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Abstract 

Bulk heterojunction organic solar cells (BHJ OSCs) have been recognized as 

one of the most promising next generation green technology alternatives to 

inorganic solar cells because of the low-cost, lightweight, flexibility. Specifically, 

the use of small molecules instead of polymers as donors in BHJ OSC have been 

developed very fast recently because small molecules can be facilely synthesized 

and easily purified, and have a determined molecular structure without 

batch-to-batch variations. To date, those among the most efficient small molecules 

were constructed as acceptor-donor-acceptor (A-D-A) structural configuration 

from electron-rich units such as benzodithiophene (BDT), dithienosilole (DTS), 

oligothiophene units, and electron-deficient units such as benzothiadiazole (BT), 

diketopyrrolopyrrole (DPP), isoindigo (IID) and perylenediimide (PDI). 

Surprisingly, porphyrins were rarely studied either in polymers or π-conjugated 

small molecules as donor materials, though they have unique chemistry together 

with excellent photochemical and electrochemical properties, such as facile 

functionalization of the periphery and the variation of the central atom (metal 

ions), strong UV-visible absorption, ultrafast photoinduced charge separation in 

porphyrin-fullerene systems. In this research work, we design, synthesize and 

characterize new porphyrin-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 peripheral and 

backbone alkyl side-chains, π-conjugated linkers as well as electron-deficient 

ending units on the charge mobility, film morphology and solar cell performances. 

In Chapter 1, a general review on the historic and recent development of BHJ 

OSCs was given first, including the major components and working principle of 
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OSC, the versatile organic semiconductors and their performances in OSCs. 

In chapter 2, six A-D-A structural porphyrin small molecules were designed 

and synthesized, in which different peripheral alkyl substitutions are attached to 

the meso-position of porphyrin core (CS-I, CS-II, CS-III, CS-4, CS-5 and CS-6), 

and 3-ethylrhodanine is used as terminal group. Their UV-visible absorption in 

solid, energy level, blend film morphology, charge mobility and cell performance 

are dependent on the different peripheral substitutions. The active layer consists of 

these six small molecules as donor materials and PC71BM as the acceptor material 

with an optimized film thickness. Although all six molecules show similar optical 

spectrum in solutions, the introduction of linear alkyl side chains can promote 

thin-film nanostructural order, especially shown to shorten π-π stacking distances 

between backbones and increase the correlation lengths of both π-π stacking and 

lamellar spacing, leading to higher efficiency in this serial. Among them, the 

highest power conversion efficiency of 9.09% has been achieved by CS-4 based 

devices. 

In chapter 3, another two new A-D-A porphyrin small molecules (PTTR and 

PTTCNR) have been developed, which are similar in structure to CS-I, II and III, 

except that the linker is phenylethynyl in CS-I, II and III, whereas it is 

terthiophenylethynyl in PTTR and PTTCNR. The highest power conversion 

efficiency of 8.21% is achieved by PTTCNR, corresponding to a JSC of 14.30 mA 

cm
−2

, VOC of 0.82 V, and FF of 70.01%. The excellent device performances can be 

ascribed to the conjugated structure of porphyrin with 3,3''-dihexyl-terthiophene 

and the aliphatic 2-octylundecyl peripheral substitutions, which not only 

effectively increase the solar flux coverage between the conventional Soret and Q 

bands of porphyrin unit, but also optimize molecular packing through 
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polymorphism associated with side-chain and the π-conjugated backbones, and 

form the blend films with [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) 

characteristics of bi-continuous, interpenetrating networks required for efficient 

charge separation and transportation. 

In chapter 4, we designed and synthesized a new dimeric porphyrin donor 

molecule (CS-DP) containing A-π2-D-π1-D-π2-A architecture by coupling of two 

zinc porphyrin cores through ethynyl linker. Interestingly, it can harvests the 

photons up to deep near-infrared (NIR) region in the absorption spectrum. From 

the past decades, it has been found that developing donor molecules with the 

absorption spectral in NIR region is a challenging key factor to get the high 

performance BHJ OSCs. Solar cell devices employing CS-DP as a donor exhibit a 

highest power conversion efficiency of 8.23%, corresponding to JSC = 15.14 mA 

cm
–2

, VOC = 0.781 mV and FF = 69.8% under AM 1.5G solar radiation. The high 

efficiency of this molecule is attributed to a panchromatic IPCE action spectrum 

from 300 nm to 1000 nm. Also, this performance is best for the reported deep NIR 

organic solar cells based on single small molecule and PC71BM system so far. We 

envision that this new small bandgap dimeric porphyrin is very promising to use 

in ternary and multi-junction applications as well as NIR photodetectors. 

In chapter 5, a series of new A-D-A structural porphyrin small molecules 

(CS-10, CS-11 and CS-12) have been prepared, that contain the same 

meso-thienyl-thioalkyl substituted porphyrin core and 3-ethylrhodanine ending 

unit, but varies with different numbers of phenylethynyl linker. Using them as 

donors for solution-processed organic solar cells, the device based on CS-10 

featuring single phenyl ethynyl π-linker exhibits high power conversion efficiency 

(PCE) of 7.0%. The results indicate that meso-thienyl-thioalkyl substitution and 
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controlled π-linker length is beneficial to tune the optoelectronic properties, film 

morphology and consequently performance of porphyrin-based BHJ OSCs. 

In chapter 6, two symmetrical tetra-meso-substituted porphyrin molecules 

(ZnP and CuP) have been prepared in gram-scale through the direct condensation 

of pyrrole and 4-[bis(4-methoxyphenyl)amino]benzaldehyde. Its Zn(II) and Cu(II) 

complexes exhibit excellent thermal and electrochemical stability, specifically, 

high hole mobility and very favorable energetics for hole extraction that render 

them attractive for implementation as new hole transporting materials in 

organometallic halide perovskite solar cells (PSCs). As expected, the use of ZnP 

as HTM in PSCs affords a competitive PCE of 17.78%, which is comparable to 

the most powerful HTM of Spiro-OMeTAD (18.59%) under the same working 

conditions. Meanwhile, the metal centers affect somewhat the photovoltaic 

performances that CuP as HTM produces a relative lower PCE of 15.36%. 

Notably, the perovskite solar cells employing ZnP show longer stability than that 

of Spiro-OMeTAD. Moreover, the two porphyrin-based HTMs can be prepared 

from relatively cheap raw materials with a facile synthetic route. The results 

demonstrate that ZnP and CuP can be a new class of HTMs for efficient and 

stable perovskite solar cells. To the best of our knowledge, this is the highest 

performance for porphyrin-based perovskite solar cells with PCE > 17%. 

The dissertation was completed with conclusions and outlooks in chapter 7. 

Furthermore, the molecular structures of all the porphyrin small molecules 

developed in this research work are shown below: 
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Chapter 1 

Bulk Heterojunction Organic Solar Cells: History and Recent 

Development 

1.1 Introduction 

In the past time, the modern society with more than 5 billion population are so 

heavily relying on the fossil fuel that leads to many problems, such as environmental 

hazards, public health issues, non-renewable and rapid decrease of reserves. Under the 

circumstances, developing a new type cost-effective, high-efficient renewable energy 

source, can not only meet the increasing need of energy and decreasing amount of 

fossil fuel, but also relieve the environmental crisis. Going with development of 

renewable energy sources, many researchers believe that the solar energy has been 

considered as an effective and sustainable energy to tackle environment issues, 

because it can be utilized for generating electricity in worldwide. So far, various solar 

cell materials have been developed to utilize unlimited solar power and minimum 

environment impact in contrast with other alternatives such as water, nuclear, and 

wind energy. Currently, polycrystalline silicon-based solar cells rendered a high 

power conversion efficiency (PCE) of up to 26%.
1
 However, the main barrier of 

inorganic material based photovoltaic (PV) devices is their high cost, limited 

flexibility and environmental issues, which prevent this type of green technology 

to be more practical.
2,3

 Consequently, organic photovoltaics (OPV) has promising 

future to replace the inorganic solar cells as one of the next-generation green energy 

resource with the advantages of easily manufactured, inexpensive, light weight, and 

flexibility.
4-6

 

1.2 Organic Photovoltaics 

Organic photovoltaic (OPV) is an optoelectronic device that converts light 

energy directly into electricity through the photovoltaic effect. Meanwhile, OPV 

represent one of the thin-film PV technologies that can provide the possibility of 
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manufacturing the composite active layer on a large area in solution process at room 

temperature, which can be very effective both in cost and in energy.
7
 There are two 

general architectures in organic solar cell devices, planar heterojunction and bulk 

heterojunction (Figure 1-1).
8
 The planar heterojunction offers a simple device and has 

been widely used in small molecule solar cells, especially in those prepared via vapor 

deposition. Early OPVs were based on a single layer structure, called an organic 

Schottky solar cell, whose power conversion efficiency (PCE) was typically below 

0.10%.
9
 In 1986, Tang utilized bilayers planar heterojunction solar cell to achieve 

power conversion efficiency approaching 1% after excitation by incident light.
10

 Two 

different small molecules of copper phthalocyanine (donor material) and perylene 

diimide derivative (acceptor material) were evaporated to forming sandwich device 

between two electrodes, namely an aluminum cathode wired with a transparent 

indium tin oxide (ITO) anode, and charge separation can be found at the 

donor-acceptor interface. Then, PCE around 4% had been achieved in the double 

layer copper phthalocyanine/C60 solar cells.
11

 However, this approach had limited 

efficiency so far. The main reason for this comes from their small interfacial areas and 

the undersize thickness for the exciton diffusion length.
8
 

 

Figure 1-1 Planar- (left) and bulk- (right) heterojunction solar cell structures.
12

 

1.2.1 Bulk Heterojunction Organic Solar Cells (BHJ OSCs) 

In the traditional bilayer heterojunction device, the donor materials evaporated to 

the anode and the acceptor materials evaporated to the cathode with layer after layer. 

To optimize the donor/acceptor interface and charge transport pathway, a well-ordered 

heterojunction is required. Start from 1992, Heeger and Sariciftci et al. first 
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discovered the photoinduced electron transfer from excited state of the most famous 

conjugated polymer (MEH-PPV) to the fullerene (C60), and Yoshino et al. reported 

photoconductivity enhancement when polythiophene is blended with C60 

buckeyball.
13,14

 Then, Yu et al.
15

 and Halls et al.
16

 created an invention called the 

interpenetrating phase-separated donor-acceptor (D-A) network composites as “bulk 

heterojunction” (BHJ). From the abounded literature survey it has been found that 

BHJ solar cell structure is the most successful architecture to achieve high power 

conversion efficiency. As one of the most widespread OPV device structure so far, 

BHJ active layer can be constructed by incorporating interdigitated nanocolumns of 

both electron-donating and electron-withdrawing materials.
17

 Compared to bilayer 

heterojunction, the advantage of BHJ device structure is that the exciton diffusion 

efficiently occurred at the increased donor/acceptor interface in the well-blended BHJ 

layer, thus could enhanced the charge photo-generation and charge transport in the 

OPV devices.
7
  

As shown in Figure 1-2, the “sandwiched” cell architecture is constructed from a 

high work function anodes and a relatively low work function metal cathode no 

matter in the bilayer- and BHJ-based devices. Nevertheless, the structure of BHJ solar 

cell mainly comprises the mixing electron donor materials and electron acceptor 

materials amid two electrodes (Figure 1-1, right) with nanoscale phase separation and 

high density interface in comparison with bilayer solar cell (Figure 1-1, left).
15

 In 

addition, a buffer layer is incorporated between the active layer and the ITO electrode 

to improve the surface quality of the latter and for better charge transfer. 

 

Figure 1-2 Standard (left) and inverted (right) OSC device layouts. 



4 

In bulk heterojunction layer, the photoactive material acts as the p-type 

semiconductor that possesses a larger hole concentration than electron concentration 

to removing electrons from the HOMO level to LUMO level, and the electron 

transport material acts as the n-type semiconductor, namely acceptor materials. To 

facilitate exciton dissociation, the LUMO energy level of the donor need to be 

matched with that of the acceptor to provide enough driving force for charge 

separation. The composition of the n-type material can offer an ‘‘ideal’’ low-lying 

LUMO to adding electron to the LUMO level of acceptors and charge transporter 

toward the cathode. Selection of the materials in both components is very important 

for the solar cell performance. In the donor component, there are currently two major 

categories of organic semiconductors: (i) The small molecules and (ii) the 

π-conjugated polymers. In the acceptor component, phenyl-C61-butyric acid methyl 

ester (PC61BM) and phenyl-C71-butyric acid methyl ester (PC71BM) (Figure 1-3, top) 

are the most ordinary candidates to be used till date due to their high electron affinity, 

superior electron mobility and three-dimensional structure, providing unique packing 

ability in blend film to transport electron efficiently.
18

 

 

 

Figure 1-3 Molecular structures of PC61BM and PC71BM (top) and the working 

principle of BHJ OSCs (bottom): (a) photon absorption and exciton generation, (b) 

exciton diffusion, (c) exciton dissociation and (d) electron-transfer. 
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The BHJ OSCs working processes are depicted visually in Figure 1-3. The first 

step is light absorption of blend film to form an exciton. Then, the singlet excitons 

diffuse to the BHJ interface to form interfacial charge transfer (CT) excited state 

species that then dissociate into free holes and electrons. 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 diffused 

to the donor-acceptor interface, (iii) exciton dissociation at the donor-acceptor 

interface, and (iv) charge collection at the electrodes (Figure 1-3).
19

 These four steps 

are significantly influenced by the morphology, structure, unique physical and 

chemical properties of the materials.
7,8,20-22

 

1.2.2 Tandem Organic Solar Cells 

In the last several years, the significant PCE improvement of single junction 

OSCs has been achieved, because of the successful synthesis of low bandgap 

materials with broaden and high intensity absorptions. According to the calculation, it 

seems likely that the PCE enhanced to over 11% with a donor material possesses the 

certain bandgap and absorption.
23 

However, the obstacles are the low mobility and 

short lifetime of charge carriers, which affect the efficiency of charge transport, as 

well as the narrow absorption band of the various photoactive materials. In order to 

improve the performance of devices, tandem solar cell structure is a strong approach 

to surmount various disadvantages of single junction OPV cell structure. To make up 

the absorption shortages of each material, a combination of different materials with 

mutually complementary absorption spectrum may cover the whole region of the sun 

efficiently. 

As shown in Figure 1-4(b), two or more OPV cells can be stacked one by one 

based on the single junction organic solar cells and perform as a tandem OPV 

structure, which might suppress the limiting factors existing intrinsically in organic 

semiconductor molecules. When compared to the single-junction OSCs, tandem 

configuration solar cells are not effect only to enhance light absorption as well as to 

reduce thermalization loss of photonic energy by stacking two sub-cells with 
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complementary absorption range, but it also might effect on the limited charge carrier 

mobility and low energy photons in the variated sub-cells.
25,26

 

 

Figure 1-4 The schematic configuration of the (a) conventional binary OSCs, (b) 

tandem OSCs, and (c) ternary OSCs.
24

 

However, the vast implementation of tandem solar cells may be hampered by the 

complex technology. The preparation procedure of tandem solar cells contain two or 

even more stacked sub-cells may enhance the cost but fall the yield of superior 

devices, which is contrary to the attractive simplicity of the single-step solution 

processing for inexpensive organic solar cells. 

1.2.3 Ternary Organic Solar Cells 

Ternary organic solar cells have been attracted recently due to the rapid 

development of the photoactive layer is composed of new low bandgap materials. In 

general, the active layer in ternary solar cells contains three different components, 

which can be divided into three types of components. The components of 

donor-acceptor system can be polymer, small molecule, inorganic material, or 

nanoparticle (Figure 1-4c).
27-31

 The function of these three components can be varied 

as two donors/an acceptor (D1/D2/A) or a donor/two acceptors (D/A1/A2).
32-33

 The 

ternary solar cells combine the advantages of enhanced photon harvesting capability 

by incorporating various organic materials in tandem OSCs and simplified the 

processing conditions that used in single layer bulk-heterojunction OSCs. A proper 
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design of ternary solar cell can improve the multiple key parameters simultaneously, 

such as JSC, VOC and FF. On the other hand, carefully selecting donors can achieve the 

efficient panchromatic absorption spectrum with high molar absorption coefficient, 

superior charge carrier mobility, controlled blend film morphology and higher device 

stability.
34

 Although the detailed working mechanism need to be further investigated, 

ternary solar cells is the most important step towards a bright application prospect to 

achieve high performance OSCs.
 

1.2.4 Key Efficiency Parameters of OPV 

The power conversion efficiency (PCE) of OSC is determined by three 

experimentally accessible parameters, short-circuit current density (JSC), open-circuit 

voltage (VOC), fill factor (FF), and multiply these three values is overall solar energy 

to electricity conversion efficiency (η) (Figure 1-5). The actual electrical power 

obtained from the cell is the product of photo-current and voltage, and reaches a 

maximum (Pmax) at a particular point on the cell’s J-V curve (Jmax × Vmax), which can 

be defined as the product of JSC, VOC and FF. The PCE is equal to the product of these 

three parameters divided by the input power. These photovoltaic parameters are 

discussed below.  

 

Figure 1-5 Current-voltage (J-V) characteristics of a typical solar cell. 

The power conversion efficiency (PCE), the most important factor in solar cell is 

defined below as the ratio of the electrical output of a solar cell to the incident energy 
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in the form of sunlight. Commonly, the source of the incident energy is an AM 

1.5G-illumination device in the laboratory research. 

𝑃𝐶𝐸 =
𝑃𝑚𝑎𝑥

𝑃𝑙𝑖𝑔ℎ𝑡
=

𝐹𝐹×𝐽𝑠𝑐×𝑉𝑜𝑐

𝑃𝑙𝑖𝑔ℎ𝑡
                          

Fill factor is a very important parameter to estimate the quality of solar cells, 

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. The value of 

FF is determined by charge carriers reaching the electrodes, when the built-in field is 

lowered toward the open circuit voltage, as defined below.
8
 

𝐹𝐹 =
𝐽𝑚𝑎𝑥×𝑉𝑚𝑎𝑥

𝐽𝑠𝑐×𝑉𝑜𝑐
                               

The PCE of a solar cell efficiency obeys the well-known relation, PCE = VOC × 

JSC × FF/Pin, where Pin is the input power. This coulomb correlated electron-hole pair, 

the exciton, diffuses to the D-A interface where exciton dissociation occurs via an 

electron-transfer process. The fully separated free charge carriers transport to the 

respective electrodes in the opposite direction with the aid of the internal electric field, 

which in turn generates the photocurrent and photovoltage. 

And VOC is the maximum voltage of a solar cell that can provide to an external 

circuit, which is correlated with the HOMO energy level of donor materials and the 

LUMO energy level of acceptor materials. It is also affected by the rates of carrier 

generation and recombination, and in some cases by intermolecular interactions that 

effectively shift the donor ionization potential and the acceptor electron affinity.
35

 

On the other hand, short-circuit current, JSC, is most strongly affected by the 

intensity of absorption capacity with a unit of mA cm
−2

 for convenient comparison of 

the characters of organic solar cells fabricated from different materials and can be 

derived from the external quantum efficiency (EQE) values. Besides, JSC is also 

related to the process of exciton generation, diffusion and separation, which excitons 

reach donor-acceptor interfaces, and requires the presence of an energetic driving 

force for charge separation.
36

 As the spectrum of incident light is standardized as an 

AM 1.5 spectrum, the value of JSC mainly depends on the physics and chemistry 

properties of materials, such as the optical energy band-gap, the packing direction of 
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backbone chains in domains and the morphology of blend films. 

1.3 Recent Development of Small Molecule Based Organic Solar Cells 

In the last decade, there has been intense research on developing novel organic 

semi-conducting materials, including polymers and small molecules for BHJ 

photovoltaic devices. Though great progress has been made for polymeric electron 

donor material, recent studies show that polymers are not the single approach to 

achieve a suitable interpenetrating network and thereby a high performance OPV 

device, since intrinsic batch to batch variation issue could hamper the performance 

reproducibility.
22

 In contrast, small molecules organic solar cell devices demonstrate 

many prominent advantages, as could be synthesized with certain structure, highly 

tunable absorptions and energy levels resulting from a dedicated chemical structure 

design, have defined molar weight, can be obtained in batch to batch variations.
37-43

 

Through continuous structure optimization of small molecules (SMs), power 

conversion efficiencies (PCEs) of solution processed SMs based devices have been 

over 10% for single layer bulk hetero-junction (BHJ) solar cell.
44-46

 Moreover, these 

fundamental reasons and recent significant developments indicate that SM-OPV 

devices could play a much bigger role for OPV devices in general and are likely to 

achieve the same or even better performance than polymer based OPV devices.
40,47

 

For these reasons, small molecule based solar cells are good candidates not only for 

achieving higher performance but also for possible future mass production and 

commercialization of OPV, and also has received increasing attention as a donor 

materials as well as polymer-based OSCs. 

According to the achievements of recent OPV developments, it is believed that 

these small molecules should also fulfill several requirements that conventionally 

possessed by polymers. They include (1) excellent film forming properties; (2) 

broaden and intensity of absorption spectrum; (3) proper energy levels between the 

donors and acceptors; (4) good charge transport ability; and (5) good solubility for 

solution processed device fabrication. For the p-type materials discussed here, the 

corresponding n-type material is PC61BM or PC71BM.  

The SM active materials can be constructed by placing electron-accepting groups 
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(A) at both ends of electron-donating cores (D) to facilitate intramolecular charge 

transfer (A-D-A). Benzothiazole, malononitrile, cyanoacetate, 3-alkylrhodanine, 

dicyanomethylene rhodanine, and diketopyrrolopyrrole have mainly been adopted as 

electron-accepting units. Meanwhile, development of electron donating units could be 

facilitated by the following porphyrin, 3-dithienosilole (DTS), benzodithiophene 

(BDT) and oligothiophene, indacenedithiophene (IDT) and so on. 

1.3.1 Porphyrin-Based Small Molecules 

 

Figure 1-6 Typical structure of a porphyrin featuring four meso- and eight β-positions 

to be functionalized for solar cells. 

It’s known that chlorophyll play an very important role in natural, which could 

collect photons and generate energy via photosynthesis, and its structure resembles 

synthetically porphyrin.
48

 As shown in Figure 1-6, porphyrins and related 

macrocyclic derivatives are tetrapyrrolic 26 π-electron aromatic macrocycles that can 

enhance the π-electron delocalization and promote intermolecular π-π interaction, as 

well as charge transport in photovoltaic devices.
49

 The presence of abundant 

conjugated π-systems porphyrin derivatives absorb light well in the blue and 

moderately in the green regions of the visible spectrum with high molar absorption 

coefficients, and tunable redox properties.  

Inspired by the excellent light-harvesting function mimicking photosynthesis, 

porphyrins have drawn great interest in OSC because that can be modified by adding 

several different kinds of substituents at the peripheral positions. Peripheral 

substituents on the porphyrin core or insertion of metal into the cavity can be used 

both to modulate the photophysical properties and impart desired chemical 

characteristics to the macrocycle.
50

 Also these substituents can greatly affect the 
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electronic absorption bands. Recent attempts demonstrate that porphyrins are 

attractive semiconductor to be use as active layer of OPV devices.
51,52

 

Although porphyrin and its derivatives have been studied as donor materials in 

OPVs for several years other than those well established in dye-sensitized solar cells, 

their performances in OSCs were very low before 2012. For example, Tsuyoshi 

Akiyama and Hiroshi Imahori ever reported a porphyrin and fullerene-based 

molecular (1, Figure 1-7) photovoltaic device on gold electrode.
53

 A cathodic 

photocurrent was observed for the photoelectrochemical devices with ~0.5% the 

internal quantum yield of photocurrent generation under short-circuit condition. In 

this case, it was found the photocurrent intensity increased significantly in the 

Au/1/methylviologen/Pt device compared to the device application without C60 as 

electron acceptor. The results suggest that porphyrin is an effective light absorption 

antenna and C60 is an excellent mediator in the sequential electron-transfer processes 

and also demonstrates that efficient photo-induced electron separation and transfer 

between porphyrins and fullerene derivatives. 

 

Figure 1-7 Molecular structures of initial small molecules. 

Khan et al. started the initial endeavors to harness porphyrin molecular in BHJ 

solar cell devices, which is based on Zn(II) tetraphenylporphyrin (2):PCBM.
54

 Since 

the hole mobility of 2 is in the order of 10
−10

 cm
2
/Vs, a very low efficiency of 0.21% 

was achieved in solution processing cells with an optimal 2:PCBM ratio of 1:9 

(Figure 1-7). Then, Zhu et al. synthesized free-base fulleropyrrolidine- 

perylenetetracarboxylic diimide-porphyrin triad (6), and its Zinc metal-substituted 

derivative (7) was also prepared (Figure 1-8).
55

 In this study, researchers utilize 
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preliminary fluorescence measurements and steady-state photolysis to confirm the 

occurrence of a photoinduced electron-transfer process within these triads, but cannot 

determine either in the excited state of the perylenetetracarboxylic diimide 

chromophore or in the excited state of the porphyrin chromophore. Under simulated 

solar illumination of 68 mW cm
−2

, the devices based on these two molecules showed 

low PCE of 0.028% for 6 and 0.035% for 7, while the existence of photoinduced 

electron-transfer process between the donor and acceptor parts. 

 

Figure 1-8 Molecular structures of porphyrin derivatives. 

Eiichi Nakamura and co-workers reported a new fabrication process with 

solution-processable small-molecule to obtain a three-layered p-i-n structure with 

tetrabenzoporphyrin (4) as donor material in i-layer. The devices with SIMEF (8) as 

an acceptor can afforded much higher PCE of 4.8–5.2% which is contributed to the 
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well-defined interdigitated surface with spontaneous crystalline phase separation after 

thermal annealing treatments (Figure 1-7).
56

 Comparably, using PCBM as the 

electron acceptor, led to a decreased PCE of 2.0%, corresponding to a lower VOC of 

0.55 V, JSC of 7.0 mA cm
-2

, and FF of 0.51. In a similar way, Stephen R. Forrest and 

Mark E. Thompson used tetraphenyl-benzoporphyrin complexes (3 and 4) as donors 

blended with PC61BM in BHJ OSCs and achieved PCEs of 1.8–1.9% that were higher 

than CuPc (5) as the donor.
56

 Recently, Yamada et al. built the p-i-n type and BHJ 

type devices composed of tetrabenzoporphyrin (7), 11 (alkyl chain derivative of 

tetrabenzoporphyrin linked to fullerene dyad through a flexible covalent bond), and 

PCBM for different layers, respectively.
57

 The single component 11-based devices 

were observed a slightly higher performance (PCE = 0.15%) than that based on the 

blend film of 7 and PC61BM (PCE = 0.02%). Apparently, the performances can be 

significantly improved for p-i-n devices compared to BHJ devices in 

tetrabenzoporphyrin system. The results showed that the 11-based film showed better 

performance (PCE = 1.98%) in a p-i-n device associated with a higher FF compared 

to the blend film of 7 and PC61BM (PCE = 1.63%). Atomic force microscopy (AFM) 

phase images also illustrated by a smooth surface for the single component based film, 

however large grains have also been observed for the blend film which could raise the 

resistance in the film and therefore lowered the FF values. In order to improve the 

OPV performance with D-A dyads, the improvement of electron-transfer efficiency 

and the suppression of charge recombination need to be considered in the further 

optimization. 

Wong et al. designed and synthesized a novel porphyrin-hexa-peri- 

hexabenzocoronene-porphyrin triad 12 and Zinc analogue 13 (Figure 1-8).
58

 BHJ 

OSC devices of FHBC-porphyrin hybrid material 13 and PC61BM (1:2 weight ratio) 

in the active layer gave a PCE of 1.2% and FF of 0.44. This indicates the effective 

energy transfer between porphyrin and fluorenyl hexa-peri-hexabenzocoronene 

(FHBC). However, one of the shortcomings in 13 is the large surface roughness 

caused by the steric effect of di-tert-butylphenyl solubilized porphyrin unit linked to 

the discotic polycyclic aromatic hydrocarbon unit, which is not beneficial for 
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molecular self-assembly in solid state.
59

 The poor device performances in those cased 

discussed above can be ascribed to three main reasons: 1) low hole mobilities of the 

porphyrin materials; 2) improper energy levels of the electron donors; 3) large surface 

roughness in blend film morphologies. 

 

 

Figure 1-9 Molecular structures of porphyrin-based donor components. 

Alternating weak donor and strong acceptor units in copolymers has been 

demonstrated effective to construct highly efficient donor materials in BHJ OSCs. The 

“weak donor” should help maintain a low HOMO energy level, while a “strong 

acceptor” can reduce the band gap via internal charge transfer (ICT).
60

 Following up 

with this molecular design strategy, Matsuo and co-workers reported three different 

A2B2-type porphyrin-based small molecules (14~17, Figure 1-9) using meso-ethynyl 

group to link the donor unit and acceptor unit and extend the π-conjugation.
61,62

 To 

trade-off the sufficient solubility and intermolecular interaction, two aryl groups and 
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two triisopropylsilyl groups as the π-conjugation and the solubilizing groups were 

introduced to this molecule. The HOMO levels (−3.21~−3.31 eV) and LUMO levels 

(−4.89~−5.31 eV) were calculated from cyclic voltammetry, and the HOMO/LUMO 

energy levels are compatible with PC61BM. In the optimized device, a PCE of 2.5% 

has been observed for the phenylethynyl-extended Mg-porphyrin combined with 

PC61BM, whereas inferior results were noticed for the remaining two compounds. 

Then, Sharma’s group utilized the same method to construct asymmetry A3B-type 

porphyrin (18) bearing 3-pyridine group, which showed a PCE of 4.06% after DMF 

treated buffer layer (PEDOT:PSS).
63

 The JSC increased in comparison to the pervious 

porphyrin materials, since the introduction of an end-capping 2-pyridine group can 

enhanced intramolecular charge transfer between donor and acceptor units. These 

results indicate that the asymmetry type porphyrin small molecules can be well 

applied in OPV to achieve high efficiency as donor materials. 

As the exploration of new porphyrin-based architecture, Sariciftci and 

Thamyongkit group synthesized star-type porphyrin-triazine compounds contain three 

free-base porphyrin units linked to the triazine core by single bond and its Zinc 

analogy (20) for BHJ OSCs (Figure 1-9).
64

 Later, the same group changed the triazine 

core in 20 to the triphenylamine group, and 19 was successfully synthesized through 

Pd-catalysis Sonogashira coupling reaction.
65

 Emission was completely quenched in 

these two star-type metalloporphyrin small molecules based blend film, indicating an 

effective electron transfer between donor and PCBM derivatives. Unfortunately, there 

is only 0.5% PCE in optimized solar cell device. Coutsolelos et al. also developed a 

triazine-bridged trimeric porphyrin star molecule (21) consisting of two Zinc 

porphyrin and one meso-4-carboxyphenyl group covalently linked through triazine as 

central unit (Figure 1-9).
66

 Compared to the compound 20, the donor-π-acceptor 

(D-π-A) system in 21 can enhanced JSC and FF value after additives treatment. Finally, 

solution-processed BHJ OSCs of 21:PC70BM gave a PCE of 3.93% with a superior 

visible absorption response and a higher degree crystallinity of blend film. Then, a 

novel porphyrin dyad 22 was synthesized by replacing one of the Zn-A3B-pophyrins 

with simple N-piperidine moiety (Figure 1-9).
67

 It was found that PCE can be 
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enhanced by using mixture solvent of 3% v/v pyridine in THF during the process of 

device fabrication. Remarkably, an enhanced PCE value of 4.16% was obtained in the 

optimized solar cell with improved JSC of 8.52 mA cm
−2

 and FF of 0.52 values. After 

the coordination of pyridine molecular to the Zinc metal in the porphyrin core, the 

smoother surface morphology of active layer was observed which led to the efficient 

exciton dissociation and charge transport. Previously, Thompson et al. demonstrated 

the beneficial effects of N-based ligands to the zinc porphyrin based bilayer solar 

cells.
68

 Since those different N-based ligands can make zinc porphyrin more soluble 

by the axial coordination to the metal center, the blend film with much better 

morphology and optoelectronic properties can enhance the JSC and FF, and the PCE. 

 

Figure 1-10 Molecular structures of porphyrin-based donor components. 

During the past three years, Cao and Peng’s group had made a continuous 

progress in the field of solution-processed porphyrin-based SM OSCs.
69-72

 In 2012, 

they reported a zinc porphyrin, 24 containing a meso-substituted 

bis-(dodecyloxy)phenyl and benzothiadiazole end-capped with 3-hexylthienyl 

(Figure 1-10).
70

 The electron-withdrawing benzothiadiazole unit was linked to the 

porphyrin by ethylene π-linker. Thus such π-linker can make the whole molecular 

planar, and the bis-(dodecyloxy)phenyl yields the high solubility. Also, they 

synthesized another porphyrin (23) containing no π-linker to study the impact of 

π-conjugation. It was found that the intensity of the Q-band increased dramatically for 

24, which is almost similar to the intensity in Soret band, resulting in a broad UV-Vis 

absorption spectrum with low band gap of 1.3 eV in comparison to that of 23. A PCE 
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of 4.02% was realized for the 24:PC71BM (1:3) device using pyridine as the additive 

in film solution processing. On the basis of these fruitful results, the 

acceptor-donor-acceptor (A-D-A) type porphyrin small molecules were further 

optimized by using diketopyrrolopyrrole (DPP) moieties as the electron-withdrawing 

group.
71

 DPP is a rigid and planar building block used in OPV materials as 

electron-accepting units to lowering HOMO energy levels.
73

 The new electron donor 

porphyrin (25) possessing a visible to near-infrared response gave the PCE of 3.71% 

(Figure 1-10). Also the linking of DPP to the porphyrin by triple bond can enhancing 

intermolecular π-π stacking and facilitating intramolecular charge transport, since it 

has adequate s-orbital components, and its fluent cylinder-like π-electron density is 

more adaptable to conformational and steric constraints. In addition, using pyridine as 

a solvent additive led to a record efficiency of 4.78%. This could be attributed by 

disrupting the intermolecular π-stacking by coordination to Zinc in porphyrin center 

Figure 1-11 Molecular structures of porphyrin-based donor components. 

Peng et al. further synthesized a serial of structure modified 

meso-ethynyl-bridged trans-A2B2 diketopyrrolopyrrole (DPP) functionalized 

porphyrin (26~29). As one of the best small molecule donor materials to date, those 

DPP-porphyrin with four meso-position substituents conjugated to porphyrin-core 

realized high PCEs over 8% in BHJ OSCs, which is compatible to the most promising 

small molecules (DTS- and BDT-based SMs) reported previously. Compared to the 

DPP-porphyrin donor material (25), vertical meso-substititions of 4-octyloxy-phenyl 

group in 26 instead of 3,5-di(dodecyloxy)-phenyl, results in less steric crowding 

(Figure 1-11).
69

 It was found that using less bulky substituents at meso-position could 
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facilitate a stronger intramolecular π-π interactions in the solid state, produce a broad 

absorption spectrum entended into the NIR region, also enhance the hole mobility. 

Under the the optimal conditions, the device gave an impressive PCE of 7.23% (6.83% 

on average over ten devices) with an outstanding JSC value of 14.96 mA cm
−2

. Gao et 

al. later replace the 4-octyloxy-phenyl group with 2-ethylhexylthienyl groups on the 

porphyrin core in 27, leading to enhanced intermolecular π-π stacking and 

intramolecular charge transport.
4
 On the other side, porphyrin has been recongnized as 

a member of low energy losses molecule family with an A-π-D-π-A push-pull 

framework. The energy loss (Eloss), which connects Eg and VOC, defined as Eloss= Eg − 

eVOC, is an important parameter to evaluate solar cells.
74

 The Eloss of porphyrin-based 

small molecules is very similar to the highly efficient perovskite solar cells (Figure 

1-11). Perovskite as an outstanding organic-inorganic hybrid solar cells with <0.5 eV 

Eloss values which indicates the high voltage for perovskite results from strong 

inversion at the grain boundaries, with large conduction and valence band differences 

between bulk and grain boundaries.
75

 Thus porphyrin-based SM OSCs have the 

opportunity to compete the other high performance applications, and their efficiency 

often kept relative high at such low Eloss values.
76,77

 To investigate the influence of 

different lengths of side-chains on the thiophenyl subsititions and different additives 

in solution-processing on the morphology properties, the same group also developed 

three different porphyrin molecules 27, 28 and 29 with 2-ethylhexylthienyl, 

2-butyloctylthienyl  and 2-hexyldecylthienyl meso-substititions on the porphyrin 

center, respectively (Figure 1-11).
78

 Under various solution processing methods, a 

mixed additive approach was employed to optimize the morphology of blend thin 

films, leading to a multi length-scale crystalline morphology via a single-step process, 

exhibiting promising applications for device fabrication with a champion JSC of 19.58 

mA cm
−2

 and a PCE of 9.06%. These results indicate that the new porphyrin-DPP 

molecules with PCE > 9% have bright future in photovoltaic area. 
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Figure 1-12 Molecular structures of porphyrin-based donor components. 

Recently, Sharma and co-workers designed and synthesized a porphyrin 

molecule, 30 with A-π-D-π-A architecture (Figure 1-12).
79

 This molecule possess 

di-cyanovinyl unit as electron-withdrawing group, and the thiophene unit is connected 

to the meso-positions of porphyrin core by triple bond as π-bridge, which can enhance 

the absorption coefficient and lead to a red-shifted absorption spectrum. The device 

based on 30:PC71BM blend gave a PCE of 3.65% and 5.24% without pyridine and 

with 4% pyridine as additives, respectively. To extend the conjugation framework and 

enhance intermolecular π-π interaction, the same group further synthesized 31 

(Figure 1-12).
80

 In this compound, 3,3''-dihexyl-terthiophene (TT) units containing 

3-ethylrhodanine acceptors were symmetrically conjugated to porphyrin core. The 

introduction of the long alkyl chain to the porphyrin and terthiophene increases the 

solubility. The device based on 31:PC71BM active layer results a PCE of 5.50 %. 

Wong’s group also developed new aliphatic meso-substited porphyrin ring to 

increase the solubility and suppress the molecule unordered-assembly in the blend 

film (32, Figure 1-12).
81

 To investigate the effect of meso-substituents on the device 

performance, three A-D-A type porphyrin-based small molecules were designed and 

synthesized, including two different peripheral aromatic substituents. Through the 

structure-property studies by UV-Vis absorption, electrochemical analysis, 

morphology and OPV performance characterizations, it was found that aliphatic 

10,20-meso-position substitutions on porphyrin core could facilitate better solubility, 

javascript:void(0);
javascript:void(0);
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optimize the film morphology and enhance the charge transport via stronger 

intermolecular π-π stacking, resulting in higher hole-mobility in film.
82

 A high PCE of 

7.70% was achieved based on 32/PC71BM blend film. At the same time, the device 

with an inverted structure was fabricated based on 32/PC71BM and an impressive 

performance with PCE of 7.55% and long-term stability was demonstrated. In the 

tesing, the inverted cell structure can retain 83% of the original PCE value after 30 

days outside-storage. 

 

Figure 1-13 Molecular structures of porphyrin-based acceptor components. 

