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Abstract 

Phthalocyanines (Pcs) are highly conjugated synthetic porphyrin analogs that 

exhibit high extinction coefficients and hole mobilities, and stronginteractions. 

Interest in soluble Pcs stem from the ability to deposit films via high throughput 

techniques such as reel-to-reel wet coating, which can facilitate the formation of large-

area, light-weight, low-cost, and potentially flexible organic solar cells. Interest in 

organic solar cells originate from the global energy and environmental crisis that we are 

responsible for by continuing to use fossil fuels as one of the energy source. Interest in 

near-IR absorbing Pcs arise due to deficient of chromophores absorbing in the near-IR 

region where 50% of the AM1.5G solar irradiance is incident. 

The behavior of Pcs as materials is highly dependent on short and long range 

organization of the molecules that can be facilitated by modification of Pc with suitable 

functional groups, which demands a general synthetic method that can generate numerous 

precisely tailored Pc derivatives. We have developed a general method for the synthesis 

of peripherally functionalized Pc chromophores using „click‟ chemistry, wherein an 

alkynyl substituted Pc is reacted with an azide, providing an elegant route to the creation 

of a library of numerous Pcs. This route to phthalocyanine modification (a) circumvents 

the low yielding Linstead cyclization step, which is often accompanied by tedious 

purification; (b) allows modification with substituents that would otherwise not survive 

the Linstead cyclization conditions; (c) is amenable to scale-up.  

We also developed a simple route to the synthesis of tri- and tetravalent metal Pc 

derivatives such as titanyl phthalocyanine (TiOPc) involving solvent-free conditions. 
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Solvent-free conditions are environmentally friendly and industrially economical, and in 

the present context effectively eliminate the formation of non-metallated phthalocyanine 

(H2Pc), a side product often seen in other routes that interferes with their purification. We 

have also prepared and characterized thin-films of some of these Pcs, TiOPcs in 

particular, wherein we have developed an easy route to various TiOPc polymorphs 

exhibiting different near-IR sensitivities via spin-coating whose optical properties are 

reminiscent of Phase-I and Phase-II polymorphs of the unmodified TiOPc. Phase-II is 

particularly interesting as it is photoelectrically active in the near-IR region with a Q-

band maximum at ca. 890 nm. We have also fabricated and characterized organic solar 

cells in both planar heterojunction (PHJ) and bulk heterojunction (BHJ) architectures 

based on one of these materials, which exhibited good near-IR photoactivity with the 

absorption spectrum extending up to 1m in the near-IR. The incident and absorbed 

photon to current efficiency (IPCE and APCE) spectra showed contributions from the 

TiOPc in the near-IR region with local maxima around 680 nm and 920 nm, 

corresponding to the Frenkel and the charge-transfer (CT) bands of the TiOPc, 

respectively.   
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CHAPTER 1 

SOLVING BIG PROBLEMS WITH SMALL MOLECULES 

 

1.1. The Global Energy Crisis 

 Concerns regarding the depleting sources of fossil fuels are not as alarming as the 

the increasing CO2 concentration in the atmosphere, which has endangered the 

sustainability of our planet. Global warming has led to increased surface temperature and 

raised sea levels threatening human and other life forms. Amongst the renewable sources, 

the sun outshines any other source (wind, geothermal, hydroelectricity etc.) in terms of 

power generating capacity (Table 1.1). Therefore, in this global crisis we look towards 

the ultimate source of energy, the sun, for answers. The irony is that solar energy 

contributed only 1% to our renewable energy sources in 2001, which itself is just 6% of 

the total energy sources in the United States (Figure 1.1).  

 

Table 1.1. Renewable Energy Sources (Global) and their Capacity (13.2 TW required 

currently) 

Renewable Source Annual  

Capacity (TW) 

Wind 2-3  

Geothermal 

Hydroelectricity 

Solar 

11.6 

4.6 

>600  

Source: http://nsl.caltech.edu/nslewis 
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Figure 1.1. Current energy production (worldwide). Source: www.eia.doe.gov 

 

 

 Amongst renewable sources, bio-fuels have received lot of attention recently. For 

example, in 2006, 20% of the corn crop provided 2% of transportation fuel in the U.S. by 

utilizing almost as much energy input as the energy it produced.
1
 Therefore, the challenge 

remains to (a) choose the right source and (b) develop the right technology to harness the 

energy from the chosen source in a cost-effective manner.  

 

1.2. Photovoltaic Technology 

 Photovoltaic (PV) technology, which converts solar energy into electric energy, is 

emerging as an attractive part of the solution to the global energy crisis.  PV technology 

has minimal impact on the environment for (a) device fabrication and (b) disposal of 

waste generated from the manufacturing process. However, the major challenge is the 

cost per kilowatt that the PV technology can provide in order to compete with current 

technologies.  The first example of a PV device traces back to 1953 when Bell Labs 

successfully demonstrated that electricity could be produced from sun light.
2
  First 

generation PV technology, comparised of single crystal or polycrystalline silicon, 
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dominates 90% of the market, suffers from the high cost of production arising from 

expensive purification techniques. Therefore, considerable effort has been made to 

develop second generation PV technology from other inorganic materials such as 

CdTe/CdS, Cu(In,Ga)Se2 (CIGS), and multijunction -SiGe, which can be processed by 

techniques such as sputtering, physical vapor deposition (PVD) etc., alleviating the cost 

of production to some extent.  The downside of this technology lies in the toxicity of their 

components that raises environmental concerns. Also, alleviating the cost of production is 

necessary to make them competitive in the energy market.  

 The concerns over first and second generation PVs have led to the development of 

third generation PVs, organic photovoltaics (OPVs), prepared from inexpensive organic 

materials that can be processed at room temperature without requiring expensive 

processing techniques. The first organic solar cell was developed in 1959 by Kallman and 

Pope utilizing a single layer of anthracene with power conversion efficiency of 2 x 10
-7

. 
3
 

In 1986, Tang reported the first bilayer (planar heterojunction) organic solar cells with 

power conversion efficiency of 1%.
4
 Interestingly, the first planar heterojunction solar 

cell was based on a copper phthalocyanine as the donor layer. A comparison of the cost 

per kW and efficiency for different generations of PVs suggests higher efficiency at a 

lower cost for third generation OPVs (Figure 1.2). 
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Figure 1.2. Efficiency and cost of production for I, II and III generation PVs. Source: 

www.doe.gov 
 

1.3. Solar Photon Flux Incident on the Earth's Surface 

 The solar photon flux incident on the earth's surface spans from the visible (400-

700 nm) to the near-IR (700-1400 nm) region with about 50% of the solar radiation 

incident in the near-IR region (Figure 1.3).
5
 Unfortunately, optical absorption for most 

chromophores is confined to the visible region. If the absorption window of a solar cell is 

extended to the near-IR region, the efficiency of OPVs could be significantly improved.
6-

8
 Therefore, the onus has recently been shifted to synthetic chemists for the design and 

the development of molecules that can effectively absorb in the near-IR region.
9,10

  



28 

 

 

 

Figure 1.3. Spectral photon flux density at the earth‟s surface (1000 Wm
2
, AM1.5G) as a 

function of wavelength (black line). The cumulative short circuit current density 

integrated over a wavelength range increase as more regions of the spectrum are 

included.
5
 

 

1.4. Physical Processes in Organic Photovoltaics 

 An organic solar cell consists of an active layer of donor and acceptor materials 

between two electrodes. There are four steps in the photoconversion process, and each 

step has an associated efficiency term: (a) optical absorption (ηA) involves absorption of 

light and formation of excitons (bound electron-hole pair), (b) exciton diffusion (ηD) 

involves concentration gradient diffusion of the exciton towards the acceptor 

heterojunction, (c) exciton dissociation and charge transfer (ηED) involves the dissociation 

of excitons into free electrons and holes and subsequent migration towards the respective 

electrodes, and (d) charge collection at the electrodes (ηCC) involves collection of charges 

at the respective electrodes (equation 1).
7
  

    CCCTEDAIQE                                                (1) 
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1.4.1. Optical absorption (ηA): The initial crucial step in the photoconversion process is 

optical absorption (ηA). Light is expressed in terms of photons, with one unit of light 

equaling h (Plank's constant) multiplied by  (frequency of light). For every photon that 

is absorbed, an electronic transition from the ground state (S0) to the excited state (S1) 

takes place (Stark-Einstein Law), as long as the energy of light is greater than or equal to 

the difference between the ground and excited states (ΔE) of the chromophore (equation 

2).  

Eh          (2) 

 The S0 to S1 electronic transition happens on the order of 10
-16

-10
-14 

s. This time 

scale is too fast for a chemical reaction to occur. Moreover, a nucleus is heavier than an 

electron, which means the nuclear motion does not take place in this time frame of 

electronic transitions (Frank-Condon principle). The molar absorptivity is a measure of 

how strongly a chromophore absorbs light at a particular wavelength. It is expressed as 

molar extinction coefficient (and it can be experimentally measured using the Beer-

Lambert law:  

               
bc

A
           (3) 

where A is absorption, b is path length and c is concentration. 

 Absorption can also lead to occupation of higher vibrational levels S1. Depending 

on the geometry of ground and excited states, different electronic transitions and hence 

different absorption spectra can be obtained for the same S0-S1 transition. For example, in 

a rigid chromophore such as phthalocyanine (Pcs), the vibrational bands are located blue 
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to ca. 700 nm (Q-band) indicating similar geometries for ground and excited states 

(Figure 1.4). 

 

Figure 1.4. Photoexcitation process from S0 to S1. Left: S0 and S1 states with similar 

geometries lead to a S(0,0) to S(0,0) transition. Right: S0 and S1 states with dissimilar 

geometries lead to a S(0,0) to S(0,n) transition.  The dotted line indicates the resolved 

vibrational fine structures (adapted from Ansylin and Dougherty, p941, Figure 16.2). 

 

 In the condensed phase, due to close proximity, intermolecular interactions are 

more pronounced. Therefore, the ground and excited states can be viewed as bands rather 

than individual energy levels. However, for simplicity the discussion will be restricted to 

HOMO and LUMO energy levels. Photoexcitation can be viewed as excitation of an 

electron from its HOMO to LUMO leading to a coulombically bound electron-hole pair 

known as an exciton (Figure 1.5). Excitons can be generated in both donor and acceptor 

layers, however, this discussion will focus only on excitons generated in the donor layer.  
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Figure 1.5. Physical processes in organic photovoltaics (OPVs): (a) optical absorption, 

(b) exciton diffusion, (c) charge transfer, and (d) charge collection 

 

1.4.2. Exction Diffusion (ηED): The transport of exciton towards the interface can be 

viewed as energy transfer between excitons and neighboring ground state molecules.  

When the molecules are in close proximity and there is an effective overlap of electronic 

clouds of the participating molecules, energy transfer can occur via exchange of electrons 

between donor and acceptor. This phenomenon, which is referred to as Dexter energy 

transfer, is a short range energy transfer (ca. 0.3 ~ 2 nm) and dies away exponentially 

with distance.   

 When the oscillating dipole in the excited molecule can induce a dipole on nearby 

molecules and if the neighboring molecule has an effective spectral overlap, long-range 

energy transfer can take place via excitation of the nearby molecule with concomitant 

relaxation of the excited molecule to the ground state. This phenomenon, which is 

referred to as Forster energy transfer, is a long range energy transfer (ca. 3 ~ 10 nm) and 

does not require the overlap of electronic clouds of the participating molecules. Since 
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oscillator strength is involved in this type of energy transfer, the allowed dipole transition 

is required for fast transfer rates. Spin allowed singlet excitons transport occur by Forster 

energy transfer while single-to-triplet forbidden (triplet) transport occur via Dexter 

energy transfer.  

 The distance an exciton can diffuse (LD) during its lifetime () is a function of 

difussivity (DE) and :  

                                                     ED DL                                                            (4) 

 The exciton lifetime depends on the spin states, a triplet exciton is usually longer 

lived than a singlet exciton. Also, singlet excitons can move much faster than triplet 

excitons since singlet excitons diffuse through long range (Forster) energy transfer. The 

singlet to triplet exciton conversion can be seen as a route to improve ηED.
11

 LD, on the 

other hand, depends on the extent of molecular organization. For example, Huisjer et al. 

demonstrated that self-assembled pseudo-homeotropic arrangement can be achieved for 

porphyrin molecules with LD of ca. 15 nm.
12,13

  

 

1.4.3. Exciton Dissociation and Charge Transfer(ηCT): Due to excess thermal energy, an 

exciton undergoes random motion until it thermalizes to produce a free electron and a 

free hole. The exciton must, however, overcome the coulombic interaction to dissociate 

into a free electron and a hole. This is facilitated at the donor-acceptor interface, an 

exciton in the donor dissociates by transferring an electron to the acceptor leaving behind 

a hole in the donor. This traditional description of charge generation involving exciton 

diffusion to a donor-acceptor interface followed by electron-transfer from the donor to 
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the acceptor has been a subject of discussion for quite some time. Rumbles et al. 

proposed a two step process in which a singlet exciton generated in the donor is 

transferred by Forster mechanism to the acceptor (step one) and then dissociates by hole 

transfer back to the donor (step two).
14

 The transferred electron in the acceptor and the 

left-behind hole in the donor, to which it is still bound, is referred to as a geminate pair. 

Due to low charge carrier mobilities in organic materials, geminate recombination 

(recombination of an electron and a hole originating from the same exciton) can lead to 

poor OPV performance. The distance at which the coulombic attraction energy balances 

the thermal energy (kT) is often referred to as the Onsager radius (rc, or Coulomb capture 

radius),
15

 which is a function of dielectric constant and thermal energy:
16

  

Tk

e
r

r

c

0

2

4 
  (5) 

where e is electronic charge, εr is the dielectric constant of surrounding medium, ε0 is the 

permittivity of the vacuum, k is the Boltzmann constant, and T is absolute temperature.  

Inorganic semiconductors (εr > 10) have smaller rc compared to organic semiconductors 

(εr < 4). Beyond rc, the exciton and free-charges (electrons and holes) are in rapid 

equilibrium (Onsager-Brawn theory).
17

 The probability of dissociation depends on the 

relative mobilities of electrons and holes, and the energy offset between the donor and the 

acceptor electron affinities, i.e. LUMOD and LUMOA. If the electron mobility exceeds 

the hole mobility by a factor of 100 or higher, dissociation is favoured.
18

 Since the 

electron transfer depends on the offset between LUMOD and LUMOA, increasing this 

offset should in principle facilitate the electron transfer. However, electron transfer 
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requires optimization of energy and geometry of the donor and acceptor (Marcus 

theory).
19

 The reactant and product potential wells can be viewed as two intersecting 

harmonic oscillators (Figure 1.6).
16

   

 

Figure 1.6. Potential well for charge transfer at the donor-acceptor interface.
16

 

 

 Photoinduced charge transfer occurs at the intersection of these potential wells, 

which satisfies the energy and nuclear configuration (Franck−Condon principle) 

conservation requirements. There is, however, an activation barrier to the electron 

transfer, represented as ΔG
†
, which is a function of the Gibbs free energy (ΔG°) and the 

reorganization energy (λ). 

    




4

)(†



G

G       (9) 
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 The rate constant for the electron transfer increases with increasing ΔG° until a 

maximum is reached (ΔGº = ). Beyond this point, increasing driving force for charge 

separation, ΔGº, leads to the inverted Marcus region, which lowers the rate constant for 

electron transfer.
20

 Therefore, careful attention should be paid in choosing a donor-

acceptor pair so that the offset is maximized within the Marcus region.  

 

1.4.4. Charge Collection (ηCT): 

 The individual components of the OPV are at different electrochemical potentials 

with the electrodes having certain work functions (ϕ) and the semiconductors having 

certain Fermi levels (ƒ). Once these components are brought together in an OPV, charge-

transfer takes place from the semiconductor to the electrodes leading to a built-in 

potential as the ƒs and ϕs equalize. This can be viewed as the band-bending of the 

HUMO and the LUMO with respect to vacuum as the equilibration proceeds. The band-

bending can be qualitatively understood by considering the HOMO and LUMO edges of 

the donor and the acceptor being „pinned‟ to the ϕ of the electrode, the edges move along 

as the electrochemical potentials equilibrates. The direction of the band-bending can be 

predicted depending on whether the work-function of the cathode (ϕcathode) or anode 

(ϕanode) are above or below the HOMO of the donor (HOMOD) or LUMOA, respectively 

(Figure 1.7). To form an ohmic contact for an efficient collection of charges at the 

electrodes, ϕcathode and ϕanode should be approximately equal to HOMOD and LUMOA, 

respectively. This is assisted by a higher ϕcathode and a low ϕanode. Band bending can lead 

to blocking (Schottky) barrier that can hinder the charge collection at the electrodes. 
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Thus, if ITO is used as a cathode and ϕITO < HOMOD, a Schottky barrier is formed 

(Figure 1.7a). If gold is used as a cathode and ϕAu > HOMOD, Schottky barrier can be 

prevented (Figure 1.7b). Similarly, if aluminum is used as a cathode and ϕAl > LUMOA,a 

Schottky barrier is formed (Figure 1.7c). If calcium is used as an anode and ϕCa < 

LUMOA, the band bending leads to ohmic contact (Figure 1.7d). This suggests that gold 

and calcium could be a better electrode-pair. However, the high cost of gold, the 

difficulty associated with its patterning via etching, and the low oxidation potential of 

calcium is keeping the ITO-Al couple as the most popular choice. 

 

Figure 1.7. Band bending and Fermi level alignment for different electrodes.
21
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1.5. Device Components 

In an organic solar cell, the active layer comprising of donor and acceptor components 

are sandwiched between two electrodes: tin doped indium oxide (ITO) is often used as 

the cathode, while aluminium is the most frequent choice for the anode. An exciton 

blocking layer (EBL) between the anode and the active layer and an electron blocking 

layer between the cathode and the active layer are commonly employed as selective 

contacts (Figure 1.8).  

 

Figure 1.8. Standard components of an OPV device. 

 

1.5.1. The Bottom Contact (Cathode):  

 Indium-tin-oxide, consisting of In2O3 (90%) and SnO2 (10%), is the most 

common choice for cathode material. ITO is commercially available as thin-films on a 

glass substrate, the conductivity and band gap of which varies depending on the 
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pretreatments. ITO is a transparent (ca. 85%) wide band gap (ca. 3.2-4.0 eV) n-type 

semiconductor, which is used as a hole acceptor in organic photovoltaics (OPVs). The 

large band gap prevents absorption of wavelengths longer than about 350 nm. To reduce 

the hole injection barrier, various pretreatments have been used to favorably raise the 

work function of ITO.
22

 Surface modifiers have also been employed to manipulate their 

work function.
23-31

 The ITO surface is, however, heterogeneous with a rms surface 

roughness on the order of 5 nm
2
. This can lead to poor contacts at the ITO-donor 

interface resulting in high series resistance, which can adversely affect the ηCC. The high 

cost, which arises from the expensive indium, and high surface roughness of ITO has led 

to increasing interests in developing alternate cathode materials. Several p-type 

semiconductors have been reported, but have not been able to surpass the performance of 

ITO.
32-35

 

 

1.5.2. The Hole Selective Layer (HSL): 

 To improve the contact between the donor and the ITO, a thin layer of a 

conducting polymer, poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 

(PEDOT:PSS), is often employed as a hole selective layer (Figure 1.9).
36

  

 

 

Figure 1.9. Structure of PEDOT:PSS 
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1.5.3. The Active Layer 

 The active layer consists of a donor and an acceptor either as layers or as a blend 

(Figure 1.7). The purpose of the donor layer is to harvest the incident photons and then 

successfully diffuse the exciton to the acceptor interface. An ideal donor layer would be 

the one that (a) can absorb intensely and broadly in the visible through the near-IR region 

in the condensed phase; (b) has a long exciton difussion length (LD); (c) is free from 

defects and grain boundaries; (d) can be easily processed from solution using spin-

coating etc.; and (e) can be easily synthesized in large quantities. Details on donor layers 

is presented in section 1.6. 

 Fullerenes such as C60 or its soluble derivative, phenyl-C61-butyric acid methyl 

ester (PCBM) are the most popular choice for acceptors (Figure 1.10) .
37,38

 Fullerenes 

have long LD values but are expensive due to difficulties in synthesis and purification. 

Perylene derivatives such as perylene-3,4,9,10-tetracarboxylic diimide (PTCDI) can be 

easily synthesized from inexpensive precursors. However, they have low LD, rendering 

them less than ideal.
39-41

  

 

Figure 1.10. Commonly used acceptor molecules. 
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1.5.4. The Exciton Blocking Layer (EBL): In between the acceptor and the anode, an 

intermediate layer of either bathocuprine, BCP (for planar heterojunction) and LiF or 

calcium (for bulk heterojunction) are often used (Figure 1.11).
42

 The purpose of the 

intermediate layer is to prevent damage to the active layer during thermal evaporation of 

aluminium (cathode), which may otherwise lead to formation of defects at the acceptor-

anode interface. These defects can act as traps sites for excitons and may lead to their 

quenching, lowering the ηCC. Therefore, these layers are sometimes referred to as the 

exciton blocking layer (EBL). An EBL can also improve the contact between the organic 

layer and the metal electrode.
43

 The EBL also acts as an optical spacer between the active 

layer and the reflecting cathode, thereby increasing the optical intensity at the donor–

acceptor interface. The ultrathin LiF layer is believed to (a) form an ohmic contact with 

fullerene acceptors,
44

 (b) to protect the active layer from the hot Al atoms during the 

thermal deposition, (c) to dope the organic material immediately beneath the electrode 

and has shown to increase the Voc in certain systems, (d) to establish a dipole that 

influences charge carrier extraction, (e) to slightly alter the effective Al work function.
45

 

 

Figure 1.11. Structure of bathocuprine (BCP) 
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1.5.5. The Top Contact (Anode):A low work function metal (Al, Ca, In, Ag) is usually 

used as the anode (Table 1.2). Since the contacts have to be semi-transparent, the 

thickness of the electrode depends on the metal, e.g. Au (ca. 20 nm).  

 

 

Table 1.2. Workfunction (eV) of the various elements in poly-crystalline form.
21

  

 

 

1.6. Organic Semiconductors as Donor Layers 

 Organic chromophores, which have until recently been limited to usage as dyes 

and pigments, are emerging as materials for advanced technologies such as printers and 

copiers, and developing technology such as organic solar cells. Since the seminal work of 

Pope
3
 and Tang,

4
 which led the foundation for single and bilayer organic solar cells, 

respectively, we have seen a paradigm shift from silicon towards organic molecules. The 

growing interest in organic semiconductors partly originates from the high cost of (single 

crystal) silicon, which makes it expensive to fabricate a solar cell from a thick-film of 

silicon, which is often required as silicon has a low absorption between 600-1100 nm. 
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1.6.1. Organic Semiconductors and Silicon 

 The smaller size and higher electronegativity of carbon leads to stronger 

intramolecular interactions (and hence weaker intermolecular interactions) compared to 

silicon. This results in higher dielectric constants ( ≥ 10) for inorganic semiconductors 

compared to organic semiconductor ( ≤ 4) and is believed to be the root cause for the 

mechanistic differences in their photoconversion processes.
42

 The electrons are mostly 

localized within one molecule unit in organic semiconductors leading to a Frenkel 

exciton. The typical radius of Frenkel exciton is ca. 1 nm. In inorganic semiconductors, 

the electron is highly delocalized along the conduction band leading to Wannier-Mott 

exciton. The typical radius of a Wannier-Mott exciton is ca.10 nm.  Thus, photoexcitation 

leads to the formation of free electrons (and holes) in a silicon solar cell. In organic solar 

cells, photoexcitation produces excitons, a coulombically bound electron-hole pair, which 

requires more than thermal energy (kT) for their dissociation. In silicon, charge 

separation (and recombination) happens throughout the bulk of the material, which is 

limited to the donor-acceptor interface in organic semiconductor. The high dielectric 

constant in silicon also leads to several orders of magnitude higher charge mobilities in 

silicon compared to organic semiconductors.  

 Inorganic and organic semiconductors differ significantly in their absorption 

width. Inorganic semiconductors (such as crystalline silicon) absorb photons over a wide 

range of wavelengths as long as the energy of the photons is greater than their optical 

band gaps. Organic semiconductors, on the other hand, have a relatively narrow 

absorption and well defined optical transitions. In order to develop panchromatic solar 
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cells, particularly those that can extend their absorption to the near-IR region, several 

attempts have been made using tandem chromophores or their ensembles.
46-48

 

 However, organic molecules have several advantages over silicon: (a) they can be 

synthesized from inexpensive precursors, (b) they can be processed at low temperature 

unlike silicon which requires high temperature, (c) due to the high absorptivity, they can 

be used to fabricate solar cells from thin-films, and (d) they can potentially be used to 

fabricate flexible solar cells.  

 

1.6.2. Small Molecule and Polymeric Organic Semiconductors  

 New OPV materials are required which efficiently convert both visible and near-

IR excitation into electrical power, retaining the virtues of organic materials: (a) they can 

generally be synthesized to ensure good solution processability, providing low cost and 

scalability to large area devices; (b) their spectral properties, ionization potentials and 

electron affinities are tunable to optimize both bandgap and VOC; (c) aggregates of these 

materials in optimized architectures can demonstrate high charge mobilities, which is 

essential for low series resistance (RS) in an OPV; (d) many of these organics, in the 

absence of water and oxygen, are photo-stable, suggesting the possibility of long OPV 

lifetimes. 

 Organic polymer-based OPVs with near-infrared spectral response have been 

reported, but their energy conversion efficiency is lower than that seen for systems based 

on poly(3-hexylthiophene)/phenyl-C61-butyric acid methyl ester (P3HT/PCBM) 

systems,
37,38,49-53

 for reasons which are still under investigation. We see a need for the 
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further investigation of small molecule semiconductor materials for OPV applications. 

Small molecules (a) have a fixed molecular weight; (b) can be relatively easy synthesized 

and purified in gram quantitites; and (c) are more easily tuned with respect to properties 

which control their ionization potentials and electron affinities. These advantages must be 

accompanied, however, by aggregation leading to assemblies with high charge mobilities, 

a virtue of many semiconducting polymers not often seen in small molecules.  

