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ABSTRACT 

Phthalocyanine (Pc) derivatives are π-conjugated molecules that have been 

explored as active layer components in organic photovoltaics (OPVs). The structure can be 

modified through incorporation of metals and installation of substituents which allows 

modulation of Pc-based materials toward desired solubility, photophysical properties and 

condensed phase organization. Research efforts in this thesis can be classified as (i) 

modulation of Pc absorption (Q-band) toward long wavelength to provide materials for 

near-infrared (NIR) absorbing OPVs, and (ii) development of solution processable Pc 

derivatives that self-organize in thin films to ease charge transport. 

Chapter 1 provides a brief review of OPV technology on its working mechanism, 

efficiency limitations and requirements for organic semiconductor materials. Characteristic 

properties of Pc materials, shortcoming for OPV applications and structural modulation 

strategies are discussed. Literature examples of Pc derivatives as (1) NIR absorbing 

materials; (2) self-organizing materials; and (3) OPV additives have been summarized.  

One major limitation of Pc materials is their relative narrow absorption band that 

lies in the UV-Vis region. Since more than 50% of solar radiation is incident in the NIR 

region, there has been increasing interest of tuning Pc absorption toward the NIR, which 

demands reasonable manipulation of the optical bandgap. In chapter 2 and chapter 3, we 

synthesized two series of alkylthio substituted MPc derivatives and successfully tuned Pc 

absorption in solution from ~680 nm to 850 nm. We also investigated thin film 

polymorphism and achieved Pc thin film photo response beyond 1000 nm. 
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Pc materials have been used as dopants in P3HT/fullerene OPV devices for 

efficiency enhancement. In Chapter 3, we investigated the non-peripheral substituted Pcs 

as dopant in P3HT and utilized time-resolved microwave conductivity (TRMC) to probe 

free charge generation. For this series of Pcs, the free charge yield at the interface shows a 

clear trend of TiOPc > PbPc > H2Pc, which can be correlated to (1) different metal species, 

(2) thermodynamic driving force of charge generation and (3) extent of Pc ring distortion.  

The charge transport behavior of Pc materials is highly dependent on long range 

organization of molecules, which is predominantly regulated by Pc π-π interactions. In 

chapter 4, we developed a new side-strapped Pc with 2-fold symmetry, which permits close 

π-π interaction along the substituent-absent axis and bears substituents on “side-straps” to 

ensure solubility. The substituent influence on Pc packing has been studied by UV-Vis 

spectroscopy in combination with single crystal XRD. We also investigated hole mobility 

of the Pc materials with conductive mode AFM (c-AFM) measurements and found that the 

side-strapped Pcs exhibit hole mobility up to 0.97 cm2V-1s-1, which is among the highest 

values recorded for solution processed Pc materials. 

Chapter 5 is a continuation of the work with side-strapped Pc. We explored the 

possibility of tuning side-strapped Pc energy levels to enable more diverse applications in 

organic electronics. We found alkoxy and alkylthio substitution on the non-peripheral 

positions effectively shifted frontier orbital levels and established a viable strategy to 

modulate optical and electronic properties of side-strapped Pcs. 

Chapter 6 summarizes the major discoveries in Chapter 2-5 and provides some 

future directions for current research may follow. 
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CHAPTER 1 

INTRODUCTION 

1.1 Photovoltaic (PV) technology 

1.1.1 History of PV 

Increasing global energy consumption and limited supply of fossil fuels makes it 

urgent to develop alternative energy sources. Solar energy is a promising clean energy 

source with an abundant and stable supply. Every year, 40,000 TW of solar radiation is 

absorbed by the earth. Less than 0.1% of this, is harvested, is needed to meet the demand 

of human society.1 Photovoltaics (PV) is a viable technology that directly converts solar 

radiation into electricity. The PV effect was discovered by Becquerel back in 1839 on an 

illuminated platinum electrode in aqueous solution.2 In 1954, Bell Laboratories used silicon 

to build the first PV module, which exhibited 6 % power conversion efficiency.3 For a long 

period, the high cost of crystalline silicon and low efficiency greatly limited widespread 

PV application. Fifty years later, with increased efficiency (>25 %) and reduced production 

costs,  PV technology has been commercialized and is providing us with 180 GW of energy 

per year (2014).4,5  

1.1.2 Classification of PV 

Based on different semiconductor materials, PV devices are categorized into three 

main groups. The oldest but still most market-dominating type of PV is based on silicon, 

including single crystalline and polycrystalline silicon. Power conversion efficiency has 

reached 27.6% by 2015,6 approaching the 33% theoretical limit of single-junction silicon 
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PVs.7 Manufacturing crystalline silicon is a high energy consuming process, making 

silicon based PVs too expensive for large scale applications.   

The second generation of PV, also known as thin film PV, is based on inorganic 

semiconductor materials that include amorphous silicon, cadmium telluride (CdTe), 

gallium arsenide (GaAs) and copper indium gallium diselenide (CIGS). These materials 

can be processed with the relatively less expensive vapor deposition technique to alleviate 

cost of device fabrication. Owing to the high extinction coefficient, only a few micrometers 

of thin film is needed in a PV device, not only greatly reducing material cost but also 

making the PV lighter and more portable. However, this generation of PV exhibits a lower 

energy conversion efficiency (21.7%) compared to silicon based PV.8 Also, the toxic 

components, such as cadmium sulfide (CdS), make this PV technology environmentally 

unfriendly.      

The latest generation of PV employs organic dyes as the active semiconductors. 

Compared to inorganic semiconductor based PVs, the organic PVs (OPVs) are lighter, less 

expensive and more flexible. The high extinction coefficient (ε >105 cm-1) permits strong 

absorption by films only a few hundred nanometers thickness. Inexpensive solution 

processing methods, such as spin-coating and inkjet printing, can be utilized to enable cost-

effective fabrication of PVs on a large scale. Currently, the main bottleneck of organic 

materials based PVs is the relatively low energy conversion efficiency (11.5% in 2015).9 

In this dissertation, we mainly focus on improvement of organic materials for OPVs though 

rational molecular structure manipulation. The following sections will discuss the working 

mechanism, efficiency limitations and strategies of efficiency improvement for OPVs.  
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Figure 1.1. First heterojunction OPV device published by Tang in 1986. 

1.2 Organic photovoltaic (OPV) solar cells 

 As with other semiconductors, light absorption by the chromophore results in 

photo-excited electrons. In contact with materials with a lower ionization potential, the 

excited electrons can become free charges and form a photocurrent. In 1906, the first PV 

effect of an organic molecule was observed by Pochettino on anthracene.10 In 1958, Kearns 

and Calvin made a PV device with magnesium phthalocyanine between two glass 

electrodes and measured a photovoltage of 200 mV.11 A major breakthrough of OPV was 

made by Tang in 1986 through introducing the heterojunction concept (Figure 1.1).12 

Instead of a single semiconductor, Tang used two different organic semiconductors, an 

electron donor and an electron acceptor, to facilitate charge separation and achieved an 

energy conversion efficiency of 1%.12 Since then, the heterojunction have been extensively 

studied and numerous organic semiconductors have been incorporated into PV devices 

(Figure 1.2).   
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Figure 1.2. Examples of organic semiconductors used in OPVs. 

1.2.1 Working mechanism of heterojunction OPV 

 The typical heterojunction OPV device adopts a sandwich configuration of cathode, 

electron-donating layer, electron-accepting layer and anode. The physical process of 

photoconversion involves in four steps: (1) optical absorption (𝜂𝐴) of donor material and 

generation of exciton, i.e. bound hole-electron pair; (2) exciton diffusion (𝜂𝐸𝐷 ) to the 

interface of donor and acceptor; (3) charge transfer (𝜂𝐶𝑇) by dissociation of hole-electron 

pair at the interface; and (4) free charge transport and collection (𝜂𝐶𝐶) on the electrodes 
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(Figure 1.3). The external quantum efficiency of photoconversion is expressed as the 

product of each step (equation 1.1). 

𝜂𝐸𝑄𝐸 = 𝜂𝐴𝜂𝐸𝐷𝜂𝐶𝑇𝜂𝐶𝐶                               1.1 

Figure 1.3. Schematic explanation of physical processes in OPV: (1) optical absorption 

and generation of excitons; (2) exciton diffusion; (3) charge separation at the 

donor/acceptor interface and (4) free charge transport and collection.13 

1.2.1.1 Optical absorption 

 The photoconversion process starts with optical absorption. An electron is 

promoted to LUMO level of the donor, leaving a hole in the HOMO level. This excited 

state molecule, a bound electron-hole pair, is referred to as an exciton. The photoexcitation 

is an instantaneous electronic transition process, so that the nuclear configuration of the 

donor molecule is unchanged (Franck–Condon principle). According to the photoelectric 

effect described by Einstein, only photons with energy equal or greater than the HOMO-

LUMO bandgap of donor could be absorbed (ℎν ≥ ∆𝐸), suggesting a broad absorption 

band is favored in harvesting photons with different energy. Also, the absorption process 

follows the Lambert-Beer law (𝐴 = 𝜀𝑏𝑐). Strong optical absorption demands a thick (𝑏), 

dense (𝑐) donor layer and materials with high extinction coefficient (𝜀).      

https://en.wikipedia.org/wiki/Electronic_transition
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1.2.1.2 Exciton diffusion 

 The excitons generated by photoexcitation migrate to the donor-acceptor interface 

before production of free charge carriers. Since the bound hole-electron pair is still a neutral 

species, the exciton migration is independent of external electric field and follows a random 

diffusion process. The diffusion length of exciton is defined as, 

 𝐿 = √𝐷𝜏                              (1.2) 

where 𝐷 is the diffusion coefficient and 𝜏 is exciton lifetime. Owing to the short lifetime 

of excitons (~ ns), the diffusion length of organic semiconductors are typically in the range 

of 5-30 nm.14 For efficient exciton diffusion, the ideal donor layer thickness needs to be in 

the same magnitude of the exciton diffusion length. However, too thin an active layer will 

result in insufficient absorption, which undoubtedly sacrifices efficiency at the optical 

absorption step.  

1.2.1.3 Exciton dissociation 

 Following the diffusion process, the exciton undergoes charge dissociation at the 

donor-acceptor interface to generate free charge carriers, i.e. unpaired electrons and holes. 

This process is accomplished through overcoming the Columbic attraction between 

electron and hole. On a heterojunction interface, the electron from the LUMO level of 

donor is injected into the LUMO of the acceptor, providing downhill offset of LUMOs as 

the driving force for charge dissociation.15 

 The physical process of exciton dissociation is still debatable. It is commonly 

considered that charge dissociation occurs via a single-step electron injection from donor 

LUMO to acceptor LUMO (Figure 1.4a).16 On a polymer-fullerene heterojunction, fast 
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charge transfer was observed on the femtoseconds scale.16 Alternatively, Rumbles and 

coworkers proposed a two-step charge transfer mechanism, involving (1) Forster resonance 

energy transfer from donor exciton to acceptor; and (2) back injection of hole from acceptor 

exciton into HOMO of donor (Figure 1.4b).17  

Figure 1.4. Schematic illustrations of charge transfer at donor/acceptor interface: (a) Fast 

single-step charge transfer mechanism; (b) Long range 2-step charge transfer mechanism. 

1.2.1.4 Charge transport and collection 

 After exciton dissociation, the free charge carriers (holes and electrons) move 

through the active layer (donor and acceptor) and are collected on the electrodes. Since the 

free charges are drifting within an internal-built electric field, the carrier mobilities can 

greatly influence the efficiency of this process. Also, well-aligned work functions and good 

ohmic contacts are demanded on the interfaces between the electrodes and the active layer 

for efficient charge extraction from active layers. 
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1.2.2 OPV efficiency limitations and improvements  

According to the expression of external quantum yield (equation 1.1), the overall 

efficiency of OPV is limited by each of the four physical process. To explore the origin of 

poor OPV performance and seek improvements, possible pathways of energy loss in each 

step will be discussed in detail.    

1.2.2.1 Photon energy loss in optical absorption 

One main loss of OPV efficiency is from optical absorption. Although organic dyes 

can possess a high extinction coefficients (𝜀), only photons that match HOMO-LUMO 

band gap can be effectively converted to excitons. The excess energy of higher-energy 

photons is lost through relaxation, while the lower-energy photons remain unabsorbed 

(Figure 1.5). Inorganic materials, such as silicon, exhibit a continuous solar spectrum 

coverage from 200 nm to 1100 nm. On the other hand, most organic semiconductors only 

absorb UV-Vis light and the absorption bands are relatively narrow, resulting in an limited 

wavelength range for conversion of photons to excitons. 

Figure 1.5. Energy loss during optical absorption for OPV device with a single active 

component. 
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To improve exciton generation probability, a tandem cell configuration can be 

utilized, where multiple chromophores are used to harvest photons with corresponding 

band gaps energies. Ideally, with an infinite stack of different bandgap semiconductors, the 

exciton generation efficiency could reach 86.8 % (Figure 1.6).18 Since most organic 

semiconductors absorb UV-Vis light, development of NIR absorbing materials is essential. 

Figure 1.6. (a) Expansion of solar spectral coverage using multi-junction cells and (b) 

theoretical energy conversion efficiency that can be reached.18 

1.2.2.2 Short exciton diffusion length 

Organic semiconductors have a relatively short exciton diffusion length (5~30 

nm),14 indicating only a minority of excitons that are close to donor-acceptor interface 

could proceed to the charge separation step and generate free charges. To increase the 

population of excitons at the interface, the bulk heterojunction (BHJ) concept was 

introduced. Instead of the traditional planar architecture (Figure 1.7a), donor and acceptor 

semiconductors are well mixed in BHJ (Figure 1.7b), providing more interface area for 

excitons to undergo charge dissociation. However, while the BHJ is beneficial for exciton 
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diffusion, a disordered blend architecture makes charge transport pathway random, which 

is problematic for efficient charge separation.    

Figure 1.7. (a) Planar heterojunction (PHJ). (b) Bulk heterojunction (BHJ) with short 

exciton diffusion length and large donor/acceptor interfacial area.19 

1.2.2.3 Charge separation and recombination 

Another major efficiency loss of OPVs is during the charge separation step.  

Complete separation of the hole-electron pair needs to overcome Columbic attraction, 

𝑉𝐶 =
𝑒2

4𝜋𝜀𝑟𝜀0𝑟
                         1.3 

where r is the distance between electron and hole, e is charge of electron, 𝜀𝑟 is the dielectric 

constant of material, 𝜀0 is vacuum permittivity. Organic semiconductors usually exhibit a 

relative smaller dielectric constant (𝜀𝑟 < 4) than inorganic semiconductors (𝜀𝑟 > 10),20 

which leads to a stronger Columbic attraction between hole and electron and thus makes it 

less feasibility for free charges to escape from exciton. As the charge separation is driven 

by the LUMO offset between donor and acceptor, a lower LUMO acceptor can enlarge the 

offset and facilitate charge separation. However, considering the PV output voltage limit 

is determined by offset of donor HOMO and acceptor LUMO, this leads to a smaller 

voltage output. 
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 Charge recombination, the reverse process of charge separation, can occur 

simultaneously. The columbic bound electron and hole can undergo germinate 

recombination and return to the donor ground state. Using semiconductors with high charge 

carrier mobility could help to deplete free charge from the interface. Thus, the 

recombination pathway is kinetically suppressed by the charge separation process.    

1.2.2.4 Poor charge carrier mobility 

 Charge carrier mobility is directly related to the output current of an OPV device. 

Also, the free charge is involved in exciton dissociation kinetics, emphasizing the 

importance of charge carrier mobility in OPV. In inorganic semiconductors, the subunits 

(atoms) are held strongly by covalent bonds. The charge carrier mobility (µ𝑒) is in the order 

of 102-103 cm2V-1s-1, owing to the strong interactions and highly crystalline lattice. Organic 

semiconductors are held by weak van der Waals or π-π interactions, resulting in a weak 

electronic coupling and charge carrier mobilities (µ𝑒 𝑜𝑟 µℎ) in the range of 10-8-10-4 cm2 

V-1 s-1.21 In addition, typical organic semiconductors have a more disordered solid phase 

arrangement than the crystalline inorganic semiconductors, making charge transport more 

prohibited by defects or solid boundaries. Improvement of charge carrier mobility could be 

achieved by developing self-organizing, mesogenic and close packing organic 

semiconductors. 

1.3 Phthalocyanine (Pc) derivatives as OPV materials 

Since the early stages of OPV development, Pcs have been investigated as 

semiconductor materials. In 1958, Kearns and Calvin observed photovoltage generation on 

illuminated MgPc films.11 In 1964, a rectifying effect on CuPc was observed by Delacote 



35 

 

and coworkers.22 Due to the high flexibility of structural modification, numerous Pc based 

materials have been developed and their electric, optical and mechanical properties have 

been extensively investigated. The following section is dedicated to an overview of various 

Pc-based materials in OPVs. 

1.3.1 Pcs as near-infrared (NIR) absorbing semiconductors 

Solar radiation originates from hydrogen nuclei fusion reactions. The spectral 

distribution (Figure 1.8) could be approximated as a blackbody radiation at 5800 K,7 

exhibiting 49 % photon flux in NIR region (700 ~ 2500 nm). Improvement of OPV 

performance using the tandem cell configuration demands NIR absorbing materials. Pc is 

a chemically and thermally stable synthetic dye that exhibits intense absorption band close 

to NIR region, making it a promising starting point for development of NIR absorbing 

materials.  

Figure 1.8. Spectral distribution of photon energy from solar radiation. 

https://en.wikipedia.org/wiki/Hydrogen
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The optical absorption of Pc is the result of a π-π* electronic transition, which 

mainly involves four frontier orbitals, the HOMO (a1u), HOMO-1(a2u) and degenerate 

LUMOs ( 𝑒𝑔𝑥 
∗ , 𝑒𝑔𝑦

∗ ). The characteristic Q-band (680 nm) and B-band (350 nm) are 

corresponding to a1u→𝑒𝑔 
∗ and a2u→𝑒𝑔 

∗ transition respectively (Figure 1.9).23 To tune the Q-

band towards the NIR, the Pc structure could be tailored by: (1) incorporation of metals; 

(2) expansion of π-conjugation; and (3) introduction of substituents.  

Figure 1.9. Typical absorption spectrum for metallated Pcs and scheme of energy levels 

with π-π* transition corresponding to Q- and B-bands. 

1.3.1.1 Metallated Pcs 

Incorporation of metal ions into Pc can change its electron distribution and may 

cause a shift of the frontier orbitals that participate in optical absorption. Torres and 

coworkers summarized the Q-band positions for Pcs with over 30 different metal ions.23 In 

solution phase, the shift of Q-band was unobvious for most metal ions, e.g. the Q-bands of 

Li2Pc, MgPc and ZnPc are consistently observed around 670 nm.24 Significantly red shifted 
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Q-band was reported on a MnPc, which exhibited NIR response at 827 nm (Figure 1.10a).25 

Nyokong and coworkers reported a TiOPc with Q-band shifted to 808 nm (Figure 1.10b).26  

The metal effect is more remarkable on solid phase absorption. Due to the stronger 

intermolecular interaction and various polymorphs in solid state, the absorption can be 

significantly influenced by metal ions. While CuPc thin film absorbs around 600 nm, the 

absorption of Al(Cl)Pc was observed at 755 nm. Rand et al. incorporated the Al(Cl)Pc into 

OPV device and reported an efficiency of 2.1 %.27 The solid absorption behavior was more 

intriguing for Pcs with large metal ions, such as PbPc and SnPc. Due to the non-planar 

molecular geometry, the solid absorption is characterized by two strong absorption bands, 

which are correspond to different polymorphs. Yan et al. reported a PbPc with absorption 

at 739 nm. A new absorption band at 900 nm was observed when PbPc is blended with 

ZnPc and C60.
28 Similar phase transition was observed on SnPc solid film by Forrest and 

coworkers. As the SnPc layer became thicker, the absorption band gradually transforms 

from 740 nm to 890 nm.29    

 

Figure 1.10. Examples of NIR absorbing MPcs. 
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1.3.1.2 Pc analogs with extended π-conjugation 

Expansion of Pc π-conjugation is known to shift the Q-band to longer wavelength. 

Each benzene ring expansion is estimated to cause a red shift by 20 to 30 nm and the effect 

becomes weaker as the ring grows larger.30,31 Stillman et al. reported a series of ZnPc 

analogs with different number and position of ring expansion. The Zncis2B2N causes a 

shift of Q-band from 665 nm to 709 nm.32 Further expansion of the π-conjugation results 

in ZnNc, which exhibits Q-band at 756nm. Fukuda and coworkers systematically studied 

the absorption of tetraazaporphyrins (TAPs), Pcs, Ncs and Acs. With expanded π-

conjugation, the absorption bands are observed at 619 nm, 698 nm, 784 nm and 858 nm 

respectively (Figure 1.11).33 In addition, Q-band splitting is diminished as the conjugation 

Figure 1.11. Effect of π-conjugation for Pc analogs on the absorption behavior.32  
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becomes larger. Besides benzo annulation on a single Pc, Wöhrle and coworkers 

demonstrated an alternative method to expand π-conjugation by fusing Pc cores together 

(Figure 1.12). They reported a series of trinuclear Pcs, which exhibited a high extinction 

coefficient (7 × 105 𝑀−1𝑐𝑚−1) and NIR absorption at 940 nm.34    

Figure 1.12. Multi-nuclear ZnPc derivatives and effect on optical absorption.34 Copyright© 

2007 WILEY-VCH Verlag GmbH & Co. KGaA, used with permission. 

1.3.1.3 Substituted Pcs 

Appending substituents on Pc is another strategy to affect Pc electron distribution 

and shift the Q-band. Electron-donating substituents are known to destabilize all molecular 

frontier orbitals, which is supported by theoretical calculations and experimentally 

observed.35 The influence on the HOMO is larger than the LUMO, leading to a smaller 

band gap and a red shifted Q-band. Varotto et al. reported a series of ZnPcs with gradually 

increased number of alkylthio substituents.36 The Q-band of fully alkylthio substituted 

ZnPc was observed at 787 nm, showing a red shift of 110 nm compared to t-butyl 

substituted Pc. The contribution of electron donating  groups to frontier orbitals is more 
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significant when substituents are placed on the non-peripheral positions (α) instead of the 

peripheral positions (β). In the study by Kobayashi, the Q-band of Pc with eight alkylthio 

substituents on β positions is found at 729 nm, while the α-substituted analog exhibits 

further red shifted Q-band at 804 nm.35 

1.3.2 Pcs as self-organizing organic semiconductors 

Organic semiconductors are characterized by large dielectric constants and weak 

intermolecular interactions, which make the charge separation and transport more difficult 

than inorganic semiconductors. The discotic Pcs are known to self-organize into columnar 

mesophases, in which the large orbital overlap can lead to a high charge carrier mobility 

(0.2 cm2V-1s-1) and a long exciton diffusion length (70 nm).37,38 Besides the cofacial π-π 

interaction, Pc self-organization can also be regulated by other types of driving forces, 

including hydrophobic interaction of hydrocarbon chains, meta-ligand interactions and 

hydrogen bonding. 

1.3.2.1 Substituents regulated mesogenic Pcs 

A number of Pcs bearing peripheral (β) substituents exhibit mesogenic behavior. 

Van der Pol and coworkers reported n-dodecyloxy substituted Pcs that stack into columns 

with hexagonal arrangement and a close packing distance of 3.4 Å (Figure 1.13).39 The 

substituent species and chain length are found to significantly influence packing distance 

as well as the phase transition temperature. The n-dodecyloxymethyl substituted Pc 

reported by Guillon et al. exhibits a larger packing distance of 4.5 Å.40 The phase transition 

temperature from crystalline (Cr) to columnar hexagonal (Colh) was found highly 

dependent on substituent chain length. Sergeyev et al. reported the phase transition for n-
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octyl substituted Pc at 85 °C, while the longer n-dodecyl was found to reduce the transition 

temperature to 62 °C.41 Using the more branched 2-butyloctyl can further mitigate π-π 

stacking and reduce the transition to ambient temperature.41  

Figure 1.13. 3D columnar hexagonal arrangement of a discotic Pc.39  

The mesogenic behavior is also found on Pcs bearing non-peripheral (α) n-alkyl 

substituents. Chambrier and coworkers reported liquid crystalline behavior for Pcs with 

varied alkyl chain (C5-C9) length on non-peripheral positions.42 Miyake studied the charge 

carrier mobility at different phases for the C6 derivative and observed a high mobility (𝜇ℎ = 

1.4 cm2V-1s-1) on the crystalline phase at -15 °C.43 Hori and coworkers further incorporated 

the material into an OPV device with PC61BM acting as the acceptor and achieved an 

efficiency of 3.1 %.44  

1.3.2.2 Pc self-assembly through metal-ligand coordination  

The self-assembly of Pcs can be regulated by the strong metal-ligand interaction. 

The lanthanide ions can be sandwiched between two Pcs to form a double-decker complex, 
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which ensures Pc close packing and large overlap of π orbitals.  Shirai and coworkers 

reported a double-decker LuPc2 complex with alkylthio substituents (Figure 1.14). The 

lutetium was found to bring two Pcs as close as 3.3 Å, which leads to a charge transport 

feature with high mobility of 0.71 cm2V-1s-1.45 In an alternative way, the metal-ligand 

coordination can also occur between the central metal and the heteroatoms on substituents. 

For example, Hughes and coworkers reported a ZnPc network, which is held together by 

the coordination between Zn and the pyridine substituent on adjacent Pc (Figure 1.15a).46 

With a similar concept, Kobuke et al. synthesized an imidazolyl-appended phthalocyanine, 

which self-assembles to a stable dimer through Zn-imidazolyl coordination (Figure 

1.15b).47  

Figure 1.15. Examples of Pc networks that are regulated by Zn-Py coordination.46,47 

Figure 1.14. Double-decker LuPc2 with close packing and high mobility features.45 
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Figure 1.16. Hydrogen bonding organized edge-by-edge Pc dimerization.48 

1.3.2.3 Hydrogen-bonding organized Pc arrays 

Organized Pc packing could also be achieved when the Pc π-π stacking is assisted 

by hydrogen bonding moieties. Kimura et al. developed a series of Pcs bearing diol on the 

substituents (Figure 1.16).48 The Pcs are found to interact via hydrogen bonding and form 

dimer, which is confirmed by UV-Vis and IR in the work. A broad IR band was observed 

at 3484 cm-1, which corresponds to the intermolecular O-H stretching. Due to the edge-by-

edge geometry of dimer, which is dominated by the H-bonding, the Pcs are found to form 

a lamellar sheet at ambient temperature. Upon heating to 130 °C, the hydrogen bonding is 

cleaved and the lamellar sheet is transformed to a hexagonal columnar phase. Armstrong 

Figure 1.17.  Close Pc π-π interactions facilitated by hydrogen bonding and S-S 

interactions.49 
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et al. reported a self-organizing Pc bearing H-bonding amide groups on substituents. When 

slowly grown on highly ordered pyrolitic graphite (HOPG), the Pcs self-assemble into 

columnar aggregate with cofacial packing distance of 4.5 Å (Figure 1.17).49  

1.3.3 Pcs as OPV active layer additives 

One practical method to improve bulk heterojunction OPV working efficiency is 

through doping with small molecule additives. The additives effect could be summarized 

as: (1) expanding the optical absorption window; (2) improving active layer crystallinity; 

and (3) facilitating charge separation at the interface. For example, the presence of 1,8-

diiodooctane (DIO) additive in P3HT/PC61BM is demonstrated to improve crystallinity of 

P3HT, which leads to a significant enhancement of  photocurrent from 1.61 to 5.49 mA/cm2 

and an efficiency improvement from 0.47 % to 1.54 %.50   

Pcs exhibit high extinction coefficients and are chemically compatible with most 

OPV materials, making them good dopant candidates for efficiency enhancement. A most 

studied group of Pcs are the derivatives with non-peripheral alkyl substituents, which are 

known for the intense NIR response. Hori et al. doped a hexyl substituted H2Pc into 

P3HT/PC61BM bulk heterojunction device and achieved efficiency improvement from 2.3 

% to 3.0 %, which is mainly attributed to the improvement of long wavelength absorption 

by H2Pc (Figure 1.18).44 Since the absorption of P3HT/PC61BM is localized in the range 

of 300-600 nm, addition of the Pc effectively improved the absorption at 650-800 nm, 

which leads to a photocurrent enhancement from 8.6 to 12.1 mA/cm2 and improved 

efficiency. With the same strategy, Lim and coworkers doped P3HT/PC61BM 

heterojunction with a SiNc, which exhibit longer wavelength response up to 900 nm. The 
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broader spectral coverage results in a 32 % improvement of photocurrent and 19 % 

efficiency enhancement.51  

Figure 1.18. Enhancement of EQE of P3HT/PCBM device through doping H2Pc.44 

Besides the effect on absorption enhancement, Pc additives are found to influence 

OPV performance with alternative mechanisms. Zhang et al. studied the doping effect of 

crystalline CuPc in P3HT/PC71BM heterojunction. A nanocrystal suspension of CuPc is 

blended with the active layer materials solution during deposition.52 The CuPc dopant 

causes an efficiency enhancement from 4.02 % to 4.57 %. The CuPc crystal is believed to 

induce the formation of more crystalline P3HT phase and thus improve the charge transport 

property in the bulk layer, which is supported by the photocurrent improvement and film 

crystallinity change tracked by wide-angle x-ray scattering (GIWAXS) measurements. 

