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Abstract 

A series of novel porphyrin materials with push−pull framework were 

designed and synthesized for organic solar cells (OSCs). To start with, a 

brief overview on the background of OSC, including dye-sensitized solar 

cells (DSSCs) and bulk heterojunction (BHJ) solar cells, and the porphyrin 

based materials for OSC applications was presented in Chapter 1. 

In Chapter 2, an efficient panchromatic light harvesting was 

demonstrated by the co-adsorption of a porphyrin molecule HD18 or HD19 

and N719 in dye-sensitized solar cells. It is apparent that the porphyrin 

sensitizers show strong absorption in the Soret (400−500 nm) and Q bands 

(600−700 nm), while N719 shows efficient spectral response in the 500−600 

nm (between the Soret and Q bands), and the combination of these two 

kinds of dye molecules might display strong spectral response in the 

full-colour region. Mechanistic investigations were carried out by various 

spectral and electrochemical characterizations. The best co-sensitized 

device based on HD18 + N719 shows considerably enhanced power 

conversion efficiency of 8.27%, while those individually sensitized by 

HD18 and N719 display efficiencies of 6.74% and 6.90%, respectively. 

Subsequently, an optimized co-sensitized device based on the porphyrin 

HD18 and organic dye PT-C6 was fabricated by a stepwise adsorption of 

HD18 and PT-C6. The best performance of JSC/mA cm
-2

 =19.61, VOC/V = 

0.74, FF = 0.69 and η = 10.1%, is superior to that of the individual device 



iii 

made from either HD18 (η = 7.4%) or PT-C6 (η = 8.2%) under the same 

conditions of fabrication. The post-adsorption of PT-C6 on the 

porphyrin-sensitized TiO2 anode surface not only enhances the spectral 

response of solar cells, but also greatly retards the back reaction between 

conduction-band electrons in TiO2 and the oxidized species (   
 ) in the 

electrolyte.  

In Chapter 3, a series of new donor-π-acceptor (D−π−A) porphyrin sensitizers 

with extended π-conjugation units were designed and synthesized for DSSC 

applications. Appending a phenothiazine (PTZ) donor moiety to the 

well-investigated porphyrin core and a variety of acceptors with electron deficient 

property at the opposite side can significantly red shift the absorption spectra to 

700 nm in dyes (2−4). These different acceptor groups exert a significant 

influence on the electrochemical and photovoltaic properties of these sensitizers. 

These dyes have been evaluated in dye-sensitized solar cells, showing efficiencies 

of 0.90~7.29% with   /  
  based electrolytes. A detailed investigation on their 

physical, photophysical and electrochemical properties provided some important 

information on the factors affecting the main photovoltaic parameters. 

In Chapter 4, we designed and synthesized another series of dyes based on the 

rigid 2-aryl-1H-imidazo[4,5-b]porphyrin donors, in which an electron-accepting 

group was incorporated at the position 2 of imidazo unit via an aromatic spacer. 

Their photophysical and electrochemical properties, theoretical calculations and 

dye-sensitized solar cell performances have been investigated. The 



iv 

spectroelectrochemical data suggests the 1H imidazo unit can extend the 

conjugation length and lower the optical gap. As expected, the π conjugated 

substituents in all these dyes produced panchromatic absorption spectra over a 

wide range of wavelengths and IPCE spectra featuring a broad plateau in the 

region 430−650 nm. In addition, both DFT computational and electrochemical 

data indicate a smaller HOMO−LUMO energy gap for HD31Zn than that for dye 

1, suggesting that a slightly more facile conjugation between the porphyrin core 

and the diketopyrrolopyrrole (DPP) unit through the 1H imidazo unit in HD31. 

Both Dye 1 and HD31Zn exhibited strong solvation effect in different solvents. 

The effects of solvents and their structures on the photophysical and 

photochemical properties and device performance have been studied in detail. The 

results indicate that porphyrin fused heterocycle as an effective electron donor and 

a suitable spacer between the donor and the acceptor can reduce the molecular 

aggregation through solvation effects. 

In Chapter 5, a series of conjugated D−π−A small molecules (YJ1−YJ6, 

YJ13−YJ15 and YJ16−YJ19) for bulk heterojunction solar cells (BHJSCs) 

were prepared by the Sonogashira cross coupling of the electron rich 

porphyrin units with electron deficient benzothiadiazole (BT), DPP, or 

3-ethylrhodanine moieties. The peripheral side chains on the porphyrin units 

like alkoxyl phenyl, alkyl, and (triisopropylsilyl)ethynyl (TIPS) can alter the 

solubility, conformation, and electronic properties of the obtained D−π−A 

small molecules, allowing the tuning of their photovoltaic properties when 
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blended with fullerene derivatives. The presence of these side chains groups 

on porphyrin donor units affects the torsion angles between the side chains 

and the conjugated main chain, but resulting in only slightly different 

energy levels for the highest occupied molecular orbital (HOMO) for these 

molecules. Their performance in solution-processed solar cells is under 

studying. 

In Chapter 6, we reported the synthesis, electrochemical properties, and optical 

properties of seven novel BODIPY based π-conjugated materials. These dyes 

were synthesized via the Stille coupling reactions between the BODIPY units and 

electron donating groups (EDGs), such as 4,8-bis(5-(2-ethylhexyl)thiophen-2- 

yl)benzo[1,2-b:4,5-b′]dithiophene (BDT), 9,9-dioctyl-9H-fluorene (FL) or 

thieno[3,2-b]thiophene (TH). These donors were rationally chosen based on their 

gas phase ionization potential (IP) values estimated by density functional theory 

(DFT) calculations. Cyclic voltammetry of these dyes in dichloromethane 

solutions reveals that HOMOs of the resulting dyes correlated well with the 

ionization potentials (donor strength) of the donors. On the contrary, the lowest 

unoccupied molecular orbital (LUMO) energy levels of all dyes are fairly 

invariant, independent of the donors used. This suggests that the BODIPY moiety 

provides the primary influence on the LUMO levels of the materials. Two series 

of YJ9−YJ11 and YJ21−YJ23 show strong visible absorption in the red region. In 

addition, we presented the first example of a donor-acceptor BODIPY- 

containing conjugated copolymers, HDP6 and HDP7, with absorption over 
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the entire spectrum of visible light and part of near infrared region (300−

900nm) making them suitable as additive for light-harvesting antenna. These 

dyes provide us with a toolset to tune the frontier molecular orbital energy levels, 

while retaining the low band gap and broad absorption of these dyes. Overall, 

these BODIPY molecules exhibited appropriate lower lying LUMO levels (−3.70 

~ −3.86 eV) when compared with that of the P3HT, indicating their potential as 

acceptors for many donor materials in BHJSCs.  
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Chapter 1 Introduction 

1.1 Background 

Over the past decades, the modern society has intensively consumed energy 

resources, a large portion of which is accounted for by fossil fuel, such as coal, oil, 

and natural gas. Nowadays, the use of fossil fuels brings and accelerates many 

environmental problems, and also their reserves are dwindling gradually. Solar 

energy is one of several promising clean energy sources that are abundant, 

inexpensive, environmentally clean and widely distributed geographically. Solar 

cell is the fastest growing clean technology with existing technology. The 

development of photovoltaic cells (PVs) is one of the most promising long-term 

solutions for clean, renewable energy.
1
 In the natural world, photosynthesis 

provides a mode for solar energy storage in fuels. And chlorophylls were chosen 

as antennae to harvest light for the conversion of solar energy in plants through a 

very complicated processes. As a new technology, modeled on the process of 

photosynthesis, scientists utilized artificial chlorophylls named porphyrins as 

efficient centre to harvest light for solar cells.
2
 

Porphyrins are heterocyclic macrocycles composed of four modified pyrrole 

subunits interconnected at their α-carbon atoms via methine bridges (=CH−). 

Porphyrins are aromatic, that is, they obey Hückel′s rule for aromaticity, 

possessing 4n+2 π electrons (n = 4 for the shortest cyclic path) delocalized over 

the macrocycle. Thus porphyrin macrocycles are highly conjugated systems. As a 

consequence, they possess an intense Soret band at 400−450 nm and moderate Q 

bands at 500−650 nm and may be deeply colored. The name “porphyrin” comes 

from a Greek word for purple. The macrocycle has 26 π electrons in total. The 

parent porphyrin is porphine, and substituted porphines are called porphyrins.  

http://en.wikipedia.org/wiki/Heterocyclic_compound
http://en.wikipedia.org/wiki/Macrocycle
http://en.wikipedia.org/wiki/Pyrrole
http://en.wikipedia.org/wiki/Methine
http://en.wikipedia.org/wiki/Aromaticity
http://en.wikipedia.org/wiki/H%C3%BCckel%27s_rule
http://en.wikipedia.org/wiki/Conjugated_system
http://en.wikipedia.org/wiki/Greek_language
http://en.wikipedia.org/wiki/Pi_electrons
http://en.wikipedia.org/wiki/Porphine
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Fig. 1.1 Typical structure of a porphyrin is showing the four meso- and the eight 

β-positions to be functionalized for solar cells. 

 

Porphyrins are excellent electron donors as well as sensitizers and the most 

frequently employed building blocks in artificial photoelectric conversion models. 

Moreover, the optical, photophysical, and electrochemical properties can be 

systematically tailored by the peripheral substitutions and/or inner metal 

complexations.
3
 Fig. 1.1 shows the structure of a porphyrin, which exhibits four 

meso-positions and eight β-positions to functionalize one or multiple groups. This 

chapter provides an overview on the major achievements, recent advances and 

current directions for the optimization of cell performances in both of 

porphyrin-based dye-sensitized solar cells (DSSCs)
4
 and bulk-heterojunction 

(BHJ) solar cells.
5
 

1.2 Porphyrins as sensitizers in DSSCs 

1.2.1 DSSCs 

DSSCs have received increasing interest due to their low fabrication cost and 

reasonably high power conversion efficiency (PCE, η). The colorful, transparent, 

and light-weight characteristics make them even more attractive in terms of 

practical applications.
6
 A schematic diagram revealing the principle of a typical 

DSSC device, which consists of a dye-sensitized mesoporous working electrode 

(TiO2, anode) and a counter electrode (Pt-coated, cathode), and an electrolyte 

(iodine-based or cobalt complexes, redox mediator) filling the space between the 
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anode and the cathode, is shown in Fig. 1.2. In the device configuration, the dye 

molecule serves as light harvester. Electrons in the excited state of dye molecules 

injecting into the conduction band of TiO2 enable charge carrier separation for 

final charge collection at the anode. On the other hand, a competitive process is 

that the electron in the conduction band of TiO2 is also prone to reacting with the 

oxidized species (  
 ) of the redox couple, this process is regarded as a major 

recombination mechanism in DSSCs.
7
 

 

 

Fig. 1.2 Schematic representation of the composition and the operating principle 

of DSSC. 

 

Generally, the dyes used in DSSCs should meet several essential requirements: 

First, an anchoring group is required at the edge of the dye to link the dye with the 

semiconductor through a chemical bond. In particular, carboxylate groups have 

shown very good electronic coupling between the π* orbital of the electronically 

excited complex and the 3d orbital of the TiO2 film, and carboxylic acid is so far 

considered to be the best binding group for porphyrins; Second, the LUMO level 

of the dye must be sufficiently high in energy for efficient charge injection in the 

TiO2 conduction band (CB), and the HOMO level should allow efficient 

regeneration of the oxidized dye by the electrolyte. In the device, principal 

figures-of-merit include PCE, short-circuit current density (JSC), open-circuit 
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voltage (VOC), and fill factor (FF), defining, respectively, the ratio between the 

output device electrical energy versus the input solar energy, the device current 

density when no reverse bias is applied, and the device voltage when no current 

flows through the cell, and the ratio between 0 and less than 1 and the maximum 

power of the solar cell per unit area divided by the VOC and JSC where the power 

output of the cell is maximal. In the DSSC, the external quantum efficiency (EQE) 

is normally called the incident photon to current conversion efficiency (IPCE) as 

another fundamental measurement of the performance of a solar cell. The IPCE 

value corresponds to the photocurrent density produced in the external circuit 

under monochromatic illumination of the cell divided by the photon flux that 

strikes the cell. From such an experiment the IPCE as a function of wavelength 

can be calculated from where e is the elementary charge. IPCE values provide 

practical information about the monochromatic quantum efficiencies of a solar 

cell. The efficiency of photo-current generation is dependent on three processes, 

the light harvesting efficiency of the solar cell (Φlh), charge injection efficiency 

(Φinj) and charge extraction efficiency (Φcoll). IPCE is given by the product of the 

efficiencies as: IPCE (λ) = Φlh Φinj Φcoll.
8
 

1.2.2 The advantages and performances of porphyrin-based dyes 

In the past decade, a lot of efforts have been done to design porphyrins for DSSC 

applications, inspired by naturally occurring photosynthetic reaction with efficient 

energy transfer. The intrinsic advantages of porphyrin sensitizers are as follows: (i) 

rigid molecular structures with large absorption coefficients in the visible region; 

(ii) many reaction sites, available for functionalization.  

1.2.2.1 Linkers at β-positions 

Pioneering work of Grätzel and Kay already showed efficiencies of 2.6% with 
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IPCE values of 80% for DSSCs based on mesoporphyrin IX dye in 1993, which 

firstly pointed to the importance of using coadsorbers to prevent unfavorable 

aggregation of this dye. The porphyrin sensitizer was designed to have a 

π-conjugated link at the β-position of the porphyrin ring, the dye featured the acid 

as an anchoring group to enhance the electronic coupling of the dye with the 

surface of TiO2.
9
 In 2004, Officer, Grätzel and their co-workers reported a series 

of zinc porphyrins, in which a promising sensitizer named Zn-1a attained a high η 

of 4.8% (Fig. 1.3 b).
10
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 Fig. 1.3 Molecular structures of (a) IX, (b) Zn-1a, (c) Zn-3 and (d) GD2. 

 

Subsequently, Officer and co-workers designed and reported a series of 

prospective zinc porphyrins, the best one (Zn-3) to attain η = 5.6% in the presence 

of coadsorbent chenodeoxycholic acid (CDCA). Density functional theory (DFT) 

and time-dependent DFT (TDDFT) calculations reveals that the electrons in the 

LUMO orbital of dye Zn-3 is stabilized and concentrated onto the substituent 

through π-conjugation, causing enhancement and red shifts of absorption spectra 

and increasing the possibility of electron transfer from the substituent.
11

 In 2007, 

the same groups reported porphyrin sensitizers GD2 that exhibited an IPCE value 

of up to 75% and an impressive efficiency of 7.1% in DSSCs, with a liquid 

electrolyte and achieved a conversion efficiency of 2.4% in solid-state DSSCs, 

opening a great opportunity for the development of various porphyrin sensitizers 
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to enhance the efficiency of a DSSC.
12

 By studying GD2 as a sensitizer, Mozer et 

al. noted that the smaller VOC of DSSC is account for the decreased electron 

lifetime related to a more rapid recombination of electrons with   
  ions. 
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Fig. 1.4 Molecular structures of (a) 2b-bdta-Zn and (b) tda-2b-bd-Zn. 

 

Then, Kim and co-workers applied such a strategy to design β-functionalized 

zinc porphyrin 2b-bdta-Zn (Fig. 1.4 a) by with two equivalent π-conjugated 

malonic-acid linkers. They point that this design effectively enhanced the 

efficiency of electron injection and retarded charge recombination. Subsequently, 

the same group reported the β-functionalized zinc porphyrins with a diarylamino 

group for which the porphyrin coded as tda-2b-bd-Zn (Fig. 1.4 b) exhibits the best 

performance with η = 7.5% that is comparable to the performance of a N3 dye (η 

= 7.7%) under the same conditions.
13

 

1.2.2.2 Linkers at meso-positions  

Anderson and Therien firstly gave the concept for the design of meso-ethynyl 

linked porphyrins.
14

 In 2000, Cherian and Wamser reported the first 

meso-substituted DSSC with η = 3.5% based on a free-base porphyrin.
15

 In 2007, 

Galoppini and co-workers reported tetrachelated zinc porphyrins with four 

meta-substituted linkers at four meso-positions of the porphyrin to suppress dye 

aggregation.
16

 Lindsey, Meyer and their co-workers reported meso-substituted 

porphyrin and chlorin derivatives that extend the absorption spectra to longer 
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wavelengths.
17

 Imahori and co-workers studied the meso-substituted porphyrins 

with five-membered heteroaromatic linkers.
18

 Galoppini et al. gave a strategy that 

using a phenylethynyl (PE) moiety as a bridging controled the distance between 

the sensitizer and the semiconductor to retard charge recombination. This 

approach enhanced dye aggregation involved in porphyrins with PE linker. No 

significant progress was made for porphyrin sensitizers of this type. Professor 

Diau and co-workers have done a lot of work in order to improve device 

performance of this type dyes.
19
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 Fig. 1.5 Molecular structures of (a) YD0, (b) YD1 and (c) YD2. 

 

Yeh, Diau and co-workers reported meso-substituted zinc porpyrin derivatives, 

in which YD0 (Fig. 1.5 a) served as a reference compound. YD1 featured the 

diarylamino group attached at the meso-position of the porphyrin core (Fig. 1.5 b), 

attained η = 6.0%, which was comparable to that of a N3 dye under the same 

experimental conditions (η = 6.1%).
20

 It was claimed that 3,5-di-tert-butylphenyl 

groups at the meso-positions of the porphyrin ring could solve the aggregation 

problem of porphyrins. The electron donor in YD1 plays an important role not 

only extending the absorption to a region of longer wavelength but also spatially 

pushing the excited electrons toward TiO2 for an improved charge separation. The 

device based on YD1, featuring a broadly extended IPCE spectrum beyond 700 

nm shows great JSC value. The appearance of porphyrins with a push−pull 
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framework indicates the arrival of the era of porphyrin.  

To improve the thermal and photochemical stability of a device, Yeh and Diau 

designed another promising push−pull porphyrin YD2 (Fig. 1.5 c), mimicking the 

strategy applied in an amphiphilic ruthenium polypyridyl sensitizer (Z907) that 

has shown excellent stability toward water-induced desorption under both thermal 

stress and light soaking. YD2 was based on the structure of YD1 in which two 

tert-butyl groups in the diarylamino substituent were replaced with two long alkyl 

chains. The device performance of YD2 was further improved to η = 6.8%, 

slightly better than that of YD1 (η = 6.5%) but slightly less than that of N719 (η = 

7.3%); the electron-donating feature of amino substituents in YD1 and YD2 seems 

to be responsible for the VOC value being larger than that of the reference cell 

(YD0). The observed VOC of YD1 and YD2 larger than that of YD0 was thus 

expected to be due to a diminished recombination between   
  and 

conduction-band electrons, because   
  might be attached to the positively 

charged diarylamino moiety far from the TiO2 surface in the former case.
21

 The 

device performance of YD2 was further improved by Grätzel and co-workers, 

giving JSC = 18.6 mA cm
-2

, VOC = 0.77 V, FF = 0.764, and η = 10.9%,
22

 which 

lasted as a record for DSSC until 2011. 

1.2.2.3 Porphyrins with extended spectral feature 

In general, porphyrins show a Soret band at 400−450 nm and Q bands at 500−650 

nm. The most practical approach to enhance JSC is to harvest a broader region of 

the solar spectrum. To extend the absorption of porphyrin dyes to the near infrared 

region, the energy gap between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) levels must decrease. 

Modulate the electronic structures of porphyrins so that they can match the 
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light-harvesting properties with the solar energy distribution on the earth. Soret 

and Q bands are attributed to π-π* transitions and can be explained in terms of a 

linear combination of transitions from slightly split highest occupied molecular 

orbital (HOMO) and HOMO − 1 to a degenerated pair of lowest unoccupied 

molecular orbital (LUMO) and LUMO + 1. The configuration interaction leads to 

the intense Soret band at the short wavelength and the moderate Q bands at the 

long wavelength. The result of splitting in the π and π* levels and a decrease in 

the HOMO−LUMO gap can be archived through extending of the π-conjugation 

and losing of symmetry in porphyrins, which is responsible for broadening and a 

red shift of the absorption bands together with an increasing intensity of the Q 

bands relative to that of the Soret band. Therefore, the cell performance of the 

porphyrin-sensitized solar cells would be improved by the enhanced light 

absorption.  
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Fig. 1.6 Molecular structures of extend π-conjugated porphyrin derivatives. 
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The strategy of introduction of an electron donating group opposite to the 

anchoring group, leads to the extension of the π-conjugated system and the 

enhancement of the charge transfer directionality in the excited state, thus 

optimization of the device performance. Fig. 1.6 shows the molecular structures 

of some extend π-conjugated porphyrin derivatives tested in DSSCs. Performance 

of derivative Me2N-PE1 (η, 6.1%), in contrast with the low efficiency values 

obtained with compound NO2-PE1 (η, 1.1%), has been justified by the strong 

electron-donating effect of the Me2N substituent, which additionally produces a 

broadened and red-shifted absorption spectrum.
23

 In other examples, the 

photovoltaic performances based on these porphyrin YD15 and YD16 (Fig. 1.6 b 

and c) have been tested to investigate the influence of the nature and the position 

of the electron-donating groups. The results indicated that increasing the number 

of diarylamino and/or triarylamino groups could enhance the light harvesting 

efficiency of the porphyrin. However, dye aggregation on the TiO2 surface may be 

the reason for the modest device efficiencies (4.2 to 5.5%) obtained with these 

porphyrin derivatives.
24

 In order to produce a red-shift in the Soret and Q bands 

via expanding the π-system, the phenyl linker group in porphyrin was replaced 

either by naphthalene (i.e. YD12) or anthracene (i.e. YD13) (Fig. 1.6 d and e). 

Remarkable η values of 6.7%, beyond that of N719 (6.1%) with no added 

scattering layer, were obtained with the green sensitizer YD12. With the addition 

of a scattering layer, the cell performance of porphyrin YD12 was comparable to 

that of N719 (η = 6.9 vs. 7.3%). These impressive results completely change the 

ranking of outperformance dyes for DSSCs and perspectives in the design of new 

sensitizers based on porphyrin.
25
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Fig. 1.7 Molecular structures of fused porphyrin (a) Fused-Zn-1, (b) Zn-2 and (c) 

corresponding IPCE spectra. 

 

Another strategy to improve the light-harvesting ability of the sensitizer is to 

fuse a chromophore with a porphyrin to make a π-elongated macrocycle for DSSC. 

Imahori and co-workers reported an example,
26

 of which a device made of a 

naphthalene-based meso-β-edge fused zinc porphyrin (Fused-Zn-1, Fig. 1.7 a) 

attained η = 4.1%, which was improved by half relative to the reference cell with 

an unfused porphyrin, making this idea became mature and practical. Fused-Zn-1, 

possessing different light-harvesting properties (Fig. 1.7 c), was co-adsorbed with 

Zn-2 onto a TiO2 electrode, in order to further enhance the cell performance. 

Under the optimized conditions, the co-sensitized cell with a molar ratio of 

Zn-1/Zn-2) 13:1 yielded a maximal IPCE value of 86%, JSC = 11.7 mA cm
-2

, VOC 

= 0.67 V, FF = 0.64, and η = 5.0%. Another promising way to achieve the 

unsymmetrical π-elongation was achieved by the same group to construct two 

quinoxaline-based β, β′-edge fused zinc porphyrins, of which a fused porphyrin 

with one anchoring group (ZnQMA, Fig. 1.8 a).
27

 It typically affords rigid 

structure and well-defined molecular length as well as relatively broad absorption 

spectra. ZnQMA exhibited broadened and red-shifted light absorption in UV−vis 

absorption spectra compared to 5,10,15,20-tetrakis(2,4,6-trimethylphenyl) 

porphyrinatozinc(II) (ZnP). ZnQMA also showed a decrease in the 

HOMO−LUMO gap because of the extension of the porphyrin π system. The DFT 
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calculations results showed that ZnQMA is a saddle structure. The device 

performance base on ZnQMA revealed η = 5.2%, JSC = 11.2 mA cm
-2

, VOC = 0.72 

V, FF = 0.68).  

Compare the IPCE spectra of the two fused porphyrins: even though the 

fused-Zn-1 dye involves a broad light-harvesting feature extending the IPCE 

action spectrum to near 800 nm and the IPCE spectrum of the Zn-2 dye extends to 

ca. 700 nm, the low IPCE vales of ca. 50% lead to the modest device efficiencies, 

because of dye aggregation on the TiO2 surface. 
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Fig. 1.8 Molecular structures of fused porphyrin (a) ZnQMA and (b) 

corresponding J−V spectra. 
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Wang and Wu designed and synthesized two perylene anhydride fused nickel 

porphyrin sensitizers (WW1 in Fig. 1.9 a, WW2 in Fig. 1.9 b) to extend the light 

absorption towards the near-infrared (~1000 nm) region. Unfortunately, the IPCE 

values did not exceed 30% due to serious dye aggregation, which was unable to 
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make the devices attain a notable performance (η = 1.3%).
28
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Fig. 1.10 Molecular structures of fused porphyrin (a) P10 and (b) P18. 

 

In 2009, Officer and co-workers first employed dimeric porphyrins as the 

sensitizers for DSSCs. The photovoltaic properties of porphyrin dimers 

comprising two monoporphyrin units connected in either a linear anti or a 90° 

synthetic fashion P10 and P18 (in Fig. 1.10) were reported.
29

 They claimed that an 

improvement of the photovoltaic properties was attributed to the wider solar 

spectral coverage in the case of the dyads. They also noted that the effect of 

π-conjugation for the red shift of the IPCE spectra due to porphyrin dimerization 

was small as the link between the two porphyrins was made at the β-position. 
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Fig. 1.11 Molecular structures of fused porphyrin (a) P-12 and (b) DTBC. 

 

P-12 is a meso-meso linked porphyrin molecule. The two meso-porphyrin 

moieties in the dyad are directly bound and are nearly perpendicular to each other. 

One of the two porphyrin moieties is a zinc complex, while the other is a free base. 



14 

This difference in the central positions must cause a shift in energy levels of the 

HOMO and LUMO for each porphyrin moiety favoring energy-transfer to take 

place between the two moieties and toward the carboxy group, when the dyad is 

excited with solar irradiation. But, the link between two porphyrins with only a 

single C−C bond showed no effect of significant spectral shift to enhance the 

light-harvesting power for the porphyrin dimers. Segawa and co-workers added a 

carbazole electron donating group (EDG) at the meso-position of the porphyrin 

edge to form a push−pull porphyrin dimer, DTBC (Fig. 1.11 b). With the link of 

an ethynyl group between the two porphyrin units, DTBC showed split Soret 

bands in the range of 400−500 nm, and red shifts and broadening of the Q bands 

extending to nearly 800 nm. The broad IPCE spectrum of DTBC showed much 

smaller efficiency, ＜40%, than those of P-12 (~70%) because of the co-planar 

structural feature of DTBC resulting in serious dye aggregation.
30

 

As mentioned above, the Zn(II) metallomacrocycles have been wildly used as 

sensitizers in most cases of DSSCs. Free-base porphyrins that show a remarkable 

decrease of photocurrent response are generally poorer photo-sensitizers in 

comparison to their Zn (II) analogues, due to their lower excited singlet state (the 

oxidation potential of free bases are generally more positive whereas the 

HOMO−LUMO gaps remain similar). In order to study how the central metals at 

the macrocycle cavity exercise influence on device performance, Durrant and 

Officer investigated the injection dynamics of different metal centers. The results 

indicates Zn(II) porphyrin performs better than the other metal derivative due to 

their long-lived (>1 ns) singlet excited states. Using Zn(II) as the central metal in 

porphyrin dyes results in faster electron injection, in agreement with the higher 

singlet excited state energy of these dyes in comparison to the corresponding free 
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base macrocycles. The fused porphyrins and dimeric porphyrins introduced herein 

are particularly interested near-infrared dyes, but the planar structural feature of 

those porphyrins might facilitate the formation of dye aggregates that significantly 

decrease the efficiency of electron injection. The structural, kinetic, and 

spectroscopic studies on J- and H-aggregates provide useful information for 

understanding molecular interactions in aggregation processes and for application 

of these materials in molecular devices and other appliances. 

1.2.2.4 Enveloping porphyrin 

Without doubt, porphyrin-based dyes have been demonstrated their great DSSC 

performances due to their superior light-harvesting ability. However, VOC was 

significantly less than that of the commonly used ruthenium dye N719. Tian and 

co-workers concluded that VOC can be improved by decreasing the charge 

recombination and increasing the efficiency of electron injection with an 

appropriate design of an organic dye. The charge recombination significantly 

diminished electron lifetime that was reported to account for the smaller VOC of 

porphyrins, and   
  in the electrolyte might become attached to the positively 

charged Zn-center of the porphyrin core for efficient electron interception from 

the TiO2 surface. To overcome these problems for porphyrins, two strategies were 

introduced to design a zinc-porphyrin sensitizer. 
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Fig. 1.12 Molecular structures of enveloping porphyrin (a) LH-3 and (b) 

ZnPDCA. 

First, enveloping porphyrins for an efficient electron injection was introduced 
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to design a zinc-porphyrin sensitizer, in which attaching long alkoxyl chains not 

only to protect the porphyrin core from charge recombination but also to suppress 

the dye aggregation effectively. Hupp and co-workers have given the first 

example based on such a concept in 2010. They reported porphyrin sensitizers 

with two phenyl groups attached at the 5,15-meso-positions bearing two 

dodecoxyl(-OC12H25) chains at the ortho-position of each phenyl group. Among 

those enveloping porphyrins, LH3
31

 and ZnPDCA
32

 (Fig. 1.12) displayed the best 

performance of each series. The device made of ZnPDCA attaining efficiency η = 

5.5%, comparable to that of N719 under the same conditions. Imahori and 

co-workers pointed out that ortho-substituted porphyrins bearing the alkyl chains 

only methyl or ethyl groups substituted at the ortho-positions were too short to 

protect effectively the porphyrins from dye aggregation.  
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Fig. 1.13 Molecular structures of enveloping porphyrin (a) LD14 and (b) LD16. 

 

The concept for the design of ortho-substituted porphyrins was first defined by 

Diau and co-workers. Enveloping porphyrin LD series were showed in Fig. 1.13. 

The photovoltaic performances indicate that VOC of those ortho-substituted 

porphyrins is significantly greater than that of a para- or meta-substituted 

counterpart, and JSC becomes significantly improved, the best devices (LD14 and 

LD16) were attained with power conversion efficiencies beyond 10%.
33

 The four 

dodecoxyl chains can fully envelope the porphyrin core in LD14, and provide 
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more effective insulation of the dye, resulting in diminished molecular 

aggregation and increased solubility in non-coordinating organic solvents by a 

molecular-dynamics simulation. The transient photoelectric results indicate that 

the upward shift of the TiO2 potential and the retarded charge recombination are 

two important factors responsible for the enhanced VOC of the ortho-substituted 

porphyrins. The long alkoxyl chains thus play a key role to prevent the approach 

of   
  

in the electrolyte to the surface of TiO2 so as to retard the electron 

interception at the electrolyte/TiO2 interface.  
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Fig. 1.14 Molecular structures of enveloping porphyrin (a) YD2-oC8 and (b) 

Y123. 

 

Much of effort of design and synthesis along this track led to a significant 

advance in DSSC based on an ortho-substituted push−pull zinc porphyrin, a star 

molecule YD2-oC8. Outstanding device performances were reported based on the 

iodide/triiodide redox electrolyte. In 2011, Grätzel and co-workers reported an 

optimized performance of the YD2-oC8 device under AM1.5 one-sun irradiation: 

JSC = 17.7/mA cm
-2

, VOC = 0.935V, FF = 0.74, and η = 12.3%, when YD2-oC8 

was co-sensitized with an organic dye (Y123, Fig. 1.14) on a TiO2 film of (12 + 5) 

μm in a cobalt-based redox electrolyte. A higher efficiency of power conversion of 

η = 13.1% was further achieved under 0.5-sun irradiation. Light induced 

photoelectric measurements of the YD2-oC8 devices indicate that the enhanced 
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VOC of the ortho-substituted devices is contributed to the upward shift of the TiO2 

conduction band and the enhanced electron lifetimes.
34

 

Second, co-sensitization was first reported in the pioneering work of Grätzel 

and Kay. The approach effectively enhanced the device performance through 

extending the light-harvesting ability so as to increase the photocurrents of the 

devices, and Robertson stated that co-sensitization with strongly absorbing dyes 

would give sufficient space on the surface of TiO2 to allow absorption of other 

dyes with a complementary absorption spectrum. Porphyrin sensitizers are hence 

perfect candidates to improve the device performance through co-sensitization. 

Two classical examples will be discussed below.  
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Fig. 1.15 Molecular structures of enveloping porphyrin (a) LD12 and CD5 and (b) 

J−V curve and corresponding IPCE spectra. 

 

With the aim to design organic dyes with featuring absorption complementary 

to that of a porphyrin, Chen and co-workers synthesized spirally configured 

donor-acceptor organic dyes for DSSC applications. Among those dyes, CD5 (Fig. 

1.15) was applied for co-sensitization with porphyrins LD12 (Fig. 1.15). And the 

co-sensitization of LD12 with CD5 on a TiO2 film of thickness ~20 μm was 
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achieved via a stepwise approach: The TiO2 electrode was immersed in the LD12 

solution for 3 h, and then immersed in the CD5 solution for 2 h. The co-sensitized 

film was afterwards assembled into a DSSC device of sandwich type with a 

Pt-coated counter electrode and filled with a traditional iodide/tri-iodide 

electrolyte. Fig. 1.15 shows the IPCE spectra of LD12 co-sensitized with CD5. 

The gap of the IPCE response at about 500 nm for the LD12 device was filled in 

the action spectra of the LD12 + CD5 device with the contribution of CD5 that 

shows its maximum spectral response. Compared with the device based on LD12, 

JSC of the co-sensitized device increased from 14.97 mA cm
-2

 to 16.74 mA cm
-2

 to 

contribute ~12% enhancement of the overall performance. Moreover, VOC of the 

co-sensitized device increased from 0.711 V (LD12) and 0.689 V (CD5) to 0.736 

V (LD12 + CD5). The observed VOC upon co-sensitization was enhanced through 

the retarded charge recombination overwhelming the downward shift of the TiO2 

potential according to the results obtained from measurements of charge 

extraction and intensity-modulated photovoltage spectra. The results show that 

co-sensitization of complementary porphyrin and organic dyes produce a 

panchromatic spectral feature to promote the performance of DSSC. For the 

system LD12 + CD5, the IPCE spectrum extended to ~650 nm, for the system 

YD2-oC8 + Y123, the efficiency response extended further to ~700 nm. The 

near-IR dyes previously introduced are thus candidates to elevate the 

photocurrents and promote the overall cell efficiencies. 
35

 

Yeh and Diau designed a dimeric porphyrin (YDD6, Fig. 1.16 a), in which 

eight ortho-substituted n-pentyloxy side chains with a diarylamino group opposite 

the anchoring group, similar to the molecular design of YD2-oC8 but with the 

diporphyrin core as a light-harvesting centre. Since the ortho-substituted alkoxyl 
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chains in YDD6 failed to prevent dye aggregation of the dimeric porphyrin, 

molecular engineering of co-sensitization was implemented in a solution 

containing three spectrally complementary dyes YDD6, YD2-oC8 and CD4 at a 

specific molar ratio to optimize the device performance of the system.  
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Fig. 1.16 Molecular structures of enveloping porphyrin (a) YD2-oC8, CD4 and 

YDD6, (b) J−V curve and corresponding IPCE spectra and (c) UV−vis spectra. 

 

As shown in Fig. 1.16, the IPCE action spectrum of the co-sensitized device 

reached 75−80% in the region  of 400−700 nm and 40−45% in the region of 

700−800 nm, giving a short-circuit current density JSC = 19.28 mA cm
-2

, which is 

significantly improved compared with that of YD2-oC8, 16.60 mA cm
-2

, and that 

of the YD2-oC8 + CD4 co-sensitized system, 16.91 mA cm
-2

, because of the 

additional light-harvesting power in the near-infrared region without degradation 

of the performance in the visible region. Using an iodine-based electrolyte, the 

best co-sensitized system achieved a remarkable power conversion efficiency of 

10.4%, which is much superior to those obtained from their individual single-dye 
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devices and the two-dye co-sensitized systems. These results indicate that the 

suppression of dye aggregation for YDD6 in the three-dye co-sensitized system is 

the key to the improvement of the device performance.
36

 With the significant 

progress using the strategy of co-sensitization, a future challenge is to seek other 

potential near-IR co-sensitizers with not only a light-harvesting ability extending 

beyond 800 nm but also decreased dye aggregation to enhance IPCE above 80%. 

1.3 Porphyrin-based material for organic photovotaics  

Organic photovotaics (OPVs) have gained considerable attention as a promising 

cost-effective alternative to silicon-based solar cells due to their potential 

applications with large area, light weight, flexible photovoltaic devices. Since Prof. 

Tang gave the pioneering work of a bilayer heterojunction configuration 

containing a p-type layer for hole transport and an n-type layer for electron 

transport to improve the photocurrent of the solar cell device.
37

 Yu and co-work 

introduced a new concept of bulk heterojunction (BHJ) that blends donor and 

acceptor materials together can form an interpenetrating network with a large 

donor-acceptor (D−A) interfacial area through controlling the phase separation 

between the two components in bulk.
38

 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. In this way, any 

absorbing site in the composite is within a few nanometers of the donor-acceptor 

interface, leading to much enhanced quantum efficiency of charge separation. The 

formation of a bi-continuous network creates two channels to transport holes in 

the donor domain and electrons in the acceptor domain, resulting in efficient 
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charge collection.  

The bilayer heterojunction and BHJ OPV device structures are shown in Fig. 

1.17. In general, the BHJ type solar cells in which a p-type conjugated material 

plays the role of donor and a n-type fullerene such as [6,6]-phenyl-C61-butyric 

acid methyl ester (PC61BM) or [6,6]-phenyl-C71-butyric acid methyl ester 

(PC71BM) plays the role of acceptor, has proven to be the most successful device 

architecture by forming an interpenetrating network with a large D−A interfacial 

area. Although PC61BM/PC71BM derivatives currently fill an irreplaceable need 

for n-type materials, considering that most of the solar energy is harvested by 

donor materials, there is still an urgent need to develop ideal p-type materials. 

Most of the current efforts have been devoted to developing novel donor materials 

with sufficient solubility, low band gap and wide absorption, which would lead to 

efficient solar cells.  

 

 

Fig. 1.17 The architecture structure of (a) BHJ OPV devices, (b) exciton, 

diffusion, (c) exciton dissociation and (d) electron-transfer. 

 

1.3.1 Soluble porphyrin donor materials for small molecule BHJ 

solar cells 
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Tremendous effort has been devoted to the development of solution-processed 

BHJ solar cells materials. In particular, solution-processed organic small 

molecules have been investigated by many groups as a result of the numerous 

advantages superior to their polymer counterparts, such as a well-defined 

molecular structure, a definite molecular weight, and high purity without 

batch-to-batch variations, showing great prospect in low-cost and large-scale OPV 

commercialization applications.
39

 Over the past decade, the PCEs based on 

solution-processed small molecule based OPVs have steadily improved from 

about 0.03% to over 6.7%.
40

 Although the PCEs are still significantly below those 

of their polymer donor-based counterparts, it was convinced that small molecule 

solar cells could become significant competitors to polymer-based solar cells in 

the future. And many kinds of frameworks have been developed for suitable small 

molecules, such as oligothiophenes,
41

 oligoacenes,
42

 diketopyrrolopyrroles,
43

 

merocyanines,
44

 boron dipyrromethenes,
45

 phthalocyanines,
46

 and squaraines.
47

 

However, the most efficient small molecule solar cells usually use oligothiophene 

compounds as a donor, which would limited their applications because of their 

poor absorption feature in NIR region. Herein, it is emergent to develop some new 

small molecular frameworks that possesse high functionality desired for 

application in solution-processed small molecule (SM) solar cells. 

