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Abstract 

   Bulk heterojunction organic solar cells (BHJ OSCs) have been fascinated in 

recent years for the future green energy generation due to their most promising 

results of low-cost fabrication, great flexibility, and lightweight properties. Very 

recently small molecule donors in the BHJ active layers have shown prominent 

attention due to the synergistic advantages over the polymer counterparts, which 

possess easy purification, highly facile synthesis, and negligible batch-batch 

variations. To construct push-pull molecules for p-type semiconductors, 

acceptor-donor-acceptor (A-D-A) based backbone exalted so far. In addition, the 

most impressive small molecule electron-donor units (D) are like 

benzodithiophene (BDT), oligothiophene, 3-dithienosilole (DTS), and 

indacenedithiophene (IDT) and so on. Likewise, electron-acceptors (A), such as 

3-alkylrhodanine, diketopyrrolopyrrole (DPP), and perylenediimide (PDI) have 

been utilized. Porphyrin derivatives show excellent photochemical and 

electrochemical properties. Interestingly, porphyrins can be easily modified by 

different substituents at the peripheral positions (meso- and β-) and metal 

insertions at the center of the porphyrin core. In this work, we design, synthesize 

and characterize visible-near infrared absorbing new porphyrin dimer based small 

molecules with acceptor-donor-acceptor (A-D-A) configuration for bulk 

heterojunction organic solar cells, and investigate their 

structure-property relationships, specifically the effect of conjugation and 

planarity of the backbone central units on the charge mobility, film morphology, 



iii 

and solar cell performances. 

   Chapter 1 deals with an overview of the past and recent development of BHJ 

OSCs, particularly the key principles and photovoltaic characteristics. 

Furthermore, we focus on the detailed classification of porphyrin-based small 

molecules and their performances in OSCs. 

   In chapter 2, two promising near-IR absorbing porphyrin-based dimeric small 

molecules were designed and synthesized, in which 

diketopyrrolopyrrole-ethynylene-bridged porphyrin dimers are capped with 

electron-deficient 3-ethylrhodanine (A2) via a π-bridge of phenylene ethynylene, 

with an optimal A2-π-D-A1-D-π-A2 architecture affording porphyrin dimers 

DPP-2TTP and DPP-2TP. They possess strong absorption in ranges of 400–550 

(Soret bands) and 700–900 nm (Q bands). Their intrinsic absorption deficiency 

between the Soret and Q bands could be perfectly compensated by a wide 

bandgap small molecule DR3TBDTTF with absorption in 500–700 nm. 

Impressively, the optimal ternary device based on the blend films of DPP-2TPP, 

DR3TBDTTF (20 wt.%) and PC71BM, shows a PCE of 11.15%, while the binary 

devices based on DPP-2TTP/PC71BM and DPP-2TP/PC71BM blend films exhibit 

PCEs of 9.30% and 8.23%, respectively. The high compatibility of the low 

bandgap porphyrin dimers with the wide bandgap small molecule provides a new 

threesome with PC71BM for highly efficient panchromatic ternary organic solar 

cells.  
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    Chapter 3 describes another two new A-π-D-π-A structural porphyrin small 

molecules denoted as TDPP-2P and TDPPE-2P which are constructed from 

dimeric porphyrin linked by 

2,5-bis(2-butyloctyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dion

e (TDPP), and 2,5-bis(2-butyloctyl)-3,6-bis(5-ethynyl-2-thienyl)-2,5-

dihydro-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (TDPPE), respectively, further 

π-extended symmetrically with electron-deficient 4-[(3-ethyl-4-oxo-2-thioxo-5-

thiazolidinylidene)methyl]-phenylethynyl fragments. Compared to the absorption 

spectra of TDPP-2P, astonishingly TDPPE-2P improves the range of 

near-infrared over 1000 nm due to the enhanced coplanarity of the central core. 

Moreover, the intrinsic absorption deficiency (500-700 nm) is perfectly 

compensated by IT-M small molecule acceptor. Remarkably the blend film 

TDPPE-2P:IT-M accomplished panchromatic photo-current absorption from 

400-900 nm, as a result, the device exhibits a prominent PCE of 5.69%. Whereas, 

the film TDPP-2P:IT-M shows comparatively low PCE of 4.12%. Finally, we 

believe that such a combination of TDPPE-2P:IT-M device demonstrates 

synergetic compatibility of donor/acceptor domain to promote the complementary 

absorption spectrum and enhances through higher hole mobilities and better 

crystallinity of the surface and interface for non-fullerene small-molecule organic 
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solar cells.   

 

   In Chapter 4, we further modified and synthesized a new series of 

A*-π-D2-D1-D2-π-A* based porphyrin dimer (2P) (D2) small molecules flanked by 

4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-2,6-diethynylbenzo[1,2-b:4,5-b']dithiophen

e (TBDTE) and 

4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene (TBDT) as 

TBDTE-2P and TBDT-2P respectively, in which benzodithiophene (BDT) (D1) 

based analog was constructed as a central unit because of extended coplanarity 

conjugation length. Finally, TBDTE and TBDT units end-capped with 

3-ethylrhodanine (A*) via a π-bridge of phenyl ethynyl linker and 

2-octyldodecan-1-al long alkyl chain was used on vertical meso-porphyrins to 

improve the material solubility for the solution-processed OSCs. The compound 

TBDTE-2P accomplishes absorption range from 400-800 nm in the 

vis-near-infrared region, whereas TBDT-2P compound absorbs 400-700 nm 

range. The higher absorption range of TBDTE-2P arises from more planar 

backbone orientation and strong intramolecular charge transfer (ICT) within the 

donor molecules. Further, we focus on the OPV performances of binary devices 

TBDTE-2P / TBDT-2P: IDIC under AM 1.5G 1-Sun and 300 lux LED 

illuminations. The champion device TBDTE-2P: IDIC was accumulated a PCE of 
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7.46% under 1-Sun whereas a PCE of 12.34% was obtained under indoor light 

illuminations. The exploit of superior properties, charge generation and collection, 

hole and electron mobilities, and atomic force microscopy (AFM) were also 

examined. 

    In Chapter 5, we synergistically designed and synthesized two new porphyrin 

dimer triply fused at meso–meso, β-β and βꞌ-βꞌ positions, from the corresponding 

meso–meso singly-linked porphyrin arrays. These fused porphyrin tapes differ by 

two metal atoms at the porphyrin core, such as zinc and nickel, termed as 

F-C19ZnP and F-C19NiP, respectively. With the purpose for design new 

acceptor-donor-acceptor small molecules for OSCs, the two fused porphyrin tapes 

were investigated in detail on the photophysical and electrochemical properties. 

Both fused porphyrins exhibit a strong and wide Soret-band absorption from 

400-570 nm. Interestingly, the compound F-C19ZnP is recorded a larger red-shift 

absorption than the compound F-C19NiP consistent with cyclic voltammetry (CV) 

measurements, because the Zn-porphyrin attains more planar conjugated 

geometry.  
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Finally, the dissertation was completed with a summary in chapter 6. 
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Chapter 1 

Organic Solar Cells: History and New Approaches  

1.1 Introduction 

In the modern world producing energy is an essential problem facing nowadays, 

people are urged to explore new alternatives other than relying on fossil fuels. The 

impact on several problems, such as environmental degradation and human health 

conditions. However, our society needs to exploit and utilize sustainable energy 

sources more importantly should be economic and ecological energy sources. Going 

with the development of renewable energy sources, recently solar energy has gained 

much attention globally. The conversion of solar to electric energy has been 

considered to tackle environmental issues since the 1970s. similarly, the other 

alternatives as water, wind, and nuclear energies have also been utilized so far. 

Apparently, several photovoltaic (PV) technologies have shown their potential 

performances. Although, polycrystalline silicon-based solar cell has proved a 

significant power conversion efficiency (PCE) of up to 26%,1 the disadvantage of the 

inorganic PV device is extravagant, inflexibility, and hazardous issues.2, 3 

Consequently, organic photovoltaics (OPV) have attracted much interest for their 

fascinated features such as low cost, lightweight and unique flexibility.4-7 

1.2 Organic Photovoltaics 

Organic photovoltaic (OPV) device relies on a very simple principle, which is to 

convert the light source into electric energy through the photovoltaic effect. 
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Meanwhile, the design of thin-film can be easily processed with various compositions 

in the solution process under ambient temperature.8 And also very effective both in 

cost and in energy perspectives.9 Generally, there are two types of active layers 

sandwiched between anode and cathode in a typical OSC. Early OSCs were 

constructed on a planar or bi-layer heterojunction, a simple device, and used widely in 

the early days to make small-molecule solar cells called an organic Schottky solar cell. 

However, the power conversion efficiency (PCE) of this type of device was 

exceptionally poor.10 In early 1986, Tang constructed a bilayer planar heterojunction 

solar cell and affected PCE just 1% after excitation by incident light.11 Further, two 

small molecules of copper phthalocyanine as donor and perylene diimide derivative as 

acceptor were coated like a sandwich device between two electrodes Figure 1-1(a), 

aluminum wire as a cathode and a transparent indium tin oxide (ITO) as an anode, 

then, PCE around 4% accumulated. However, this approach had limited efficiency so 

far.4 

 

Figure 1-1. Schematic of the basic structures of (a) bi-layer and (b) bulk- 

heterojunction solar cell structures.12 

1.2.1 Bulk Heterojunction Organic Solar Cells (BHJ OSCs) 

The donor and acceptor layers in binary heterojunction device would be evaporated at 
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the electrodes at certain temperatures, to overcome the strategies of the 

donor/acceptor (active layer) interfaces and enhance charge transport properties, 

thereafter researchers grabbed attention on early 1992 for a well-ordered 

heterojunction layer. Firstly, Heeger and Sariciftci et al. reported a new concept, 

which is the photoinduced electron could efficiently transfer from the excited state of 

a conjugated polymer (MEH-PPV) to the fullerene (C60) molecule. Later on, Yoshino 

et al. confronted the technique of photoconductivity enhancement through 

polythiophene and C60 mixture.13, 14 Similarly, Yu et al.15 and Halls et al.16 also 

developed the concept of interpenetrating phase-separated donor-acceptor (D-A) 

composites as “bulk heterojunction” (BHJ) in Figure 1-1(b). To this day, the BHJ 

devices have been well established with respectable high performances in OPVs due 

to its optimized donor/acceptor interface efficiently forward to charge separation and 

convenient mobility of both hole and electron transports.8 In addition, to exceed the 

surface quality a buffer layer is compensated between the active layer and ITO surface.   

The bulk heterojunction device mainly consists of two types of light-absorbing 

materials (Figure 1-2), such as p-type semiconductors, which transports a huge 

concentration of holes than the electrons from HOMO to LUMO level and also called 

electron donor semiconductor. On the other hand, n-type semiconductor possesses 

more concentration of electrons than the holes from low-lying LUMO to adding an 

electron to the LUMO level of acceptors, called as electron acceptor semiconductors. 

    

.  
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Figure 1-2. Energy diagram of a typical organic solar cell acting in generating a 

photocurrent. And show some examples of typical p and n type organic 

semiconductors. 

Typically, it is necessary to choose an appropriate donor component for the 

high-performance OSC. Generally, two kinds of donor semiconductors are currently 

explored, (i) small molecules and (ii) π-conjugated polymers. Whereas in the acceptor 

components mostly fullerenes like phenyl-C61-butyric acid methyl ester (PC61BM) 

(Figure 1-2), phenyl-C71-butyric acid methyl ester (PC71BM), and a non-fullerene like 

indacenodithiophene (IDT) and its derivatives and pyrelenediimides (PDI)-based 

small molecules are remarkable materials for their superior qualities like high electron 

affinities and unique flexible three-dimensional structures for excessive charge 

transport mobilities.17 

1.2.2 Principle Working Mechanism of Organic Solar Cells 
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Figure 1-3. A) Schematic diagram of the principles of the internal processes in OPVs 

and B) the four processes of photocurrent generation in OPVs.18 

As we discussed before a typical organic device is a combination of 

donor/acceptor interface sandwiched between the electrodes, under the light 

illumination, the electrons are excited from the LUMO of the donor and transfer to the 

LUMO of the acceptor and finally form large amount holes and electrons (Figure 1-3. 

A). During the process, there are four essential steps involved by converting solar 

energy to electric energy. Firstly, light absorption and generation an exciton. Further, 

at the BHJ interface, the diffused exciton dispersed into free holes and electrons 

through interfacial charge transfer (CT). The free charges then move to the respective 

electrodes, and photo-current comes from the extraction of the charge carrier. The 

simplified working mechanism of an OPV device involves four distinct events: (i) 

optical absorption and formation of excitons, (ii) exciton diffusion to the 

donor-acceptor interface and forming free carriers, (iii) exciton dissociation at the 

donor-acceptor interface, and (iv) collection and extraction of charges towards the 

electrodes (Figure 1-3. B).18, 19 These four exceptional steps impact the entire 
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morphology of the surface, structural engineering, notably physical and chemical 

characteristics of the materials.20-22 

1.2.3 Photovoltaic Characteristics 

  To evaluate its performance and the quality of OSC is determined by a function of 

applied bias under illumination or darkness, generating current density vs voltage (J-V) 

curve. The PCE (η) relies on the three key parameters, short-circuit current density 

(JSC), open-circuit voltage (VOC) and fill factor (FF) that characterize a solar cell, and 

the product of these three parameters to obtain overall PCE. However, the actual 

efficiency is measured by a maximum of the J-V curve (Jmax × Vmax) (Figure 1-4) that 

resembles the maximum power (Pmax).  

 

Figure 1-4 Current-voltage (J-V) characteristics of a typical solar cell. 

*Short-circuit current density (JSC): 

  It records, when the current flow at zero applied voltage, it is directly proportional to 

the efficiency of free charge carrier generation and collection. Besides, light-harvesting 

capability and charge division also impact the JSC. Besides, JSC is also influenced by the 
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process of exciton generation, diffusion and separation, which excitons reach 

donor-acceptor interfaces and also accelerates the energy driving forces for charge 

division.23 

*Open-circuit voltage (VOC): 

  The voltage is confirmed of the two ends of a solar cell under illumination at which 

no current is applied. Importantly, it governs the energy levels of both donor/acceptor 

interfaces in conjunction with the electrodes.  

*Fill factor (FF): 

  Fill factor decides the quality of a solar cell, which is defined as the ratio between 

the maximum power (the product of Jmax and Vmax) and the theoretical power (the 

product of JSC and VOC) of the cell and represented as the formula below.4 

𝐹𝐹 =
𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥

𝐽𝑠𝑐 × 𝑉𝑜𝑐
 

*Power conversion efficiency (PCE): 

The power conversion efficiency (PCE), the most important factor of a solar cell, 

is defined as for formula below, the ratio of the power output of a solar cell to the 

intensity of incident light in the form of sunlight. The most common source of light is 

an AM 1.5G-illumination for laboratory research. 

𝑃𝐶𝐸 =
𝑃𝑚𝑎𝑥

𝑃𝑙𝑖𝑔ℎ𝑡
=

𝐹𝐹×𝐽𝑠𝑐×𝑉𝑜𝑐

𝑃𝑙𝑖𝑔ℎ𝑡
                          

*External quantum efficiency (EQE): 

   EQE is an important phenomenon of wavelength (λ), defined as the ratio between 
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the number of charges generated photons and the number of incident photons and 

denoted as the product of four different efficiencies EQE (λ) = ƞA (λ) × ƞED (λ) × ƞCS 

(λ) ×ƞCC (λ).21 

1.3 Recent Advanced Performance of Porphyrin-based Small Molecules in 

Organic Solar Cells 

During the past decade, researchers desperately focusing on efficient organic 

semiconductors, both small molecules and polymers for BHJ OSCs. Although 

polymer donor materials have greatly emerged in solution-processed solar cells,22 

small molecule donor materials thoroughly proved their prominent benefits, such as 

easily structural modified designs, definite molecular weight, high processing 

purifications and batch to batch variations.24-27 On the bases of intensive research and 

development of the OSC community, the PCEs of p-type SM based devices have 

dramatically been exceeded over 11% for single layer bulk heterojunction (BHJ) solar 

cell.28-30 Even these results are much appreciable than polymer-based OSCs. However, 

there are still small molecules that bear some shortcomings like exhibiting the lower 

extinction coefficient usually, improper energy levels between the donor and acceptor, 

uneven film morphology, and deviate charge transport properties. Despite this, 

scientists and engineers are trying eventually to overcome and create a benchmark 

performance for future commercialization OSCs.31 Fullerene derivatives (PC61BM or 

PC71BM) are the widely used n-type materials in OSCs. 

To construct push-pull molecules for p-type semiconductors, 

acceptor-donor-acceptor (A-D-A) based backbone exalted recently. Meanwhile, the 
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most eminent small molecule electron-donor units (D) are like porphyrin, 

benzodithiophene (BDT), oligothiophene, 3-dithienosilole (DTS), and 

indacenedithiophene (IDT) and so on. Likewise, electron-acceptors (A), such as 

benzothiazole, malononitrile, cyanoacetate, 3-alkylrhodanine, dicyanomethylene 

rhodanine, and diketopyrrolopyrrole have been utilized. 

1.3.1 History-Development  

   A purple-colored tetrapyrrolic aromatic macrocycle which contains 26 π-electron 

chromophores has been termed as porphyrin a century ago.32 The name originated 

from the Greek word porphura which resembles the purple color. Porphyrins are 

indeed excellent light harvesters, and the well-explored chlorophyll (the green 

magnesium porphyrin) is an example of natural photosynthesis, which is a ubiquitous 

natural pigment and plays a vital role to “trap” the photons and generate energy.33, 34 

On the other hand, the heme is a red iron porphyrin pigment presented in the red 

blood cells, which binds and transfers oxygen throughout the respiratory system. 

Those fascinated natural functions are concluded to be devoted to great interest in 

OSCs. Based on the concept of natural photosensitizing, porphyrins also emerge some 

invaluable properties, like they possess strong electronic absorptions with high molar 

extinction coefficients (ε) usually (Soret or B band around 400-450 nm and Q bands 

in the range of 550-700 nm) in the UV-visible regime and outstanding charge 

transport features. Moreover, Porphyrins can be easily modified by different 

substituents at the peripheral positions (meso- and β-) and metal insertions at the 

center of the porphyrin core  (Figure 1-5), therefore, these facilities allow 
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fine-tuning of electronic and photo-physical properties, air and thermal stabilities 

quite easily,35, 36  to be as electron donor or acceptor in OSCs.37 

 

Figure 1-5. Typical structure of a porphyrin featuring four meso- and eight 

β-positions to be functionalized for solar cells. 

   Porphyrins were initially studied and applied in the field of dye-sensitized solar 

cells (DSSCs) for the last three decades, interestingly the power conversion efficiency 

(PCE) has recently outstood up to 13% due to intrinsic push-pull mechanisms and 

continuous modifications at meso-positions could establish the chemical and optical 

properties.38, 39 On the other side, researchers have eventually utilized some 

porphyrin-based standard chromophores like tetraphenyl porphyrin (TPP) in 

solution-processed BHJ OSCs. So that the rapid development of porphyrins with 

various designs showed apparently to obtain promising results in the last few years 

and a couple of works have been reported recently for a high-class percent value in 

OPVs. Due to the reason, the limited review articles are noted so far to encounter 

porphyrin-based materials.39-41 In this chapter, we emphasize briefly the significance 

of porphyrin-based small molecules and their molecular engineering and to overcome 

light-harvesting panchromatic response in the visible-NIR region for OSCs.  

1.3.2 Simple-Porphyrins as Electron Donors 
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  Porphyrins are widely described as donors systematically for the solution 

processing techniques in BHJs. In early days, tetrasubstituted zinc-porphyrin 1 

(Figure 1-6)  core could be paired with PC61BM in BHJ semiconductors, as a result, 

a negligible efficiency of 0.24% was obtained.42, 43 There are several factors to explain 

ideal performances like charge carrier mobilities and proper donor-acceptor domain 

morphology in the blend films.44  

  In early 2007, Li and co-workers designed a new molecular arrangement of 

free-base porphyrins 2 and 3 (Figure 1-6) and studied the blend films, after thermal 

annealing both devices achieved enhanced performances with a Jsc of 3.990 mA/cm2 

and a PCE of 0.712% for 2 and a Jsc of 5.02 mA/cm2
 and a PCE of 0.775% for 3.45 

Despite the performance of PCBM in BHJs, Hawker et al. advantageously, used 

thermally degradable sacrificial binder poly(propylene carbonate) to enhance the 

processability of area morphology without disturbing the characteristic film of  BP 4 

(Figure 1-6) and PCBNB based acceptor, therefore the device made a PCE of 

1.54%.46  
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Figure 1-6. The chemical structures of porphyrin small molecules as donors. 

 

1.3.3 Porphyrin-Fullerene-based Dyads and Triads 

After the discouraging performances of tetrasubstituted porphyrins in BHJs, 

researchers have focused on covalently flanked conjugation of donor and acceptor in 

one moiety so that induce the photo-electron easily within the molecule and to 

suppress the phase separation and charge recombination factors. Besides, the 

porphyrin-fullerene combination has greatly self-assembled in supramolecular solar 

cells.47  

  Zhu et al. made a fulleropyrrolidine-perylenetetracarboxylic diimide-porphyrin 

triad FPP 5 and its derivative ZnFPP 6 (Figure 1-7).48 Interestingly, the two triad 

systems have expanded the absorption in the visible region, moreover, 

perylenetetracarboxylic diimide could be shown an ideal photoinduced electron 

transfer process between the donor-acceptor system. However, the efficiency was 

moderate (0.028% for 5 and 0.035% for 6) but the study of photophysical features for 

triad systems gained a step forward to future research. Tamura et al. also tried a dyad 

system of covalently connected tetrabenzoporphyrin with PCBM(C60) to form 7 

(Figure 1-7) but the device showed a very low efficiency of 0.15%. Moreover, they 

could confirm the photoinduced electron transfer expectedly quenched by C60 of the 

porphyrin PL spectra.49 Similarly, Kumar et al. fabricated 

tetraphenyl-porphyrin-fullerene 8 (Figure 1-7) single dyad system in OSCs, However, 

the complete fluoresce quenching could be observed with an efficient charge transfer 

though the device exhibited poor performance.50 
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Figure 1-7. The chemical structures porphyrin-fullerene-based dyads and triads. 

 

1.4 Influence of Porphyrin Molecular Design for Efficient Organic Solar Cells 

   The performance of the specific porphyrin-based small molecules in BHJs 

indicate that discouraging PCEs (<1%) in early 2012, when the researchers try to find 

out the outcomes of the active porphyrin materials, deeply focused on the synthetic 

modifications of porphyrin backbone on the peripheral substituents so that it is 

necessary to enhance the crystallinity and the charge mobilities. Based on the studies 

the variation of charge mobilities could be influenced by the performance of 

porphyrins particularly. The increase of charge mobilities was contributed to greater 

π-π interactions between the adjacent molecules in an active device. 

  In 2012, Matsuo et al. firstly reported the concept of meso-acetylene (ethynyl) 

linkages on the porphyrin chromophores to strengthen the π-conjugation for 

solution-processed BHJ OSCs although they had been used quite a long time in 

DSSCs. Interestingly, they designed two tetra-ethynylporphyrin units of trans-A2B2 
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9-11 (Figure 1-8) 51 and cis-A2B2 12 (Figure 1-8) 52 by using two aliphatic and two 

aromatic groups and magnesium (Mg) as a central metal atom. Astonishingly, 

trans-A2B2-Mg-porphyrin 9 was gained a high PCE of 2.5%, when compared to PCE 

of 0.57% for 10 and PCE of 0.25% for 11, Also, cis-A2B2 12 was fabricated with 

PC61BM in a various donor: acceptor ratios (1:2, 1:3, 1:4)  the device of 1:3 was 

exhibited a better PCE of 1.5%. 

  Therefore, an appropriate structural design of the porphyrin backbone is crucial to 

improve photovoltaic performances. Later on, donor-acceptor (D-A) molecular design 

has been developed for remarkable features in OSCs successfully, such as, one-way 

intramolecular charge and electron transfers within the conjugation molecule which 

initiates the push-pull structural patterns, to stabilize the HOMO-LUMO energy levels 

also facilitates by the narrow bandgap of D-A system. Finally, the trans-A2B2 

molecular design is potent for BHJ OSCs. 