Honda and coworkers investigated the doping effect of a SiPc into P3HT/PC61BM 

and revealed an intriguing doping effect on the external quantum efficiency (EQE) (Figure 
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1.19).53 The doped heterojunction not only showed an enhanced EQE corresponding to Pc 

absorption (650-700 nm) but also an EQE improvement corresponding to P3HT absorption 

(470-600 nm), suggesting that the dopants participate in the charge transfer event of P3HT 

excitons. The SiPc dopant was thought to quench P3HT excitons through Förster energy 

transfer and the charge transfer was then carried out by the new SiPc exciton on PC61BM 

interface (Figure 1.20a). Instead of the explanation by Förster energy transfer, Hori 

proposed a different mechanism, in which charge transfer occur on both P3HT/Pc and 

Figure 1.19. Structure of SiPc as dopant in P3HT/PCBM device. EQE spectra of blend 

film before (dash line) and after SiPc doping (solid line).53 

Figure 1.20. Schematic charge transfer diagram with Pc doped P3HT/PCBM device.  

Doping effect on efficiency could be explained with (a) energy transfer mechanism; 

(b) charge transfer mechanism. 
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Pc/PC61BM interfaces (Figure 1.20b). In this explanation, the Pc dopants shuttle excitons 

between P3HT and PC61BM, which increased the effective charge separation interface.44  

1.3.4 Pc based dyads and supramolecules 

Ideally for a bulk heterojunction, a molecular level fine mixture of donors and 

acceptors could effectively increase the charge transfer interface area to compensate the 

shortcoming of exciton diffusion length. Moreover, a bi-continuous network of donors and 

acceptors is preferential in order to ease charge transport in the active layers (Figure 1.21). 

In conventional polymer/fullerene BHJs, the donors and acceptors are randomly mixed and 

phase separation exists in some regions, greatly limiting the OPV performance. To seek 

for improvement of BHJs, Pcs can be covalently bound to acceptor molecules to make 

dyads or triads, which enables control of the stoichiometric ratio and spacial alignment of 

donor and acceptors for optimal charge transfer and transport properties.      

Figure 1.21. Ideal bi-continuous donor-acceptor network to ease charge transport. 

Photoinduced charge transfer has been observed between a covalently linked Pc 

/C60 derivative in solution by Ito and coworkers.54 Guldi et al. reported a dyad with a C60 

moiety directly bound to one peripheral position of Pc, which exhibited a charge transfer 
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feature (Figure 1.22a). The charge separated radical ions exhibit relative short life times 

(~3 ns).55 The lifetime implies the separated charges on Pc and C60 are prone to 

recombination, which is likely due to the strong covalent bond between the two moieties. 

To get a longer-lived charge separate state, the Torres group later reported dyads with 

metal-ligand coordination. The dyads are held together through more labile coordination 

between RuPc and pyridyl bearing C60 derivatives (Figure 1.22b). The lifetime of radical 

ions are improved to the order of hundreds of nanoseconds.56 Another dyad with a crown 

ether appended Pc and ammonium containing C60 derivative was reported by the Prato 

group. The attenuated Pc-C60 interaction was found to further extend the lifetime of radical 

ions to 1.5 µs (Figure 1.22c).57 

A mature dyad system not only requires efficient charge separation within the dyad 

but also a well-organized morphology to ease free charge transport. Disordered dyad 

networks will lend no help to the overall OPV efficiency, since the relatively random 

Figure 1.22. Chemical structures of Pc-based dyads with modulated radical ion 

lifetime. 
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pathways will mislead charge transport to boundaries or trap states. Kamei et al linked a 

C60 derivative to highly crystalline Pcs and obtained a series of new mesogenic Pcs, which 

adopt a columnar packed architecture.58 Ince et al. reported two crystalline Pc containing 

dyads and demonstrated dependence of dyad crystallinity on the spacing moiety (Figure 

1.23).59 The dyad with a more flexible linkage self-organized into rectangular columnar 

stacks, while the more rigidly linked dyad organized into columnar hexagonal mesophases.  

Figure 1.23.  Chemical structures of self-organizing Pc dyads. 
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1.4 Aim and scope of the dissertation 

The performance of Pc materials in OPVs is currently limited by their narrow UV-

Vis absorption, disordered solid phase organization and poor charge transport abilities. The 

projects described in this dissertation are devoted to Pc structural manipulations to achieve 

(1) intense NIR absorbing materials; and (2) self-organizing materials with solution 

processing capability.  

To fulfill the goal of NIR absorption, we are interested in alkylthio substituted Pcs 

since electron-donating moieties are known to narrow optical bandgap and cause red-shift 

of Pc Q-band. In chapter 2, a series of peripheral (β) alkylthio substituted Pc were 

synthesized. We chose different central metal ions (M = Pd, Pt, Sn, Pb) in order to 

investigate their influence on both solution and solid phase absorption. In chapter 3, Pc 

derivatives bearing alkylthio groups on non-peripheral (α) positions were synthesized. 

With varied central elements (M = Pb, TiO and H2), we  explore the influence on molecular 

structures and optical absorption. In addition, since the non-peripheral (α) substituted 

derivatives are known for NIR absorption and have been widely used as dopants in 

P3HT/PCBM heterojunctions, we use time resolved microwave conductivity (TRMC) 

technique to study the charge transfer event on the P3HT/Pc interface and investigate the 

role of Pc structure on the process. 

The solid phase organization of Pc is crucial for efficient charge separation and 

charge transport in OPV. Chapter 4 presents development and synthesis of a new side-

strapped Pc system. We expanded the Pc π-conjugation through acetylene bridged straps, 

which was expected to cause close packing and self-assembly features on Pc. Various 
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substituents were placed on the straps to enable solution processability. The charge 

transport ability (hole mobility) of the side-strapped Pcs was investigated by conductive 

mode AFM (c-AFM) measurements. The chalcogen element modifications on side-

strapped Pc (Chapter 5) is a continuing work on the side-strapped Pc system, aiming to 

manipulate the optical absorption and energy levels of frontier orbitals for the side-strapped 

Pcs. To reveal the impact of structural variation on optical and electrical properties of, Pc 

modification were conducted in two aspects, including (1) fusing S atoms on the strap; and 

(2) appending OR and SR substituents on the Pc core.  
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CHAPTER 2  

PERIPHERAL OCTAKIS-SUBSTITUTED (β) METALLOPHTHALOCYANINES 

AS NEAR INFRARED ABSORBING MATERIAL 

2.1 Introduction 

2.1.1     Current development of near-IR (NIR) absorbing OPV 

As introduced in Chapter 1, a large amount of solar flux resides in the near-IR 

region of the solar spectrum. Organic photovoltaic technology could benefit from the 

development of efficient near-IR absorbing materials by 1) increasing light harvesting 

efficiency over the entire solar spectrum when incorporated into tandem solar cells, and 2) 

enabling the development of transparent photovoltaics for window and electronic 

applications.  

Figure 2.1. Schematic representation of different active layer components in tandem 

configuration. 

In a single-junction solar cell, light harvesting only occurs within a defined range 

of the solar spectrum. The absorption process will not include the photon flux beyond this 

range. A tandem solar cell, also known as a multi-junction solar cell, is a collection of 

single junction cells that are electrically connected in series (Figure 2.1). The distinct 

absorption coverage of each sub-cell adds up to a complementary absorption over the solar 
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light spectrum, thus increasing the overall light harvesting efficiency. Over the past decade, 

tandem cells based on inorganic material have been extensively studied and improved to 

an efficiency of 37%.1 The tandem configuration also enhances efficiency in organic based 

cells. Riede et al. reported a tandem organic cell with two incorporated single cells, which 

improved the efficiency to 6.1% compared to that of 3.9% and 4.3% for each single cell.2 

However, largely due to the narrow absorption band and availability of NIR absorbers, the 

efficiencies of organic tandem cells are still too low for practical applications. From a 

material science viewpoint, developing optimized NIR absorbing chromophores is crucial 

to improve OPVs. 

Another emerging application of NIR OPVs is transparent PV glass. Transparent 

PV glass will enable windows or protective screens in electronic devices to harvest solar 

energy while maintaining visibility as a routine function. This requires that the majority of 

absorption occurs only in UV or IR region and not in the visible region. Bulovic et al. 

reported an OPV device based on NIR-selective absorber chloroindium-phthalocyanine 

(ClInPc).3 The visible light transmittance was maintained above 55% with power 

conversion efficiency of 1.7%. 
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Figure 2.2. The optical band gaps of common organic chromophores used in OPV.4 

2.1.2 Development of NIR absorbing organic semiconductors 

Most organic semiconductors in photovoltaics only absorb strongly in UV-Vis 

region, which stems from their relative large optical band gap (2~3 eV) (Figure 2.2). In 

order to tune the absorption window intro the NIR region, the optical band gap needs to be 

less than 1.5 eV. From molecular engineering standpoint, narrowing the optical band gap 

could be achieved through (1) extension of π conjugation; or (2) introduction of an intra-

molecular push-pull system. However, we also note that π-conjugated organic 

chromophores tend to form aggregates in the condensed phase, which can also significantly 

change their optical absorption behavior. Thus, controlling solid phase polymorphs 

provides an alternative strategy of shifting optical absorption while keeping structural and 

electronic properties of the single molecule unchanged. 
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2.1.2.1 Molecular structure manipulation 

Extension of π conjugation of organic chromophores narrows the HOMO-LUMO 

band gap, making it a practical way of tuning absorption toward longer wavelength (Figure 

2.3). Meier and Kim et al. reported a series of methylium ions (2.1) with three oligo(p-

phenylenevinylene) chains.5 By increasing the number of p-phenylenevinylene repeating 

units, the absorption maximum was shifted in the NIR from 746 to 864 nm. Magistris et al. 

reported a modified squaraine dye (2.2) with π conjugation extended on one benzo moiety, 

which proved to shift squaraine absorption from about 650 nm to 750 nm.6  

Figure 2.3. Achieving NIR absorption via π conjugation extension (extended moieties are 

highlighted in red). 

Push-pull π conjugated systems provide another strategy of obtaining a NIR 

absorbing chromophore via structural modification. Intramolecular charge transfer can 

occur between the electron-deficient and electron-rich moieties, reducing the actual optical 

band gap and thereby causing NIR absorption (Figure 2.4). Inoue and Otsubo et al. 

modified diphenoquinoid (2.3) by introducing strong electron-donating benzo-1,3-dithiol-

2-ylidene and electron-withdrawing dicyanomethylene on opposite terminals and obtained 

a push-pull dye with absorption response up to 1200 nm.7 Rawson et al. bridged electron-
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rich porphyrin and electron deficient isoindigo through ethynyl bridges and obtained push-

pull chromophores (2.4) with NIR response up to 850 nm.8 

Figure 2.4. Examples of push-pull systems to achieve NIR absorption. “Push” and “pull” 

moieties highlighted in red and blue respectively.7, 8 

2.1.2.2 Solid phase morphology control 

Organic π conjugated chromophores tend to form aggregates in the condensed 

phase which usually leads to apparent change in their absorption spectra in that (1) peaks 

are broadened; and (2) absorption maxima shift significantly. Depending on the spacial 

arrangement of molecules, the aggregate could be qualitatively categorized as red-shifting 

J-type aggregates or blue-shifting H-type aggregates.  

Kasha proposed a model to theoretically correlate the chromophores interaction in 

the dimer with their optical absorption behavior (Figure 2.5).9 The critical parameter for 

the transition dipole interaction between two neighboring chromophores is their packing 

angle (θ), the angle between the chromophores plane and packing axis. In one extreme 

scenario with θ = 90°, the chromophores stack directly on each other, defined as H-type 

aggregate. The edge to edge interaction is defined as J-type aggregate, representing the  
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Figure 2.5. Exciton energy diagrams for various dimers.9, 10 Solid/dash lines represent the 

allowed/forbidden ground-excited stated transition. 

other extreme where θ = 0°. In both cases of dimers, the transition dipoles are split due to 

monomer interaction. By analyzing the dimer transition dipole as the vector sum of 

monomers, we can tell that J-type aggregates allow a smaller bandgap transition, while H-

type aggregates allow a larger bandgap transition. As a result, in the absorption spectra, J-

type aggregates are observed red-shifted compare to the monomer absorption, while H-

aggregates are blue-shifted. Quantitatively, the split of transition dipoles in dimers has a 

dependence of packing angle as in equation 2.1.9 

∆E = E′′ − E′ = 2|𝑀|2(1 − 3 cos2 θ)/𝑟3  (2.1) 

Where E’ and E” represent the two excited states in a dimer. M represents the transition 

moment in the monomer, r is intermolecular packing distance and θ is the packing angle. 

According to the equation, with θ = cos−1 1

√3
= 54.7°  , there is no net dipole-dipole 
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interaction in dimer, and thus this is the boundary condition that distinguishes J- and H-

type aggregates. 

Based on the above analysis, another practical way of achieving NIR absorption is 

to obtain J-aggregated materials, i.e. chromophores favoring packing with  θ < 54.7°. For 

example, a perylene bisimide dye reported by Wang and Wurthner  et al.10 has a monomeric 

absorption at 702 nm in solution. In the solid phase, the material forms J-aggregates with 

a packing angle of 26° and absorbs above 800 nm. In work by Yang et al., a heterojuction 

device based on a J-aggregating squaraine dye demostrated NIR response up to 850nm.11 

2.1.3 NIR absorbing phthalocyanine (Pc) derivatives 

Pcs are a family of π-conjugated molecules that absorb strongly (ε = ~105 M-1cm-1) 

mainly in visible region. The optical band gap of Pcs are about 1.6 ~ 1.7 eV, making them 

good candidates to be modified as NIR absorbers. The absorption spectrum is characterized 

by a B-band around 350 nm and a sharp Q-band between 670-700 nm, which respectively 

originate from the a2u(π)→eg(π*) and a1u(π)→eg(π*) transitions.12 Strategies to shift the Pc 

Q-band into the NIR region include (1) changing the central element; (2) extending π 

conjugation; (3) introducing α or β substituents; and (4) controlling solid phase 

polymorphs. 

2.1.3.1 Influence of the central element 

Although incorporation of metal ions into the central cavity of Pc could change the 

electronic structure of molecules causing Q-band shift, in most cases, the change is subtle. 

Upon going from the metal free H2Pc to Co(II), Cu(II) or Ru(II) Pcs, the Q-band slightly 

shift within the range between 660 nm and 698 nm.13 The closed-shell Pc complexes, such 
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as Li(I), Mg(II) or Zn(II), exhibit Q-bands around 670 nm.14 On the other hand, open-shell 

ions, such as Fe(II) and Ru(II) lead to blue-shifted Q-band from 630 nm to 650 nm, owing 

to their strong interaction with the Pc core. Only in a few examples has a significant red-

shift through metal implementation been reported. Leznoff and Lever et al. reported a 

Mn(OAc) (III) Pc with Q-band shifted to 828nm.15 Kobayashi et al, investigated insertion 

of pnictogen elements, i.e. P(V), As(V) and Sb(V), into the cavity and successfully shifted 

the Q-band beyond 1000 nm.16 Nevertheless, in the latter two examples, we should not 

neglect the contribution of substituents, which can cause a more prominent Q-band shift 

than the central element. 

2.1.3.2 Substituent effects  

Figure 2.6. Molecular design by Kobayashi for achieving NIR Pcs.17 

Pcs are also modified through substitution on the eight peripheral (β) and non-

peripheral (α) positions (Figure 2.6). Introduction of substituents could change (1) the 

bandgap of HOMO-LUMO; (2) solid phase arrangement; and (3) shape of the Pc core, all 

of which may cause significant shift of the Q-band position. On the non-peripheral (α) 

positions, electron-donating substituents, such as amino, alkyl or alkoxyl groups, are found 

to red-shift the Q-band by destabilizing the HOMO.17 In addition, an increased number of 

α- substituents will deform the planar Pc core, destabilizing HOMO and shifting the Q-

band further into red.18 This effect is found to be much weaker when the electron-donating 
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substituents are bound to the peripheral (β) positions. On the contrary, substitution of 

electron-withdrawing groups on both non-peripheral (α) positions and peripheral (β) 

positions shift the Q-band to a shorter wavelength.18 

2.1.3.3 Extension of π-conjugation 

Extending π-conjugation can shift Pc absorption towards longer wavelength. 

Annulation of each benzo-ring can lead to a red-shift of 20-30 nm.14,19 Naphthalocyanine 

(Nc, 2.5) absorbs at 783 nm and the anthracocyanine (Ac, 2.6) Q-band is observed at 858 

nm (Figure 2.7).20 For practical applications, these NIR absorbing with π-extended Pc core 

has a relatively high HOMO level and narrow optical band gap, but they are more prone to 

thermo-degradation and photo bleaching. 

Figure 2.7. NIR absorbing Pc derivative with extended π-conjugation. 
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2.1.3.4 Solid state polymorphs  

Tuning the solid state polymorphs and forming J-aggregating species provides 

another strategy of getting NIR absorbing materials. For most organic semiconductors, this 

is usually achieved through post fabrication treatment, such as solvent-annealing or 

thermo-annealing. For example, the oxotitanium (Ti=O) Pc is reported to form two distinct 

polymorphs, i.e. Phase I and Phase II (Figure 2.8).21 The NIR absorbing Phase II could be 

obtained from Phase I through exposure in toluene.21, 22 Obata and Matsuo reported an OPV 

device, utilizing the TiOPc Phase I to achieve NIR response up to 950 nm.22 The more 

intriguing materials are those who tend to self-organize into J-aggregate without post 

treatment, making NIR absorption more robust and predictable. That requires rational 

control of strong intermolecular interaction through hydrogen bonding, dipole-dipole 

interaction etc.  

Figure 2.8. Absorption spectra of TiOPc in solution, solid Phase I and Phase II 

polymorphs.23 
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2.1.4 Research goals 

In this chapter, the synthesis and characterization of a series of peripheral (β) 

substituted MPc complexes are reported. We introduced electron-donating alkylthio 

moieties onto the eight peripheral (β) position in order to tune the Q-band to longer 

wavelength. Our group previously reported a TiOPc derivative that exhibits intense NIR 

absorption at 736 nm. In this study, four additional Pc metal complexes (Sn, Pb, Pd and Pt) 

are prepared to investigate (1) the effect of metal on tuning the Q-band of the alkylthio 

substituted Pcs; (2) the influence of central metal elements on solid state polymorphs; 3) 

the influence of solvent used in fabrication of thin films on morphology and optical 

absorption.  

2.2 Synthesis of octakis-alkylthio substituted MPcs (M = Sn, Pb, Pt, Pd) 

Scheme 2.1. Synthesis of alkylthio substituted Pc 2.8 a-d. 

(a)  metal salt, urea, 150 °C, 2 d; (b) metal salt, 1-pentanol, DBU, reflux, 8 h.   

We previously developed a TiOPc synthesis of heating a mixture of phthalonitrile, 

urea and Ti(iOPr)4 at 150 °C for 24h (Scheme 2.1).24 In this one-pot reaction, the 

phthalonitrile presumably first reacts with ammonia from urea thermolysis to form 

diiminoisoindoline, which then undergoes cyclization to produce TiOPc in the presence of 
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Ti(iOPr)4. This method also worked well in case of several tetra- or tri-valent MPcs, e.g. 

VOPc and InClPc. However, yield for the preparation of the four di-valent MPcs (M = Sn, 

Pb, Pt, Pd) mostly remained below 10 % (Table 2.1). Such low yields are likely caused by 

a relatively low concentration of mobile metal ions during the reaction, consistent with the 

observed low solubility of those metal salts in molten urea at 150 °C. Improved yields (30 

% ~ 60 %) were obtained by using the modified Linstead cyclization conditions with 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) as non-nucleophilic base to initiate Pn cyclization, 

where metal salts are more dissolved in the alcoholic solvent to release metal ions.25  

Table 2.1. Summary of MPc preparation using the solvent-free methodology. 

  Yield (%) Metal Source 

Tetravalent (IV) 
Ti=O 42a Ti(iOPr)4 

V=O 31a VO(acac)2 

Trivalent (III) 
Al-Cl 45a AlCl3 

Ga-Cl 31a GaCl3 

Divalent (II) 

 

Sn 13 SnCl2 

Pb 8.7 Pb(OAc)2∙3H2O 

Pd 3.6 PdCl2 

Pt 0.6 K2PtCl4 
a Values from doctoral dissertation of Mayank Mayukh. 

2.3 Characterization 

2.3.1 1H NMR spectroscopy 

The four Pc metal complexes were characterized with 1H NMR using CDCl3 as 

solvent. The SnPc spectrum signal was too broad and weak for analysis, possibly owing to 

its high tendency to aggregate. Comparison of spectra for the other three MPcs reveals an 

effect of central metal on the chemical shift of aromatic protons (Figure 2.9). As 

summarized in Table 2.2, the aromatic proton was observed at 9.04 ppm for PbPc, while 

the two open-shell PtPc and PdPc shift it upfield to 8.25 ppm and 8.12 ppm respectively. 
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Central metals potentially affect the chemical shift by (1) causing different extent of 

aggregation; or (2) influencing ring current and changing the induced magnetic field.  

Figure 2.9. Comparison of 1H NMR spectra of MPcs. *Literature value of aromatic proton 

chemical shift for metal-free H2Pc with same substituents.26 

Table 2.2. Summary of 1H NMR for alkylthio substituted Pc with various central elements.  

*value for H2Pc from reference.27 

When Pc aggregates, the protons are more shielded by the electrons from 

neighboring Pcs, thus leading to an upfield chemical shift. According to our observations 

(vide infra), PtPc and PdPc are more aggregating compared to PbPc, supported by the 

extent of peak broadening in spectra. As a result, the aromatic protons of PtPc and PdPc 

appear in the more shielded upfield than PbPc. Note that the aggregate effect is more 

significant to protons that are close to the Pc core, i.e. the α aromatic protons in our case. 

Solvent: 

CHCl3 

T: 298 K 

Aromatic proton (α) Substituent proton (SCH2) 

Chemical 

shift (ppm) 

Splitting 

pattern 

Chemical 

shift (ppm) 

Splitting  

pattern 

PbPc 9.04 s 3.37 t (J = 7.3) 

PtPc 8.12 s, br 3.35 br 

PdPc 8.25 s, br 3.39 br 

H2Pc* 8.45 s 3.41 t 
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For the -SCH2- protons, there is only a subtle change on chemical shift by 0.03 ppm when 

compared among all the MPcs.  

Figure 2.10. Schematic illustration of ring current effect on the chemical shift of protons 

for MPcs. 

In the meantime, we should also consider the influence of metal on the ring current. 

The single-loop model explains the influence of ring current on chemical shift the Pc 

protons (Figure 2.10).28 As for most aromatic rings, the delocalized π electrons form a ring 

current (I) that produces an induced magnetic field B’. Considering its relative direction to 

the external field B0, the induced magnetic field deshields external protons and shields 

internal protons (in the case of H2Pc). The open-shell (d8) Pt and Pd ions interact more 

strongly with the Pc core, depleting ring current and weakening the induced magnetic field. 

Thus, the deshielding effect from ring current on the aromatic proton should be weak on 

PtPc and PdPc, which agrees with our observation of the chemical shift. 
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2.3.2 Solution UV-Vis spectrometry 

The optical absorption of all MPcs were examined by solution UV-Vis absorption 

(Figure 2.11). The experiment was conducted on dilute solutions (10-5 M) in 

dichloromethane to minimize aggregation. The PbPc and SnPc both exhibit a Q-band at 

750 nm with a lower shoulder vibronic band at 670 nm. Regarding the metal free H2Pc 

absorption at 705 nm, the incorporation of Sn(II) and Pb(II) ions red shift the Q-band by 

45 nm. Alternatively, the Pd(II) and Pt(II) ions slightly blue shift the Q-band to 693 nm 

and 682 nm respectively, which is consistent with the trend for most open-shell MPcs 

observed previously.14 In addition, while the SnPc and PbPc Q-bands indicate monomeric 

Pc in solution, the absorption of PdPc and PtPc both exhibit a broad shoulder band ~640nm, 

indicating the formation of the H-type aggregate.  

Figure 2.11. UV-Vis spectra of MPcs in dichloromethane at room temperature. 
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Figure 2.12. Analysis of the coordination geometry difference among MPcs. 

To rationalize the above observation, we consider the coordination geometry of the 

MPc complexes.  Group 10 transition metals, e.g. Pd and Pt, tend to form square planar 

16e- complexes (Figure 2.12). Hence, planar PdPc and PtPc complexes are more prone to 

π-π stacking (aggregating). Also, considering the similar electronegativity of Pd (2.20) and 

Pt (2.28) to H (2.20), the change of Pc electronic structure should be small, which is 

reflected in the subtle change in the optical band gap (Q-band position), compared to H2Pc 

at 705 nm. For the two main group metals, i.e. Pb and Sn, the metal ions are too large to fit 

coplanar with the nitrogen atoms in the Pc central cavity (Table 2.3). As a result, the Sn 

and Pb tend to stand out of the Pc plane by 1.1-1.2 Å and adopt a square pyramidal 

coordination (Figure 2.12).29 Such non-planar geometry: (1) hinders close π- π stacking 

thus preventing aggregation; and (2) distorts Pc planarity. The deformation of the Pc plane 

is known to red shift the Q-band through destabilization of the HOMO.17, 30  

Table 2.3. Summary of central metal size and the influence on Pc structure. 

 Pd Pt Sn Pb 

M2+ size (pm)a 86 80 118 119 

Pc Plane Deviation (Å) b 0 0 1.1 1.2 

Coordination Geometry planar planar pyramidal pyramidal 

 
a Value from reference.31  
b Value from reference.29  
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2.3.3 Thin film UV-Vis spectrometry 

We investigated the thin film absorption behavior, which is more relevant to device 

architecture. The octakis-alkylthio substituents make these MPcs solution processable, and 

thus enable us to investigate the thin film polymorphs as a function of deposition solvent. 

Tuning the solid phase morphology provides an option of getting NIR absorbing thin films.   

2.3.3.1 TiOPc thin film absorption  

 Previously, our group studied the absorption spectra of thin films cast from CHCl3 

and o-dichlorobenzene on quartz.32 The absorption spectra both resemble Phase I of the 

unsubstituted TiOPc. Herein, we deposit the same alkylthio substituted TiOPc with various 

solvents to answer the following questions: (1) can we cast thin films with the NIR 

absorbing Phase II exclusively; and (2) what is the most critical parameter in controlling 

TiOPc polymorphs through solution processing?  

 We first investigated two low boiling point solvents THF and CHCl3. Considering 

the solution Q-band found at 736 nm, the film exhibits a Phase-II peak at 890 nm as well 

as a Phase-I peak at 690 nm (Figure 2.13.a). Such absorption pattern highly resembles that 

that we previously described.32 Upon going to higher boiling point solvents, i.e. 

chlorobenzene (CB), o-dichlorobenzene (o-DCB) and m-dichlorobenzene (m-DCB), the 

population of Phase-II species at 890 nm increases. While CB and o-DCB processed films 

exhibit the two bands with almost equal intensity, the m-DCB film showed a dominant 

Phase-II band at 890 nm (Figure 2.13.b). To confirm whether this effect is unique with 

only meta-disubstituted benzene solvents, we further investigated thin films prepared from 
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m-dibromobenzene (m-DBB) and m-xylene. Unlike m-DCB, these two thin films 

absorption is quite similar to thin films from THF or CHCl3 (Figure 2.13.c).   

Figure 2.13. UV-Vis spectra of TiOPc thin films with varied cast solvents. 

To rationalize the above observation and find out the key parameter of solvent for 

generating the NIR absorbing polymorph, we summarize the physical properties of the 

relevant solvents in Table 2.4. Based on the values of density or boiling point, there is no 

clear correlation to the observed polymorph formation. Regarding the vapor pressure, a 

trend appears as low vapor pressure solvents prefer to form more Phase-II polymorph. 

However, an exception is the very low vapor pressure m-DBB produced films similar to 

high vapor pressure solvents, i.e. THF and CHCl3. Also, the trend of vapor pressure fails 

to explain why the m-DCB produce the most Phase-II polymorph. In consideration of 

viscosities, it seems all solvent species with viscosity >0.7 cP appear to show preference 

for Phase-II polymorph. Nevertheless, it still does not explain why m-DCB produces more 

Phase-II polymorph than the most viscous o-DCB. 
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Table 2.4. Physical properties of spin-cast solvents. 

