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We reported two tetraphenylpyrrolo [3,2-b]pyrroles in which the central core is functionalized by electron-rich functions: methoxy and di(4-methoxyphenyl)aminyl. The targeted compounds have good solubility in common organic solvents, high thermal stability and glass forming capacity. The optical and electrochemical properties of these compounds suggest use in a diverse range of applications. When utilized as the hole transporting layer of the planar perovskite solar cells, power conversion efficiencies ranging from 12.8 to 14.5% were obtained.

Introduction

In the recent years there has been a huge interest in designing small molecules for organic optoelectronic applications such as organic photovoltaics, 1 photodetectors, 2 organic lightemitting diodes, 3 etc. Each application requires molecules possessing specifically suitable thermal, morphological, optical, electrochemical, and electrical properties and processabilities. In the last decade, photovoltaic solar cells based on halide perovskite materials has been emerged as one of the most promising renewable energy conversion technology. Structurally, the perovskite solar cells (PSC) are constructed around a halide perovskite thin layer as light harvester. This active layer is sandwiched between two charge transporting layers of different nature: hole and electron transportation. Finally two current collectors complete the device structure. Hole transporting materials (HTM) extract and transport hole while on the opposite site electron is extracted and transported through the electron transporting materials (ETM). In order to ensure the good operation of the device, both ETM and HTM must have frontier orbital energy levels compatible with the valance band and conduction band energy of the perovskite materials. The ability to form a perfect charge transporting material/perovskite interface is important to have efficient charge extraction. In addition, high charge transporting capacities are of highly desired. The charge transporting materials can also protect perovskite materials from moisture and slow down its degradation by water vapor presented in the surrounding environment, thus effectively increase the device operation stability. 4,5 The HTM can be classified into two types which are inorganic and organic materials. Comparing to satisfied inorganic HTM in PSCs, 6 organic HTM show some advances in large-scale commercial production thanks to the unlimited molecular design possibility to tune the characteristics of targeted materials (HOMO LUMO energy levels, hole mobility, solubility, thermal stability, etc.). Notably, the availability of highly scalable synthetic procedures for these targeted molecular scaffolds are primordial in order to envisage a large-scale application. In this context, 1,2,4,5-tetraarylpyrrolo[3,2b]pyrroles (TAPP) are very promising candidates. 7 They can be easily prepared in one step by a straightforward multicomponent reaction of widely commercially available starting materials: an aromatic aldehyde, an aromatic amine, and butane-2,3-dione. 8 This synthetic procedure can be scaled for preparing the TAPP in multigram quantities and isolating them by simple filtration. 9,10 The electrochemical, electrical, and optical properties of these derivatives can be easily tuned by molecular structural design. 7,11 They can be found in diverse applications such as nonlinear optics, 12 fluorescent linkers in metal-organic frameworks, 13 light absorbing molecules in dye-sensitized solar cells, 14 electron donating molecules for solution-processed organic solar cells, 15 hole transporting molecules for perovskite photovoltaics. 16 In this studies, we designed, synthetized and characterized TPPP. The chemical structure of targeted molecules, named PP-2TPA and PP-4TPA, are shown in Figure 1. In these molecules, the TPPP central core is substituted by electron-rich functionalized groups: methoxy and di(4-methoxyphenyl)aminyl. We have commonly used these groups in designing novel molecules for diverse emerging technological applications such as hole transporting materials for hybrid photovoltaics, solution-processed electroluminescent devices, or as photoinitiators for photopolymerization and 3D printing. In addition, methoxy chains favor intermolecular interaction in solid state and increase charge transporting properties. 17 

Results and Discussion

Materials Synthesis

Thermal properties

In comparison to polymeric materials, small molecules have features such as facile purification, well-defined structure and better solubility in common organic solvents, making them suitable for both solution-processing and vacuum processing techniques. However, small molecules tend to recrystallize and aggregate in thin film, thus a stable amorphous state is highly desired. Both compounds have satisfying thermal stability as revealed from ATG analysis (Figure S1 in ESI). Their thermal decomposition temperatures, determined at offset weight loss, are higher than 400°C, which is high enough for optoelectronic applications (T d (PP-2TPA) = 420°C and T d (PP-4TPA) = 418°C). Their glass forming properties are revealed by DSC analysis (Figure S2 in ESI). During the first heating cycle of the asprepared molecules, both compounds show melting transition. After cooling down from the melted states, both compounds formed a glassy state as evidenced from the subsequent heating cycles. As anticipated, thanks to the tridimensional structure of the central core, both PP-2TPA and PP-4TPA possess relatively high glass transition temperatures (T g = 134°C and 122°C, for PP-2TPA and PP-4TPA respectively).