   In early 2012, Peng et al. proposed firstly the extended π-conjugation on the 

porphyrin core with a typical acceptor of 2,1,3-benzothiadiazole (BT) via ethynylene 

linkers and then end-capped with 3-hexylthienyl (TBT) and to form 13 (Figure 1-8), 

36 so that the whole molecule possessed planarity with the push-pull property. On the 

other hand, two TBT were directly linked to the porphyrin core in the absence of an 

ethynylene linker to form 14 (Figure 1-8). Both small molecules were fabricated with 

PC71BM and resulted in a significant PCE of 4.02% for 13 and a very low PCE of 

0.71% for 14. The extended conjugation of 13 led to a dramatically enhanced 

absorption in the visible region and consequently explained the higher hole mobility 
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of 7.4×10-6 cm2V-1s-1 for 13 than 2.5×10-9 cm2V-1s-1 for 14. Later on, the same group 

designed a new push-pull property of a D-A molecule,36 in which the porphyrin core 

was linked by a typical acceptor of 2,1,3-benzothiadiazole (BT) via ethynylene 

bridges and end-capped with 3-hexylthienyl (TBT) to form 15 (Figure 1-8). For 

comparison, two TBTs were connected to the porphyrin core directly without 

ethynylene linkages to obtain 16 (Figure 1-8). These two donors were tested with 

PC71BM, the device 15 achieved a PCE of 4.02%, unlikely the device 16 just gained a 

PCE of 0.71%. The high performance of 15 could be explained by planar 

π-conjugation and easily facilitates ICT.     

 

Figure 1-8. The chemical structures of porphyrin-based molecular donors. 

1.4.1 Porphyrin-based A-D-A Small Molecules  

   Based on the enhanced conjugation on the porphyrin chromophores researchers 

further improved the molecular design by using diketopyrrolopyrrole (DPP) unit as 

terminal group incorporation of DPP (as the electron-deficient nature) in a conjugated 

oligomer (small molecule) has been grabbed the attention recently in OSCs due to it 
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controls the optical bandgap and provides the red-shift absorption into the NIR region. 

Usually, DPP possesses rigid and planar structures so that accelerates the 

intermolecular packing and consequently exhibits higher charge carrier mobilities.53, 

54  

   In 2013, Peng et al. presented a small molecule-based porphyrin-DPP 17 (Figure 

1-9)  as a donor and PC61BM as an acceptor for the development of photovoltaic 

performance, the blend film (17:PC61BM) indicating a promised PCE of 3.71% with 

an improved broad spectrum in NIR region for BHJ OSCs, astonishingly, by the 

treatment of pyridine as a host solvent the PCE of the film raised to 4.78% that could 

be contributed large phase-scale separation and enhanced charge transport facilities.53 

In 2015, they further continued a new series of trans-A2B2 meso-DPP units via 

ethynyl linkers and two thienyl groups along with 2-Ethylhexyl chain 18 (Figure 1-9). 

Concluded the full photoresponse in NIR region EQE up to 65% and very low energy 

loss of 0.59eV led to a notable PCE of 8.08%.54 In 2016, they further developed two 

new donors 19 and 20 (Figure 1-9) which differ in branched alkyl chains on the 

meso-porphyrin backbone. Under several processing techniques to tune the 

morphology as well as which is the first report pyridine was used as an additive to 

interacts the donor-acceptor materials for the good platform and also which enhanced 

the multi-length scale crystallinity in a single step process most importantly, the 

champion device 19: PC71BM was achieved with the highest Jsc of 19.58 mA cm-2 and 

a PCE of 9.06%, similarly the device of 20: PC71BM was recorded a PCE of 8.24%.55 

Interestingly, to improve the PCE they further constructed a new tandem device in 
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2017, which consists of two new subcells (front and rear) 19: PC61BM and 

DR3TSBDT: PC71BM, resulting in an immense PCE of 12.5%.56 They desperately 

continued the work to further demonstrate the significance of porphyrin-based 19 

small molecules as the donor for highly efficient NFOSCs in 2019, in which 

fabricated with 6TIC as fullerene free small molecule acceptor.57 Surprisingly, the 

device (19:6TIC) performed an outstanding PCE of 12.08% with respectable Jsc of 

20.44 mA cm-2 under optimized conditions.  

  After the tuning of π-bridges to enhance the coplanarity of D-A and an efficient 

electron acceptor to balance the electron push-pull property, recently, Peng et al. 

focused on the influence of soluble aromatic side-chains for various applications, such 

as aggregations, film morphology, and energy levels. Therefore, they introduced 

benzothiophene groups to the meso-porphyrin core as well as the same conjugated of 

DPP units to obtain 21 (Figure 1-9).58 The active device 21: PC61BM under TA and 

SVA conditions accounted for a remarkable PCE of 9.08% with a high FF of 67.54%. 

Nevertheless, all porphyrin donors have similar structures from 17-21, just vary 

various aromatic alkyl side-chains on the peripheral porphyrin core. However, they 

possess enormous photovoltaic performances based on the different concepts such as 

tuning the perfect energy levels, precise film-morphology, and tremendous charge 

mobilities. 
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Figure 1-9. The chemical structures of A-D-A porphyrin-based molecular donors. 

1.4.2 Porphyrin-based A-π-D-π-A Small Molecules  

  To improve the solubility and morphology of conjugated push-full D-A moieties, 

introducing π-linkers as conjugated donors between A-D-A structures was a big 

achievement in BHJ devices and as employed A-π-D-π-A. This molecular design was 

studied clearly to confirm consistent film abilities, which could enhance the 

conjugated planarity and potential π-π interactions and especially low bandgap from 

efficient intramolecular charge transfer as well as extended NIR regions. Therefore, 

thiophene and phenyl π-spacer units are widely applied in OPV materials. 

  Sharma et al. in 2014 employed a conjugated A-π-D-π-A skeleton, the di-cyan vinyl 

unit as terminal acceptor connected with thiophene-ethynyl bridges to meso-porphyrin 

core 22 (Figure 1-10). The device blend with PC71BM after 4% pyridine additive led 

to a PCE of 5.24%.59 Interestingly, the large symmetrical π-extended molecule was 

designed from the same group in 2015, in which octyl terthiophene(TT)-ethynylene 

linkers were used to porphyrin core donor and 3-ethylrhodanine (RH) as a terminal 
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acceptor to form 23 (Figure 1-10). The device of PCE was improved to 5.5% based 

on 23/PC71BM active layer under the optimized condition of 4% pyridine in THF 

solvent followed by thermal annealing. The better performance with higher Jsc and 

FF is mainly attributed to better crystallinity of the active layer.60 

  In early 2015, Zhu et al. investigated the importance of alkyl chains role for better 

solubility and to stabilize the crystallinity using different meso-porphyrin cores, 

(5,15-bis(2-octylundecyl)-24, 5,15-bis(3-octyl-1-tridecyl)-25,  

5,15-bis(4-octyl-1-tetra-decyl)-26 (Figure 1-10), moreover, phenylene ethylene as a 

π-bridge and end-capped with RH as electron acceptor.61 Interestingly, the 

photovoltaic performances were recorded under optimized conditions for 24 (6.49%), 

25 (2.53%), and 26 (5.12%). Unexpectedly, the device 25 showed comparatively low 

PCE than the devices 24 and 26 due to inefficient phase separation and lack of exciton 

splitting. Later in 2016, the same group potentially analyzed the cause of aromatic and 

aliphatic peripheral substituents of the porphyrin core 

(5,15-bis[3,5-di(dodecyloxyl)phenyl]-porphyrin-27, 

[5,15-bis(4-dodecyloxylphenyl)-porphyrin-28 and 

[5,15-bis(2-hexylnonyl)-porphyrin-29, (Figure 1-10). After the systematic 

investigation astonishingly the conventional device 29: PC71BM showed a dramatic 

PCE of 7.70% was achieved with a Voc of 0.91 V. Moreover, the same device 

processed with an inverted structure under ambient temperature, impressively the 

PCE of 7.55% was recorded under long term stability inspection the cell still retained 

83% of the original value for 30 days in the open air.62 On the other hand, the devices 
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27:PC71BM and 28:PC71BM recorded PCEs of 3.21% and 5.07%, respectively. The 

significant PCE of 29 was further confirmed by well-ordered surface morphology and 

strong intermolecular π-π stacking which led to high Jsc. However, it is still a 

bottleneck to enhance the intermolecular interactions between porphyrin analogs and 

to prolong the backbone linkage for the optimal energy levels to ensure high Voc and 

charge carrier mobility as well. Therefore, Zhu et al. subsequently designed two 

porphyrin analogs 30 and 31 (Figure 1-10), in which 3,3″-dihexyl-terthiophene (TT) 

ethynylene linker was conjugated to meso-porphyrin symmetrically and terminated 

with 3-ethylrhodanine (RH) and 2-(1,1-dicyanomethylene)-3-ethylrhodanine (CNR) 

acceptors, respectively.63 When fabricated with PC71BM both films showed 

effectively solar flux coverage in visible-NIR regions besides that excellent 

performance PCEs of 7.66% for 30 and 8.21% for 31 were gained. 

  Supramolecular self-assembly of molecules generally triggers to form nano-scaled 

interpenetrated morphologies further to control the photogenerated charge diffusion 

and transport for high-performance OSCs.64 On the other way, the combination of 

donor and acceptor molecules usually with stacked transition dipole moments to form 

J-aggregations and parallel to form H- aggregations.65, 66 Zhu and co-workers in 2018, 

immensely studied on sulfur-sulfur interactions of 2,5-dihexylthiophenylene 32 

(Figure 1-10) as a π-linker of the design A-π-Porphyrin-π-A molecule and to compare 

the substituent effect of self-assembly with 2,5-dihexylphenylene linker 33 (Figure 

1-10).67 As expected, under the optimized condition the film 32: PC71BM 

predominately exhibiting J-aggregation self-assembly led to a higher PCE of 8.04%, 
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whereas the film 33: PC71BM with no preferential molecular self-assembly was noted 

with a lower PCE of 5.86%. 

  The previous studies on porphyrin designs and properties disclosed that the 

photovoltaic performance is affected by the π-linkages as well. By tuning the 

π-linkers, thereafter, Zhu and co-workers studied deeply of oligo(phenylene 

ethynylene) rigid π-linkages with an extended conjugation to analyze the correlation 

of charge carrier transport versus π-conjugation length. In detail, the porphyrin core 

with 5-alkylthio-2-thienyl group as peripheral substituents was connected to 

phenylethynyl π-linage of different lengths (n=1-34; n=2-35; n=3-36, Figure 1-10) 

ended with 3-ethylrhodanine acceptor.68 When blending with PC71BM, unfortunately, 

the film 34 which is having the shortest π-linkage afforded a significant PCE of 8.61% 

due to broader and high levels of EQE and expected lower hole mobility and FF, 

whereas 36 showed the highest hole mobility, FF and a low PCE of 7.82%, which are 

attributed to the longest conjugation length of the backbone, besides, 35 exhibited an 

optimal PCE of 8.20%. 



22 

Figure 1-10. The chemical structures of A-π-D-π-A porphyrin donors. 

1.4.3 Porphyrin-based Dimers for Near-Infrared Absorption 

  As we discussed early porphyrin small molecules have illustrated their outstanding 

photovoltaic performance in OSCs, most of the mono-porphyrins lack the 

light-harvesting ability beyond 850 nm. Therefore, the conjugated porphyrin 

oligomers have been fascinated to tune the optoelectronics and energy conversion 

properties. Langa et al. in 2016, comparatively investigated how conjugated 

porphyrins backbone influences the performances of the efficiency relative to the 

devices. Synthesis of D-A-D porphyrin dimer 37 (Figure 1-11), fabricated with 

PC71BM device recorded a notable PCE of 8.03% with over 900nm of EQE 

absorption.69 

  Peng et al. in 2017, developed three conjugated D-A porphyrin dimers 38, 39 and 

40 (Figure 1-11) with different bridges of diethynylene, diethynylene-dithiophene and 

diethynylene-phenylene, respectively and DPP units are terminal groups. The three 
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compounds relatively showed lower band gaps and improved absorption range up to 

900 nm. And their optimized PCEs of 4.50%, 5.50%, and 6.42% were recorded 

respectively, with PC61BM as acceptor.70 In the same year, they further modified the 

structure of porphyrin dimers considering only one ethynylene bridge between 

porphyrins 41 (Figure 1-11) which might impact the intramolecular charge transfer 

(ICT). Interestingly, the device showed a broad photoelectron response over 1000nm 

and an impressive Jsc of 19.65 mAcm-2, consequently, a PCE of 8.45% was 

obtained.71 

In 2017, Zhu et al. strategically designed A-π2-D-π1-D-π2-A porphyrin dimer for 

efficient NIR absorption. In detail, porphyrin dimer was linked by an ethynyl linker 

and end-capped with 3-ethylrhodanine via ethenyl benzene linkers 42 (Figure 1-11).72 

As expected, porphyrin dimer small molecule was significantly red-shifted over 

1100nm and the new architecture of the thin film 42:PC71BM performed notably low 

energy loss with enhanced charge mobility by using pyridine additive under TA and 

SVA conditions, besides, the champion device accomplished a PCE of 8.29%. 

  In 2018, Peng et al. incorporated an acceptor unit benzothiadiazole (BT) between 

porphyrin dimers of A1-D-A2-D-A1 architecture and terminated with 

3-ethylrhodanine through thiophene linkages to obtain 43 (Figure 1-11).73 Besides, 

the benefit of electron-deficient unit BT lowers the highest occupied molecular orbital 

energy level (EHOMO) and relatively matches the lowest unoccupied molecular orbital 

energy level (ELUMO) of PC71BM acceptor. The film under SVA treatment greatly 

enhanced exciton separation and charge collection, therefore an excellent PCE of 
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10.02% was possessed with only 0.56 eV energy loss. 

  Very recently, Langa et al. synthesized two D-A-D based small molecules, in which 

porphyrin dimer flanked with a DPP unit core, differentiating by two 

electron-donating groups at meso porphyrin, 2,6-bis(dodecyloxy)phenyl-44 

5-hexylthieno[3,2-b]thiophen-2-yl-45 (Figure 1-11).74 When the two donors blended 

with PC71BM acceptor under the optimized conditions the overall PCEs of 8.05% for 

44 and 8.89% for 45 were elevated. Moreover, the donor 45 possessed high charge 

carrier mobility and more balanced charge transport properties when compared to 

donor 44. And also, both donors have a low optical band gap, consequently, their 

photoresponse crossed over 950 nm.  

 

Figure 1-11. The chemical structures of conjugated porphyrin dimers. 

1.4.4 Porphyrin-based Ternary Organic Solar Cells 

Indeed, porphyrin derivatives have been successfully explored of their excellent 

light-harvesting properties in the visible and NIR regions. However, there is still a 
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weak absorption between Soret and Q bands.37 Apparently, very few organic materials 

have proven those fulfillments, some of which are, good solubility and miscibility in 

organic solvents, wide and efficient absorption spectrum, appropriate energy levels, 

high charge transport, etc. However, the absorption towards the NIR region is still a 

bottleneck for binary layer high-performance systems. Thanks to the new concept of 

simple strategic ternary organic solar cells to realize the complementary absorbing 

materials, in which one donor and two acceptors or two donors and one acceptor 

combinations are used in the active layer.75 Especially, it impacts to tune the film 

morphology and charge transport properties, consequently leading to enhanced 

photovoltaic performance. Without a doubt, porphyrin-based small molecules can be 

effectively applied to extend NIR absorption by selecting a proper pair in small 

molecule ternary BHJ organic solar cells. 

 

Figure 1-12 Porphyrinoid chromophores added as sensitizers in ternary blend OSCs 

Sessler et al. reported several metalloporphyrins 46 and 47 by attaching one or two 

terthiophene at meso-porphyrin and with various metal centers and fabricated as 

additional photosensitizers in P3HT: PC61BM BHJ OSCs (Figure 1-12).76 However, 

the performance varied with the addition of 1–10% weight ratio porphyrin materials, 

Among all, specifically, Cu(II) conjugated porphyrin showed the notable results and 
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the free-base porphyrin had the lowest efficiency so that the central metal atom also 

helps to accumulate the better performance. Therefore, the final PCEs were improved 

from 3.0 to 3.5% for mono-functionalized Cu (II) porphyrin-based on the effect of 

high JSC. 

   In 2016, Peng et al. constructed a low bandgap porphyrin (48, Figure 1-13) and 

complementary absorption with PTB7 (poly-thieno[3,4-b] thiophene): PC71BM for a 

ternary cell. A related notable PCE of 8.39% was gained,77 which is 12% higher PCE 

compared with a binary layer of PTB7: PC71BM (7.23%). The ternary layer broadens 

the NIR region over 900 nm, which could help to enhance charge transfer pathways at 

the donor/acceptor interfaces. Later on, from the same group interestingly developed 

highly efficient ternary solar cell to use the device structure PTB7: 48, (Figure 1-13): 

PC71BM, a promised PCE of 11.03% was exceeded by panchromatic NIR 

sensitization and interfacing components, which is 40% enhanced efficiency of the 

binary layer of PTB7: PC71BM (7.85%).78    

  Langa et al. reported recently a ternary constructed two porphyrin donors 49 and 50 

(Figure 1-13), fabricated with PC71BM acceptor.79 Though the difference of two 

donors simply end-capping acceptor groups there is no wider absorption in ternary 

systems. A ternary film with the incorporation of 20% 49 (20%49:50: PC71BM) 

showed a PCE of 6.72% with a high Voc of 0.89 V and the efficiency of the film after 

SVA treatment was further improved to 9.44%. Whereas, the binary layers of 49: 

PC71BM and 50: PC71BM exhibited efficiencies of 3.11% and 4.03%, respectively, 

under optimized conditions. The increased efficiency was attributed to the 
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well-ordered nano-scale morphology of the ternary layer, which accelerates the charge 

transport properties.  

 

Figure 1-13. The chemical structures of conjugated porphyrins for ternary OSCs. 

1.4.5. Porphyrin-based Tandem Organic Solar Cells 

   In recent years, the performance of OSCs exhibited eventually in single-junction 

solar cells. The loss of photovoltage is mainly due to thermalization precess, which 

generates hot carriers to form photons from the appropriate bandgap. Such limitations 

can be overcome by a typical tandem solar cell, which consists of a wide bandgap 

light-harvesting layer as the front cell with narrow bandgap light harvesting as back 

cell via an interconnecting layer (ICL) at the junction, which also indicates the 

recombination center between the two subcells. More importantly, the subcells 

possess complementary absorption to produce high and balanced currents. The choice 

of ideal pair absorbers is crucial to interconnect for high-performance tandem organic 

solar cells. Moreover, ICL truly relies on the hole-transport (HT) and 

electron-transport (ET) pair for considerable bipolar recombination. 
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Figure 1-14 a) Tandem OSC device structure, b) Chemical structures of the 

light-harvesting materials and c) absorption spectra of the two active layers. 

   Peng and co-workers developed a new ICL based tandem OSC structure, which is   

ITO/PEDOT: PSS/PThBDTP: PC71BM (sub-cell 1)/PF3N-2TNDI/Ag (2 nm)/ 

PEDOT: PSS/DPPEZnP-TEH:PC61BM (sub-cell 2)/PF3N-2TNDI/Ag (Figure 1-14). 

They employed a novel amine-conjugated polymer PF3N-2TNDI as the 

electron-transport-layer (ETL) and PEDOT: PSS as the hole-transport-layer (HTL) 

through ICL of tandem OSCs.80, 81 Particularly, to exhibit the complementary 

absorption, a wide bandgap of PThBDTP: PC71BM (1:1.2, w/w) sub-cell (sub-cell 1) 

and a narrow bandgap of DPPEZnP-TEH: PC61BM sub-cell (sub-cell 2) were 

constructed and also perform high efficiency as single-junction cells. However, the 

absorption of sub-cell 1 covers from 300 to 667 nm; and the sub-cell 2 absorption 

profoundly enhances from 300 to 900 nm. The front cell PThBDT: PC71BM of 

extinction coefficient is quite higher than the back cell DPPEZnP-TEH: PC61BM. 

Consequently, the front cell provided an efficient charge recombination effect. Finally, 
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as a result, PCEs performed significantly up to 11.35% and 11.94% under 

illumination at 100 and 50 mW cm−2 for newly designed tandem OSCs. 

In recent years, most of the tandem devices were developed by wide and low 

bandgap polymer materials in the form of front and rear subcells. However, many of 

the single cells unusually showed overlapping of the absorption spectra and resulted 

in low PCE performance. Based on such strategies, Chen and co-workers 

implemented a tandem cell by using two small molecules of DR3TSBDT and 

DPPEZnP-TBO for better complementary absorption. 83 Moreover, the front and rear 

subcells contributed more red-shifted and less overlapping absorption complementary 

to further enhance JSC for high-performance tandem cells. They fabricated an 

all-small-molecule tandem device of ITO/CuSCN/DR3TSBDT:PC71BM (sub-cell 

1)/ZnO/n-PEDOT: PSS/DPPEZnP-TBO:PC61BM (sub-cell 2)/PFN/Ag with a 

remarkable PCE of 12.50% (verified 12.70%) under 1 sun condition and ~13% under 

0.3 sun condition (Figure 1-15). Besides, the high performance of the 

solution-processed tandem solar cells effects with variant thickness films of both the 

front and rear subcells and under diversifying light intensities. Particularly, the ICLs 

and the prominent donor materials with NIR complementary absorption would 

impressively elevate the device performance. However, the combination of 

porphyrin-based components would also eventually build up possible future OSC 

commercialization. 



30 

 

Figure 1-15 a) Molecular structures of DR3TSBDT and DPPEZnP-TBO, b) Typical 

Tandem device structure, c) Normalized absorption spectra of DR3TSBDT and 

DPPEZnP-TBO based blend films and EQE curves of the single-junction devices 

(bottom right) based on DR3TSBDT and DPPEZnP-TBO with an architecture of 

ITO/PEDOT: PSS/active layer/PFN/Al. 

1.5 Divergent Porphyrins as Other Solar Cell Applications  

1.5.1 Porphyrin-based Small Molecules as Electron Acceptors 

   Most of the superior electron acceptors until this moment were PC61BM and 

PC71BM in solution-processed BHJ OSCs. However, some intrinsic shortcomings 

accompany such as limited absorption, high-cost production, stability issues and worst 

mechanical properties.82-84 Therefore, researchers intentionally develop novel 

acceptors to overcome the disadvantages of fullerenes. Non-Fullerene acceptors have 

greatly intensified their PCEs over 9% 85-87 during the past decades. Recent studies 

increased PCEs up to 12%.88 Whereas, very few porphyrin-based small molecules 
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have ever been scoped for potential non-fullerene acceptors in BHJ OSCs. Only 

recently, non-fullerene porphyrin acceptor was reported with a low PCEs of 3.36% 

but its intense full absorption spectrums over 900 nm have been showed.89, 90  

    

Figure 1-16. The chemical structure porphyrin-based electron acceptor  

   Consequently, Li at al. published in 2017 a star-shaped porphyrin-based 

non-fullerene acceptor by appending four strong perylenediimide (PDI) 

electron-deficient units at meso-porphyrin core through ethynyl group (51, Figure 

1-16). 91 They designed 51 based on two principles 1) when electron-donating nature 

of the porphyrin unit combined with strong electron-deficient groups so that the whole 

unit creates the low-lying energy levels, which are close to fullerene derivatives. 92 2) 

The aromatic porphyrin tends to aggregate into large domains that are detrimental to 

charge generation  but that can be controlled by introducing new steric hindered 

functional groups.93, 94 So that this molecule absorbed a promising photoresponse 

from 300-850 nm. Besides, an excellent PCE of 7.4% was achieved along with JSC of 

14.5 mA cm−2, VOC of 0.78 V, and FF of 66%.  
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Figure 1-17. The chemical structure porphyrin-based electron acceptor   

   Porphyrin-based n-type electron acceptors are still challenging to approach high 

performance due to the insufficient light-harvesting system to approach adequate 

electron transport properties. However, Jang and co-workers succeeded with a novel 

n-type porphyrin acceptor for NIR absorption, in which, two PDI wings flanked by 

porphyrin core through ethynylene bridges 52.95 Interestingly, 52 exhibited a narrow 

bandgap of 1.27 eV due to the elongated π-conjugation and intramolecular charge 

transfer. Further, when fabricated with PTB7-Th polymer donor, the device 

significantly disclosed a panchromatic absorption from 350 to 900 nm and 

consequently, a PCE of 5.25% was achieved with a low Eloss of 0.54 eV.   

        

Figure 1-18. The chemical structures porphyrin-based electron acceptor  

Very recently, Zhu at al. published a tetra PDI-based non-fullerene porphyrin acceptor, 
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in which four PDI units were appended via p-phenylene linkages to the 

meso-porphyrin core 53, Figure 1-18). For comparison, two PDI-based non-fullerene 

porphyrins were developed as 54, (Figure 1-18) to study the electron and hole 

mobilities and optimal light-harvesting properties. When accompanying with 

PBT7-Th polymer donor a significant PCEs of 9.64% for 53 and 6.38% for 54 were 

achieved.96 Due to highly steric hindrance between PDI and porphyrin core by the 

phenylene linkages, the two non-fulluenre porphyrin acceptors features strong 

absorption in the range of 385-600 nm, which perfectly compensated with polymer 

donor PBT7-Th for high-performance non-fullerene organic solar cells. 

