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ABSTRACT 

Perylenediimide (PDI) derivatives are lightfast red dyes that exhibit excellent 

optical and electronic properties for modern organic semiconductor applications. In this 

dissertation, several multi-chromophoric donor-acceptor systems containing PDI moieties 

are synthesized and assembled as electroactive monolayers covalently attached to 

transparent conducting oxides (TCOs). These surface assemblies provide platforms to 

study of interfacial charge injection rates that have a major influence on overall organic 

photovoltaic (OPV) efficiency. 

Chapter 1 provides a brief introduction to OPVs and physical processes involved. 

Developments and multiple synthetic strategies of PDI derivatives are also reviewed. 

Examples of photoinduced energy and charge transfer studies with multi-chromophoric 

dyads and triads in the literature are analyzed for rational molecular design. Surface-bound 

molecular level heterojunction models are introduced with the effort of understanding 

interfacial charge injection. 

Chapter 2 discusses the synthesis of multi-chromophoric Pc-PDI ensembles by Cu(I) 

catalyzed azide-alkyne cycloaddition. With the tool of click chemistry, a small library of 

compounds was built upon an alkyne-terminated asymmetric phthalocyanine (Pc) core and 

functionalized azides. Click reaction with PDI-azide was tracked by spectroscopic methods 

to optimize the reaction conditions including time, choice of catalyst, and stoichiometry. 

A similar ensemble was achieved on ITO surfaces as well, with reaction progress 

monitored by attenuated total reflectance (ATR) UV-vis spectroscopy. 
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Chapter 3 demonstrates the synthesis of a series of Pc-PDI dyads with varying PDI 

bay-substituent groups that alter the electronic properties of the PDI component. 

Fluorescence quenching was observed as preliminary evidence of charge separation in 

solution. Phosphonic acid pendant dyads were able to form a robust monolayer on ITO and 

TiO2 for studies of electron injections. Surface orientation of each chromophore was 

calculated by NEXAFS and polarized ATR spectra. Potential dependent spectra provide 

useful information of the radical species absorption profiles for subsequent surface 

transient spectral measurements and the calculations of charge separated state lifetime. 

Chapter 4 discusses the synthesis of a pair of ZnP-PDI dyads that are able to bind 

to TCOs. Fluorescence of the PDI component was quenched in all dyads in solution. 

Carboxylic acid bearing dyads were able to adsorb to a TiO2 surface and correlations of 

surface coverage and orientation are discussed. The orientations of ZnP and PDI 

chromophores observed by polarized ATR spectra are also explained in details. 

Preliminary spectroelectrochemical results are included at the end of the chapter. 

Chapter 5 briefly reviews the chapters 2-4 and discusses future research directions 

based on current progress. Preliminary results of this research are also included. 



18 

Chapter 1  

INTRODUCTION 

 

1.1 Development of Solar Cells 

Human activities require consumption of energy. It has been more than a century 

since people began to rely on the burning of fossil fuels as the major energy source. In 

2011, combustion of coal, petroleum, and natural gas made up more than 80% of the energy 

source.1 However, their usage is often accompanied by environmental issues such as 

pollution and climate change. In addition to conventional fuels, nuclear power plants 

provided about 8% of the total energy in U.S. and contributed to the source of other 

countries as well.1 Although the unique nuclear power has been widely considered a clean 

source of energy, it poses dangerous risks under human or natural factors. Catastrophic 

events include the Chernobyl disaster in 1986 and Fukushima Daiichi nuclear disaster in 

2011. 

Many efforts have been made in pursuit of alternative clean energy sources, such 

as hydroelectric, biomass, geothermal, and solar power. In the U.S., these renewable energy 

sources currently contribute 9% of the total energy generated.1 Compared to other 

renewable sources, solar has a tremendous advantage in the potential amount of energy on 

earth. Annual global energy consumption in recent years was approximately 16 terawatts, 

while in each year about 120,000 terawatts of solar radiation arrives on earth.2 Thus, only 

a small fraction of solar energy would be available to power the entire planet. No other 
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source could rival such an abundant supply. Moreover, unlike hydroelectric, tidal, or wind 

power, the accessibility of solar energy is less restricted by geographic limitations. 

The first modern photovoltaic (PV) cell was patented by Russell Ohl in 1941 based 

on his studies of inorganic semiconductors.3 Since then, multiple types of solar cells have 

been invented and can be generally divided into three generations: (1) conventional cells 

made of crystalline silicon; (2) thin-film solar cells; and (3) various emerging PVs being 

actively studied in research.4 The silicon-based first generation devices have achieved the 

highest photo conversion efficiency (PCE) up to almost 50%, and they currently occupy 

the largest market share of solar cells.4,5 Technical advances continuously push down the 

specific cost of these solar cells. The dollar per watt cost of crystalline silicon PV exceeded 

$76/W back in 1977, but it saw a 100-fold decrease to $0.74/W in 2013.6 However, 

difficulties and expensive cost remain for silicon solar cell manufacture and alternative 

choices have been studied to reduce the cost per watt of solar cells, eventually to compete 

with fossil fuels on the market. 

The second generation thin-film PVs are typified by cadmium telluride (CdTe) or 

copper indium gallium selenide (CIGS).5 Although with lower efficiencies of about 20%,5 

these solar cells use less active materials and therefore could be made much thinner than 

silicon based solar cells. Some thin-film solar cells yield shorter energy payback times than 

most other solar techniques,7 and their great flexibility also contribute to the 10-15% 

market share.5 One major disadvantage of these technologies is the use of heavy metals 

that raise some environmental concerns,8 especially if not properly recycled. 
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The invention of dye-sensitized solar cells (DSSC) by Grätzel and co-workers in 

1991 marked the start of  third generation emerging PV and was followed by intense 

research in this area.4,9 Other emerging PV includes quantum dots (QD),10 organic 

photovoltaics (OPV),11 and recently advanced perovskite solar cells.12 Many of these use 

organic and organometallic materials that are inexpensive to scale up,11 chemically flexible 

for modifications via synthetic methods,13 and easily processed in solution for roll-to-roll 

printing method. While most emerging PVs have efficiencies lower than 15% with limited 

commercialization, rapid developments are making them promising in the future. 

 

1.2 Physical Processes in Organic Photovoltaics 

The publication of Tang’s bilayer OPV prototype in 1986 led to the development 

of such emerging type of solar cell in recent years as a low cost alternative.11 In a typical 

OPV (Figure 1.1), the active layer is made of a heterojunction between an electron donor 

(p-type) and acceptor (n-type) materials. They are individually connected with electrodes 

which can collect holes and electrons generated by photo-excitation. Transparent indium 

tin oxide (ITO) is often used as a high work function electrode, while a low work function 

metal such as Al or Ag is used as the electrode on opposite side.11,14  

 

Figure 1.1 Typical planar heterojunction in OPV. 

Glass / ITO 

Donor 

Acceptor 

Al 

Sunlight 
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The typical process of an OPV with donor-acceptor heterojunction (Figure 1.2) can 

be seen in following four steps: (1) photoexcitation and exciton formation, (2) exciton 

diffusion, (3) exciton dissociation, and (4) charge collection.15 The overall performance of 

an OPV depends on the efficiency of each single step. 

 

Figure 1.2 Stepwise physical processes in OPV. 

 

1.2.1 Exciton formation 

Photoexcitation occurs when the donor material absorbs photon energy from 

sunlight followed by promotion of an electron from HOMO to LUMO of the donor. A 

tightly bound electron-hole pair, namely an exciton, is created as a result of 

photoexcitation. Solar irradiance has a similar distribution to blackbody radiation at 

approximately 5600 K, and it is maximized in the visible region around 500-750 nm on the 
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earth’s surface.16 To utilize the majority of solar energy, the photoexcitation band gap of 

the donor material has to be carefully tuned to match the corresponding energy and harvest 

photons in this wavelength range.15 The donor molecule should have intense absorption in 

this region to enable HOMO-LUMO transition and exciton formation. 