 CHCl3 THF CB o-DCB m-DCB m-DBB m-xylene 

Density a (g/mL) 1.48 0.89 1.10 1.31 1.28 1.95 0.86 

B.P a (°C) 61 66 131 180 173 218 139 

Vapor pressure (kPa) 25.89 21.6 1.80 0.16 0.252 0.117b 1.11 

Viscosity a (cP) 0.53 0.46 0.76 1.324 1.028    - 0.581 
 a Values at 25 °C and 1 atm 
 b Values at 45 °C33 

2.3.3.2 Thin film absorption of SnPc, PbPc, PdPc and PtPc 

 

Figure 2.14. MPc thin films UV-Vis absorption (spin-cast from toluene solution). 

We also investigated the thin film absorption of the other four MPcs. Figure 2.14 

displays the absorption of thin films spin casted from toluene solution. The Pd and Pt Pcs 

showed blue shifted Q-bands at 637 nm and 643 nm, which are consistent with their H-

type aggregating behavior in solution. The PbPc absorption is observed as a slightly blue-

shifted peak at 715 nm. Interestingly, the SnPc generates two species, i.e. the Phase-I 

polymorph at 693 nm and Phase-II polymorph at 832 nm, which strongly resemble our 

previous observation on TiOPc. We further investigated SnPc thin films cast from m-DCB, 
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o-DCB and CHCl3 (Figure 2.15). For thin films cast from CHCl3 and m-DCB, pronounced 

NIR absorbing J-aggregate peaks were observed around 1000 nm.  

Figure 2.15. UV-Vis spectra of SnPc thin films from various spin-cast solvents. 

2.4 Conclusion 

To summarize, four peripheral octakis-substituted alkylthio MPcs were synthesized 

and characterized by NMR, MS and elemental analysis. To investigate their NIR absorbing 

capability, UV-Vis absorption experiments were performed on both solution and thin film 

samples. We compared the solution spectra among MPcs to illustrate the metal ion effect 

on Q-band position and aggregation behavior.  In solution, the Pb and Sn ions cause a red 

shift of the Q-band to 750nm, most likely due to Pc ring distortion by these large ions. The 

thin film absorption is more intriguing to us in that: (1) there exists J-aggregating species 

with NIR response up to 1000nm; and (2) the thin film morphology is highly tunable with 

solvent used in the process. For all investigated solvent species, we still cannot clearly 

correlate this observation to a single physical property of solvent, i.e. vapor pressure, 

boiling point or viscosity. To better elucidate the solvent effect, in future study, thin film 

XRD experiment will be performed to provide additional molecular packing information.   
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2.5 Experimental 

2.5.1 General 

All reactions were run under a nitrogen or argon atmosphere unless otherwise 

specified. Unless otherwise indicated, all chemicals were purchased from commercial 

suppliers and used without further purification. 1H NMR spectra were recorded on Bruker 

500 MHz instrumentation in CDCl3 and were calibrated using TMS as internal standard. 

Elemental analysis was done by NuMega Resonance Labs Inc., San Diego, CA. Mass 

spectra were obtained from the Mass Spectrometry Facility, Department of Chemistry and 

Biochemistry, University of Arizona. Flash column chromatography and TLC were 

performed using silica gel 60 and Silica Gel 60 F254 plates respectively from EMD. 

2.5.2 Thin film fabrication 

2.5.2.1 Substrate preparation 

Quartz slides (25 mm × 25 mm × 1 mm) were used as substrate for Pc thin film 

samples. The following is a typical procedure to clean substrates: wash with DCM and 

acetone, sonicate in soap for 30 min, rinse with DI water, soak in 1 % HNO3 overnight, 

rinse with DI water and soak in acetone. Before spin coating, the substrate was dried with 

N2 flow and oven dried for 1h. Spin coating was performed immediately after substrate 

cooled to room temperature.   

2.5.2.2 Spin coating condition 

All MPc solutions were prepared to a concentration of 10-4M. Thin film samples 

were prepared by spin coating at 2000 rpm (30 s). Accelerations are maintained at a rate 

similar to the rpm targeted. 
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2.5.3 Synthesis 

4,5-Bis(hexylthio)phthalonitrile (2.7). A procedure was adapted from the literature24 as 

follows: A mixture of hexane-1-thiol (19.01 g, 16 mmol), K2CO3 (27.67 g, 20 mmol), and 

DMSO (350 mL) was stirred at room temperature for 30 min. Dichlorophthalonitrile (9.0 

g, 46 mmol) was slowly added, and the reaction mixture was maintained at 80 C for 19 h. 

The reaction mixture was cooled to room temperature, quenched with brine (sat. 180 mL), 

extracted into ethyl acetate (2 × 150 mL), then ether (2 × 100 mL), and washed with water 

(2 × 50 mL). Activated carbon (10.0 g) was added to decolorize the solution by stirring 

overnight. The solvent was removed under reduced pressure to obtain a slightly yellow 

solid. Further purification using recrystallization in 50mL diethyl ether afforded colorless 

crystals of compound 2.7 (7.28 g, 44 %): 1H NMR (500 MHz, CDCl3) δ 7.41 (s, 2H), 3.05 

– 2.96 (m, 4H), 1.75 (dt, J = 15.0, 7.4 Hz, 4H), 1.57 – 1.44 (m, 4H), 1.33 (dq, J = 7.2, 3.8, 

3.3 Hz, 8H), 0.96 – 0.85 (m, 6H). 

2,3,9,10,16,17,23,24-Octakis(hexylthio)phthalocyaninato Tin (2.8a). A procedure was 

adapted from the literature24 as follows: A mixture of 2.7 (0.72 g, 2.0 mmol), SnCl2 (0.30 

g, 1.6 mmol) and urea (96.10 mg, 1.6 mmol) was heated under argon at 150 C for 27 h. 

The reaction mixture was allowed to cool to room temperature, washed with MeOH (3 × 5 

mL), dissolved in CH2Cl2 (20 mL) and subjected to flash chromatography(SiO2, 100% 

CH2Cl2).The purple eluent was centrifuged to remove insoluble inorganic impurities. The 

solvent was removed under reduced pressure to obtain a dark purple solid. Further 

purification using flash chromatography (SiO2, 90:10 CH2Cl2/MeOH) afforded 2.8a as a 

purple solid (0.14 g, 12 %): UV ( λmax, nm) 750; MS (MALDI) m/z 1560.57 [M]+, 
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C80H112N8SnS8 requires 1560.58. Anal. Calcd for C80H112N8SnS8: C, 61.55; H, 7.23; N, 

7.18. Found: C, 61.34; H, 7.60; N, 6.78. 

2,3,9,10,16,17,23,24-Octakis(hexylthio)phthalocyaninato Lead (2.8b). A procedure 

was adapted from the literature34 as follows: A mixture of 2.7 (0.25 g, 0.7 mmol) and 

Pb(OAc)2∙3H2O (0.076 g 0.2 mmol) was heated under reflux in pentanol (2.5 mL) in the 

presence of DBU (0.15g, 1.0 mmol) with stirring for 12 h in a nitrogen atmosphere. The 

reaction mixture was allowed to cool to room temperature, dissolved in CH2Cl2 (5.0 mL), 

dispersed in MeOH (80 mL) and then centrifuged. The precipitate was dried at 40 C under 

vacuum overnight to obtain a dark brown solid. Further purification using flash 

chromatography (SiO2, CH2Cl2) afforded 2.8b as a dark brown solid (0.17 g, 63 %): UV 

(λ max, nm) 750; 1H NMR (500 MHz, CDCl3) δ 9.04 (s, 8H), 3.37 (t, J = 7.3, 16H), 1.92 

(pt, J = 8.5, 4.5 Hz, 16H), 1.65 (p, J = 7.3 Hz, 16H), 1.42 (dq, J = 6.3, 3.2, 2.8 Hz, 32H), 

1.01-0.91 (m, 24H). 13C NMR (125 MHz, CDCl3) δ 153.70, 140.33, 135.18, 121.32, 34.02, 

31.61, 29.02, 22.66, 14.17; MS (MALDI)m/z 1648.80 [M]+, C80H112N8PbS8 requires 

1648.65. Anal. Calcd for C80H112N8PbS8: C, 58.25; H, 6.84; N, 6.79. Found: C, 58.45; H, 

6.79; N, 6.41. 

2,3,9,10,16,17,23,24-Octakis(hexylthio)phthalocyaninato Palladium (2.8c). A 

procedure was adapted from the literature34 as follows: A mixture of 2.7 (0.36 g, 1.0 mmol) 

and PdCl2 (0.080 g, 0.45 mmol) was heated under reflux in pentanol(5.0 mL) in the 

presence of DBU (1.52 g, 1.0 mmol) with stirring for 8h in a nitrogen atmosphere. The 

reaction mixture was allowed to cool to room temperature, dissolved in CH2Cl2 (10 mL) 

and filtered. Further purification using flash chromatography (SiO2, 50:50 hexanes 
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/CH2Cl2) afforded 2.8c as a dark green product (0.13 g, 33 %): UV (λmax, nm) 693.5; 1H 

NMR (500 MHz, CDCl3) δ 8.25 (s, 16H), 3.39 (br m, 16H), 2.06 (br m, 16H), 1.53 (br m, 

32H), 1.02 (t, J = 6.9 Hz, 24H). MS (MALDI) m/z 1546.59 [M]+, C80H112N8PdS8 requires 

1546.59. Anal. Calcd for C80H112N8PdS8: C, 62.04; H, 7.29; N, 7.24. Found: C, 61.94; H, 

7.63; N, 6.93. 

2,3,9,10,16,17,23,24-Octakis(hexylthio)phthalocyaninato Platinum (2.8d). Compound 

2.8d was prepared as described above for compound 2.8c, using compound 2.7 (0.18 g, 

0.50 mmol), K2PtCl4 (0.093 g, 0.22 mmol), DBU (0.076 g, 0.50 mmol) and 1-pentanol (2.5 

ml). Purification with flash chromatography (SiO2, 60:40 hexanes /CH2Cl2) yielded 2.8d 

as a green solid (3.1 mg, 1.5 %): UV(λ max, nm) 682.0; 1H NMR (500 MHz, CDCl3) δ 

8.26-7.92(s, 8H), 3.52-3.14 (br m, 16H), 2.15-1.96 (br m, 16H), 1.85-1.71(br m, 16H), 

1.61-1.43(br m, 32H), 1.08-0.94(br m, 24H); MS (MALDI) m/z 1636.63 [M + H]+, 

C80H113N8PtS8 requires 1636.63. 
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CHAPTER 3   

SYNTHESIS OF NON-PERIPHERAL OCTAKIS-SUBSTITUTED 

METALLOPHTHALOCYANINES AND PHOTO-INDUCED CHARGE 

TRANSFER STUDY ON PC/P3HT INTERFACE 

3.1 Introduction 

3.1.1 Phthalocyanine derivatives with non-peripheral (α) substituents 

Figure 3.1. Peripheral and non-peripheral positions on Pc structure. 

Properties of Pcs can be tailored by introducing substituents on the eight non-

peripheral (α) positions (Figure 3.1). Besides exhibiting enhanced solubility, non-

peripheral substituted Pcs differ from other Pcs in their: (1) NIR absorption; (2) mesogenic 

properties; and (3) unusual non-planarity. The electronic effect of substituents is more 

pronounced on the non-peripheral than the peripheral positions.1 Electron-donating 

substituents, such as alkyl, alkoxy and alkylthio, can destabilize the HOMO and 

significantly red-shift the Q-band.2 Such properties of non-peripheral Pcs could be utilized 

in the development of NIR absorbing materials. Sakamoto et al. reported non-peripheral 

Pcs with S-aryl groups, which shifted the Q-band to 857 nm from ~700 nm of the 

unsubstituted Pc.3 Tekdas et al, introduced hydroxyl-terminated sulfanyl moieties on the 
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non-peripheral positions, yielding a water soluble and NIR absorbing sensitizer for 

photodynamic therapy (PDT) purposes.4  

Another intriguing feature of non-peripheral Pcs is their mesogenic behavior. A 

number of non-peripheral Pcs with alkyl or alkoxyl substituents have been reported to be 

liquid crystalline.5-7 The highly ordered arrangement of Pcs is advantagous in organic 

electronics since charge transport can be greatly enhanced in the crystalline phase. Iino et 

al. reported an octyl-substituted non-peripheral Pc with hole and electron mobility both on 

the order of 10-1 cm2 V-1 in its hexagonal disordered columnar (Colhd) mesophase.8 Miyake 

et al. further investigated its hexyl analog and reported improved hole mobility (1.4 cm2V-

1) upon going from the hexagonal disordered columnar (Colhd) mesophase to the crystal 

phase.9  

Figure 3.2. A saddle-like geometry of a non-peripheral substituted Pc.10 

The non-peripheral substituents are known to distort the normally planar Pc core to 

adopt a “saddle-like” geometry (Figure 3.2), which stems from the steric hindrance among 

adjacent non-peripheral substituents. Fukuda et al. reported a series of ZnPcs with non-

peripheral phenyl substituents.11 A clear trend of Pc ring distortion with increased number 

of phenyl substituents has been observed. Such ring distortion was also observed on a tert-

butylsulfanyl substituted Pc reported by Zorlu et al.12 and on even less bulky n-octyloxy 
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substituted Pcs reported by McKeown and co-workers.13 As a result of the highly distorted 

ring structure, strong cofacial π-π interaction is no longer favorable and thus Pc aggregation 

is greatly suppressed, making it possible to study the properties of a single Pc molecule.  

3.1.2 Pcs as dopants in bulk heterojunction OPV 

            The polymer/fullerene bulk heterojunction OPV has been extensively studied in the 

past two decades and power conversion efficiency (PCE) approaching 10 % have been 

reported.14-17 Introducing a small molecule dopant as the third component resulted in 

further improvement of bulk heterojunction performance. Hori et al. doped a hexyl-

substituted non-peripheral Pc (30 wt%) into a P3HT/PCBM bulk heterojunction and 

achieved improvement of efficiency from 2.3 % to 3.0 %.18 In the doped device reported 

by Lim et al., even smaller amounts of dopants (8 wt%,) showed a comparable efficiency 

improvement from 3.8 % to 4.5 %.19 Generally, dopants are believed to improve the 

efficiency by expanding the photoabsorption window. However, several departures from 

this description of doping effect have been reported. In the doping study of a SiPc by Honda 

et al., careful examination of the external quantum efficiency (EQE) reveals efficiency 

improvement not only at Pc absorption but also in the region corresponding to P3HT 

absorption, indicating there exists a mechanism for the dopant to promote charge separation 

of P3HT excitons.20 To further investigate the role of Pc in the charge generation process, 

in this chapter, we propose doping a series of non-peripheral Pcs into P3HT host and probe 

the free charge generation the on Pc/P3HT interface.  
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3.1.3 Photo induced time-resolved microwave conductivity (TRMC) technique as probe 

for charge generation 

 In a semiconductor heterojunction, free charge generation is reflected as an overall 

conductivity change. Thus, probing the free charge generation could be achieved through 

measurement of a conductivity difference. However, in direct photoconductivity 

measurement, contact of electrodes with a semiconductor will develop a voltage at the 

connections,21 greatly influencing accuracy of the measurements.  

Figure 3.3. Schematic representation of TRMC setup. 

TRMC is a contactless technique that avoids the influence from electrode contacts. 

The major components of the experimental set up (Figure 3.3) include (A) microwave 

source, (B) brass sample cavity, (C) laser illumination source and (D) microwave detector. 

When microwave radiation propagates through the sample in the brass cavity, the original 

microwave power (P) dissipates via a dielectric heating mechanism.22 The damped 

microwave (P-ΔP) is then reflected back by the brass cavity and the power is measured on 

the detector. Applying a pulsed laser illumination excite semiconductor samples and may 

lead to free charge generation, reflected as conductance variation of sample (ΔG), which is 
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related to the measurement value of relative microwave power change (ΔP/P) by equation 

3.1.23  

𝛥𝑃

𝑃
=  −𝐾𝛥𝐺                                             (3.1)          

where K is the sensitivity factor of the sample cavity, influenced by cavity dimension, 

dielectric properties of thin film sample etc. By definition, conductance ( 𝛥𝐺 ) and 

conductivity (𝛥𝜎) could be expressed as equation 3.2 and equation 3.3 respectively, 

𝛥𝐺 = 𝛥𝜎𝛽𝑙                                       (3.2) 

                                        

     𝛥𝜎 = 𝑒 ∑ 𝑛𝑖µ𝑖

𝑖

                                  (3.3)         

in which 𝑙  is the thickness of sample and 𝛽 = 𝑎/𝑏  (Figure 3.3), 𝑒   represents a single 

electron charge, 𝑛𝑖 is the concentration of charge carriers (hole and electron), and µ𝑖 is the 

corresponding charge carrier mobility. Also, the free charge yield is expressed as 

                              

𝜑 =  
𝑛𝑙

𝐼0𝐹𝐴
                                          (3.4) 

where 𝐼0 is the illumination laser intensity and 𝐹𝐴 is fraction of absorption.23 Combination 

of equation 3.2-3.4 gives,  

𝜑 ∑ 𝜇𝑖

𝑖

=
∆𝐺

𝛽𝑒𝐼0𝐹𝐴
                         (3.5) 

                          

showing that we can eventually convert the TRMC measurement result to hole-mobility 

(𝜑 ∑ 𝜇𝑖𝑖 ) of free charges. With appropriate approximation of the mobility term (𝜇𝑖), we can 

further extract the absolute yield of the charge generation process. 
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3.1.4  Research goal 

 To extend the understanding of Pc doping in polymer/fullerene bulk heterojunction, 

we simplified the heterojunction into a two component P3HT/Pc “half- heterojunction” 

with the absence of fullerene acceptor. The study was focused on the charge generation 

event at the Pc/P3HT interface. A series of non-peripheral Pcs were chosen as dopants in 

P3HT due to their NIR response beyond 800 nm. The distinct absorption mismatch 

between Pc and P3HT enabled selective photoexcitation of only one component. This is 

crucial for our study since multiple-exciton interactions can make charge transfer more 

complicated. Also, the Pcs are considered relatively non-aggregating,24 so that we can omit 

charge transport processes involving aggregates and obtain insight of charge transfer at the 

molecular level.  

 In this chapter, we present the synthesis of metal free, oxotitanium (IV) and lead 

(II) derivatives of the non-peripheral octakis(hexylthio) substituted Pcs. Their structural, 

optical and electronic properties are characterized. Then, the charge generation of Pc/P3HT 

is studied by TRMC. 
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3.2 Synthesis 

Scheme 3.1. Preparation method of 3,6-disubstituted phthalonitrile.25 

The precursor of the non-peripheral Pcs, 3,6-disubstituted phthalonitrile 3.2, was 

prepared following a previously reported procedure (Scheme 3.1).25 Under basic 

conditions, phthalonitrile 3.2 was substituted by hexylthiol to give phthalonitrile 3.2. 

Cyclization of the phthalonitrile 3.2 was conducted in appropriate conditions for the 

different central elements (Scheme 3.2). The metal-free H2Pc was synthesized by 

macrocyclization with in situ generated lithium pentoxide10 providing a dark green 

dilithium Li2Pc, which was converted to the metal free H2Pc 3.3c with aqueous workup. 

Preparation of PbPc 3.3b and TiOPc 3.3a from H2Pc 3.3c by metal insertion is usually 

incomplete due to the out-of-plane nature of Pb and TiO moieties. Alternatively, the PbPc 

3.3b and TiOPc 3.3a were synthesized under templated cyclization conditions in the 

presence of DBU (Scheme 3.2).26  

Scheme 3.2. Preparation of octakis-substituted MPcs 3.3a-3.3c.  

(a) metal salt, 1-pentanol, DBU, reflux, 8h. (b) Li, 1-pentanol, reflux, 4h, aqueous 

workup. 
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3.3 Characterizations 

3.3.1  1H NMR spectroscopy 

 1H NMR spectra were obtained for the non-peripheral Pcs 3.3a-3.3c. A singlet 

signal for aromatic β protons were observed from 7.67-7.80 ppm, indicating no obvious 

influence from the metal center.  The metal free H2Pc was distinguished from PbPc and 

TiOPc by its singlet pyrrole proton signal at 0.29 ppm. 

3.3.2  Single crystal XRD  

Figure 3.4. The “saddle-like” geometry of non-peripheral TiOPc 3.3a. Substituents and 

hydrogens have been omitted for clarity. 

In previously reported single crystal structures of non-peripherally substituted H2Pc 

and PbPc, Pc planes were distorted to a “saddle-like” geometry, which has been attributed 

to the steric interaction among adjacent non-peripheral substituents.12,27 In this work, we 

characterized the single crystal structure of TiOPc by XRD (Figure 3.4). Similar to the 

H2Pc and PbPc analogs, the TiOPc 3.3a also adopts a saddle configuration. The 

displacement of Pc core atoms from the plane defined by the four pyrrole N atoms (Figure 

3.5). The oxotitanium (IV) and lead (II) ions are both causing a larger extent of distortion 

compared to H2Pc.  
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Figure 3.5. Pc core atoms deviation from plane defined by four pyrrole N atoms. Geometry 

data for PbPc 3.3b and H2Pc 3.3c was reproduced from previously reported crystal 

structures (CCDC code: 616284, 894420).12,27 

Quantitatively, the displacement by root mean square of the deviation distance 

(𝑟𝑅𝑀𝑆) follows the order: 𝑟𝑇𝑖𝑂𝑃𝑐 > 𝑟𝑃𝑏𝑃𝑐 > 𝑟𝐻2𝑃𝑐  (Figure 3.5). Explaining the distortion 

difference with only substituents steric hindrance is insufficient, since the substituent 

numbers and positions are all identical for the three Pcs. Distortion by Pb (II) is likely due 

to the large ion size (1.19 Å), which precludes its full incorporation into the Pc cavity.27 

However, this explanation is not applicable in case of TiOPc if we consider its relatively 

smaller ion size (0.51 Å).28 Instead of ion size influence, the out-of-plane nature of 

oxotitanium is caused by the square pyramidal geometry favored by 5-coordinate Ti(IV).28 

When we carefully examine the dimension of Pc cavity (cross N-N distance), the TiOPc 
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shows smaller cavity (3.91 Å) than the H2Pc (3.99 Å). This information indicates that the 

oxotitanium (IV) destabilizes the Pc core not by ring expansion, as the large Pb (II) ion, 

but through ring shrinking. As discussed in Chapter 1, transition metals are known to 

interact strongly with the Pc core. The titanium (IV) atom has a d0 configuration and is 

prone to be filled by lone pair electrons from the four pyrrole N atoms, thus interacting 

strongly with the Pc and shrinking the core. 

3.3.3 Solution UV-Vis spectrometry 

Figure 3.6. UV-Vis absorption of non-peripheral Pcs 3.3a-3.3c in CHCl3 solution. 

The optical absorption properties of Pcs 3.3a-3.3c were investigated by UV-Vis 

spectrometry. The solution absorption in chloroform (Figure 3.6) shows the Q-band of 

H2Pc 3.3c at 810 nm and red shifted to 850 nm in the case of TiOPc 3.3a and PbPc 3.3b. 

Since ring distortion is known to destabilize the ground state and cause a red shift,2 this 

observation is consistent with the crystal structure results. Two other features of the 

absorption spectra are worth noting. First, the metal free H2Pc shows a single Q-band 

without band splitting. Second, all Q-bands a significantly broadened relative to peripheral 
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substituted Pcs. A single Q-band is usually observed in metallated Pcs since the two 

transitions corresponding to the Q-band, b2g(π)→e2g(π*) and b3g(π)→e2g(π*), are 

degenerate in the metallated Pc with D4h symmetry. The H2Pc symmetry is reduced to D2v 

and the degeneracy is lifted. Thus, a doublet split Q-band is typically expected for a metal 

free H2Pc. However, the symmetry analysis is based on a planar geometry of the Pc 

macrocycle, thereby no longer applicable for a distorted non-peripheral Pc system that has 

C2v or lower symmetry.   

Figure 3.7. Interpretation of broad, un-split H2Pc Q-band by molecular symmetry. 

Generally, Q-band broadening indicates the existence of aggregate species. 

However, the broadening feature was unchanged upon further dilution of samples of 3.3a-

3.3c. Such peak broadening has been consistently observed on previously reported non-

peripheral Pcs.25,29 Since the HOMO level will be split in molecules with lower symmetry, 

we may expect the non-peripheral Pcs to adopt a C2v (a perfect saddle) or even lower 

symmetry. This would result in multiple transitions with very subtle energy differences, 

which appears as a single broad peak on UV-Vis (Figure 3.7). Also, the fact that peaks tend 
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to expand upon going to longer wavelength should not be overlooked. In case the Q-band 

transition occurs at λ with peak width of Δλ, the HOMO level splitting (∆E)  can be 

expressed as equation 3.6: 

∆E =
ℎ𝑐

𝜆 − 0.5∆𝜆
−

ℎ𝑐

𝜆 + 0.5∆𝜆
= ℎ𝑐

∆𝜆

𝜆2 − 0.25∆𝜆2
                (3.6) 

Even with an unchanged HOMO splitting (∆E), as the absorption (λ) goes to longer 

wavelength, Δλ tends to increase, appearing as broadened peaks.               

3.3.4  Cyclic Voltammetry 

Figure 3.8. Cyclic voltammetry profiles of ∼10-5 M of Pcs in DCM (0.1 M TBAP solution. 

Scan rate = 50 mV s-1). 

The redox properties of Pc 3.3a-3.3c were characterized by cyclic voltammetry 

with a standard three-electrode configuration in dichloromethane at a sweep rate of 50 

mV/s (Figure 3.8). TiOPc 3.3a exhibits two reversible oxidation processes, 0.53 V and 0.86 

V. Similarly, the PbPc 3.3b exhibits two oxidations at 0.42 V and 0.71 V. Two oxidation 

processes have been reported for several other non-peripheral substituted Pcs.30,31 Since 
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further oxidation of the high oxidation state metal ions could be difficult, the two oxidations 

are attributed to ring oxidation, i.e. Pc2-→Pc1- and Pc1-→Pc0. The oxidation of metal free 

H2Pc is observed as a single irreversible process, indicating the H2Pc is more subject to 

decomposition upon ring oxidation.  Using the HOMO of ferrocene at 5.12 eV,32 we 

calculate the Pc HOMO from their first oxidation potential using equation 3.7,  

𝐸𝐻𝑂𝑀𝑂 = −[(𝐸𝑜𝑥 − 𝐸𝑓𝑒𝑟𝑟𝑜𝑐𝑒𝑛𝑒) + 5.12]                           (3.7) 

Since the reduction process was not as well resolved for 3.3a-3.3c as their oxidation 

process, we estimate the LUMO from HOMO level and optical band gap (Table 3.1). 

Table 3.1. Half-wave redox potentials of Pc 3.3a-3.3c vs. Fc/Fc+ couple. 

Compound Solvent 

Oxd2 

(V) 

Oxd1 

(V) 

HOMO 

(eV) 

Red1 

(V) 

Red2 

(V) 

LUMO 

(eV) 

TiOPc (3.3a) DCM 0.86 0.53 5.24 -0.61 -0.95 3.78 

PbPc   (3.3b) DCM 0.71 0.42 5.13 -0.69 -1.15 3.67 

H2Pc   (3.3c) DCM --- 0.36 5.07 -0.71 -1.14 3.54 

3.4  Photo induced free charge generation in Pc/P3HT blend 

To investigate photo induced charge generation processes, we doped Pcs in highly 

crystalline regioregular P3HT. Upon applying a transient photo excitation to the blend, free 

charge generation will lead to a conductance (ΔG) change, which we tracked with TRMC 

experiments. We chose to excite the blend at 850 nm, where only Pc absorbs. Energy 

transfer from Pc* to P3HT is unlikely since the P3HT has a too large band gap to be excited 

by Pc* emission. Thus, detected free charge is exclusive from charge transfer process.  
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3.4.1  Optical absorption and emission of Pc/P3HT blend film 

Figure 3.9. UV-Vis absorption of Pc 3.3a-3.3c in solution (solid line) and thin film blend 

with P3HT (dash line). 

Pc aggregates formation is undesired during the TRMC measurement since it 

involves additional charge transfer routes such as Pc monomer to aggregate, aggregate to 

P3HT, between aggregates and others, making the analysis more complicated. We chose 

the non-peripheral Pcs as dopants due to their saddle-like geometry and non-aggregating 

nature. To further avoid aggregate formation, the Pcs were doped in P3HT at low 

concentration (0.1% mol). Thin film UV-Vis absorption of Pc was used to confirm lack of 

aggregation (Figure 3.9). Upon going from solution to thin film, no significant peak 

broadening was observed on the Pc Q-band, suggesting that most of Pcs were monomeric 

in the P3HT blend. The Q-band of TiOPc is red-shifted by ~40 nm, possibly indicating the 

Pc core is further distorted in the solid phase. 