 

Figure 1-19. The chemical structures of non-fullerene porphyrin-based acceptors 

  To enlarge the photovoltaic performance of non-fullerene porphyrin acceptors, 

peripheral side chains on the porphyrin core considerably impacts several key factors, 

such as control of the morphology, microphase separation, and electronic properties. 

Li and co-workers recently published several di-PDI-based porphyrin electron 

acceptors containing four different peripheral side chains on the porphyrin core, 

2,6-di(dodecyloxy)phenyl-55, (2-ethylhexyl) thiophen-2-yl-56, pentadecan-7-yl-57 

and 3,5-di(dodecyloxy)-phenyl-58 (Figure 1-19). Surprisingly, the new four 

molecules showed broad absorption spectra from 300-900 nm and fabricated with 
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polymer donor PBDB-T, the devices illustrated various PCEs of 1.87% for 55, 3.79% 

for 56, 4.23% for 57 and 5.34% for 58. The results demonstrate that side chains on the 

porphyrin core could eventually influence the performance of non-fullerene porphyrin 

electron acceptors.   

 

Figure 1-20. The chemical structures of porphyrin small molecule acceptors 

  Jang et al. developed an n-type porphyrin-based electron acceptor, in which four 

naphthalene diimide (NDI) flanked on the porphyrin core via ethynyl bridge (59, 

Figure 1-20). Interestingly, the porphyrin acceptor showed remarkably red-shifted 

Q-band absorption in the NIR region, corresponding to a narrow bandgap of 1.33eV. 

As a result, a high PCE of 8.15% with an energy loss of 0.61eV was obtained for the 

device based on the film PBT7-Th:59.97 

 

Figure 1-21. The chemical structures of porphyrin acceptors. 

Most of the porphyrin-based acceptors were synthesized with PDI or NDI, however, it 



35 

is still a bottleneck to realizing balanced charge carrier mobilities and suitable energy 

levels to obtain high VOC and JSC. Lin and co-workers proved a straightforward 

synthetic strategy, in which three different side chains were introduced on the 

porphyrin core 3,4,5-tridodecyloxyphenyl-60, 2,6-didodecyloxyphenyl-61 and 

3,5-di-tert-butylphenyl-62 and coupled with a 

2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)-malononitrile (or 2FIC) 

electron withdrawing terminal moiety via thiophene π-linker for push-pull effect 

(Figure 1-21. 60-62). Also, all three porphyrin-based acceptors were successfully 

assembled with well-known polymer donor PTB7-Th. All the devices perfectly 

fulfilled the panchromatic absorption range over 950 nm. The devices performed 

remarkable PCEs of 4.10 % for 60, 7.23 % for 61, and 5.48 % for 62, respectively.     

1.5.2 Porphyrin-based Hole Transport Materials 

Perovskite solar cells (PSCs) are very promising photovoltaic technology with 

PCEs dramatically improved over 20%.98, 99 Usually, a PSC is constructed from an 

electron transport layer (ETL) and a hole transport layer (HTL), which is crucial to 

extract holes from perovskites and transfer to electrode an appropriate regenerative 

cycle.  
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 Figure 1-22. Molecule structures of high-performance hole-transporting materials. 

  The HTLs in solid-state hybrids are divided into inorganic, polymeric, and small 

organic molecules. CuSCN is the most used inorganic hole transport materials (HTMs) 

because of its high hole mobility and low-cost making, but there is a disadvantage 

when the solvent used for its deposition can partially dissolve the perovskite, 

therefore, the device is unstable.100 And 

(Poly-[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] PTAA-(63) (Figure 1-22) is the 

first polymer used as the HTM,101 and remarkable PCE was achieved, although it 

holds some drawbacks such as conditional purification process, poor solubility and 

unidentified molecular weight for the inorganic-organic hybrid solar cells.102 Without 

a doubt, the most popular and outstanding HTM for perovskite organic solar cells is 

spiro-OMeTAD-(63) (Figure 1-22) which drawn intensive attention to getting PCE 

over 20%.103 Nevertheless, 63 is an exceptional HTM based on the performance but 

bears some limitations such as high-cost synthesis, relatively low hole mobility, and 

low conductivity and impacts of the stability of the device. Therefore, it is necessary 

to search for some other potential and inexpensive organic HTMs with novel 

electronic properties and better solution-processable complexity for future 

applications. 
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Figure 1-23 Molecule structures of porphyrin-based hole-transporting materials. 

 

   Generally, the hole transport devices should be a colorless layer so that the light 

absorption of HTM would affect the light-harvesting efficiency of the perovskite 

device. According to this concept, the ideal materials not only support 

light-harvesting abilities but also carry hole transport layers efficiently. Therefore, 

researchers consequently designed a new group of porphyrin core to boost up charge 

transport abilities. In 2016, Yeh’s group focused on two Zinc 

porphyrin-ethynylaniline molecules 64 and 65 (Figure 1-23) as HTMs for PSCs.104 

Surprisingly, the two porphyrins HTMs accumulated remarkable PCEs of 16.60% for 

64 and 10.55% for 65. Especially, the devices possessed high Voc and JSC 

characteristics under high moisture resistance. 

 

 

Figure 1-24 Molecule structures of porphyrin-based hole-transporting materials. 
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    However, the two porphyrins HTMs above involves many steps in synthesis, 

generally, including the condensation of aldehyde and pyrrole to form porphyrin 

backbone, bromination at meso positions and followed by Sonogashira coupling 

reactions.104 Recently, Zhu group developed tetra meso-triphenylamine substituted 

porphyrins for HTMs in PSCs through the one-pot synthesis in propionic acid. 

Besides, two metals of zinc and copper were inserted at the porphyrin core 66 and 67 

(Figure 1-24), respectively.105 Astonishingly,  Zn-Porphyrin-66 afforded an 

exceptional PCE of 17.78% and Cu-Porphyrin-67 produced a bit lower PCE of 

15.36%. These results conclude that more highly efficient and stable porphyrin HTMs 

can be produced for PSCs in the future. 

                                         

 

 

Figure 1-25 Chemical structure of porphyrin-based hole transporting material (top) 

and EQE curves of the optimized device (bottom). 
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   Recently, porphyrin-based NIR absorbing materials have been successfully 

published in OPVs. If the active device photoresponse beyond 800 nm that would be 

afforded high Jsc as well as PCE.54, 56 Therefore, Peng and Jen’s group further 

improved a hybrid material of porphyrin-based OPV and PSC combination, along 

with PCBM was used to formulate the BHJ layer. 68 (Figure 1-25).106 Impressively, 

the EQE absorption extended over 900 nm (Figure 1-25), moreover, they observed 

high hole mobilities produced from strong molecular interactions. Consequently, the 

active device exhibited an overall PCE of 19.02% with significant Jsc of 23.32 mA 

cm−2 and FF of 78.4% for most efficient hybrid solar cells.  

1.5.3 Porphyrin-based Electron Donor Polymers  

 

 

Figure 1-26. Molecule structure of porphyrin-based donor components. 

Porphyrin-based small molecules were quickly developed for the last two 

decades in various applications. On the other hand, to synthesize polymers based on 

the porphyrin macrocycles as backbone or side-chains in conjugated polymers were 

also grabbed the attention. Li and Wang’s group published a group of polymers 

featuring quinoxalino[2,3-b′]porphyrin for the new class of electron-poor building 

blocks.107-109 They reported three different D-π-A based conjugated polymer with 
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edge-fused quinoxalino[2,3-b′]porphyrin as acceptor and carbazole as donor 69-71, 

(Figure 1-26). A very novel building block in the copolymer, in which porphyrin was 

used for the π-conjugation system and also facilitates the intramolecular charge 

transfer within the polymer. Besides, with the support of different lengths of 

oligothiophene π-bridge, they further recorded charge transport properties easily tuned 

in a range of 1.67~1.73 eV and 3.1×10−6~3.3×10−5 cm2V−1s−1, respectively. Whereas 

the conjugation length of oligothiophene π-bridges played an intense function in the 

molecular design and optoelectronic properties of the copolymers, therefore the 

absorption of the films gradually red-shifted from mono-terthiophene bridges. 

consequently, the active layer 71 shown a PCE of 2.53%, a PCE of 1.97% for 70, and 

a PCE of 0.97% for 69 accomplished accordingly.  

Meanwhile, a novel low bandgap porphyrin incorporated polymer, which has 

two acceptor units such as quinoxalino[2,3-b’]porphyrin (QP) and 

diketopyrrolopyrrole (DPP) connected by oligothiophene linker 72 (Figure 1-26).110 

The spin-coated device 72 with an optimal ratio (10 mol %) of QP encountered the 

highest PCE of 5.07% with a high JSC of 11.85 mA/cm2. which is 3 times higher than 

that of reported pristine D-A copolymer. However, there are many optimized 

conditions to introduce efficient porphyrin derivatives, but it is indeed a challenge to 

achieve high efficiency on the bases of D-A alternating polymer.  
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Figure 1-27 Porphyrin-based polymer material currently showing high efficiency in 

BHJ OSCs. 

Later on, Hsu’s group synthesized a conventional porphyrin incorporated 2D 

donor-acceptor copolymer, 73 (Figure 1-27). Surprisingly, the device porphyrin 

copolymer 73 accounted for a PCE of 8.6%. Moreover, this is the best efficiency so 

far reported on porphyrin-based polymer donors for BHJ OSCs.111 The importance of 

long alkoxy side chains reduces the dye aggregation on the meso-phenyl units and 

meso-ethynyl linkages used for extended conjugation. Further, the copolymer 

discloses the panchromatic absorption of Soret band (UV region) and Q band (visible 

region). The device-based inverted solar cell also recorded an impressive PCE of 8.0% 

without additives. However, the efficiency was eventually raised to 8.6% (8.4% on 

average) with an additive of 1-chloronaphthalene (1-CN) and fullerene-based cathodic 

interlayer.41, 112 Finally, still there is a scope to approach high-performance PSCs by 

introducing a third component into well-organized D-A conjugated copolymers 

through balanced light absorption and electronic energy levels. 
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Chapter 2 

New Conjugated D-A-D based Porphyrin Dimers with 

Near-Infrared Absorption for Highly Efficient Ternary Organic 

Solar Cells 

2.1 Introduction 

(This chapter is partly from my published paper, Panchromatic ternary organic solar 

cells with porphyrin dimers and absorption-complementary benzodithiophene-based 

small molecules. ACS Appl. Mater. Interfaces., 2019, 11, 6, 6283-6291) 

   Solar energy production has become an extensive green technology due to their 

potential mass production, low-cost fabrication and conventional flexibility of large 

areas 1-5 by utilizing solution processing techniques.6-12 However, for a decade, the 

power conversion efficiency (PCE) has been improved gradually up to 14% for 

fullerene and non-fullerene based systems,13-17 which can be either small molecule 

and polymer binary or ternary bulk heterojunction (BHJ) OSCs.18-23 Although tandem 

OSCs containing two or more organic solar cells with different absorption maximum 

and width was reported with a record efficiency of 17%.24-26 Whereas, ternary OSCs 

should be an advisable way to achieve notable PCE, which contain either three or 

more components (two donors and one acceptor or two acceptors and one donor 

system) in the active layer. Accordingly, a record efficiency of 14% has been 

achieved in ternary OSCs with significantly enhanced photon harvesting by using 

absorption or energy level complementary materials as the second donor or 

acceptor.26 Most of the reported ternary OSCs are dominated by polymer donors or 
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acceptors, whereas small molecules ternary devices have been sporadically 

reported.27-31 Fabricating small molecule ternary devices play an essential contribution 

such as remarkable molecular design, synthesis, easy purification and no 

batch-to-batch variations.32-35 Nian et al. reported recently, for ternary OSCs 

containing two molecule donors and an acceptor device exhibited PCE of 11%.36  

Previously, several groups have continuously developed series of porphyrin small 

molecules as electron donors in OSCs with PCEs up to 10%.37-44  However, 

Porphyrin derivatives extensively process strong absorption in a range of 400–500 nm 

(Soret band) and 550–650 nm (Q bands), whereas there is a very weak absorption 

between the Soret and Q bands. Structural modification by extending the 

π-conjugation with push-pull configuration only shifted the Soret and Q bands to 

longer wavelength range, but could not compensate the absorption deficiency between 

them. For example, Zhu and co-workers reported a porphyrin dimer with strong 

absorption in ranges of 450–550 nm and 650–900 nm, but still weak absorption in a 

range of 550–650 nm.45 Although its device performance in binary OSCs is not so 

impressive with PCE of 8.29%, its strong absorption in the short wavelength and deep 

near-infrared region renders the porphyrin dimer an ideal donor component in small 

molecules ternary OSCs.46 Particularly, a large pool of small molecules for highly 

efficient binary OSCs have been founded previously by chemists which could facilely 

provide an appropriate one with complementary absorption in the range of 550–650 

nm.  
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  To overcome these issues and achieve the high performance in the porphyrin-based 

small molecules, in this chapter, two promising near-IR absorbing porphyrin-based 

dimeric small molecules DPP-2TTP and DPP-2TP, differ in the porphyrin units with 

alkylthiothiophene (TT) and alkylthiophene (T) as vertical meso-substitutions, 

respectively.47 with an optimal A2-π-D-A1-D-π-A2 architecture constructed from 

porphyrin-diketopyrrolopyrrole backbone and 3-ethylrhodanine as the terminal unit 

was designed and prepared (Figure 2-1). Further investigated the solubility, optical 

absorption, photostability, and crystallinity of the two porphyrin dimers. 

Subsequently, the two porphyrin dimers were used as electron donors with PC71BM 

as the electron acceptor in binary OSCs. Moreover, we aim to compensate for the 

weak absorption between the Soret and Q bands so that a wide bandgap small 

molecule of DR3TBDTTF 48 was fabricated in different proportions. However, to 

elucidate the influence of DR3TBDTTF (10, 20&30 wt%) with the ternary 

combination of DPP-2TTP and PC71BM in the bulk heterojunction (BHJ) films was 

performed using grazing incidence X-ray diffraction (GIXD), atomic force 

microscope (AFM), and resonant soft X-ray scattering (RSoXS) of high compatibility 

of the low bandgap porphyrin dimers with the wide bandgap small molecule provides 

a new threesome for highly efficient panchromatic ternary organic solar cells. 
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Figure 2-1 Molecule structures of DPP-2TTP and DPP-2TP. 

2.2 Synthesis 
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Scheme 2-1 Synthetic routes for DPP-2TTP and DPP-2TP. Reactions conditions: a) 

CuI, Pd(PPh3)4, THF, triethylamine, b) 3-ethylrhodanine, dry CHCl3, piperidine, 

reflux, overnight. 

   As shown in Scheme 2-1, the two porphyrin dimers DPP-2TTP and DPP-2TP, in 

which the two electron-rich porphyrin units (D) were bridged by an electron-deficient 

diketopyrrolopyrole (DPP) (A1), end-capped with electron-deficient 3-ethylrhodanine 

(A2) via a π-bridge of phenylene ethynylene. The advantage of rhodanine derivatives 

as terminal groups that enhances strong π-stacking structures as well as high charge 

carrier mobilities and good photovoltaic features.34, 49 On the other side, The 

intermediates 1-3 were synthesized according to modified methods reported in 

literature50 and meso-alkyl-substituted porphyrins 4A and 4B were synthesized by 

acid catalytic condensation of dipyrrolylmethane with the corresponding alkyl 

aldehyde (Scheme 2-1).51  The precursor 8A and 8B were prepared through 

Sonogashira coupling of 7A and 7B with 3, respectively. Subsequently, the 
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Knoevengel condensation of 8A and 8B with 3-ethylrhodanine afforded the target 

molecules DPP-2TTP and DPP-2TP and separated in good yields. And the new 

compounds were characterized by 1H NMR spectra and confirmed by MALDI-TOF 

mass spectrometry. The purpose of the long-branched alkyl chains on the 

π-conjugated porphyrin-based small molecules elevates the solubility in most 

common organic solvents for solution-processed BHJ OSCs.  

2.3 Results and Discussion 

2.3.1 Physical and Electrochemical Properties 

 The absorption spectra of DPP-2TTP and DPP-2TP were recorded in the CHCl3 

solution. As shown in Figure 2-2(a)and compiled in Table 2-1, the broad and intense 

Soret band appears at 490 nm with molar extinction coefficient (ε) of 2.21 × 105 M−1 

cm−1 for DPP-2TTP and 480 nm with ε of 2.1 × 105 M−1 cm−1 for DPP-2TP. The Q 

band region attributes in the near-infrared, which is 810 nm with a weak shoulder 

peak of 762 nm and intensified ε of 2.16 × 105 M−1 cm−1 for DPP-2TTP and 

similarly, 812 nm and 760 nm with ε of 2.04 × 105 M−1 cm−1 for DPP-2TP were 

notified. The wide absorption of Q bands from 650-870 nm was ascribed to the 

efficient conjugation of the backbone structure of porphyrin dimer and intramolecular 

charge transfer (ICT) between the terminal acceptor units through the π-linker.52-54   

The thin films DPP-2TTP or DPP-2TP: PC71BM (1:1.5, w/w) were spin-coated from 

their chlorobenzene (CB) solution and processed under solvent-vapor annealing 

(SVA) and thermal annealing (TA). The film spectra as shown in Figure 2-1 (b, c) 

discloses significantly broad bathochromic absorption extended into the NIR region 
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over 1000 nm, which indicates stronger interelectronic π-π aggregations between the 

porphyrin dimers in the film. Besides, those films under SVA and TA processing 

show slightly increased intensity of absorption due to orderly packed molecular 

interactions.55 Next, the films DPP-2TTP and DR3TBDTTF (10, 20, 30 wt.%) with 

PC71BM were prepared similarly and recorded with full spectra in the visible-NIR 

region from 300–1000 nm ( Figure 2-1d) because of the significant contribution of 

DR3TBDTTF component in a range of 550–700 nm. Moreover, the optical band gaps 

(Eg
opt) were measured from the onset wavelength (λonset) of the absorption spectra of 

solution using Eg
opt =1240 / λonset (eV), with low bandgap values of 1.33 for 

DPP-2TTP and 1.34 eV for DPP-2TP.                   
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 Figure 2-2. a) UV–vis absorption spectra of DPP-2TTP and DPP-2TP in 

chloroform solution (1x10−5 M), absorption spectra of DPP-2TTP (b) and DPP-2TP 

(c) in films, d) ternary devices DPP-2TTP: DR3TBDTTF (10, 20, 30%): PC71BM in 

films.  
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Table 2-1. Photophysical and electrochemical properties of DPP-2TTP and DPP-2TP 

Comp. λmax/nm 

(ε/105M−1cm−1) 

λmax/nm 

(Film) 

λonset/nm 

(Solution) 

Eox 

[V] 

EHOMO 

(eV) 

ELUMO 

(eV) 

Eg 

(eV) 

DPP-2TTP 490 (2.21), 752 (1.86),  

810 (2.16) 

485, 762, 

831 

932 0.38 −5.18 −3.77 1.33 

DPP-2TP 480 (2.10), 755 (1.86), 

812 (2.04) 

475, 760, 

830 

923 0.36 −5.16 −3.76 1.34 
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Figure 2-3 Cyclic voltammogram of DPP-2TTP and DPP-2TP small molecules 

measured in 0.1 mol L-1 TBAPF6 CHCl3 solutions with a scan rate of 50 mV s-1. 

   Cyclic voltammetry (CV) of two porphyrin dimers were recorded in CHCl3 

solution to estimate the energy levels and study the redox properties. As shown in 

Figure 2-3 and Table 2-1, the highest occupied molecular orbital (HOMO) energy 

levels were calculated from the onset of oxidation peaks to be −5.18 and −5.16 eV, 

and the corresponding lowest unoccupied molecular orbitals (LUMOs) were 

estimated to be −3.77 V and −3.76 eV ELUMO = EHOMO + Eg for DPP-2TTP and 

DPP-2TP, respectively. Introducing sulfur atoms with alkyl chain for DPP-2TTP 
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does not affect on the bandgap but slightly lowers HOMO level of DPP-2TTP due to 

the unique electron-donating factor of sulfur atom facilitates to produce higher VOC, it 

can be caused to enhance the charge transport from donor-acceptor system.56 

   Photoluminescence (PL) experiments were performed to analyze the charge 

transfer process for blend films. Figure 2-4 (a) shows the PL spectra of DR3TBDTTF 

and DPP-2TTP of pristine and blend films excited at 500 nm. The pure film 

DR3TBDTTF exhibited a broad and intense peak at 650-900 nm, and the pure 

DPP-2TTP film showed two small peaks 630 nm and 760 nm, whereas the PL peak 

of blend film DR3TBDTTF: DPP-2TTP resembled the emission of DPP-2TTP, this 

indicating the charge might transfer from DR3TBDTTF to DPP-2TTP. On the other 

hand, the PL spectra of pristine films DR3TBDTTF, DPP-2TTP and blend 

DR3TBDTTF: DPP-2TTP under excitation at 660 nm Figure 2-4 (b) confirmed 

above-mentioned conjecture due to the wide NIR emission from 800-1000 nm of the 

blend film DR3TBDTTF: DPP-2TTP. The selective excitation at 500 nm of 

corresponding ternary blend films DPP-2TTP: DR3TBDTTF (10, 20, 30 wt.%) when 

incorporated with PC71BM Figure 2-4 (c), the PL signals were quenched completely. 

The results indicate that efficient energy transfer from DR3TBDTTF57 to DPP-2TTP 

This evidence depicts generating excitons followed by considerable charge separation 

at the ternary blend interface of DR3TBDTTF:DPP-2TTP: PC71BM,  these results 

compatible with raised P(E, T) values (vide infra).58 As shown in Figure 2-4 (d), the 

sequential alignment of the highest occupied molecular orbitals (HOMOs) and lowest 

unoccupied molecular orbitals (LUMOs) orientation demonstrates that exciton could 
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be efficiently promoted in the ternary blend DR3TBDTTF :DPP-2TTP :PC71BM 

after sufficient light irradiation and undergo a possible charge separation.  
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Figure 2-4. PL spectra of pristine films DR3TBDTTF, DPP-2TTP and blend film 

DR3TBDTTF: DPP-2TTP, excited at 500 nm (a) and excited at 660 nm (b), (c) the 

ternary blend films of DPP-2TTP: DR3TBDTTF (10, 20, 30 wt.%): PC71BM, and (d) 

energy diagram of DR3TBDTTF, DPP-2TTP and PC71BM.  

2.3.2 Photovoltaic Properties 

   The photovoltaic studies were performed for DPP-2TTP and DPP-2TP used as 

donors in the binary device structure of ITO/PEDOT: PSS/Donor: 

PC71BM/ZrAcac/Al under simulated AM 1.5 G illumination at 100 mW cm−2. The 

systematically optimized conditions are included in Tables 2-1 and 2-2, summarizing 

the photovoltaic parameters with additives and without, in Figure 2-5 (a, b) illustrate 

the current density-voltage (J-V) curves of the devices with various conditions have 

been studied for the final optimized binary device. After systematic optimization, the 

devices were screened out with a combination of chlorobenzene (CB): 

pyridine:1,8-diiodooctane (DIO) at 96:3:1 volume ratio (v%) and thermal annealing at 

100 oC for 10 mins. The photovoltaic parameters of the binary devices were 

summarized in Table 2-3. And the corresponding current density-voltage (J-V) 
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characteristics and the external quantum efficiency (EQE) curves were illustrated in 

Figure 2-6 (a, b) respectively. The optimal binary devices exhibited a maximum PCE 

of 9.30% with an open-circuit voltage (VOC) of 0.80 V, a Jsc of 16.35 mA cm-2 and a 

FF of 71.1% for DPP-2TTP and similarly, a PCE of 8.23%, a VOC of 0.76 V, a Jsc of 

15.65 mA cm-2 and a FF of 69.2% for DPP-2TP. Although, the ideal E loss < 0.6 eV is 

still challenged for perovskite solar cells (PSCs) and this is essential for the 

enhancement of Jsc and PCE values. Impressively, the two binary systems gained 

reliable low photon energy loss of (E loss) 0.58 eV for DPP-2TTP and 0.6 eV for 

DPP-2TP. Peng et al. published DPP-porphyrin small molecule with a very low 

energy band gap of 1.37 eV and a high Voc of 0.78 V was achieved in BHJ OSCs and 

followed by a low energy loss of 0.59 eV.40 These results specifying a suitable 

arrangement of the HOMO Donor and LUMO Acceptor. 