 

 

Figure 1.3 Commonly used electron donor materials in OPV. 

 

Organic semiconductors suitable for this task include small molecules such as 

phthalocyanine (Pc), porphyrin, pentacene, and conjugated polymers such as poly-

thiophenes, polyfluorenes, and polyphenylene vinylenes (Figure 1.3).15,17 Pc for example, 

has a strong Q-band absorption near 700 nm with an extinction coefficient over 104.18 Many 

conjugated polymers have another bonus of broadband absorption that covers more 

wavelength region to capture various energized photons in solar radiation. Whether 

polymer or not, the backbone structures in Figure 1.3 are rarely soluble in common organic 

or aqueous solvents due to high tendency to aggregate. To make them solution processable, 
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solubilizing groups such as alkyl chains are often attached to reduce aggregation and 

increase solubility.15,17 

 

1.2.2 Exciton diffusion 

After being formed, excitons diffuse within the donor layer to reach the donor-

acceptor interface. Excitons normally have short picosecond scale lifetimes before the 

electron and hole recombine due to the strong electrostatic attraction.19 As a result, excitons 

decay back to ground state without charge separation. Studies have agreed with the 

measurements of exciton diffusion length as 5-10 nm in bulk organic materials.19–21 This 

means that the exciton can only travel within this distance during its lifetime. In bilayer 

planar heterojunctions, thicker active layers often improve the percentage of photon 

absorbed. However, if the active layer becomes excessively thicker than the exciton 

diffusion length, the exciton would not have reached the donor-acceptor interface before 

its extinction.  

The alternative design of a bulk heterojunction (BHJ) was introduced by Heeger 

and co-workers in 1995 to successfully address this difficulty in planar heterojunction 

(Figure 1.4).22 In contrast of depositing donor and acceptor into two parallel layers, blended 

donor and acceptor form a mixed single layer.22 The contact interface between donor and 

acceptor is dramatically increased so exciton can reach the interface without travelling 

more than 10 nm.23 Domain sizes of donor and acceptor can be further optimized to 

promote the chance of exciton arrival at the dissociation interface.24–27  
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Figure 1.4 Comparison of planar heterojunction and bulk heterojunction. 

 

1.2.3 Exciton dissociation 

Exciton dissociation takes place when the charge separation occurs at the donor-

acceptor interface. The electron crosses the interface into the acceptor layer while the hole 

remains in the donor layer.15 To make this process thermodynamically favorable, the 

frontier orbitals in the acceptor must be lower in energy than those in donor molecules 

(Figure 1.2).15 The first planar heterojunction OPV used a perylene tetracarboxylic 

derivative as electron acceptor to pair with a CuPc donor (Figure 1.5). The most popular 

material for OPV acceptor include fullerene and its derivatives such as phenyl-C60-butyric 

acid methyl ester (PCBM) that gave great efficiencies.22,28–30 However, price, difficulty of 

synthesis, and solubility factors often became the limiting criteria for the use of C60 

derivatives as acceptors.31 
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Figure 1.5 Commonly used electron acceptor materials in OPV. 

 

1.2.4 Charge collection 

After exciton dissociation, the electron and hole migrate to be collected in the 

respective electrodes and generate current in the circuit.15 This completes the entire process 

of photocurrent generation in OPV. A limitation of OPVs is the inevitable charge 

recombination caused by strong attraction between the positive and negative charges.32 

Due to the low dielectric constants of organic semi-conductors, the high tendency of 

exciton recombination has always been a problem attributed to poor efficiencies of 

excitonic solar cells.33 The separated electron and hole need to move to their own electrode 

as quickly as possible, otherwise recombination can still take place at the donor-acceptor 

interface.32,34,35 Therefore, electron mobility becomes a crucial criteria of the acceptor in 

OPV. This is equally important for the donor as well, with its counterpart as hole 

mobility.33,36 High charge mobilities will facilitate the diffusion of separated electron and 

hole across organic active layer and reduce the chance of interfacial recombination. High 

charge mobility (ranged 0.1-15 cm2/Vs) is also one of the main reasons that molecules in 

Figure 1.3 and 1.5 are widely used in OPVs.36–41  
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1.3 Perylenediimide Derivatives 

Perylenediimide (PDI) derivatives were first made in early 20th century.42 With 

good chemical and thermal stability, intense red color, and low solubility, PDIs were often 

used as lightfast pigments shortly after their discoveries.43–45 Later, other properties of PDIs 

were explored, such as high extinction coefficients, near unit fluorescence quantum yields, 

strong π-π interactions, etc.40,44–46 Structural changes of PDIs enable tuning toward desired 

solubility, aggregation, and photophysical properties by installation of substituent 

groups.43–45 These properties have been exploited in fundamental studies of organic 

electronic devices and systems for biological applications, including OPV,25,47–53 organic 

field-effect transistors (OFETs),54–56 non-linear optics,57 bioimaging markers,58 and 

chemical sensors.44,45  

The first PDI derivative was synthesized by an oxidative dimerization of 

naphthalene monoimide under harsh basic conditions.43 This product can be converted to 

perylene tetracarboxylic dianhydride (PTCDA) with the treatment of concentrated sulfuric 

acid.43 PTCDA is currently commercially available and the starting point of most syntheses 

towards customized PDI target molecules.44,59 Unsubstituted PDI is insoluble in common 

solvents except concentrated sulfuric acid,60,61 and therefore substituents must be installed 

to make PDI solution processable. The following sections will discuss three general 

approaches to modify PDI with substituents (Figure 1.6) at the two imide-N positions, at 

2,5,8,11-perylene positions, and at 1,6,7,12-perylene “bay” positions.44 
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Figure 1.6 Atom labels and options for substituent groups in PDI. 

 

1.3.1 PDIs with imide substituents 

Substitution at imide-N position was broadly studied in the 1980s by Langhals, 

Troster, and others.46,59,62 PTCDA can be treated with more than a two-fold excess of 

primary amine to give symmetrically substituted PDI (Scheme 1.1) in which the R-groups 

on both imides are identical.46,62 It was discovered that the “swallow-tail” type branched 

secondary alkyl chains on imide-N afforded good solubility in chloroform, toluene, and 

heptane and could be purified by column chromatography.62 If different imide-N 

substituents are desired, the symmetric PDI needs to be partially hydrolyzed to form 

perylene-imide-anhydride before the anhydride can condense with another amine to give 

the PDI bearing two different N-terminal groups.59 Normally a direct synthesis of perylene-

imide-anhydride from PTCDA with equimolar amine would instead yield a mixture of 

symmetric PDI and unreacted PTCDA, although some have reported rare successful direct 

mono-imidizations.63 A less popular alternative route to perylene monoimide involves the 

potassium carboxylate salt intermediate by treatment of PTCDA with aqueous KOH.59 

Purification of this salt cannot be done immediately after isolation due to the poor 
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solubility, but the final PDI product can still be purified by column given an appropriate 

solubilizing R-group.58 Computational studies revealed that in both HOMO and LUMO, 

the two imide nitrogen atoms are located at a nodal plane along the symmetry axis of the 

PDI.64 Thus, aside from increased solubility, imide substituents have little to no effect on 

the PDI optical or electronic properties.44 

 

Scheme 1.1 Synthesis of PDI with imide-N substituents. 

 

 

1.3.2 PDIs with substituents at 2,5,8,11-positions 

Substitutions at 2,5,8,11-perylene positions of the PDI are rarely seen until recently 

reported ruthenium catalyzed tetra-arylation couplings (Scheme 1.2).65,66 Decent yields and 

solubilities were obtained with varied Ar-groups which can be further modified to give 

water-soluble PDIs.65 X-ray crystallography revealed that the dihedral angle between the 
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two naphthalene rings remained minimal upon the installation of side Ar-groups, which in 

fact have little effect on the overall flat perylene core.65 Such planar geometry that 

facilitates the close π-π stacking of PDIs could be beneficial for energy harvesting 

assemblies.44,67 Reports based on this 2,5,8,11-substituted PDI have shown that  an 

intermolecular distance of 0.35 nm in polycrystalline stacked PDI thin films led to 

generation of 140% yield triplet excitons followed by singlet exciton fission.67  

 

Scheme 1.2 Synthesis of PDI with 2,5,8,11-aryl substituents. 