Organic semiconductors used in solution-processed BHJ OPVs need to fulfill 

the following essential characteristics: (i) the absorption spectrum of the donor 

material should cover the whole visible region and even the part of the 

near-infrared (NIR); (ii) the material should be photostable and electrochemically 

and thermally stable substance; (iii) the material should be sufficient solubility in 

solvents; and (iv) the material should be strong intermolecular interaction in the 
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solid state for efficient charge transfer.  

Porphyrins have been successfully employed as organic dyes in DSSCs that 

have been discussed in the previous section. However, utilization of porphyrin 

frameworks in small molecule donors for solution-processed BHJ solar cells has 

been less successful. Porphyrins were studied earlier as photoactive materials for 

OPVs than other frameworks because the porphyrin structure is a synthetically 

tractable analogue of chlorophylls. Furthermore, porphyrins have extensively 

π-conjugated systems, are amenable to fast electron transfer to acceptors, for an 

instance, efficient photoinduced electron separation and transfer between 

porphyrins and fullerene derivatives have also been reported, and absorb light 

with high molar absorption coefficients. These physical and chemical properties 

make porphyrins suitable for OPV studies, and significant efforts have been 

devoted to porphyrin-based organic solar cells (OSCs) since porphyrins may be 

very promising materials to provide major efficiency breakthroughs.  
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Fig. 1.18 Schematic view of photoinduced multistep electron transfer at gold 

electrodes with self-assembled monolayer of porphyrin−C60 dyads. 

 

In 1996, Hiroshi Imahori and shunichi Fukuzumi reported a porphyrin and 

fullerene-based molecular photovoltaic device on gold electrode (in Fig. 1.18). 

They observed a cathodic photocurrent for the photoelectrochemcal devices and ~ 

0.5% the internal quantum yield of photocurrent generation under short-circuit 

condition. It was found that the photocurrent intensity in the Au/2/MV
2+

/Pt device 
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was enhanced fivefold compared to the porphyrin reference device without C60. 

The result suggests 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 photoinduced electron separation and transfer between 

porphyrins and fullerene derivatives.
48
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Fig. 1.19 Molecular structures of (a) PFD1, (b) SiPCPDTBT and (c) PC61BM. 

 

Heeger and co-workers designed and synthesized a porphyrin-fullerene dyad 

(PFD1, Fig. 1.19) with a supramolecular “Double-Cable” structure as a novel 

electron acceptor for BHJ PSCs.
49

 The HOMO energy of PFD1 is determined to 

be 6.54 ± 0.03 eV based on the following calculation method:  EHOMO = hv – 

(Ecutoff–onset). The LUMO energy were calculated using the HOMO level and the 

optical gap (Eg) obtained in the UV−vis absorption spectra, for PFD1, ELUMO is 

thus 3.96 ± 0.03 eV. PFD1 has slightly deeper HOMO and LUMO energy levels 

than PC61BM and the HOMO−LUMO gap of both compounds are close to 2.6 eV. 

Under AM 1.5 G irradiation with 100 mW cm
-2

 intensity from a calibrated solar 

simulator, the SiPCPDTBT:PFD1 PSC yields JSC of 13.6 mA cm
-2

 and VOC of 0.66 

V with a FF of 0.37 while the SiPCPDTBT:PCBM PSC yields JSC of 11.5 mA 
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cm
-2

 and VOC of 0.56 V with a FF of 0.56. The PCE of the former in this case was 

determined to be 3.35%, which is slightly lower than the PSC made of 

SiPCPDTBT:PC61BM (PCE = 4.03%) due to 34% lower value of the FF. 

Nevertheless, both its JSC and VOC are much higher, suggesting huge potential for 

future optimization to become an excellent electron acceptor. 
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Fig. 1.20 Molecular structure of FHBC-porphyrin 6. 

 

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

hexabenzocoronene-porphyrin triad (named FHBC-porphyrin 6, Fig. 1.20).
50

 BHJ 

OPV devices based on FHBC-porphyrin 6 and PC61BM (1:2 weight ratio) in the 

active layer gave a PCE of 0.3% and FF of 0.27. This indicates that the charge 

transport in device is ineffective. As such, one of the reasons for lower device 

performance for compound 6 could be the steric bulk of the di-tert-butylphenyl 

solubilized porphyrin unit disrupting the assembly of ordered structures in solid 

state. 
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Fig. 1.21 Molecular structures of (a) BP, (b) SIMEF and (c) PCBNB. 
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Eiichi Nakamura and co-workers reported a new solution-processable, 

small-molecule based fabrication process allows to obtain a three-layered p-i-n 

structure in which the i-layer possesses a clearly defined interdigitated structure 

formed by spontaneous crystalline phase separation during thermal processing (in 

Fig. 1.21). Tetrabenzoporphyrin as a donor in i-layer and SIMEF as an acceptor 

afforded PCE 4.8−5.2%, a value that ranks among the best of those reported for 

solution-processed small-molecule based OPV cells in 2009 (parameters for the 

5.2% device: VOC = 0.75 V, JSC =10.5 mA cm
-2

, FF = 0.65). When they used 

PC61BM in place of SIMEF, the PCE decreased to 2.0% owing to lower VOC (0.55 

V), JSC (7.0 mA cm
-2

), and FF (0.51). They ascribe this decrease to the 

undesirable i-layer morphology and to the lower LUMO level of PC61BM (by ca. 

0.1 V). At the same time, Stephen R. Forrest and Mark E. Thompson also used 

tetraphenyl-benzoporphyrin complexes (PtTPBP and PdTPBP not shown here) as 

the donors blended with PC61BM afforded PCE 1.8−1.9% that were higher than 

PcCu as the donor in BHJ OPVs.
51
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Fig. 1.22 Molecular structures of these porphyrin donors. 

 

Aritat Luechai et al. designed a series of porphyrin donors by attaching 

porphyrin units on a triazine core and the resulted high solubility porphyrins with 

star architecture, are expected to suppress the porphyrin aggregation without the 



28 

use of solubilizing substituents on the porphyrin rings (Fig. 1.22).
52

 Zn-2 showed 

appropriate HOMO−LUMO energy levels to possibly serve as donor and acceptor 

in ITO/PEDOT:PSS/Zn-2:PC61BM/Al and ITO/PEDOT:PSS/P3HT:Zn-2/Al solar 

cells, respectively. The calculated Eg of Zn-2 was 1.9 eV with EHOMO and ELUMO 

of −5.5 and −3.5 eV, respectively. The best ITO/PEDOT:PSS/Zn-2:PCBM/Al 

device exhibits an energy conversion maximum efficiency of 0.5% with JSC = 2.25 

mA cm
-2

, VOC = 0.6 V and FF = 0.32. This is presumably due to the limited light 

absorption of porphyrins insofar that the absorption spectra of porphyrin units 

exhibit narrow strong Soret bands (410−430 nm), weak Q-bands (530−540 nm) 

and a defect between Soret and Q-bands. It was generally accepted that the low 

charge carrier mobilities of porphyrins are likely responsible for the low 

efficiencies of porphyrin-based BHJ OSCs. 
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Fig. 1.23 Molecular structures of these porphyrin-oligothiophene complexes. 

 

Dani M. Lyons et al. reported the synthesis of five new porphyrin- 

oligothiophene complexes as additives for P3HT/PC61BM solar cells, as well as 

their effect on photovoltaic device performance after incorporation into 

P3HT/PCBM-based devices (in Fig. 1.23).
53

 The introduction of the porphyrin 
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dyes increases external quantum efficiency (EQE) by up to ~15% compared with 

P3HT/PC61BM control devices containing no additives. Moreover, the efficiency 

measurements show a ~60% enhancement in photocurrent compared to control 

blends and the largest improvement in PCE with 1 wt% of the nickel(II) porphyrin. 

In this paper the influence on the PCE with different ratio was also discussed in 

detail. As the dye loading was increased, the PCE decreased, the device 

containing porphyrin 3 exhibited PCEs of 1.06 %, 0.72 %, and 0.43 % for 

loadings of 1 wt%, 3 wt%, and 5 wt%, respectively. The decrease in PCE with 

increasing dye concentration is the result of a progressive decrease in both JSC and 

VOC, and consequently a decrease in FF as well. The results show that high 

porphyrin loading levels lead to aggregation within the P3HT/PC61BM blends, 

which likely limited the transport of photogenerated charges at the interface, and 

that the photo-induced dissociation of P3HT excitons is promoted in the presence 

of the Ni(II) porphyrin-oligothiophenes and the Ni(II) porphyrin subunits act as 

light-harvesting sensitizers as well as energy conduits for the P3HT excitons at 

P3HT/PC61BM interfaces. 
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Fig. 1.24 Molecular structure of Por2-DPP. 

 

Daniel T. Gryko et al. reported a D−A−D structure with a π-extended 

bis-porphyrin linked via a diketopyrrolopyrrole unit (in Fig. 1.24).
54

 This fully 

conjugated π-system displays strongly distorted linear absorption, while its 
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two-photon absorption cross-section reaches 2500−3000 GM at 940 nm. The 

spectrum of Por2-DPP indicates interactions between the corresponding moieties 

resulting in red-shift of both Soret and Q bands compared to the monomer 

porphyrin and an increase in oscillator strength of the Q band relative to the B 

band. Though this approach has been applied to porphyrin two-photon absorption 

studies, the strategy of conjugated D−A molecules, which is being applied in 

DSSCs very successfully, is almost unemployed in porphyrin BHJSCs.  
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Fig. 1.25 The molecular structures of Por-1 and Por-2. 

 

The D−A molecules have been considered as efficient donor materials for OPV 

solar cells as a result of several key advantages: (i) the intramolecular charge 

transfer is promoted by the push−pull property of a D−A structure; (ii) the more 

efficient intramolecular charge transfer leads to more desirable double-bond 

characteristics of the π-electrons and therefore a smaller band gap; and (iii) the 

HOMO and LUMO energy levels and the band gap of a D−A molecule can be 

easily tuned by introducing various electron-donors or acceptors into the molecule. 

Very recently, Cao and co-workers demonstrated a solution processed small 

molecule BHJ OPV based on the conjugated donor-acceptor porphyrin. The Por-1 

is a typical A−D−A structure with acceptor benzothiazole (BT) end capped with 

3-hexylthienyl was linked to a porphyrin core by an ethynylene bridge. Both Soret 

band and Q bands showed significant red-shifts with enhanced absorbance at the 
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Q bands in the absorption spectrum due to the π-conjugation of the whole 

molecule. The BHJ OSC fabricated by solution spin-coating with Por-1 as the 

donor and PC71BM as the acceptor shows a JSC of 9.46 mA cm
-2

, a VOC of 0.85 V, 

and a FF of 0.5, resulting in a PCE of 4.02%. This study indicated that the 

performance of porphyrin-based OSCs can be significantly improved upon 

suitable molecular design (in Fig. 1.25).
55

 

The same group also reported Por-2, in which diketopyrrolopyrrole (DPP) as an 

electron-deficient group can improve the performance of porphyrin based OPVs. 

The Por-2 exhibits more broadened absorption in the visible and NIR regions and 

higher hole-mobility in the BHJ device. The optical band gap of Por-2 was 

estimated to be 1.41 eV from the onset of the absorption spectrum in the film. The 

solution processed BHJ OSCs with Por-2 as the donor and PC71BM as the 

acceptor (1:1) shows a JSC of 11.88 mA cm
-2

, a VOC of 0.8 V, and a FF of 0.502, 

resulting in a PCE of 4.78%. 
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Fig. 1.26 The molecular structure of DPPEZnP-O. 

 

Peng and co-workers reported a porphyrin-based small molecule with less 

bulky substituents at porphyrin periphery as the donor material, which exhibits a 

power conversion efficiency up to 7.23% under AM 1.5G irradiation for the 

solution processed BHJ solar cells with PC61BM as the acceptor material (in Fig. 

1.26).
57

 The results from the atomic force microscopy (AFM) indicate that 
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DPPEZnP-O shows better miscibility with PC61BM, and form a finer 

interpenetrating network to facilitate both exciton separation and charge transport, 

which ensure more D/A interfaces and thus lead to enhanced JSC and FF. So far, it 

records the highest PCE for BHJ OSCs based on the solution processable 

porphyrin small molecules as the donors and PC61BM as the acceptor. And the 

authors believe that there is still great room to optimize the structures of 

porphyrin-based small molecules for higher performance solar cells, as the 

properties of porphyrins can be easily tuned via synthetic modifications at the 

periphery. 
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Fig. 1.27 The molecular structure of 2, 3 and 4. 

 

Generally, it is difficult to obtain both good solubility and strong intermolecular 

interactions simultaneously for those planar π-conjugated porphyrin-based 

materials. And this might discourage the successful use of porphyrin-based donors 

in solution-processed OPVs. Yutaka Matsuo group described a rational design of 

porphyrin donors for application in solution-processed small molecule BHJ solar 

cells.
58

 The porphyrin donors were designed to possess high solubility and strong 

intermolecular interactions, via the appropriate selection of peripheral substituents 

(in Fig. 1.27). The optical properties of 2, 3, and 4 in solution were investigated. 

All the compounds show a Soret band around 500 nm and a Q band around 700 

nm. The LUMO levels are sufficiently higher (around −3.25 eV) than that of 
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PC61BM, which is attributed to the central magnesium atom, in spite of the 

introduction of electron-withdrawing ethynyl moieties at the meso-positions. The 

HOMO levels of the porphyrins are higher than that of PC61BM. A PCE of 2.5% 

was achieved for the device based on 2:PC61BM in a 1:4 mixture in which the 

active layer was prepared by spin-coating. Besides the suitable HOMO−LUMO 

energy levels, the high performance of the device using porphyrin 2 could also be 

attributed to a good balance of hole and electron mobility in the BHJ device, as 

well as favorable film morphology. It was found that hole and electron mobility 

were in good balance (2: μh = 2.3×10
-5 

cm
2 
V

-1 
s

-1
, μe = 9.1×10

-4 
cm

2 
V

-1 
s

-1
; 3: μh = 

3.7×10
-5 

cm
2 

V
-1 

s
-1

, μe = 5.9×10
-4 

cm
2 

V
-1 

s
-1

; 4: μh could not be determined, μe= 

1.3×10
-3 

cm
2 

V
-1 

s
-1

). The AFM images show a rough surface morphology of the 

active layer as a result of a low solubility induced by strong intermolecular π-π 

interaction between its electron-rich (porphyrin) and its electron-deficient 

(nitro-substituted phenyl group) moieties. 
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Fig. 1.28 The molecular structure of P1 and P2. 

 

On the other hand, donor-acceptor (D−A) conjugated polymers with 

electron-rich (donor) and electron-deficient (acceptor) units along the polymer 

main chain have been widely developed for the reason that their band gaps and 

energy levels can be easily tuned by controlling the intramolecular charge transfer  

from the donor to the acceptor moieties.
 
A soluble porphyrin-dithienothiophene 

copolymer (P1) was synthesized by a Sonogashira coupling reaction.
59
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Introduction of diethynyldithieno-thiophene into the porphyrin main chain is 

expected to reduce steric hindrance, extend conjugation, enhance absorption, and 

improve the charge-transport property. A large aliphatic chain was incorporated 

into the porphyrin unit to ensure sufficient solubility of the porphyrin-containing 

polymer for solution processing, which may have a negative effect on the charge 

transport. The PCE of 0.3% and 1.04% were as achieved for the PSC using 

P1:PC61BM (1:3, w/w) and P2:PC61BM (1:4, w/w) as the active layer, 

respectively.
60

 By far, the performances of porphyrin polymers based BHJ devices 

are still not competitive in comparison with the devices based on other highly 

efficient polymers (in Fig. 1.28). 

1.3.2 Soluble BODIPY donor materials for small molecule BHJ 

solar cells 

The compound 4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene (BODIPY) has 

attracted increasing interest over the past decade. Raymond Ziessel group
61

 have 

ever developed a series of novel BODIPY donors for BHJ solar cells. A PCE of 

1.34% was obtained with a donor involving two styryl units, which was the first 

example of BHJ based on BODIPY donors (in Fig. 1.29). The UV−vis spectra 

show two absorption bands with maxima at 340 and 572 nm for 1, 370 and 646 

nm for 2, respectively. UV−vis absorption spectra and CV data lead to consistent 

values of the HOMO−LUMO gap Eg of ca. 2.00 and 1.80 eV for 1 and 2, 

respectively. The IPCE spectrum of the cell based on compound 1 shows an 

intense peak of 45% at ca. 570 nm. The IPCE spectrum of compound 2 shows an 

intense first peak of ~40% at 400 nm and a peak of 32% around 680 nm 

corresponding to the main absorption band. For both donors, the width of the 

IPCE active bands is limited to ca.150 nm, in agreement with the narrow 
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absorption bands of the donors. Both devices gave JSC exceeding 4.0 mA cm
-2

. 

The cell based on donor 1 delivers VOC of 0.796 V, FF of 34%, corresponding to a 

PCE of 1.17%. The J−V curve of the cell based on donor 2 exhibits a lower VOC 

of 0.753 V, consistent with the higher HOMO level of compound 2. The 

characteristic of this cell presents an improved FF value of 44%, which is 

relatively high for a BHJ cell based on a small molecule and suggests that the 

more extended π-conjugated structure of compound 2 leads to better 

hole-transport properties and/or better charge collection at the electrodes.  
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Fig. 1.29 The molecular structure of BODIPY1, 2 and 3. 

 

The same group reported an another new BODIPY 3, in which a 

5-hexyl-2,2′-bithienyl unit was attached to the axial phenyl ring of compound 2.
62

 

This design is expected to improve the hole-transport properties, which have 

observed for other classes of compounds. And it is anticipate that the 

5-hexyl-2,2′-bithienyl group has a small impact on the electronic properties of the 

distyryl BODIPY system due to the non-coplanarity of the axial phenyl ring with 

the main π-conjugated system and further twist angle associated with the 

thiophene-phenyl linkage. As expected, VOC of 0.75 V is identical to that of cells 
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based on compound 2. However, the JSC shows a significant increase from 4.40 to 

7.00 mA cm
-2

. With a FF of 0.38 this leads to an increase of PCE from 1.34 to 

2.17%. 
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Fig. 1.30 The molecular structure of TB2. 

 

The same group further reported Thienyl-BODIPY TB2  (in Fig. 1.30), and the 

X−ray diffraction shows that the TB2 framework is essentially coplanar with the 

near-planar BODIPY core.
63

 The OFET measurements on TB2 gave hole and 

electron mobility in the 1 × 10
-3

 cm
2 

V
-1 

s
-1

 range, up to 5 orders of magnitude 

higher with respect to previous report. The high mobility values can be attributed 

to the high propensity of this planar dye to organize in three dimensions with 

strong intermolecular interactions (I···F and π-π stacking) favoring short distances 

between neighboring molecules in the solid state. TB2 in solution-processed BHJ 

solar cells provide a maximum power conversion efficiency of 4.7% with a JSC of 

14.30 mA cm
-2

, a VOC of 0.70 V, and a FF of 47%. 
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Fig. 1.31 The molecular structures of t-FBF, FBF, t-2,7-CBC and 2,7-CBC. 
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Lin and co-workers
64

 have also synthesized some small molecule BODIPY 

dyes incorporating conjugated arylamine substituents at two β-sites (in Fig. 1.31). 

The blend with a ratio of t-2,7-CBC:PC71BM (1:3), exhibited the highest 

efficiency of 3.22%, and the highest FF = 0.395 and JSC = 8.25 mA cm
-2

 as well. 

They pointed out that the better cell performance of the dyes with the alkyne 

entity than their congeners without the alkyne entity, t-FBF > FBF and t-2,7-CBC > 

2,7-CBC, could be attributed to the higher photovoltages and photocurrents. This 

is in conformity with the order of light-harvesting efficiency and the order of the 

HOMO energy of the dyes. Blend films of t-FBF:PC71BM and 

t-2,7-CBC:PC71BM show larger domains with a bicontinuous interpenetrating 

network, which provides further support of the better cell performance of t-FBF 

and t-2,7-CBC. But, the domain sizes in t-2,7-CBC:PC71BM film ranging from 

5−40 nm are smaller than those observed in high-performance polymer blends. All 

cells exhibit the lower FF (0.367~0.395) compared to polymer cells possibly due 

to inferior charge transport pathways as a result of discontinuous domain 

structures through the active layers. And VOC of all cells exceed 0.90 V, up to 

0.988 V for t-FBF, which is among the highest values ever reported for small 

molecules-based OPVs due to the appropriate HOMO energy level.  

N N
B

F F

OC6H13

SS

X

X X

X

n

X = O, p(BDP-bisEDOT)
X = S, p(BDP-bisEDTT)  

Fig. 1.32 The molecular structures of p(BDP-bisEDOT) and p(BDP-bisEDTT). 

 

Peter J. Skabara and co-work synthesized two novel low band gap polymers 

bearing a BODIPY core as an electron acceptor and either a bis-EDOT 
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(bis(3,4-ethylenedioxythiophene)) or bis-EDTT (bis(3,4-ethylenedithiathiophene)), 

as an electron donor (in Fig. 1.32).
65

 The polymer of p(BDP-bisEDOT) shows the 

same order of magnitude of electron and hole mobilities, implying an ambipolar 

charge transport property. Polymer-only devices show a power conversion 

efficiency of 0.06% and 0.13% for p(BDPbisEDTT) and p(BDP-bisEDOT), 

respectively. Polymer-fullerene devices exhibit power conversion efficiencies of 

0.45% and 0.95% for p(BDP-bisEDTT) and p(BDP-bisEDOT), respectively. 

These devices demonstrate a broad spectral response, making these materials 

possible candidates for future broadband organic photodiodes and photovoltaics. 

The p(BDP-bisEDOT) has a broadband light sensing and solar energy harvesting 

in solution-processable polymer-fullerene film. The optical band-gap corresponds 

to around 1.18 eV for p(BDP-bisEDOT) as the onsets are around 1050 nm. While 

the EDTT units in the bis-EDTT unit are expected to be twisted, the more planar 

spatial configuration of bis-EDOT, due to the favourable O···S interactions 

between atoms of adjacent EDOT units, results in a higher degree of conjugation, 

and hence the lower band-gap of p(BDP-bisEDOT). 
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Chapter 2 Molecular engineering of co-sensitizers for efficient 

panchromatic dye-sensitized solar cells 

2.1 Introduction 

In DSSC device configuration, the dye molecule serves as the light harvester and 

injects electrons into the conduction band of semiconducting metal oxide (TiO2); 

dye is then regenerated through the redox reaction. On the other hand, those 

electron injected into the conduction band of TiO2 is prone to reacting with the 

oxidized species (  
 ) of the redox couple; this competitive process is regarded as a 

major recombination mechanism in DSSCs.
1
 

The light harvesting efficiency plays a key role in realizing high power 

conversion efficiency (PCE). To extend the spectrum of light response, various 

new dye molecules covering broad solar spectrum have been developed by 

extending their π-conjugation systems. Among them, porphyrin dyes have 

demonstrated unique spectral characteristics with very high extinction coefficients 

in the ranges of 400−500 nm (Soret band) and 600−700 nm (Q band).
2, 3

 Effective 

porphyrin dyes generally possess a large conjugated structure with peripheral 

bulky groups to suppress dyes aggregation on TiO2 surface. This feature make a 

large exposure of TiO2 surface area to the electrolyte, resulting in unfavorable 

back-charge recombination between the electrons in TiO2 and the   
 . Pioneering 

work by Grätzel and Kay took advantage of co-adsorbent chenodeoxycholic acid 

(CDCA) to minimize the TiO2 surface area in direct contact with the electrolyte, 

which form barriers to impede interfacial charge recombination.
4
 On the other 

hand, most porphyrin dyes typically display weak absorption in the range of 500−

600 nm (between Soret and Q bands), where the sun supplies a considerable 

amount of light energy. An alternative approach to achieve panchromatic light 
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harvesting would be making use of some organic dyes which has strong light 

response in the visible range to complement the spectral response of 

porphyrin-sensitized devices.
5
  

In this chapter, we first report the synthesis and the spectral, electrochemical, 

and photovoltaic properties of two porphyrin-based sensitizers (HD18 and HD19). 

Secondly, we demonstrate that both VOC and JSC were dramatically enhanced by 

the co-adsorption of HD18 and HD19 with multi-functional co-adsorbent N719, 

respectively. As we know, the porphyrin sensitized devices show strong 

photocurrent generation in the region of Soret and Q bands, while N719 shows 

efficient spectral response in the 500−600 nm. And the combination of these two 

kinds of dye molecules would definitely display strong panchromatic spectral 

response. Mechanistic investigations were carried out by various spectral and 

electrochemical characterizations. In addition, it was demonstrated that using 

graphene modified TiO2 composite anode, could effectively enhance the charge 

transport/collection efficiency. Thirdly, we demonstrate that the co-adsorption of 

small molecules (a phenothiazine-based dye) on the porphyrin-sensitized TiO2 

anode surface plays dual roles: (1) to greatly retard the back reaction between 

conduction-band electrons in TiO2 and the oxidized species (  
 ) in the electrolyte 

and (2) to enhance the spectral response of solar cells. These two effects finally 

gave rise to device efficiencies exceeding 10%, which are superior to those of 

individual dye-sensitized devices by either porphyrin (7.4%) or phenothiazine 

(8.2%) under the same conditions. Experimental analyses show that the incoming 

small molecules are adsorbed in the interstitial site of porphyrin dyes, forming 

densely surface packed molecules and thus impeding the   
  species from 

approaching the TiO2 surface. Lastly, we demonstrate that that HD18 possesses 
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stronger binding affinity with TiO2 than that of PT-C6 but weaker than N719.  

2.2 Panchromatic light harvesting by N719 with zinc 

porphyrin molecules 

2.2.1 Molecular design and synthesis 

The HD porphyrins were readily prepared in two steps according to the 

Sonogashira cross-coupling method. These porphyrins have the same 

ortho-substituted porphyrin core with two phenylethynyl (PE) groups acting as a 

π-bridge in the meso-position of the ring.
5c

 HD18 and HD19 (in Scheme 2.1) dyes 

have the acceptor group (ethynylbenzoic acid) but with different electron- 

donating groups (EGDs): HD18 has a [bis(9,9-dimethylfluorenyl)amino]phenyl 

group and HD19 has a phenothiazino group with a n-hexyl chain at N (10) atom. 

2,6-Di-n-heoxylphenyl groups increase the solubility in organic solvents, suppress 

dye aggregation, and protect the porphine core structure.
6
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Scheme 2.1 Molecular structures of HD18, HD19 and N719. 

 

2.2.2 Optical and electrochemical properties  

As shown in Fig. 2.1, the HD dyes exhibit typical porphyrin absorption 

characteristics:
7
 strong B (or Soret) bands were found near 460 nm, whereas weak 
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Q bands were observed near 670 nm. The molar absorption coefficients for the 

Soret band of these porphyrin dyes range from 1.55 × 10
5
 M

-1
 cm

-1
 to 2.52 × 10

5
 

M
-1

 cm
-1

, so fulfilling one requirement for a dye usable in a DSSC, whereas those 

Q (0, 0) bands are in the range 15.5 × 10
3
 M

-1
 cm

-1
 to 66.3 × 10

3
 M

-1
 cm

-1
. The 

Soret and Q bands for HD18 and HD19 are broadened and red-shifted relative to 

those of reference TPP. Both Soret and Q (0, 0) bands of HD18 and HD19 have 

full widths at half maximum (FWHM) height two or three times as large as those 

for TPP; this effect is ascribed to an electronic interaction between the porphyrin 

core and the EDGs. For the fluorescence spectra in THF, the trend for the 

variation of the emission wavelength is similar to that of the absorption bands.  
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Fig. 2.1 (a) Absorption spectra and (b) B band-excited fluorescent emission 

spectra of porphyrins HD18 and HD19 in THF.  

 

Table 2.1 Optical and electrochemical properties of the porphyrin dyes. 

Dyes 
Absorption  λmax/nm  

(ε, ×10
5
 M

-1
 cm

-1
) 

Emission 

λmax/nm 
a
 

Eox/V 
b
 E0–0/V 

c
 Ered/V 

d
 

HD18 456(1.67), 666(0.47) 679 0.62 1.74 − 1.12 

HD19 451(1.66), 663(0.24) 673 0.63 1.76 − 1.13 
a
 Excitation wavelengths/nm: HD18, 456 and HD19, 451. 

b
 HOMO levels were measured in 

THF with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF) calibrated with 

ferrocene/ferrocenium (Fc/Fc
+
) as an internal reference. 

c
 E0–0 was estimated from the 

absorption threshold of dyes in THF. 
d
 The LUMO was calculated using the equation LUMO 

= HOMO − E0–0. 

 

Fig. 2.2 shows the cyclic voltammograms (CV) of the HD porphyrins in THF. 

All porphyrin dyes exhibit reversible waves for the first oxidation, corresponding 

a) b) 
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to the HOMO energy of the dye, at a potential greater than that of the   /  
  

couple (+0.40 V vs. NHE),
8
 which assures regeneration of the oxidized state of 

porphyrin dyes. The first oxidation reactions of HD18 and HD19 were observed at 

+0.62, and +0.63V vs. SCE, respectively. These values are consistent with the 

formation of a zinc porphyrin cation radical, showing significant cathodic shifts 

with increasing electron-donating ability of the amino substituent as compared to 

those of the reference. The optical edge was utilized to derive the band gap and 

the LUMO energies. The LUMO levels of the porphyrins are more negative than 

the conduction edge (−0.50 V vs. NHE) of TiO2, which implies that the electron 

injection from the excited states of the dyes to the conduction band (CB) of TiO2 

is possible. Thus, these porphyrins may serve as sensitizers for DSSCs. The 

optical and electrochemical properties are summarized in Table 2.1. 
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Fig. 2.2 (a) Cyclic voltammograms of HD porphyrins in THF/TBAPF and (b) the 

corresponding schematic energy-level diagram. 

 

2.2.3 DFT calculations 

To assist in the qualitative understanding of the electrochemical behavior of all 

porphyrins, we performed density functional theory (DFT) calculations to 

investigate the structures and charge transfer properties employing Becke's three 

parameterized Lee-Yang-Parr (B3LYP) exchange correlation functional and 

6-31G* basis sets using a suite of Gaussian 09 programs. Fig. 2.3 shows the 

b) a) 
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HOMO and LUMO molecular orbitals for the two porphyrin dyes. Because the 

anchoring group is attached to TiO2, the above molecular orbital feature indicates 

that there exists a driving force for an efficient electron injection from the dye to 

the surface of TiO2 upon excitation. The electron density of HD18 is significantly 

distributed to the π system of the porphyrin ring, the electron donating moiety, 

and the phenylethynyl (PE) linker at the HOMO, but the π-conjugation is 

extended to the part of electron donating unit, the porphyrin ring and the PE linker 

at the LUMO. The electronic distribution of the frontier orbitals for compound 

HD19 resembles that for HD18 because of the structural similarity.  

 

 

Fig. 2.3 Molecular orbitals of porphyrins HD18 and HD19 calculated at the 

B3LYP/6-31G (d) level of theory. 

 

2.2.4 Photovoltaic performance 

Fig. 2.4 shows the absorption spectra of HD dyes and N719 in THF solutions and 

on TiO2 films, respectively. To clearly see both Soret and Q bands in these spectra, 

only small amounts of the porphyrins were allowed to adsorb onto the TiO2 

films.
2
 For HD18, the Soret band of the thin-film spectrum was significantly 

broadened relative to that in solution. The broadened feature of the film sample is 

consistent with intermolecular interactions of molecule aggregated on TiO2; the 
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maximum shifted from 456 nm to 451 nm, blue shoulder represent H-type 

aggregation of the porphyrins on TiO2.
9
 Upon co-sensitization with N719 on TiO2 

film, the maximum of the Soret band of HD18 blue shifted to 498 nm. This 

observation indicates that co-sensitization with N719 adjusts the arrangement of 

the porphyrin molecules toward a more nearly parallel configuration on the 

surface of TiO2, so as to leave space for the N719. The absorption spectrum of 

N719 complements that of HD18 for the co-sensitized film showing the 

panchromatic feature to render an optimal light-harvesting effect in the region of 

350−700 nm. For HD19, we obtained the same phenomenon that HD19 molecules 

formed H-type aggregation on film. Unfortunately, co-sensitization with N719 

might decrease the amount of the porphyrins on TiO2 film as the peak of 

porphyrin become weak and more close to that of the solution. 

 

 

Fig. 2.4 Absorption spectra of (a) HD18 and N719 in THF and co-sensitized on 

TiO2 films and (b) HD19 and N719 in THF and co-sensitized on TiO2 films 

(thickness 2 μm). The red line indicates the peak absorption of the Soret bands of 

HD18 and HD19 in solution. 

b) a) 
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Fig. 2.5 Photovoltaic properties: (a) current-voltage characteristics and (b) the 

corresponding IPCE action spectra of devices.  

 

The co-sensitization of HD dye with N719 on a TiO2 film of thickness 12 μm 

was achieved via a stepwise approach: the TiO2 electrode was immersed in the 

HD dye solution for 16 h and then immersed in the N719 solution for 3 h. 

Afterwards, the HD dye and N719 co-sensitized film was assembled into a DSSC 

device of sandwich type with a Pt-coated counter electrode and filled with an 

appropriate electrolyte. Fig. 2.5 shows the current-voltage characteristics and the 

corresponding IPCE action spectra, respectively. 

The ohmic series resistance (RS) of the device includes the resistance of the 

substrates, electrolytes, electrical contact and wiring of a DSSC. The maximum 

frequencies (ωmax) of the DSSCs with HD18 and HD19 only were 7 and 19 Hz; 

those of the DSSCs with the co-absorbent N719 were reduced to 5 and 10 Hz, 

respectively. Since ωmax is inversely associated with the electron lifetime (τe): τe = 

1/(2πωmax),
10

 the decreased ωmax indicates a reduced rate of the charge 

recombination process of the DSSCs, The electron lifetime values derived from 

the curve fitting for the cells based on N719, HD18, HD18 + N719, HD19 and 

HD19 + N719 are 43.48, 21.89, 28.99, 8.27 and 14.87 ms, respectively. Simulated 

device parameters from the EIS data were summarized in Table 2.2. From these 

results, we can conclude that charge recombination of the DSSCs with dye only is 

faster than that of the DSSCs with co-absorbent (N719). This insulating molecular 

b) a) 
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layer effectively inhibits back electron transfer from the TiO2 to   
   ions and 

gives a higher VOC. Since N719 is less bulky than porphyrin-based dye molecules, 

they tend to form densely packed monolayer due to the weak steric hindrance.
11

 

Furthermore, the post-adsorption of small molecules into the interstitial site of 

large-molecule layer would increase the overall surface coverage, thus impeding 

the    
  percolating to the TiO2 surface and increasing IPCE. 
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Fig. 2.6 EIS Nyquist plots for DSSCs based on individual HD dye, N719 and HD 

dye + N719 co-sensitized electrodes under dark. 

 

Table 2.2 Simulated device parameter from the EIS data. 

Devices Rrec/Ω 
 

f /Hz   
′ /ms JSC/mA cm

-2
 
a
 

HD18 384.8 18.67 8.53 14.18 

HD19 108.03 19.24 8.27 13.00 

N719 680.60 3.66 43.48 14.99 

HD18 + N719 475.5 5.49 28.99 16.60 

HD19 + 719 160.2 10.7 14.87 15.21 
a
 JSC calculated from the IPCE spectra of the corresponding devices.  

 

For a comparison of the photovoltaic performance of the HD + N719 

co-sensitized device with that of devices made of either individual dyes; the 

corresponding photovoltaic parameters are summarized in Table 2.3. The results 

clearly show that, upon co-sensitization, the performance of the HD18 + N719 

device improved to yield JSC = 18.71 mA cm
-2

, VOC = 0.721 V, FF = 0.613 and η 

= 8.27%; the latter is significantly greater than η = 6.74% for HD18 and η = 6.90% 

for N719 in the separate devices under the same conditions of fabrication. The 
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greatly enhanced JSC in co-sensitized device (18.71 mA cm
-2

) indicates that more 

light is harvested by using co-sensitizers. The UV−visible spectrum also shows 

increased light absorption, especially at the absorption peaks of porphyrin. The 

IPCE spectrum of device shows a flat feature filling the gap between the Soret- 

and Q-bands originally existing in the spectrum of device HD18; but the current 

responses in the 650−750 nm region decreased by ~20%. Compared to the device 

fabricated with the individual dyes, the performance of the HD19 + N719 device 

was improved significantly with JSC = 17.55 mA cm
-2

, VOC = 0.670 V, FF = 0.620 

and η = 7.30%.  
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Fig. 2.7 Optimized photovoltaic properties: (a) current-voltage characteristics and 

(b) the corresponding IPCE action spectra of devices. 

  

Table 2.3 Optimized photovoltaic parameters of DSSC fabricated with HDs, 

N719, or HD + N719 adsorbed on the TiO2 films of thickness 12 μm 
a
. 

Dyes JSC/mA cm
-2

 VOC/V FF η % Rrec/Ω 

N719 
a
 16.55 0.733 0.569 6.90 680.60 

HD19 
a
 14.56 0.633 0.631 5.82 108.03 

HD19 + (N719 3 h) 
b
 17.55 0.670 0.620 7.30 160.20 

HD18 
a
 15.28 0.696 0.634 6.74 384.80 

HD18 + (N719 3 h) 
b
 18.71 0.721 0.613 8.27 475.50 

HD18+(N719 4 h) 
c
 18.24 0.720 0.617 8.11 ----- 

HD18+(N719 6 h) 
d
 17.27 0.729 0.611 7.69 ----- 

a
 Photovoltaic parameters of DSSC fabricated with HD dyes on TiO2 films of thickness 12 μm 

under simulated AM1.5G illumination (power 100 mW cm
-2

) and active area 0.24 cm
2
, the 

sintered TiO2 electrodes were sensitized by immersion in a solution of the HD dye (0.2 mM in 

tert-butanol/acetonitrile) for 16 h, then immersion in a solution of the N719 (0.2 mM in 

tert-butanol/acetonitrile 1/1) for 3 h. 
b c d

 The electrodes were firstly immersed into a solution 

of the HD dye for 12 h, then N719 dye solution for 3 h,4 h, or 6 h.  

a) b) 
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To study the effect of dye ratio on the device performance (in Fig. 2.7), we 

optimized the soaking process through changing soaking time in N719 solution. 

The result reveled that the film sensitized first in HD18 (12 h) and then in N719 (4 

h) gave the highest PCE of 8.27%. PCE values decayed with the prolonging 

soaking time in N719 solution. Photocurrent generation in the range of 650−700 

nm decreased as shown in IPCE spectra, suggesting the replacement of HD18 by 

N719. These observations suggest that N719 bearing two arching group possesses 

stronger binding affinity with TiO2 than that of HD18. 

These devices made of the HD sensitizers exhibited low FFs, leading to low 

efficiencies accordingly. The FF is the ratio of maximum obtainable power to the 

product of the open-circuit voltage and short circuit current, which is an important 

parameter that determines the PCE of a device. In DSSC, FF is closely related to 

the total resistance of the devices. Reduced charge transfer resistance in the TiO2 

nanoparticles is regarded to be the main driving force for the improved FFs, 

which should be resulted from the excellent electric conductivity of graphene.  

The current responses in the entire visible region for HD18 + N719 device 

increased by ~7% on average, but overall making the JSC = 17.14 mA cm
-2

 of 

device with graphene modified TiO2 lower than JSC = 17.81 mA cm
-2 

of device 

without modified because the graphene in film can absorb a portion of sunlight. 

The VOC (0.70 V) for Graphene/TiO2 based device is lower than the VOC (0.735 V) 

for only TiO2 based device (in Fig. 2.8). The result indicated that graphene 

enhanced electron transport in TiO2 is no longer able to overwhelmingly compete 

with the increased recombination. Specifically, the FF increased from 0.596 to 

0.750. The three factors ultimately lead to the enhanced performance, yielding 

PCE of 8.99% (in Table 2.4). It should be noted that the performance of the 
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device based on HD18 + N719 is different from the previous report because of the 

difficulty controlling dye ratio in the film. 

 

Table 2.4 Dye sensitizers, anode composition, anode film thickness, JSC, VOC, FF 

and PCE of the devices; the efficiencies were measured under one sun 

illumination (AM 1.5). 