The photoluminescence of Pc 3.3a-3.3c in thin film blend was also investigated 

(Figure 3.10). The H2Pc shows a Stokes shift around 30 nm compared to absorption, 

implying the emitting species adopts a flexible Pc core. Both the PbPc and TiOPc emit at 

 

3.3a 3.3b 3.3c 
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about the same wavelength as corresponding absorption (~850 nm). For comparison, we 

doped the same concentration of Pcs into polystyrene (PS), which is considered an inert 

polymer host. Thus, no charge transfer would occur. P3HT exhibited a significant 

quenching effect on the Pc*, possibly due to charge transfer from Pc* to P3HT.   

Figure 3.10. Photoluminescence of Pcs in P3HT blends (dash line) and polystyrene 

blends (solid line). Excitation wavelength: 730 nm. Intensities are normalized by 

corresponding absorption. 

Figure 3.11. Time resolved photoluminescence of Pcs in P3HT and polystyrene. 

 

3.3b 3.3a 3.3c 



91 

 

 To clarify the influence of central metal in charge transfer kinetics, we investigated 

the lifetime of Pc excited state by time resolved photoluminescence (tr-PL) experiments 

(Figure 3.11). The Pc excited state lifetime (𝜏1) was estimated from the single exponential 

decay, which could be correlated to the charge transfer kinetics as, 

𝜏1 =
1

𝑘𝑅 + 𝑘𝑁𝑅 + 𝑘𝐶𝑇
                           (3.8) 

where 𝑘𝑅  represents rate constant of radiative decay, 𝑘𝑁𝑅  is the rate constant of non-

radiative decay and 𝑘𝐶𝑇 stands for the charge transfer rate constant. 

 In the control sample with Pc doped in polystyrene, charge transfer is prohibited 

and the lifetime of photoluminescence (𝜏2) could be expressed as, 

𝜏2 =
1

𝑘𝑅 + 𝑘𝑁𝑅
                                      (3.9) 

 

 With the lifetime results and combination of equation 3.8 and 3.9, we were able to 

calculate the rate constant of charge transfer between Pcs and P3HT, which also showed 

the same trend that TiOPc > PbPc > H2Pc (Table 3.2).  

Table 3.2. Rate constant of charge transfer between Pcs 3.3a-3.3c and P3HT. 

  Pcs 3.3a 3.3b 3.3c 

𝑘𝐶𝑇(𝑠-1)  
 

1.08E+11 4.08 E+10 1.37 E+10 

3.4.2  Probing free charge generation with TRMC 

Figure 3.12. Typical transient trace measured by TRMC. 
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Charge generation was investigated by TRMC. A typical TRMC conductivity 

transient upon pulsed photo excitation (Figure 3.11) can tell us: (1) how much free charge 

is generated by the pulsed illumination (end of pulse magnitude); and (2) how fast the free 

charges undergo recombination (after pulse decay). In this study, we mainly focus on the 

peak magnitude, which represents the amount of photo-induced free charges.  

The TRMC measurement result for 3.3a/P3HT blend shows curves representing 

conductance with varied excitation light intensity (Figure 3.12). The conductance (ΔG) is 

related to yield-mobility ( 𝜑 ∑ 𝜇𝑖𝑖 ) by equation 3.5. Therefore, we can translate the 

conductance-time plot into 𝜑 ∑ 𝜇𝑖𝑖 -time plot (Figure 3.12, right). Analogous experiments 

were also conducted on 3.3b/P3HT and 3.3c/P3HT blends and the results are shown as 

Figure 3.13 and Figure 3.14.  

Figure 3.13. TRMC results for 3.3a/P3HT blend: (left) conductance (ΔG) transient; 

(right) yield-mobility transient. 
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Figure 3.14. TRMC results for 3.3b/P3HT blend: (left) conductance (ΔG) transient; 

(right) yield-mobility transient. 
 

Figure 3.15. TRMC results for 3.3c/P3HT blend: (left) conductance (ΔG) transient; 

(right) yield-mobility transient. 
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To clearly compare the charge generation difference among Pcs, we plot the peak 

value of each trace( 𝜑 ∑ 𝜇𝑖𝑖 ) as a function of excitation intensity (𝐼0𝐹𝐴) (Figure 3.15). High 

intensity excitation will generate multiple excitons, which can interact with each other and 

make the charge transfer event more complex. Low excitation intensity shows relatively 

constant yield-mobility and is used to representative charge transfer between a single Pc 

exciton and P3HT. Since P3HT is doped with a dilute concentration of Pc (0.1% mol) in 

all blend films, the mobility term is dominated by the hole mobility of regioregular P3HT,33 

which has been well-documented to be 0.014 cm2/Vs.34 With this approximation, we  

Figure 3.16. Comparison of yield-mobility among Pcs. 
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further simplify the measurement results by treating the mobility term as a constant and 

finally get an intrinsic charge creation yield. The charge generation yield follows a trend 

of: 3.3a > 3.3b > 3.3c (Figure 3.16).   

Figure 3.17. Free charge generation yield of Pc 3.3a-3.3c in P3HT blends. 

3.5 Charge transfer thermodynamics  

To rationalize the result from TRMC measurements, we analyzed the 

thermodynamic driving force for charge generation. The free charge generation is a 

chemical process that involves an excited Pc* and ground state P3HT as the initial state 

and a free Pc- anion and a P3HT+ cation as the final state (equation 3.8). 

𝑃𝑐∗ + 𝑃3𝐻𝑇 → 𝑃𝑐− + 𝑃3𝐻𝑇+                                   (3.10) 

Through the process, P3HT is ionized and an electron is captured by an excited state Pc. 

Thus, the Gibbs free energy change could be expressed as equation 3.9: 

∆𝐺 =  𝐼𝑃𝑃3𝐻𝑇 − (𝐸𝐴𝑃𝑐 + 𝐸𝑃𝑐
𝑒𝑥𝑐𝑖𝑡𝑜𝑛)                           (3.11) 

 
3.3a 3.3a 3.3a 3.3a 3.3b 3.3b 3.3c 
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where IP and EA represent ionization potential and electron affinity respectively. The 

𝐸𝑃𝑐
𝑒𝑥𝑐𝑖𝑡𝑜𝑛term stands for Pc exciton energy, which is approximately the average energy of 

absorption and emission.33 With a known P3HT ionization potential35 and Pc electron 

affinity measured from cyclic voltammetry experiments, we can calculate the 

thermodynamic driving force (∆𝐺) for the charge generation chemical process (Table 3.2). 

The charge generation process appears most exergonic for the TiOPc and least exergonic 

for H2Pc, which agrees with the trend we observed on charge generation yields. As 

described by Coffey et al, the driving force (∆𝐺) and charge transfer rate constant (𝑘𝐶𝑇) 

can be related by Marcus Theory (equation 3.10),33  

𝑘𝐶𝑇 = 𝐴𝑒−(∆𝐺−𝜆)2/4𝜆𝑅𝑇                                                 (3.12) 

where the reorganization energy 𝜆 describes energy cost to re-shape involved molecules to 

their actual charge transfer geometries. In our case, the three Pcs seem to seat in the “normal 

region” described in Marcus’ electron transfer model, indicating they all have relatively 

smaller exergonic driving force (∆𝐺) than the reorganization energy (𝜆). In the normal 

region, charge transfer rate increases(𝑘𝐶𝑇) as the ∆𝐺 goes more negative to approach 

reorganization energy (𝜆).        

Table 3.3 Electronic properties of Pcs and molecular charge generation driving force in 

blend with P3HT. 

Donor IP
a
 Acceptor HOMO LUMO (EA)

 b
 Abs Emi Eexciton

c
 ΔG 

(eV) (eV) (eV) (nm) (nm) (eV) (eV) 

P3HT 4.8 3.3a 5.24 3.78 886 889 1.3970 -0.38 

P3HT 4.8 3.3b 5.13 3.67 833 833 1.4884 -0.36 

P3HT 4.8 3.3c 5.07 3.54 819 848 1.4875 -0.23 
a Ionization potential of P3HT from literature.35  
b Electron affinity of Pc is estimated from HOMO from cyclic voltammetry 

measurements. 
c Exciton energy is calculated at mid-point wavelength of absorption and emission. 
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3.6 Conclusion 

In summary, we synthesized a series of non-peripheral Pcs 3.3a-3.3c with various 

central elements. The structural, optical and electric properties were studied by XRD, UV-

Vis and CV experiments. The oxotitanium Pc 3.3a showed the largest extent of ring 

distortion and long wavelength absorption shift into the NIR.  

Charge transfer of non-peripheral Pc 3.3a-3.3c as dopants in P3HT was also 

investigated. Previously, small molecule doping improved bulk heterojunction 

performance. The effect has been mostly attributed to absorption expansion or promotion 

of long range energy transfer. In our work, evidence of direct charge transfer between 

P3HT and the Pc dopant has been observed. Upon changing the Pc central element, we can 

modulate the free charge generation yield. Both thermodynamic driving force (ΔG) and 

charge transfer rate constants were consistent with the free charge yield variation.  

 

3.7 Experimental 

3.7.1 General 

All reactions were run under a nitrogen or argon atmosphere unless otherwise 

specified. Unless otherwise indicated, all chemicals were purchased from commercial 

suppliers and used without further purification. 1H NMR spectra were recorded on Bruker 

500 MHz instrumentation in CDCl3 and were calibrated using TMS as an internal standard. 

Elemental analysis was done by NuMega Resonance Labs Inc., San Diego, CA. UV-Vis 

was conducted on Shimadzu integrating sphere (UV-3600). Fluorescence was done with a 

Fluorolog spectrofluorimeter (Horiba Jobin Yvon, FL-1039/40) with a double grating 
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excitation spectrometer coupled to a single-grating detection monochromator (Horiba 

Jobin Yvon, iHR320) and a cooled CCD array (Horiba Jobin Yvon, SPEX Instruments 

S.A. Group Spectrum One G35). A CH420A potentiostat (CH Instruments, Inc.) was 

employed in the cyclic voltammetry experiments. Transient microwave measurements 

were conducted on a TRMC setup at the National Renewable Energy Laboratory. Mass 

spectra were obtained from the Mass Spectrometry Facility, Department of Chemistry and 

Biochemistry, University of Arizona. Flash column chromatography and TLC were 

performed using silica gel 60 and Silica Gel 60 F254 plates respectively from EMD. 

3.7.1 Thin film sample preparation 

The polystyrene (Sigma-Aldrich) or RR-P3HT (Reike Metals, MW average 50−70 

K; Lot no, PTL13-51) was dissolved in chlorobenzene at concentration of 15mg/mL. Pcs 

are dissolved in the above polymer solution with 0.1 % molar ratio to polymer repeating 

unit. The Pc and polymers are allowed to fully dissolve in chlorobenzene by heating the 

solutions at 50 °C for 1 h. The solutions were then deposited on quartz by drop casting and 

dried under inert atmosphere for 12 h.     

3.7.3 Electrochemical characterization 

Cyclic voltammetry (CV) measurements of dissolved Pcs were performed with a 

standard three-electrode configuration including platinum disk as the working electrode, 

platinum mesh as the counter electrode, and AgCl coated Ag wire as the non-aqueous 

reference electrode. A CH420A potentiostat (CH Instruments, Inc.) was employed. 0.1 M 

TBAP solution in dichloromethane was used as supporting electrolyte. Pcs were dissolved 

in supporting electrolyte solution to a concentration of ca. 10-4 M. For oxidation, the system 
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was cycled at 50 mV/s, with a sample interval every 1 mV and a sensitivity of 2 μA/V. For 

reduction of Pc, solution was first degassed with a gentle flow of Argon for 1 hour inside 

the fully assembled electrochemical cell in a homemade glove bag also filled with Argon. 

CV measurements were performed immediately after the degassing to minimize the effect 

of oxygen. The system was cycled at 50 mV/s, with a sample interval every 1 mV and a 

sensitivity of 5 μA/V. Redox potentials were later converted into absolute energy level by 

calibrating the reference electrode using Fc/Fc+ redox couple, and assuming an ionization 

potential of 5.17 eV for the Fc/Fc+.  

3.7.4 Synthesis 

3,6-Bis(4’-methylphenylsulfonyloxy) phthalonitrile (3.1). A procedure was adapted 

from the literature27 as follows: a mixture of p-Toluenesulfonyl chloride (5.1 g, 27 mmol), 

2,3-dicyanohydroquinone (2.1 g, 13 mmol), potassium carbonate (6.9 g, 50 mmol) and 

acetone (15 mL) was heated to reflux for 3 h. The reaction mixture was poured into 70 mL 

DI H2O and stirred for 30 min. A light brown solid was isolated by filtration and washed 

with H2O (4 × 30 mL). A gray impurity was rinsed away with acetone (2.0 ml) to afford 

3.1 as a colorless solid (5.3 g, 87 %): 1H NMR (500 MHz, CDCl3) δ 7.85-7.82 (m, 4H), 

7.81 (s, 2H), 7.43-7.40 (m, 4H), 2.50(s, 6H). 

3,6-Bis(hexylthio) phthalonitrile (3.2). A procedure was adapted from the literature27 as 

follows: a mixture of hexane-1-thiol (3.5g, 30 mmol), K2CO3 (5.5 g, 40 mmol) and 

DMSO(100 mL) was stirred at RT for 30 min. To the mixture, 3.2 (4.7 g, 10 mmol) was 

slowly added and the reaction mixture was kept at RT for 12 h. Reaction crude was diluted 

by 200 mL H2O and extracted into chloroform (2 × 100 mL) and dichloromethane (2 × 150 

mL). The extract was further washed with 5 % Na2CO3 (2 × 100 mL) and H2O (2 × 100 
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mL). After removal of solvent, a yellow solid was collected as crude product. Further 

purification was conducted by recrystallization in EtOH (20 mL) twice to give 3.2 as a 

bright yellow solid (2.9 g, 81 %): 1H NMR (500 MHz, CDCl3) δ 7.49 (s, 2H), 3.03-3.00 (t, 

4H), 1.71-1.65 (m, 4H), 1.48-1.42 (m, 4H), 1.31-1.29 (m, 8H), 0.91-0.88 (t, 6H) 

1,4,8,11,15,18,22,25-Octakis(hexylthio)phthalocyaninato Oxotitanium (IV) (3.3a). A 

procedure was adapted from the literature27 as follows: To a refluxing mixture of 3.2 (0.36 

g, 1.0 mmol) and DBU (0.21 g, 1.4 mmol) in 1-pentanol (2.8 mL), Ti(iOPr)4 (0.077 g, 0.27 

mmol) was added. The mixture was maintain at reflux (150 °C) for 12 h. The mixture was 

allowed to cool to RT, concentrated under a reduced pressure, dissolved in CHCl3 (3 mL) 

and subject to flash chromatography (SiO2, 3:97 MeOH/CHCl3) to afford 3.3a as a purple 

solid (64 mg, 17 %): UV-Vis (λ max, nm) 850; 1H NMR (500 MHz, CDCl3) δ 7.80 (s, 8H), 

3.33 (t, J = 7.7 Hz,16H), 2.00 (p, J = 7.4 Hz,16H), 1.66 (p, J = 7.4 Hz, 16H), 1.48-1.33 (m, 

32H), 0.95-0.92 (t, 24H); MS (MALDI) m/z found: 1504.5 [M]+. C80H112N8OS8Ti requires 

1504.6. 

1,4,8,11,15,18,22,25-Octakis(hexylthio)phthalocyaninato Lead(II)  (3.3b). A procedure 

was adapted from the literature27 as follows: To a solution of 3.2 (144 mg, 0.4 mmol) and 

DBU (0.085 g, 0.56 mmol) in 1-pentanol (1.2 mL) Pb(OAc)2.3H2O (57 mg, 0.15 mmol) 

was added. The mixture was maintained at reflux (150 °C) under a nitrogen atmosphere 

for 10 h. The reaction was allowed to cool to RT, concentrated under a reduced pressure, 

dissolved in CHCl3 (3 mL)  subject to flash chromatography (SiO2, CHCl3) to afford 3.3b 

as a deep purple solid (44 mg, 27 %): UV-Vis (λ max, nm) 850; 1H NMR (500 MHz, 

CDCl3) δ 7.78(s, 8H), 3.32 (t, J= 7.8Hz, 16H), 1.99 (m, 16H), 1.65 (m, 16H), 1.48-1.33(m, 

32H), 0.94(t, J=7.0 Hz, 24H).  
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1,4,8,11,15,18,22,25-Octakis(hexylthio)phthalocyanine  (3.3c). Li metal 120 mg was 

grinded to flat sheet and soaked into 1.0 mL 1-pentanol. The mixture was heated at 90 °C 

for 1h under N2. To the slightly white solution, 3,6-bis(hexylthio) phthalonitrile 3.2 (144 

mg, 0.4 mmol) was added. The mixture was maintained at reflux (150 °C) for 4 h. The 

resulting dark purple solution was allowed to cool to RT and poured into 90 mL mixture 

of MeOH and DI water (1:5). The resulting precipitate was washed with another 

MeOH/water (2 × 45 mL) solution and then MeOH (2 × 45 mL). The solid was dissolved 

in chloroform (5 mL) and subject to flash chromatography (SiO2, CHCl3) to afford 3.3c as 

a dark red solid (37.2 mg, 26 %): UV-Vis (λ max, nm) 850; 1H NMR (500 MHz, CDCl3) 

δ 7.67(s, 8H), 3.19 (t, J =7.7 Hz, 16H), 1.89 (p, J =7.6 Hz, 16H), 1.60 (p, J = 7.4 Hz, 16H), 

1.44-1.34(m, 32H), 0.99-0.91(t, 24H), 0.29 (S, 2H). 
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CHAPTER 4 

ACETYLENE BRIDGED SIDE-STRAPPED PHTHALOCYANINE: 

A SOLUTION PROCESSABLE ORGANIC SEMICONDUCTOR WITH HIGH 

SCLC HOLE MOBILITY 

4.1 Introduction 

4.1.1 Charge carrier mobility in OPV 

 Charge carrier mobility is an important parameter in OPVs. It influences charge 

recombination dynamics and charge collection efficiency,1 manifested in the observed fill 

factor and output current variation of a device. For organic donor materials, charge carrier 

mobility (µh) falls into the range of 10-1~10-8 cm2V-1s-1, compared to the charge carrier 

mobility in silicon based PV (µe, 103~104 cm2V-1s-1).2 The relatively low hole mobility is 

a major bottleneck in OPV technology, necessitating the development of new materials 

with high hole mobilities.  

 Hole mobility could be influenced by a number of factors including temperature, 

pressure, molecular packing, molecular weight and even presence of trace amount 

impurities.3,4 From the viewpoint of synthetic chemists, we have interest in the impact from 

molecular packing, which is controllable through rational structural engineering. Close 

packing of adjacent molecules makes intermolecular charge hopping easier, which results 

in enhanced charge mobility. One example of the packing effect on mobility can be found 

in the polythiophenes. Poly-3-hexylthiophene (P3HT) has been extensively used in OPVs 

with efficiencies up to 5 %.5 One major contribution to the efficiency is from the high hole 

mobility in P3HT. The polythiophene backbone is known to pack into crystalline domains, 
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which exhibit hole mobility on the order of 10-2 cm2V-1s-1.6 The packing effect on hole 

mobility is also observed on small molecule materials, such as acenes7 and pyrenes8. Craats 

et al. reported a close-stacking discotic hexabenzocoronene with hole mobility up to 1.1 

cm2V-1s-1(Figure 4.1).9 In addition, long range packing not only improves hole mobility 

but also leads to an extended exciton diffusion length,10 also beneficial for OPV 

performance.   

Figure 4.1. Examples of high hole mobility organic semiconductors.  

4.1.2 Hole mobility of unsubstituted Pcs 

 Unsubstituted Pcs are planar π-conjugated molecules that tend to adopt a slipped 

cofacial stacking with very close packing distance (3.38 Å). Such close-packing property 

could be beneficial for charge transport. Kearns et al. reported hole mobility of parent H2Pc 

at 10-4 cm2V-1s-1 level.11 Terao et al. studied the hole mobility for a series of Pc metal 

complexes (M = Fe, Co, Ni, Cu and H2) and found CuPc exhibits the highest hole mobility 

of 10-2 cm2V-1s-1.12 One drawback of using unsubstituted Pcs as OPV materials is their poor 

solubility in organic solvents, making the costly vacuum deposition process necessary.  
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4.1.3 Hole mobility of solution processable Pcs 

Cost-effective fabrication of large area thin films requires high solubility of desired 

material in common organic solvents, which is normally achieved by introducing 

solubilizing substituents on the eight peripheral (β) or non-peripheral (α) positions of Pc. 

However, substituents on the Pc core can disturb the Pc π-π stacking in the condensed phase 

and inhibit charge carrier (hole) transport, limiting performance in organic electronics. 

Although a few examples of Pc with hole mobility in the level of 10-1 to 1 cm2V-1s-1 have 

been reported,13,14 the hole mobility for most solution processable Pc derivatives remains 

below 10-3 cm2V-1s-1 at room temperature.15,16 Considering the contradictory effect of 

substituents on solubility and packing properties, development of a solution processable 

high mobility materials will require a reasonable choice of the type, number and positions 

of substituents. 

4.1.4 Packing property of 2-fold symmetric Pcs 

To obtain Pc materials with high hole mobility, a close π-π stacking is necessary to 

increase intermolecular electronic couplings. This requires only a limited number of 

substituents placed in appropriate positions to avoid blocking the π-π interaction. With the 

above considerations, we are interested in Pc derivatives with 2-fold symmetry since the 

substituents are located along one axis, enabling neighboring Pcs close contact in regions 

without substituents. For a recently reported ABAB type TiOPc,14 the hole mobility 

measured by OFET was up to 0.96 cm2 V-1s-1. 

One approach of the 2-fold symmetric Pcs is by forming ABAB type Pcs, which 

could be prepared by statistical condensation between two different phthalonitriles17 or the 
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more selective cross-condensation between a 1,3,3-trichloro-isoindolenine and a 1,3-

isoindolediimine (Figure 4.2).14,18 The disadvantage of the cross-condensation strategy is 

that the reaction also generates AAAB type by-product, complicating the purification of 

ABAB Pcs.19 One alternative approach to the 2-fold symmetric Pc is by forming “side-

strapped” structures, introduced by Leznoff.20,21 Appropriate substituents could be placed 

on the strap moiety to obtain solution processable Pcs with 2-fold symmetry. However, 

little attention has been paid to their packing properties. 

Figure 4.2. Synthetic approach of 2-fold symmetric Pcs. 

4.1.5 Research goal  

In this chapter, we report the rational design and synthesis of a series of side-

strapped Pcs with rigid acetylene side-strap groups (Figure 4.3). The extended conjugation 

of the chromophore facilitates close packing, thereby leading to high hole mobility. The 

single crystal structure and packing properties of Pcs have been be studied by XRD. Also, 

hole mobility of materials have been measured by the space charge limited currents (SCLC) 

region of I-V curve measured by conductive atomic force microscopy (c-AFM). 
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Figure 4.3. Schematic presentation of the new side-strapped Pc molecular design. 

4.2 Synthesis of side-strapped Pcs 

4.2.1 Synthesis of strap groups 

Scheme 4.1. Synthetic route of strap groups (4.3a-d).22,23
  

 

(a) Cl2Pd(PPh3)2, CuI, TMSA, diisopropylamine, RT, overnight; (b) KOH, MeOH/THF, 

RT, 1 h. 

The preparation of o-diethynylbenzene strap was conducted following a previously 

reported method (Scheme 4.1).22 Substituents are introduced at the 4,5-positions on the o-

diethynylbenzene strap to ensure Pc solubility. In attempt to find a suitable substituent to 

maintain good solubility and packing properties of Pc, diethynylbenzene straps 4.3a-4.3d 

with a variety of alkyl and alkoxy groups (R = C8H17O, C8H17, C12H25O, C12H25) were 

prepared following previously reported routes.22 The different substituents are likely to 

influence the absorption properties, energy levels, and more importantly the packing 

behavior of the Pcs. 
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4.2.2 Synthesis of side-strapped Pcs 

Scheme 4.2. Synthetic route to side-strapped Pcs. 

The side-strapped Pcs 4.5a-4.5h were synthesized as shown in Scheme 4.2. 

Employing bis-phthalonitriles (4.4a-4.4d) as precursors for synthesizing 2-fold symmetric 

Pcs is advantageous over the cross-condensation strategy since it eliminates the possibility 

of forming undesired ABBB type products.21 Bis-Pns 4.4a-4.4d were prepared by coupling 

3-iodophthalonitriles with a series of diethynylbenzenes (4.3a-4.3d) under Pd(II) catalyzed 

Sonogashira conditions. Condensation of the 4.4a-4.4d to form Pcs 4.5a-4.5h was 

conducted in solution of 1-pentanol with lithium 1-pentoxide at 130 °C. A low 

concentration of bis-Pns (10-2 M) was employed to avoid generation of undesired oligomers 

or polymeric products.21 After 3 h, the dark green crude product was identified as the 

dilithium complex of side-strapped Pc by MALDI mass spectrometry. Besides the desired 

Pc core, no oligomeric or polymeric products were observed, which is usually expected as 

side-products for cyclizing bis-Pns.20,21 This could be attributed to the more rigid structure 

of the diethynylbenzene strapped bis-Pn, compared to previously reported bis-Pns.21 The 

 
(a) Pd(PPh3)2Cl2, CuI, THF/triethylamine, RT, 15 h; (b) Li, C5H12OH/THF, 130 °C, 3 h; 

(c) Zn(OAc)2, 130 °C, 2 h. 
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“internal entropy effect” plays an important role in this macrocycle formation process.24 

Since the ring condensation is an entropy losing process, using a precursor with small 

internal entropy, such as the rigid Pn, will reduce the entropy loss during ring formation, 

making this process more favorable and thus eliminate undesired oligomeric side products.  

Treatment of the dilithium complex with excess anhydrous Zn(OAc)2 for additional 

2 h steadily converted it to the green zinc(II) Pcs. The dilithium intermediate was also 

converted to metal-free H2Pcs upon acidic workup. However, the isolation of the metal-

free side-strapped H2Pcs was unsuccessful as the H2Pcs aggregate during flash 

chromatography. We also incorporated oxotitanium in the Pc central cavity since the 

dipole-dipole interaction of axial ligand may result in stronger intermolecular interaction 

and stronger packing. The crude H2Pcs was refluxed with Ti(OBu)4 in DMF at 150 °C for 

2 h and was converted to the blue TiOPcs 4.5e-4.5h.          

4.3 Structural characterization 

4.3.1 1H NMR spectroscopy 

The strong tendency to form aggregates (π-π stacking) made characterization of Pcs 

4.5a-4.5d difficult via NMR spectroscopy. The 1H NMR of C8H17OZnPc (4.5a) in CDCl3 

(10-5 M) showed significantly broadened peaks due to aggregation, especially for the 

aromatic protons close to Pc core(Figure 4.4, top). A better resolved spectrum was obtained 

when the 1H NMR was taken in pyridine-d5 (10-5 M) since pyridine coordinates with the 

central zinc atom and can significantly suppress aggregation (Figure 4.4, bottom). The 

singlet strap proton (Hd) was observed at 7.81 ppm. Similar to previously reported side-
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strapped Pcs,21 the characteristic doublet (Ha), doublet (Hc) and triplet (Hb) peaks for side-

strapped Pc core was found at 9.75 ppm, 8.45 ppm and 8.13 ppm. 

 

 

 

Figure 4.4. The 1H NMR spectrum of side-strapped C8H17OZnPc (4.5a) in CDCl3 (top), 

10-5M and D5-Py (bottom), 10-5M. 

4.3.2 UV-Vis spectroscopy 

Figure 4.5. Comparison of solution UV-Vis absorption of side-strapped 4.5a and 4.5e. 

The optical properties of Pcs 4.5a-4.5h were characterized by UV-Vis spectroscopy 

(Figure 4.5 and Table 4.1). Due to D4h symmetry, ZnPcs usually exhibit a single Q-band, 

corresponding to the transition au(π)→e2g(π*) to a doubly degenerate state.25,26 However, 

in case of 4.5a-4.5h, the extended conjugation by acetylene strap reduces symmetry of Pc 

to D2h, lifts the π* orbitals to undegenerated b2g(π*), b3g(π*) and causes a Q-band splitting. 

The UV-Vis absorption spectrum of ZnPc (4.5a) exhibits a Soret band at 327.0 nm and 

 

 

 
 

(4.5a) 

(4.5e) 
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split Q-band at 708.5 nm and 689.5 nm. In the typical absorption spectrum of TiOPc (4.5e) 

(Figure 4.5), the oxotitanium group red-shifts the Q-band by 25 nm. Although the Q-band 

splitting is not as obvious as ZnPc, the oxotitanium Pc still exhibits a shoulder band at 

717.0 nm, which can also be attributed to the reduced symmetry of the side-strapped 

structure. Manipulating the strap substituents from alkoxys to alkyls does not lead to an 

obvious change of the shape or position of the Q-bands. Upon changing the alkoxys to the 

less electron donating alkyl substituents, the Q-bands only blue-shift by 0.5 nm and 1.5 nm 

for ZnPcs and TiOPcs respectively. 