 

 

1.3.3 PDIs with bay-substituents 

1,6,7,12-Perylene positions on PDI are also regarded as the “bay” positions and 

chemical conversions here have been widely studied (Scheme 1.3).40,44,45 Bay positions are 

more reactive toward electrophilic aromatic substitutions such as bromination and 

chlorination.44,45 Multiple numbers of substitutions can be obtained depending on the 

conditions.44,45 Heating PTCDA with Br2 in concentrated H2SO4 provides dibromominated 

PDI with two Br atoms at 1,7- (major) and 1,6- (minor) bay positions.60 Although these 

two regioisomers could be separated by repetitive recrystallizations,61 most reports use a 

mixture for subsequent steps due to the similarities between the isomers. In contrast, 
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chlorinations often result in substitutions in all four bay positions.68 Treatment with 

chlorosulfonic acid can even lead to octachloro-PDI, with H replaced by Cl in all 8 perylene 

positions.69,70  

The brominated (or chlorinated) PTCDA remains poorly soluble in organic 

solvents, therefore it is often followed by imidization (Scheme 1.3).44,45 Due to the 

nucleophilicity of primary amines, mildly acidic conditions are preferred for imidization 

rather than nucleophilic substitution at the bay area in this step.71,72 Bay substituents can 

be converted to a great variety of desired groups by nucleophilic aromatic substitutions or 

Pd-mediated couplings.44,45 Reported substituents include phenoxy,73,74 amino,61,75,76 

phenyl-thio/sulfonyl,71 fluoro,77–79 conjugated π-systems,80–84 etc. 

More prominent than the changes made to imide-N and 2,5,8,11-positions, bay 

substitutions have considerably greater impacts on PDI solubility, electronic and optical 

properties.40,44,45 The steric effects occurring at 1-/12- and 6-/7- positions twist the PDI 

plane and enlarge the dihedral angle between the two adjacent naphthalene rings, especially 

for tetra-bay substitutions.44,77 Bay substituents increase the PDI solubility while 

interrupting its solid state packing as a result of weakening π-π interactions.85  
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Scheme 1.3 Synthesis of PDI with bay-substituents. (The minor 1,6-disubstituted 

regioisomers led by bromination are not shown here.) 
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Computational work has indicated that the frontier orbitals of PDI derivatives have 

considerable distributions at the bay positions.44,86 Thus, bay substituents can alter the 

electronic effects of the entire PDI. Electron withdrawing groups such as cyano, sulfonyl, 

and chloro stabilize both HOMO and LUMO energy levels, while the band gap and λmax 

remain similar to an unsubstituted PDI.71,72,87 However, electron donating groups such as 

phenoxy and phenyl-thio destabilize HOMO and LUMO to different extents, creating a 

smaller energy gap that give rise to bathochromic shifts (Figure 1.7).71,73 The extreme 

scenario is secondary amino groups attached to the bay positions, in which the frontier 

orbitals are so destabilized that it is an electron donor, accompanied by a red shift to 680 

nm.75,88  
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Figure 1.7 Normalized absorption spectra and λmax (nm, in brackets) of selected bay-

substituted PDIs. 
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1.4 PDI in Photoinduced Charge Transfer Studies 

In million years of evolution biological systems have learned photosynthesis where 

electron transfer is an important and complicated process.89,90 Synthetic molecules have 

been utilized as models for fundamental understanding of photoinduced intra-molecular 

electron transfers.89,91 As a good electron acceptor, PDI was usually paired up with another 

electron donor molecule (e.g. Pc, porphyrin, oligothiophene, etc.) to form “dyads” or 

“triads” by covalent or supramolecular linkage.84,92 Excited with appropriate wavelength, 

the donor transfers an electron to the intramolecular acceptor, creating charge-separated 

(CS) state as closely associated radical cation-anion pair. Typical PDI•- radical anion 

absorption observed at 700 nm can be seen as an evidence of photoinduced charge 

transfer.93 Rise and decay of this PDI•- feature can be tracked by time-resolved 

photophysics for kinetic information of charge separation and recombination. 

Several porphyrin-PDI-pophyrin triads (ZnP-PDI-ZnP) were studied for the rate of 

charge separation and recombination by following the absorption change of porphyrin 

cation and PDI anion radicals, at 570 and 745 nm respectively.84 Two zinc-porphyrins were 

linked through phenylene groups to PDI either at the bay or imide positions (Figure 1.8).84 

In both triads the time constants measured for charge separation were similar, while 

recombination in the bay-linked triad was significantly faster than the imide-linked (77 vs. 

1070 ps).84 Electronic coupling between PDI and bay-conjugated porphyrin played an 

important role in the acceleration of charge recombination.84  
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Figure 1.8 Reported RuPc-PDI-RuPc triad in literature.84  

 

A tightly coupled ZnPc-PDI-ZnPc triad was reported with a nanosecond CS state 

upon photoexcitation of ZnPc (Figure 1.9).94 The synthesis was achieved by Sonogashira 

coupling of aryl halide and terminal alkyne interchangeably placed on ZnPc and PDI 

derivatives.94 Due to its nature of large planar conjugation, this triad undergoes severe 

aggregation in solution but can be reduced by pyridine that can coordinate to the metal 

centers in ZnPc.94 Band splitting in absorption spectrum was seen as a result of charge 

density redistribution of coupled ZnPc and PDI moieties.94 This triad underwent rapid 

decay (7.2 ps) of singlet excited state ZnPc after photoexcitation while the same 1*ZnPc 

feature in a single component reference ZnPc decayed in 3.0 ns. The reference ZnPc 

decayed slowly via intersystem crossing with triplet state 3*ZnPc quantum yield of 0.7, 
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compared to 0.02-0.07 of the triad in multiple solvents. From transient absorption spectra, 

sub-nanosecond lifetime of CS state was obtained by following temporal changes of ZnPc•+ 

and PDI•- radical species features. In contrast to the previous ZnP-PDI-ZnP examples, the 

electronic coupling here enabled rapid charge separation of the triad, which would 

otherwise decay as intersystem crossing to low-energy triplet states.95  

 

 

Figure 1.9 Reported ZnPc-PDI-ZnPc conjugated triad in literature.94 

 

A supramolecular triad RuPc-PDI-RuPc with a long-lived CS state greater than 100 

ns upon photoexcitation was reported (Figure 1.10).92 The triad relied on versatile 

molecular design and relatively straightforward synthesis by coordinating the central metal 

of two RuPcs to the bis-pyridine ligand of PDI, without suffering heavy aggregation. No 

significant electronic coupling was observed between RuPc and PDI since the coordination 

was built through PDI imide positions. Long-lived fluorescence seen in reference PDI 

disappeared from the emission of the triad as a result of rapid decay of singlet excited state. 