 

1.7. Near-IR Absorbing Organic Materials for OPVs 

 Near-IR absorbing dyes were first discovered by Piccard in 1913.
54-56

 Piccard 

suggested that the absorption maximum can be extended to the near-IR region by 

increasing the molecular weight (extending conjugation) of a dye such as 

phenylenediamine. His argument was solely based on the theory of complimentary 

colors. He observed that only interference colors were visible for a dye that „left‟ the 

visible region and „entered‟ the near-IR region. Since then, numerous reports have poured 

in regarding synthesis and utility of near-IR absorbing dyes and have recently been 

reviewed.
9,57

 Near-IR absorbing chromophores not only find application in OPVs
58-60

  but 

in numerous other emerging fields including imaging and treatment of cancer,
61

 optical 

recording,
62

 as xerographic photoreceptors in copiers and printers,
63

 as the active layers in 

gas sensors,
64,65

 and as sensitizers in dye-sensitized solar cells.
66,67

  However, this 

dissertation will focus on phthalocyanines as near-IR absorbing donors that have been 

used to construct organic solar cells from their solution.
48,68-81

 A brief survey of other 

near-IR donors and their solution processed OPVs is presented in chapter 4. Here, we will 
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focus on some of the fundamental properties of Pcs which make them good candidates 

for OPVs as well as those that prevent them from being ideal. 

 

1.7.1. Phthalocyanines (Pcs) as a Donor Layer in OPVs 

 Phthalocyanines (Pcs) are highly conjugated synthetic porphyrin analogs that 

exhibit high extinction coefficients, LUMO energies and hole mobilities, and strong  

interactions.
82

  Near-IR absorbing (and emitting) Pcs, in particular, have potential 

application in both detecting and treating cancer by photodynamic therapy as mammalian 

tissues are transparent in the near-IR spectrum (700–900 nm).
61

 These molecules are also 

used as xerographic materials,
63

 in photovoltaic windows,
83

 and in organic solar cells.
84

  

Phthalocyanine (Pc) chromophore was accidentally discovered in 1907 by Braun and 

Tscherniac while attempting to synthesize o-cyanobenzamide from phthalamide.
85

   

Twenty years later, Diesbach and von der Weid rediscovered Pc while attempting the 

synthesis of phthalonitrile from o-dibromobenzene and cuprous cyanide. 
86

 The official 

version is different from above. It is widely accepted that chemists at the Scottish Dyes 

Ltd, now part of ICI, observed the formation of Pc during the synthesis of phthalimide 

from phthalic anhydride due to iron contamination and subsequently filed a patent in 

1928.  The exact structure of the Pc was elucidated by Linstead in 1934 and later 

confirmed by Robertson using  X-ray diffraction.
87,88
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1.7.2. Synthetic Routes to Phthalocyanine (Pc)  

 

Figure 1.12. Routes to Pc synthesis.
89

 

 

 There are several routes to H2Pc, involving one-step condensation of a precursor 

such as phthalic acid, o-cyanobenzamide, phthalic anhydride, phthalimide, o-

dibromobenzene, diiminoisoindoline, and phthalonitrile (Figure 1.12).
89

 Linstead 

developed a synthetic route to Pcs involving the reaction of a phthalonitrile with a 

solution of lithium, sodium or magnesium alkoxides generated in situ in an alcohol e.g. 1-

pentanol. Tomoda et al. reported modification of this route involving 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) as a non-nucleophilic base, which avoided side 

products usually obtained with strong bases.  
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Figure 1.13. Mechanism for metal-template assisted Pc synthesis. 

  

 The accepted mechanism for the macrocyclization involves a nucleophilic attack 

on phthalonitrile cyano group by the alkoxide anion leading to the formation of a 1-

alkoxy-3-iminoisoindolenine intermediate, which then undergoes reduction and then 

cyclizes to Pc (Figure 1.13).
89

 Demetallation of MPc (M = Li2, Na2 or K2) can be carried 

out by a solution of dilute acid to obtain H2Pc. H2Pc can be used to prepare metal Pcs 

(MPcs) by reaction with metal salts. Alternatively, MPc can be prepared from the 

corresponding unsubstituted precursors using metal salts as a template during cyclization. 
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Metallated Pcs can be obtained either en route cyclization or via post modification of 

unmetalled Pcs. 

  

Figure 1.14. Various elements that can be substituted in Pc core.
90

 

 

 Phthalocyanine can be substituted at up to 16 sites on the ring consisting of 8 

peripheral (2, 3, 9, 10, 16, 17, 22, and 24), 8 non-peripheral (1, 4, 8, 11, 15, 18, 22, and 

25) sites. The central dibasic site can chelate up to 70 different metals (Figure 1.14). 

Metal-free phthalocyanine (H2Pc) adopts a square planar geometry with D2h symmetry. 

Divalent metal ions (+2 oxidation state) such as Cu(II) forms a 1:1 planar metal-ligand 

complexes with a D4h symmetry. Tri- and tetravalent  metal ions, such as Ti (IV), can 

adopt either square pyramidal with a C4v symmetry (TiOPc) or a trigonal prism geometry 

with D3h symmetry (TiCl2Pc) depending on the fifth coordination. The geometry also 
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depends on the size of the metal ion, e.g., Cu(II) fits inside the cavity of the Pc 

macrocycle while Pb(II) lies above the plane of the Pc ring leading to a C4v symmetry.  

 

1.7.3. Absorption Spectra of Phthalocyanines (Pcs) 

 Phthalocyanines exhibit characterisitc Q and B bands in the UV-visible spectrum 

(Figure 1.15). The Q band arises from the electronic transition from a doubly degenerate 

HOMO (a1u) to LUMO (eg) of the molecule and is diagnostic for differentiating between 

MPc and H2Pc. The unmetallated derivative is lower in symmetry and therefore LUMO 

levels (b3g, b2g) are non-degenerate leading to two possible electronic transition and hence 

a split Q-band (Figure 1.15). The B-band arises due to electronic transitions from a 

deeper level orbital to the LUMO. Pcs exhibit a very high molar absorptivity (ca. 10
5
 

M
-1

cm
-1

). The exact wavelength of the absorption maxima depend upon the extent of 

conjugation and on the electronics (electron donating/withdrawing capability) of the 

functional groups on the chromophore.  

 

Figure 1.15. Typical absorption spectrum of a phthalocyanine shows Q- and B-bands (a). 

The Q-band is collapsed  for a MPc (b) while there is a split Q-band for a H2Pc (c). 
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1.8. Challenges in using Pcs as a donor layer in OPVs. 

1.8.1. Pcs Have Poor Solubility in Common Organic Solvents  

 Active layers required for OPVs are often obtained by vacuum deposition, which 

may not be practical or economical for large area devices. Solution-processable active 

layers are desirable due to the ability to deposit films over large areas using high 

throughput techniques like reel-to-reel wet coating,
91

 ink-jet printing,
92-94

 or spin-

coating,
95-102

 which can facilitate the formation of large area, light weight and potentially 

flexible devices. Though polymeric donor layers have been solution-processed into thin 

films, most reports on solar cells from small molecule chromophores are of vapor 

deposited thin-films.
58-60

 Techniques to improve solubility of Pcs include substitution at 

peripheral (or non-peripheral) sites with a suitable substituent. However, since these 

substituents are not electroactive, they end up using precious donor layer volume without 

contributing to the photon induced charge transfer. This trade-off must be closely 

monitored to find a balance between the two wherein enough solubility can be achieved 

without a significant loss in electronic properties per unit volume. 

 

1.8.2. Pc Absorption is Limited to the Visible Region  

 The Pc absorption spectrum is limited to the visible region of the chromophore 

while 50% of the solar radiation is incident in the near-IR region (Figure 1.3).
5
 To date 

the most efficient OPVs have been formed from organic donor and acceptor materials 

that are transparent in the near-IR.  If good near-IR absorptivities could be introduced to 

the OPV, power conversion efficiencies could be significantly improved. Several 
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approaches have been envisioned to modify existing chromophores to enhance absorption 

in the near-IR. Red-shifting of the absorption maximum can be brought about by the 

extension of conjugation in the molecule. For example, porphyrin, phthalocyanine, and 

naphthalocyanine have absorption maximum at ca. 400, 690, and 750 nm, respectively, 

due to increased -conjugation.
82

 Electron donating (or withdrawing) groups at peripheral 

or non-peripheral positions can also promote red shift. For example, thioether substitution 

at the eight peripheral positions of a phthalocyanine red-shifts the absorption maxima by 

ca. 30 nm.
103

 Intermolecular interactions in small molecule semiconductors are 

directional and can lead to polymorphism that can often be controlled via careful 

modification of the chromophore and/or by optimizing processing conditions. These 

polymorphic phases tend to have different degree of crystallinity and photoactivity. 

Metal-oxo Pcs such as titanyl phthalocyanines (TiOPcs) exist in different crystalline 

polymorphs that absorb in the near-IR.
104

  

 

1.8.3. Pc Suffers from High Rates of Recombination Loss in OPV Devices 

 Low mobilities in Pcs are attributed to high rates of recombination. Seemingly 

similar solution and condensed phase behaviour, e.g. packing, grain size, or absorption 

spectra of MPcs (M = Fe, Ni, Cu, Zn) does not explain the significant variations their 

performance as a donor layer in OPVs. However, their fluorescence spectra are 

significantly different from one another (Figure 1.16). While the fluorescence intensities 

of NiPc and FePc were observed to be below the detection limit, ZnPc exhibited ninety 

times stronger fluorescence intensity compared to CuPc.
105
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Figure 1.16. (a) Absorption and (b) Fluoroscence spectrum for MPcs (M = Fe, Ni, Cu, 

Zn) 

 

 Quantum mechanical study by Schöneboom and Weis et al. suggests that the 

different fluorescence behaviors are based on characteristic ligand–metal exchange 

coupled states (LMEC states). The authors proposed the presence of intermediate states, 

arising from d–d excitations and ligand–metal exchange coupling, below the Q-band 

(*) excitation. The number of intermediate states depend on the metal, e.g. ZnPc has 

no intermediate states, CuPc has one, NiPc has two and FePc has over six intermediate 

states. The authors argued that the increasing number of intermediate states led to 

increasing rates of non-radiative relaxation affecting the lifetime and the exciton 

diffusion length (LD).
105

 In a separate study, Adachi et al. studied the performance of 

OPV devices based on several MPcs (M = Co, Fe, Ni, Cu, Zn). The authors observed a 

linear relationship between JSC (short circuit obtained from OPV devices) and hole 

mobility for the MPcs, except for ZnPc. Devices from both CuPc and ZnPc delivered a 

JSC of 3.6 mA/cm
2
 despite significant lower mobilities in the latter. Also, a linear 

relationship was observed between JSC  and exciton diffusion lengths for MPcs (M = Co, 
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Fe, Ni, Cu, Zn).
106

 Thus, the exciton diffusion length  and not the hole mobility appeared 

to limit the JSC. Therefore, a lower recombination loss could significantly enhance the 

device performance.  

 

1.8.4. Pcs have Low Hole Mobility and Short Exciton diffusion length  

 Mobility of charges play an important role in the OPV performance. Electrons 

move faster in a fullerene acceptor than holes in the Pc donor in a Pc/fullerene OPV, 

creating a charge imbalance.
107

 Charge transport in Pc films is believed to occur along 

the -stacking axis, perpendicular to the molecular plane. Thin-films of Pcs, which are 

usually obtained by vacuum deposition, do not have a homeotropic alignment of the Pcs 

with respect to the ITO (Figure 1.17a). The exciton diffusion length (LD) depends on the 

extent of molecular organization. For example, Huisjer et al. demonstrated that a self-

assembled psedo-homeotropic arrangement can be achieved for porphyrin molecules with 

LD of ca. 15 nm (Figure 1.17 b).
12,13

  In an effort to achieve homeotropic alignment of 

Pcs, Sullivan et al. deposited 3,4,9,10-perylenetetracarboxylic acid (PTCDA) on the ITO 

surface before vacuum deposition of Cu(II)Pc, which acted as a template for the Pcs to 

stack. The OPV with device configuration ITO/PTCDA/Cu(II)Pc/C60, exhibited an 

improved performance.
108

 However, PTCDA is not the ideal surface modification due to 

energetic mismatch. The authors also demonstarted that replacing PTCDA with 

molybdenum oxide (MoOx) could serve the same purpose.
109

 Thus, the OPV device 

performance can be significantly improved by controlling the orientation of the 

chromophores in the donor later. 
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 Heavy metals (e.g. Pd) with 4d or 5d valence electrons can promote 

intermolecular electron transfer through mixing of d orbitals (4d/5d) of the metals in a 

MPc.
107

 Heavy MPc can also promote the conversion of singlet into triplet excitons. 

Jabbour et al. has recently demonstrated that Pd(II)Pc is a promising donor material with 

long exciton diffusion length, which leads to improved Pd(II)Pc/C60 OPVs.
110

  

 

Figure 1.17. Usually observed arrangement of chromophores on an ITO platform Pcs (a) 

and Porphyrins (b). Proposed  arrangement of Pc chromophores that could lead to 

improved exciton diffusion lengths (c and d). 

 

 

1.8.5. Pc forms Poor Contact at the ITO-Donor Interface 

 The charge injection barrier at the bottom contact affects the overall OPVs 

performance. Assuming the energetics favour ohmic contact (over the Schottky barrier) at 

the ITO-donor interface, a robust contact at this interface should reduce series resistance 

and promote charge injection. Friend et al., who developed the first solution processable 

Pc-based OPV devices, reported delamination and poor film-quality for Pcs on the ITO. 

An interlayer of PEDOT:PSS is commonly used to improve the interaction between ITO 

and the Pc layer. However, this introduces sheet-resistance and reduced hole injection. 

Therefore, it becomes necessary to tune the design of Pc to make it more compatible with 

the ITO. 
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1.9. Scope of the Current Research 

 Renewable sources are part of the solution to the global energy crisis. 

Photovoltaic (PV) technology is emerging as one of the most promising renewable 

sources as it can potentially generate more power than all other renewable and non-

renewable sources combined.  Amongst PV technologies organic photovoltaics (OPVs) 

are attractive due to their low cost of fabrication coupled with their ability to lend 

themselves into light-weight, large area, and potentially flexible devices. OPVs contain 

donor and acceptor layers for absorbing solar energy for which a panchromatic 

chromophore would be ideal. However, optical absorption for most chromophores is 

confined to the visible region, which limits the efficiency of organic solar cells. 

Therefore, the onus is on the synthetic chemists for the design and development of 

molecules that can span absorption in the near-IR region.  

Amongst near-IR absorbing molecules, phthalocyanine (Pc) is a promising candidate as it 

is (a) highly absorbing; (a) thermally and chemically stable; (c) non-toxic; (d) 

constitutionally variable at up to 17 sites consisting of 8 peripheral (2, 3, 9, 10, 16, 17, 22, 

and 24), 8 non-peripheral (1, 4, 8, 11, 15, 18, 22, and 25) and 1 central dibasic site, 

providing the necessary tunability of physical and chemical properties. However, Pc (a) 

lacks solubility in organic solvents (section 1.7.1); (b) typically absorb in the visible 

region (section 1.7.2); (c) exhibits high rate of recombination in OPV donor layers 

(section 1.7.3); and (d) shows poor mobility and exciton diffusion length (LD) in OPV 

donor layer (section 1.7.4).  
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 To address these problems it is required to synthesize Pc derivatives with 

different functional groups that could impart the desired material properties. However, (a) 

Pc synthesis if often tedious, (b) literature is deficient in solution processable OPVs 

based on Pcs, and (c) little is known about how the structure of a Pc influences the 

performance in OPVs. Therefore, we need to develop an easy route to numerous 

metallated and peripherally substituted derivatives.  

 

Figure 1.18. Solving big problems with small molecules 

 

 The current work focuses on development of a high throughout method for 

synthesis of peripherally substituted near-IR absorbing soluble processable Pcs via click 

chemistry (Chapter 2). The research also demonstrate a general method for the synthesis 

of axially substituted soluble processable non-planar Pcs, e.g. TiOPc (Chapter 3) and a 

high throughput method for obtaining near-IR absorbing TiOPc polymorphs (Chapter 4). 

Further, the research demonstrate fabrication of OPV devices in both planar and bulk 
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heterojunction architectures  from soluble TiOPc derivative (Chapter 5). The reverse 

pyramid shows how a big problem can be solved with a small molecule (Figure 1.18).  
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CHAPTER 2 

PERIPHERAL MODIFICATION OF A NEAR-IR ABSORBING 

PHTHALOCYANINE DERIVATIVE  BY CLICK CHEMISTRY 

 

2.1. Introduction 

 Phthalocyanines (Pcs) are extensively conjugated synthetic porphyrin analogues 

that show high extinction coefficients, LUMO energies and hole mobilities, and strong 

 interactions.
1
  As a result, they find application in organic electronics

1,2
  such as solar 

cells,
3,4

 field effect transistors,
5
 optical limiting devices,

6
 and biomedical applications 

such as optical imaging, photodynamic
7,8

 and gene therapy.
9
 In particular, near-IR 

absorbing Pcs have attracted much attention recently due to their ability to absorb (and 

emit) photons in the near-IR region of the electromagnetic spectrum, which is desirable 

for developing technologies such optical imaging, photodynamic therapy (PDT), 

xerographic materials,
2
 photovoltaic windows,

10
 and organic photovoltaic (OPV) 

devices.
11-20

 

 In solution, near-IR absorbing (and emitting) Pcs have potential application in 

both detecting (optical imaging) and treating cancer (PDT). Optical imaging is a fast 

developing non-invasive technology for monitoring tumor growth, which utilizes 

fluorescence from a chromophore. Photodynamic therapy is used to treat cancer using 

singlet oxygen produced through a photoexcited chromophore.
21-26

 Penetration of photon 

inside a tissue is highly dependent on the wavelength of light used. Mammalian tissues 
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are transparent in the near-IR spectrum (700–900 nm), which maximizes tissue 

penetration as well as minimizes interference from non-target tissues.  

 In the condensed phase, near-IR absorbing Pcs are used as xerographic materials,
2
 

in photovoltaic windows,
10

 and in organic solar cells. Organic solar cells, which consist 

of a donor (such as Pcs) and an acceptor material blended or layered between two 

electrodes, are devices capable of harvesting and converting solar photons into electrons. 

One way to enhance device efficiency is to maximize the absorption of photon in the 

near-IR region of the solar spectrum, around the solar maxima. The transport of exciton 

(bound electron-hole pair) and charges (electrons and holes), which follows the 

photoexcitation of the chromophore, is highly dependent on the morphology that these 

chromophores adapt in the condensed phase. The condensed phase properties of Pcs can 

be optimized by controlling the short and long range organization of the molecules either 

by self-assembly
27-30

 (bottom-up) or nanopatterning (top-down) approaches.
31,32

   

The performance of Pc materials in solution phase depends on their solubility, 

partition coefficient, and their interaction with various surfaces in vivo. In the condensed 

phase, the performance is determined by the morphology that Pcs adopt by self-assembly 

and the nanostructures into which they can be fabricated. However, little is known about 

the relation between the structural variations and their performance in these applications. 

The solution and condensed phase properties of Pcs can be tuned by modification with 

suitable functional groups, which requires a method for their synthesis that can generate 

numerous Pc derivatives with high fidelity. Linstead developed a synthetic route to 

phthalocyanines (Pcs) in the 1930s and this route and its variations are still the only 
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method available till date. Phthalocyanine (Pc) synthesis is often tedious, which is 

combination of (a) the low yielding macrocylization step and (b) the difficulty associated 

with its isolation. Pcs, during flash chromatography (a) get absorbed on the silica gel 

thereby hindering the elution, and (b) tend to streak/tail on the silica column rendering 

isolation difficult. Though there are many reports on peripheral modification of Pcs,
28,33-

44
 a general method for their synthesis is still scarce.

31,45
 A practical route for 

phthalocyanine modification would (a) circumvent the low yielding Linstead cyclization 

step, which is often accompanied by tedious purification; (b) allow modification with 

substituents that would otherwise not survive the Linstead cyclization conditions; (c) be 

amenable to scale-up. 

 

2.1.1. Click Chemistry: Azide–Alkyne cycloaddition (AAC) 

Reactions requiring benign conditions, simple work up and purification 

procedures that can create molecular diversity from modular building blocks with high 

fidelity and throughput are classified as a “click” reaction. There are numerous reactions 

that qualify as a „click‟ reaction including thiol-ene,
46

 thiol-alkyne,
47

 nitric oxide-ene,
48

 

and alkyne-azide coupling.
49

  The Cu(I)-catalyzed variant of the Huisgen 1,3-dipolar 

cycloaddition
50

 was independently developed by Sharpless
51

 and Medel.
52

 In the absence 

of a copper catalyst, the cycloaddition requires elevated temperatures and long reaction 

times and leads to a mixture of regioisomers (Figure 1). However, the copper-catalyzed 

azide–alkyne cycloaddition (CuAAc) affords the 1,4-regioisomer product exclusively 

(Figure 1a).
49

 Sharpless et al. also reported a ruthenium-catalyzed azide–alkyne 
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cycloaddition (RuAAc) leading exclusively to the 1,5-isomer (Figure 1b).
53

 While the 

CuAAc reaction is limited to the terminal alkynes, RuAAc can activate internal alkynes 

as well. Though copper-free versions of the alkyne-azide click reaction have been 

reported recently, the copper-catalyzed azide–alkyne cycloaddition (CuAAc) continues to 

be the most popular choice. 

 

Figure 2.1. Formation of triazole from the reaction of alkyne and azide via (a) thermal, 

(b) CuAAC, and (c) RuAAC routes.
54

 

 

Unlike the thermal dipolar cycloaddition of azides and alkynes that occurs 

through a concerted mechanism, the copper-catalyzed azide–alkyne cycloaddition 

(CuAAc) proceeds via a stepwise mechanism (Figure 2). It is widely accepted that the 

alkyne forms a copper-acetylide with assistance of a base and subsequently reacts with 

the azide leading to the triazole ring via a 6-membered intermediate. 

 

Figure 2.2. Proposed outline of species involved in the catalytic cycle.
54
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2.1.2. Phthalocynines (Pcs) and Click Chemistry 

Alkyne-azide „click‟ chemistry
55

 has recently been demonstrated by us and others 

as a mild and elegant method for functional modification of Pcs.
31,45,56-63

 „Click‟ 

chemistry modification of Pcs can be approached either from azide- or alkyne-terminated 

Pcs as a partner in the CuAAC reaction and both routes have been reported.  

 

 

Figure 2.3. Click modification of symmetrically substituted octasubstituted Pcs  



63 

 

 

Several symmetrically substituted Pcs have been reported.
45,31,60,62

 Rowan et al. 

reported TMS-protected Octaalkynyl Pc 2.1, which upon in situ deprotection and 

subsequent CuAAc reaction with an azide, led to octasubstituted Pc 2.2 (Figure 1a).
45

 

McGrath et al. reported octaalkynyl Pc 2.3 and have modified this Pc using the CuAAC 

reaction to yield Pc derivative 2.4 with different peripheral substituents on the 

macrocycle (Figure 1b).
31

 Schotten et al. reported synthesis of octaalkynyl Pc 2.5 and 

subsequent click reaction with galactose azide leading to an octasubstituted galactose-Pc 

conjugate 2.6 (Figure 1c).
60

 Tetraalkynyl Pc 2.7 and their subsequent click reaction yield 

tetrasubstituted Pc 2.8 have also been reported (Figure 5).
62

  

 

Figure 2.4. Click modification of tetraasubstituted Pc.  

 

 While symmetrical modification of Pcs have been approached from alkyne-

terminated Pcs, both azide- or alkyne-terminated Pcs have been used for modification of 

asymmetrical Pcs. Ahsen and Lafont et al. reported the synthesis amphiphilic 

carbohydrate–phthalocyanine conjugate 2.10 starting from azide substituted Pc 2.9 

(Figure 5a).
56

 Torres et al. reported the synthesis of azide terminated Pc 2.11, which was 

used for the CuAAC reaction with an alkyne-terminated carbon nanotube to give 2.12 
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(Figure 5b).
64

 Zimcik et al. reported a phthalocyanine–mestranol conjugate 2.14 starting 

from an azide-terminated asymmetric Pc 2.13 (Figure 5c).
63

 

 

 

 

 

 

Figure 2.5. Click modification of azide-terminated asymmetric Pc. 
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Shibata et al. reported a Pc-Pc conjugate 2.16 by a double „click‟ of an 

asymmetric Pc 2.15 and 1,4-bis(azidomethyl)benzene.
58

  

 

Figure 2.6. Click modification of alkyne-terminated asymmetric Pc. 

 

2.1.3. Research Goals 

The endeavor to prepare numerous Pc derivatives that could be applied to 

technologies such as OPV devices
3,4

 and photodynamic therpy
7,8

 is obstructed by the low-

yielding cyclization step and tedious purification that follows. There is a continuous 

demand for better Pc materials for the advancement of these technologies, which requires 

a comprehensive understanding of the structure-property correlation. Thus, an efficient 

route to a small library of Pc derivatives is necessary, which the iterative synthesis 

certainly cannot provide.  

Copper catalyzed alkyne-azide (CuAAC) click reaction is emerging as a  

powerful route to numerous Pc derivatives as evident from a significant number of 

reports on this topic published during the course of this research.
45,31,60,62

  However, most 

reports on „click‟ chemistry modification of Pcs are restricted to those Pc chromophores 

whose absorption is restricted to the visible region. Chromophores exhibiting absorption 

extended to the near-IR has potential application in photodynamic therapy (PDT) as the 
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mammalian tissues are transparent in the near-IR spectrum (700–900 nm). Also, since 

50% of the solar radiation is incident in the near-IR region, chromophores with 

absorption extended to the near-IR are desirable for improved organic photovoltaic 

(OPV) device efficiency. Additionally, some of the reported Pcs modified via „click‟ 

chemistry were either not soluble in common organic solvents or only sparingly 

soluble,
45

 which necessitates the need for an optimum linker length (between the alkyne 

and Pc) that would improve the solubility. Therefore, we are interested in synthesizing a 

soluble Pc derivative that would absorb in the near-IR region of the electromagnetic 

spectrum and using this as a scaffold for creating several functionalized Pc derivatives 

such as those bearing photocrosslinkable groups.  

 

2.2. Synthesis of Soluble, Near-IR Absorbing Octasubstituted Pcs Using Click 

Chemistry 

We report herein the synthesis of a series of near-IR absorbing soluble Pc 

derivatives that bear eight alkyne thioether moieties as side chains of the chromophore. 