Table 4.1. UV-Vis absorption result for Pc 4.5a-4.5h. 

To reveal the aggregation tendency of Pcs in solution, the UV-Vis absorption 

spectrum for each species was measured in a wide concentration interval (10-6~10-4 M). 

The absorption spectra of C8H17OZnPc (4.5a) measured in increasing concentrations in 

chloroform (Figure 4.6, left-top) exhibited a sharp Q-band at 708.5 nm that becomes broad 

as two extra bands are observed 771 nm and 824 nm (red shift), indicating 4.3a to form a 

J-type aggregates.27 With 1 % pyridine added to the solution, the peak broadening feature 

disappear and the sharp Q-band resembles that of non-aggregated Pcs (Figure 4.6, left-

bottom).  

Compound R group Central metal 
max  

(nm) 
  

(M-1cm-1) 

Q-band splitting  

(cm-1)  

4.5a C8H17O Zn 708.5, 689.5 21190 389 

4.5b C8H17 Zn 708.0, 689.0 27910 389 

4.5c C12H25O Zn 708.5, 689.5 23420 389 

4.5d C12H25 Zn 708.0, 689.0 23200 389 

4.5e C8H17O Ti=O 734.0, 717.0 12830 323 

4.5f C8H17 Ti=O 732.5, 715.5 11990 324 

4.5g C12H25O Ti=O 734.0, 717.0 14140 323 

4.5h C12H25 Ti=O 732.5, 715.5 11480 324 
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Figure 4.6. Concentration dependent UV-Vis absorption of 4.5a in chloroform (left-top) 

and with 1 % pyridine in chloroform (left-bottom). Q band absorbance at 708.5 nm is 

plotted against concentration (right). 

To understand how different strap substituents affect aggregation behavior, we 

plotted Q-band intensity as a function of concentration (Figure 4.7). As ZnPc concentration 

increases, the absorbance behavior gradually deviates from Beer’s law, indicating the 

formation of Pc aggregates. Compared to the short chain species, i.e. 4.5a and 4.5b, the 

longer chain substituted 4.5c/4.5d showed a relatively lower aggregation tendency, which 

is indicated the longer chains exhibit a stronger interference of Pc π-π stacking. When 

compared to the alkyl substituted Pcs, the alkoxy derivatives are more likely to aggregate, 

implying that additional interactions exists between the oxygen atom and Pc ring to 

enhance Pc π-π interaction. Compared to corresponding ZnPcs, TiOPc 4.5e-4.5h show less 

aggregation tendency according to their smaller deviation from Beer’s law. The substituent 

effect is subtler for TiOPcs, implying that the dipole-dipole interaction of oxotitanium 

groups is more dominating in the formation of aggregates. 
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Figure 4.7. Concentration dependent study of aggregation for ZnPcs (left) and TiOPcs 

(right). Absorbance at Q-band (x-axis) is plotted against concentration in chloroform (y-

axis). 

4.3.3 Single crystal XRD 

Figure 4.8. Single crystal structure of C12H25OZnPc (4.5c). Hydrogen atoms have been 

omitted for clarity. 

We performed X-ray single crystal analysis for the C12H25OZnPc (4.5c) and 

C12H25ZnPc (4.5d). The crystal structure of 4.5c is shown as Figure 4.8. The Pc adopts a 

relatively planar geometry, expected to benefit π-π stacking. The acetylene bridges between 

Pc core and strap is slightly bent due to the mismatch between angle constraints from Pc 

core (90 °) and actual strap angle of o- diethynylbenzene (60 °). Detailed crystal data and 

refinement parameters are summarized in Table 4.2.  
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Table 4.2. Detailed crystal data and refinement parameters for C12H25OZnPc (4.5c). 

 

Empirical formula  C110 H126 N10 O4 Zn 

Formula weight 1717.57 

T (K) 100(2) 

Crystal system triclinic 

Space group P -1 

a (Å) 12.7813(15) 

b (Å) 16.6694(19) 

c (Å) 22.992(3) 

α (°) 74.449(4) 

β (°) 89.756(4) 

γ (°) 78.442(4) 

V (Å3) 4617.1(10) 

Z 2 

ρcalc 1.235 

θ (°) 2.28-23.26 

Radiation Mo Kα 

Wavelength 0.71073 

Scan mode φ and ω scans 

Reflection collected 55937 

Independent reflections 13263 

Reflections used in refinement 13263 

σ limits I > 0 

µ 0.326 

Tmin and Tmax 0.6426, 0.7449 

goodness_of_fit 1.03 

method of structure solution and program SHELXT 

method of refinement and program SHELXL2014 

number of parameters 1172 

treatment of H atoms constr 

R 0.0514 / 0.0866 

wR 0.1096 / 0.1236 

whether refined against |F| or |F2| |F2| 

residual electron density 0.45 / -0.39 
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The C12H25ZnPc (4.5d) crystal adopts a similar planar geometry as C12H25OZnPc 

(4.5c). Due to the quality of crystal, 4.5d diffracted poorly and good refinement of structure 

is only limited to Pc core and four carbons on the substituents (Figure 4.9). Nevertheless, 

we are able to compare the packing property of the Pc cores.  

Figure 4.9. Single crystal structure of C12H25ZnPc (4.5d). Hydrogen atoms have been 

omitted for clarity. Structure refinement was limited to only 4 carbons on substituents due 

to crystal quality. 

As shown in the molecular packing diagram of C12H25OZnPc (4.5c), the packing 

distance is 3.10 Å between the concave pair and 8.49 Å between the convex pair (Figure 

4.10 a). Due to the use of pyridine as crystallization solvent, close convex pair is inevitably 

hindered by the axial pyridine ligands. However, we could expect more dense packing for 

Pc in thin films when pristine CHCl3 is used as solvent for deposition. The unusual close 

3.10 Å packing, compared to unsubstituted H2Pc (3.31 Å)28,29 and ZnPc(3.48 Å),30 is 

possibly the result of extended conjugation by the acetylene strap and may significantly 

benefit hole transportation. Similar packing distance was observed for C12H25ZnPc (4.5d) 

with 3.21 Å for concave pair and 8.08 Å for convex pair respectively (Figure 4.10 b) 

However, the interaction between concave paired Pcs adopt a much different packing style 

than that of C12H25OZnPc (4.5c). Compared to the slightly slipped parallel packing 

geometry of C12H25OZnPc (4.5c), the C12H25ZnPc (4.5d) pair are perpendicular to each 

other and possess a less efficient π-π overlap, which could explain the slightly larger 

packing distance compared to the C12H25OZnPc (4.5c) concave pair.  
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Figure 4.10. The molecular packing diagrams of (a) 4.5c and (b) 4.5d. Substituents and 

hydrogen atoms have been omitted for clarity. 

4.4 Material characterization 

4.4.1 Thermogravimetric analysis (TGA) 

TGA was performed to investigate the thermal-stability of these Pc materials 

(Figure. 4.11). Both the short chain substituted C8H17OZnPc (4.5a) and C8H17ZnPc (4.5b) 

show a slight weight loss at 90 °C, while we observe no weight loss for the longer chain 

C12H25OPc (4.5c) and C12H25ZnPc (4.5d) untill above 200 °C. All Pcs show relative high 

decomposition temperature (5 % weight loss) above 300 °C.  
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Figure 4.11. Thermogravimetric analysis (TGA) for ZnPcs. 

4.4.2  Cyclic Voltammetry (CV) 

Figure 4.12. Cyclic voltammogram of ZnPcs on ITO surface. Fc/Fc+: 0.32 V. 

CV experiments were performed to understand the electronic properties of Pcs. 

Solution CV attempts were unsuccessful with very weak redox current, likely due to the 

formation of aggregates that inhibit charge movement. Well resolved oxidation peaks were 

observed for thin films samples on ITO (Figure 4.12). C12H25OZnPc (4.5c) and C12H25ZnPc 

(4.5d) both showed a single reversible oxidation at 0.66 V and 0.69 V respectively. The 

HOMOs are estimated from the oxidation potential from ferrocene HOMO by equation 

4.1, 

 

  

4.5b 

4.5d 
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𝐸𝐻𝑂𝑀𝑂 = −[(𝐸𝑜𝑥 − 𝐸𝑓𝑒𝑟𝑟𝑜𝑐𝑒𝑛𝑒) + 5.12]                      (4.1) 

As summarized in Table 4.3, the strap substituents, either alkyl or alkoxy, showed 

a subtle influence on optical and electronic properties of Pc when compared to the parent 

(unsubstituted) ZnPc, indicating the electronic properties of o-diethynylbenzene moiety 

does not have an obvious influence on the Pc core.    

Table 4.3. Optical and electronic properties of ZnPcs. 

b,c values from literature.31 

 

4.4.3  AFM morphology 

 The morphology of ZnPc thin films were investigated with tapping mode AFM 

(Figure 4.13). The thin films were fabricated by drop casting chloroform solution on 

template-stripped gold. Substituents show a significant influence on thin film morphology.  

The alkoxy substituted C8H17OZnPc (4.5a) and C12H25OZnPc (4.5c) have relatively 

smooth films with roughness of 1.8 nm and 2.5 nm respectively. The alkyl substituted 

C8H17ZnPc (4.5b) and C12H25ZnPc (4.5d) films shows obvious large discotic aggregates, 

which increase the roughness significantly to 22 nm and 8.7 nm. The C8H17ZnPc (4.5b) 

forms large aggregates, which could be attributed to its relative lower solubility due to 

short chain substituents.    

Compound 
Ox1 HOMO Q-band Band gap LUMO 

(V) (eV) (nm) (eV) (eV) 

C12H25OZnPc (4.5c) 0.66 5.46 708.5 1.75 3.71a 

C12H25ZnPc (4.5d) 0.69 5.49 708.0 1.75 3.74a 

parent ZnPc  0.68b  5.17c 701.0 1.77 3.78c 
a LUMO is estimated from HOMO and optical band gap 

 

(5b) 
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Figure 4.13. Morphology of ZnPcs thin films on Au from drop casting pyridine solution.  

4.4.4  Conductive mode AFM measurement of hole mobility 

Figure 4.14. Example of I-V curves of ZnPcs from conductive mode AFM. 

To explore the hole mobilities (µh) of the side-strapped Pcs, we carried out current-

voltage (I-V) curve measurements using conductive AFM (c-AFM) on thin films deposited 

by drop casting on gold surfaces. Figure 4.14 shows a typical I-V curve measurement result 

of the Pc samples. The electrode geometry-modified Mott-Gurney relationship (equation 

4.2) was used to estimate the hole mobilities (µh) from the space charge limited currents 

(SCLC) region of the I-V curves.32,33  

 
 

(4.5a) 

(4.5c) (4.5d) 

(4.5b) 
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𝐽 = 8.2𝜀𝜀0𝜇𝑒0.89𝛾(
𝑉
𝐿

)1/2 𝑉2

𝐿3
7.8 (

𝐿

𝑑
)

1.6±0.1

                      (4.2) 

In the equation, 𝜀0  is the permittivity of free space ( 𝜀0 = 8.85 ×

10−12𝑚−3𝑘𝑔−1𝑠4𝐴2), 𝜀 is the dielectric constant of the film (𝜀 = 3), 𝜇 is charge carrier 

mobility, 𝑉 is voltage bias applied,  𝐿 is film thickness, 𝛾 is field dependence factor, 𝑑 is 

the tip diameter (𝑑 = 14 𝑛𝑚), and 𝐽 is the current density. The equation above can be 

rearranged into equation 4.3: 

ln (
𝐽𝐿1.4𝑑1.6

𝑉2
) = 0.89 (

𝑉

𝐿
)

1/2

+ ln(8.2𝜀𝜀0𝜇 × 7.8)       (4.3)  

In the SCLC region, we plot ln (
𝐽𝐿1.4𝑑1.6

𝑉2 ) as a function of (
𝑉

𝐿
)

1/2

. The fitting should 

yield a straight line with an intercept at ln (8.2𝜀𝜀0𝜇 × 7.8), from which the mobility 𝜇 can 

be extracted. With this method, we measured hole mobility of Pc 4.5a-4.5d (Table 4.4). 

Table 4.4. Average hole mobility (8~19 data point for each species) of Pcs obtained from 

SCLC region of I-V curves. 

A hole mobility of up to 0.97 cm2/v-1s-1 (mean from 18 I-V curves) was observed 

for C12H25OZnPc (4.5c), which could be attributed to the tight π-π stacking (3.10 Å) from 

the molecular packing analysis of single crystal. The hole mobility of alkyl substituted 

C12H25ZnPc (4.5d) thin film is determined to be on the order of 10-4 cm2/v-1s-1. The 1000-

fold difference in hole mobility could be attributed to the different packing styles we 

observed in their single crystal structure. The tight parallel stacking in C12H25OZnPc (4.5c), 

Compound 4.5a 4.5b 4.5c 4.5d 

R substituents C8H17O C8H17 C12H25O C12H25 

thickness(nm) 123 84 72 86 

µh (cm2/v-1s-1) 1.5E-01 2.4E-02 9.7E-01 9.7E-04 
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compared to the slightly loose perpendicular stacking in C12H25ZnPc (4.5d), leads to a more 

efficient π-π interaction and is beneficial for hole transport. In addition, macroscopically, a 

clear morphology difference was observed on the AFM, implying the strap substituents 

also play an important role during thin film formation. The C12H25OZnPc (4.5c) forms a 

continuous and smooth thin film (roughness = 2.5 nm), while C12H25ZnPc (4.5d) developed 

into disc-like aggregates (100~150 nm), making the film more rough (roughness = 8.7 nm) 

and discontinued. This discontinuity is problematic for charge transport across thin films 

during the c-AFM measurement, explaining the observed poor hole mobility. 

4.5  Conclusion 

In summary, we have successfully synthesized a series of solution processable Pcs 

with 2-fold symmetry through structural modification of the side-strap group. The Pcs with 

extended conjugation adopt an ultra-close π-π interaction with packing distance of 3.10 Å. 

SCLC I-V measurements by c-AFM on solution processed thin films demonstrate hole 

mobility values of up to 0.97 cm2 V-1s-1. This study provides a new structural modification 

strategy for developing close-packing and solution processable Pc materials for high 

performance organic electronics. 
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4.6  Experimental  

4.6.1 General 

4.6.1.1 Material synthesis and characterization 

All reactions were run under a nitrogen or argon atmosphere unless otherwise 

specified. All chemicals were purchased from commercial suppliers (Aldrich, Acros 

Organics,TCI America, and Alfa Aesar) and used without further purification. Chemical 

shifts were referenced to the deuterated solvent resonance for 1H NMR (7.24 ppm for 

CDCl3, 8.71 ppm for C5D5N) and 13C NMR (77.0 ppm). Elemental analysis was done by 

NuMega Resonance Labs Inc., San Diego, CA. Mass spectrometry data was recorded on 

Bruker MALDI-TOF mass spectrometer. UV-Vis absorption data was recorded in 10 mm 

quartz cells. Molar absorptivity (ε) values were determined from Beer’s law plots.  

4.6.1.2 Thin film preparation and characterization  

All Pcs were dissolved in THF (1.5 mg/mL) and spin coated on O3 plasma cleaned 

gold slides at 1200 rpm. The samples were left under vacuum for 5h to allow solvent 

evaporation. Thickness and morphology of thin films were measured by AFM (tapping 

mode). The height images were taken with Dimension 3100 AFM instrument. Non-

contact/tapping mode AFM probe from MikroMasch (HQ:NSC15/Al BS) was used. 

4.6.2 C-AFM scanning current measurements. 

Dimension 3100 AFM with a TUNA module (Veeco Instruments) was used for the 

C-AFM measurements. Conductive contact mode probes were from NanoWorld with a 

Platinum-iridium alloy coating (CONTPt, force constant 0.2 N/m). Electrical contact 

between the sample and the instrument sample stage was achieved by applying silver paint 
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(Ted Pella Leitsiber 200) on the edge of the sample and pasting the sample onto the stage. 

Current-voltage curves were obtained by scanning the voltage applied from sample stage. 

The tip was held at ground voltage. Ramp size varied from 2.0 V to 6.0 V for different 

samples to achieve steady currents. The scan rate was 0.1 Hz.   

4.6.3 Synthesis 

1,2-Dioctyloxybenzene.22 A procedure from the literature22 was modified as follows: To a 

solution of catechol (2.75 g, 25 mmol) in acetone (130 mL) was added K2CO3 (13.82 g, 

100 mmol). The mixture was stirred at room temperature for 1h. 1-Bromooctane (15.45 g, 

80 mmol) was then added to the solution and the mixture was maintained at 80 °C for 48 

h. The reaction mixture was allowed to cool to room temperature and filtered. The filtrate 

was concentrated under reduced pressure to give a yellow oil. This crude product was 

further purified by flash chromatography (SiO2, 30:70 CH2Cl2/hexane) to afford 1,2-

Dioctyloxybenzene (6.92 g, 83 %) as a colorless oil: 1H NMR (500 MHz, CDCl3) δ = 6.90-

6.86 (m, 4H), 3.99 (t, J = 6.7 Hz, 4H), 1.86-1.75 (m, 4H), 1.49-1.43 (m, 4H), 1.38-1.24 (m, 

16H), 0.92-0.84 (m, 6H); 13C NMR (125 MHz, CDCl3) δ = 149.2, 121.0, 114.2, 69.3, 31.9, 

29.4, 29.4, 29.3, 26.1, 22.7, 14.1.  

1,2-dioctylbenzene.22 Mg turnings (2.80 g, 115 mmol) and a small amount of I2 was mixed 

in ether (20 mL) for 30 min and kept in ice bath. A solution of 1-bromooctane (22.02 g, 

114 mmol) in ether (30 mL) was slowly added. The reaction was warmed to room 

temperature and continued for another 4 h. To the mixture, (1,3-bis(diphenylphosphine) 

propane) nickel (II)chloride (0.15 g, 0.29 µmol) was added while 1,2-dichlorobenzene 

(7.96 g, 54 mmol, in 50 mL ether) was added dropwise. The reaction was refluxed 
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overnight cooled to room temperature and then quenched by 10 % HCl (80 mL) in ice. The 

ether layer was washed with H2O (50 mL), NaHCO3 (50 mL, sat.), H2O (50 mL) and brine 

(50 mL), dried over Na2SO4, and then concentrated under reduced pressure to give an 

orange oil. The crude was subject to a quick flash chromatography (SiO2, hexane), 

concentrated and distilled under reduced pressure (210 °C, 14 mmHg) to give 1,2-

dioctylbenzene as a colorless oil (8.10 g, 49 %): 1H NMR (500 MHz, CDCl3) δ = 7.26-7.06 

(m, 4H), 2.63-2.55 (m, 4H), 1.63-1.52 (m, 4H), 1.43-1.20 (m, 20H), 0.88 (t, J = 6.8 Hz, 

6H). 13C NMR (125 MHz, CDCl3) δ = 140.7, 129.2, 125.8, 32.9, 32.1, 31.5, 30.0, 29.7, 

29.5, 22.9, 14.3.   

1,2-Didodecyloxybenzene.22 Following the procedure for 1,2-Dioctyloxybenzene, 

catechol (0.22 g, 2.0 mmol), K2CO3 (1.10 g, 8.0 mmol), 1-bromododecane (1.59 g, 6.4 

mmol) and acetone (10 mL) yielded 1,2-Didodecyloxybenzene (0.63g, 71 %) as a colorless 

solid after flash chromatography (SiO2, 30:70 CH2Cl2/hexane): m.p. 43-44 oC (lit.23 45 °C); 

1H NMR (500 MHz, CDCl3) δ = 6.88 (s, 4H), 3.98 (t, J = 6.6 Hz, 4H), 1.85-1.76 (m, 4H), 

1.51-1.41 (m, 4H), 1.40-1.22 (m, 32H), 0.92-0.84 (m, 6H); 13C NMR (125 MHz, CDCl3) δ 

= 149.2, 121.0, 114.1, 69.3, 31.9, 29.7, 29.7, 29.6, 29.45, 29.37, 29.36, 26.1, 22.7, 14.1. 

1,2-didodecylbenzene.22 Following the procedure for 1,2-dioctylbenzene, 1-

bromododecane (31.18 g, 114 mmol), Mg turnings (2.80 g, 115 mmol), 1,2-

dichlorobenzene (7.54 g, 51.3 mmol), (1,3-bis(diphenylphosphine)propane)nickel(II) 

chloride (0.14 g, 0.26 mmol) and ether (100 mL) yielded 1,2-didodecylbenzene (7.27 g, 34 

%) as a colorless oil after flash chromatography (SiO2, hexane) and vacuum distillation: 

1H NMR (500 MHz, CDCl3) δ = 7.15-7.08 (m, 4H), 2.62-2.55 (m, 4H), 1.56 (q, J = 7.8 

http://www.chemspider.com/Chemical-Structure.8579.html
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Hz, 4H), 1.42-1.24 (m, 36H), 0.88 (t, J = 6.9 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ = 

140.6, 129.1, 125.7, 32.7, 32.0, 31.4, 29.8, 29.74, 29.73, 29.70, 29.66, 29.60, 29.4, 22.7, 

14.2. 

1,2-Dioctyloxy-4,5-diiodidobenzene (4.1a). A procedure from the literature22 was 

modified as follows: To the solution of 1,2-dioctyloxybenzene (3.34 g, 10 mmol) in CH2Cl2 

(110 mL), Hg(OAc)2 (6.37 g, 20 mmol) and I2 (6.34 g, 25 mmol) were added and the 

mixture was stirred at room temperature for 12 h. The crude purple solution was filtered 

over Celite and washed with Na2S2O5 (100 mL), NaHCO3 (100 mL), H2O (50 mL x 2) and 

brine (50 mL x 2). After dried over Na2SO4, the solution was concentrated under reduced 

pressure to give a colorless oil. This crude product was further purified by flash 

chromatography (SiO2, 20:80 CH2Cl2/hexane) to afford compound 4.1a (5.58 g, 95 %) as 

a colorless oil. 1H NMR (500 MHz, CDCl3) δ =7.24 (s, 2H), 3.92 (t, J = 6.6 Hz, 4H), 1.78 

(dt, J = 14.7, 6.7 Hz, 4H), 1.49-1.21 (m, 10H), 0.92-0.81 (t, 6H). 13C NMR (125 MHz, 

CDCl3) δ = 149.8, 123.79, 96.0, 69.5, 31.8, 29.31, 29.26, 29.1, 25.9, 22.7, 14.12. 

1,2-dioctyl-4,5-diiodobenzene (4.1b). To the solution of I2 (1.40 g, 5.5 mmol), NaIO3 

(0.49 g, 2.5 mmol) in HOAc (18.5 mL), H2SO4 (1.1 mL) and H2O (0.1 mL), 1,2-

dioctylbenzene (1.51 g, 5 mmol) was added. The mixture was refluxed overnight, cooled 

to room temperature and quenched with Na2S2O4 (sat.) solution. The crude was extracted 

by CH2Cl2 (30 mL x 4) and the organic layer was washed with 50 mL Na2S2O4 (sat.), 50 

mL H2O, 50 mL brine and then dried over K2CO3. Removal of solvent gave a dark brown 

oil which was dissolved in acetone (100mL) and decolorized with activated carbon. Solvent 

was removed under reduced pressure and a slightly yellow oil 4.1b (2.18 g, 79%) was 
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obtained. Product was used for next step without further purification: 1H NMR (500 MHz, 

CDCl3) δ = 7.59 (s, 2H), 2.50-2.42 (m, 4H), 1.51 (m, 4H), 1.41-1.17 (m, 20H), 0.89 (t, 6H).  

1,2-Didodecyloxy-4,5-diiodidobenzene (4.1c).22 Following the procedure for 4.1a, 1,2-

didodecyloxybenzene (0.54 g, 1.2 mmol), Hg(OAc)2 (0.76 g, 2.4 mmol), I2 (0.76 g, 3.0 

mmol) and CH2Cl2 (13 mL) yielded compound 4.1c (0.38 g, 93 %) as a colorless solid after 

flash chromatography (SiO2, 20:80 CH2Cl2/hexane): m.p. 61-62 °C (lit.23 57-60 °C); 1H 

NMR (500 MHz, CDCl3) δ = 7.24 (s, 2H), 3.92 (t, J = 6.6 Hz, 4H), 1.78 (dt, J = 14.8, 6.7 

Hz, 4H), 1.48-1.37 (m, 4H), 1.39-1.24 (m, 32H), 0.88 (t, 6H). 13C NMR (125 MHz, CDCl3) 

δ = 149.8, 123.8, 96.0, 69.5, 31.9, 29.7, 26.7, 29.63, 29.62, 29.39, 29.36, 29.1, 25.9, 22.7, 

14.2. 

1,2-didodecyl-4,5-diiodobenzene (4.1d).22 Following the procedure for 4.1b, 1,2-

didodecylbenzene (2.13g, 5.12 mmol), I2 (1.43 g, 5.63 mmol), NaIO3 (0.51 g, 2.56 mmol), 

HOAc (18.9 mL), H2SO4 (1.1 mL) and H2O (0.1 mL) yielded 4.1d as a yellow oil (2.32 g, 

68 %): 1H NMR (500 MHz, CDCl3) δ = 7.59 (s, 2H), 2.51-2.38 (m, 4H), 1.51 (m, 4H), 

1.39-1.17 (m, 36H), 0.97-0.78 (t, 6H).  

1,2-Dioctyloxy-4,5-bis[(trimethylsilyl)ethynyl]benzene (4.2a). 4.1a (3.80 g, 6.48 mmol), 

Pd(PPh3)2Cl2 (0.11 g, 0.16 mmol) and CuI (0.030 g, 0.16 mmol) were added to 

diisopropylamine (80 mL) and the mixture was degassed. Trimethylsilylacetylene (1.91 g, 

19.44 mmol) was then added, degassed a second time and the reaction mixture was stirred 

overnight at room temperature under Ar. The crude mixture was filtered over Celite and 

concentrated under reduced pressure. The dark brown crude product was further purified 

by flash chromatography (SiO2, 25:75 CH2Cl2/hexane) to afford 4.2a (3.14 g, 92 %) as a 
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slightly yellow oil: 1H NMR (500 MHz, CDCl3) δ = 6.90 (s, 2H), 3.97 (t, J = 6.7 Hz, 4H), 

1.80 (dt, J = 14.7, 6.8 Hz, 4H), 1.48-1.38 (m, 4H), 1.39-1.21 (m, 16H), 0.92-0.83 (t, 6H), 

0.31-0.20 (s, 18H).  

1,2-dioctyl-4,5-bis[(trimethylsilyl)ethynyl]benzene (4.2b). Following the procedure for 

4.2a, 4.1b (1.75 g, 3.15 mmol), Pd(PPh3)2Cl2 (0.055 g, 0.079 mmol), CuI (0.015 g, 0.079 

mmol), trimethylsilylacetylene (0.93 g, 9.45 mmol) and diisopropylamine (35 mL) yielded 

4.2b (1.08 g, 69 %) as a slightly yellow oil after flash chromatography (SiO2, hexane): 1H 

NMR (500 MHz, CDCl3) δ = 7.23 (s, 2H), 2.50-2.49 (m, 4H), 1.57-1.47 (m,4H), 1.38-1.22 

(m, 20H), 0.92-0.83 (m, 6H), 0.31-0.19 (m, 18H). 13C NMR (125 MHz, CDCl3) δ = 141.3, 

132.9, 122.9, 103.7, 96.9, 32.4, 31.9, 30.9, 29.6, 29.5, 29.2, 22.7, 14.1, 0.1.  

1,2-Didodecyloxy-4,5-bis[(trimethylsilyl)ethynyl]benzene (4.2c).22 Following the 

procedure for 4.2a, 4.1c (0.70 g, 1.0 mmol), Pd(PPh3)2Cl2 (0.018 g, 0.025 mmol), CuI (4.8 

mg, 0.025 mmol), trimethylsilylacetylene (0.29 g, 3.0 mmol) and diisopropylamine (12 

mL) yielded 4.2c (0.56 g, 88 %) as a slightly yellow oil after flash chromatography (SiO2, 

25:75 CH2Cl2/hexane): 1H NMR (500 MHz, CDCl3) δ = 6.90 (s, 2H), 3.96 (t, J = 6.6 Hz, 

4H), 1.80 (dt, J = 14.7, 6.8 Hz, 4H), 1.49-1.39 (m, 4H), 1.39-1.22 (m, 32H), 0.95-0.83 (t, 

6H), 0.33-0.27 (m, 1H), 0.33-0.19 (s, 18H). 13C NMR (125 MHz, CDCl3) δ = 149.0, 118.7, 

116.2, 103.6, 96.4, 69.1, 31.9, 29.70, 29.67, 29.62, 29.61, 29.4, 29.1, 26.0, 22.7, 14.1, 0.2.  