Energy transfer was also ruled out as no RuPc emission detected when exciting PDI. Unlike 
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the previous ZnPc-PDI-ZnPc example, photoexcitation of either RuPc or PDI led to CS 

intermediate identical for both pathways. RuPc•+-PDI•- ion pair was observed in ultrafast 

time-resolved photophysical studies and its long lifetime was attributed to the rapid charge 

separation as well as highly exothermic recombination in Marcus inverted region.92 Later, 

a similar approach also enabled slow charge recombination with a RuPc-C60-RuPc triad.96  

 

 

Figure 1.10 Reported RuPc-PDI-RuPc triad in literature.92 

 

Another ZnPc-PDI-ZnPc triad yielded even longer lifetime of CS state of 270 µs 

with the addition of magnesium salt (Figure 1.11).97 Without this extra Mg2+ feature, the 

CS state of the triad only existed marginally for picosecond timescale after photoexcitation, 

due to the thermodynamic advantage of intersystem crossing to form 3*ZnPc.95 Mg2+ was 

found to bind with imide oxygen atoms as a Lewis acid in order to stabilize the CS state 

by almost 0.5 eV, where it became thermodynamically more favorable than the low-lying 

triplet states of either ZnPc or PDI.97 More recently a redesigned ZnPc-PDI dyad was 

reported with a CS state lifetime of 72 µs without adding Mg2+.71 The combination of an 

electron-rich Pc covalently linked with an electron-poor PDI (with bay-sulfonyl groups) 
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shrank the gap between ZnPc-HOMO and PDI-LUMO orbitals and therefore stabilized the 

CS state of this dyad.71  

 

 

Figure 1.11 Reported ZnPc-PDI dyad and triad in literature.71,97  

 

1.5 Surface-Bound Molecular Heterojunctions 

Charge-injection barrier between metal oxide electrode and the organic semi-

conductor has great impact on the OPV device performance.98 Surface modifiers consist of 

an organic molecule bearing a surface active group are able to bond directly to transparent 

conductive oxide (TCO), stabilize the work function and improve the overall 

performance.99,100 Carboxylic acid (-CO2H) and phosphonic acid (-PO3H2) were widely 

used as anchor group on oxide substrates.101–103 They can be covalently added onto the 
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targeted molecule by synthetic methods, and firmly attach the molecule to oxide surface 

via multiple binding modes that can be identified with Raman spectroscopy.101  

Phosphonic acid pendant Pcs were fabricated as self-assembled monolayers on ITO 

in works published by McGrath and Saavedra groups (Figure 1.12).104,105 One of the four 

quadrants of the Pc was linked with phosphonic acid anchor group while the other three 

carried alkyl chains to prevent aggregation in solution.104 Pc modifier molecules were 

deposited on ITO by chemisorption with electrochemical properties and ionization energies 

characterized.104 Combined with calculations of projected area of each molecule on 

surface, the electrochemistry suggested the surface coverage equivalent to one monolayer 

was achieved on ITO. 

 

 

Figure 1.12 Reported ITO modification with Pc monolayer in literature.104,105  

 

Interfacial charge injection kinetics were measured by potential-modulated 

attenuated total reflectance (PM-ATR). The injection rates were not highly dependent on 

factors such as distance of Pc from ITO, Pc central metal or peripheral substituents.104 In 

contrast, aggregation and surface orientation of Pc were the two major factors contributing 
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to charge injection kinetics.105 Monomer and aggregate Pcs were distinguished by 

electrochemical and spectral features in PM-ATR. The mean tilt angle of Pc circular dipole 

was determined by thin film absorption under different polarization modes. Rate constants 

ranged from the highest 2100 s-1 for the in-plane aggregate subpopulation to the lowest 170 

s-1 for the out-of-plane monomers.105  

 

1.6 Aim and Scope of Dissertation 

In this dissertation, synthesis will focus on the incorporation of electron demanding 

PDIs into donor-acceptor (D-A) dyads. Anchor groups will allow the application of surface 

modification strategy to attach dyad molecules onto TCO (Figure 1.13). Dyads with long-

lived CS state will be built as molecular-level heterojunction models in inverted device 

architecture. Photoexcitation would promote the dyad to singlet excited state 1*(D-A), 

which would subsequently transform to CS state (D•+-A•-), competing with triplet excited 

state 3*(D-A). Structural design would be tuned by synthetic methods as it influences the 

thermodynamic preference of CS state or triplet state. CS state that can exist for a 

nanosecond timescale would be expected to inject electron to the TCO and further separate 

the cation and anion radicals (D•+-A-TCO•-), which can be probed by ultrafast time-

resolved spectroscopy. This would reduce the chance of charge recombination and enhance 

electron injection at organic-TCO interface. 
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Figure 1.13 Schematic process of photoexcitation of D-A dyad on TCO substrate. 
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Chapter 2  

CLICK CHEMISTRY MODIFICATIONS OF TERMINAL ALKYNE 

FUNCTIONALIZED ASYMMETRIC ZINC-PHTHALOCYANINES 

 

2.1 Introduction 

2.1.1 Click reactions of symmetric phthalocyanines  

Phthalocyanines (Pcs) are 18 π-electron synthetic aromatic macrocycles that exhibit 

good thermal stability, high extinction coefficients, high charge mobility, and strong π-π 

interactions. Similar to perylenediimides (PDIs), Pcs without any substituent groups on the 

chromophore are insoluble in common solvents and are therefore mostly used as pigments. 

Installing bulky groups at the peripheral positions increased the solubility of Pcs and has 

led to the discovery of more unique chemical and physical properties of Pcs, and various 

research have been published on the development of their structural diversity.106 Pcs have 

been utilized in a wide range of modern technologies including optical limiting devices,107–

112 photodynamic therapy,113–115 organic field-effect transistors (OFETs),116 and organic 

photovoltaic (OPV) devices.117–122  

The most common way to prepare a symmetric Pc is the Linstead method where a 

linear tetramer of four phthalonitriles make intramolecular connections into a cyclic Pc 

under basic conditions.123 This choice is straightforward in making a single symmetric Pc, 

but its low yield keeps it from being a great candidate for high throughput synthesis. 

Considering the difficulties involved with direct Pc synthesis and purification, click 

chemistry, or Cu-catalyzed azide-alkyne cycloaddition (CuAAC), provides an alternative 



42 

strategy for convenient structural modifications on Pc. In this approach, only one 

symmetric clickable Pc equipped with terminal alkynes is further connection with a wide 

range of desired moieties at the Pc periphery by CuAAC reactions. It dramatically reduces 

the effort needed for multiple functionalized Pcs, compared to direct synthesis of the Pcs 

one after another starting from functionalized phthalonitriles. 

In 2009, Rowan and coworkers demonstrated a new protocol for synthesis of an 

octa-alkynyl Pc for CuAAC reactions.124 A Pc template was generated by the cyclization 

of phthalonitriles each tethered with two tert-butyldimethylsilyl protected alkynes. The 

eight silyl protecting groups on the Pc were removed in-situ to expose terminal alkynes for 

the subsequent click reactions with azides. This approach was an efficient synthetic method 

to a novel class of octa-functionalized Pcs and was employed in another paper in 2010 from 

Rowan group on synthesis and photophysical studies of a series of multi-chromophroic Pc-

PDI8 octad molecules.125 Energy transfer from singlet excited states of Pc and PDI was 

observed and discussed in detail. 

One publication from the McGrath group in 2009 demonstrated an approach to Pc 

structural diversity using CuAAC reaction to incorporate several different functional 

groups, one of which allowed Pc nanostructure fabrication with a nanoimprint technique.126 

After deprotection of silyl groups, an octa-alkynyl Pc was equipped with cinnamate 

functionalized side chains that could undergo photo crosslinking to form robust imprinted 

nanostructures. 

Another paper in 2011 from the McGrath group presented a more abundant library 

of side chain functionalities achieved by click chemistry on a single Pc molecule.127 The 
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clickable Pc was successfully prepared without the use of protecting groups for its terminal 

alkynes. These Pc clicked products also exhibited near-IR absorption. 

 

2.1.2 Synthesis of asymmetric Pcs 

A Pc is referred to as “asymmetric Pc” if one quadrant (denoted as A) is different 

from the other three (denoted as B). Instead of relatively inert groups to increase solubility, 

more reactive groups are usually equipped on quadrant A. Compared to a symmetric Pc 

where all four quadrants have similar properties, a unique quadrant can introduce 

functionality to the Pc in multiple ways. Asymmetric AB3 Pcs containing active functional 

groups in the odd quadrant such as hydroxy,128,129 amino,130–132 carboxylic acid,130,133 

isothiocyanate,134 azide,135 and alkyne136 serve as building blocks in the design of Pc-based 

molecular systems.137 Some of the asymmetric Pcs were found with improved nonlinear 

optical effects,110 or better results for photodynamic therapy.138  

Various synthetic approaches have been reported to make asymmetric Pcs. 