   Although the optimal binary devices showed a wide photocurrent response 

extending into 900 nm owing to the contribution of low bandgap porphyrin-based 

small molecules, the low EQE value of 27% at the bottom of the valley reflected the 

intrinsic absorption deficiency between the Soret and Q bands in porphyrin-based 

small molecules. It is believed that ternary OSCs containing one more donor or 

acceptor have great potential to reduce the energy loss, enhance light-harvesting 

capability, and improve device performance. Therefore, the wide bandgap 

small-molecule electron donor DR3TBDTTF was selected as the third component for 

ternary OSCs for its complementary absorption spectrum and aligned energy levels 

regarding porphyrin-based small molecules.  The blend films were fabricated from 
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DPP-2TTP: DR3TBDTTF: PC71BM with different ratios of DR3TBDTTF (10, 20, 

30 wt.%) in 0.3 v% of pyridine and chlorobenzene solution. Compared with the 

binary device DPP-2TTP: PC71BM, the ternary devices based on the three active 

layers DPP-2TTP:xDR3TBDTTF: PC71BM (x = 10%, 20%, 30%, w/w) exhibited 

enhanced PCEs of 10.19%, 11.15% and 10.34% respectively. And the current 

density-voltage (J-V) characteristics are displayed in Figure 2-6 (a). For the ternary, 

the content of DR3TBDTTF increased from 10 to 20 wt.%, led to progressively 

enhanced JSC from 17.29 to 17.89 mA cm−2, FF from 73.4 to 77.1% 76.5%, and Voc 

from 0.83 to 0.85 V. This is mainly due to the improved light-harvesting capability in 

the range of 550–700 nm and favorable morphology for efficient charge dissociation 

and transfer in ternary devices with DR3TBDTTF these results also consistent with 

PL emission. Further increasing the content of DR3TBDTTF could continue to 

improve the light-harvesting in the range of 550–700 nm, but impair the 

light-harvesting in the Soret and Q regions of porphyrin-based small molecules. At 

the same time, the high content of DR3TBDTTF would lead to unfavorable 

morphology. As a result, the ternary device with 30% DR3TBDTTF exhibited a 

balanced Jsc, slightly enhanced Voc, but significantly decreased FF, as a whole, and a 

PCE of 10.34%. In addition, the integrated Jsc values are listed in Table 2-3 from 

EQE spectra for all the devices consistent with J–V measurements (the error is within 

2%). 
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Figure 2-5. a) Current density-voltage (J-V) curves of different rates of DPP-2TTP: 

PC71BM devices; b) Current density-voltage (J-V) curves of DPP-2TP: PC71BM. 

Table 2-2 Photovoltaic parameters of the DPP-2TTP:PC71BM at AM 1.5G 100 mW 

cm-2. 

Entry Pyridine 
DIO SVA 

Annealing 

(oC) 

Voc 

(V)a 

Jsc 

(mA cm-2) a 

FF 

(%)a 

PCE 

(%)a 

1 

2 

3 

4 

w/o 

3% 

3% 

3% 

w/o 

w/o 

1% 

1% 

w/o 

w/o 

w/o 

CF 

w/o 

w/o 

w/o 

w/o 

(0.85±0.01) 

(0.86±0.01) 

(0.84±0.01) 

(0.78±0.01) 

(5.05±0.18) 

(10.24±0.16) 

(13.81±0.19) 

(15.20±0.14) 

(39.6±0.5) 

(50.0±0.7) 

(58.7±0.6) 

(68.0±0.5) 

(1.70±0.15) 

(4.40±0.19) 

(6.81±0.30) 

(8.06±0.24) 

5 

6 

7 

3% 

3% 

3% 

1% 

1% 

1% 

CF 

CF 

CF 

90 

100 

110 

(0.79±0.01) 

(0.79±0.01) 

(0.78±0.01) 

(15.80±0.11) 

(16.27±0.08) 

(15.69±0.13) 

(69.9±0.4) 

(70.8±0.3) 

(69.4±0.4) 

(8.72±0.23) 

(9.10±0.20) 

(8.49±0.23) 
an Each value is averaged from 8 devices with standard deviation after ±. 



67 

Table 2-3 Photovoltaic parameters of the DPP-2TP:PC71BM at AM 1.5G 100 mW 

cm-2. 

Entry Pyridine DIO SVA 
Annealing 

(oC) 

Voc 

(V)b 

Jsc 

(mA cm-2) b 

FF 

(%)b 

PCE 

(%)b 

1 

2 

3 

4 

5 

6 

7 

w/o 

3% 

3% 

3% 

3% 

3% 

3% 

w/o 

w/o 

1% 

1% 

1% 

1% 

1% 

w/o 

w/o 

w/o 

CF 

CF 

CF 

CF 

w/o 

w/o 

w/o 

w/o 

90 

100 

110 

(0.79±0.01) 

(0.80±0.01) 

(0.79±0.01) 

(0.74±0.01) 

(0.75±0.01) 

(0.75±0.01) 

(0.75±0.01) 

(4.78±0.14) 

(8.88±0.13) 

(13.10±0.15) 

(14.44±0.13) 

(15.01±0.12) 

(15.54±0.09) 

(14.91±0.11) 

(37.8±0.8) 

(45.1±0.4) 

(53.1±0.3) 

(65.6±0.5) 

(67.6±0.4) 

(68.9±0.3) 

(66.0±0.6) 

(1.43±0.09) 

(3.20±0.12) 

(5.50±0.17) 

(7.01±0.21) 

(7.61±0.21) 

(8.03±0.2) 

(7.38±0.22) 

      
b Each value is averaged from 8 devices with standard deviation after ±. 
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Figure 2-6. (a) Current density-voltage (J-V) curves and (b) The EQE curves for the 

devices under constant incident light intensity (AM 1.5G, 100 mW cm−2) without and 

with SVA. 

 

Table 2-4. Hole and electron mobilities and key parameters of device performances a 

Device 
JSC 

(mA cm−2) 

VOC 

(V) 

FF 

(%) 

PCE 

(%)b 

µh 

(cm2/Vs) 

µe 

(cm2/Vs) 
µe/µh 

DPP-2TTP: 

PC71BM 

16.35 ± 

0.08 

(16.02)b 

0.80 ± 

0.01 

71.1 

± 0.3 

9.10 ± 

0.20 
1.25×10−4 8.16×10−5 0.65 

DPP-2TP: 

PC71BM 

15.54 ± 

0.09 

(15.21) 

0.76 

± 

0.01 

68.7 

± 0.3 

8.00 ± 

0.11 
8.83×10−5 4.32×10−5 0.49 

DPP-2TTP: 

10%D*:PC71BM 

17.16 ± 

0.13 

(16.93) 

0.81 

± 

0.02 

73.3 

± 0.1 

10.03 

± 0.16 
1.72×10−4 1.28×10−4 0.74 

DPP-2TTP: 

20%D*:PC71BM 

17.78 ± 

0.11 

(17.61) 

0.82 

± 

0.03 

76.5 

± 0.6 

11.01 

± 0.14 
3.21×10−4 2.84×10−4 0.88 

DPP-2TTP: 

30%D*:PC71BM 

17.41 ± 

0.19 

(17.22) 

0.83 

± 

0.06 

71.6 

± 0.2 

10.16 

± 0.18 
2.36×10−4 1.97×10−4 0.83 

a Each value is averaged from 8 devices with standard deviation after ±. b Values in brackets are 

calculated from EQE. 

 Further, we studied the exciton generation, dissociation and charge collection of 

the active layers through the charge photocurrent density (Jsat) and the effective 

voltage (Veff). The binary DPP-2TTP: PC71BM, DPP-2TP: PC71BM and optimized 

ternary DPP-2TTP: DR3TBDTTF 20%: PC71BM devices were carried under SVA 
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conditions as shown in Figure 2-7 (a). The photocurrent density (Jph) is calculated by 

Jph = JL−JD, where JL is the current density under illumination and JD is the current 

density in the dark, respectively. whereas the Veff = V0−Va defined V0 is voltage 

where Jph = 0 and Va is the applied voltage,59, 60 the Jph increases rapidly at lower 

voltages and reaches the saturation when effective voltage Veff enhances to be 0.34 V, 

0.32 V and 0.38 V of the active devices DPP-2TTP, DPP-2TP and DPP-2TTP: 

D3RTBDTTF 20 wt.%, respectively, which means that photogenerated excitons are 

transformed into free charge carriers when the electric field plays internally during the 

charge extraction separated by electrodes. Moreover, the charge dissociation 

probabilities P(E,T) was conducted by normalizing of  Jph with Jsat under short 

circuit condition (Jph/Jsat) to be 0.92% for DPP-2TTP: PC71BM, 0.93% for DPP-2TP: 

PC71BM and 0.95% for DPP-2TTP:DR3TBDTTF 20%:PC71BM as shown in Figure 

2-7 (a) . The higher P(E, T) value for the ternary blend was correlated to the excellent 

JSC of 17.78 mA cm−2, suggesting that the contribution of 20% DR3TBDTTF to the 

ternary blend is more capable for efficient charge collection and light absorption than 

the binary devices.59, 61-63  

        To get more information about the effect and the involvement of 

DR3TBDTTF has the charge recombination dynamics of the ternary device has been 

optimized, the variations of Jsc and Voc versus light intensity Plight were evaluated. As 

shown in Figure 2-7 (b, c) the slope (S) of ternary device calculated to be 0.997 for 

DPP-TTPE: DR3TBDTTF 20 wt.% was slightly higher than that of binary devices 

0.991 and 0.981 for DPP-2TTP and DPP-2TP respectively, the ideal bimolecular 
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recombination α should be equal to 1 (α < 1), whereas the slope of Voc with Plight was 

showed, the variation of kT/q (where k is Boltzmann’s constant, T is the temperature 

and q is the elementary charge) to be 1.19 kT/q for DPP-2TTP and 1.27 kT/q for 

DPP-2TP of the binary devices, as we expected the ternary blend of DPP-2TTP: 

DR3TBDTTF 20wt.% showed a low of 1.10 kT/q, implying that the mixture of 

DR3TBDTTF and DPP-2TTP in the donor domain system is well organized for any 

single component. Such a ternary blend could reduce the interfacial trap-assisted 

recombination and trap densities between the active layers, this could be the reason to 

achieve the highest FF of 76.5% of the ternary blend film.64 
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Figure 2-7 (a-c) Variation Jsc and Voc with illumination intensity (Pin) and Jph-Veff 

characteristics of DPP-2TTP, DPP-2TP and DPP-2TTP: DR3TBDTTF 20%: 

PC71BM for the OSCs optimized conditions. 

   To further investigate the effect of DR3TBDTTF on the performance of ternary 

solar cells, hole and electron mobilities of the optimized device ITO/PEDOT: 

PSS/active layer/MoO3/Au were measured by space charge limited current (SCLC) 

method as shown in Figure 2-8 (a, b) and the estimated values are displayed in Table 

2-3. The hole mobilities of the binary films were calculated to be 1.25×10-4 and cm2/ 

Vs for DPP-2TTP: PC71BM, 8.83×10-5 cm2/ Vs for DPP-2TP: PC71BM and the 

ternary films to be 1.72×10-4, 3.21×10-4 and 2.36×10-4 cm2/Vs for the doping of 

DR3TBDTTF (10, 20, 30 wt%) to the DPP-2TTP: PC71BM, respectively. The 

electron mobilities noted to be 8.16×10-5 cm2/Vs for DPP-2TTP: PC71BM, 4.32×10-5 

cm2/ Vs for DPP-2TP: PC71BM and 1.28×10-4, 2.84×10-4 and 1.97×10-4 cm2/ Vs for 

the ternary devise, respectively. The hole and electron mobilities are also increased 

dramatically at the ternary blend 20 wt.% of DR3TBDTTF and then decreased at 30 

wt.% of DR3TBDTTF domain content, this suggesting that molecular arrangement 
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could be adjusted by the contribution of DR3TBDTTF. Moreover, electron to hole 

(µe/µh) ratio of ternary based 20 wt.% of DR3TBDTTF showed a notable value of 

0.88, which means the charge transport is more balanced on the 20 wt.% of the blend 

film and also condensed with binary solvent additive. This process is applicable to 

increase the crystallinity and nanoscale morphology of the active layers. Whereas, the 

ternary blend of DR3TBDTTF (30 wt.%) dropped from 0.88 to 0.83, which led to the 

unbalanced hole and electron mobilities due to unfavorable morphology. 
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 Figure 2-8. Dark current-voltage characteristics of a) hole and b) electron only 

devices based on optimized devices Glass/ITO/PEDOT: PSS/active layer/MoO3/Au 

and glass/Al/active layer/Al. 

2.3.3 Morphological Studies 

At the same time, the morphology of the optimized binary and ternary blend films on 

the device performance was analyzed by trapping-mode atomic force microscopy 

(AFM). As shown in Figure 2-9, the height images (top) and phase images (bottom) 

from of the corresponding binary devices DPP-2TTP (or DPP-2TP): PC71BM 

showed a root mean square roughness (RMS) of 2.25 nm and 2.31 nm and the ternary 

devices DPP-2TTP: DR3TBDTTF (10, 20, 30 wt.%): PC71BM of 2.20, 2.08, 2.35 nm 

respectively. Obviously, the doping of 30 wt.% DR3TBDTTF led to unfavorable 

morphology with larger phase separation. On the contrary, the smoother surface of 

ternary blend DPP-2TTP: DR3TBDTTF (20 wt.%): PC71BM with an RMS of 2.08 

nm should be beneficial for higher exciton dissociation and charge transport to 

support for high Jsc and PCE values. 

 

 

Figure 2-9. AFM height images (top) and phase images (bottom) of binary blend 

films of DPP-2TTP, DPP-2TP: PC71BM, and ternary blend films of DPP-2TTP: 

 RMS: 2.25 nm RMS: 2.31 nm RMS: 2.20 nm RMS: 2.08 nm RMS: 2.35 nm 
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DR3TBDTTF (10, 20, 30 wt.%): PC71BM from left to right. The scan size is 5 µm × 5 

µm for all images. 

Detailed molecular packing information was acquired by performing grazing 

incidence wide-angle X-ray scattering (GIWAXS) measurements. The 2D GIWAXS 

patterns and corresponding out-of-plane and in-plane line-cuts are shown in Figure 

2-10 (a, b) When blending with PC71BM in binary systems, both DPP-2TTP and 

DPP-2TP show sharp (100) diffraction peaks in both in-plane and out-of-plane 

directions, with q ~ 0.27 Å-1 (d-spacing: 23.3 Å) for DPP-2TTP and q ~ 0.28 Å-1 

(d-spacing: 22.4 Å) for DPP-2TP respectively. DPP-2TTP shows preferential 

face-on orientation with stronger out-of-plane (010) π-π stacking peak at q ~ 1.78 Å-1 

(d-spacing: 3.53 Å), whereas DPP-2TP exhibits no preferential π-π stacking 

orientation judging from the almost isotropic scattering ring at q ~ 1.78 Å-1.  The 

coherence length of out-of-plane (010) π-π stacking peak was calculated to be 20.5 Å 

and 19.0 Å for DPP-2TTP and DPP-2TP respectively. Although DPP-2TP had a 

better lamellar packing than DPP-2TTP with a more pronounced (100) peak, 

preferential face-on π-π stacking of DPP-2TTP made it more beneficial for charge 

transport, which is shown in the enhancement of hole mobility and FF. When the third 

component DR3TBDTTF was added to the DPP-2TTP: PC71BM blend, the lamellar 

packing of DPP-2TTP was greatly depressed as evidenced by weakening and 

broadening of the (100) peaks in both in-plane and out-of-plane directions. The 

coherence length of DPP-2TTP lamellar packing decreased from 12.8 nm in a binary 

film to 12.5, 9.6, and 7.1 nm with the addition of 10%, 20%, and 30% DR3TBDTTF. 

Similarly, the coherence length of π-π stacking also shrank slightly from 2.6 nm to 
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2.5, 2.2 and 2.1 nm. Considering that no DR3TBDTTF diffraction peak was observed 

in the ternary blend films, we concluded that DR3TBDTTF dissolve into the 

DPP-2TTP domain and disturb the molecular packing of DPP-2TTP inhibiting 

formation of big crystallites. However, the increased integrated intensity of (100) and 

(010) diffraction peaks indicated that the crystallinity of the donor domain in ternary 

systems was improved with the addition of DR3TBDTTF, resulting in the enhanced 

mobility and FF of the devices. 

Resonant soft X-ray scattering (RSoXS) was used to investigate the phase 

separation of binary and ternary blend films. Photon energy of 284.2 eV was selected 

to enhance the contrast between PCBM and donor blends. As seen from Figure 2-10 

(c), both DPP-2TTP: PC71BM and DPP-2TP: PC71BM binary blend films showed 

similar scattering profiles with the main peak located at q ~ 0.0032 Å-1, corresponding 

to a phase separation distance of ~ 190 nm, and shoulder peak at high q which is 

caused by refined phase separation. There are also scattering peaks in the low q region 

beyond the detection limits, which means larger phase separation in binary blends as 

confirmed by the AFM results. The addition of DR3TBDTTF attenuated the 

scattering peak in the low q and prevented the ternary blend films from forming larger 

phase separation which was detrimental for charge generation. Compared with the 

DPP-2TTP: PC71BM film, the prime peak shifted to ~ 0.0034, 0.0042, and 0.0035 Å-1 

with smaller phase separation distance of 184, 150, and 180 nm in the ternary blend 

films with (10, 20, 30 wt.%) DR3TBDTTF respectively. Although the phase 

separation distance reduced in ternary films, such phase separation distance was still 
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too large for efficient charge separation since exciton diffusion length is generally 

considered to be ~ 10 nm. This indication clearly showed hierarchical morphology 

containing smaller domains had formed in the blend film. 

 

Figure 2-10. GIWAXS a) 2D diffraction patterns and b) out-of-plane (solid line) and 

in-plane (dotted line) line-cut profiles of DPP-2TTP:PC71BM, DPP-2TP:PC71BM 

binary blend films and DPP-2TTP:DR3TBDTTF: PC71BM ternary blend films with 

10%, 20% and 30% DR3TBDTTF. c) RSoXS profiles of DPP-2TTP:PC71BM, 

DPP-2TP:PC71BM binary blend films and DPP-2TTP:DR3TBDTTF: PC71BM 

ternary blend films with 10%, 20% and 30% DR3TBDTTF. 

2.3.4 Conclusion 

   In summary, two low bandgap porphyrin-based small molecules DPP-2TTP and 

DPP-2TP have been prepared differed by two-branched alkyl chains with sulfur and 

without sulfur, which incorporating electron-deficient 3-ethylrhodanine as the 

terminal group. The two porphyrin dimers showed an intrinsic absorption range 400–

550 (Soret bands) and 700–900 nm (Q bands). To overcome the absorption deficiency 

from 550 to 700 nm, a wide bandgap small molecule DR3TBDTTF has been 

contributed and optimized for the ternary devices. Such a combination performed 

synergically to improve the absorption range over 1000 nm and the key parameters as 
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well. Especially, the device based ternary blend DPP-2TTP:20wt.% DR3TBDTTF: 

PC71BM showed a remarkable PCE of 11.15% with a significant FF of 77.1%, which 

is highly considered in comparison with the binary devices on DPP-2TTP/PC71BM 

(9.30%) and DPP-2TP/PC71BM (8.23%). The improved overall performance of the 

ternary devices could be attributed to complementary absorption of the two donors 

and favorable film morphology for the reduced recombination and enhanced charge 

extraction. These excellent results indicate that the A2-π-D-A1-D-π-A2 based 

porphyrin dimers a new class of donors for highly effective binary and ternary based 

BHJ OSCs.  

2.4 Experimental Section 

*Solar Cell Device Fabrication and Characterization 

 We followed up a general solution-processing procedure for the fabrication of 

solar cells. First, Indium tin oxide (ITO) coated glass substrates were first cleaned by 

sonication in different solvents, such as acetone, detergent, distilled water, and 

isopropyl alcohol. Secondly, cleaned the substrates with UV-ozone treatment for 30 

min, and spin-coated the commercial PEDOT: PSS solution (Clevios P VP. AI 4083) 

on the substrates at 4000 rpm for 60 s, followed by baking on a hot plate at 150 °C for 

about 15 min. Next, the substrates were cooled down to room temperature and 

transferred to the glove box in an argon atmosphere. The active layers of 

DPP-2TTP/PC71BM and DPP-2TP/PC71BM were prepared by spin-coating at 1500 

rpm for 60 s from their solutions (total concentration: 30 mg mL−1) at the weight ratio 

of donor/acceptor 1:1.5 (w/w) in a mixed solvent of CB/Pyridine/DIO (96:3:1 v/v). 
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Then, the substrates were left to slow dry for 20 min in a petri dish, and followed by 

baking on a hot plate for 3 min at 100 oC. After cooled down to room temperature, an 

electron transport layer was spin-coated on the top of the active blend films from 

ZrAcac solution (0.5 mg/mL) in MeOH at 3000 rpm for 60 s. Finally, using a thermal 

evaporation method, Ag cathode (100 nm) was deposited in a high vacuum chamber 

(~10-6 mbar). For the ternary blends, DPP-2TTP: DR3TBDTTF (10, 20, 30%): 

PC71BM ((1-x):x:1.5, w/w) was prepared as same as binary devices. 

*Instruments Characterization 

 1H NMR spectra were performed on a Bruker Ultrashield 400 Plus NMR 

spectrometer. UV-vis experiments were carried out on a Varian Cary 100 UV-vis 

spectrophotometer from a freshly prepared dilute solution of the samples in CHCl3 (1 

× 10−5 M) at room temperature (ca. 25°C). Solid films for UV-vis spectra were 

prepared on a quartz substrate by spin-coating from the solutions of samples. Cyclic 

voltammetry (CV) of the solid films was scanned at a rate of 50 mV s−1 on a Versastat 

II electrochemical workstation; typically, anhydrous CHCl3 was used as the solvent, 

the electrolyte tetrabutylammonium hexafluorophosphate (TBAPF6) (0.1 M) was used 

for supporting the potentials. Finally, they were examined against an Ag/Ag+ (0.01 M 

AgNO3) as a reference electrode, and also the ferrocene/ferrocenium ion (Fc/Fc+) pair 

was contributed as the internal standard (0.09 V). Moreover, the onset potentials were 

determined by the intersection of two tangents that appeared at the rising and 

background currents of the cyclic voltammograms. the energy level of the Fc/Fc+ (4.8 

eV below vacuum level) was referred to investigate the HOMO and LUMO energy 
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levels. The high-resolution matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF) mass spectrometer was carried out on a Bruker Auto flex.  

 For the J-V measurements, an AM 1.5 solar simulator (Japan, SAN-EI, XES-40S1) 

light source was used at 100 mW cm-2, and for the data calculation, a Keithley 2400 

digital source meter was operated. Moreover, a DSR100UV-B spectrometer with a 

SR830 lock-in amplifier was operated for the spectral response.  

 The active layer films were recorded by using an atomic force microscope (AFM) 

(Veeco Dektak 150 surface profiler) for phase and tapping mode images under 

ambient conditions.  

   Grazing incidence x-ray diffraction (GIXD) was operated by Prof. Feng Liu 

(Physics and Astronomy department, Jiaotong University, Shanghai) and the beamline 

from Lawrence Berkeley National Lab (LBNL). The freshly prepared sample was 

inserted in a helium chamber and for the signal collection, Pilatus 2M detector was 

used. The results were examined by using Nika software package and peak 

information was accessed by guassian fitting. RSoXS was also set by beamline 

11.0.1.2 at Lawrence Berkeley National Lab. The thin films were coated with S16 and 

transferred onto Si3N4 substrate in transition mode. 

*Materials and Synthetic Methods 

All air and water sensitive reactions were held under nitrogen conditions. 