1,2-didodecyl-4,5-bis[(trimethylsilyl)ethynyl]benzene (4.2d).22 Following the procedure 

for 4.2a, 4.1d (2.27 g, 3.41 mmol) Pd(PPh3)2Cl2 (0.060 g, 0.085 mmol), CuI (0.016 g, 0.085 

mmol), trimethylsilylacetylene (1.00 g, 10.23 mmol) and diisopropylamine (38 mL) 

yielded 4.2d (1.46 g, 71 %) as a slightly yellow oil after flash chromatography (SiO2, 
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hexane): 1H NMR (500 MHz, CDCl3) δ = 7.23 (s, 2H), 2.56-2.48 (m, 4H), 1.57-1.47 (m, 

4H), 1.36-1.24 (m, 36H), 0.91-0.84 (m, 6H), 0.26 (s, 18H). 13C NMR (125 MHz, CDCl3) 

δ = 141.3, 132.9, 122.9, 103.7, 96.9, 32.4, 31.9, 30.9, 29.69, 29.67, 29.65, 29.59, 29.5, 29.4, 

22.7, 14.1, 0.1.    

1,2-Dioctyloxy-4,5-diethynylbenzene (4.3a). To the solution of 4.2a (1.67 g, 3.16 mmol) 

in THF/MeOH (41 mL, 1:1), KOH (7 mL, 1 M, aq.) was added and the mixture was stirred 

at room temperature for 1 h. The crude was poured into H2O (120 mL) and the organic 

phase was extracted with CHCl3 (70 mL x 4). After dried over Na2SO4, the solution was 

concentrated under reduced pressure to give a yellow oil. The crude product was further 

purified by flash chromatography (SiO2, 30:70 CH2Cl2/hexane) to afford 4.3a (1.18 g, 98 

%) as a slightly brown solid: 1H NMR (500 MHz, CDCl3) δ = 6.95 (s, 2H), 3.98 (t, J = 6.7 

Hz, 4H), 3.27-3.21 (s, 2H), 1.81 (dt, J = 14.7, 6.7 Hz, 4H), 1.50-1.21 (m, 20H), 0.92-0.82 

(t, 6H). 13C NMR (125 MHz, CDCl3) δ = 149.4, 117.8, 116.6, 82.2, 79.4, 69.2, 31.8, 29.3, 

29.2, 29.0, 25.9, 22.7, 14.1. 

1,2-dioctyl-4,5-diethynylbenzene (4.3b). Following the procedure for 4.3a, 4.2b (1.08 g, 

2.18 mmol), KOH (4.8 mL, 1 M, aq.) and THF/MeOH (28 mL, 1:1) yielded 4.3b (0.73 g, 

96 %) as a colorless oil after flash chromatography (SiO2, hexane): 1H NMR (500 MHz, 

CDCl3) δ = 7.29 (s, 2H), 3.26 (s, 2H), 2.62-2.51 (m, 4H), 1.59-1.49 (m, 4H), 1.31 (m, 20H), 

0.92-0.84 (t, 6H). 13C NMR (125 MHz, CDCl3) δ = 141.8, 133.2, 122.1, 82.2, 79.8, 32.4, 

31.9, 30.8, 29.6, 29.4, 29.2, 22.7, 14.1. 

1,2-Didodecyloxy-4,5-diethynylbenzene (4.3c).22 Following the procedure for 4.3a, 4.2c 

(0.56 g, 0.88 mmol), KOH (2.0 mL, 1 M, aq.) and THF/MeOH (11.5 mL, 1:1) yielded 4.3c 
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(0.42 g, 96 %) as a slightly brown solid after flash chromatography (SiO2, 25:75 

CH2Cl2/hexane): m.p. 50-52 oC (lit.23 48-50 °C); 1H NMR (500 MHz, CDCl3) δ = 6.95 (s, 

2H), 3.98 (t, J = 6.6 Hz, 4H), 3.24 (s, 2H), 1.81 (dt, J = 14.4, 6.7 Hz, 4H), 1.50-1.38 (m, 

4H), 1.39-1.22 (m, 32H), 0.91-0.84 (t, 6H). 13C NMR (125 MHz, CDCl3) δ = 149.4, 117.8, 

116.6, 82.2, 79.4, 69.2, 31.9, 29.7, 29.68, 29.63, 29.62, 29.39, 29.38, 29.0, 26.0, 22.7, 14.1.  

1,2-didodecyl-4,5-diethynylbenzene (4.3d).22 Following the procedure for 4.3a, 

4.2d(1.46 g, 2.4 mmol), KOH (5.3 mL, 1 M, aq.) and THF/MeOH (30 mL, 1:1) yielded 

4.3d (1.04 g, 94 %) as a colorless oil after flash chromatography (SiO2, hexane): 1H NMR 

(500 MHz, CDCl3) δ = 7.29 (s, 2H), 3.26 (s, 2H), 2.61-2.50 (m, 4H), 1.53 (m, 4H), 1.40-

1.23 (m, 36H), 0.88 (t, J = 6.9 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ = 141.8, 133.2, 

122.1, 82.3, 79.9, 32.40, 32.0, 30.8, 29.70, 29.68, 29.67, 29.65, 29.6, 29.5, 29.4, 22.7, 14.2. 

1,2-dioctyloxy-4,5-bis(3-ethynylphthalonitrile)benzene (4.4a). 3-Iodophthalonitrile 

(1.02 g, 4.0 mmol), Pd(PPh3)2Cl2 (0.056 g, 0.080 mmol) and CuI(30.5mg, 0.16 mmol) was 

mixed in THF (75 mL) and degassed. Triethylamine (125 mL) was added to the solution 

and degassed a second time. To the mixture, a solution of 4.3a (0.61 g, 1.6 mmol) in THF 

(50 mL) was then added with syringe and degassed a third time. The reaction was stirred 

at room temperature for 15 h. The crude was filtered over Celite and solvent was removed 

under reduced pressure to give a brownish solid. The product was further purified by 

chromatography (SiO2, 70:30 CH2Cl2/hexane to CH2Cl2) to yield 4.4a (0.65 g, 89 %) as a 

yellow solid: m.p. 172-173 °C; 1H NMR (500 MHz, CDCl3) δ = 7.97 (dd, J = 7.3, 1.9 Hz, 

2H), 7.75-7.65 (m, 4H), 7.12 (s, 2H), 4.06 (t, J = 6.6 Hz, 4H), 1.86 (m, 4H), 1.57-1.44 (m, 

4H), 1.43-1.23 (m, 20H), 0.94-0.85 (t, 6H). 13C NMR (125 MHz, CDCl3) δ = 150.5, 136.2, 
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132.7, 132.0, 129.4, 117.9, 116.76, 116.70, 116.6, 115.1, 114.6, 97.1, 87.1, 69.3, 31.8, 29.3, 

29.2, 29.0, 25.9, 22.7, 14.1. MS (ESI) m/z 635.3 [M + H]+ , C42H43N4O2 requires 635.3. 

Elemental Anal. Calcd (%): C, 79.46; H, 6.67; N, 8.83. Found (%): C, 79.19; H, 6.99; N, 

8.64. 

1,2-dioctyl-4,5-bis(3-ethynylphthalonitrile)benzene (4.4b). Following the procedure for 

4.4a, 4.3b (0.42 g, 1.2 mmol), 3-iodophthalonitrile (0.77 g, 3.0 mmol), Pd(PPh3)2Cl2 (0.042 

g, 0.060 mmol), CuI (0.023 g, 0.12 mmol), triethylamine (94 mL) and THF (94 mL) yielded 

4.4b (0.43 g, 76 %) as a slightly brown solid after chromatography (SiO2, 70:30 

CH2Cl2/hexane to CH2Cl2): m.p. 104-106 °C; 1H NMR (500 MHz, CDCl3) δ = 7.98 (dd, J 

= 7.4, 1.8 Hz, 2H), 7.78-7.65 (m, 4H), 7.48 (s, 2H), 2.71-2.60 (m, 4H), 1.66-1.53 (m, 4H), 

1.51-1.19 (m, 10H), 0.94-0.82 (t, 6H). 13C NMR (125 MHz, CDCl3) δ = 143.2, 136.5, 

134.1, 132.8, 132.4, 129.5, 121.2, 118.1, 116.7, 115.3, 114.7, 97.0, 87.4, 32.7, 32.0, 31.1, 

29.8, 29.6, 29.4, 22.8, 14.3. MS (ESI) m/z 603.3 [M + H]+ , C42H43N4 requires 603.3. 

Elemental Anal. Calcd (%): C, 83.68; H, 7.02; N, 9.29. Found (%): C, 83.39; H, 7.06; N, 

9.32.  

1,2-didodecyloxy-4,5-bis(3-ethynylphthalonitrile)benzene (4.4c). Following the 

procedure for 4.4a, 4.3c (0.50 g, 0.76 mmol), 3-iodophthalonitrile (0.48 g, 1.9 mmol), 

Pd(PPh3)2Cl2 (0.027 g, 0.038 mmol), CuI (0.015 g, 0.076 mmol), triethylamine (60 mL) 

and THF (60 mL) yielded 4.4c (0.43 g, 76 %) as a slightly yellow solid after 

chromatography (SiO2, 70:30 CH2Cl2/hexane to CH2Cl2): m.p. 168-169 °C; 1H NMR (500 

MHz, CDCl3) δ = 7.96 (dd, J = 7.2, 1.8 Hz, 2H), 7.74-7.66 (m, 4H), 7.12 (s, 2H), 4.06 (t, 

J = 6.6 Hz, 4H), 1.85 (m, 4H), 1.49 (m, 4H), 1.42-1.17 (m, 32H), 0.92-0.82 (t, 6H). 13C 
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NMR (125 MHz, CDCl3) δ = 150.6, 136.2, 132.7, 132.1, 129.4, 117.9, 116.8, 116.7, 116.6, 

115.2, 114.6, 97.1, 87.1, 69.4, 31.9, 29.7, 29.7, 29.64, 29.63, 29.4, 29.0, 26.0, 22.7, 14.1. 

MS (ESI) m/z 747.5 [M + H]+ , C50H59N4O2 requires 747.5. Elemental Anal. Calcd (%): C, 

80.39; H, 7.83; N, 7.50. Found (%): C, 79.94; H, 8.44; N, 7.72.   

1,2-didodecyl-4,5-bis(3-ethynylphthalonitrile)benzene (4.4d). Following the procedure 

for 4.4a, 4.3d (0.46 g, 1.0 mmol), 3-iodophthalonitrile (0.64 g, 2.5 mmol), Pd(PPh3)2Cl2 

(0.035 g, 0.050 mmol), CuI(0.019 g, 0.050 mmol), triethylamine (78 mL) and THF (78 

mL) yielded 4.4d (0.59 g, 83 %) as a slightly brown solid after chromatography (SiO2, 

70:30 CH2Cl2/hexane to CH2Cl2): m.p. 89-91 °C; 1H NMR (500 MHz, CDCl3) δ =7.97 (dd, 

J = 7.5, 1.9 Hz, 2H), 7.77-7.66 (m, 4H), 7.47 (s, 2H), 2.67-2.60 (m, 4H), 1.64-1.52 (m, 

4H), 1.45-1.20 (m, 20H), 0.92-0.83 (t, 6H). 13C NMR (125 MHz, CDCl3) δ = 143.6, 136.4, 

134.0, 132.6, 132.2, 129.3, 121.0, 118.0, 116.6, 115.2, 114.5, 96.9, 87.3, 32.6, 32.0, 30.9, 

29.69, 29.67, 29.66, 29.6, 29.5, 29.4, 22.7, 14.1. MS (ESI) m/z 715.6 [M + H]+ , C50H59N4 

requires 715.5. Elemental Anal. Calcd (%): C, 83.99; H, 8.18; N, 7.84. Found (%): C, 

81.99; H, 9.27; N, 7.77. 

General Procedure for side-strapped ZnPc (4.5a-4.5d) synthesis 

The mixture of lithium metal (120 mg) and 1-pentanol (10 mL) was stirred under 

argon at 90 °C. After all lithium metal was dissolved, the mixture was heated to 130 °C. 

To the above mixture, a solution of bis-Pn (0.015 mmol) in THF (1.5 mL) was added 

dropwise over a 15 min period and the evaporated THF was collected. The mixture was 

then kept at 130 °C for additional 3 h. To the dark green solution, excess Zn(OAc)2 (1.28 

g, 7.0 mmol) was added and the reaction was continued for another 2 h. The crude was 
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cool to room temperature and diluted with 20 % MeOH in water (90 mL). A green colored 

precipitate was isolated after centrifuge and was then washed with 20 % MeOH in water 

(90 mL x 2) and then MeOH (90 mL x 2). The crude ZnPc was further purified by flash 

chromatography using 1 % pyridine in chloroform as the eluent.        

1,25:11,15-Bis(1’,2’-dioctyloxy-4’,5’-diethynylbenzene) phthalocyanine zinc(II) 

(4.5a).  

Following the procedure described above, 4.4a (95.0 mg, 0.15 mmol) and Zn(OAc)2 (1.28 

g, 7.0 mmol) in 1-pentanol (10 mL) yielded 4.5a (33 mg, 33 %) as a green solid after 

chromatography (SiO2, 1 % pyridine in chloroform): UV-Vis λmax (chloroform) 708.5 nm. 

1H NMR (pyridine-d5, 10-5M) δ 9.62 (d, J = 7.1 Hz, 4H), 8.42 (d, J = 7.1 Hz, 4H), 8.16 

(t, J = 7.2 Hz, 4H), 3.52 (t, J = 7.7 Hz, 8H), 2.12 (p, J = 7.6 Hz, 8H), 1.75 (p, J = 7.4 Hz, 

8H), 1.60 (p, J = 7.0 Hz, 8H), 1.52-1.14 (m, 56H), 0.95-0.80 (m, 12H). MS (MALDI) m/z 

1332.59 [M + H]+ , C84H85N8O4Zn requires 1332.59.  

1,25:11,15-Bis(1’,2’-dioctyl-4’,5’-diethynylbenzene) phthalocyanine zinc(II) (4.5b).  

Following the procedure described above, 4.4b (90.4 mg, 0.15 mmol) and Zn(OAc)2 (1.28 

g, 7.0 mmol) in 1-pentanol (10 mL) yielded 4.5b (43.2 mg, 45 %) as a green solid after 

chromatography (SiO2, 1 % pyridine in chloroform): UV-Vis λmax (chloroform) 708.0nm. 

1H NMR (pyridine-d5, 10-5M) δ = 9.77 (d, J = 7.3 Hz, 4H), 8.62 (d, J = 7.1 Hz, 4H), 8.24 

(t, J = 7.2 Hz, 4H), 8.08 (s, 4H), 2.92 (t, J = 8.3 Hz, 8H), 1.83 (p, J = 7.7 Hz, 8H), 1.58 (p, 

J = 7.1 Hz, 8H), 1.51-1.22 (m, 32H), 1.05-0.86 (m, 12H). MS (MALDI) m/z 1268.6 [M + 

H]+, C84H85N8Zn requires 1268.6. Elemental Anal. Calcd (%): C, 75.57; H, 6.34; N, 8.39. 

Found (%): C, 75.38; H, 6.59; N, 8.07. 
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1,25:11,15-Bis(1’,2’-didodecyloxy-4’,5’-diethynylbenzene) phthalocyanine zinc(II) 

(4.5c). Following the procedure described above, 4.4c (112.1 mg, 0.15 mmol) and 

Zn(OAc)2 (1.28 g, 7.0 mmol) in 1-pentanol (10 mL) yielded 4.5c (39.1 mg, 33 %) as a 

green solid after chromatography (SiO2, 1 % pyridine in chloroform): UV-Vis λmax 

(chloroform) 708.5 nm. 1H NMR (pyridine-d5, 10-5M) δ = 9.76 (d, J = 7.3 Hz, 4H), 8.45 

(d, J = 7.1 Hz, 4H), 8.14 (t, J = 7.2 Hz, 4H), 7.82 (s, 4H), 4.30 (t, J = 6.7 Hz, 8H), 2.05 (p, 

J = 6.8 Hz, 8H), 1.70 (p, J = 7.2 Hz, 8H), 1.53-1.10 (m, 64H), 0.93 (t, 12H). MS (MALDI) 

m/z 1557.9 [M + H]+ , C100H117N8O4Zn requires 1557.9. Elemental Anal. Calcd (%): C, 

77.02; H, 7.50; N, 7.19. Found (%): C, 78.00; H, 9.97; N, 5.60. 

1,25:11,15-Bis(1’,2’-didodecyl-4’,5’-diethynylbenzene) phthalocyanine zinc(II) 

(4.5d). Following the procedure described above, 4.4d (107.3 mg, 0.15 mmol) and 

Zn(OAc)2 (1.28 g, 7.0 mmol) in 1-pentanol (10 mL) yielded 4.5d (57.2 mg, 51 %) as a 

green solid after chromatography (SiO2, 1 % pyridine in chloroform): UV-Vis λmax 

(chloroform) 708.0nm. 1H NMR (pyridine-d5, 10-5M) δ = 9.72 (d, J = 7.2 Hz, 4H), 8.53 

(d, J = 7.1 Hz, 4H), 8.22 (t, J = 7.2 Hz, 4H), 8.03 (s, 4H), 2.97 (t, J = 8.3 Hz, 8H), 1.90 (p, 

J = 7.4 Hz, 8H), 1.75-1.20  (m, 72H), 0.87 (t, 12H).  MS (MALDI) m/z 1493.9 [M + H]+ , 

C100H117N8Zn requires 1493.8. Elemental Anal. Calcd (%): C, 80.32; H, 7.82; N, 7.49. 

Found (%): C, 79.46; H, 10.11; N, 6.16. 

General Procedure for side-strapped TiOPc synthesis 

The mixture of lithium metal (120 mg) and 1-pentanol (10 mL) was stirred under 

argon at 90 °C. After all lithium metal was dissolved, the mixture was heated to 130 °C. 

To the above mixture, a solution of bis-Pn (0.15 mmol) in THF (1.5 mL) was added 
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dropwise over a 15 min period and the evaporated THF was collected. The mixture was 

then kept at 130 °C for additional 3 h. The crude was cool to room temperature and 

precipitated in glacial acetic acid (50mL). The dark green product was filtrated, washed 

with water (45 mL x 2), MeOH (45 mL x 2) and dried under reduced pressure. The green 

powder was then dissolved in DMF (6mL) and refluxed with Ti(OBu)4 at 130 °C for 

additional 3 h. The crude was diluted in MeOH (40 mL). A blue colored precipitate was 

isolated after centrifugation and was then washed with MeOH (90 mL x 2). The crude 

TiOPc was further purified by flash chromatography using chloroform as the eluent.        

1,25:11,15-Bis(1’,2’-dioctyloxy-4’,5’-diethynylbenzene) phthalocyanineoxotitanium 

(IV) (4.5e). Following the procedure described above, 4.4a (95.2 mg, 0.15 mmol) and 

Ti(OBu)4 (170.2 mg, 0.5 mmol) yielded 4.5e (15.6 mg, 12 %) as a blue solid after 

chromatography (SiO2, chloroform): UV-Vis λmax (chloroform) 734.0 nm. MS (MALDI) 

m/z 1333.6 [M + H]+ , C84H85N8O5Ti requires 1333.6. Elemental Anal. Calcd (%): C, 

75.66; H, 6.35; N, 8.40. Found (%): C, 75.27; H, 6.35; N, 8.10. 

1,25:11,15-Bis(1’,2’-dioctyl-4’,5’-diethynylbenzene) phthalocyanine oxotitanium(IV) 

(4.5f). Following the procedure described above, 4.4b (90.4 mg, 0.15 mmol) and Ti(OBu)4 

(170.2 mg, 0.5 mmol) yielded 4.5f (39.3 mg, 41 %) as a blue solid after chromatography 

(SiO2, chloroform): UV-Vis λmax (chloroform) 732.5 nm. MS (MALDI) m/z 1268.6 [M]+ , 

C84H84N8OTi requires 1268.6. Elemental Anal. Calcd (%): C, 79.47; H, 6.67; N, 8.83. 

Found (%): C, 76.83; H, 7.92; N, 8.21. 

1,25:11,15-Bis(1’,2’-didodecyloxy-4’,5’-diethynylbenzene)phthalocyanine 

oxotitanium(IV) (4.5g). Following the procedure described above, 4.4c (112.1 mg, 0.15 

mmol) and Ti(OBu)4 (170.2 mg, 0.5 mmol) yielded 4.5g (28.6 mg, 25 %) as a blue solid 
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after chromatography (SiO2, chloroform): UV-Vis λmax (chloroform) 734.0 nm. MS 

(MALDI) m/z 1556.8 [M]+ , C100H116N8O5Ti requires 1556.8. Elemental Anal. Calcd (%): 

C, 80.40; H, 7.83; N, 7.50. Found (%): C, 78.74; H, 8.90; N, 7.13. 

1,25:11,15-Bis(1’,2’-didodecyl-4’,5’-diethynylbenzene)phthalocyanine 

oxotitanium(IV) (4.5h). Following the procedure described above, 4.4d (107.3 mg, 0.15 

mmol) and Ti(OBu)4 (170.2 mg, 0.5 mmol) yielded 4.5h (60.3 mg, 54 %) as a blue solid 

after chromatography (SiO2, chloroform): UV-Vis λmax (chloroform) 732.5 nm. MS 

(MALDI) m/z 1492.9 [M]+ , C100H116N8OTi requires 1492.9. Elemental Anal. Calcd (%): 

C, 77.10; H, 7.51; N, 7.19. Found (%): C, 77.57; H, 9.25; N, 6.66. 
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CHAPTER 5  

CHALCOGEN ELEMENTS MODIFIED ARENE-STRAPPED 

PHTHALOCYANINES: EFFECT OF STRUCTURAL VARIATIONS ON 

OPTICAL AND ELECTRONIC PROPERTIES 

5.1 Introduction 

Phthalocyanines (Pc) are π-conjugated molecules that have been extensively 

studied as functional materials for organic electronics such as organic field effect 

transistors (OFETs),1 light emitting diodes (OLEDs)2 and organic photovoltaics (OPVs)3. 

The diverse applications require high tunability of Pc properties, including HOMO/LUMO 

energy levels, optical absorptivity as well as solid state packing. Generally, introduction of 

heteroatoms, such as nitrogen, chalcogen or halogen, is a practical method to modify π-

conjugated organic semiconductors (Figure 5.1). For example, infusion of electron 

negative atoms into pentacene is known to decrease both HOMO and LUMO. 

Perfluorination of pentacene makes a material with low LUMO level (3.65 eV),4 which 

converts pentacene from a p-type to n-type semiconductor. Many thiophene analogs of 

pentacene exhibit notable features of close and ordered packing, which facilitates the 

charge transport property.5,6 

Figure 5.1. Heteroatoms modified pentacene analogs as semiconductor materials. 
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As introduced in previous chapters, heteroatom modified substituents can greatly 

influence the optical and electronic properties of Pcs. Electron withdrawing groups are 

known to stabilize both HOMO and LUMO, while donating substituents destabilize 

HOMO and LUMO.7,8 Such influence is more pronounced when the heteroatoms are found 

on non-peripheral (α) positions.7 In addition, heteroatoms can also be introduced through 

directly fusing into Pc core. For example, one N atom fused Pc analog, azaphthalocyanine, 

exhibits a blue shifted Q-band (650 nm) and a higher fluorescence quantum yield compared 

to Pc.9   

Figure 5.2. Chalcogen modified Pcs.10,11  

In this work, we mainly focus on Pc modification with chalcogen elements (O and 

S). Pc with chalcogen atoms are known to exhibit several intriguing properties, including 

NIR absorption, liquid crystallinity and high charge carrier mobility. Kobayashi et al. 

reported Pcs derivatives with chalcogen elements attached to non-peripheral (α) positions 

(Figure 5.2, left), resulting in a red shifted Q-band beyond 1000 nm.10 Cook et al. fused S 

atoms into Pc core and obtained Pc materials with thiophene moieties, which exhibited 

liquid crystalline behavior (Figure 5.2, right).11 Miyazaki et al. further investigated its 

charge transport properties and observed a high OFET hole mobility of 0.2 cm2V-1s-1.12 
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The liquid crystalline and high charge mobility feature could be attributed to the thiophene 

moiety in Pc. High crystallinity is a characteristic property of many chalcogen containing 

organic semiconductors. This effect originates from the larger orbitals of S atoms compared 

to carbon atoms, which leads to more intermolecular orbital overlap to facilitate charge 

delocalization.13,14  

5.2 Research Goal 

 Structural modifications will be performed based on the high hole mobility side-

strap Pcs that we previously reported. Herein, we seek to modulate the optical absorption 

and electronic properties via modification with chalcogen atoms (S and O in this work). 

All previously reported side-strap Pcs possess substituents on the phenyl straps. The UV-

Vis and electrochemistry analysis reveal very subtle variation of either band gap or energy 

level by different species of substituents. In this work, we propose replacing the phenyl 

with more electron rich thiophene as the strap moiety (Figure 5.3, left). Regarding the 

heteroatom effect just discussed, variations on the optical absorption, energy level as well 

as packing behavior could be expected. 

In addition, we also attempt to modify the side-strapped Pcs by attaching chalcogen 

elements (O, S) directly to the Pc core. To avoid having too many substituents that may 

interfere with Pc packing, we choose to move substituents from strap moieties to the four 

non-peripheral positions (Figure 5.3 right). The new structure still adopts a 2-fold 

symmetry thus the close packing feature of side-strapped Pc could be maintained. 

Regarding the substituent effect on non-peripheral positions, this series of side-strapped Pc 

may exhibit intriguing optical and electronic properties in addition to the internal close-
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packing feature of side-strapped Pc. Moreover, we are curious about the solubility change 

when substituents are directly attached to the Pc core. 

5.3 Modification of side-strapped Pc with 3,4-diethynylthiophene straps 

Figure 5.3. Structural modification of side-strapped Pc with chalcogen elements. 

5.3.1 Synthesis of 3,4-diethynylthiophene strapped Pc  

5.3.1.1 Synthesis of thiophene strap moiety 

 The thiophene strap moiety was synthesized following Scheme 5.1. The 2,5-

dialkylated thiophene 5.1 was prepared following a literature reported procedure.15 

Solubilizing groups are introduced on α positions by lithiation followed by alkylation. 

Long alkyl chains (R = C12H25) were chosen to ensure Pc solubility. Incomplete 

dialkylation produced a mono-alkylated thiophene as side product, which was removed by 

vacuum distillation (14 Torr, 220 °C). The 2,5-dialkylated thiophene was then subject to 

halogenation at the 3,4 positions to produce the precursor (5.2a, 5.2b) for Sonogashira 

coupling reactions. The 3,4-dibromination was conducted using adapted method from the 

preparation of analog with shorter alkyl chain(R = C8H17).
15 The 3,4-diiodinated product 
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was synthesized using the mercury(II) ion catalyzed condition (I2, Hg(OAc)2) adapted from 

iodination reactions on substituted benzenes.16 

Scheme 5.1. Halogenation of 2,5-disubstituted thiophene. 

5.3.1.2 Synthesis of bis-phthalonitrile (bis-Pn) 

In the preparation of bis-Pn 5.5, two successive Sonogashira coupling reactions 

were conducted to bridge phthalonitrile and thiophene moieties with ethynylene (Scheme 

5.2). The 3,4-diiodothiophene (5.2b) was first coupled with trimethylsilylacetylene 

(TMSA), following by TMS deprotection under basic conditions. Diacetylene 5.4 was then 

subjected to another coupling reaction with two equivalents of 3-iodophthalonitrile to 

afford the final bis-Pn products.   

Scheme 5.2. Synthesis of 5.5. 

 

 (a) Pd(PPh3)2Cl2, CuI, TMSA, diisopropylamine, RT, overnight; (b) KOH, 

MeOH/THF, RT, 1 h; (c) Pd(PPh3)2Cl2, CuI, THF/triethylamine, RT, 15 h; 

 

 

 (a) n-BuLi, TMEDA, hexanes, reflux, 4 h; (b) Br2, CHCl3, 0 °C to RT, 4 h; (c) I2, 

Hg(OAc)2, CH2Cl2, RT, overnight. 
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In the coupling reaction involving TMSA to produce compound 5.3, the 

dibromothiophene 5.2a and diiodothiophene 5.2b showed distinct reactivities. While the 

diiodothiophene steadily coupled with TMSA at room temperature, the dibromothiophene 

did not proceed to product, even at elevated temperature (60 °C). Instead of the cross 

coupling product (5.5), a white crystalline solid was isolated as the major product. With 

the melting point and NMR spectra, the undesired product was identified to be the 1,3-

diyne from TMSA homo-coupling reaction.  

