employed [30,31,32,33,34].




3. Results and Discussion


3.1. Ground-State Geometries and Frontier Molecular Orbitals


The chemical structures of three experimental molecules Jy5–Jy7 and three designed molecules Jy8–Jy10 have been presented in Figure 1. As mentioned above, the differences of six studied molecules are their core structures (represented by red groups in Figure 1). In order to clearly explain the functions of each group, we defined the core structure of each molecule as B, and defined the structure of the two sides of each molecule as A. The definition of the fragment is shown in Figure 2. By employing DFT/B3LYP/6-31G(d) with C-PCM model in dichloromethane solvent, the frontier molecular orbitals (FMOs) energy levels have been calculated, and the results have been listed in Table 1 and Figure 3.



As shown in Table 1, the HOMO level of three experimental molecules Jy5, Jy6 and Jy7 are −4.49 eV, −4.49 eV and −4.50 eV, respectively; the LUMO level of them are −2.55 eV, −2.59 eV and −2.62 eV, respectively. The energy gap of HTM can be estimated by    Δ  H − L   =  E  L U M O   −  E  H O M O    ; therefore, the    Δ  H − L     of Jy5–Jy7 are calculated to be 1.94 eV, 1.90 eV and 1.88 eV, respectively. The computational results show that both HOMO levels and LUMO levels of Jy5−Jy7 are very close, which leads to small differences in the energy gaps between the three molecules. This result shows that the introduction of fluorine in the core structures of Jy6 and Jy7 have little influence on FMOs levels and energy gaps of them. For the designed molecule Jy8, Jy9 and Jy10, the HOMO levels are −4.53 eV, −4.53 eV and −4.52 eV, respectively; the LUMO levels are −1.46 eV, −1.71 eV and −1.70 eV, respectively; and the    Δ  H − L     of them are 3.07 eV, 2.82 eV and 2.82 eV, respectively. It can be seen that the HOMO levels of the three designed molecules are very close. Similarly, there are small differences between the HOMO levels of designed molecules and HOMO levels of experimental parent molecules. The molecular orbital level features can be explained from electron density distribution (Frontier molecular orbital plots) and contribution of molecular orbital (partial density of states (PDOS)) as mentioned below. For the three designed molecules, the LUMO level of Jy8 is the highest, and the LUMO levels of Jy9 and Jy10 are the same. Compared with three experimental molecules, the LUMO levels of three designed molecules have an obviously increase. This means that the substitution of the core structure from the electron-withdrawing group to the electron donating group has little effect on the HOMO level of the studied molecules, but it can significantly increase the LUMO level of the molecule. Compared with experimental molecules, the significant increases of LUMO levels of the three designed molecules lead to notable rises of energy gaps. Taking Jy5 as an example, the    Δ  H − L     of Jy8, Jy9 and Jy10 are raised by 1.13 eV, 0.88 eV and 0.88 eV, respectively, when compared with Jy5.



Matching energies are very important for the occurrence of charge transfer between the different surfaces in accord with enough driving force, as shown in Figure S1 [35]. The energy diagram of the perovskite, TiO2 and six investigated HTM molecules are presented in Figure 3. As shown, the HOMO levels of six molecules are quite close, and they are all higher than the HOMO level of perovskite. The LUMO levels of the designed molecules are obviously raised, compared with the experimental molecules, and the LUMO levels of the six molecules are all higher than that of perovskite.