Commercial reagents were bought from Dieckmann Chemical company, China. And 

phenylene linker intermediates of  bis(hexyloxy)benzene, 
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1,4-dibromo-2,5-bis(hexyloxy)benzene, 4-bromo-2,5- bis(hexyloxy)benzaldehyde 

were synthesized by the following literature and confirmed by 1HNMR spectroscopy 

.65, 66 

Procedure for synthesis of 4-Ethynyl-2,5-bis(hexyloxy)benzaldehyde:  

 In a dried round bottom flask containing 4-Bromo-2,5-bis(hexyloxy)benzaldehyde 

(7.706 g, 20.00 mmol), Pd(PPh3)2Cl2 (0.475 g, 0.68 mmol) and CuI (0.052 g, 0.28 

mmol)were evacuated and filled with nitrogen atmosphere. The mixture was 

dissolved in anhydrous toluene (200 mL) and diisopropylamine (60 mL) kept nitrogen 

bubbling for 20 mins. To the yellow color mixture, a solution of trimethysilyl 

acetylene (4.32 g, 6.22 mL, 44.0 mmol) was added dropwise under ambient 

temperature. The reaction mixture was allowed for 6 h at 70 oC. After the reaction 

was completed the solvent was evaporated by rotavapor, and the crude product was 

purified by column chromatography using hexane/DCM (1:1) as eluent to occur a 

trimethylsilyl-phenylene intermediate (7.36 g, 92%) as a pale yellow solid. And the 

deprotection reaction was carried out in a mixture of trimethylsilyl protected aldehyde 

(7.01 g, 12.0 mmol), anhydrous THF (100 mL), an aqueous solution of KOH (15.0 

mL, 20.0%) and methanol (50 mL). the reaction was quenched with water and 

extracted with DCM. The organic layer dried with MgSO4 and finally purified by 

column chromatography to give a key intermediate (5.28 g, 80%) as a light-yellow 

compound. 1H NMR (400 MHz, CDCl3) δ (ppm): 0.72-0.74 (t, J = 7.6Hz, 6H, CH3), 

1.29-1.36 (m, 8H), 1.2-1.4 (m, 4H), 1.72-1.91 (m, 4H), 3.15 (s, 1H, C≡CH), 4.19 (t, J 

= 6.4Hz, 2H), 4.11 (t, J = 6.4Hz, 2H), 7.28 (s, 1H), 7.39 (s, 1H), 10.51 (s, 1H). 
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General method for the synthesis of compounds 5A and 5B: 

   A compound of dipyrromethane (3 g, 21 mmol) and a corresponding aldehyde of 

4A (or 4B) (6.5 g, 21 mmol) were taken in 2 L of a round bottom flask and 1.5 L of 

DCM was added, kept under nitrogen bubbling for 30 min. Then trifluoroacetic acid 

(TFA, 145 μL, 2.0 mmol) was added dropwise, covered the reaction in dark and the 

reaction mixture was stirred overnight at room temperature under nitrogen flow, then 

7 g of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) (32 mmol) was added in one 

portion, and the complex was stirred for another 2h. Finally, the mixture was 

neutralized with 5 mL of triethylamine (TEA). And the solvent was removed under 

reduced pressure, the crude product was purified by column chromatography using 

the solvents DCM and hexane (1:4) as the eluent, to get a purple-colored compound 

5A (or 5B).  

5A: 5 g, 27% yield. 1H NMR (400 MHz, CDCl3) δ (ppm) :10.28 (s, 2H), 9.38 (d, J = 

4.8 Hz, 4H), 9.32 (d, J = 4.4 Hz, 4H), 7.79 (d, J = 3.6 Hz, 2H), 7.54 (d, J = 3.2 Hz, 

2H), 3.14 (d, J = 6.4 Hz, 4H), 1.91 (m, 2H), 1.62−1.35 (m, 32H), 0.99 (m, 6H), 0.91 

(m, 6H), −3.02 (s, 2H).  

5B: 5.5g, 30% yield. 1H NMR (400 MHz, CDCl3) δ (ppm): 10.22 (s, 2H), 9.74 (d, J = 

4.8 Hz, 4H), 9.66 (d, J = 4.4 Hz, 4H), 7.79 (d, J = 3.6 Hz, 2H), 7.54 (d, J = 3.2 Hz, 

2H), 3.14 (d, J = 6.4 Hz, 4H), 1.91 (m, 2H), 1.62−1.35 (m, 32H), 0.99 (m, 6H), 0.91 

(m, 6H), −3.02 (s, 2H).  

General procedure for the synthesis of 6A and 6B:  
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   The compound 5A (or 5B) (1.00 mmol) and NBS (373 mg, 2.10 mmol) were 

taken in 500 mL of reaction flask and 200 mL of DCM was added and the reaction 

mixture stirred at 0oC for 3 hr. The reaction was monitored by thin-layer 

chromatography (TLC). Then water (100 mL) was added, and extracted the organic 

layer with DCM and dried (Na2SO4). The solvent was removed and purified by 

column chromatography using DCM/hexane (1:6) as the eluent. Then, the 

corresponding porphyrin intermediate (1.00 mmol) was placed in a reaction flask 

contained 200 mL of chloroform, and zinc acetate (1.095 g, 10 eqv) was added and the 

mixture was refluxed for 6 h. After the reaction was completed extracted with water 

and chloroform and separated organic layer. The solvent was evaporated under 

reduced pressure and the residue was purified by column chromatography using DCM 

and hexane (1:10) as the eluent to obtain a dark purple porphyrin of the compound 6A 

(or 6B). 

6A: 0.9 g, 76% yield. 1H NMR (400 MHz, CDCl3) δ (ppm): 9.60 (d, J = 4.8 Hz, 4H), 

9.08 (d, J = 4.8 Hz, 4H), 7.65 (d, J = 3.6 Hz, 2H), 7.44 (d, J = 3.9 Hz, 2H), 3.03 (d, J 

= 6.0 Hz, 4H), 1.83 (m, 2H), 1.57−1.35 (m, 32H), 0.98 (m, 6H), 0.90 (m, 6H).  

6B: 0.94 g, 78% yield. 1H NMR (400 MHz, CDCl3) δ (ppm): 9.73 (d, J = 4.8 Hz, 4H), 

9.28 (d, J = 4.8 Hz, 4H), 7.85 (d, J = 3.6 Hz, 2H), 7.64 (d, J = 3.9 Hz, 2H), 3.03 (d, J 

= 6.0 Hz, 4H), 1.83 (m, 2H), 1.57−1.35 (m, 32H), 0.98 (m, 6H), 0.90 (m, 6H).  

General method for key precursors 7A and 7B:  
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   A solution of corresponding compound 6A (or 6B) (1.0 mmol) and 

4-ethynyl-2,5-bis(hexyloxy)benzaldehyde (350.7 mg, 0.950 mmol, ~0.9eq) in 

anhydrous THF (40 mL) and anhydrous trirthylamine (20 ml) were placed in a 100 ml 

dried reaction flask and kept under nitrogen bubbling for 20 min, then the catalyst 

Pd(PPh3)4 (80 mg, 0.053 mmol) and CuI (15 mg, 0.053 mmol) were added and 

allowed stirring for overnight at 50oC under nitrogen condition. The reaction was 

monitored by TLC after the reaction was completed, the solvent was dried under 

rotavapor and purified by column chromatography using a mixture of DCM and 

hexane (1:1) as eluent to form a corresponding compounds 7A (or 7B). 

7A: 0.35 g, 43% yield. 1H NMR (400 MHz, CDCl3) δ (ppm): 0.83−1.03 (m, 20H), 

1.25-1.69 (m, 50 H), 1.80-2.13 (m, 10H), 2.62-2.63 (m, 1H), 3.08-3.10 (m, 4H), 

4.00-4.03 (m, 2H), 4.10−4.14 (m, 2H), 5.52-5.55 (m, 1H), 6.34-6.38 (m, 1H), 

7.10-7.16 (m, 3H), 7.67 (m, 2H), 9.09-9.11 (m, 4H), 9.55-9.59 (m, 4H), 10.27 (s, 1H).  

7B: 0.32 g, 41% yield. 1H NMR (400 MHz, CDCl3) δ (ppm): 0.86−1.03 (m, 20H), 

1.25-1.69 (m, 50 H), 1.80-2.13 (m, 10H), 2.62-2.63 (m, 1H), 3.08-3.10 (m, 4H), 

4.00-4.03 (m, 2H), 4.10−4.14 (m, 2H), 5.45-5.58 (m, 1H), 6.39-6.42 (m, 1H), 

7.20-7.26 (m, 3H), 7.87 (m, 2H), 9.19-9.17 (m, 4H), 9.65-9.79 (m, 4H), 10.36 (s, 1H).  

General synthetic method for compounds 8A and 8B:  

   The corresponding intermediate of 7A (or 7B) (100 mg, 0.076 mmol) and the 

compound 3 (25 mg, 0.036 mmol) was placed in a vacuum dried 100 mL reaction 

flask and filled with nitrogen condition. A mixture of anhydrous THF (15 mL) and 
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Et3N (5 ml) was degassed with nitrogen for 20 min, and the catalyst Pd (PPh3)4 (25 

mg) and CuI (10 mg) were added in nitrogen condition, and the mixture was stirred 

for overnight at 50oC under nitrogen condition. The reaction was monitored by TLC 

after reaction completed the solvent was dried by airflow, and the crude mixture was 

purified by column and preparative thin-layer chromatography as DCM and hexane 

(2:1) eluents. Finally, recrystallized from CHCl3 and methanol to form 8A as dark 

green solid (0.15 g, 64 % yield) (or 8B as dark green solid, 0.12 g, 60% yield). Both 

8A and 8B do not show high-resolution 1H NMR spectra for their complicated 

structures. And further confirmed by MALDI-TOF (m/z) calculated for 8A 

C188H240N10O8S10Zn2: 3213.447; found: 3215.5615. MALDI-TOF (m/z) calculated for 

8B C188H240N10O8S6Zn2: 3091.170; found: 3093.124.  

Synthesis of final products DPP-2TTP and DPP-2TP:  

   The key precursor aldehydes of compounds 8A or 8B (110 mg, 0.034 mmol) were 

taken in a dried 100 mL RBF and kept under vacuum for 5 mins, filled with nitrogen 

atmosphere. Then 30 mL of dry CHCl3 was added, 3-ethylrhodanine (70 mg, 0.34 

mmol) was and two drops of piperdine were added to the mixture. And allowed to stir 

about 24 h under ambient temperature. The reaction was completed and quenched 

with 50 mL of water. The organic layer was separated and extracted with CHCl3, 

dried over NaSO4. The solvent was removed by rotavapor and the residue was 

purified by column and preparative thin-layer chromatography as CHCl3 and hexane 

(1:10) eluent. Finally, the two target products were recrystallized from a mixture of 

CHCl3 and methanol to afford DPP-2TTP (90 mg, 80%) and DPP-2TP (80 mg, 72%) 
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as a gray green solid. Due to the large π-extended structures of DPP-2TTP and 

DPP-2TP, not satisfying the NMR spectra and further confirmed by (MALDI-TOF, 

m/z) calculated for DPP-2TTP Chemical Formula: C198H250N12O8S14Zn2 Molecular 

Weight: 3505.8540 and found 3501.3856 (100%) and (MALDI-TOF, m/z) calculated 

for DPP-2TP Chemical Formula: C198H250N12O8S10Zn2 Molecular Weight: 3377.6140 

and found 3372.6117 (100%). 
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Chapter 3 

Visible-Near-Infrared Photo-Active Diketopyrrolopyrrole 

Linked Porphyrin Dimers for Non-Fullerene Organic Solar Cells 

 3.1 Introduction 

   Solution-processed organic solar cells (OSCs) have eventually been considered as 

promising attention in recent years due to their low-cost power production, 

lightweight, optimistic flexibility, and a potential green technology for 

next-generation photovoltaics.1-5 During the past decades, the power conversion 

efficiencies (PCEs) of organic photovoltaics (OPVs) have attracted over 14% in 

binary layer polymer-based donors due to their narrow bandgap energy levels could 

be dominated by fullerene derivative acceptors.6-8 On the other hand, non-fullerene 

acceptor small-molecules (NFASMs) have also enticed early interest to overcome the 

defects of the fullerene acceptors such as purification techniques, high-cost synthetic 

procedures and unfavorable morphology.9, 10 However, the PCEs of NFASMs have 

developed rapidly up to 14.6%, ascribed to their complementary absorption, low 

energy loss, adequate  balanced electron mobility, and potential molecular 

structures.11-15 Despite the several NFASMs, structurally well-defined building block 

of fused indacenodithiophene (IDT)16 ring structure and its analogs such as ITIC,15 

IEIC,17 IT-4F,18 IT-M19, and IDIC20 have shown an intensive near-infrared (NIR) 

absorption, easily processable capability, well-defined crystallinity and ideal bandgaps 

for high-performance PCEs.7, 21, 22   

  Whereas, small molecule (SM) donors sporadically succeeded with several 
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advantages that assist to a significant PCEs.23-27 However, it is still a bottleneck 

performance to accomplish high PCEs in NFSM-OSCs. Therefore, researchers 

conclude the large π-extend conjugated building blocks would eventually emerging 

their performances for efficient OPVs. Besides, to expand absorption ranges in the 

NIR regime and consequently construct narrow band gaps as SM donors and 

subsequently possess a full broadband absorption range in solar flux as well as low 

energy loss reduction. 

   Porphyrins, as extensively-explored in OPVs for a decade as their various 

outstanding performances.28, 29 Only a couple of groups have steadily worked for the 

development of porphyrin small molecules as electron donors in OSCs due to the 

excellent superficial π-conjugation properties, tremendous light-harvesting 

capabilities, an exceptional charge transport mobilities and easily processable 

fabrication with fullerene acceptors, as a result, enhanced PCEs up to 10%.30-37 

Moreover, as we know porphyrin derivatives usually show two intense strong 

absorption peaks in a range of 400-500nm (UV) called Soret band and 650-800nm 

(visible) called Q-band.33, 38 however, the intense bathochromic shift of Q band would 

eventually create the gap between the two bands. Therefore, it still challenges to 

exhibit a full photo-spectrum from 400-900 nm. As a fact, most of the reports 

published with fullerene acceptors and the third component as complementary donor 

or acceptor to overcome extended full absorption spectrum.39-41 As we discussed in 

chapter 2, a ternary organic solar cell with a narrow bandgap porphyrin small 

molecule as a donor and an absorption complementary of a wide bandgap small 
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molecule DR3TBDTTF (donor) and PC71BM as acceptor. And the device crossed 

over 1000 nm of panchromatic photon-current conversion as a result PCE of 11% was 

exceeded.33    

   On the contrary, without using third component Jang et al. firstly fabricated 

porphyrin-based bi-component system (porphyrin: IDIC) for fullerene free small 

molecules and the device exhibited a PCE of 6.13%.38 Recently Jen et al. also 

published using porphyrin small molecule as the donor and 6TIC small molecule as 

the acceptor for non-fullerene OSCs and the device accomplished a PCE of 12%.27 

Therefore, the encouraging results suggest that judicious small molecule acceptor for 

the new morphological studies and to strengthen the crystallinity of the device and 

also activate the charge mobility and extractions to enhance PCE of OSCs in the 

absence of the third component. 

   In this chapter, we strategically report the investigation of binary devices for 

non-fullerene all small-molecule OSCs based on porphyrin dimers (2P) linked by 

2,5-bis(2-butyloctyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 

(TDPP), and 2,5-bis(2-butyloctyl)-3,6-bis(5-ethynyl-2-thienyl)-2,5-dihydro-pyrrolo[3,

4-c]pyrrole-1,4(2H,5H)-dione (TDPPE) as TDPP-2P and TDPPE-2P respectively, in 

which we synthesized with a conditional A2-π-D-A1-D-π-A2 architecture of DPP (A1) 

backbone porphyrin (D) dimers flanked by ethynylene (E) (acetylene)/without 

ethynylene (S) linkages and finally end-capped with electron-deficient 

3-ethylrhodanine (A2) via a π-bridge of phenyl ethynyl linker besides that a 

2-octyldodecan-1-al (A) long alkyl chain was used on vertical meso-porphyrins to 
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improve the material solubility for the solution-processed OSCs. The purpose of the 

ethynylene linkage of DPP moiety coplanar to the porphyrin core (TDPPE-2P) 

therefore, subsequently enhancing the π-conjugation region over NIR. The advantage 

of the large π-extended electron conjugation systems not only even strengthen 

light-harvesting abilities but also ample the intermolecular interactions towards the 

charge transfer and well-ordered molecular structures in the solid-state. The two 

porphyrin dimers were investigated in detail on the photophysical and electrochemical 

properties, film morphology, charge mobility, and photovoltaic performances. But 

interestingly TDPPE-2P has recorded a better photovoltaic performance, which is 

mainly the ethynylene incorporation of backbone DPP was intended to enlarge 

intermolecular interactions in the solid-state and consequently elevated the unique 

surface/interface nanoscale morphology between the donor/acceptor system, which 

led to high Jsc and FF and further attributed to significant charge transport and 

extraction mobilities of SMs. 

3.2 Synthesis  
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Scheme 3-1. Synthetic routes and structures of TDPPE-2P and TDPP-2P 

(a) CuI, Pd(PPh3)4, tetrahydrofuran, triethylamine, (b) Pd(PPh3)4, Toluene, reflux, 

48 h (c) 3-ethylrhodanine, dry CHCl3, piperidine, reflux, overnight. 

    The synthetic pathway of TDPPE-2P and TDPP-2P as shown in Scheme 3-1 are 

described in the experimental section. The key precursors of 3-3 and 3-6 were 

synthesized according to the chapter 2 procedures and compound 3-7 was purchased 

from Dieckmann chemical company, China. Briefly, TDPPE-2P and TDPP-2P were 

prepared by sonogashira coupling of 3-3 and 3-6 to obtain the precursor 3-8 as well as 

stille coupling of 3-7 and 3-6 moieties for compound 3-9, respectively. Then followed 

by Knoevenagel condensation of 3-8 and 3-9 with 3-ethylrhodanine, correspondingly, 

to achieve the target molecules TDPPE-2P and TDPP-2P in quantitative yields. After 

that, the two porphyrin dimers were carefully purified by thin-layer chromatography 

and Soxhlet extraction methods. All the new compounds were analyzed by spectral 

and analytical techniques. Moreover, the two π-extended porphyrin small molecules 

are well soluble in most organic solvents for better performance in NFSM-OSCs.   

3.3 Results and discussions 
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3.3.1 Photophysical and Electrochemical Properties 

   The absorption spectra of TDPPE-2P and TDPP-2P were investigated in 

chloroform solution as shown in Figure 3-1(a) and estimated the values in Table 3-1,  

Interestingly the broad and intense peak of Soret band appears at 474 nm with a 

molar extinction coefficient (ε) of 1.63 × 105 M−1 cm−1 as well as the sharp 

significant peak of Q-band exhibits at 774 nm with a high ε of 1.91 × 105 M−1 cm−1 

for TDPPE-2P, on the other hand, the Soret band of TDPP-2P intensifies with 

several shoulder peaks from 400-600 nm (see the ε in Table 3-1) and the narrow 

sharp Q-band emerges at 680 nm with an ε of 1.47 × 105 M−1 cm−1. The Soret band 

would ascribe to the π-π* transition from the porphyrin conjugated backbone. 

Therefore, the compound TDPP-2P (non-ethynylene linkage) lost conjugation and 

possess the irregularity caused by several vibronic peaks in the Soret band. However, 

the compound TDPPE-2P exceptionally exhibited the strong and massive NIR 

absorption of Q band (600-900 nm) than the Q-band (600-740 nm) of TDPP-2P, 

which could be attributed from the intramolecular charge transfer (ICT) between the 

conjugated porphyrin and the terminal acceptor units through ethynylene linker.36, 42 

Furthermore, compared to the absorption spectra of porphyrin dimers in solution, the 

film TDPPE-2P (Figure 3-1b) remarkably explored of Q-band with an extended 

bathochromic shift in NIR absorption over 1000 nm, which is 70 nm red-shifted than 

Q-band in solution. These results imply the extended π-conjugation of TDPPE-2P 

leads to more planar backbone orientation and impressive ICT within the donor 

molecules.43, 44 So that the formation of J-aggregation is more favorable for regular 
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molecular stacking, consequently benefit for the production of hole transportation 

and photovoltaic performances.45, 46 besides that the vibronic shoulder peak at 764 

nm also indicating the perfect planar backbone of DPP conjugated porphyrin dimer 

would contribute to strong molecular π-π aggregations in the solid-state. Whereas the 

film TDPP-2P comparatively broadened the Q-band of a very sharp peak at 688 nm 

absorption was observed due to irregular structural patterns suppress the conjugation 

planarity. The absorption spectra of thin-film IT-M as shown in Figure 3-1(b), to 

assure the absorption gap from 550-700nm of porphyrin dimers, an ideal 

complementary small molecule acceptor of IT-M has been chosen for a potential 

panchromatic bimodal device with porphyrin dimers. Besides, the blend films 

spin-coated with (1:1, w/w) of TDPPE-2P: IT-M and TDPP-2P: IT-M processed 

under solvent-vapor annealing (SVA) and thermal annealing (TA) and the spectra as 

shown in Figure 3-1(c). As we expected the blend film of TDPPE-2P: IT-M 

profoundly covers the panchromatic NIR absorption from 400 to 900 nm because of 

the significant contribution of IT-M would perfectly be compensating the range from 

500-700 nm. Similarly, the blend film of TDPP-2P: IT-M encloses the absorption 

from 400-750 nm. Finally, the optical band gaps (Eg
opt) were calculated from the 

onset wavelength (λonset) of the absorption spectra of solution using Eg
opt =1240 / 

λonset (eV), with narrow bandgap values of 1.41 for TDPPE-2P and 1.66 eV for 

TDPP-2P.  

Table 3-1. Photophysical and electrochemical properties of TDPPE-2P and 

TDPP-2P 
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Figure 3-1. UV–vis absorption spectra of TDPPE-2P and TDPP-2P in chloroform 

solution (a), thin films including IT-M (b), (c) blend films of TDPPE-2P: IT-M and 

TDPP-2P: IT-M (inset: molecular diagram of IT-M) and (d) energy level diagram of 

TDPP-2P, TDPPE-2P, and IT-M materials. 

  To obtain energy levels of two porphyrin dimers were characterized by cyclic 

voltammetry (CV) measurements in CHCl3 solution, As shown in Figure 3-2 and 

collected the data in Table 3-1, the highest occupied molecular orbital (HOMO) 

energy levels were found from the onset of oxidation peaks to be −5.12 and −5.09 

eV, and their lowest unoccupied molecular orbitals (LUMOs) were −3.71 V and 

−3.43 eV, from ELUMO = EHOMO + Eg for TDPPE-2P and TDPP-2P, respectively. 
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As we conclude to gain high Voc the various levels of HOMOs for porphyrin 

dimers synergistically ideal, on the other hand, the quite difference in  LUMO 

levels was identified by conjugation arrangements in TDPPE-2P than TDPP-2P 

and as well as the low energy gap (Eg) was calculated to be 1.41 for TDPPE-2P 

and comparably a wide Eg of 1.66 for TDPP-2P as can be seen in Table 3-1. 

Besides that, the energy level diagram of the binary devices for TDPP-2P, 

TDPPE-2P, and IT-M as shown in Figure 3-1(d). Therefore, sufficient driving 

forces can be easily produced holes and electrons from corresponded IT-M and 

porphyrin dimers.  
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Figure 3-2. Cyclic voltammogram of TDPPE-2P and TDPP-2P are measured in 0.1 

mol L−1 TBAPF6 CHCl3 solutions.    

3.3.2 Photovoltaic Properties 

   The photovoltaic performance was fabricated for NFOSCs using TDPPE-2P and 

TDPP-2P as donors and IT-M as an acceptor in the binary device structure of 

ITO/PEDOT: PSS/Donor: Acceptor/ZrAcac/Al (Figure 3-3 c) under the response of 

AM 1.5 G illumination at 100 mW cm−2. The current density-voltage (J-V) curves 
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were recorded under various conditions for the final optimized device. Subsequently, 

the solvent and additive as-cast film preparation were screened out to be chloroform 

(CF): 1,8-diiodooctane (DIO) for (99.5:0.5 v/v) and thermal annealing at 150 oC for 

15 mins for the optimal film morphology. The photovoltaic factors are shown in 

Table 3-2. And the related current density-voltage (J-V) curves are displayed in 

Figure 3-3(a). Despite, the difference of π-conjugated DPP backbone of the two 

porphyrin dimers constructed. But when we studied the energy levels, the device 

TDPPE-2P:IT-M was perfectly matching of HOMO level of the donor and LUMO 

level of the acceptor, consequently exhibited a high VOC of 0.84 V than the device of 

TDPP-2P: IT-M and a VOC of 0.79 V was achieved.  And also combining with the 

Jsc of 11.05 mA cm-2 and FF of 61.3%, this resulting device gained a promising 

maximum PCE (PCEmax) of 5.69%. on the contrary, TDPP-2P: IT-M device was 

performed though an elevated VOC of 0.79 V but a decreased Jsc of 8.96 mA cm-2 

and FF of 58.2% affected the slightly lower PCEmax of 4.12%. The main afford to 

distinguish unfavorable morphology of the active layer TDPP-2P: IT-M, the 

insignificant structural orientation of DPP backbone with porphyrin dimers and lack 

of conjugation, whereas ethynylene linkage induced TDPPE-2P device attributed 

impressive results, therefore the planar backbone of DPP initiating through 

conjugation of intermolecular interactions, that favors the unambiguous morphology 

with a small molecule acceptor IT-M. 
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Figure 3-3. The device structure of the binary blend film (a) Current 

density-voltage (J-V) curves and (b) The EQE curves of the devices 

TDPPE-2P/TDPP-2P: IT-M based all small molecule OPV devices.  