In addition to using porphyrin-based small molecules as donor material, the 

studies of porphyrin-based non-fullerene acceptors in BHJ solar cells were reported 

recently. Heeger’s group developed a porphyrin-C60 dyad 33 (Figure 1-13), which 

can self-assembles into a well-defined three dimension structure with ordering 

arrangements in the solid state.
83

 Because of the π-π interaction and intercolumnar 
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C60-C60 interaction, a supramolecular double cable solid-state structure with 

continuous channels was formed. In blends with the polymer Si-PCPDTBT, charge 

transfer and charge generation were observed between donor and acceptor materials. 

Compared to the tradition acceptor materials (PC61BM), the efficiency of solar cells 

based on 33 as acceptor moiety showed a slightly lower PCE of 3.35% with a VOC of 

0.66 V, a JSC of 13.6 mA cm
−2

 and a limiting FF of 0.37. To explore the effective use 

of porphyrin-based small molecules in n-type materials, the same group further 

reported a similar porphyrin-C60 structure 34 with an additional bulky group 

substituted on the C60 moiety (Figure 1-13), leading to the intercolumnar C60-C60 

interactions.
84

 The PV device fabricated from the 34 and the low bandgap copolymer 

PCPDTBT afforded a PCE of 3.36%. 

Recently, You and Therien groups synthesized two A-D-A based porphyrin dyes, 

35 and 36 by connecting the two isoindigo units to Zn(II) porphyrin core through 

ethyne-bridge (Figure 1-13).
85

 Also they have been tethered either electron-rich or 

electron-deficient units onto the Zn(II) porphyrin core to tune the optoelectronic and 

photovoltaic properties. Both 35 and 36 exhibit intense Q-state derived S0→S1 NIR 

transitions and total visible spectral domain integrated oscillator strengths that exceed 

2. And both 35 and 36 show greater total absorptivity per unit mass than 

poly(3-hexyl)thiophene in the 375-900 nm wavelength range where solar flux is 

maximal. But there is no significant photocurrent could be obtained from the films of 

P3HT/36, whereas P3HT/35 devices reliably gave efficiencies of 0.3–0.5%. The best 

P3HT/35 devices gave a JSC of 2.43 mA cm
−2

, FF of 0.29 and the VOC of 0.79 V were 

comparable to those reported for high-efficiency OPV compositions that feature 

acceptor molecules. Finally, this work demonstrates that high oscillator strength 

porphyrinic chromophores, conventionally utilized as electron donors in OPVs, and 

also exploited as electron acceptors. 

Then, Li’s group prepared a star-shaped dye, 37 by loading the perylene bisimide 

groups on porphyrin core and used as electron acceptor in non-fullerene organic solar 

cells (Figure 1-13).
86

 The new conjugated molecule exhibits aligned energy levels, 

good electron mobility, and complementary absorption with a donor polymer. These 
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advantages facilitate a high power conversion efficiency of 7.4% with JSC of 14.5 mA 

cm
−2

, VOC of 0.78 V and FF of 66%. These results indicate the highest photovoltaic 

performance of porphyrin derivatives as the acceptor in non-fullerene organic solar 

cells. However, 37 have two limitations in BHJ OSCs as non-fullerene electron 

acceptor: (1) relatively low absorption coefficient in the NIR region and (2) high 

energy losses (0.70 eV). 

Based on the reported optoelectronic and photovoltaic properties of porphyrins 

they have been consider as suitable candidates for OPV studies and significant efforts 

have been devoted to porphyrin-based organic solar cells (OSCs). Therefore on the 

basis of above fruitful results of porphyrins in OSCs, we believed that 

porphyrin-based small molecules can play a more important role in BHJ OSCs with 

fine-tunable optoelectronic and photovoltaic properties after judicious structural 

modification.  

1.3.2 Dithienosilole (DTS)-Based Small Molecules 

Dithienosilole is a strong electron donating group obtained by the substitution of 

group IV atom such as Si in cyclopentadithiophenes structural motif. Heeger, Bazan 

and coworkers synthesized a series of D1-A-D2-A-D1 molecules contain DTS central 

donor core, pyridyl[2,1,3]thiadiazole (PT) acceptor units and bithiophene endcaps.
40

 

Among these molecules, p-DTS(PTTh2)2 (38) exhibited good solubility, strong optical 

absorption and high hole mobility (Figure 1-14). After the careful purification of 

material and device optimization, a record efficiency at that time, 7% was achieved 

based on the blend film of 38/PCBM. By keeping the affinity of PT unit towards 

acidic PEDOT:PSS anode layers in mind, the same group further introduced the 

electron-poor fluorine atom onto the benzothiazole group, which can substantially 

increase the stability of device application.
87

 After the optimization process, the 

device of p-DTS(FBTTh2)2-based (39) showed an efficiency of 9% (Figure 1-14). 

Also, it has been proven that the use of optical spacers and the incorporation of high 

molecular weight, non-conducting polymer additives to increase film thickness.
88,89

 



23 

 

Figure 1-14 Molecular structures of DTS-based donor components. 

On the other hand, Chabinyc et al. found that the replacement of a carbon atom 

by a silicon atom in the cyclopentadithiophene unit can significantly influenced the 

photovoltaic performance.
90

 Further, to investigate the structure-property relationship 

of heterocyclic fused bithiophene-based high performance small molecules, Moon and 

Sun’s group developed a series of analogues with different bridging atom, such as C, 

Si and Ge (39, 40 and 41 in Figure 1-14).
91,92

 Compared to Si-cored compounds, 

molecule with Ge atom increases the overall curvature of the molecule, and can 

exhibits slightly greater tendency to form crystalline domanis, leading to slighter 

smoother TEM and AFM images with slightly higher efficiency of 7.3%. 

1.3.3 Benzodithiophene (BDT)-Based Small Molecules 

Start from 2010, Yang’s group reported a series of high performance 

polymer-based photovoltaic devices containing two dimensional conjugated BDT 

units.
93

 Because of the rigid and planar structure of BDT unit, it was widely used in 

high performing OPV donor polymers.
94,95

 In 2011, Chen and coworkers synthesized 

a molecule 42 which contained unsubstituented BDT as the central building block and 

electron-withdrawing alkyl cyanoacetate group as the end-capped group (Figure 

1-15).
96

 This small molecule showed a PCE of 5.44%. In the same period, a number 
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of high performance molecules listed in Figure 1-15 (43~48) were designed and 

synthesized for photovoltaic applications. These studies explore the photovoltaic 

properties of BDT-based donor small molecules, with a fullerene derivative as an 

acceptor, using solution processing in organic solar cells. 

A series of BDT-based molecules were constructed featuring A-D1-D2-D1-A 

framework with thiophene-substituted BDT as the center unit and rhodanine 

derivatives as the electron-withdrawing end-capped group. The main differences in 

these molecules come from the substituent groups attached to the BDT core, 

side-chain engineering on BDT unit and end-caps variation. As reported, the 

introduction of the 3-ethylrhodanine as terminal group can lower the band gap, thus 

leading to the absorption spectra significantly bathochromic-shifted with a broader 

absorption, and also indicated that is one of the excellent electron-withdrawing group 

in small molecules solar cells. Under the illumination of AM 1.5 G 100 mW cm
−2

,the 

solar cell devices of molecule 45 displayed a higher JSC of 12.1 mA cm
−2

 in 

comparison to the device of 43 (8 mA cm
−2

) with octyl cyanoacetate terminal (Figure 

1-15).
97

 To investigate the influence of different substituent groups on BDT unit, 

Chen and coworkers introduced: 1) branched alkoxy chain; 2) branched alkylthiol 

chain; 3) linear aliphatic chain; 4) alkylthienyl; 5) alkylbithienyl attached to both 

flanks.
47,97-99

 The optical properties and energy levels were fined tuned by the 

different vertical substitutions on the central unit. Interestingly, the branched 

alkylthiol chain substituted BDT based device showed an impressive PCE of 9.95% 

with VOC of 0.92 V, JSC of 14.61 mA cm
−2

 and a FF of 0.74. Replacing the thiophene 

to thieno[3,2-b]thiophene (TT) provided an efficient π-orbital overlap between 

conjugated side-chain, enhanced molecular ordering and hole mobility, resulting in 

high fill factors (52, Figure 1-15).
100

 Kan et al. synthesized 52 and it was exhibited a 

PCEs of 8% with FF over 70%. These good results were ascribed to the conjugated 

thieno[3,2-b]thiophene motivate exhibits ordered molecular packing, preferable 

morphologies with feature size around 20–30 nm, and well-balanced charge transport 

abilities. 

Y. Yang and coworkers reported molecule 50 with 3-octylrodanine as the 
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electron withdrawing end group.
101

 The introduction of long linear alkyl chains to the 

electron acceptor units can improve solubility and film quality. The single junction 

device exhibited PCE of 8.02% under AM 1.5 G irradiation. The homo-tandem solar 

cells were constructed with a novel interlayer (or tunnel junction) consisting of bilayer 

conjugated polyelectrolyte exhibited high PCE of 10.1%. 

Figure 1-15 Molecular structures of BDT-based donor components. 

To achieve a lower HOMO energy level and thus a higher VOC, Li et al. 

synthesized molecule 53 by replacing the alkylthio side chain with alkylthio-thienyl 

side chain on BDT central. In these molecules terthiophene acts as π-conjugated 

bridge and end-capped with 3-ethylrhodanine group.
102

 The introduction of 

alkylthio-thienyl side chain onto the electron-donating unit can effectively 

downshifted the HOMO energy level, slightly red-shifted absorption, and enhanced 

hole mobility resulting in improvement of photovoltaic properties without solvent 
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additive or post-processing. The device based on 53:PC71BM demonstrated the high 

PCE of 9.20% without any extra treatment, and the active layer thickness up to 300 

nm can still afford a high PCE of 7.58% with no more treatment. 

Although there have a certain number of published papers demonstrate the 

single-junction BHJ OPVs over 9% PCE, the less examples of solution processed 

OSCs to be applied in large-scale industrial production. One of the challenges in 

printing OPV devices is the high performing material systems require the optimal 

active layer thickness of 80–120nm, since it is difficult to produce thin films without 

any pin-hole at high printing speed.
103

 This drawback of OPV technology can be 

relieved by printing thick films with thickness over 200 nm, but the longer distance 

from electrons or holes move to the electrode will increases the bimolecular charge 

recombination, further decreases the fill factor and the PCE. Going with the 

development of BDT-based SM OSCs, Sun et al. made slightly difference in the 

arrangement of alkyl side chains based on the 47, and obtained a molecular nematic 

liquid crystalline material (51). This liquid crystallinity was credited with providing a 

high fill factor of 77% in the optimized device and helped to maintain good device 

performance of 8.7% even in 250 nm thick active. 

A series of 2D BDT-based active materials with various numbers of 

benzodithiophene (BDT) units were synthesized by Lee’s group. In these molecules, 

54 largely influence the construction of a well-defined interconnected structure and 

allowed blend morphology to be optimized without any further treatment. The 

systematically controlled morphology of the 2D-BDT material helps to achieve PCE 

of 8.56% and a high FF of 0.73. Due to the strong induced intermolecular interaction 

of two BDT units, the 54:PC71BM blend of OSC achieved a PCE of 7.45% with 

reduced charge recombination and well-constructed morphology. 

1.3.4 Oligothiophene-based small molecules 

It was emphasized that thiophene unit is always best building block used in most 

of the organic semiconductors. The oligothiophene unit can be obtained by the 

tethering of several thiophene moieties, functioned as an efficient electron 

transporting building block in either small molecule or polymer OPV application.  
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In 2006, Bäuerle et al. first introduced dicyanovinyl unit as very strong electron 

withdrawing unit as well as end cap group for the molecules (55, Figure 1-16) with 

A-D-A type structure.
104

 Compared to the thin film of quinquethiophene, A-D-A 

molecule can decrease the optical band gap efficiently, thus high open-circuit voltage 

values of up to 1.0V. Under the vacuum processing, these molecules exhibited a PCE 

of 3.4% with VOC of 0.98 V, JSC of 10.6 mA cm
2
 and FF of 0.49. 

 

Figure 1-16 Molecular structures of oligothiophene-based donor components. 
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Based on the previous studies of dicyanovinyl (DCV) group, a series of new 

capping groups such as alkylcyanoacetate, indenedione, thiobarbituric acid, etc have 

been used in A-D-A small molecules.
105-107

 Among these end-caps, rhodanine is the 

most frequently used building block because C=S bond owns much stronger 

electron-withdrawing ability. So, incorporating 3-ethylrhodanine as the terminal group 

could improve the light absorption ability and bathochromic-shift, thus produce high 

JSC value. 

Herein, Chen’s group has designed a new molecule 58 (Figure 1-16) containing 

seven thiophene units as the electron transmission channel and   

2-(1,1-dicyanomethylene)-rhodanine as the end capped. This 58 and PC71BM blend 

film showed a smooth morphology with an interpenetrating network. The device 

efficiency reached 9.30% with VOC of 0.91 V, JSC of 14.87 mA cm
−2

 and FF of 

0.687.
46

 After achieving the best performance in small molecule OCSs, Chen’s group 

continued to synthesize a series of oligothiophene-RCN based donor materials. 

Among them, 56 and 58 displayed efficiencies of 10.05% and 9.4%, respectively. The 

device based on 56, 58 and 60 with odd number oligothiophene shows a much higher 

short-circuit current than that for 57 and 59 with even number oligothiophene chains, 

since the blend of donors/PCBM formed bicontinuous interpenetrating networks with 

spatial symmetry effects. Replacing the 2,2’-bithiophene unit in 59 with 

thieno[3,2-b]thiophene (TT) in 61 led to a narrow energy band gap and strong 

intermolecular interactions.
108

 And 61 based devices exhibited PCEs up to 8.11% that 

was mainly benifited from the appropriate balance between the molecular structure 

and morphology. The morphology of 61:PC71BM was investigated by the 2D 

grazing-incidence x-ray diffraction (GIXD), and small highly crystalline domains 

were observed which is favorable for charge transport and high device performance. 

Based the fast development of the small molecule OSCs, it is believed that a 

PCE of up to 12% for a single junction small molecule-based OPV can be achieved in 

the near future by continuous efforts in the design and synthesis of new A-D-A small 

molecules, together with morphology control and device optimization. 

 



29 

1.3.5 Other Moieties-based Small Molecules 

Figure 1-17 Molecular structures of phenothiazine-based donor components. 

Phenothiazine (POZ) contains electron-rich nitrogen and sulfur heteroatoms in a 

heterocyclic structure with high electron-donating ability, and its nonplanar butterfly 

conformation can sufficiently inhibit molecular aggregation and the formation of 

intermolecular excimers.
109

 Meanwhile, the 10-substituent on N can further enhance 

the charge separation at the oxide solution interface. Furthermore, the two phenyl 

groups are arranged in a small torsion angle related to N(10) and S(9) atoms, so that 

π-delocalization can be extended over the entire chromophore. Recently, Sun and 

co-workers reported two different new A-D-A structured small molecules based on 

electron-rich POZ unit.
110,111

 First, they used POZ units as electron transport bridge to 

construct 62 containing an electron rich BDT unit as building core and end-capped 

with 3-ethylrodanine units (Figure 1-17). In addition to suitable energy levels and 

strong absorption spectra, the symmetrical structure is expected to enhance π-π 

stacking interactions, which could be beneficial for promoting a high hole-mobility. 

As hole-transporting materials in perovskite solar cells, a PCE of 13.2% was achieved 

for 62 without any additives. In BHJ OSCs, a PCE of 6.9% obtained through 

optimization. Subsequently, another POZ-based difunctional material (63) was 

constructed from POZ unit as core building block. The 63-based devices yielded 

promising PCEs of 7.44% and 12.8% in BHJ OSCs and perovskite solar cells (PSCs), 

respectively. 
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Figure 1-18 Molecular structures of IDT-based donor components. 

At the very start, the indacenodithiophene (IDT) unit has showed immense 

interest as electron-donating building block for conjugated polymers for photovoltaic 

application due to its large and rigid planar conjugated structure.
112,113

 As five-ring 

polycyclic moiety, IDT contains the three aromatic rings are in conjugation, and a 

bridging atom fixes coplanarity between the adjacent rings, which can enhance the 

π-electron delocalization and promote intermolecular π-π interaction, thus beneficial 

for charge transport in devices.
114

 As a result the IDT-based polymers generally show 

a high and stable field effect hole mobility, and a hole mobility as high as 1 

cm
2
V

−1
s

−1
.
115

 Hou and co-workers were inspired to utilize IDT unit to construct 

D1-A-D2-A-D1 type molecules containing bithiophene chain ends and BT acceptors 

(64, Figure 1-18).
116

 Further, Wang and co-workers designed and synthesized 

indacenodithiophene based small molecules with D1-A-D2-A-D1 type linear 

framework containing difluorobenzothiadiazole (65, Figure 1-18).
117

 The fluorine 

substituted building block often has a great influence on inter- and intramolecular 

interactions, which plays an important role in the solid-state polymer organization 
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with a cofacial π-π stacking. Compare to the 64, the combination of the advantages of 

the thiophene π-bridge and multiple fluorinated BT units, resulted in the lower 

HOMO energy level and improvement of charge transport and PCE. On the other 

hand, inserting the thiophene moieties between the IDT unit and 

difluorobenzothiadiazole also benefit to improve the JSC, since the absorption 

intensity in the region of UV-Vis region enhanced significantly. The results showed 

that 65 based devices with solvent vapor annealing treatment gave a high PCE of 8.1% 

with further enhancement in charge carrier mobility and very-high FF of 0.76. Later, 

same group further synthesized a series of IDT-based small molecules consisting of 

various π-conjugated spacers such as furan, thiophene and selenophene between IDT 

core and the difluorobenzothiadiazole unit (66).
118

 The alteration of the π-conjugated 

spacer enables fine-tuning of the opto-electronic properties of the small molecules, 

and consequently charge-transport properties, the morphology of the photoactive 

films, and the photovoltaic properties. 67 and 66 showed PCE over 8%, while a 

furan-bridged molecule performed significantly lower (Figure 1-18).  

 

Figure 1-19 Molecular structures of IDT-based oligomer donor components. 

Wang et al. have reported a series of oligomers (68~71, Figure 1-19) with the 

variations of spatial symmetry core units, conjugation lengths, and the different 

numbers of electronegative fluorine atom, which contain 4, 6, 8, and 10 fluorine 

substituted backbone, respectively.
119

 Among them, 69 showed the highest PCE of 9.1% 

with the highest FF of 0.76. To exploit new type IDT-based molecules, incorporation 
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of diketopyrrolopyrrole derivatives (A1) and difluorobenzothiadiazole (A2) substituted 

IDT units produces a serial of narrow band gap D2-A2-D1-A1-D1-A2-D2 type small 

molecules (72) with an extended π-conjugation.
120

 As a result of strong electron 

coupling between the IDT units and different electron-accepting units, 72 exhibited a 

broad absorption range from 300 to 900 nm. Meanwhile, compound 72 prosesses two 

different strong acceptor cores (DPP derivatives and difluorobenzothiadiazole) to 

maintain the low bandgap and low-lying HOMO energy level. The champion PCE of 

7.00% has been achieved under solvent vapor annealing treatment, and an excellent 

fill factor (FF) of 0.73 and relatively high VOC of 0.89 V were noticed. 

 

Figure 1-20 Molecular structures of indene-1,3-dione end-capped donor components. 

Wei et al. developed a series of dialkoxylphenylene and benzothiadiazole based 

monomers (73~76, Figure 1-20), and their derivatives end-capped with 

2-methylene-indene-1,3-dione 75 and 76 were also developed. An effective approach 

to planarize the conjugated structure is to create noncovalent attractive interactions 

such as intramolecular hydrogen bonds, dipole-dipole interactions, etc between 

neighboring moieties. Noncovalent intramolecular O∙∙∙S interactions between alkoxy 

substituents and thiophene rings have been demonstrated as an effective for 

minimizing torsional angles within backbones.
121

 Going with the increasing the 

coplanarity of skeleton with close solid-state π-π stacking, both exciton delocalization 

and their transport characteristics can be improved. Devices of 76 exhibited a high 

PCE of 9.25% could be ascribed to the increased light absorption ability and 

hole-mobility, 
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1.4 Other Porphyrin-Based Applications in Organic Solar Cells 

1.4.1 Porphyrin-Based Hole Transport Materials 

Perovskites solar cells (PSCs) are the hybrid organic-inorganic solar cells based 

on organometallic lead halide perovskites have been attracted significant attention 

during the recent years and PCEs were dramatically improved from 3.8% to over 

20% .
122,123

 The indispensable part of PSCs is hole transporting material (HTM), 

which extracts holes from perovskites and transport them to the electrode through 

appropriate regenerative cycles for the holes left in the oxidized sensitizers after 

photon absorption and electron injection. 

Solid-state hole transporters are mainly divided into three main categories: 

inorganic, polymeric, and small organic molecule HTMs. As the most common 

inorganic HTMs, CuSCN shows high hole mobility and low cost, but suffer from the 

disadvantage that the solvent used for its deposition can partially dissolve the 

perovskite, therefore, decrease the devices stability.
124

 

(Poly-[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA, Figure 1-21) is the first 

polymer tested in PSCs.
125

 Although PTAA holds the record for the highest PCE 

reported from any polymeric HTM, which has some drawbacks such as complicated 

purification process, low solubility, undefined molecular weight, and a poor 

infiltration into the nanostructured material.
126

 

 

Figure 1-21 Molecular structures of high performance hole transporting materials. 
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Currently, the most popular organic HTM is the single molecule spiro-OMeTAD 

(71), which offers PCE of over 20%, in PSCs with various device structures.
127

 

Despite offering the best performance as HTM, 77 suffers from high synthesis cost, 

low hole mobility and low conductivity, which limit its potential for massive future 

applications of perovskite solar cells. Therefore, the development of other efficient 

and inexpensive molecular HTMs with optimal electronic properties remains an 

attractive goal for the researchers. 

 

Figure 1-22 Molecular structures of phthalocyanine-based hole transporting 

materials. 

Recently, the complexes of phthalocyanine have applied as as HTMs in PSCs. A 

relatively simple and inexpensive material of Cu(II) phthalocyanine (5) was reported 

by Lianos et al. as the HTM in mesoscopic PSCs and the PCE of 5% only achieved.
128

 

As the precursor of phthalocyanine, boron subphthalocyanines (79, Figure 1-22) have 

excellent thermal stability and are highly attractive as photon absorbing materials in 

organic solar cells. Due to the symmetrical 14-π electron configuration of 79, same 

group utilize 79 as HTM alternatives of 77 and 6.6% PCE was obtained under the 

vacuum processed.
129

 However, slow degradation was found in the device when the 

perovskite was covered with CuPc (5) or SubPc (79). 
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To suppress the aggregation of CuPc (5) on the metal oxide semiconductor 

surface, a symmetrically bulky substituted phthalocyanine (80) has been synthesized 

and used for organic HTM in PSCs by Nazeeruddin’s group. With the optimized 

conditions for additives, Zn(II) octa(2,6-diphenylphenoxy)phthalocyanine in PSCs 

achieved a maximum power conversion efficiency of 6.7%.
130

 Hence, this work 

demonstrates that phthalocyanine can be used as a better HTM for perovskite solar 

cells as well as paves route to develop new systems based on these highly stable and 

hydrophobic molecules to enhance PCE and overall stability of the perovskite solar 

cells. 

Following pervious works, same group developed a serial of amino donor groups 

substituted Zn(II) phthalocyanines 81, 82 and 83, were obtained via 

cyclotetramerization of corresponding phthalonitriles (Figure 1-22). According to the 

UV-Vis spectra and cyclic voltammetry measurement, efficient exciton dissociation 

and charge transfer occurred at the interface between perovskite and HTM. After 

optimized perovskite solar cell devices, the JSC values evaluated from J-V curves were 

16.2, 8.42, and 16.9 mA cm
−2

, respectively, while the VOC is approximately to 1V. A 

PCE of 11.75% was achieved by 77, which is good performance in perovskite solar 

cells with phthalocyanine-based HTMs. Then, Cho et al. synthesis another series of 

easily accessible Zn(II) phthalocyanines as hole-transporting materials, in which 

tetra-tert-butyl (84), tetra-5-hexylthiophene (85) and tetra-5-hexyl-2,2′-bisthiophene 

(86) appended at the periphery position of phthalocyanines. The optimized devices 

exhibited a PCE of 13.3% when using 84 as HTMs, 15.5% for 86, and outstanding 

PCE of 17.5% for 85. The resulting difference in photovoltaic performance was 

performed by SEM imaging, and the flower-type brunched micrometer-size 

aggregation were formed by 85, while 84 present a very homogeneous surface and a 

little bit aggregation was identified in 86. And the results demonstrate that the 

amorphous aggregated structures in the phthalocyanines-based HTM layer can 

enhance the device performance. Moreover, the molecular engineering of 

phtalocyanine-based HTMs has large potential to achieve highly efficient PSCs with 

high stability, low costs and easy synthesis. 
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Porphyrins are photo- and electrochemically stable compounds structurally 

related to phthalocyanines, with remarkable light-harvesting capability in the visible 

and near-IR spectral regions where the maximum solar photon flux occurs. For these 

reasons, researchers have started to explore the use of porphyrin as HTMs in PSCs. 

Follow up the studies on employing chlorophylls (Chls) as the electron 

donor/acceptor components for different organic solar cells application, Li et al. 

utilize a zinc Chl derivative (87) and two carboxylated Chl derivatives (88 and 89) to 

PSCs as the hole transporting layer.
131

 In the light-harvesting complexes of natural, 

Chls function as light absorbers, and the resultant singlet energy is delocalized and 

transferred among Chl superassemblies toward the reaction center. As is known to all, 

Chls are the most abundant light-harvesting complexes possess highly orientated and 

organized structures in natural phototrophs, which can form regular cylinder-shaped 

π-packing aggregates in the solid state to capture photons, thus employing the 

self-aggregated Chls for light-harvesting followed by excellent exciton delocalization 

and charge transport. With the J-aggregation properties, 87 were fabricated in 

biocompatible Chl-sensitized PSCs, and the high carrier mobility was estimated by 

the use of OFET measurement to be 6.2 × 10
−4

 cm
2
V

−1
s

−1
. At last, the JSC, VOC, and 

PCE values of 87-based PSC are 12.69 mA cm
−2

, 0.69 V, and 4.59%, respectively. 

 

 

Figure 1-23 Molecular structures of porphyrin-based hole transporting materials. 
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 According to the above works, Li et al. connect two dodecyl groups to the 90 in 

the esterifying substituents of 87, which can increase the solubility in nonpolar 

solvents and high-quality thin film organization of the molecular self-assemblies as 

well as depress the tendency to aggregations (Figure 1-23).
132

 Therefore, further 

improvement of hole mobility can help 90 collect more holes generated spontaneously 

so that a high PCE of 11.44% can be achieved with JSC of 20.92 mA cm
−2

 and FF of 

65.9%. Moreover, 90 based HTMs work efficiently without any additives and dopants 

to enhance its charge-carrier bility, such as Silver(I) 

bis(trifluoromethanesulfonyl)imide (Ag-TFSI) and tris(2-(1H-pyrazol-1-yl)pyridine)- 

cobalt(II) di(hexafluorophosphate) (FK102), since relatively high hole mobility could 

be beneficial to efficient hole-transport in PSCs. 

With experiences from porphyrin-based small molecules in OPV and DSSCs, 

extending the porphyrin backbone by inserting ethynyl groups between porphyrin 

cores and end-capped is one effective way to boost charge transports ability. 

Consequently, Yeh’s group developed two Zinc porphyrin-ethynylaniline molecules 

(91 and 92) as HTMs for PSCs, and the molecular design is generally follow up the 

porphyrin sensitizers in DSSCs (Figure 1-23).
133

 The PCE of 91 and 92 are 16.60% 

and 10.55%, respectively, specifically with JSC reaching 22.82 mA cm
−2

 under high 

moisture resistance. 

1.4.2 Porphyrin-containing electron donor polymers 

 

Figure 1-24 Molecular structures of porphyrin-based donor components. 

Regarding the fast development of porphyrin-based small molecules, the 

incorporation of porphyrinoid macrocycles as side chains in conjugated polymers was 
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also repored. Li and Wang’s group developed a family of polymers featuring 

quinoxalino[2,3-b′]porphyrin as new electron-deficient building block.
134-136

 They 

designed and synthesized three D-π-A alternating polymer with edge-fused 

quinoxalino[2,3-b′]porphyrin as acceptor unit and carbazole as donor unit (93~95 in 

Figure 1-24). Other than the simple building block in the copolymer, porphyrin units 

were used to extend the π-conjugated system and facilitate the intramolecular charge 

transfer. With the different length of oligothiophene π-bridge, their energy levels and 

charge transport properties can be easily tuned in a range of 1.67~1.73 eV and 

3.1×10
−6

~3.3×10
−5

 cm
2
V

−1
s

−1
, respectively. Wherein, variation of the conjugation 

length played an important role in the molecular architecture and optoelectronic 

properties of the copolymers, and the absorption onset in films is red-shifted from 

monothiophene to terthiophene bridges. As a result, 95 based device afforded 

efficiency of 2.53% while 93 based devices gave a PCE of 0.97%, and 94 based 

devices gave a PCE of 1.97%. 

On the other hand, a series of low band gap conjugated polymers were reported, 

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

diketopyrrolopyrrole (DPP), and oligothiophene linker between them (Figure 

1-24).
137

 The device based on 96 with a proper feed ratio (10 mol %) of QP exhibited 

a highest PCE of 5.07% with high JSC of 11.85 mA/cm
2
. Also the PCE of this 

molecule is 3 times higher than that of reported pristine D-A copolymer. Although 

there are several options to introduce the porphyrin derivatives, it is not easily to 

achieve high efficiency to construct the D-A alternating polymer backbone bearing 

porphyrin as electron-donating groups, no matter the linkage is conjugated bond or 

non-conjugated bond. 

Hsu et al. reported a porphyrin incorporated 2D donor-acceptor copolymer, 97. 

The BHJ OSC device of this copolymer showed an efficiency of 8.6% (Figure 1-25). 

More importantly the efficiency of 97 is high compared to other electron donor 

polymers reported for BHJ OSCs.
138

 The long alkoxy side chains presented on the 

meso-phenyl units can reduce the dye aggregation, while the meso-ethynyl linkages 

extend the conjugation. This copolymer exhibits balanced Soret (UV region) and ICT 
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(visible region) band with panchromatic absorption. Also an impressive PCE of 8.0% 

is reported for inverted BHJ solar cell devices of 97 in the presence of no additives. 

The efficiency is further improved to 8.6% (8.4% on average) with the use of 

1-chloronaphthalene (1-CN) additive and fullerene-based cathodic interlayer.
139,140

 

Finally, this study provides a promising approach to achieve high performance PSCs 

by introducing a third component into well-performed D-A conjugated copolymers 

through balanced light absorption and electronic energy levels. 

 

Figure 1-25 Porphyrin-based polymer material currently showing high efficiency in 

BHJ OSCs. 

1.4.3 Porphyrin-Based Ternary Organic Solar Cells 

Porphyrin family have also been demonstrated as successful SM active materials 

owing to their superior light-harvesting capability in the visible region and freely 

tunable photophysical and photochemical properties by facile structural 

modification.
141

 However, porphyrin based materials have an intrinsic disadvantage 

with an absorption dip between the Soret and Q bands, thus limiting their cell 

performances.
52

 Without doubt, very few organic molecules fulfill those properties 

simultaneously to guarantee high performance, including excellent film morphology, 

good solubility and miscibility in organic solvents, wide and efficient absorption 

spectrum, appropriate energy levels, high charge transport, etc. 
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Thanks to the new concept of ternary organic solar cells which provides a new 

strategy to realize panchromatic absorption spectrum of organic semiconductors into 

the near IR region, thus enhancing the light harvesting properties as well as the power 

performance.
24

 Nevertheless, extending the absorption into near-infrared (NIR) region 

is still a challenging bottleneck for high performance BHJ OSCs. It’s very emergent to 

design and synthesis efficient near-infrared absorbing molecules for multicomponent 

high performance ternary solar cell systems, which could sustain compositional 

variations and have a stable morphology and push the performance of ternary organic 

solar cells to the next level.
142

 Conjugated porphyrins with suitable acceptors have 

strong absorption in both the blue (Soret or B-band) and red (Q-bands) part of the 

visible spectrum with very high ε. This unique property allows reducing the thickness 

of active layer and thus enhances the charge transport efficiency, specifically in 

ternary solar cells. Moreover, their photo- and electrochemistry can readily be tuned 

through the functionalization of the periphery four meso and eight β-positions; and the 

variation of the metal center. The ultra-freedom of structural modification also enables 

the optimization of their processability in solution and interactions with the electron 

acceptor component. Despite these intrinsic benefits, porphyrin-based molecules with 

extended absorption in NIR region have remained unexplored in small molecule BHJ 

organic solar cells. 

 

Figure 1-26 Porphyrinoid chromophores added as sensitizers in ternary blend OSCs. 

A number of metalloporphyrin compounds 98 and 99 with either one or two 

terthiophene meso-substituents and different metal centers are synthesized by Sessler 

and co-workers and employed them as additional photosensitizers in P3HT:PC61BM 
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BHJ OSCs (Figure 1-26).
143

 The device performance varied with amount of the 

porphyrin materials added in 1–10% weight ratios. Among those devices, the one 

based on the Cu(II) porphyrin conjugates showed the best results and the free-base 

counterparts had the lowest efficiencies, indicating the beneficial role of central metal 

ion. Also it was found that the PCEs were raised obtained from 3.0 to 3.5% for 

mono-functionalized Cu(II) porphyrin. This could mainly be explained by the 

increased JSC. 

 

 

Figure 1-27 a) Energy levels of materials used in the solar cell device. b) UV-Vis 

absorption spectra of PTB7 and DPPEZnP-TEH films. c) Molecular structures of 

DPPEZnP-THE and PTB7. 

Recently, Xie and Peng’s group constructed solar cells using a device structure 

of ITO/cathode interlayer/PTB7:DPPEZnP-TEH:PC71BM/MoO3/Al for solar cell 
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applications.
144

 The light absorbing materials, PTB7 and DPPEZnP-TEH own the 

complementary spectra that can extend absorption of the ternary blends (Figure 1-27). 

Meanwhile, both the multicomponent blending and the interface engineering 

contributed to the reduced recombination and enhanced charge extraction, all 

accounted for enhanced JSC and FF. As a result, the ratio of PTB7:DPPEZnP-TEH is 

7:3 gave the highest solar cell performance of 11.03% with JSC of 18.94 mA cm
−2

, 

VOC of 0.77 V, and FF of 75.63%. 

1.4.4 Porphyrin-Based Tandem Organic Solar Cells 

The fundamental limitation of the energy conversion efficiency in single junction 

solar cells is mainly due to the thermodynamical losses. An effective way to improve 

the PCE of organic solar cells is to use a tandem architecture with a broader solar 

spectrum, which can more efficiently utilize both high energy photons, and reduce the 

thermalization loss of photon energy.
145

 The tandem solar cell can be built by 

combing the front cell made wide bandgap light harvesting layer and a back cell made 

with narrow bandgap light harvesting through an interconnecting layer (ICL). This 

also acts as the recombination center between the two sub-cells. For a tandem cell to 

work well, it is important for the subcells to have complementary absorption 

characteristics and generate high and balanced (matched) currents. This requires a 

rather challenging effort to design and select suitable active materials for use in the 

sub-cells. 

 

Figure 1-28 Chemical structures of the light harvesting materials and absorption 

spectra of the two active layers. 
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Huang and Peng’s group employed a cell structure of 

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

PEDOT:PSS/DPPEZnP-TEH:PC61BM (sub-cell 2)/PF3N-2TNDI/Ag for device 

applications (Figure 1-28).
146

 They employed a newly developed amine-containing 

conjugated polymer PF3N-2TNDI as the electron-transport-layer (ETL) and 

PEDOT:PSS as the hole-transport-layer (HTL) to construct the interconnecting-layer 

(ICL) in the fabrication of tandem OSCs.
147,148

 Because of the complementary 

absorption of wide bandgap sub-cell (sub-cell 1) and a narrow bandgap sub-cell 

(sub-cell 2) they can produce single-junction cells with high efficiency. The main 

absorption range of PThBDTP:PC71BM (1:1.2, w/w) covers from 300 to 667 nm; and 

the absorption spectrum of DPPEZnP-TEH:PC61BM covers a broad range from 300 to 

900 nm. There is an overlap of absorption spectra between the front and back cells 

from 300 to 650 nm, while the extinction coefficient of PThBDT:PC71BM is much 

higher than that DPPEZnP-TEH:PC61BM. Apparently, most of the visible light is 

absorbed by the front cell while the narrow bandgap back cell can also help to harvest 

small portion of the visible light escaped from the front cell. As results, 

high-performance tandem OSCs with PCEs high up to 11.35% and 11.94% were 

achieved under illumination at 100 and 50 mW cm
−2

. 

During the past decade, many wide- and low bandgap materials, especially 

polymers, have been used as donor materials in the front and rear subcells of tandem 

devices. However, many of them own very similar absorption spectra in the single 

cells, which limit the performance of tandem solar cells. Recently, Chen and Peng’s 

group reported tandem cells that make use of two small molecules, DR3TSBDT and 

DPPEZnP-TBO.
148

 Thus, a much redshifted active material with more complementary 

(with less overlap) absorption in the front and back subcells can produce a better and 

more balanced JSC to achieve higher performance in the tandem cells. They employed 

an all-small-molecule cell structure of ITO/CuSCN/DR3TSBDT:PC71BM (sub-cell 

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

applications with a PCE of 12.50% (verified 12.70%) under 1 sun condition and ~13% 

under 0.3 sun condition (Figure 1-29). Importantly, the high performance of the 



44 

solution-processed tandem solar cells barely changes with different thicknesses of 

both the front and rear subcells and under different light intensities. With further 

optimization in interconnection layers and donor materials with complementary 

absorption, this type small-molecule-based tandem cells contained porphyrin-based 

component would enhance the tandem device performance further and thus warrants 

much more investigation. 

 

Figure 1-29 Molecular structures of DR3TSBDT and DPPEZnP-TBO. Normalized 

absorption spectra of DR3TSBDT and DPPEZnP-TBO based blend films (upper 

right). EQE curves of the single-junction devices based on DR3TSBDT and 

DPPEZnP-TBO with an architecture of ITO/PEDOT:PSS/active layer/PFN/Al 

(bottom right). 
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Chapter 2 

Design, Synthesis and Photovoltaic Applicatons of Phenylethynyl 

Bridged A-D-A Type Rhodamine-Porphyrin Small-Molecules 

2.1 Introduction 

(This chapter is partly from my published paper, Solution-Processed New 

Porphyrin-Based Small Molecules as Electron Donors for Highly Efficient Organic 

Photovoltaics. Chem. Comm., 2015, 51, 14439–14442.) 