It is noted that the LUMO level of perovskite is slightly higher than LUMO level of TiO2, which can inject the electron from perovskite to TiO2 successfully. If the HOMO level of HTM is higher than the valence band of perovskite, the hole injection from perovskite to the HTM is advantageous [35]. Meanwhile, if the LUMO level is higher than the conduction band of perovskite, the electron backflow from perovskite to the metal electrodes will be inhibited efficaciously [35,36]. From the Figure 3, it was found that the HOMO levels of six studied molecules are all beneficial for hole injection from perovskite to them, and the LUMO levels of them can prohibit the electron-backflow effectively. Moreover, the LUMO levels of designed molecules Jy8–Jy10 are higher than those of experimental molecules Jy5–Jy7, which can allow the designed molecules to exhibit better blocking effects on electronic reflux. Six studied molecules have similar hole injection abilities, and for the abilities of preventing electron backflow, we can find the following sequence: Jy8 > Jy9 ≈ Jy10 > Jy5 > Jy6 > Jy7. The results show that the replacement of core structures for Jy5–Jy7 from hydrogen atom to fluorine atom has little influence on hole injection and electron backflow. Moreover, it is obvious that the substitution of the central structures from the electron-withdrawing group to the electron-donating group can significantly increase the ability of preventing electron-backflow of HTM molecules.



The FMO plots of molecules were shown in Figure 4. For six molecules, the electronic density of HOMO is mostly concentrated in #A groups of each molecule, and the electronic density of LUMO is mostly concentrated in #B fragments of each molecule. The characteristics of electronic density can explain the results of close energy levels, that is to say, from the electronic density distribution of HOMO (see Figure 4) it was found that the electron densities are located in the two sides of molecular backbone (there are no electron density in core region), meaning no contribution of central cores (BT, FBT and TFBT) region to the HOMO; therefore, there are closed energy levels for the three molecules (JY5–JY7). For LUMO, though electron density resides in the central region, contribution comes from BT, FBT and TFBT cores, and fluorine atom has a little influence on the LUMO. Moreover, for HOMO plots of the investigated molecules, for Jy5, Jy8 and Jy10, their electronic density of HOMO almost belongs to symmetrical characteristics in both sides; while for Jy6, Jy7 and Jy9, the HOMO electronic density distributes asymmetrically on two sides of the molecule. From the distribution of FMO, it was found that the replacement of core structure from the electron-withdrawing group to the electron-donating group will not affect the role of the core structure and the two sides of molecules. The FMOs plots confirm that the #A fragment of each molecule acts as an electron donor and that the B fragment acts as an electron acceptor.



The TDOS and PDOS of the six investigated molecules have been presented in Figure 5. The black line represents the TDOS of the molecule, and the red line and blue line represents the PDOS of defined fragments #A and #B, respectively. The DOS diagram of the six molecules shows that almost all the HOMOs of each molecule are concentrated in the #A fragment, and the LUMO level is almost concentrated in the #B fragment; the PDOS of the #B fragment at the HOMO level is almost zero (central cores have no contribution to HOMO), which supporting the result of electron density distribution (see Figure 4), and the PDOS of the #A fragment at the LUMO level is the same tendency. It is also found that for each of the investigated molecules, fragment #A acts as electron donor, and then fragment B plays the role of electron acceptor.




3.2. Ionization Potentials, Electron Affinities and Absolute Harness


For organic materials, the barrier of charge transfer can be estimated by ionization potentials (IPs) and electron affinities (EAs) [27,36]. In general, the lower IP means the easier hole transfer, and the higher EA is more favorable for electron transfer [37]. Based on the optimized cation and anion geometry structures of the six molecules, we calculated their IPs, EAs and absolute hardness ( η ), as listed in the Table 2.