Table 3-2. Hole and Electron Mobilities and Key Parameters of Device 

Performances TDPPE-2P /IT-M and TDPP-2P /IT-M 

 

Further, confirmed by external quantum efficiency (EQE) measurements to 

investigate the photocurrent generation of the devices as shown in Figure 3-3(b), 

as we assumed the optimized device TDPPE-2P: IT-M was obtained considerably 

an EQE of 45% with a broad photo-current response from 300-900 nm, while the 

device TDPP-2P: IT-M was also attained same EQE (EQEmax) of 45%, but the 

photo-current response ends up to 800nm even though, it depicts the full spectrum 

of the two porphyrin chromophores profoundly encouraged by a complementary 

absorption of IT-M acceptor. However, the EQEmax of devices is consistent with 

those gained from J-V measurements. The film TDPPE-2P: IT-M proved the 

conjugated porphyrin dimer with an ethynylene bridged DPP impressively coupled 

by IT-M acceptor to involve further in the charge recombination/extraction for the 

generation of photo-electrons than the device TDPP-2P: IT-M. 

Device 
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Figure 3-4. (a-c) Variation Jsc and Voc with illumination intensity (Pin) and Jph-Veff 

characteristics of the optimized devices TDPPE-2P and TDPP-2P. 

   To corroborate the findings, we investigated the charge generation, dissociation, 

and collection properties of the non-fullerene-based TDPPE-2P and TDPP-2P 

devices by using the photocurrent density (Jph) versus the effective voltage (Veff) 

graphs, as shown in Figure 3-4 (a-c). According to the equation of Jph = JL−JD, 
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where JL and JD are considered to be the current densities of light illumination under 

1-Sun and the dark, respectively, and also the effective voltage (Veff) represents the 

electric field in the bulk heterojunction (BHJ) region, can be expressed as Veff = 

V0−Va, where V0 is the voltage at Jph = 0 and Va is the applied external voltage, which 

reflects the carrier transport and the photocurrent extraction characteristics. If the Veff 

reaches maximum voltage, then Jph becomes saturated, therefore, all the 

photogenerated excitons are dissociated into free charge carriers and collected by 

electrodes, however, the saturation current density (Jsat) is only limited when the total 

amount of incident photons absorbed. Besides, the exciton dissociation probability 

(P(E, T)) can be controlled from the ratio of Jph/Jsat under optimized conditions. P(E, 

T) values to be 0.92% for TDPPE-2P and 0.83% for TDPP-2P devices as shown in 

Figure 3-4 (a), these results witnessed amusingly the charge diffusion and 

recombination properties are relatively governed by donor-acceptor interlayers and 

the domain sizes as well, therefore, the enhanced strong Jsc and FF of the device 

based TDPPE-2P: IT-M is consistent.7, 47 

    In this sense, the charge recombination dynamics of the devices TDPPE-2P: 

IT-M and TDPP-2P: IT-M were also observed systematically can be seen in Figure 

3-4 (b), the relation of Jsc versus light intensity (Pin) expressed as Jsc α Pγ
in, where γ is 

the recombination factor. Usually, in BHJSCs, the value γ close to 1 (γ < 1) reflects 

the free charge carriers collected before recombined. Consequently, leading to weak 

or no bimolecular recombination.24, 48 Here, the recorded γ values to be 0.91 for 

optimized devices TDPPE-2P: IT-M and 0.88 for TDPP-2P: IT-M, respectively, 
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apart from that bimolecular recombination completely losses by trap-assisted 

mechanism.26 further, to find out the loss of trap-assisted recombination, the slope (S 

= kT/q, where k is Boltzmann’s constant, T is the temperature and q is the elementary 

charge) of the Voc with light intensity (Pin) plotted in logarithmic scale as shown in  

Figure 3-4 (c), the estimated slope of 1.36 kT/q for TDPPE-2P: IT-M and 1.51 kT/q 

for TDPP-2P: IT-M, correspondingly of the binary-based devices. Which declares the 

lower slope of active layer TDPPE-2P:IT-M directly suppressed by trap-assisted 

recombination so that it could be favorable for the homogenous morphology of the 

donor-acceptor system, as a result, the device shows significant FF of 61.3% and VOC 

of 0.84 V.49, 50   
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Figure 3-5. Dark current-voltage characteristics of (a) hole- and (b) electron only 

devices based on optimized devices of Glass/ITO/PEDOT: PSS/active 

layer/MoO3/Au and of glass/Al/active layer/Al. 

   The huge differences of FF and Jsc parameters in the optimized devices of 

TDPPE-2P: IT-M and TDPP-2P: IT-M could be caused by limitations of charge 

transport, which can be studied beyond space charge limited current (SCLC) of 

hole and electron mobility measurements of the non-fullerene devices. Figure 3-5 

(a-b) shows current density-voltage characteristics in the active layers of 

Glass/ITO/PEDOT: PSS/active layer/MoO3/Au for the hole only device and 

glass/Al/active layer/Al for electron only device and the estimated values are 

displayed in Table 3-2. The hole mobilities of the binary films were calculated to 

be 7.16×10-5 and cm2/ Vs for TDPPE-2P: IT-M, 3.64×10-5 cm2/ Vs for TDPP-2P: 

IT-M, respectively, and the corresponding electron mobilities were noted 5.83×10-5 

for TDPPE-2P: IT-M and 1.47×10-5 for TDPP-2P: IT-M, correspondingly. Overall, 

the hole and electron mobilities of TDPPE-2P: IT-M were dramatically elevated 

than the device of TDPP-2P: IT-M due to the complementary composition of IT-M 
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was exactly paralyzed with the planar orientation of conjugated porphyrin dimers, 

that favors the homogenous mixture. Moreover, electron to hole (µe/µh) ratio of 

TDPPE-2P: IT-M exhibited the most balanced ratio of 0.81 than that of 0.40 of 

TDPP-2P: IT-M. It means µe/µh ratio is responsible for the enhancement of the 

photovoltaic performance of the non-fullerene-based device TDPPE-2P: IT-M. 

3.3.3 Active Layer Characterization 

 

 

 

Figure 3-6. AFM height images (top) and phase images (bottom) of the binary 

blend films TDPPE-2P: IT-M and TDPP-2P: IT-M from left to right. The scan 

size is 5 µm × 5 µm for all images.  

   Finally, the large π-extended molecules make several aggregations in the 

solution and film states due to overlapping structural orientations, in this sense, the 

suitable acceptor domain correlation is quite important to distinguish π-π stacking 

and the higher crystallinity of the surface and interface of the devices. Therefore, 

NFSM based binary devices are characterized by trapping-mode atomic force 

TDPPE-2P:IT-M 

RMS=2.01 

TDPP-2P:IT-M 

RMS=2.46 
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microscopy (AFM). It is quite intriguing to know better charge transport and 

extraction mobilities, As shown in Figure 3-6, AFM height images (top), and phase 

images (bottom) of the non-fullerene films TDPPE-2P: IT-M and TDPP-2P: IT-M, 

respectively. The root means square (RMS) roughness calculated to be 2.01 nm for 

TDPPE-2P: IT-M and 2.46 nm for TDPP-2P: IT-M of the height images, 

respectively. These results are relatively consistent with the phase images (bottom) 

of the blend films as can be seen in Figure 3-6, well-ordered phase separation and 

interpenetrated heterojunction layers facilitate the efficient exciton diffusion and 

charge transportation could be observed in the ethynylene incorporated DPP 

backbone porphyrin dimer of the device TDPPE-2P: IT-M consequently 

performed an improved Jsc and FF. On the contrary, the device-based TDPP-2P: 

IT-M showed an indigent phase separation and quite a roughness value, which 

hinders charge transport towards electrodes, thus resulting in dropped Jsc and PCE 

values.               

3.3.4 Conclusion 

   In conclusion, we have presented two new porphyrin small molecules TDPPE-2P 

and TDPP-2P with an optimal A2-π-D-A1-D-π-A2 design, to distinguish between 

these two compounds, ethynylene incorporation of DPP and a non-ethynylene linkage 

of DPP backbone was proposed. Fortunately, the two compounds exhibit potential 

absorption range from 400-600 nm (Soret bands) however, the Q-band of TDPPE-2P 

discloses a wide photo-active NIR range of over 1000 nm, facilitates the extensive 

π-conjugated backbone towards the intermolecular π-π stacking in a thin film. To 
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compensate for the full photon-current absorption from 400-900 nm an appropriate 

non-fullerene small molecule acceptor of IT-M could perfectly compel for binary 

active layers. In particular, the champion device TDPPE-2P: IT-M performed 

synergically comparable pathways of all photovoltaic properties and morphological 

studies, as a result, a promised PCE of 5.69% with a high Voc of 0.84 V was achieved, 

whereas the device TDPP-2P: IT-M was ascribed comparatively a low PCE of 4.69%. 

Such a combination of interpenetrated planar conjugation was observed in reduced 

recombination and enhanced charge extraction techniques. Finally, the optimized film 

shows sequentially both higher and balanced hole and electron mobilities enhance 

through the homogenous flat surface with an RMS of 2.01nm, further supported by 

SCLC measurements and AFM studies. However, these results encourage us to 

develop more photovoltaic efficiency by using these kinds of materials in the future. 

3.4 Experimental 

*Materials 

Commercial reagents were purchased from Dieckmann Chemical Company, 

China. Anhydrous solvents were stored under nitrogen atmosphere in a dried container.  

distilled using the standard process. IT-M was purchased from Nano-C. and PEDOT: 

PSS were obtained from Tokyo Chemical Industry Co., respectively. 

*Device Fabrication 

   The two active layers based on TDPPE-2P and TDPP-2P were fabricated by the 

group of Prof. Qiang Peng in the Department of Chemistry, Sichuan University. We 

followed up a general solution-processing procedure for the fabrication of solar cells. 

First, Indium tin oxide (ITO) coated glass substrates were first washed by acetone, 
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distilled water, and methanol. Secondly, cleaned the substrates with UV-ozone 

treatment for 30 min, and spin-coated the commercial PEDOT: PSS solution (Clevios 

P VP. AI 4083) on the substrates at 3500 rpm for 80 s, and then dried over on a hot 

plate at 150 °C for 10 min. Subsequently, the substrates were cooled down to room 

temperature and transferred to the glove box in an argon atmosphere. The active 

layers of TDPPE-2P/IT-M and TDPPE-2P/IT-M at the weight ratio of (1:1, w/w) 

was prepared by spin-coating from their solutions (total concentration: 20 mg mL−1) 

in a mixed solvent of CF/DIO (99.5:0.5 v/v) at 2500 rpm for 30 s. Then, the substrates 

were left to slow dry for 20 min in a petri dish, and followed by baking on a hot plate 

for 3 min at 100 oC. After cooled down to room temperature, an electron transport 

layer was spin-coated on the top of the active blend films from ZrAcac solution (0.5 

mg/mL) in MeOH at 3000 rpm for 60 s. Finally, using a thermal evaporation method, 

Ag cathode (100 nm) was deposited in a high vacuum chamber (~10-6 mbar). For the 

ternary blends, DPP-2TTP: DR3TBDTTF (10, 20, 30%): PC71BM ((1-x):x:1.5, w/w) 

was prepared as same as binary devices. 

*Morphology Characterization 

The active layer films were recorded by using atomic force microscope (AFM) 

(Veeco Dektak 150 surface profiler) for phase and tapping mode images under 

ambient conditions.  

*Synthetic Methods 

synthesis of compound 3-4: 
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  According to the general procedure 5A in chapter 2, dipyrromethane (3 g, 21 

mmol) and a 2-octyldodecanal (21 mmol) were taken in 2 L of a round bottom flask 

and 1.5 L of DCM was added, kept under nitrogen bubbling for 30 min. Then 

trifluoroacetic acid (TFA, 160 μL, 2.0 mmol) was added dropwise, covered the 

reaction in dark and the reaction mixture was stirred overnight at room temperature 

under nitrogen flow, then 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) (32 mmol) 

was added in one portion, and the complex was stirred for another 2h. Finally, the 

mixture was neutralized with a few drops of triethylamine (TEA). And the solvent 

was removed under reduced pressure, the crude product was purified by column 

chromatography using the solvents DCM and hexane (1:4) as the eluent, to get a 

purple-colored compound 3-4 (5.5g, yield 30%) 

3-4: 1H NMR (CDCl3, 400 MHz) δ (ppm): −2.46 (s, 2H), 0.71-0.76 (m, 28H), 

0.87-1.02 (m, 49H), 1.53 (m, 16H), 2.72-2.74 (m, 4H), 2.93-2.96 (m, 4H), 5.13 (m, 

2H), 9.39-9.40 (m, 4H), 9.64-9.73 (m, 4H), 10.21 (m, 2H). 

synthesis of compound 3-5: 

According to the general procedure 6A in chapter 2, The compound 3-4 (1.00 

mmol) and NBS (373 mg, 2.10 mmol) were taken in a 500 mL of reaction flask and 

200 mL of DCM was added and the reaction mixture stirred at 0oC for 3 hr. The 

reaction was monitored by thin-layer chromatography (TLC). Then water (100 mL) 

was added, and extracted the organic layer with DCM and dried (Na2SO4). The 

solvent was removed and purified by column chromatography using DCM/hexane 

(1:6) as the eluent. Then, the corresponding porphyrin intermediate (1.00 mmol) was 
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placed in a reaction flask contained 200 mL of chloroform, and zinc acetate (1.095 g, 

10 eqv) was added and the mixture was refluxed for 6 h. After the reaction was 

completed extracted with water and chloroform and separated organic layer. The 

solvent was evaporated under reduced pressure and the residue was purified by 

column chromatography using DCM and hexane (1:10) as the eluent to obtain a dark 

purple porphyrin of the compound 3-5 (0.9 g, 76%) 

3-5: 1H NMR (400 MHz, CDCl3) δ (ppm): 0.72 (m, 12H), 0.76–1.03 (m, 55H), 1.48–

1.50 (m, 4H), 2.69 (m, 4H), 2.89 (m, 4H), 5.14-5.18 (m, 2H), 9.66-9.76 (m, 8H). 

Procedure for the synthesis of 3-6: 

  According to the general procedure 7A in chapter 2, a solution of corresponding 

compound 3-5 (1.0 mmol) and 4-ethynyl-2,5-bis(hexyloxy)benzaldehyde (350.7 mg, 

0.950 mmol, ~0.9eq) in anhydrous THF (40 mL) and anhydrous triethylamine (20 ml) 

were placed in a 100 ml dried reaction flask and kept under nitrogen bubbling for 20 

min, then the catalyst Pd(PPh3)4 (80 mg, 0.053 mmol) and CuI (15 mg, 0.053 mmol) 

were added and allowed stirring for overnight at 50oC under nitrogen condition. The 

reaction was monitored by TLC after the reaction was completed, the solvent was 

dried under rotavapor and purified by column chromatography using a mixture of 

DCM and hexane (1:1) as eluent to form a corresponding compound 3-6 (0.35 g, 

43%) 

3-6: 1H NMR (400 MHz, CDCl3) δ (ppm): 0.70−1.57 (m, 84H), 1.59-1.96 (m, 38H), 

1.96-2.03 (m, 5H), 2.73-2.76 (m, 2H), 2.77-2.91 (m, 8H), 4.25-4.34 (m, 4H), 
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5.22-5.35 (m, 2H), 7.44-7.5 (m, 2H), 9.63-9.71 (m, 6H), 9.72-9.90 (m, 2H), 10.51 (s, 

1H).  

Procedure for synthesis of 3-8:  

   According to the general procedure 8A in chapter 2, the corresponding 

intermediate of 3-6 (100 mg, 0.076 mmol) and the compound 3-3 (25 mg, 0.036 

mmol) were placed in a vacuum dried 100 mL reaction flask and filled with nitrogen 

condition. A mixture of anhydrous THF (15 mL) and Et3N (5 ml) was degassed with 

nitrogen for 20 min, and the catalyst Pd (PPh3)4 (25 mg) and CuI (10 mg) were added 

in nitrogen condition, and the mixture was stirred for overnight at 50oC under nitrogen 

condition. The reaction was monitored by TLC after reaction completed the solvent 

was dried by airflow, and the crude mixture was purified by column and preparative 

thin-layer chromatography as DCM and hexane (2:1) eluents. Finally, recrystallized 

from CHCl3 and methanol to form 3-8 as dark green solid (0.15g, 64% yield). The 

compound 3-8 does not show high-resolution 1H NMR spectra for complicated 

structure. (MALDI-TOF, m/z) calculated for 3-8 molecular formula 

C200H288N10O8S2Zn2: 3155.4460, found: 3158.7662.  

Synthesis of 3-9:  

   A mixture of 3-6 (100 mg, 0.076 mmol) and 3-7 (35 mg, 0.036 mmol) was placed 

in a vacuum dried reaction flask and kept under nitrogen condition. Then anhydrous 

toluene (35 ml) was added and bubbled the mixture under nitrogen about 20 min and 

the catalyst Pd (PPh3)4 (35 mg, 0.005 mmol) was placed, allowed the reaction mixture 
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at 90oC for 24 h under nitrogen. After the reaction was completed, the solvent was 

dried under airflow, and the residue was purified by column chromatography using a 

CHCl3 and hexane (1:1) as eluents. Finally, the obtained product was recrystallized 

from CHCl3 and methanol to afford 3-9 as gray green solid (0.18 g, 60%). The 

compound 3-9 does not show high resolution 1H NMR spectra for complicated 

structure. (MALDI-TOF, m/z) calculated for 3-9 molecular formula 

C196H288N10O8S2Zn2: 3107.4020, found: 3102.8480. 

General procedure for synthesis final products TDPPE-2P and TDPP-2P 

   The key precursor aldehyde 3-8 or 3-9 (110 mg, 0.034 mmol) was taken in a dried 

100 mL RBF and kept under vacuum for 5 mins, filled with nitrogen atmosphere. 

Then 30 mL of dry CHCl3 was added, 3-ethylrhodanine (70 mg, 0.34 mmol) and two 

drops of piperdine were added to the mixture. And allowed to stir about 24 h under 

ambient temperature. The reaction was completed and quenched with 50 mL of water. 

The organic layer was separated and extracted with CHCl3, dried over NaSO4. The 

solvent was removed by rotavapor and the residue was purified by column and 

preparative thin-layer chromatography as CHCl3 and hexane (1:10) eluent. Finally, the 

two target products were recrystallized from a mixture of CHCl3 and methanol to 

afford TDPPE-2P (90 mg, 80%) and TDPP-2P (70 mg, 72%) as a gray-green solid. 

Due to the large π-extended structures of TDPPE-2P and TDPP-2P not satisfying the 

NMR spectra and further confirmed by (MALDI-TOF, m/z) calculated for 

TDPPE-2P Chemical Formula: C210H298N12O8S6Zn2 Molecular Weight: 3441.8900, 

found: 3434.9109 and (MALDI-TOF, m/z) calculated for TDPP-2P Chemical 
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Formula: C206H298N12O8S6Zn2 Molecular Weight: 3393.8460, found: 3392.5622.  
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Chapter 4  

Dimeric Porphyrin Donors for Efficient All-Small-Molecule 

Non-Fullerene One Sun and Indoor Light Organic Solar Cells 

 

4.1 Introduction 

   Over the past decades, bulk heterojunction (BHJ) organic solar cells (OSCs) have 

enormously explored as clean energy resources due to their promising advantages 

such as low-cost power production, lightweight, optimistic flexibility and a potential 

green technology.1-5 Impressively, organic electron donors have been considered one 

of the most effective components for the optimized light-energy collection and 

utilization. These solution-processed organic thin-film modules fulfill most concerns 

for the last two generations, as a result, the performances were enhanced significantly 

over 14% in binary layer polymer-based donors. However, most of them are 

dominated by fullerene derivatives.6-8 On the other hand, organic solar cells (OSCs) 

commonly suffer from stability concerns, so that researchers endow the application on 

the indoor environment next-generation flexible smart devices, which are promising 

power candidates for the global market in the building industry, such as exterior walls 

and tiles, etc..9 Usually, indoor organic photovoltaic (OPV) cells produce higher 

efficiencies due to superior spectral overlapping of absorption and emission spectra, 

for example, LED and fluoresce light sources.10-12   

   Furthermore, non-fullerene all small-molecules (NFASMs) BHJ OSCs have 

shown improved performances gradually with the combination of several donors to 

fulfill the defects of the common fullerene acceptors. As we know fullerene 
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derivatives have faced serious drawbacks, including difficulties in synthesis and 

structural modification as well as the optimization of energy level, as we discussed in 

Chapter 3. As a result, some promising non-fullerene acceptors, such as IDIC 13 and 

ITIC 14 have been developed and showed potential features to construct 

high-performance NFASMs OSCs from visible light absorbing donors and near 

infra-red (NIR) absorbing acceptors, resultantly the PCEs boosted up to 14%.15  

   Whereas organic small molecule donors have emerged with well-defined 

molecular weight, simplified fabrication, and very conventional absorption properties, 

and resulted in higher photocurrents when compared with polymer donors,16-19 the 

combination of all-small-molecule (ASM) OSCs has rarely shown superior 

performance. This is mainly due to the challenging to fabricate uniform blend films 

and control the charge transport properties such as over exciton recombination and 

unbalanced charge transport abilities.20-22 

  On the other way, as we already examined in the previous chapters, porphyrin 

derivatives are great potential materials for OPVs due to their excellent optical 

absorption, tunable charge transport mobilities, easily flexible fabrication films 

reported with fullerene acceptors.23, 24Nevertheless, only a few researchers developing 

novel π-conjugated superficial porphyrins for the high-performance solar cells. 25-32 

However, a couple of articles have been reported so far on the combination of ASM 

porphyrins and NFAs due to the inefficient penetrating networks between the 

donor/acceptor interfaces and consequently loses optimized morphology.33  Recently, 

Jen et al. published successfully a high PCE of 12% by using near-infrared (NIR) 
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porphyrin small molecule as a donor and 6TIC as an acceptor for ASM OSCs.34 

Therefore, the selection of efficient donor/acceptor small molecules are vastly 

essential for controlling ideal morphologies and also activating high efficient charge 

mobility and extractions.  

   We previously reported a series of porphyrin dimers TDPPE-2P and TDPP-2P 

with a conditional A2-π-D-A1-D-π-A2 based donors (Chapter 3), in which we have 

designed DPP backbone unit between the porphyrin dimer and terminated with the 

electron-deficient 3-ethylrhodanine acceptor. As a continuous work, we further 

synthesized a new series of A*-π-D2-D1-D2-π-A* porphyrin dimer (2P) (D2) small 

molecules flanked by 

4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-2,6-diethynylbenzo[1,2-b:4,5-b']dithiophene 

(TBDTE) and 4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene 

(TBDT) as TBDTE-2P and TBDT-2P respectively. A familiar aromatic analog of 

benzodithiophene (BDT) (D1)  was constructed as a central unit because of its 

coplanar extended conjugation length, which impacts the photovoltaic performance 

and also enhances the molecular planarity to aggregate in the solid-state.35-37 As 

shown in Scheme 4-1, they are linked by ethynylene (acetylene)/non-ethynylene 

bridges for comparison, finally end-capped with 3-ethylrhodanine (A*) via a π-bridge 

of phenyl ethynyl linker and 2-octyldodecan-1-al long alkyl chain was used on 

vertical meso-porphyrins to improve the material solubility for the solution-processed 

OSCs. As we expected, the ethynylene incorporation of TBDTE-2P exhibits the 

diminished highest occupied molecular orbital (HOMO) and lowest unoccupied 
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molecular orbital (LUMO) energy gaps through π-enlarged conjugation, as a result, 

the elevation of open-circuit voltage (Voc) and short-circuit current (Jsc).
38 The two 

compounds TBDTE-2P and TBDT-2P were systematically investigated by 

photophysical and electrochemical properties. Further, we focused on the OPV 

performances of binary devices TBDTE-2P / TBDT-2P: IDIC under AM 1.5G 1-Sun 

and indoor 300 lux LED illuminations. However, the champion device TBDTE-2P: 

IDIC stood up to benchmark performances in both 1-sun and indoor applications. The 

exploit of superior properties, charge generation and collection, hole and electron 

mobilities, and atomic force microscopy (AFM) were also examined. 

4.2 Synthesis        

 

                                   

Scheme 4-1. Synthetic routes and structures of TBDTE-2P and TBDT-2P.  

Reaction conditions: (a) CuI, Pd(PPh3)4, tetrahydrofuran, triethylamine, (b) Pd(PPh3)4, 

Toluene, reflux, 48 h (c) 3-ethylrhodanine, dry CHCl3, piperidine, reflux, overnight. 

   As shown in Scheme 4-1, the two porphyrin dimers TBDTE-2P and TBDT-2P 

were synthesized by Knoevenagel condensation of the key precursor aldehydes 8 or 9 
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with the electron-deficient 3-ethylrhodanine in high yields. The detailed procedures 

are given in the experimental section. The new precursor 3 was prepared in several 

steps and the methods are shown in the experimental section. The intermediate 7 was 

purchased from Dieckmann chemical company, China. And the most common 

precursor 6 was prepared in Chapter 3. Finally, compound 8 was prepared by 

Pd-catalyzed Sonogashira coupling of 3 and 6, and compound 9 was made by 

Pd-catalyzed Stille coupling of 6 and 7. All compounds were purified by silica gel 

column chromatography, thin-layer chromatography, and solvent extraction methods, 

and then analyzed by 1H NMR and high-resolution mass spectrometry (MALDI-TOF). 