Traditional methods such as Linstead macrocyclization can be modified to statistical 

condensation of different phthalonitriles.123 As suggested by the structure, mixing two 

phthalonitriles A and B in a 1:3 ratio gives maximum yield of the target asymmetric Pc. 

However, the formation of unwanted Pc species becomes the major disadvantage of this 

method. First, it causes the excessive consumption of phthalonitriles by converting them 

to undesired Pcs. Obtaining the product as a mixture of Pcs with all possible combination 

of phthalonitriles is inevitable. It can be calculated based on probability that, assuming 

equal reactivity for both phthalonitriles, the maximum yield of a target asymmetric AB3 Pc 



44 

cannot exceed 43%. This percentage will be even lower if side reactions come into play. 

Second, these Pc byproducts also bring difficulties in purification, especially if the polarity 

of all the generated Pcs are similar. Polar functional groups can be introduced to 

phthalonitriles for better separation between different Pc components in column 

chromatography. One can also sacrifice the yield of target asymmetric Pc by changing the 

starting phthalonitrile ratio to 1:6 to reduce the generation of less probable Pcs for an easier 

column chromatography.139  

There are multiple alternative ways designed to overcome the difficulties of 

asymmetric Pc synthesis and purification. One of them pioneered by Kobayashi and 

coworkers was derived from ring expansion of subphthalocyanine (sub-Pc) which contains 

only three isoindole sub-units.140 When a sub-Pc macrocycle was made of three identical 

isoindole units (noted as B3), a diiminoisoindoline derivative can be used as the fourth unit 

and incorporated into the macrocycle to make a complete asymmetric Pc (AB3). 

Nevertheless, formation of statistical mixtures and the limited functional group tolerance 

still restricted the utilization of this method. 

Leznoff and coworkers pioneered another route to produce asymmetric Pcs based 

on a polymer support.141 The odd quadrant phthalonitrile A is polymerized (poly-A) and 

undergoes cyclization with phthalonitrile B in large excess. Symmetric Pc (B4) formed 

during the cyclization is rinsed away from the polymer to leave only poly-AB3 as the 

precursor of Pc. Acid sensitive linker pre-installed in monomer A is carried through to the 

stage of poly-AB3 before being treated with acid to release asymmetric Pc AB3 from the 

polymer backbone chain. 
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The McGrath group published a ROMP-capture-release method for asymmetric Pc 

synthesis.139 In contrast to the polymer support method, they cyclized the Pc mixture before 

the ROMP polymerization of the asymmetric Pc. A molar ratio of phthalonitrile B to A of 

6:1 minimized the formation of Pcs other than B4 and AB3. Norbornenyl-tagged 

phthalonitrile A enabled ROMP for AB3 while B4 is washed off the polymer. Finally acidic 

workup of the polymer released the asymmetric Pc with a hydroxyl group. 

 

2.1.3 Research goals 

Overall efficiency of an organic solar cell is determined by multiple factors, 

including the charge injection rate at the interface between organic active layer and the 

metal oxide electrode, which is highly dependent on the properties of the first layer of the 

molecules adjacent to the electrode surface rather than the remaining bulk of the active 

layer. To study the detailed properties at this interface, a monolayer of organic active layer 

molecule can be built on top of metal oxide. Previous work from McGrath and Saavedra 

groups has achieved construction of an asymmetric ZnPc monolayer on ITO through a 

phosphonic acid anchor group. Electron transfer rates at the Pc/ITO interface were 

measured using potential-modulated attenuated total reflectance (PM-ATR) spectro-

electrochemistry and compared across Pcs with various aggregation states and orientations. 

To take a further step, we decided to add a layer of perylenediimide (PDI) on the surface 

bound Pc monolayer to form a “molecular heterojunction” on ITO (Figure 2.1). PDIs are 

often used as acceptor materials in organic solar cells and able to accept electrons from 
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donor molecules upon photo-excitation of Pcs. Subsequently, the positively charged Pcs 

were expected to facilitate the charge transfer between the active layer and ITO. 

 

Figure 2.1 PDI-Pc molecular heterojunction on ITO for charge injection kinetic studies. 

 

Synthesis of an asymmetric Pc which connects both anchor group and PDIs could 

be practically challenging. In our design, the anchor group is on the odd quadrant and PDIs 

are linked to the other three quadrants by CuAAC reactions. Symmetric octaalkynyl ZnPc 

is a highly effective platform for Pc functional modification through CuAAC 

reactions.126,127 Detailed investigations will be discussed in this chapter of using an 

asymmetric Pc as the platform for the construction of a small library of zinc hexatriazolyl-

monohydroxyphthalocyanines via click chemistry. Monitoring the CuAAC reaction by 

both UV/Vis and FT-IR spectroscopy techniques were performed to provide information 

on how reaction time, catalyst, and azide equivalent impact the reaction progress. 
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2.2 Synthesis of clickable Pc and clicked Pc derivatives 

2.2.1 Synthesis of hexaalkynyl ZnPc 

Statistical macrocyclization of alkyne equipped Pn 2.1 and 4-methoxybenzyl (PMB) 

protected Pn 2.2110 in a 3:1 molar ratio in the presence of DBU and metal template 

Zn(OAc)2 provided a mixture of Pcs with all possible combinations involving Pn 2.1 and 

2.2 (Scheme 2.1). These Pcs were similar in polarity and therefore cannot be separated or 

purified by common chromatographic methods. DBU and zinc salt residue were removed 

by methanol and the mass spectral results of this Pc mixture revealed the presence of PMB-

protected asymmetric 2.4 and symmetric 2.3 Pcs as major products. The crude Pc mixture 

was subjected to PMB deprotection conditions to give a mixture of free hydroxyl 

asymmetric 2.5 and symmetric 2.3 Pcs. Due to the increased polarity given by the hydroxyl 

group in the asymmetric Pc, the resultant mixture became easily separable by column 

chromatography to provide the desired Pc 2.5 in an overall yield of 20% from Pn 2.2. 
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Scheme 2.1 Synthesis of asymmetric Pc 2.5 by statistical macrocyclization followed by 

acidic cleavage. 

 

 

2.2.2 Synthesis of hexa-clicked ZnPc 

Having synthesized the asymmetric clickable Pc, modification of the Pc side chains 

with CuAAC click chemistry was examined (Scheme 2.2). Unlike non-metallated Pc, Zn-

metallated Pc was expected to prevent the inherent Cu-insertion reaction in the preparation 

of clicked Pcs, and therefore allow the use of catalytic amount of CuI. The conditions 

described in previous literature for click reactions of symmetric Pcs were first applied to 

reactions with azides 2.6a-c, using CuI and DIPEA in THF.127 Due to the poor solubility 

of PDI derivatives in THF, the reaction towards 2.7d was carried out in CHCl3 instead. 

Using a 10-fold excess of azide per alkyne group under these conditions, a reaction time at 
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ambient temperature of 16 hours was sufficient to provide hexatriazenyl Pcs 2.7a-d in 

yields of 24-44% from the starting clickable Pc 2.5. 

 

Scheme 2.2 Synthesis of asymmetric clicked Pc derivatives by CuAAC. 

 

 

2.3 Characterization of clicked asymmetric Pcs 

2.3.1 Characterizations of clicked asymmetric Pcs in solution 

The clicked asymmetric Pc products were readily soluble in THF (except 2.7d), 

CH2Cl2 and CHCl3, but insoluble in polar solvents such as methanol. Therefore the 

purification was achieved by column chromatography and repeated precipitations from 

mixed solvents. All four clicked Pc products were characterized by 1H-NMR, MALDI 

mass spectrometry, combustion analysis, and UV/Vis spectroscopy. 
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NMR spectra of clicked Pcs were obtained in CD2Cl2 with one drop of d6-DMSO 

to prevent the aggregation of Pcs. However, some aromatic protons were not well resolved 

as sharp peaks, indicating possible aggregation of chromophores. In other attempts to 

sharpen the proton NMR signals, additional experiments under various conditions were 

performed, such as using another co-solvent (e.g. d5-pyridine, trifluoroacetic acid), diluting 

sample concentrations, and changing the delay time in the pulse sequence, but no 

improvement was observed in any case. 