The calculated IPs are 4.40 eV for Jy5, 4.39 eV for Jy6, 4.41 eV for Jy7, 4.45 eV for Jy8, 4.37 eV for Jy9 and 4.44 eV for Jy10. The six molecules have similar IPs, and among them the Jy9 has the smallest IP, and Jy8 has the biggest IP. The EAs of three experimental molecules are 2.64 eV for Jy5, 2.68 eV for Jy6 and 2.70 eV for Jy7, respectively; for three designed molecules Jy8–Jy10, the EAs of them are 1.66 eV, 1.96 eV and 1.98 eV, respectively. It can be seen that the EAs of the experimental parent molecules Jy5–Jy7 have little differences. Among the three designed molecules, the Jy8 has the smallest EA, and the EAs of Jy9 and Jy10 are adjacent values. Compared with experimental molecules, the three designed molecules have apparent decreased tendency. As mentioned above, the results show that the six studied molecules should have similar hole injection abilities; and the electron injection abilities of six molecules are in the following order: Jy8 < Jy9 ≈ Jy10 < Jy5 < Jy6 < Jy7, which means that the abilities to prevent electron-backflow is Jy8 > Jy9 ≈ Jy10 > Jy5 > Jy6 > Jy7. It was found that for both hole injection abilities and the abilities to prevent electronic backflow, the analysis of FMO and the analysis of IP/EA have the same results. Furthermore, the results also show that the substitution of core structure from electron-withdrawing group to electron-donating group has small influences on hole injection, but it will clearly boost the blocking effect on electron backflow.



Although the stability of PVSCs is related to many parameters and aspects, the absolute hardness ( η ) can be used to evaluate the stability of organic molecule, and the absolute hardness is defined by [38]:


  η =   I P − E A  2   



(1)







The calculated results of  η  have been listed in the Table 2. For experimental parent molecules Jy5–Jy7, the absolute hardness are 0.88 eV, 0.86 eV and 0.86 eV, respectively. The results show that the absolute hardness of three experimental molecules is very similar. As a result of the significant drops of EAs for designed molecules, compared with those of experimental molecules, the  η  of Jy8–Jy10 have evidently increased tendency. As shown in Table 2, the absolute hardness of three designed molecules are 1.40 eV, 1.21 eV and 1.23 eV, respectively. The  η  is the resistance of the chemical potential to change in the number of electrons. So that the more stable organic molecule should possess a larger absolute hardness [39]. The absolute hardness of six molecules shows that the designed molecules Jy8–Jy10 are apparently more stable than original experimental molecules Jy5–Jy7. Among six molecules, the Jy8 has the highest absolute hardness, which means that the Jy8 has the best stabilization in six studied molecules. And the stabilizations of three designed molecules are clearly better than those of experimental molecules. The stability of six molecules are in the following sequence: Jy8 > Jy9 ≈ Jy10 > Jy10 > Jy5 > Jy6 = Jy7. The calculated absolute harness shows that replacing hydrogen by fluorine in the core structure has no obvious effect on the stability of molecules. However, the replacement of the core structure from the electron-withdrawing group to electron-donating group will obviously increase the stability of molecules.




3.3. Reorganization Energy of HTM Molecules


Generally, the charge transfer characteristics of organic materials can be estimated by the reorganization energy (   λ e    and    λ h   ); the lower reorganization energy means the faster charge transport, both of the hole and electron [39]. In theory, we employ the following expression to calculate the hole reorganization    λ h    and the electron reorganization energy    λ e    [40,41,42,43]:


   λ  h / e   = (  E 0 ±  −  E ±  ) + (  E ± 0  −  E 0  )  



(2)







In this expression, the    E 0 ±    is the energy of cation (anion) calculated with the optimized neutral molecule structure; the    E ±    is the energy of cation (anion) calculated with the optimized cationic (anionic) molecule structure. Correspondingly, the    E ± 0    is the energy of neutral molecule calculated with the optimized cationic (anionic) molecule structure; and the    E 0    is the energy of neutral molecule calculated with optimized neutral molecule structure. We listed the results of calculated λh and λe in the Table 3.



The results in Table 3 show that the λh of six molecules are 0.14 eV for Jy5, 0.15 eV for Jy6, 0.15 eV for Jy7, 0.11 eV for Jy8, 0.17 eV for Jy9 and 0.11 eV for Jy10. The experimental parent molecules Jy5–Jy7 have closed hole reorganization energies. Compared with experimental molecules, the designed molecules Jy8 and Jy10 have lower λh and Jy9 has higher λh. Results show that the introduction of fluorine for Jy5–Jy7 has little influence on hole transport ability, and replacement of core structure from the electron-withdrawing group to the electron-donating group will change the hole transport ability of HTM molecules.