Because of the increasing demand of energy consumption and the globle 

warming crisis as a result of exaggerate combustion of fossil fuels, it become very 

urgent for the modern society to develop new renewable energy sourses.
1
 Solar 

technology provide one of the most promising alternative due to the unlimited sun 

power sourse. Among different types of solar cells, small molecules based 

bulk-heterojunction (BHJ) organic solar cells is growing very fast as a low-cost 

renewable energy technology, due to their unique advantages of defined structure, 

specific molecular weight, high purity and less batch-to-batch variations to be 

fabricated into light weight, easy fabrication, and the capability large area flexible 

devices.
2-4

 Till now, a great number of small molecules have been developed for BHJ 

OSCs, which  were constructed mainly from three types of electron-donating unit, 

including dithienosilole-benzo-thiadiazole (DTS) derivatives, benzodithiophene (BDT) 

derivatives
 

and oligothiophene derivatives.
5-9

 Previously, porphyrin-based 

photosensitizers have made a huge impact in dye-sensitized solar cells (DSSCs) due 

to their high molar absorption coefficients, suitable energy levels, decent solubility, 

excellent charge transport ability, etc.
10,11

 Porphyrin-based bulk-heterojunction (BHJ) 

solar cells have also been made much progress in the past three years.
12

 Recently, 

Peng’s group adopted an A-π-D-π-A structural configuration to synthesize a serial of 

porphyrin-based donor materials employing DPP as the acceptor unit, and 

successfully achieved outstanding performances with the PCE over 9% for single 

layer,
13

 11% for ternary solar cells,
14

 and 12% for tandem solar cells.
15

 Previous 
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studies shed a light on the high potential of porphyrin-based small molecules OSCs. 

However, there are few reports on the investigation on the relationship of power 

conversion efficiency and different porphyrin derivatives as donor in SM BHJ OSCs. 

2.2 Comparable studies of porphyrin-based small molecules with different 

meso-alkyl substituents for OSCs 

In the conventional porphyrin structures (such as tetraphenylporphyrin), 

peripheral meso-aromatic substituents stand almost orthogonal orientation relative to 

the plane structure, which prevents the intermolecular π-π stacking, as well as 

intermolecular charge transport, thus result in poor solubility in common organic 

solvent and low charge mobility. To overcome these shortcomings of porphyrin-based 

small molecules, three branched alkyl side chains were employed to porphyrin ring as 

donor materials in organic solar cells that can suppress the unfavorable aggregation, 

facilitates electron delocalized and efficient intermolecular charge transfer in the solid 

state.
16,17

 It should be noted that the 5,15-position substituted porphyrin framework 

with meso-alkyl chains instead of meso-phenyl substituents has never been 

investigated in the construction of small molecules for BHJ OSC applications. 

To achieve high PCE, the selection of side chain substituents attached to 

porphyrin core should fulfill the requirement of good solubility in organic solvents for 

solution-processing and appropriate interchain packing for efficient charge-carrier 

transport in solid films. According to the pervious studies in polymer-based OSCs, the 

number, length, branching and position of the side alkyl chains have significant 

influence on the optical, crystal, electronic properties and device performance of the 

photovoltaic materials.
18

 In this chapter, three new porphyrin-based small molecules 

constructed from porphyrin and 3-ethylrhodanine unit have been synthesized and 

investigated. To balance the relationship between solubility and self-assembly 

properties, the branching point was engineered with different distances away from 

meso-position. Our aim is to evaluate the effect of the alkyl chains on the intermediate 

π-π stacking distance, carrier transport ability, VOC and JSC, which are critical for 

photovoltaic performance.  
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2.2.1 Synthesis 

Scheme 2-1 Synthetic routes to CS-I, CS-II and CS-III. 

As shown in Scheme 2-1, three porphyrin-based donor materials (CS-I, CS-II 

and CS-III), where Roman numerals refer to the number of linear carbon atoms 

between the meso-position and the alkyl-chain branching point, were synthesized by 

Knoevengel condensation of their respective precursors with 3-ethylrhodanine. 

Among the many porphyrin-based donor systems studied so far, rhodanine derivatives 

as end-capped moieties are interesting system that provides strong π-stacking 
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structures, and thus high charge carrier mobilities and good photovoltaic 

properties.
19,20

 On the other side, we selected three unsymmetrical meso-alkyl 

substituted porphyrins 5,15-bis(2-octylundecyl)-porphyrin (H2P-I), 5,15-bis(3-octyl- 

1-tridecyl)-porphyrin (H2P-II) and 5,15-bis(4-octyl-1-tetradecyl)-porphyrin (H2P-III) 

as electron rich donor units, and free-base porphyrins were synthesized by acid 

catalytic condensation of dipyrrolylmethane with the corresponding alkyl aldehyde. 

As shown in Scheme 2-1, the alkyl chain 2-1 was obtained by Grignard reaction of 

the corresponding alkyl bromide with paraformaldehyde, followed by oxidation to 

afford R2CHO. And 2-2 was synthesized in several steps, including the formation of 

the corresponding malonic ester from the alkyl bromide, hydrolysis to the acid, 

reduction to the alcohol，and oxidation to R3CHO. After bromination and metalation, 

the precursors ZnPCHO were prepared in about 80% yield via Pd-catalyzed 

Sonogashira reactions between ZnBrP and 

4-ethynyl-2,5-bis(hexyloxy)-benzaldehyde. Subsequently, the Knoevengel 

condensation of ZnPCHO with 3-ethylrhodanine afforded the target molecules CS-I, 

CS-II and CS-III. Because of the long branched alkyl chains directly attached to the 

porphyrin ring, these three π-conjugated small molecules have good solubility in most 

common organic solvent.  

2.2.2 Physical and Electrochemical Properties 

The UV-Vis absorption spectra of CS-I, CS-II and CS-III in dilute CHCl3 and 

thin films are shown in Figure 2-1. In solution, the similar maximum absorption peak 

in B band and Q band of CS-I, CS-II and CS-III not only located at 474, 505 and 698 

nm, but also process similar molar extinction coefficients of 1.6 × 10
−5

 cm
−1

. It should 

be noted that broad absorption in the region of 600 to 760 nm with high absorption 

capacity because of strong electronic coupling between the porphyrin unit and 

acceptor unit. Compared to their absorption in solution, their thin films were prepared 

by spin-coating from 3% pyridine in chlorobenzene solutions show about 

approximately 40 nm red-shifts. Obviously, the broaden Q band absorption from 600 

nm to 850 nm indicates that efficient intermolecular π-π stacking in the solid state. 

Such an ordered packing of small molecules is in favor of achieving efficient charge 
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mobility as discussed below.
21

 It is likely due to the different orientation of side chain 

induce the intramolecular unfavorable crystalline nature which is consistent with the 

shoulder peak appeared at 414 nm in the film based absorption spectra. It is worth 

mentioning that there is broader absorption band of CS-I than the other two small 

molecules in film, which might be a result of the difference in planarity caused by 

orientation of the side-chains that stretch out of the porphyrin ring. Actually, it is 

provides that 2-octylundecyl substitution on the porphyrin backbone can effective 

extended conjugation length contributed by molecular ordered arrangement and 

stronger intermolecular interactions through UV-Vis spectra. Moreover, the optical 

band gaps of CS-I, CS-II and CS-III in the thin films were estimated from the onset 

of absorption to be approximately 1.50 eV, 1.55 eV and 1.54 eV, respectively. 
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Figure 2-1 Absorption spectra of CS-I, CS-II and CS-III in CHCl3 solution (a) and 

in film (b). 
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Figure 2-2 Cyclic voltammogram of CS-I CS-II and CS-III films on a glassy carbon 

disk measured in 0.1 mol L
-1

 TBAPF6 CH2Cl2 solutions with scan rate of 50 mV s
-1

. 

Table 2-1 Cyclic voltammograms data for the porphyrins (CS-I, CS-II and CS-III) in 

CHCl3. 

Comp. Eox,onset[V] Ered,onset[V] EHOMO[eV]
a
 ELUMO[eV]

a
 Eg

CV
[eV]

b
 Eg

Opt
[eV]

c
 

CS-I 0.41 −1.16 −5.12 −3.55 1.57 1.50 

CS-II 0.43 −1.16 −5.14 −3.55 1.59 1.55 

CS-III 0.46 −1.17 −5.17 −3.54 1.63 1.54 

a
 Each measurement was calibrated with ferrocene (Fc). 𝐸𝑜𝑛𝑠𝑒𝑡

𝐹𝑐 = 0.09 V. EHOMO = 

−4.80 − (Eox,onset − 𝐸𝑜𝑛𝑠𝑒𝑡
𝐹𝑐 ), ELUMO = EHOMO + Eg

opt
. 

b
 Electrochemical bandgap 

estimated from the cyclic voltammetry data. 
c
 Optical bandgap estimated from the 

formula of 1240/λedge, λedge is the absorption onset of the solution spectrum. 

Cyclic voltammetry of these three small molecules were measured in the 

solution of CH2Cl2 with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF), 

and calibrated with Fc/Fc
+
 as an external reference (Figure 2-2). The HOMO and 

LUMO energy levels were evaluated from the onset of the oxidation and reduction 

peaks, and all of the electrochemical parameters summarized in Table 2-1. The 

HOMO and LUMO energy levels were calculated to be −5.12 eV and −3.55 eV (Eg = 

1.57 eV) for CS-I, −5.14 eV and −3.55 eV (Eg = 1.59 eV) for CS-II, and −5.17 and 
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−3.54 (Eg = 1.63 eV) for CS-III, respectively. Obviously, the conjugation of a weak 

electron-donating moiety (porphyrin) with a strong electron-withdrawing moiety 

(3-ethylrhodanine) can provide favorable HOMO and LUMO energy levels together 

with narrow bandgaps, thus extends their absorption into NIR region.
19,22

 As expected, 

the suitable band gap (Eg) with low lying HOMO levels is beneficial for achieving 

high open circuit voltage (VOC) in BHJ OSC.
22

 On the other hand, the LUMO levels 

are higher than PC71BM (−3.8 eV) for exciton dissociation, which indicates the high 

suitability for them to act as donors and PC71BM as acceptor in BHJ OSCs. 

Furthermore, the CS-I showed the HOMO energy levels at −5.12 eV, slightly higher 

than those of CS-II and CS-III with the HOMO energy levels at −5.14 and −5.17 eV, 

respectively. 

2.2.3 Device Properties 

The photovoltaic performance of CS-I, CS-II and CS-III based devices were 

fabricated in solution-processed BHJ OSCs with the conventional device structure of 

ITO/PEDOT:PSS/donor:PC71BM/poly[(9,9-bis(3'-(N,N-dimethylamino)-propyl)-2,7-f

luorene)]-alt-2,7-(9,9-dioctylfluorene PFN)/Al, and the PV response were measured 

under AM 1.5 illumination. The donor material can be spin-coated onto the 

PEDOT:PSS layer from its solution with PC71BM in chlorobenzene with or without 

pyridine additive and the mixing weight ratio of small molecule donor material and 

PC71BM was optimized to 1:1. The key device parameters are summarized in Table 

2-2, and the current density-voltage (J-V) characteristics and external quantum 

efficiency (EQE) are shown in Figure 2-3 and Figure 2-4. Usually, large 

π-conjugated structures favor self-aggregation in the solid state, which is not benefit 

for efficient exciton dissociation and charge transporting. Therefore, a PCE of 3.19% 

with VOC = 0.85 V, JSC = 8.41 mA cm
−2

 and FF = 44.79% was achieved for CS-I 

based pristine film without pyridine additive (Figure 2-4). To overcome the 

unfavorable self-aggregation, the coordination of pyridine to the zinc metal in the 

porphyrin core can not only increase the solubility in the organic solvent, but also 

optimize the blend film morphology.
23

 Different concentration of pyridine used in the 

film spin-coating can significantly influences the balance between the absorbance and 
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charge transporting networks in the blend film.
24

 The optimized CS-I based device 

showed the best photovoltaic performance with VOC = 0.90 V, JSC = 13.72 mA cm
−2

 

and FF = 52.12%, corresponding to a PCE of 6.49% in Figure 2-3(a) as compared 

with those of CS-II based device (VOC = 0.85 V, JSC = 6.29 mA cm
−2

, FF = 47.88% 

and PCE of 2.53%), and the CS-III based device (VOC = 0.87 V, JSC = 10.50 mA cm
−2

, 

FF = 56.87% and PCE of 5.12%). Compared to the pristine film, the highly enhanced 

JSC originates from the change of molecular assembly of the zinc porphyrin with the 

specific solvent additive. 
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Figure 2-3 (a) J-V curves of the BHJ OSCs based on donor/PC71BM (1:1) under the 

illumination of AM 1.5G at 100 mW cm
−2

. (b) EQE curve of the devices based on 

donor/PC71BM (1:1) with pyridine additives. 
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Table 2-2 Photovoltaic properties of the OSCs based on donor/PC71BM (1:1, with or 

without additive) under the illumination of AM 1.5 G, 100 mW cm
−2

. 

Donor JSC (mA cm
−2

) VOC (V) FF (%) PCE (%) Additive (v/v) 

CS-I 8.41 0.85 44.79 3.19 No 

CS-I 13.72 0.90 52.12 6.49 3% pyridine 

CS-II 6.29 0.85 47.88 2.53 3% pyridine 

CS-III 10.50 0.87 56.87 5.12 3% pyridine 

VOC is determined by the difference between the LUMO level of the acceptor and 

the HOMO level of the donor, and lower HOMO level of the donor can be expected to 

achieve higher VOC values.
25

 However, the alkyl chain length does not significantly 

influence the VOC, though these three small molecules process constantly decreased 

HOMO energy level in this study. In theory, CS-III should be exhibited highest VOC 

in these three materials because of it low-lying HOMO energy level, but CS-I gain 

the even higher VOC value in the device fabrication. The inconsistence of between VOC 

and LUMO energy level may be explained by the nearer branching point to the 

porphyrin core leading to the weakened intermolecular interactions between the donor 

and acceptor moieties.
26

 On the contrary, a major impact on the efficiency stems from 

changes in JSC in spite of no obviously difference in absorption spectra. On the other 

hand, moving the branch point of periphery alkyl chain substituents away from 

backbone will lead to the better FF parameters that might due to the strong 

aromatic-aromatic interactions, though it could be CS-I based device can gain much 

higher JSC.
27

 Since the FF value is directly related to the film morphology, charge 

transport and collection on the respective electrodes, the blend film of CS-II most 

likely own the well-defined nanomorphology within the suitable exciton diffusion 

length. 
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Figure 2-4 (a) J-V curves of the BHJ OSCs based on CS-I/PC71BM (1:1) without 

additives under the illumination of AM 1.5G at 100 mW cm
−2

. (b) EQE curve of the 

devices based on CS-I/PC71BM (1:1) without additives. 

The external quantum efficiency (EQE) curves of corresponding blend films 

showed in Figure 2-3(b) and Figure 2-4(b), and the CS-I based device exhibited 

higher photo-conversion efficiency than the other two materials, which is mainly due 

to the inefficient exciton splitting in accordance with the macroscopic phase 

separation (vide infra). These devices show a very wide range of photocurrent 

generation in the region of 350 to 800 nm. It is well-being noted that a solvent 

additive have tremendous impact on the morphology of the blend film and 
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significantly affect the device performance. EQE spectra suggest that the CS-I based 

device showed a dramatic improvement in the photo-conversion efficiency with 

pyridine additive, which exhibited a broad and strong photo response with EQE over 

50% in the spectra ranging from 400 nm to 550 nm and a maximum EQE peak reach 

72.4% at 510 nm and 60.04% at 740 nm. As shown in Figure 2-4(b), the EQE curve 

of the CS-I/PC71BM blend film without any treatment was measured. Unexpectedly, 

the photo-conversion efficiency of the device based on CS-I show much reduction of 

the efficiency consistent with the low JSC value. Meanwhile, there is no apparent 

improvement in device performance for the CS-II and CS-III based PV cells 

fabricated from chlorobenzene with pyridine additive, indicates that the distance from 

side chain position to donor unit result in the distinct difference in device 

performance. 

To determine the impact of side chains on charge carrier mobility, hole-mobility 

of the blend films spin-coated from the solution of CB and 3% pyridine, was 

measured using the space charge limited current (SCLC) model. In hole-only devices, 

blend films of CS-I/PC71BM with and without pyridine additive showed mobilities of 

4.59 × 10
−4

 cm
2
 V

−1
 s

−1
 and 1.26 × 10

−4
 cm

2
 V

−1
 s

−1
, respectively, while the value was 

highly enhanced to upon the addition of pyridine (Figure 2-5). Obviously, the 

presence of pyridine in the sample processing plays a very important role in the 

optimization of photovoltaic efficiency and EQE value, accompanying with the 

reinforcement of intermolecular interactions and hence an enhanced hole mobility. 

The high carrier mobility of nearer branching point position based porphyrin 

derivatives is expected to contribute in part to the high photocurrents and fill factors 

observed in optimized BHJ devices (Figure 2-3). As shown in Figure 2-5(b), CS-III 

demonstrated its SCLC hole mobility at 6 × 10
−5

 cm
2
 V

−1
 s

−1
 might attributed to the 

poor solubility of CS-III in CB. Meanwhile, the films thickness of CS-II is not 

homogeneous and not suitable for the further analysis using SCLC.
28 
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Figure 2-5 (a) The space charge limited current (SCLC) curves of CS-I: mobility of 

CS-1 without additive and mobility of CS-I with additive. (b) The space charge 

limited current (SCLC) curves of CS-III with additives. 

In order to investigate the specific solvent additive effect of the molecular 

structure on the photovoltaic performance, the morphology of the BHJ thin films 

spin-coated without and with pyridine additive was characterized by atomic force 

microscopy (AFM). It was found that the peripheral alkyl substituents could not only 

enhance the charge mobility of the as-cast devices but also affect the morphology of 

the films.
29

 As comparison of CS-I/PC71BM thin films cast from CB and 3% pyridine 

in CB solutions at the optimized ratio, the AFM phase images of CS-I/PC71BM blend 

film with additive treatment show no apparent crystalline domains compare to the 

blend film without pyridine. Due to much better miscibility between CS-I and 

PC71BM in the presence of pyridine, a less defined phase separation and smoother 
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surface was found for the blend film with pyridine additive in Figure 2-6(d). The 

root-mean-square (RMS) roughness values of the as-cast film and the film processed 

with pyridine are 1.45 nm in Figure 2-6(a) and 0.57 nm in Figure 2-6(b), respectively, 

which are much smaller than those of the blend films of CS-II/PC71BM and 

CS-III/PC71BM. The blend film without pyridine additive was observed obvious 

phase separation between donor and acceptor with a high RMS roughness value, 

which should be unfavorable for exciton diffusion, leading to the lower JSC of the 

device (Figure 2-6a and Figure 2-6c).
30 

While the topographic patterns for CS-II and 

CS-III appear to large-size aggregates and microscale phase separation that is 

consistent with those relatively low performances (Figure 2-7). Not surprisingly, the 

lower surface roughness and much smaller phase separation of the AFM imaging for 

CS-I result in a more efficient exciton dissociation and charge transport, affording 

higher JSC and higher PCE.
31 

   

       

Figure 2-6 AFM height images (a) and (b) and AFM images (c) and (d) (5 × 5 μm, 

tapping-mode) of CS-I/PC71BM (1:1) composite film prepared without and with 3% 

pyridine, respectively. 
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Figure 2-7 AFM height images (a) and (b) and AFM images (c) and (d) (5 × 5 μm, 

tapping-mode) of CS-II/PC71BM (1:1) and CS-III/PC71BM (1:1) composite films 

prepared with additive, respectively. 

2.2.4 Conclusion 

A series of new phenylethynyl bridged A-D-A type rhodamine-porphyrin 

small-molecules based on different 5,15-dialkylated porphyrin cores were designed 

and synthesized, which incorporating 3-ethylrhodanine as the end capped group 

showed obvious effects on HOMO and LUMO levels. These three molecules showed 

broad and strong absorption in the visible and NIR regions from 350 to 850 nm in the 

solid state, as well as a relatively high hole-mobility and good film-forming properties 

for solution processed BHJ OSC. In this case, the blend film based on CS-I/PC71BM 

that spin-coated from a mixture with 3% pyridine in CB, achieving a high PCE of 

6.49%. Although all the materials showed good solubility in common organic solvent, 

moving the side-chain branching point away from meso-position could enhance the 

π-π interaction, thus CS-II and CS-III showed self-aggregation and inferior solubility. 

Therefore, the devices fabricated from CS-II and CS-III showed the highest 

efficiency of 2.53% and 5.12%, respectively. These primary results indicate that the 
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A-D-A small molecules based on meso-alkyl directly substituted porphyrin core are 

new class of donor candidates for highly efficient BHJ OSC. Moreover, these results 

also showed that the long alkyl chain periphery substituents could give the 

enhancement of charge transport by providing the well-fined film morphology and 

ordered crystal domain size. 

2.3 Improved Morphology and Efficiency of Porphyrin-Based High-Performance 

Solar Cells via Side Chains Engineering 

Although porphyrin derivatives is a favorable choice for producing high 

performance solar cells, limited empirical research on investigate the relationship of 

PCE and structure optimizations has been done. On the contrary, side chain 

engineering is usually done in the establishment of high-performance OSCs; 

especially in benzodithiophene (BDT) based polymers.
32

 In comparison to the 

introduction of new or different building blocks in porphyrin to tune the energy levels 

and surface morphology, optimizing side-chains offers an ideal route to optimize 

materials. As the simple and effective method in tuning solubility, optical absorption, 

thermal stability, photostability and crystallinity, the various of side chains are being 

recognized as an important factor determine the exciton diffusion, charge separation, 

and charge transport properties, but there is less correlation study in porphyrin 

unit.
33-35

 

 

Figure 2-8 Molecular structures of CS-4, CS-5 and CS-6. 

While porphyrin donors have broadened and high absorptivity from visible to 

near-infrared (NIR) region to ensure superior short-circuits current density (JSC), their 

characteristic lower-lying HOMO energy level allowing achieves high open-circuit 
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voltage (VOC) with low energy loss. In fact, the use of 5,15-alkyl-substituted 

porphyrin-based small molecules as donor materials in organic solar cells that 

facilitates π-stacking in the solid state, large planar π-conjugation macrocycles can 

ensures high carrier mobility and efficient intermolecular charge transfer, resulting a 

high fill factor and good solubility. Nevertheless, there is still a great challenge to 

optimize single layer OSC devices based on the porphyrin materials and PCBM 

exhibited a breakthrough PCE with high VOC and JSC simultaneously, limited by the 

alternative shortages, relatively inferior light responding spectrum or defective energy 

level. According to the more and more studies have demonstrated the altering of the 

side alkyl chains can have significant influence on the optical, crystal and electronic 

properties, thus enhanced device performance of the photovoltaic materials.
36-39

 

Consequently, adjusting the balance of JSC and VOC via side chains engineering to 

exploit these specific advantages of porphyrin derivatives to the full are crucial for 

designing high-efficiency porphyrin-based SMs. For example, we sought to subtly 

tune the vertical position substituents in order to achieve a higher JSC and a lower 

HOMO energy level, while remain the smooth surface morphology for efficient 

charge transport. 

Since 2009, meso-di(thien-2-yl)substituted porphyrin based donors have been 

studied and have shown an impressive record efficiency recently.
40-43

 In the molecular 

conformation, the thienyl groups are almost co-planar with the core in meso-thien-2-yl 

porphyrins, while the phenyl rings are almost perpendicular to the core, thus more 

efficient π-conjugation between the thienyl rings and the porphyrin structure.
44-46

 

Therefore, meso-alkylthio substituted porphyrin as the central unit results in 

significantly more efficient and balanced charge transport property.
47-49

 Combined 

with the variation of alkyl chain on the thienyl substituents, an enhanced quality of 

molecular ordering compensates the photovoltaic performance of meso-di(thien-2-yl) 

porphyrin in enhancing exciton diffusion
50,51

, reinforcing electronic delocalization, 

which is beneficial to charge separation
52-54

, and highly efficiency. Thus, unlike most 

of the previous work that discussed the A-D-A type structure of the main backbone of 

porphyrin, we introduced different representative thienyl substituents into the side 
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chains of the porphyrin donors, and systematically investigated the effect of the 

side-chain substitutions on the performance. After optimizing thermal annealing (TA) 

and solvent vapor annealing (SVA) treatments, we find that the hexyl chain 

substituted moiety (CS-4) result in an better molecular packing, and consequently the 

highest photovoltaic performance of 9.09% with an enhanced JSC of 15.01 mA/cm
2
 

and a high VOC of 0.90 V in the conventional devices, which is one of the highest 

values reported in literature to date for porphyrin-based OSCs. 

2.3.1 Design and Synthesis 

Among the many porphyrin-based donor systems studied so far, rhodanine 

derivative as end-capped moieties is an interesting system that provides strong 

π-stacking structures and good photovoltaic properties. Herein, we developed a series 

of new different side chain substituted donors (CS-4, CS-5, and CS-6) and 

investigated the impact on the photovoltaic performances in 

rhodanine-porphyrin-rhodanine (A-D-A) type small molecules (Scheme 2-2). Three 

small molecules were synthesized based on porphyrin with linear alkyl (CS-4), two 

linear alkyls (CS-5), and branched alkylthio (CS-6) appended on thiophene moieties. 

Structurally, linear side chains in CS-4 and CS-5 will promote molecular packing, 

thus is contribute to achieve better charge transport and higher short circuit currents 

(JSC).
55

 However, strong intermolecular interactions can lead to greater dark currents 

(JSC) that reduce the open circuit voltage (VOC).
56

 There is a delicate balance that 

needs to be satisfied to prepare molecules with a suitable π-π stacking distance, so that 

can obtain good carrier transport, which are critical for high VOC and JSC.
57

 Therefore, 

the introduction of branched side chain can improve the solubility of large 

π-conjugation system because of the higher steric hindrance between the bulky thienyl 

units of the side chains and the backbone, leading to down-shifted of HOMO energy 

level. In addition to this, the incorporation of the alkylthio substitution is contributed 

to pull down the HOMO levels further by its special-function in forming pπ(C)–dπ(S) 

orbital overlap between the conjugated side chains and the alkylthio substitution.
58-60

 

Thus, we demonstrate that subtle changing of side chains can also have significant 

influence in the porphyrin-based SMs by these three molecules. 
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Scheme 2-2 Synthetic routes of CS-4, CS-5 and CS-6. Reaction conditions: a) n-BuLi, 

1-bromohexane, THF, −78
o
C to r.t., 3 h; b) magnesium, 1-bromohexane, 

2-bromo-3-hexylthiophene, dry diethyl ether, r.t., overnight; c) n-BuLi, sulfur powder, 

2-ethylhexyl bromide, THF, 0°C to −78
o
C to r.t., overnight; d) n-BuLi, 

N-formylpiperidine, THF, −78
o
C to r.t., overnight; e) dipyrromethane, CH2Cl2, TFA, 

r.t., overnight; DDQ, r.t., 2h; f) NBS, CH2Cl2, 0
o
C to r.t., 30 mins; Zn(OAc)2, CHCl3, 

overnight; g) Pd(PPh3)4, CuI, THF/Et3N, 50
o
C, overnight; h) 3-ethylrhodanine, dry 

CHCl3, piperidine, reflux, overnight. 

The synthetic routes used to prepare the three porphyrin small molecules are 

shown in Scheme 2-2. The π-conjugated backbone structure was the same and the 

influence of the side chains was compared. Different thiophenecarboxaldehyde 

precursors (2-9, 2-10 and 2-11 in Scheme 2-2) were synthesized by using a reported 

route and classic Vilsmeier-Haack reaction followed. The new porphyrin units 

PH2(a~c) were synthesized by TFA-catalyzed condensation reaction according to the 

method reported previously.
16

 PZnCHO(a~c) were synthesized via a typical 

Sonogashira-coupling reaction using THF and Et3N as solvent, which CuI and 

Pd(PPh3)4 as catalyst in simultaneously. Refluxing PZnCHO(a~c) with 

3-ethylehodanine in the presence of piperidine, the final products was afforded by 

javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB6853949&postData3=CN&SYMBOL_Type=A');
javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB91177168&postData3=CN&SYMBOL_Type=A');
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Knoevenagel condensation reaction in a good yield. Detailed synthesis procedures are 

described in the Experimental Section. 

2.3.2 Physical and Electrochemical Properties 
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Figure 2-9 UV-Vis absorption spectra of CS-4, CS-5 and CS-6 (a) in chloroform 

solution and (b) in film. 

Table 2-3 Absorption spectra data of CS-4, CS-5 and CS-6. 

Comp. 
λmax/nm (CHCl3) 

(ε /10
5
 M

−1
 cm

−1
) 

λmax/nm 

(Film) 

λonset/nm 

(Film)
a
 

Td5 

(
o
C)

b
 

CS-4 485 (1.65), 508 (1.68), 699 (1.08) 538, 740 810 389 

CS-5 487 (1.68), 508 (1.63), 702 (1.17) 538, 720 777 371 

CS-6 485 (1.61), 508 (1.60), 695 (1.05) 542, 719 765 286 

a 
Calculated from the onset of film absorption; 

b 
5% weight loss temperatures 

measured by TGA under nitrogen atmosphere. 
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The UV-Vis absorption spectra of the donor materials in dilute chloroform 

solutions and thin films are shown in Figure 2-9 and the data are summarized in 

Table 2-3, including the absorption spectra in chloroform solution, absorption spectra 

in films, and optical bandgaps (Eg
opt

). In dilute chloroform solution (Figure 2-9a), it 

seems that these three materials exhibit similar peaks at around 485, 508 and 700 nm 

and their maximum absorption coefficients are 1.68 × 10
5
 m

−1
 cm

−1
 for CS-4, 1.68 × 

10
5
 m

−1
 cm

−1
 for CS-5, and 1.61 × 10

5
 m

−1
 cm

−1
 for CS-6, respectively. These three 

materials showed two characteristic absorption bands, similar to our pervious works, 

where the short-wavelength absorption stem from the π-π* transition and the 

long-wavelength absorption was attributed to the intramolecular charge transfer (ICT) 

between the electron-donating and electron-withdrawing segments. In solution, the 

absorption spectrums of these small molecules are almost unchanged, indicating that a 

variety of alkyl chains on the substituents has less affected to it. From solution to film, 

the absorption peaks exhibited an obvious red-shifted due to the strong intermolecular 

π-π stacking (Figure 2-9b). Compare to the approximately 20 nm redshifts in the 

solid state from CS-5 and CS-6, the absorption peak of CS-4 exhibited about 40 nm 

redshift in Q band. While attaching a linear alkyl chain on the thienyl mate-position, a 

significant red-shifted band edges appeared at 740 nm and broadened absorption of Q 

band indicated the extension of the structure conjugation in the solid state, which 

caused by decreased steric hindrance of the thienyl group and enhanced 

intermolecular π-π packing. Compared with that of CS-4, the absorption spectrum of 

CS-5 is narrow with hypochromatic shift peak, which is usually ascribing to the 

preventing aggregation from hexyl chain on the 3-position of thienyl. In addition, the 

variation in the absorption band edges between linear and branched alkyl side chain is 

larger, which partly due to the intermolecular interaction promoted by less bulky 

substituents and molecular aggregation suppressed by bulky substituents. It is worth 

noting that CS-6 showing the blue-shifted and narrowed of two character bands 

compares to the other two materials, revealing the side chain engineering has large 

influence on the backbone planarity and intermolecular packing. As results, 

meta-alkylthio-containing CS-6 is slightly more blue-shift at the optical absorption 
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edge (Eg
opt

) corresponding to a low optical bandgap of 1.62 eV, which is lower than 

that of CS-4 (1.53 eV) and CS-5 (1.60 eV). 
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Figure 2-10 Cyclic voltammetry of CS-4, CS-5 and CS-6 in dichloromethane with 

0.1 M TBAPF6 as the supporting electrolyte at a scan speed of 50 mV s
–1

. 

 

Figure 2-11 Energy-level diagrams of the components CS-4, CS-5 and CS-6 and 

BHJ-OSC materials. 

Table 2-4 Electrochemical properties of small molecules CS-4, CS-5 and CS-6. 

Comp. Eox[V] Ered[V] EHOMO[eV]
a
 ELUMO[eV]

a
 Eg

CV
[eV]

a
 Eg

Opt
[eV]

b
 

CS-4 0.41 −1.04 −5.11 −3.66 1.45 1.53 

CS-5 0.41 −1.04 −5.11 −3.66 1.45 1.60 

CS-6 0.51 −1.04 −5.21 −3.66 1.55 1.62 
a
 Each measurement was calibrated with ferrocene (Fc). 𝐸𝑜𝑛𝑠𝑒𝑡

𝐹𝑐 = 0.10 V. EHOMO = 

−4.80 − (Eox − 𝐸𝑜𝑛𝑠𝑒𝑡
𝐹𝑐 ), ELUMO = −4.80 − (Ered − 𝐸𝑜𝑛𝑠𝑒𝑡

𝐹𝑐 ); Eg
CV

 = ELUMO − EHOMO.  
b
 Optical bandgap estimated from the formula of 1240/λedge. 
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The HOMO and LUMO energy levels of CS-4 to CS-6 were measured by cyclic 

voltammetry (CV) and are summarized in Table 2-4. The onset oxidation and 

reduction potentials (Eox, Ered) were determined from the onset of the first peaks no 

matter in the oxidation and reduction potential. The calculated onset values of CS-4 

and CS-5 were measured to be 0.41 and −1.04 V with similar potential due to the 

identical side chains, and the corresponding HOMO (EHOMO) and LUMO (ELUMO) 

levels are estimated to be −3.66 and −5.11. Interestingly, the HOMO level of CS-6 is 

down-shifted about 0.1 eV, benefited from the unique electron-donating property of 

sulfur atom and poor planarity caused by the relatively bulky thienyl substituents. The 

HOMO level, the LUMO level and the optical band gap (Eg
opt

) of CS-6 were 

calculated to be −5.21, −3.66 and 1.62 eV, respectively. This small difference HOMO 

levels from CS-6 to CS-4 and CS-5 might result in different photovoltaic 

performance as below section. 
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Figure 2-12 Thermogravimetric analyses (TGA) of CS-4, CS-5 and CS-6 with a 

heating rate of 10
o
C min

–1
 under N2 atmosphere. 

The thermalgravimetric analysis (TGA) evaluate that the thermal stability of all 

small donors, and the TGA plots of CS-4~CS-6 are shown in Figure 2-12. CS-4 and 

CS-5 show well thermal stability under nitrogen atmosphere with the decomposition 

temperatures at 5% weight loss (Td5) at approximately 389
o
C and 371

o
C, and CS-6 

shows thermal stability with Td5 at 286
o
C, respectively (Table 2-3). These results 
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suggest that the alkylthio composed hybridized orbital have a negative effect on the 

thermal stability of the CS-6 in comparison to the other materials. 

2.3.3 Device Properties 
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Figure 2-13 (a) Current density-voltage (J-V) curves and (b) The EQE curves of 

donors:PC71BM-based devices under constant incident light intensity (AM 1.5G, 100 

mW cm
−2

 without and with SVA. 

Table 2-5 Photovoltaic properties of the devices (CS-4, CS-5 and CS-6). 

Device Additive 
THF 

treatment (s) 

JSC 

(mA cm
−2

) 

VOC 

(V) 

FF 

(%) 
PCE (%) 

CS4/PC71BM 2%Pyridine 0 12.30 0.92 53.1 6.00 

CS4/PC71BM 2%Pyridine 20 15.01 0.90 67.3 9.09 

CS5/PC71BM 2%Pyridine 0 9.09 0.91 48.1 3.98 

CS5/PC71BM 2%Pyridine 20 11.20 0.88 55.5 5.47 

CS6/PC71BM 2%Pyridine 0 11.04 0.94 51.2 5.30 

CS6/PC71BM 2%Pyridine 20 13.70 0.93 66.7 8.49 

javascript:void(0);
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To investigate the application of CS-4~CS-6 as donor materials, we fabricated 

the conventional photovoltaic devices with PC71BM as an acceptor material, and the 

device configuration is ITO/PEDOT:PSS/Donor:PC71BM/Ca/Al. Figure 2-13(a) 

shows the current-voltage (J-V) characteristics of devices under AM 1.5 conditions 

(100 mW cm
−2

) with the device area is 16 mm
2
. The optimized performance blend 

film was achieved with donors/PC71BM weight ratios (1:1.2) and approximately 90 

nm active layer thickness. Noting that pyridine additives have previous been reported 

to help optimize the blend morphologies in BHJ solar cells, devices were also 

fabricated from CB solutions containing optimized concentrations of pyridine additive 

(2%, v/v). The corresponding JSC, VOC, FF and PCEs values derived from the J-V 

curves and all of the relevant parameters are summarized in Table 2-5. As shown in 

Figure 2-13(a), the photovoltaic performances of different donors are great 

influenced by their side chains and a champion PCE of 9.09% was achieved by CS-4. 

Clearly, CS-4 is one of the remarkable performances with equalized JSC and FF 

parameters in porphyrin-based SM OSCs. As shown in Table 2-5, the JSC values of 

the optimized CS-4 to CS-6 based devices are 15.01, 11.20, and 13.70 mA cm
−2

, and 

FF values of these donors are 67.3%, 55.5% and 66.7%, respectively, which is in 

accordance with the trend in the UV-Vis absorption spectra and surface morphology 

of CS-4 to CS-6. Linear alkyl chain attached to thiophene can promote π-π stacking 

interactions between the peripheral thiophene and the backbones, thus increases the 

value of JSC.
24

 However, a parallel effort to adding the n-hexyl chain to the 3-position 

of thienyl in CS-5 led to the decreased JSC value, resulting in significantly lower PCE 

(best device of 5.47%). For VOC values, the device from CS-6 had the highest VOC 

value of 0.93 V compare to the CS-4 (0.90 V) and CS-5 (0.88 V), mainly due to the 

lowest HOMO energy levels. The result of PCE was coherent with the results above 

because CS-4 had relatively higher values of VOC, JSC and FF. However, the difference 

of PCE between the CS-4 and CS-6 was not very large, ascribing to the higher VOC of 

CS-6. On the other hand, Table 2-5 shows the photovoltaic performance of the OSCs 

with and without the solvent vapor annealing (SVA) treatments, and it can be seen 

that the photovoltaic performance of porphyrin-based OSCs is sensitive to the THF 



78 

SVA treatments. Generally, the performance of CS-4 to CS-6 can improve 37%~60% 

after 20s THF SVA treatments and 5 min thermal annealing (TA) at 90
o
C. The result 

represent that branched alkyl is more favor to extra treatments following spin-coating. 

The EQE plots of the OSCs based on donors are shown in Figure 2-13(b). All 

devices show broad EQE response in the wavelength range from 300 to 800 nm. From 

EQE spectra, it shows that CS-6 absorbed more light at around 500 to 600 nm, while 

CS-4 performed much better at around 700 nm due to the stronger π-π stacking in the 

blend film. As longer wavelength contains more photon flux, it implies that CS-4 

exhibited much higher JSC with better light capture capability. Additionally, the 

maximum EQE value was close to 68% for the champion device, indicating more 

efficient π-π stacking from linear side-chain is benefit to the photon harvesting and 

charge collection in agreement with the UV-Vis results mentioned above. 

2.3.4 Conclusion 

In the study, three porphyrin donor small molecules CS-4~CS-6 with different 

alkyl side chains were designed, synthesized and characterized, demonstrating that the 

impact of the side-chain effect on the absorption, energy levels, thermal stability, 

photovoltaic performance and surface morphology. It is shown that the crystallization 

property is strong depended on the side chain substituent, as well as the type of side 

chain is critical. Compared to the branched alkyl chains, linear side chains would 

facilitate the π-π stacking and make it more compact for charge transfer. For linkage 

atom to the thienyl peripheral substituents, insert sulfur atom into the branched alkyl 

chain could pull down the HOMO level obviously, which is favorable for increasing 

VOC value. From the promising device efficiency, CS-6 afforded a PCE larger than 8.4% 

with a high VOC of 0.93 V and an excellent PCE of 9.09% was achieved by CS-4 

based devices with the highest quality of molecular packing and good charge transport. 