The incorporating of long alkyl chains not only affects the solubility but also 

enhances the molecular packing self-assembly properties. So that, the two π-extended 

porphyrin dimers show better performance in NFSM-OSCs.   

4.3 Results and Discussions 

4.3.1 Physical and electrochemical properties 
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Figure 4-1. UV–vis absorption spectra of TBDTE-2P and TBDT-2P in chloroform 

solution (a), thin films including IDIC (b), (c) blend films of TBDTE-2P: IDIC and 
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TBDT-2P: IDIC and (d) energy level diagram of TBDTE-2P, TBDT-2P and IDIC 

materials. 

 

   The UV–vis absorption spectra of TBDTE-2P and TBDT-2P in chloroform 

solution as shown in Figure 4-1(a) and the values collected in Table 4-1, disclose the 

two broad intense peaks within 400-550 nm called Soret band, besides that the sharp 

significant peak at 600-800nm with high molar extinction coefficient (ε) of 2.33 × 

105 M−1 cm−1  for TBDTE-2P and the peak at 600-700 nm with ε =1.47 × 105 M−1 

cm−1 for TBDT-2P of Q-bands, correspondingly. On the other hand, the absorption 

spectra of the spin-coated films for the two porphyrin dimers in chloroform were 

recorded as shown in Figure 4-1(b), This implies the extended π-conjugation of 

TBDTE-2P leads to more planar backbone orientation and strong intramolecular 

charge transfer (ICT) within the donor molecules.39, 40 In addition, the absorption 

spectra of thin-film IDIC as shown in Figure 4-1(b), covering the range of 

550-700nm, make the IDIC an ideal absorption complementary small molecule 

acceptor for porphyrin dimer TBDTE-2P. Moreover, the blend films of TBDTE-2P: 

IDIC and TBDT-2P: IDIC, as shown in Figure 4-1(c) were processed under 

solvent-vapor annealing (SVA) and thermal annealing (TA), and the full width and 

half maximum (fwhm) of the Q band absorption of porphyrin dimers is red-shifted 

for  ̴ 20nm for TBDTE-2P and ̴ 60nm for TBDT-2P, in comparison with their 

respective single thin films. However, the intensified absorption of TBDTE-2P 

specifies a well ordered molecular π-π aggregations between the intermolecular 

porphyrin dimers.41 Besides, the optical band gaps (Eg
opt) were calculated from the 
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onset wavelength (λonset) of the absorption spectra of solution using Eg
opt =1240 / 

λonset (eV), with values of 1.58 for TBDTE-2P and 1.72 eV for TBDT-2P.       

Table 4-1. Photophysical and electrochemical properties of TBDTE-2P and 

TBDT-2P 
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Figure 4-2. Cyclic voltammogram of TBDTE-2P and TBDT-2P are measured 

in 0.1 mol L−1 TBAPF6 CHCl3 solutions.    

   The energy levels of two porphyrin dimers were evaluated by cyclic 

voltammetry (CV) measurements in CHCl3 solution, As shown in Figure 4-2 

and the values are given in Table 4-1, the highest occupied molecular orbital 

(HOMO) energy levels were estimated from the onset of oxidation peaks to be 

−5.24 and −5.22 eV, and the corresponding lowest unoccupied molecular orbitals 

Comp. λmax/nm 

(ε/105M−1cm−1) 

λmax/nm 

(Film) 

λonset/nm 

(Solution) 

Eox 

[V] 

EHOMO 

(eV) 

ELUMO 

(eV) 

Eg 

(eV) 

TBDTE-2P 480(2.53), 

501(2.37), 

730(2.33) 

512, 

660, 

734 

782 0.36 −5.24 −3.67 1.58 

TBDT-2P 455(2.11), 

500(1.56), 

670(1.47) 

468, 

667, 

717 

720 0.34 −5.22 −3.50 1.72 
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(LUMOs) were calculated to be −3.67 V and −3.50 eV for TBDTE-2P and 

TBDT-2P, respectively, using ELUMO = EHOMO + Eg. The HOMO energy levels of 

both compounds are almost the same whereas the LUMO of TBDTE-2P a bit 

increased due to the ethynylene incorporation of BDT backbone possesses strong 

planarity. Also, Eg band gaps were calculated to be 1.58 for TBDTE-2P and 

1.72 for TBDT-2P, as shown in Table 4-1. Similarly, FMO energy level 

diagram of the binary devices for TBDT-2P, TBDTE-2P, and IDIC are 

disclosed in Figure 4-1(d). Therefore, it is mentioned the sufficient driving 

forces appropriately generate holes from IDIC and carry the electrons from 

porphyrin dimers in a reasonable pathway.34 

4.3.2 Device Properties 
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Figure 4-3. Current density-voltage (J-V) curves under 1-Sun (a), (b) 300 lux LED 

illuminations and (c) The EQE curves of the devices TBDTE-2P/TBDT-2P: IDIC 

based all small molecules, respectively.  

Table 4-2. Optimized photovoltaic device performances of TBDTE-2P: IDIC and 

TBDT-2P: IDIC for NFOSCs under a) 1-Sun and hole and electron mobilities and b) 

LED illuminations.  

a) 

b) 

 

   The photovoltaic studies were performed for NFOSCs using TBDTE-2P and 

Light  

Source 
Device 

JSC 

(mA cm−2) 

VOC 

(V) 

FF 

(%) 

PCE 

(%) 

µh 

(cm2/Vs) 

µe 

(cm2/Vs) 
µe/µh 

1-Sun TBDTE-2P: 

IDIC 
14.45 

 

0.80 

 

64.5 

 

7.46 
 

1.26 ×10-4 

 

2.81×10-4 

 
2.23 

1-Sun TBDT-2P: 

IDIC 
6.83 

 

0.86 

 

45.7 

 

2.68 

 

3.75×10-5 

 

1.52×10-4 

 
4.05 

Light Source 
Device 

    JSC 

(μA cm−2) 

VOC  

(V) 

FF  

(%) 

PCE 

(%) 

300 lux 

LED 
TBDTE-2P: IDIC 24.68 

0.59 

 

62.55 

 

12.35 
 

300 lux 

LED 
TBDT-2P: IDIC 13.54 

0.55 

 

48.53 

 

4.98 
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TBDT-2P as donors and IDIC as an acceptor in the binary device structure of 

ITO/PEDOT: PSS/Donor: IDIC/ZrAcac/Al under simulated AM 1.5 G illumination 

at 100 mW cm−2. The current density-voltage (J-V) curves of the devices with 

various conditions have been studied for the final optimized device under 1-Sun 

illumination. After systematic optimization the solvent and additive as-cast film 

preparation were screened out to be chloroform (CF): 1,8-diiodooctane (DIO) at 

(99.5:0.5 v/v) and thermal annealing at 150 oC for 15 mins to control the film 

morphology. The photovoltaic parameters are summarized in Table 4-2 (a). And 

the corresponding current density-voltage (J-V) characteristics curves are illustrated 

in Figure 4-3(a). Impressively, the optimal binary device of TBDTE-2P exhibited 

a high VOC of 0.80 V, a Jsc of 14.45 mA cm−2, and an FF of 64.5%, corresponding to 

a promising maximum PCE (PCEmax) of 7.46%. On the contrary, TBDT-2P device 

performed with an elevated VOC of 0.86 V but a decreased Jsc of 6.83 mA cm-2 and 

an FF of 45.7%, as a result, a diminished PCEmax of 2.68%.  

On the other hand, we fabricated indoor OPVs following the same device structure 

of ITO/PEDOT: PSS/Donor: IDIC/ZrAcac/Al under the illumination of 300 lux 

LED source, which is common indoor light for office works, living room and so on. 

Besides, at 300 lux the optical energies were supposed to be 74-81μW/cm2.42 The 

corresponding key parameters are compiled in Table 4-2 (b)  and the J-V curves 

are disclosed in Figure 4-3(b). Astonishingly, both devices accomplish enhanced 

PCEs of 12.34% for TBDTE-2P:IDIC and 4.95% for TBDT-2P:IDIC, which are 

considerably higher than PCEs under 1-Sun illumination. This implies that the 
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more π-extended conjugation compounds are highly potential for 1-Sun and 

indoor-light organic solar cells.   

 Further, external quantum efficiency (EQE) measurements were performed to 

investigate the photocurrent generation of the devices. As shown in Figure 4-3(c), 

the optimized device TBDTE-2P: IDIC was obtained considerably a high EQE of 

75% with a broad photo-current response from 300-900 nm, while the device 

TBDT-2P: IDIC was attained the maximum EQE (EQEmax) of 35%. It is directly 

indicated that the full spectrum is attributed to the complementary absorption of 

IDIC. And the EQEmax of devices is consistent with J-V measurements. 

Consequently, the planar orientation of porphyrin dimer TBDTE-2P is perfectly 

coupled by IDIC, resulting in more favorable charge regeneration/extraction for the 

generation of photo-electrons than the device TBDT-2P: IDIC. 
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Figure 4-4. (a-c) Variation Jsc and Voc with illumination intensity (Pin) and Jph-Veff 

characteristics of the optimized devices TBDTE-2P and TBDT-2P. 

   As shown in Figure 4-4 (a-c), we investigated the charge generation, 

dissociation, and collection properties of the non-fullerene-based TBDTE-2P and 

TBDT-2P binary devices by using the photocurrent density (Jph) versus the 

effective voltage (Veff) graphs. According to the equation of Jph = JL−JD, where JL 

and JD are considered to be the current densities of light illumination under 1-Sun 

and the dark, respectively, and also the effective voltage (Veff) represents the 

electric field in the bulk heterojunction (BHJ) region, can be expressed as Veff = 

V0−Va, where V0 is the voltage at Jph = 0 and Va is the applied external voltage, 

which reflects the carrier transport and the photocurrent extraction characteristics. 
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If the Veff reaches maximum voltage, then Jph becomes saturated, therefore, all the 

photogenerated excitons are dissociated into free charge carriers and collected by 

electrodes, And exciton dissociation probability (P(E, T)) can be deduced from the 

ratio of Jph/Jsat under optimized condition. P(E, T) values to be 0.93% for 

TBDTE-2P and 0.84% for TBDT-2P devices as shown in Figure 4-4 (a), these 

results proved interestingly the charge diffusion and recombination properties are 

relatively directed by donor-acceptor combinations and also impact the domain 

sizes, that is why, the Jsc and FF parameters of binary device TBDTE-2P: IDIC 

exceeded consistently the device TBDT-2P: IDIC.7, 43 

   To get more insight into the effect of interlayer surfaces of the devices 

TBDTE-2P: IDIC and TBDT-2P: IDIC charge recombination process has been 

examined systematically. As shown in Figure 4-4 (b), the relation of Jsc versus light 

intensity (Pin) was plotted, which can be expressed as Jsc α Pγ
in, where γ indicates the 

recombination factor. Usually, in BHJSCs, the value γ should be close to 1 without the 

bimolecular recombination but if the value is less than 1 (γ < 1) the bimolecular 

charge recombination happens. The γ values were recorded to be 0.96 and 0.87 for 

optimized devices TBDTE-2P: IDIC and 0.87 for TBDT-2P: IDIC,  and γ value of 

the ultimate device TBDTE-2P: IDIC is very close to 1, which indicates that 

bimolecular recombination has been largely suppressed in the device.44 Further, we 

carried out the loss of trap-assisted recombination by the plot of Voc and natural 

algorithm of light intensity (Pin), as expressed the slope (S = kT/q, where k is 

Boltzmann’s constant, T is the temperature and q are the elementary charges).45 As 
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shown in Figure 4-4 (c), the estimated slope of 1.36 kT/q for TBDTE-2P: IDIC and 

1.62 kT/q for TBDT-2P: IDIC of the binary devices. Therefore, especially 

TBDTE-2P: IDIC combination favors the homogenous morphology that resultantly 

shows a high FF of 64.5%.                 

  

 

 

 

 

Figure 4-5. Dark current-voltage characteristics of a) hole only device of 

Glass/ITO/PEDOT: PSS/active layer/MoO3/Au and b) electron only device of 

glass/Al/active layer/Al. 

   Later on, charge transport properties were further measured by the space charge 
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limited current (SCLC) method of the optimized devices TBDTE-2P: IDIC and 

TBDT-2P: IDIC by the conventional configuration of active layer 

Glass/ITO/PEDOT: PSS/active layer/MoO3/Au for hole-only and glass/Al/active 

layer/Al for electron only devices. As shown in Figures 4-5 (a-b) and the values 

listed in Table 4-2(a), the hole mobilities of the binary films were calculated to be 

1.26×10-4 and cm2/ Vs for TBDTE-2P: IDIC, 3.75×10-5 cm2/ Vs for TBDT-2P: 

IDIC, respectively, and the corresponding electron mobilities were noted as 

2.81×10-4 for TBDTE-2P: IDIC and 1.52×10-4 for TBDT-2P: IDIC, respectively. 

So that, these results conclude the elevated hole and electron mobilities of the 

optimized device TBDTE-2P: IDIC could be ascribed to the increase in the 

crystallinity and well-ordered molecular packing due to the planar orientation of 

ethynylene bound porphyrin dimer and exact paralyzed of IDIC. Even, electron to 

hole (µe/µh) ratio of TBDTE-2P: IDIC also exhibited the most balanced ratio of 

2.23 than that of 4.05 of TBDT-2P: IDIC. It means the µe/µh ratio is responsible for 

the enhancement of photovoltaic performance of photovoltaic device TBDTE-2P: 

IDIC. 

4.3.3 Morphology Characterization 
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Figure 4-6. AFM height images (top) and phase images (bottom) of the films 

TBDTE-2P: IDIC and TBDT-2P: IDIC, respectively. 

   Finally, the surface morphology studies of the active layers were investigated 

by trapping-mode atomic force microscopy (AFM), which provides a phase 

separation of thin films and donor/acceptor distribution of the induced layers. As 

shown in Figure 4-6, the root means square (RMS) roughness was calculated to be 

2.05 nm for TBDTE-2P: IDIC and 2.47 nm for TBDT-2P: IDIC, respectively. 

Such features suggest an optimal phase separation and interpenetrated 

heterojunction layers within the blend film was only observed in the device 

TBDTE-2P: IDIC, which accounts for the efficient exciton diffusion and charge 

transport within the system and consequently higher Jsc and FF. On the contrary, 

very indigent phase separation and roughness value could be examined of the 

derive TBDT-2P: IDIC, which lowers the efficiencies.  

TBDT-2P: IDIC 

RMS: 2.47 nm 

 

TBDTE-2P: IDIC 

RMS: 2.05 nm 
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4.3.4 Conclusion 

   In summary, we have designed and synthesized two new series of BDT 

conjugated porphyrin dimers TBDTE-2P and TBDT-2P with/without ethynylene 

linkages, respectively on the bases of A*-π-D2-D1-D2-π-A* architecture. Both 

porphyrin dimers depicted an excellent absorption ranges from 300-800 nm in the 

solution and film as well. However, the weak absorption (600 nm) was perfectly 

compensated by a wide bandgap non-fullerene acceptor of IDIC. We fabricated the 

devices under standard AM 1.5 G illumination (1-Sun) condition, particularly a 

non-fullerene optimized device TBDTE-2P: IDIC demonstrated a very promising 

PCE of 7.46%. Whereas under a 300 lux LED illumination (indoor condition) from 

3000K LED lamp, the device elevated a PCE of 12.35%. For the comparison, the 

cell TBDT-2P: IDIC showed relatively lower PCE of 2.68% under 1-Sun and 4.98% 

under indoor illumination, respectively. The improved key performances of the 

champion device of TBDTE-2P: IDIC further confirmed by reduced recombination, 

enhanced charge extraction properties, SCLC measurements, and AFM studies. 

These aspects encourage us to develop more ultimate porphyrin small molecules 

for non-fullerene indoor light applications. 

4.4 Experimental Section 

*Device fabrication for 1-Sun and 300-lux LED illuminations 

    The two non-fullerene devices of TBDTE-2P and TBDT-2P were fabricated for 

1-sun illumination from Prof. Qiang Peng in the Department of Chemistry, Sichuan 

University and for indoor application from Prof. S. K. So in the Physics Department, 
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Hong Kong Baptist University. We followed up a general solution-processing 

procedure for the fabrication of solar cells. First, Indium tin oxide (ITO) coated 

glass substrates were first washed by acetone, distilled water, and methanol. 

Secondly, cleaned the substrates with UV-ozone treatment for 30 min. PEDOT: PSS 

(Clevios P VP. AI 4083) solution was spin-coated on the substrates at 5000 rpm for 

120 s, which were heated on a hot plate at 140 °C for about 20 min. After cooled to 

room temperature, the substrates were transferred under an argon atmosphere into 

the glove box. The active layers were slowly spin-coated from solution of 

TBDTE-2P: IDIC and TBDT-2P: IDIC at the weight ratio of (1:1, w/w) and again 

spin-coating its mixed solution in CF/DIO (99.5:0.5 v/v) (total concentration: 20 

mg mL−1) at 3500 rpm for 60 s. Then the substrates were slowly dried for 20 min on 

a hot plate at 100 oC for 5 min. Once cooled down to ambient temperature, ZrAcac 

solution (1 mg/mL in MeOH) was spin-coated on the top of the active blend films at 

6000 rpm for 90 s. Then Ag cathode (100 nm) was finally deposited by using 

thermal evaporation in a high vacuum chamber (~10-6 mbar).  

*Synthetic Methods 

 

synthesis of 4-1: 
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   In a dried 250 mL flask, BDT (2.89 g, 1.00 eq., 5.0 mmol) was dissolved in 

anhydrous THF (100 mL) and cooled to –78 °C under N2 atmosphere. n-BuLi (2.61 

M in hexanes, 4.68 mL, 2.50 eq., 12.5 mmol) was added dropwise and stirred at –

78 °C for 2 h. the compound CBr4 (1.25 M in anhydrous THF, 10.0 mL, 2.50 eq., 

12.5 mmol) was added dropwise and the solution was stirred for overnight at room 

temperature. The solution was poured into Et2O (400 mL) and washed with H2O (3 × 

400 mL). The organic layer was dried over Na2SO4 and concentrated under reduced 

pressure. The residue was purified by column chromatography (SiO2: hexanes). The 

product was dried under vacuum for 24 h and obtained as a light yellow solid (3.20 g, 

4.35 mmol, 87%). 

4-1: 1H NMR (400 MHz, CDCl3) δ 7.60 (s, 2H), 7.20 (d, J = 3.5 Hz, 2H), 6.88 (d, J = 

3.5 Hz, 2H), 2.86-2.83 (d, J = 6.8 Hz, 4H), 1.68 (hept, J = 6.2 Hz, 2H), 1.36 – 0.96 

(m, 16H), 0.96 – 0.93 (m, 12H). 

synthesis of 4-2: 

   To a 100 ml flask containing 4-1 (0.500 g, 0.342 mmol), pre-complexed 

PdCl2(PPh3)2 (36 mg, 0.017 mmol), and CuI (15 mg, 0.017 mmol) that had been 

evacuated and refilled with nitrogen 3x an oxygen free (nitrogen purged) mixture of 

THF (25 mL) and diisopropylamine (10 mL) was added. To this solution nitrogen 

purged ethynyltrimethylsilane (0.5 ml, 0.855 mmol) was added then the solution was 

heated at 40 °C for overnight, after that the solvents were removed by evaporation 

and the residue was purified via column chromatography using DCM:hexane (1:1) 

mixture as the eluent to afford 0.395 g (92%) of a yellow solid. 
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4-2: 1H NMR (400 MHz, CDCl3) δ 7.72 (s, 2H), 7.23 (d, J = 3.5 Hz, 2H), 6.86 (d, J = 

3.5 Hz, 2H), 2.86-2.83 (d, J = 6.8 Hz, 4H), 1.68 (hept, J = 6.2 Hz, 2H), 1.68 – 1.42 

(m, 16H), 1.38 – 0.92 (m, 12H), 0.24 (s, 18H). 

synthesis of 4-3: 

   To a 100 ml flask containing 4-2 (0.350 g, 0.315 mmol) and 400 mg of KF was 

added in 15 mL of nitrogen purged THF and 6 mL of water. The biphasic system was 

stirred rapidly for 3h at room temperature after the product was extracted with DCM: 

H2O. The residue was purified via column chromatography using DCM: hexane (1:1) 

as the eluent to afford 0.208 g (72%) of a yellow-green solid. 

4-3: 1H NMR (400 MHz, CDCl3) δ 7.79 (s, 2H), 7.24 (d, J = 3.5 Hz, 2H), 6.88 (d, J = 

3.5 Hz, 2H), 3.45 (s, 2H), 2.85-2.83 (d, J = 6.8 Hz, 4H), 1.68 (hept, J = 6.2 Hz, 2H), 

1.68 – 1.34 (m, 22H), 1.32 – 0.91 (m, 18H), 0.24 (s, 12H). 13C NMR (100 MHz, 

CDCl3): δ 146.39, 139.51, 136.54, 129.72, 128.09, 125.59, 123.99, 123.46, 83.91, 

41.54, 34.33, 32.57, 29.00, 25.82, 23.10, 14.25, 10.99. 

synthesis of 4-8: 

   According to the general procedure 8A in chapter 2, the corresponding 

intermediate of 3-6 (100 mg, 0.076 mmol) and 4-3 (25 mg, 0.036 mmol) were placed 

in a vacuum dried 100 mL reaction flask and filled with nitrogen condition. A mixture 

of anhydrous THF (15 mL) and Et3N (5 ml) was degassed with nitrogen for 20 min, 

and the catalyst Pd (PPh3)4 (25 mg) and CuI (10 mg) were added in nitrogen 

condition, and the mixture was stirred for overnight at 50oC under nitrogen condition. 

The reaction was monitored by TLC after reaction completed the solvent was dried by 
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airflow, and the crude mixture was purified by column and preparative thin-layer 

chromatography as DCM and hexane (2:1) eluents. Finally, recrystallized from CHCl3 

and methanol to afford as a dark green colored 4-8. The compound 4-8 does not show 

high-resolution 1H NMR spectra for complicated structure and further confirmed by 

(MALDI-TOF, m/z) for 4-8 molecular formula C196H274N8O6S4Zn2: 3097.3980, 

found: 3093.7662.  

synthesis of 4-9: 

  According to the general procedure 3-9 in chapter 3, a mixture of 3-6 (100 mg, 

0.076 mmol) and 4-7 (25 mg, 0.036 mmol) was placed in a vacuum dried reaction 

flask and kept under nitrogen condition. Then anhydrous toluene (35 ml) was added 

and bubbled the mixture under nitrogen about 20 min and the catalyst Pd (PPh3)4 (35 

mg, 0.005 mmol) was placed, allowed the reaction mixture at 90oC for 24 h under 

nitrogen. After the reaction was completed, the solvent was dried under airflow, and 

the residue was purified by column chromatography using a CHCl3 and hexane (1:1) 

as eluents. Finally, the obtained product was recrystallized from CHCl3 and methanol 

to obtain dark green solid 4-9. The compound 4-9 does not show high-resolution 1H 

NMR spectra for complicated structure and further confirmed by (MALDI-TOF, m/z) 

calculated for 4-9 molecular formula C192H274N8O6S4Zn2: 3049.3540, found: 

3044.6630 

General procedure for synthesis final products TBDTE-2P and TBDT-2P: 

   The key precursor aldehyde 4-8 or 4-9 (110 mg, 0.034 mmol) was taken in a 
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dried 100 mL RBF and kept under vacuum for 5 mins, filled with nitrogen 

atmosphere. Then 30 mL of dry CHCl3 was added, 3-ethylrhodanine (70 mg, 0.34 

mmol) and two drops of piperdine were added to the mixture. And allowed to stir 

about 24 h under ambient temperature. The reaction was completed and quenched 

with 50 mL of water. The organic layer was separated and extracted with CHCl3, 

dried over NaSO4. The solvent was removed by rotavapor and the residue was 

purified by column and preparative thin-layer chromatography as CHCl3 and hexane 

(1:10) eluent. Finally, the two target products were recrystallized from a mixture of 

CHCl3 and methanol to afford TBDTE-2P (90 mg, 80%) and TBDT-2P (70 mg, 

62%) as a gray-green solid. (MALDI-TOF, m/z) calculated for TBDT-2P Chemical 

Formula: C202H284N10O6S8Zn2 Molecular Weight: 3335.7980, found: 3328.5340 and 

(MALDI-TOF, m/z) calculated for TBDTE-2P Chemical Formula: 

C206H284N10O6S8Zn2 Molecular Weight: 3383.8420, found: 3381.5629.  
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Chapter 5 

Fused-Porphyrin-dimer-based Acceptor-Donor-Acceptor Small 

Molecules with Visible-NIR Absorption for Organic Solar Cells 

5.1 Introduction 

   In the past decades, the large extended π-conjugation molecules have been 

extensively fascinated due to their immense properties in various applications, 

majorly organic photovoltaic devices, near-infrared (NIR) detectors and non-linear 

optics.1-3 For instance, in the use of organic photovoltaics, the materials necessarily 

absorb the light-harvesting capabilities in the whole UV-visible-NIR spectral range. 