Substitution at the -positions of Pcs with thioether shifts the absorption in the near-IR 

region.
65

 While others reported modified Pcs via „click‟ chemistry that were not soluble 

in common organic solvents,
45

 the phthalocyanines (2.19b-d) reported here were readily 

soluble in most organic solvents (e.g. CH2Cl2, CHCl3, and THF). Modification of one of 

these Pcs with a variety of azides by „click‟ chemistry led to a small library of Pcs from a 

single Linstead cyclization.
66
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2.2.1. Synthesis of Clickable Pcs 

Phthalonitrile (Pn) 2.17 was synthesized by nucleophilic substitution on 4,5-

dichlorophthalonitrile with 4-hydroxythiophenol (Scheme 2.1).  Due to the higher 

nucleophilicity of sulfur relative to oxygen, the S-arylation isomer was obtained 

exclusively. The phenolic sites of Pn 1 provide facile access to alkylated derivatives 

using either Williamson ether or Mitsunobu conditions.
67,68

  To determine a suitable 

alkyne-linker length that would result in sufficient solubility of the corresponding 

clickable phthalocyanine, a series of phthalonitriles 2.18a-d were synthesized using 

Mitsunobu protocol between phthalonitrile 1 and a series of -alkyn-1-ols in the presence 

of DIAD and triphenyl phosphine under sonication conditions (Scheme 2.1).  In all cases 

colorless solids were obtained in acceptable yields. 

 

Scheme 2.1. Synthesis of „click‟able phthalocyanines 2.19a-d. 
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Corresponding octaalkynyl Pcs were synthesized by Linstead macrocyclization
66

 

of Pns 2.18a-d (Scheme 2.1). Since unprotected terminal alkynes are less tolerant to hard 

nucleophilic bases such as alkoxide, DBU was used as an alternate non-nucleophilic 

base.
69

 Pc 2.19a could not be purified or characterized due to its low solubility in 

common organic solvents (THF, CH2Cl2, CHCl3, DMAc, and NMP). Pcs 2.19b-d were 

readily soluble in CH2Cl2, CHCl3, and THF, and their purification was accomplished by a 

combination of precipitation and flash chromatography.  

 

2.2.2. Synthesis of Clicked Pcs 

The most soluble Pc in the series, 2.19d, was chosen as the scaffold for the 

synthesis of a small library of Pc derivatives using „click‟ chemistry. Initially, we 

investigated „click‟ conditions using the reaction between Pc 2.19d and azide 2.20e as a 

model system.  The catalyst generally employed for these reactions, Cu(Ph3P)3Br,
70

 failed 

to provide fully-clicked Pc as assayed by MALDI mass spectrometry, even with a large 

excess of azide. However, using CuI as catalyst led to a complete reaction when an 

excess of azide (10 equiv/alkyne) was used in presence of DIPEA as a base. Beneficially, 

the copper mediated „click‟ reaction resulted in metallated Pcs starting from octaalkynyl 

Pc 2.19d in a single step (Scheme 2.2). Copper Pcs have high charge carrier mobility, 

which is
 
crucial for certain applications such as field-effect transistors.

71
   

To demonstrate the generality and functional group tolerance of the „click‟ 

reaction on acetylene-terminated phthalocyanine 2.19d, we chose alkyl (2.21a and 

2.21b), hydroxy (2.21c), crosslinkable (2.21d and 2.21e), and dendritic azides (2.21f and 
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2.21g) to prepare a small library of peripherally modified Pcs. The synthesis of azides 

2.21a-g was accomplished by reaction of corresponding chlorides or bromides with 

sodium azide in DMF.  The CuAAC conditions determined optimum for the click 

reaction between 2.19d and 2.21d (CuI/DIPEA/THF) were used for the synthesis of all 

clicked Pcs 2.20a-g.  Excess copper from the clicked Pcs 2.20a-g was removed by 

washing their solution in DCM with EDTA and then dilute acid. All clicked Pcs were 

obtained as green solids in moderate to excellent yields after purification by flash column 

chromatography.   

 

Scheme 2.2. Click reaction between phthalocyanine 2.19d and azides 2.21a-g 
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2.3. Structural characterization of Clickable and Clicked Pcs 

2.3.1. 
1
H and 

13
NMR 

NMR spectra were recorded in CDCl3 for all compounds, except 2.17.  Satisfactory 
1
H 

and 
13

C NMR spectra were obtained for 2.17 and 2.18a-d. The peaks were broad 

indicating aggregation of the chromophores in the dilute solution and hence satisfactory 

NMR spectra could not be obtained for Pc 2.19b, while only 
1
H NMR could be obtained 

for Pcs 2.19c and 2.19d.  The 
1
H NMR signal were broad for Pcs 2.20a-g due the 

presence of paramagnetic copper. 

 

2.3.2. Absorption Spectroscopy 

Pcs 2.19b-d exhibit intense Q and B bands in the UV-Vis spectra, the former of 

which are split due to the electronic transition from a doubly degenerate HOMO to 

LUMO of the molecule in these unmetallated macrocycles (Figure 2.7).
72

  The spectra 

were consistent with non-aggregated Pc cores with Q-band absorptions at 709 and 735 

nm, vibrational bands at 642 and 673 nm, and B-bands at 345 and 441 nm.  

The appearance of the Q and B bands in the UV-Vis spectra were identical for all 

clicked Pcs, consistent with the identical nature of the central Pc chromophore in all eight 

compounds (Figure 1b). The absorptivities of the Q-bands of 2.20a–g were all ca. 10
5
 M

–

1
 cm

–1
.  Metallation of the macrocycle by copper was confirmed by the collapsed Q-band 

at 719 nm for all clicked Pcs.  Absorption spectra  illustrate that the contrasting portion of 

the absorbance profile lies to the blue of 400 nm (Figure 2.7b).  While compound 2.20a 
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contains no chromophoric portions other than the Pc macrocycle, and hence exhibits no 

additional absorbance, compound 2.20d possesses styryl units that absorb as a shoulder 

from 250-275 nm.  More dramatic is the cinnamate chromophore on compounds 2.20d 

that gives rise to a strongly absorbing band at ca. 309 nm. The band arising from 

absorption of the benzylaryl ether dendrons at 280 nm in 2.20g is also evident.  

 

Figure 2.7. UV-Vis spectroscopy of (a) clickable (2.19b-d) and (b) clicked Pcs (2.20a-

g). 

 

2.3.3. Gel Permeation Chromatography 

The GPC traces of octaalkynyl Pcs 2.19b-d were indicative of monodisperse 

materials, and a hydrodynamic size increase was observed commensurate with the 

increase in molecular weight on proceeding from 2.19b2.19c2.19d (Figure 2.8a).  

The GPC traces of 2.20a-g indicate materials with larger hydrodynamic sizes than the 

corresponding starting material 2.19d (Figure 2.8b).  As expected, compounds 2.20b and 

2.20c were among the smaller of the clicked derivatives, and exhibited similar elution 

volumes.  The largest of the clicked derivatives was 2nd generation dendrimer 2.20g.   
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Figure 2.8. GPC chromatograms of (a) clickable (2.19b-d) and (b) clicked Pcs (2.20a-g). 

 

2.3.4. MALDI-TOF Mass Spectrometry 

The MALDI-TOF mass spectra for the clickable Pc 2.19b and 2.19c showed 

desired molecular ion peak. The MALDI-TOF MS for 2.20a-g exhibited peaks 

corresponding to Pcs clicked at all eight sites. 
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2.4. Thin-film Characterization of clicked Pcs 

2.4.1. Absorption Spectroscopy of Thin-films of Clicked Pcs 

Thin-films of 2.20a-g were prepared to investigate the nature of the Pcs in the 

condensed state.
 
 Spin-coated films on quartz substrates were fabricated from CH2Cl2 

solutions (ca. 10
–3

 M) of octasubstituted Pcs 2.20a-g.  All compounds formed crack-free 

solid films exhibiting broadened Q-band region indicative of aggregation (Figure 2.9a).  

While we have previously observed varying degrees of frustration of aggregation with 

dendritic substituents on the periphery of Pc chromophores,
67,68

 the presence of second 

generation dendrons on the periphery of 2.20g is clearly insufficient to maintain site-

isolation of the core chromophore.  It is likely that the presence of the linker between the 

Pc and the dendrons contributes to mitigating the site-isolation effect of the dendritic 

periphery.  Indeed, in octasubstituted dendritic Pcs that exhibited effective site-

isolation,
67,68

 the dendrons were directly attached to the hydroquinone moieties of the 

phthalonitrile precursor analogous to 2.17.    

   

Figure 2.9 (a) UV-Vis spectroscopy of thin-films of clicked Pcs (2.20a-g) spin-coated on 

quartz; (b)  UV absorption spectra of a spin-cast film of 2.20d before, during (090 min) 

and after irradiation and wet development (red trace). 
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2.4.2. Photopolymerization of Cinnamate Pc 

We have performed a preliminary investigation of the utility of the crosslinking 

residues installed on the periphery of the Pc core in cinnamate derivative 2.20d.  Robust 

condensed structures were fabricated from thin films (ca. 60 nm by ellipsometry) of 

2.20d spin-cast from ca. 10
-3

 M CH2Cl2 solutions onto quartz (500 rpm for 1 minute).  

The conditions necessary for successful crosslinking of these films were investigated by 

subjecting them to irradiation ( = 310 nm, 6 mm slits) using a 75W Xe arc lamp.  The 

solid state [2 + 2] photodimerization of the cinnamate residues was easily monitored by 

changes in the UV absorbance.
73

 Continuous irradiation resulted in a decrease in the 

cinnamate peak in the UV for 2.20d (32% overall decrease at 312 nm, max) after 90 

minutes.  The decrease in cinnamate absorbance is most likely due to both EZ 

isomerization as well as [2 + 2] photodimerization.  Subsequent wet development 

(CH2Cl2 for 2 minutes) resulted in negligible change in absorbance for the film of 2.20d, 

indicating the formation of an insoluble crosslinked network (Figure 2.9b). 

 

2.4.3. Photopatterning of Cinnamate Pc Thin-film 

With the conditions for effective crosslinking determined, we next produced 

features from these thin films with pattern sizes in the 30 m range and characterized 

them by optical microscopy and AFM.  Films with ca. 30 m feature sizes were produced 

by irradiation (310 nm for 90 minutes) of a film masked with a transmission electron 

microscopy (TEM) copper grid and subsequent wet development in CH2Cl2.  Patterns of 
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2.20d were visualized by atomic force microscopy (AFM). The positive tone images 

possessed resolved features with sharp edges matching the dimensions of the copper grid 

pattern used as a mask.  AFM images (Figure 9) of the patterned thin film confirmed the 

feature dimensions (30 m  30 m) as well as the thickness (ca. 32 nm).  The similar 

surface roughness of the films before and after crosslinking and wet development (ca. 0.9 

nm RMS) is evidence of complete polymerization of the pendant cinnamate residues. 

 

Figure 2.10.  AFM image of patterned Pc 2.20d showing 30 m square features in a thin-

film. 

 

2.5. Conclusion 

We have demonstrated the modification of a phthalocyanine by „click‟ reaction as 

a simple and general route to numerous Pc derivatives. Synthesis of a series of near-IR 

absorbing alkyne-terminated Pcs have been reported and the suitable length of alkyne-

linker necessary to impart solubility has been optimized. „Click‟ conditions have been 

optimized for the preparation of fully-clicked Pc derivatives that led to a small library of 

Pc derivatives starting from a single Pc. We have demonstrated that the Pc bearing 

cinnamate residues can be photochemically polymerized to obtain an insoluble network. 
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We have also shown that the crosslinking ability of the Pc can be utilized to obtain 

features via photopatterning. 

2.6. Experimental Section 

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

specified.  All chemicals were purchased from Aldrich, Acros Organics, TCI America 

and Alfa Aesar and used without further purification. Azides 3-azidopropylbenzene 

(2.21b),
74

 6-azidohexan-1-ol (2.21c),
75

 cinnamyl azide (2.21d),
76

 ethyl 4-(3-

azidopropoxy)cinnamate (2.21e),
77

 and 3,5-dibenzyloxybenzyl azide (2.21g)
75

 were 

prepared according to the literature. Anhydrous THF was distilled from sodium and 

benzophenone under argon. 
1
H NMR spectra were recorded on commercial 

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

permeation chromatography (GPC) was performed in a tetrahydrofuran mobile phase 

with a Waters 2695 isocratic pump running three Jordi Gel DVB columns (pore sizes 

100Å, 500Å, 1000Å) with a Waters 2996 Photodiode Array UV-Vis detector. 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. 

 

4,5-Bis(4-hydroxyphenylthio)phthalonitrile (2.17).  A mixture of 4-hydroxythiophenol 

(9.6 g, 76 mmol), K2CO3 (35.0 g, 250 mmol) and DMSO (200 mL) was stirred at room 

temperature under argon for 30 min. 4,5-dichlorophthalonitrile (5.0 g, 25 mmol) was then 

added and the reaction mixture was maintained at 90 °C with stirring for 12 h.  The 
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reaction mixture was allowed to cool to room temperature before being poured into in 1 

M HCl (750 mL) to induce precipitation. The precipitate was filtered, washed with water 

(1000 mL), and redissolved in ethyl acetate (350 mL). The resulting solution was washed 

(H2O) until the aqueous layer became neutral, dried (MgSO4), and the solvent was 

removed under reduced pressure to obtain a yellow solid. The yellow solid was powdered 

using a mortar and pestle, and then dispersed in CH2Cl2 (600 mL) with vigorous stirring. 

The precipitate was filtered to obtain 2.17 (8.77 g, 91%) as a yellow powder: mp. 268-

270 ºC; 
1
H NMR (500 MHz, CDCl3)  10.23 (s, 2H), 7.44-7.42 (d, J = 9.0 Hz, 4H), 6.95 

(s, 2H), 6.95-6.94 (d, J = 9 Hz, 4H); 
13

C NMR (125 MHz, CDCl3)  159.7, 143.8, 137.3, 

128.5, 117.6, 115.6, 115.2, 110.6; MS (ESI, negative mode) m/z 412.7 (M+HCl)
-
, 

C20H13N2O2S2Cl requires 412.0. Anal. Calcd. for C20H12N2O2S2: C, 63.81; H, 3.21; N, 

7.44. Found: 63.10, 3.53, 7.29. 

 

4,5-Bis(4-(prop-2-ynyloxy)phenylthio)phthalonitrile (2.18a).  A solution of  2-propyn-

1-ol (0.5, 9 mmol), phthalonitrile 1 (1.0 g, 2.6 mmol), triphenyl phosphine (2.4 g, 9.3 

mmol) and DIAD (1.9 g, 9.3 mmol) in THF (20 mL) was sonicated at room temperature 

under argon for 3h. The reaction mixture was diluted with CH2Cl2 (300 mL), washed 

with water (3 x 100 mL), and dried (MgSO4). Solvent was removed under reduced 

pressure to obtain crude product as a yellow solid. The crude product was powdered 

using a mortar and pestle, dispersed in hexanes (500 mL) with vigorous stirring and then 

filtered to obtain a colorless solid that was purified by flash chromatography (SiO2, 70% 

DCM in hexanes) to afford 2.18a (0.51 g, 42%) as a colorless solid: mp. 176-178 ºC; 
1
H 
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NMR (500 MHz, CDCl3)  7.49-7.48 (d, J = 8.8 Hz, 4H), 7.11-7.10 (d, J = 8.8 Hz, 4H), 

6.88 (s, 2H), 4.77-4.76 (d, J = 2.5 Hz, 4H), 2.58-2.57 (t, J = 4.5 Hz, 2H); 
13

C NMR (125 

MHz, CDCl3)  160.0, 144.8, 137.6, 129.4, 119.7, 117.5, 115.9, 111.7, 78.1, 76.8, 56.4; 

MS (ESI, positive mode) m/z 475.1 (M+Na)
+
, C26H16N2O2S2Na requires 475.0. Anal. 

Calcd. for C26H16N2O2S2: C, 69.00; H, 3.56; N, 6.19. Found: C, 68.52; H, 3.80; N, 6.09. 

 

4,5-Bis(4-(but-3-ynyloxy)phenylthio)phthalonitrile (2.18b). Following procedure for 

2a, 3-butyn-1-ol (0.6, 9 mmol), phthalonitrile 1 (1.0 g, 2.6 mmol), triphenyl phosphine 

(2.4 g, 9.3 mmol) and DIAD (1.9 g, 9.3 mmol), after flash chromatography (SiO2, DCM), 

afforded 2.18b (0.34 g, 27%) as a colorless solid: mp. 158-160 ºC; 
1
H NMR (500 MHz, 

CDCl3)  7.47-7.46 (d, J = 8.5 Hz, 4H), 7.04-7.02 (d, J = 8.5 Hz, 4H), 6.85 (s, 2H), 4.18-

4.15 (t, J = 13.5 Hz, 4H), 2.75-2.72 (t, J = 16.5 Hz, 4H), 2.06 (t, J = 2.5 Hz, 2H); 
13

C 

NMR (125 MHz, CDCl3)  160.9, 144.9, 137.7, 129.3, 119.1, 117.2, 115.9, 111.9, 80.3, 

70.6, 66.6, 20.0; MS (ESI, positive mode) m/z 503.0 (M+Na)
+
, C28H20N2O2S2Na requires 

503.0. Anal. Calcd. for C28H20N2O2S2: C, 69.97; H, 4.19; N, 5.83. Found: C, 69.74; H, 

4.43; N, 5.84. 

 

4,5-Bis(4-(pent-4-ynyloxy)phenylthio)phthalonitrile (2.18c). Following procedure for 

2a, 4-pentyn-1-ol (0.8, 9 mmol), phthalonitrile 1 (1.0 g, 2.6 mmol), triphenyl phosphine 

(2.4 g, 9.3 mmol) and DIAD (1.9 g, 9.3 mmol), after flash chromatography (SiO2, 70% 

DCM in hexanes), afforded 2.18c (0.61 g, 45%) as a colorless solid: mp. 136-138 ºC; 
1
H 

NMR (500 MHz, CDCl3)  7.46-7.45 (d, J = 11.5 Hz, 4H), 7.02-7.00 (d, J = 11.5 Hz, 
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4H), 6.85 (s, 2H), 4.14-4.12 (t, J = 12 Hz, 4H), 2.45-2.41 (t, J = 16.5 Hz, 2H), 2.07-2.01 

(m, 4H), 1.99  (t, J = 3 Hz, 4H); 
13

C NMR (125 MHz, CDCl3)  161.4, 144.9, 137.7, 

129.2, 118.5, 117.1, 116.0, 111.5, 83.6, 69.6, 66.9, 28.5, 15.6; MS (ESI, positive mode) 

m/z 531.1 (M+Na)
+
, C30H24N2O2S2Na requires 531.1. Anal. Calcd. for C30H24N2O2S2: C, 

70.84; H, 4.76; N, 5.51. Found: 70.94; H, 5.10; N, 5.60. 

 

4,5-Bis(4-(hex-5-ynyloxy)phenylthio)phthalonitrile (2.18d). Following procedure for 

2a, 5-hexyn-1-ol (1.6, 16 mmol), phthalonitrile 1 (1.8 g, 4.7 mmol), triphenyl phosphine 

(4.4 g, 16.0 mmol) and DIAD (3.4 g, 16.0 mmol), after flash chromatography (SiO2, 

CH2Cl2), afforded 2.18d (1.7 g, 69%) as a colorless solid: mp. 118-120 ºC; 
1
H NMR (500 

MHz, CDCl3)  7.46-7.44 (d, J = 9.0 Hz, 4H), 7.01-6.99 (d, J = 9 Hz, 4H), 6.85 (s, 2H), 

4.07-4.05 (t, J = 12.5 Hz, 4H), 2.31-2.29 (m, 4H), 1.98-1.95 (m, 6H), 1.77-1.75 (m, 4H); 

13
C NMR (125 MHz, CDCl3)  161.1, 144.5, 137.2, 128.74, 117.9, 116.6, 115.5, 111.0, 

83.8, 68.7, 67.6, 28.1, 25.0, 18.1; MS (ESI, positive mode) m/z 559.1 (M+Na)
+
, 

C32H28N2O2S2Na requires 559.1. Anal. Calcd. for C32H28N2O2S2: C, 71.61; H, 5.26; N, 

5.22. Found: C, 71.66; H, 5.55; N, 5.15. 

 

2,3,9,10,16,17,23,24-Octa(4-(prop-2-ynyloxy)phenthio)phthalocyanine (2.19a). A 

mixture of phthalonitrile 2a (0.20 g, 0.44 mmol), DBU (0.06 g, 0.44 mmol), LiBr (3.8 

mg, 0.04 mmol) and 1-pentanol (10 mL) was maintained at 145 C under argon for 48 h. 

The dark-green reaction mixture was allowed to cool to room temperature before 

precipitating into methanol to obtain . The precipitate was insoluble in DCM, chloroform, 
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THF, ethyl acetate, methanol, acetone, NMP, and hexanes. No characterization data was 

obtained on this material. 

2,3,9,10,16,17,23,24-Octa(4-(but-3-ynyloxy)phenthio)phthalocyanine (2.19b). 

Following the procedure for 3a, phthalonitrile 2b (0.20 g, 0.44 mmol), DBU (0.06 g, 0.4 

mmol), LiBr (3.8 mg, 0.04 mmol) and 1-pentanol (10 mL), after flash chromatography 

(SiO2, EtOAc-hexanes, gradient from 0:100 to 30:70, CH2Cl2, then THF) afforded 2.19b 

(0.04 g, 43%) as a green solid: mp. 360 °C dec.; MS (MALDI) m/z 1986.0 (M+Cu)
+
, 

C112H82N8O8S8Cu requires 1986.3. Anal. calcd. for C112H82N8O8S8: C, 69.90; H, 4.29; N, 

5.82; Found: C, 69.99; H, 4.09; N, 5.84. 

 

2,3,9,10,16,17,23,24-Octa(4-(pent-4-ynyloxy)phenthio)phthalocyanine (2.19c). 

Following the procedure for 3a, phthalonitrile 2c (0.2 g, 0.4 mmol), DBU (0.06 g, 0.4 

mmol) and LiBr (3.4 mg, 0.04 mmol), after flash chromatography (SiO2, EtOAc-hexanes, 

gradient from 0:100 to 30:70, CH2Cl2, then THF) afforded 2.19c (0.05 g, 26%) as green 

solid: mp. 350 °C dec.; 
1
H NMR (500 MHz, CDCl3)  8.84 (s, 8H), 7.64-7.62 (d, J = 9.0 

Hz, 16H), 7.07-7.05 (d, J = 9.0 Hz, 16H), 4.19-4.18 (t, J = 12.0 Hz, 16H), 2.45-2.44 (m, 

16H), 2.08-2.03 (m, 8H), 1.97 (m, 16H); MS (MALDI) m/z 2035.5 (M)
+
, C120H98N8O8S8 

requires 2035.5). Anal. calcd for C120H98N8O8S8: C, 70.77; H, 4.85; N, 5.50; Found: C, 

70.47; H, 5.00; N, 5.50. 

 

2,3,9,10,16,17,23,24-Octa(4-(hex-5-ynyloxy)phenthio)phthalocyanine (2.19d). 

Following the procedure for 3a, phthalonitrile 2d (1.77 g, 3.30 mmol), DBU (0.50 g, 3.3 
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mmol), LiBr (0.02 g, 0.3 mmol) and 1-pentanol (50 mL), after flash chromatography 

(SiO2, EtOAc-hexanes, gradient from 0:100 to 30:70, CH2Cl2, then THF) afforded 2.19d 

(0.66 g, 37%) as a green solid: mp. 320 °C dec.; 
1
H NMR (500 MHz, CDCl3)  8.72 (s, 

8H), 7.62-7.60 (d, J = 9.0 Hz, 16H), 7.04-7.02 (d, J = 9 Hz, 16H), 4.09-4.06 (t, J = 12.5 

Hz, 16H), 2.29-2.25 (m, 16H), 1.98-1.92 (m, 24H), 1.77-1.71 (m, 16H); MS (MALDI) 

m/z 2147.7 (M)
+
, C127H114N8O8S8 requires 2147.6). Anal. calcd for C127H116N8O8S8: C, 

71.32; H, 5.47; N, 5.24; Found: C, 71.09; H, 5.30; N, 5.35. 

 

Copper 2,3,9,10,16,17,23,24-Octa(4-(4-(1-dodecyl-1H-1,2,3-triazol-4-

yl)butoxy)phenthio)phthalocyanine (2.20a).  A mixture of 2.19d (30.0 mg, 14.0 mol), 

CuI (4.2 mg, 22 mol), 5a (0.2 g, 1 mmol), DIPEA (30.0 mg , 0.2 mmol) and dry THF 

(15 mL) was degassed and back-filled with argon three times and then stirred for 48 h 

under argon. The reaction mixture was diluted with DCM (100 mL), washed with EDTA 

(0.1 M, 4 x 100 mL), HCl (1N, 4 x 100 mL), dried (MgSO4), and filtered. The solvent 

was evaporated and crude product was subjected to flash chromatography (SiO2, MeOH-

DCM, gradient from 00:100 to 4:96), followed by precipitation in hexanes afforded 2.20a 

(43 mg, 79%) as a green solid: mp. 320 °C dec.; 
1
H NMR (500 MHz, CDCl3)  7.44-6.58 

(m, 48 H), 4.26 (br, s, 16 H), 4.03 (br, s, 16 H), 2.76 (br, s, 16 H), 1.84 (br, s, 32 H), 1.23-

1.20 (m, 160 H), 0.67 (br, s, 24 H); MS (MALDI) m/z 3898.8 (M
+
) C224H312N32O8S8Cu 

requires 3898.2. Anal. calcd. for C224H312N32O8S8Cu: C, 68.61; H, 8.01; N, 11.47; Found: 

C, 68.96; H, 8.06; N, 11.49. 
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Copper 2,3,9,10,16,17,23,24-Octa(4-(4-(1-(3-phenylpropyl)-1H-1,2,3-triazol-4-

yl)butoxy)phenthio)phthalocyanine (2.20b). Following the procedure for 2.20a, 2.19d 

(30.0 mg, 14.0 mol), CuI (4.2 mg, 22 mol), 5b (0.2 g, 1 mmol), DIPEA (30.0 g , 0.2 

mmol) and dry THF (15 mL), after flash chromatography (SiO2, MeOH-DCM, gradient 

from 00:100 to 4:96), followed by precipitation in hexanes afforded 2.20b (42 mg, 87%) 

as a green solid: mp. 280 °C dec.; 
1
H NMR (500 MHz, CDCl3)  7.46-6.84 (br, m, 88H), 

4.26 (br,  m, 16H), 4.03 (br,  s, 16H), 2.76 (br, s, 16 H), 1.97 (br,  s, 16H), 1.23 (br, m, 

32H), 0.83 (br,  m, 16 H); MS (MALDI) m/z 3563.7 (M+Cu
+
) C200H200N32O8S8Cu2 

requires 3563.2. Anal. calcd. for C200H200N32O8S8Cu: C, 68.63; H, 5.76; N, 12.81; Found: 

C, 68.24; H, 6.10; N, 12.57. 