The UV/Vis absorption spectra exhibited a single Q-band at ca. 685 nm, indicating 

the existence of a central metal in the Pc cores (Figure 2.2). The appearance of the Q and 

B (365 nm) bands in the UV/Vis spectra were similar for all clicked Pcs 2.7a-d and 

clickable precursor 2.5, consistent with the nature of central Pc chromophore in all five 

compounds. Pc 2.7c showed a characteristic absorption peak of cinnamate derivatives at 

310 nm. Pc 2.7d showed three distinct absorptions at 530, 490, and 460 nm as a result of 

incorporated chromophoric PDIs. No charge-transfer bands were observed at longer 

wavelengths, indicating lack of electronic couplings between the Pc and peripheral PDIs. 

Moderate aggregation of PDI chromophores can be seen from the intense absorption of the 

vibronic 0-1 transitions peak (490 nm). This can happen even at low concentration because 

the multiple PDIs clicked to the same Pc provide an effectively high local concentration. 
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Figure 2.2 UV/Vis absorption spectra of Pc 2.5 and 2.7a-2.7d (ca. 10 μM in DCM), 

normalized at Pc Q-band λmax. 

 

2.3.2 Condensed phase UV/Vis spectroscopy of PDI-clicked Pc 2.7d 

The clicked product 2.7d was spin-coated on glass to record the UV/Vis spectrum 

in condensed-phase and compared with the spectrum in solution phase (Figure 2.2). In the 

thin film absorption, both the PDI peaks and the Pc Q-band exhibited red-shifts (5~10 nm) 

from its solution spectrum. A comparison of the condensed phase UV/Vis absorption 

spectra of 2.5, 2.7d, 2.6d with the corresponding solution phase spectra indicated different 

degree of aggregations of both Pc and PDI chromophores by merging into the single 2.7d 

structure. 
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Figure 2.3 Condensed phase UV/Vis spectra of clickable Pc 2.5, clicked product 2.7d, and 

PDI azide 2.6d spin coated on glass from chloroform. 

 

Comparison of the condensed-phase thin films also provided insight into the 

aggregation behavior of the various Pc/PDI systems. Peak broadening and red-shifting in 

the condensed phase spectrum of Pc 2.5 relative to the solution spectrum was clearly a 

result of Pc chromophore aggregation (Figure 2.3). Similarly, the broadening of the PDI 

peaks and increased intensity of the vibronic 0-1 transition peak at 490 nm when spin-

coated into a condensed phase thin film of 2.6d indicated increased chromophoric 

aggregation as well. Nevertheless, the condensed film of 2.7d exhibits a UV/Vis spectrum 

in which Pc aggregation appeared to be minimized. The shape of the Q-band is comparable 

to that observed in the solution UV/Vis spectrum of 2.5 and 2.7a-d. The peaks in the PDI 

absorption region, however, still indicate chromophore aggregation of PDIs in the thin film 
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of 2.7d, but less aggregated than that seen from 2.6d. These differences suggest that 

peripheral substitution with six PDIs through click chemistry can provide sufficient steric 

hindrance to prevent central Pc aggregation, although PDI aggregation still occurs. 

 

2.4 Effects of reaction conditions on the kinetics of click reactions 

2.4.1 Use of Cu(PPh3)3Br as a soluble source of Cu (I) catalyst 

Monitoring the click reaction of clickable Pc 2.5 and PDI azide 2.6d indicated poor 

solubility of the copper iodide catalyst. To facilitate the progress of click reaction, 

continuous stirring was required due to the heterogeneous nature of the reaction mixture. 

Since this project was intended to use the click reaction to modify Pcs on solid surfaces 

such as ITO and TiO2,104,105 we replaced copper iodide with a more soluble catalyst which 

would be amenable to use in a flow-cell setup for surface deposition and subsequent 

spectroelectrochemical studies. Soluble copper source Cu(PPh3)3Br126 was compared with 

CuI in side by side reactions between clickable Pc 2.5 and PDI azide 2.6d. Both reactions 

were monitored at selected time intervals by UV/Vis spectroscopy on product mixtures 

(Figure 2.3). 
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Figure 2.4 UV/Vis spectra normalized at Pc Q-band of isolated clicked products (10 μM 

in CHCl3) at indicated reaction times with CuI (a) and Cu(PPh3)3Br (b) used as catalysts. 
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The quenched reaction mixture was purified by flash column chromatography to 

remove excess PDI 2.7d and isolate the resulting Pc containing species. UV/Vis spectra 

were normalized at the absorbance of Pc Q-band to show the increase of PDI chromophore 

absorption from the clicked products. The incorporation of the PDI chromophores could 

be followed several times throughout the click reaction, and the PDI absorbance saturated 

at a constant value can indicate that the click reaction has completed. 

The specific PDI absorbance, which can be calculated as an absorbance ratio of PDI 

0-0 vibronic band to Pc Q-band, reached 2.68 and 2.66 for CuI and Cu(PPh3)3Br 

respectively at the end of the click reactions. Similarly, this ratio can be obtained for all the 

sample spots and plotted to the reaction times (Figure 2.4). Fitting curves were generated 

by KaleidaGraph using the exponential rise method. For both catalysts, the PDI absorbance 

arrived at a constant similar value within 10 hours at such reaction conditions. The highly 

soluble Cu(PPh3)3Br catalyst proved to be similarly efficient to the commercial CuI in this 

click reaction. By visual inspection of the click reaction at various time points, it shows a 

clear progression of color as more PDIs are incorporated in the clicked products (Figure 

2.5). 
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Figure 2.5 The PDI absorbance at 530 nm normalized to Pc Q-band absorbance at 680 nm 

with reaction time for CuI and Cu(PPh3)3Br as catalyst. 

 

 

Figure 2.6 Digital image of isolated mixtures (in DCM) at selected time intervals: 1 h, 2 

h, 3 h, 6 h, 50 h (left to right), with Cu(PPh3)3Br as catalyst. 
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Figure 2.7 FT-IR spectra of clickable Pc 2.5 (top) and clicked Pc 2.7d at the reaction 

time of 6 hours (bottom), using Cu(PPh3)3Br as catalyst. The spectra were recorded on 

polyethylene film. 

 

The clicked product 2.7d was also characterized by FT-IR and compared to 

clickable Pc 2.5 (Figure 2.6). Completion of the click reaction can be observed by the 

disappearance of terminal alkyne peaks, including sp-hybridized C-H stretching at 3291 

cm-1 and C-C triple bond stretching at 2119 cm-1. Meanwhile, the appearance of two strong 

peaks at 1695 cm-1 and 1657 cm-1 contributed from PDI imide C=O stretching also 

suggested the incorporation of PDI in 2.7d. 
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2.4.2 The impact of azide equivalents 

The impact of the number of PDI azide equivalents on the modification of 

asymmetric clickable Pc 2.5 was also investigated in a similar fashion to the copper source. 

Keeping all other reaction conditions identical (i.e. catalyst, temperature, concentration, 

and solvent), the effect of varying the ratio of azide 2.6d to terminal alkynes on Pc 2.5, 

from 1:1 to 3:1 to 10:1 was performed (Figure 2.7). Three fitting curves shown in the plot 

were generated by KaleidaGraph using exponential rise method. 
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Figure 2.8 Normalized PDI absorbance as a function of time with 1, 3, and 10 equivalents 

of PDI azide 2.6d. 

 

The reaction progress was accelerated by increasing the number of azide 

equivalents, with ten equivalents showing apparent reaction completion within six hours. 
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After the normalized absorbance levelled off, the isolated click product was also confirmed 

by MALDI mass spectrometry and used as a standard for the rest of samples. While three 

equivalents of azide likely afforded the fully clicked product with extended reaction times 

of longer than three days, the use of equimolar amounts of azide and terminal alkyne 

yielded a specific PDI absorbance of only 2.18, which is significantly (18%) lower than 

the one with ten equivalents of azide, suggesting incomplete reaction. 