Dye Composition
a
 JSC/mA cm

-2
 VOC/V FF η % 

HD18 + N719 TiO2 17.81 0.735 59.6 7.80 

HD18 + N719 G/TiO2 17.14 0.700 75.0 8.89 
a
 Anode compositions with TiO2 or graphene/TiO2 composite. The effective areas of all the 

devices are 0.24 cm
2
.  
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Fig. 2.8 (a) Photocurrent-voltage (J−V) characteristics and (b) incident 

photon-to-electron conversion efficiency (IPCE) spectra of devices made of HD18, 

N719 and HD18 + N719. 

 

Fig. 2.9 Fitted curves of second semicircles from the impedance spectra of the 

DSSCs based dyes HD dye + N719 co-sensitized electrodes under dark. 

 

Since the photovoltaic performance is evidently reflected by the charge 

collection efficiency (ηcoll) derived from ηcoll = (1 + Rtr/Rrec)
-1

, the Nyquist plots of 

the DSSCs with dye only or dye/HD + N719 were elucidated as shown in Fig. 2.9. 

a) b) 
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The calculated Rrec of device fabricated with HD18 + N719/TiO2 and HD18 + 

N719/graphene/TiO2 are 257 and 329 Ω, respectively, indicating longer electron 

lifetimes when using graphene/TiO2 for co-sensitized DSSCs. The charge 

transport (Rtr) was obtained from the equivalent circuit with HD18 + N719/TiO2 

and HD18 + N719 graphene/TiO2 devices are 54Ω and 33Ω, respectively. And the 

charge collection efficiencies were calculated to be 82 and 91% for HD18 + 

N719/TiO2 and HD18 + N719 graphene/TiO2 devices, respectively. 

2.3 Conformational engineering of co-sensitizers to retard 

back charge transfer 

2.3.1 Molecular design  

S

N

COOH

CN

O PT-C6  
Scheme 2.2 Molecular structure of PT-C6. 

 

The structure of the phenothiazine molecule (PT-C6) is shown in Scheme 2.2. 

PT-C6 possesses a simple molecular structure and small bulk compared with 

N719 molecule, capable to form a densely packed monolayer due to the weak 

steric hindrance.
12

 From the macroscopic point of view, putting small molecules 

into the interstitial sites of large-molecule layers would greatly increase the 

utilization of the TiO2 surface, thus preventing from the   
  attack. We suspect 

that this combination of PT-C6 and HD18 will show better results. 

2.3.2 Optical properties and photovoltaic performance 

PT-C6 exhibits a strong absorption in the range of 400−560 nm. Fig. 2.10 b shows 

the absorption spectra of HD18 and PT-C6 in TiO2 films, which display similar 
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absorption profiles to the corresponding dye solutions. For the TiO2 film of HD18, 

the absorption peak of the Soret band was slightly blue-shifted, ca. 5 nm, 

compared to that in solution. This type of band shift is ascribed to the H-type 

aggregation of HD18 on TiO2.
2
 The co-adsorbed TiO2 film with PT-C6 and HD18 

exhibits enhanced light absorption when compared with the individually 

sensitized films. The absorption peak of the Soret band of HD18 co-adsorbed with 

PT-C6 on TiO2 film is shifted back to 455 nm, indicating that the adsorption of 

PT-C6 could induce a reorientation of HD18 molecules on the TiO2 surface. In 

other words, the H-type aggregation of HD18 on the TiO2 surface can be 

suppressed because of the steric repulsion of dye PT-C6.
13

 

 

 

Fig. 2.10 Absorption spectra of (a) HD18 and PT-C6 in THF solution and (b) 

HD18, PTC6 and HD18 + PT-C6 on TiO2 films (ca. 3 μm). The absorption 

intensity of PT-C6 in (a) is magnified 4 times; the dashed gray line indicates the 

peak absorption (455 nm) of the Soret band of HD18 in solution. 

 

In this study, the co-sensitized films were prepared by a stepwise dye soaking 

process.
9,14

 Here, the ratio of each dye on the prepared TiO2 film was controlled 

by the different soaking times. First, the TiO2 film was soaked in HD18 solution 

for 10 h, followed by incubation in PT-C6 solution for 1, 2, 3, 4 and 10 h, denoted 

as devices 3, 4, 5, 6, and 7, respectively. Upon the adsorption of PT-C6 from 1 to 
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3 h, the IPCE value showed gradual improvement in the 500−630 nm region (Fig. 

2.11 b), indicating that PT-C6 is able to compensate the intrinsically weak 

spectral response of HD18-sensitized solar cells. Compared with that at 4 h, the 

IPCE curve stopped improvement when the soaking time was increased to 10 h. 

The result indicated that the adsorption of PT-C6 on the HD18-anchored film 

surface attain saturated state. 

 

 
Fig. 2.11 (a) Photocurrent-voltage characteristics and (b) corresponding IPCE 

spectra of devices sensitized by HD18, PT-C6 and HD18 + PT-C6 with different 

dye-loading strategies. The inset in (a) depicts the PCE evolution trend of 

co-sensitized devices with gradually increased incubation time in PT-C6. 

 

The dye loading capacities for these devices were investigated. The devices 1 

and 2 show dye loading amounts of 110.3 and 822.9 nmol cm
-2

 after soaking in 

HD18 and PT-C6 solutions for 10 h (It should be noted that the incubation for 10 

h has already reached the device maximum loading capacities, further extension 

of the loading time did not lead to improved dye loading capacities and device 

performance), respectively. Not surprisingly, the loading amount of device 2 is 

much higher than that of device 1, because the volume of the HD18 molecule is 
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much larger than that of PT-C6. In the co-sensitized devices, with the 

post-adsorption of PT-C6 for 1, 4 and 10 h, the loading amounts of HD18 show 

only tiny alterations, from 107.9, 103.0 to 116.4 nmol cm
-2

, indicating that the 

HD18 was not be replaced by PT-C6, and PT-C6 molecules were mostly likely 

inserted in the interstitial sites of HD18 (in Fig. 2.12). However, the post- 

adsorption for 10 h in PT-C6 resulted in lower loading capacity (device 7) 

because of the dissociation of PT-C6.  
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Fig. 2.12 (a) UV−vis absorption spectra of HD18 solutions and those adsorption 

by anode film for device 1, 3, 6 and 7; (b) UV−vis absorption spectra of PT-C6 

solution and those adsorption by anode film for device 2, 3, 6 and 7. 

 

In the IPCE spectra, the values in the range of 650−700 nm show relatively 

slight enhancement from devices 3 to 7 (Fig. 2.11 b), and significant 

improvement in the blue end and 500−630 nm region. The results are consistent 

with the fact that the light harvesting efficiency and charge injection efficiency 

should remain the same. PT-C6 almost did not generated the photocurrent 

generation at ca. 670 nm, Therefore, the slight IPCE enhancement should result 

from the improved charge collection efficiency, because PT-C6 insulated surface 

of TiO2 in devices
15, 16, 4b

. The increased IPCE in this region of 650−700 nm after 

co-sensitized also indicates that the replacement of HD18 by PT-C6 in the 

post-adsorption process is less possible. Therefore, we pointed that the small 

PT-C6 molecules inserted into the interstitial sites of the HD18-anchored film. We 

a) b) 
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observed a gradual enhanced PCE value in the J−V curves. The dye soaking in 

PT-C6 solution for 1 h gave a PCE of 9.0%. When the dye soaking time was 2 

and 3 h, and the device performance was further increased to 9.8% and 10.0% 

respectively. When the dye soaking time of the HD18 sensitized film in PT-C6 

was 4 h, the PCE reached a maximum value of 10.1% (JSC = 19.36 mA cm
-2

; VOC 

= 0.735 V). Further extending the soaking time to 10 h did not improve the device 

performances. This is consistent with the IPCE changes since the dye loading is 

saturated after 4 h. All the photovoltaic parameters of the devices are summarized 

in Table 2.5. It is observed that, in the co-sensitized devices (devices 3 to 7), the 

remarkably increased JSC is the main reason for the final PCE improvement. The 

increased JSC is caused by the improved photon to electron conversion efficiency. 

For comparison, the PCEs of HD18 and PT-C6 are calculated to be 7.4% (device 

1, with JSC = 15.78 mA cm
-2

, VOC = 0.699 V, FF = 67.5%) and 8.16% (device 2, 

JSC = 14.70 mA cm
-2

, VOC = 0.778 V, FF = 71.3%), respectively. 

The effect of dye loading sequence on the device performance was further 

investigated. The device 8 fabricated from the TiO2 film that first sensitized in 

PT-C6 for 10 h and then in HD18 for 4 h gave the highest PCE of 8.6%. As for 

the IPCE spectrum, the photocurrent generation at around 670 nm is greatly 

enhanced (Fig. 2.13), where PT-C6 does not exhibit light absorption, indicating 

that the soaking of the PT-C6-adsorbed film in HD18 solution could lead to the 

replacement of PT-C6 by HD18. In other words, HD18 possesses stronger binding 

affinity with TiO2 than that of PT-C6. 

 

 

Table 2.5 Dye loading and electrochemical parameters and performance of 

devices 1 to 9. The TiO2 films for all the anodes consist of a 12 μm transparent 

layer and 6 μm scattering TiO2 layer. The photovoltaic performance was measured 

under simulated AM 1.5G illumination (power 100 mW cm
-2

). 
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Devices
a
 dye-loading strategy and capacity JSC/mAcm

-2
 VOC/V FF/% η

d
/% 

1 HD18
b
 (110.3 nmol cm

-2
) 15.78 0.699  67.5 7.4 

2 PT-C6 (822.9 nmol cm
-2

) 14.70  0.778  71.3  8.2 

3 10 h in HD18+1 h in PT-C6 
c 

(107.9/157.6 nmol cm
-2

) 

18.46  0.707 69.1 9.0 

4 10 h in HD18 + 2 h in PT-C6 18.93  0.715 72.1 9.8 

5 10 h in HD18 + 3 h in PT-C6 19.20  0.726 72.0 10.0 

6 10 h in HD18 + 4 h in PT-C6 

(103.1/664.2 nmol cm
-2

) 

19.36  0.735 71.0 10.1 

7 10 h in HD18 + 10 h in PT-C6 

(116.4/538.1 nmol cm
-2

) 

19.61  0.739 69.6 10.1 

8 10 h in PT-C6 + 4 h in HD18 17.05  0.713 70.6 8.6 

9 2 h in HD18 + 10 h in PT-C6 17.48  0.748 69.7 9.1 
a
 The effective areas of all the devices are 0.196 cm

2
. 

b
 The number in the bracket is capacity 

of dye uptake; in the co-sensitized devices, the two numbers correspond to the loading 

capacities of HD18 and PT-C6 respectively. 
c
 Dye loading in HD18 solution for 10 h, 

followed by incubation in PT-C6 solution for 1 h. 
d
 The corresponding J−V curves are 

depicted in Fig. 2.11. 

 

Electrochemical impedance spectroscopy (EIS) was applied to elucidate the 

interfacial charge recombination process in DSSCs. As shown in Fig. 2.14 a, the 

major semicircle in the Nyquist plot reflects the resistance of electron transport at 

the TiO2/dye/electrolyte interface, for example, the recombination kinetics 

between conduction-band electrons in TiO2 and   
  species from the electrolyte. 

The resistance values (Rrec) correspond to the diameters of the semicircles; the 

larger the Rrec, the slower the recombination kinetics. Apparently, device 1 

presents the smallest Rrec (the calculated value is 55.7 Ω,) while PT-C6 sensitized 

device 2 generates the largest one (371.2 Ω), indicating that small molecules are 

favorable for a densely packed monolayer to block   
  in contact with TiO2, 

while large molecules tend to leave larger “exposed” surface areas and increase 

the back reaction probability. Consequently, the post-adsorption of PT-C6 can 

increase the molecular surface coverage of a HD18 sensitized anode and then 

reduce the back reaction. The VOC is the difference between the quasi-Fermi level 
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and the potential of the redox pair. Because of the reduced back charge transfer, 

there should be higher electron density in the conduction band of TiO2, causing a 

lift-up of the Fermi level for higher VOC. As a result, from devices 3 to 7, an 

increasing trend of charge recombination resistance was observed, which is 

consistent with the VOC evolution. From the Bode phase plots of the devices (Fig. 

2.14 b, in the dark), the characteristic back charge transfer frequencies (f) were 

obtained, which correspond to the peaks of the Bode phase plots. The f of device 1 

(35.53 Hz) is the largest one while that of device 2 (5.43 Hz) is the smallest one, 

indicating that the small molecule formed monolayer is much more efficient for 

decreasing the charge transfer frequency than the larger molecular adsorption. As 

a result, f was gradually decreased with the increasing adsorption of PT-C6.  

 

  

Fig. 2.13 IPCE spectra of device 1, 2, 8 and 9. 

 

Table 2.6 Simulated device (1−9) parameter from the EIS data. 

Devices Rrec /Ω f /Hz Τ/ms JSC/mA cm
-2 a

 

1 55.70 34.53 4.61 11.83 

2 371.2 5.43 29.32 10.89 

3 69.84 26.51 6.00 14.49 

4 88.08 21.99 7.24 14.76 

5 116.47 17.23 9.24 15.10 

6 139.45 15.91 10.01 15.10 

7 145.12 14.01 11.36 15.24 

8 81.11 30.49 5.22 13.47 

9 205.15 10.75 14.81 13.75 
a
 JSC calculated from the IPCE spectra of the corresponding devices.  
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Fig. 2.14 Electrochemical analysis of devices; (a) Nyquist and (b) Bode phase 

plots of DSSCs based on individual HD18 and PT-C6 sensitized electrode (device 

1 and 2) and HD18 + PT-C6 co-sensitized electrodes (devices 3−7) with various 

dye loading strategies; inset in (a) shows the equivalent circuit. 

 

To further investigate the recombination kinetics of the devices, open-circuit 

voltage decay (OCVD) was recorded to illustrate the lifetime of VOC from a steady 

state to dark equilibrium.
17

 The OCVD profiles of devices 1 to 9 was shown in 

Fig. 2.15 a. The profiles in the interval from 120 to 150 s were enlarged for 

distinct observation (Fig. 2.15 b). The correlation between VOC decay and electron 

lifetime (  
 ) can be described by eqn (1): 

  
   

   

 
 
     

  
 
  

 (1) 

where    is the Boltzmann constant, T is temperature, and e is the electron 

charge.
18,19

 The electron lifetimes can be extracted from the slopes of the VOC 

decay curves. The decay curve of device 1 displays the steepest initial slope while 

the voltage decay of device 2 displays the slowest one, which suggest the shortest 

electron lifetime of the HD18-sensitized DSSC and the longest one of the PT-C6 

sensitized device. This variation is consistent with the EIS analysis and trend of 

the photovoltaic performances. The slopes exhibit gentle trend from device 3 to 7. 
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The observation indicated that the electron lifetimes of these devices are gradually 

increased due to increased surface coverage of PT-C6. 

 

 

Fig. 2.15 Open-circuit voltage decay profiles of (a) device 1 to 9 and (b) enlarged 

profiles in the interval from 120 to 150 seconds. 

2.4 Conclusions 

First, we have synthesized two novel push−pull structured (D−π−A) 

porphyrin-based DSSC dyes (HD18 and HD19) with two types of donor groups 

attached at the meso-positions of porphyrins. The influences of the electron 

donors on spectral, electrochemical, and photovoltaic properties of the porphyrin 

sensitizers were investigated. The devices based on the two dyes with the 

traditional ethynylbenzoic acid as an acceptor exhibited the moderate efficiencies. 

Second, we have demonstrated for the first time the panchromatic light harvesting 

by the co-sensitization of a HD18 or HD19 and N719 in dye-sensitized solar cells. 

Remarkable improvements of 22.7% or 19.8% were achieved in the co-sensitized 

devices when compared with the devices individually sensitized by HD18 or 

N719. The co-sensitized system of HD18 + N719 yielded a efficiency of 8.89% 
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with graphene modified TiO2 anode because graphene sheet can effectively retard 

carrier recombination for longer electron lifetime and more efficient charge 

transport/collection, resulting in increasing FF. Third, The co-sensitized devices 

of HD18 and PT-C6 exhibits remarkable overall efficiency improvements of 36% 

or 24% as compared with the devices individually sensitized by the porphyrin or 

phenothiazine-based dyes, finally achieving a high energy conversion of 10.1%. 

In summary, we have demonstrated that small dye molecules (i.e. N719 and 

PT-C6) can serve as both co-adsorbents to retard back electron transfer and light 

harvester when co-sensitized with large molecules (i.e. porphyrin-based dyes). 

Co-sensitization offers an effective approach to achieve strong and broad spectral 

response through combination of dye molecules with complementary absorption 

for high performance DSSCs. We also demonstrated the influence of different 

binding affinity of the three kinds of dyes on these molecules surface organization, 

which is unprecedented in co-sensitized devices. This type of co-sensitization is 

anticipated to arouse broad interest in further boosting the efficiency of 

dye-sensitized solar cells. 

2.5 Experimental section 

General: All the chemicals were commercially available and they were used 

without further purification. All the solvents were dried using standard methods 

prior to use. 
1
H NMR was recorded on a spectrometer operating at 400 MHz, 

respectively. Deuterated chloroform (CDCl3) and dimethylsulfoxide (DMSO-d6) 

were used as solvent with residual peak at δ 7.26 and δ 2.50 for 1H, respectively. 

UV-vis spectra were recorded at room temperature in quartz cuvettes using a 

spectrophotometer for tetrahydrofuran (THF) and dimethylformamide (DMF) 

solutions. The cyclic voltammetry (CV) was recorded on an electrochemical 
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workstation in THF by using 0.1 M tetrabutylammonium fluoride as supporting 

electrolyte. The experiments were performed at room temperature with a 

three-electrode cell consisting of a platinum wire as auxiliary electrode, a 

Ag/AgCl reference electrode and a glassy carbon working electrode. The high 

resolution mass spectra were obtained from a MALDI−TOF mass spectrometer in 

the positive ion mode.  

 

 
Scheme 2.3 The synthetic route of HD18 sensitizer. 

 

Synthesis: Porphyrin precursor A, N-(9,9-dimethyl-9Hfluoren-3-yl)-N-(4- 

ethynylphenyl)-9,9-dimethyl-9Hfluoren-2-amine (B) and 4-ethynylbenzoate (C) 

were prepared according to the literatures.
9, 20,

 
21

  

HD18: To a 50 mL two necked round-bottom flask were added compound 17 

(55 mg, 50 μmol), methyl 4-ethynylbenzoate (8 mg, 50 μmol) and 

N-(9,9-dimethyl-9H-fluoren-2-yl)-N-(4-ethynylphenyl)-9,9-dimethyl-9H-fluoren-

2-amine (25 mg, 50 μmol) anhydrous THF (5 mL), and triethylamine (2 mL). The 

mixture was deoxygenated with N2 for 10 min. Pd (PPh3)4 (4.8 mg, 4.0 μmol) and 

CuI (0.8 mg, 4.0 μmol) were added. The mixture was stirred at 60 °C for 8 h. 

After cooling down to room temperature, the reaction mixture was extracted with 

CH2Cl2 and washed with water twice. The organic layer was collected and dried 
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over anhydrous Na2SO4. The solvent was then removed, and the residue was 

purified by chromatography on silica gel eluted with CH2Cl2/hexane (1:1) to give 

methyl ester protected porphyrin dye. The crude product was further dissolved in 

4 mL of THF and 1 mL of methanol, then 1 mL of 1 M NaOH aqueous solution 

was added by syringe. The solution was refluxed under argon for 2 h and cooled 

to room temperature. The pH value was adjusted to around 4 by 0.1 M HCl. The 

mixture was extracted with CHCl3 twice and the organic layer collected was dried 

with anhydrous Na2SO4. After removal of the solvent, the crude product was 

purified by chromatography on silica gel eluted with CHCl3/CH3OH (15:1) and 

further recrystallized from methanol/CHCl3 to give target porphyrin dye HD18 as 

a green powder (19.5 mg, 24%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.18-0.20 

(m, 12H, CH3 H), 0.38-0.49 (m, 24H), 0.90-1.00 (m, 8H), 1.38 (s, 12H, CH3 H), 

3.80-3.82 (t, 8H), 6.94-6.97 (m, 4H), 7.11-7.28 (m, 12H), 7.33-7.35 (d, J = 2.0Hz, 

2H), 7.58-7.67 (m, 8H), 7.90 (d, J = 2.0 Hz, 2H), 8.76 (d, J = 4.4 Hz, 2H, 

β-pyrrolic H), 8.80 (d, J = 4.4 Hz, 2H, β-pyrrolic H), 9.44 (d, J = 4.4 Hz, 2H, 

β-pyrrolic H), 9.49 (d, J = 4.4 Hz, 2H, β-pyrrolic H). MS (MALDI−TOF, m/z) 

calculated for C103H101N5O6Zn: 1570.3213; found: 1570.3264. 

Device fabrication: Graphene sheet, with size domain ranging from 0.5 μm to 

2 μm, was dissolved in ethanol solution under vigorous sonication, in order to 

obtain well-dispersed graphene solutions. After that, amounts of grapheme 

solutions were mixed with TiO2 pastes, followed by sonicating for 2 h at 70 °C to 

render a uniform distribution of graphene in the paste. Optimizations show that 

weight percentage of 0.0125% (graphene/TiO2) displays the highest efficiency. 

This paste is thus used for studying anode film thickness dependent device 

properties. A layer of ca. 6 μm TiO2 paste (particle size ca. 20 nm) was 
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doctorbladed onto the FTO conducting glass and then dried for 6 min at 150 °C. 

This procedure was repeated to prepare a thickness of ca. 12 μm and the resulting 

surface was finally coated by a scattering layer (ca. 6 μm) of TiO2 paste (particle 

size ca. 20 nm). The final thickness of the electrodes is ca. 18 μm. These TiO2 

electrodes were gradually heated under an air flow at 275 °C for 5 min, 325 °C for 

5 min, 375 °C for 5 min, 470 °C for 30 min to remove polymers. Then, these 

sintered films were soaked with 0.02 M TiF4 aqueous solution for 60 min at 70 °C, 

washed with deionized water, further annealed at 450 °C for 30 min. For dye 

loading, the electrodes were firstly immersed into 0.2 mM HD18 or HD19 dye 

bath acetonitrile/tert-butyl alcohol (1:1) solution for 12 h. Afterwards, the 

electrodes were transferred into 0.5 mM N719 dye bath in acetonitrile/tert-butyl 

alcohol (1:1) solution for 3 h, 4 h, and 6 h. The electrodes were then rinsed with 

ethanol to remove the non-adsorbed dyes and dried in air. In addition, the dye 

soaking times for anodes of device 1 and 2 are 16 h, which are the standard time 

spans. Finally, the dye soaked film were stacked with Pt-based counter electrode 

and filled with iodine/iodide-based electrolyte. The effective areas of all the 

devices were 0.24 cm
2
.  

The electrodes for devices 1 and 2 were immersed in HD18 solution and PT-C6 

solution, respectively. They were held in the solution for 10 h to achieve enough 

dye loading for the maximum efficiency. The electrodes of devices 3−7 were all 

firstly soaked in HD18 solution for 10 h, and then they were transferred into 

PT-C6 solution for 1 h, 2 h, 3 h, 4 h and 10 h, respectively. The electrode of 

device 8 was immersed in PT-C6 for 10 h and then in HD18 for 4 h, and the 

electrode of device 9 was first immersed in HD18 for 2 h and then in PT-C6 for 

10 h. Afterwards the electrodes were rinsed with ethanol to remove the 
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non-adsorbed dyes and dried in air. Pt counter electrodes were prepared by a 

sputtering method. The dye-adsorbed TiO2 electrode and Pt-counter electrode 

were assembled into a sandwich type cell and sealed with a hot-meltlm (SX1170, 

thickness 60 μm), in which liquid LiI/I2 redox couple based electrolyte was 

applied for the dye regeneration. The effective areas of all the TiO2 electrodes 

were 0.196 cm
2
. 
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Chapter 3 Structural engineering of new porphyrin 

sensitizers with various acceptors for dye-sensitized solar cell 

applications 

3.1 Introduction 

Dye-sensitized solar cells
1
 have been widely regarded as a promising 

alternative to conventional inorganic solar cells for their advantages of low 

cost, small mass, coloration and ease of processing. Photosensitizers serve 

as efficient light harvesters for DSSCs, such as ruthenium complexes,
2
 zinc 

porphyrins
3
 and metal-free organic dyes.

4
 Porphyrin dyes have 

demonstrated unique spectral characteristics with high extinction 

coefficients in the ranges of 400−500 nm (B band) and are also excellent 

dyes for near-infrared light harvesting due to the high extinction coefficient 

of 600−700 nm (Q band).  

First, Durrant and coworkers showed that introduction of 

electron-donating groups at the meso-positions resulting in a decreased rate 

of charge recombination between injected electrons in the TiO2 and the 

oxidized dye anchored to it
5
. Diau and co-workers reported that push−pull 

porphyrin dyes substituted with a strongly electron-donating diarylamino 

group at the meso-position and an electron-withdrawing 

carboxyphenylethynyl anchoring group at the opposite meso-position 

exhibited remarkably high η values of up to 11.9% with a cobalt-based 

redox electrolyte, and a system co-sensitized with an organic dye (Y123) 

boosted the cell performance to η = 12.3%,
6
 which was a new milestone in 

this research field. To obtain insight into how the chemical and physical 

nature of the electron-donating groups influences the efficiency of power 
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conversion, Lin, Diau, and their co-workers systematically designed and 

prepared a series of porphyrin dyes with a D−π−A framework. These 

electron-donating groups include amino,
7
 phenylethynyl, naphthaleny- 

lethynyl, anthracenylethynyl, phenanthrenylethynyl, pyrenylethynyl,
8
 and 

Bodipy
9
 substituent.  

Recently, our group has reported a series of new simple organic dyes 

(PT-Cn, n = 2, 6, 8, 12) based on the phenothiazine (PTZ) unit, the best one 

(PT-C6,) attaining η = 8.2% without the co-adsorbent chenodeoxycholic 

acid (CDCA).
10

 The non-planar shape of the PTZ ring revealed the 

nonaromatic character of the central heterocycle, which could suppress dye 

aggregation and reduce the rate of internal charge recombination, thus 

increasing the efficiency of solar cells. PTZ belongs to an important class of 

tricyclic nitrogen-sulfur heterocycles, with a broad spectrum of 

pharmacological activity. PTZ has low and highly reversible first oxidation 

potentials with pronounced propensities to form stable radical cations. Also, 

PTZ and its derivatives serve as good intramolecular reductive quenchers 

because they show a facile one electron oxidation, and the PTZ radical 

cation (PTZ·+) is known for having a strong absorption in the visible 

region
11

 and keeping the   
  

away from the titania surface so as to decrease 

the charge recombination rate like the effect of the thiocyanate substituent 

groups in the N719 dye.
12

 The electron-rich nature of PTZ makes it a good 

electron donor in some studies related to donor-chromophore-acceptor triad 

for photoinduced charge separation and it is also a good electron donor for 

reductive quenching. As a consequence, these favourable electronic 

properties of PTZs have led to their application as electrophore probes in 
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supramolecular assemblies for photoinduced electron transfer studies and as 

electron donor components in various optical and electronic domains.
13

  

On the other hand, a carboxylic acid is considered to be the best 

anchoring group, for it gave the highest power conversion efficiency in 

porphyrins. However, previous studies indicate that porphyrin dyes with a 

single carboxylic acid as anchor group have a high tendency to dissociate 

gradually from the TiO2 surface, lose their capability to convert photons to 

electrons, and reduce the long-term stability of solar cells. He et al. reported 

a promising anchoring group 8-hydroxylquinoline (HQ) enhancing adsorb 

ability on the surface of TiO2 and exhibiting comparable photovoltaic 

performance to its analogues with benzoic acid as the anchoring group,
14

 

but that HQ group attached to porphyrin meso-position through single bond 

exhibits weak absorption in 600−700nm. Very recently, a new type of 

D−π−A dye sensitizers with a pyridine ring as an electron withdrawing 

anchoring group have been developed by Dimitra Daphnomili et al.
15

 These 

dyes exhibit a higher short circuit photocurrent (JSC) and PCE, compared to 

their counterpart dyes having carboxyl groups. Bradley J. Brennan et al. 

reported that the anchoring groups were β-vinyl groups bearing a 

carboxylate, a phosphonate or a siloxy moiety. The use of silatrane proved 

to be a practical and convenient way to introduce the siloxy linkages, which 

can confer greatly increased stability on dye-sensitized electrodes with 

photoelectron- chemical performance comparable to that of the other 

linkers.
16

 To investigate how the different acceptors of porphyrin-base dyes 

affects the cell performances, we have designed and synthesized novel 

porphyrin-based sensitizers 1−4, in which efficient D−π−A structure 

http://pubs.rsc.org/en/results?searchtext=Author%3ABradley%20J.%20Brennan
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contains an electron donating moiety TPZ and several different electron 

withdrawing anchoring groups were linked to porphyrin unit through an 

ethynyl bridge. Herein, we report the synthesis, spectral, electrochemical 

and photovoltaic properties of several porphyrin-based sensitizers. For 

comparison, porphyrin sensitizer 0 was also prepared as a reference 

(Scheme 3.1). 
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Scheme 3.1 The molecular structures of the porphyrin dyes (0−4). 

 

3.2 Results and discussion 

3.2.1 Molecular design and synthesis 

The porphyrins were readily prepared according to the Sonogashira 

cross-coupling method.
17

 These porphyrins have the same ortho-substituted 

porphyrin core with two ethynyl groups acting as a π-bridge in the 

meso-position of the porphyrin ring. The ortho-substituted porphyrins with 

2,6-di-n-hexoyl-phenyl groups can increase their solubility in organic 
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solvents, suppress dye aggregation, and protect the porphine core 

structure.
18

 These dyes have the same electron-donating group PTZ with a 

n-hexyl chain at N (10) atom. And 2,6-pyridinedicarboxylic acid and 

2-cyano-3-phenylacrylic acid were used as an acceptor group in 2 and 3, 

respectively. This approach mimics the molecular design of an organic dye 

having the electron-withdrawing group with strong electron-pulling power 

to act as an efficient acceptor for the porphyrin dye.
19

 In addition, a new 

platinum sensitizer 4 incorporating trans-bis(ethynyl)bis(butylphosphine) 

platinum(II) unit in the bridge between the porphyrin core and the anchoring 

group (−COOH) was prepared accordingly. It was demonstrated that 

molecular structure can improve the light-harvesting ability and enhances 

the extent of electron delocalization over the whole molecules.
20

 

3.2.2 UV−visible absorption and fluorescence spectra  

As shown in Fig. 3.1 a, these dyes exhibit typical porphyrin absorption 

characteristics:
21

 strong B bands are found near 460 nm, whereas weak Q 

bands are observed near 670 nm. The molar absorption coefficients for the 

Soret band of these porphyrin dyes range from 1.55 to 2.52 × 10
5
 M

-1
 cm

-1
, 

whereas those the Q (0, 0) band are in the range 15.5 to 66.3 × 10
3
 M

-1
 cm

-1
. 

The B and Q bands for all dyes are broadened and red-shifted relative to 

those of reference sensitizer 0. Both B and Q (0, 0) bands of dyes have full 

widths at half maximum (FWHM) height two or three times as large as 

those for the reference compound 0, and this effect is ascribed to an 

electronic interaction between the porphyrin core and the electron-donating 

groups. Compared with sensitizer 1, the absorption spectra of sensitizer 4 is 

red-shifted because of the increasing π-conjugation by platinum(II) 
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acetylide fragment. Among those porphyrin dyes, sensitizer 3 exhibits the 

most red-shifted and broadened absorption spectrum. For the fluorescence 

spectra in THF (Fig. 3.1 b), the trend for the variation of the emission 

wavelength (Table 3.1) is similar to that of the absorption bands. 

 

Table 3.1 Absorption and emission data for the porphyrin dyes (0−4) in THF 

Dyes Absorption λmax/nm (ε, ×10
5
 M

-1
 cm

-1
) Emission λmax/nm

a
 

0 442(2.52), 568(0.10), 618(0.16) 624 

1 451(1.66), 663(0.24) 673 

2 455(2.25), 585(0.13), 658(0.66) 667 

3 464(2.07), 670(0.59) 686 

4 459(1.55), 606(0.04), 659(0.25) 655 
a
 Excitation wavelengths/nm: 0, 442; 1, 451; 2, 455; 3, 464; 4, 459; HD18, 456. 
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Fig. 3.1 (a) Absorption spectra and (b) B band-excited fluorescent spectra of 

porphyrins (0−4) in THF solution.  

3.2.3 Electrochemical properties 

Fig. 3.2 shows the cyclic voltammograms (CV) of the porphyrin dyes in 

THF, and the data are summarized in Table 3.2. All porphyrin dyes exhibit 

reversible waves for the first oxidation, corresponding to the HOMO energy 

of the dye, at a potential greater than that of the   /  
  couple (+0.40 V vs. 

NHE),
22

 which assures regeneration of the oxidized state. The first 

oxidation reactions of 0 is observed at +0.73 vs. SCE, whereas those of 1, 2 

and 3 are centred at +0.63V, 0.64V and +0.62 V vs. SCE, respectively. 

These values are consistent with the formation of a zinc porphyrin cation 

a) b) 
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radical,
23

 showing significant cathodic shifts with increasing electron- 

donating ability of the PTZ substituent as compared to those of the 

reference 0. The first oxidation of 4 at E1/2 (ox1) = +0.47 corresponds to one 

electron being abstracted from the platinum(II) acetylide fragment unit,
24

 

the second abstraction at E1/2 (ox2) = +0.95 corresponds to oxidation of the 

porphyrin ring. Obviously, compound 4 has significantly higher HOMO 

energies than those of other dyes. The LUMO levels (Fig. 3.3) of the 

porphyrin dyes are more negative than the conduction edge (−0.50 V vs. 

NHE) of TiO2, which implies that the electron injection from the excited 

states of the dyes to the conduction band (CB) of TiO2 is possible. 
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Fig. 3.2 Cyclic voltammograms of porphyrins (0−4) in THF/TBAPF. 

 

 

Fig. 3.3 Schematic energy-level diagram of the porphyrins (0−4), LUMO is 

estimated by subtracting E0–0 from HOMO. 
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Table 3.2 Electrochemical properties of the porphyrin dyes (0−4). 

Dyes Eox /V 
a
 E0-0 /V 

b
 Ere /V 

c
 

0 0.73 1.91 −1.18 

1 0.63 1.76 −1.13 

2 0.64 1.72 −1.08 

3 0.62 1.70 −1.08 

4 0.47 1.82 −1.37 
a
 HOMO levels were measured in THF with 0.1 M TBAPF calibrated with 

ferrocene/ferrocenium (Fc/Fc
+
) as an internal reference. 

b
 E0–0 was estimated from the 

absorption threshold of dyes in THF, E0–0 = 1240/λonset. 
c
 The LUMO was calculated using 

the equation LUMO = HOMO − E0–0. 

 

3.2.4 DFT calculations 

To assist in the qualitative understanding of the electrochemical behavior of 

all porphyrins, we performed density functional theory (DFT) calculations 

to investigate the structures and charge transfer properties. Fig. 3.4 shows 

the HOMO and LUMO molecular orbitals for these porphyrin dyes. The 

HOMO pattern of reference 0 shows a considerable electron distribution at 

the porphyrin core substituent, whereas its LUMO pattern shows an electron 

distribution at the porphine core and the anchoring group. The molecular 

orbital feature indicates an efficient electron injection from the dye to the 

surface of TiO2 upon excitation. The electron density of 1 is significantly 

distributed to the π system of the porphyrin ring, the PTZ moiety, and the 

phenylethynyl (PE) linker at the HOMO, but the π-conjugation is extended 

to the part of PTZ unit, the porphyrin ring and the PE linker at the LUMO. 

The electronic distribution of the frontier orbitals for compound 2 resembles 

that for 1 because of the structural similarity. The LUMO of 3, the 

π-conjugation can not extend to PTZ unit due to strong 

electron-withdrawing ability of the cyanoacrylic acid. For 4, the electron 

density of the HOMO is delocalized across not only the porphyrin and PTZ 
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unit, but also the Pt centre via the conjugated ethynylene link. It is different 

from the LUMO of other porphyrins, the π-conjugation is extended to only 

ethynylphenylene link and carboxyl anchoring group, and this property 

helps to electron injection. 

 

 

Fig. 3.4 The molecular orbitals of porphyrins (0−4) calculated at the 

B3LYP/6-31G (d) level of theory. 

 

3.2.5 Photovoltaic properties 

These porphyrin dyes were sensitized onto TiO2 films to serve as working 

electrodes for photovoltaic characterizations, the corresponding current- 

voltage characteristics and the IPCE action spectra are shown in Fig. 3.5, 

respectively, and the resulting photovoltaic parameters are summarized in 

Table 3.3. The PCEs of sensitizers in this series show an order 1 > 0 > 2 > 

3 > 4, which has the same sequence as that for the IPCE curves. The device 
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based on dye 1 exhibits the best performance with JSC = 17.55 mA cm
-2

, 

VOC = 0.670 V and FF = 0.620, corresponding to a PCE of η = 7.29%. The 

lower VOC of 1 than 0 can be ascribed to the effect of charge recombination 

and shorter electron lifetime. The JSC value of the device based on dye 1 has 

about two times larger than that of the reference dye 0, which is ascribed to 

a broader IPCE response for dye 1. As shown in Fig. 3.5 b, the tail of the 

IPCE spectrum of 1 extends much beyond 700 nm, with value around 70% 

at 670 nm. The device based on 4 shows the lowest PCE, which can be 

explained that the additional platinum(II) acetylide group raises the energy 

level of the HOMO (Fig. 3.3) and slow the dye regeneration of the 

porphyrin cation. Though the 2,6-pyridinedicarboxylic acid and 

cyanoacrylic acid substitutes make 2 and 3 a slight red shift in the 

absorption spectrum (Fig. 3.1 a), the floppy feature of the two anchoring 

groups might tilt the molecules adsorbed on TiO2 film to significantly 

decrease the IPCE values and the corresponding current density.
25

 

 

Table 3.3 Photovoltaic parameters of HD-sensitized solar cells. 
a
  

Dyes JSC/ mA cm
-2

 VOC /V FF η% 

N719 16.55 0.733 0.569 6.90 

0 9.77 0.723 0.667 4.71 

1 17.55 0.670 0.620 7.29 

2 9.83 0.634 0.659 4.11 

3 9.23 0.656 0.671 4.06 

4 2.30 0.552 0.708 0.90 
a
 Photovoltaic parameters of DSSC fabricated with HD dyes on TiO2 films of thickness 12 μm 

under simulated AM1.5G illumination (power 100 mW cm
-2

) and active area 0.24 cm
2
, the 

sintered TiO2 electrodes were sensitized by immersion in a solution of the dye (0.2 mM in 

tert-butanol/acetonitrile 1:1 with 10 mM CDCA) for 6 h. 
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Fig. 3.5 (a) Current-voltage characteristics of porphyrins-sensitized solar cells and 

(b) corresponding IPCE action spectra. 

 

3.2.6 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) has been performed to 

elucidate the interfacial charge recombination process in DSSCs based on 

these dyes under the dark conditions. As shown in Fig. 3.6, a major 

semicircle for each dye was observed in the EIS Nyquist plot, which is 

related to the resistance of electron transport at the TiO2/dye/electrolyte 

interface. The radii of the semicircles lie in the order of 0 > 3 > 1 > 2 > 4, 

indicating the sequence of charge transfer resistance at the interface. 

Obviously, 1 exhibited a more effective suppression of the back reaction 

between the injected electrons and the electrolyte, resulting in a slower 

charge recombination rate and higher VOC value.
26

 Simulated device 

parameters from the EIS data were summarized in Table 3.4. 
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Fig. 3.6 EIS Nyquist plots for DSSCs based on the new dyes (0−4) under dark. 

a) b) 
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Table 3.4 Simulated device parameter from the EIS data. 