The λe of Jy5–Jy7 are 0.34 eV, 0.35 eV and 0.36 eV, respectively; reorganization energy of Jy8–Jy10 are 0.39 eV, 0.39 eV and 0.42 eV, respectively. Similar to the λh of experimental molecules, the λe of them are also very close. Compared with Jy5–Jy7, the designed molecules Jy8–Jy10 have slightly higher λe. Results indicate that replacing the hydrogen by fluorine in the core structure of Jy5–Jy7 has no obvious effect on electron transport ability, and replacing core structures from electron-withdrawing group to electron-donating group will slightly decrease the electron transport ability of HTM molecule.




3.4. Optical Absorption Properties


Based on the optimized geometry structures of the six molecules, we employed the TD-DFT/CAM-B3LYP/6-31G(d) to study the excited state properties and optical absorption properties of these molecules. The calculated transition energies, absorption peaks λ, major transition molecular orbitals and oscillator strength f of three experimental molecules Jy5–Jy7 have been listed in Table 4, and the three designed molecules Jy8–Jy10 have been listed in Table 5. As shown in Table 4, the absorption peaks of Jy5–Jy7 are 404.04 nm, 405.84 nm, 400.73 nm, respectively; and their corresponding oscillator strength f are 0.9012, 0.8423 and 0.7346, respectively. The absorption peaks of Jy5–Jy7 are adjacent, and the oscillator strengths of them are in the following order: Jy5 > Jy6 > Jy7. Introduction of fluorine has no obvious effect on absorption peaks, but decreases the oscillator strength of the experimental molecules. From Table 5, for designed molecules Jy8, Jy9 and Jy10, the absorption peaks of them are 343.01 nm, 349.88 nm and 355.46 nm, respectively; and their corresponding oscillator strength are 1.4740, 0.8324 and 1.3031. The absorption peaks of the designed molecules are obviously blue-shifted, and the oscillator strengths of them are significantly increased when compared with experimental molecules. It indicates that the absorption peak will make blue-shifted, and the oscillator strength will be significantly boosted by replacing the core structures of HTM molecule from electron-withdrawing group to electron-donating group. Among the six molecules, the Jy8 has the largest oscillator strength. Table 4 and Table 5 also list the transition molecule orbitals for the each excited state of each molecule. For S1 of each molecule, except for Jy9, the transition MO of S1 for other molecule is from HOMO to LUMO. The transition MO of S1 for Jy9 is from HOMO-4 to LUMO.



The simulated optical absorption spectra of the six studied molecules are shown in Figure 6. As shown in Figure 6, the optical absorption ranges of experimental molecules Jy5–Jy7 are all approximately from 300 nm to 550 nm, and the designed molecules Jy8–Jy10 are all about from 250 nm to 450 nm. It is obvious that the absorption ranges of experimental molecules are more red-shifted and broader than those of designed molecules. In addition, Figure 6 shows the absorption peaks of Jy5–Jy7 are more red-shifted than those of Jy8–Jy10. But the absorption strengths of designed molecules are clearly higher than those of the experimental molecules, which coincide with the trend of oscillator strengths for HTM molecules.




3.5. Hole Mobility Rate and Hole Mobility of HTMs


The hole mobility is one of the most crucial parameters for HTM. Incoherent hopping and coherent band mechanism are the two main types of charge transport for organic material [44]. At room temperature, the charge transport type is viewed as the incoherent hopping type, that is to say, the carriers jump from one molecule (where they localized) to adjacent molecule [40,43,44]. And the Marcus theory is widely employed to estimate the rate of hole mobility (kh) at room temperature, which can be expressed as [27,45]:


   k h  =    V 2     ℏ     (   π   λ h   k B  T    )     1 2    exp  (    −  λ h    4  k B  T    )   



(3)




where V is the charge transfer integral, and λh is hole reorganization energy of HTM molecule, and kB is the Boltzmann constant, and T is the temperature (here we use the room temperature T = 300 K). The charge transfer rate mainly depends on the two key parameters: V and λh.