Optical properties

The optical properties of these compounds have been investigated by absorption and emission spectroscopy in dilute Toluene solution (Figure 3) and their optical properties are gathered in Table 1. As can be observed, both compounds absorb and emit visible light in the same spectral range. In comparison with the tetraphenyl-1,4-dihydropyrrolo[3,2-b]pyrrole backbone, both absorption and emission of 2TPA and PP-4TPA have similar behaviors with important redshift. This is ascribed to the electron donating effect of periphery di(4methoxyphenyl)aminyl groups. 18 The nature of the substituent at the N-atom of the pyrrolopyrrole core has no influence to their corresponding optical characteristics. The The electrochemical properties of these compounds have been investigated in 0.1M tetrabutylammonium hexylfluorophosphate (n-Bu 4 NPF 6 ) in dichloromethane solution by using cyclic (CV) and differential pulse (DPV) voltammetries. Their CVs are given in Figure 4 and redox properties are listed in Table 1. The CVs of these molecules show multiple reversible oxidation processes. The first two oxidation processes are ascribed to the triphenylamine functions while the third at higher potential is issued from the pyrrolo[3,2b]pyrrole core. However, no reduction was observed. From the optical bandgap and the HOMO energy levels, the E LUMO can be calculated and reported in Table 1.

Potential application in photovoltaic devices

In a recent work we have reported a triphenylamine-functionalized thieno[3,2-b]thiophene derivatives as effective hole transporting materials for perovskite based solar cells (PSC). 20,21 In comparison with the published molecule, 2,5-bis(para-di(4methoxyphenyl)aminylphenyl)thieno[3,2-b]thiophene (TT-2,5-TPA), the thermal, optical and electrochemical of compounds A-D are similar to that of TT-2,5-TPA (E HOMO = -5. 13 eV, E LUMO = -2.48 eV). Encouraged by the success of TT-2,5-TPA in PSC, we have performed preliminary investigation of PP-2TPA and PP-4TPA as charge transporting molecules in hybrid photovoltaic cells. In this study, these two compounds were tested in planar PSC with device structure of Glass-ITO / ETM (SnO 2 ) / Perovskite (CH 3 NH 3 PbI 3 ) / HTM (molecule PP-2TPA or PP-4TPA) / Au (Figure 5). The PSC device made from Spiro-OMeTAD HTM were used as control devices. The photocurrent density-voltage curves of the best PSC devices are gathered in Figure 5. The device made from Spiro-OMeTAD delivered a photovoltaic performance of 18.98 % with open circuit voltage (V oc ) = 1.07 V, short-circuit current density (J sc ) = 22.10 mA.cm -2 and fill factor (FF) = 0.80. The concentration of the HTM solutions were optimized. Under these optimized conditions, the PSCs utilizing TT-2TPA exhibited the photovoltaic performance with the efficiency of 12.81%. This low efficiency was resulted from low J sc (20.72 mA.cm -2 ), V oc (0.95 V) and FF (0.65). However, replacing TT-2TPA in the hole transporting layer by TT-4TPA provided devices within increased power conversion efficiency due to improved V oc and FF. The average value of device performances are also given in Figure 5 with PCE Spiro- OMeTAD > PCE PP-4TPA > PCE PP-2TPA . Despite having similar HOMO and LUMO energy levels, TT-4TPA has superior photovoltaic property compared to TT-2TPA. Even further investigations have to be realized, we ascribe this difference to a better solubility of TT-4TPA leading to a more homogenous HTM layer and a better HTM/perovskite interface (Figure S3 in ESI). The presence of four triphenylamine moieties in TT-4TPA creates a bulky tridimensional structure and enhances its solubility and thin film morphology. 22

Conclusion

To summarize, two novel tetraphenylpyrrolo[3,2-b]pyrroles have been designed and synthesized. These molecules have been characterized in order to investigate their thermal, optical and electrochemical properties. They have high thermal stability with glass forming properties. They absorb in the visible/near UV spectral domain. Their frontier molecular orbital energies are calculated by a combination of experimental optical and electrochemical characterizations. These energy levels are found to be suitable to be employed as hole transporters in hybrid perovskite solar cells. Additional characterization must be performed to explore the full potential of these molecules, however the preliminary photovoltaic data are very promising.

Experimental

The detailed descriptions of general conditions for materials synthesis, optical, electrochemical and thermal characterization, perovskite-based photovoltaic device fabrication and measurements are given in the Electronic Supporting Information. The synthesis of 1,2,4,5-Tetrakis(4-bromophenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole (1b) has been reported elsewhere. 23 Synthesis of 2,5-bis(4-bromophenyl)-1,4-bis[4-[(methoxy)oxy]phenylpyrrolo[3,2-b]pyrrole (1a): In a 50 mL Schlenk flask equipped with a reflux condenser and magnetic stir bar, glacial acetic acid (30 mL) was placed followed by addition of p-methoxyaniline (2 eq., 2.463 g), 4bromobenzaldehyde (2 eq., 3.7 g) and TsOH (0.1 eq, 172 mg). The mixture was stirred at 90°C for 30-45 min. After that time, butane-2,3-dione (1 eq., 0.87 mL) was slowly added via syringe and the resulting mixture was stirred at 90 °C for 4 h. The mixture was then cooled to room temperature. Synthesis of PP-2TPA: To a Schlenk flask was charged 1a (1eq., 751.2 mg), di(pmethoxyphenyl)amine (2.5 eq., 687 mg), Pd(OAc) 2 (0.2 eq., 53.76 mg), NaOtBu (10 eq., 1.15 g) and put in vacuum line for 5 mins then fill argon back (repeat 3 times). The mixture of starting materials was added toluene (40 mL) and PtBu 3 (0.4 eq., 0.48 mL) then heat 95 °C for overnight. After cooling down to room temperature, the solution reaction was filter by funnel with celite and washed the funnel by CHCl 3 . The organic solvent was removed under high pressure rotavapor. The crude product was dissolve in minimum of hot toluene with high rotation of stir bar, then large amount of MeOH was added. The precipitate of pyrrolopyrrole product was formed and isolated by funnel. The yield is 0.75 g (67.6 %). 1 H NMR (DMSO-d6, 250Hz): 7.2 (d, J = 7.7 Hz, 4H), 6.9-6.8 (broad, 24H), 6.6 (d, J = 7.9 Hz, 4H), 6.1 (s, 2H pyr ), 3.75 (s, 6H), 3.7 (s, 12H). HRMS (ESI+): Calculated for [M] •+ : 924.3881, found: 924.3886