Figure 5.4. Reaction mechanism of Sonogashira coupling reaction. 

To explain the above observation, we considered the mechanism of the coupling 

reaction (Figure 5.4).  We used CuI and Pd(PPh3)2Cl2 to catalyze the coupling reactions. It 

is considered that the active species of Pd catalyst is the Pd(0) complex A, which comes 

from reduction of Pd(PPh3)2Cl2 by amine solvent.17 Through oxidative addition to Pd(0), 

the thiophene halide forms a Pd(II) complex B. The CuI catalyst reacts with acetylene with 
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assistance of amine to generate alkynyl cuprate. The alkynyl cuprate can exchange ligand 

with complex B and convert to complex C, which undergoes reductive elimination to 

produce the cross-coupling product and regenerate Pd(0) complex A. Alternatively, the 

alkynyl cuprate can also exchange ligand with Pd(PPh3)2Cl2 to form complex D, containing 

two alkynyl ligands. The reductive elimination of complex D will regenerate Pd(0) 

complex A in accompany with generation of a 1,3-diyne as the homo-coupling product.  

The cross-coupling cycle (A-B-C-A) and homo-coupling cycle (A-D-A) are two 

competing processes in our reaction mixture. The rate limiting step of the cross-coupling 

cycle is believed to be the oxidative addition of aryl halides,18 which in our case are 

dibromothiophene 5.2a and diiodothiophene 5.2b. Generally, for aryl halides, the oxidative 

addition reaction barrier follows the order of I < Br < Cl.19 Thereby, the slower oxidative 

addition of 5.2a allows the alkynyl cuprate to participated more in the homo-coupling cycle 

to produce 1,3-diyne, while the faster oxidative addition of 5.2b favors the cross-coupling 

pathway.   

5.3.1.3 Synthesis of 3,4-diethynylthiophene strapped Pcs 

 Bis-Pn 5.5 was cyclized with our previously reported lithium templated condition 

for side-strapped Pcs (Scheme 5.3).20 Lithium metal was first dissolved in 1-pentanol to 

produce lithium pentoxide as a nucleophilic base to initiate the cyclization. Bis-Pn 5.5 was 

then dissolved in THF and slowly added to the lithium pentoxide/pentanol solution at 130 

°C. Besides the slow addition of 5.5, it is necessary to keep the overall concentration low 

(10-2 M) in order to avoid undesirable polymerization of bis-Pns. After 3 h of reaction, a 

blackish green compound was observed, which is known to be the dilithium complex. 
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Without any purification, Zn(OAc)2 was directly added to the mixture to generate the deep 

green ZnPc 5.6 by heating at 130 °C for another 2 h. Excess lithium pentoxide was removed 

by continuously washing with methanol/water (1:4, v/v) solution. The crude product was 

purified by column chromatography to afford deep green ZnPc 5.6. 

Scheme 5.3. Synthesis of thiophene strapped Pc 5.6. 

5.3.2 Characterization of 3,4-diethynylthiophene strapped Pcs 

5.3.2.1 1H NMR spectroscopy 

Figure 5.5. Effect of thiophene strap on 1H NMR chemical shift. 

 The 1H NMR spectrum was taken in pyridine-d5 solution (10-5 M). The 

characteristic doublet (Ha), doublet (Hc) and triplet (Hb) Pc core protons were observed at 

9.62 ppm, 8.42 ppm and 8.16 ppm. Figure 5.5 displays the 1H NMR of thiophene strapped 

 
 

 
(a) Li, C5H12OH/THF, 130 °C, 3 h; (b) Zn(OAc)2, 130 °C, 2 h. 
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Pc 5.6, which is compared to structural analog with phenyl as straps. In the thiophene 

strapped Pc 5.6, the Pc core protons are more shielded and slightly upfield shifted, which 

could be attributed to the electron donating effect of sulfur atom. 

5.3.2.2 Solution UV-Vis 

Solution UV-Vis absorption spectrum of  the thiophene strapped Pc exhibited a 

sharp Q-band at 714 nm (Figure 5.6). Compared to that of phenyl strap analog at 708 nm, 

the Q-band was slightly red-shifted. The phenyl strap Pc exhibits a Q-band with a shoulder 

band at 690 nm, owing to its D2h symmetry and non-degenerate b2g(π*), b3g(π*) orbitals.21 

Unlike the phenyl strap analog, the thiophene strapped Pc Q-band splitting was less 

obvious and more resembles that of unsubstituted ZnPc. We could summarize the effect of 

thiophene strap on the Pc optical absorption as (1) slightly narrowing HOMO-LUMO band 

gap; and (2) weakening the non-degeneracy of b2g(π*), b3g(π*) orbitals caused by the D2h 

symmetry.  

Figure 5.6. Effect of thiophene strap on Q-band in UV-Vis spectrum. 

.  
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5.3.2.3 Cyclic voltammetry 

The redox behavior of thiophene strapped Pc 5.6 was studied by cyclic voltammetry 

(CV). Consistent with other side-strapped Pcs we described in Chapter 4, the solution CV 

measurement was unsuccessful, likely due to the inhibited charge transport by aggregate 

species in solution. Alternatively, we measured redox behavior of drop cast thin films on 

ITO (Figure 5.7). The Pc showed a single reversible oxidation at 0.67 V. The HOMO level 

was estimated from the ionization potential of Fc/Fc+ (5.1 eV) to be 5.47 eV, which is quite 

similar to that of phenyl strapped Pc (5.49 eV). The LUMO is estimated from the HOMO 

and the optical bandgap (1.74 eV) to be 3.75 eV. This result indicates that variation of the 

strap moiety from phenyl to thiophene does not result in a significant change to the energy 

levels of side-strapped Pcs.  

Figure 5.7. Cyclic voltammogram of thiophene strapped Pc on ITO surface. Fc/Fc+ was 

found at 0.32 V. 
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5.3.2.4 Single crystal  

Figure 5.8. Single crystal structure of the thiophene strapped Pc. Hydrogen atoms have 

been omitted for clarity. 

Although the optical and electronic properties are similar to phenyl strapped Pcs, 

the thiophene strapped Pc 5.6 turns to be more crystalline. Compared to the amorphous 

feature of phenyl strapped Pcs, the thiophene strapped Pc is more inclined to form plate-

like crystals. The single crystal structure was characterized by XRD (Figure 5.8). Detailed 

crystal structure and refinement data is summarized in Table 5.1. Similar to the phenyl 

strapped Pc, the thiophene strapped Pc also adopts a planar structure (Figure 5.8). However, 

the molecular packing of thiophene strapped Pc is different from that of the phenyl strapped 

Pc (Figure 5.9). While the phenyl strapped Pc exhibits a perpendicular packing of the 

Figure 5.9. Influence of strap groups on molecular packing. 
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concave-pair, the thiophene strapped Pcs show a slightly shifted parallel packing. The 

packing style difference changes the extent of π-π overlap and could manifest in different 

hole mobility values from the phenyl strapped Pcs.   

Table 5.1. Detailed crystal data and refinement parameters for thiophene strapped ZnPc 

5.6. 

Empirical formula C101 H117 N9 S2 Zn 

Formula weight 1586.52 

T (K) 100(2) 

Crystal system triclinic 

Space group P -1 

a (Å) 11.8481(5) 

b (Å) 18.2119(8) 

c (Å) 20.6453(9) 

α (°) 86.8600(10) 

β (°) 77.6480(10) 

γ (°) 77.3520(10) 

V (Å3) 4245.9(3) 

Z 2 

ρcalc 1.241 

θ (°) 2.29-28.42 

Radiation Mo Kα 

Wavelength 0.71073 

Scan mode φ and ω scans 

Reflection collected 64734 

Independent reflections 19573 

Reflections used in refinement 19573 

σ limits I > 0 

µ 0.393 

goodness_of_fit 0.897 

structure solution / refinement programs SHELXT / SHELXL2014 

number of parameters 1022 

treatment of H atoms constr 

R 0.0412 / 0.0572 

wR 0.1215 / 0.1317 

whether refined against |F| or |F2| |F2| 

residual electron density 0.85 / -0.59 
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5.4 Modification of side-strapped Pcs with non-peripheral (α) substituents (OR, 

SR) 

5.4.1 Synthesis of side-strapped ZnPcs with substituents (OR, SR) on non-peripheral (α) 

positions  

 Synthesis of the proposed geometry of side-strapped Pc could be accomplished by 

condensation of corresponding bis-Pn with our previously reported method. The challenge 

is asymmetric substitution of the phthalonitrile moiety with acetylene on the 3-position and 

alkoxy or alkylthio on the 6-position. Literature examples indicate that halogenation of 

phthalonitrile is not regioselective.22 We choose the 3,6-triflate derivative 5.7 of 3,6-

dihydroxylphthalonitrile to attempt the asymmetric substitution since the triflate possibly 

be selectively substituted by alkoxyl (or alkylthio) under SN2 conditions and is also a good 

substrate in Sonogashira coupling reactions. 

5.4.1.1 Synthesis of mono-SR/OR substituted Pn 

 The alkylthio substituted Pn triflates 5.9a and 5.9b were synthesized (Scheme 5.4). 

Mono-substitution of triflate by thiolate was found to be temperature sensitive and best 

conducted at -78 °C. Reaction at room temperature yielded a product with the expected 

proton signals in the 1H NMR. However, no signal was observed in the 19F NMR spectrum, 

indicating the absence of the triflate group. Analysis of the mass spectrometry result 

suggested a diaryl sulphone (M+ = 575.18) side product was obtained. Following an 

analogous synthetic route, to prepare alkoxy substituted Pn triflate 5.9c was unsuccessful. 

We used an alternative route starting from 3,6-dihydroxyphthalonitrile. Pn triflate 5.9c was 

prepared by mono-alkylation followed by triflation on the unreacted hydroxyl group.     
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Scheme 5.4. Preparation of mono-SR/OR substituted Pn 5.9a-5.9c. 

5.4.1.2 Synthesis of bis-Pn with Sonogashira coupling reactions 

Bis(phthalonitrile) 5.11a-5.11c were prepared by coupling two equivalents of 

triflates 5.9a-5.9c with one equivalent 1,2-diethynylbenzene 5.10b under Sonogashira 

conditions (Scheme 5.5). The 1,2-diethynylbenzene strap group was prepared following 

the literature method.23 The coupling reactions exhibited relatively low yields (17~32%), 

possibly due to the elevated reaction barrier of oxidative addition step by the electron rich 

OR/SR substituents.24     

Scheme 5.1. Synthesis of bis-Pn 5.11a-5.11c. 

 
(a) (CF3SO2)2O, 2,6-lutidine, DCM, -78 °C to RT, 24 h; (b) RSH, K2CO3, DMF, -78 °C to 

RT, 4 h; (c) RBr, K2CO3 , DMF, RT, 24 h; (d) (CF3SO2)2O, 2,6-lutidine, DCM, -78 °C to 

RT, 14 h.   

 

 
 (a) KOH, MeOH/THF, RT, 1h; (b) Pd(PPh3)2Cl2, CuI, THF/triethylamine, RT, overnight. 
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5.4.1.3 Synthesis of non-peripheral (α) substituted side-strapped Pcs 

 We converted 5.11a-5.11c to side-strapped Pcs 5.12a-5.12c using Li/pentanol 

cyclization conditions (Scheme 5.6). The alkoxy substituted Pc 5.12c was observed 

obtained as a dark green solid, while alkylthio analogs 5.12a and 5.12b exhibited yellowish 

green. The crude Pcs were washed with methanol and water to remove excess lithium 

pentoxide and further purified by column chromatography. The shorter chain (C6H13) 

substituted Pc 5.12a exhibited limited solubilities in chloroform and aggregate severely in 

column.  

Scheme 5.6. Synthesis of thiophene-strapped Pc 5.12a-5.12c. 

  

 
(a) Li, C5H12OH / THF, 130 °C, 3 h; (b) Zn(OAc)2, 130 °C, 2 h. 
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5.4.2 Structural characterizations  

Table 5.2. Selected NMR data for 5.12a-5.12c. 

 

5.4.2.1 NMR spectroscopy 

 Compounds 5.7-5.11 were characterized with 1H NMR and 13C NMR spectra in 

CDCl3. The fluorine containing compounds (5.9a-5.9c) were also characterized by 19F 

NMR with CF3COOH as an external standard. The CF3 signals from mono-substituted 

triflates are all obtained around -73.1ppm. The 1H NMR spectra of ZnPcs 5.12a-5.12c were 

taken in pyridine-d5 solution (10-5 M). The strap protons are observed as two doublet of 

doublets and the Pc core protons appear as two doublets (Table 5.2). While core 

substituents did not exhibit an obvious effect on the chemical shift of strap protons Hc and 

Hd (Δδ < 0.1 ppm), there is a notable change on the chemical shift of core protons Ha and 

Hb (Δδ = 0.1~0.3 ppm). The ZnPcs with SR substituents (5.12a and 5.12b) exhibited more 

shielded core protons, which could be attributed to the stronger electron donating ability of 

S atoms compared to O atoms.  

Compound 
Chemical shift (ppm) 

Ha (d) Hb (d) Hc  (dd) Hd (dd) 

5.12a R = C6H13S 7.92 8.58 8.21 7.65 

5.12b R = C8H17S 7.91 8.56 8.20 7.65 

5.12c R = C8H17O 8.03 8.84 8.23 7.59 
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5.4.2.2 UV-Vis spectroscopy 

Figure 5.10. Solution UV-Vis absorption of Pcs 5.12a-5.12c. The spectrum for Pc 5.13 

with C8H17O β-strap substituents is included for comparison. 

Pcs 5.12a-5.12c were characterized with solution UV-Vis spectroscopy (Figure 

5.10). To clarify the influence of α-substituents on Q-band, we compared their absorption 

spectra to previously reported Pc 5.13, which possesses no core substituent but alkoxy 

substituents on the strap. The Q-band shape of Pc with alkoxy substituents (5.12c) 

exhibited a shoulder band due to the 2-fold symmetry, which resembles that of Pc 5.13. 

Such a shoulder bands were not obvious for alkylthio substituted Pcs 5.12a and 5.12b. We 
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have demonstrated that different species of substituents on strap only caused a subtle shift 

of Q-band position (< 1 nm). However, when the alkoxy and alkylthio substituents are 

directly attached to Pcs core, i.e. 5.12a-5.12c, the Q-band was significantly red shifted 

relative to Pc 5.13. The Q-band of Pc with alkoxy group (5.12c) was observed at 743.5 nm. 

The more electron donating alkylthio substituents (5.12a and 5.12b) were found to further 

shift the Q-band to 762 nm.    

5.4.2.3 Cyclic Voltammetry 

The redox properties of alkylthio (5.12b) and alkoxy (5.12c) substituted Pcs were 

characterized by cyclic voltammetry (Figure 5.11). Thin film samples were prepared by 

drop casting Pc solutions in pyridine onto ITO. To clarify the effect of direct substitution 

on Pc core, the Pcs are compared to a strap-substituted Pc 5.14, which bears no core 

Figure 5.11. Cyclic voltammogram of 5.12b, 5.12c and 5.14 on ITO surface.  

 

5.14 
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substituent. The redox peaks for 5.12b and 5.12c are significantly broadened, implying the 

thin films are less ordered when compared to Pc 5.14 with strap substituents. Also, there 

exists multiple redox pairs for both 5.12b and 5.12c substituted Pcs. This feature resembles 

the solution redox behavior of analogous α-substituted Pcs.7 The core adjacent chalcogen 

atoms show a notable effect on energy levels of Pcs (Table 5.3). For the alkoxy substituted 

Pc 5.12c, the first oxidation was observed at 0.55 V, corresponding to HOMO of 5.33 eV. 

The more electron donating alkylthio substituted Pc 5.12b further destabilized  the HOMO 

to 5.25 eV. This observation is consistent with the effect of an electron-donating group on 

non-peripheral (α) positions, which are known to destabilize both Pc HOMO and LUMO. 

Table 5.3. Optical and electronic properties of 5.12b and 5.12c. 

 

 

 

 

 

 

 

Compound 
Ox1 HOMO Q-band Band gap LUMO 

(V) (eV) (nm) (eV) (eV) 

α-C8H17SZnPc (5.12b) 0.47 5.25 743.5 1.67 3.58a 

α-C8H17OZnPc (5.12c) 0.55 5.33 762.0 1.63 3.70a 

SSZnPc 0.69 5.49 708.0 1.75 3.74a 
a LUMO is estimated from HOMO and optical band gap 
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5.5  Conclusion 

Figure 5.12. Summary of structural variation on side-strapped Pc frontier energy levels. 

 

To summarize, we demonstrated two different synthetic pathways to modify side-

strapped Pcs. This study highlights new molecular engineering strategies to manipulate Pc 

optical absorption and electronic energy levels. Introduction of sulfur atoms into the strap 

moiety leads to a significant change of Pc crystallinity and molecular packing but very 

subtle influence of optical absorption or electronic energy levels. Appending electron-

donating SR/OR substituents to α-positions of Pc is found to destabilize the HOMO and 

leads to a red-shifted Q-band. The α-substituents effect on Pc planarity, molecular packing 

and charge mobility will be investigated in future work.   
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5.6  Experimental  

5.6.1 General 

All reactions were run under a nitrogen or argon atmosphere unless otherwise 

specified. All chemicals were purchased from commercial suppliers (Aldrich, Acros 

Organics,TCI America, and Alfa Aesar) and used without further purification. 

Compound 5.10a and 5.10b were prepared according to the literature.23 Chemical shifts 

were referenced to the deuterated solvent resonance for 1H NMR (7.24 ppm for CDCl3, 

8.71 ppm for C5D5N) and 13C NMR (77.0 ppm). An external reference (CF3COOH) was 

used for 19F NMR. Elemental analysis was done by NuMega Resonance Labs Inc., San 

Diego, CA. Mass spectrometry data was recorded on Bruker MALDI-TOF mass 

spectrometer. UV-Vis absorption data was recorded in 10 mm quartz cells. Molar 

absorptivity (ε) values were determined from Beer’s law plots.  

5.6.2 Material synthesis and characterization 

2,5-didodecylthiophene (5.1). A procedure from the literature25 was modified as follows: 

thiophene (2.10 g, 25.0 mmol) and TMEDA (7.26 g, 62.5 mmol) were dissolved in hexanes 

(50 mL). To the solution, n-BuLi (25 mL, 2.5 M in hexanes) was added dropwise. The 

mixture was heated to reflux for 4h and 1-bromododecane (14.95 g, 60.0 mmol) was added 

via syringe. After refluxing for additional 20 h, the mixture was cool to RT and quenched 

by water (25 mL). The organic layer was washed with saturated NaHCO3 (aqueous, 50 mL) 

twice, water (50 mL), brine (50 mL) and dried over Na2SO4. The crude was subject to a 

quick flash chromatography (SiO2, hexane), concentrated and distilled under reduced 

pressure (220 °C, 14 Torr) to obtain high boiling point residue 5.1 as a yellow oil (7.64 g, 

73%): 1H NMR (500 MHz, CDCl3  δ 6.54 (s, 2H), 2.73 (t, J = 7.7 Hz, 4H), 1.63 (p, J = 7.5 
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Hz, 4H), 1.42-1.19 (m, 36H), 0.92-0.82 (m, 6H). 13C NMR (125 MHz, CDCl3) δ 143.3, 

123.2, 31.9, 31.7, 30.2, 29.7, 29.67, 29.66, 29.58, 29.40, 29.37, 29.2, 22.7, 14.1. 

3,4-dibromo-2,5-didodecylthiophene (5.2a). A procedure from the literature25 was 

modified as follows: Compound 5.1 (1.68 g, 4.0 mmol) was dissolved in CHCl3 (2.0 mL) 

and cool to 0 °C in ice bath. To the solution, Br2 (1.92 g, 12.0 mmol) was slowly added 

during 10 min. The reaction was stirred at room temperature for 6 h with light excluded. 

The reaction crude was diluted in 30 mL CHCl3 and washed with water (30 mL), NaHCO3 

(sat., 30 mL), Na2S2O3 (sat., 30mL), water (20 mL) and brine (20 mL) and dried over 

Na2SO4. Removal of solvent gave an orange oil which was further purified with flash 

chromatography (SiO2, hexane). Solvent was removed under reduced pressure and a 

colorless oil 5.2a (1.39 g, 60%) was obtained: 1H NMR (500 MHz, CDCl3) δ 2.76 (t, J = 

7.5 Hz, 4H), 1.61 (p, J = 7.5 Hz, 4H), 1.42-1.20 (m, 36H), 0.90-0.85 (m, 6H). 13C NMR 

(125 MHz, CDCl3) δ 137.4, 110.8, 31.9, 30.4, 30.2, 29.69, 29.67, 29.65, 29.5, 29.4, 29.3, 

29.0, 22.7, 14.2. 

2,5-didodecyl-3,4-diiodothiophene (5.2b). Compound 5.1 (0.84 g, 2.0 mmol) was 

dissolved in CH2Cl2 (22 mL). To the solution, Hg(OAc)2 (1.27 g, 4.0 mmol) and I2 (1.27 

g, 5.0 mmol) were added. The reaction was stirred at RT under N2 atmosphere for 17 h. 

The crude was added with Celite (1.2 g) and vacuum filtrated. The concentrated crude 

product was further purified with flash chromatography (SiO2, hexane). Solvent was 

removed under reduced pressure to yield 5.2b as a white solid (0.90 g, 67%): 1H NMR 

(500 MHz, CDCl3) δ 2.83 (t, J = 7.8 Hz, 4H), 1.61 (p, J = 7.5 Hz, 4H), 1.45-1.20 (m, 36H), 
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0.88 (t, J = 6.9 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ 142.8, 92.6, 34.3, 31.9, 30.6, 29.69, 

29.66, 29.65, 29.5, 29.4, 29.3, 29.0, 22.7, 14.2.    

2,5-didodecyl-3,4-bis[(trimethylsilyl)ethynyl]thiophene (5.3). 5.2b (0.40 g, 0.6 mmol), 

Pd(PPh3)2Cl2 (0.010 g, 0.015 mmol, 2.5 mol%) and CuI (0.0028 g,  0.015 mmol, 2.5 mol%) 

were added to diisopropylamine (7.5 mL) and the mixture was degassed. 

Trimethylsilylacetylene (0.18 g, 1.8 mmol) was then added, degassed a second time and 

the reaction mixture was stirred overnight at room temperature under Ar. The crude 

mixture was filtered over Celite and concentrated under reduced pressure. The orange 

crude product was further purified by flash chromatography (SiO2, hexane) to afford 5.3 

(0.20 g, 53 %) as a slightly yellow oil: 1H NMR (500 MHz, CDCl3) δ 2.85-2.79 (m, 4H), 

1.71-1.59 (m, 4H), 1.43-1.20 (m, 36H), 0.91 (t, J = 6.9 Hz, 6H), 0.27 (s, 18H). 13C NMR 

(125 MHz, CDCl3) δ 146.64, 120.92, 98.69, 98.08, 31.95, 30.93, 29.70, 29.67, 29.67, 

29.56, 29.38, 29.31, 29.29, 28.97, 22.71, 14.14, 0.17. 

2,5-didodecyl-3,4-diethynylthiophene (5.4). To the solution of 5.3 (0.19 g, 0.32 mmol) 

in THF/MeOH (4 mL, 1:1), KOH (0.7 mL, 1 M, aq.) was added and the mixture was stirred 

at room temperature for 1 h. The crude was poured into H2O (15 mL) and the organic phase 

was extracted with CHCl3 (15 mL x 4). After dring over Na2SO4, the solution was 

concentrated under reduced pressure to give a yellow oil. The crude product was further 

purified by flash chromatography (SiO2, hexane) to afford 5.4 (0.12 g, 83 %) as a yellow 

oil: 1H NMR (500 MHz, CDCl3) δ 3.28 (s, 2H), 2.87-2.79 (m, 4H), 1.64 (p, J = 7.5 Hz, 

4H), 1.40-1.19 (m, 36H), 0.93-0.83 (m, 6H). 13C NMR (125 MHz, CDCl3) δ 147.6, 119.6, 

80.9, 77.5, 31.9, 31.0, 29.69, 29.67, 29.66, 29.5, 29.4, 29.30, 29.26, 29.0, 22.7, 14.1. 
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2,5-didodecyl-3,4-bis(3-ethynylphthalonitrile) (5.5). 3-Iodophthalonitrile(169.3 mg, 

0.66 mmol), Pd(PPh3)2Cl2 (9.3 mg, 0.013 mmol, 5 mol%) and CuI(5.1 mg, 0.026 mmol, 

10 mol%) was mixed in THF(12 mL) and degassed. Triethylamine (20 mL) was added to 

the solution and degassed a second time. To the mixture, a solution of 5.4 (125.0 mg, 0.12 

mmol) in THF (8 mL) was then added with syringe and degassed a third time. The reaction 

was stirred at room temperature for 18 h. The crude was filtered over Celite and solvent 

was removed under reduced pressure to give a brownish solid. The product was further 

purified by chromatography (SiO2, 70:30 CH2Cl2/hexane to CH2Cl2) to yield 5.5 (116.2 

mg, 60 %) as a yellow solid: m.p. 92-94 °C; 1H NMR (500 MHz, CDCl3) δ 7.98-7.93 (m, 

2H), 7.74-7.67 (m, 4H), 3.02 (t, J = 7.5 Hz, 4H), 1.73 (p, J = 7.6 Hz, 4H), 1.47-1.37 (m, 

4H), 1.37-1.19 (m, 32H), 0.91-0.81 (m, 6H). 13C NMR (125 MHz, CDCl3) δ 150.9, 136.2, 

132.6, 131.9, 129.5, 118.4, 117.4, 116.6, 115.2, 114.6, 110.0, 92.2, 88.5, 31.9, 31.2, 29.7, 

29.67, 29.66, 29.59, 29.5, 29.36, 29.36, 29.0, 22.7, 14.1. MS (ESI) m/z 731.41 [M + Na]+ 

, C48H56N4NaS requires 731.41. 

1,25:11,15-Bis(2’,5’-didodecyl-3’,4’-diethynylthiophene) phthalocyanine zinc(II) 

(5.6). The mixture of lithium metal (120.0 mg) and 1-pentanol (10 mL) was stirred under 

argon at 90 °C. After all lithium metal was dissolved, the mixture was heated to 130 °C. 

To the above mixture, a solution of bis-Pn 5.5 (86.5 mg, 0.12 mmol) in THF (1.0mL) was 

added dropwise over a 15 min period and the evaporated THF was collected. The mixture 

was then kept at 130 °C for additional 3 h. To the dark green solution, excess Zn(OAc)2 

(1.28 g, 7.0 mmol) was added and the reaction was continued for another 2 h. The crude 

was cool to room temperature and diluted with 20 % MeOH in water (90 mL). A bright 

green precipitate was isolated after centrifuge and was then washed with 20 % MeOH in 
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water (90 mL x 2) and then MeOH (90 mL x 2). The crude was further purified by flash 

chromatography using 1 % pyridine in chloroform as the eluent to yield a green solid 5.6 

(58.1 mg, 64 %): UV-Vis λmax (chloroform) 714.0 nm. 1H NMR (pyridine-d5, 10-5M) δ 

9.62 (d, J = 7.1 Hz, 4H), 8.42 (d, J = 7.1 Hz, 4H), 8.16 (t, J = 7.2 Hz, 4H), 3.52 (t, J = 7.7 

Hz, 8H), 2.12 (p, J = 7.6 Hz, 8H), 1.75 (p, J = 7.4 Hz, 8H), 1.60 (p, J = 7.0 Hz, 8H), 1.52-

1.14 (m, 56H), 0.95-0.80 (m, 12H). MS (MALDI) m/z 1505.8 [M + H]+ , C96H113N8S2Zn 

requires 1505.8.  

3,6-di(trifluoromethanesulfonyloxy)phthalonitrile (5.7). A procedure from the 

literature26 was modified as follows: 2,3-dicyanohydriquinone (2.60 g, 16 mmol) was 

dissolved in the mixture of dry CH2Cl2 (15 mL) and 2,6-lutidine (8 mL). The solution was 

cool to -78 °C for 30 min. A solution of trifluoromethanesulfonic anhydride (11.00 g, 39 

mmol) in CH2Cl2 (5 mL) was added dropwise in 30 min. The reaction was slowly warmed 

to RT and continued for 24h. The crude was concentrated under reduced pressure and 

dissolved in ethyl acetate (30 mL). The organic layer was washed with HCl (aq. 5%, 25 

mL x 2), CuSO4 (aq. 5%, 25 mL x 2), water (25 mL), NaOH (aq. 5%, 25 mL), water (25 

mL) and brine (25 mL). The organic layer was dried over Na2SO4 and concentrated to 

afford a pale red solid. The product was further purified by recrystallization in CH2Cl2 to 

yield a colorless needle crystal 5.7 (4.6663 g, 68 %):  m.p. 110-112 °C; 1H NMR (500 

MHz, CDCl3) δ 7.86 (s, 2H). 13C NMR (125 MHz, CDCl3) δ 148.83, 128.58, 118.50 (q, J 

= 321.4 Hz) 112.83, 109.27. 