According to the Marcus–Hush two state model, the charge transfer integral V between adjacent molecules can be estimated by following formula [46]:


  V =    E  H O M O   −  E  H O M O − 1    2   



(4)




where the EHOMO and EHOMO-1 are the HOMO and HOMO-1 of face-to-face model in the HTM dimer.



In theory, the hole mobility is usually evaluated from the Einstein-Smoluchowski equation, which can be expressed as [47]:


  μ =  e   k B  T     D  



(5)







Particularly, when considering just one adjacent molecule, the diffusion coefficient can be expressed as [48]:


  D =  1 2   k h   r 2   



(6)




where the kh and r are the rate of hole mobility and the centroid distance between adjacent dimer molecules, respectively. At room temperature, the hole mobility can be estimated by [27,49]:


  μ =   e  r 2    2  k B  T    k h   



(7)







The crucial parameters related to hole mobility of three experimental molecules Jy5–Jy7 have been listed in Table 6. From Table 6, the charge transfer integral V are 0.00016 eV for Jy5, 0.00141 eV for Jy6 and 0.01001 eV for Jy7, respectively. The hole organization energies of three molecules are quite close. The hole mobility rate of them are 2.69 × 108 s−1 for Jy5, 2.01 × 1010 s−1 for Jy6, 1.01 × 1012 for Jy7. And the hole mobility of them are 1.24 × 10−5 cm2/(V·s) for Jy5, 2.45 × 10−3 cm2/(V·s) for Jy6 and 1.010 × 10−1 cm2/(V·s) for Jy7. Both the hole transport rate and hole mobility for Jy5–Jy7 are in the following sequence: Jy5 < Jy6 < Jy7. Jy6 configuration corresponding to the replacement of one hydrogen atom in the core structure by one fluorine atom, and Jy7 is replacing two hydrogen atoms in the core structure by two fluorine atoms. The sequence indicates that the number of fluorine atoms (which is introduced in the core structure) is related to the hole mobility rate and hole mobility. In theory, along with the introduction of the more fluorine atoms in core structure of HTM, the hole mobility rate should be faster, and hole mobility should be larger. Experimentally, the hole mobility is in the following order: Jy5 < Jy7 < Jy6. The hole mobility of Jy6 and Jy7 are larger than Jy5, which is related to the introduction of the fluorine atom in the core structure, and the reason is due to the poor film quality of Jy7 (the hole mobility of Jy7 is smaller than that of Jy6). Furthermore, see that the hole mobility rate and hole mobility are in order of Jy5 < Jy6 < Jy7 because the charge transfer integral V is in the same order. The introduction of the fluorine atoms in the core structure increases the charge transfer integral V in the molecular face-to-face dimer structures. The greater the introduced number of fluorine atoms is, the greater the charge transfer integral. The calculated results explain the reason for the increase of hole mobility for Jy6 and Jy7, and provide us with new thinking to design HTM molecules.





4. Conclusions


In this work, firstly we theoretically investigated the structure and transport properties of HTM containing fluorine-substituted benzothiadiazole-based organic molecules (Jy5–Jy7). Subsequently, by replacing the core structures of Jy5–Jy7 from electron-withdrawing group to electron-donating group, we designed three molecules Jy8–Jy10. Some crucial parameters (FMO, IP/EA, absolute hardness η, λe/λh, optical absorption and hole mobility) of HTM have been calculated with DFT/TD-DFT associated with CPCM model in dichloromethane solvent.