 

2.5 Click chemistry modification of surface bound asymmetric clickable Pcs 

Previous work from Lin et al. demonstrated the deposition of an asymmetric ZnPc 

on ITO surface and the formation of a self-assembled monolayer (SAM). A C10 alkyl linker 

was placed between the odd quadrant of asymmetric Pc and the phosphonic acid anchor 

group, while the other three quadrants were equipped with simple alkyl chains. Deposition 

of this asymmetric Pc onto ITO was monitored in real-time by attenuated total reflectance 

(ATR) UV/Vis spectroscopy. Surface coverage of the Pc was also determined by cyclic 

voltammetry (CV). 

To construct a molecular-level heterojunction in a similar fashion, phosphonic acid 

tethered clickable ZnPc 2.8, prepared from 2.5, was deposited on ITO using the same 

protocols as described in the literature. Compared to the asymmetric Pc used by Lin,105 the 

methyl groups at the terminal of each solubilizing alkyl chain is replaced with alkynes for 

the click reaction to proceed (Scheme 2.3). ITO modified with a monolayer of Pc 2.8 was 

used as the substrate for surface click chemistry. 
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Scheme 2.3 Synthesis of asymmetric Pc-phosphonic acid 2.8. 

 

 

The surface click reactions were performed in an ATR flow cell apparatus setup. 

The solution of PDI azide 2.6d, along with DIPEA and Cu(PPh3)3Br, was injected into the 

cell to have direct physical contact with the Pc modified ITO surface. The click reaction 

between Pc and PDI occured at the solution-substrate interface and was monitored in real-

time by ATR-UV/Vis spectroscopy. Spectra were taken every hour during the reaction to 

monitor the growth of PDI absorbance bands. Due to the excess and high absorption 

coefficient of PDI azide 2.6d, the solution in the ATR cell was flushed with clean CHCl3 

before each spectrum was recorded, and then re-injected into the cell to resume the reaction. 

When all spectra were normalized at the Pc aggregate peak at 620 nm (Figure 2.8), 

the growth of the PDI absorption was clearly visible at all three major transitions of PDI: 

S0ν0-S1ν0 (530 nm), S0ν0-S1ν1 (490 nm), and S0ν0-S1ν2 (460 nm). 

 



61 

 

Figure 2.9 ATR-UV/Vis spectra of Pc-PDI clicked assembly on ITO substrate at selected 

reaction times (0-12 h). All spectra were normalized at 620 nm. Reproduced from Dr. 

Hsiaochu Lin’s Dissertation. 

 

It was noticed that compared to the peak at 530 nm, the absorbance of the other two 

PDI transitions grew much more rapidly towards the end of the reaction. An increased 

relative intensity of PDI 0-1 and 0-2 transitions is indicative of highly aggregated PDI 

chromophores. Therefore, this change of the spectra implied increased PDI aggregation 

throughout the click reaction. This is consistent with a densely packed interface, where 

PDIs clicked on the same or a nearby Pc are close enough to form aggregates. 

Another interesting feature is the change of Pc monomer peak at 680 nm. Since all 

the spectra were normalized at the Pc aggregate peak, the relative intensity of monomer to 

aggregate peak can provide information about the extent of Pc aggregation on ITO during 

the click reaction. The monomer peak became more prominent as the reaction progressed 

(Figure 2.8), suggesting the Pc aggregation reduced throughout the click reaction, 

consistent with PDIs isolating the Pc from other nearby Pcs by steric hindrance. Pc 
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aggregation becomes more difficult with an increase of the number of PDIs clicked to the 

Pc. 

 

2.6 Conclusions 

The modification of Pc peripheral substituents under CuAAC conditions was 

successfully demonstrated on an asymmetric Pc and a small library of Pcs were prepared 

with side chains bearing hydrophobic, photo-crosslinkable, and electroactive moieties. The 

clicked Pc derivatives were synthesized from the clickable Pc 2.5 and four different azides 

under mild conditions and characterized by mass spectrometry, UV/Vis and FT-IR 

spectroscopies. Both CuI and Cu(PPh3)3Br proved to be efficient catalysts, and azide-

alkyne stoichiometry had an expected impact on the rate and completion of the click 

reactions. The utility of using the CuAAC click reaction to introduce various functionalities 

onto the periphery of an asymmetric Pc structure holds much promise in the orthogonal 

preparation of multi-functional Pc derivatives. 

Installation of a phosphonic acid anchor group to the clickable Pc for ITO surface 

deposition was achieved by modification of the hydroxyl group on the odd quadrant of the 

asymmetric Pc. The surface click chemistry occurred at the interface between the ITO 

bound clickable Pc 2.8 and the bulk solution PDI azide 2.7. The reaction was achieved in 

a flow-cell apparatus in which the reaction progress was monitored in real-time by ATR 

UV/Vis spectroscopy. 
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2.7 Experimental Section 

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

All chemicals were purchased from commercial sources and used without further 

purification unless otherwise noted. Compounds 2.1,126 2.2,107 2.6a-d58,142,143 were 

prepared according to the literature. DMSO was dried over freshly activated 4Å molecular 

sieves. Anhydrous CH2Cl2 was distilled from CaH2 under argon. Anhydrous THF was 

distilled from sodium and benzophenone under argon. 1H NMR spectra were recorded at a 

Bruker DRX-500 MHz or AVIII-400 MHz spectrometer with 13C operating frequencies of 

125 MHz or 100 MHz. 1H NMR spectra were obtained in CDCl3 or CD2Cl2:DMSO-d6 

(95:5) and were calibrated using residual CHCl3 (δ = 7.26 ppm) or CHDCl2 (δ = 5.32 ppm) 

as an internal reference respectively. 13C NMR spectra were obtained in CDCl3 or 

CD2Cl2:DMSO-d6 (95:5) were calibrated using CDCl3 (δ = 77.0 ppm) or CD2Cl2 (δ = 53.8 

ppm) as an internal reference respectively. UV/Vis spectroscopy was performed on a 

Shimadzu UV-2401PC spectrometer. Mass spectra were obtained from the Mass 

Spectrometry Facility, Department of Chemistry and Biochemistry, University of Arizona. 

Flash column chromatography and TLC were performed using silica gel 60 and Silica Gel 

60 F254 plates respectively from EMD. 

2,3,9,10,16,17-Hexa-(4-(hex-5-ynyloxy)phenoxy)-23-hydroxyphthalocyanine 

Zinc(II) (2.5). A mixture of Pn 2.2 (100 g, 0.40 mmol), Pn 2.1 (600 g, 1.13 mmol), DBU 

(200 g, 1.43 mmol) and Zn(OAc)2 (140 mg, 0.7 mmol) in 60 mL 1-pentanol were refluxed 

under Ar for 8 h. The reaction mixture was allowed to cool to room temperature and poured 

into MeOH (150 mL). The precipitate was filtered, washed with MeOH, air dried and then 
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subjected to flash chromatography (SiO2, CH2Cl2:MeOH = 99:1). The green elution was 

collected and concentrated under reduced pressure. A solution of the resultant green residue, 

TFA (2 mL) and CH2Cl2 (20 mL) was stirred at room temperature under Ar for 4h. The 

reaction mixture was then washed with water (50 mL), aqueous NaHCO3 (50 mL), and the 

organic layer was dried over MgSO4, filtered, and evaporated. The crude product was 

purified by flash column chromatography (SiO2, CH2Cl2: MeOH = 99:1) to give Pc 2.5 

(0.13 g, 20%) as a green solid: 1H NMR (500 MHz, CD2Cl2:DMSO-d6 = 95:5) δ (ppm) 

9.77 (s, 1H), 8.80-8.40 (m, 8H), 7.51(d, J = 8 Hz, 1H), 7.36-7.35(m, 4H), 7.29-7.24 (m, 