The results revealed that CS-4 was afforded a promising performance through side 

chain tuning to optimize the molecular conformation, thin-film morphology, and 

device performance of OPV devices. These results also clearly show that the 

important guideline in porphyrin-based SMs for molecular engineering toward high 

efficiency OSCs. 
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2.4 Experimental 

All of the chemicals were purchased from Dieckmann Chemical Ltd, China. And 

bis(hexyloxy)benzene, 1,4-dibromo-2,5-bis(hexyloxy)benzene, 4-bromo-2,5- 

bis(hexyloxy)benzaldehyde, 4-ethynyl-2,5-bis(hexyloxy)benzaldehyde, 3-octyl-1- 

tridecanol and 4-octyl-1-tetradecanol were prepared according to the literature 

procedures and confirmed by comparing their 
1
H NMR and 

13
C NMR spectra with 

those found in the literature.
61–63

 Organic solvents used in this work were purified 

using standard process. Other chemicals and reagents were used as received from 

commercial sources without further purification, unless stated otherwise.
 1

H NMR 

spectra were recorded using a Bruker Ultrashield 400 Plus NMR spectrometer. 

UV-Vis spectra of dilute solutions (1 × 10
−5

 M) of the samples in CHCl3 were 

recorded at room temperature (ca. 25°C) using a Varian Cary 100 UV-Vis 

spectrophotometer. Solid films for UV-Vis spectroscopic analysis were obtained by 

spin-coating the molecule solutions onto a quartz substrate. CV of the molecule films 

was performed using a Versastat II electrochemical workstation operated at a scan rate 

of 50 mV s
−1

; the solvent used was anhydrous CH2Cl2, containing 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte. 

The onset potentials were determined from the intersection of two tangents drawn at 

the rising and background currents of the cyclic voltammograms. HOMO and LUMO 

energy levels were estimated relative to the energy level of the ferrocene reference 

(4.8 eV below vacuum level). MALDI-TOF mass spectra were obtained with a Bruker 

Autoflex MALDI-TOF mass spectrometer. Topographic and phase images of the 

donor:PC71BM films (surface area: 5 × 5 μm
2
) were obtained using a Digital 

Nanoscope III atomic force microscope operated in the tapping mode under ambient 

conditions. The thickness of the active layer of the device was measured using a 

Veeco Dektak 150 surface profiler. The photovoltaic performance of CS-I, CS-II and 

CS-III were measured under AM 1.5 solar simulator (Japan, SAN-EI, XES-40S1) at 

100 mW cm
-2

, and data was collected using a Keithley 2400 digital source meter. The 

spectral response was measured with a DSR100UV-B spectrometer with a SR830 

lock-in amplifier. A calibrated Si photodiode was used as a reference before each 
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measurement. The AFM measurements of the surface morphology of blend films were 

conducted on a NanoScope NS3A system (Digital Instrument). The photovoltaic 

performance of CS-4, CS-5 and CS-6 was measured with a computer-programmed 

Keithley 2400 source/meter and a Newport's Oriel class A solar simulator, which 

simulated the AM1.5 sunlight with an energy density of 100 mW cm
−2

 and was 

certified to the JIS C 8912 standard. The light source was also calibrated with a 

standard silicon photodiode (Hammamatsu S1133). EQE were measured with a 300 

W Xenon Lamp (Oriel 6258) as the light source and a Cornerstone 260 Oriel 74125 

monochromator with a resolution of 10 nm. The light intensity was calibrated with a 

NREL-recommended Si detector (Oriel 71030NS), and the short-circuit currents were 

determined with an Oriel 70310 optical power meter. 

OSC Device Fabrication Method 

The photovoltaic devices based on CS-I, CS-II and CS-III were fabricated and 

measured by the group of Prof. Xiaobin Peng in the State Key Labotatory of 

Luminescent Materials and Devices, South China University of Technology. And the 

photovoltaic devices based on CS-4, CS-5 and CS-6 were fabricated and measured by 

the group of Prof. Xingzhu Wang in the College of Chemistry, Xiangtan University. 

Indium tin oxide (ITO) coated glass substrates were cleaned prior to device 

fabrication by sonication in acetone, detergent, distilled water, and isopropyl alcohol. 

After treated with an oxygen plasma for 5 min, 40 nm thick poly(styrene 

sulfonate)-doped poly(ethylene-dioxythiophene) (PEDOT:PSS) (Bayer Baytron 4083) 

layer was spin-coated on the ITO-coated glass substrates at 2500 rpm for 30s, the 

substrates were subsequently dried at 150
o
C for 10 min in air and then transferred to a 

N2-glovebox. The active layers were spun from solution of donor:PC71BM at the 

optimized weight ratio with an overall concentration of 20 mg/mL and the volume of 

pyridine additive was 3%. The thicknesses of active layers were measured by a 

profilometer. The ultra-thin PFN layer was deposited by spin casting from a 0.02% 

(w/v) solution in methanol (from 2000 rpm for 30 s). Finally, Al (~80 nm) was 

evaporated with a shadow mask as the top electrode. The effective area was measured 

to be 0.16 cm
2
. 

javascript:void(0);
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General procedure for the synthesis of aldehyde derivatives with alkyl 

side-chain 

To the mixture of side-chain alkyl alcohol components (15 mmol) and 

dichloromethane (35 mL), pyridinium chlorochromate (PCC) (4.52 g, 21 mmol) was 

added at room temperature. After stirring the mixture for another 4 hours, it was 

filtered and the filtrate was distilled under reduced pressure to give the crude products, 

which was flash chromatographed on short silica column with CH2Cl2 as eluent to 

afford the title compound as colourless oil. 

2-octyl-dodecanal: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.82 (m, 6H), 1.16–1.25 (m, 

28H), 1.37−1.42 (m, 2H), 1.50–1.55 (m, 2H), 2.25–2.31 (m, 1H), 9.70 (s, 1H). 

3-octyl-tridecanal: 
1
H NMR (400 MHz, CDCl3) δ (ppm): δ 0.88 (t, J = 6.8 Hz, 6H), 

1.26 (m, 32H), 1.94 (m, 1H), 2.40 (m, 2H), 9.83 (s, 1H). 

4-octyl-tetradecanal: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.87 (m, 6H), 1.25 (m, 

29H), 1.54–1.60 (m, 2H), 2.41 (m, 2H), 9.77 (s, 1H). 

General procedure for the synthesis of 5,15-dialkylated porphyrin (H2P) 

A solution of dipyrromethane (3 g, 21 mmol) and aldehyde derivatives (21 mmol) 

in CH2Cl2 (1.5 L) was degassed by bubbling with nitrogen for 30 min. Then 

trifluoroacetic acid (TFA) (145 μL, 2.0 mmol) was added. After the solution was 

stirred overnight at room temperature under nitrogen, 

2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) (7.28 g, 32 mmol) was added, and the 

reaction mixture was stirred for a further 2h. Triethylamine (5 mL) was added. The 

solvent was evaporated and the crude product was purified by silica chromatography 

using CH2Cl2/n-hexane (1:4) as the eluent, to give a purple product. 

H2P-I:
 1

H NMR (400 MHz, CDCl3) δ (ppm): −2.44 (s, 2H), 0.73 (m, 12H), 1.03 (m, 

38H), 1.18–1.40 (m, 12H), 1.53 (m, 6H), 2.76 (m, 4H), 2.98 (m, 4H), 5.20 (m, 2H), 

9.43 (m, 4H), 9.66 (m, 2H), 9.74 (m, 2H), 10.22 (m, 2H). 

H2P-II:
 1

H NMR (400 MHz, CDCl3) δ (ppm): −2.26 (s, 2H), 0.82 (m, 6H), 0.90 (m, 

6H), 1.00–1.26 (m, 56H), 1.47 (m, 8H), 2.14 (m, 2H), 4.14 (m, 4H), 8.82 (d, J = 4.4 

Hz, 4H), 9.24 (d, J = 4.8 Hz, 4H), 10.28 (s, 2H). 

H2P-III:
 1

H NMR (400 MHz, CDCl3) δ (ppm): −2.32 (s, 2H), 0.92 (m, 12H), 1.08–
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1.50 (m, 66H), 1.78 (m, 4H), 3.18 (m, 4H), 8.05 (d, J = 4.4 Hz, 4H), 8.64 (d, J = 4.8 

Hz, 4H), 10.18 (s, 2H). 

General procedure for the synthesis brominated 5,15-dialkylated 

metalloporphyrins (ZnBrP) 

Solution of H2P (1.00 mmol), NBS (373 mg, 2.10 mmol) and pyridine (0.1 mL) 

in CH2Cl2 (200 mL) was stirred at 0
o
C for 30 min. Acetone (5 mL) was added, and the 

solvent was removed in vacuo. The residue was purified via chromatography on silica 

gel using CH2Cl2/hexane (1:4) as the eluent. Then, BrH2P (1.00 mmol) and zinc 

acetate (1.095 g, 5 mmol) were refluxed in CHCl3 (200 mL) for 4 h. The solvent was 

removed and the residue was purified via chromatography on silica gel using 

CH2Cl2/n-hexane (1:4) as the eluent to give the product in quantitative yield. 

ZnBrP-I:
 1

H NMR (400 MHz, CDCl3) δ (ppm): 0.73 (m, 12H), 0.98–1.08 (m, 38H), 

1.20–1.32 (m, 12H), 1.52 (m, 6H), 2.72 (m, 4H), 2.89 (m, 4H), 5.16 (m, 2H), 9.73 (m, 

8H). 

ZnBrP-II:
 1

H NMR (400 MHz, CDCl3) δ (ppm): 0.77 (m, 6H), 0.83 (m, 6H), 0.96–

1.22 (m, 56H), 1.41 (m, 8H), 2.08 (m, 2H), 4.08 (m, 4H), 8.76 (d, J = 4.4 Hz, 4H), 

9.17 (d, J = 4.8 Hz, 4H). 

ZnBrP-III:
 1

H NMR (400 MHz, CDCl3) δ (ppm): 0.99 (m, 12H), 1.13–1.64 (m, 66H), 

1.84 (m, 4H), 3.23 (m, 4H), 8.11 (d, J = 4.4 Hz, 4H), 8.75 (d, J = 4.8 Hz, 4H). 

General procedure for the synthesis of precursors ZnPCHO 

A mixture of ZnBrP (0.150 mmol) and 

4-ethynyl-2,5-bis(hexyloxy)benzaldehyde (115.7 mg, 0.350 mmol) in THF (15 mL) 

and Et3N (5 ml) was degassed with nitrogen for 10 min, then Pd(PPh3)4 (25 mg, 0.022 

mmol) and CuI (5 mg, 0.022 mmol) were added. The mixture solution was in 

refluxing for 12 h under nitrogen. The solvent was removed under vacuum, and the 

solid residue was purified by preparative thin layer chromatography using a CHCl3/ 

n-hexane (3:1) mixture as eluents. Recrystallization from CHCl3/methanol gave 

ZnPCHO as a green solid. 

ZnPCHO-I: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.68–0.76 (m, 12H, CH3), 0.89 (t, 

J = 7.2 Hz, 6 H), 0.98 (t, J = 7.2 Hz, 6H), 1.05–1.45 (m, 64H, CH2), 1.59 (m, 12H, 
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CH2), 1.78–1.86 (m, 4H, CH2), 1.92–1.99 (m, 4H, CH2), 2.34 (m, 4H, CH2), 2.76 (m, 

4H, CH2), 2.95 (m, 4H, CH2), 4.25 (m, 4H, OCH2), 4.35 (m, 4H, OCH2), 5.18 (m, 2H, 

CH), 7.44–7.51 (m, 4H, ArH), 9.64 (m, 2H, β-pyrrolic H), 9.73 (m, 2H, β-pyrrolic H), 

9.86–9.94 (m, 4H, β-pyrrolic H), 10.50 (s, 2H, CHO). 

ZnPCHO-II: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

1
H NMR (400 MHz, CDCl3) δ 

(ppm): 0.72 (t, J = 7.2 Hz, 6H), 0.78 (t, J = 7.2 Hz, 6H), 0.92–1.18 (m, 68H), 1.32–

1.58 (m, 22H, CH2), 1.68 (m, 8H, CH2), 1.86 (m, 4H, CH2), 2.04 (m, 4H, CH2), 2.37 

(m, 4H, CH2), 4.17 (d, J = 6.8 Hz, 4H), 4.27 (t, J = 6.4 Hz, 4H, OCH2), 4.36 (t, J = 6.4 

Hz, 4H, OCH2), 7.34 (s, 2H, ArH), 7.49 (s, 2H, ArH), 8.71 (d, J = 4 Hz, 2H, 

β-pyrrolic H), 9.22 (d, J = 4.4 Hz, 4H, β-pyrrolic H), 10.53 (s, 2H, CHO). 

ZnPCHO-III: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.87–1.01(m, 24H), 1.21–

1.56(m, 84H), 1.83 (m, 6H, CH2), 1.96 (m, 4H, CH2), 2.20–2.34 (m, 8H, CH2), 4.23 (t, 

J = 5.6 Hz, 4H, OCH2), 4.32 (t, J = 5.6 Hz, 4H, OCH2), 4.44 (s, 4H, CH2), 7.40 (s, 2H, 

ArH), 7.47 (s, 2H, ArH), 8.98 (d, J = 4 Hz, 4H, β-pyrrolic H), 9.51 (d, J = 4.4 Hz, 4H, 

β-pyrrolic H), 10.50 (s, 2H, CHO). 

General procedure for the synthesis CS-I~CS-III 

Compound ZnPCHO (0.066 mmol) was dissolved in a solution of dry CHCl3, 

two drops of piperdine and then 3-ethylrhodanine (106 mg, 0.66 mmol) were added, 

and the resulting solution was refluxed and stirred for 12 h under argon. The reaction 

was quenched into water (30 mL). The aqueous layers were extracted with CHCl3 (3 

× 20 mL). The organic layer was dried over NaSO4. After removal of the solvent, it 

was purified by chromatography on a silica gel column using CHCl3 as eluent and 

was purified by preparative thin layer chromatography using a CHCl3 as eluents. Then 

the crude solid was recrystallized from a mixture of CHCl3 and methanol to afford the 

final product as a gray green solid. 

CS-I: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.72–0.79 (m, 12H, CH3), 0.90–0.94 (m, 

6H, CH2), 0.96–1.38 (m, 62H, CH2), 1.44–1.50 (m, 16H), 1.60–1.66 (m, 8H), 1.81–

1.91 (m, 10H), 1.92–2.01 (m, 4H), 2.31–2.40 (m, 4H), 2.63–2.76 (m, 4H), 2.87–2.99 

(m, 4H), 4.21–4.26 (m, 8H), 4.31–4.38 (m, 4H), 5.09–5.20 (m, 2H), 7.08 (s, 2H), 7.45 

(s, 2H), 8.28 (s, 2H), 9.54 (d, J = 5.2 Hz, 2H), 9.63 (d, J = 5.2 Hz, 2H), 9.81 (m, 4H). 
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(MALDI-TOF, m/z) calculated for C110H154N606S4Zn: 1849.0115; found: 1849.0006. 

CS-II: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.82 (m, 12H), 0.96 (m, 20H), 1.11–

1.28 (m, 48H), 1.33 (m, 6H), 1.49 (m, 20H), 1.63 (m, 8H), 1.81 (m, 4H), 1.96 (m, 4H), 

2.28 (m, 4H), 2.38 (m, 4H), 4.17–4.24 (m, 12H), 4.68 (d, J = 3.2 Hz, 2H), 6.87 (s, 2H), 

7.23 (s, 2H), 7.31 (s, 2H), 8.19 (s, 2H) 9.22 (d, J = 4.4 Hz, 4H), 9.66 (d, J = 4.4 Hz, 

4H). (MALDI–TOF, m/z) calculated for C112H158N606S4Zn: 1877.0428; found: 

1877.0422. 

CS-III: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.86 (m, 18H), 0.92 (m, 6H), 1.24–1.42 

(m, 72H), 1.56–1.65 (m, 16H), 1.79 (m, 6H), 1.95 (m, 4H), 2.23 (m, 4H), 2.37 (m, 

4H), 4.19 (m, 12H), 4.73 (m, 4H), 6.84 (s, 2H), 7.19 (s, 2H), 7.31 (s, 2H), 8.17 (s, 2H) 

9.25 (d, J = 4.4 Hz, 4H), 9.67 (d, J = 4.4 Hz, 4H). (MALDI–TOF, m/z) calculated for 

C114H162N606S4Zn: 1905.0743; found: 1905.0756. 

2-hexylthiophene (2-6) 

18 ml n-butyl lithium (2.5 M in hexane) was added dropwise to a solution of 

thiophene (3.75 g, 45 mmol) in 50 ml of THF at –78°C. After 45 minutes upon 

addition, 7.35 g of 1-bromohexane (45 mmol) were added to the solution. The 

reaction mixture was then warmed to room temperature, stirred for another 3 hours 

and poured into water. The mixture was extracted with petroleum ether, dried over 

magnesium sulfate, and the solvent evaporated. The compound was purified via silica 

gel column chromatography with n-hexane as the eluent. 6.8 g of pure product were 

obtained as colorless liquid. (Yield: 92%) 
1
H NMR (400 MHz, CDCl3) δ (ppm): 7.11 

(dd, J1 = 1.2 Hz, J2 = 5.2 Hz, 1H), 6.93 (dd, J1 = 3.2 Hz, J2 = 4.8 Hz, 1H), 6.77 (dd, J1 

= 1.2 Hz, J2 = 3.2 Hz, 1H), 2.82(t, J = 8.0 Hz, 2H), 1.67 (p, J = 7.6 Hz, 2H), 1.34 (m, 

6H), 0.89(t, J = 7.2 Hz, 3H).
24

 

2,3-Dihexylthiophene (2-7) 

1.60 g (0.066 mol) of magnesium was placed into a 250 mL two-necked rounded 

flask equipped with a condenser, after flushing with N2 for few minutes, 50 mL of dry 

THF and 5.48 g (0.033 mol) of 1-bromohexane was added, followed by stirring for 1 

h at 45°C. To a stirred solution 4.06 g (0.016 mol) of 2-bromo-3-hexylthiophene and 

0.086 g (0.16 mmol) of Ni(dppp)Cl2 in 50 mL of ether was added to the as-prepared 
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Grignard reagent in one portion under ice/water bath. The reaction was quenched by 

saturated ammonium chloride solution and extracted with 100 mL petroleum ether. 

The organic layer then was washed several times with brine, dried with anhydrous 

MgSO4, and evaporated under reduced pressure to get crude product as brown oil. 

The crude product was purified by silica gel column chromatography with n-hexane 

as eluent to obtain 2.97 g of colorless sticky oil. (yield: 65%). 
1
H NMR (400 MHz, 

CDCl3) δ (ppm): 7.03 (d, J = 5.2 Hz, 1H), 6.82 (d, J = 5.2 Hz, 1H), 2.73 (t, J = 8.0 Hz, 

2H), 2.52 (t, J = 8.0 Hz, 2H), 1.62 (m, 2H), 1.56 (m, 2H) 1.35 (m, 12H), 0.90 (t, 

6H).
25

 

2-(2-Ethylhexylthio)thiophene (2-8) 

A dry flask under nitrogen was charged with thiophene (2.00 g, 23.8 mmol) and 

anhydrous THF (30 mL) and cooled to 0°C. A solution of n-butyl lithium in hexane 

(2.5 M, 9.5 mL, 23.8 mmol) was added dropwise over 10 min. After 20 min at this 

temperature, the reaction mixture was cooled to −78 °C, and sulfur (0.77 g, 24 mmol) 

was added in a single portion under nitrogen pressure. After 30 min at −78°C, the 

solution was allowed to warm to room temperature and stirred for 3 h. 2-ethylhexyl 

bromide (4.6 g, 23.8 mmol) was added in three portions, and the reaction mixture was 

stirred overnight at room temperature. Water and CH2Cl2 were added to the reaction 

mixture. Diluted HCl was added to break the emulsion, and the aqueous layer was 

extracted three times with CH2Cl2. The organic layer was dried with MgSO4, and the 

solvent was evaporated under reduced pressure. The crude product was purified by 

silica gel column chromatography (n-hexanes) to afford pure compound as a colorless 

oil (4.12 g, 76%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 7.33 (dd, J1 = 1.2 Hz, J2 = 

5.2 Hz, 1H), 7.10 (dd, J1 = 1.6 Hz, J2 = 3.2 Hz, 1H), 6.98 (dd, J1 = 3.2 Hz, J2 = 5.6 Hz, 

1H), 2.80 (t, J = 7.2 Hz, 2H), 1.66–1.56 (m, 2H), 1.42–1.25 (m, 7H), 0.91–0.80 (m, 

6H).
26

 

5-hexyl-thiophene-2-carbaldehyde (2-9)  

2-hexylthiophene (5 g, 30 mmol) was dissolved in 60 ml THF in a well-dried 

flask under the protection of N2. n-Butyl lithium (24 ml, 2.5 M in hexane) was added 

by dropwise. After 1 hour, N-formylpiperidine (4 g, 35 mmol) was added in one 
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portion. The solution was stirred overnight, and then it was poured into 200 ml cool 

water. The organic layer was separated, and the aqua layer was extracted by CH2Cl2. 

The organic layers were collected, washed with water, dried over anhydrous MgSO4, 

and then removal of solvent gave a crude product. The compound was purified via 

silica gel column chromatography with petroleum ether/ethyl acetate (20:1) as the 

eluent. After removing of solvent, 3.62 g (yield 62%) of 

5-hexyl-thiophene-2-carbaldehyde was obtained. 
1
H NMR (400 MHz, CDCl3) δ 

(ppm): 9.74 (s, 1H), 7.53 (d, J = 3.6 Hz, 1H), 6.83 (d, J = 3.6 Hz, 1H), 2.80 (t, J = 7.6 

Hz, 2H), 1.64 (m, 2H), 1.26 (m, 6H), 0.82 (t, J = 6.4 Hz, 3H). 

4,5-Dihexyl-thiophene-2-carbaldehyde (2-10) 

This precursor was synthesized following the same procedure as for the 2-9. 

After purification by column chromatography, the desired product was obtained as 

yellow oil. Yield: 1.87 g (68%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.76 (s, 1H), 

7.49 (s, 1H), 2.77 (t, J = 8.0 Hz, 2H), 2.53 (t, J = 8.0 Hz, 2H), 1.67 (m, 2H), 1.56 (m, 

2H), 1.30 (m, 12H), 0.89 (m, 6H). 

5-((2-Ethylhexyl)thio)thiophene-2-carbaldehyde (2-11) 

This precursor was synthesized following the same procedure as for the 2-9. 

After purification by column chromatography, the desired product was obtained as 

yellow oil. Yield: 3.14 g (70%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.75 (s, 1H), 

7.61 (d, J = 3.6 Hz, 1H), 7.02 (d, J = 4.0 Hz, 1H), 3.02 (t, J = 7.2 Hz, 2H), 1.73 (m, 

2H), 1.44–1.27 (m, 7H), 0.90 (m, 6H). 

General Procedure for the Synthesis of free-base porphyrin PH2(a~c) 

This precursor was synthesized following the same procedure as for the 

5,15-dialkylated porphyrin as mentioned above. 

PH2(a): 
1
H NMR (400 MHz, CDCl3) δ (ppm): 10.27 (s, 2H), 9.38 (dd, J1 = 4.8 Hz, J2 

= 7.6, 8H), 7.74 (d, J = 3.2 Hz, 2H), 7.23 (d, J = 3.6 Hz, 2H), 3.18 (t, J = 8.0 Hz, 4H), 

2.01 (t, J = 8.0 Hz, 4H), 1.64 (m, 4H), 1.48 (m, 8H), 1.01 (t, J = 7.2 Hz, 6H), −2.97 (s, 

2H). 

PH2(b): 
1
H NMR (400 MHz, CDCl3) δ (ppm): 10.26 (s, 2H), 9.38 (m, 8H), 7.65 (s, 

2H), 3.09 (d, J = 8 Hz, 4H), 2.89 (d, J = 7.6 Hz, 4H), 1.93 (m, 8H), 1.61 (m, 8H), 1.47 
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(m, 16H), 0.99 (m, 12H), −2.91 (s, 2H). 

PH2(c): 
1
H NMR (400 MHz, CDCl3) δ (ppm): 10.27 (s, 2H), 9.38 (d, J = 4.4 Hz, 4H), 

9.32 (d, J = 4,4 Hz, 4H), 7.78 (d, J = 3.6 Hz, 2H), 7.54 (d, J = 3.6 Hz, 2H), 3.15 (dd, 

J1 = 2.8 Hz, J2 = 6.4 Hz, 4H), 1.84 (m, 2H), 1.45−1.65 (m, 8H), 1.43 (m, 8H), 0.99 (m, 

12H), −2.97 (s, 2H). 

General procedure for synthesis brominated 5,15-substutited metalloporphyrin 

derivatives (PZnBr a~c) 

This precursor was synthesized following the same procedure as for the 

brominated 5,15-dialkylated metalloporphyrins as mentioned above. 

PZnBr(a): 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.64 (d, J = 4.8 Hz, 4H), 9.15 (d, J 

= 4.8 Hz, 4H), 7.63 (d, J = 3.6 Hz, 2H), 7.16 (d, J = 3.2 Hz, 2H), 3.15 (t, J = 7.6 Hz, 

4H), 1.98 (m, 4H), 1.62 (m, 4H), 1.48 (m, 8H), 1.00 (t, J = 7.2 Hz, 6H). 

PZnBr(b): 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.59 (d, J = 4.8 Hz, 4H), 9.17 (d, J 

= 4.4 Hz, 4H), 7.54 (s, 2H), 3.06 (t, J = 8.0 Hz, 4H), 2.88 (t, J = 7.6 Hz, 4H), 1.91 (m, 

8H), 1.87 (m, 8H), 1.62 (m, 16H), 0.99 (m, 12H). 

PZnBr(c): 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.62 (d, J = 4.8 Hz, 4H), 9.08 (d, J 

= 4.4 Hz, 4H), 7.64 (d, J = 3.6 Hz, 2H), 7.44 (d, J = 3.2 Hz, 2H), 3.08 (dd, J1 = 2.0 Hz, 

J2 = 6.0 Hz, 4H), 1.78 (m, 2H), 1.48–1.62 (m, 8H), 1.56 (m, 8H), 1.00 (m, 12H). 

General procedure for synthesis PZnCHO(a~c) 

This precursor was synthesized following the same procedure as for the 

ZnPCHO as mentioned above. 

PZnCHO(a): 
1
H NMR (400 MHz, CDCl3) δ (ppm): 10.48 (s, 2H), 9.78 (d, J = 4.8 Hz, 

4H), 9.13 (d, J = 4.4 Hz, 4H), 7.67 (d, J = 3.6 Hz, 2H), 7.47 (d, J = 7.2 Hz, 2H), 7.18 

(d, J = 3.2 Hz, 2H), 4.31 (t, J = 6.4 Hz, 4H), 4.21 (t, J = 6.4 Hz, 4H), 3.16 (t, J = 7.6 

Hz, 4H), 2.25 (m, 4H), 1.97 (m, 8H), 1.73 (m, 4H), 1.35–1.62 (m, 34H), 1.01 (m, 

12H), 0.86 (m, 6H). 

PZnCHO(b): 
1
H NMR (400 MHz, CDCl3) δ (ppm): 10.36 (s, 2H), 9.53 (d, J = 4.4 Hz, 

4H), 9.16 (d, J = 4.4 Hz, 4H), 7.65 (s, 2H), 7.13 (s, 2H), 7.06 (s, 2H), 6.71 (s, 2H), 

4.10 (m, 4H), 4.07 (m, 4H), 3.13 (t, J = 7.6, 4H), 2.92 (t, J = 7.6 Hz, 4H), 2.12 (m, 

4H), 1.93 (m, 8H), 1.81 (m, 4H), 1.25–1.69 (m, 56H), 0.85–1.03 (m, 24H). 
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PZnCHO(c): 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.94 (s, 2H), 9.28 (d, J = 4.4 Hz, 

4H), 9.01 (d, J = 4.4 Hz, 4H), 7.80 (d, J = 3.2 Hz, 2H), 7.58 (d, J = 3.2 Hz, 2H), 7.08 

(s, 2H), 6.66 (s, 2H), 4.01 (t, J = 6.4 Hz, 4H), 3.74 (t, J = 6.0 Hz, 4H), 3.19 (d, J = 6.4 

Hz, 2H), 2.00 (m, 4H), 1.88 (m, 2H), 1.52–1.68 (m, 16H), 1.32–1.45 (m, 30H), 1.09 

(m, 6H), 1.02 (m, 6H), 0.99 (m, 6H), 0.96 (m, 6H). 

General procedure for synthesis CS-4~CS-6 

This precursor was synthesized following the same procedure as for CS-I, CS-II 

and CS-III as mentioned above. 

CS-4: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.25 (d, J = 4.0 Hz, 4H), 9.00 (d, J = 4.8 

Hz, 4H), 8.12 (s, 2H), 7.70 (d, J = 3.2 Hz, 2H), 7.21 (d, J = 7.2 Hz, 2H), 6.99 (s, 2H), 

6.63 (s, 2H), 4.11 (m, 8H), 3.89 (m, 4H), 3.36 (m, 6H), 3.18 (t, J = 8.0 Hz, 4H), 2.00 

(m, 12H), 1.36–1.67 (m, 30H), 1.27 (t, J = 7.2 Hz, 6H), 0.99 (m, 12H), 0.88 (m, 6H). 

(MALDI–TOF, m/z) calculated for C92H106N606S6Zn: 1648.5789; found: 1648.5751. 

CS-5: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.60 (d, J = 4.4 Hz, 4H), 9.11 (d, J = 4.4 

Hz, 4H), 8.17 (s, 2H), 7.57 (s, 2H), 7.23 (d, J = 6.4 Hz, 2H), 6.82 (s, 2H), 4.15 (m, 

8H), 4.09 (m, 4H), 3.04 (t, J = 8.0 Hz, 4H), 2.93 (s, 8H), 2.84 (t, J = 8.0 Hz, 4H), 2.02 

(m, 4H), 1.93 (m, 12H), 1.73 (m, 4H), 1.25–1.58 (m, 42H), 0.95 (m, 18H), 0.84 (m, 

6H). (MALDI–TOF, m/z) calculated for C96H114N606S8Zn: 1768.5855; found: 

1768.5871. 

CS-6: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.62 (m, d, J = 4.4 Hz, 4H), 9.06 (d, J = 

4.4 Hz, 4H), 8.21 (d, J = 4.4, 2H), 7.74 (d, J = 3.6 Hz, 2H), 7.53 (d, J = 3.2 Hz, 2H), 

7.27 (d, J = 4.4 Hz, 2H), 6.90 (s, 2H), 4.22 (m, 12H), 3.16 (d, J = 2.4 Hz, 4H), 2.34–

2.68 (m, 12H), 2.17 (m, 4H), 1.99 (m, 4H), 1.86 (m, 2H), 1.78 (m, 4H), 1.29–1.65 (m, 

30H), 0.98–1.06 (m, 18H), 0.88 (m, 6H). 
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Chapter 3 

New Terthiophene Conjugated A-D-A Porphyrin Donors for 

Highly Efficient Organic Solar Cells 

3.1 Introduction 

(This chapter is partly from my published paper, New Terthiophene Conjugated 

Porphyrin Donors for Highly Efficient Organic Solar Cells. ACS Appl. Mater. 

Inter., 2016, 8, 30176–30183.) 

Solution-processed organic solar cells based on blend of donor and acceptor has 

drawn much attention in recent years as a promising and economic alternative to 

conventional silicon-based solar cells owing to their advantages of low cost, easy 

fabrication, lightweight, and the possibility of fabricating flexible devices.
1,2

 Recently, 

the porphyrin based-small molecule has attracted much attention in recent three years 

no matter in molecular design or device optimization. Especially, employing 

diketopyrrolopyrrole (DPP) or 3-ethylrhodanine as the acceptor units to synthesize 

porphyrin-based donor materials, and successfully achieved high PCEs more than 8% 

due to their vital roles in unique photophysical properties, superior light-harvesting 

ability in the visible region and the ease chemical tuning of their photophysical and 

photochemical properties.
3-5

 Although porphyrin based-small molecule is a favorable 

choice for producing solar cell, every limited structure optimizations has been done in 

molecular design. In addition to this, porphyrins have intrinsically several limitations, 

such as a narrow absorbing range, no absorption in the near-infrared region and weak 

light harvesting ability in the green and red regions in the entire solar spectrum. A 

strategy to design a new porphyrin-based small molecule with a suitable energy level 

and a light-harvesting ability beyond 900 nm into the near infrared region is 

encouraged to further promote the device performance of a porphyrin based organic 

solar cell (OSCs). 

In SM-OSCs, the cell photovoltaic properties largely depend on the ordering of 

structures which determine the exciton diffusion, charge separation, and charge 
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transport properties. In order to achieving much higher PCE, it is thus crucial to 

control the ordering structure by molecular design and synthesis. Along with having a 

well-defined structure and high purity, well molecular ordering of small molecules 

plays an important role in enhancing the photovoltaic performance of small molecules 

through several ways: (i) ordered molecular packing with minimum chemical 

contamination induces a flatter exciton energetic landscape, thus enhancing exciton 

diffusion;
6,7

 (ii) molecular ordering at donor-acceptor interfaces enhances electronic 

delocalization, which is beneficial to charge separation;
8-10

 (iii) interchain charge 

transport is highly efficient for molecular organic semiconductors with ordered 

aggregation. In general, crystallinity of the small molecules, which is often interpreted 

as the strength of π-stacking, can be enhanced by the introduction of fused 

heteroaromatic π-cores into the main chain. 

To extend the backbone conjugation and enhance intermolecular π-π interaction, 

we herein designed and synthesized two promising near-IR absorbing small molecules, 

in which the metalloporphyrin core was linked symmetrically with 

3,3''-dihexyl-terthiophene (TT) via acetylene bridge and ended with rhodanine 

derivatives. At the same time, the peripheral substitutions on porphyrin ring with long 

alkyl chains and electron-withdrawing or -donating units can finely tune its solubility, 

optical absorption, thermal stability, photostability, crystallinity. It is also believed 

that the selection of appropriate alkyl chains could balance the solubility of small 

molecules in common organic solvent and the self-assemble property, as well as 

morphology of blend films.
11

 Therefore, this chapter investigated the spectral property, 

electrochemical property, device property and surface morphology of porphyrin-based 

small molecules with different electron-withdrawing group. 

Alternating donor and acceptor units in copolymers has been demonstrated as an 

effective approach to lowering the band gap of copolymers via internal charge transfer 

(ICT).
12

 To concurrently lower the HOMO energy level and the band gap, we propose 

to construct the A-π-D-π-A type low band gap porphyrin-based small molecules 

strategy by incorporating a “weak donor” and a “strong acceptor”. The “weak donor” 

should help maintain a low HOMO energy level, while a “strong acceptor” should 
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reduce the band gap via ICT. Chen’s group ever has reported a oligothiophene based 

molecule utilize 3-ethylrhodanine (R) and 2-(1,1-dicyanomethylene)-3-ethylrhodanine 

(CNR) as end-capped, and these two “strong acceptor” units can enhanced 

crystallinity and effective π-π stacking between the molecular backbone. 

Consequently, two porphyrin-based small molecules PTTR and PTTCNR bearing 

3-ethylrhodanine (R) and 2-(1,1-dicyanomethylene)-3-ethylrhodanine (CNR) as 

terminal units were designed and prepared (Figure 3-1). Detailed structural analysis 

of PTTR and PTTCNR 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) to elucidate the influence of varied end 

capped on the backbone ordering, film morphology and the corresponding 

photovoltaic performance. 

 

Figure 3-1 Molecular structures of PTTR and PTTCNR. 

3.2 Synthesis 

Because the solubiliy of porphyrin molecules commonly suffer from serious 

aggregation from its nearly co-planar π-conjugated structure, Both PTTR and 

PTTCNR involves long alkyl side chains in the meso-positions of porphyrin ring to 

decrease the degree of disordered aggregation and enhance the solubility in organic 

solvent, which can also control the film morphology and crystallinity with efficient 

charge separation and transport.
13

 The synthetic routes of electron-withdrawing and 

-donating segments, alkyl aldehydes and targeting compounds are depicted in Scheme 
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3-1. The syntheses of 2-(1,1-dicyanomethylene)-3-ethylrhodanine (compound CNR) 

and 5,15-dibromo-10,20-bis(2-octyl-undecyl)-porphyrin Zinc are described in the 

literature.
11,14

  

 

Scheme 3-1 Synthetic routes of PTTR and PTTCNR. Reaction conditions: a) NBS, 

AcOH, CHCl3, r.t., overnight; b) 2,5-bis(trimethylstannyl)thiophene, Pd2(dba)3, 

P(o-tolyl)3, Toluene, overnight; c) DMF, POCl3, ClCH2CH2Cl, reflux, overnight; d) 

NBS, AcOH, CHCl3, r.t., overnight; e) trimethysilyl acetylene, PdCl2(PPh3)2, CuI, 

THF/Et3N, 40°C, overnight; f) TBAF, THF, 30 min; g) Pd(PPh3)4, CuI, THF/Et3N, 

50°C, overnight; h) 3-ethylrhodanine, dry CHCl3, piperidine, reflux, overnight; i) 

2-(1,1-dicyanomethylene)-3-ethylrhodanine, dry CHCl3, piperidine, reflux, overnight. 

According to the previous paper, the precursor of terthiophene derivatives 

(compound 3-1) were obtained by Stille cross-coupling reaction in high yields (up to 

90%).
15

 Then, compound 3-2 was prepared by utilizing Vilsmeier-Haack reaction, and 

followed brominated by NBS. The required aldehyde 3-5 was prepared through 

Sonogashira coupling between 3-3 and trimethylsilyl acetylene, and then the 
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deprotection of trimethylsilyl group with tetrabutylammonium hydrogen fluoride 

trihydrate (TBAF). The key intermediate PTTCHO was synthesized through the 

Sonogashira coupling reaction between the porphyrin and terthiophene moieties. 

Finally, the accepting units (3-ethylrhodanine or 2-(1,1-dicyanomethylene)- 

3-ethylrhodanine) were combined with an intermediate by the Knoevenagel 

condensation to produce double bonds under piperidine-catalyzed with yields of 

50~60%. In order to enhance the solubility, alkyl chain was attached on the 

terthiophene and terminal groups. The two compounds were easily purified on 

silica-gel column, followed by Soxhlet extraction in acetone (24 h each) to remove the 

trace catalyst. After purification, the target products were fully characterized by 
1
H 

NMR and 
13

C NMR spectroscopy and time-of-flight mass spectrometry 

(MALDI-TOF-MS). The molecular packing and orientation of the small molecule 

donors were dramatically changed upon modifying the terminal groups and the side 

alkyl chains, as evidenced by GIXD measurements. 