Devices Rrec/Ω f/Hz   
 /ms 

a
 JSC/mA cm

-2 b
 

N719 680.60 3.66 43.48 14.99 

0 275.21 19.18 8.30 9.48 

1 154.34 65.79 2.42 16.24 

2 138.75 74.06 2.15 8.84 

3 198.33 57.69 2.76 8.23 

4 119.46 468.3 0.34 2.2 
a
 The effective lifetime of electrons (  

 ) before recombination in TiO2 photoelectrode can be 

related to as the inverse of the characteristic frequency and estimated by the following 

equation:   
          . 

b
 JSC calculated from the IPCE spectra of the corresponding 

devices. 

 

3.3 Conclusions 

In this study, a series of push−pull structured (D−π−A) porphyrin dyes with 

an electron-donating group PTZ attached at the meso-position and various 

acceptor group at the opposite meso-position, were designed and 

synthesized as sensitizers for DSSCs applications. The electronic interaction 

between the donor and the acceptor units through porphyrin core in these 

sensitizers significantly affects the absorption spectra and electrochemical 

properties. Unfortunately, the devices based on porphyrin dyes 2 and 3 

showed a low PCEs though their absorption bands were broadened and red 

shifted upon the structural modification. We speculate that the two 

anchoring groups bind to the TiO2 yielding to the small surface coverage 

due to adopting relatively parallel orientation to the TiO2 surface.
27 

These 

results are helpful for further design of efficient DSSC sensitizers by the 

variation of the acceptor groups in porphyrin dyes. For 4, the platinum(II) 

acetylide fragment enhances the dye light harvesting ability but lower dye 

regeneration in DSSC. It is noteworthy that the incorporation of the 

platinum(II) acetylide can easily change energy levels and DSSC 
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efficiencies. Among these dyes, dye 1 with the traditional ethynylbenzoic 

acid as an acceptor assembled cells exhibited the moderate efficiencies.  

3.4 Experimental Section 

General: All reactions were carried out in a dry nitrogen atmosphere. 

Solvents were dried by standard procedures, distilled and deaerated prior to 

use. All starting materials used for synthesis were obtained from Aldrich 

Chemical Company and, where appropriate, degassed before use. Dye cisbis 

(isothiocyanato) bis (2,2-bipyridyl-4,4′-dicarboxylato)-ruthenium-(II)-bis- 

tetrabutyl-ammonium (coded as N719) and TiO2 paste were purchased from 

Dyesol company. And iodide-based liquid electrolyte (DHS-E23) was 

bought from Dalian Heptachroma SolarTech. Co. Ltd., China. NMR spectra 

were recorded with a Bruker Ultrashield 400 Plus NMR spectrometer. 
1
H 

NMR chemical shifts were referenced to internal CDCl3 and then 

re-referenced to TMS (δ = 0.00 ppm). High resolution mass spectra, 

reported as m/z, were obtained with a Bruker Autoflex MALDI−TOF mass 

spectrometer. The UV−visible absorption spectra of these dyes were 

measured in THF solution with a Varian Cary 100 UV−vis 

spectrophotometer. Emission spectra were performed using a Photon 

Technology International Alphascan spectrofluorimeter. The cyclic 

voltammograms (CV) were measured with Versastat II electrochemical 

workstation using a normal three-electrode cell with a Pt working electrode, 

a Pt wire counter electrode, and a Ag/Ag
+
 reference electrode. The 

supporting electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate 

in THF solution. The potential of the reference electrode was calibrated by 
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ferrocene after each set of measurements, and all potentials mentioned in 

the work were against the normal hydrogen electrode. 

Device fabrication: TiO2 anode films with thicknesses of 18 μm (12 μm 

transparent layer and 6 μm scattering layer) were prepared by a sequential 

printing method modified from our previous approach. Afterwards, the 

films were sintered to remove polymers to form TiO2 nanoparticle networks. 

Then, these sintered films were soaked in 0.02 M TiF4 aqueous solution for 

60 min at 70 °C, washed with deionized water, further annealed at 450 °C 

for 30 min and cooled to room temperature for the following dye soaking. 

The dyes (0−4) (0.2 mM) were dissolved in acetonitrile/tert-butyl alcohol 

(1:1) solution; the electrodes for devices 0, 1, 2, 3 and 4 were immersed in 

the solution, respectively. They were held in the solution for 10 h to achieve 

enough dye loading for the maximum efficiency. Afterwards, the electrodes 

were rinsed with ethanol to remove the non-adsorbed dyes and dried in air. 

Pt counter electrodes were prepared by a sputtering method. The 

dye-adsorbed TiO2 electrode and Pt-counter electrode were assembled into a 

sandwich type cell and sealed with a hot-melt film (SX1170, thickness 60 

μm), in which liquid LiI/I2 redox couple based electrolyte was applied for 

the dye regeneration. The effective areas of all the TiO2 electrodes were 

0.196 cm
2
. 

Synthesis: Compound 0, a, b, c,
27

 e,
28

 and g
29

 were synthesized according 

to literature procedures. Compound methyl 4-ethynylbenzoate 
30 

and 

2-cyano-3-(4-iodophenyl)acrylic acid 
31

 were synthesized according to 

literature procedures and characterized by comparing their 
1
H NMR and 

13
C 

NMR spectra with those found in the literature. 
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Scheme 3.2 The synthetic routes for the dyes. 

 

10-Hexyl-10H-phenothiazine (R1): A mixture of compound 

phenothiazine (1.00 g, 5.02 mmol) and potassium tert-butoxide (0.84 g, 

7.53 mmol) in dry THF (15 mL) was placed in a three-necked flask and was 

stirred in an ice bath for 20 minutes under a nitrogen atmosphere. To it was 

added 1-bromohexane (1.40 mL, 10.0 mmol), then the mixture was stirred 

overnight. The reaction was quenched by adding deionized water, and the 

mixture was extracted with dichloromethane. The organic layer was dried 

over anhydrous MgSO4 and concentrated under reduced pressure to give the 

crude product. The product was purified by silica gel column 

chromatograph eluted with hexane. White solid of 10-hexyl-10H- 
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phenothiazine was obtained in (1.11 g, 80%) yield. 
1
H NMR (400 MHz, 

CDCl3) δ (ppm): 0.84 (t, 3H), 1.21-1.25 (m, 4H), 1.32-1.38 (m, 2H), 

1.69-1.75 (m, 2H), 3.73 (t, 2H), 6.77 (d, 2H, J = 7.9 Hz), 6.83 (t, 2H, J = 6.1 

Hz), 7.04-7.08 (m, 4H); 
13

C NMR (400 MHz, CDCl3) δ (ppm): 145.2, 127.2, 

127.0, 124.8, 122.1, 115.2, 47.2, 31.3, 26.7, 26.5, 22.5, 13.9; (MALDI−TOF, 

m/z) calculated for C18H21NS: 283.1395; found: 283.1392. 

3-bromo-n-hexylphenothiazine (R2): To a solution of R1 (1.00 g, 3.53 

mmol) in dichloromethane at 0 °C was added Br2 (0.62 g, 3.88 mmol) in 

three portions. The mixture was stirred with a magnetic bar for 8 hours at 

room temperature, then was quenched by adding water, then was extracted 

with dichloromethane. The organic layer was dried over anhydrous MgSO4 

and concentrated under reduced pressure to give the crude product. The 

product was purified by silica gel column chromatograph eluted with 

dichloromethane/hexane (1:5). White solid of R2 was obtained in 45% yield 

(0.58 g). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.85 (t, 3H), 1.27-1.24 (m, 

4H), 1.39-1.32 (m, 2H), 1.73-1.68 (m, 2H), 6.62-7.20 (m, 7H). 

General procedure for (R3): Under a nitrogen atmosphere, a 100 ml 

schlenk flask was charged with 3-bromo-n-hexylphenothiazine (0.50 g, 1.38 

mmol), Pd(PPh3)2Cl2 (0.048 g, 0.069 mmol), CuI (0.013 g, 0.069 mmol), 

(trimethylsilyl)-acetylene (0.28 mL, 2.00 mmol), piperidine (5 mL), and 

toluene (5 mL). After stirring for 24 h at 110 °C, the solvents were 

distillated under vacuum and the residue dissolved in methanol (15 mL). 

After addition of NaOH (0.20 mg, 3.1 mmol) in water (2 mL), the solution 

was refluxed for 2 h. After removing most of methanol under vacuum, the 

product extracted with CH2Cl2 (3 × 30 mL). The organic layer was dried 
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over MgSO4. After filtration and evaporation of the solvent, the crude 

material was chromatographed on silica gel CH2Cl2/hexane (1:5) to give the 

pure product in 96% yield (0.41 g).
 1

H NMR (400 MHz, CDCl3) δ (ppm): 

0.88 (t, 3H), 1.28-1.32 (m, 4H), 1.36-1.46 (m, 2H), 1.75-1.83 (m, 2H), 3.04 

(s, 1 H), 3.80 (t, 2 H), 6.75-6.94 (m, 3H), 7.11-7.15 (m, 4H).  

Compound b: A mixture of porphyrin a (0.50g, 0.422mmol) and R3 

(0.154g, 0.50mmol) in THF (10 mL) and Et3N (2 ml) was degassed with 

nitrogen for 10 min, and then Pd(PPh3)4 (0.026 g, 0.022mmol), CuI (0.005 g, 

0.022 mmol) was added to the mixture, the solution was refluxed for 12 h 

under nitrogen. The solvent was removed in vacuo, and the residue was 

purified on a column chromatograph (silica gel) using CH2Cl2/hexane (1:1) 

as eluent. Recrystallization from CH2Cl2/methanol gave b as a green solid 

(~90%). 

Compound c: Compound b (0.50 g, 0.354 mmol) was dissolved in 

dehydrated 5 mL of THF and 1 M TBAF in THF (354 μL, 0.354 mmol) was 

added by syringe. The solution was stirred in dark under argon at room 

temperature for 45 min and quenched with de-ionized water. The mixture 

was extracted with CH2Cl2 twice and dried with anhydrous Na2SO4. After 

removal of the solvents, give the product c as a green powder (0.410 g, 

92%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.15-0.16 (m, 12H), 0.25-0.33 

(m, 8H), 0.37-0.50 (m, 16H), 0.51-0.91 (m, 11H), 1.27-1.30 (m, 6H), 

1.82-1.84 (m, 2H), 3.76-3.89 (m, 10H), 4.01 (s, 1 H), 6.91-6.97 (m, 7H), 

7.10-7.14 (m, 2H), 7.61-7.71 (m, 4H), 8.78 (d, J = 4.4Hz, 2H, β-pyrrolic H), 

8.79 (d, J = 4.4Hz, 2H, b-pyrrolic H), 9.53(d, J = 4.4Hz, 2H, β-pyrrolic H), 

9.58 (d, J = 4.4Hz, 2H, b-pyrrolic H).  
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Compound 1: Samples of porphyrin c (0.10 g, 0.08mmol), 

4-iodobenzoic acid (0.0299 g, 0.10 mmol) and AsPh3 (11 mg, 0.0361 mmol) 

were dissolved in 12 ml of THF/Et3N (5:1) and purged nitrogen for 10 min, 

and then Pd(dba)4 (0.041 g, 0.00452 mmol) was added to the mixture, the 

solution was refluxed for 12 h under nitrogen. The solvent was removed in 

vacuo, and the residue was purified on a column chromatograph (silica gel) 

using CH2Cl2/methanol (5:1) as eluent. Recrystallization from 

CH2Cl2/methanol gave a pure product 1 as a green solid (0.072g, 65%).
 1

H 

NMR (400 MHz, CDCl3) δ (ppm): 0.27-0.30 (m, 12H), 0.40-0.52 (m, 24H), 

0.84-0.91 (m, 11H), 1.18-1.44 (m, 6H), 1.80-1.82 (m, 2H), 3.78-3.79 (m, 

10H), 6.85-6.87 (m, 7H), 6.95 (d, J = 8.4Hz, 2H), 7.61-7.66 (m, 4H), 

7.86-7.89 (m, 2H), 8.15 (d, J = 6.4Hz, 2H), 8.70 (d, J = 4.4Hz, 2H, 

β-pyrrolic H), 8.73 (d, J = 4.8Hz, 2H, β-pyrrolic H), 9.51(d, J = 4.4Hz, 2H, 

β-pyrrolic H), 9.53 (d, J = 4.4Hz, 2H, β-pyrrolic H). MS (MALDI−TOF, 

m/z) calculated for C85H91N5O6SZn: 1373.5982; found: 1375.6011. 

Compound 0: Compound 0 was synthesized according to a similar 

procedure as that of 1, gave the product c as a green powder (0.410 g, 92%). 

1
H NMR (400 MHz, CDCl3) δ (ppm): 0.21-0.22 (t, 12H), 0.34-0.38 (m, 8H), 

0.45-0.49 (m, 16H), 0.92-0.96 (m, 8H), 3.84-3.87 (m, 8H), 7.02-6.04 (m, 

4H), 7.70-7.74 (m, 2H), 8.03 (d, J = 8.8Hz, 2H), 8.15 (d, J = 6.4Hz, 2H), 

8.95 (d, J = 4.4Hz, 2H, β-pyrrolic H), 9.00 (d, J = 4.4Hz, 2H, β-pyrrolic H), 

9.24(d, J = 4.4Hz, 2H, β-pyrrolic H), 9.75 (d, J = 4.4Hz, 2H, β-pyrrolic H), 

9.08 (s, 1H). MS (MALDI−TOF, m/z) calculated for C85H90N6O8SZn: 

1068.4743; found: 1068.4777. 
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Compound 2: A mixture of porphyrin c (0.10 g, 0.08 mmol) and 

dimethyl 4-iodopyridine-2,6-dicarboxylate (0.032 g, 0.10 mmol) in THF (10 

mL) and Et3N (2 ml) was degassed with nitrogen for 10 min, and then 

Pd(PPh3)4 (0.012 g, 0.010 mmol), CuI (0.005 g, 0.022 mmol) was added to 

the mixture, the solution was refluxed for 12 h under nitrogen. The solvent 

was removed in vacuo, and the residue was purified on a column 

chromatograph (silica gel) using CH2Cl2/methanol (9:1) as eluent to give 

the pure product 0.131 g. Precursors for 2 (0.131 mg, 0.0712 mmol) was 

dissolved in 20 mL of THF and 3 mL of saturated aqueous sodium 

hydroxide solution was added by syringe. The solution was refluxed under 

argon for 20 h and cooled to room temperature. The pH value was adjusted 

to around 7 by 1 M AcOH. The mixture was extracted with CHCl3 twice 

and dried with anhydrous Na2SO4. After removal of the solvent, the crude 

product was purified by flash column chromatography using CHCl3/CH3OH 

(5:1) and reprecipitated over methanol to give product 2 as a green powder. 

(97.7 mg, 86%). 
1
H NMR (400 MHz, CDCl3 + 5% CD3OD) δ (ppm): 

0.22-0.30 (m, 12H), 0.35-0.47 (m, 24H), 0.78-0.85 (m, 13H), 1.23-1.26 (m, 

4H), 1.38-1.43 (m, 2H), 1.77-1.81 (m, 2H), 3.77-3.79 (m, 10H), 6.85-6.92 

(m, 7H), 7.08 (d, J = 8.4Hz, 2H), 7.61-7.66 (m, 4H), 7.98 (m, 2H), 8.66 (s, 

2H), 8.70 (d, J = 4.4Hz, 2H, β-pyrrolic H), 8.71 (d, J = 4.8Hz, 2H, 

β-pyrrolic H), 9.46 (d, J = 4.4Hz, 2H, β-pyrrolic H), 9.47 (d, J = 4.4Hz, 2H, 

β-pyrrolic H). MS (MALDI−TOF, m/z) calculated for C85H90N6O8SZn: 

1418.5832; found: 1421.5945. 

Compound 3: Samples of porphyrin c (0.10 g, 0.08 mmol), 

2-cyano-3-(4-iodophenyl) acrylic acid (0.0248 g, 0.10 mmol) and AsPh3 (11 
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mg, 0.0361 mmol) were dissolved in 12 ml of THF/Et3N (5:1) and purged 

nitrogen for 10 min, and then Pd(dba)4 (0.041 g, 0.00452 mmol) was added 

to the mixture, the solution was refluxed for 12 h under nitrogen. The 

solvent was removed in vacuo, and the residue was purified on a column 

chromatograph (silica gel) using CH2Cl2/methanol (5:1) as eluent. 

Recrystallization from CH2Cl2/ methanol gave a pure product 3 as a green 

solid (0.0513 g, 40%).
 1

H NMR (400 MHz, CDCl3) δ (ppm): 0.27-0.31 (m, 

12H), 0.40-0.52 (m, 24H), 0.84-0.88 (t, 3H), 0.89-0.97 (m, 8H), 1.29-1.31 

(m, 4H), 1.33-1.46 (m, 2H), 1.83-1.88 (m, 2H), 3.81-3.89 (m, 10H), 

6.87-6.99 (m, 7H), 7.14 (d, J = 8.4Hz, 2H), 7.61-7.77 (m, 6H), 7.90-7.91 (m, 

2H), 8.10 (s, H), 8.79 (d, J = 4.4Hz, 2H, β-pyrrolic H), 8.83 (d, J = 4.8Hz, 

2H, β-pyrrolic H), 9.52(d, J = 4.8Hz, 2H, β-pyrrolic H), 9.56 (d, J = 4.4Hz, 

2H, β-pyrrolic H). MS (MALDI−TOF, m/z) calculated for C88H92N6O6SZn: 

1424.6091; found: 1425.8284.  

Compound g: A mixing of Cis-[PtCl2(P(C4H9)3)2] (98.9 mg, 0.15 mmol) 

and methyl 4-ethynylbenzoate (24.0 mg, 0.15 mmol) in Et2NH under 

nitrogen. The solution was refluxed for 12 h under nitrogen and was 

evaporated in vacuo. The purple solid was dissolved in CH2Cl2 and filtered 

through silica gel in order to remove any ionic impurity, and the crude 

product was purified by flash column chromatography using CH2Cl2/hexane 

(2:1) to give g as a white powder (120 mg, 94%). 
 1

H NMR (400 MHz, 

CDCl3) δ (ppm): 0.82-0.86 (t, 18H), 1.32-1.41 (m, 12H), 1.45-1.55 (m, 

12H), 1.91-1.96 (m, 12H), 7.18 (d, J = 8.4Hz, 2H), 7.80 (d, J = 8.4Hz, 2H). 

Compound 4: A mixture of porphyrin c (0.10 g, 0.08 mmol) and g 

(0.079 g, 0.10 mmol) in Et2NH (20 ml) was degassed with nitrogen for 10 
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min, the solution was refluxed for 24 h under nitrogen. The solvent was 

removed in vacuo, and the residue was purified on a column chromatograph 

(silica gel) using CH2Cl2 as eluent to give the pure product and then was 

dissolved in 20 mL of THF and 3 mL of Saturated aqueous sodium 

hydroxide solution was added by syringe. The solution was refluxed under 

argon for 24 h and cooled to room temperature. The pH value was adjusted 

to around 7 by 1 M AcOH. The mixture was extracted with CHCl3 twice 

and dried with anhydrous Na2SO4. After removal of the solvent, the crude 

product was purified by flash column chromatography using CHCl3/CH3OH 

(10:1) and reprecipitated over methanol to give 4 as a green powder (144.0 

mg, 90%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.17-0.20 (m, 12H), 

0.38-0.52 (m, 24H), 0.88-0.99 (m, 29H), 1.29-1.31 (m, 16H), 1.33-1.46 (m, 

14H), 1.79-1.81 (m, 2H), 1.91-1.96 (m, 12H), 3.81-3.83 (t, 8H), 3.92-3.94 (t, 

2H), 6.91-7.01 (m, 7H), 7.18 (d, J = 8.4Hz, 2H), 7.41 (d, J = 8.0Hz, 2H), 

7.66-7.74 (m, 4H), 7.97 (d, J = 8.4Hz, 2H), 8.67 (d, J = 4.0Hz, 2H, 

β-pyrrolic H), 8.77 (d, J = 4.4Hz, 2H, β-pyrrolic H), 9.55(d, J = 4.0Hz, 2H, 

β-pyrrolic H), 9.60 (d, J = 4.4Hz, 2H, β-pyrrolic H). MS (MALDI−TOF, 

m/z) calculated for C111H145N5O6P2PtSZn: 1996.9330; found: 1996.9337. 
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Chapter 4 Suppression of Dye Aggregation for Novel Zinc 

Imidazo[4,5-b]porphyrin-Based Sensitizers via Solvation 

Effects 

4.1 Introduction 

There has been considerable interest for the synthesis and characterization of 

novel organic dyes suitable for application in nanocrystalline TiO2-based 

dye-sensitized solar cells (DSSCs) due to the demand for the alternative energy 

sources since Grätzel and O′Regan reported them in 1991.
1
 Porphyrins have 

attracted increasing interest as DSSC sensitizers. They have rigid macrocyclic 

structures, exhibiting strong absorption in the visible region and electron transfer 

kinetics indistinguishable from those of the efficient ruthenium polypyridyl 

complexes. More importantly, because of their multiple reaction sites, including 

four meso- and eight β-positions, their optical, electrochemical, and photophysical 

properties can be easily modulated by the peripheral substitutions and inner metal 

complexations. So far, a wide variety of carboxylic acid based anchor groups with 

π-conjugated bridges including unsaturated alkyl groups and aromatic rings were 

introduced at meso- and pyrrolic β-positions.
2
  

Porphyrin sensitizers achieved distinctively high overall efficiencies above 10% 

due to effectively control dye aggregation.
4
 However, the introduction of 

π-conjugated bridges acceptor/anchors at β-positions into porphyrin-sensitized 

solar cells remains to be only a few successful examples. First, Kay and Grätzel 

reported the DSSC based on a chlorophyllin sensitizer with efficiency of 2.6% in 

1993,
5
 Officer, Grätzel and their co-workers reported a series of meso- 

tetraphenylporphyrins with the carboxylic acid group as an anchoring moiety via a 

conjugated double bond as a bridge moiety for DSSCs,
6
 the best one reaching η = 
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7.1% for DSSC, opening a great opportunity for the development of various 

porphyrin sensitizers to enhance the efficiency of a DSSC.
7
 Kim and co-workers 

reported several β-functionalized zinc porphyrins with a diarylamino group of 

which the porphyrin coded as tda-2b-bd-Zn exhibits the best performance with η = 

7.5%.
8
 Imahori and co-workers also developed two quinoxaline-based β, β′-edge 

fused zinc porphyrins, of which a fused porphyrin with one anchoring group 

(ZnQMA) exhibited η = 5.2%.
9
 These β-functionalized zinc porphyrins likewise 

suffer from dye aggregation on the TiO2 surface, which hamper to further improve 

the cell performance of porphyrin-based DSSCs. We aim to design 

β-functionalized porphyrin sensitizers which can suppress dye aggregation for 

efficient DSSC applications. In the first half of this chapter, we reported the 

synthesis and characterization of new dyes containing 1H-imidazo[4,5- 

b]porphyrin donors and cyanoacrylic acid or carboxylic acid acceptors. They are 

linked via a π-bridge at position 2. 1H-imidazolyl unit was used in the spacer 

based on the following reasons: (i) it is relatively easy to introduce electron 

donors at positions 2, 4 and 5, and an electron acceptor at position 2 of 

1H-imidazoles to form conjugated dipolar compounds;
10

 (ii) through appropriate 

modification of the conjugated chain, it is possible to tune the charge-transfer 

transition of dipolar molecules;
11

 (iii) charge recombination after electron 

injection may be retarded because of the decreasing positive charge density at the 

donor by electronic delocalization of the two substituents at positions 4 and 5 of 

the imidazole ring;
12

 (iv) cascade energy/electron transfer or panchromatic 

absorption may be possible with two different substituents at positions 4 and 5.
11, 

13
 The DFT results show that on oxidation the cation radical imidazole segment 

generated will be resonance stabilized by the porphyrin moiety and will decrease 



99 

the back electron transfer. In the second half of this chapter, we optimized the 

structures of the above sensitizers to extend their light harvest respond region to 

NIR, which was demonstrated successfully to suppress dye aggregation and show 

better cell performances.   

4.2 Synthesis and characterization of novel zinc 

imidazo[4,5-b] porphyrin-based organic dyes for dye- 

sensitized solar cells 

4.2.1 Synthesis 
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Scheme 4.1 The synthesis routes and structures of dyes (1−3). 

 

Three dyes were obtained in moderate yields by the stepwise synthetic protocol 

illustrated in Scheme 4.1. There are two key steps involved in these reactions: (i) 

the reaction of 12,13-dioxo-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)chlorin 

with dicarbaldehyde to form the 5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)-2- 

(4-formylaryl)-1H-imidazo[4,5-b]porphyrin containing a dangling aldehyde group; 

(ii) and the condensation of aromatic aldehyde with cyano-acetic acid with the 

formation of 2-cyano-acrylic acid as the acceptor. Those dyes are purple or dark 
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red in the solid state and soluble in tetrahydrofuran to produce a purple or red 

solution.  

4.2.2 Optical Properties 

The optical absorption spectra of the three dyes in EtOH are displayed in Fig. 4.1 

and the data are collected in Table 4.1. All porphyrin dyes in this work exhibit 

maxima attributed to π-π* transitions in the range 400−500 nm for the Soret band 

and 550−750 nm for the Q bands. The molar absorption coefficients/10
5
 M

-1
 cm

-1
 

for the Soret band of these porphyrin dyes range from 1.71 to 2.66, so fulfilling 

one requirement for a dye usable in a DSSC, whereas those/10
3
 M

-1
 cm

-1
 of the Q 

(0, 0) band are in the range 25.4−52.7. These porphyrin dyes exhibit pronounced 

broadening and bathochromic shift of the Soret bands, indicating that the 

imidazole link effectively mediates the electronic coupling between the porphyrin 

and acceptor units. The absorption spectra of 2 is more broadened and red-shifed 

than that of 3 because of the increased π-conjugation by cyanoacrylic acid 

acceptor in 2. The major emission bands were observed at 608, 607 and 606 nm 

for 1, 2 and 3, respectively. The emission spectra of 1 and 2 are more red-shifed 

than that of 3 and similar to the trend of the Q band absorption spectra. Fig. 4.2 

shows the absorption spectra of these dyes in hexane, EtOH, THF and DMF. The 

experimental results show the solvation effect in the solvent system. The Soret 

bands of these dyes were significantly broadened and blue shifted in hexane 

compared with those of the dyes in DMF. A blue shifted and broadened peaks of 

Soret band were observed with decreasing the polarity of the solvent. The blue 

shoulders represent the H-type aggregation of porphyrins in non-polar solvents.
14

 

Dye 1 showed the strongest solvation effects when compared with that of the dyes 

2 and 3. The charge-transfer transition
15

 of dipolar molecule dye 1 can be formed 
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in DMF solution, where DMF molecules effectively disperse the porphyrin 

molecules so that reduces the aggregation. The approach of the DMF, EtOH or 

THF molecules can wrap tightly around the Zinc imidazo[4,5-b]porphyrin cation 

due to the opposite charge attraction, which effective suppresses dye aggregation 

in the progress of dye soaking. Dye 1 shows the stronger ability of polarization 

than others, indicating the π-spacer thiophene is a more effective linker between 

donor and acceptor moieties. Dye 3 shows the worst ability of polarization due to 

the weak electron-withdrawing of carboxylic acid. This interesting phenomenon 

will be further addressed later in the simulation section. 
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Fig. 4.1 (a) Absorption spectra and (b) emission spectra of the porphyrins (1−3) 

measured in EtOH at 298 K. 

 

 
Fig. 4.2 Absorption spectra of the porphyrin dyes (1−3) measured in hexane, 

EtOH, THF and DMF at 298 K. 

a) b) 
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Fig. 4.3 shows the absorption spectra of the porphyrin dyes on TiO2 films in 

comparison with those in EtOH. To avoid the saturation of the Soret band 

absorption in the spectra, only small amounts of the porphyrins were allowed to 

adsorb onto the TiO2 films.
16

 In addition, the absorption spectra were normalized 

for comparison. Both Soret and Q bands of the dyes 2 and 3 on TiO2 films were 

broadened relative to their solution counterparts that were not observed obviously 

for dye 1. The feature of the blue shoulders of Soret bands in 2 and 3 spectra 

indicate the H-type aggregation of porphyrins on the surface of TiO2 nanoparticles. 

The TiO2 films were all soaked in EtOH solution containing porphyrin dye 0.2 

mmol for 10 h.  

 

 

Fig. 4.3 Normalized UV−visible spectra of the porphyrin dyes (1−3) in EtOH (red 

curves) and on TiO2 films (5 μm) in air (black curves). 

 

Table 4.1 Electrooptical properties of the zinc imidazoporphyrin-based dyes 

(1−3). 

Dyes Absorption in /nm (ε,×10
5
 M

-1
 cm

-1
) 

a
 Absorption on TiO2/nm Emission/nm 

b
 

1 426 (2.01), 553 (0.27), 590 (0.15) 424 608, 659 

2 428 (1.71), 552 (0.26), 588 (0.09) 427 607, 659 

3 429 (2.66), 550 (0.17), 588 (0.09) 422 606, 659 
a
 Wavelengths for the absorption maxima of the B and Q bands in THF. 

b
 Wavelengths for 

emission maxima in THF obtained by exciting at the Soret band wavelength. 
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4.2.3 Electrochemical properties and DFT calculation 

The electrochemical characteristics of these dyes were investigated and the cyclic 

voltammograms (CV) are shown in Fig. 4.4. The oxidation of the 

1H-imidazo[4,5-b]porphyrin core was detected as a quasi-reversible wave. The 

first oxidation potential at E1/2 (ox1) = +0.62 ~ 0.69 V corresponds to one electron 

being abstracted from the imidazole unit,
17

 and the second oxidation at E1/2 (ox2) 

= +0.94 ~ 1.01 V corresponds to oxidation of the porphyrin ring. The optical edge 

was utilized to derive the band gap and the LUMO energies. The results indicate 

that the first reduction potentials of dye 3 are ~80 mV more negative than those of 

1 and 2 due to the weaker electron withdrawing moiety of carboxylic acid in dye 3. 

Fig. 4.5 shows the schematic energy-level diagram. Obviously, the HOMO levels 

of all the dyes are more positive than the redox level of   /  
  

(0.4 V vs. NHE),
18

 

indicating that the oxidized dyes can be regenerated effectively. Meanwhile, the 

LUMO levels of all the dyes are more negative than the conduction band of TiO2 

(−0.5 V vs. NHE),
19

 which means that the excited state dyes anchored on the TiO2 

can inject electrons into the conduction band of the TiO2. 

0.2 0.4 0.6 0.8 1.0 1.2

C
u

rr
e

n
t

Potential (V vs. SCE)

 1

 2

 3

 

 

 

Fig. 4.4 Cyclic voltammograms of compounds 1, 2 and 3 in CH2Cl2. 

 

To gain insight into the electronic properties of those porphyrin dyes, we 

performed density functional theory (DFT) calculations. Geometry optimization 

was carried out at the B3LYP/6-31G* level. Fig. 4.5 shows the corresponding 
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molecular orbitals for these porphyrin dyes. The HOMO pattern of 2 shows a 

considerable electron distribution at the porphyrin core, whereas its LUMO 

pattern shows an electron distribution at the 1H-imidazolyl unit and the anchoring 

group. The electronic distribution of the frontier orbitals for 3 resembles that for 2 

because of the structural similarity. The MO feature indicates that there exists a 

driving force for an efficient electron injection from the dye adsorbed to the 

surface of TiO2 upon excitation. As for 1, the HOMO electron density is 

significantly distributed throughout the porphyrin core and thiophene moiety, and 

LUMO localized mainly on the 1H-imidazolyl unit and the anchoring group, 

which might be much more beneficial for the electron injection. All 

electrochemical data was summarized in Table 4.2. 

 

 

Fig. 4.5 Schematic energy-level diagram of the porphyrin dyes (1−3), LUMO was 

estimated by subtracting E0–0 from HOMO. 

 

Table 4.2 Electrochemical properties of the porphyrin dyes (1−3). 

Dyes Eox /V 
a
 E0–0 /V 

b
 Ere /V 

c
 

1 0.67 1.98 −1.31 

2 0.69 2.01 −1.32 

3 0.62 2.02 −1.40 
a
 HOMO levels were measured in DCM with 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF) calibrated with ferrocene/ferrocenium (Fc/Fc
+
) as an internal 

reference. 
b
 E0–0 was estimated from the absorption threshold of dyes in THF. 

c
 The LUMO 

was calculated using the equation LUMO = HOMO – E0–0. 
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4.2.4 Photovoltaic performance  

The dye-sensitized solar cells were constructed using these dyes as a sensitizer for 

nanocrystalline anatase TiO2. Typical solar cells, with an effective area of 0.28 

cm
2
, were fabricated with an electrolyte composed of 0.05 M I2/0.5 M LiI/0.5 M 

4-tert-butylpyridine in acetonitrile solution. The device performance statistics 

under AM 1.5 illumination were collected in Table 4.3. Fig. 4.6 a shows the 

photocurrent-voltage (J−V) curves of the cells. The incident photon-to-current 

conversion efficiencies of the dyes on TiO2 were plotted in Fig. 4.6 b. The DSSC 

fabricated with 1 exhibited the highest IPCE curve, corresponding to the highest 

efficiency of 3.67% with a short circuit photocurrent density of 7.41 mA cm
-2

, an 

open circuit photo-voltage of 708 mV and a fill factor of 69.98%. Meanwhile, 

under the optimal test conditions, the DSSC sensitized by N719 shows an 

efficiency of 6.9%. 

We used CDCA as a coadsorbent for dye loading to prevent aggregation of the 

dye on the TiO2 surface. The results indicate that the loading of the dye 2 and 3 

together with the coadsorbent CDCA on TiO2 films can effectively impede the 

dye aggregation, resulting in higher JSC, VOC and η values. On the contrary, with 

the loading of 1 with CDCA demonstrated unsuccessfully with the inferior cell 

performance (η = 3.06%).  

 

Table 4.3 Performance parameters of the DSSCs fabricated using the dyes under 

AM1.5 illumination (power 100 mW cm
-2

) with an active area of 0.28 cm
2
. 

Dye VOC/mV JSC/mA cm
-2

 FF η/% τe/ms 

1 + CDCA 681 6.24 72.04 3.06 14.5 

1 708 7.41 69.98 3.67 8.1 

2 + CDCA 676 6.28 71.87 3.05 8.1 

2 682 5.70 70.44 2.74 8.1 

3 + CDCA 595 5.21 65.55 2.03 2.3 

3 583 2.46 72.58 1.04 0.4 

N719 733 16.55 56.90 6.9 --- 
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Fig. 4.6 (a) Current-voltage characteristics of the cells and (b) 

corresponding IPCE action spectra. 

 

4.2.5 Electrochemical impedance spectroscopy  

To further clarify the interfacial charge transfer kinetics of the DSSCs, 

electrochemical impedance spectral (EIS) analyses were performed in the dark. 

Fig. 4.7 a shows the typical Nyquist plots of both electrodes at an applied bias of 

−0.55 V. Some important parameters can be obtained by fitting the EIS spectra to 

an electrochemical model, and Rrec and Rce represent the recombination resistance 

at the dye/TiO2/electrolyte interface and counter electrode resistance, 

respectively.
20

 The first semicircle of the Nyquist plots is assigned to Rce, and the 

second semicircle represents Rrec.
21

 For the same counter electrode and electrolyte, 

a similar diameter semicircle is obtained in the low frequency region. In the 

middle frequency region, the semicircle diameter depends on the structure of the 

sensitizer. The radii of the semicircles lie in the order of 3 < 3 + CDCA < 2 < 1 + 

CDCA < 2 + CDCA < 1, indicating the sequence of charge transfer resistance at 

the interface. The trend is in accordance with the decreasing sequence of VOC of 

the DSSCs. In the Bode plots (Fig. 4.7 b), the peaks at higher frequencies 

correspond to the charge transfer at the counter electrode, and the peaks at lower 

frequencies are related to the charge recombination rate, and its reciprocal is 

regarded as the electron lifetime. The peak maximum is shifted to lower 

a) b) 
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frequency from 3 + CDCA to 1 in the same sequence as that observed for the 

IPCE curves. The electron lifetime values derived from the curve fitting for the 

cells based on 3 + CDCA, 3, 2, 2 + CDCA, 1 + CDCA and 1 are 0.4, 2.3, 8.1, 8.1, 

8.1 and 14.5 ms, respectively. Thus, 1 has the longest electron lifetime, indicative 

of a more effective suppression of the back reaction between the injected electrons 

and the electrolyte, resulting in the improvement of the VOC due to reduced charge 

recombination rate. The combination of the highest VOC and JSC values (vide supra) 

affords the best photovoltaic performance of the solar cell based on sensitizer 1. 

 

0 40 80 120 160 200 240 280

0

10

20

30

40

50

60

70

80

-Z
" 

(o
h
m

)

Z' (ohm)

 1+CDCA

 1

 2+CDCA

 2

 3+CDCA

 3

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

0

5

10

15

20

25

30

35

T
h
e
ta

 (
D

e
g
)

Frequency (Hz)

 1+CDCA

 1

 2+CDCA

 2

 3+CDCA

 3

 

Fig. 4.7 Electrochemical impedance spectra of DSSCs based on porphyrin dyes 

(1−3) measured at –0.55 V bias in the dark. (a) Nyquist plots; (b) Bode phase 

plots. 

 

4.3 Synthesis and characterization of imidazo[4,5-b] 

porphyrin-based sensitizers (HD31, HD31Zn and HD32) for 

DSSC applications 

4.3.1 Design and synthesis 

The diketopyrrolopyrrole (DPP) chromophore is an attractive building block in 

molecular electronics, which has a uniquely planar conjugated bicyclic structure 

with electron-withdrawing property.
22

 Especially, the conjugation of DPP with 

electron-rich aromatic units is able to control the absorption spectrum into the 

NIR region, which has been successfully investigated in a series of optical 

a) b) 
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electronic devices.
23
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Scheme 4.2 The synthetic routes for HD31, HD31Zn and HD32. 

 

In this work, we herein present a new molecular design that 

imidazo[4,5-b]porphyrin unit and anchoring group are linked by a DPP (code for 

HD31, in Scheme 4.2). It was anticipated that the electron-poor DPP core as an 

acceptor unit in D−π−A molecular architecture could improve the cell 
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performance. In addition, long alkyl chains attached to DPP provides a reasonable 

solubility of the dyes. The molecular design of HD32 is based on the idea of 

intramolecular steric effect, which forces the two porphyrin planars to organize in 

a large dihedral angle to suppress the molecule aggregation. Meanwhile, the 

combination of the two porphyrin moieties with imidazole linker might exhibit 

better light-harvesting abilitiy relative to the corresponding monomeric porphyrin 

dyes. 

4.3.2 Optical properties 

As shown in Fig. 4.8, the absorption spectra of these dyes in different solvent, 

such as hexane, EtOH, THF and DMF. The Soret bands of these dyes were 

significantly broadened and blue shifted in hexane compared with that of the dyes 

in DMF. A blue shift and broadened peaks of Soret band were observed with 

decreasing the polarity of the solvent. These blue shoulders represent H-type 

aggregation of porphyrins in nonpolar solvents. HD31Zn showed the stronger 

solvation effects when compared with that of the HD31, Both of blue shoulder 

and red shoulder was observed, indicating that aggregation of both H-type 

(parallel orientation) and J-type (tilter orientation) occur for HD31Zn in 

hexane.
14b

 While, only blue-shifted Soret band was found for HD31 in hexane, 

suggesting single H-type aggregation. The lone pair electrons in DMF, EtOH or 

THF molecules interact with the Zinc imidazo[4,5-b]porphyrin cation because of 

unlike charges attract each other, and like charges of porphyrin cation repel each 

other lead to HD31Zn tilter orientation in hexane. The result is consistent with the 

optical study, also indicated that introduction of Znic into imidazo[4,5-b] 

porphyrin promotes conjugated dipolar compounds in polar solvent. 
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Table 4.4 Absorption data for the porphyrin donors (HD31, HD31Zn and HD32) 

in EtOH, THF, DMF and Hexane. 