Solar energy has been the most popular over the fossil and nuclear-based energies, 

regarding the intrinsic benefits. Especially, organic photovoltaics have rapidly 

increased their performances. 

On the other hand, there has been a rapid development of porphyrin derivatives as 

electron donors in solution-processed bulk heterojunction (BHJ) organic solar cells 

(OSCs).4 As we know, the natural porphyrin dyes (chlorophyll and heme) are 

excellent light-harvesting materials, to participate in the photo-energy transfer process, 

also their high extinction coefficients (ε), good solubilities and remarkable 

electrochemical properties have been proved the significant performances on OSC 

studies very recently.5-8 Especially, porphyrin oligomers hugely cover the broad 

absorption wavelengths and intense molar coefficients than the monomer porphyrins, 

which are exceptional for OSCs. Even some of the reports have been proved dimeric 

porphyrin small molecules could eventually enhance the power conversion 
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efficiencies than the simple porphyrins.9-13 Most of the porphyrin monomers were 

constructed by ethynylene or vinylene π-conjugated linkages based on donor-acceptor 

(D-A) conjugation.14-16 However, its still bottleneck to design more efficient 

porphyrin dimers but researchers have attempted strategically to synthesize 

conjugated meso–meso-linked porphyrin arrays,17 design of self-assembled 

porphyrins 18, 19 and so on. Fascinatedly, the fusing of triple covalent linkages at 

meso–meso, β-β and βꞌ-βꞌ positions of porphyrin chromophores have been grabbed the 

attention to expand the electronic conjugation networks, which disclose more redshift 

absorption peaks close to NIR region.20-22 

   In the previous chapters, we have discussed the synthesis of π-conjugated 

porphyrin dimers with an aromatic small molecule as a central unit based on 

acceptor-donor-acceptor (A-D-A) conjugation, their photophysical, electrochemical 

and photovoltaic properties have been successfully studied and resulted in a 

benchmark performance in BHJ OSCs. Herein, we firstly designed and synthesized 

two new triply linked porphyrin dimer at meso–meso, β-β and βꞌ-βꞌ positions, from the 

corresponding meso–meso singly-linked porphyrin arrays. These fused porphyrin 

tapes differ by two metal atoms at the porphyrin core like Zn for F-C19ZnP and Ni 

for F-C19NiP. Based on the A-D-A architecture for OSCs, as shown in Figure 5-1, 

we further conjugated with 3-ethylrhodanine as a terminal unit via a phenylene linker 

besides that an alkyl chain of 2-octyldodecane was held on vertical meso-porphyrins 

to improve the material solubility for the solution-processed OSCs. The two fused 

porphyrin tapes were examined in detail on the photophysical and electrochemical 
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properties. Interestingly, the compound F-C19ZnP was recorded a distinct red-shift 

absorption than the compound F-C19NiP, due to the Zn-porphyrin attains more 

planar conjugated geometry.      

 

 

Figure 5-1 Molecule structures of F-C19ZnP and F-C19NiP. 

 

5.2 Design and Synthesis 

 

   In the previous chapters, we designed and synthesized a series of new porphyrin 

dimer based small molecules and fabricated with fullerene and norfullerene small 

molecules for BHJ OSCs. As a continuous research project, we developed a new 

series of fused-porphyrin based small molecules of F-C19ZnP and F-C19NiP, which 

are fascinated π-conjugated porphyrins and good for photovoltaic applications. As 

shown in Scheme 5-1, The porphyrin precursor 5-1 was prepared from 

dipyrrolylmethane with 2-octyldodecanal by acid catalytic condensation and followed 

selective mono-bromination of meso-alkylated porphyrin with N-bromosuccinamide 

(NBS) to give 5-2, then we went for different metal insertion at the porphyrin center 

core, eg. zinc acetate in chloroform refluxed 4 hrs for compound 5-3, whereas for 
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compound 5-4, nickel acetate in chloroform and methanol mixture refluxed for 24 hrs. 

Next, 5-5 or 5-6 was obtained after oxidative coupling. Subsequently, the Knoevengel 

condensation of 5-7 and 5-8 with 3-ethylrhodanine afforded the target molecules 

F-C19ZnP and F-C19NiP in quantitative yields. And the new compounds were 

analyzed by 1H NMR spectra and further confirmed by MALDI-TOF mass 

spectrometry. 

 

Scheme 5-1. Synthetic routes for F-C19ZnP and F-C19NiP. Reactions conditions: a) 

(CH3OO)2Zn, CHCl3, reflux, 4h, b) (CH3OO)2Ni, CHCl3/CH3OH, reflux, 12h. 

5.3 Results and Discussion 

5.3.1 Photo and Electrochemical Properties  
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  As shown in Figure 5-2(a), the UV-visible absorption spectra of F-C19ZnP and 

F-C19NiP were measured in CHCl3 solution and optical data are summarized in 
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Table 5-1. Interestingly, the two compounds of F-C19ZnP and F-C19NiP exhibit a 

very broad intense Soret band at 518 nm with ε of 2.0 × 105 M−1 cm−1 for F-C19ZnP 

and 504 nm with ε of 2.7 × 105 M−1 cm−1 for F-C19NiP. The sharp Q (charge transfer) 

band appears at 678 nm with ε maxima of 1.7 × 105 M−1 cm−1 for F-C19ZnP and 633 

nm with ε maxima of 1.3 × 105 M−1 cm−1 for F-C19NiP. Compared to the absorption 

Q-band of Ni inserted fused porphyrin, Zn-porphyrin attributes a distinct red-shifted 

over 50 nm, which suggests that the fused Zn-porphyrin possesses more planar 

geometry with a potent π-conjugated extension of the entire molecule.    

Table 5-1 Electrochemical properties of small molecules F-C19ZnP and F-C19NiP 

 

Compound λmax/nm 

(ε/105M−1cm−1) 

λonset/nm 

(Solution) 

Eox 

[V] 

EHOMO 

(eV) 

ELUMO 

(eV) 

Eg
Opt 

(eV) 

  F-C19ZnP 518 (2.0), 678 (1.7)  726  1.04  −5.84 −4.12 1.72 

F-C19NiP 504 (2.7), 633 (1.3)    680  0.66   −5.46 −3.65 1.82 
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Figure 5-3 Cyclic voltammogram of F-C19ZnP and F-C19NiP small molecules 

measured in 0.1 mol L-1 TBAPF6 CHCl3 solutions with a scan rate of 50 mV s-1. 

  Cyclic voltammetry (CV) measurements of the two fused porphyrins F-C19ZnP 
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and F-C19NiP were performed in chloroform solution, As shown in Figure 5-3 and 

estimated energy levels and redox properties are noted in Table 5-1, The HOMO 

energy levels were calculated from the onset of oxidation peaks to be −5.84 and −5.46 

eV, and the LUMOs were estimated to be −4.12 V and −3.65 eV for F-C19ZnP and 

F-C19NiP, respectively. Considering that the deeper HOMO energy levels of 

F-C19ZnP can be affiliated to control the electron-donating capability and 

consequently beneficial for a higher Voc for BHJ OSCs. Besides, the optical band gap 

(Eg
opt) was calculated by the formula of 1240/λedge, the values to be 1.72 eV for 

F-C19ZnP, and 1.82 eV for F-C19NiP. 

5.3.2 Conclusion 

  In summary, two A-D-A based fused porphyrin dimers F-C19ZnP and F-C19NiP 

have been successfully synthesized for solution-processed BHJ OSCs. Impressively, 

the two fused porphyrins displayed the absorption spectra of Soret band intensively 

from 400-570 nm due to the backbone of fused porphyrin dimer and the Q-band of 

F-C19ZnP crossed over 750 nm than the Q-band of F-C19NiP, which is close to NIR 

region. The significant co-planar geometry of Zn-porphyrin complexes elevated more 

conjugation. And CV measurements indicated that the F-C19ZnP possesses high 

HOMO and LUMO levels, −5.84 and −4.12, respectively, with Eg
opt of 1.72 eV. These 

results suggest that the fused porphyrin tapes are the new generation of porphyrin 

small molecules for potential applications in organic photovoltaics.  

5.4 Experimental Section 

*Synthetic Methods 
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procedure for the synthesis of 5,15-dialkylated porphyrin 5-1: 

 The compound 5-1 was prepared by the previous procedure 5A in chapter 2, to get a 

purple colored product 5-1 (5.5g, yield 30%). 

5-1: 1H NMR (400 MHz, CDCl3) δ (ppm): −2.46 (s, 2H), 0.71-0.76 (m, 28H), 

0.87-1.02 (m, 49H), 1.53 (m, 16H), 2.72-2.74 (m, 4H), 2.93-2.96 (m, 4H), 5.13 (m, 

2H), 9.39-9.40 (m, 4H), 9.64-9.73 (m, 4H), 10.21 (m, 2H). 

procedure for the synthesis mono brominated 5,15-dialkylated porphyrin 5-2: 

 A Solution of 5-1 (1.096 g, 1.00 mmol) and NBS (180 mg, 1.00 mmol) in DCM (150 

mL) was stirred under an argon atmosphere at 0oC for 4 h. After the reaction was 

completed, quenched with an excess of water, and extracted with DCM, the solvent 

was removed under reduced pressure. The solid was purified by column 

chromatography as DCM and hexane (1:4) eluents to form a mono-brominated 

compound dark purple 5-2 (0.8g, 85%).  

5-1: yield. 1H NMR (400 MHz, CDCl3) δ (ppm): 10.05 (s, J = 4.0 Hz, 1H), 9.84(m, J 

= 3.9 Hz, 2H), 9.83-9.54 (m, J = 3.9 Hz, 4H), 9.28 (m, J = 3.7 Hz, 2H), 5.09 (m, 2H), 

2.92-2.70 (m, J = 6.0 Hz, 4H), 2.69-2.62 (m, J = 6.0 Hz, 4H) 1.47 (m, 5H), 1.18 (m, 

5H), 1.16-1.10 (m, 49H), 0.77-0.68 (m, 12H), -2.50 (s, 2H).  

General procedure for the synthesis 5,15-dialkylated metalloporphyrin 5-3 and 

5-4:  

  The intermediate 5-2 (1.00 mmol) and zinc acetate (1.2 g, 10 eqv) were taken in an 

RBF and kept under nitrogen condition, the mixture was refluxed in CHCl3 (200 mL) 
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for 6 h. Quenched with water and the organic layer was dried under vacuum. The 

residue was purified by silica gel column chromatography as DCM and n-hexane 

(1:6) eluents, to form the product in quantitative yield 5-3 (0.94 g, 86%). Likewise, 

the intermediate 5-2 (1.00 mmol) was placed in CHCl3 (200 mL) under argon 

condition and nickel acetate (1.095 g, 5 mmol) in methanol solution was added slowly 

to the reaction mixture, refluxed for 12 h. Water was added after reaction completed, 

the organic layer was extracted with chloroform. Then the solvent was removed under 

airflow and crude solid was purified by silica gel column chromatography as DCM 

and hexane (1:4) eluents, to obtain 5-4 in quantitative yield (0.9 g, 80%). 

5-3: 1H NMR (400 MHz, CDCl3) δ (ppm): 10.06 (s, 1H), 9.84(m, J = 4.8 Hz, 4H), 

9.78 (d, J = 4.8 Hz, 2H), 9.73 (d, J = 4.8 Hz, 2H), 5.22 (m, 2H), 2.93 (d, J = 6.0 Hz, 

4H), 2.74 (d, J = 6.0 Hz, 4H) 1.53 (m, 4H), 1.52−1.51 (m, 11H), 1.49-1.20 (m, 44H), 

1.19-0.68 (m, 13H). 

5-4: 1H NMR (400 MHz, CDCl3) δ (ppm): 10.05 (s, 1H), 9.84 (d, J = 4.8 Hz, 2H), 

9.82-9.54 (dd, J = 4.8 Hz, 4H), 9.28 (d, J = 4.8 Hz, 2H), 5.09-5.07 (m, 2H), 2.91-2.62 

(m, 8H), 1.47 (m, 4H), 1.18−1.10 (m, 60H), 0.77-0.72 (m, 12H). 

 The general procedure of the oxidative coupling reaction of 5-5 and 5-6:  

  A mixture of 5-3/5-4 (0.2g, 1.0 mmol), DDQ (5.0 mmol) and Sc (OTf)3 (5.0 mmol) 

were placed in an air-tight reaction flask under nitrogen condition, the mixture was 

dissolved in anhydrous toluene (20 ml), and stirred at 50 oC under N2 atmosphere for 

3h. After the solvent was dried, the crude solid was purified by silica gel column as 
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DCM and n-hexane (1:1) eluents to form compounds 5-5 (0.1g, 46%) and 5-6 (90mg, 

43%) as greenish solid. The key precursors were confirmed by MALDI-TOF (m/z) 

for 5-5 C116H172N8Br2Zn2: 1969.0629; found: 1969.2760. MALDI-TOF (m/z) for 5-6 

C116H172N8Br2Ni2: 1955.0761; found: 1955.7203.  

5-5: 1H NMR (400 MHz, CDCl3) δ (ppm): 9.89-9.77 (m, J = 4.9 Hz, 8H), 9.38-9.29 

(dd, J = 4.8 Hz, 4H), 5.23-5.07 (dd, J = 6.0 Hz, 4H), 2.92-2.62 (m, 17H), 1.35-1.24 

(m, 9H), 0.75-0.69 (m, 143H). 

5-6: 1H NMR (400 MHz, CDCl3) δ (ppm): 9.54-9.15 (m, J = 4.8 Hz, 14H), 8.70-8.36 

(s, 1H), 4.72-4.37 (dd, J = 6.0 Hz, 4H), 2.84-2.48 (m, 16H), 1.09-0.78 (m, 137H). 

General synthetic procedure for key precursors 5-7 and 5-8:  

  A solution of corresponding compound 5-5 (or 5-6) (1.0 mmol) and 

4-ethynyl-2,5-bis(hexyloxy)benzaldehyde (350.7 mg, 0.950 mmol, ~0.9eq) in 

anhydrous THF (40 mL) and anhydrous triethylamine (20 ml) were placed in a 100 ml 

dried reaction flask and kept under nitrogen bubbling for 20 min, then the catalyst 

Pd(PPh3)4 (80 mg, 0.053 mmol) and CuI (15 mg, 0.053 mmol) were added and 

allowed stirring for overnight at 50oC under nitrogen condition. The reaction was 

monitored by TLC after the reaction was completed, the solvent was dried under 

rotavapor and purified by column chromatography using a mixture of DCM and 

hexane (1:1) as eluent to form a corresponding compound 5-7 (0.35 g, 43%)/ 5-8 

(0.32 g, 41%). as a green solid. MALDI-TOF (m/z) calculated for 5-7 



158 

C158H230N8Zn2O6:2468.3880; found:2468.1083 and MALDI-TOF (m/z) calculated for 

5-8 C158H230N8Zn2O6: 2454.6747; found: 2455.8577.  

General procedure for the synthesis of final products F-C19ZnP and F-C19NiP: 

   The key precursor aldehyde 5-7 or 5-8 (110 mg, 0.034 mmol) was taken in a dried 

100 mL RBF and kept under vacuum for 5 mins, filled with nitrogen atmosphere. 

Then 30 mL of dry CHCl3 was added, 3-ethylrhodanine (70 mg, 0.34 mmol) and two 

drops of piperdine were added to the mixture. And allowed to stir about 24 h under 

ambient temperature. The reaction was completed and quenched with 50 mL of water. 

The organic layer was separated and extracted with CHCl3, dried over NaSO4. The 

solvent was removed by rotavapor and the residue was purified by column and 

preparative thin-layer chromatography as CHCl3 and hexane (1:10) eluent. Finally, 

the two target products were recrystallized from a mixture of CHCl3/methanol to 

afford F-C19ZnP (75 mg, 65%) and F-C19NiP (80 mg, 75%) as a gray-green solid. 

Due to the large π-extended structures of F-C19ZnP and F-C19NiP not satisfying the 

high-resolution NMR spectra and further confirmed by MALDI-TOF (m/z) calculated 

for F-C19ZnP C168H240N10O6S4Zn2: 2754.6261; found: 2754.6256. MALDI-TOF 

(m/z) calculated for F-C19NiP C168H240N10O6S4Ni2: 2740.6395; found: 2740.6372.  
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Chapter 6 

Summary  

In this thesis, a new series of porphyrin dimer-based acceptor-donor-acceptor 

small molecules DPP-2TTP, DPP-2TP, TDPP-2P, TDPPE-2P, TBDTE-2P, 

TBDT-2P, F-C19ZnP, and F-C19NiP have been designed and synthesized. All the 

newly synthesized conjugated porphyrin dimer small molecules were purified and 

investigated by 1H NMR and MALDI-TOF-MS and found to be in good agreement 

with expected structures. 

In view of the finding in chapter 2, Two low bandgap porphyrin-based small 

molecules DPP-2TTP and DPP-2TP have been prepared and varied by two-branched 

alkyl chains with sulfur and without sulfur, respectively, flanked with 

3-ethylrhodanine as the end groups. Based on the photophysical and electrochemical 

studies of the two compounds shown an intrinsic absorption range 400–550 (Soret 

bands) and 700–900 nm (Q bands). To overcome the absorption deficiency from 550 

to 700 nm and to achieve full photoresponse spectrum, a wide bandgap small 

molecule DR3TBDTTF has been contributed. Such a combination significantly 

implemented an absorption range of over 1000 nm. Further fabricated for the ternary 

device. Especially, the active ternary blend DPP-2TTP:20wt.% DR3TBDTTF: 

PC71BM executed a notable PCE of 11.15% with a significant FF of 77.1%. which is 

highly considered in comparison with the binary devices on DPP-2TTP/PC71BM 

(9.30%). These speculations were supported by film morphology characterizations 
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and hole and electron mobilities. 

Given the finding in chapter 3, we have constructed two new porphyrin small 

molecules TDPPE-2P and TDPP-2P for non-fullerene all-small-molecule organic 

solar cells. To distinguish between these two compounds, an ethynylene/ 

non-ethynylene incorporation of DPP linkage as the central unit of two porphyrins 

and finally 3-ethylrhodanine was end-capped. The compound TDPPE-2P has been 

performed dramatically a wide photoresponse over 1000 nm, facilitates the extensive 

π-conjugated backbone towards the intermolecular π-π stacking. The complementary 

absorption of 400-900 nm was perfectly compelled by a non-fullerene small molecule 

IT-M acceptor. In particular, the champion device TDPPE-2P: IT-M has been 

performed synergically comparable pathways of all photovoltaic properties and 

morphological studies, as a result, a promised PCE of 5.69% with a high Voc of 0.84 V 

was attributed, whereas the device TDPP-2P: IT-M was ascribed comparatively a low 

PCE of 4.69%. Due to the effect of interpenetrated planar conjugation enhanced the 

charge mobilities and unique film morphology in the device TDPPE-2P: IT-M. 

In view of the finding in chapter 4, we have designed and synthesized a new 

series of two BDT conjugated porphyrin dimers TBDTE-2P and TBDT-2P 

with/without ethynylene linkages, respectively. The purpose of the BDT unit could 

elevate the molecular coplanarity aggregation in the solid-state. Fascinatedly, the 

compound TBDTE-2P was achieved an impressive visible-NIR absorption from 

300-800 nm when compared to TBDT-2P, due to the strong ethynylene conjugation 
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linkages. These dyes were fabricated under AM 1.5 G illumination (1-Sun) and a 300 

lux LED illumination (indoor condition) for all small-molecule non-fullerene BHJ 

OSCs. As we predicted, the active layer of TBDTE-2P: IDIC was exceeded a PCE of 

7.46% for 1-Sun and a PCE of 12.35% for indoor light applications. These results 

were further confirmed by reduced recombination, enhanced charge extraction 

properties, SCLC measurements, and AFM studies.  

  In view of the finding in chapter 5, two new fused porphyrin dimers of A-D-A 

based small molecules F-C19ZnP and F-C19NiP have been successfully designed 

and synthesized. After oxidative coupling of triply linked diporphyrin, followed by 

Knoevengel condensation of 3-ethylrhodanine afforded the final compounds. 

Photophysical properties of the two fused porphyrins depicted the absorption spectra 

of Soret band intensified broadly from 400-570 nm due to the fused backbone 

conjugation of porphyrins but impressively the Q-band of F-C19ZnP crossed over 

750 nm than the Q-band of F-C19NiP which is 700 nm, this absorption is close to 

NIR region. Because of significant co-planar geometry of Zn-porphyrin complexes 

elevated more conjugation. And further confirmed by CV measurements, these results 

suggest that the new fused porphyrin tapes are efficient building blocks for promising 

bulk heterojunction organic solar cells.  

  Conclusively, the novel and efficient variety of porphyrin dimers with impressive 

performances in BHJ OSC encouraged us to further explore π-extended 

porphyrin-based small molecules for future practical application of organic solar cells. 
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Appendices 

 

 
1H NMR (400 MHz, CDCl3) spectrum of 6A. 

 

 

         

1H NMR (400 MHz, CDCl3) spectrum of 6B. 
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1H NMR (400 MHz, CDCl3) spectrum of 7A. 

 

 

 

 

                             1H NMR (400 MHz, CDCl3) spectrum of 7A. 
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                         13C NMR (400 MHz, CDCl3) spectrum of 7B. 

 

 

 

 

                          1H NMR (400 MHz, CDCl3) spectrum of 8A 
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1H NMR (400 MHz, CDCl3) spectrum of 8B 

 

 

 

 

                    1H NMR (400 MHz, CDCl3) spectrum of DPP-2TTP 
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1H NMR (400 MHz, CDCl3) spectrum of DPP-2TP 

 

 

 

 

                        MALDI-TOF plot of compound 8A 
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The whole MALDI-TOF plot of compound DPP-2TTP 

 

 

 

 

The whole MALDI-TOF plot of compound DPP-2TP 
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                        1H NMR (400 MHz, CDCl3) spectrum of 3-6 

                                            

 

 
 

13C NMR (400 MHz, CDCl3) spectrum of 3-6 
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                      1H NMR (400 MHz, CDCl3) spectrum of 3-8                                          

 

 

 

 

 

 

                  1H NMR (400 MHz, CDCl3) spectrum of 3-9 
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                1H NMR (400 MHz, CDCl3) spectrum of TDPPE-2P 

 

 

1H NMR (400 MHz, CDCl3) spectrum of TDPP-2P. 



173 

 

                    

                       MALDI-TOF of compound 3-9. 

 

 

                     MALDI-TOF of compound TDPPE-2P. 
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                     MALDI-TOF of compound TDPP-2P. 

 

 

                    1H NMR (400 MHz, CDCl3) spectrum of 4-1 
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                 1H NMR (400 MHz, CDCl3) spectrum of 4-2. 

 

 

                1H NMR (400 MHz, CDCl3) spectrum of 4-3. 
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                   13C NMR (100 MHz, CDCl3) spectrum of 4-3 

 

 

 

                   1H NMR (400 MHz, CDCl3) spectrum of 4-9                                                            
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                    1H NMR (400 MHz, CDCl3) spectrum of 4-8 

 

 

 

                1H NMR (400 MHz, CDCl3) spectrum of TBDT-2P 
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   1H NMR (400 MHz, CDCl3) spectrum of TBDTE-2P 

 

 

                                           

 

                        The MALDI-TOF plot of compound 4-9 
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The MALDI-TOF plot of compound 4-8 

 

 

 

 

         The MALDI-TOF plot of compound TBDTE-2P 
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The MALDI-TOF plot of compound TBDT-2P 

 

 

 

 

1H NMR (400 MHz, CDCl3) spectrum of 5-2 
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                    1H NMR (400 MHz, CDCl3) spectrum of 5-3 

 

 

 

 

                     1H NMR (400 MHz, CDCl3) spectrum of 5-4 
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                   1H NMR (400 MHz, CDCl3) spectrum of 5-5 

 

 

 

 

                1H NMR (400 MHz, CDCl3) spectrum of 5-6 
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             1H NMR (400 MHz, CDCl3) spectrum of F-C19ZnP 

 

 

 

 

               1H NMR (400 MHz, CDCl3) spectrum of F-C19NiP 
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               The MALDI-TOF plot of compound 5-5 

 

 
 

 

 

                  The MALDI-TOF plot of compound 5-6 
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The MALDI-TOF plot of compound 5-7 

 

 

 

 

                  The MALDI-TOF plot of compound 5-8 
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The MALDI-TOF plot of compound F-C19ZnP 

 

 

 

 

 

                 The MALDI-TOF plot of compound F-C19NiP 
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