3.3 Results and Discussion 

3.3.1 Physical and Electrochemical Properties 

Ideally, the porphyrin donors should have a broad and strong absorption in the 

visible and near-infrared region to ensure effective harvesting of the solar photons for 

high short circuit current density (JSC). As shown in Figure 3-2, the UV-Vis 

absorption spectra of PTTR and PTTCNR in dilute CHCl3 and thin films, and 

detailed absorption data are summarized in Table 3-1. It is worth mentioning that 

porphyrin derivatives are dominant candidates that have tremendous potential for 

organic solar cell because of the π-conjugation system provides a panchromatic 

spectral feature to cover the entire visible absorption region, mainly in the B and Q 

bands. But the weak absorption between the Soret and Q bands of monomeric 

porphyrin limits their cell performances.
16

 As expected, both PTTR and PTTCNR in 

dilute chloroform solution show broad absorption spectra in the range of 300–700 nm, 

and the conjugation of 3,3''-dihexyl-terthiophene can effectively increase the solar 

flux coverage between the Soret (464 nm) and Q band (682 nm) (Figure 3-2). 

UV-Vis absorption spectra of the PTTCNR based films show the enhancement of the 
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near-infrared absorption as shown in Figure 3-2(b), indicating the impact of the 

rhodanine derivatives on the absorbance of the low-energy band, and thus light 

harvesting ability of the donor. The broaden band in Q band is dependent on the 

introduction of CNR unit could lowering the HOMO energy level and enhanced 

intermolecular electronic coupling in the solid state. 

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 PTTR

 PTTCNR

(a)

 

300 400 500 600 700 800 900 1000

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4  PTTR

 PTTCNR

 

 

A
b

s
o

rb
a

n
c

e

Wavelength(nm)

(b)

 

Figure 3-2 UV-Vis absorption spectra of PTTR and PTTCNR (a) in chloroform 

solution and (b) in film. 

Table 3-1 Optical and electrochemical data of PTTR and PTTCNR. 

Materials λmax/nm 

(solution) 

λmax/nm 

(film) 

λonset/nm 

(film) 

EHOMO
a 

[eV] 

ELUMO
a 

[eV] 

Eg
cv

 

[eV] 

Eg
optb

 

[eV]
 

PTTR 465,682 535, 755 815 −5.14 −3.56 1.58 1.52 

PTTCNR 463, 684 514, 755 855 −5.17 −3.63 1.54 1.45 

a
 Each measurement was calibrated with ferrocene (Fc). 𝐸1/2

𝐹𝑐 = 0.09 V. EHOMO = 

−4.80 − (Eox − 𝐸1/2
𝐹𝑐 ), ELUMO = −4.80 − (Ered − 𝐸1/2

𝐹𝑐 ); Eg
CV

 = ELUMO − EHOMO. 
b
 Eg

opt
 

was estimated from the formula of 1240/λedge. 
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Compared to the solution absorption spectra, both PTTR and PTTCNR display 

an obvious red-shifted and broader absorption in the solid state (Table 3-1). In 

addition, the intensity of Q bands (760 nm) became stronger than the Soret bands in 

the solid films while they are much lower than the Soret bands in solution. Obviously, 

the polymorphism associated with long pendant side-chains on both porphyrin-core 

and terthiophene backbone triggered much stronger intermolecular self-assembly in 

the condensed solid state related to those porphyrin-based small molecules reported 

previously.
3,17,18

 Besides, due to strong inter-molecular coupling, π-π stacking 

provides a potential opportunity to tune the optical and electrical properties of organic 

thin films.
19-21

 The absorption edge extends down to 820 nm for PTTR and even to 

850 nm for PTTCNR. From the absorption onset the optical bandgap is estimated as 

ca. 1.52 and 1.45 eV, respectively. 
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Figure 3-3 Cyclic voltammogram of PTTR and PTTCNR films on a glassy carbon 

disk measured in 0.1 mol L
-1

 TBAPF6 CH2Cl2 solutions with scan rate of 50 mV s
-1

. 

The cyclic voltammetry (CV) measurement was used to investigate the energy 

levels of PTTR and PTTCNR (Figure 3-3). HOMO and LUMO energy levels were 

calculated from the onsets of the oxidation and reduction curves, and estimated 

HOMO and LUMO energy levels for PTTR −5.14 and −3.56 eV, respectively. When 

using RCN as end-capped instead of 3-ethylrhodanine in PTTCNR, the HOMO level 

is located at −5.17 eV, while the LUMO level is increased to −3.63 eV. As compared 
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to the 3-ethylrhodanine and RCN end-capped molecules, the PTTCNR shows a 

lower LUMO energy level (<3.60 eV), while the HOMO energy is slightly 

down-shifted than the PTTR. These comparison data clearly indicate that 

replacement of the end-groups from 3-ethylrhodanine to stronger 

electron-withdrawing property unit 2-(1,1-dicyanomethylene)-3-ethylrhodanine can 

efficiently lower both energy levels, therefore leading to a narrower bandgap and 

lower HOMO level, thus achieve higher JSC and VOC in device applications. These are 

in well agreement with the red-shifted of the absorption onset and broaden Q-band 

absorption by incorporation of the 2-(1,1-dicyanomethylene)-3-ethylrhodanine end 

groups. 

3.3.2 Theoretical Calculation 

 

Figure 3-4 The optimum geometries and electron-state-density distributions of PTTR 

and PTTCNR. 

In order to gain some insights into the geometrical configuration and electron 

distribution of these two donor materials, quantum chemical calculations were 

investigated by performing density functional theory (DFT) calculations at the 

B3LYP/(6-31G(D)+LANL2DZ) level using Gaussian 09 program suite. The optimal 

molecular packing mode is also consistent to the high planar optimum geometries of 

PTTR and PTTCNR (Figure 3-4). From the calculated results (Figure 3-4), we can 

note that the electron density of PTTR and PTTCNR’s HOMO is mainly delocalized 

over the central porphyrin core and partly located on the neighboring two thiophenes. 

Under the influence of electron-accepting groups, the electron density of the LUMO 

is mainly concentrated on the rhodanine groups, demonstrating that these two 
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materials can realize the expected effective charge separation aimed at in the molecule 

design. Compare to the PTTCNR, the π-electrons of PTTR are mainly concentrated 

at the porphyrin core for LUMOs. The calculated HOMO/LUMO levels are 

−4.96/−3.09 eV for PTTR and −5.09/−3.27 eV for PTTCNR, which is consistent 

with the experimental results that the introduction of dicyanomethylene groups 

slightly deepens the HOMO and LUMO levels. 

3.3.3 Device Properties 
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Figure 3-5 The J-V (a) and EQE (b) curves of the devices based on PTTR and 

PTTCNR under optimal condition and simulated AM 1.5G irradiation (100 mW 

cm
−2

). 
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Figure 3-6 J-V curves of devices based on PTTR and PTTCNR under different 

conditions and simulated AM 1.5G irradiation (100 mW cm
−2

). 

Table 3-2 Device performances based on PTTR and PTTCNR. 

Donor 

materials 

Processing 

conditions 

JSC 

(mA cm
-2

) 

VOC 

(V) 

FF 

(%) 

PCE 

(%) 

PTTR 

CF 10.80 0.86 43.66 4.05
a
/3.89

b
 

CF/DIO 14.49 0.80 61.86 7.17
a
/7.04

 b
 

CF/DIO/SVA 14.93 0.80 64.18 7.66
a
/7.47

 b
 

PTTCNR 

CB 9.28 0.89 42.13 3.47
a
/3.31

 b
 

CB/DIO 13.22 0.84 66.78 7.42
a
/7.30

 b
 

CB/DIO/SVA 14.30 0.82 70.01 8.21
a
/8.13

 b
 

Note: 
a
 and 

b
 indicate the best and the average value of 10 devices, respectively. 

The photovoltaic performance of PTTR and PTTCNR based devices were 

fabricated in solution-processed BHJ OSCs with the conventional device structure of 

ITO/PEDOT:PSS/Donor:PC71BM/PFN/Al.
22

 During the device fabrication, it was 

found that good PTTCNR blend film can be obtained by using chlorobenzene (CB) 

solution while only chloroform (CF) solution produced smooth films for PTTR blend 

film. Therefore, CB and CF were chosen for the fabrication of PTTR- and 

PTTCNR-based devices, respectively. The weight ratios of the donors to PC71BM 

were optimized to be 1:1 for PTTR:PC71BM and 4:3 for PTTCNR:PC71BM with an 

active layer thickness about 100 nm. For the as-casted devices, moderate PCEs of 
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4.05% and 3.47% were achieved based on PTTR and PTTCNR, respectively, 

indicating that the active layers can form bi-continuous and interpenetrating networks 

required for efficient charge separation and transportation. Impressively, the PCEs 

were significantly enhanced to 7.17% and 7.42% for PTTR- and PTTCNR-based 

devices, respectively, with the addition of 0.4% volume 1,8-diiodooctane (DIO) 

additive. Since the solvent vapor annealing (SVA) has been demonstrated to be 

effective in enhancing the performance of OSCs,
23

 the active layers fabricated in the 

presence of DIO additive were further exposed to chloroform solvent vapor (Figure 

3-6). As expected, after the active layers were treated with CHCl3 SVA for 80 s, the 

PCEs were significantly improved to 7.66% for PTTR-based devices with a short 

circuit current (JSC) of 14.93 mA cm
-2

, an open circuit voltage (VOC) of 0.80 V, and a 

fill factor (FF) of 64.18%, and 8.21% for PTTCNR-based devices with a JSC of 14.30 

mA cm
-2

, a VOC of 0.82, and a FF of 70.01% (Figure 3-7). As listed in Table 3-2 and 

Table 3-3, PTTCNR-based devices show higher VOC values under all the device 

fabrication conditions possibly due to the deeper HOMO energy level of PTTCNR 

induced by the strong electron-withdrawing dicyanomethylene groups. At the same 

time, the energy loss (Eloss), which is defined as Eloss = Eg − eVOC, for the optimized 

PTTCNR-based devices is as low as to 0.63 eV, indicating that the VOC of 0.82 V is 

high for a low band gap organic semiconductor (Eg = 1.45 eV), and the low energy 

loss can be ascribed to the Zinc(II) porphyrin core and the conjugated backbone.
24
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Figure 3-7 J-V curves of devices based on PTTR (a) and PTTCNR (b) under 

different time of solvent vapor annealing. 

Table 3-3. Device performances of organic solar cells based on PTTR:PC71BM (w/w 

= 1:1) and PTTCNR:PC71BM (w/w = 4:3) donor materials under different solvent 

vapor annealing. 

Donor materials 

and solvent 

Time of 

SVA (s) 

JSC (mA cm
-2

) VOC (V) FF (%) PCE (%) 

 

PTTR 

(CF+0.4%DIO) 

0 14.49 0.80 61.86 7.17 

40 14.84 0.80 62.66 7.43 

80 14.93 0.80 64.18 7.66 

120 14.47 0.79 62.96 7.20 

 

PTTCNR       

(CB+0.4%DIO) 

0 13.22 0.84 66.78 7.42 

40 14.55 0.82 66.87 7.98 

80 14.30 0.82 70.01 8.21 

120 13.76 0.82 67.35 7.60 

Compared with the device performances based on those previously reported 

porphyrin small molecules with similar chemical structures,
25,26

 the simultaneous 

enhancement of JSC, VOC and FF of PTTR-based devices can be ascribed to the 

stronger self-assembly in films induced by the less bulky 2-octyl-undecyl groups and 

elongated backbone by 3,3’’-dihexyl-terthiophene in PTTR. And the significantly 
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enhanced performance by DIO additive and SVA is attributed to the films with better 

morphology and more ordered molecular self-assembly, which can be demonstrated 

by absorption spectroscopy and the morphology analysis below. 

As shown in Figure 3-8, the as-casted PTTCNR:PC71BM blend films show two 

absorption peaks at 483 and 738 nm, which red-shift to 487 and 746 nm, respectively, 

when processed in the presence of 0.4% DIO additive. Upon CHCl3 vapor annealing 

for 80 s, the two corresponding peaks further red-shift to 490 and 750 nm, 

respectively, with enhanced intensity at 750 nm. The red-shifts of both Soret and Q 

bands and the intensity enhancement of Q bands are attributed to the stronger 

intermolecular interaction and more ordered directionally self-assembly in solid film. 

Without doubt, the more ordered self-assembly can delocalize the electronic states 

across several molecules and thus lead to an extended exciton diffusion length, 

transport more excitons to donor-acceptor junction, which play important roles for the 

enhanced device performances.
27
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Figure 3-8 UV-Vis-NIR absorption spectra of PTTCNR:PC71BM blends under 

different processing conditions. 
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Figure 3-9 EQE curves based on ITO/PEDOT:PSS/PTTCNR:PC71BM/PFN/Al solar 

cells based on different processing conditions. 

For both PTTR- and PTTCNR-based devices, high external quantum 

efficiencies (EQEs) were obtained from 300 to 850 nm with the highest values up to 

65% as shown in Figure 3-5(b), and the JSC values integrated from the EQE curves 

are 14.51 and 13.89 mA cm
−2

, respectively, which are within 5% mismatch with the 

experimental data. The EQE spectrum of PTTCNR-based devices is slightly broader 

but with lower EQE values from 600 to 750 nm than that of PTTR, which is also 

consistent with the absorption spectra of their pure and blend films (Figure 3-5 and 

Figure 3-9). 

Hole-mobilities of the blends were measured by the space charge limited current 

(SCLC) method using ITO/PEDOT:PSS/donor:PC71BM/MoO3/Al device structure. 

The J-V curves of the hole-only devices under dark conditions are shown in Figure 

3-10. While a moderate hole mobility of 1.67 × 10
−4

 cm
2
 V

−1
 s

−1
 is obtained for the 

as-cast blend films of PTTCNR:PC71BM, it is increased by 2.5 times to 4.14 × 10
−4

 

cm
2
 V

−1
 s

−1
 for the films fabricated with DIO additive and then chloroform vapor 

annealing. The enhanced mobility is beneficial for the improvement of FF, JSC and 

overall cell performance. On the other hand, the blend film of PTTR:PC71BM under 

the optimized processing condition exhibit a similar hole mobility of 3.62 × 10
−4

 cm
2
 

V
−1

 s
−1

, which is higher than the best value based on the porphyrin with the same 
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backbone but bulkier 2,6-dioctyloxyl phenyl substituents reported by Palomares,
27

 

and the enhanced hole mobility can be attributed to more ordered self-assembly 

induced by the alkyl chain substituents in PTTR. 
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Figure 3-10 J-V curves of the hole-only using a configuration of 

ITO/PEDOT:PSS/PTTR:PC71BM or PTTCNR:PC71BM /MoO3/Al. 
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Figure 3-11 Jph-Veff characteristics of PTTR- and PTTCNR-based solar cells under 

different processing conditions. 

We measured the photocurrent density (Jph) versus the effective voltage (Veff) or 

light intensity (Pin) of the cells to study their charge generation, dissociation and 

collection properties of the optimized solar cells based on PTTCNR and PTTR. Here, 
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Jph = JL−JD, where JL and JD are the current densities under one sun light illumination 

and in the dark, respectively, and Veff = V0−Va, where V0 is the voltage at Jph = 0 and 

Va is the applied external voltage.
28

 The Veff value determines the electric field in the 

BHJ region, which reflects the carrier transport and the photocurrent extraction 

property. Jph becomes saturated if the Veff is high enough, which can be assumed that 

all the photogenerated excitons are dissociated into free charge carriers and collected 

by electrodes, indicating the saturation current density (Jsat) is only limited by total 

amount of absorbed incident photons. And exciton dissociation probability (P(E,T)) 

can be deduced from the ratio of Jph/Jsat,
29

 As shown in Figure 3-11, the Jph values of 

the optimized solar cells based on PTTCNR and PTTR reach saturation at a low Veff 

of 2 V and the Jsat values are also quite similar. P(E,T) values are 92% and 91% for 

PTTR- and PTTCNR-based devices, respectively, at short circuit condition, 

indicating that the two devices show similar and high charge dissociation efficiencies. 

However, the charge collection efficiencies at a fixed effective voltage for 

PTTR-based devices are smaller than PTTCNR-based ones below the saturate region, 

indicating higher charge recombination possibility in PTTR-based devices. At the 

maximal power output conditions, Jph/Jsat are 80% and 74% for the PTTCNR- and 

PTTR-based devices, respectively, indicating a slightly higher charge collection 

efficiency and less bimolecular recombination for PTTCNR-based devices.
30

 

For PTTCNR-based solar cells under different processing conditions, the Jph of 

the devices only processed from pure CB solution shows a stronger field dependence 

across a large bias range and becomes slightly saturated at Veff = 3 V, suggesting a 

significant geminate and/or bimolecular recombination and/or less efficient interfacial 

contact, thus leading to a low FF of only 42.13%.
31-33

 But the Jph values of the devices 

fabricated with DIO additive and with/without SVA are saturated at much lower Veff, 

suggesting that the photo-generated excitons can be dissociated into free charge 

carriers and the charge carriers are collected at the electrodes very efficiently with 

little geminate or bimolecular recombination,
34

 and thus leading to higher FF values 

of 70.01%/66.78%. The maximum exciton generation rate (Gmax) values, which can 

be calculated by the formula of Jsat = qLGmax (where q is elementary charge and L is 
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the thickness of the active layer),
35

 are 7.80 × 10
27

 (Jsat =124.81 A m
–2

), 8.92 × 10
27

 

(Jsat =146.25 A m
–2

) and 9.83 × 10
27

 m
–3

 s
–1

 (Jsat =157.31 A m
–2

) for the three devices 

of the active layers processed from pure CB, with DIO additive, and with DIO 

additive and then SVA, respectively. The gradually enhanced Gmax values can be 

attributed to the more ordered self-assembly of PTTCNR and the better film 

morphology after adding DIO additive and further SVA shown in Figure 3-12 and 

Figure 3-13. 

3.3.4 Morphology Characterization 

The structure order of porphyrins in BHJ blends was further characterized by 

grazing incidence X-ray diffraction (GXID) method. As shown in Figure 3-12, both 

PTTR and PTTCNR in blends take an edge-on orientation. The (100) peak intensity 

in out-of-plane direction is much stronger than in in-plane direction. Line cut profiles 

in out-of-plane direction and in-plane direction are summarized in Figure 3-12 (g) 

and (h). As for spun PTTR blends, intensive (100) peaks with high order diffractions 

show up at 0.306 A
−1

, corresponding to an inter-spacing of 20.5 A
−1

. And the crystal 

size is estimated to 10.5 nm. 

 

Figure 3-12 GIXD data of the blend films based on PTTR:PC71BM (a-c) and 

PTTCNR:PC71BM (d-f) under different processing conditions; g) out-of-plane and h) 

in-plane line-cut profiles of GIXD of the blend films. 

The PTTR blend processed from CF/DIO shows a reduced (100) spacing of 20.1 

A
−1

 and an increased crystal size of 12.8 nm. CF/DIO/SVA processing further 
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increased the crystal size to 13.7 nm and reduced the (100) distance to 20.0 A
−1

. For 

PTTCNR blends, (100) crystal sizes are 9.8, 16.4 and 14.3 nm respectively for pure 

CB, CB/DIO and CB/DIO/SVA processed blend films, respectively. Similar (100) 

stacking distances of 19.5 A
−1 

were observed for all these samples.
 
Apparently, the 

peak intensities are much stronger for CB/DIO and CB/DIO/SVA processed blend 

films, indicating more ordered self-aggregation. In addition, CB/DIO processed blend 

film shows a larger crystal size than that of CB/DIO/SVA processed film, but the 

relative intensity for CB/DIO/SVA processed blend film is much stronger. The 

comparable data indicates that the SVA processing leads to new nucleation and 

growth of crystallites, and the large population of small crystallites in blends drags 

down the average crystal value of crystals for PTTCNR blends. Also, DIO/SVA 

processing increases the crystal quality of PTTR blends as shown in Figure 3-12 

with decreased crystal-packing distances. The π-π stacking peaks in these molecules 

are weak for all these samples and the azimuthal distributions are quite broad. It is 

also interference with the PC71BM broad diffraction peak in high q region and thus 

hard to accurately analyze. For PTTR and PTTCNR blends, the π-π stacking peaks 

are located at ~1.77 A
−1

, corresponding to a distance of 3.55 Å. This value is quite 

small among those conjugated molecules,
4,36

 which benefits from the strong 

intermolecular interactions and the reduced steric ring with less bulk alkyl chain 

substituents. The small π-π stacking distance is favorable for charge transport,
37

 thus 

leading to a higher FF. 

The atomic force microscopy (AFM) height images of the BHJ blends shown in 

Figure 3-13 indicate that the films processed from pure CF and CB exhibit a rather 

smooth morphology with root-mean-square (RMS) roughnesses of 0.6 and 0.7 nm for 

PTTR and PTTCNR, respectively, and are characteristic of bi-continuous, 

interpenetrating networks required for efficient charge separation and transportation. 

And DIO additive led to an increased surface roughness and topological features of 

~100 nm for PTTR blend films, while it does not change the surface topology for 

PTTCNR blends. And the subsequent SVA treatment only induces slightly rougher 

surfaces for both PTTR and PTTCNR blend films. 
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Figure 3-13 Tapping-mode AFM height images for PTTR:PC71BM (a-c, a: W/O DIO, 

b: with DIO, and c: DIO +SVA) blend films and PTTCNR:PC71BM blend film (d-f, d: 

W/O DIO, e: with DIO, and f: DIO +SVA). 

 

Figure 3-14 RSoXS profiles of (a) PTTR:PC71BM and (b) PTTCNR:PC71BM blend 

films under different processing conditions. 
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Length scale of phase separation for these BHJ blends was characterized using 

resonant soft X-ray scattering (RSoXS) in transmission mode.
38

 As shown in Figure 

3-14 with scattering profiles for PTTR and PTTCNR blends, quite weak scattering 

peaks were observed at around 0.02 A
−1

 for both as spin-coated films, corresponding 

to a phase separation of 32 nm. For PTTR blends, DIO additive drastically increases 

the length scale of phase separation to 0.0056 A
−1

, corresponding to a distance of 112 

nm. And the scattering intensity increases by more than one order of magnitude. 

Obviously, the DIO additive induces the phase separation due to the enhanced 

interaction of donor and acceptor materials. The subsequent SVA led to a slight 

decrease in both scattering intensity and length scale of phase separation, showing a 

peak at 0.0065 A
−1

 (97 nm). Regarding the correlation of interphase properties with 

device performances, a weak phase separation is detrimental in generating excitons 

and collecting charges. The CF/DIO/SVA processing reaches a balance between 

length scale of phase separation and extent of phase separation, corresponding to a 

better device performance than CF/DIO. For PTTCNR blends, as casted thin film 

shows an even poorer phase separation (barely can be seen at ~0.02 A
−1

.), which 

corresponds to poorer device performance than PTTR due to serious geminate and/or 

bimolecular recombination demonstrated by Jph-Veff characteristics. But DIO additive 

led to an obvious scattering peak located at 0.019 A
−1

, corresponding to distance of 33 

nm. This unambiguously demonstrate that the DIO additive is very helpful to improve 

the crystals size of donor materials, and frame the phase-separated morphology (The 

crystal size in (100) direction is about half of the size of phase separation). The 

subsequent SVA further increased the scattering intensity and the peak also slightly 

shifted to 0.017A
−1

 (37 nm). The suitable crystals size and length scale of phase 

separation significantly reduced recombination and led to the improvement of device 

performances from 3.47% to 8.21%. 

3.4 Conclusion 

In conclusion, two new porphyrin small molecules of PTTR and PTTCNR, 

have been developed for BHJ OSCs, with high PCEs of 7.66% and 8.21%, 

respectively. Through the structural engineering of porphyrin ring with the less bulky 
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2-octylundecyl peripheral substituents and the π-conjugation with the 

3,3’’-dioctyl-terthiophene, both PTTR- and PTTCNR blend films show stronger and 

more ordered self-assembly morphology. The significantly enhanced PCEs for 

PTTR- and PTTCNR-based OSCs are mainly attributed to their stronger and more 

ordered self-assembly by porphyrin structural engineering with the less bulky 

2-octylundecyl peripheral substituents on porphyrin-core and the elongated 

π-conjugation by the 3,3’’-dioctyl-terthiophene and the processing engineering with 

DIO additive and the subsequent chloroform SVA, which lead to very efficiently 

photo-generated exciton dissociation and charge collection for high performance 

OSCs. 

3.5 Experimental Section 

Solar Cell Device Fabrication and Characterization 

The photovoltaic devices based on PTTR and PTTCNR were fabricated and 

measured by the group of Prof. Xiaobin Peng in the State Key Labotatory of 

Luminescent Materials and Devices, South China University of Technology. For 

PTTR and PTTCNR, the BHJ OSCs were fabricated as follows: Indium tin oxide 

(ITO) coated glass substrates were cleaned prior to device fabrication by sonication in 

acetone, detergent, distilled water, and isopropyl alcohol. After treated with an 

oxygen plasma for 5 min, 40 nm thick PEDOT:PSS (Bayer Baytron 4083) layer was 

spin-coated on the ITO-coated glass substrates at 2500 rpm for 30s, the substrates 

were subsequently dried at 150
o
C for 10 min in air and then transferred to a 

N2-glovebox. The active layers were spun from solution of donor material:PC71BM at 

different weight ratio with an overall concentration of 32 mg/mL. The thicknesses of 

active layers were measured by a profilometer. The ultra-thin PFN layer was 

deposited by spin casting from a 0.02% (w/v) solution in methanol (from 2000 rpm 

for 30 s). Finally, Al (~80 nm) was evaporated with a shadow mask as the top 

electrode. The effective area was measured to be 16 mm
2
. Hole mobilities of the 

blends were measured by the space charge limited current (SCLC) method using 

ITO/PEDOT:PSS/donor:PC71BM/MoO3/Al device structure. The characterization 

method is following the same procedures in the Chapter 2. 
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Density functional theory (DFT) calculations 

The optimum geometries of PTTR and PTTCNR and their 

electron-state-density distributions of HOMOs and LUMOs were investigated by 

performing density functional theory (DFT) calculations at the 

B3LYP/(6-31G(D)+LANL2DZ) level using Gaussian 09 program suite.  

Morphology Characterization 

Grazing incidence x-ray diffraction (GIXD) was done at either beamline 7.3.3 

Lawrence Berkeley National Lab (LBNL). The sample was put inside a helium 

chamber, and Pilatus 2M detector was used to collect the signal. GIXD results were 

analyzed using Nika software package and peak information was accessed by 

guassian fitting. RSoXS was performed at beamline 11.0.1.2 Lawrence Berkeley 

National Lab. Thin films was flowed and transferred S16 onto Si3N4 substrate and 

experiment was done in transition mode. AFM was performed on a Digital 

Instruments Dimension 3100, operating in tapping mode. 

Materials and Synthetic Method 

All air and water-sensitive reactions were performed under nitrogen atmosphere. 

All of the chemicals were purchased from Dieckmann Chemical Ltd, China. Organic 

solvents used in this work were purified using standard process. The other materials 

were of the common commercial level and used as received. 

2-(1,1-dicyanomethylene)-3-ethylrhodanine (CNR) 

To an acetonitrile solution (50 ml) of isothiocyanatoethane (0.96 g, 11 mmol) 

and malononitrile (0.66 g, 10 mmol) was added 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU) (1.52 g, 10 mmol) at room temperature. The mixture was stirred for 30 min 

and then ethyl 2-bromoacetate (2.84 g, 17 mmol) was slowly added. The mixture was 

stirred for 1 h at room temperature and then refluxed for 3 h at 82
o
C. The mixture was 

concentrated, acidified with 2 M hydrochloric acid (30 ml) and extracted with CHCl3 

(30 ml × 2). The organic layer was washed with water and then dried over anhydrous 

Na2SO4 for 3 h. After removal of solvent, the crude product was washed with 

n-hexane (40 ml × 2) and then recrystallized from methanol to yield a yellow solid 
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(1.75 g, 91%). 
1
H NMR (400MHz, CDCl3): δ 4.21–4.15 (br, 2H), 4.02 (s, 2H), 1.38–

1.34 (t, 3H). 

2-bromo-3-hexylthiophene 

To a stirred solution of appropriate 3-alkylthiophene (1 equiv.) in chloroform and 

acetic acid (1:1 v/v), NBS (1 equiv.) was added in dark at room temperature for 2 h. 

The reaction was monitored by TLC to establish completion. The organic layer was 

extracted with hexane, washed with NaHCO3 (aq), water and brine; dried over MgSO4; 

and concentrated in vacuo. The crude compound was purified by gravity column 

chromatography using n-hexane as the eluent to afford the corresponding product 

(90~95% yield) as colorless oil. 
1
H NMR (400 MHz, CDCl3): 7.18 (d, 1H), 6.80 (d, 

1H), 2.56 (t, 2H), 1.58 (q, 2H), 1.31 (m, 10H), 0.89 (t, 3H). 

3,3-dialkyl-2,2':5',2"-terthiophene (3-1) 

A solution of 2,5-bis(trimethylstannyl)thiophene (1 equiv.), appropriate 

2-bromo-3-alkylthiophene (2.1 equiv.), Pd2(dba)3 (3 mol%) and P(o-tolyl)3 (4 equiv. 

to Pd catalyst) in dry toluene (0.1 M conc.) was refluxed and stirred overnight. The 

reaction mixture was cool to R.T. and diluted with CH2Cl2. The organic layer was 

washed with water and brine; dried over MgSO4; and concentrated in vacuo. The 

crude compound was purified by flash column chromatography using n-hexane as the 

eluent to afford the corresponding product 3-1 (80~90% yield) as a yellow oil. 
1
H 

NMR (400 MHz, CDCl3): 7.19 (d, 2H), 7.06 (s, 2H), 6.95 (d, 2H) 2.80 (t, 4H), 1.67 (q, 

4H), 1.31 (m, 20H), 0.89 (t, 6H). 

3,3"-dialkyl-[2,2':5',2"-terthiophene]-5-carbaldehyde (3-2) 

To a solution of appropriate compound 3-1 (1 equiv.) and 

N,N-dimethylformamide (1 equiv.) in 1,2-dichloroethane (0.15 M conc.) was slowly 

added 1 equiv. of POCl3 at 0
o
C, and stirred for 1 h under N2. Then, the reaction 

mixture was allowed to heat to 60
o
C and stirred overnight. The mixture was cool to 

0
o
C and neutralized using NaHCO3 (aq). The organic layer was extracted using 

CH2Cl2 and dried over MgSO4; and concentrated in vacuo. The crude compound was 

purified by flash column chromatography using the mixture of n-hexane and CH2Cl2 

(1:2 v/v) as the eluent to afford the corresponding product 3-2 (75~80% yield) as an 



116 

orange oil. 
1
H NMR (400 MHz, CDCl3): 9.83 (s, 1H), 7.59 (s, 1H), 7.24 (m, 2H), 7.10 

(d, 1H), 6.97 (d, 1H), 2.84 (m, 4H), 1.67 (m, 4H), 1.43–1.24 (m, 20H), 0.89 (m, 6H). 

5"-bromo-3,3"-dialkyl-[2,2':5',2"-terthiophene]-5-carbaldehyde (3-3) 

To a stirred solution of appropriate compound 3-2 (1 equiv.) in chloroform and 

acetic acid (1:1 v/v), NBS (1 equiv.) was added in dark at room temperature for 2 h. 

The reaction was monitored by TLC to establish completion. The organic layer was 

extracted with hexane, washed with NaHCO3 (aq), water and brine; dried over 

MgSO4; and concentrated in vacuo. The crude compound was purified by gravity 

column chromatography using n-hexane as the eluent to afford the corresponding 

product 3-3 (90~95% yield) as orange oil. 
1
H NMR (400 MHz, CDCl3): 9.83 (s, 1H), 

7.59 (s, 1H), 7.22 (d, J = 4.0 Hz, 1H), 7.04 (d, J = 3.6 Hz, 1H), 6.91 (s, 1H), 2.83 (t, J 

= 8.0 Hz, 2H), 2.73 (t, J = 8.0 Hz, 2H), 1.68 (m, 4H), 1.43–1.26 (m, 20H), 0.87 (m, 

6H). 

3,3''-dihexyl-5''-((trimethylsilyl)ethynyl)-[2,2':5',2''-terthiophene]-5-carbaldehyd

e (3-4) 

Compound 3-3 (800 mg, 1.53 mmol), CuI (0.026 g, 0.14 mmol), PdCl2(Ph3P)2 

(0.100 g, 0.143 mmol) were combined in THF (40 mL) and Et3N (20 mL) to yield a 

yellow solution under nitrogen atmosphere. A solution of trimethysilyl acetylene (300 

mg, 3.0 mmol) was slowly added to the reaction mixture at room temperature. The 

reaction mixture was then stirred at 40
o
C for overnight to give brown suspension. The 

completion of the reaction was verified by spot TLC. The solvent was then removed 

under reduced pressure, and the residue was chromatographed on silica gel using 

n-hexane/DCM(1:1) as eluent to give product 3-4 (680 mg, 82%) as light orange oil. 

1
H NMR (400 MHz, CDCl3): δ 9.83 (s, 1H), 7.59 (s, 1H), 7.23 (d, J = 3.6 Hz, 1H), 

7.10 (d, J = 4.0 Hz, 1H), 7.08 (s, 1H), 2.83 (t, J = 8.0 Hz, 2H), 2.74 (t, J = 8.0 Hz, 2H), 

1.62–1.77 (m, 4H), 1.22–1.42 (m, 12H), 0.89 (m, 6H), 0.25(s, 9H). 

5''-ethynyl-3,3''-dihexyl-[2,2':5',2''-terthiophene]-5-carbaldehyde (3-5) 

The solution of compound 3-4 (600 mg, 1.11 mmol) was degassed with 

dinitrogen for 20 min; then TBAF (1.3 mL of 1.0 M solution in THF, 1.3 mmol) were 

added to the mixture. The reaction mixture was then stirred at room temperature for 
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30 min under N2. The completion of the reaction was verified by spot TLC. The 

reaction mixture was poured into water (100 ml) and extracted with CH2Cl2. The 

organic layer was thoroughly washed with water, aqueous sodium bicarbonate, brine 

and again with water, and then dried over Na2SO4. After removal of solvent it was 

chromatography on silica gel using a mixture of dichloromethane and n-hexane (1:1) 

as eluant to afford 3-5 (457 mg, 88%) as orange oil. 
1
H NMR (400 MHz, CDCl3): δ 

9.83 (s, 1H), 7.59 (s, 1H), 7.22 (d, J = 4.00 Hz, 1H), 7.10 (d, J = 4.00 Hz, 2H), 3.39 (s, 

1H), 2.80 (t, J = 8.0 Hz, 2H), 2.70 (t, J = 8.0 Hz, 2H), 1.66 (m, 4H), 1.27 (m, 12H), 

0.88 (m, 6H). 

Synthesis of PTTCHO 

A mixture of PZnBr (400 mg, 0.375 mmol) and 3-5 (400 mg, 0.854 mmol) in 

THF (40 mL) and Et3N (20 ml) was degassed with nitrogen for 20 min, and then 

Pd(PPh3)4 (50 mg, 0.044 mmol), CuI (10 mg, 0.044 mmol) were added to the mixture, 

the solution was refluxed for 12 h under nitrogen. The solvent was removed under 

vacuum, and the solid residue was purified by preparative thin layer chromatography 

using a CHCl3 as eluents. Recrystallization from CHCl3/methanol gave PTTCHO as 

a green solid (423 mg, 61%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.74 (m, 12H), 

0.91–1.42 (m, 92H), 1.71–1.82 (m, 8H), 2.68 (m, 4H), 2.82–2.94 (m, 12H), 5.16 (m, 

2H), 7.21 (d, J = 4.0 Hz, 2H), 7.28 (d, J = 4.0 Hz, 2H), 7.50 (s, 2H), 7.59 (d, J = 7.6 

Hz, 2H), 9.55 (d, J = 4.4 Hz, 4H), 9.64 (d, J = 5.6 Hz, 4H), 9.83 (s, 2H, CHO). 

Synthesis of PTTR 

To a solution of PTTCHO (160 mg, 0.086 mmol) in dry CHCl3, three drops of 

piperdine and 3-ethylrhodanine (128 mg, 0.80 mmol) were added sequentially, and 

the resulting mixture was stirred and refluxed under argon for 12 h. After cooling and 

then quenching in water (30 mL), the reaction mixture was extracted with CHCl3 (3 × 

20 mL). The organic layer was dried over Na2SO4. After the removal of the solvent, 

the residue was purified by chromatography on a silica gel column using CHCl3 as an 

eluant. The highly pure PTTR as a gray green solid was obtained after the 

recrystallization from CHCl3 and methanol mixture (102 mg, 55%). 
1
H NMR (400 

MHz, CDCl3) δ (ppm): 0.73 (m, 12H), 0.94–1.69 (m, 96H), 1.63–1.70 (m, 4H), 1.78–
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1.86 (m, 4H), 2.66–2.71 (m, 4H), 2.79–2.83 (m, 4H), 2.90–2.94 (m, 8H), 4.19 (m, 4H), 

5.17 (m, 2H), 7.18 (s, 2H), 7.24 (d, J = 1.6 Hz, 4H), 7.50 (s, 4H), 7.73 (s, 2H), 9.57 (d, 

J = 4.8 Hz, 2H), 9.64 (m, 6H). (MALDI–TOF, m/z) calculated for C122H158N6O2S10Zn: 

2126.8884; found: 2126.8942. 

Synthesis of PTTCNR 

Using 2-(1,1-dicyanomethylene)-3-ethylrhodanine instead and following a 

similar procedure for PTTR, the highly pure PTTCNR was also obtained as a gray 

green solid in a yield of 52%. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.77 (m, 12H), 

0.86–1.41 (m, 90H), 1.53 (m, 12H), 1.83 (m, 4H), 2.65 (m, 8H), 2.91 (m, 8H), 4.23 (q, 

J = 7.2 Hz, 4H), 5.17 (m, 2H), 6.78 (m, 2H), 7.11 (q, J = 4.4 Hz, 2H), 7.24 (m, 4H), 

7.46 (m, 2H), 9.57–9.64 (m, 8H). (MALDI–TOF, m/z) calculated for 

C128H158N10O2S8Zn: 2189.9716; found: 2189.9780. 
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Chapter 4  

Visible-Near-Infrared Responding Dimeric Porphyrin Donor 

Featuring A-π2-D-π1-D-π2-A Type Architecture for High 

Performance Organic Solar Cells 

4.1 Introduction 

Solution-processed organic solar cells based on bulk heterojunction (BHJ) blends 

have drawn much attention in recent years as a promising alternative green energy 

complimentary to silicon technologies.
1,2

 Impressively, small-molecular (SM) active 

materials have been fast developed for the least batch-to-batch variation in physical 

and optoelectronic properties, and the reported power conversion efficiency (PCE) of 

single-junction small-area devices reach 10%.
3-7

 Among them, porphyrins as one 

unique family have also been successfully demonstrated as active materials because 

of their superior light-harvesting capability in the visible region and freely tunable 

photophysical and photochemical properties by facile structural modification.
8-10

 We 

have developed a series of A-D-A structural molecules based on meso-alkyl 

substituted porphyrin-core and obtained PCEs up to 8.21%.
11-13

 Meanwhile, Peng et al. 

developed porphyrin-diketopyrrolopyrrole molecules with efficiencies steadily 

increased from 4.02% to 9.06% by morphological modification.
14-18

 Though 

porphyrin-based donor materials have demonstrated their enormous potentiality in 

photovoltaic applications with outstanding performance, porphyrin based materials 

have a major disadvantage with lacking of light-harvesting ability beyond 850 nm, 

thus limiting their cell performances. As shown in reference solar spectral irradiance: 

ASTM G-173 (Figure 4-1), the half-part of the total solar photon flux is located in the 

red and near-infrared (NIR) spectra (600~1000 nm), so it’s quite urgent to develop 

efficient NIR absorbing molecules for high performance organic solar cells. 