 

Copper 2,3,9,10,16,17,23,24-Octa(4-(4-(1-(6-hydroxyhexyl)-1H-1,2,3-triazol-4-

yl)butoxy)phenthio)phthalocyanine (2.20c). Following the procedure for 2.20a, 2.19d 

(30.0 mg, 14.0 mol), CuI (4.2 mg, 22 mol), 5c (0.2 g, 1 mmol), DIPEA (30.0 mg , 0.2 

mmol) and dry THF (15 mL), after flash chromatography SiO2, MeOH-DCM, gradient 

from 00:100 to 25:75), followed by precipitation in water and hexanes afforded 2.20c 

(22.4 mg, 49%) as a green solid: mp. 330 °C dec.; 
1
H NMR (500 MHz, CDCl3)  7.65-

6.55 (m, 48H), 4.28 (br, s, 16H), 4.01 (br, s, 16H) , 3.51-3.46 (m, 8H) , 3.34 (br, s, 8H) , 

2.74 (br, s, 16H), 1.97-1.47 (m, 64H), 1.45-1.16 (m, 32H); MS (MALDI) m/z 3355.8 

(M
+
) C176H216N32O16S8Cu requires 3355.4. Anal. calcd. for C176H216N32O16S8Cu: C, 

62.99; H, 6.49; N, 13.36; Found: C, 62.60; H, 6.36; N, 13.32. 
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Copper 2,3,9,10,16,17,23,24-Octa(4-(4-(1-(3-(4-(3-ethoxy-3-oxoprop-1-en-1-yl)-

phenoxy)propyl)-1H-1,2,3-triazol-4-yl)butoxy)phenthio)phthalocyanine (2.20d). 

Following the procedure for 2.20a, 2.19d (30.0 mg, 14.0 mol), CuI (4.2 mg, 22 mol), 

5d (0.3 g, 1 mmol), DIPEA (30.0 mg , 0.2 mmol) and dry THF (15 mL), after flash 

chromatography (SiO2, MeOH-DCM, gradient from 0:100 to 4:96), followed by 

precipitation in hexanes afforded 2.20d (59 mg, 95%) as a green solid: mp. 220 °C dec.; 

1
H NMR (500 MHz, CDCl3)   7.23-6.79 (m, 80 H), 4.47 (br, s, 16 H), 4.16 (br, s, 16 H), 

4.07 (br, s, 32 H), 2.82 (br, s, 16 H), 2.32 (br, s, 16 H), 1.59 (br, s, 16 H), 1.51 (br, s, 32 

H), 1.25 (br, s, 24 H); MS (MALDI) m/z 4475.9 (M+Cu)
+
, C240H248N32O32S8Cu2 requires 

4475.5. Anal. Calcd. for C240H248N32O32S8Cu: C, 65.32; H, 5.66; N, 10.16; Found: C, 

64.90; H, 5.40; N, 9.90. 

 

Copper 2,3,9,10,16,17,23,24-Octa(4-(4-(1-(3,5-bis(allyloxy)benzyl)-1H-1,2,3-triazol4-

yl)butoxy)phenthio)phthalocyanine (2.20e). Following the procedure for 2.20a, 2.19d 

(30 mg, 14.0 mol), CuI (4.2 mg, 22 mol), 5e (0.3 g, 1 mmol), DIPEA (30.0 mg , 0.2 

mmol) and dry THF (15 mL), after flash chromatography (SiO2, MeOH-DCM, gradient 

from 0:100 to 4:96), followed by precipitation in hexanes afforded 2.20e (34 mg, 64%) as 

a green solid: mp. 230 °C dec.; 
1
H NMR (500 MHz, CDCl3) 7.85-6.05 (m, 72 H), 5.88 

(br, s, 16 H), 5.28-5.17 (m, 48 H), 4.34 (br, s, 32 H), 3.95 (br, s, 16 H), 2.72 (br, s, 16 H), 

1.83 (br, s, 16 H), 1.55 (br, s, 16 H);  MS (MALDI) m/z 4171.5 (M)
+
, 

C232H232N32O24S8Cu requires 4171.5. Anal. calcd. for C232H232N32O24S8Cu: C, 66.78; H, 

5.60; N, 10.74; Found: C, 66.47; H, 5.82; N, 10.39. 
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Copper 2,3,9,10,16,17,23,24-Octa(4-(4-(1-(3,5-bis(benzyloxy)benzyl)-1H-1,2,3-

triazol-4-yl)butoxy)phenthio)phthalocyanine (2.20f). Following the procedure for 

2.20a, 2.19d (30.0 mg, 14.0 mol), CuI (4.2 mg, 22 mol), 5f (0.4 g, 1 mmol), DIPEA 

(30.0 mg , 0.23 mmol) and dry THF (15 mL), after flash chromatography (SiO2, MeOH-

DCM, gradient from 0:100 to 4:96), followed by precipitation in hexanes afforded 2.20f 

(60 mg, 87%) as a green solid: mp. 330 °C dec.; 
1
H NMR (500 MHz, CDCl3   7.44-6.46 

(m, 152H), 5.38-5.28 (m, 16H), 4.97-4.82 (m, 32H), 3.97 (br, s, 16H), 2.72-2.71 (m, 

16H), 2.03 (m, 16H), 1.55 (m, 16H); MS (MALDI) m/z 4973.7 (M)
+
, 

C296H264N32O24S8Cu requires 4973.5. Anal. Calcd. for C296H264N32O24S8Cu: C, 71.48; H, 

5.35; N, 9.01; Found: C, 71.66; H, 5.07; N, 9.32. 

 

Copper 2,3,9,10,16,17,23,24-Octa(4-(4-(1-(3,5-bis((3,5-

bis(benzyloxy)benzyl)oxy)benzyl)-1H-1,2,3-triazol-4-

yl)butoxy)phenthio)phthalocyanine (2.20g). Following the procedure for 2.20a, 

phthalocyanine 2.19d (30.0 mg, 13.9 mol), CuI (4.2 mg, 22 mol), 5g (0.9 g, 1.1 

mmol), DIPEA (30 mg , 0.2 mmol) and dry THF (15 mL), after flash chromatography 

(SiO2, MeOH-DCM, gradient from 00:100 to 4:96), followed by precipitation in hexanes 

afforded 2.20g (85 mg, 73%) as a green solid: mp. 330 °C dec.; 
1
H NMR (500 MHz, 

CDCl3) 7.85-5.95 (m, 208 H), 5.54-4.32 (m, 184 H), 3.95 (br, s, 16 H), 2.69 (br, s, 16 

H), 1.79 (br, s, 16 H), 1.53 (br, s, 16 H); MS (MALDI) m/z 8434.1 (M+Cu)
+
, 

C520H456N32O56S8Cu2 requires 8433.0. Anal. Calcd. for C520H456N32O56S8Cu: C, 74.62; H, 

5.49; N, 5.36; Found: C, 74.22; H, 5.80; N, 5.42. 
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1-Azidododecane (2.21a). 
45

 A mixture 1-bromododecane (2.0 g, 8.0 mmol), NaN3 (2.6 

g, 40.1 mmol) and DMF was stirred at room temperature under argon for 16 h. Reaction 

mixture was diluted with DCM (150 mL) and filtered. Organic layer was washed with 

water (2 x 100 mL), dried (MgSO4), and filtered. Solvent was removed under reduced 

pressure to obtain  2.21a (1.6 g, 94%) as a colorless oil: 
1
H NMR (500 MHz, CDCl3)  

(ppm) 3.25-3.22 (t, J= 14 Hz, 2H), 1.61-1.55 (p, J= 28.5 Hz, 2H), 1.36-1.25 (m, 18H), 

0.88-0.85 (t, J= 14 Hz, 3H).  

 

3,5-Diallyloxybenzyl azide (2.21f). Following the procedure for 5a, 3,5-diallyloxybenzyl 

bromide
78

 (2.2 g, 7.8 mmol), and NaN3 (2.5 g, 39.2 mmol), afforded 2.21f (1.4 g, 73%) as 

colorless liquid: 
1
H NMR (500 MHz, CDCl3) δ (ppm) 6.46-6.45 (s, 3H), 6.07-5.99 (m, 

2H), 5.42-5.38 9 (d, J = 18.5 Hz, 2H), 5.29-5.26 (d, J = 12 Hz, 2H), 4.51-4.50 (d, J = 5 

Hz, 4H), 4.23 (s, 2H); 13C NMR (125 MHz, CDCl3) δ (ppm) 160.4, 137.9, 133.4, 118.1, 

107.4, 102.0, 69.3, 55.2; MS (ESI) m/z 246.1 (MH
+
), C13H16N3O2 requires 246.1. The 

product tends to decompose and hence it was immediately used for the click reaction. 

 

3,5-(Di(3,5-dibenzyloxy)benzyloxy)benzyl azide (2.21h).
79

 Following the procedure for 

5a, 3,5-(di(3,5-dibenzyloxy)benzyloxy)benzyl bromide
70

 (0.8 g, 1.0 mmol) and NaN3 (0.3 

g, 5.1 mmol), afforded 2.21h (0.8 g, 88%) as colorless solid: mp: 86-88 ºC (lit.
75

 84-

85ºC); 
1
H NMR (500 MHz, CDCl3) δ (ppm) 7.40-7.28 (m, 20H), 6.66-6.65 (d, J= 2.5 Hz, 

4H), 6.56-6.55 (t, J= 4.5 Hz, 2H), 6.53-6.51 (m, 3H), 5.01 (s, 8H), 4.95 (s, 4H), 4.24 (s, 

2H).  
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CHAPTER 3 

SOLVENT-FREE SYNTHESIS OF SOLUBLE, NEAR-IR 

ABSORBING TRI- AND TETRAVALENT PHTHALOCYANINE 

DERIVATIVES  

 

3.1. Introduction 

 Tri- and tetravalent metal phthalocyanine derivatives (MPc, M = AlCl, GaCl, 

InCl, V=O, Ti=O) exhibit higher photoactivity, ionization potentials, charge generation 

efficiency, and non-linear susceptibility compared to divalent metal phthalocyanines, e.g. 

CuPc,
1
 making them better candidates for optical limiting devices

2,3
 and donor layers in 

organic photovoltaics (OPVs).
4-7,8,9

  Unlike planar Pcs (e.g. CuPc), which usually adopt a 

herringbone structure with adjacent molecules packed in face-to-face and edge-to-face 

orientations, TiOPc packs with face-to-face π-stacked structure that allows significant π-

orbit overlap and short intermolecular distance (Figure 3.1).
10,11

  Good π-overlap is 

required for high charge carrier mobility that is critical to applications such as organic 

photovoltaics (OPVs).  
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Figure 3.1. Crystal packing structure of (a) copper phthalocyanine (CuPc) and (b) 

TiOPc.
11 

 
Crucial to the application of MPcs as a donor layer in OPVs are their HOMO and 

LUMO energy levels, which governs important device efficiency parameters such as the 

open-circuit photopotential (VOC) and the short-circuit current (JSC). It is widely accepted 

that the VOC is directly proportional to the difference in the HOMO and LUMO energies 

of donor and acceptor layers, respectively, while the JSC depends on the difference 

between the LUMO energies of donor and acceptor layers.
12

 High HOMO levels, typical 

of tri- and tetravalent MPcs but not observed in divalent MPcs, have been exploited to 

improve efficiency in vacuum-deposited planar-heterojunction OPVs.
4-7,8,9

  

 Most efficient OPVs reported to date, those based on polymer fullerene systems, 

are transparent in the near-IR leading to a spectral mismatch with the incident solar 

radiation.
13-28

 If the spectral response of the donor is extended to the near-IR region, the 

OPV device efficiency can be significantly improved. Non-planar, tri- and tetravalent 

MPcs can exist in polymorphs that absorb in the near-IR region.
10

 However, poor 

solubility of these tri- and tetravalent MPcs in common organic solvents necessitates (a) 

purification by non-ideal methods such as entrainer sublimation,
29

 and (b) processing by 
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expensive vapor-deposition.
4-7

 Therefore, soluble tri- and tetravalent MPc derivatives are 

desirable that can be purified using column-chromatography and processed into thin-

films using techniques such as reel-to-reel wet-coating
30

 and ink-jet printing.
31-33

  

 Critical to the application of tri- and tetravalent MPcs as optical-limiter (OL) 

devices, which attenuate intense optical beams while exhibiting high transmittance for 

low intensity beams, is reverse saturable absorption (RSA). RSA is a phenomenon in 

which the excited state absorption exceeds the ground state absorption due to the 

formation of long-lived triplet-state via spin–orbit coupling through intersystem-

crossing.
2
 The population of the triplet state can be enhanced by heavy-atoms, 

paramagnetic metals, or introducing asymmetry, which in the present context is 

warranted by the presence of a dipole in the axial direction, perpendicular to the 

molecular plane.
11,1

 Additionally, the presence of paramagnetic metal in ClAlPc and a 

heavy-atom in ClInPc should further enhance the population of the triplet state.
34

 The 

region of interest for optical-limiting is the high-transmittance window between the Pc B- 

and Q-bands. It has also been suggested that non-linear absorption increases with red-

shifting of the linearly-absorbing Q-band.
35

  

 Among  the class of tri- and tetravalent Pcs, we are particularly interested in 

titanyl phthalocyanines (TiOPcs). TiOPcs are non-planar phthalocyanines (Pcs) with the 

Ti=O located slightly above (ca. 0.3Å) the ring, orthogonal to the molecular plane 

(Figure 3.2).
36

 The Ti=O bond induces dipole moment along the z-axis (perpendicular to 

the macrocycle plane) that governs its interaction with neighboring molecules in the 

condensed phase. The high electrical polarizability and condensed phase organization of 
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TiOPc
10,36

 results in photophysical and optical properties such as photoconductivity,
29

 third 

order non-linear susceptibility,
37

 and near-IR absorptivity.
10,38

 TiOPc and its derivatives 

therefore find application as xerographic photoreceptors,
29

 gas sensors,
39

 optical limiting 

agents,
29

 and donor materials in organic solar cells.
38,40

 TiOPc has recently shown 

excellent near-IR sensitivity and high VOC, in vacuum-deposited TiOPc/C60 PHJ OPVs.
38

 

 

Figure 3.2. Crystal structure of TiOPc.
36

 

 

3.1.1. Synthetic Routes to Titanyl Phthalocyanine (TiOPc) 

 The remarkable difference in the crystal packing of TiOPc and CuPc comes at the 

cost of significant difference in their synthetic accessibility. CuPc can be prepared either 

from H2Pc by post-metallation or via metallation during the Linstead cyclization. Pcs 

with metals of larger radii (e.g. TiOPc) can only be formed via the template reaction 

since it requires the resulting Pc to strain in order to accommodate the large metals ions. 

Unfortunately, the synthesis of TiOPc in templating conditions has always been a 

challenge as this method leads to H2Pc as an inseparable byproduct.
41-43
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 The first synthesis of a titanium Pc, TiClPc was reported in 1963 by Taube.
44

 

Reaction of Li2Pc and TiCl3 in quinoline led to the monochloro derivative. In 1965, 

Block and Melony reported the synthesis of TiCl2Pc starting from 1,2-dicyanobenzene 

and TiCl3 above 200 ºC in chloronaphthalene (Figure 3.3).
45

 However, this method 

produced ring chlorinated Pcs as inseparable by products. Attempts to hydrolyze TiCl2Pc 

to obtain TiOPc were unsuccessful and led to a TiOPc polymer, (TiOPc)x as the major 

product.  In 1985, Goedken and Ercolini, prepared TiPcCl2 using 1,2-dicyanobenzene and 

TiCl4 in chloronaphthalene above 200 ºC followed by selective hydrolysis to TiOPc 

using water-saturated DCM.
46

 Variations of this method are still the industrial route to the 

kilograms of TiOPc that are produced annually. Several patents have been filed over the 

years on the controlled hydrolysis of the TiPcCl2 leading to TiOPc, details of which is 

beyond the scope of this dissertation. 

 

Figure 3.3. Synthesis of TiPCl2 intermediate reported by Block and Melony.
45

  

 

 The most widely applied method for TiOPc synthesis was reported by Yao et al. 

in 1995, which involved heating a solution of a phthalonitrile (Pn) derivative and urea in 

a polar protic organic solvent such as 1-pentanol (Figure 3.4).
47
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Figure 3.4. Synthesis of TiOPc reported by Yao et al.
47

 

 

Urea is necessary as a source of ammonia during the formation of TiOPc and 

derivatives.
41-43,47

 Yao et al. elucidated that the key steps in the macrocyclization leading 

to TiOPc were: (1) generation of ammonia in situ by reaction between 1-octanol, the 

solvent, and urea at elevated temperature by carbamate formation;
47

 and (2) adduct 

formation between ammonia and Ti(OR)4 followed by TiOPc formation.  Interestingly, 

when aprotic solvents were used, poor yields of TiOPc resulted along with H2Pc 

contamination.
41-43

 However, subsequent use of these or similar conditions (e.g. urea and 

1-pentanol) to prepare TiOPc derivatives led to significant amounts of H2Pc 

contamination. 
41-43

   For example Hanack et al. reported synthesis of a mixture of TiOPc 

and H2Pc
48

 while Ng et al. reported low yields (ca. 18%) for the TiOPc product using 

varations of this method (Figure 3.5).
42

   

 

Figure 3.5. Synthesis of TiOPc reported by Hanack et al.
48
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In 2010, Zhang et al. proposed that higher temperatures were required to eliminate 

the formation of H2Pc by product and used a high boiling solvent, quinoline (Figure 3.6). 

However, the TiOPc decomposed as it was formed during the reaction, which 

necessitated optimization of the reaction time for each synthesis.  Moreover, distillation 

was necessary to remove the quinoline which made purification tedious.
49

 

 

Figure 3.6. Synthesis of TiOPc reported by Zhang et al.
49

  

 

3.1.2. Synthetic Routes to Other Tri- and Tetravalent MPcs  

Though there are several reports on the synthesis of tri- and tetravalent MPcs, a general 

method for their synthesis remains scarce (Figure 3.7).
50,51

 The usual synthesis of 

trivalent MPcs involving phthalonitrile or isoindolinedimine and a metal salt requires 

high boiling point solvents e.g. quinoline,
52-56

 which leads to undesirable byproducts and 

necessitates distillation for the removal of solvent, making purification difficult.
57,50,51,58-

62
 Similar issues have been encounter for the synthesis of VOPc.

63,64
 



93 

 

 

 

Figure 3.7. Synthesis of ClMPc (M=Al, Ga, In) and VOPc.  

 

3.1.3 Research Goals 

 As discussed in section 3.1.1, the known methods for the synthesis of TiOPcs 

either led to undesired side products or decomposition of TiOPc at the reaction 

temperatures. Also, the known methods for the synthesis of other tri- and tetravalent 

MPcs (M= ClIn, ClAl, ClGa, VO) requires high boiling point solvents e.g. quinoline,
52-56

 

that results in undesirable byproducts and necessitated distillation for the removal of 

solvent during the purification.
57

 Moreover, the insolubility of these MPcs in common 

organic solvents inhibits purification by all but non-ideal methods such as entrainer 

sublimation
29

 and acid pasting.
65

 Also, thin-films of MPcs required for the OPVs are 

often obtained by vacuum deposition, which may not be practical or economical for large 

area devices.
38

 Solution processed OPVs can be fabricated as thin-films via high 
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throughput techniques such as reel-to-reel wet coating
30

 and ink-jet printing.
31-33

 

Therefore, we see a need for developing new synthetic methodology that would eliminate 

the formation of side products without leading to decomposition of the Pc product and 

would allow for the preparation of soluble derivatives to aid purification. 

 

3.2. Synthesis of Tri- and Tetravalent MPc Derivatives 

 We report herein solvent-free conditions for the synthesis of soluble, near-IR 

absorbing tri- and tetravalent MPc derivatives. Solvent-free conditions are 

environmentally friendly and industrially economical, and in this context effectively 

eliminate the formation of non-metallated phthalocyanine (H2Pc), a side product that 

interferes with purification of TiOPcs. The usual route to the synthesis of TiOPcs, which 

involves heating a solution of a phthalonitrile (Pn) derivative and urea in a polar protic 

organic solvent such as 1-pentanol, commonly leads to a mixture of H2Pc and TiOPc. We 

have found here that when the reaction to form TiOPc derivatives was performed in a 

urea melt, the formation of H2Pc was completely eliminated. It is well known that urea 

undergoes decomposition in the melt to produce ammonia and biuret via isocyanic acid 

formation.
66

 Also, the known methods for the synthesis of ClMPcs (M= In, Al) required 

high boiling point solvents e.g. quinoline,
52-56

 that leads to undesirable byproducts and 

necessitated distillation for the removal of solvent during the purification.
57

 Therefore, 

we have extended the solvent-free to chloroindium, chloroaluminum,  chlorogalium, and 

oxo vanadyl phthalocyanine derivatives. 
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 We chose to prepare alkylthio substituted TiOPc derivatives as the thioether 

groups are responsible for secondary sulfur-sulfur non-covalent interactions that can 

strongly influence condensed phase organization.
67

 Also, the alkylthio groups at the eight 

peripheral positions that would impart the necessary solubility in common organic 

solvents and also bathochromically shift the Q-band to the near-IR region, where most of 

the solar photons are incident.
68

 In this context, the red-shifting of the MPc Q-band due 

to alkylthio groups would (a) facilitate the non-linear absorption and (b) broaden the 

optical limiting window towards higher wavelength by using a MPcs with red-shifted Q-

band.
1
 

 

3.2.1. Synthesis of Phthalonitrile (Pn) Derivatives 

 Pn derivatives 1a–e were synthesized via nucleophilic aromatic substitution of 

dichlorophthalonitrile with alkyl thiols under basic conditions (Scheme 3.1). Intensely 

colored impurities were removed upon treatment with activated charcoal, and Pns 1a–e 

were obtained as colorless solids in good yields after purification by flash 

chromotography. 

 

Scheme 3.1. Synthesis of Pn 3.9a-e and TiOPc 3.10a-e 
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3.2.2. Synthesis of TiOPc Derivatives 

 Macrocyclization of 1a–e to the corresponding Pcs was accomplished by heating 

the Pn to its melting point, and subsequently adding urea and Ti(
i
OPr)4 to the molten Pn. 

The reaction mixture was then maintained at 150 ºC for 24 h. We were prompted to 

attempt these solvent-free conditions upon observing a trend towards lower amounts of 

H2Pc formed during the cyclization reaction with lower concentrations of 1-pentanol 

used in the reaction. Presumably the higher concentration of reactants under solvent-free 

conditions favorably affects the reaction kinetics leading only to the metallated product.  

TiOPcs 2a–e were obtained as intensely colored, nearly black solids in moderate yields 

of 34-42%, except for 2a which consistently was obtained in a much lower yield of 16%. 

Purification of 2a–e was accomplished by a combination of precipitation and flash 

chromatography.  The deviation from the purple color of parent unmodified TiOPc 

chromophore is believed to be due the bathochromic effect of the alkylthio substituents at 

the peripheral positions.
69

 

 

3.2.3. Synthesis of Octakis Hexylthio MPc Derivatives 

 Octakis(alkylthio)-substituted tri- and tetravalent MPc derivatives 3a-d were 

obtained by heating a mixture of 4,5-bis(hexylthio)phthalonitrile,
70,71

 urea, and 

appropriate metal source at 150 ºC for ca. 36 h. Purification was accomplished by first 

precipitating the reaction mixture in methanol and then subjecting the precipitate to flash-

chromatography. The tri- and tetravalent MPc derivatives were obtained as dark brown 

solids owing to the bathochromic effect of the alkylthio substituents at the peripheral 
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positions.
70 

All compounds were characterized by mass spectrometry, UV-Vis spectro-

scopy, NMR, and combustion analysis.  

 

Scheme 3.2. Synthesis of Octakis(hexylthio)-substituted MPcs (M = ClIn, ClAl, ClGa, 

VO) 

 

3.3. Characterization of TiOPc Derivatives 

3.3.1 Absorption Spectroscopy 

The absorption spectra were similar for 3.10a–e, consistent with the identical nature of 

the central Pc chromophore in all five compounds (Figure 3.8). Metallation of the 

macrocycle was confirmed by the collapsed Q-band at 736 nm for all Pcs, with 

associated vibronic bands at 661 and 700 nm.  The molar absorptivities at the max of the 

Q-bands of were all ca. 2 x 10
5
 M

–1
 cm

–1
. The observed bathochromic shift of the Q-

band, about 36 nm relative to the unsubstituted TiOPc,
10

 arising from the mixing of 3p 

orbital on sulfur with -orbitals of the phthalocyanine core, is typical of a Pc substituted 

with alkylthio groups at the peripheral positions.
69
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   Figure 3.8. UV-Vis in DCM (ca. 10
–6

 M) for TiOPc 3.10a-e. 

 

3.3.2. 
1
H and 

13
 C NMR 

1
H and 

13
C NMR spectrum were obtained for 1a-1e in CDCl3. TiOPcs 2a-2e tend to 

aggregate in solution due to  interactions therefore only 
1
H NMR could be obtained. 

The 
1
H peaks for 2a-2e were broad, particularly for 

1
H corresponding to the Pc ring.  

 

3.3.3. Gel Permeation Chromatography 

 The GPC traces of octakis(alkylthio) Pcs 2a–e were indicative of monodisperse 

materials, and a hydrodynamic size increase was observed commensurate with the 

increase in molecular weight proceeding from 2a2e (Figure 3.9). 
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Figure 3.9. GPC in THF for TiOPc 3.10a-e. 