Dyes 
Absorption in EtOH Absorption in THF Absorption in DMF Absorption in Hexane 

λSoret/nm  λQ/nm  λSoret/nm λQ/nm  λSoret/nm λQ/nm  λSoret/nm  λQ/nm  

HD31 416 616, 655 418 629, 662 428 615, 654 416 596, 632 

HD31Zn 426 612, 655 425 612, 655 428 612, 655 419 631, 699 

HD32 419, 445 554, 601 416, 447 552, 624 421, 445 554, 599 441, 450 552, 594 
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Fig. 4.8 Absorption spectra of the porphyrins (HD31, HD31Zn and HD32) 

measured in hexane, EtOH, THF and DMF at 298 K. 

4.3.3 Electrochemical properties 
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Fig. 4.9 (a) Cyclic voltammograms of porphyrins (HD31, HD31Zn and HD32) in 

THF/TBAPF and (b) corresponding schematic energy-level diagram of the 

porphyrins. 

a) b) 
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The electrochemical behaviors of these dyes were monitored by cyclic 

voltammetry in DCM containing tetrabutylammonium hexafluorophosphate 

(TBAPF; 0.1M) at room temperature (Fig. 4.9 a). The measured oxidation and 

reduction potentials of these porphyrins were listed in Table 4.5. In general, two 

oxidations and one reduction are expected for a zinc porphyrin under our 

electrochemical conditions. As for porphyrin HD31Zn, the first oxidation at E1/2 

(ox1) = +0.69 V and the first reduction at E1/2 (red1) = −1.00 V are reversible. 

Compare with metal-free HD31, the first oxidation is shifted only slightly by 20 

mV to the positive and the first reduction is shifted only slightly by 10 mV to the 

positive. The Zinc inserted in HD31Zn has no significant influence on its 

oxidation and reduction potential. The cyclic voltammogram of HD32 shows two 

one electron reversible oxidations at E1/2 = +0.76 and +1.08 V, corresponding to 

one electron abstraction from each porphyrin ring.  

The HOMO and LUMO levels of HD31, HD31Zn and HD32 were derived 

from their first oxidation potentials and first reduction potentials. As shown in Fig. 

4.9 b, the HOMO levels of all dyes are more positive than   /  
  redox potential 

value (0.4 V vs NHE), which indicates the oxidized dyes could be efficiently 

regenerated by the electrolyte. The larger difference between   /  
  potential and 

the HOMO level, the more efficient the dye regeneration, which can effectively 

avoid the geminate charge recombination between oxidized dye molecules and 

photoinjected electrons in the TiO2 film, and may result in a higher JSC and VOC. 

On the other hand, the LUMO levels of all dyes are more negative than the 

conduction band edge (CB) of TiO2 (−0.5 V vs NHE), providing the possibility of 

electron injection from the excited dye molecules to the conduction band of TiO2. 
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Table 4.5 Electrochemical properties of HD31, HD31Zn and HD32. 

Compound  Eox,onset 

[V] 
a
  

Ered,onset [V] EHOMO 

[eV] 
a
  

ELUMO 

[eV]  

Eg
CV

 [eV] 
b
 Eg

Opt
 [eV] 

c
 

HD31  0.71  −1.01 −5.31  −3.59  1.71 1.72  

HD31Zn 0.69  −1.00 −5.29  −3.60  1.69 1.71  

HD32  0.76  −0.93 −5.36  −3.67  1.69 1.74 
a
 HOMO and LUMO levels were measured in DCM with 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF) calibrated with ferrocene/ferrocenium (Fc/Fc
+
) as an internal 

reference, the HOMO and LUMO levels were estimated by the following equation; HOMO= 

− (4.60 + Eox,onset), LUMO= − (4.60 + Ered,onset). 
b
 Electrochemical band gap estimated from 

the cyclic voltammetry data. 
c
 Optical band gap estimated from the formula of 1240/λedge, 

λedge is the absorption onset of the solution spectrum. 

 

4.3.4 Photovoltaic performance  

Fig. 4.10 shows the current-voltage characteristics and the corresponding IPCE 

spectra for HD31 and HD31Zn, respectively. These devises were prepared with 

EtOH/toluene (1:1) solvent or DCM as the dye-soaking solvent. The photovoltaic 

parameters were summarized in Table 4.6. For comparison, the cells based on the 

HD31 and HD31Zn dyes were prepared in both dye-soaking solvents. It was 

found that the PCE of the HD31Zn device increased from 0.48% to 4.17% when 

changing the dye-soaking solvent from DCM to EtOH/toluene; similarly, the PCE 

of HD31 device increased from 0.26% (DCM) to 3.72% (EtOH/toluene). This 

may be attributed to the greater aggregation in the TiO2 surface of the dye using 

DCM as dye soaking solvent than in EtOH/toluene. The strong interactions 

between the EtOH molecules and the imidazo[4,5-b]porphyrin cation could also 

hamper the dye-aggregation on the TiO2 surface in the process of adsorption, 

resulting in the higher PCE.  

Electrochemical impedance spectroscopy (EIS) was performed to obtain insight 

into the charge transfer processes in DSSCs. Nyquist plots are shown in Fig. 4.11. 

Some important parameters can be obtained by fitting the EIS spectra to an 

electrochemical model, Rs, Rrec and Rce represent the series resistance, 
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recombination resistance at the dye/TiO2/electrolyte interface and counter 

electrode resistance, respectively. The first semicircle of the Nyquist plots is 

assigned to Rce, and the second semicircle represents Rrec. For the same counter 

electrode and electrolyte, a similar diameter semicircle is obtained in the low 

frequency region. In the middle frequency region, the semicircle diameter depends 

on the structure of the sensitizer. The Rrec values for HD31 and HD31Zn devices 

immersion in EtOH/toluene (1:1) are 40 Ω and 42 Ω, while the values for 

HD31and HD31Zn devices immersion in DCM are 14 Ω and 15 Ω, respectively. 

It indicates that the surface blocking abilities of the HD31 and HD31Zn are same 

but the dye aggregation significantly reduces the recombination resistance. 
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Fig. 4.10 (a) Current-voltage characteristics of HD-sensitized solar cells using 

EtOH/toluene or DCM as the adsorption solvents; and (b) corresponding IPCE 

action spectra of HD-sensitized solar cells.  
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Fig. 4.11 EIS Nyquist plots for DSSCs based on individual HD dye (HD31, 

HD31Zn and HD32) electrodes under dark. 
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Table 4.6 Photovoltaic parameters of dye-sensitized solar cells.  

Dyes JSC, mA cm
-2

 VOC/V FF η% 

HD31 Toluene + EtOH
a
 7.99 0.662 0.703 3.72 

HD31Zn Toluene + EtOH
a
 8.68 0.677 0.709 4.17 

HD31 DCM
b
 0.93 0.509 0.548 0.26 

HD31Zn DCM
b
 1.72 0.501 0.564 0.48 

HD32 DCM
b
 7.28 0.608 0.581 2.57 

Photovoltaic parameters of DSSC fabricated with these dyes on TiO2 films of thickness 12 μm 

under simulated AM1.5G illumination (power 100 mW cm
-2

) and active area 0.24 cm
2
, 

a
 the 

sintered TiO2 electrodes were sensitized by immersion in a solution of the dye (0.2 mM in 

toluene/EtOH 1:1) for 6 h. 
b
 the sintered TiO2 electrodes were sensitized by immersion in a 

solution of the dye (0.2 mM in DCM) for 6 h. 
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Fig. 4.12 (a) Current-voltage characteristics of HD32 device using DCM as the 

adsorption solvents; (b) corresponding IPCE action spectra of HD32 device. 

 

The characteristic J−V curve of the solar cell containing HD32 is shown in Fig. 

4.12 a. The IPCE spectrum of the HD32 device exhibits a broad absorption from 

300 nm to 700 nm with a peak maximum over 35% at 450 nm (Fig. 4.12 b). A 

PCE of 2.57% was achieved with JSC of 7.28 mA cm
-2

, VOC of 0.608 V, and FF of 

0.518. The JSC value obtained from integrating the product of the IPCE spectrum 

with the AM 1.5G spectral solar photon flux was 6.57 mA cm
-2

. Herein, the IPCE 

spectra were obtained through a wavelength-dependent measurement, while the 

J−V characteristics were obtained by full sunlight irradiation, the latter of which 

generates more electrons during the measurement and thus a high electron 

gradient inside the anode, enabling more efficient charge transport/collection.
24

 

The Rrec values for HD32 and N719 devices are 32 Ω and 310 Ω (in Fig 4.11 b), 

a) b) 
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indicating that the   /  
  based HD32 device is easily reduced by the electron in 

TiO2 CB, leading to lower JSC and VOC. The main reason is that the large 

molecular volume of HD32 hamper the dye-adsorption onto the surface of TiO2, 

resulting in a poor dye-loading and leaving much space for the approaching of the 

electrolyte ions. 

4.4 Conclusions 

In summary, we have synthesized a series of porphyrin dyes in which the 

electron-donating unit, Zinc 1H-imidazo[4,5-b]porphyrin and the electron- 

accepting unit, 2-cyano-acrylic acid/carboxylic acid, were linked by conjugated 

spacers. DSSCs using these dyes exhibit PCEs ranging from 1.04 to 4.17% under 

AM 1.5 illumination. The best performance of the device reached 60% of 

N719-based DSSC (6.9%) fabricated and measured under similar conditions. The 

results disclosed five important points related to the porphyrin dyes for DSSCs: 

First, the absorption of dye 1 was significantly red-shifted and broadened because 

of the effective electronic coupling between the Zinc 1H-imidazo[4,5-b]porphyrin 

and 2-cyano-acrylic acid via the thiophene spacer. Second, the absorption bands 

of the dye 1 film on TiO2 are relatively sharp compared to those in the solution 

suggesting that the solvation effect can reduce the aggregation of the dye 1. Third, 

the addition of CDCA improved the cell performances of 2 and 3 with higher 

efficiencies, but the presence of CDCA had a negative effect for 1. Fourth, HD31 

and HD31Zn devices with EtOH/toluene (v/v 1:1) as the dye-soaking solvent gave 

higher PCEs than those with DCM as the dye-soaking solvent. Fifth, HD32 

molecular with large dihedral angle effective can reduce the molecular 

aggregation, while exhibits a low DSSC efficiency due to poor ability of retarding 

back reaction and lower dye loading.  
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4.5 Experimental sectuions 

Genaral: Synthesis of the dyes 2,5-bis(2-ethylhexyl)-3,6-di(thiophen-2- 

yl)pyrrolo-[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP) was prepared as previously 

reported. 12,13-Dioxo-5,10,15,20-tetrakis(3,5-di-tert-butyl-phenyl) chlorine was 

synthesized according to literature procedures.
25

  

3,5-Di-tert-butyl(bromomethyl)benzene: A mixture of 3,5-di-tert-butyl- 

toluene (9.0 g, 44mmol), N-bromo-succinimide (13.5 g, 66 mmol) and 

benzoylperoxide (0.1 g, 0.4mmol) in CCl4 (80 ml) was refluxed over night. The 

solution was cooled, filtered and concentrated under reduced pressure. The crude 

product was used without further purification in the next step. 

3,5-Di-tert-butyl benzaldehyde: A mixture of 3,5-di-tert-butyl (bromomethyl) 

benzene (12.5 g) and hexamethylenetetramine (25.6 g, 183 mmol) in 

methanol/water (50 mL, 1:1) was refluxed for 4 h. Concentrated aqueous HCl (15 

mL) was added dropwise and the mixture refluxed for a further 0.5 h. The solution 

was cooled and extracted into CH2Cl2, the solvent removed under reduced 

pressure and the residue recrystallized from EtOH/H2O to give the title compound 

(7.9 g, 82%) as a white crystalline solid, 
1
H NMR (CDCl3, 400 MHz) δ (ppm): 

1.35 (s, 18H, t-butyl H), 7.71 (s, 3H), 10.0 (s, 1H, CHO); m/z 219.1 (M + H)
+
. 

5,10,15,20-Tetrakis(3,5-di-tert-butylphenyl)porphyrin: A 2 L three-necked, 

round-bottomed flask fitted with a septum reflux condenser and a nitrogen inlet 

port was charged with CHCl3 (1 L) and 3,5-di-tert-butylphenyl aldehyde (2.18 g, 

10 mmol). After purging the solution with nitrogen for 10 min, BF3-etherate (0.4 

mL, 2.2 mmol) was added via a syringe, and the reaction mixture was stirred for 1 

h at room temperature. P-Chloranil (1.84 g, 7.5 mmol) was then added and the 

solution was gently refluxed for 1 h. The red residue obtained after evaporation of 
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the solution under reduced pressure was washed with methanol (100 ml) until the 

filtrate became colourless. After drying, a red powdery solid was collected as the 

product (1.05 g, 0.99 mmol, 40%). 
1
H NMR (CDCl3, 400 MHz) δ (ppm): −2.70 (s, 

2H), 1.55 (s, 36H), 7.78 (t, 4H), 8.10 (t, 8H), 8.69 (s, 8H). 

2-Acetoxy-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrin: To a 

solution of 5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrin (6.70 g, 6.30 

mmol) in chloroform (420 mL) were added silver acetate (3.00 g, 18.0 mmol) and 

iodine (3.00 g, 11.8 mmol). The reaction mixture was stirred at room temperature 

in the dark under argon for 1.5 h. Then silver acetate (3.00 g, 18.0 mmol) and 

iodine (2.00 g, 7.87 mmol) were added again for a further 1 h and then filtered 

through a short plug of silica gel using dichloromethane as the eluent. The filtrate 

was collected and the solvent was removed, and the residue was purified by 

column chromatography over silica using a dichloromethane/hexane (1:2) as 

eluent to give title product (3.04 g, 37%) as a red solid, 
1
H NMR (CDCl3,400 

MHz) δ(ppm): −2.77 (s, 2H, br NH), 1.53 (s, 18H, t-butyl H), 1.54 (s, 18H, t-butyl 

H), 1.55 (s, 36H, t-butyl H), 1.82 (s, 3H, CH3COO), 7.80 (s, 4H), 8.00 (d, 2H, J = 

1.5 Hz), 8.09 (d, 2H, J = 1.5 Hz), 8.10 (d, 4H, J = 1.5 Hz), 8.61 (s, 1H), 8.68, 8.90 

(2H, J = 4 Hz, β-pyrrolic H), 8.84 and 8.86 (2H, , J = 4 Hz, β-pyrrolic H), 8.92 

and 8.95 (2H, J = 5Hz, β-pyrrolic H). 

12,13-Dioxo-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)chlorine: Potassium 

carbonate (400 mg, 2.88 mmol) was added to a solution of 2-Acetoxy- 

5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrin (100 mg, 0.092 mmol) in a 

dichloromethane/methanol mixture (1:1, 20 mL) under argon. The suspension was 

stirred at room temperature in the dark for 6 h. Ether (20 mL) and water (10 mL) 

was added to the reaction mixture. The organic layer was separated, dried over 
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anhydrous Na2SO4, filtered, and the solvent was removed. Dess-Martin 

periodinane (50 mg, 0.120 mmol) was added to a solution of the crude 

2-hydroxy-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl) porphyrin in dichloro- 

methane (15 mL). The reaction mixture was stirred at room temperature in the 

dark under argon for 1 h before a second aliquot of Dess-Martin periodinane was 

added. The reaction mixture was stirred for a further 0.5 h and then filtered 

through a plug of silica gel using dichloromethane as the eluent. The filtrate was 

collected and the solvent was removed. The residue was purified by column 

chromatography over silica using a dichloromethane/hexane (1:1) as eluent to 

give title product (2.62 g, 37%) as a red solid to give title product (74 mg, 72%), 

1
H NMR (400 MHz; CDCl3) δ(ppm): −1.96 (br s, 2H, NH), 1.48 (s, 36H, t-butyl 

H), 1.50 (s, 36H, t-butyl H), 7.72 (m, 4H), 7.74 (t, 2H), 7.77 (t, 2H), 8.00 (d, 4H, J 

= 1.5 Hz), 8.61 (m, 4H), 8.78, 8.80 (d, 2H, J = 5 Hz, β-pyrrolic H). 

12,13-Dioxo-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)chlorin Zinc(II): 

12,13-Dioxo-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)chlorine (145 mg, 0.19 

mmol) was dissolved in 25 mL of CHCl3 and 5 mL of CH3OH, and zinc acetate 

dihydrate (279 mg, 1.27 mmol) was added. The solution was stirred in dark at 

room temperature for 24 h. The solvent was then evaporated and the crude 

product was purified by flash column chromatography using hexane/CHCl3 (1:3) 

as eluent to give product as purple solid and the title product was used in the next 

step. 

General procedure for the imidazole construction reactions: A mixture of 

12,13-dioxo-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)chlorin Zinc(II) (0.231g, 

0.20 mmol), dicarbaldehyde (0.20 mmol), ammonium acetate (2 mmol), toluene 

(10 mL) and glacial acetic acid (10 mL) was charged sequentially in a 
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single-necked flask and heated to reflux for 24 h. After cooling, it was quenched 

with water. The precipitate was collected via filtration, washed with water, and 

dried under vacuum for 6 h and the crude product was purified by flash column 

chromatography using hexane/CHCl3 (1:1).  

Compound a (0.158g, 62%), 
1
H NMR (CDCl3 , 400 MHz) δ (ppm): 1.54 (s, 

72H, t-butyl H), 7.81 (d, J = 4Hz, 2H), 7.90-7.92 (m, 5H), 8.09 (t, 2H), 8.13-8.15 

(m, 6H), 8.16 (d, 2H), 8.61 (s, 1H, NH, H), 9.01 (s, 2H, β-pyrrolic H), 9.05-9.10 

(m, 4H, β-pyrrolic H), 9.87 (s, 1H, CHO H).  

Compound b (0.142g, 56%) 
1
H NMR (CDCl3, 400 MHz) δ (ppm): 1.54 (s, 

72H, t-butyl H), 3.97 (s, 3H, OCH3 H), 7.80 (d, J = 4Hz, 2H), 7.83 (d, J = 1.6Hz, 

2H), 7.85 (d, J = 1.6Hz, 2H), 7.89-7.90 (t, 1H), 8.08-8.09 (t, 1H), 8.12-8.16 (m, 

10H), 8.58 (s, 1H, NH, H), 9.00 (s, 2H, β-pyrrolic H), 9.04-9.08 (m, 4H, 

β-pyrrolic H), 10.07 (s, 1H, CHO H). 

Dye 2: A mixture of b (0.10 g, 0.078 mmol), cyanoacetic acid (12 mg, 0.13 

mmol), ammonium acetate (3 mg, 0.04 mmol), and toluene (20 mL) glacial acetic 

acid (10 mL) was charged sequentially in a single-necked flask and heated to 

reflux for 12 h. After cooling, it was quenched with water. The precipitate was 

collected via filtration and washed with water, diethyl ether, and ethyl acetate. 

The solid was then dried under vacuum for 6 h. The solid was adsorbed on silica 

gel and purified by column chromatography using an ethyl acetate/hexane mixture 

as the eluent. The product was a deep-red powder in 52% yield (0.0547g). 
1
H 

NMR (400 MHz, CDCl3) δ (ppm): 1.43 (s, 72H, t-butyl H), 7.69 (s, 2H), 7.78 (d, 

J = 4.8Hz, 2H), 7.90 (d, J = 4.8Hz, 2H), 8.00-8.04 (m, 10H), 8.89 (s, 2H, 

β-pyrrolic H), 8.93 (s, 4H, β-pyrrolic H). MS (MALDI−TOF, m/z) calculated for 

C87H97N7O2Zn: 1337.7002; found: 1337.6994. 
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Dye 1: Compound 1 was synthesized according to a similar procedure as that of 

2, gave the product 1 as a dark red powder (0.0649 g, 62%). 
1
H NMR (400 MHz, 

CDCl3) δ (ppm): 1.49 (s, 36H, t-butyl H), 1.51 (s, 36H, t-butyl H), 7.41 (s, 2H), 

7.74-7.84 (m, 4H), 8.07-8.08 (m, 9H), 8.26 (s, 1H), 8.90 (s, 2H, β-pyrrolic H), 

8.96 (s, 4H, β-pyrrolic H). MS (MALDI−TOF, m/z) calculated for 

C85H95N7O2SZn: 1343.6562; found: 1343.6584. 

Dye 3: Compound c (0.10g, 0.077mmol) was dissolved in 4 mL of THF and 1 

mL of methanol, and 1mL of 1 M NaOH aqueous solution was added by syringe. 

The solution was refluxed under argon for 24 h and cooled to room temperature. 

The pH value was adjusted to around 6 by AcOH. The mixture was extracted with 

CHCl3 twice and dried with anhydrous Na2SO4. After removal of the solvent, the 

crude product was purified by flash column chromatography using CHCl3/CH3OH 

(15:1) and reprecipitated over methanol to give product 3 as a deep-red powder. 

(0.0889 g, 90%).
1
H NMR (400 MHz, CDCl3) δ (ppm): 1.53 (s, 36H, t-butyl H), 

1.54 (s, 36H, t-butyl H), 7.80 (s, 2H), 7.86-7.90 (m, 3H), 8.09-8.20 (m, 11H), 8.60 

(s, 1H), 9.00 (s, 2H, β-pyrrolic H), 9.06 (s, 4H, β-pyrrolic H). MS (MALDI−TOF, 

m/z) calculated for C84H96N6O2 Zn: 1286.6891; found: 1286.6857. 

2,5-Diethylhexyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]-pyrrole-1,4- 

dione (DiBrDPP): Compound DPP (4.52 g, 8.62 mmol) was dissolved into 200 

mL of chloroform in a two-neck round flask under nitrogrn protection, 

N-bromosuccinimide (3.14 g, 17.6 mmol) was added and then the solution was 

stirred at room temperature in dark. After 24 h, the mixture was quenched with 

200 mL of methanol and then filtered. After drying in vacuum, the solid was 

purified by column chromatography using a mixture of CHCl3/hexane (3:1) as the 

eluent. The pure product was obtained as a purple-black solid (17.3 g, yield 76%). 
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1
H NMR (400 MHz, CDCl3) δ (ppm): 0.85 (m, 12H, CH3), 1.15-1.23 (m, 16H, 

CH2), 1.81 (m, 2H, CH), 3.92 (m, 4H, CH2), 7.10 (d, J = 4.4Hz, 2H, ArH), 7.53 (d, 

J = 4.8Hz, 4H, ArH) 8.95 (d, J = 4.8Hz, 2H, ArH), 10.12 (s, 2H, CHO). 

D31: A solution of compound DiBrDPP (341.2 mg, 0.5 mmol) and 

[5-(1,3-dioxolan-2-yl)thiophen-2-yl]tri-butylstannane (245 mg, 0.55 mmol) was 

added into 10 mL of toluene and degassed with nitrogen for 15 min, Pd(PPh3)2Cl2 

(35 mg, 0.05 mmol) was added to the mixture and was heated at 80 °C for 24 h. 

After that, it was poured into water and extracted with chloroform (3 × 250 mL). 

The solvent was evaporated in vacuo and the solid residue dissolved in glacial 

acetic acid (10 mL). The acetic acid solution was warmed to dissolve the solids 

and water (2 mL) was added. The solution was stirred for 1 h at 50 °C and then 

extracted with chloroform (3 × 250 mL). The organic layer was washed with 

water and dried over anhydrous Na2SO4. After removal of solvent, the residue was 

purified by column chromatography using a mixture of CHCl3/hexane (3:1) as the 

eluent. The pure product D31 was obtained as a blue-black solid (300.3 mg, yield 

84%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.86 (m, 12H, CH3), 1.36-1.38 (m, 

16H, CH2), 1.82 (m, 2H, CH), 3.94 (m, 4H, CH2), 7.18 (d, J = 4.4Hz, 2H, ArH), 

8.65 (d, J = 4.8Hz, 2H, ArH). 

P31: A mixture of 12,13-dioxo-5,10,15,20-tetrakis(3,5-di-tert- 

butylphenyl)chlorin (230 mg, 0.20 mmol), dicarbaldehyde D31 (150 mg, 0.20 

mmol), ammonium acetate (154 mg, 2 mmol), toluene (10 mL) and glacial acetic 

acid (10 mL) was charged sequentially in a single-necked flask and heated to 

reflux for 24 h. After cooling, it was quenched with water. The precipitate was 

collected via filtration, washed with water, and dried under vacuum for 6 h and 

the crude product was purified by flash column chromatography using 
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hexane/CHCl3 (1:1). The pure product P31 was obtained as a green solid (300.3 

mg, yield 84%).  

HD31: A mixture of P31 (100 mg, 0.073 mmol), cyanoacetic acid (12 mg, 0.13 

mmol), ammonium acetate (3 mg, 0.04 mmol), and toluene (20 mL) glacial acetic 

acid (10 mL) was charged sequentially in a single-necked flask and heated to 

reflux for 12 h. After cooling, it was quenched with water. The precipitate was 

collected via filtration and washed with water and diethyl ether. The solid was 

then dried under vacuum for 6 h. The solid was purified by column 

chromatography using a mixture of CHCl3/CH3OH (5:1) as the eluent. The 

product was a deep-green powder in 66% yield (90.8 mg). 
1
H NMR (400 MHz, 

CDCl3 + 5% CD3OD) δ (ppm): −2.78 (s, 2H, br), 0.84-0.90 (m, 12H, CH3), 

0.96-1.04 (m, 8H, CH2), 1.21-1.37 (m, 8H, CH2), 1.45-1.51(s, 72H, t-butyl H), 

3.36 (d, J = 1.6Hz, 4H, CH2), 7.16 (d, J = 3.6Hz, 1H), 7.29-7.37 (m, 6H), 7.58 (s, 

1H), 7.73 (s, 2H), 7.83 (s, 1H), 7.96 (s, 1H), 8.06 (s, 6H), 8.10 (s, 1H), 8.11 (s, 

1H), 8.17 (s, 1H), 8.81 (d, J = 4.0Hz, 1H, β-pyrrolic H), 8.89-8.96 (m, 5H, 

β-pyrrolic H), 8.99 (d, J = 4.4Hz, 1H, β-pyrrolic H). MS (MALDI−TOF, m/z) 

calculated for C119H137N9O4S4: 1885.6790; found: 1885.9800. 

HD31Zn: A deep-green powder in 66% yield (90.8 mg). 
1
H NMR (400 MHz, 

CDCl3 + 5% CD3OD) δ (ppm): 0.86-0.91 (m, 12H, CH3), 0.95-1.03 (m, 8H, CH2), 

1.20-1.36 (m, 8H, CH2), 1.44-1.50 (s, 72H, t-butyl H), 3.38 (d, J = 1.6Hz, 4H, 

CH2), 7.15 (d, J = 3.6Hz, 1H), 7.28-7.36 (m, 6H), 7.57 (s, 1H), 7.72 (s, 2H), 7.82 

(s, 1H), 7.93 (s, 1H), 8.05 (s, 6H), 8.11 (s, 1H), 8.12 (s, 1H), 8.17 (s, 1H), 8.80 (d, 

J = 4.4Hz, 1H, β-pyrrolic H), 8.86-8.96 (m, 5H, β-pyrrolic H), 8.78 (d, J = 4.4Hz, 

1H, β-pyrrolic H). MS (MALDI−TOF, m/z) calculated for C119H135N9O4S4Zn: 

1949.0531; found: 1948.0953. 
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(10-Formyl-5,15-di-(3,5-di-tert-butylphenyl)porphyrinato)nickel(II)(PorC

HONi): Freshly distilled POCl3 (3.0 mL, 32 mmol) was dissolved into DMF (3.0 

mL, 38 mmol) at 0 °C under nitrogen. The mixture was allowed to stirred at room 

temperature for 30 min and then added dropwise to a solution of 

5,15-di-(3,5-di-tert-butylphenyl)porphyrinato)nickel(II) (279 mg, 0.38 mmol) in 

dichloroethane (50 mL) via a syringe and the solution was stirred at room 

temperature for 2 h, After that, the green solution was mixed with saturated 

aqueous NaOAc (150 mL), and the mixture was vigorously stirred at 60 °C for 2 h. 

The organic layer was collected, washed with water (3 × 50 mL), dried over 

anhydrous Na2SO4, and evaporated in vacuo. The residue was purified by column 

chromatography using a mixture of CHCl3/hexane (4:1) as the eluent. The pure 

product PorCHONi was obtained as a red solid (138 mg, 71%). 
1
H NMR (400 

MHz, CDCl3) δ (ppm): 1.23 (s, 18H), 1.39 (s, 18H), 1.58 (s, 36H), 1.59 (s, 36H), 

7.68-7.72 (m, 6 H), 8.71 (d, J = 4.8 Hz, 2 H), 8.86 (d, J = 6.8 Hz, 2 H), 9.01 (d, J 

= 4.8 Hz, 2 H), 9.67 (s, 1 H), 9.83 (d, J = 5.1 Hz, 2 H), 12.06 (s, 1 H). 

(10-Bromo-20-formyl-5,15-di-(3,5fdi-tert-butylphenyl)porphyrinato)nickel(

II)(PorCHOBr): PorCHONi (100 mg, 0.129 mmol) was dissolved in 50 mL of 

chloroform, and then NBS (25.4 mg, 0.142 mmol) was added. After stirring for 3 

h, the reaction was quenched by addition of acetone (10 mL). Evaporation of the 

solvent and washing three times with ethanol afforded a purple solid without 

further purification.  

D32: A mixture of [12,13-dioxo-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl) 

chlorinoate]Zinc(II) (231 mg, 0.20 mmol), dicarbaldehyde PorCHOBr (170.1 mg, 

0.20 mmol), ammonium acetate (154 mg, 2 mmol), toluene (15mL) and glacial 

acetic acid (15 mL) was charged sequentially in a single-necked flask and heated 
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to reflux for 24 h. After cooling, it was quenched with water. The precipitate was 

collected via filtration, washed with water, and dried under vacuum for 12 h 

afforded a purple solid without further purification.  

HD32: A mixture of D32 (100 mg, 0.050mmol) and methyl 4-ethynylbenzoate 

(16.0 mg, 0.10 mmol) in THF (10 mL) and Et3N (2 ml) was degassed with 

nitrogen for 10 min, and then Pd(PPh3)4 (26 mg, 0.022 mmol), CuI (5 mg, 0.022 

mmol) was added to the mixture; the solution was refluxed for 24 h under 

nitrogen. The solvent was removed in vacuo, and the residue was purified on a 

column chromatograph (silica gel) using CH2Cl2/hexane (1:1) as eluent. The 

residue was dissolved in 15 mL of THF and 3 mL of saturated aqueous sodium 

hydroxide solution was added by syringe. The solution was refluxed under argon 

for 20 h and cooled to room temperature. The pH value was adjusted to around 7 

by 1 M AcOH. The mixture was extracted with CHCl3 twice and dried with 

anhydrous Na2SO4. After removal of the solvent, the crude product was purified 

by flash column chromatography using CHCl3/CH3OH (6:1) and reprecipitated 

over methanol to give product HD32 as a green powder. (83.1 mg, 81%). 
1
H 

NMR (400 MHz, CDCl3) δ (ppm): 1.24 (s, 18H, t-butyl H), 1.39 (s, 18H, t-butyl 

H), 1.55 (s, 36H, t-butyl H), 1.60 (s, 36H, t-butyl H), 7.27 (s, 4H), 7.56 (s, 1H), 

7.64 (s, 1H), 7.82-7.84 (m, 4H), 8.00 (s, 4H), 8.17 (d, J = 4.0Hz, 4H), 8.24 (s, 2H), 

8.31 (s, 2H), 8.71-8.73 (m, 2H, β-pyrrolic H), 8.89-9.08 (m, 10H, β-pyrrolic H), 

9.17 (s, 1H), 9.58 (d, J = 5.2Hz, 2H, β-pyrrolic H). MS (MALDI−TOF, m/z) 

calculated for C134H146N10NiO2Zn: 2052.7422; found: 2053.0475. 
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Charpter 5 Soluble porphyrin donors for small molecule bulk 

heterojunction solar cells 

5.1 Introduction 

Solution processed small molecules (SMs) for bulk heterojunction solar 

cells (BHJSCs) show great prospect in the commercialization of low-cost 

and large-scale organic solar cell (OSC) due to the well-defined structure, 

definited molecular weight and ease synthesis and purification for the small 

molecules.
1
 Over the past decade, the power conversion efficiencies (PCEs) 

of solution processed SMSCs have steadily improved. For example, Bazan 

and Heeger et al. first reported a PCE of 6.7% for the SMSCs based on a 

small molecule with 3,3'-di-2-ethylhexylsilylene as the central building 

block.
2
 And the PCE was further enhanced to 7.0% and to 9.02% by 

optimizing molecular structures and devices.
3
 Another example, Chen et al. 

reported a serial of small molecules with a benzo[1,2-b:4,5-b']dithiophene 

(BDT) unit as the core unit and the best PCE was reported to be 7.38%.
4
 

After a serial of molecular structure optimizations, the PCE was then 

enhanced to 8.12%.
5 

SMs used in solution processed OSCs need to fulfil the following 

requirements: (i) strong photo-absorption in visible and NIR region; (ii) 

sufficient solubility in solvents; and (iii) strong intermolecular interaction in 

the solid state for efficient charge transfer. In the search for suitable small 

molecule donors, various frameworks have been examined, including 

oligoacenes,
6
 oligothiophenes,

7
 boron dipyrromethenes,

8
 diketopyrrolo- 

pyrroles,
9
 phthalocyanines,

10
 merocyanines,

11
 and squaraines.

12
 So far the 

PCE values reported for SMSCs are still inferior to that of polymer 
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counterparts, presumably resulting from the limited conjugation, relatively 

weak light-harvesting ability, and poor film-forming characteristics.
1c

  

To obtain high performance OSCs, large-scale π-conjugation for effective 

charge-transport and molecular planarity for well-ordered molecular 

arrangements are necessary.
13

 A variety of molecules such as anthracenes, 

pyrenes, and perylenes, have been used as good semiconductors with highly 

π-conjugated planar structure, which would be assembled into well-ordered 

arrangements in the solid state through the Van der Waals interactions, 

specifically, strong π-π stacking.
1b

 However, the capabilities of these 

materials have not been fully demonstrated due to the lack of solubility. 

Generally, it is difficult to tune the solubility and strong intermolecular 

interactions for those highly planar π-conjugated materials. The drawback 

has limited the use of these molecules in solution processed OSCs. Very 

recently, push−pull porphyrins attracted much interest as donors in SMSCs, 

because they can provide a wide range of properties that are enabled by the 

introduction of various substituents into the large and flat conjugated 

macrocyclic porphyrin core without hampering the π-conjugative effect. 

However, their easily aggregation characteristics make porphyrin 

derivatives encounter very low solubility in organic solvent. On the other 

hand, an appropriate aggregation of the molecular arrangement along a 

certain direction is expected during the formation of crystalline films, which 

would allow effective intermolecular π-orbital overlaps and lead to 

anisotropic band like charge-transport.
14

 From the molecular engineering 

point of view, not only the optoelectronic properties but also the 

aggregation properties of porphyrins can be manipulated by elaborate 
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design of molecular structures. For example, to warranty the solubility of 

the porphyrins, Prof. Peng and co-workes employed two bulky 

3,5-di(dodecyloxyl)-phenyl substituents at the symmetric meso-positions of  

the porphyrin core, which effectively suppress the intermolecular π-π 

stacking, and reversely lead to a relatively poorer photovoltaic 

performance.
37

 Consequently, they employed 4-octyloxy-phenyl groups 

instead of 3,5-di(dodecyloxyl)-phenyl ones and designed a new conjugated 

donor-acceptor porphyrin (DPPEZnP-O), which also shows acceptable 

solubility in organic solvents, such as chloroform and toluene. And 

DPPEZnP-O exhibits the strong intermolecular π-π stacking in the 

condensed solid state,
15

 which could be beneficial for the higher hole 

mobility and better photovoltaic performance in OSCs.
16 

In our studies, we reported the rational design of porphyrins as donors in 

OSC applications, which are expected to balance the strong intermolecular 

interaction and the solubility by tuning the peripheral side chains at the 

meso-positions of porphyrin core. Their performance in solution-processed 

solar cells is ongoing. 

5.2 Synthesis and characterization of π-extended porphyrin 

derivatives  

5.2.1 Design and synthesis 

Like other planar aromatic compounds, several porphyrin derivatives encounter 

low solubility due to molecular aggregation. We use 2-dodecylthiophene unit as 

solubilizing substituents by attaching them on all four meso-carbons peripheral 

sites of a porphyrin via triple bond groups. This four pointed star architecture, 

presented here in this work (see, Scheme 5.1), is expected to suppress the 
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porphyrin aggregation with the use of solubilizing substituents on the porphyrin 

rings and enhance π-extended system. YJ16 was readily obtained in relatively 

high yield (28%) by using a typical porphyrin condensation reaction between 

4-[(5-dodecylthiophene-2-yl)ethynyl]benzaldehyde and pyrrole in propionic acid. 

YJ17 was further obtained by metallation of YJ16 with Zn(OAc)2 in 78% yield. 

One of the interesting modifications in porphyrin macrocycles is the 

replacement of the nitrogen with O, S, Se, Te and C. By replacing two 

pyrroles of YJ16 with thiophenes, a core-modified dithiaporphyrin YJ18 

(Scheme 5.1) is realized. The synthesis begins with diol formation, shown 

in Scheme 5.11, carried out via literature method.
17

 Briefly, two equivalents 

of n-BuLi and TMEDA were added to thiophene to form the dilithiated 

species in the α-positions. The dicarbanion was added to two equivalents of 

either benzaldehyde derivative to yield the diols. Thiophene dimethanol was 

formed as mixtures of diastereomers, which were not separated, in 44% 

isolated yields. Dithiaporphyrin was formed by the reaction of diol with 

pyrrole in the presence of a BF3·Et2O, followed by oxidation with DDQ to 

yield a bright purple solid in 14%.
18

 The dithiaporphyrins exhibit the 

following key features: (i) the absorption and emission bands of 

thiaporphyrins are bathochromically shifted compared to porphyrins; (ii) 

thiaporphyrins are difficult to oxidize but easier to reduce. To the best of 

our knowledge, there are no reports of N2S2-porphyrins for OSCs.
19

 

Therefore, this work aims to demonstrate the potential use of this class of 

material for BHJSCs. 
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Scheme 5.1 The structures of the YJ16, YJ17 and YJ18. 

 

A comparison of 
1
H NMR spectra of N2S2 porphyrin YJ18 with its 

corresponding N4 porphyrin YJ17 is shown in Fig. 5.1. The YJ18 shows 

one singlet at 9.69 ppm for four thiophene protons, one singlet at 8.69 ppm 

for four pyrrole protons. The YJ17 shows one singlet at 8.96 ppm for eigth 

pyrrole protons. The meso-aryl protons of both YJ17 and YJ18 appear as 

four sets of resonances in the 8.47−6.87 ppm region. The thiophene protons 

and pyrrole protons appeared as different singlet, indicating the 

unsymmetric nature of YJ18. The pyrrole protons appeared as singlet 

indicating the symmetric nature of porphyrin YJ17.  

 

Fig. 5.1 
1
H NMR spectra of YJ18 (top) and YJ17 (bottom) recorded in CDCl3.  
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5.2.2 Optical and electrochemical properties 

The electronic absorption spectrum of YJ16, YJ17 and YJ18 is shown in 

Fig. 5.2 a. YJ16 an YJ17 exhibit typical porphyrin absorption 

characteristics:
20

 strong B bands are found near 426 nm, whereas weak Q 

bands are observed in the range of 500−700 nm. The substitution of a S 

atom for NH groups at the 21 and 23 positions gave a red shift of the 

absorption maxima, YJ18 shows a Soret absorption at 445 nm with the 

molar absorption coefficients 3.86 × 10
5
 M

-1
 cm

-1
, red shifted 19 nm relative 

to that of the N4 porphyrin. And less intense Q-bands at 519 nm, 555 nm, 

639 nm and 704 nm respectively, which are similar with free porphyrin. For 

the fluorescence spectra in solution (Fig. 5.2 b), major emissions of these 

porphyrins were observed at YJ16, 614 and 664 nm, YJ17, 614 and 661 nm 

and YJ18, 726 nm. The fluorescence intensities are comparable among all 

these porphyrins. Furthermore, the conjugational differences between YJ17 

and YJ18 are reflected in the fluorescence behaviours. The enhanced Stokes 

shift of YJ18 compared with YJ16 or YJ17 exhibits a reducing of structural 

symmetry upon sulfur substitution. 
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Fig. 5.2 Comparison of (a) absorption spectra of YJ16, YJ17 and YJ18; (b) 

fluorescence spectra of YJ16, YJ17 and YJ18; (c) oxidation-reduction waves of 

cyclic voltammogram of YJ16, YJ17 and YJ18; and (d) energy level diagram 

depicting energies of YJ16, YJ17, YJ18 and PCBM. 