122 

500 1000 1500 2000 2500 3000 3500 4000

0.0

0.5

1.0

1.5

2.0

 

 

S
p

e
c

tr
a

l 
Ir

ra
d

ia
n

c
e

 W
 m

-2
 n

m
-1

Wavelength (nm)

 Etr W*m
-2
*nm

-1

 Global tilt W*m
-2
*nm

-1

 Direct+circumsolar W*m
-2
*nm

-1

 

Figure 4-1 Reference solar spectral irradiance: ASTM G-173. Sources: National 

Renewable Energy Laboratory (NREL), https://www.nrel.gov/. 

The current status and limitations of research motivate us to develop a new class 

of conjugated porphyrin to optimize light absorption and energy level, with the 

highlight of pushing light absorption into near infrared region, and developing highly 

efficient NIR organic solar cells (OSCs). Definitely, coupling of two porphyrin 

macrocycles through an ethynyl linker is a conventional method to obtain an 

essentially coplanar porphyrin molecular, which is an effective way to extend the 

absorption of a porphyrin toward deep NIR region.
19,20

 Besides, employing 

meso-meso linked porphyrin dimers can improve extinction coefficients regularly 

with the strong exciton coupling between two porphyrin moieties and decrease the 

π-π* gap concomitantly with the increased π-conjugation.
21-24

 This strategy is 

especially successful for the highly efficient porphyrin-based dyes sensitized solar 

cells with light harvesting in NIR region.
20,25,26

 Meanwhile, donor-acceptor approach 

is of value in developing high performance organic solar cells.
27-29

 Herein, we 

strategically construct new A-π2-D-π1-D-π2-A molecule with highly visible-NIR 

absorption, in which two porphyrin monomers is tethered via ethynyl linker (π1), and 
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ended with electron deficient 3-ethylrhodanine (A) via the second ethynylbenzene (π2) 

linker. Moreover, aliphatic side chain substitutions can be readily introduced to the 

orthogonal position in porphyrins to manipulate material solubility and solid-state 

packing.
11,30

 

In our previous work, we show that the ability of a monomeric porphyrin donor 

(MP) to harvest light is significantly redshifted in thin film, due to strong π-π 

intermolecular interaction.
12

 Meanwhile, the devices based on MP showed efficient 

photocurrent response from 300–850 nm, indicating that there is yet plenty of space to 

further widen the light-harvesting region. To achieving better performances, an 

attempt on fusion of π-extended porphyrin in MP can further improve the device 

performance with the following considerations: 1) extended π-electron conjugation 

systems with even stronger light-harvesting abilities both in the visible and the 

near-infrared region; 2) ample intermolecular interactions for efficient charge transfer, 

thus enhanced charge mobility; 3) well-defined and rigid molecular structures to 

ensure molecular ordered arrangement in solid state; 4) flexible alkyl chains can 

ensure the high level of solubility and suppress molecular aggregation. The physical 

properties of CS-DP were investigated by various experimental methods, and superior 

light harvesting ability towards the near-infrared region exhibits a remarkable feature 

because it might be adopted into the system of ternary or tendem organic solar cells to 

improve the device performance. 

4.2 Synthesis 

The synthetic route of CS-DP and MP is shown in Scheme 4-1 and the details 

are provided in Experimental Section. The precursor 4-3 was “one-pot” synthesized 

sequentially through the triisopropylsilyl deprotection of compound 4-2 in 

tetrahydrofuran (THF), the coupling reaction with compound 4-1 in the presence of 

PdCl2(PPh3)2 and CuI. Then the Knoevenagel condensation of 3-ethylrhodanine with 

compound 4-3 afforded the targeting molecule CS-DP, which was carefully purified 

by thin-layer chromatography and Soxhlet extraction. For comparison, A-D-A 

structural porphyrin monomer (MP) was also prepared according to our previous 

research.
12

 All the new compounds involved were characterized by standard spectral 
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and analytical methods. Attached with peripheral branched alkyl chain substituents, 

CS-DP is readily soluble in common organic solvents such as CH2Cl2, CHCl3, THF 

and chlorobenzene at room temperature. The thermalgravimetric analysis (TGA) 

indicates the high thermal stability of MP and CS-DP (Figure 4-2), which shows a 5% 

weight loss at approximately 357
o
C and 383

o
C, respectively, under nitrogen 

atmosphere. The results suggest that the dimeric porphyrin-cored small molecule 

should be appropriate as donor material for solution-processing and thermal annealing 

treatment in device fabrication. 

Scheme 4-1 The synthetic routes of CS-DP and MP. Reaction conditions: a) 

Pd(PPh3)4, CuI, THF/Et3N, 50
o
C, overnight; b) Triisopropylacetylene, Pd(PPh3)2Cl2, 

CuI, THF/Et3N, 50
o
C, overnight; c) TBAF, THF, 30 min; d) Compound 4-1, 

Pd(PPh3)4, CuI, THF/Et3N, 50
o
C, overnight; e) 3-ethylrhodanine, dry CHCl3, 

piperidine, reflux, overnight. 
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Figure 4-2 Thermogravimetric analysis of MP and CS-DP. 

4.3 Results and discussions 

4.3.1 Physical and Electrochemical Properties 

The absorption spectra of MP and CS-DP in CHCl3 and in film are shown in 

Figure 4-3, and data are collected in Table 4-1. The absorption spectrum of MP in 

dilute solution showing exhibits an intensive absorption band at 472 nm, 502 nm and 

696 nm with a high molar extinction coefficient of 1.64 × 10
-5

 cm
-1

, 1.95 × 10
-5

 cm
-1

 

and 1.81 × 10
-5

 cm
-1

, respectively. As expected, the maximum absorption of CS-DP 

was much more red-shifted to 791 nm in comparison to monomer analogue MP, 

indicating the lower band gap of CS-DP due to the strong electron coupling and 

electronic delocalization of dimeric porphyrin core tethered by ethynyl linkers.
31

 

Compared to its spectrum in solution, the thin film of CS-DP exhibits a significantly 

broadened and bathochromic absorption with Q band extended into NIR region over 

1100 nm. Impressively, CS-DP with the A-π2-D-π1-D-π2-A configuration shows a 

red-shifted Q-band by 117 nm in thin film contrasted sharply with the A-π-D-π-A 

structural MP. The result indicates that the dimeric porphyrin center is more favorable 

in self-assembly, leading to strong intermolecular π-π interactions. The optimal 

conditions for CS-DP/PC71BM film morphology engineering in device fabrication 

inspired us to study the absorption spectra of the blend films of CS-DP/PC71BM, 

processed at 1:1.25 weight ratio in chlorobenzene (CB) under different conditions, 



126 

including a) pristine film, b) pyridine additive, c) pyridine additive and thermal 

annealing, d) pyridine additive, thermal annealing and solvent-vapor annealing 

(Figure 4-4). Their absorption spectra are consistent to the spectra of CS-DP film in 

the range from 400 to 1200, but show slight differences in Soret and Q bands, which 

are strongly correlated with the morphology of the blend films processed under 

different conditions. The pyridine additive can suppress the π-π interaction 

self-aggregation of big planar porphyrin molecules in the film because of its 

coordination to the central zinc ion. As a result, the aggregation type of the blend film 

was change from J-aggregation without pyridine to H-aggregation with pyridine, 

leading to blue-shifted Soret and Q bands. Subsequent 110
o
C thermal annealing (TA) 

would remove a large proportion of pyridine additive, and the J-aggregation becomes 

dominant in the blend film, corresponding to slight bathochromic shifts of both Soret 

and Q bands in comparison with the film only with pyridine additive. In addition, the 

absorption peaks of the blend film after extra SVA remained essentially unchanged 

with slightly lower absorption coefficient. 

Table 4-1 Photophysical and electrochemical data of CS-DP and MP in CHCl3. 

Comp. 
λmax (ε/10

5
 M

−1
 

cm
−1

) 

λmax 

(Film) 

λonset 

(Film) 

Eox
 

[V] 

Ered 

[V] 

EHOMO 

[eV]
a
 

ELUMO 

[eV]
a
 

Eg
opt 

[eV]
b
 

MP 

472 (1.64), 502 

(1.95), 696 

(1.81) 

520, 

735 
780 0.36 −1.10 −5.16 −3.70 1.55 

CS-DP 
511 (2.65), 791 

(1.65) 

525, 

852 
975 0.16 −1.06 −4.96 −3.74 1.26 

a
 Potential are measured relative to ferrocene/ferrocenium

 
(Fc/Fc

+
) as an external 

reference. EHOMO = −4.80 − Eox, ELUMO = −4.80 − Ered; 
b
 Optical bandgap estimated 

from the formula of 1240/λedge. 

 

https://en.wikipedia.org/wiki/Bathochromic_shift
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Figure 4-3 Absorption spectra of CS-DP and MP in CHCl3 (a), films (b). 
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Figure 4-4 Absorption spectra of CS-DP/PCBM films under different processing 

conditions. 
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The reduction and oxidation potentials of CS-DP and MP were investigated by 

cyclic voltammetry (CV) (Figure 4-5) and the data is listed in Table 4-1. The HOMO 

and LUMO energy levels are −4.96 and −3.74 eV for CS-DP, and −5.16 and −3.70 

eV for MP, respectively, which were calculated from the onset oxidation potential and 

the onset reduction potential of the redox curves. Not unexpectedly, CS-DP shows a 

slightly lower LUMO energy level than MP, which is predominantly determined by 

the same acceptor unit. But the HOMO of CS-DP is much elevated in comparison to 

MP, mainly because of the strong electron coupling of the dimeric porphyrin core. As 

a result, CS-DP shows a much smaller bandgap of 1.22 eV than MP of 1.46 eV, which 

is consistent with the optical bandgap of 1.26 eV for CS-DP and 1.55 eV for MP. 

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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Figure 4-5 Cyclic voltammogram of CS-DP measured in 0.1 mol L
−1

 TBAPF6 

CH2Cl2 solutions.  
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4.3.2 Device Properties 
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Figure 4-6 (a) Current density-voltage (J-V) curves of CS-DP:PC71BM-based devices; 

(b) The EQE curves for the devices under constant incident light intensity (AM 1.5G, 

100 mW cm
−2

 without and with SVA); (c) plots of key parameters dependent on the 

device processing conditions. 
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Table 4-2 Key parameters of cell performance under different film processing 

conditions. 

SVA Additive 
TA 

o
C 

JSC 

(mA cm
−2

) 
VOC (V) FF (%) PCE (%)

a
 

W/O W/O W/O 3.84±0.16 0.827±0.01 33.1±3.2 1.05±0.15(1.20) 

W/O 3% Py 90 9.50±0.20 0.835±0.01 42.2±1.3 3.35±0.13 (3.48) 

THF 3% Py 90 12.61±0.31 0.826±0.01 56.3±1.1 5.86±0.18 (6.04) 

THF 3% Py 110 15.14±0.05 0.781±0.015 69.8±0.2 8.23±0.06 (8.29) 

THF 3% Py 130 14.75±0.19 0.765±0.012 68.2±0.6 7.69±0.14 (7.83) 

THF 3% Py 150 14.20±0.23 0.756±0.01 60.1±1.9 6.45±0.27(6.72) 

Notes: The Ratio of CS-DP:PC71BM = 4:5; W/O means without, Py:Pyridine. 
a 

The 

average values are calculated from >24 devices with standard deviation, and the best 

PCEs are given in the parentheses. 

The solution-processed BHJ OSCs were fabricated utilizing CS-DP as the 

electron donor and PC71BM as the electron acceptor under a conventional device 

structure of ITO/PEDOT:PSS/CS-DP:PC71BM/Ca/Al, and the device performance 

was measured under a simulated solar illumination of 100 mW/cm
2
. The current 

density-voltage (J-V) curves and external quantum efficiency (EQE) are shown in 

Figure 4-6, and the photovoltaic performance parameters are listed in Table 4-2. The 

CS-DP/PC71BM mass ratios ranging from 1:1 to 1:1.5 were first investigated, and the 

ratio of the CS-DP/PC71BM was optimized to be 1:1.25 (w/w, Figure 4-7a, Table 4-3) 

with pyridine as additive in chlorobenzene solution. Except for the initial thermal 

annealing (TA), tetrahydrofuran (THF) solvent vapor annealing (SVA) treatment 

was further processed for the film and best vapor annealing time was found to 

be 20s (Figure 4-7b, Table 4-4). Those key photovoltaic performance parameters 

are listed in Table 4-2. 
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Figure 4-7 (a) Current density-voltage (J-V) curves of difference rate of 

CS-DP:PC71BM devices; (b) Current density-voltage (J-V) curves of CS-DP:PC71BM 

(1:1.25) with SVA devices. 

Table 4-3 Photovoltaic performance of the solar cells based on CS-DP/PC71BM with 

different mixture rate under illumination of AM 1.5 G, 100 mW cm
 -2

. 

Rate Additive 
Annealing 

o
C 

JSC 

(mA cm
−2

) 

VOC 

(V) 

FF 

(%) 

PCE 

(best) (%) 

1.0:1.0 3% Py 90 8.30 0.828 39.8 2.73±0.15(2.89) 

1.0:1.25 3% Py 90 9.50 0.837 42.2 3.36±0.23(3.58) 

1.0:1.5 3% Py 90 8.89 0.840 43.3 3.22±0.1(3.32) 

The average values are calculated from 16 devices with standard deviation. 
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Table 4-4 Photovoltaic performance of the solar cells based on CS-DP/PC71BM with 

different THF vapor annealing time under illumination of AM 1.5 G, 100 mW cm
 -2

. 

Treatment 

time (s) 
Additive 

Annealing 

o
C 

JSC 

(mA cm
−2

) 

VOC 

(V) 

FF 

(%) 

PCE 

(best) (%) 

10 3% Py 110 12.72 0.784 64.0 6.38±0.12(6.50) 

20 3% Py 110 15.14 0.781 69.8 8.23±0.06(8.29) 

30 3% Py 110 13.30 0.780 63.1 6.55±0.32(6.87) 

The average values are calculated from 16 devices with standard deviation. 

As sovlent vapor annealing (SVA) and thermal annealing (TA) are effective 

treatments to optimize thin film morphology in the active layer, CS-DP based devices 

also showed dramatically improved PCEs in comparison with those of as-cast devices 

after two step annealing (TA-SVA) treatments.
32-34

 In detail, as-cast devices gave a 

average PCE of 1.05%, with a VOC of 0.827 V, a JSC of 3.84 mA cm
−2

, and a fill factor 

(FF) of 33.1%. Using pyridine as an additive and then thermal annealing at 90
o
C for 5 

min, the PCE value increased to 3.35%, with a VOC = 0.835 V, a JSC = 9.50 mA cm
−2

, 

and an FF = 42.2%. And the PCE of the device was further enhanced to 5.86% after 

SVA of the active layer with THF, corresponding to a JSC = 12.61 mA cm
−2

 and an FF 

= 56.3%.
35

 Since a combined TA and SVA method can effectively enhance 

performances, it is worthy to note that proper thermal annealing treatment (110
o
C) can 

provide the highest PCE for CS-DP with 20s THF vapor annealing. Under 110
o
C 

thermal annealing, the device showed a JSC to 15.14 mA cm
−2

, a FF of 69.8%, a VOC to 

0.781 V and a PCE of 8.23%. However, 130
o
C thermal annealing led to a decreased 

7.69% PCE with a VOC = 0.765 V, a JSC = 14.75 mA cm
−2

 and a FF = 68.2%; 150
o
C 

thermal annealing led to a further decreased PCE of 6.45%, with a VOC of 0.756 V, a 

JSC of 14.20 mA cm
−2

, a fill factor of 60.1%, mainly due to an obvious reduction in 

JSC. For direct comparison, those key parameters of solar cells were plotted in Figure 

4-5(a) versus film processing conditions of the CS-DP/PC71BM active layer. 

Although CS-DP has a high lying HOMO energy level of −4.96 eV and a small band 

gap of 1.26 eV, all devices demonstrated high open circuit voltages (VOC) in a range of 
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0.75 to 0.83 V. Impressively, the energy losses were calculated in-between 0.43–0.51 

eV according to the formula defined as Eloss = Eg – eVOC, in which the Eg is optical 

bandgap.
36

 The small energy loss (Eloss) in this system is related to the very small 

energy offset of the LUMOs between CS-DP donor and PC71BM (ΔELUMO = 0.06 eV). 

The value of ΔELUMO, which is considered as a driving force for the photoinduced 

charge separation, is much smaller than the empirical threshold of 0.3 eV, but would 

not be a limiting factor in the charge separation process. For comparison, the 

champion device of MP is 7.70% with 13.32 mA cm
−2

, 0.91 V and 63.60% under 

additive and TA treatment.
12

 As compare to the photovoltaic performance of CS-DP 

based devices, MP shows the enhancing VOC value due to the lower-lying EHOMO level, 

and lowering JSC value is ascribed to the narrowed absorption spectral and inferior 

absorption coefficient. As ultra-small bandgap donor materials usually process low 

VOC values, it is great potential to exactly balance the bandgap with the low energy 

loss and overall performance through finely structural engineering of π-conjugation 

systems. 
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Figure 4-8 Jph-Veff characteristics of CS-DP based solar cells under different 

processing conditions. 

The external quantum efficiency (EQE) was measured to explore the spectral 

response of the optimized devices. The results are shown in Figure 4-6(b), which is 

matched well with J-V measurements. It is clear that the CS-DP based devices can 
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convert photons into electrons efficiently in the wavelength region of 300–900nm, 

and a lower EQE tail extended to 950 nm, well inside NIR region. To gain insight into 

the effect of CS-DP incorporation on the exciton dissociation and carrier collection 

process of the solar cells, we determined the variation of saturation photocurrent 

density (Jsat) and charge dissociation probabilities P(E,T) of the CS-DP:PC71BM 

devices under different treatment method.
37

 The effective photocurrent density Jph (Jph 

= JL − JD), where JL and JD are the current density of the devices under illumination 

and dark, respectively, were plotted as a function of effective voltage Veff (Veff = Vbi – 

Va), where Vbi is the voltage at Jph = 0 and Va is the applied voltage.
38,39

 Theoretically, 

the Jph,sat was correlated to the maximum exciton generation rate after photons being 

absorbed. When the Jph value reaches the saturation value (Jph,sat) at high effective 

voltage (Veff > 2 V) means that all the photo-generated excitons are dissociated into 

free charge carriers and efficient carrier collection process to the electrodes.
 40,41

 As 

shown in Figure 4-8, the Jph of CS-DP/PC71BM based devices show remarkable 

difference under different conditions. The OPV cell with additive and TA treatment 

showed a higher Jph,sat compared to pristine device, indicating that efficient exciton 

dissociation occurred between CS-DP and PC71BM, corresponding to the optimized 

morphology after additive and TA treatment. In addition, the charge collection 

probabilities P(E,T), which can be assessed by the Jph/Jph,sat ratios under short circuit 

conditions, are 51.9% and 87.5% based on the saturation photocurrents of CS-DP are 

13.485 mA cm
−2

 and 16.333 mA cm
−2

 for the pristine device and the device with 

additive and TA treatment, respectively. Device processed by using only pyridine 

additive without TA showed a reduced Jph-voltage relationship in the carrier-drifting 

region. This is because the transport of carriers is quite unbalanced and the build-up 

of space charges strongly limits photon current, thus the correlated device fill factor is 

low. 
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Figure 4-9 The space charge limited current (SCLC) curves of CS-DP with additive. 

The sample without and with TA treatment exhibit a high hole mobilities of 7.75×10
-5

 

cm
2
 V

−1
 s

−1
 and 1.40×10

−4
 cm

2
 V

−1
 s

−1
, respectively. 

The charge transport properties were further measured by the space charge 

limited current (SCLC) method with a hole-only device which has a configuration of 

ITO/PEDOT:PSS/CS-DP:PC71BM/MoO3/Al (Figure 4-9). The sample without TA 

treatment exhibited a relatively high hole mobilities of 7.75×10
-5

 cm
2
 V

−1
 s

−1
. After 

TA treatment, the hole-mobilities significantly double increased to 1.40×10
−4

 cm
2
 V

−1
 

s
−1

. Therefore, the hole-mobility enhancement could ascribe to increase crystal 

domain and well-ordered molecular arrangement after thermal annealing, leading to 

improved charge transport and power conversion efficiency. 

4.3.3 Morphology Characterization 

Then the morphology of the BHJ thin films prepared under different processing 

conditions was investigated using tapping-mode atomic force microscopy (AFM). The 

CS-DP:PC71BM films were prepared by spin-coating under the same condition as the 

active layers for the solar cell devices. Figure 4-10 shows the height and phase 

images for those blend films as-cast and after thermal and/or solvent annealing. For 

the pristine film, the whole surface of CS-DP is smooth and uniform with small 

root-mean square (RMS) surface roughness of 1.10 nm. As shown in Figure 4-10(b–

f), those films treated with pyridine, pyridine/TA (90
o
C)/SVA, pyridine/TA 
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(110
o
C)/SVA, pyridine/TA (130

o
C)/SVA, and pyridine/TA (150

o
C)/SVA, show 

sequentially increased RMS values from 0.464, 0.642, 0.826, 0.823 to 2.20 nm, 

respectively. The topography analysis of the films indicates TA at 100
o
C and THF 

annealing can effectively optimize the surface to a moderate value of 0.82 nm, 

together with well-ordered and size-increased crystal domains, leading to efficient 

charge transport, and high JSC and FF. In contrast, the film was characterized with 

much larger domains and roughness for TA at 150
o
C, which is unfavourable for 

exciton diffusion/dissociation and the unbalanced charge transport, leading to 

relatively lower values of JSC and FF.
42
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Figure 4-10 Tapping mode AFM height (a-f) and phase images (g-l) age for those 5 

µm × 5 µm blend films of CS-DP:PC71BM as-cast (a, g), with pyridine additive (b, h), 

pyridine/TA@90
o
C/SVA (c, i), pyridine/TA@110

o
C/SVA (d, j), pyridine/TA@130

o
C 

/SVA (e, k), and pyridine/TA@150
o
C/SVA(f, i), respectively. The root-mean-square 

roughness of the films is (a) 1.10, (b) 0.464, (c) 0.642, (d) 0.826, (e) 0.823, and (f) 

2.20, respectively. 

 

Figure 4-11 Grazing incidence X-ray diffraction pattern (a) and line-cut profiles of 

BHJ thin films (b). 

Grazing incidence x-ray diffraction (GIXD) and resonant soft x-ray scattering 

(RSoXS) were performed to reveal the intrinsic structure order of components in BHJ 

thin films.
43

 As shown in Figure 4-11, CS-DP shows a quite pronounced packing 

mode in as-cast film (no additive, no SVA, and no TA), indicating a preferred edge-on 
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crystal orientation. Strong (100) diffraction peak was observed in out-of-plane 

direction at around 0.36 A
−1

 (1.74 nm). And sharp π-π stacking was obvious in 

in-plane direction at 1.61 A
−1

 (0.39 nm). When pyridine additive was used for solution 

processing, the crystalline nature of CS-DP became much less, as seen from both 

diffraction patterns and line-cuts. The film processed with pyridine additive and 

TA@90 but no SVA shows a quite broad (100) diffraction at 0.31 A
−1

 in all azimuthal 

angles. Thus no preferred crystal orientation in this case. In addition, a broad 

diffraction from PC71BM was seen at 1.35 A
−1

, and no obvious π-π stacking at 1.61 

A
−1 

could be found. The results indicate pyridine additive disturbed the close 

molecule packing of CS-DP. However this feature led to an increase in short circuit 

current but fill factor remained low. Thus it is suspected that a refined phase 

separation was generated in pyridine additive processed film. The donor and acceptor 

domains were in a low purity, and the carrier transport was quite unbalanced, and thus 

a low device fill factor was produced. For pyridine-SVA-TA@90 blend film, similar 

GIXD results were observed as to no SVA film. However, the (100) diffraction peak 

shifted to 0.34 A
−1

, and a narrower full-width-at-half-maximum was observed in 

comparison to no SVA film. Obviously, THF vapour in the system can drive CS-DP 

molecule to pack more tightly in (100) crystal lattice, but there’s still no strong π-π 

stacking peak which was observed in no additive blend films. The (100) coherence 

length in in-plane direction was estimated to be 12.6 nm (12.2 nm in no SVA sample). 

Increasing thermal annealing to 110
o
C while keeping the additive and SVA processing 

conditions led to thin film of similar structure order except for a further enhanced 

(100) crystal size (14.1 nm). A weak π-π diffraction peak can be seen from this sample 

in high-q regions, therefore the optimized thermal treatment is critical in molecular 

self-assembly. These diffraction features can be critical in enhancing device 

performances. Further TA at 150
o
C led to even larger (100) crystal size of 16.5 nm. 

Other structure parameter remained similar. 
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Figure 4-12 Resonant soft x-ray scattering of BHJ thin films. 

Phase separation of BHJ thin films was probed by RSoXS in transmission mode 

using 284.2 eV photon energy (Figure 4-12). As seen from scattering profiles, no 

additive processed thin film showed a plateaued scattering peak at 0.004 A
−1

, 

corresponding to a distance of 157 nm. Such a large phase separation is not ideal for 

exciton generation and charge transport, thus small JSC and power device PCE were 

recorded. The blend film processed from pyridine additive with no SVA but TA@90 

showed much lower scattering intensities with a peak located at 0.025 A
−1

, 

corresponding to a distance of 25 nm. The reduced length scale of phase separation 

gave rise to enhanced JSC in solar cell device. The low scattering intensity indicated a 

weak extent of phase separation, and thus a poor device fill factor was recorded. 

Additive-SVA-TA@90 processing led to enhanced scattering features in low q region, 

and a weak scattering peak was seen in 0.024 A
−1

 (26 nm). Thus SVA is more 

pronounced in generating larger size features in the blend thin film. Upon TA at 110
o
C, 



140 

the intensity of RSoXS scattering profile dramatically increased with a well resolved 

peak at 0.018 A
−1

 (35 nm). Such a length scale can balance exciton generation and 

charge transport, since the interfacial area and domain connection are both optimal. 

Thus a much larger JSC was produced accordingly. The enhanced phase separation 

intensity generated purer domains that more suitable for charge transport. The more 

balanced transport for carriers gave rise to high device fill factor, as seen from device 

studies. Thermal annealing at 150
o
C shows similar RSoXS feature as in TA@110

o
C 

film with slightly reduced length scale of phase separation. However this condition 

led to reduced device fill factor, which can be results from device interfaces or 

vertical phase segregation issues, which could not be observed in current 

characterization methods. 

4.4 Conclusion 

In conclusion, we have constructed new porphyrin photovoltaic materials of 

using A-π2-D-π1-D-π2-A architecture. The porphyrin dimer in molecular center 

dictates the optoelectronic structures and gives rise to the deep absorption features. 

This is the first example of well-performed near infrared conjugated molecules that 

extend light absorption to 700–1000 nm region. The new material architecture and 

appropriate energy levels give rise to the low energy loss feature when target material 

is used in BHJ solar cells. The champion processed thin films of using a combined 

pyridine additive, THF solvent vapor annealing and thermal annealing strongly 

enhances device short circuit current as well as fill factors, yielding power conversion 

efficiency up to 8.23%, a first report of pushing NIR molecule to this level. It is 

observed that a large phase separation existed when BHJ thin film was processed 

without additive, and thus CS-DP and PCBM naturally tend to demix to form large 

phase separated morphology. The poor interaction generates pure donor and PCBM 

domains, giving rise to strong molecule crystallization and large phase separation. 

Pyridine additive can help to mix these components and retard CS-DP crystallization, 

due to its addition to porphyrin centers, as seen by previous reports. THF vapor 

annealing and thermal treatment fundamentally enhance molecular mobility in 

solid-state thin films by either lower the glass transition temperature or thermally 
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enhance molecular motion. The similar physical nature of these two methods 

persuades us to use them in a combined nature to generate best processing conditions. 

And in our experiment, we noticed thermal annealing above 110
o
C is critical in 

enhancing CS-DP crystallization and phase separation. This key temperature in 

conjunction with THF SVA yielded the best solar cells. It should be noted that the 

choice of other solvents could give rise to other processing parameters. These aspects 

as well as the detailed reason of the low energy loss feature are currently in progress 

in our lab and will be reported in due course. 

4.5 Experimental 

Device Fabrication 

Solution-processed bulk-heterojunction solar cells were fabricated as follows: 

Indium tin oxide (ITO) coated glass substrates were cleaned prior to device 

fabrication by sonication in acetone, detergent, distilled water, and isopropyl alcohol. 

After treated with an oxygen plasma for 5 min, 40 nm thick 

poly(styrenesulfonate)-doped poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) 

(Bayer Baytron 4083) layer was spin-coated on the ITO-coated glass substrates at 

2500 rpm for 30s, the substrates were subsequently dried at 150
o
C for 10 min in air 

and then transferred to a N2-glovebox. The active layers were spun from solution of 

donor material:PC71BM at weight ratio of 4:5 (or other ratio) with an overall 

concentration of 20 mg/mL. The thicknesses of active layers were measured by a 

profilometer. Finally, Al (~80 nm) was evaporated with a shadow mask as the top 

electrode. The effective area was measured to be 16 mm
2
. Hole mobilities of the 

blends were measured by the space charge limited current (SCLC) method using 

ITO/PEDOT:PSS/CS-DP:PC71BM/MoO3/Al device structure. 

Device Characterization and Measurement 

The photovoltaic devices based on CS-DP was fabricated and measured by the 

group of Prof. Xingzhu Wang in the College of Chemistry, Xiangtan University, and 

Prof. Xiaobin Peng in the State Key Labotatory of Luminescent Materials and 

Devices, South China University of Technology. The values of power conversion 

efficiency were determined from J-V characteristics measured by a Keithley 2400 
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source-measurement unit under AM 1.5G spectrum from a solar simulator (Oriel 

model 91192). Masks made from laser beam cutting technology with a well-defined 

area of 16 mm
2
 were attached to define the effective area for accurate measurement. 

Solar simulator illumination intensity was determined using a monocrystal silicon 

reference cell (Hamamatsu S1133, with KG-5 visible color filter) calibrated by the 

National Renewable Energy Laboratory (NREL). The active layer was spin coated 

from blend chloroform or chlorobenzene solutions with a weight ratio of donor 

materials and PC71BM at 1:1 (or other ratios) and then was placed in a glass petri dish 

containing 0.3 mL THF for 15s for solvent vapor annealing. The atomic force 

microscopy (AFM) measurements of the surface morphology of blend films were 

conducted on a NanoScope NS3A system (Digital Instrument). External quantum 

efficiency (EQE) values of the encapsulated devices were measured by using an 

integrated system (Enlitech, Taiwan, China) and a lock-in amplifier with a current 

preamplifier under short-circuit conditions. The devices were illuminated by 

monochromatic light from a 100 W xenon lamp. The light intensity was determined 

by using a calibrated silicon photodiode. 

Morphology Characterization 

Grazing incidence x-ray diffraction (GIXD) was done by Prof. Feng Liu 

(Department of Physics and Astronomy, and Collaborative Innovation Center of IFSA, 

Shanghai Jiaotong University) at either beamline 7.3.3 Lawrence Berkeley National 

Lab (LBNL). The sample was put inside a helium chamber, and Pilatus 2M detector 

was used to collect the signal. GIXD results were analyzed using Nika software 

package and peak information was accessed by guassian fitting. RSoXS was 

performed at beamline 11.0.1.2 Lawrence Berkeley National Lab. Thin films was 

flowed and transferred S16 onto Si3N4 substrate and experiment was done in transition 

mode. AFM was performed on a Digital Instruments Dimension 3100, operating in 

tapping mode. 

Synthesis of compound 4-1 

PZnBr (1 g, 1.055 mmol) was mixed 4-ethynyl-2,5-bis(hexyloxy)benzaldehyde 

(313.3 mg, 0.950 mmol, ~0.9 eq) in 50 ml of THF and 20 ml of triethylamine. After 
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dagassed with N2 for 20 min, Pd(PPh3)4 (60 mg, 0.053 mmol) and CuI (10 mg, 0.053 

mmol) were added to the solution under an N2 atmosphere. The reaction was stirred at 

40
o
C for 24 hours. The completion of the reaction was monitored by TLC. The 

solvent was removed by rotary evaporation. The residue was purified by column 

chromatography using CH2Cl2/n-hexanes = 1/2 as eluent to give compound 4-1 (403 

mg, 32%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.68–0.78 (m, 12H), 0.85–1.06 (m, 

30H), 1.16–1.38 (m, 12H), 1.39–1.59 (m, 16H), 1.82 (m, 2H), 1.96 (m, 2H), 2.34 (m, 

2H), 2.73 (m, 4H), 2.93 (m, 4H), 4.23 (m, 2H), 4.34 (m, 2H), 7.48 (s, 2H), 9.59–9.71 

(m, 6H), 9.87 (m, 2H), 10.46 (s, 1H). 

Synthesis of compound 4-2 

Compound 1 (200 mg, 0.166 mmol), Pd(PPh3)4 (22 mg, 0.019 mmol), CuI (4 mg, 

0.021 mmol) were mixed in THF (20 mL) and triethylamine (5 mL) to yield a green 

solution under nitrogen atmospere. A solution of (triisopropylsilyl)acetylene (75 mg, 

0.412 mmol) in triethylamine (5 mL) was slowly added to the reaction mixture at 

room temperature. The reaction mixture was then stirred at 40
o
C for overnight to give 

deep green suspension. The completion of the reaction was verified by spot TLC. The 

solvent was then removed under reduced pressure, and the residue was 

chromatographed on silica gel using hexane as eluent to give compound 4-2 (156 mg, 

72%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.67–0.75 (m, 12H), 0.85–1.32 (m, 47H), 

1.39–1.61 (m, 32H), 1.84 (m, 2H), 1.96 (m, 2H), 2.35 (m, 2H), 2.68 (m, 4H), 2.91 (m, 

4H), 4.28 (t, J = 6.4 Hz, 2H), 4.38 (t, J = 6.4 Hz, 2H), 7.52 (s, 1H), 7.55 (s, 1H), 9.61 

(t, J = 4.4 Hz, 2H), 9.69 (d, J = 4.8 Hz, 2H), 9.75 (dd, J1 = 4.8 Hz, J2 = 6.8 Hz, 2H), 

9.92 (t, J = 4.8 Hz, 2H), 10.53 (s, 1H). 

Synthesis of compound 4-3 

To a solution of compound 4-2 (150 mg, 0.115 mmol) was added TBAF (0.15 

mL of 1.0 M solution in THF, 0.15 mmol) in THF (5 mL). The solution was stirred 

under N2 for 30 min to obtain intermediate compound c, and then added mixture of 

compound a (150 mg, 0.124 mmol) in dry THF (10 mL) and triethylamine (5 mL). 

The solution was degassed with dinitrogen for 20 min; then Pd(PPh3)4 (11 mg, 0.01 

mmol) and CuI (2 mg, 0.01 mmol) were added to the mixture. The reaction mixture 
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was then stirred at 50
o
C for overnight under nitrogen. The solvent was removed in 

vacuo, and the residue was purified on a column chromatograph (silica gel) using 

CHCl3 as eluent. Recrystallization from CHCl3/methanol gave compound 4-3 (165 

mg, 63%). Compound 4-3 does not show satisfied NMR spectra due to its expanded π 

structure. (MALDI-TOF, m/z) calculated for C144H198N806Zn2: 2267.4032; found: 

2267.3987. 

Synthesis of CS-DP 

Compound 4-3 (150 mg, 0.066 mmol) was dissolved in a solution of dry CHCl3, 

two drops of piperdine and then 3-ethylrhodanine (106 mg, 0.66 mmol) were added, 

and the resulting solution was refluxed and stirred for 12h under argon. The reaction 

was quenched into water (30 mL). The aqueous layers were extracted with CHCl3 (3 

× 20 mL). The organic layer was dried over NaSO4. After removal of solvent, it was 

purified by chromatography on a silica gel column using CHCl3 as eluant and was 

purified by preparative thin layer chromatography using a CHCl3 as eluents. Then the 

crude solid was recrystallized from CHCl3 and methanol mixture to afford CS-DP as 

a gray green solid (102 mg, 60%). CS-DP does not show satisfied NMR spectra due 

to its expanded π structure. (MALDI-TOF, m/z) calculated for C154H208N1006S4Zn2: 

2553.2846; found: 2553.3750. 
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Energy Mater., 2016, 6, 1502579. 

[34] O. K. Kwon, J.-H. Park, D. W. Kim, S. K. Park, S. Y. Park, Adv. Mater., 2015, 27, 

1951. 

[35] G. Li, Y. Yao, H. Yang, V. Shrotriya, G. Yang, Y. Yang, Adv. Funct. Mater., 

2007, 17, 1636. 

[36] D. Veldman, S. C. J. Meskers, R. A. J. Janssen, Adv. Funct. Mater., 2009, 19, 

1939. 

[37] V. D. Mihailetchi, H. X. Xie, B. de Boer, L. J. A. Koster, P. W. M. Blom, Adv. 

Funct. Mater., 2006, 16, 699. 

[38] H. Lin, S. Chen, Z. Li, J. Y. L. Lai, G. Yang, T. McAfee, K. Jiang, Y. Li, Y. Liu, H. 

Hu, Adv. Mater., 2015, 27, 7299. 

[39] J. Zhao, Y. Li, H. Lin, Y. Liu, K. Jiang, C. Mu, T. Ma, J. Y. L. Lai, H. Hu, D. Yu, 

Energ. Environ. Sci., 2015, 8, 520. 



147 

[40] P. W. M. Blom, V. D. Mihailetchi, L. J. A. Koster, D. E. Markov Adv. Mater., 2007, 

19, 1551. 

[41] L. Xiao,  K. Gao,  Y. Zhang,  X. Chen,  L. Hou,  Y. Cao,  X. Peng, J. Mater. Chem. 

A, 2016, 4, 5288. 

[42] J. Huang, X. Wang, X. Zhang, Z. Niu, Z. Lu, B. Jiang, Y. Sun, C. Zhan, J. 

Yao, ACS Appl. Mater. Inter., 2014, 6, 3853. 

[43] P. Müller-Buschbaum, Adv. Mater., 2014, 26, 7692. 