 

3.3.4. MALDI-TOF Mass Spectrometry  

 MALDI-TOF mass spectrometry characterization of 2a–e revealed evidence of 

adduct formation between the analyte compounds and the matrix material.  With two 

different matrices, dithranol (DTH) and 2-(4-hydroxyphenylazo)benzoic acid (HABA), 

we observed that the base or otherwise significant peak in the mass spectra of 2a–e 

corresponded to an adduct of the matrix material and the respective TiOPc derivative 

with loss of OH (Figure 3.10).  
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Figure 3.10. MALDI-TOF mass spectrometry data for 3.10d in (a) DTH and (b) HABA. 

 

 A likely possibility is an in situ chemical reaction between 2a-e and the MALDI 

matrices (Scheme 3.3).  Indeed, the axial substitution of TiOPcs with catechols and 

related diols is well established.
42,46,48

 and has even been used for the recognition of 

chiral catechols.
72,73

 Axial substitution of TiOPc to form 5- and 7-membered chelate 

rings with diols such as catechol and 2,2‟-biphenol, respectively, have been reported.
74

 

However, reaction between DTH and TiOPcs, which leads to the formation of a 6-

membered chelate, is unprecedented. We attempted to prepare the DTH-TiOPc adduct 

(2a-DTH) in refluxing CHCl3, but obtained only insoluble product that resisted 

characterization.  An attempt to produce an isolable HABA-2a adduct was similarly 

unsuccessful. However, a hetrocylic complex has been reported that supports the 

proposed structure of the HABA-TiOPc adduct.
75
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Scheme 3.3. Proposed reactions between TiOPcs 3.10a-e and MALDI matrices DTH 

(top) and HABA (bottom). 

 

3.4. Characterization of MPc (M= ClAl, ClIn, ClGa, VO) Derivatives 

3.4.1. Absorption Spectroscopy 

The solution UV-Vis spectra for tri- and tetravalent MPc derivatives were typical of a 

metallated Pc with collapsed Q-band absorptions at ca. 730 nm, vibrational bands at ca. 

690 nm, and B-band at ca. 320 nm (Figure 3.11). The red-shifting of the Q-band relative 

to the unsubstituted ClMPcs arises from the mixing of sulfur 3p orbital of alkylthio 

groups with  orbitals of the Pc core.
76

 With increasing atomic number of the central 

metal and hence increasing size, the metal-Pc bond becomes weak, making -electron 

density more accessible to the Pc. Increased  electron density lowers the HOMO-

LUMO gap of the Pc, resulting in slightly red-shifted Q-band in the order 

3.11a3.11b3.11c.
77

 The spin-coated thin-films 3.11a-d from CHCl3 on quartz-

substrates exhibited Q-band extending up to ca. 1000 nm in the near-IR region. The 

broadening of the Q-band relative to the solution spectra is indicative of condensed-phase 
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aggregation (Figure 3.11). In addition to the Q-band maxima around 730 nm, an 

additional band around 890 nm were observed for 3.11a-d. The latter band arises due to 

the close - interaction in the condensed phase leading to the formation of charge-

transfer (CT) excitons.
10

 Formation of CT excitons are desirable due their higher photon-

to-electron conversion efficiency in OPV devices.
78

  

 

 

Figure 3.11. UV-Vis-NIR absorption spectrum for 3.11a-d (a) in CH2Cl2 solution and (b) 

thin-films from CHCl3.  

 

3.4.2. 
1
H and 

13
C NMR 

 MPcs tend to aggregate in solution due to  interactions as well as secondary 

S-S interactions. The 
1
H peaks for 3.11a-d were broad, particularly for protons attached 

to the Pc ring.  
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3.4.3. MALDI-TOF Mass Spectrometry  

 The MALDI-TOF mass spectrometry characterization of 3a-d showed evidence 

for the formation of adducts between the ClMPcs and the matrix, dithranol (DTH), with 

loss of HCl (Figure 3.12, Appendix).  

 

 

Figure 3.12. Proposed adduct between ClMPc 3.11a, 3.11b, and 3.11c and MALDI 

matrix, DTH. 

 

 

3.5. Conclusions 

 In summary, we have reported a solvent-free route to soluble TiOPc derivatives 

that eliminates the formation of H2Pc side product.  With this method we have prepared a 

series of octakis(alkylthio)-substituted TiOPc derivatives from cyclization of the 

corresponding phthalonitriles in molten urea.  We have extended the solvent-free route to 

the synthesis of near-IR absorbing octakis(hexylthio)-substituted MPc (M = ClIn, ClGa, 

ClAl, VO) derivatives, starting from the corresponding phthalonitrile in molten-urea.  
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3.6. Experimental 

General 

 All reactions were performed under a nitrogen or argon atmosphere unless 

otherwise specified.  All chemicals were purchased from Aldrich, Acros Organics, TCI 

America, or Alfa Aesar and used without further purification. 
1
H NMR spectra were 

recorded on commercial Bruker instrumentation in CDCl3 and were calibrated using 

TMS as the internal standard. Gel permeation chromatography (GPC) was performed in a 

tetrahydrofuran mobile phase with a Waters 2695 isocratic pump running three Jordi Gel 

DVB columns (pore sizes 100Å, 500Å, 1000Å) with a Waters 2996 Photodiode Array 

UV-Vis detector. Mass spectra were obtained from Mass Spectrometry Facility, 

Department of Chemistry, University of Arizona. Flash column chromatography and 

TLC were performed using silica gel 60 and Silica Gel 60 F254 plates respectively from 

EMD. 

4,5-bis(hexylthio)phthalonitrile (3.9a)
71

 A mixture of hexane-1-thiol (6.0 g, 50.7 

mmol), K2CO3 (14.0 g, 101.3 mmol), and DMSO (200 mL) was stirred at rt for 30 min. 

Dichlorophthalonitrile (4.0 g, 20.3 mmol) was added and the reaction mixture was 

maintained at 80 °C for 12 h.  The reaction mixture was allowed to cool to rt and was 

quenched with brine (100 mL), extracted into ether (2 x 100 mL), washed with water (2 x 

100 mL), and the solvent was removed under reduced pressure to obtain a yellow solid. 

Activated carbon was used to decolorize the compound, when necessary. Further 

purification using flash chromatography (SiO2, 10:90 ethyl acetate/hexanes), afforded 

3.9a (5.17 g, 70%) as a colorless solid: mp. 70-72 ºC (lit.
71

 71 ºC); 
1
H NMR (500 MHz, 
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CDCl3) 
 
7.38 (s, 2H), 3.00-2.97 (t, J = 15 Hz, 4H), 1.75-1.69 (p, J = 30 Hz, 4H), 1.50-

1.44 (m, 4H), 1.32-1.29 (m, 8H), 0.90-0.87 (m, 6H); 
13

C NMR (125 MHz, CDCl3)  

144.2, 128.1, 115.6, 111.0, 32.7, 31.2, 28.5, 28.0, 22.4, 13.9; MS (EI) m/z 360.1 [M]+, 

C20H28N2S2 requires 360.1. Anal. Calcd. for C20H28N2S2: C, 66.62; H, 7.83; N, 7.77; 

Found: C, 66.74; H, 8.06; N, 8.02.  

4,5-bis(heptylthio)phthalonitrile (3.9b).
71

 Following the procedure for 3.9a, 3.9b (3.3 

g, 84%) was obtained as a colorless solid: mp. 72-74 ºC (lit.
71

 61 ºC); 
1
H NMR (500 

MHz, CDCl3) 
 
7.39 (s, 2H), 3.00-2.98 (t, J = 10 Hz, 4H), 1.76-1.70 (p, J = 30 Hz, 4H), 

1.48-1.44 (p, J = 20 Hz, 4H), 1.34-1.26 (m, 12H), 0.88 (m, 6H); 
13

C NMR (500 MHz, 

CDCl3)  144.2, 128.1, 115.6, 111.0, 32.7, 31.6, 28.8, 28.7, 28.1, 22.5, 14.0; MS (EI) m/z 

388.2 [M]
+
, C22H32N2S2 requires 388.2. Anal. Calcd. for C22H32N2S2: C, 67.99; H, 8.30; 

N, 7.21. Found: C, 67.67; H, 8.10; N, 7.21. 

4,5-bis(octylthio)phthalonitrile (3.9c).
79

 Following the procedure for 3.9a, 3.9c (2.2 g, 

86%) was obtained as a colorless solid: mp. 56-58 ºC (lit. 62 ºC); 
1
H NMR (500 MHz, 

CDCl3) 
 
7.42 (s, 2H), 3.04-3.01 (t, J = 14.5 Hz, 4H), 1.79-1.73 (p, J = 29.5 Hz, 4H), 

1.53-1.47 (m, 4H), 1.33-1.29 (m, 16H), 0.91-0.88 (m, 6H); 
13

C NMR (500 MHz, CDCl3) 

 144.6, 128.5, 116.0, 111.4, 33.2, 32.2, 29.55, 29.52, 29.3, 28.5, 23.1, 14.5; MS (EI) m/z 

416.2 [M]
+
, C24H36N2S2 requires 416.2. Anal. Calcd. for C24H36N2S2: C, 69.18; H, 8.71; 

N, 6.72; Found: C, 69.17; H, 8.90; N, 6.57. 

4,5-bis(nonylthio)phthalonitrile (3.9d). Following the procedure for 3.9a, 3.9d (2.6 g, 

78%) was obtained as a colorless solid: mp. 74-76 ºC; 
1
H NMR (500 MHz, CDCl3) 

 
7.38 

(s, 2H), 3.00-2.98 (t, J = 10 Hz, 4H), 1.74-1.71 (p, J = 15 Hz, 4H), 1.48-1.45 (p, J = 15 
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Hz, 4H), 1.34-1.27 (m, 20H), 0.88-0.86 (t, J = 10 Hz, 6H); 
13

C NMR (500 MHz, CDCl3) 

 144.2, 128.1, 115.6, 111.0, 32.8, 31.9, 29.4, 29.2, 29.1, 28.9, 28.1, 22.7, 14.1; MS (EI) 

m/z 444.2 [M]
+
, C26H40N2S2 requires 444.2. Anal. Calcd. for C26H40N2S2: C, 70.22; H, 

9.07; N, 6.30; Found: C, 69.92; H, 9.12; N, 6.39 

4,5-bis(decylthio)phthalonitrile (3.9e). Following the procedure for 3.9a, 3.9e (2.25 g, 

76%) was obtained as a colorless solid: mp.54-56 ºC; 
1
H NMR 

 
(500 MHz, CDCl3) 7.38 

(s, 2H), 3.00-2.97 (t, J = 14.5 Hz, 4H), 1.75-1.69 (p, J = 30 Hz, 4H), 1.47-1.43 (m, 4H), 

1.33-1.25 (m, 24H), 0.87-0.84 (m, 6H): mp. 54-56 ºC; 
13

C NMR (125 MHz, CDCl3)  

144.6, 128.5, 116.0, 111.5, 33.2, 32.3, 29.9, 29.8, 29.7, 29.5, 29.3, 28.5, 23.1, 14.5; MS 

(EI) m/z 472.2 [M]
+
, C28H44N2S2 requires 472.2. Anal. Calcd. for C28H44N2S2: C, 71.13; 

H, 9.38; N, 5.93. Found: C, 70.81; H, 9.46; N, 6.10. 

2,3,9,10,16,17,23,24-octakis(hexylthio)phthalocyaninato-oxotitanium(IV) 

(3.10a).
69,80

  A mixture of Pn 3.9a (4.1 g, 11.4 mmol) and urea (0.3 g, 5.7 mmol) was 

heated under argon to the melting point of the Pn (70 ºC). Ti(iOPr)4 was then added via 

syringe to the melt, and temperature was raised and maintained at 150 ºC for 24 h. The 

reaction mixture was allowed to cool to room temperature, precipitated in methanol (100 

mL), and centrifuged. The precipitate was dispersed and centrifuged in water (40 mL) 

and methanol (40 mL), sequentially. Finally, the brown-black precipitate was dispersed in 

acetone, filtered, and washed with copiously with acetone until the filtrate was colorless. 

The precipitate was air-dried to obtain a black powder, which was then re-dissolved in a 

minimum amount of DCM and mixed with silica gel (30 g). Solvent was removed from 

the silica slurry on the rotovap and then it was further dried under high vacuum to obtain 
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a free-flowing powder, which was subjected to flash chromatography (SiO2, 0:100 to 

50:50 ethyl acetate/hexanes). After concentrating the eluted product, it was dispersed in 

acetone and then centrifuged. The precipitate was dried at 35-40 ºC for 24 h under 

vacuum to obtain 3.10a (0.73 g, 16%) as a black solid: UV (max, nm) 736; 
1
H NMR 

 

(500 MHz, CDCl3) 8.82-8.78 (br s, 8H), 3.56-3.45 (br s, 16H), 2.07 (br s, 16H), 1.75-1.68 

(br s, 16H), 1.64-1.47 (br s, 32H), 0.98 (m, 24H); MS (MALDI) m/z 1505.7 [M+H]
+
, 

C80H113N8OS8Ti requires 1505.6; 1714.9 [(MDTH)–OH]
+
, C94H121N8O3S8Ti requires 

1714.7; 1730.0 [(MHABA)–OH]
+
, C93H121N10O3S8Ti requires 1730.6. Anal. calcd. for 

C80H112N8OS8Ti: C, 63.79; H, 7.50; N, 7.44. Found: C, 63.42; H, 7.54; N, 7.50. 

2,3,9,10,16,17,23,24-octakis(heptylthio)phthalocyaninato-oxotitanium(IV) (3.10b): 

Following procedure for 3.10a, Pn 3.9b (1.00 g, 2.57 mmol), urea (0.08 g, 1.28 mmol), 

and Ti(iOPr)4 (0.37 g, 1.28 mmol), after flash chromatography afforded 3.10b (0.44 g, 

42%) as a black solid: UV(max, nm) 736; 
1
H NMR 

 
(500 MHz, CDCl3) 8.82-8.81 (br s, 

8H), 3.61-3.35 (br s, 16H), 2.15 (br s, 16H), 1.71-1.70 (br s, 16H), 1.49-1.16 (br m, 48H), 

0.92 (m, 24H); MS (MALDI) m/z 1618.8 [M+H]
+
, C88H129N8OS8Ti requires 1618.7; 

1826.7 [(MDTH)–OH]
+
, C102H137N8O3S8Ti requires 1826.8; 1841.9 [(MHABA)–OH]

+
, 

C101H137N10O3S8Ti requires 1841.8. Anal. calcd. for C88H128N8OS8Ti: C, 65.31; H, 7.97; 

N, 6.92. Found: C, 64.86; H, 7.95; N, 7.02. 

2,3,9,10,16,17,23,24-octakis(octylthio)phthalocyaninato-oxotitanium(IV) (3.10c): 

Following procedure for 3.10a, Pn 3.9c (0.88 g, 2.11 mmol), urea (0.06 g, 1.05 mmol), 

and Ti(iOPr)4 (0.31 g, 1.05 mmol), after flash chromatography afforded 3.10c (0.31 g, 34 

%) as a black solid: UV(max, nm) 736; 
1
H NMR 

 
(500 MHz, CDCl3) 8.73-8.70 (br s, 
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8H), 3.47 (br s, 16H), 2.04 (br s, 16H), 1.93-1.90 (br s, 16H), 1.53-1.24 (br m, 64H), 0.90 

(m, 24H); MS (MALDI) m/z 1730.8 [M+H]
+
, C96H145N8OS8Ti requires 1730.8; 1938.9 

[(MDTH)–OH]
+
, C110H153N8O3S8Ti requires 1938.9; 1953.1 [(MHABA)–OH]

+
 

C109H153N10O3S8Ti requires 1953.9. Anal. calcd. for C96H145N8OS8Ti: C, 66.63; H, 8.39; 

N, 6.47. Found C, 66.23; H, 8.46; N, 6.61 

2,3,9,10,16,17,23,24-octakis(nonylthio)phthalocyaninato-oxotitanium(IV) (3.10d): 

Following procedure for 3.10a, Pn 3.9d (0.80 g, 1.50 mmol), urea (0.05 g, 0.89 mmol), 

and Ti(iOPr)4 (0.37 g, 1.30 mmol), after flash chromatography afforded 3.10d (0.35 g, 42 

%) as a black solid: UV(max, nm) 736; 
1
H NMR 

 
(500 MHz, CDCl3) 8.73 (br s, 8H), 

3.50 (br s, 16H), 2.06 (br s, 16H), 1.95 (br s, 16H), 1.75-1.24 (br m, 80H), 0.87-0.85 (m, 

24H); MS (MALDI) m/z 1842.9 [M+H]
+
, C104H161N8OS8Ti requires 1843.0; 2051.1 

[(MDTH)–OH]
+
, C118H169N8O3S8Ti requires 2051.1; 2066.2 [(MHABA)–OH]

+
, 

C117H169N10O3S8Ti  requires 2066.1. Anal. calcd. for C104H160N8OS8Ti: C, 67.78; H, 8.75; 

N, 6.08. Found C, 67.39; H, 8.84; N, 6.12 

2,3,9,10,16,17,23,24-octakis(decylthio)phthalocyaninato-oxotitanium(IV) (3.10e): 

Following procedure for 3.10a, Pn 3.9e (1.23 g, 2.60 mmol), urea (0.08 g, 1.30 mmol), 

and Ti(iOPr)4 (0.37 g, 1.30 mmol), after flash chromatography afforded 3.10e (0.45 g, 35 

%) as a black solid: UV(max, nm) 736.5; 
1
H NMR 

 
(500 MHz, CDCl3) 8.73 (br s, 8H), 

3.50 (br s, 16H), 2.06 (br s, 16H), 1.95 (br s, 16H), 1.75-1.24 (br m, 96H), 0.87-0.85 (m, 

24H); MS (MALDI) m/z 1955.3 [M+H]
+
, C112H177N8OS8Ti requires 1954.1; [(MDTH)–

OH]
+
 2163.3, C126H185N8O3S8Ti requires 2163.2; 2178.4 [(MHABA)–OH]

+
, 



109 

 

 

C125H185N10O3S8Ti requires 2178.1. Anal. calcd. for C112H176N8OS8Ti: C, 68.81; H, 9.07; 

N, 5.73. Found C, 68.44; H, 8.93; N, 5.82. 

2,3,9,10,16,17,23,24-octakis(hexylthio)phthalocyaninato-chloroaluminum(III) 

(3.11a): A mixture of 4,5-bis(hexylthio)phthalonitrile (1.0 g,  2.7 mmol), urea (83 mg, 

1.4 mmol) and AlCl3 (0.18 g, 1.4 mmol) was heated under argon at 150 ºC for 36 h. The 

reaction mixture was allowed to cool to room temperature, dissolved in CH2Cl2 (4 mL), 

precipitated in methanol (160 mL), and centrifuged. The brown-black precipitate was air-

dried, re-dissolved in CH2Cl2 (5 mL) and subjected to flash chromatography (SiO2, 0:100 

to 20:80 MeOH/ CH2Cl2). After concentrating the eluted product, it was dispersed in 

MeOH and then centrifuged. The precipitate was dried at ca. 40 ºC for 24 h under 

vacuum to obtain 3.11a (0. 47 g, 45%) as a black solid: UV (max, nm) 731; 
1
H NMR 

 

(500 MHz, CDCl3) 8.37 (br s, 8H), 3.33 (br s, 16H), 2.12-0.97 (m, 64H); MS (MALDI) 

m/z [(MDTH)–HCl]
+
 1693.7, C94H121N8O3S8Al requires 1693.7. Anal. calcd. for 

C80H112N8S8ClAl: C, 63.85; H, 7.50; N, 7.45. Found: C, 63.47; H, 7.15; N, 7.41. 

2,3,9,10,16,17,23,24-octakis(hexylthio)phthalocyaninato-chlorogallium(III) 

(3.10b): Following the procedure for 3.11a, 4,5-bis(hexylthio)phthalonitrile (1.0 g,  2.8 

mmol), urea (83 mg, 1.4 mmol) and GaCl3 (0.25 g, 1.4 mmol), after flash 

chromatography (SiO2, 0:100 to 10:80 MeOH/ CH2Cl2), followed by precipitation in 

MeOH afforded 3.11b (0. 33 g, 31%) as a black solid: UV (max, nm) 733; 
1
H NMR (500 

MHz, CDCl3) δ 8.39 (m, 8H), 3.74 – 2.99 (m, 16H), 1.83 (m, 46H), 1.43 (br s, 18H), 1.18 

– 0.95 (m, 24H); MS (MALDI) m/z  [M+H]
+ 

1547.5, C80H112N8S8ClGa requires 1546.5, 
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[(MDTH)–HCl]
+
 1736.6, C94H121N8O3S8Ga requires 1737.7. Anal. calcd. for 

C80H112N8S8ClGa: C, 62.09; H, 7.29; N, 7.24. Found: C, 62.44; H, 7.08; N, 7.23. 

2,3,9,10,16,17,23,24-octakis(hexylthio)phthalocyaninato-chloroindium(III) (3.11c): 

Following the procedure for 3.11a, 4,5-bis(hexylthio)phthalonitrile (1.0 g, 2.7 mmol), 

urea (83 mg, 1.4 mmol) and InCl3 (0.30 g, 1.4 mmol), after flash chromatography (SiO2, 

0:100 to 1:99 MeOH/ CH2Cl2) followed by precipitation in MeOH, afforded 3.11c (0.50 

g, 46 %) as a black solid: UV (max, nm) 734; 
1
H NMR 

 
(500 MHz, CDCl3) 8.62 (br s, 

8H), 3.57 (br s, 16H), 1.99 (br s, 16H), 1.65 (br s, 16H), 1.47 (br s, 32H), 1.01 (m, 24H); 

13
C NMR (125 MHz, CDCl3)  151.3, 140.9, 133.9, 120.3, 33.9, 31.6, 29.0, 28.6, 22.6, 

14.1; MS (MALDI) m/z 1593.8 [M+H]
+
, C80H112N8S8ClIn requires 1593.5, [(MDTH)–

HCl]
+
 1781.5, C94H121N8O3S8In requires 7181.6. Anal. calcd. for C80H112N8S8ClIn: C, 

60.33; H, 7.09; N, 7.04. Found: C, 60.71; H, 7.37; N, 7.35. 

2,3,9,10,16,17,23,24-octakis(hexylthio)phthalocyaninatooxovanadium(IV) (3.11d): 

Following the procedure for 3.11a, 4,5-bis(hexylthio)phthalonitrile (1.0 g,  2.8 mmol), 

urea (83 mg, 1.4 mmol) and VO(acad)2 (0.37 g, 1.4 mmol), after flash chromatography 

(SiO2, 100% CH2Cl2), afforded 3.11d (0. 33 g, 31%) as a black solid: UV (max, nm) 737; 

1
H NMR (500 MHz, CDCl3) δ 3.51 (br s, 16H), 2.04 (br s, 16H), 1.75 (br s, 16H), 1.47 

(br s, 32H), 0.99 (br s, 24H); MS (MALDI) m/z  [M+H]
+ 

1507.5, C80H112N8OS8V 

requires 1507.6. Anal. calcd. for C80H112N8OS8V: C, 63.66; H, 7.48; N, 7.42. Found: C, 

63.40; H, 7.55; N, 7.45.  
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CHAPTER 4 

TITANYL PHTHALOCYANINE POLYMORPHS FROM SOLUTION 

PROCESSED THIN-FILMS: TUNING NEAR-IR ABSORPTION BY 

VARYING PERIPHERAL SUBSTITUENTS AND CASTING-

SOLVENT 

 

4.1 Titanyl Phthalocyanine (TiOPcs) Polymorphs  

 Polymorphism is the ability of certain molecules to crystallize into different 

structural forms (unit cells). The non-planarity and dipolar character owing to the Ti=O 

governs the way in which TiOPc chromophores can arrange themselves in the condensed 

phase leading to at least nine different polymorphs
36

 including (a) the monoclinic Phase-I 

(-phase), which is easily accessible and absorbs in the visible region and (b) the 

tricilinic Phase-II (α-phase), which is photoelectrically active in the near-IR region. The 

shape and the position of the Q-band varies with the phases and arises from the 

differences in their molecular arrangements (Figure 4.1).
39  
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Figure 4.1. Absorbing spectra for Phase-I and –II TiOPc polymorphs.
1
  

 The Phase-II polymorph exhibits longer exciton diffusion lengths and higher 

charge carrier mobilities compared to the other polymorphs,
37,38

  making it one of the 

most desirable polymorphs for application in organic photovoltaics (OPVs). OPVs 

capable of harnessing photons from both the visible and the near-IR region have the 

potential of significantly improving photocurrent and hence the OPV efficiency (see 

Chapter 5).  

 The geometry of the TiOPc chromophore changes significantly in going from a 

solution to a condensed phase. In solution, the central metal is in the molecular plane 

resulting in a C4v symmetry.  In the condensed phase, the central metal is significantly out 

of the molecular plane with a distorted metal-oxo bond, particularly for Phase-II, and 

forms a square pyramid with the four nitrogen atoms of the Pc core (Figure 4.2).
2
 

Therefore, the molecular symmetry for both Phase-I and Phase-II is reduced to C1 in 

condensed phase.  Two types of interactions are observed in the condensed phase of 

both Phase-I and Phase-II: the convex interactions wherein there is a strong interaction 
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between the Ti=O bonds on the neighboring TiOPcs and the concave interactions 

wherein the  interaction is predominant (Figure 4.2). It is widely accepted that the 

strong intermolecular interactions in the Phase-II polymorph is responsible for the near-

IR absorption and also results in a higher probability for exciton dissociation and higher 

charge (hole) mobilities that are required for efficient photoconversion process.  

 

 

 

 

Figure 4.2. Molecular structure of TiOPc in Phase-II (top).  Concave and convex faces in 

Phase-II polymorph (bottom).  