 

As shown in Fig. 5.2 c, cyclic voltammetry analysis of YJ16, YJ17 and 

YJ18 reveals that HOMO, LUMO, and bandgap energy (Eg) are found to be 

−5.31, −3.43, and 1.88 eV for YJ16, −5.20, −3.44, and 1.76 eV for YJ17, 

and −5.37, −3.67, and 1.70 eV for YJ18, respectively (Table 5.1). A 

relatively low bandgap is found in YJ18. The observed indicated that the 

singlet state energy levels of thiaporphyrins are lower than the 

porphyrin/metalloporphyrin (Fig. 5.2 d) and the energy of the singlet state 

level of thiaporphyrins can be fine tuned by controlling the number of sulfur 

atoms present inside the porphyrin core, thiaporphyrins can be used as 

energy acceptors at the singlet state when these macrocycles are connected 

covalently/non-covalently to porphyrins or metalloporphyrins which act as 

energy donors. Upon protonation of YJ18 with excess TFA to form 

H2YJ18
2+

,
21

 the optical spectrum undergoes the expected shifts consistent 

with the protonated dication species,
22

 as shown by the red trace in Fig. 5.3.  

c) d) 
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Fig. 5.3 UV−vis absorption spectra of YJ18 (1 × 10
-5

 M) in toluene (orange) and 

H2YJ18
2+

 in toluene containing excess TFA (red). 

 

Table 5.1 Optical and electrochemical data for the porphyrin donors (YJ16−

YJ18). 

Sample Absorption 

λmax (nm) 

Emission (nm) 

 λmax 

Eox,onset 

[V]   

Ered,onset 

[V] 

Energy levels (eV) 

HOMO  LUMO  Eg  

YJ16  426  614, 664  0.71 −1.17 −5.31 −3.43 1.88 

YJ17  426  614, 661  0.60  −1.16 −5.20 −3.44 1.76 

YJ18  445  726  0.77 --- −5.37 −3.67 1.70  

The reduction behavior of YJ18 was irreversible; therefore, accurate estimation of HOMO 

and LUMO energies was not possible. To determine the LUMO levels, the oxidation potential 

in CV was combined with the optical energy bandgap (Eg
opt

) resulting from the absorption 

edge in the absorption spectrum.  

 

5.2.3 Conclusion 

Three novel soluble porphyrin derivatives were successfully synthesized 

and characterized by spectroscopic techniques. Based on the cyclic 

voltammetric analysis, these porphyrins were found to have appropriate 

HOMO−LUMO energy levels to possibly serve as donor in OSCs. However, 

absorption measurements of these small molecules indicated that there is 

minimal π-overlap between the aryl ring and the porphyrin in a meso-aryl 

linkage, due to the large aryl-porphyrin dihedral angles, which result from 

steric interactions with the β hydrogens.  
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5.3 Comparable studies of porphyrin-based small molecules 

with meso-aryl or alkyl substituents for OSCs  

5.3.1 Molecular design 

The porphyrin unit acting an electron-rich core, linked with two 

symmetrical electron-withdrawing moieties can afford a range of 

π-conjugated A−D−A push−pull type molecules. The big planarity of 

backbone promotes strong intermolecular π-π interactions that can facilitate 

charge transport. To date, the influence of the different bulk of side chain on 

the π-π stacking and crystallinity styles, the film morphology, and the 

photovoltaic properties in SMSCs have not yet been examined. Herein, we 

designed and synthesized three novel linear A−D−A type porphyrin 

compounds containing different bulky side chains in the meso-position of 

porphyrin core with 3-ethylrhodanine terminal units. These molecules 

exhibit wide absorptions with high coefficients, owing to the efficient 

conjugated backbone and intramolecular charge transfer between the 

terminal acceptor units and the central donor building blocks. And the 

fabrication of BHJ devices based on these new porphyrin molecules and 

PC61BM is ongoing.  

Scheme 5.2 shows the template for soluble porphyrin donors. Aromatic 

groups are connected to the porphyrin core at the 5- and 15-positions via 

ethynyl linkers in order to expand the π-system and to maintain the planar 

structure. This design strategy could indeed efficiently enhance the 

intramolecular charge transfer. The more efficient intramolecular charge 

transfer leads to more desirable double-bond characteristics of the 

π-electrons and therefore a smaller bandgap. On the other hand, the 
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2-hexylnonyl substituents as side chain are introduced directly to the 10- 

and 20-positions to improve the solubility of the porphyrin. The 

2-hexylnonyl substituents make porphyrin possesses moderate bulky with 

excellent solubility, capable of applying the solution processing technology 

in device fabrication. Overall, the expansion of the π-conjugated system is 

expected to enhance the carrier mobility of the porphyrin and improve its 

light absorption ability. For comparison, we have also synthesized A−D−A 

molecules with porphyrin core attached by alkyl chains substituted aryl 

groups at 10- and 20-positions. 

 

 
Scheme 5.2 Chemical structures of porphyrins (YJ5, YJ6 and YJ19). 

 

5.3.2 Synthesis and characterization  

The synthetic route for the porphyrin is shown in Scheme 5.3. It should be 

noted that the use of zinc as the central metal atom is necessary for 

derivatization since the zinc porphyrin complex exhibits high stability. The 

Sonogashira coupling of PorZnBr with arylacetylenes produced the 

porphyrin intermediates Y5, Y6, and Y19 in good yields. The targeted 
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molecules YJ5, YJ6 and YJ19 were prepared by the Knoevenagel 

condensation of 3-ethylrhodanine with Y5, Y6, or Y19 respectively. 

Detailed synthetic procedures are described in the experimental section. 

They are well soluble in common organic solvents such as chloroform, THF, 

and toluene, and can be readily processed to form smooth and pinhole-free 

films upon spin-coating. Compounds YJ5, YJ6 and YJ19 were characterized 

by NMR and mass spectrometry.  
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Scheme 5.3 Synthetic routes for the porphyrin molecules. 

 

5.3.3 Optical and electrochemical properties 

The optical absorption spectra of YJ5, YJ6 and YJ19 in DCM were 

presented in Fig. 5.4. All the compounds showed Soret bands around 500 

nm and Q bands around 700 nm, which are typical for ethynyl porphyrins. 

YJ5 in diluted DCM solution shows an absorption peak at 504 nm for Soret 

band with a maximal coefficient of 1.55 × 10
5
 M

-1 
cm

-1 
and at 682 nm for Q 
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band with a mole extinction coefficient of 1.39 × 10
5 

M
-1 

cm
-1

. After 

replacing the 3,5-di(dodecyloxyl)-phenyl substituent with 4-dodecyloxyl- 

phenyl group, YJ6 in DCM solution presents a similar Soret band at 505 nm 

with a higher maximal coefficient of 1.61 × 10
5 

M
-1 

cm
-1

 and a 

bathochromic Q band at 720 nm with a coefficient of 1.53 × 10
5 

M
-1 

cm
-1

. 

The Q band of YJ19 was red-shifted relative to those of YJ5, but was 

blue-shifted relative to those of YJ6, probably due to intermolecular π-π 

stacking in the DCM solution. The result indicating that the order of the 

bulky is: 3,5-di(dodecyloxyl)-phenyl ＞ 2-hexylnonyl ＞ 4-dodecyloxyl- 

phenyl. The optical properties of YJ5, YJ6, and YJ19 in solution are 

summarized in Table 5.2. 
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Fig. 5.4 UV−vis absorption spectra of YJ5, YJ6, and YJ19 in DCM solutions. 
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Fig. 5.5 Cyclic voltammograms of YJ5, YJ6 and YJ19 in a DCM solution of 0.1 

mol L
-1

 TBAPF with a scan rate of 100 mV s
-1

. 
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Table 5.2 Absorption data for the porphyrins (YJ5, YJ6 and YJ19) in DCM. 

Dyes 
Absorption in DCM 

λSoret/nm (ε, × 10
5
 M

-1
 cm

-1
) λQ/nm (ε, × 10

5
 M

-1
 cm

-1
) 

YJ5 475 (1.55), 504 (1.73) 683 (1.39) 

YJ6 484 (1.87), 505 (1.61) 720 (1.53) 

YJ19 472 (1.64), 502 (1.95) 696 (1.81) 

 

As shown in Fig. 5.5, cyclic voltammetry (CV) was performed to 

investigate the electrochemical properties of YJ5, YJ6 and YJ19. The 

HOMO energy of YJ5 is lower (−5.18 eV) than that of YJ6 (−5.14) and 

YJ19 (−5.11). Eg
Opt

 is the optical bandgap obtained from the absorption 

spectra onset. The optical band gaps (Eg
Opt

) of YJ5, YJ6 and YJ19 are 

estimated to be 1.71, 1.61 and 1.65 eV from the absorption spectra, 

respectively. Compound YJ6 exhibits a slightly lower bandgap. Reduction 

reactions of YJ porphyrins in DCM/TBAPF were observed to be nearly 

irreversible. Therefore the potential levels of LUMO for each YJ porphyrin 

were obtained from LUMO = HOMO – Eg
Opt

, Fig. 5.6 shows an energy 

level diagram of YJ porphyrins in comparison with [6,6]- 

phenyl-C61-butyric-acid methyl ester (PC61BM). The HOMO levels of the 

porphyrins are located within the bandgap of PC61BM, while the LUMO 

levels are sufficiently higher (around −3.5 eV) than that of PC61BM. The 

energy levels of these porphyrins can be considered to be compatible to 

those of PC61BM (ca. −4.0 eV and −6.0 eV), which is the most commonly 

used acceptor material. Some important optical and electrochemistry data 

were collected in Table 5.3. 
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Fig. 5.6 Energy level diagram of porphyrins (YJ5, YJ6 and YJ19) and PC61BM. 

 

Table 5.3 Electrochemical properties of YJ5, YJ6, and YJ19. 

Compound  Eox,onset [V]  EHOMO [eV]  Eg
Opt

 [eV]  ELUMO [eV]  

YJ5  0.49  −5.18  1.71  −3.47  

YJ6  0.45  −5.14  1.61  −3.53  

YJ19  0.42  −5.11  1.65  −3.46  

HOMO levels were measured in DCM with 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF) calibrated with ferrocene/ferrocenium (Fc/Fc
+
) as an internal reference. HOMO = – 

(4.69 + Eox, onset), LUMO = HOMO – Eg
Opt

.  

 

5.3.4 Conclusion 

In summary, three small molecules YJ5, YJ6 and YJ19 with the A−D−A structure 

and porphyrin as the central building block have been designed and synthesized. 

The introduction of 3-ethylrhodanine terminal to the A−D−A structure improves 

solar light absorption significantly. Although the side chain has little influence on 

the optical absorption in solution, it changes the optical and crystallization 

properties of the molecules in film significantly. The 2-hexylnonyl group as less 

bulky substituents at porphyrin periphery was designed and synthesized firstly to 

simultaneously facilitate solubility and increase the intermolecular π-π stacking in 

film.  

5.4 Porphyrin-based panchromatic A−π−D−π−A type small 

molecules for OSCs 
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5.4.1 Molecular design 

To match the device’s response to the sun’s spectrum, a panchromatic 

sensitizer is essential to achieve high performance of the solar cells. In the 

past decade, much effort has been made to design and synthesize D−A 

conjugated porphyrins polymers. For example, Prof. Zhan and co-work 

reported a series of conjugated copolymers based on porphyrin. These 

polymers have unfolded an attractive prospect with panchromatic 

absorption properties.
23

 Recently, Shi et al. reported a novel series of 

porphyrin containing D − A copolymers based on carbazole and 

quinoxalinoporphyrin with absorption over the entire spectrum of visible 

light. And, the highest PCE that has been achieved based on main chain 

conjugated porphyrin polymers is 2.5%.
24

 To the best of our knowledge, the 

strategy of panchromatic sensitizer was not considered for the design of 

porphyrin-related small molecular materials for OPVs, which is being 

applied in DSSCs very successfully. 

In this studies, we selected the very typical acceptor 2,1,3- 

benzothiadiazole end-capped with BODIPY derivative (BODIPY-TBT) as 

building block, which exhibit strong absorption in the range of 450−550 nm 

and compensate the absorption defect of porphyrin molecules between the 

Soret and Q bands, attached to porphyrin core afforded to the target 

molecule YJ4. In addition, using ethynyl instead of aryl linker can ensure 

the whole molecule with a π-conjugated planar structure. The effective 

π-conjugation of the whole molecule along with the push − pull 

characteristics can facilitate the intramolecular charge transfer. For 
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comparison, two small molecules of YJ1 and YJ2 with similar structures 

were also prepared (Scheme 5.4).   

 

 

Scheme 5.4 The chemical structures of YJ1 YJ2 and YJ4. 

 

5.4.2 Synthesis and characterization 

1
H NMR spectroscopies confirm the molecular structures of these 

porphyrins in Fig. 5.7. The 
1
H NMR spectrum of YJ4 appears 

approximately as a superposition of spectra of YJ1 and YJ2 with less 

resolved and slightly up-field shifted. Incorporation with BODIPY causes 

peaks at 4.80 ppm (corresponding to methyl protons of porphyrin at 

meso-positions) shift to lower field at 3.22 ppm in YJ4. 

 

 
Fig. 5.7 

1
H NMR spectrumsof YJ4, YJ2 and YJ1. 
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5.4.3 Optical and electrochemical properties 

The absorption spectra for YJ1, YJ2, and YJ4 in DCM solutions are shown 

in Fig. 5.8. The absorption bands of YJ1 and YJ4 in the range of 400−600 

nm for the Soret band and 600−850 nm for the Q bands are attributed to 

localized π-π* transitions. The broadened and enhanced of the Q bands of 

YJ1 and YJ4 are attributed to intramolecular charge transfer between the 

electron-rich porphyrin units and electron-deficient fluorinated 

BODIPY-TBT units. The absorption bands of YJ2 feature two absorption 

bands: one at 400−500 nm, which we assign to localized π-π* transitions 

and another broad band from 500 to 650 nm (i.e., in the long wavelength 

region), corresponding to intramolecular charge transfer between the 

BODIPY core and TBT units. YJ1 shows maximum absorptions at 484 and 

727 nm while those of YJ4 were at 521 and 746 nm. The optical bandgap 

energies (Eg
Opt

) of the YJ1, YJ2, and YJ4 in solutions were determined to be 

1.61, 1.94, and 1.46 eV, respectively, by measuring their UV−visible 

absorption onsets. The optical data were summarized in Table 5.4.  
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Fig. 5.8 UV-vis absorption spectra of YJ1, YJ2, and YJ4 in DCM solutions. 
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Table 5.4 Absorption data for the porphyrin donors (YJ1, YJ2 and YJ4) in DCM. 

Dyes 
Absorption in DCM 

λSoret/nm (ε,×10
5
 M

-1
 cm

-1
) λQ/nm (ε,×10

5
 M

-1
 cm

-1
) 

YJ1 447 (2.75), 484 (3.85) 727 (4.63) 

YJ2 451 (0.16) 569 (0.68) 

YJ4 449 (3.39), 521 (1.807) 

580 (1.72) 

746 (2.86) 
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Fig. 5.9 Cyclic voltammograms of YJ1, YJ2, and YJ14 in DCM solution of 0.1 

mol L
-1

 TBAPF with a scan rate of 100 mV s
-1

. 

 

 
Fig. 5.10 Energy level diagram of porphyrins (YJ1, YJ2 and YJ4) and PC61BM. 

 

Table 5.5 The electrochemical properties of YJ1, YJ2 and YJ4. 

Compound  Eox,onset 

[V] 
a
  

Ered,onset [V] EHOMO 

[eV] a  

ELUMO 

[eV]  

Eg
CV

 [eV] 
b
 Eg

Opt
 [eV]

 c
 

YJ1  0.51  –1.14 –4.98  –3.33  1.65 1.61  

YJ2  0.94  –1.07 –5.41  –3.40  2.01 1.94  

YJ4  0.49  –1.06 –4.96  –3.41  1.55 1.46 
a 

HOMO and LUMO levels were measured in DCM with 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF) calibrated with ferrocene/ferrocenium (Fc/Fc
+
) as an internal 

reference, The HOMO and LUMO levels were estimated by the following equation; HOMO 

= – (4.47 + Eox,onset), LUMO = – (4.47 + Ered,onset). 
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. 
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The HOMO and LUMO energy levels of YJ1, YJ2, and YJ4 were 

determined using cyclic voltammetry with a platinum plate as the counter 

electrode and Ag/Ag
+
 as the reference electrode in anhydrous DCM with 0.1 

M TBABF at a scan rate of 100 mV s
-1

. Cyclic voltammograms of the SMs 

are shown in Fig. 5.9. The data are summarized in Table 5.5. The Eox,onset 

for YJ1, YJ2, and YJ4 are 0.51, 0.94, and 0.49 V, respectively; their onset 

reduction potentials (Ered,onset) were –1.14, –1.07, and –1.06 V, respectively. 

And the HOMO and LUMO energy values were determined using the 

following equation: EHOMO = – (Eox, onset + 4.47) eV, ELUMO = – (Ered, onset + 

4.47) eV,
25

 where Eox,onset and Ered, onset is the onset oxidation and onset 

reduction potential versus Ag/Ag
+
, respectively. The HOMO energy levels 

of YJ1, YJ2, and YJ4 are –4.98, –5.41, and –4.96 eV, respectively; the 

LUMO energy levels of YJ1, YJ2, and YJ4 are located within the range 

from –3.33 to –3.41 eV, which are significantly higher than that (ca. –4.0 

eV) of PC61BM for efficient charge transfer/dissociation in fabricated 

devices (Fig. 5.10).
26

 In addition, the electrochemical bandgaps (Eg
CV

) of 

YJ1, YJ2, and YJ4, were estimated from the differences between the onset 

potentials for oxidation and reduction. The discrepancies between the 

electrochemical and optical bandgaps presumably resulted from the exciton 

binding energies of the porphyrin and/or the interfacial barriers for charge 

injection. 

5.4.4 Conclusion 

In conclusion, a series of A−π−D−π−A conjugated small molecules using 

porphyrin as a donor unit have been synthesized and developed for OSC 

applications. The molecule possesses good thermal stability and exhibits a broad 
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absorption band from 400 to 900 nm.  

5.5 Comparable studies of porphyrin-based small molecules 

with bulky solubilizing (triisopropylsilyl)ethynyl (TIPS)- 

substituted porphyrin 

5.5.1 Molecular design 

To further enhance the mobility and PCEs of porphyrin-based BHJSCs, 

previous adventures on the organic filed-effect transistor (OFET) should be 

beneficial for the design of new donor materials for OSC applications. It is 

well-known that the molecular packing modes are strongly dependent on the 

relative the substituent in OFET.
27

 The bulky solubilizing 

(triisopropylsilyl)ethynyl (TIPS) substituents on acene derivatives not only 

improve the solubility, crystallinity, and oxidative stability of the 

semiconductors but also promote π-orbital overlap between conjugated 

molecules.
28

 TIPS-PEN (6,13-bis(2-(triisopropylsilyl)ethynyl)pentacene) is 

one of the most representative examples with a typical 2D ‘bricklayer’ 

arrangement in solid state. The mobilities of 1.42 cm
2
 V

-1
 s

-1
 and 1.8 cm

2
 

V
-1

 s
-1

 were achieved for TIPS-PEN single nanowire and its drop-cast thin 

films, respectively.
29

 Such molecular design concept in acenes has also been 

successfully applied in OPV cells. The small molecule based device with 

the highest reported PCE values was up to 2.25%.
30

 The conjugated 

polymer PBDTTT-TIPS containing benzodithiophene (BDT) substituted 

with TIPS groups gave a high VOC of 0.89 V and a PCE of 4.33%.
31

 Herein 

we reported the synthesis and optical and electrochemical properties of a 

series of organic semiconductors: YJ3, YJ13, YJ14, and YJ15, consisting of 

an alkyl-porphyrin or TIPS-porphyrin donor and TBT, DPP or thiophene 
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(Th), respectively, linked via an ethynylene bridge. Scheme 5.5 displays the 

molecular structure and the principle for the design of soluble porphyrin 

donors. Acceptor groups are connected to the porphyrin core at the 5- and 

15-positions via ethynyl linkers in order to expand the π-system and to 

maintain the planar structure. Alkyl substituent as side chain is introduced 

to the 10- and 20-positions to reduce intermolecular distance and increase 

intermolecular interaction. TIPS unit plays an important role to control 

molecular packing modes with appropriate bulky solubilising property 

thought introducing to the 10- and 20-positions of porphyrin.  
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Scheme 5.5 The chemical structures of porphyrins (YJ3, YJ13−YJ15). 

 

5.5.2 Optical properties  

Fig. 5.11 shows the normalized UV−vis absorption spectra of the four 

porphyrin molecules in DCM solution. The solubility of YJ14 was 

noticeably improved relative to that of the YJ3, with all of the materials 

dissolving in DCM. The side chains have influence on the optical bandgap 

of these porphyrins in solution. The absorption spectra of YJ3 and YJ14 are 

consistent peak shape, whereas an obvious blue shift for Soret bands and 

small red shift for Q band of YJ3 can be observed. This shift might be a 
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result of a minor difference in planarity caused by steric hindrance of the 

side chain at 10- and 20- positions of the porphyrin unit. The blue shift of 

Soret bands is attributed to molecular H-type aggregation of YJ3 in solution. 

However, the red shift of Q bands is due to enhanced intermolecular 

interaction. Comparison of absorption spectra of the YJ13, YJ14, and YJ15, 

both YJ13 and YJ14 possess significantly red shifted peaks with absorption 

onsets at 720 and 810 nm respectively. The significant shift in the latter two 

molecules is attributed to the enhanced acceptor strength of the end-capped 

moiety. The optical data are summarized in Table 5.6. 
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Fig. 5.11 UV−vis absorption spectra of YJ3, YJ13, YJ14 and YJ15 in DCM 

solutions. 

 

Table 5.6 Absorption data for the porphyrin donors (YJ3 and YJ13−YJ15) in 

DCM. 

Dyes 
Absorption in DCM    

λSoret/nm (ε,×10
5
 M

-1
 cm

-1
) λQ/nm (ε,×10

5
 M

-1
 cm

-1
)  

YJ3 444 (3.04), 545 (2.13) 573 (2.83), 765 (3.83)  

YJ13 497 (3.91) 675 (1.71), 720 (1.53)  

YJ14 480 (3.59), 545 (2.81) 580 (3.93), 752 (3.93)  

YJ15 464 (4.13) 631 (0.36), 688 (1.56)  

 

5.5.3 Electrochemical properties  

The HOMO energy levels were determined from the oxidation onsets 

(Eox,onset) of the porphyrins in DCM solution by cyclic voltammetry (CV). 
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Fig. 12 a displays the obtained CV curves of the porphyrins. The onsets of 

oxidation for YJ3 and YJ14 occurred at 0.48 and 0.50 V, corresponding to 

HOMO potential values of –5.08 and –5.10 eV, respectively. The slight 

lower HOMO level observed for YJ14 could be attributed to the 

electron-withdrawing TIPS units, as described above. We found the onsets 

oxidation potential of 0.51 and 0.56 V, corresponding to the HOMO energy 

level –5.11 and –5.16 eV for YJ13 and YJ15, respectively. The HOMO 

energy levels of these porphyrins YJ13, YJ14, and YJ15 are between –5.10 

and –5.16 eV with small variation, which shows that the HOMO level is 

more dependent on the electron-rich donors in the A−D−A type small 

molecule. In general, the difference between the HOMO level of a donor 

material and the LUMO level of an acceptor is the VOC values of OPVs.
1b

 In 

this regard, higher VOC values can be expected for these SMs synthesized in 

this study compared to those found for P3HT-based devices (∼0.6 V) 

because all SMs displayed lower HOMO levels than those of P3HT (–3.0 to 

–5.1 eV).
32

 

In generally, the acceptor can induce more quinoid population in the 

polymer main chain, which will possess stronger bandgap lowing ability. 

The increased quinodization in the polymer will increase the backbone 

planarization. So, the acceptors in these SMs induce strong intermolecular 

π-π interactions in the film state. Because YJ13, YJ14, and YJ15 have the 

similar molecular composition except for the acceptor units, the difference 

of their λmax as well as Eg
opt

 apparently points out that the acceptor strength 

is in the order DPP > TBT > Th. The LUMO levels of YJ13, YJ14, and 

YJ15 were estimated to be –3.39, –3.52, and –3.41 eV, respectively, 
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providing a large enough offset between their LUMO levels and that of 

PC61BM to ensure efficient exciton separation.
28b, 33

 Accordingly, the 

HOMO and LUMO energy levels of the molecules are illustrated in Fig. 12 

b. The optical and electrochemical properties of these SMs are summarized 

in Table 5.7. The discrepancies between the electrochemical and optical 

band gaps presumably resulted from the exciton binding energies of the 

molecules and/or the interfacial barriers for charge injection.
34
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Fig. 5.12 (a) Cyclic voltammograms of YJ3, YJ13, YJ14 and YJ15 in a DCM 

solution of 0.1 mol L
-1

 TBAPF with a scan rate of 100 mV s
-1

; (b) Energy level 

diagram of YJ porphyrins and PC61BM. 

 

Table 5.7 Electrochemical properties of YJ3, YJ13, YJ14 and YJ15 

Compound  Eox,onset 

[V] 
a
  

Ered,onset [V] EHOMO 

[eV] 
a
  

ELUMO 

[eV]  

Eg
CV

 [eV] 
b
 Eg

Opt
 [eV] 

c
 

YJ3  0.48  –1.08 –5.08  –3.52  1.56 1.50  

YJ13  0.51  –1.21 –5.11  –3.39  1.72 1.65  

YJ14  0.50  –1.08 –5.10  –3.52  1.58 1.54 

YJ15 0.56 –1.19 –5.16 –3.41 1.75 1.73 
a
 HOMO and LUMO levels were measured in DCM with 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF) calibrated with ferrocene/ferrocenium (Fc/Fc
+
) as an external 

reference, The HOMO and LUMO levels were estimated by the following equation; 

HOMO= –(4.60 + Eox,onset), LUMO= –(4.60 + Ered,onset). 
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. 

 

a) b) 
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5.5.4 Conclusion 

In conclusion, we successfully synthesized a series of new π-conjugated 

porphyrin-based small molecules via Sonogashira coupling. The molecules were 

composed of alkyl-substituted or TIPS-substituted porphyrin units and Th, TBT or 

DPP units. The four SMs exhibited medium band gaps (1.56~1.75 eV) and strong 

π-π stacking shoulder peaks in the acquired UV−visible absorption spectra. The 

HOMO energy levels of the molecules were found to be relatively low compared 

to those of P3HT. The primary results indicate that these porphyrin-based small 

molecules are good candidates as donor materials for OSCs. 

5.6 Experimental section 

General: Bis(hexyloxy)benzene and 1,4-dibromo-2,5-bis(hexyloxy) 

benzene were prepared according to the literature procedures.
35

 Compound 

2-dodecylthiophene
36

 was synthesized according to literature procedures 

and characterized by comparing their 
1
H NMR and 

13
C NMR spectra with 

those found in the literature. 4-ethynylbenzoate was synthesized according 

to literature procedures.
37

 Although some of the starting materials have been 

previously reported by others, the detailed synthetic procedure and their 

characterization data for all compounds were included.  

1,4-Dibromo-2,5-bis(hexyloxy)benzene: A revised procedure using 

methanol as solvent was described here. Bromine (70.0mL, 1.36 mmol) was 

added dropwise to bis(hexyloxy) benzene (75.0 g, 269 mmol) in methanol 

(650 mL) at 0 ºC and the obtained mixture was further refluxed for 48 h. 

Then the reaction mixture was extracted with hexanes (4 × 250 mL) and the 

combined organic layer was washed with 20% aq. NaHSO3 (2 × 200 mL), 

water (200 mL), and brine (200 mL). The solution was dried over MgSO4, 
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and the solvent was removed under vacuum. The residue was recrystallized 

in methanol/DCM (9:1) to give the title compound as white solid (88.5 g, 

75%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.93 (t, J = 6.8 Hz, 6H), 

1.30-1.40 (m, 8H), 1.40-1.55 (m, 4H), 1.81 (t, J = 6.8, 6.4 Hz, 4H), 3.95 (t, 

J = 6.4 Hz, 4H), 7.09 (s, 2H). 
13

C NMR (400 MHz, CDCl3) δ (ppm): δ 

14.00, 22.56, 25.59, 29.06, 31.46, 70.26, 111.09, 118.41, 150.04. 

4-Bromo-2,5-bis(hexyloxy)benzaldehyde: 1,4-dibromo-2,5-bis(hexyloxy) 

benzene (34.9 g, 80.0 mmol) was dissolved in Et2O (150 mL) and cooled to 

0 ºC under nitrogen. n-BuLi (2.5 M in hexanes, 32 mL, 80 mmol) diluted in 

100 mL Et2O was added dropwise in 30 min. Anhydrous DMF (10.0 mL, 

130 mmol) in Et2O (35 mL) was added rapidly to the reaction. The mixtures 

were removed from the cold bath and warmed to room temperature for 2 h 

stirring. Then the reaction was poured into water (300 mL) and extracted 

with diethyl ether (3 × 100 mL). The organic layer was washed with brine 

(100 mL) and dried over MgSO4. The solvent was removed under vacuum 

and the residue was recrystallized from hexanes and then methanol to give 

the title compound as while solid (40.5 g, 66%). 
1
H NMR (400 MHz, CDCl3) 

δ (ppm): 0.80-0.95 (m, 6H), 1.30-1.40 (m, 8H), 1.40-1.55 (m, 4H), 

1.75-1.90 (m, 4H), 4.00 (t, J = 6.4 Hz, 2H), 4.02 (t, J = 6.4 Hz, 2H), 7.22 (s, 

1H), 7.30 (s, 1H), 10.41 (s ,1H). 
13

C NMR (400 MHz, CDCl3) δ (ppm): 

13.95, 13.97, 22.51, 22.53, 25.57, 25.62, 28.94, 28.98, 31.42, 69.76, 69.76, 

110.52, 118.39, 120.89, 124.20, 149.80, 155.71, 188.86.  

4-Ethynyl-2,5-bis(hexyloxy)benzaldehyde: Compound 4-bromo-2,5- 

bis(hexyloxy)benzaldehyde (7.706 g, 20.00 mmol), CuI (0.052 g, 0.28 

mmol), Pd(Ph3P)2Cl2 (0.475 g, 0.68 mmol) were combined in toluene (200 
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mL) and diisopropylamine (60 mL) to yield a yellow solution under argon 

atmosphere. A solution of trimethylsilyl acetylene (4.32 g, 6.22 mL, 44.0 

mmol, d = 0.695 g/mL) in diisopropylamine (30.0 mL) was slowly added to 

the reaction mixture at room temperature. The reaction mixture was then 

stirred at 70 °C for 6 h to give a reddish 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 petroleum ether as eluent to give 2,5-bis(hexyloxy)-4-(2- 

(trimethylsilyl)ethynyl)benzaldehyde (7.36 g, 92%) as white crystals. A 

KOH aqueous solution (15.0 mL, 20.0%) was diluted with methanol (50.0 

mL) and added to a stirred solution of trimethylsilyl protected aldehyde 

(7.01 g, 12.0 mmol) in THF (100.0 mL) under argon atmosphere. The 

mixture was stirred at room temperature for 1 h and extracted with 

dichloromethane for several times. The organic fraction was washed with 

water and dried over anhydrous MgSO4. The crude product was 

chromatographed on silica gel using petroleum ether as the eluent. 

Recrystallization of the product from methanol gave title product (5.287 g, 

80%) as white crystals. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.76-0.77 (t, J 

= 7.6 Hz, 6H, CH3), 1.20-1.30 (m, 8H), 1.31-1.45 (m, 4H), 1.65-1.80 (m, 

4H), 3.08 (s, 1H, C≡CH), 4.01 (t, J = 6.4 Hz, 2H), 4.02 (t, J = 6.4 Hz, 2H), 

7.22 (s, 1H), 7.30 (s, 1H), 10.41 (s ,1H). 

(10,20-Bis(2-hexyl-nonyl)-5,15-dibromoporphyrinato) zinc(II) (RPorZnBr): 

To a solution of 5,15-dibromo-10,20-Bis(2-hexyl-nonyl)porphyrin (1.00 g, 

1.125 mmol) in DCM (50 mL) was added a solution of Zn(OAc)2·2H2O 

(1.234 g, 5.62 mmol) in methanol (15 mL). The reaction mixture was stirred 
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at room temperature overnight. The solvents were removed, and the residue 

was washed with ethanol three times and then purified by column 

chromatography using a mixture of CHCl3/hexane (3:1) as the eluent, 

recrystallized from DCM/ethanol to afford a purple solid RPorZnBr (1.017 

g, 95%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.70 (t, J = 6.8Hz, 12H, 

CH3), 0.88-0.99 (m, 28H), 1.01-1.25 (m, 8H), 1.40-1.47 (m, 4H), 2.60-2.65 

(m, 4H), 2.76-2.85 (m, 4H), 5.06-5.11 (t, 2H), 9.58 (d, J = 4.0Hz, 2H, 

β-pyrrolic H), 9.63 (d, J = 5.6Hz, 2H, β-pyrrolic H), 9.65 (d, J = 3.2Hz, 4H, 

β-pyrrolic H). 

5,15-Bis(4-dodecyloxylphenyl)-porphyrin (1ROPor): 4-Dodecyloxyl- 

benzaldehyde (496 mg, 1.71 mmol) and dipyrromethane (0.25 g, 1.71 mmol) 

were dissolved in 300 mL of pre-dehydrated chloroform, and the solution 

was purged with dry argon for 1 h. Then TFA (107 μL, 1.41 mmol) was 

added by syringe quickly and the solution was stirred in dark under argon 

atmosphere at room temperature for 3 h. After that, DDQ (500 mg, 2.21 

mmol) was added and the solution was stirred for further 30 min before 

quenched by TEA (1.5 mL, 10.7 mmol). The solvent was evaporated and 

the crude product was eluted through a short pad of silica gel by chloroform 

to remove most of the tar. The mixture was further purified by flash column 

chromatography twice using hexane/DCM (2:1) as the eluent and 

reprecipitated over methanol to give pure product 1ROPor (412 mg, 29%) 

as dark brown red solid. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.97 (t, J = 

6.8Hz, 6H, CH3), 1.31-1.38 (m, 32H), 1.51-1.52 (m, 4H), 1.61-1.67 (m, 4H), 

4.23-4.24 (m, 4H), 7.32 (d, J = 8.4Hz, 4H), 8.17 (d, J = 8.0Hz, 4H), 9.13 (d, 

J = 4.4Hz, 2H, β-pyrrolic H), 9.37 (d, J = 4.8Hz, 4H, β-pyrrolic H), 10.28 (s, 
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2H).  

(10,20-Bis(4-dodecyloxylphenyl)-5,15-dibromo-porphyrinato)zinc(II)(1RO

PorBr): Compound 1ROPor (1.00 g, 1.203 mmol) was dissolved into 200 

mL of chloroform in a two-neck round flask under nitrogrn protection, 

N-bromosuccinimide (471 mg, 2.647 mmol) was added and then the 

solution was stirred at room temperature in dark. After 0.5 h, the mixture 

was quenched with 200 mL of methanol and then filtered. After drying in 

vacuum, the solid was dissolved into 200 mL of chloroform and 0.5 mL of 

pyridine in a round flask. A solution of Zn(OAc)2·2H2O (664 mg, 3 mmol) 

in methanol (10 mL) was added to the reaction. The reaction mixture was 

stirred at room temperature overnight. The solvents were removed, and the 

residue was purified by recrystallized from dichloromethane/ethanol three 

times to afford a purple solid (1.076 g, yield 85%).  

Y19: A mixture of RPorZnBr (130.4 mg, 0.137 mmol) and 4-ethynyl- 

2,5-bis(hexyloxy)benzaldehyde (90.9 mg, 0.275 mmol) in THF (10 mL) and 

Et3N (3 ml) was degassed with nitrogen for 10 min, and then Pd(PPh3)4 (25 

mg, 0.022 mmol), CuI (5 mg, 0.022 mmol) was added to the mixture, the 

solution was refluxed for 12 h under nitrogen. The solvent was removed in 

vacuum, and the residue was purified by preparative thin layer 

chromatography using a CHCl3/hexane (3:1) as eluents. Recrystallization 

from CHCl3/methanol gave Y19 as a green solid (171.0 mg, 86%). 
1
H NMR 

(400 MHz, CDCl3) δ (ppm): 0.61-0.66 (m, 12H, CH3), 0.82-0.86 (t, J = 

7.2Hz 6H), 0.89-0.93 (t, J = 7.2Hz 6H), 0.98-1.05 (m, 26H, CH2), 1.17-1.29 

(m, 8H, CH2), 1.36-1.39 (m, 12H, CH2), 1.42-1.53 (m, 12H, CH2), 

1.73-1.77 (m, 4H, CH2), 1.87-1.91 (m, 4H, CH2), 2.23-2.27 (m, 4H, CH2), 
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2.66-2.70 (m, 4H, CH2), 2.85-2.88 (m, 4H, CH2), 4.17-4.20 (m, 4H, OCH2), 

4.27-4.31 (m, 4H, OCH2), 5.08-5.16 (m, 2H, CH), 7.37-7.45 (m, 4H, ArH), 

9.56-9.58 (m, 2H, β-pyrrolic H), 9.63-9.66 (m, 2H, β-pyrrolic H), 9.81-9.88 

(m, 4H, β-pyrrolic H), 10.44 (s, 2H, CHO). 

Y5: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.74-0.89 (m, 24H, CH3), 

1.15-1.42 (m, 92H, CH2), 1.61-1.73 (m, 8H), 1.79-1.87 (m, 8H), 2.08-2.13 

(m, 4H), 3.88-3.91 (m, 4H), 4.07-4.11 (m, 8H), 4.16-4.20 (m, 4H), 

6.86-6.87 (m, 2H), 7.08 (s, 2H), 7.31 (s, 2H), 7.33 (s, 4H), 8.94 (d, J = 

4.4Hz, 2H, β-pyrrolic H), 9.66 (d, J = 4.8Hz, 4H, β-pyrrolic H), 10.16 (s, 

2H, CHO).  

Y6: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.78-0.87 (m, 18H, CH3), 

1.18-1.37 (m, 60H, CH2), 1.43-1.52 (m, 4H, CH2), 1.58-1.64 (m, 4H), 

1.85-2.01 (m, 4H), 3.41-3.44 (m, 4H), 3.85-3.88 (m, 4H), 4.20-4.23 (m, 4H), 

6.35 (s, 2H), 6.92 (s, 2H), 7.24 (d, J = 8.4Hz, 4H), 8.03 (d, J = 8.4Hz, 4H), 

8.63 (d, J = 4.4Hz, 4H, β-pyrrolic H), 9.11 (d, J = 4.8Hz, 4H, β-pyrrolic H), 

9.61 (s, 2H, CHO). 