The results demonstrated that the replacement of hydrogen atom in the core structures by fluorine atom for Jy5–Jy7 has no obvious influence on the FMO levels, the abilities of hole injection and preventing electron-backflow, molecular stability and optical absorption peak; however, the substitute will significantly increase the hole mobility rate and hole mobility of the molecule because the introduction of the fluorine atom will obviously boost the charge transfer integral V. Furthermore, the substitution of the core structures from the electron-withdrawing group to the electron-donating group has little influence on the HOMO levels, hole injection and electron transport; but it will significantly increase the LUMO level, energy gaps, preventing ability on electron-backflow, molecular stability and oscillator strength of HTM molecule. Finally, the fine structural tuning of the core structures from the electron-withdrawing group to electron-donation group is hoped to be judicious approach for further improving the performance, which provides a possible option in designing the charge transport materials of perovskite solar cells.
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The following are available online at http://www.mdpi.com/2076-3417/8/9/1461/s1, Figure S1: Working principle of PeSCs, where the perovskite layer sandwiched by an electron transfer materials (ETM) and a hole transfer materials (HTM) as a whole is placed between a transparent electrode (FTO) and a metal electrode (Ag).
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Figure 1. Chemical structures of the three experimental molecules Jy5–Jy7 and three designed molecules Jy8–Jy10. 
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Figure 2. The fragment’s definitions of six investigated molecules. 
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Figure 3. Energy level diagram of the perovskite, TiO2 and the investigated hole transporting materials. 
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Figure 4. Frontier molecular orbital plots of the HOMO and LUMO for the studied molecules in solvent calculating by density functional theory (DFT). 
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Figure 5. Density of states (DOS) of the six investigated molecules. Where the black line represents the total density of states (TDOS), the red line red line represents the partial density of states (PDOS) of defined fragment A, and the blue line represents the PDOS of defined fragment B. 
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Figure 6. UV-Vis absorption spectra of six investigated molecules in solution. 
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Table 1. Calculated energy levels of frontier molecular orbital (highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)), and the energy gaps ΔH-L of the six studied molecules.
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	Molecules
	HOMO (eV)
	LUMO (eV)
	ΔH-L (eV)





	Jy5
	−4.49
	−2.55
	1.94



	Jy6
	−4.49
	−2.59
	1.90



	Jy7
	−4.50
	−2.62
	1.88



	Jy8
	−4.53
	−1.46
	3.07



	Jy9
	−4.53
	−1.71
	2.82



	Jy10
	−4.52
	−1.70
	2.82
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Table 2. The ionization potential (IP) (eV), electron affinities (EA) (eV) and absolute hardness η (eV) of six investigated molecules.
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	Molecules
	Jy5
	Jy6
	Jy7
	Jy8
	Jy9
	Jy10





	IP
	4.40
	4.39
	4.41
	4.45
	4.37
	4.44



	EA
	2.64
	2.68
	2.70
	1.66
	1.96
	1.98



	η
	0.88
	0.86
	0.86
	1.40
	1.21
	1.23
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Table 3. The hole reorganization energies λh (eV) and electron reorganization energies λe (eV) of six investigated molecules.
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	Molecules
	Jy5
	Jy6
	Jy7
	Jy8
	Jy9
	Jy10





	λh
	0.14
	0.15
	0.15
	0.11
	0.17
	0.11



	λe
	0.34
	0.35
	0.36
	0.39
	0.39
	0.42
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Table 4. Calculated transition energies, absorption peaks λ, major transition molecular orbitals and oscillator strength f of three experimental molecules Jy5–Jy7.
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Molecules

	
State

	
Energy (eV)

	
λ (nm)