  

http://pubs.rsc.org/-/results?searchtext=Author%3ALiangang%20Xiao
http://pubs.rsc.org/-/results?searchtext=Author%3AKe%20Gao
http://pubs.rsc.org/-/results?searchtext=Author%3AYangdong%20Zhang
http://pubs.rsc.org/-/results?searchtext=Author%3AXuebin%20Chen
http://pubs.rsc.org/-/results?searchtext=Author%3ALintao%20Hou
http://pubs.rsc.org/-/results?searchtext=Author%3AYong%20Cao
http://pubs.rsc.org/-/results?searchtext=Author%3AXiaobin%20Peng
http://pubs.acs.org/author/Huang%2C+Jianhua
http://pubs.acs.org/author/Wang%2C+Xue
http://pubs.acs.org/author/Zhang%2C+Xin
http://pubs.acs.org/author/Niu%2C+Zhixiao
http://pubs.acs.org/author/Lu%2C+Zhenhuan
http://pubs.acs.org/author/Jiang%2C+Bo
http://pubs.acs.org/author/Sun%2C+Yuxi
http://pubs.acs.org/author/Zhan%2C+Chuanlang
http://pubs.acs.org/author/Yao%2C+Jiannian
http://pubs.acs.org/author/Yao%2C+Jiannian


148 

Chapter 5  

Study of Structure-Optoelectronic Properties in A-π-D-π-A Type 

Porphyrin Small Molecules with Varying π-Linkers 

5.1 Introduction 

During the past few decades bulk-heterojunction organic solar cells (BHJ OSCs) 

have been considered as one of the most promising solar cell technologies because of 

the low-cost, light weight, solution processability, and flexibility.
1-6

 A huge effort has 

been made on BHJ OSCs to improve the power conversion efficiency (PCE) of by 

devoloping new donor and acceptor materials, optimizing of film morphology, and 

designing new device structures.
7-10

 Recently, a rapid progress has been achieved in 

PCEs of small-molecule based devices with efficiencies comparable to that of 

polymer based solar cells.
11-15

 Because of the well-defined chemical structures, simply 

purification, less batch-to-batch variation small-molecule based devices are more 

reliable to establish a structure-properties-device performance relationship in 

comparison with polymer counterparts.
16

 Recently, porphyrin donor based small 

molecule organic solar cells have gained much interest because of their superior 

light-harvesting ability, electrochemical properties and thermal stability could be 

easily modified by altering the periphery substitutions.
17-22

 Previously, it has been 

found that porphyrin based derivatives as sensitizers gave the highest PCE in 

dye-sensitized solar cells (DSSCs),
23-28

 which was mainly ascribed to tremendous 

efforts in the investigation of their structure-property relationship  in DSSC 

applications.
29-31

 In contrast, there’s few reports on the design, synthesis and study of 

structure-property relationship for porphyrin-based donor materials in BHJ-OSCs. 

The performance of acceptor-π-donor-π-acceptor (A-π-D-π-A) type 

porphyrin-based small molecules strongly depends on their molecular structures, 

which play an important role in controlling the film morphology and crystallinity, thus 

enhancing the intermolecular charge transport and fill factor. Finely tunning the 

π-conjugation length of backbones has been recognized as one of the effective 
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approaches to enhance orbital coupling, optimize optoelectronic properties, 

intermolecular interaction, and solubility.
32-35

 These properties are expected to fulfill 

the various requirements for device fabrication in solution-processed BHJ OSCs. In 

literatures, oligo(phenylene ethynylene) (OPE) derivatives have been widely applied 

as ideal buidling units for studying the correlation of charge carrier transport with 

molecular conjugation length.
36-38

 Specifically, these molecules are highly conjugated, 

rigid and rod-shaped nature whose photo- and electrochemical properties can be 

systematically fine-tuned by chemical synthesis.
39-41

 Because of their salient features 

OPE derivatives have been considered as a very important class of molecules in 

material chemistry and molecular electronics.
42,43

 Specially, short derivatives have 

been well studied in self-assembly, field effect transistors, non-linear optics and 

bio-sensors as semiconducting or fluorescent materials, but there are very few reports 

of charge transport property correlated to the elongation of conjugation 

length.
37,40,44-48 

We previously developed A-π-D-π-A based small molecules CS-I, CS-II and 

CS-III (Chapter 2) that contained meso-alkyl substituted porphyrins as electron rich 

donor units, p-phenylene ethynylene as π-linker, and 3-ethylrhodanine as the electron 

deficient acceptor. The organic solar cells employing these molecules as donor and 

PC71BM acceptor exhibited PCE in the range, 2.53–6.49%.
18

 As a continuous work, 

we further designed and synthesized a series of A-π-D-π-A type small molecules 

CS-10, CS-11 and CS-12, all consisting of porphyrin core with meso-alkylthiothienyl 

substitution instead of meso-alkyl substitution and ending unit of 3-ethylrhodanine 

acceptor, but varying wiht π-conjugated linkers with different numbers of phenylene 

ethynylene (Scheme 5-1). The effects of π-conjugation length were investigated in 

detail on the photophysicl and electrochemical properties, film morphology, charge 

mobility and photovoltaic performances. A better photovoltaic performance was 

recorded for CS-10 which exhibits a medium hole-mobility, better film morphology 

and more appropriate energy levels. 
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Scheme 5-1 Synthetic routes for CS-10, CS-11 and CS-12. Reaction conditions: (a) 

Pd(PPh3)4, CuI, THF/Et3N, 50ºC, overnight; (b) 3-ethylrhodanine, dry CHCl3, 

piperidine, reflux, overnight. 

5.2 Synthesis 

We report herein new three metalloporphyrin-oligo(phenyleneethynylene)- 

rhodanine compounds incorporating two alkoxy substituents at each phenyl groups, 

which can not only give good solubility in non-polar organic solvent, but also 

maintain the lamellarly aligned, intra- and intermolecular packing by self-assembly 

properties of oligo(phenyleneethynylene).
49

 The three porphyrin molecules CS-10, 

CS-11 and CS-12 were synthesized as shown in Scheme 5-1. The intermediates of 

PE-CHO, DPE-CHO and TPE-CHO were synthesized according to metods reported 

in the literature.
50

 Next, Pd-catalyzed Sonogashira of compounds PE-CHO, 

DPE-CHO and TPE-CHO with PZnBr afforded the precursors CS-10-CHO, 

CS-11-CHO and CS-12-CHO, respectively. Lastly, those precursors were condensed 

with 3-ethylrhodanine via Knoevenagel condensation reaction led to the target small 

molecules CS-10, CS-11 and CS-12. All the intermediates, precursors and targeting 

compounds were purified by silica gel column chromatography and thin-layer 

chromatography, and then fully characterized by 
1
H NMR and high-resolution mass 

spectrometry (MALDI-TOF). The porphyrin molecules are well soluble in THF, 

toluene, CH2Cl2 and CHCl3 and sparingly soluble in DMF, alcohols. 
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5.3 Results and Discussions 

5.3.1 Physical and Electrochemical Properties 
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Figure 5-1 UV-Vis absorption spectra of CS-10, CS-11 and CS-12 (a) in chloroform 

solution and (b) in film. 

The solution (in chlorofrom) and thin film absorption spectra were recorded for 

the three porphyrin molecules CS-10, CS-11 and CS-12. As shown in Figure 5-1 and 

Table 5-1, all these three molecules exhibit Soret bands within 400–550 nm and Q 

bands within 600–750 nm characteristic of porphyrinate complexes. And variations of 

the peripheral substituents on the porphyrin ring often cause changes to the intensity 

and wavelength of the absorption features. Obviously, CS-12 show a strong Soret 

band (481 nm, ε = 5.33 × 10
5
 M

−1
 cm

−1
) and a hypochromatic-shifted Q band (676 nm, 
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ε = 1.60 × 10
5
 M

−1
 cm

−1
) since the longest π-linker of the trimeric phenylethynyl 

depletes to some extent the π-coupling interaction and weakens the intramolecular 

chage transfer (ICT) between porphyrin (D) and 3-ethylrhodanine (A). In contrast, 

CS-10 with mono phenylethynyl π-linker shows splitting Soret bands (487, ε = 2,13 × 

10
5
 M

−1
 cm

−1
; and 508 nm, ε = 2.14 × 10

5
 M

−1
 cm

−1
) together with a broadened and 

red-shifted Q band (695 nm, ε = 1.44 × 10
5
 M

−1
 cm

−1
) due to the strong electronic 

coupling between D and A acceptor units via short p-phenylene ethynylene. Such an 

electronic coupling interaction decreases in CS-11 due to the longer phenylethynyl 

π-linker, as evidenced by the Soret band (478 nm, ε = 3.20 × 10
5
 M

−1
 cm

−1
) with a 

weaken shoulder peak and observed blue-shift of the low-energy absorption band (Q 

band, 679 nm, ε = 1.36 × 10
5
 M

−1
 cm

−1
). Obviously, the ε of the Soret bands becomes 

stronger and stronger with the increasing lengths of π-linker from mono to trimeric 

p-phenylene ethylene units. As shown in Figure 5-1(b), both Soret and Q bands of 

their thin film absorption spectra red-shifted in comparison to those recorded in their 

solutions. These features were generally interpreted as the strong π-π interaction 

dominated by H-type aggregation of poroyrin microcycle and more planar conjugated 

backbone, which relate to the interchain packing in the solid state. According to the 

absorption onsets of thin films, their optical band gaps (Eg
opt

) were estimated to be 

1.64, 1.69 and 1.70 eV for CS-10, CS-11 and CS-12, respectively. Moreover, the thin 

film of CS-10 exhibits more broaden absorption than the thin films of other two 

moecules in both the Soret adn Q bands, which is benificial for light-harvesting in 

OSCs applications (vide supra).  
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Table 5-1 Absorption and electrochemical properties of small molecules CS-10, 

CS-11 and CS-12. 

Comp. 
λmax/nm 

(ε /10
5
 M

−1
 cm

−1
)
a
 

λmax/nm 

(Film)
b
 

λonset/nm 

(Film) 

EHOMO 

(eV)
c
 

ELUMO 

(eV)
c
 

𝐸g
opt

(eV)
d
 

CS-10 
487 (2.133), 508 (2.14), 

695 (1.42) 
537, 718 756 −5.37 −3.73 1.64 

CS-11 478 (3.20), 679 (1.36) 517, 707 738 −5.29 −3.60 1.69 

CS-12 481 (5.33), 676 (1.60) 517, 703 728 −5.32 −3.62 1.70 

a 
Absorption spectra recorded in chloroform solutions. 

b 
Absorption spectra recorded 

on thin films. 
c 
Obtained from the oxidation potential using the formul EHOMO = −4.8 

− Eox. ELUMO = EHOMO + Eg
opt

. 
d
 Optical bandgap estimated from the formula of 

1240/λedge. 

 

Figure 5-2 Energy-level diagram of the components CS-10, CS-11 and CS-12 and 

BHJ-OSC materials. 
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Figure 5-3 Cyclic voltammogram of CS-10, CS-11 and CS-12 measured in 0.1 mol 

L
−1

 TBAPF6 MeCN solutions with ferrocene as standard. 

We performed cyclic voltammetry (CV) measurement first (Figure 5-3), which 

is studied in acetonitrile solution to estimate the redox properties of these materials 

and establish the relationship between chemical structure and energy levels (Figure 

5-2). The values of redox potentials are listed in Table 5-1. Thin films on Pt electrode 

are prepared and Ag/AgNO3 (0.01 M in CH3CN) is used as the reference electrode. 

The highest occupied molecular orbitals (HOMOs) were calculated from the onset 

oxidation curves to be −5.37, −5.29 and −5.32 eV for CS-10, CS-11 and CS-12, 

respectively. These results suggest electron density located at the metalloporphyrin is 

particularly sensitive to the π-bridge lengthening of A-π-D-π-A type small moleucles, 

and the HOMO energy level is slightly up-shifted with the increasing chain length 

because of the more extended conjugation. The lowest unoccupied molecular orbitals 

(LUMOs) of the materials calculated using the formula of ELUMO = EHOMO + Eg
opt

. The 

LUMO values of the materials CS-10, CS-11 and CS-12 are −3.73, −3.60 and −3.62 

eV, respectively. The low-lying HOMO for CS-10 is related to its performance as 

donor in OSC with the highest VOC (vide infra).  
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5.3.2 Theoretical Calculation 

 

Figure 5-4 Geometry-optimized structures of porphyrin donors and the electron 

density distribution of frontier molecular orbitals from DFT calculations. 

The electronic properties and the geometric of these three donors were calculated 

based on the density functional calculations (DFT) using the Gaussian 09 program 

package B3LYP/6-31G(d)*. In the optimal calculated results shown in Figure 5-4, the 

electron density distribution of the HOMOs of CS-10, CS-11 and CS-12 are mainly 

delocalized over the central porphyrin unit, whereas the electron density distributions 

of the LUMOs are located at different parts. Compare to the electron density is almost 

equally distributed over whole conjugated backbone of CS-10 and CS-11, the electron 

density of the LUMO in CS-12 is dominated by 3-ethylrhodanine largely 

concentrated on the acceptor group and the phenylene unit immediately adjacent to 

the end-capping group, leading to the facilitated Frenkel excitons separation and faster 

hole-transport at the donor-acceptor interface. Moreover, the calculated hole 

reorganization energies (ER) of CS-10 and CS-11 are 161 and 171, respectively, 

which are much higher than that of CS-12 (106 meV). The result indicates that CS-12 

shows the fastest hole-transport rates in solar cell devices, which is consistent to the 

highest hole-moblity measured below. 
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5.3.3 Device Properties 

As new donor materials, the three porphyrin small molecules were applied in 

BHJ-OSCs with a device structure ITO/PEDOT:PSS/donors:PC71BM/Al under 

standard AM 1.5G illumination (100 mW cm
-2

). The short-circuit photocurrent vs 

open-circuit photovoltage (J-V) plots and external quantum efficiency (EQE) curves 

are shown in Figure 5-5. Those key photovoltaic parameters were compiled in Table 

5-2. The optimal blend ratio of donor materials:PC71BM for all three molecules is 

1:1.2 by weight. Besides the TA treatement on the blend films at 110
o
C, the SVA with 

tetrahydrofuran (THF) was also investigated in the device optimization. The results 

indicate that the THF SVA treatment of the blend film for 15s after TA can 

significantly improve the overall performances with enhanced short-circuit current JSC 

and fill factor (FF) for those devices based on the three small molecules as donor 

materials. The device based on CS-10:PC71BM blend film under TA at 110 
o
C and 5 s 

THF SVA treatment shows a PCE of 5.0%, corresponding to JSC = 9.65 mA cm
−2

, VOC 

= 0.89 V and FF = 0.58. When the time of THF SVA treatment increased to 15 s, the 

device performance was improved with a PCE of 5.47%, JSC = 10.3 mA cm
−2

, VOC = 

0.90 V and FF = 0.59 (Figure 5-7 and Table 5-4). All these optimized devices based 

three donor materials exhibited PCEs in the range of 6.29–6.96%. The PCEs of the 

devices are in a order of CS-10 (6.96%) > CS-11 (6.66%) > CS-12 (6.29%). Among 

them, the device of CS-10 containing single phenylene ethylene unit as π-linker 

shows the highest PCE of 6.96%, corresponding to the highest JSC and VOC. The 

highest JSC could be explained by the red-shifted ICT λmax in solution and thin films 

(vide supra) and is also further supported with the broader EQE curve of the CS-10 

device (vide infra). And the highest VOC is mainly related to the lowest lying HOMO 

energy level of CS-10. The order of JSC and VOC of the molecules is CS-10 (JSC = 13.1 

mA cm
−2

, VOC = 0.90 V) > CS-11 (JSC = 12.2 mA cm
−2

, VOC = 0.88 V) > CS-12 (JSC = 

11.3 mA cm
−2

, VOC = 0.87 V). As a result, CS-11 and CS-12 possessing two and three 

phenylene ethylene π-linkers, respectively, gave rise to inferior device performances. 

Although the gradually increased length of π-linkers between the donor and acceptor 

in CS-10, CS-11 and CS-12 leads to a counteractive effect on JSC and VOC and PCE, 
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the FF of the devices was enhanced from 59% to 64%, indicating the protential for 

achieving more excellent charge transport properties and smoother surface 

morphology with device optimization. 
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Figure 5-5 (a) Current density-voltage (J-V) curves and (b) The optimal EQE curves 

of donors:PC71BM-based devices under constant incident light intensity (AM 1.5G, 

100 mW cm
−2

). 

Table 5-2 Photovoltaic properties of the devices (CS-10, CS-11 and CS-12). 

Comp. SVA JSC (mA cm
−2

) VOC (V) FF (%) PCE (%) μh (cm
2
V

−1
s

−1
) 

CS-10 15s 13.1 0.90 59 6.96 1.3×10
−5

 

CS-11 15s 12.2 0.88 62 6.66 1.6×10
−5

 

CS-12 15s 11.3 0.87 64 6.29 3.8×10
−4
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Figure 5-6 Current density-voltage (J-V) curves of donors:PC71BM-based devices 

under different conditions. 

Table 5-3 J-V characteristics of (CS-10 or CS-11)/PC71BM = 1:1.2 based devices 

under different conditions. 

Comp. D:A RPM SVA JSC (mA cm
−2

) VOC (V) FF (%) PCE (%) 

CS-10 1:1.2 850 15s 12.4 0.912 58.3 6.59 

CS-11 1:1.2 850 15s 11.8 0.871 59.8 6.14 

CS-11 1:1.2 1050 10s 12.2 0.883 60.6 6.53 

CS-11 1:1.2 1050 5s 11.5 0.871 61.4 6.15 
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Figure 5-7 Current density-voltage (J-V) curves of donors:PC71BM-based devices 

with different SVA conditions. 
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Table 5-4 J-V characteristics of (CS-10 or CS-11)/PC71BM = 1:1 based devices with 

different SVA conditions. 

Comp. D:A RPM SVA JSC (mA cm
−2

) VOC (V) FF (%) PCE (%) 

CS-10 1:1 1400 5s 9.65 0.89 58 4.98 

CS-10 1:1 1400 15s 10.3 0.90 59 5.47 

CS-11 1:1 1400 5s 11.2 0.88 62 6.11 

CS-11 1:1 1400 10s 11.5 0.88 59 5.97 

Meanwhile, the external quantum efficiency (EQE) spectra of the optimized 

devices were measured to further understand the device performance. As shown in 

Figure 5-5(b), for all the devices, the EQE spectra are expanded in a broad 

wavelength range from 300 to 750 nm with maximum EQE value at 520 nm. 

Moreover, upon TA and the subsequent SVA, an obvious widen peak of 

photo-electron conversion intensity was observed in the CS-10:PC71BM film, which 

is consistent to the red-shifted absorption spectra of CS-10 in solution as well as on 

thin film. And this effect was less pronounced in CS-11 and CS-12 based blends. 

Though the maximum EQE of CS-10 is slightly lower than the EQE of CS-11 and 

CS-12, it showed much broader EQE curve with the highest JSC, and also benefit from 

the lowest band gap of CS-10. The JSC values of all the devices integrated from the 

EQE curves are rather consistent (less than 5% deviation) with the values obtained by 

J-V measurements. 

The charge transport properties is studied by charge mobility measurements 

using a space charge limited current (SCLC) model.
51,52

 The structure of hole-only 

devices is ITO/PEDOT:PSS/donor:PC71BM/MoO3/Al, and the hole nobilities deduced 

from the SCLC model are depicted in Table 5-2. After the combined thermal 

annealing (TA) and solvent vapor annealing (SVA), the hole mobilities of CS-10, 

CS-11, and CS-12 are found to be 1.3×10
−5

 cm
2
V

−1
s

−1
, 1.6×10

−5
 cm

2
V

−1
s

−1
 and 

3.8×10
−4

 cm
2
V

−1
s

−1
 (Figure 5-8), respectively. The highest hole-mobility of 

CS-12:PC71BM film is ascribed to the relatively high degree of molecular ordering 

arising from the extended π-conjugation of the backbone. This is also in constistenece 

with the highest FF in OSC based on the CS-12, corresponding to less recombination 

loss during the exciton separation process. 
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Figure 5-8 The space charge limited current (SCLC) curves of CS-10, CS-11 and 

CS-12 with additive. 

And the surface morphology of the photoactive layer plays an important role in 

device fabrication and optimizaiton for high performance. Here we carried out 

tapping-mode atomic force microscopy (AFM) to investigate thin-film morphology of 

the blends. The blend films are prepared by spin-coating under the same conditions 

for those optimized solar cell devices discussed above. As shown in Figure 5-9, the 

blend films of CS-10, CS-11 and CS-12 after TA and SVA exhibit sequentially 

increased RMS values from 0.471, 0.542 to 0.612 nm, respectively. Compare to the 

CS-10 and CS-11, the blend film of CS-12 exhibits slighter higher RMS roughness, 

more phase separation and notable domain size after TA and SVA. Actually, 

continuous extending the π-conjugation in porphyrin donors will reduce the structural 

order in the solid state, because of the non-uniform intermolecular packing in the 

adjacent molecules, such as cofacial stacking or fractional stacking.
53,54

 Given its 

good solubility, THF vapor annealing provided a driving force to facilitate domain 

grow, leading to the more obvious phase segregation and the more ordered 

intermolecular stacking induced by conjugated molecules reorganized on the film 

surface after SVA treatment.
55

 Especially for CS-12, solvent molecule can adjust the 

spatial overlap between the stacking π-orbitals more efficiently, due to the longest 
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π-conjugation system in these three materials. Finally, the topography analysis of the 

films indicates extending the π-conjugated bridge can effectively optimize the surface 

to a moderate value, together with well-ordered and size-increased crystal domains, 

leading to efficient charge transport, and high FF. 

 

Figure 5-9 Tapping mode AFM height (a–c) and phase images (d–f) age for those 5 

µm × 5 µm blend films of donors:PC71BM with pyridine/TA@110
o
C/SVA. The 

root-mean-square roughness of the films is (a) 0.471nm, (b) 0.542nm, (c) 0.612nm, 

respectively. 

5.4 Conclusion 

In summary, we have designed and synthesized a series of porphyrin core-based 

A-π-D-π-A type small molecules CS-10, CS-11 and CS-12 possessing different 

numbers of p-phenylene ethylene π-bridge unit in the molecular conjugation. All of 

these three materials utilized as donor components in BHJ-OSCs. Also, we 

investigated the impacts of the conjugation spacers on the photophysical and 

electrochemical properties, charge-transport properties and morphologies of the blend 

films, and finally device performance. All molecules CS-10 to CS-12 exhibited strong 

absorption range from 400 nm to 750 nm. The devices of these donor materials 

exhibited the PCE in the range, 6.3–7.0%. Notably, a high PCE of 7.0% for CS-10 
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with the high VOC (0.92 eV) was achieved in a simple device configuration with SVA 

treatment. In comparison to CS-10, higher FF and hole mobilities values were 

observed for CS-11 and CS-12, which may be attributed to the more effective 

conjugation length of the backbone and better morphology of the blend films. Our 

results suggest that the blend films exhibited an increased crystalline content and 

efficient nanoscale phase separation after prolong the distance between the donor and 

acceptor unit. In addition, the influences of π-conjugated bridge spaces can be 

preliminarily revealed by altering the linkers, which provides an effective method to 

tune the energy levels, charge transport properties and morphology of small-molecule 

donors. Also there is still room excited to increase the efficiency of these kinds of 

materials in future, such as inserting the different donating strength of aromatic 

chromophores possessing solubilize alkyl or alkoxy groups. Such kinds of studies are 

underway in our research lab. 

5.5 Experimental 

Materials 

All of the chemicals were purchased from Dieckmann Chemical Ltd, China. 

Organic solvents used in this work were purified using standard process. The other 

materials were of the common commercial level and used as received. PC71BM was 

purchased from Nano-C. DIO, CuPc, Spiro-TPD, and PEDOT:PSS were obtained 

from Tokyo Chemical Industry Co., Sigma-Aldrich, Luminescence Technology, and 

Heraues, respectively. 

Device Fabrication 

The photovoltaic devices based on CS-10, CS-11 and CS-12 were fabricated and 

measured by the group of Prof. S. K. So in the Department of Physics, Hong Kong 

Baptist University. Solution-processed bulk-heterojunction solar cells were fabricated 

as follows: Indium tin oxide (ITO) coated glass substrates were cleaned prior to 

device fabrication by sonication in DI-water, acetone and propanal. After treated with 

an oxygen plasma for 13 min, 30 nm thick poly(styrenesulfonate)-doped 

poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) layer was spin-coated on the 

ITO-coated glass substrates at 7000 rpm for 60s, the substrates were subsequently 
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dried at 140
o
C for 10 min in air and then transferred to a N2-glovebox. The active 

layers were spun from solution of donor material:PC71BM at weight ratio of 1:1.2 (or 

other ratio) with an donor concentration of 10 mg/mL. Finally, LiF (1nm) and Al 

(~130 nm) were evaporated with a shadow mask as the top electrode. The effective 

area was measured to be 10.9 mm
2
. 

Hole-only Device Fabrication 

The preparation method of the hole-only device was similar to the corresponding 

OPV devices. The structure of the hole-only device was 

ITO/PEDOT:PSS/donor:PC71BM/Spiro-TPD:CuPc/Au. 

Synthetic Procedure 
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Scheme 5-2 Synthesis routes of CS-10, CS-11 and CS-12. Reaction conditions: a) 

1,4-dibromo-2,5-bis(hexyloxy)benzene, Pd(PPh3)4, CuI, THF/Et3N, 50
o
C, overnight; 

b) PdCl2(PPh3)2, CuI, THF/Et3N, 50
o
C, overnight; c) K2CO3, THF/CH3OH, r.t., 2h; d) 

5-(bromomethyl)-undecane, −78
o
C to r.t., overnight; e) n-BuLi, DMF, THF, −78

o
C to 

r.t., overnight; f) dipyrromethane, CH2Cl2, TFA, r.t., overnight; DDQ, r.t., 2h; g) NBS, 

CH2Cl2, 0
o
C to r.t., 30 mins; h) Zn(OAc)2, CHCl3, overnight; i) Pd(PPh3)4, CuI, 

THF/Et3N, 50
o
C, overnight; j) 3-ethylrhodanine, dry CHCl3, piperidine, reflux, 

overnight. 
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4-((4-bromo-2,5-bis(hexyloxy)phenyl)ethynyl)-2,5-bis(hexyloxy) benzaldehyde 

(5-2) 

A mixture of 1,4-dibromo-2,5-bis(hexyloxy)benzene (5-1, 654 mg, 1.50 mmol) 

and 4-ethynyl-2,5-bis(hexyloxy)benzaldehyde (PE-CHO, 396 mg, 1.20 mmol) in 

THF (30 mL) and Et3N (10 ml) was degassed with nitrogen for 10 min, and then 

Pd(PPh3)4 (40 mg, 0.035 mmol), CuI (8 mg, 0.035 mmol) were added to the mixture, 

the solution was refluxed for 12 h under nitrogen. The solvent was removed under 

vacuum, and the solid residue was purified by preparative thin layer chromatography 

using a CHCl3/n-hexane (3:1) as eluents to obtain compound 5-2 as yellow solid (311 

mg, yield 38%).
 1

H NMR (400 MHz, CDCl3) δ (ppm): 10.44 (s, 1H), 7.31 (s, 1H), 

7.11 (s, 1H), 7.09 (s, 1H), 7.01 (s, 1H), 4.04 (m, 8H), 1.85 (m, 8H), 1.48 (m, 8H), 

1.36–1.26 (m, 16H), 0.92 (m, 12H). 

4-((2,5-bis(hexyloxy)-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)-2,5-bis(hexyloxy)

benzaldehyde 

A mixture of compound 5-2 (310 mg, 0.45 mmol) and trimethylsilylacetylene 

(98 mg, 1.00 mmol) in THF (20 mL) and Et3N (10 ml) was degassed with nitrogen for 

10 min, and then Pd2(PPh3)2Cl2 (20 mg, 0.028 mmol), CuI (6 mg, 0.026 mmol) were 

added to the mixture, the solution was refluxed for 12 h under nitrogen. The solvent 

was removed under vacuum, and the solid residue was purified by preparative thin 

layer chromatography using a CHCl3/n-hexane (3:1) as eluents to obtain target 

compound as yellow oil (300 mg, yield 94%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

10.44 (s, 1H), 7.31 (s, 1H), 7.09 (s, 1H), 6.96 (d, J = 4.4 Hz, 2H), 4.03 (m, 8H), 1.82 

(m, 8H), 1.50 (m, 8H), 1.30–1.36 (m, 16H), 0.92 (m, 12H), 0.27 (s, 9H). 

Synthesis of 4-((4-ethynyl-2,5-bis(hexyloxy)phenyl)ethynyl)-2,5-bis(hexyloxy) 

benzaldehyde (DPE-CHO) 

A solution of last step product (300 mg, 0.43 mmol) in THF/CH3OH = 1:1 (30 

mL) was degassed by bubbling with nitrogen for 30 min. Then K2CO3 (117 mg, 0.86 

mmol) was added. After the solution was stirred for 2h at room temperature under 

nitrogen, and then the reaction was quenched into water (30 mL). The aqueous layers 

were extracted with CH2Cl2 (3 × 20 mL). The organic layer was dried over NaSO4. 



166 

After removal of solvent, it was purified by chromatography on a silica gel column 

using CH2Cl2/n-hexane (1:2) as the eluent, to give a yellow solid product (255 mg, 

95%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 10.44 (s, 1H), 7.31 (s, 1H), 7.09 (s, 1H), 

6.99 (d, J = 4.0 Hz, 2H), 4.06 (m, 8H), 3.98 (s, 1H), 1.85 (m, 8H), 1.48 (m, 8H), 1.33 

(m, 16H), 0.92 (m, 12H). 

4-((4-((4-bromo-2,5-bis(hexyloxy)phenyl)ethynyl)-2,5-bis(hexyloxy)phenyl)ethyn

yl)-2,5-bis(hexyloxy)benzaldehyde (5-3) 

A mixture of 1,4-dibromo-2,5-bis(hexyloxy)benzene (436 mg, 1.00 mmol) and 

EDP-CHO (315 mg, 0.50 mmol) in a mixture of THF (20 mL) and Et3N (10 ml) was 

degassed with nitrogen for 10 min, then Pd(PPh3)4 (20 mg, 0.018 mmol), CuI (4 mg, 

0.018 mmol) were added. The solution was heated to 50
o
C for 12 h under nitrogen. 

The solvent was removed under vacuum, and the solid residue was purified by 

preparative thin layer chromatography using a CHCl3/n-hexane (3:1) as eluents to 

obtain compound 5-3 as yellow solid (345 mg, yield 35%).
 1

H NMR (400 MHz, 

CDCl3) δ (ppm): 10.44 (s, 1H), 7.31 (s, 1H), 7.10 (d, J = 1.6 Hz, 2H), 7.00 (s, 3H), 

4.04 (m, 12H), 1.86 (m, 12H), 1.50 (m, 12H), 1.36 (m, 24H), 0.91 (m, 18H). 

4-((4-((2,5-bis(hexyloxy)-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)-2,5-bis(hexylo

xy)phenyl)ethynyl)-2,5-bis(hexyloxy)benzaldehyde 

A mixture of compound 5-3 (341 mg, 0.34 mmol) and trimethylsilylacetylene 

(98 mg, 1.00 mmol) in THF (20 mL) and Et3N (10 ml) was degassed with nitrogen for 

10 min, and then Pd2(PPh3)2Cl2 (20 mg, 0.018 mmol), CuI (4 mg, 0.018 mmol) were 

added to the mixture, the solution was refluxed for 12 h under nitrogen. The solvent 

was removed under vacuum, and the solid residue was purified by preparative thin 

layer chromatography using a CHCl3/n-hexane (3:1) as eluents to obtain target 

compound as yellow oil (315 mg, yield 31%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

10.44 (s, 1H), 7.31 (s, 1H), 7.10 (s, 1H), 7.00 (s, 2H), 6.95 (d, J = 5.6 Hz, 2H), 4.06 

(m, 12H), 1.86 (m, 12H), 1.52 (m, 12H), 1.37 (m, 24H), 0.89 (m, 18H), 0.26 (s, 9H). 

4-((4-((2,5-bis(hexyloxy)-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)-2,5-bis(hexylo

xy)phenyl)ethynyl)-2,5-bis(hexyloxy)benzaldehyde (TPE-CHO) 

A solution of last step produce (315 mg, 0.31 mmol) in THF/CH3OH = 1:1 (30 
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mL) was degassed by bubbling with nitrogen for 30 min. Then K2CO3 (84 mg, 0.62 

mmol) was added. After the solution was stirred for 2h at room temperature under 

nitrogen, and then the reaction was quenched into water (30 mL). The aqueous layers 

were extracted with CH2Cl2 (3 × 20 mL). The organic layer was dried over NaSO4. 

After removal of solvent, it was purified by chromatography on a silica gel column 

using CH2Cl2/n-hexane (1:2) as the eluent, to give a yellow solid product (268 mg, 

92%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 10.44 (s, 1H), 7.31 (s, 1H), 7.09 (s, 1H), 

7.05 (s, 2H), 6.90 (s, 2H), 4.07 (m, 12H), 3.66 (s, 1H), 1.92 (m, 12H), 1.60 (m, 12H), 

1.39 (m, 24H), 0.95 (m, 18H). 

2-((2-butyloctyl)thio)thiophene (5-4) 

A dry flask under nitrogen was charged with thiophene (2.00 g, 23.8 mmol) and 

anhydrous THF (30 mL) and cooled to 0°C. A solution of n-butyl lithium in hexane 

(2.5 M, 9.5 mL, 23.8 mmol) was added dropwise over 10 min. After 20 min at this 

temperature, the reaction mixture was cooled to −78°C, and sulfur (0.77 g, 24 mmol) 

was added in a single portion under nitrogen pressure. After 30 min at −78°C, the 

solution was allowed to warm to room temperature and stirred for 3 h. 

5-(Bromomethyl)undecane (5.93 g, 23.8 mmol) was added in three portions, and the 

reaction mixture was stirred overnight at room temperature. Water and CH2Cl2 were 

added to the reaction mixture. Diluted HCl was added to break the emulsion, and the 

aqueous layer was extracted three times with CH2Cl2. The organic layer was dried 

with MgSO4, and the solvent was evaporated under reduced pressure. The crude 

product was purified by silica gel column chromatography (n-hexane) to afford pure 

compound 5-4 as colorless oil (4.73 g, 70%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

7.30 (d, J = 5.2 Hz, 1H), 7.08 (dd, J = 3.2 Hz, 1H), 6.95 (d, J = 3.2 Hz, 1H), 2.80 (t, J 

= 7.2 Hz, 2H), 1.66–1.56 (m, 2H), 1.42–1.25 (m, 15H), 0.91–0.80 (m, 6H). 

5-((2-Butyloctyl)thio)thiophene-2-carbaldehyde (5-5) 

Compound 5-4 (4 g, 14.0 mmol) was dissolved in anhydrous THF (50 mL) under 

an argon atmosphere; n-butyl lithium (5.6 mL, 2.5 M) was added dropwise at −78 °C. 

After the mixture was stirred for 1 h, N-formylpiperidine (2 g, 17.5 mmol) was added 

in one portion. The reaction was quenched by water after 0.5 h, and then the mixture 

javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB02573052&postData3=EN&SYMBOL_Type=A');
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was extracted by CH2Cl2 three times. After the combined organic phase was 

concentrated, further purification was carried out by silica gel column 

chromatography with petroleum ether and ethyl acetate (30:1) as the eluent. The pure 

compound 5-5 was obtained as yellow oil (3.20 g, yield 72.9%). 
1
H NMR (400 MHz, 

CDCl3) δ (ppm): 9.74 (s, 1H), 7.59 (d, J = 4.0 Hz, 1H), 7.01 (d, J = 4.0 Hz, 1H), 3.01 

(t, J = 6.4 Hz, 2H), 1.71 (m, 2H), 1.39–1.26 (m, 15H), 0.89 (m, 6H). 

Free-base porphyrin (PH2) 

A solution of dipyrromethane (3 g, 21 mmol) and compound 5-2 (6.5 g, 21 mmol) 

in CH2Cl2 (1.5 L) was degassed by bubbling with nitrogen for 30 min. Then 

trifluoroacetic acid (TFA, 145 μL, 2.0 mmol) was added. After the solution was stirred 

for overnight at room temperature under nitrogen, 

2,3-dichloro-5,6-dicyanobenzoquinone (DDQ, 7.28 g, 32 mmol) was added, and the 

reaction mixture was stirred for a further 2h. Triethylamine (5 mL) was added. The 

solvent was evaporated and the crude product was purified by silica chromatography 

using CH2Cl2/n-hexane (1:4) as the eluent, to give a purple product. 
1
H 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). 

Brominated 5,15-substutited metalloporphyrin derivatives (PZnBr) 

Solution of PH2 (1.096 g, 1.00 mmol) and NBS (356 mg, 2.00 mmol) in CH2Cl2 

(200 mL) was stirred at 0
o
C for 30 min and then stirred at room temperature for 

overnight. Acetone (5 mL) was added, and the solvent was removed in vacuo. The 

residue was purified via chromatography on silica gel using CH2Cl2/n-hexane (1:4) as 

the eluent. Then, BrPH2 (1.00 mmol) and zinc acetate (1.095 g, 5 mmol) were 

refluxed in CHCl3 (200 mL) for 4 h. The solvent was removed and the residue was 

purified via chromatography on silica gel using CH2Cl2/n-hexane (1:4) as the eluent, 

to give the product in quantitative yield. 

PH2Br: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.59 (d, J = 5.2 Hz, 4H), 9.07 (d, J = 

4.4 Hz, 4H), 7.71 (d, J = 3.6 Hz, 2H), 7.49 (d, J = 3.6 Hz, 2H), 3.12 (d, J = 6.4 Hz, 

4H), 1.88 (m, 2H), 1.62–1.34 (m, 32H), 0.98 (m, 6H), 0.90 (m, 6H), −2.73 (s, 2H). 
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PZnBr: 
1
H 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). 

General procedure for synthesis key aldehyde precursors 

(CS-10-CHO~CS-12-CHO) 

A mixture of RPZnBr (0.150 mmol) and benzaldehyde derivatives (0.350 mmol) 

in THF (15 mL) and Et3N (5 ml) was degassed with nitrogen for 10 min, and then 

Pd(PPh3)4 (25 mg, 0.022 mmol), CuI (5 mg, 0.022 mmol) were added to the mixture, 

the solution was refluxed for 12 h under nitrogen. The solvent was removed under 

vacuum, and the solid residue was purified by preparative thin layer chromatography 

using a CHCl3/n-hexane (3:1) as eluents. Recrystallization from CHCl3/methanol gave 

CS-10-CHO~CS-12-CHO as a green solid. 

CS-10-CHO: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 10.09 (s, 2H), 9.47 (d, J = 4.0 Hz, 

4H), 9.07 (d, J = 4.4, 4H), 7.79 (d, J = 3.2, 2H), 7.55 (d, J = 3.2 Hz, 2H), 7.21 (d, J = 

3.6 Hz, 2H), 6.91 (s, 2H), 4.10 (d, J = 5.2 Hz, 4H), 3.87 (d, J = 5.2 Hz, 4H), 3.18 (d, J 

= 6.0 Hz, 4H), 2.08 (t, J = 6.8 Hz, 4H), 1.93 (m, 2H), 1.36–1.69 (m, 60H), 0.86–1.00 

(m, 24H). 

CS-11-CHO: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 10.35 (s, 2H), 9.75 (d, J = 4.4 Hz, 

4H), 9.08 (d, J = 4.4 Hz, 4H), 7.78 (d, J = 3.2 Hz, 2H), 7.54 (d, J = 3.6 Hz, 2H), 7.18 

(s, 2H), 7.02 (s, 2H), 6.99 (s, 2H), 6.93 (s, 2H), 4.25 (t, J = 6.4 Hz, 4H), 4.01 (t, J = 

6.4 Hz, 4H), 3.87 (t, J = 6.4 Hz, 4H), 3.74 (s, 4H), 3.18 (d, J = 6.4 Hz, 4H), 2.22 (m, 

4H), 1.92 (m, 2H), 1.84 (m, 4H), 1.31–1.62 (m, 88H), 0.89–1.01 (m, 36H). 