 

 The fate of an excited electron in the condensed phase depends on the coupling of 

electric dipoles. Upon photoexcitation, an electron can either move from HOMO to 
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LUMO within a molecule, leading to a Frenkel exciton,
3
 or, if there is a strong dipole 

coupling, the electron can migrate to a neighboring molecule, leading to a charge transfer 

(CT) exciton (Figure 4.3).
4
 The degeneracy of ground and excited states are lifted due to 

molecular distortion on going from solution (C4v) to condensed phase (C1), which leads to 

a split Q-band in the thin-film absorption spectrum. Apart from the absorption band 

around 700 nm, which is referred to as a Frenkel Band, a new absorption band appears 

around 830 nm in the TiOPc absorption spectrum.
5
  

 

 

 

Figure 4.3. Schematic explaining the formation of Frenkel and Charge Transfer Excitons 

in TiOPc. 

 

 While there is a general agreement on the origin of the Frenkel band, the origin of 

the CT band is still a matter of debate. There are two schools of thought on the origin of 

the CT band. Based on the electro-absorption measurements on vacuum-deposited TiOPc 

thin films in Phase-I and Phase-II, Saito et al. concluded that Phase-II is characterized by 

a charge transfer exciton.
5
 It is believed that the CT exciton is the key to the high 

photocarrier-generation quantum yield of certain polymorphs. An alternative explaination 

was provided by Mizuguchi et al. based on calculated optical absorption bands in Phase-I 
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and -II, in which the authors proposed a low-energy π-π*transition due to the molecular 

distortion arising from the strong intermolecular interactions of the TiOPc macrocycle in 

the Phase-II.
22

 

4.2. Routes to Titanyl Phthalocyanine (TiOPcs) Polymorphs 

 The known routes to TiOPc polymorphs involves vacuum-deposition to obtain a 

thin-film followed by post-treatments such as vapor treatment/solvent annealing.
6-8

 

Varying surface temperature and evaporation rate,
9
  film thickness,

10
 choice of 

substrate,
11

 substrate temperature,
12

 and deposition technique such as organic molecular 

beam deposition (OMBD)
13,14

 and organic molecular beam epitaxy (OMBE)
15

  have also 

been reported as ways to obtain TiOPc polymorphs.  These techniques are not only 

expensive and unsuitable for scale-up, but also suffer from low throughput.  

 Alternatively, solution-processing of chromophores is more appealing because of 

the ability to deposit polymorph films via high throughput techniques such as reel-to-reel 

wet coating 
16

 and ink-jet printing.
17-19

  Attempts to obtain TiOPc polymorphs from 

solution-processed films have not been successful. Hanack et al. reported the synthesis of 

t-butyl substituted TiOPc derivative. However, spin-coating did not lead to a phase-II 

type polymorph. The authors were able to obtained a phase-II type polymorph from t-

butyl substituted TiOPc by vacuum deposition followed by annealing
20

 or by deposition 

on a heated susbtrate,
8
 which defeats the purpose of synthesizing soluble TiOPc 

derivatives. The absorption spectrum for the vapor deposited thin-film of the TiOPc 

derivative reported by Hanack et al. shows two peaks: AL and AH, which are blue and 

red-shifted, respectively, relative to the solution (S) spectrum (Figure 4.4). It is believed 
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that AL and AH peaks arises due to the formation of partial J- and H-type aggregates of 

the TiOPc derivatives in the condensed phase.  For the thin-film deposited on a heated 

substrate, the absorption spectrum (B) shows the phase-II type characteristic. 

 

 

Figure 4.4. Left: Structure of soluble TiOPc derivative (left). Right: Corresponding 

electronic absorption spectra in THF solutions (labeled as “S”) and thin films obtained by 

vapor deposition at a substrate temperature of 140 °C (curve B) and 25 °C (curve 

AH/AL). 

 

4.3 Research Goals 

As discussed in section 4.2, there is an increasing interest in TiOPc polymorphs due to 

their application in emerging technologies such as OPVs. However, most reported 

methods for obtaining TiOPc polymorphs suffer from high cost and low throughput. 

Therefore, the goal is to develop an efficient, economical, and high throughput method 

for obtaining TiOPc polymorphs. We herein report a simple route to titanyl 

phthalocyanine polymorphs from soluble alkylthio-substituted TiOPc derivatives via 

spin-coating whose optical properties are reminiscent of Phase-I and -II polymorphs of 

the unmodified TiOPc, through choice of substrates, substituent chain lengths and 

processing solvents. 
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4.4. Absorption Spectroscopy on TiOPc Thin-Films 

 We envisioned that substitution of TiOPc at the peripheral positions with 

alkylthio groups would impart the necessary solubility and potentially maintain the 

Phase-II polymorph. In addition, the alkylthio groups shift the absorption to the near-IR 

and the secondary sulfur-sulfur non-covalent interactions would promote interactions 

between the TiOPc molecules in the condensed phase that are necessary for the near-IR 

absorption. We investigated a series of TiOPc derivatives bearing alkylthio groups of 

varying chain lengths in an effort to find the right balance between steric crowding and 

solubility to maximize theinteraction necessary for obtaining the Phase-II 

polymorph.   

 Octahexylthio-substituted titanyl phthalocyanine (TiOPc) derivatives (2a-e) were 

synthesized using the solvent-free method reported in chapter 3 (Figure 4.5).
21

 In dilute 

solutions, the characteristic Q-band of TiOPc appeared at  736 nm, about 36 nm red-

shifted relative to the unmodified TiOPc owing to the bathrochromic effect of alkylthio 

groups (Figure 4.5).
21,22,23,24

  

 

Figure 4.5. Left: Structures for TiOPc derivatives. Right: Absorption spectra in DCM for 

TiOPc derivatives  
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 In order to obtain TiOPc thin-films that would resemble Phase-I and Phase-II of 

the parent compound, we studied absorption spectra for thin-films casted from CHCl3 and 

ortho-dichlorobenzene (ODCB) on quartz and PEDOT:PSS coated ITO substrates. We 

also investigated the effect of thermal annealing of the films on the absorption spectrum. 

 

4.4.1 TiOPc thin-films from CHCl3 on Quartz substrates 

 When thin-films from CHCl3 were obtained by drop-casting onto a quartz 

substrate, apart from the band at ca. 690 nm that is observed in the dilute solution 

absorption spectrum, an additional band was seen at ca. 890 nm (Figure 4.6). By analogy 

with the parent compound, the band at ca. 690 nm and 890 nm can be assigned as Frenkel 

and charge transfer (CT) bands, respectively (Figure 4.1). The Frenkel band were more 

intense compared to the CT band for 2a-2e thin-films, irrespective of the substituent 

chain length. The polymorph for 2a-2e thin-films is reminiscent of Phase-I of the parent 

TiOPc, which consists of a combination of Frenkel and CT excitonic bands.
25

  Thermal 

annealing of the films was accompanied by overall broadening of Frenkel and CT bands 

with no significant change in band intensities.
26
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Figure 4.6. Absorption spectra for TiOPc thin-films on drop casted on quartz substrates 

before (left) and after annealing 150 ºC for 10 min. (right). 

 

 

4.4.2 TiOPc thin-films from ODCB on Quartz substrate 

 When o-dichlorobenzene (ODCB), a high boiling solvent was used to drop-cast 

2a-2e on quartz substrates the thin-films, no significant change in the spectroscopic 

signature was observed (Figure 4.7). The absorption spectra for 2a-2e thin-films showed 

a more intense Frenkel band compared to the CT band, irrespective of the substituent 

chain length. This polymorph resembled Phase-I of the unmodified TiOPc. Thermal 

annealing of TiOPc 2a-2c thin-films from ODCB on a quartz substrate did not show 

significant change in the relative absorption of Frenkel and CT bands.  
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Figure 4.7. Absorption spectra for TiOPc thin-films casted from ODCB on quartz 

substrates before (left) and after annealing 150 ºC for 10 min. (right).  

 

4.4.3 TiOPc thin-films from CHCl3 on PEDOT:PSS coated ITO substrate 

 Encouraged by the appearance of the CT band in the above studies, we switched 

to poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) coated ITO as a 

substrate.  PEDOT:PSS is often employed as a hole selective layer in organic solar cells 

and hence offers a more practical substrate compared to quartz.  Unlike thin-films on 

quartz that were drop-casted, the films on PEDOT:PSS were spin-coated.  Thin-films 

from CHCl3 on PEDOT:PSS coated ITO substrates retained the near-IR active CT band 

for 2a-2e. A more intense Frenkel band compared to the CT band was observed 

irrespective of the substituent chain length. This polymorph resembled Phase-I of the 

unmodified TiOPc. Annealing of the film did not show significant change in relative 

intensities of Frenkel and CT bands (Figure 4.8). 
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Figure 4.8. Absorption spectra for TiOPc thin-films casted from CHCl3 on 

PEDOT:PSS coated ITO substrates before (left) and after annealing 150 ºC for 10 min. 

(right).  

 

4.4.4 TiOPc thin-films from ODCB on PEDOT:PSS coated ITO substrate 

 When thin-films of 2a-2e were spun from o-dichlorobenzene (ODCB) on 

PEDOT:PSS coated ITO substrates, a substituent dependent polymorphism was observed 

for 2a-2e with varying relative ratios of Frenkel and CT bands (Figure 4.9). The 

absorption spectrum for 2a showed a more intense CT band relative to the Frenkelband, 

which is reminiscent of Phase-I of the unmodified TiOPc. For 2b, 2c, and 2e, the 

Frenkelband was more intense relative to the CT band, which is reminiscent of Phase-I 

of the unmodified TiOPc. For 2d, the relative intensities of Frenkel and CT bands were 

comparable. Thermal annealing of the films led to a decrease in CT bands absorptivity 

for 2a-2e, most drastic change was observed for 2a. 
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Figure 4.9. Absorption spectra for TiOPc thin-films casted from ODCB on 

PEDOT:PSS coated ITO substrates before (left) and after annealing 150 ºC for 10 min. 

(right).  

 

4.5. X-Ray Diffraction Studies  

The above observations of variable enhancements of the CT band under certain film-

forming conditions and the similarity of these two bands to those observed in Phase-I and 

-II polymorphs of the parent TiOPc chromophore,
2
   led us to postulate a similar presence 

of more than one crystal polymorph in these thin-films with a close contact pair 

responsible for the long wavelength CT absorption. In order to support this hypothesis, 

we investigated the crystal packing in TiOPc derivatives 1-3 by X-Ray diffraction 

(XRD). The XRD studies were done on both the powder and the thin-films of 1-3. While 

the TiOPc derivative 3 did not show diffraction peaks suggesting a lower degree 

crystallinity, TiOPc derivatives 1 and 2 exhibited varying degree of crystallinity in 

powder and thin film X-Ray diffractograms. These studies were performed by Mariola 

Macech, a graduate student in the research group of Prof. Neal Armstrong. 
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Figure 4.10. Schematic representation of the X-ray diffraction experimental setup. 

 

4.5.1 Powder and Thin Film on TiOPc Derivative 1 

The powder diffractogram for 1 suggested the presence of two different unit cells, 

columnar hexagonal (Colhex) and triclinic, with the former exhibiting characteristic peaks 

ca. 4.3˚ and 7.3˚ corresponding to [10] and [11] reflections, respectively, with an 

intracolumnar distance of 23.8 Å based on the [10] reflection (Figure 4.11a). The 

remaining peaks in the diffractogram were assigned to a triclinic unit cell, with lattice 

parameters a = 14 Å, b = 16.4 Å, c = 9.8 Å, α = 104.5˚, β = 104.9˚, γ = 91.5˚, and a unit 

cell volume of 2100 Å
3
. A possible monoclinic unit cell with lattice parameters a = 28.1 

Å, b = 7.6 Å, c = 12.7 Å, β = 107.2˚, and a unit cell volume of 2576.6 Å
3 

was ruled out 

since only a triclinic unit cell can explain the near-IR absorbing CT band by analogy with 

the Phase-II of the parent TiOPc. Since we observed a significant change in the relative 

intensities of Frenkel and CT bands upon annealing of 1 and 2 thin-films, we investigated 

the effect of temperature on a powder samples of 1. During the thermal annealing of a 

powder sample of 1, the high angle peaks in the diffractogram disappeared at 80˚C and 

only a single peak was observed at 4.9˚ (Figure 4.11b). This peak resolved into three 
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individual peaks at 4˚, 4.9˚, and 6.5˚ upon heating between 100˚C and 220˚C. The peaks 

at 4˚ and 4.9˚ suggested the presence of Colrec phase with two possible assignments for 

the lattice parameters (a = 44.1 Å and b = 19.8 Å (for [11] = 4.9˚ and [20] = 4˚) and a = 

36.2 Å and b = 27.9 Å for [11] = 4˚ [20] = 4.9˚).
27

 Upon heating the film to 240˚C , the 

peaks at 4˚ and 4.9˚ disappeared, and only a single, broad peak at ca. 6.5˚ was observed. 

 The diffractogram for a thin-film of 1 casted from OBCB on PEDOT:PSS 

modified ITO substrate revealed the presence of two types of unit cells. The peak at ca. 

4.2˚ indicated the presence of a Colhex unit cell with a lattice constant of 23.7Å. The 

assignment of the second phase was less obvious due to the presence of a lower number 

of peaks in the diffractogram, relative to the powder XRD. However, the presence of high 

angle peaks, which is indicative of 3-dimensional molecular order, suggested a triclinic 

unit cell with lattice parameters a = 23 Å, b = 16.1 Å, c = 8.64 Å, α = 85.32˚, β = 94.4˚, γ 

= 132.2˚, and a unit cell volume of 2378.7Å
3 

(Figure 4.11c). A possible monoclinic unit 

cell with lattice parameters a = 34 Å, b = 5.11 Å, c = 17.31 Å, β = 112.9˚, and a unit cell 

volume of 2775 Å
3
 was ruled out since only the triclinic unit cell can explain the near-IR 

absorbing CT band that the 1 thin-film exhibits. The presence of Colhex phase supported 

the presence of H-type aggregates resulting in a slightly blue-shifted Frenkel band 

relative to the solution absorption spectrum of 1.
28

 Upon annealing these thin-films of 1 

at 150°C, the high angle peaks disappeared and only two peaks at 3.9˚ and 4.8˚ were 

observed after 2 hours, which clearly suggested a Colrec phase with two possible lattice 

parameters a = 36.7Å and b = 28.5Å (for [11]=3.9˚ and [20]=4.8˚)  or a = 44.9Å and b = 

20.1Å (for [11]=4.8˚ [20]=3.9˚) (Figure 4.11d). This transformation from a triclinic unit 
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cell to a Colhex unit cell explains the relative decrease in the CT band intensity upon 

annealing of the thin-films of 1. 

 

Figure 4.11. X-Ray diffractogram for 1. Powder sample (a) at room temp. and (b) at 

various temperatures. Thin-film on PEDOT: PSS modified ITO) (c) at room temp and (d) 

upon annealing 150 °C.  

 

4.5.2 Powder and Thin Film on TiOPc Derivative 2 

The powder diffractogram for 2 also suggested the presence of two different types of 

unit cells, Colhex and triclinic, with the former exhibiting a characteristic peak at ca. 3.38˚ 

corresponding to the [10] reflection with an intracolumnar distance of 30.3Å (Figure 
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4.12a). The rest of the peaks in the diffractogram of 2 were assigned to a triclinic unit cell 

with lattice parameters a = 16.8 Å, b = 15.2 Å, c = 8.9 Å, α = 94.2˚, β = 94.2˚, γ = 91.5˚, 

and a unit cell volume of 2074Å
3
.  Variable temperature powder XRD studies on 2 

exhibited a broad peak at ca. 3.8˚ at 60˚C, which transformed into two peaks, at 3.6˚ and 

4.1˚ at 210˚C that were indexed to a columnar rectangular (Colrec) phase with two 

possible sets of lattice parameters a = 43Å and b = 29.8Å (for [11]=3.6˚ and [20]=4.1˚) or 

a = 49Å and b = 23.9Å (for [11]=4.1˚ and [20]=3.9˚) (Figure 4.12b).
2
  

 The diffractogram for a thin-film of 2 on a PEDOT:PSS modified ITO substrate 

revealed a triclinic unit cell, consistent with its powder diffractogram, with lattice 

parameters a = 17.9 Å, b = 15.5 Å, c = 8.96 Å, α = 71˚, β = 95.8˚, γ = 96.1˚, and a unit 

cell volume of 2338.9 Å (Figure 4.12c). During the thermal annealing of the 2 film the 

high angle peaks in the diffractogram disappeared after 2 hours of annealing and only a 

single peak at 3.8˚ was observed suggesting a transformation of the triclinic unit cell into 

a Colhex unit cell  (Figure 4.12d). The latter exhibited an intercolumnar distance of  

26.7Å. This transformation from a triclinic unit cell to a Colhex unit cell explains the 

relative decrease in the CT band intensity upon annealing of the thin film of 2. 
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 Figure 4.12.  X-Ray diffractogram for 2. Powder sample (a) at room temp. and (b) at 

various temperatures. Thin-film on PEDOT: PSS modified ITO) (c) at room temp and (d) 

upon annealing 150 °C. 

 

4.6. Conclusion   

 We have successfully demonstrated that Phase-I and Phase-II type absorption 

characteristics of the TiOPc can be retained in a solution processed thin-films by varying 

substituent chain lengths, casting solvents, and substrates. The case of TiOPc 2a-2e thin-

films from ODCB on PEDOT:PSS coated ITO substrate is particularly interesting as it  

provides a high degree of tunability of the Frenkel and CT bands. XRD studies revealed 
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the presence of triclinic unit cell for both 2a and 2d with close - contact, consistent 

with the parent TiOPc. 

 

4.7. Experimental  

4.7.1. Deposition of Thin Films of 1-3 

 PEDOT: PSS was spin coated onto detergent and O2 plasma cleaned ITO slides. Then 1-

3 was dropcasted from a 5mg/mL dichlorobenzene solution on cleaned ITO. The samples 

were left for several hours to allow for the solvent to evaporate and form a film.      

4.7.2. Room and Variable Temperature Powder XRD  

 X-ray powder diffraction was performed with the PANalitical X‟Pert PRO MPD system 

with Cu-Kα radiation (λ =1.54Å) with 40 kV and 45 mA settings.  A 1/8 divergence slit, 

15
0
 MPD/MRD mask, 2

°
 antiscatter slit, and a nickel filter were used. The powder sample 

contained in a PW 1813 sample holder with a zero background was placed in the sample 

spinner stage. The stage was rotating at the 8 seconds per rotation rate during the data 

collection. Scans were taken for several hours in the  mode with the ca. 0.017
°
 step 

size.  X‟Celelerator (PW3011/20 Proportional Detector) detector was used to collect the 

data. The raw data was analyzed with X‟Pert Plus 1.0, Panalytical software.  Temperature 

dependent studies on powders were performed with the same source, set of optics, and 

detector as for the powder studies. However, the sample was placed in the temperature 

controlled chamber. The temperature of the powder was slowly increased from 30 
°
C to 

240 
°
C in 10 

°
C increments and then slowly cooled down in 20 

°
C increments. 
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Diffractogarms were recorded every 10 
°
C for heating cycle (or 20

°
 for the cooling cycle) 

after 5 min of equilibration time at given temperature.  

 

4.7.3. Room and Variable Temperature Thin Film XRD 

Thin-films of 1-3 on PEDOT:PSS modified ITO were prepared as described above. The 

same source, optics and detector were used as for the powder XRD. Sample spinner stage 

was used with PW1811 sample holder. First, the thin film diffractogram was collected at 

RT. Then, the sample was annealed for specific time at 150 
°
C at a hot bplate in air. After 

desired annealing time the X-ray diffarctogram was collected. The raw data was analyzed 

with X‟Pert Plus 1.0, Panalytical software.  
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CHAPTER 5 

SOLUTION-PROCESSED PLANAR AND BULK 

HETEROJUNCTION ORGANIC SOLAR CELLS BASED ON A 

NEAR-IR ABSORBING TITANYL PHTHALOCYANINE 

DERIVATIVE 

 

5. 1. Introduction 

 With the vision of switching to organic solar cells as the power source for the 

future, a high throughput method for their manufacture is a prerequisite. The common 

practice for obtaining the active layer in organic photovoltaic (OPV) devices is thermal 

evaporation, which (a) consumes a lot of energy, (b) is an expensive technique, and (c) 

may not be scaled up economically for large area devices. If chromophores can be made 

soluble in common organic solvents, high throughput techniques like reel-to-reel wet 

coating,
1
 ink-jet printing,

2-4
 or spin-coating,

5-12
 could not only be used for depositing the 

active layer over a large area at room temperature but it could also be utilized to fabricate 

light weight and potentially flexible devices. The use of solution-processable small 

molecules as an OPV active layer is relatively new,
13-16

 particularly those that absorb in 

the near-IR region.
17-31

  

 To date the most efficient OPVs have been formed from organic donor and 

acceptor materials that are transparent in the near-IR, leading to a spectral mismatch with 

the incident solar radiation.
32-47

 If good near-IR absorptivities could be introduced to the 
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OPV, with no loss in open-circuit photopotential (VOC), power conversion efficiencies 

could be significantly improved. New OPV materials are therefore required which 

efficiently convert both visible and near-IR excitation into electrical power, retaining the 

virtues of organic materials: (a) they can generally be synthesized to ensure good solution 

processability, providing low cost and scalability to large area devices; (b) their spectral 

properties, ionization potentials and electron affinities are tunable to optimize both 

bandgap and VOC; (c) aggregates of these materials in optimized architectures can 

demonstrate high charge mobilities, which is essential for low series resistance (RS) in an 

OPV; (d) many of these organics, in the absence of water and oxygen, are photo-stable, 

suggesting the possibility of long OPV lifetimes. In this chapter, we will first discuss 

some of the fundamental aspects of device physics, architecture, and then the lab-scale 

OPV device fabrication and characterization. 

5.2. Device Physics 

From the physics perspective, an organic solar cell can be modeled as a circuit 

consisting of a (photo)diode, and series (RS) and parallel (RP) parasitic resistances (Figure 

5.1).  

 

Figure 5.1. Equivalent circuit diagram for a Shockley diode. 
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The Shockley diode equation is the most widely accepted mathematical model for a 

solar cell.
48
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where, J is the total current, V is the applied potential, J0 is the reverse saturation 

current, and JPh is the photocurrent. RS and RP are series and parallel resistances, 

respectively; n is the ideality factor, k is Boltzmann constant, T is absolute temperature, q 

is electronic charge, and A is the area of the device. Experimentally, both potential (V) 

and current (J) can be measured; area of the device (A), Boltzmann constant (k), and 

temperature (T) are known, while the ideality factor n is often assumed to be unity. This 

leaves us with two equations (J under dark and illumination) and three unknowns, RS, RP, 

and J0 , which requires numerical methods to solve for the unknowns.  

The Shockley equation can, however, can be solved for the extremities when J and V 

are zero, which leads to the two crucial device parameters, the open circuit photopotential 

(VOC) and the short-circuit current (JSC), respectively.  
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Using these values, the power conversion efficiency can be calculated from the 

following equation: 
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maxP

VJ
FF OCSC ……………………………………………………………………..(4) 

where Pmax is the incident power density and FF is the fill-factor (Figure 5.2). The FF 

is defined as the ratio of the output power (VOC x JSC) to the theoretical maxima for the 

power (Vmax x Jmax ). The FF is a measure of ideality of a diode and is often used to 

compare two diodes. 

 

Figure 5.2.  J-V  plot showing ideal and actual diode behavior. 

The VOC is the photopotential generated when no current is flowing through the circuit. 

In the dark, due to the absence of charge carriers, the VOC is typically null; upon 

illumination, the VOC increases logarithmically with the light intensity.
49

 Though the 

origin of the magnitude of VOC is still a matter of debate, it is widely accepted to be 

proportional to EHOMO
D
 - ELUMO

A
, where EHOMO

D
 is the hole-transport energy of the donor 

phase and ELUMO
A
 is the electron-transport energy of the acceptor phase (Figure 5.3).

49-51
  

The observed VOC is, however, usually less than half this difference. This loss in the VOC 

is not well understood. However, it has been partly attributed to the energy associated 

with the dissociation of the geminate pair. The VOC can be significantly improved by 

1 
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using a donor material with a high HOMO (relative to the vacuum), e.g. boron 

subphthalocyanine chloride (SubPc), which has a HOMO of 5.6 eV (HOMO for CuPc = 

5.2 eV), exhibits a VOC of 0.98 V (VOC for CuPc = 0.42 eV).
52

 Since, VOC is inversely 

proportional to the J0 and the is also inversely proportional to the J0, an increase in the 

VOC can significantly improve .
49

  The other important energetic consideration is the 

ELUMO
D
 - ELUMO

A
, which is the driving force for exciton dissociation (photo-induced 

electron transfer, PIET) and controls the JSC. It is assumed that this offset has to be 0.3 to 

0.8 eV to overcome the exciton binding energy in most small molecule or polymer 

semiconductors. 

 

Figure 5.3. Energetic considerations for an OPV device. Courtsey: Prof. Neal 

Armstrong 

  

 For an ideal diode, the RS should be null and the RP should be infinite. However, 

in a real system, a non-zero RS and a finite value of RP is always observed. The RS is a 

measure of the potential drop across various device components, i.e. the active layer, the 

electron and exciton blocking layers, and the electrodes. Poor ohmic contacts at the 

donor-cathode and the acceptor-anode also contribute to the RS. The main impact of the 

RS is to reduce the FF, although high values may also reduce the JSC. The RS can be 



135 

 

 

estimated from the slope of the J-V curve at the VOC.  The RP arises from the loss of 

carriers due to the presence of structural defects such as pinholes and grain boundaries in 

the active layer. It may also arise from the trapping of charges due to the presence of 

impurities that can lead to recombination. The presence of impurities in the donor and 

acceptor materials can also reduce the RP. The main impact of the low RP values is to 

reduce the VOC and the FF. The RP can be estimated from slope of the J-V curve at the 

reverse bias.  

In the dark, no current should ideally be flowing through the circuit, however, in reality 

a small current density is usually seen at reverse bias in the dark and it is referred to as 

the leakage current or the reverse saturation current (J0). The J0 is believed to be 

thermally activated and it is often used to compare two solar cells.
51

 It arises from the 

charge transport in the dark during the process of equilibration of the device components 

(donor, exciton, electrodes, electron and exciton blocking layers), which are at different 

chemical potentials initially. The J0 is also a measure of the charge recombination in a 

device, a diode with a larger recombination shows a larger J0. Under illumination, current 

resulting from photoinduced charge transfer flows opposite to the dark current through 

the circuit resulting in a finite value of photocurrent. 