	
Transition MO

	
f






	
Jy5

	
S1

	
3.07

	
404.04

	
(0.51528) H→L

	
0.9012




	
S2

	
3.32

	
373.98

	
(0.67782) H-1→L

	
0.0028




	
S3

	
3.58

	
346.08

	
(0.45233) H→L

	
0.0917




	
S4

	
3.64

	
340.52

	
(0.35359) H-1→L+2

	
0.0612




	
S5

	
3.64

	
340.33

	
(0.38410) H→L+2

	
0.0378




	
S6

	
3.72

	
333.54

	
(0.68793) H-2→L

	
0.0093




	
Jy6

	
S1

	
3.05

	
405.84

	
(0.50908) H→L

	
0.8423




	
S2

	
3.27

	
379.98

	
(0.63588) H-1→L

	
0.0021




	
S3

	
3.57

	
346.78

	
(0.39596) H→L

	
0.1722




	
S4

	
3.64

	
340.41

	
(0.50734) H-1→L+2

	
0.0807




	
S5

	
3.64

	
340.32

	
(0.40186) H→L+3

	
0.0124




	
S6

	
3.66

	
338.53

	
(0.68005) H-3→L

	
0.0122




	
Jy7

	
S1

	
3.09

	
400.73

	
(0.57491) H→L

	
0.7346




	
S2

	
3.25

	
381.79

	
(0.66434) H-1→L

	
0.0018




	
S3

	
3.62

	
342.21

	
(0.36991) H-12→L

	
0.2870




	
S4

	
3.64

	
340.56

	
(0.44441) H→L+2

	
0.0320




	
S5

	
3.65

	
339.77

	
(0.50438) H-2→L

	
0.0104




	
S6

	
3.65

	
339.54

	
(0.39980) H-1→L+3

	
0.0415
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Table 5. Calculated transition energies, absorption peaks λ, major transition molecular orbitals and oscillator strength f of the three designed molecules Jy8–Jy10.
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Molecules

	
State

	
Energy (eV)

	
λ (nm)

	
Transition MO

	
f






	
Jy8

	
S1

	
3.61

	
343.01

	
(0.44085) H→L

	
1.4740




	
S2

	
3.66

	
339.00

	
(0.47233) H→L+1

	
0.0001




	
S3

	
3.68

	
336.98

	
(0.38674) H→L+2

	
0.2549




	
S4

	
3.94

	
314.85

	
(0.37167) H-3→L+2

	
0.0020




	
S5

	
3.94

	
314.65

	
(0.33494) H-2→L+1

	
0.4762




	
S6

	
3.96

	
313.06

	
(0.59462) H-1→L

	
0.0045




	
Jy9

	
S1

	
3.54

	
349.88

	
(0.58077) H-4→L

	
0.8324




	
S2

	
3.68

	
337.11

	
(0.40054) H→L+2

	
0.0379




	
S3

	
3.68

	
336.70

	
(0.43639) H-1→L+1

	
0.0335




	
S4

	
3.83

	
324.09

	
(0.56164) H-1→L

	
0.0074




	
S5

	
3.92

	
315.94

	
(0.45648) H→L

	
0.1017




	
S6

	
3.95

	
314.17

	
(0.42169) H-2→L+1

	
0.0989




	
Jy10

	
S1

	
3.49

	
355.46

	
(0.52453) H→L

	
1.3031




	
S2

	
3.65

	
339.49

	
(0.47197) H→L+1

	
0.0032




	
S3

	
3.66

	
338.81

	
(0.46339) H→L+2

	
0.0447




	
S4

	
3.79

	
326.63

	
(0.61019) H-1→L

	
0.0001




	
S5

	
3.84

	
322.60

	
(0.50900) H-4→L

	
0.3618




	
S6

	
3.94

	
314.70

	
(0.44812) H-2→L+1

	
0.2635
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Table 6. The key parameters related to hole mobility of the three experimental molecules Jy5–Jy7: Vh (eV), λh(eV), r (Å), kh (s−1) and μh (cm2/(V·s)).
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	Molecules
	Jy5
	Jy6
	Jy7





	Vh (eV)
	0.00016
	0.00141
	0.01001



	λh (eV)
	0.14
	0.15
	0.15



	r (Å)
	4.65
	7.94
	7.19



	kh (s−1)
	2.96 × 108
	2.01 × 1010
	1.01 × 1012



	μh (cm2/(V·s)
	1.24 × 10−5
	2.45 × 10−3
	0.1010











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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