Synthesis of PP-4TPA: To a Schlenk flask was charged 1b (1eq., 0.722 g), di (pmethoxyphenyl)amine (2.5 eq., 0.572 g), Pd(OAc) 2 (0.2 eq., 44.8 mg), NaOtBu (10 eq., 0.96 g) and put in vacuum line for 5 mins then fill argon back (repeat 3 times). The mixture of starting materials was added toluene (40 mL) and PtBu 3 (0.4 eq., 0.4 mL) then heat 95 °C for overnight. After cooling down to room temperature, the solution reaction was filter by funnel with celite and washed the funnel by CHCl 3 . The organic solvent was removed under high pressure rotavapor. The crude product was dissolve in minimum of hot toluene with high rotation of stir bar, then large amount of CH 3 OH was added. The precipitate of pyrrolopyrrole product was formed and isolated by funnel. The yield is 0.85 g (65 %). 1 H NMR (DMSO-d6, 250 Hz): 7.0-8.6 (multi, 48H), 6.1 (broad, 2H pyr ), 3.7 (s, 24H). HRMS (ESI+): Calculated for [M+H] + : 1319.5641, found: 1319.5643
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Figure 1 .

 1 Figure 1. Molecular structures of tetraphenylpyrrolo[3,2-b]pyrroles (PP-2TPA and PP-4TPA)

Figure 2

 2 Figure2outlines the synthesis of PP-2TPA and PP-4TPA in a two-step synthetic procedure. The formation of the central TPPP core has been realized by following well described classical methods, as mentioned above, leading to intermediate 1a and 1b by one step condensation reaction of three components under acetic acid as catalyst. Mechanistically, para-bromobenzaldehyde firstly reacts with amine to form Schiff base. In the second step, cyclocondensation of Schiff base with 2,3-butanedione followed by an oxidation providing the intermediate pyrrolopyrrole (1a and 1b). The advances of this reaction are possible for low-cost starting materials, gram-scale and reproducibility. Notably, the work-up is easy by filtration, washing, and then recrystallization. Purification by column chromatography is not needed in this step. The presence of bromine atoms in their structures offer the possibility of further functionalization by Pd-catalyzed C-N coupling reactions. In the next reaction, twofold and fourfold Buchwald-Hartwig coupling reactions providing desired compounds in satisfying yields (> 65%). The isolation and purification of these products (PP-2TPA and PP-4TPA) based on the different solubility of product and starting materials in MeOH and Toluene. This synthetic strategy is highly efficient due to the gram-scale reaction and easy work-up.

Figure 2 .

 2 Figure 2. Synthesis of PP-2TPA and PP-4TPA

  optical bandgap ( ) of PP-2TPA and PP-4TPA (documented in Table 1) were calculated from their corresponding absorption onset in solution according the equation: = hc/ in which h and c are the Planck constant and the speed of light in vacuum, respectively. Both compounds have close optical bandgaps.

Figure 3 .

 3 Figure 3. Absorption and Fluorescent Spectra of PP-2TPA and PP-4TPA

Figure 4 .

 4 Figure 4. Cyclic and differential pulse voltammetry curves of PP-2TPA and PP-4TPA

Figure 5 .

 5 Figure 5. Photovoltaic device structure, J-V output and photovoltaic characteristics of the champion devices of Spiro-OMeTAD, PP-2TPA and PP-4TPA (The average values and standard deviations (calculated from 8 cells for Spiro-OMeTAD and PP-4TPA and 6 cells for PP-2TPA) are given in bracket)

Table 1 .

 1 Thermal and optoelectrochemical properties of PP-2TPA and PP-4TPA

	Compound	T d /T g	/			/		E HOMO	E LUMO
		°C	nm	nm	eV	V/Fc/Fc	+	eV	eV
	PP-2TPA	213/134	386/449	462	2.76	-0.22/0.05/0.66	-4.88	-2.12
	PP-4TPA	416/125	388/442	462, 482	2.81	-0.25/0.02/0.65	-4.85	-2.04
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