 

5.3. Device Architecture 

The first OPV device was developed in 1959 by Kallman and Pope utilizing a single 

layer of anthracene with power conversion efficiency of 2 x 10
-7

.
53

 Tang et al. first 

reported that the performance of an organic solar cell can be significantly improved by 
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introduction of a donor-acceptor bilayer architecture.
54

  We now know this architecture as 

the planar heterojunction (PHJ), in which a donor and an acceptor are layered between 

two electrodes (Figure 5.4a). This was a significant improvement over Pope‟s 

homojunction cells,
53

 since unlike silicon solar cells, heterojunctions are necessary for 

exciton dissociation in organic solar cells. An exciton, once generated, must travel to the 

donor-acceptor interface in order to dissociate into free charges. Despite the longer 

absorption depth (1/α) for organic semiconductors, particularly those that absorb in the 

near-IR region, the layer thickness in PHJs is limited due to their shorter exciton 

diffusion lengths (LD). Increasing thickness of the donor layer should lead to higher 

absorption, however, only those excitons with LD that exceed their distance from the 

nearest heterojunction would be able to dissociate into free charges. Active layer 

thickness past the LD could lead to a higher series resistance without significantly 

increasing the photocurrent. One approach to solve this problem is to increase the LD by 

controlling molecular organization in the active layer e.g. studies on porphyrin have 

showed increased rate of charge transport and longer LD in homeotropically aligned 

chromophores.
55,56

  In 1995, Friend and Heeger et al., independently, showed that 

blending of donor and acceptor leads to an interpenetrating network of the two phases, 

which significantly improved the device performance.
57,58

 We now know this architecture 

as the bulk heterojunction (BHJ) architecture in which the distance between the site of 

exciton generation and nearest dissociation centre (donor-acceptor interface) could be 

significantly reduced compared to the PHJ (Figure 5.4b).  
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Figure 5.4. OPV device architecture (a) planar heterojunction, (b) bulk-heterojunction, 

and (c) organized heterojunction. 

 

 An ideal BHJ architecture is one in which the donor and the acceptor, upon 

mixing, spontaneously or upon post-treatment (e.g. thermal annealing), achieve a 

nanoscale phase segregation involving an interdigitated network of donor-acceptor 

lamellae (Figure 5.4c).
58-60

 This nanoscale morphology, however, continues to remain the 

holy grail of organic photovoltaics. Blending of donor and acceptor often leads to trap 

sites, which can lead to geminate and even bimolecular recombinations.
61

 A less known 

device architecture known as „laminate‟ comprises of a combination of PHJ and BHJ. 

Active layers on respective electrodes are fabricated separately and then sandwitched 

together. This allows diffusion between the active layers leading to an architecture 

resembling BHJ at the interface, while a PHJ is maintained away from the interface. 

5.4. General Procedure for Device Fabrication  

 

Figure 5.5. Summary of device fabrication process. 
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 Indium-tin oxide (ITO) coated glass is cleaned using detergent solvent cleaning 

(DSC), which involves a series of washing and sonication with organic solvents. ITO is 

then patterned, when necessary, by selective etching away defined regions. For this, part 

of the ITO is covered with an adhesive tape and then treated with inorganic acids, 

followed by NaHCO3 wash.
62

 Alternatively, a photoresist is coated on the ITO and then 

selectively exposed to the UV light using an optical mask, which results in the 

photocrosslinking of the exposed region rendering it insoluble. The unexposed region can 

then be washed off by an organic solvent. The exposed ITO can then be etched using an 

inorganic acid and subsequent treatment with aqua-regia removes the crosslinked resist 

resulting in a patterned ITO. A hole selective layer (HSL), poly(3,4-

ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS), is then spin-coated onto 

the ITO from an aqueous suspension and then annealed to remove water. This is followed 

by spin-coating a solution of a donor (for PHJ) or donor and acceptor (for BHJ) onto the 

PEDOT:PSS coated ITO. The annealing of the active layer prior to the thermal 

evaporation of the next component is done sometimes since it has shown to assist 

segregation of donor and acceptor phases in polymer-fullerene BHJ devices.
63-65

 The 

acceptor (for PHJ only), exciton blocking layer (EBL), and anode (aluminum) are then 

sequentially evaporated to complete the device. The substrate is then mounted on a boat 

and a mask is put on top and is then placed under vacuum (Figure 5.6). The system is 

then evacuated using a combination of „rough‟ and turbo pumps. For PHJ, C-60 and then 

BCP are thermally deposited on top of the donor layer and monitored using a quartz 

crystal monitor, QCM (Figure 5.6).  For BHJ, a thin layer of LiF is deposited on top of 
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the active layer using a similar setup. After allowing the vacuum chamber to cool down 

to room temperature, the system is brought to ambient nitrogen atmosphere and the 

shadow mask is switched to aluminum-deposition mask, which contains an array of slits. 

The system is evacuated again before thermally depositing the aluminum.  

 

 

Figure 5.6. A simplified schematics for the deposition chamber typically used for C-60 

and BCP. The heating source for LiF and aluminum are similar, except that they need 

higher current for evaporation. 

 

5.5. General Considerations for Device Characterization  

 The spectral irradiance of the sun measured beyond the earth‟s atmosphere 

closely resembles that of a 5780 K blackbody spectrum and is represented as AM0 (air 

mass zero).
66

  However, the irradiance that we receive on the earth surface is different as 
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(a) certain wavelengths are absorbed by water vapor and atmospheric gases and (b) the 

degree of absorption is dependent on the optical path length through the earth‟s 

atmosphere between a point on the earth and the sun. The latter is determined by the 

angle of the sun relative to the point of on the earth. Therefore, a standard testing 

condition has been recommended. In the U.S., the American Society for Testing and 

Materials (ASTM) recommends spectral irradiance of 100 mW/cm
2
 (one sun) at 25±2 ºC 

for spectral distribution defined by the AM1.5G spectrum.
67

 AM1.5G designates that 

photons travel 1.5 times the mass of atmosphere directly above the surface, which is 

equivalent to at an angle of 48.19 between the zenith and the sun (Figure 5.7). The letter  

G stands for global, which accounts for both the direct and reflected sunlight incident on 

a test cell.  

 

Figure 5.7.  The air-mass value AM 0 represents incident solar radiation when the sun 

is at its zenith; when the sunlight is absorbing oxygen and nitrogen gases in the 

atmosphere is included, it is referred to as AM 1.0; when the sun at an oblique angle of 

48.2º, which simulates a longer optical path through the earth‟s atmosphere, it is referred 

to as AM 1.5; oblique angle to 60.1º indicates AM 2.0. Source: www.electroiq.com. 

 

Solar cells are tested in dark and under illumination to obtain current-voltage curve 

otherwise known as a J-V curve. Devices are tested using a solar simulator that mimics 

the solar spectral irradiance.
67

 A solar simulator consists of a light Xe arc lamp as the 
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light source, an optical fiber, an optical integrator, and a power supply (Figure 5.8). The 

light intensity of the Xe lamp can be controlled either by changing the output power 

supply or the distance of the source from the test device and measured using a reference 

photodiode. A J-V plot can be obtained by measuring the current against the applied 

potential. 

  

Figure 5.8. Newport Class A is an example of a solar simulators that utilizes a spectral-

correction filters to manipulate the xenon-arc lamp output spectrum to fit AM 1.0, 1.5, 

and 2.0 values.  

 

 

5.6. Quantum Efficiency measurements  

 Quantum efficiency is the measure of how efficiently photons get converted to 

electrons in a photovoltaic device at each wavelengths in the spectrum of light shining on 

the cell. Mathematically, it is the ratio of the number of charge-carriers collected by a 

photovoltaic cell to the number of photons incident on the device. Ideally, the quantum 

efficiency should be one as long as the wavelength of light equals the band gap of the 

active-layer material. However, due to several factors including charge recombination, 

the quantum efficiency for an OPV device is never unity. Since the penetration depth of a 

photon increases with increasing wavelength, the recombination of charges in the blue-
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region is limited by the charge-collection at the electrodes while that in the red-region is 

limited by the exciton diffusion length.  The external quantum efficiency is a measure of 

Incident-Photon-to-electron Conversion Efficiency (IPCE) and the internal quantum 

efficiency is a measure of Absorbed-Photon-to-electron Conversion Efficiency (APCE).  

We characterize a solar cell by its responsivity, which is the amount of current produced 

per unit of incident power, also known as irradiance. The responsivity of a test cell can be 

measured against a reference cell, usually a photodiode, whose responsivity value is 

known (Figure 5.9). The spectral responsivity measurements are performed at the short-

circuit condition and the relative responsivity is assumed to be the same at maximum 

power and short-circuit points. The responsivities usually show only a slight dependence 

on light-bias intensity depending on the constituent materials systems.
68

 

 

Figure 5.9. Different types of reference photodiodes. Source: www.electroiq.com. 

 

 For measuring the IPCE, we first calculate the photon flux i.e. the number of 

photons incident per unit area of the solar cell per unit time at different wavelengths of 

the radiation incident on the photodiode as follows. While the responsivity of the 

photodiode is available from the manufacturer,  the output current from a reference 

photodiode can be measured at each wavelength and then using the equation Responsivity 
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= Current / Irradiance, the irradiance of the photodiode can be calculated. The 

irradiance is the measure of energy from all photons incident per unit time at the 

photodiode at a particular wavelength. Since the energy of one photon is hc/, the total 

number of photons incident per unit time on the photodiode at a particular wavelength 

can be easily calculated; division by the area of the OPV device would give the photon 

flux. Similar measurements on the test solar cell would yield its output current per unit 

area at different wavelengths. From this, the total electronic charge in Coulombs can be 

calculated using the relation Current = Charge / Time.  Since one electron has a charge 

of 1.6 x 10
-19

 C,  the electron density i.e. the total number of output electrons per unit 

area of the solar cell per unit time, can be calculated. The IPCE at a particular 

wavelength is simply the ratio of the photon flux to the electron density. 

For measuring the APCE, we first calculate the actual photon flux i.e. actual number of 

photons incident per unit area of the solar cell per unit time at each wavelength using the 

transmittance of the active layer, which can be calculated from the absorbance of the 

device using the relation Absorbance = - log (Transmittance). The actual photon flux is a 

product of the fraction of photons actually absorbed i.e. (1- Transmittance) and the 

photon flux, calculated above.  The APCE  at a particular wavelength is simply the ratio 

of the actual photon flux to the electron density. 

The JSC can be calculated by integrating the product of test cell responsivity and 

incident spectral irradiance from the irradiation source. The spectral irradiance of an 

artificial light source, however, does not exactly match the AM1.5G reference spectrum 

(Figure 5.10). Therefore, to account for this error, the spectral mismatch factor, M, is 
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included in the calculation of efficiency. Glass filters are often employed to bring M close 

to unity.
66

  

 

 

Figure 5.10. Normalized spectral irradiance of a AM 1.5 G reference spectrum (solid 

line). Also plotted is the typical source irradiance for an Oriel 150 W solar simulator with 

AM 1.5 G filters (dashed lines).
68

 

 

5.7. Literature Survey on Organic Solar Cells from Solution-Processed Near-IR 

Absorbing Phthalocyanine Derivatives 

Phthalocyanine (Pc) was used as a donor layer in the very first PHJ OPV device 

reported by Tang et al.
54

  Subsequently, several devices based on solution-processed Pcs 

were reported.
22,23,69-72

 Herein, we will briefly discuss the solution-processed OPV 

devices based on near-IR absorbing Pcs as a donor (Figure 5.11).  



145 

 

 

 

Figure 5.11. Structures of donor and acceptor materials used in these studies.  

 

 Friend et al. investigated the performance of a liquid crystalline octasubstituted 

alkylthio Pc 1.
23

 Liquid crystalline phase was obtained by heating a thin film of Pc 1 (292 

ºC, 20 ºC/min) on an ITO coated glass substrate until it formed an isotropic liquid. The 

films were then allowed to cool to room temperature using a hot stage, which led to the 

formation of homeotropically aligned films of  Pc 1  on the ITO. The liquid crystalline 

behavior was confirmed by polarized optical microscopy. Thermal evaporation of 

perylene derivative 6 and aluminum, sequentially, completed the device. A device based 

on an isotropic thin film was prepared for comparison. The absorption spectrum for the 

devices showed significant difference from the IPCE indicating recombination (Figure 

5.12). Surprisingly, the device from the anisotropic film performed better than the device 

from the isotropic film. Optical microscopy revealed the formation of droplets of Pc 1 on 

the ITO substrate upon heating, which apparently led to a high leakage current. 

Remarkably, the devices were fabricated without a carpet layer of PEDOT:PSS between 
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ITO and donor
73

 or an exciton blocking layer, e.g. BCP,  between acceptor and 

aluminium.
74

 

 

Figure 5.12. (a) Optical density (dotted line) and EQE (in vacuum) of the pristine device 

when illuminated through ITO and through the transparent Al contact.  EQE (through Al) 

is multiplied by 12 for clarity but not correct for the transmission of the Al contact 

(~2%). (b) Optical density (dashed line) and EQE in vacuum and air for the heated 

device, illumination through ITO. 

 

 Friend et al. also investigated Pc 1 and 2 as donor layers in organic solar cells 

using soluble perylene derivative 7 as an acceptor in PHJ, BHJ, and laminar device 

architectures (Figure 5.13).
22,23

 The PHJ devices were fabricated in the configuration: 

ITO/ 2 (15 nm, spin coated, annealed)/7 (60 nm, spin coated)/Al (vapor deposited). BHJ 

devices were fabricated in the configuration: ITO/1 and 7 (70 nm, spin coated)/Al (vapor 
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deposited). For the laminate devices, the donor platform was obtained by spin-coating a 

solution of perylene 7 and Pc 1 from CHCl3 in 1:9 ratio (w/w) on an ITO-coated glass, 

while the acceptor platform was prepared by spin-coating perylene 7 onto a thermally 

evaporated aluminum. After exposing both halves to chloroform vapor for 15 min, 

laminate was formed under gentle pressure in a laminar flow box. This lead to a device 

configuration: ITO/1 (230 nm, spin coated)/7 (80 nm, spin coated)/Al (vapor deposited). 

The absorption in the PHJ devices extends up to 800 nm, while for the BHJ device, the 

absorption extends up to 850 nm. For both the PHJ and the BHJ devices, the IPCE shows 

close resemblance with the absorption spectrum. However, for the laminate device the 

contribution from the Pc band does resemble the IPCE curve, which is indicative of 

recombination owing to the thick active layer as also evident from the high RS. 
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Figure 5.13. Characterization of (a) double layer , (b) blended, and (c)  laminated 

devices. Left: Linear optical absorption and EQE. Right: J-V  characteristics in the dark 

and under illumination. Thickness of the active layer, wavelength and intensity of the 

light source for the J-V measurements were 75, 70, and 310 nm; 610 nm, 650 nm, 550 

nm; and 0.25, 0.25, and 0.13 mW/cm
2
 for devices (a), (b), and (c), respectively. 

 

 The spectral coverage of the active layer is critical to the OPV device 

performance. It is widely accepted that the important parameters that govern the spectral 

overap are: (a) molar absorptivity, (b) absorption maximum, and (c) width of absorption 

of the chromophore. While molar absorptivity values are typically high for Pc, their 

absorption width is limited to a very narrow window due to well defined optical 
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transitions. This issues can be approached by using (a) a blend of Pcs with different 

absorption maxima
24

 or (b) an ensemble of a Pc with another chromophore. Drain et al. 

prepared a number of ZnPcs 3-5 (and Pc787, which is not discussed here as it failed to 

produce a working device) from the reaction between commercially available 

hexadecafluorophthalocyaninatozinc(II) and different alkyl thiols that led to a mixture of 

Pcs that were used as such. The absorption maxima changed significantly with the 

change in the number and the position of alkylthio substituent (Figure 5.14). 

 

Figure 5.14. Optical absorbance in toluene normalized to the same absorptivity for the 

lowest energy Q-band.  

Apart from the desired tetra or octasubstituted products, an inseparable mixture of Pcs 

with one or two alkylthio units more or less were also obtained. The downside of using 

such a Pc mixture is the lack of control over the their relative ratios in the reaction pot, 

which could prevent the studies on the structure-property relations. Devices for Pcs 5-7 

3 

4 

5 
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were fabricated by spinning a ca. 70 nm thick layer of Pcs or their blend along with 

Py~C60 on a PEDOT:PSS coated ITO substrate. The Py~C60 reportedly binds to the zinc 

and facilitates exciton dissociation and charge transfer, which was evident from the poor 

performance the devices without Py~C60. The evaporation of C-60 and aluminum, 

sequentially, completed the device. The parallel tandem device architecture from 

different Pc blends outperformed the devices from individual Pcs apparently due to the 

increase absorption at different wavelengths and the hypothesized internal parallel 

connections. Data for best devices fabricated from 5-7 is shown in Table 5.1. 

Table 5.1 Best performing devices fabricated from soluble phthalocyanines.  

Donor 

Pc 

Accep

tor 

VOC 

/V 

JSC 

mA/cm
2
 

FF 

1 6 NA NA NA NA 

1
§
 6 0.11 NA 0.25 NA 

1 6 NA NA NA NA 

2 6 0.12 NA NA NA 

3 
a,
 C60 0.351 0.26 0.29 0.026 

4
 a
 C60 0.375 0.14 0.23 0.012 

5
 a
 C60 0.305 0.35 0.3 0.033 

3,4,5 

(17:17:6

6)
 a
 

C60 0.408 1.24 0.24 0.12 

§: 1:6 = 1:1 (w/w) 

 

Torres and Marks et al. investigated the performance of BHJ OPV devices based on a 

supramolecular ensemble of squaraine and Pc (8).
75

  The absorption spectrum of the 

ensemble spanned from 550 to 850 nm, which was typically the sum of absorption 

spectra of squaraine and phthalocyanine (Figure 5.15). The absorption band at 646 nm 

corresponds to the  electronic transition of the Pc component and does not shift 
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relative to the parent (Ru(CO)Pc.
76

 However, the absorption band due to the squaraine at 

706 nm was ca. 25 nm red-shifted relative to parent squaraine.
27

 This has been attributed 

to the electronic transitions arising from the interactions between the electron rich 

pyridine substituent on squaraine and the electron deficient ruthenium on the Pc.  

 

Figure 5.15. Absorption spectra of the 3u Sq–Pc ensemble, and Ru(CO)Pc and Sq-

PEP references in CHCl3 solution. 

The authors studied the device performance as a function of the active layer thickness 

and the relative ratio of the donor and the acceptor. The efficiency of the device increased 

slightly from 0.091 to 0.095 upon increasing the film thickness from 40 to 60 nm. 

However, further increase in thickness to 80 nm led to an overall decrease in the 

efficiency, which has been attributed to the increased recombination owing to the poor 

mobilities of the individual components as evident from the low values of the JSC for the 

thicker devices (Table 5.2). Upon increasing the donor acceptor ratio to 1:4, an increase 

in the JSC was observed leading to an overall increase in the device efficiency. This has 
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been attributed to the increase in the thin-film molecular organization as evident from the 

increased rms surface roughness in the AFM studies (not shown).  

Table 5.2 Best performing devices fabricated from soluble Pc-Sq Ensemble.  

Pc  Ratio
ǂ
 VOC  

/V 

JSC 

mA/c

m
2
 

FF  Ref. 

3u 1:1  80  0.52  0.50  0.24  0.065  

3u  1:1  60  0.49  0.77  0.25  0.095  

3u 1:1  40  0.48  0.87  0.25  0.091  

3u 1:4  60  0.59  1.65  0.28  0.285  

ǂ: ratio between donor and acceptor.   

 

5.8. Current Research 

From the above discussion, we see that Pc show potential as a donor layer in the OPV 

devices due to their high absorptivity extending up to 850 nm in the near-IR. In this 

context, the highest efficiency reported for a BHJ OPV device based on a solution 

processed near-IR absorbing Pc is 0.12%.
24

  We herein report solution-processed PHJ 

and BHJ OPV devices that exhibit good near-IR photoactivity extending up to 1 m and 

good open-circuit photopotential (VOC) when fabricated from a soluble titanyl 

phthalocyanine (TiOPc) derivative, as the donor, exhibiting efficiency up to 0.97%, a 

significant improvement over other reported devices.  
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5.8.1. Planar heterojunction (PHJ) OPVs based on Soluble TiOPc 

 Planar heterojunction OPV devices were fabricated by spin-coating, under 

nitrogen atmosphere, a solution of C6-TiOPc in o-dichlorobenzene (ODCB) on a 

poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) coated indium tin 

oxide (ITO) substrate. The absorption spectrum for the pristine C6-TiOPc film resembles 

Phase-II of the unmodified TiOPc with the Q-band maximum at 892 nm. The absorption 

spectrum for the annealed C6-TiOPc film, on the other hand, is more inclined towards 

Phase-I of the unmodified TiOPc with the Q-band maximum around 700 nm (Figure 

5.16).
[24] 

  

Table 5.3. Device parameters for OPVs based on C6-TiOPc/C-60 planar heterojunction 

OPV l (nm)
ǂ
 VOC

[c]
 JSC

[d]
 FF

[e]
 RS

[f]
 RP

[g] 

x 10
3
 

J0
[h] 

x 10
-4

 

η
[i]

 

1 21
[a]

 0.39 3.17 0.40 0.810 0.10 3.54 0.78% 

2 23
[b]

 0.49 2.10 0.34 2.24 3.36  1.89  0.53% 

3 28
[a]

 0.35 3.29 0.55 0.80 1.96  3.36  0.97 % 

4 34
[b]

 0.40 2.15 0.50 1.10 1.72  2.11 0.66 % 

Device configuration: ITO/PEDOT:PSS/C6-TiOPcC-60/BCP/Al. Device area = 0.019 

cm
2
. Thickness of PEDOT:PSS layer = 108 nm. ǂ thickness of the donor layer. [a] as 

deposited film. [b] film (C6-TiOPc/PEDOT:PSS/ITO) annealed at 150 ºC for 10 min.[c] 

open-circuit photo-potential in volts. [d] photo-current in mA/cm
2
. [e] fill factor. [f] series 

resistance-measured from far forward bias. [g] shunt resistance-measured from far 

reverse bias.[h] reverse saturation current-estimated from lowest dark current (log 

plot).[i] power conversion efficiencies. Percent conversion efficiency was derived from 

the equation: η = (JscVocFF)/Po. Jsc = short-circuit current, Voc = open-circuit voltage, FF 

= fill-factor, and Po = incident-light intensity, 65.5 mW/cm
2
. 
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Figure 5.16. Left: structures for C6-TiOPc, C60, and BCP used in these studies. Right: 

absorbance spectra for pristine C6-TiOPc (blue) film and C6-TiOPc film annealed at 150 

ºC for 10 min (red) casted from ODCB onto PEDOT:PSS coated ITO substrates. 

 

 The donor-layer thickness was optimized by adjusting the speed, acceleration, and 

solute concentration, and measured using AFM. The pristine C6-TiOPc films show two 

distinct peaks, QA and QB, in the absorption spectrum at 680 nm and 890 nm, respectively 

(Figure 5.16). The latter peak has been assigned to the formation of a charge-transfer 

exciton due to strong intermolecular interactions between the C6-TiOPc molecules.
[6]

 

Upon annealing the QA peak intensity increased while the QB peak intensity decreased 

and blue shifted by 20 nm.
[24]

 Subsequent vapor deposition of C60, bathocuprine (BCP), 

and aluminum completed the device. Devices were also fabricated with thermally 

annealed C6-TiOPc films for comparison (Table 5.3).  
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Figure 5.17. Performance for OPV device 3: (a) linear J-V and (b) semi-log J-V plots. 

Devices were tested at 65.5 mWcm
-2

.  

 

 OPV device 1 with a donor-layer thickness of ca. 21 nm exhibited a VOC and a JSC 

of 0.39 V and 3.17 mA/cm
2
, respectively, with a  of 0.78% (Figure 5.17). Upon 

increasing the donor-layer thickness to 28 nm, the VOC decreased to 0.35 V while a slight 

increase in the JSC to 3.29 mA/cm
2
 was observed for device 3. The increased fill factor 

for device 3 (0.55) compared to device 1 (0.40) is responsible for the corresponding 

increase in efficiency (0.78%  0.97%). Devices 2 and 4 were fabricated analogously to 

devices 1 and 3, respectively, with the addition of an annealing step (150 °C for 10 min) 

prior to vacuum deposition of the BCP layer. These annealed C6-TiOPc devices 

exhibited lower JSC, and FF but a higher VOC than their unannealed counterparts.  This 

behavior is consistent with planarization of the C6-TiOPc film during thermal annealing 

that decreases the interfacial surface area between the C6-TiOPc donor and the C60 

acceptor, thus decreasing the current.  The increase in photopotential is likely due to a 

reduction in pinholes, further evidenced by the lower reverse saturation current (Table 

5.3).  Lower performance of the devices from the annealed C6-TiOPc films exhibiting 

decreased QB (increased QA) band is indicative of higher photoactivity for the QB band. 
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Higher photoactivity for Phase-II compared to Phase-I morphologies has been observed 

for vacuum-deposited PHJ OPV devices from unmodified TiOPc.
 5 

 We performed quantum efficiency measurements on the best performing OPV 

device, 3. The absorbance spectrum for device 3 exhibited a panchromatic absorption 

extending up to 1m in the near-IR, which is an overlay of the C60 absorption band 

around 400-600 nm and the C6-TiOPc QA and QB band absorptions from 600-1000 nm 

(Figure 5.18). Incident photon to current efficiency (IPCE) measurements was done on a 

device of area 0.125 cm
2
 inside a stainless steel sealed vessel under nitrogen atmosphere. 

Absorbed photon to current efficiency (APCE) data was calculated using the IPCE data 

and the absorbance (transmittance) spectrum for the OPVs along the transparent region 

near the OPVs. The APCE spectrum directly correlates with the corresponding IPCE 

spectrum with the maximum absorbed and incident photon-to-electron conversion around 

450, corresponding to C60, consistent with its higher absorbance in the device. The 

APCE/IPCE spectra revealed contributions from the C6-TiOPc in the near-IR region with 

local maxima around 680 nm and 920 nm, corresponding to the QA and QB bands of the 

C6-TiOPc. The lower contributions from the C6-TiOPc QA and QB bands towards 

IPCE/APCE spectra suggests recombination of excitions.
27
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Figure 5.18. (a) Vis-NIR absorption spectrum (b) Incident photon to current efficiency 

(IPCE) plot, and (c) Absorbed photon to current efficiency (APCE) for OPV device 3. 