CS-12-CHO: 
1
H NMR (400 MHz, CDCl3) δ (ppm):

 
10.41 (s, 2H), 9.82 (d, J = 4.4 Hz, 

4H), 9.09 (d, J = 4.4 Hz, 4H), 7.76 (d, J = 3.6, 2H), 7.52 (d, J = 3.6 Hz, 2H), 7.31 (d, J 

= 3.6 Hz, 2H), 7.28 (s, 2H), 7.11 (s, 2H), 7.06 (s, 2H), 6.91 (s, 2H), 6.86 (s, 2H), 4.30 

(t, J = 6.4 Hz, 4H), 4.04 (m, 12H), 3.95 (t, J = 6.4 Hz, 4H), 3.87 (t, J = 6.4 Hz, 4H), 

3.16 (d, J = 6.4 Hz, 4H), 2.25 (m, 4H), 1.34–1.91 (m, 138H), 0.88–1.00 (m, 48H). 

General procedure for synthesis final products (CS-10~CS-12) 

Aldehyde precursors (CS-10-CHO~CS-12-CHO) (0.066 mmol) was dissolved 

in a solution of dry CHCl3, two drops of piperdine and then 3-ethylrhodanine (106 mg, 
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0.66 mmol) were added, and the resulting solution was refluxed and stirred for 12 h 

under nitrogen. The reaction was quenched into water (30 mL). The aqueous layers 

were extracted with CHCl3 (3 × 20 mL). The organic layer was dried over NaSO4. 

After removal of solvent, it was purified by chromatography on a silica gel column 

using CHCl3 as eluant and was purified by preparative thin layer chromatography 

using a CHCl3 as eluents. Then the crude solid was recrystallized from CHCl3 and 

methanol mixture to afford final product as a gray green solid. 

CS-10: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.64 (d, J = 4.4, 4H), 9.05 (d, J = 4.4 

Hz, 4H), 8.19 (s, 2H), 7.71 (d, J = 3.2 Hz, 2H), 7.50 (d, J = 3.6 Hz, 2H), 7.32 (s, 2H), 

6.92 (s, 2H), 4.21 (t, J = 6.4 Hz, 12H), 3.13 (d, J = 6.0 Hz, 4H), 2.19 (m, 4H), 1.86–

1.98 (m, 6H), 1.77 (m, 4H), 1.271.59 (m, 58H), 0.97 (m, 12H), 0.85 (m, 12H). 

(MALDI-TOF, m/z) calculated for C104H132N6O6S8Zn: 1880.7111; found: 1880.7153. 

CS-11: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.80 (d, J = 4.4 Hz, 4H), 9.06 (d, J = 

4.8 Hz, 4H), 8.50 (s, 2H), 8.12 (s, 2H), 7.68 (d, J = 3.2, 2H), 7.46 (d, J = 3.2 Hz, 4H), 

7.22 (s, 2H), 7.15 (s, 2H), 7.04 (s, 2H), 6.86 (s, 2H), 4.26 (m, 12H), 4.05 (m, 8H), 

3.09 (d, J = 6.0 Hz, 4H), 2.12 (m, 4H), 1.88 (m, 14H), 1.72 (m, 4H), 1.24–1.59 (m, 

78H), 0.80–0.94 (m, 36H). (MALDI-TOF, m/z) calculated for C144H188N6O10S8Zn: 

2483.1299; found: 2483.1409. 

CS-12: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 9.83 (d, J = 4.8, 4H), 9.08 (d, J = 4.4, 

4H), 8.14 (s, 2H), 7.69 (d, J = 3.2 Hz, 2H), 7.48 (d, J = 3.6 Hz, 4H), 7.20 (s, 2H), 7.08 

(s, 2H), 7.04 (s, 2H), 6.90 (s, 2H), 4.29 (m, 12H), 4.09 (m, 16H), 3.11 (d, J = 6.0 Hz, 

4H), 2.22 (m, 4H), 1.85–1.97 (m, 24H), 1.75 (m, 4H), 1.29–1.61 (m, 104H), 0.83–

0.93 (m, 48H). (MALDI-TOF, m/z) calculated for C184H244N6O14S8Zn: 3083.5496; 

found: 3083.5463. 
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Chapter 6  

Study of Arylamine Substituted Porphyrins as Hole 

Transporting Materials in High Performance Perovskite Solar 

Cells 

6.1 Introduction 

(This chapter is partly from my published paper, Study of Arylamine Substituted 

Porphyrins as Hole Transporting Materials in High Performance Perovskite Solar 

Cells. ACS Appl. Mater. Inter., 2017, 9, 13231–13239.) 

So far, Organic-inorganic hybrid perovskites solar cells (PSCs) are believed to be 

a promising and low-cost technology to replace those traditional energy sources due 

to the inspiring conversion efficiencies achieved.
1-6

 As a new class of 

solution-processable light absorbing material, organometal halide perovskites have 

attracted increasing attention for their broad absorption in the solar spectrum, 

excellent charge carrier mobility and low charge recombination due to their broad 

absorption in the visible regions,
7
 high absorption coefficient,

8
 high charge carrier 

mobility
9
 and long diffusion length.

10
 This kind of material as photosensitizer 

produced a power conversion efficiency (PCE) of 3.8% in liquid electrolyte-based 

perovskite-based solar cells (PSCs).
1
 To solve the dissolution of the perovskite in the 

liquid electrolyte, hole transport materials (HTMs) was used in PSCs, leading to 

enhanced PCE values.
11-14

 At the same time, some polymeric HTMs have been 

reported among which polytriarylamine (PTAA) showed the highest PCE of 20.2% in 

mesoscopic TiO2-based devices.
4,15-18

 Compared to the polymeric HTMs, small 

molecular HTMs have advantages such as convenient purification, defined molecular 

structures, relatively high efficiency and less batch-to-batch variation.
19

 Till now, the 

Spiro-OMeTAD is still working the best as HTM in PSCs although a variety of other 

organic HTMs have been developed. Specifically, only a few examples of small 

molecules can be facilely synthesized and worked with efficiencies higher than 16% 
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in PSCs.
20-21

 It’s known that the Spiro-OMeTAD suffers from the synthetic difficulty 

and negative effect on the long-term stability of the device, which might block its 

wide application in perovskite solar cells.
22-23

 Moreover, due to the low conductivity 

and hole mobility of Spiro-MeOTAD in the pristine form, dopants and additives are 

necessary to improve the device performance, such as tert-butylpyridine (t-BP), 

lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) and cobalt complexes (FK209) 

as p-type dopants.
24-26

 Therefore, it is highly desirable to develop cost-effective and 

highly efficient new class of HTMs as alternatives to Spiro-OMeTAD. 

Porphyrins and derivatives have also been extensive studied as photosensitizers 

in DSSCs and donor materials in bulk heterojunction organic solar cells (BHJ OSC) 

because of their excellent thermal stability, efficient light-harvesting ability, and high 

susceptibility in electron-transfer reactions. We have reported that the use of 

5,15-substituted porphyrin-based small molecules as donor materials in organic solar 

cells that facilitates delocalized π-conjugation and π-stacking in the solid state, and 

large planar π-conjugation macrocycles can ensures high carrier mobilities and 

efficient intermolecular charge transfer in the π-stacking direction.
27-29

 Since the 

photophysical and photochemical properties of porphyrin molecules can be facilely 

tuned through functionalization of the periphery (meso and β-positions) and variation 

of the metal center,
30

 porphyrins also have the potential to be applied as HTMs in 

PSCs.
31-32

 During the period of our study on these new porphyrin-based HTMs, Yeh’s 

group designed two symmetric ethynylaniline-substituted porphyrins and used them 

as HTMs in PSCs with PCEs reaching 16%. However, the synthesis of those HTMs 

still involves many steps such as condensation of aldehyde and pyrrole for porphyrin 

core, bromination, and Sonogashira coupling.
33

 Commonly, the symmetrical 

meso-aryl substituted porphyrins can be one-pot synthesized in propionic acid, which 

exhibits a similar structure and energetics as Spiro-OMeTAD and other HTMs with 

high performances in PSCs, might be suitable as a new class of HTMs in PSCs. 
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Figure 6-1 Molecular structures of ZnP, CuP and Spiro-OMeTAD. 

Herein, 5,10,15,20-tetrakis{4-[N,N-di(4-methoxylphenyl)aminophenyl]} 

porphyrin and its Zn(II) and Cu(II) complexes of (ZnP and CuP) (Figure 6-1) were 

prepared and their potentials as a new class of HTMs in PSCs was then investigated. 

Impressively, the devices based on ZnP renders PSCs with the highest power 

conversion efficiency of 17.78% under ambient atmosphere conditions, which is 

comparable to the cell employing the well-known Spiro-OMeTAD (18.59%, Figure 

6-1) under the same working conditions. The device based on CuP gave a lower PCE 

of 15.36%. Notably, the facile synthesis of ZnP based on commercially starting 

materials makes it a promising new class of HTMs with excellent stability, high 

hole-mobility and appropriate energetics. It was believed that porphyrin derivatives as 

HTMs will play a more important role in PSCs upon further optimizing the molecular 

structure and engineering the device. 

6.2 Synthesis 

Scheme 6-1 Synthetic routes for ZnP and CuP. 

The synthetic route is shown in Scheme 6-1 and the synthetic details are given in 

the Experimental Section. The porphyrin (P) was facilely prepared through the direct 
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condensation of 4-[bis(4-methoxyphenyl)amino]benzaldehyde and pyrrole according 

to Adler’s methods with cheap starting materials,
34

 and the two porphyrin complexes, 

referred to as ZnP and CuP, were prepared quantitatively by refluxing the porphyrin 

free base with excess zinc acetate and copper acetate in CHCl3 for overnight, 

respectively.
35

 The bulky and twisted structure of methoxy substituted triphenylamine 

group can provide high solubility in common organic solvents, which is propitious to 

be spin-coated forming very smooth HTM film.
36

 The following solvent evaporation 

and further recrystallization in CHCl3/CH3OH afforded the pure products for direct 

use as HTMs in PSCs, which is potential for the mass production with easily 

separation techniques, such as water scrubbing and pulping. The new compounds 

were characterized by spectral methods and MALDI-TOF, and the commercially 

available Spiro-OMeTAD will be used as a standard HTM for comparison. 

6.3 Results and Discussions 

6.3.1 Physical and Electrochemical Properties 
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Figure 6-2 Optical absorption spectrum of ZnP and CuP in CHCl3. 

The absorption spectra of ZnP and CuP in CHCl3 solution were measured on 

quartz substrates (Figure 6-2), and their photophysical data is summarized in Table 

6-1. Both show typical spectra of metalloporphyrin with a very intense Soret band 

around 440 nm and two other prominent Q bands between 550 and 650 nm with much 

lower intensity. And ZnP shows higher intensity Soret bands and bathochromic 
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shifted Q bands as compared to CuP, which could be explained by Gouterman’s four 

orbital modes.
37,38

 According to this “four-orbital” model, the absorption bands in 

porphyrin systems arise from transitions between two HOMOs and two LUMOs.
39

 The 

HOMOs were calculated to be an a1u and an a2u orbital, while the LUMOs were 

calculated to be a degenerate set of eg orbitals. Transitions between these orbitals gave 

rise to two excited states. Orbital mixing splits these two states in energy, creating a 

higher energy state with greater oscillator strength, giving rise to the Soret band, and a 

lower energy state with less oscillator strength, giving rise to the Q-bands. Due to the 

interaction of unpaired electron in 𝑑𝑥2−𝑦2  with porphyrin π system, CuP shows a 

splitting Soret and red-shifted Q bands, while ZnP shows a Soret band with a 

vibrational shoulder and two Q bands. To study the influence on optical property of 

HTL to the perovskite, the absorption spectra of TiO2/perovskite films with and 

without porphyrin-based HTMs were measured and found that there is no significant 

difference for the absorption from 400 to 800 nm due to the saturated absorption by 

the perovskite film in this range (Figure 6-3). Therefore, the porphyrin-based HTMs 

have very limited effect in terms of the light harvesting competition with perovskite. 

In addition, their thermal stability was evaluated by thermal gravimetric analysis 

(TGA) and both exhibit excellent thermal stability with 5% weight loss temperature 

(Td5) calculated to 449°C
  

and 436°C (Figure 6-4), respectively. 
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Figure 6-3 Absorption spectra of perovskite films with and without ZnP. 
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Table 6-1 Optical and electrochemical data for ZnP and CuP. 

HTMs λmax/nm
a
 

Eox 

[V]
b 

EHOMO 

[eV]
b
 

ELUMO 

[eV]
c
 

ER 

[meV]
d
 

Hole Mobility 

[cm
2
·V

−1
·s

−1
] 

CuP 

404(0.92), 

444(1.33), 

549(0.19), 

592(0.13) 

0.35 −5.37 −3.40 374 2.89×10
−4

 

ZnP 

404(0.88), 

445(2.38), 

563(0.21), 

610(0.25) 

0.27 −5.29 −3.35 303 3.06×10
−4

 

Spiro-OM

eTAD
20-21

 
388(0.60) 0.20 −5.22 −2.28 495 1.58×10

−4
 

a 
Absorption maximum in 1×10

−5
 mol L

−1
 CH2Cl2 solution. 

b
 A glassy carbon 

electrode (diameter 3 mm) was used as the working electrode, a platinum wire as the 

counter electrode, an Ag/AgNO3 electrode as the reference electrode and 0.1 M of 

TBAPF6 in dichloromethane solution as supporting electrolyte. The 

cyclovoltammetric scan rate was 50 mV/s. Each measurement was calibrated with 

ferrocene. E1/2
Fc

 = 0.20 V. EHOMO = −5.1− (E1/2−E1/2
Fc

). 
c
 Calculated using the formula 

ELUMO = EHOMO + Eg
opt

. 
d
 ER: reorganization energy. 
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Figure 6-4 Thermogravimetric analysis of these two new HTMs. 
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Figure 6-5 Cyclic voltammograms of CuP and ZnP. 

In planar type perovskite solar cells, the perovskite absorber layer is sandwiched 

by TiO2 and hole transport layers (Figure 6-6a). Upon irradiation, electrons and holes 

are generated in the perovskite layer, extracted by the adjacent TiO2 and HTM, 

respectively. Obviously, appropriate energy levels of HTM plays an important role in 

hole extraction and electron blocking at the interface of TiO2/HTM. To characterize 

the redox energies of the HTMs, the electrochemical properties of CuP and ZnP 

(Figure 6-5) were measured by cyclic voltammetry in CH2Cl2 solution containing 0.1 

mM tetrabutylammonium hexafluorophosphate (TBAPF6) as electrolyte in a 

three-electrode system and the data are presented in Table 6-1. The energy level of the 

highest occupied molecular orbitals (HOMO) can be estimated according to the 

literatures (assuming that the energy level of Fc
+
/Fc = −5.1 eV), while the lowest 

unoccupied molecular orbital (LUMO) was calculated by adding the optical band-gap 

energies to the HOMO energies.
40,41

 The HOMO energy levels of CuP and ZnP were 

estimated to be −5.37 and −5.29 eV, respectively. The HOMOs of both CuP and ZnP 

lie above that of perovskite (−5.65 eV), which should ensure sufficient driving force 

for the hole injection from perovskite into the gold counter electrode (Figure 6-6b). 

Although the HOMO energy level of ZnP is positively shifted by 80 mV as compared 

to CuP, thus is not benefit for achieving higher open circuit voltage (VOC), the HOMO 
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level of CuP is close to the HOMO level of perovskite which may result in a 

hole-injection barrier between perovskite and hole transporting layer.
42

 At the same 

time, the LUMO levels of both CuP (−3.40 eV) and ZnP (−3.35 eV) are higher than 

that of perovskite (−4.05 eV), which should guarantee blocking the electron transport 

from perovskite to Au counter electrode and hence suppressing the carrier 

recombination.
43-45 

 

Figure 6-6 (a) Scheme of the device. (b) Energy level diagram of the perovskite and 

hole transporting materials. 

6.3.2 Theoretical Calculations 

To gain further understanding on the 3D geometry and molecular orbitals of the 

two porphyrin complexes, Density Functional Calculations (DFT) were performed 

using the Gaussian 09 program package at the B3LYP/6-31G(d)* level of theory. In 

the optimal structural conformations shown in Figure 6-7, four meso-substituted 

triarylamines in MP are closely perpendicular to the porphyrin ring because of the 

steric hindrance, leading to a twisted nonplanar dimensional molecular structure. And 

the HOMOs electron density distribution for both ZnP and CuP are mainly located at 

the porphyrin core and meso-substituted triarylamine, while the LUMOs are largely 

localized on the porphyrin ring. The calculated hole reorganization energies (ER) of 

ZnP (303 meV) and CuP (374 meV) are much lower than Spiro-OMeTAD (495 

meV), indicating that ZnP and CuP have a great potential for hole-transporting 

materials in perovskite-based solar cells. 
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Figure 6-7 Frontier orbitals of MP (M = Cu
2+

, Zn
2+

). 

6.3.3 Device Properties 

According to the method reported, the charge transport properties of the two 

porphyrinate complexes were determined by the space-charge limited current (SCLCs) 

to quantitatively compare with Spiro-OMeTAD.
46-47

 As shown in Figure 6-8, both 

CuP (2.89 × 10
−4

 cm
2
·V

−1
·s

−1
) and ZnP (3.06 × 10

−4
 cm

2
·V

−1
·s

−1
) show higher hole 

mobility than doped Spiro-OMeTAD (1.58 × 10
−4

 cm
2
·V

−1
·s

−1
), which indicates that 

the two porphyrin complexes as HTMs are capable to collect holes generated 

spontaneously. This result also coincides with the computational study that both CuP 

and ZnP display smaller calculated ER which indicates a faster hole-transport rate. 
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Figure 6-8 J-V plots of the hole-only devices based on CuP, ZnP and 

Spiro-OMeTAD. 
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Figure 6-9 (a) J-V curves of the devices based on CuP, ZnP and Spiro-OMeTAD 

measured under reverse and forward voltage scanning with AM1.5G illumination. (b) 

IPCE spectra of perovskite solar cells with ZnP, CuP and Spiro-OMeTAD as HTMs, 

repectively.  
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Table 6-2 The performances of perovskite solar cell performance with ZnP, CuP and 

Spiro-OMeTAD as HTMs. 

HTMs 
Scan 

direction 

JSC                    

(mA cm
–2

) 

Integral JSC            

(mA cm
–2

) 

VOC     

(V) 

FF 

(%) 

PCE 

(%) 

CuP 
Reserve 21.609 20.526 1.072 66.3 15.36 

Forward 21.567  1.072 58.8 13.59 

ZnP 
Reserve 22.689 21.754 1.099 71.3 17.78 

Forward 22.459  1.080 65.9 15.98 

Spiro-OMeTAD 
Reserve 22.418 21.732 1.108 74.9 18.59 

Forward 21.678  1.074 69.3 16.13 

The PSCs were fabricated based on ZnP and CuP as HTMs under a conventional 

structure of FTO/Compact TiO2/Mesoporous TiO2(m-TiO2)/Perovskite/HTMs/Au, and 

worked under AM 1.5 illuminations. For comparison, the devices with well-known 

doped Spiro-OMeTAD as HTM were also fabricated and tested, and details are shown 

in Experimental Section. The current-voltage (J-V) curves and IPCE spectra of these 

PSCs are shown in Figure 6-9, and the relevant photovoltaic parameters are tabulated 

in Table 6-2. The ZnP-based PSCs provided a final PCE of 17.78% with a 

short-circuit current density (JSC) of 22.68 mA cm
–2

, an open-circuit voltage (VOC) of 

1.099 V and a fill factor (FF) of 71.3%, while CuP-based PSCs showed a slightly 

lower PCE of 15.36% with a JSC of 21.60 mA cm
–2

, a VOC of 1.072 V and a FF of 

66.3%. The significantly lower performances shown by CuP are mainly related to the 

lower VOC due to the poor solubility in chlorobenzene compared to ZnP, making it 

more difficult to obtain uniform films. Since the ZnP film exhibits a better 

smoothness and fully surface coverage than CuP in the SEM images (Figure 6-10), 
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the higher surface roughness of film based on CuP can increase of shunt resistance 

and the reduction of parasitic current loss.
48

 In addition, CuP shows relative poor 

efficiency is also related to some pinholes can be observed in the film, which causing 

fast charge recombination.
49

 For comparison, the cell based on Spiro-OMeTAD 

achieved a PCE of 18.59% with a JSC of 22.41 mA cm
–2

, VOC of 1.108 V and FF of 

74.9% under the same fabrication conditions. The hysteresis behavior of the devices 

based on CuP, ZnP and Spiro-OMeTAD are measured through forward and reserve 

scans, as shown in Figure 6-9(a). Under the same conditions, CuP, ZnP and 

Spiro-OMeTAD exhibited performances with PCE of 13.59%, 15.98% and 16.13% 

for the forward scan, respectively. Compared to the ZnP, there are more obvious 

hysteresis phenomenon could be detected in CuP and Spiro-OMeTAD during forward 

and reverse scans, which indicate ZnP can effectively suppressing the hysteresis 

behavior in the perovskite solar cells. The results showed that the integrated 

photocurrents from the IPCE spectra match the measured JSC well. 

Distribution of mixed-ion perovskite materials (FAPbI3)0.85(MAPbBr3)0.15 

nanocrystals over the surface of TiO2 photoanode without and with HTMs was 

imaged by high-resolution scanning electron microscope (SEM). As depicted in 

Figure 6-10(a), the pristine perovskite film covers the TiO2 substrate with rough 

perovskite nanocrystals, and Figure 6-10(b~d) show that the perovskite nanocrystals 

are uniformly covered with TiO2 after spin-coating a thin hole transporting layer on 

the top of the annealed the perovskite film, which should be beneficial for suppressing 

recombination loss and enhancing carrier collection. On the basis of our experiments, 

Spiro-OMeTAD films present a very homogeneous surface where no special features 

could be distinguished within a micrometer to nanometer range. On the contrary, 

some aggregation was identified in either the CuP or ZnP layer with domains 
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different in size and shape, mainly because of their large and planar π-conjugated 

systems, as well as lower solubility in common organic solvents. Currently, we have 

no proofs whether these structures might be beneficial or detrimental for their 

performance in PSCs. 

 

Figure 6-10 SEM images (top view) of the surface morphology of the mixed-ion 

perovskite (a), Spiro-OMeTAD (b), CuP (c) and ZnP (d). 

650 700 750 800 850

0

2

4

6

8

10

12

 

 

P
L

 i
n

te
n

s
it

y
 (

a
.u

.)

Wavelength (nm)

 Perovskite (P)

 P+CuP

 P+ZnP

 P+Spiro-OMeTAD

 

Figure 6-11 Steady state photoluminescence spectra of glass/perovskite/HTMs based 

on CuP, ZnP and Spiro-OMeTAD. 
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In order to further investigate the effect of HTMs on perovskite, the quenching of 

steady-state PL could serves as an indicator of charge extraction at the 

perovskite/HTM interface.
46

 Hence we measured the steady-state photoluminescence 

(PL) of the perovskite’s in HTM/perovskite/glass devices, to further investigate the 

charge dynamics of hole extraction and transport for the three HTMs (Figure 6-11).
50

 

Clearly, the PL of the HTM/perovskite/glass films were significant quenched within 

760–780 nm as compared to that of the pristine perovskite film. This result definitely 

confirms the efficient hole extraction and transfer from the perovskite film into the 

hole transporting layers. Impressively, the ZnP shows a similar quenching property as 

the Spiro-OMeTAD when coated in the perovskite film, suggesting a comparable 

ability of charge separation at perovskite interface for ZnP. 
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Figure 6-12 Histogram data of PCEs. 

To confirm the reproducibility of device performance, a series of devices were 

fabricated using CuP, ZnP and Spiro-OMeTAD as HTMs. The histograms of PCEs 

and statistical average of parameters are shown in Figure 6-12, which demonstrated 

good reproducibility for those PSCs using porphyrin-based HTMs. The average PCEs 

of the devices based on ZnP shows >75% of the devices (among 29 devices) having 

higher efficiency than 17%, which is comparable to those of the devices with 

Spiro-OMeTAD with high reproducibility, indicating that the porphyrin complexes as 

HTM materials have great potential for the future industrialization. 
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Figure 6-13 Stability test of the PSCs employing ZnP and Spiro-OMeTAD without 

encapsulation, stored under ambient conditions (humidity about 40~45% and 

temperature of 20~25
o
C). 

Furthermore, the stability of the PSCs employing ZnP and benchmark 

Spiro-OMeTAD as HTM, respectively, was carried out within 30 days for each under 

ambient conditions (humidity about 40~45% and temperature of 20~25°C). After 30 

days, the average PCE of the ZnP based device retains around 85% of the initial PCE, 

while the average PCE of the Spiro-OMeTAD based devices retains only 45% of the 

initial PCE under the same conditions (Figure 6-13). The ZnP based devices show 

much better stability than the Spiro-OMeTAD based devices.  

6.4 Conclusion 

In summary, we have built up two symmetrical meso-arylamine substituted 

porphyrin complexes as new HTMs in PSCs. For their suitable energy level, efficient 

exciton dissociation and charge transfer in HTM/perovskite films, an impressive 

power conversion efficiency of 15.36% (JSC = 21.60 mA cm
–2

, VOC = 1.072 V, FF = 

66.3%) and 17.78% (JSC = 22.68 mA cm
–2

, VOC = 1.099 V, FF = 71.3%) has been 

achieved for CuP and ZnP, respectively. This represents the highest PCE among 

those ever reported for porphyrin- and phthalocyanine-based HTMs in PSCs. Notably, 

the perovskite solar cells employing ZnP show much better stability than that of 

Spiro-OMeTAD. Moreover, the two porphyrin-based HTMs can be prepared from 
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relatively cheap raw materials with a facile synthetic route. The results demonstrate 

that ZnP and CuP can be a new class of HTMs for efficient and stable perovskite 

solar cells. 

6.5 Experimental Section 

Materials and Synthetic Method 

4,4'-Dimethoxytriphenylamine were synthesized according to literature 

methods.
51

 All air and water-sensitive reactions were performed under nitrogen 

atmosphere. Organic solvents used in this work were purified using standard process. 

All of the chemicals were purchased from Dieckmann Chemical Ltd, China. Solvents 

and other chemicals were also commercial available. The synthetic routs of two 

HTMs CuP and ZnP are outlined in Scheme 6-1 and the details are depicted below. 

4-(bis(4-methoxyphenyl)amino)benzaldehyde 

To the stirred solution of 4-methoxy-N-(4-methoxyphenyl)-N- 

phenylbenzenamine (2.6 g, 7.8 mmol) in DMF (30 mL), POCl3 (1.17 mL, 12.6 mmol) 

was added dropwise at 0°C under N2. The reaction was performed at 90°C under 

stirring for 3 h. After rotary evaporation of the solvent, the residual was dissolved in 

CHCl3 and washed with a saturated CH3COONa aqueous solution. The organic layer 

was dried over Na2SO4. After removal of the solvent, the crude product was purified 

on the silica gel column (CH2Cl2/n-hexane = 1/1) to afford the target compound (2.59 

g, 92% yield). 
1
H NMR (400 MHz, DMSO, δ): 9.70 (s, 1 H), 7.65 (d, 2 H), 7.21 (d, 4 

H), 7.00 (d, 4 H), 6.68 (d, 2 H), 3.76 (s, 6 H).  

meso-tetra-4-[N,N-di(4-methoxylphenyl)amino]phenylporphyrin (P) 

An 2.0 g of 4-(bis(4-methoxyphenyl)amino)benzaldehyde was added to the 20 

mL of stirring propionic acid, and the resulting solution was brought to reflux. A 0.42 

mL of freshly distilled pyrrole in 3 mL of propionic acid was added for more than 15 

mins and the mixture refluxed for 2 h with stirring. The tarry solution was distilled to 

remove propionic acid and purified via chromatography (CH2Cl2/n-hexane). Then to 

give the product by recrystallization (CH2Cl2/CH3OH) in 22% yield. 
1
H NMR (400 

MHz, CDCl3) δ (ppm): 8.97 (s, 4H), 8.33 (s, 3H), 8.28 (d, J = 8.8 Hz, 3H), 8.01 (d, J 

= 8.4 Hz, 4H), 7.31–7.41 (m, 20H), 7.28 (d, J = 8.8 Hz, 6H), 6.96–7.03 (m, 16H), 

javascript:void(0);
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3.86 (d, J = 13.2 Hz, 24H), −2.64 (s, 2H). 

ZnP Free base porphyrin (P) (304 mg, 0.20 mmol) and zinc acetate dihydrate 

(219 mg, 1.00 mmol) were refluxed in CHCl3 (20 mL) for 4h. The solvent was 

washed by water and the organic phase was concentrated via rotary evaporator. Then 

to give the product by recrystallization (CHCl3/CH3OH) in quantitative yield. 
1
H 

NMR (400 MHz, CDCl3) δ (ppm): 9.08 (8 H, s, pyrrolic-H), 8.01 (d, J = 8.4 Hz, 8 H, 

Ar–H), 7.37 (d, J = 8.8 Hz, 16 H, Ar–H), 7.31 (d, J = 8.4 Hz, 8 H, Ar–H), 6.96 (d, J = 

9.2 Hz, 16 H, Ar–H), 3.85 (s, 24 H, OCH3); 
13

C NMR (400 MHz, CDCl3) δ (ppm): 

156.0, 150.4, 148.1, 141.2, 135.3, 134.9, 131.8, 126.9, 121.1, 118.3, 114.9, 55.5; 

(MALDI–TOF, m/z) calculated for C100H80N808Zn: 1586.5404; found: 1586.5420. 

CuP Free base porphyrin (P) (304 mg, 0.20 mmol) and copper acetate 

monohydrate (199 mg, 1.00 mmol) were refluxed in CHCl3 (20 mL) for 4h. The 

solvent was washed by water and the organic phase was concentrated via 

rotary evaporator. Then to give the product by recrystallization (CHCl3/CH3OH) in 

quantitative yield. (MALDI-TOF, m/z) calculated for C100H80N808Cu: 1584.5431; 

found: 1584.5403. 

Characterization 

SEM images were obtained from JEOL JSM-7401F operating at 2 kV. The 

excitation of the sample was carried out with a picosecond diode laser (Edinburgh 

Instrument, EPL470) at 470 nm. The optimum geometries of CuP and ZnP and their 

electron-state-density distributions of HOMOs and LUMOs were investigated by 

performing density functional theory (DFT) calculations using the cam-B3LYP3 and 

the 6-31G** basis set for all atoms, without any symmetry constraints. All reported 

calculations were carried out by means of Gaussian 09.
41,52

 

Electrochemical Measurements 

Electrochemical experiments were performed with a CH Instruments 

electrochemical workstation (model 660A) using a conventional three-electrode 

electrochemical cell. A glassy carbon electrode (diameter 3mm) was used as the 

working electrode, a platinum wire as the counter electrode, an Ag/AgNO3 electrode 

as the reference electrode and 0.1 M of tetrabutylammoniunhexafluorophosphate 

http://www.basechem.org/chemical/36148
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(TBAPF6) in dichloromethane solution as supporting electrolyte. 

Mobility Measurements 

Due to the low mobility of charge carriers in organic semiconductors, the 

injected carrier forms a space charge. This space charge creates a field that opposes 

the applied bias and thus decreases the voltage drop across junction; as a result, space 

charge limited currents (SCLCs) have been proposed as the dominant conduction 

mechanism in organic semiconductors by researchers.
53

 Mobility devices structure 

was shown in Figure 6-14, andohmic conduction can be described by equations (2):  

J =
9

8
𝜇Ɛ0Ɛ𝛾

𝑉2

𝑑3
       (2) 

where J is the current density, μ is the hole mobility, ɛo is the vacuum permittivity 

(8.85×10
−12

 F/m), ɛɤ is the dielectric constant of the material (normally taken to 

approach 3 for OSs), V is the applied bias, and d is the film thickness.  

 

Figure 6-14 Schematic illustratuion of the mobility device. 

Fluorine-doped tin-oxide (FTO) coated glass substrates (Pilkington TEC15) were 

patterned by etching with zinc powder and 2 M hydrochloric acid. The substrates 

were carefully cleaned in ultrasonic baths of detergents, deionized water, acetone and 

ethanol successively. The remaining organic residues were removed with 10 min by 

airbrush. A 40 nm thick PEDOT: PSS layer was spin-coated onto the substrates, which 

were then annealed at 120
o
C for 30 min in air. The substrates were then transferred 

into a glove box for further fabrication steps. The HTMs were dissolved in anhydrous 

chlorobenzene. Here the concentration of CuP or ZnP is 20 mg mL
−1

 in 

chlorobenzene. The doped Spiro-OMeTAD/chlorobenzene (80 mg/mL) solution was 

prepared with addition of 20 μL Li-TFSI (520 mg Li-TFSI in 1 mL acetonitrile), and 

30 μL tert-butylpyridine (tBP). This HTMs solution was spin-coated at 3000 rpm to 

yield films. The thicknesses of the films are measured by using a Dektak 6M 
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profilometer. 200 nm of silver was then evaporated onto the active layer under high 

vacuum(less than 10
−6

 mbar). J-V characteristics of the devices have been measured 

with a Keithley2400 Source-Measure unit, interfaced with a computer. Device 13 

characterization was carried out in air. 

Fabrication of Perovskite Solar Cells 

The perovskite solar cell devices based on CuP and ZnP were fabricated and 

measured by the group of Prof. Lars Kloo in the School of Chemical Science and 

Engineering, KTH. Fluorine-doped tin-oxide (FTO) coated glass substrates 

(Pilkington TEC15) were etched with zinc powder and 2 M hydrochloric acid. The 

substrates were carefully cleaned in ultrasonic baths of detergents, deionized water, 

acetone and ethanol subsequently. A thin compact TiO2 blocking layer was deposited 

onto the FTO substrate by spray pyrolysis on a hotplate at 450
o
C. A mesoporous TiO2 

film was deposited on the compact TiO2 blocking layer by spin-coating at 6000 rpm 

for 45 s, using a commercial 20 nm TiO2 paste (Dyesol 18NRT, Dyesol) diluted in 

2-proponal (1:3, weight ratio), followed by annealing at 525
o
C for 30 min, then 

cooling down to room temperature. PbI2 in N,N-dimethylformamide solution (510 mg 

mL
−1

) was stirred at 70
o
C overnight. The PbI2 solution was spin-coated on the 

mesoporous TiO2 at 6000 rpm for 15 s and then dried at 100
o
C for 15 min. After 

cooling down to the room temperature, the PbI2 coated film was then dipped in the 

CH3NH3I solution (8.5 mg mL
−1

 in 2-proponal) for 20s. After the formation of the 

CH3NH3PbI3, the film was rinsed at 70
o
C for further manipulation. After cooling 

down to the room temperature, the doped HTMs solution was deposited by 

spin-coating at 3000 rpm for 30s. Here the concentration of CuP or ZnP is 20 mg 

mL
−1

 in chlorobenzene. The doped Spiro-OMeTAD/chlorobenzene (80 mg/mL) 

solution was prepared with addition of 20μL Li-TFSI (520 mg Li-TFSI in 1 mL 

acetonitrile), and 30μL tert-butylpyridine (tBP). Finally, 200 nm of gold was 

thermally evaporated on top of the device to form the counter-electrode. The prepared 

PSCs samples were masked during the measurement with an aperture area of 0.126 

cm
2
 (diameter 4 mm) exposed under illumination. 

 

https://www.kth.se/en/che
https://www.kth.se/en/che
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Chapter 7 

Concluding Remarks 

A series of porphyrin-based functional materials including CS-I, CS-II, CS-III, 

CS-4, CS-5, CS-6, PTTR, PTTCNR, CS-DP, CS-10, CS-11, CS-12, ZnP and CuP 

have been designed and synthesized. All the newly synthesized porphyrin-based small 

molecules were fully characterized with 
1
H NMR and MALDI-TOF-MS and found to 

be in good agreement with expected structures. 

In view of the finding in the chapter 2, it was demonstrated that the impact of the 

side-chain effect on the absorption, energy levels, thermal stability, photovoltaic 

performance and surface morphology based on six porphyrin donor small molecules. 

It is shown that the crystallization property is strong depended on the side chain 

substituent, as well as the type of side chain is critical. The best PV device was 

obtained from CS-4:PC71BM blend film with a high VOC of 0.93 V and an excellent 

PCE of 9.09% with the highest quality of molecular packing and good charge 

transport, which is also the highest reported efficiency in all reported porphyrin-based 

donors. 

In view of the finding in chapter 3, it was demonstrated that the impact of the 

π-bridge on the photovoltaic performance and surface morphology. Two new 

porphyrin small molecules of PTTR and PTTCNR have been developed for BHJ 

OSCs, with high PCEs of 7.66% and 8.21%, respectively. The significantly enhanced 

PCEs for PTTR- and PTTCNR-based OSCs are mainly attributed to their stronger 

and more ordered self-assembly by porphyrin structural engineering with the 

elongated π-conjugation and the processing engineering, which lead to very 

efficiently photo-generated exciton dissociation and charge collection for high 

performance OSCs. 

In view of the finding in chapter 4 and chapter 5, it was demonstrated that the 

impact of the the conjugation spacers on the photophysical and electrochemical 

properties, charge-transport properties and morphologies of the blend films, and 
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finally device performance. We have designed and synthesized a series of porphyrin 

core-based small molecules CS-DP, CS-10, CS-11 and CS-12 possessing different 

numbers of porphyrin core or p-phenylene ethylene π-bridge unit in the molecular 

conjugation. The porphyrin dimer in molecular center dictates the optoelectronic 

structures and gives rise to the deep NIR absorption features. The champion processed 

thin films of using a combined pyridine additive, THF solvent vapor annealing and 

thermal annealing strongly enhances device short circuit current as well as fill factors, 

yielding power conversion efficiency up to 8.23%, a first report of pushing NIR 

molecule to this level. The other three materials utilized as donor components in 

BHJ-OSCs. All molecules CS-10 to CS-12 exhibited strong absorption range from 

400 nm to 750 nm. The devices of these donor materials exhibited the PCE in the 

range, 6.29–6.96%. Notably, a high PCE of 6.96% for CS-10 with the high VOC (0.92 

eV) was achieved in a simple device configuration with SVA treatment.  

In view of the finding in chapter 6, it was demonstrated that two symmetrical 

meso-arylamine substituted porphyrin complexes as new HTMs in PSCs. For their 

suitable energy level, efficient exciton dissociation and charge transfer in 

HTM/perovskite films, an impressive power conversion efficiency of 15.36% (JSC = 

21.60 mA cm
–2

, VOC = 1.072 V, FF = 66.3%) and 17.78% (JSC = 22.68 mA cm
–2

, VOC 

= 1.099 V, FF = 71.3%) has been achieved for CuP and ZnP, respectively. This 

represents the highest PCE among those ever reported for porphyrin- and 

phthalocyanine-based HTMs in PSCs.  

These results clearly show that the important guideline in porphyrin-based 

functional materials for molecular engineering toward high efficiency photovoltaic 

applications. 
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