3-hydroxy-6-(octyloxy)phthalonitrile (5.8). 2,3-dicyanohydriquinone (1.60 g, 10 mmol) 

and K2CO3 (1.38 g, 10 mmol) were stirred in DMF (15 mL) at RT for 1h. To the mixture, 
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1-bromooctane (1.93 g, 10 mmol), was added. The reaction was stirred at room temperature 

for additional 24 h. The brownish crude was poured into water (100 mL) and extracted 

with ethyl acetate (100 mL x 3). The organic layer was washed with water (50 mL x 2), 

brine (50 mL) and dried over Na2SO4. After removal of solvent under reduced pressure, 

the brown solid was subjected to flash chromatography (SiO2, CH2Cl2 to 95:5 

CH2Cl2/MeOH) to afford 5.8 (1.10 g, 40 %) as a white solid: m.p. 140 - 142 °C; 1H NMR 

(500 MHz, CDCl3) δ 7.22 (d, J = 9.3 Hz, 1H), 7.15 (d, J = 9.1 Hz, 1H), 6.32 (s, 1H), 4.06 

(t, J = 6.5 Hz, 2H), 1.82 (dt, J = 15.0, 6.6 Hz, 2H), 1.52-1.42 (m, 2H), 1.31 (tddd, J = 14.0, 

10.5, 7.4, 4.8 Hz, 8H), 0.97-0.83 (m, 3H). 13C NMR (125 MHz, CDCl3) δ 156.0, 152.8, 

123.0, 119.6, 113.13, 113.10, 103.4, 102.3, 70.4, 31.8, 29.2, 29.2, 28.9, 25.8, 22.6, 14.1. 

MS (ESI) m/z 271.14 [M-H]- , C16H19N2O2 requires 271.14. 

3-(hexylthio)-6-trifluoromethanesulfonyloxyphthalonitrile (5.9a). Compound 5.7 (0.42 

g, 1.0 mmol) was dissolved in DMF (10 mL) and stirred with K2CO3 (0.15 g, 1.1 mmol) at 

-78 °C for 1 h. To the mixture, 1-hexanethiol (0.12 g, 1.0 mmol) in DMF (10 mL) was 

added dropwise in 30 min. The reaction was slowly warmed to RT and continued for 4 h. 

The crude was poured into water (20 mL) and extracted with ethyl acetate (50 mL x 4). 

The organic layer was washed with water (50 mL x 2), brine (50 mL) and dried over 

Na2SO4. The crude was subjected to flash chromatography (SiO2, 15:85 ethyl 

acetate/hexanes to 20:80 ethyl acetate/hexanes) to afford 5.9a (0.26 g, 66 %) as a colorless 

oil: 1H NMR (500 MHz, CDCl3) δ 7.59 (s, 2H), 3.12-3.00 (m, 2H), 1.83-1.68 (m, 2H), 1.48 

(dddd, J = 11.7, 9.4, 5.9, 3.5 Hz, 2H), 1.37-1.29 (m, 4H), 1.00-0.83 (m, 2H). 13C NMR 

(125 MHz, CDCl3) δ 146.7, 146.6, 131.7, 126.4, 118.5 (q, J = 320.3), 115.8, 112.4, 111.7, 
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110.4, 33.2, 31.2, 28.4, 28.2, 22.4, 13.9. 19F NMR (376 MHz, CDCl3) δ -73.14. MS (ESI) 

m/z 415.04 [M+Na]+ , C15H15F3N2NaO3S2 requires 415.04. 

3-(octylthio)-6-trifluoromethanesulfonyloxyphthalonitrile (5.9b). Following the 

procedure for 5.9a, 7 (1.27 g, 3.0 mmol), 1-octanethiol (0.44 g, 3.0 mmol) and K2CO3 (0.46 

g, 3.3 mmol) in DMF (60 mL) yielded 5.9b (0.72 g, 57 %) as a yellow oil after 

chromatography (SiO2, 15:85 ethyl acetate/hexanes): 1H NMR (500 MHz, CDCl3) δ 7.59 

(s, 2H), 3.12-3.03 (m, 2H), 1.74 (dt, J = 15.0, 7.4 Hz, 2H), 1.47 (dq, J = 9.8, 7.1 Hz, 2H), 

1.29 (dddd, J = 19.7, 12.1, 5.6, 3.7 Hz, 8H), 0.95-0.84 (m, 3H). 13C NMR (125 MHz, 

CDCl3) δ 146.7, 146.6, 131.7, 126.4, 118.5 (q, J = 320.3), 115.8, 112.5, 111.7, 110.5, 33.3, 

31.8, 29.1, 29.0, 28.8, 28.3, 22.6, 14.1. 19F NMR (376 MHz, CDCl3) δ -73.14. MS (ESI) 

m/z 443.07 [M+Na]+ , C17H19F3N2NaO3S2 requires 443.07. 

3-(octyloxy)-6-trifluoromethanesulfonyloxyphthalonitrile (5.9c). Compound 5.8 (0.54 

g, 2.0 mmol) and 2,6-lutidine (1.0 mL) were dissolved in CH2Cl2 (2.0 mL). To the solution, 

trifluoromethanesulfonic anhydride (0.68 g, 2.4 mmol) in CH2Cl2 (1.0 mL) was slowly 

added in 30 min. The reaction was kept at room temperature for additional 14 h. The 

reaction crude was concentrated under reduced pressure and diluted with ethyl acetate (15 

mL). The organic layer was washed with HCl (aq. 5%, 15 mL x 2), CuSO4 (aq. 5%, 15 mL 

x 2), water (15 mL), brine (15 mL) and dried over Na2SO4. The crude was concentrated 

and subjected to flash chromatography (SiO2, 30:70 ethyl acetate/hexanes to 40:60 ethyl 

acetate/hexanes) to afford 5.9c (0.70 g, 87 %) as a yellow oil: 1H NMR (500 MHz, CDCl3) 

δ 7.62 (d, J = 9.5 Hz, 1H), 7.27 (d, J = 9.5 Hz, 1H), 4.16 (t, J = 6.5 Hz, 2H), 1.89 (dq, J = 

9.0, 6.5 Hz, 2H), 1.50 (p, J = 7.1 Hz, 2H), 1.42-1.22 (m, 8H), 0.94-0.79 (m, 3H). 13C NMR 
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(125 MHz, CDCl3) δ 160.5, 142.6, 128.2, 118.5 (q, J = 322.5), 117.6, 111.7, 111.6, 110.5, 

106.5, 70.9, 31.7, 29.13, 29.10, 28.6, 25.7, 22.6, 14.1. 19F NMR (376 MHz, CDCl3) δ -

73.18. MS (ESI) m/z 405.11 [M+H]+, C17H20F3N2O4S requires 405.11. 

1,2-bis(3-(hexylthio)phthalonitrile)benzene (5.11a) .Compound 5.9a (0.78 g, 2.0 mmol), 

Pd(PPh3)2Cl2 (0.070 g, 0.1 mmol, 5 mol%) and CuI(0.038 mg,  0.2 mmol, 10 mol%) was 

mixed in THF(6.0 mL) and degassed. To the mixture, a solution of 5.10b (0.10 mg, 0.8 

mmol) in THF (2.0 mL) was added with syringe and degassed a second time. Triethylamine 

(1.3 mL) was added to the solution and degassed a third time. The reaction was stirred at 

room temperature under Ar atmosphere for 5 h. The crude was filtered over Celite and 

solvent was removed under reduced pressure to give a brownish solid. The product was 

further purified by chromatography (SiO2, 20:80 ethyl acetate/hexanes to 30:70 ethyl 

acetate/hexanes) to yield 5.11a (0.17 g, 28 %) as a pale orange solid: m.p. 111-113 °C; 1H 

NMR (500 MHz, CDCl3) δ 7.85 (d, J = 8.6 Hz, 2H), 7.68 (dd, J = 5.8, 3.2 Hz, 2H), 7.52 

(d, J = 8.5 Hz, 2H), 7.42 (dd, J = 5.8, 3.3 Hz, 2H), 3.08 (t, 4H), 1.74 (p, J = 7.4 Hz, 4H), 

1.49 (p, J = 7.1 Hz, 4H), 1.33 (dq, J = 7.2, 4.0, 3.2 Hz, 8H), 0.94-0.87 (m, 6H). 13C NMR 

(125 MHz, CDCl3) δ 145.8, 135.7, 133.4, 129.9, 129.5, 124.3, 123.9, 119.3, 114.6, 114.5, 

113.6, 95.5, 88.3, 33.0, 31.2, 28.4, 28.3, 22.5, 14.0. MS (ESI) m/z 633.21 [M+Na]+, 

C38H34N4NaS2 requires 633.21. 

1,2-bis(3-(octylthio)phthalonitrile)benzene (5.11b). Following the procedure for 5.11a, 

5.9b (0.72 g, 1.7 mmol), Pd(PPh3)2Cl2 (0.060 g,  0.085 mmol, 5 mol%) and CuI(0.032 g,  

0.17 mmol, 10 mol%) in triethylamine (1.1 mL)  and THF (6.8 mL) yielded 5.11b (0.18 g, 

32 %) as a pale brown solid after chromatography (SiO2, 20:80 ethyl acetate/hexanes to 
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30:70 ethyl acetate/hexanes): m.p. 116-118 °C; 1H NMR (500 MHz, CDCl3) δ 7.85 (d, J = 

8.6 Hz, 2H), 7.68 (dd, J = 5.8, 3.3 Hz, 2H), 7.52 (d, J = 8.6 Hz, 2H), 7.42 (dd, J = 5.7, 3.2 

Hz, 2H), 3.08 (t, J = 7.4 Hz, 4H), 1.74 (p, J = 7.4 Hz, 4H), 1.48 (p, J = 7.2 Hz, 4H), 1.29 

(dddd, J = 15.5, 11.9, 7.9, 5.0 Hz, 16H), 0.96-0.83 (m, 6H).  13C NMR (125 MHz, CDCl3) 

δ 145.9, 135.8, 133.4, 129.9, 129.5, 124.3, 123.9, 119.3, 114.6, 114.5, 113.6, 95.5, 88.3, 

33.0, 31.78, 29.1, 29.1, 28.8, 28.4, 22.7, 14.1. MS (ESI) m/z 689.27 [M+Na]+, 

C42H42N4NaS2 requires 689.27. 

1,2-bis(3-(octyloxy)phthalonitrile)benzene (5.11c). Following the procedure for 5.11a, 

5.9c (0.81 g, 2.0 mmol), Pd(PPh3)2Cl2 (0.070 g,  0.1 mmol, 5 mol%) and CuI(0.038 g, 0.2 

mmol, 10 mol%) in triethylamine (1.3 mL)  and THF (8.0 mL) yielded 5.11b (0.11 mg, 

17%) as a pale brown solid after chromatography (SiO2, 25:75 ethyl acetate/hexanes): m.p. 

126-128 °C; 1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 8.9 Hz, 2H), 7.65 (dd, J = 5.8, 3.3 

Hz, 2H), 7.39 (dd, J = 5.8, 3.3 Hz, 2H), 7.21 (d, J = 9.0 Hz, 2H), 4.15 (t, J = 6.5 Hz, 4H), 

1.88 (dt, J = 14.9, 6.6 Hz, 4H), 1.50 (dq, J = 9.7, 7.1 Hz, 4H), 1.43-1.22 (m, 16H), 0.89 (t, 

J = 6.9 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ 160.8, 138.2, 133.1, 129.2, 124.0, 120.2, 

119.3, 116.6, 114.5, 112.8, 105.4, 93.8, 88.1, 70.3, 31.8, 29.2, 29.1, 28.7, 25.7, 22.6, 14.1. 

MS (ESI) m/z 657.32 [M+Na]+, C42H42N4NaO2 requires 657.32. 

1,11,15,25-tetrakis(hexylthio)-4,8:18,22-bis(1’,2’-diethynylbenzene) phthalocyanine 

zinc(II) (5.12a). The mixture of lithium metal (60 mg) and 1-pentanol (5.0 mL) was stirred 

under argon at 90 °C. After all lithium metal was dissolved, the mixture was heated to 130 

°C. To the above mixture, a solution of bis-Pn 5.11a (0.037 g, 0.060 mmol) in THF (0.5 

mL) was added dropwise over a 15 min period and the evaporated THF was collected. The 
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mixture was then kept at 130 °C for additional 3 h. To the dark green solution, excess 

Zn(OAc)2 (0.64 g, 3.5 mmol) was added and the reaction was continued for another 2 h. 

The crude was cool to room temperature and diluted with 20 % MeOH in water (45 mL). 

A yellowish green precipitate was isolated after centrifuge and was then washed with 20 

% MeOH in water (45 mL x 2) and then MeOH (45 mL x 2). The crude was further purified 

by flash chromatography using 1% pyridine in chloroform as the eluent to yield a yellowish 

green solid 5.12a (9.7 mg, 25%): UV-Vis λmax(chloroform) 762.0 nm. 1H NMR (pyridine-

d5, 10-5M) δ 8.58 (d, J = 7.7 Hz, 4H), 8.21 (dd, J = 5.5, 3.2 Hz, 4H), 7.92 (d, J = 7.9 Hz, 

4H), 7.65 (dd, J = 5.7, 3.0 Hz, 4H), 3.45 (t, J = 7.7 Hz, 8H), 2.14 (p, J = 7.6 Hz, 8H), 1.76 

(p, J = 7.4 Hz, 8H), 1.55-1.18 (m, 16H), 1.03-0.96 (m, 12H). MS (MALDI) m/z 1284.37 

[M]+ , C76H68N8S4Zn requires 1284.37. 

1,11,15,25-tetrakis(octylthio)-4,8:18,22-bis(1’,2’-diethynylbenzene) phthalocyanine 

zinc(II) (5.12b). Following the procedure for 5.12a, 5.11b (0.080 g, 0.12 mmol) and 

Zn(OAc)2 (1.28 g, 7.0 mmol) in 1-pentanol (10 mL) yielded 5.12b (0.043 g, 52 %) as a 

yellowish green solid after chromatography (SiO2, 1% pyridine in chloroform): UV-Vis 

λmax(chloroform) 762.0 nm. 1H NMR (pyridine-d5, 10-5M) δ 8.56 (d, J = 7.8 Hz, 4H), 8.20 

(dd, J = 5.5, 3.2 Hz, 4H), 7.91 (d, J = 7.9 Hz, 4H), 7.65 (dd, J = 5.7, 3.0 Hz, 4H), 3.46 (t, 

J = 7.7 Hz, 8H), 2.16 (p, J = 7.8 Hz, 8H), 1.84-1.73 (m, 8H), 1.60-1.48 (m, 32H), 1.04-

0.94 (m, 12H). MS (MALDI) m/z 1396.5 [M]+ , C84H84N8S4Zn requires 1396.5.  

1,11,15,25-tetrakis(octyloxy)-4,8:18,22-bis(1’,2’-diethynylbenzene) phthalocyanine 

zinc(II) (5.12c). Following the procedure for 5.12a, 5.11c (0.076 g, 0.12 mmol) and 

Zn(OAc)2 (1.28 g, 7.0 mmol) in 1-pentanol (10 mL) yielded 5.12c (0.030 mg, 38 %) as a 
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bright green solid after chromatography (SiO2, 1% pyridine in chloroform): UV-Vis 

λmax(chloroform) 743.5 nm. 1H NMR (pyridine-d5, 10-5M) δ 8.84 (d, J = 8.2 Hz, 4H), 8.23 

(dd, J = 5.9, 3.5 Hz, 4H), 8.03 (d, J = 8.1 Hz, 4H), 7.59 (m, 4H), 5.10-5.06 (m, 8H), 2.36 

(p, J = 7.5 Hz, 8H), 1.67 (p, J = 7.6 Hz, 8H), 1.54-1.13 (m, 32H), 0.96-0.84 (m, 12H).  
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CHAPTER 6  

CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Peripheral octakis-substituted (β) metallophthalocyanines as near infrared 

absorbing materials 

6.1.1 Conclusions 

In the development of a NIR absorbing Pc material, a series of octakis-substituted 

alkylthio MPcs with varied central metals (M= Sn, Pb, Pd and Pt) were synthesized. We 

investigated the solution UV-Vis absorption and demonstrated the metal ion effect on Q-

band position and aggregation behavior. The Pcs with transition metal ions (Pd and Pt) 

exhibited slightly blue shifted Q-band compared to the metal free H2Pc, which could be 

attributed to their strong co-facial π-π interaction and formation of H-type aggregates. The 

two main group elements (Pb, Sn) proved to cause red shift of Q-band to 750 nm in 

solution, which is likely due to the distorted Pc ring and destabilized HOMO by the large 

metal ions. The thin film absorption of Pcs with axial dipole moment (M = TiO, Pb, Sn) 

exhibit NIR response up to 1000nm, owing to their intriguing solid state polymorphs. We 

investigated the absorption of thin films with varied deposition solvents and found 

conditions to increase the population of NIR absorbing J-type aggregates. 

6.1.2 Future directions  

To more rationally control solid state polymorph and obtain predictable NIR 

absorption, a thorough look at the effect of central element of Pc is necessary in future 

work. In our study, a common feature of TiOPc, PbPc and SnPc is their out-of-plane central 

moieties that endow Pcs with axial dipoles and enhance Pc intermolecular interactions. 
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Also, the non-planar geometry could suppress cofacial π-π stacking and lead to a slipped 

packing, i.e. the NIR absorbing J-type aggregates. The size of central elements and strength 

of the axial dipole could be critical parameters to regulate Pc packing distance and packing 

angle, which may lead to different absorption and charge transport properties. Based on the 

above hypothesis, we propose to 1) synthesis a series of analogs with varied axial dipoles, 

namely In-Cl, In-F and In-Br, and 2) explore the solid state absorption by UV-Vis and 3) 

investigate the thin films molecular organization by XRD. 
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6.2 Synthesis of non-peripheral octakis-substituted metallophthalocyanines and 

photo-induced charge transfer study on Pc/P3HT interface  

6.2.1 Conclusion 

We synthesized a series of MPcs bearing alkylthio substituents on eight non-

peripheral positions. The optical absorption and redox properties were characterized by 

UV-Vis and cyclic voltammetry. The single crystal structure of the TiOPc is reported, 

which exhibits a significantly distorted Pc core. The core distortion have been observed on 

other non-peripheral substituted Pcs and was mainly attributed to the steric effect of 

substituents in the literature. Comparison of ring distortion for H2Pc, PbPc and TiOPc 

demonstrated that central elements also play an important role in the ring distortion. 

The non-peripheral substituted Pcs were used as dopants in P3HT to study charge 

transfer process. The free charge generation was tracked with TRMC. The NIR absorption 

and relatively non-aggregating features of Pcs enable us to have insight of charge transfer 

at the molecular level. The free charge yield showed a trend of: TiOPc > PbPc > H2Pc, 

which could be rationalized by the thermodynamic driving force (ΔG). We also analyzed 

the charge transfer kinetics by time-resolved fluorescence and found the charge transfer 

rate constant (kCT) followed the same trend, indicating the central metal plays an important 

role in the charge transfer process on Pc/P3HT interface.    

6.2.2 Future directions  

The central metal species affects Pc structure and energy levels, both of which are 

relevant to the charge transfer process. From our results, the role of Pc central metal is still 

vague since the two parameters usually change simultaneously. To clarify the role of metals 
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in the charge transfer process, we need to evaluate influences by Pc structure and energy 

level separately. Additional work could be conducted on the following series of Pcs to fulfil 

this goal (Figure 6.1). The proposed Pcs possess the same substituents and similar metal 

ion size, which will ensure similar Pc structures. Thus, the only variable that may change 

charge transfer rate is the Pc energy levels, which are dominated by central metal species. 

Also, it is essential to track the Pc structural change during the charge transfer event by 

combination of transient optical absorption and X-ray absorption spectroscopies. Chen and 

coworkers reported structural variations of porphyrin during charge transfer and 

recombination,1 suggesting similar behavior of Pc may influence charge transfer. 

Knowledge about the optimal geometry of Pc in charge transfer would highlight the 

development of new Pc materials for efficient charge transfer on heterojunction interfaces 

in OPVs.   

 

Figure 6.1. Model molecules for clarification of Pc structural influence on charge transfer. 
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6.3 Acetylene bridged side-strapped phthalocyanine: a solution processable 

organic semiconductor with high SCLC hole mobility  

6.3.1 Conclusions 

 With rational control of molecular symmetry and expansion of Pc π-conjugation, a 

family of solution processable side-strapped Pcs was developed. Pc derivatives with alkyl 

and alkoxyl substituents (R= C8H17O, C8H17, C12H25O, C12H25) on the strap were prepared 

to clarify the structural influence on the aggregation, solubility, molecular packing and hole 

mobility properties of this material. The structural and physical properties were fully 

studied by NMR, mass spectroscopy, thermogravimetric analysis, X-ray crystallography 

and UV-Vis spectroscopy. We observed close packing (3.10Å) in the crystal structure of 

C12H25OZnPc, which leads to a high SCLC hole mobility on the order of 10-0 cm2 V-1 s-1. 

6.3.2 Future directions  

Currently, the major limitation of the side-strapped Pc is aggregation. Due to the 

enhanced π-π interaction of the the strap moiety, the Pcs tend to form aggregates, which is 

problematic for purification and characterization. The central metal species is still limited 

to Zn, for which we use coordinating solvents, i.e. pyridine, to suppress aggregation. 

Several TiOPcs are also prepared since the oxotitanium group could sterically prohibit 

close π-π stacking in some extent. The length of strap substituents seems critical for solving 

the aggregation problem. The C12 species showed obvious improvement compared to C8 

species. We have also made several C6 species, which are too aggregating to be purified. 

Preliminary studies show 2-ethylhexyl could reduce aggregation, implying using more 

branched substituent could improve the solubility. We can also use aromatic strap moieties 

that bear more substituents to improve Pc solubility (Figure 6.2). 
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Figure 6.2. Side-strapped Pc bearing strap moieties with more substituents for solubility 

improvement and potential liquid crystal property. 

Another aspect that needs to be optimized is the cyclization method. In the 

preparation of side-strapped Pcs, the condensation of bis-Pn was accomplished in the 

mixture of lithium pentoxide and pentanol. Owing to the highly basic environment, a 

number of functional groups (ester and amide) cannot survive during the cyclization 

process, greatly limiting the options of Pc substituents. Development of mild cyclization is 

essential in our future study.    

One interesting topic worth exploration in depth is putting substituents on the α-

positions of the the strap moiety (Figure 6.3). The different direction of substituents could 

potentially lead to different interactions with solvent molecules (solvation) and change the 

solubility of the Pc. In addition, unique molecular packing pattern and charge transport 

capability could be expected.        

Figure 6.3. Proposed new side-strapped Pcs bearing α-substituents on straps. 
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6.4 Chalcogen elements modified arene-strapped phthalocyanines: effect of 

structural variations on optical and electronic properties 

6.4.1 Conclusions 

 We investigated the structural influence in two different aspects: (1) fusing S atoms 

on strap and (2) appending OR and SR substituents on the Pc core. The thiophene straps 

are found to make Pc more crystalline and dramatically change the molecular packing in 

the crystal structure. However, the S element on the strap moiety seems to not interfere the 

energetics of the Pc core and results in unobvious change of the Q-band position and redox 

potentials.  

On the other hand, the electron donating SR and OR substituents on the Pc core are 

capable of steadily shift the Q-band absorption by >40 nm and destabilize the HOMO by 

>0.2 eV. This substitution study opens the possibilities to modify side-strapped Pcs with 

various electron donating/withdrawing substituents for fine tuning of the frontier orbitals. 

Moreover, placing solubilizing groups on the Pc core completely frees the strap moieties 

to enable more structural modification on the straps.  

6.4.2  Future directions  

The important take home message from thiophene strapped Pc is that molecular 

packing and crystallinity could be tuned by manipulation of strap moieties. A larger π-

conjugation may interfere with Pc π-π interaction and change the intermolecular interaction 

and charge transportation. In future work, we will attempt to prepare Pcs with new straps, 

which include but are not limited to naphthalene, pyrene and naphthaldiimide (Figure 6.5) 

Also, cross condensation of two different bis-Pns could give an asymmetric side-strapped 
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Pcs, which can be further developed to push-pull materials for fine tuning of molecular 

orbitals. 

Figure 6.4. Side-strapped bearing different aromatic straps. 

Direct modification of the Pc core can employ a variety of substituents. According 

to the effect of α-substituents, we can place strong electron-donating groups to narrow the 

optical bandgap and tune the absorption toward NIR. Towards the other direction, electron-

withdrawing groups could stabilize the HOMO and LUMO, which would enable us to 

obtain new n-type semiconductors. Pc is usually recognized as a good p-type 

semiconductor, owing to a high-lying HOMO level. Examples of n-type, especially 

solution processable, Pcs are seldom reported. For an n-type semiconductor, the LUMO is 

required to be around -4.0 eV,2 which could be accomplished by introduction of strong 

electron withdrawing groups on Pcs. In future work, we will attempt to synthesis several 

side-strapped Pcs as candidates for new solution processable n-type materials.   
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APPENDIX A 

1H and 13C NMR Spectra of New Compounds 
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1H NMR spectrum for 2.7 
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1H NMR spectrum for 2.8b 
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13C NMR spectrum for 2.8b 
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1H NMR spectrum for 2.8c 
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13C NMR spectrum for 2.8c 
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1H NMR spectrum for 2.8d 
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1H NMR spectrum for 3.2 
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1H NMR spectrum for 3.3a 
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1H NMR spectrum for 3.3b 

  



184 

 

1H NMR spectrum for 3.3c 
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1H NMR spectrum for 4.1a 
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13C NMR spectrum for 4.1a 
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1H NMR spectrum for 4.1b 
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1H NMR spectrum for 4.1c 
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13C NMR spectrum for 4.1c 
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1H NMR spectrum for 4.1d
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1H NMR spectrum for 4.2a 
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1H NMR spectrum for 4.2b 
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13C NMR spectrum for 4.2b 
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1H NMR spectrum for 4.2c 
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1H NMR spectrum for 4.2d 
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13C NMR spectrum for 4.2d 
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1H NMR spectrum for 4.3a 
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13C NMR spectrum for 4.3a 
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1H NMR spectrum for 4.3b 
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13C NMR spectrum for 4.3b 
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1H NMR spectrum for 4.3c 
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13C NMR spectrum for 4.3c 
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1H NMR spectrum for 4.3d 
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13C NMR spectrum for 4.3d 
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1H NMR spectrum for 4.4a 
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13C NMR spectrum for 4.4a 
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1H NMR spectrum for 4.4b 
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13C NMR spectrum for 4.4b 
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1H NMR spectrum for 4.4c 
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13C NMR spectrum for 4.4c 
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1H NMR spectrum for 4.4d 

  



212 

 

13C NMR spectrum for 4.4d 
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1H NMR spectrum for 4.5a 
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1H NMR spectrum for 4.5b 

  



215 

 

1H NMR spectrum for 4.5c 
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1H NMR spectrum for 4.5d 
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1H NMR spectrum for 5.1 
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13C NMR spectrum for 5.1
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1H NMR spectrum for 5.2a 
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13C NMR spectrum for 5.2a
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1H NMR spectrum for 5.2b
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13C NMR spectrum for 5.2b
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1H NMR spectrum for 5.3
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13C NMR spectrum for 5.3

  



225 

 

1H NMR spectrum for 5.4
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13C NMR spectrum for 5.4
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1H NMR spectrum for 5.5
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13C NMR spectrum for 5.5 
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1H NMR spectrum for 5.6
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1H NMR spectrum for 5.7
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13C NMR spectrum for 5.7 
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1H NMR spectrum for 5.8
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13C NMR spectrum for 5.8 
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1H NMR spectrum for 5.9a
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13C NMR spectrum for 5.9a 

  



236 

 

19F NMR spectrum for 5.9a 
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1H NMR spectrum for 5.9b
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13C NMR spectrum for 5.9b 
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19F NMR spectrum for 5.9b 
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1H NMR spectrum for 5.9c

  



241 

 

13C NMR spectrum for 5.9c 
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19F NMR spectrum for 5.9c 
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1H NMR spectrum for 5.10a
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13C NMR spectrum for 5.10a 
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1H NMR spectrum for 5.10b
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13C NMR spectrum for 5.10b
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1H NMR spectrum for 5.11a
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13C NMR spectrum for 5.11a 
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1H NMR spectrum for 5.11b
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13C NMR spectrum for 5.11b 
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1H NMR spectrum for 5.11c
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13C NMR spectrum for 5.11c
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1H NMR spectrum for 5.12a
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1H NMR spectrum for 5.12b
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1H NMR spectrum for 5.12c
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