YJ19: Y19 (198.8 mg, 0.137 mmol) was dissolved in a solution of CHCl3 

(20 mL), two drops of piperidine and then 3-ethylrhodanine (228.3 mg, 

1.370 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 Na2SO4. 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 hexane and CHCl3 mixture 
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five times to afford YJ19 as a black solid (154.7 mg, 65% yield). 
1
H NMR 

(400 MHz, CDCl3) δ (ppm): 2.14-2.22 (m, 12H, CH3), 2.37-2.39 (m, 12H, 

CH2), 2.52-2.54 (m, 26H, CH2), 2.70-2.73 (m, 8H), 2.77-2.80 (m, 12H), 

2.87-3.00 (m, 12H), 3.11-3.16 (m, 8H), 3.33-3.35 (m, 8H), 3.84-3.85 (m, 

4H), 4.28-4.37 (m, 4H), 4.65-4.69 (m, 4H), 5.66-5.77 (m, 8H), 5.95-5.98 (t, 

J = 6.4 Hz, 3H), 6.94-7.04 (m, 2H), 8.81 (s, 2H), 9.51-9.53 (m, 2H), 

11.47-11.50 (m, 2H), 11.53 (d, J = 3.2 Hz, 2H), 11.83-11.85 (m, 2H), 

11.88-11.90 (m, 2H). (MALDI−TOF, m/z) calculated for C102H138N6O6S4Zn: 

1737.8737; found: 1736.8991. 

YJ5: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.72-0.77 (m, 18H, CH3), 

0.86-0.89 (m, 6H, CH3), 1.15-1.42 (m, 92H, CH2), 1.44-1.51(m, 4H), 

1.69-1.87 (m, 16H), 2.08-2.14 (m, 4H), 4.05-4.17 (m, 20H), 6.84 (s, 2H), 

6.88 (s, 2H), 7.29 (s, 4H), 7.33 (s, 2H), 8.12 (s, 2H), 8.88 (d, J = 4.4Hz, 2H, 

β-pyrrolic H), 9.65 (d, J = 4.8Hz, 4H, β-pyrrolic H). (MALDI−TOF, m/z) 

calculated for C132H182N6O10S4Zn: 2206.5417; found: 2206.5417. 

YJ6: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.86-0.95 (m, 18H, CH3), 

1.20-1.24 (m, 6H, CH2), 1.31-1.46 (m, 40H, CH2), 1.48-1.52 (m, 12H), 

1.65-1.67 (m, 4H), 1.76-1.78 (m, 4H), 1.85-1.89 (m, 4H), 1.99-2.02 (m, 4H), 

2.24-2.26 (m, 4H), 4.14-4.16 (m, 4H), 4.20-4.26 (m, 8H), 4.33-4.36 (m, 4H), 

7.16 (s, 2H), 7.46 (d, J = 8.4Hz, 4H), 7.91 (s, 2H), 8.34 (d, J = 8.4Hz, 4H), 

8.44 (s, 2H), 9.22 (d, J = 4.4Hz, 2H, β-pyrrolic H), 10.26 (d, J = 4.8Hz, 4H, 

β-pyrrolic H). (MALDI−TOF, m/z) calculated for C108H134N6O8S4Zn: 

1837.9050; found: 1837.9050. 
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Scheme 5.6 Synthetic routes of YJ1 and YJ2. 

 

4-Bromo-7-(5-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (BTBr): (5- 

Hexylthiophen-2-yl)trimethylstannane (331 mg, 1.0 mmol) was added into a 

25 mL round-bottom flask with 4,7-dibromobenzo[c][1,2,5] 

thiadiazole[1,2-b:4,5-b′]dithiophene (294 mg, 1.0 mmol) and Pd(PPh3)4 (25 

mg) in THF. The flask was subjected to three successive cycles of vacuum 

followed by refilling with nitrogen. The Stille coupling was carried out at 

120 °C for 24 h under nitrogen protection. The reaction mixture was poured 
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into methanol and the raw compound collected was purified by preparative 

thin layer chromatography using a DCM/hexane (1:1) as eluents to give 

BTBr (267 mg, 70%). 

4-Ethynyl-7-(5-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (BTa): BTBr 

(381 mg, 1 mmol) was dissolved in THF (25 mL) and triethylamine (5 mL). 

The mixture was purged with nitrogen for 10 min. Then Pd(PPh3)2Cl2 (35 

mg, 0.05 mmol), CuI (10 mg, 0.05 mmol), and trimethylsilylacetylene (0.4 

g, 5 mmol) were added. The mixture was further purged with nitrogen for 

another 15 min. After stirring at 60 °C for 1 day under nitrogen, the solvent 

was removed under reduced pressure. The residue was purified by column 

chromatography (silica gel, DCM/petroleum ether) to afford a white solid. 

The solid was added to 20 mL of THF/methanol (5:1) and the mixture was 

purged under nitrogen for 10 min, K2CO3 (420 mg, 3.0 mmol) was added 

and the reaction mixture was stirred at room temperature for 4 h. The 

progress of the reaction mixture was monitored by TLC. The solution was 

washed with water and extracted with DCM, the organic phase was dried 

over Na2SO4. After the solvent was removed, and the residue was purified 

on column chromatography (silica, DCM) to afford BTa (320 mg, 84%) of 

porphyrin. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.89 (s, 3H, CH3), 

1.32-1.41 (m, 6H, CH2), 1.72-1.76 (m, 2H, CH2), 3.61 (s, 1H, C≡CH), 6.87 

(d, J = 2.8Hz, 1H, ArH), 7.70 (d, J = 7.6Hz, 1H, ArH), 7.76 (d, J = 7.2Hz, 

1H, ArH), 7.98 (d, J = 3.6Hz, 1H, ArH). 

Dipyrromethane: A suspension of paraformaldehyde (1.73 g, 57.7 mmol) 

in pyrrole (100 mL, 1.44 mol) was placed in a 250 mL two-necked 

round-bottomed flask equipped with an internal thermometer and a water 
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condenser in the reflux position. The solution was heated to 50 °C, and then 

the heat source was removed before the addition of TFA (444 μL, 5.77 

mmol). After 5 min the reaction was quenched with TEA and the product 

was purified through the distillation at 110 °C (0.04 mm Hg); then 

recrystallized from ethanol/water (1:1) to give dipyrromethane (3.48 g, 41%) 

as colorless crystals.  

5,15-Diheptylporphyrin: A solution of octanal (0.615 g, 4.8 mmol) and 

dipyrromethane (0.702 g, 4.8 mmol) in DCM (1 L) was purged with 

nitrogen for 30 min, and then trifluoroacetic acid (TFA) (0.3 g, 2.6 mmol) 

was added. The mixture was stirred for 3 h at room temperature, and then 

DDQ (1.84 g, 8 mmol) was added. After the mixture was stirred at room 

temperature for 30 min, and quenched by triethylamine (2 mL). The solvent 

was removed, and the residue was purified by column chromatography on 

silica gel using DCM/petroleum ether as the eluent. The recrystallization 

from DCM/ethanol gave a purple solid (0.40 g, 31%). 
1
H NMR (400 MHz, 

CDCl3) δ (ppm): –2.92 (br, 2H), 0.88-0.92 (t, J = 7.6Hz, 6H), 1.30-1.37 (m, 

8H), 1.34-1.37 (m, 4H), 1.74-1.82 (m, 4H), 2.35-2.37 (m, 4H), 4.97 (t, 4H), 

9.42 (d, J = 4.8Hz, 4H, β-pyrrolic H), 9.56 (d, J = 4.8Hz, 4H, β-pyrrolic H), 

10.13 (s, 2H). 

5,15-Dibromo-10,20-diheptylporphyrin: 5,15-Diheptylporphyrin (1.0 g, 

1.97 mmol) was dissolved in 300 mL chloroform, and NBS (737 mg, 4.14 

mmol) was added. After stirring for 3 h, the reaction was quenched by the 

addition of acetone (10 mL). The evaporation of the solvent and washing 

with ethanol afforded a purple solid without further purification. 
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(5,15-Dibromo-10,20-diheptylporphyrinato)zinc(II): To a solution of 

5,15-Dibromo-10,20-diheptylporphyrin in DCM (50 mL) was added a 

solution of Zn(OAc)2·2H2O (0.22 g, 1 mmol) in methanol (5 mL). The 

reaction mixture was stirred at room temperature overnight. The solvents 

were removed, and the residue was washed with ethanol three times and 

then recrystallized from DCM/ethanol to afford a purple solid (1.293 g, 

90%). 
1
H NMR (400 MHz, CDCl3 + 5% Pyridine-D5) δ (ppm): 0.88-0.91 (t, 

J = 7.6Hz, 6H), 1.30-1.38 (m, 8H), 1.34-1.42 (m, 4H), 1.74-1.79 (m, 4H), 

2.45-2.48 (m, 4H), 4.94 (t, 4H), 9.47 (d, J = 4.8Hz, 4H, β-pyrrolic H), 9.78 

(d, J = 4.8Hz, 4H, β-pyrrolic H). 

YJ1: A mixture of (5,15-dibromo-10,20-diheptylporphyrinato)zinc(II) 

(100 mg, 0.137mmol) and BTa (89.7 mg, 0.275 mmol) in THF (10 mL) and 

Et3N (3 ml) was purged with nitrogen for 10 min, and then Pd(PPh3)4 (25 

mg, 0.022 mmol), CuI (5 mg, 0.022 mmol) was added to the mixture, the 

solution was refluxed for 12 h under nitrogen. The solvent was removed in 

vacuum, and the residue was purified by preparative thin layer 

chromatography using a DCM + 1% Pyridine/hexane (1:1) as eluents. The 

recrystallization from CHCl3 + Pyridine (5%)/methanol gave YJ1 as a 

brown solid (150 mg, 90%). 
1
H NMR (400 MHz, CDCl3 + 5% Pyridine-D5) 

δ (ppm): 0.88-0.93 (m, 12H), 1.33-1.36 (m, 24H), 1.39-1.53 (m, 8H), 

1.71-1.80 (m, 8H), 2.48-2.51 (m, 4H), 2.86-2.90(m, 4H), 4.79-4.83 (m, 4H), 

6.85 (d, J = 3.6Hz, 2H), 7.61 (d, J = 6.4Hz, 2H), 7.89-7.91 (m, 4H), 9.33 (d, 

J = 4.8Hz, 4H, β-pyrrolic H), 9.77 (d, J = 4.4Hz, 4H, β-pyrrolic H). MS 

(MALDI−TOF, m/z) calculated for C70H72N8S4Zn: 1219.0243; found: 

1219.0255. 



164 

YJ2:  A mixture of 2,6-diiodo-5,5-difluoro-1,3,7,9-tetramethyl-10- 

octyl-5H-dipyrrolo[1,2-c:20,10-f][1,3,2]diazaborinin-4-ium-5-uide (612 mg, 

1.00 mmol) and BTa (652 mg, 2.0 mmol) in THF (30 mL) and Et3N (10 ml) 

was purged with nitrogen for 10 min, and then Pd(PPh3)4 (50 mg, 0.044 

mmol), CuI (10 mg, 0.044 mmol) was added to the mixture, the solution 

was refluxed for 12 h under nitrogen. The solvent was removed in vacuo, 

and the residue was purified by preparative thin layer chromatography using 

a DCM/hexane (1:1) as eluents. The recrystallization from CHCl3/methanol 

gave YJ2 as a brown solid (760 mg, 70%). 
1
H NMR (400 MHz, CDCl3) δ 

(ppm): 0.91-0.92 (m, 12H), 1.25-1.34 (m, 20H), 1.37-1.42 (m, 4H), 

1.53-1.61 (m, 4H), 2.62 (m, 6H), 2.80 (m, 6H), 2.84-2.88 (t, J = 7.6Hz, 3H), 

2.92-2.96 (t, J = 8.8Hz, 3H), 6.84 (d, J = 4.0Hz, 2H), 7.65 (d, J = 7.6Hz, 

2H), 7.69 (d, J = 7.2Hz, 2H), 7.94 (d, J = 3.6Hz, 2H). MS (MALDI−TOF, 

m/z) calculated for C57H63BF2N6S4: 1009.2181; found: 1009.2155. 
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Scheme 5.7 Synthetic routes of YJ4. 
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BBTa: 2,6-Diiodo-5,5-difluoro-1,3,7,9-tetramethyl-10-octyl-5H-dipyrrolo 

[1,2-c:20,10-f][1,3,2]diazaborinin-4-ium-5-uide (612 mg, 1.00 mmol), BTa 

(326 mg, 1 mmol), CuI (18 mg, 0.14 mmol), Pd(PPh3)4 (26 mg, 0.022 mmol) 

were combined in toluene (20 mL) and Et3N (2 ml) under argon atmosphere. 

The reaction mixture was then stirred at 70 °C for 6 h to give a reddish 

brown suspension. The completion of the reaction was verified by spot TLC. 

The solvent was removed under reduced pressure, and the residue was 

chromatographed on silica gel using petroleum ether as eluent to give BBTa 

(8.16 g, 70%) as red crystals. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

0.89-0.92 (t, J = 7.2Hz, 3H, CH3), 0.98-1.02 (t, J = 7.2Hz, 3H, CH3), 

1.18-1.58 (m, 18H, CH2), 1.72-1.76 (m, 2H, CH2), 2.55 (s, 6H, CH3), 2.76 

(s, 6H, CH3), 2.90-2.94 (m, 2H, CH2), 6.85 (d, J = 4.0Hz, 1H, ArH), 7.65 (d, 

J = 7.6Hz, 1H, ArH), 7.69 (d, J = 7.2Hz, 1H, ArH), 7.94 (d, J = 3.6Hz, 1H, 

ArH). 

(5,15-Bis(triisopropylsilylsilylethynyl)-10,20-diheptylporphyrinato)zinc(II) 

(YJ0): Compound (5,15-dibromo-10,20-diheptylporphyrinato)zinc(II) 

(0.727 g, 1 mmol)was dissolved in THF (30 mL) and triethylamine (10 mL) 

was added. The mixture was purged with nitrogen for 10 min. Then 

Pd(PPh3)2Cl2 (35 mg, 0.05 mmol), CuI (10 mg, 0.05 mmol) and 

triisopropylsilylacetylene (0.91 g, 5 mmol) were added. Then the mixture 

was purged with nitrogen for another 15 min. After stirring at room 

temperature for 1 day under nitrogen, the solvent was removed under 

reduced pressure. The residue was purified by column chromatography 

(silica gel, DCM/hexane) to afford a purple solid (0.856 g, 92%). 
1
H NMR 

(400 MHz, CDCl3) δ (ppm): 0.89-0.93 (t, J = 7.6Hz, 6H), 1.34-1.37 (m, 8H), 
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1.34-1.42 (m, 4H), 1.49-1.50 (m, 4H), 1.50 (s, 42H), 1.76-1.82 (m, 4H), 

2.35-2.37 (m, 4H), 4.79 (s, 4H), 9.29 (s, 4H, β-pyrrolic H), 9.57 (s, 4H, 

β-pyrrolic H). 

(5,15-Diethynyl-10,20-diheptylporphyrinato) zinc(II): YJ0 (930 mg, 1.0 

mmol) was added to 100 mL of THF and the solution was purged with 

nitrogen for 10 min. TBAF (0.88 g, 1M in THF) was added dropwise to the 

mixture with stirring. After stirring for 30 min, water was added to quench 

the reaction. The solution was extracted with chloroform, washed with 

water and dried over anhydrous MgSO4. After evaporation of the solvent, 

the residue was recrystallized from DCM/ethanol to afford a purple solid 

(438 mg, 71%). 
1
H NMR (400 MHz, CDCl3 + 5% Pyridine-D5) δ (ppm): 

0.89-0.93 (t, J = 7.6Hz, 6H), 1.36-1.38 (m, 8H), 1.39-1.42 (m, 4H), 

1.49-1.53 (m, 4H), 1.77-1.81 (m, 4H), 2.36-2.38 (m, 4H), 4.03 (s, 2H), 4.81 

(s, 4H), 9.69 (s, 4H, β-pyrrolic H), 9.98 (s, 4H, β-pyrrolic H). 

YJ4: A mixture of (5,15-dibromo-10,20-diheptylporphyrinato)zinc(II) 

(100 mg, 0.162mmol) and BBTa (262 mg, 0.324mmol) in THF (40 mL) and 

Et3N (12 ml) was degassed with nitrogen for 10 min, and then Pd(PPh3)4 

(50 mg, 0.044 mmol), CuI (10 mg, 0.044 mmol) was added to the mixture, 

the solution was refluxed for 12h under nitrogen. The solvent was removed 

in vacuum, and the residue was purified by preparative thin layer 

chromatography using a DCM + 1% pyridine/hexane (1:1) as eluents. The 

recrystallization from CHCl3 + Pyridine (5%)/methanol gave YJ4 as a 

brown solid (150 mg, 90%). 
1
H NMR (400 MHz, Pyridine-D5) δ (ppm): 

0.89-0.92 (t, J = 6.8Hz, 6H), 0.98-1.05 (m, 12H), 1.28-1.46 (m, 54H), 

1.68-1.77 (m, 8H), 1.96-2.02 (m, 6H), 2.38 (m, 4H), 2.72 (s, 6H), 2.78-2.94 
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(m, 8H), 3.22 (s, 6H), 3.38 (m, 4H), 7.06 (d, J = 4.4Hz, 2H), 7.96 (d, J = 

7.2Hz, 2H), 8.00 (d, J = 6.8Hz, 2H), 9.64-9.73 (m, 4H, β-pyrrolic H), 

9.97-10.01 (m, 4H, β-pyrrolic H). MS (MALDI−TOF, m/z) calculated for 

C116H130B2F4N12S4Zn: 1983.6194; found: 1983.6155. 
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Scheme 5.8 Synthetic routes of YJ3. 

 

3,6-Dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (Dione): 

Potassium tert-butylate (4 g, 35.7 mmol) was added to a round flask with 

argon protection. Then a solution of t-amyl alcohol (25 mL) and 

2-thiophenecarbonitrile (3.27 g, 30 mmol) was injected by a syringe one 

portion. The mixture was warmed up to 100-110 °C, and a solution of 

dimethyl succinate (1.46 g, 10 mmol) in t-amyl alcohol (8 mL) was dropped 

slowly in 1 h. When the addition was completed, the reaction was kept at 

the same temperature for about 1 h, and then the by product of methanol 

was distilled off and the reaction was kept for 2 h. Then the mixture was 

cooled to 65 °C, diluted with 50 mL of methanol, and neutralized with 

acetic acid and reflux for another 10 min. Then the suspension is filtered, 
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and the black filter cake is washed with hot methanol, then with water and 

dried in vacuum to get coarse product and could be used directly to next 

step without further purification (2.55 g, yield 85%). 

2,5-Diethylhexyl-3,6-dithiophen-2-ylpyrrolo[3,4-c]pyrrole-1,4-dione (DPP): 

Dione (13.0 g, 43.3 mmol) and anhydrous potassium carbonate (24 g, 173 

mmol) were dissolved into N,N-dimethylformamide (250 mL) in a 

two-neck round flask and heated to 145 °C under argon protection. 

2-ethylhexyl bromide (38.6 g, 200 mmol) was injected one portion by 

syringe. When the reaction was stirred for 15 h at 145 °C, the solution was 

cooled to room temperature, poured into 500 mL of ice water, and then 

filtered. The filter cake was washed by water and methanol several times. 

After drying in vacuum, the crude product was purified by silica gel 

chromatography using dichloromethane as eluent to obtain a purple-black 

solid powder (17.3 g, yield 76%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

8.95 (d, 2H), 7.62 (d, 2H), 7.27 (d, 2H), 4.03 (m, 4H), 1.85 (m, 2H), 

1.36-1.22 (m, 16H), 0.85 (m, 12H). 

3-(5-Bromo-thiophen-2-yl)-2,5-bis-(2-ethyl-hexyl)-6-thiophen-2-yl-2,5-dihy-

dopyrrolo[3,4-c]pyrrole-1,4-dione (A1): Compound DPP (4.52 g, 8.62 mmol) 

and N-bromosuccinimide (1.53 g, 8.62 mmol) were dissolved into 

chloroform (200 mL) in a two-neck round flask under nitrogen protection, 

and then the solution was protected from light and stirred at room 

temperature. After 40 h, the mixture was poured into 200 mL of methanol 

and then filtered. The filter cake was washed by hot methanol twice. After 

drying in vacuum, the pure product was obtained as a purple-black solid 

(4.06 g, yield 78%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.89 (m, 1H), 
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8.62 (d, J = 4.17Hz, 1H), 7.64 (m, 1H), 7.27 (t, J = 4.47Hz, 1H), 7.22 (d, J 

= 4.2Hz, 1H), 4.02 (m, 4H), 1.84 (m, 2H), 1.36-1.26 (m,16H), 0.86 (m, 

12H). 

YJ3: A mixture of (5,15-dibromo-10,20-diheptylporphyrinato)zinc(II) 

(100 mg, 0.162 mmol) and A1 (195.5 mg, 0.324 mmol) in THF (40 mL) and 

Et3N (12 ml) was degassed with nitrogen for 10 min, and then Pd(PPh3)4 

(25 mg, 0.022 mmol), CuI (5 mg, 0.022 mmol) was added to the mixture, 

the solution was refluxed for 12 h under nitrogen. The solvent was removed 

in vacuo, and the residue was purified by preparative thin layer 

chromatography using a DCM + 1% pyridine/hexane (3:1) as eluents. 

Recrystallization from CHCl3 + Pyridine (5%)/methanol gave YJ3 as a 

brown solid (150 mg, 90%). 
1
H NMR (400 MHz, Pyridine-D5) δ (ppm): 

0.89-0.92 (m, 24H), 0.97-1.00 (m, 6H), 1.24-1.54 (m, 36H), 1.72-1.86 (m, 

12H), 2.15-2.51 (m, 8H), 3.64-3.78 (m, 4H), 3.91-4.02 (m, 4H), 4.78-4.81 

(m, 4H), 7.23-7.25 (m, 2H), 7.33-7.35 (m, 2H), 7.56 (d, J = 4.8Hz, 2H), 

8.78-8.80 (m, 2H), 8.96 (d, J = 3.6Hz, 2H), 9.32 (d, 4H, J = 3.6Hz, 

β-pyrrolic H), 9.39 (m, J = 4.0Hz, 4H, β-pyrrolic H). MS (MALDI−TOF, 

m/z) calculated for C98H116N8O4S4Zn: 1663.6708; found: 1663.6755. 
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Scheme 5.9 Synthetic routes of Zn9. 

 

3-(Triisopropylsilyl)-1-propynal: TIPS-acetylene (41.1 g, 225 mmol) was 

dissolved into ether (200 mL) at 0 ºC, n-BuLi (100 mL, 2.5 M in hexane, 

250 mmol) was added dropwise over 30 minutes. The reaction was stirred 

one hour at 0 ºC and then dropped into a solution of freshly distilled DMF 

(52.2 mL, 675 mmol) in Et2O (200 mL) at  −78 ºC over 30 minutes. The 

reaction mixture was stirred for one hour at −78 ºC and was allowed to 

warm up slowly to 0 ºC over a period of one hour. The reaction was 

quenched at 0 ºC by pouring it into a solution of 5% H2SO4 (500 mL) at 0 

ºC to attain a slightly acidic pH. After stirring one hour, the organic phase 

was separated and the aqueous phase was extracted exhaustively with ether. 

The organic layers were combined, dried over MgSO4, filtered and 

concentrated under reduced pressure to afford 1-(triisopropylsilyl)- 

1-propynal as a colorless oil (46.95 g, 99% yield). 
1
H NMR (400 MHz, 

CDCl3) δ (ppm): 1.17-1.11 (m, 21H), 9.21 (s, 1H). 
13

C NMR (400 MHz, 
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CDCl3) δ (ppm): 176.76, 104.68, 100.93, 18.62, 11.13. HRMS (ESI
+
): 

Calcd. for C12H23OSi ([M+H]
+
), 211.1518. Found: 211.1512. 
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Scheme 5.10 Synthetic routes of YJ13, YJ14 andYJ15. 

 

YJ13: A mixture of Zn7 (122.2 mg, 0.137 mmol) and BTa (89.7 mg, 

0.275 mmol) in THF (10 mL) and Et3N (3 ml) was degassed with nitrogen 

for 10 min, and then Pd(PPh3)4 (25 mg, 0.022mmol), CuI (5 mg, 0.022 

mmol) was added to the mixture, the solution was refluxed for 12 h under 

nitrogen. The solvent was removed in vacuo, and the residue was purified 

by preparative thin layer chromatography using a DCM/hexane (1:1) as 

eluents. Recrystallization from CHCl3/methanol gave YJ13 as a brown solid 
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(171 mg, 90%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.75-0.77 (m, 6H), 

0.88-0.93 (m, 12H), 1.19-1.53 (m, 12H), 1.29-1.32 (m, 8H), 1.39-1.54 (m, 

44H), 1.66-1.70 (m, 44H), 2.51-2.55 (m, 4H), 2.74-2.78 (m, 4H), 6.68 (s, 

2H), 7.65 (d, J = 7.2Hz, 2H), 8.13 (d, J = 6.8Hz, 2H), 9.50 (s, 8H, β-pyrrolic 

H). MS (MALDI−TOF, m/z) calculated for C78H84N8S4Si2Zn: 1383.3762; 

found: 1383.3755. 

YJ14: A mixture of Zn9 (107.2 mg, 0.137 mmol) and BTa (89.7 mg, 

0.275 mmol) in THF (10 mL) and Et3N (3 ml) was degassed with nitrogen 

for 10 min, and then Pd(PPh3)4 (25 mg, 0.022 mmol), CuI (5 mg, 0.022 

mmol) was added to the mixture, the solution was refluxed for 12 h under 

nitrogen. The solvent was removed in vacuo, and the residue was purified 

by preparative thin layer chromatography using a DCM/hexane (1:1) as 

eluents. Recrystallization from CHCl3/methanol gave YJ14 as a brown solid 

(212.9 mg, 87%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.75-0.77 (m, 6H), 

0.88-0.93 (m, 12H), 1.19-1.53 (m, 12H), 1.29-1.32 (m, 8H), 1.39-1.54 (m, 

44H), 1.66-1.70 (m, 44H), 2.51-2.55 (m, 4H), 2.74-2.78 (m, 4H), 6.68 (s, 

2H), 7.65 (d, J = 7.2Hz, 2H), 8.13 (d, J = 6.8Hz, 2H), 9.50 (s, 8H, β-pyrrolic 

H). MS (MALDI−TOF, m/z) calculated for C106H128N8O4S4Si2Zn: 

1828.0227; found: 1826.7789. 

YJ15: A mixture of Zn9 (107.2 mg, 0.137 mmol) and 2-bromo-5- 

hexylthiophene (68.0 mg, 0.275 mmol) in THF (10 mL) and Et3N (3 ml) 

was degassed with nitrogen for 10 min, and then Pd(PPh3)4 (25 mg, 0.022 

mmol), CuI (5 mg, 0.022 mmol) was added to the mixture, the solution was 

refluxed for 12 h under nitrogen. The solvent was removed in vacuo, and 

the residue was purified by preparative thin layer chromatography using a 
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DCM/hexane (1:1) as eluents. Recrystallization from CHCl3/methanol gave 

YJ15 as a brown solid (139.0 mg, 91%). 
1
H NMR (400 MHz, CDCl3) δ 

(ppm): 0.75-0.77 (m, 6H), 0.88-0.93 (m, 12H), 1.19-1.53 (m, 12H), 

1.29-1.32 (m, 8H), 1.39-1.54 (m, 44H), 1.66-1.70 (m, 44H), 2.51-2.55 (m, 

4H), 2.74-2.78 (m, 4H), 6.68 (s, 2H), 7.65 (d, J = 7.2Hz, 2H), 8.13 (d, J = 

6.8Hz, 2H), 9.50 (s, 8H, β-pyrrolic H). MS (MALDI−TOF, m/z) calculated 

for C66H80N4S2Si2Zn: 1115.0592; found: 1114.4696. 

2-Iodo-5-dodecylthiophene: 2-Dodecylthiophene (11, 3.00 g, 11.9 mmol) 

was dissolved in 20 mL of anhydrous THF and cooled to 0 °C under 

nitrogen protection. n-Butyllithium (2.5 M in hexane, 4.7 ml, 11.9 mmol) 

was added dropwise with stirring, after the addition the mixture was kept in 

0 °C for 30 min and at room temperature for 20 min. The mixture was 

cooled to −78 °C in the dry ice bath and Iodine (3.02 g, 11.9 mmol) in THF 

(10.0 ml) was added, and the mixture was stirred overnight at room 

temperature. The resulting mixture was allowed to warm to room 

temperature slowly and then poured into 200 ml petroleum ether. The 

solution was washed with Na2S2O3 dilute aqueous solution and the organic 

phase was dried over MgSO4. After the solvent was removed, the residue 

was purified on a short silica gel column to afford 4.15 g (92.4%) product as 

a light brown liquid. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.86 (t, J = 6.80 

Hz, 3H, CH3). 1.10-1.40 (m, 18H, CH2), 1.61 (m, 2 H, CH2), 2.77 (m, 2 H, 

CH2), 6.45 (d, J = 3.6 Hz, 1H), 7.01 (d, J = 3.6 Hz, 1H). 
13

C NMR (400 

MHz, CDCl3) δ (ppm): 152.21, 136.52, 125.77, 69.29, 31.91, 31.51, 30.20, 

29.61, 29.51, 29.34, 29.30, 28.98, 22.68, 14.11. 
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Scheme 5.11 Synthetic routes of YJ16, YJ17 and YJ18. 

 

4-((5-Dodecylthiophen-2-yl)ethynyl)benzaldehyde (TBCHO): A mixture of 

2-iodo-5-dodecylthiophene (3.78 g, 10 mmol), 4-ethynylbenzaldehyde (1.30 

g, 10 mmol), CuI (19 mg, 0.1 mmol) and Pd(PPh3)2Cl2 (70 mg, 0.1 mmol) 
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were reacted in the presence of Et3N (3 mL) in THF (10 ml) at 80 °C 

overnight under nitrogen. The mixture was evaporated and the crude solid 

was purified with silica-gel column chromatography using 

chloroform/hexane (1:1) and then crystallized in DCM/methanol to afford 

2.3 g of light yellow solid: yield 78%. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

0.89 (t, J = 6.80 Hz, 3H, CH3). 1.21-1.41 (m, 18H, CH2), 1.61-1.70 (m, 2 H, 

CH2), 2.82 (t, J = 8.0 Hz, 2H), 6.70 (d, J = 3.2 Hz, 1H), 7.16 (d, J = 3.2 Hz, 

1H), 7.62 (d, J = 8.2 Hz, 2H), 7.85 (d, J = 8.2 Hz, 2H), 10.00 (s, 1H). 

5,10,15,20-Tetrakis[4-((5-dodecylthiophen-2-yl)ethynyl)phenyl]porphyrin 

(YJ16): A solution of TBCHO (3.8 g, 10 mmol) in propionic acid (100 mL) 

was brought to 140 °C, pyrrole (0.7 g, 10 mmol) in propionic acid (15 mL) 

was added dropwist to the solution via syringe over 20 min, and the mixture 

turned dark brown. The mixture was refluxed for 1 h and then, it was 

allowed to cool to room temperature. A black solid was precipitated and the 

suspension was allowed to settle overnight. The black liquid was removed 

by filtration and the remaining black solid was washed with methanol until 

the filtrate became colourless. The remaining purple solid was purified with 

silica-gel column chromatography using chloroform/hexane (1:1) and then 

crystallized in DCM/methanol to afford 0.8 g of purple solid: yield 29%. 
1
H 

NMR (400 MHz, CDCl3) δ (ppm): −2.78 (s, 2H), 0.90 (t, J = 6.80 Hz, 12H, 

CH3). 1.29-1.43 (m, 72H, CH2), 1.70-1.77 (m, 8 H, CH2), 2.86 (t, J = 7.6 Hz, 

2H), 6.76 (d, J = 3.6 Hz, 4H), 7.25 (d, J = 3.2 Hz, 4H), 7.89 (d, J = 4.4 Hz, 

8H), 8.19 (d, J = 8.2 Hz, 8H), 8.88 (s, 8H). 
13

C NMR (400 MHz, CDCl3) δ 

(ppm): 148.77, 141.93, 134.58, 132.29, 129.72, 124.37, 122.85, 120.47, 

119.70, 92.25, 84.53, 31.97, 31.65, 30.97, 30.34, 29.72, 29.69, 29.61, 29.41, 
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29.12, 22.75, 14.18. (MALDI−TOF, m/z) calculated for C116H134N4S4: 

1712.5920; found: 1712.9604. 

[5,10,15,20-Tetrakis[4-((5-dodecylthiophen-2-yl)ethynyl)phenyl]porphyrin

ato]zinc(II) (YJ17): A solution of Zn(OAc)2·2H2O (182 mg, 1 mmol) was 

added to a purple solution of YJ16 (400 mg, 0.234 mmol) in 50 mL of DCM. 

The mixture was refluxed for 24 h. Then, it was allowed to cool to room 

temperature. The mixture was evaporated and the crude solid was purified 

with silica-gel column chromatography using chloroform/hexane (1:1). The 

collected solution was concentrated, and crystallized in DCM/methanol. 

The solid was filtered and dried under vacuum for 48 h. A purple solid is 

obtained (600 mg, yield: 83%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.82 

(t, J = 7.20 Hz, 12H, CH3). 1.21-1.34 (m, 72H, CH2), 1.62-1.69 (m, 8 H, 

CH2), 2.78 (t, J = 7.6 Hz, 2H), 6.68 (d, J = 3.6 Hz, 4H), 7.17 (d, J = 3.2 Hz, 

4H), 7.82 (d, J = 4.4 Hz, 8H), 8.12 (d, J = 8.2 Hz, 8H), 8.90 (s, 8H). 
13

C 

NMR (400 MHz, CDCl3) δ (ppm): 149.99, 148.69, 142.53, 134.46, 132.23, 

132.08, 129.61, 124.34, 120.52, 92.33, 84.35, 31.97, 31.65, 30.96, 30.33, 

29.72, 29.69, 29.61, 29.41, 29.13, 22.75, 14.19. (MALDI−TOF, m/z) 

calculated for C116H132N4S4Zn: 1775.9661; found: 1774.8571. 

2,5-Bis(4-(2-trimethylsilylethynyl)phenyl(hydroxy)methyl)thiophene: N,N, 

N,N-Tetramethylethylenediamine (TMEDA) (23.85 mmol, 3.6 mL) and 

dried and distilled n-hexane (60 mL) was added to a 250 mL three-necked, 

round-bottomed flask that was equipped with a gas inlet tube, a reflux 

condenser and a rubber septum. The mixture was purged with nitrogen for 

10 minutes and n-Butyllithium (9.6 mL of a 2.5 M solution in hexane) was 

injected into the stirred solution slowly. Thiophene (800 mg, 12.36 mmol, 



177 

0.75 mL) was injected and the solution was refluxed gently for 1 h under 

nitrogen. The reaction mixture was then allowed to attain room temperature 

and cooled to 0 °C 4-(2-trimethylsilylethynyl)benzaldehyde (4.8 g, 23.73 

mmol) in dry tetrahydrofuran (50 mL) was added dropwise to the ice-cooled 

reaction flask. Then, the reaction mixture was allowed to warm to room 

temperature for 1h. The reaction was quenched with saturated ammonium 

chloride solution and extracted with ether. The organic layers were 

combined and washed with brine and dried over anhydrous Na2SO4. The 

crude product obtained on evaporation of the solvent was recrystallized 

from CHCl3/hexane and afforded the pure diol as a white solid (4.22 g, 

72%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.33 (s, 18H), 2.13 (s, 2H), 

6.04 (s, 2H), 6.77 (s, 2H), 7.46 (m, 4H), 7.55 (m, 4H). 

5,10,15,20-Tetrakis[4-(2-trimethylsilylethynyl)phenyl]-21,23-dithiaporphy-

rin: A solution of compound diol (1.0 g, 2.05 mmol) and pyrrole (0.40 mL, 

5.75 mmol) in 400 mL of CHCl3 were purged with nitrogen for 10 minutes. 

BF3·OEt2 (0.40 mL of a 2.5 M stock solution) was added and the reaction 

mixture was stirred for 1 h. During this period the colour of the reaction 

mixture was slowly turned from colourless to dark brown. DDQ (1.0g, 4.41 

mmol) was then added and the reaction mixture was stirred in open air for 

an additional 1 h. The solvent was removed in vacuo and the crude 

compound was purified by silica column using DCM. The desired 

compound was obtained as a purple solid (170 mg, 17%). 

5,10,15,20-Tetrakis(4-ethynylphenyl)-21,23-dithiaporphyrin: A solution of 

Tetrakis[4-(2-trimethylsilylethynyl)phenyl]-21,23-dithiaporphyrin (800 mg, 

0.77 mmol) in 20 mL of THF/methanol (5:1) were purged with nitrogen for 
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10 minutes. K2CO3 (420 mg, 3.04 mmol) was added and the reaction 

mixture was stirred at room temperature for 4 h. The progress of the 

reaction mixture was monitored by TLC. The solution was washed with 

water and extracted with DCM. The organic layer was washed with 10% 

NaHCO3, the organic phase was dried over Na2SO4. After the solvent was 

removed, Column chromatography (silica, DCM) afforded 459 mg (0.616 

mmol, 80%) of porphyrin. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 3.33 (s, 4H, 

C≡CH), 7.96 (8H, ArH), 8.22 (8H, ArH), 8.68 (s, 4H, β-pyrrole), 9.68 (s, 

4H, β-thiophene). MS calculated for C52H28N2S2: 744.9, found: 746.4.  

5,10,15,20-Tetrakis(4-((5-dodecylthiophen-2-yl)ethynyl)phenyl)-21,23-dithi

aporphyrin (YJ18):  Samples of 5,10,15,20-tetrakis(4-ethynylphenyl)- 

21,23-dithiaporphyrin (100 mg, 0.139 mmol) and 2-Iodo-5- 

dodecylthiophene (317 mg, 0.839 mmol) were dissolved in 60 mL of 

toluene. Triethylamine (10 mL) and AsPh3 (400 mg, 1.31 mmol) was then 

added and the solution was purged with nitrogen for 15 min. The coupling 

reaction was initiated by the addition of a catalytic amount of Pd2(dba)3 

(160 mg, 0.17 mmol). The reaction mixture was stirred under argon at 40 °C. 

After 8 h, the solvent was removed in vacuo, the crude product was purified 

by column chromatography using CHCl3/hexane (1:1) and reprecipitated 

over methanol to give YJ18 as a red powder (200 mg, 58%). 
1
H NMR (400 

MHz, CDCl3) δ (ppm): 0.89 (t, J = 7.20 Hz, 12H, CH3). 1.28-1.50 (m, 72H, 

CH2), 1.70-1.77 (m, 8 H, CH2), 2.86 (t, J = 7.6 Hz, 2H), 6.76 (d, J = 3.2 Hz, 

4H), 7.25 (d, J = 3.2 Hz, 4H), 7.95 (d, J = 8.0 Hz, 8H), 8.23 (d, J = 8.0 Hz, 

8H), 8.70 (s, 4H, β-pyrrole), 9.72 (s, 4H, β-thiophene). 
13

C NMR (400 MHz, 

CDCl3) δ (ppm): 156.22, 149.92, 148.88, 147.72, 140.85, 135.56, 134.60, 
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133.55, 132.39 130.45, 124.40, 123.25, 120.40, 92.18, 84.87, 31.98, 31.66, 

30.35, 29.73, 29.61, 29.41, 29.13, 22.75, 14.19. (MALDI−TOF, m/z) 

calculated for C116H132N2S6: 1746.6927; found: 1746.8786. 
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Chapter 6 New boron dipyrromethene-based materials for 

applications in organic photovoltaic devices 

6.1 Introduction 

In recent years, some researchers have begun to integrate dyes as photosensitizes 

in BHJSCs that act as electron relays (Fig. 6.1). These additives tend to increase 

the overall energy conversion of solar cells; in addition they increase the 

absorption of solar light in the near infrared (NIR) region. This point is especially 

important since about 50% of solar radiation intensity ranges between 700 and 

2000 nm with the core solar flux being between 600 and 800 nm.
1, 2

 

 

Fig. 6.1 OPV principles and challenges for the next generation of materials. 

 

  On the other hand, the fullerene derivatives have several obviously attractive 

features for BHJSCs.
3
 But, these materials exhibit weak absorption in the visible 

region and their potential for frontier orbital energy level was difficulty to change 

through modification. The design of non-fullerene acceptors has gained 

significant attention,
4
 which exhibit a strong absorption in the visible region and 

variable redox chemistry. The approach not only influences the morphology of the 

BHJ blend in a performance enhancing manner but also harvests more of the 
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incoming photons to complement the donor material with which it is paired in 

BHJ devices. 