Device configuration: ITO/PEDOT:PSS/C6-TiOPc/C60/BCP/Al. Device area = 0.125 

cm
2
. Device was tested at 100 mWcm

-2
. 
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Summary: In summary, we have demonstrated that the photoactivity of PHJ OPV 

devices can be extended up to 1m in the near-IR region of the solar spectrum, without 

compromising the VOC, using a solution-processed TiOPc derivative as the donor layer. 

Contributions to the IPCE/APCE from the TiOPc that remained low for the PHJ OPV 

devices due to short exciton diffusion lengths, which led to recombinations, can be 

improved via intimate mixing of donor and acceptor molecules in a bulk heterojunction 

(BHJ) device architecture. 

5.8.2. Bulk heterojunction (BHJ) OPVs based on Soluble TiOPc 

 BHJ OPV devices were fabricated using C6-TiOPc thin-films obtained by spin 

coating from CHCl3 on a poly(3,4-ethylenedioxythiophene):polystyrenesulfonate 

(PEDOT:PSS) coated indium tin oxide (ITO) substrate, which  exhibited an absorption 

spectrum reminiscent of Phase-I of unmodified TiOPc, with two distinct peaks, QA and 

QB, in the absorption spectrum at 695 nm and 874 nm, respectively (Figure 5.19). The 

latter peak has been assigned to the formation of a charge-transfer exciton due to strong 

intermolecular interactions between the TiOPc chromophores.
77

 Molecular arrangement 

in the condensed phase of TiOPc arises from a combination of strong interactions 

between the Ti=O bonds and strong  interactions, which is essential for the near-IR 

absorption.
77

 

 The C6-TiOPc/PCBM blended films showed absorption extending up to 1000 nm 

with a band at ca. 400 nm, typical of PCBM, as well as the C6-TiOPc QA and QB bands 

at ca. 690 nm and 875 nm, respectively, similar to those observed in the pristine film, 
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suggesting that the PCBM did not cause significant disruption of intermolecular 

interactions in C6-TiOPc. Active layers of different thicknesses were prepared by spin 

coating a solution of C6-TiOPc and PCBM of varying concentrations and imaged using 

atomic force microscopy (AFM). The morphology of the thin-films were dependent on 

the C6-TiOPc:PCBM ratio. For a C6-TiOPc:PCBM ratio of 1:1 (w/w), atomic force 

microscopy revealed large, spherical domains of ca. 450 nm diameter with rms surface 

roughness of 8 nm (Figure 5.2a). However, thin-films from a C6-TiOPc:PCBM ratio of 

1:3 (w/w) were relatively smooth, with an absence of large domains (Figure 5.2b). The 

pattern of the phase-segregation remained invariant irrespective of the film thickness.  

 

 

Figure 5.19. Left: structures for TiOPc and PCBM used in these studies. Right: 

absorbance spectra for pristine TiOPc (red) and TiOPc/PCBM thin-films cast from 

CHCl3 onto PEDOT:PSS coated ITO substrates with TiOPc/PCBM ratios of 1:1 (blue) 

and (b) 1:3 (green). 
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 BHJ OPVs were fabricated by spin-coating, under ambient atmosphere, a solution 

of C6-TiOPc/PCBM in CHCl3 onto a detergent-solvent cleaned, PEDOT:PSS (112 nm) 

modified ITO-coated glass substrate. The active layer was dried under ambient 

atmosphere and then moved to a glove box. Subsequently, LiF (0.12 nm, 0.2 Å/sec) and 

aluminum (100 nm, 0.9-1.2 Å/sec) were deposited in sequence under vacuum (ca. 10
-6

 

torr) to complete the device. We started investigating the OPV performance employing 

device 1 with an active layer thickness of ca. 55 nm for C6-TiOPc/PCBM ratio of 1:1 

(w/w). A low VOC value of 0.17 mV indicated the presence of pin-holes in the relatively 

thin-film. Upon increasing the thickness to 94 nm in device 2, we observed an increase in 

JSC, VOC, and FF (Table 5.4, device 12).  

Table 5.4.  BHJ devices fabricated from soluble TiOPc 

OPV
a
 ratio

ǂ
 Conc 

(mg/mL), 

d (nm) 

VOC 

/V 

JSC 

mA/cm
2
 

FF 

1 1:1 6, 55 0.168 0.330 0.312 0.017 

2 1:1 12, 94 0.547 0.500 0.404 0.110 

3 1:1 18, 95 0.380 0.288 0.353 0.038 

4 1:3 12, 91 0.651 1.074 0.449 0.314 

5 1:3 18, 121 0.711 0.457 0.258 0.083 

6 1:3
§
 18, 149 0.414 0.467 0.358 0.069 

 

a 
Device configuration: ITO/PEDOT:PSS/TiOPc:PCBM blend/LiF/Al with device area: 

0.019 cm
2
. Thickness of PEDOT:PSS layer = 108 nm.* Percent conversion efficiency, 

derived from the equation: η = (JscVocFF)/Po. Jsc = short-circuit current, Voc = open-circuit 

voltage, FF = fill-factor, and Po = incident-light intensity, 65.5 mW/cm
2
. 

ǂ
 ratio between 

TiOPc:PCBM in the blend. d = thickness of the active-layer blend. 
§
 Film annealed at 150 

ºC for 10 min. 
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 Further increase in thickness to 95 nm led to decreased JSC, VOC, and FF, 

indicating the active layer thickness far-exceeded the exciton diffusion length. The VOC 

for device 2 at 0.54 mV, is comparable to the VOC of 0.55 mV for the optimized PHJ 

device fabricated from solution-processed C6-TiOPc. Deviation from C6-TiOPc/PCBM 

ratio of 1:1 (w/w) to 3:1 did not lead to a working device.  

 

Figure 5.20. AFM height images for active layer thin-film with TiOPc:PCBM ratio of (a) 

1:1 and (b) 1:3  

When a TiOPc:PCBM ratio of 1:3 (w/w) was used in a 91 nm thick active-layer in device 

4, a significant increase in both VOC and JSC to 0.65 mV and 1.0 mA, respectively, was 

observed (Table 5.4, device 4). Increasing the active layer thickness to 121 nm in device 

5 led to increased VOC, however both JSC and FF decreased significantly reflecting 

limited charge mobility (Table 5.4). The VOC for device 5 at 0.65 mV is comparable to the 

VOC, 0.61 mV, of the PHJ device fabricated from vacuum-deposited TiOPc.
78

 Annealing 

of the active layer led to a significant lowering of the VOC in device 6. Certainly, the 

balance between optical absorption and charge recombination was met for devices with 

active layer thicknesses of 40 and 91 nm, for C6-TiOPc/PCBM ratios of 1:1 and 1:3, 

respectively. The J-V and semi-log plot for the best performing devices are shown in 

Figure 5.21. The lower performance of the devices from C6-TiOPc:PCBM 1:1 (w/w) can 
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be attributed to the formation of unfavorable large domains of C6-TiOPc observed in the 

AFM, which can serve as sites for recombination (Figure 5.20).
20

  

 

 

Figure 5.21. (a) J-V and (b) Semi-log plot for TiOPc/PCBM BHJ OPV devices 2 (blue) 

and 5 (red) in dark (dotted line) and under illumination (solid line). 

 Incident photon current efficiency (IPCE) measurements were carried out under 

ambient atmosphere at AM 1.5G for the best performing device. APCE data was 

calculated using the IPCE data and the absorbance (transmittance) spectrum for the OPVs 

along the transparent region near the OPVs. The shapes of the IPCE and the device 

absorption spectra were significantly different (Figure 5.22). The absorbance spectrum of 

the device showed higher contribution from PCBM than C6-TiOPc (Figure 5.22a). 

 However, the relative contributions to the IPCE from TiOPc exceed that of 

PCBM, suggesting that the photons are more efficiently converted to electrons by the C6-

TiOPc relative to PCBM. Though the QB band of the C6-TiOPc is indistinct in 

absorption spectrum, a significant contribution from this band towards the IPCE was 
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observed (Figure 5.22). The APCE spectrum directly correlates with the corresponding 

absorption spectrum of the pristine C6-TiOPc film with the maximum absorbed photon-

to-electron conversion at ca. 700 nm corresponding to C6-TiOPc QA band. The APCE 

spectrum also revealed a significant contribution from the C6-TiOPc QB band in the near-

IR region with a local maximum around 870 nm. 

 

 

 

Figure 5.22. (a) Absorbance, (b) IPCE, and (c) APCE for OPV device 4.  

 

Summary: In summary, we have demonstrated good near-IR photoactivity for solution-

processed BHJ OPV devices. For the optimized BHJ devices, the VOC is (a) higher than 
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the corresponding solution-processed PHJ device fabricated from octahexylthio-

substituted C6-TiOPc and (b) comparable to the vacuum-deposited PHJ fabricated from 

Phase-I of the unmodified TiOPc.
78,79

  

 

5.9. Experimental Section 

5.9.1. Preparation of ITO Substrate:  

 ITO-coated glass (Colorado Concepts Coating, sheet resistance: ~15  cm
-2

) was 

pretreated by scrubbing with 10% Triton-X100 using micro-fiber cloth followed by 

successive sonications in 10% Triton-X100 (15 min), 18 Mnanopure water (5 min), 

and absolute ethanol (15 min) and then dried under a stream of nitrogen. For patterning 

the ITO, its surface was flooded with positive photoresist (Rohm and Hass) and spun at 

2000 RPM for 30 seconds. A shadow mask was used in order to pattern the ITO, 

followed by developing of the ITO pattern. Aqua regia (3:1) was pre-heated to 120 °C, 

followed by the immersion of the resist-coated ITO slide for 35 seconds. Removal of the 

photoresist followed. The ITO was then pretreated by scrubbing with 10% Triton-X100 

using micro-fiber cloth followed by successive sonications in 10% Triton-X100 (15 min), 

nanopure water (5 min), and absolute ethanol (15 min) and then dried under a stream of 

nitrogen.  

 

5.9.2. Device Fabrication 

 PEDOT:PSS ( 1.4% (w/w), CLEVIOS™) was passed through 0.45 micron filter 

before flooding the ITO surface with 1 mL solution and then spinning it at 3000 rpm 

(acceleration set to 225) for 1 min.  Slides were transferred to the glove box and then 
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annealed at 175 ºC (on a pre-equilibriated hot plate) and then allowed to cool to room 

temp. Slides were allowed to dry at ambient nitrogen pressure. Annealing for 

TiOPc/PEDOT/ITO was done at 150 ºC for 10 min, when required. For PHJ, C-60 (MER 

Corp.) and bathocuproine (BCP, Sigma-Aldrich) were vacuum deposited (ca. 1-2 Å sec
-1

) 

on top of TiOPc, sequentially; for BHJ LiF (0.2 Å sec
-1

) was deposited at a base pressure 

ca. 10
-7

 Torr  via Knudsen-type sublimation cells and  monitored with a 10 MHz quartz 

crystal microbalance (QCM-Newark), and an Agilent Technologies frequency monitor 

(Model 53131A).
79

  Aluminum was deposited (ca. 1-3 Å sec
-1

) at a base pressure ca. 10
-6

 

Torr and monitored via a 6MHz QCM (Tangidyne) and Inficon deposition monitor 

(model 758-500-G1). The region at the center of these substrates was left open to allow 

for absorbance spectra to be measured on the same films for which IPCE data was 

obtained. 

 

5.9.3. Device Characterization 

 Current density–voltage (J–V) data was obtained for a series of OPVs with device 

area of 0.019 cm
2
, while for IPCE data devices with area of 0.125 cm

2
 were used. 

Devices were tested inside a glove-box (MBrawn Labmaster) under ambient nitrogen 

pressure. Current density-voltage (J–V) measurements were made with a Keithley 2400 

source meter, while the data was acquired with in-house software created with Labview 

ver.8.2 (National Instruments). Devices were scanned from -1.00 to 1.50 Volts with a 5 

mV step size, starting from negative bias. A Light source (CUDA products) with a 250W 

quartz-halogen lamp (model: I-250) was used as the illumination source. The light was 
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filtered with a 950 nm cutoff filter  along with a sand-blasted light diffuser. The distance 

between the source and the OPV device arrays was adjusted to achieve an output of 

approximately 100 mW cm
-2

, which was measured with a Newport thermopile 

photodetector (Model 818P-015-19). 

  IPCE measurement was done using a Newport 300 W Xenon-Arc lamp (Model 

66488 simplicity arc series) as the light source. The modulated light (250 Hz) was passed 

through a Newport monochromator (Cornerstone model), while spectra were acquired at 

4 nm intervals. Incident power through the monochromator was measured with a 

calibrated Hamamatsu photodiode acquired from Newport Optics (Model 818-SL). The 

bias for the OPV was maintained so as to obtain shortcircuit current at each wavelength. 

The current-to-voltage output was fed into a EG&G lock-in amplifier (Model 5209), and 

output into in-house software created with Labview ver.8.2 (National Instruments).  
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CHAPTER 6 

WHERE DO WE GO FROM HERE? 

With elegant and scalable methods for modifying phthalocyanine (Pc) at peripheral 

(Chapter 2) and central dibasic sites (Chapter 3) in place, we look forward to exploiting 

these methods in designing molecules and materials that would help us develop a 

comprehensive understanding of the interplay between molecular structure, thin-film 

morphology, and organic photovoltaic (OPV) device performance (Figure 6.1).  

 

Figure 6.1. A comprehensive understanding of the relation between Pc structure, thin-

film morphology that they adopt in the condensed phase, and organic solar cell 

performance is necessary for the development of better molecules, materials, and devices.  

 

 

6.1. Control of Molecular Assembly in Phthalocyanine Derivatives:  

 In Chapter 2, we discussed how a single Pc chromophore could be used as a 

scaffold for constructing numerous Pc derivatives that are near-IR absorbing and soluble 

in common organic solvents. A closer look at the thin-films of the Pc derivatives revealed 

an additional band at ca. 660 nm, blue-shifted with respect to the solution phase Q-band 
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at ca. 730 nm, for the series 4a-4h. A clear contrast in the relative ratios of the bands at 

ca. 660 and 730 nm can be seen between Pcs substituted with aliphatic (4a and 4c) and 

aromatic groups (4b, 4d-h). Two inferences can be drawn from the above observations: 

(a) an H-type aggregation is probably responsible for the hypsochromically shifted Q-

band and (b) the degree of H-type aggregation is a function of nature of the groups on the 

peripheral positions. Therefore, changing the substituents at the peripheral positions of 

the Pc chromophore offers a handle to control the condensed phase morphology of the 

Pcs. Further investigation using X-Ray diffraction studies is necessary to understand the 

exact nature of the molecular packing that is responsible for this behavior. 

 

Figure 6.2. The absorption spectra for the „clicked‟ Pcs 4a-4h. A clear contrast can be 

seen between Pcs substituted with aliphatic groups (4a and 4c) and those substituted with 

aromatic groups (4b, 4d-h).  

 



169 

 

 

 In Chapter 4, we discussed how different polymorphs resembling that of the 

parent TiOPc can be obtained via choice of substituent chain lengths, substrates, and 

more importantly, the casting solvent. We propose to extend his study to other tri- and 

tetravalent Pcs such as VOPc, ClMPc (M = Al, Ga, In), and casting solvents such as 

chlorobenzene, nitrobenzene, tetrachloroethane, xylenes, etc.  

 

6.2. Phthalocyanine Derivative as Electrode Modifier 

In OPV devices, the interface between the bottom contact (ITO) and the Pc is 

critical to the device performance. The heterogeneous nature and high surface roughness 

of the ITO surface leads to poor contacts at the ITO-donor interface resulting in a high 

series resistance, adversely affecting the device performance. A thin-layer of a 

conducting polymer such as poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 

(PEDOT:PSS) that is employed as an interlayer between the donor and the ITO often 

leads to non-homogeneous film coverage over the non-planar ITO-substrate. Moreover, 

PSS, a polyionic surfactant used to impart the required (aqueous) solubility to PEDOT, is 

detrimental to the OPV device lifetime due to its high acidity. We propose that the 

interactions between the ITO and the donor layer can be significantly improved by 

„wiring‟ a conducting film of a donor polymer film onto the electrode surface using a Pc 

bearing 3,4-ethylenedioxythiophene (EDOT), an electroactive group, as the side chains of 

the chromophore (Figure 6.3). EDOT-Pc can be chemically or electrochemically 

copolymerized with EDOT monomer to yield a robust PEDOT-Pc modified ITO 

electrode. Electrodeposition,
1,2

 which involves polymerization and film-deposition in a 
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single step, and chemical polymerization
3
  have shown to form EDOT thin-films without 

requiring PSS. Further, the insolubility of the resulting film can facilitate solution 

processing of the next layer in a multilayer device. We also propose the synthesis of an 

axially susbstituted TiOPc derivative bearing carboxylic acid, which can be tethered to 

the ITO surface through chemisorption. 

 
 

 

 

 

Figure 6.3. Proposed synthesis of a Pc derivative bearing EDOT groups via click 

methodology (top) and an axially modified TiOPc derivative bearing carboxylic acid as 

an anchoring group (bottom).  

 

 

6.3 Phthalocyanine-Perylene Ensembles 

 

The efficiency of an organic solar cell is limited by the number of photons that are 

absorbed in the active layer, which is confined to the visible region of the 

electromagnetic spectrum while 50% of the AM1.5G solar radiation is incident in the 

near-IR region. A panchromatic absorption that is desirable for maximizing the extent of 
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absorption of the active layer is achievable by constructing ensembles of Pc with other 

chromophores, such as a perylene derivative. We herein propose ensembles perylene via 

axial substitution of a TiOPc derivative reported in Chapter 3 (Figure 6.4). While 

considering the partners of the ensemble, the HOMO and LUMO energies of the 

components must be matched to provide the necessary offset for an efficient photon-

induced-charge-transfer (Section 1.4). 

 

Figure 6.4. Proposed synthesis of a Pc-perylene Ensemble.  

 

 

6.4. Axially Substituted Titanyl Phthalocyanines Dendrimers as Optical Limiting 

Materials  

A non-linear optical material attenuates intense optical beams while exhibiting high 

transmittance for low intensity beams. Pcs exhibit non-linear absorption by virtue of its 

reverse saturable absorption (RSA), in which the excited state absorption exceeds the 

ground state absorption due to the formation of a long-lived triplet-state via spin–orbit 

coupling through the intersystem-crossing.
4
 The large RSA in Pcs is warranted by the 

high degree of polarizibility owing to the extended network of the -system and the 
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possibility of several optical transitions. Further fine tuning of the RSA behavior can be 

performed via introduction of substituents at the peripheral, the non peripheral, or at the 

central dibasic site.
5,6

 In this context, literature has shown that a combination of heavy-

atom effect and paramagnetism at the central dibasic sitea, and/or an introduction of 

asymmetry at the axial position can significantly improve the non-linear optical behavior 

in Pcs.
5,6

 

 A good Pc based optical-limiter is one that exhibits a low threshold of incident 

fluence for triggering the non-linear response and a high limit of incident fluence for the 

saturation of the nonlinearity. The latter requires high concentration of the Pc material in 

solutions or thin-films, which may lead to intermolecular aggregation of Pcs that is 

detrimental to the RSA. We herein propose a series of non-aggregating axially substituted 

TiOPc dendrimers via substitution at the Ti=O bond with different generations of Frechet 

dendrons (Scheme 6.5).  

 

Figure 6.5. Proposed synthesis of a TiOPc derivatives bearing different generations of 

Frechet dendrons.  
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6.5. New Phthalocyanine Materials for OPV Devices  

The development of advanced technologies rely heavily on the fundamental 

properties of the molecules such as the ionization potential (HOMO) and the electron 

affinity (LUMO), which govern important OPV device efficiency parameters such as the 

open-circuit photopotential (VOC) and the short-circuit current (JSC) (Section 3.1).
7
 Taking 

advantage of the solvent-free methodology that we developed for the synthesis of 

analytically pure tri- and tetravalent metal phthalocyanine (MPc) derivatives, numerous 

other MPc derivatives could be easily synthesized (Figure 6.6). These materials with 

vaying HOMO and LUMO energies along with suitable acceptor molecules would 

provide us the tool to optimize the OPV device efficiency.  

 

 
 

Figure 6.6. A few examples of the metallated Pcs (MPcs) that can be synthesized using 

the solvent-free method. 
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6.6. Better OPV Devices Through Carefyl Consideration of Energy Levels  

From the device fabrication and characterization studies in Chapter 5, we learned 

an important lesson: the near-IR absorbing Pc QB-band is more photoactive compared to 

the QA-band, however, the energy offset (LUMOA-LUMOD) for the photon-induced-

charge-transfer is smaller for the QB-band compared to the QA-band. Ultraviolet 

photoelectron spectroscopy (UPS) studies by Jeremy Gantz of the Armstrong group 

suggested that the HOMO of the TiOPc derivative 2a is at ca. 4.5 eV relative to the 

vacuum. The LUMO energy levels of QA and QB bands in 2a can be estimated by using 

the optical band gap obtained from the absorption spectroscopy, assuming equal HOMO 

energies for both QA and QB bands (Chapter 4). An estimated energy level diagram of the 

device components was constructed  using literature values for energy levels for 

PEDOT:PSS, C-60, PCBM, ITO, and aluminum (Figure 6.7).
8
 

 
Figure 6.7. Energy level diagram for the TiOPc derivative and other standard device 

components. 
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It is clear that that next step in advancement of this chemistry would be: (1) a Pc-

fullerene active-layer with enhanced QB-band that could be achieved by using o-

dichlorobenzene (ODCB) as a casting-solvent (ODCB led to a Phase-II type absorption 

spectrum for the pristine 2a film), provided this absorption behavior is retained in the 

films from Pc-fullerene blends; (2) The energy offset (LUMOA-LUMOD) could further 

be enhanced, particularly for QB band, by using PC70BM as an acceptor that exhibits a 

higher electron affinity compared to PCBM, provided the energy offset (LUMOA-

LUMOD) does not crossover to the inverted Marcus region (Section 1.4.2).  

 

6.7. Near-IR Absorbing Phthalocyanine Derivatives for Photodynamic Therapy  

 Near-IR absorbing (and emitting) Pcs have potential application in both detecting 

and treating cancer by optical imaging and photodynamic therapy (PDT), respectively 

(Section 2.1).
9-14

 Penetration of photons inside a tissue is highly dependent on the 

wavelength of light used. Since, mammalian tissues are transparent in the near-IR region 

(700–900 nm), the tissue penetration can be maximized, while minimizing the 

interference from non-target tissues, by using a sensitizer such as a Pc derivative that 

absorbs in the near-IR region of the electromagnetic spectrum. Also, solubility of Pc 

derivatives in water that is a prerequisite for its application as a PDT sensitizer can be 

easily achieved by using „click‟ chemistry approach. For example a water soluble azide 

can be „clicked‟ onto the Pc scaffold to give a water soluble, near-IR absorbing Pc 

derivative (Figure 6.8).  
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Figure 6.8. A water soluble Pc derivative can be synthesized from a water solublizing 

azide and a clickable Pcs.  
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APPENDIX A: SUPPLEMENTARY MATERIAL 
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1
H NMR spectra for Pn 2.17 
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13
C NMR spectra for Pn 2.17 
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1
H NMR spectra for Pn 2.18a 
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13
C NMR spectra for Pn 2.18a 
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1
H NMR spectra for Pn 2.18b 
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13
C NMR spectra for Pn 2.18b 
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1
H NMR spectra for Pn 2.18c 
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13
C NMR spectra for Pn 2.18c  
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1
H NMR spectra for Pn 2.18d 
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13
C NMR spectra for Pn 2.18d  
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1
H NMR spectra for clickable Pc 2.19c 
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1
H NMR spectra for clickable Pc 2.19d 
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1
H NMR spectra for clicked Pc 2.20a 
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1
H NMR spectra for clicked Pc 2.20b 
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1
H NMR spectra for clicked Pc 2.20c 
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1
H NMR spectra for clicked Pc 2.20d 
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1
H NMR spectra for clicked Pc 2.20e 
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1
H NMR spectra for clicked Pc 2.20f 
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1
H NMR spectra for clicked Pc 2.20g 
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g
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1
H NMR spectra for azide 2.21a 
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1
H NMR spectra for azide 2.21b 
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1
H NMR spectra for azide 2.21c 
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1
H NMR spectra for azide 2.21e 
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13
C NMR spectra for azide 2.21e 
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1
H NMR spectra for azide 2.21f 
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1
H NMR spectra for azide 2.21g 
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AFM Images 

 

Tapping Mode AFM images were acquired using a Dimension 3100 Scanning Probe 

Microscope with a Nanoscope IV controller (Veeco, Santa Barbara CA).  The AFM 

images were collected with TESPA cantilevers (Veeco Probes, Santa Barbara CA).  To 

measure polymer film thickness, height measurements were collected using section 

analysis of several locations within an AFM image which was plane fit to the glass 

substrate surface. 

 

 

Optical microscopy image (white light) of patterned area: 

5h 
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1
H NMR spectra for Pns 3.9a 
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13
C NMR spectra for Pns 3.9a 
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1
H NMR spectra for Pns 3.9b 
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13
C NMR spectra for Pns 3.9b 
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1
H NMR spectra for Pns 3.9c 
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13
C NMR spectra for Pns 3.9c 
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1
H NMR spectra for Pns 3.9d 
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1
H NMR spectra for Pns 3.9d 

 

 

13
C NMR spectra for Pns 3.9d 
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13
C NMR spectra for Pns 3.9d 
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1
H NMR spectrum for TiOPc 3.10a 
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1
H NMR spectrum for TiOPc 3.10b 
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1
H NMR spectrum for TiOPc 3.10c 
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1
H NMR spectrum for TiOPc 3.10d 
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1
H NMR spectrum for TiOPc 3.10e 
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1H NMR Spectrum for Pc 3.11a 
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1H NMR Spectrum for Pc 3.11b
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1
H NMR Spectrum for Pc 3.11c 
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13
C NMR Spectrum for Pc 3.11c 
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1
H NMR Spectrum for Pc 3.11d 
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