In the past few years a wide range of applications based on various BODIPYs 

(Fig. 6.2) have been reported, including fluorescent indicators,
5 

photodynamic 

therapy,
6
 advanced luminescent materials,

7
 light active material components,

8
 and 

artificial light-harvesting antennae.
9
 Considering that BODIPY-based molecules 

exhibit a strong absorption in the visible region (>500 nm) and variable redox 

chemistry, we conceived the use of these molecules as electron relays or acceptors 

in BHJ OPV devices.
10,11

 Specifically, we hypothesized that acceptor-donor- 

acceptor (A−D−A) type molecules with BODIPY as the acceptor moiety will 

provide convenient access to low band-gap molecules that could be tested as 

electron relays or acceptors in BHJ devices. 
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Fig. 6.2 Core structures of dipyrromethene. 

 

  Like the porphyrin, the conjugation through meso-position does not typically 

provide the dramatic shift in absorption due to minimal communication between 

the donor group and terminal BODIPY core in the ground state.
12

 The limited 

steric interactions often force a twist between the β-substituent thiophene and the 

BODIPY core, and BODIPY moiety without β-substituents is expected to greatly 

benefit the overall planarity of the molecule.
13

 Donor group incorporation the 

BODIPY core through the α-position has been investigated greatly due to the 

function of extending conjugation, red shifting the absorption and reducing the 
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band gap of the resulting system.
13, 14

 Consequently, through selective tuning of 

the donor units, a system possessing a predictable and well-defined absorption 

profile with significant absorbance within the visible region of the solar spectrum 

can be synthesized with ease.  

  Out of the above considerations, we report a series of molecules, in which 

BODIPY is conjugated through its α-position using a single bond linked to three 

kinds of donors. Deep LUMO energy levels and good visible absorption led to 

their potential use as electron relays or acceptors in BHJSCs. 

6.2 Results and discussion  

6.2.1 Synthesis and characterization 

To investigate the effect of the side chain substituents, in this study we 

synthesized three BODIPY-based conjugated A−D−A small molecules having 

their side chain groups positioned perpendicular to their backbones. Using 

BODIPY derivatives modified with 3,5-di-tert-bultylphenyl (YJ9), 4-alkylphenyl 

(YJ10), and 4-PEGO-phenyl (YJ11) conjugated side chains as the acceptor units, 

4,8-bis(2-ethylhexyloxyl)benzo[1,2-b:4,5-b′]dithiophene as the donor unit, we 

investigated the effects of the side chains of the BDT donor units on the 

photovoltaic properties of the resulting conjugated molecules. The synthetic route 

for YJ9−YJ11 (Scheme 6.1) was initiated by the condensation of the 

para-substituted benzaldehyde derivative with pyrrole using a high excess of 

pyrrole, as it also acts as solvent, in the presence of catalytic amounts of 

trifluoroacetic acid (TFA), affording dipyrromethane in 29% yield. Compound 2 

was chlorinated on the two available α-positions of the pyrrole rings and followed 

by oxidation with DDQ to give the dichlorodipyrromethene 4 in ~40% yield over 

two steps; The oxidation step provides extension of the conjugation between the 
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two pyrrole rings through the methylene unit. Compound 4 was then deprotonated 

with triethylamine and boron insertion with BF3·Et2O generated the dichloro 

BODIPY 5 in ~75% yield with overnight at room temperature. Nucleophilic 

displacement with sodium methoxide yields compound 6 in ~80%. All target 

molecules were obtained via Stille coupling of 6 with distannylated BDT with 

high yield.  
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Scheme 6.1 Synthetic routes of the BODIPY-based materials (YJ9−YJ11). 

 

  Similarly, another three molecules YJ21, YJ22 and YJ23, in which BODIPY is 

conjugated through its α-position to 4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo 

[1,2-b:4,5-b′]dithiophene(BDT), 9,9-dioctyl-9H-fluorene (FL) or thieno[3,2-b] 

thiophene (TH), were synthesized respectively (Scheme 6.2). BDT, as a weak 

electron donor, is attractive for use as an electron donating unit because of its 

structural symmetry and rigid fused aromatic system, which can enhance electron 
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delocalization and improve charge mobility. And the materials incorporated with 

FL and TH moieties have been demonstrated to exhibit improved thermal 

stabilities, lower HOMO and LUMO energy levels, higher hole mobilities, and 

greatly improved photovoltaic performance. As expected, these molecules show a 

strong visible absorption with low lying LUMO levels, making them 

electronically suitable as acceptors for many donor materials. In order to make 

these materials highly soluble for solution processing, an OPEG (see Scheme 6.2) 

chain at the ρ-position of the benzene ring at the meso-position of the BODIPY 

was incorporated. All donors were synthesized according to previously reported 

procedures.
15

 Compounds of bistannylated donors was synthesised in good yield, 

BDT and TH were lithiated with 2.1 equivalents of n-BuLi before reacting with 

Me3SnCl. Stille coupling between the bistannylated donors and the BODIPY unit 

afforded the targeted molecules YJ21 and YJ23 in good yields. The 2,7-positions 

of the 9,9-dioctyl- 9H-fluorene unit were functionalized with two boronic esters. 

Suzuki coupling between the FL donor and the BODIPY unit afforded YJ22 in 

good yield. 

 

 

Scheme 6.2 Molecular structures of the BODIPY-based materials (YJ21−YJ23). 
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  In addition, two copolymers were obtained via Stille coupling of 

dichloroBODIPY (see Scheme 6.3), with either distannylated BDT or 

distannylated TH. The resulting crude polymers were precipitated in methanol and 

purified using successive soxhlet extractions with methanol, hexane and 

chloroform to give HDP6 and HDP7.  
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Scheme 6.3 Synthesis routes and structures of HDP6 and HDP7. 

 

Fig. 6.3 Size exclusion chromatography (SEC) profile of HDP6 and HDP7 (THF, 

1 mL/min, RI) (left); and TGA plots of the polymers with a heating rate of 

10 °C/min under an inert atmosphere (right). 

 

  The molecular weight of HDP6 and HDP7 were estimated by size exclusion 

chromatography (Fig. 6.3) against polystyrene standards to be 12555 (Mw) with a 

polydispersity index (PDI) of 2.1 and 25321 with a PDI of 2.6, corresponding to 
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on average ca. 15 and 62 BODIPY units along the polymer main-chain, 

respectively. The detailed GPC data are listed in Table 6.1. The thermal 

properties of the polymers were determined by thermogravimetric analysis (TGA) 

under a nitrogen atmosphere at a heating rate of 10 °C/ min, as shown in Fig. 6.3. 

The polymers HDP6 and HDP7 have good thermal stability with onset 

decomposition temperatures with 5% weight loss at 242 and 304 °C, respectively. 

The thermal stability of these polymers is adequate for their applications in OSCs 

and other optoelectronic devices. 

 

Table 6.1 Molecular weights and thermal properties of the copolymers. 

polymer  Mn
a
 

 Mw
a
  PDI (Mn/Mw) 

a
 Td (°C) 

b
 

HDP6 5966  12555  2.1  241  

HDP7 9746  25321  2.6  304  
a 

Mn, Mw, and PDI of the polymers were determined by gel permeation 

chromatography using polystyrene standards in THF. 
b 

The 5% weight-loss 

temperatures in the air. 

 

Taking HDP7 as an example, the 
1
H NMR spectrum of HDP7 appears 

approximately as a superposition of spectra of BODIPY and TH, except that the 

signals of the polymer are broader, less resolved and slightly up-field shifted. 

Complete disappearance of the −SnMe3 signals at 0.32 ppm, which are observed 

in the spectrum of TH, indicates successful polymerization. Integration of the 

HDP 
1
H NMR spectrum leads to a 1:1 ratio between BODIPY and TH units along 

the polymer main-chain. 
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Fig. 6.4 Overlay of 
1
H NMR (400 MHz, CDCl3) (a) spectra of HDP6, BODIPY 

and BDT and (b) spectra of HDP7, BODIPY and TH. 

 

6.2.2 Optical properties 

The UV−vis absorption spectra of these compounds were recorded in DCM 

solutions at room temperature. As shown in Fig. 6.5 a, their absorption spectra 

featured two absorption bands with one in the range of 350−450 nm and another 

one of 500−650 nm, of which the shorter wavelength band can be assigned to 

localized π-π* transitions, and the longer is due to intramolecular charge transfer 

between the acceptor (BODIPY) and donor (BDT) units.
16

 The absorption 

maximum wavelengths at 646 nm in solution for YJ9, YJ10 and YJ11 are almost 

insensitive to the different bulky solubilizing groups at the meso-position. 

Nevertheless, extinction coefficients of YJ11 (7.77 × 10
4
 M

-1
 cm

-1
) and YJ9 (7.18 

× 10
4
 M

-1
 cm

-1
) are obviously higher than that (6.48 × 10

4
 M

-1
 cm

-1
) of YJ10. Fig. 

6.5 b shows the UV−vis absorption spectra of another three DODIPY-based 

molecules YJ21, YJ22 and YJ23 in DCM solutions. These three molecules exhibit 

an similar absorption maximum as the YJ11,
17

 with an extinction coefficient on 
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the order of 10
4
 M

-1
 cm

-1
. YJ23 shows an absorption peak at 560 nm with a εmax 

value of 7.8 × 10
4
 M

-1
 cm

-1
 in solution and a strong and broad absorption from 

500 to 750 nm. The longer wavelength maximum of YJ23 solution presents a red 

shift of 36 and 101 nm relative to the counterparts of YJ21 and YJ22, respectively. 

The significant red shift for YJ23 is mainly attributed to the stronger donor ability 

of the core moiety. The solution optical absorption spectra of HDP6 and HDP7 

were presented in Fig. 6.5 c. A broad absorption profile from around 300 nm to 

900 nm is observed for HDP7, where the onset is red-shifted for 100 nm 

compared to HDP6 as the TH moiety is a stronger electron donor than BDT. Table 

6.2 summarizes the optical data, including the absorption peak wavelengths (λmax, 

abs) and absorption edge wavelengths (λedge, abs). 

 

Table 6.2 Absorption data for the DODIPY-based molecules in DCM. 

Dyes λmax/nm (ε,×10
4 

M
-1

 cm
-1

) λedge/nm  

YJ9 372 (3.35), 645 (7.18) 720 

YJ10 357 (3.86), 646 (6.48) 720 

YJ11 368 (3.76), 645 (7.77) 720 

YJ21 641 (8.21) 724 

YJ22 576 (8.10) 648 

YJ23 677 (7.82) 749 

HDP6 344, 412, 734 900 

HDP7 421, 531, 707 1100 
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Fig. 6.5 UV−vis absorption spectra of BODIPY-based materials (a) YJ9, YJ10 

and YJ11; (b) YJ12, YJ22 and YJ23; (c) HDP6 and HDP7 in DCM solutions (1 × 

10
-5

 M). 

6.2.3 Electrochemical properties  

We employed CV to measure the electrochemical behaviors of these 

materials, thereby, determine their HOMO and LUMO energy levels. Fig. 

6.6 a displays the electrochemical properties of the YJ9, YJ10 and YJ11 in 

DCM solution; the data were summarized in Table 6.3. Partially 

irreversible p-doping (oxidation/rereduction) processes occurred for these 

compounds in the positive potential range. In addition, irreversible 

n-doping/dedoping (reduction/reoxidation) processes occurred in the 

negative potential range for each of these compounds. The onset oxidation 

potentials (Eox,onset vs Ag/Ag
+
)

18
 for YJ9, YJ10, and YJ11 were 0.55, 0.59, 

and 0.60 V, respectively. On the basis of these onset potentials, we 

estimated the HOMO energy levels, according to the energy level of the 

ferrocene reference (4.8 eV below vacuum level).
19

 The HOMO energy 

levels of YJ9, YJ10, and YJ11 are −5.26, −5.30, and −5.31 eV, respectively; 

the slight variations indicate minor modulations of the ICT strength induced 

by the electronic effects of the side chains of the BODIPY moieties.
20

 

Moreover, the HOMO energy level of YJ10 or YJ11 was 0.05 eV lower 

than those of YJ9, implying that the 3,5-di-tert-butylphenyl side group was 

c) 
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slightly more effective at raising the HOMO energy level in these structures. 

Fig. 6.6 b reveals that the LUMO energy levels of YJ9, YJ10, and YJ11 

were located within the range from −3.71 to −3.73 eV.
21

 In addition, the 

electrochemical band gaps (Eg
Opt

) of YJ9, YJ10, and YJ11, estimated from 

the absorption onset are same with a value of 1.72 eV.  

  Similarly, the electrochemical property of YJ21, YJ22 and YJ23 were 

investigated by CV (Fig. 6.6 c) and the electrochemical data were summarized in 

Table 6.3. Each molecule exhibits two reversible oxidations and at least one 

reduction in CV spectra. All molecule shows amphoteric behaviour, which can 

either donate or accept a proton. The onset of the first oxidation potential for YJ21 

and YJ23 are very similar, leading to comparable HOMO energy levels (Fig. 6.6 

d). Compared with the first two compounds, the YJ22 possesses the lowest 

HOMO level (−5.49 eV), due to the weaker donor strength of the core moiety, 

which can in turn stabilize the ionization energies. Ered values are almost same 

throughout the series, suggesting that the reduction of the BODIPY moiety within 

the molecule is relatively immune to the donor strength of the core moiety. Since 

each of these BODIPY based SMs possesses a LUMO appropriate lower than that 

of P3HT, exciton dissociation is thermodynamically possible. Therefore, these 

SMs can be considered as candidates to replace fullerene in BHJ devices. In 

addition, the HOMO levels of these SMs are located within the band gap of 

PC61BM, while the LUMO levels are sufficiently higher than that of PC61BM. The 

energy levels of these SMs can be considered to be compatible to those of 

PC61BM, indicating that these SMs can be used as electron relays in BHJ devices. 

The electrochemical band gaps (Eg
CV

) of YJ21, YJ22, and Y23, estimated from 

the differences between the first-onset potentials for oxidation and reduction. The 

http://en.wikipedia.org/wiki/Proton
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discrepancies between the electrochemical and optical band gaps presumably was 

attributed the exciton binding energies of the molecules and/or the interfacial 

barriers for charge injection.
22

 We also used cyclic voltammetry to determine the 

HOMO and LUMO levels of both polymers. The data was presented in table 6.3, 

the oxidation of polymers of this type results from the BDT or TH unit, whereas 

the reduction results from the BODIPY core. Therefore, it is not surprising that 

the oxidation of the polymer is lower for the polymer containing the TH unit as it 

is a stronger electron donor than the BDT analogue. The HOMO levels of the 

polymers were calculated from the onset of the first oxidation. The onset of the 

oxidation was +0.51 V for HDP6 and +0.34 V for HDP7.  

 

Table 6.3 Optical and electrochemical data for these BODIPY-based compounds. 

Dye Eox,onset [V] 
a
 Ered,onset [V] EHOMO [eV] 

a
 

ELUMO [eV] Eg
CV

 [eV] 
b
 

Eg
Opt

 [eV] 
c
 

YJ9 0.55 −1.00 −5.26 −3.71 1.55 1.72 

YJ10 0.59 −0.98 −5.30 −3.73 1.57 1.72 

YJ11 0.60 −0.99 −5.31 −3.71 1.59 1.72 

YJ21 0.52 −0.99 −5.23 −3.72 1.51 1.71 

YJ22 0.78 −1.02 −5.49 −3.69 1.80 1.91 

YJ23 0.45 −1.00 −5.16 −3.71 1.45 1.65 

HDP6 0.51 −0.92 −5.22 −3.79 1.43 1.38 

HDP7 0.34 −0.85 −5.05 −3.86 1.19 1.12 
a
 HOMO and LUMO levels were measured in DCM with 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF) calibrated with ferrocene/ferrocenium (Fc/Fc
+
) as an external 

reference, The HOMO and LUMO levels were estimated by the following equation; HOMO= 

− (4.71 + Eox,onset), LUMO= − (4.71 + Ered,onset). 
b
 Electrochemical band gap estimated from 

the cyclic voltammetry data. 
c
 Optical band gap estimated from the formula of 1240/λedge, λedge 

is the absorption onset of the solution spectrum. 

 

  We estimated the HOMO and LUMO energy values were determined using the 

following equation: EHOMO = – (Eox, onset + 4.71) eV, ELUMO = – (Ered,onset + 4.71) 

eV, where Eox,onset and Ered,onset is the onset oxidation and onset reduction potential 

versus Ag/Ag+, respectively, giving HOMO levels of –5.22 eV and –5.05 eV, 
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respectively, by reference to the redox couple of ferrocene (Fig. 6.6 e). Likewise, 

the LUMO levels were calculated from the onset of the first reduction. As the 

LUMO relies on the BODIPY core, both onsets are similar (–0.92 V for HDP6 

and –0.85 V for HDP7), giving LUMO levels of –3.79 eV and −3.86 eV for 

HDP6 and HDP7, respectively 
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Fig. 6.6 (a), (c) and (e) Cyclic voltammograms of these BODIPY-based 

compounds in a DCM solution of 0.1 mol L
−1

 TBAPF with a scan rate of 100 mV 

s
−1

; (b), (d) and (f) Energy level diagram of these compounds and PC61BM. 

a) b) 

c) d) 

e) f) 
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6.3 Conclusion 

We have designed and synthesized a series of BODIPY-based molecules with 

BDT, FL and TH as donor groups and BODIPY as acceptor. These donors exert 

impacts on the absorption and energy level of the molecules. These molecules 

showed excellent solubility in common organic solvents and deep LUMO energy 

levels compared with P3HT. This is exciting, since it provides us with a handle to 

selectively tune the HOMO energy levels of BODIPY-based conjugated materials 

without affecting their LUMO energy levels. These small molecules exhibit 

strong absorption in the NIR region and the both polymers are truly 

panchromatic–the absorption spectra of these materials in DCM solution span 

most of the visible spectrum. Thus, the broad absorption spectra, low optical 

bandgap and deep LUMO energy levels make these materials potential candidates 

for superior light harvesting electron relays or acceptors for applications such as 

OPV. Thus, we hope this study would lay the foundations for further investigation 

into the rich class of BODIPY-based conjugated materials. 

6.4 Experimental Section 

4,8-Bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b′]dithiophene (1): A mixture of 

benzo[1,2-b:4,5-b′]dithiophene-4,8-dione (1.0 g, 4.5 mmol), zinc dust (0.65 g, 10 

mmol), Ethanol (4 mL) and NaOH solution (15 mL, 20%) were added in a flask, 

and the mixture was refluxed for 1 h. 2-ethylhexyl p-toluenesulfonate (4.3 mL) 

was added in portions with stirring until the color changed to red. The resulting 

precipitate was filtered; the filtrate was diluted with 100 mL of water and 

extracted with chloroform (100 mL). The organic extraction was dried with 

anhydrous Na2SO4 and evaporated in vacuo. Column chromatography on silica 

gel using dichloromethane and hexanes mixed eluents yielded the compound 1 as 
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a light yellow oil (0.80 g, 40%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.72-0.90 

(12H, m), 1.10-1.38 (16H, m), 1.50-1.62 (2H, m), 3.84-3.97 (4H, m), 7.32-7.36 

(2H, d, J = 5 Hz), 7.46-7.50 (2H, d, J = 5 Hz). MS (EI): Calcd, 446.2; found (M + 

1) 
+
, 447.2. 

2,6-Bi(trimethyltin)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b′]dithiophene: 

Compound 1 (0.62 g, 1.4 mmol) was dissolved in 20 mL of anhydrous THF and 

cooled to −78°C under nitrogen protection. n-BuLi solution (1.4 mL, 3.5 mmol, 

2.5 M in hexane) was added dropwise with stirring, after the addition the mixture 

was kept in −78 °C for 30 min and at room temperature for 30 min. The mixture 

was cooled to −78 °C in the dry ice bath and trimethyltin chloride solution (4.2 

mL, 4.2 mmol, 1 M in hexane) was added, and the mixture was stirred overnight 

at room temperature. The reaction was quenched with water and extracted with 

hexanes. The organic extraction was dried with anhydrous Na2SO4 and evaporated 

in vacuo. Recrystallization of the residue from isopropanol yield the title 

compound as colorless needles (0.8670 g, 80%). 
1
H NMR (400 MHz, CDCl3) δ 

(ppm): 0.43 (s, 18H, SnMe3), 0.90-1.10 (m, 12H, CH3), 1.41-1.43 (m, 8H, CH2), 

1.46-1.73 (m, 8H, CH2), 1.78-1.86 (m, 2H, CH), 4.18-4.19 (d, J = 5.2 Hz, 4H, 

CH2), 7.51 (s, 2H, ArH). 

General procedure for BODIPY: The corresponding aromatic aldehyde (20 

mmol) and freshly distilled pyrrole (50 ml, 0.727 mol) were added to a round 

bottom flask, the mixture was purged with nitrogen for 10 minutes and 

trifluoracetic acid (0.03 ml) was added. The mixture was stirred for 1 h at room 

temperature until all the aromatic aldehyde had been consumed (followed by 

TLC). The reaction mixture was washed with a solution of Na2CO3, extracted 

with CHCl3, dried over anhydrous MgSO4, filtered and evaporated. The product 
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was purified by silica gel column chromatograph eluted with hexane/CHCl3 (4:1). 

Colorless liquid of the aryl dipyrromethane was obtained in 70~80% yield. Then, 

the dipyrromethane (11.5 mmol) was dissolved in dry THF (80 ml) and cooled to 

−78 °C under nitrogen protect. A suspension of NCS (23.5 mmol) in dry THF (60 

ml) was added and the reaction mixture was stirred at −78 °C for 1.5 h and then 

warmed to room temperature overnight. The mixture was washed with water and 

extracted with CH2Cl2. The organic layer was dried over anhydrous Na2SO4, 

filtered and evaporated. The residue was dissolved in CH2Cl2 (200 ml), and DDQ 

(2.6 g, 12.5 mmol) was added and stirred at room temperature for 1.5 h. The 

solvent was evaporated and the crude product was purified by column 

chromatography using CH2Cl2/hexane as eluents to give dichlorodipyrromethene 

(~40%) of a green solid. The dichlorodipyrromethene (2.57 mmol) and Et3N (3.6 

ml, 25.7 mmol) in dry dichloromethane (100 ml) was stirred under nitrogen at 

room temperature for 10 min. Then BF3·Et2O (4.9 ml, 38.5 mmol) was added 

slowly over 10 min. The resulting solution was stirred for 2 h, then washed with 

water, dried over anhydrous Na2SO4, filtered and evaporated to dryness in vacuo. 

The residue was loaded onto silica gel and purified by flash column 

chromatography, eluting with CHCl3/hexane (1:1), yielding dichlorobodipy (95%) 

of as violet oil. The dichlorobodipy (2.0 mmol) was dissolved in 40 mL of 

anhydrous THF and cooled to 0 °C under nitrogen protection. Sodium methylate 

(20 mL, 2.0 mmol, in dry CH3OH) was added dropwise with stirring over 20 min, 

after the addition the mixture was kept in 0 °C for 30 min and at room temperature 

for 30 min, then washed with water and extracted with chloroform, dried over 

anhydrous Na2SO4, filtered and evaporated to dryness in vacuo. The crude 
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product was purified by column chromatography using CH2Cl2/hexane as eluents 

to give monochlorobodipy (~80%) of a red solid. 

3,5-Dichloro-8-(3,5-di-tert-butylphenyl)-4,4-difluoro-4-bora-3a,4adiaza-s-i-

ndacene: Yield: 95%, a red solid. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 1.37 (s, 

18H, t-Bu), 6.45 (d, J = 4.4 Hz, 2H, ArH), 6.87 (d, J = 4.0 Hz, 2H, ArH), 7.31 (d, 

2H, ArH), 7.62 (s, 1H, ArH). 

3-Dichloro-5-mothoxy-8-(3,5-di-tert-butylphenyl)-4,4-difluoro-4-bora-3a,4a

diaza-s-indacene: Yield: 75%, a red solid.
 1
H NMR (400 MHz, CDCl3) δ (ppm): 

1.36 (s, 18H, t-Bu), 4.15 (s, 3H, OMe), 6.16 (d, J = 4.8 Hz, 1H, ArH), 6.30 (d, J = 

4.0 Hz, 1H, ArH), 6.62 (d, J = 4.0 Hz, 1H, ArH), 6.97 (d, J = 4.8 Hz, 1H, ArH), 

7.28 (d, 2H, ArH), 7.56 (s, 1H, ArH). 

3,5-Dichloro-8-(4-n-hexyloxyphenyl)-4,4-difluoro-4-bora-3a,4adiaza-s-ind-

acene: Yield: 92%, a red solid. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.90-0.94 (t, 

J = 7.2 Hz, 3H, CH3), 1.35-1.39 (m, 4H, CH2), 1.46-1.51 (m, 2H, CH2), 1.80-1.87 

(m, 2H, CH2), 4.03-4.06 (t, J = 6.8 Hz, 4H, CH2), 6.43 (d, J = 4.0 Hz, 2H, ArH), 

6.89 (d, J = 4.0 Hz, 2H, ArH), 7.02 (d, J = 4.8 Hz, 2H, ArH), 7.31 (d, J = 6.8 Hz, 

2H, ArH). 

3-Dichloro-5-mothoxy-8-(4-n-hexyloxyphenyl)-4,4-difluoro-4-bora-3a,4a-d-

iaza-s-indacene: Yield: 70%, a red solid. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

1
H NMR (400 MHz, CDCl3) δ (ppm): 0.90-0.94 (t, J = 7.2 Hz, 3H, CH3), 

1.34-1.38 (m, 4H, CH2), 1.45-1.51 (m, 2H, CH2), 1.79-1.86 (m, 2H, CH2), 

4.01-4.04 (t, J = 6.8 Hz, 4H, CH2), 4.13 (s, 3H, OMe), 6.13 (d, J = 4.8 Hz, 1H, 

ArH), 6.28 (d, J = 4.0 Hz, 1H, ArH), 6.62 (d, J = 3.2 Hz, 1H, ArH), 6.96-7.00 (m, 

3H, ArH), 7.39 (d, J = 6.8 Hz, 2H, ArH). 
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3,5-Dichloro-8-(4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)-4,4-diflu-

oro-4-bora-3a,4adiaza-s-indacene: Yield: 90%, a red solid. 
1
H NMR (400 MHz, 

CDCl3) δ (ppm): 3.37-3.39 (s, 3H, OCH3), 3.56-3.57 (m, 2H, OCH2), 3.67-3.71 

(m, 4H, OCH2), 3.76-3.77 (m, 2H, OCH2), 3.91-2.92 (m, 2H, OCH2), 4.22-4.23 

(m, 2H, OCH2), 6.44 (d, J = 4.0 Hz, 2H, ArH), 6.87 (d, J = 4.0 Hz, 2H, ArH), 7.02 

(d, J = 4.8 Hz, 2H, ArH), 7.44 (d, J = 6.8 Hz, 2H, ArH). 

3-Dichloro-5-mothoxy-8-(4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)-

4,4-difluoro-4-bora-3a,4adiaza-s-indacene: Yield: 55%, a red solid. 
1
H NMR 

(400 MHz, CDCl3) δ (ppm): 3.39 (s, 3H, OCH3), 3.50-3.57 (m, 2H, OCH2), 

3.65-3.71 (m, 4H, OCH2), 3.75-3.78 (m, 2H, OCH2), 3.89-2.91 (m, 2H, OCH2), 

4.17 (s, 3H, OCH3), 4.19-4.21 (m, 2H, OCH2), 6.14 (d, J = 4.8 Hz, 1H, ArH), 6.29 

(d, J = 4.0 Hz, 1H, ArH), 6.62 (d, J = 4.0 Hz, 1H, ArH), 6.96 (d, J = 4.8 Hz, 1H, 

ArH), 7.01 (d, J = 6.8 Hz, 1H, ArH), 7.02 (d, J = 6.8 Hz, 1H, ArH), 7.39 (d, J = 

6.8 Hz, 1H, ArH), 7.40 (d, J = 6.8 Hz, 1H, ArH). 

General procedure for Stille coupling: 3-Dichloro-5-mothoxy BODIPY (0.50 

mmol) was weighted into a 25 mL round-bottom flask. 2,6-Bis(trimethyltin)- 

4,8-bis(2-ethylhexyloxy)benzo-[1,2-b:4,5-b′]dithiophene (0.25 mmol) and 

Pd(PPh3)4 (25 mg) were added. The flask was subjected to three successive cycles 

of vacuum followed by refilling with nitrogen. The stille coupling was carried out 

at 120 °C for 24 h under nitrogen protection. The raw product was precipitated 

into methanol and collected by filtration. The precipitate was dissolved in 

chloroform and filtered with Celite to remove the metal catalyst. The residue was 

purified by preparative thin layer chromatography using a 

dichloromethane/hexane (1:1) as eluents to give YJ9-11 (~80%). 
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YJ9: Yield: (237mg, 75%), a blue solid. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

0.92-0.94 (t, J = 7.2 Hz, 6H, CH3), 1.06-1.10 (t, J = 7.2 Hz, 6H, CH3), 1.36 (s, 

36H, t-Bu), 1.40-1.67 (m, 16H, CH2), 1.76-1.89 (m, 2H, CH), 4.13 (s, 6H, OMe), 

4.30-4.32 (m, 2H, CH2), 6.13 (d, J = 4.8 Hz, 1H, ArH), 6.73 (d, J = 4.4 Hz, 1H, 

ArH), 6.84 (d, J = 4.0 Hz, 1H, ArH), 6.94 (d, J = 4.8 Hz, 1H, ArH), 7.34 (d, 4H, 

ArH), 7.56 (t, 2H, ArH), 8.57 (s, 2H, ArH). (MALDI−TOF, m/z) calculated for 

C74H92B2F4N4O4S2: 1263.2923; found: 1263.1392. 

YJ10: Yield: (254mg, 82%), a blue solid. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

0.90-0.96 (m, 12H, CH3), 1.05-1.09 (m, 6H, CH3), 1.36-1.86 (m, 34H, CH2), 

4.02-4.05 (t, J = 6.8 Hz, 4H, CH2), 4.12 (s, 6H, OMe), 4.31 (d, J = 5.6 Hz, 4H, 

CH2), 6.12 (d, J = 4.8 Hz, 1H, ArH), 6.73 (d, J = 4.4 Hz, 1H, ArH), 6.82 (d, J = 

4.0 Hz, 1H, ArH), 6.93 (d, J = 4.8 Hz, 1H, ArH), 7.00 (d, J = 4.8 Hz, 4H, ArH), 

7.43 (d, J = 8.8 Hz, 4H, ArH), 8.59 (s, 2H, ArH). (MALDI−TOF, m/z) calculated 

for C70H84B2F4N4O6S2: 1239.1848; found: 1239.6743. 

YJ11: Yield: (245mg, 72%), a blue solid. 
1
H NMR (400 MHz, CDCl3) δ (ppm): 

0.92-0.96 (t, J = 7.2 Hz, 6H, CH3), 1.05-1.09 (m, J = 7.8 Hz, 6H, CH3), 1.36-1.88 

(m, 18H, CH2), 3.39 (s, 6H, OCH3), 3.56-3.58 (m, 4H, OCH2), 3.67-3.69 (m, 8H, 

OCH2), 3.71-3.78 (m, 4H, OCH2), 3.91-2.94 (m, 4H, OCH2), 4.13 (s, 6H, OCH3), 

4.21-4.23 (m, 4H, OCH2), 4.30 (d, J = 5.6 Hz, 4H, CH2), 6.12 (d, J = 4.8 Hz, 1H, 

ArH), 6.72 (d, J = 4.4 Hz, 1H, ArH), 6.83 (d, J = 4.4 Hz, 1H, ArH), 6.92 (d, J = 

4.8 Hz, 1H, ArH), 7.04 (d, J = 8.8 Hz, 4H, ArH), 7.45 (d, J = 8.8 Hz, 4H, ArH), 

8.55 (s, 2H, ArH). (MALDI−TOF, m/z) calculated for C72H88B2F4N4O12S2: 

1363.2343; found: 1363.2283. 

[4,8-Bis[5-(2-ethylhexyl)thien-2-yl]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl]

bis-(trimethylstannane) (D1): 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.43 (s, 
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18H, SnMe3), 0.92-0.96 (m, 12H, CH3), 1.34-1.47 (m, 16H, CH2), 1.67-1.72 (m, 

2H, CH), 2.86-2.88 (m, 4H, CH2), 6.90 (d, J = 3.6 Hz, 2H, ArH), 7.32 (d, J = 3.6 

Hz, 1H, ArH), 7.68 (s, 2H, ArH). 

2,5-Bis(trimethylstannyl)thieno[3,2-b]thiophene (D2): 
1
H NMR (400 MHz, 

CDCl3) δ (ppm): 0.39 (s, 18H, SnMe3), 7.26 (s, 2H, ArH). 

YJ21: Yield: (237 mg, 75%), a blue solid. 
1
H NMR (400 MHz, CDCl3) δ 

(ppm): 0.88-0.96 (m, 12H, CH3), 1.32-1.48 (m, 16H, CH2), 1.70-1.73 (m, 2H, 

CH2), 2.86-2.88 (m, 4H), 3.39 (s, 6H, OCH3), 3.56-3.58 (m, 4H, OCH2), 3.67-3.70 

(m, 8H, OCH2), 3.71-3.79 (m, 4H, OCH2), 3.92-2.93 (m, 4H, OCH2), 4.12 (s, 6H, 

OCH3), 4.21-4.22 (m, 4H, OCH2), 6.11 (d, J = 4.8 Hz, 1H, ArH), 6.68 (d, J = 4.4 

Hz, 1H, ArH), 6.79 (d, J = 4.4 Hz, 1H, ArH), 6.92 (d, J = 4.8 Hz, 1H, ArH), 7.04 

(d, J = 8.8 Hz, 4H, ArH), 7.44 (d, J = 8.8 Hz, 4H, ArH), 7.48 (d, J = 8.8 Hz, 4H, 

ArH), 8.59 (s, 2H, ArH). 
13

C NMR (400 MHz, CDCl3) δ (ppm): 168.52, 160.30, 

146.00, 145.52, 141.11, 139.93, 138.12, 137.10, 136.08, 135.21, 133.42, 131.99, 

130.14, 128.42, 126.88, 126.46, 126.61, 125.50, 124.15, 119.56, 114.41, 103.40, 

98.27, 71.96, 70.90, 70.70, 70.62, 69.65, 67.64, 59.09, 59.04, 41.36, 34.35, 32.58, 

28.96, 25.64, 23.07, 14.23, 10.98. (MALDI−TOF, m/z) calculated for 

C80H92B2F4N4O10S4: 1495.4829; found: 1494.5877. 

YJ23: Yield: (254 mg, 82%), a blue solid. 
1
H NMR (400 MHz, CDCl3) δ 

(ppm): 3.32 (s, 6H, OCH3), 3.49-3.51 (m, 4H, OCH2), 3.60-3.66 (m, 8H, OCH2), 

3.69-3.72 (m, 4H, OCH2), 3.83-3.86 (m, 4H, OCH2), 4.09 (s, 6H, OCH3), 

4.14-4.16 (m, 4H, OCH2), 6.03 (d, J = 4.4 Hz, 2H, ArH), 6.64 (d, J = 4.4 Hz, 2H, 

ArH), 6.71 (s, 2H, ArH), 6.82 (d, J = 4.8 Hz, 2H, ArH), 6.96 (d, J = 8.8 Hz, 4H, 

ArH), 7.35 (d, J = 8.8 Hz, 4H, ArH), 8.29 (s, 2H, ArH). 
13

C NMR (400 MHz, 

CDCl3) δ (ppm): 168.52, 160.30, 146.00, 145.52, 141.11, 139.93, 138.12, 137.10, 
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136.08, 135.21, 133.42, 131.99, 130.14, 128.42, 126.88, 126.46, 126.61, 125.50, 

124.15, 119.56, 114.41, 103.40, 98.27, 71.96, 70.90, 70.70, 70.62, 69.65, 67.64, 

59.09, 59.04, 41.36, 34.35, 32.58, 28.96, 25.64, 23.07, 14.23, 10.98. 

(MALDI−TOF, m/z) calculated for C52H54B2F4N4O10S2: 1056.7516; found: 

1056.3457. 

YJ22: A mixture of 3-dichloro-5-mothoxy BODIPY (98.94 mg, 0.20 mmol) 

and D3 boronic acid pinacol ester (64.2 mg, 0.10 mmol) in toluene (20 mL) was 

degassed with nitrogen for 10 min, and then Pd(PPh3)4 (46 mg, 0.04 mmol) was 

added to the mixture, then 2 M aqueous sodium carbonate solution (2 mL) was 

added by syringe. The solution was refluxed for 12 h under nitrogen. The solvent 

was removed in vacuo, and the residue was purified on a column chromatograph 

(silica gel) using CHCl3/methanol (5:1) as eluent and then was purified by 

preparative thin layer chromatography using a dichloromethane/hexane (9:1) as 

eluents. Recrystallization from CH2Cl2/ methanol gave YJ22 as a red solid (45.4 

mg, 35%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 0.77-0.80 (t, J = 4.8 Hz, 6H, 

CH3), 1.08-1.17 (m, 20H, CH2), 1.61 (s, 4H), 2.01-2.08 (m, 4H), 3.40 (s, 6H, 

OCH3), 3.56-3.58 (m, 4H, OCH2), 3.67-3.80 (m, 8H, OCH2), 3.91-3.94 (m, 4H, 

OCH2), 3.83-3.86 (m, 4H, OCH2), 4.07 (s, 6H, OCH3), 4.21-4.24 (m, 4H, OCH2), 

6.07 (d, J = 3.6 Hz, 2H, ArH), 6.64 (d, J = 4.4 Hz, 2H, ArH), 6.77 (d, J = 4.4 Hz, 

2H, ArH), 7.04 (d, J = 6.8 Hz, 2H, ArH), 7.47 (d, J = 6.8 Hz, 4H, ArH), 7.78 (d, J 

= 8.0 Hz, 4H, ArH), 7.83 (s, 2H, ArH). 8.00 (d, J = 6.8 Hz, 4H, ArH). 
13

C NMR 

(400 MHz, CDCl3) δ (ppm): 167.93, 160.29, 155.33, 151.21, 141.41, 140.63, 

139.61, 137.40, 135.54, 132.87, 132.02, 130.81, 129.34, 128.27, 126.69, 123.91, 

119.75, 114.40, 102.48, 71.96, 70.97, 70.92, 70.72, 69.68, 67.64, 59.10, 58.83, 
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55.31, 40.30, 31.83, 30.20, 29.41, 29.23, 23.83, 22.64, 14.11. (MALDI−TOF, m/z) 

calculated for C75H92B2F4N4O10: 1307.1694; found: 1307.8734. 

HDP6: 
 1

H NMR (400 MHz, CDCl3) δ (ppm): 0.62-0.63 (m, 6H, CH3), 0.71 

(6H, CH3), 0.90-1.06 (m, 4H, CH2), 1.34 (12H, CH2), 1.67-1.72 (m, 2H, CH), 

2.35-2.88 (m, 4H, CH2), 3.38 (3H, O CH3), 3.57-3.58 (m, 4H, OCH2), 3.67-3.78 

(m, 2H, OCH2), 3.71-3.78 (m, 2H, OCH2), 2.92 (2H, OCH2), 4.18-4.21 (m, 2H, 

OCH2), 6.43-6.56 (m, 2H, ArH), 6.87-6.88 (m, 3H, ArH), 6.93 (2H, ArH), 

7.17-7.18 (1H, ArH), 7.34-7.35 (1H, ArH), 7.50 (2H, ArH), 7.70-7.85 (2H, ArH), 

8.84-8.93 (2H, ArH). 

HDP7: 
1
H NMR (400 MHz, CDCl3) δ (ppm): 3.31-3.40 (3H, O CH3), 

3.49-4.23 (m, 12H, OCH2), 6.87-7.06 (m, 6H, ArH), 7.32-7.49 (m, 2H, ArH), 

8.29-8.78 (2H, ArH). 
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