8H), 7.06-7.02(m, 4H), 6.98-6.95 (m, 8H), 4.07-4.00 (m, 12H), 2.35-2.30 (m, 12H), 2.08-

2.06 (m, 6H), 2.00-1.91 (m, 12H), 1.81-1.73 (m, 12H); 13C NMR (125 MHz, 

CD2Cl2:DMSO-d6 = 95:5) δ (ppm) 160.2, 156.0, 155.8, 155.6, 155.5, 154.2, 153.3, 152.5, 

151.8, 151.8, 151.64, 151.58, 151.2, 151.1, 151.0, 150.9, 150.5, 150.3, 149.9, 149.8 141.0, 

134.4, 134.3, 133.9, 130.7, 124.1, 120.8, 119.9, 119.8, 119.7, 119.6, 118.2, 116.0, 115.8, 

113.7, 113.6, 113.5, 112.2, 112.0, 108.6 68.93, 68.87, 68.3, 68.23, 68.18, 30.0, 28.8, 25.5, 

25.51, 25.47, 18.48, 18.45; MS (MALDI) calcd for C104H91N8O7 [M+H]+: m/z 1659.67, 

found 1659.72. Anal. calcd for C104H90N8O7Zn: C, 72.49; H, 5.15; N, 6.50. Found: C, 72.01; 

H, 5.60; N, 6.51% 

Asymmetric clicked Pc 2.7a. Asymmetric Pc 2.5 (50.0 mg, 0.029 mmol) and 2.6a 

(368 mg, 1.74 mmol) were dissolved in 20 mL dry THF before N,N-diisopropylethylamine 

(45.0 mg, 0.349 mmol) and CuI (13.3 mg, 0.0698 mmol) were added into the solution. The 

mixture was degassed and backfilled with argon three times before stirring overnight at 

room temperature. The reaction mixture was diluted with CH2Cl2 followed by washing 
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with 3x 100 mL 0.1 M EDTA, 3x 100 mL 1 M HCl, and 3x 100 mL brine. The organic 

layer was concentrated and crude product was purified by column chromatography (SiO2, 

CH2Cl2: MeOH = 95:5) followed by recrystallization (3x) from CH2Cl2/MeOH to give Pc 

2.7a as a green solid (21.0 mg, 24%). MS (MALDI) calcd for C176H238N26O13Zn [M]+: m/z 

2987.805, found 2987.774. Anal. calcd for C176H238N26O13Zn: C, 70.67; H, 8.02; N, 12.17. 

Found: C, 70.49; H, 8.26; N, 11.83. 

Asymmetric clicked Pc 2.7b. Following the procedure for Pc 2.7a, asymmetric Pc 

2.5 (50.0 mg, 0.029 mmol), 2.6b (281 mg, 1.74 mmol), dry CHCl3 (10 mL), N,N-

diisopropylethylamine (113 mg, 0.876 mmol) and Cu(PPh3)3Br (135 mg, 0.145 mmol) 

yielded Pc 2.7b as a green solid (27.0 mg, 35%). MS (MALDI) calcd for C158H154N26O13Zn 

[M]+: m/z 2687.148, found 2687.164. Anal. calcd for C158H154N26O13Zn: C, 70.53; H, 5.77; 

N, 13.54. Found: C, 70.47; H, 6.14; N, 13.19. 

Asymmetric clicked Pc 2.7c. Following the procedure for Pc 2.7a, asymmetric Pc 

2.5 (20 mg, 0.012 mmol), 2.6c (200 mg, 0.73 mmol), dry CHCl3 (20 mL), N,N-

diisopropylethylamine (45 mg, 0.35 mmol) and Cu(PPh3)3Br (54 mg, 0.058 mmol) yielded 

Pc 2.7c as a green solid (17 mg, 44%). MS (MALDI) calcd for C188H191N26O31Zn [M+H]+: 

m/z 3372.346, found 3372.121. Anal. calcd for C188H190N26O31Zn: C, 66.90; H, 5.67; N, 

10.79. Found: C, 66.84; H, 5.90; N, 10.51. 

Asymmetric clicked Pc 2.7d. Following the procedure for Pc 2.7a, a mixture of 

asymmetric Pc 2.5 (21 mg, 0.012 mmol), 2.6d (493 mg, 0.752 mmol), dry CHCl3 (10 mL), 

N,N-diisopropylethylamine (50 mg, 0.39 mmol) and CuI (13 mg, 0.068 mmol) was stirred 

at room temperature overnight. After workup, the crude solid was loaded onto a 
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chromatography column and first flushed with EtOAc/CH2Cl2 5:95 until excess PDI 2.6d 

was removed from the column. Then the product was eluted with CH2Cl2/MeOH 95:5 

followed by recrystallization with CHCl3/MeOH to give Pc 2.7d as a dark purple solid (24 

mg, 35%). MS (MALDI) calcd for C344H335N38O37Zn [M+H]+: m/z 5653.479, found 

5653.870. Anal. calcd for C344H334N38O37Zn: C, 73.02; H, 5.95; N, 9.41. Found: C, 73.02; 

H, 5.91; N, 9.08. 
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Chapter 3  

MOLECULAR LEVEL HETEROJUNCTION OF PC-PDI DYADS WITH LONG-

LIVED CHARGE SEPARATED STATES ON TRANSPARENT CONDUCTIVE 

OXIDES 

 

3.1 Introduction 

The overall efficiency in OPV is highly impacted by the nature of the electron 

injection barrier at each interface. Photo-induced electron transfer from the electron-

donating layer to the electron-accepting layer is one of the most crucial processes 

happening in OPVs.89,144,145 A molecular level heterojunction can be developed for better 

insight into the factors that control interfacial charge transfer rates. Donor-acceptor dyads 

have been studied as artificial light harvesting in photovoltaic and biological 

applications.146,147  A heterojunction model using organic donor-acceptor dyads can be 

attached to the surface of electrode materials, to facilitate understanding of the interface 

between organic active layer and transparent conductive oxide (TCO), and the factors that 

control the interfacial electron transfer rates in terms of the charge separated state lifetime. 

 

3.1.1 Molecular Heterojunction on TCO Surfaces 

Phthalocyanine (Pc) and perylenediimide (PDI) are chemically and thermally stable, 

and exhibit intense absorptions in the visible spectrum,45 but non-substituted Pc and PDI 

are insoluble in most common organic solvents. Since their discovery in the early 1900s, 

they have been used only as pigments.43 It was later discovered that structural 
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modifications gave them the solvent processability.44,45 Pc and PDI have been exploited in 

fundamental studies of optoelectronic devices40,148,149 and systems for biological 

applications.150–152 They are among the favorite materials for a number of advanced 

technologies due to their outstanding photo-physical and chemical properties.44 Due to 

desired properties such as high thermal stability and intense absorption in the visible region, 

Pcs have been widely used in applications including organic solar cells,11 field effect 

transistors,153 non-linear optics,112 high dielectric materials,154 electrochromic devices,155 

photodynamic therapy,156 and chemical sensors.157 The properties of PDIs, depending on 

their tunable substitution pattern, can involve high electron mobilities, highly exothermic 

electron affinities, and strong fluorescence.44 

The covalent combination of both Pc and PDI units into a dyad, consisting of an 

electron-donating Pc linked to a strongly electron-withdrawing PDI, can take advantage of 

the high absorption coefficients over most part of the visible spectrum, and possible 

thermodynamic driving force for photo-induced electron transfer from Pc to PDI.125,158,159 

Such model of molecular level heterojunction using organic dyad molecules can be built 

on the surface of electrode materials (Figure 3.1). 

 

Figure 3.1 Pc-PDI dyad model system for interfacial electron transfer studies. 
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To enable the deposition of organic molecules onto inorganic metal oxide surfaces, 

an appropriate surface active functional group is necessary in the structure. Therefore, a 

Pc-PDI dyad with an anchor group, covalently linking the dyad and oxide surface, is a good 

choice for photophysical studies on surface, including dark electron transfer from a radical 

charge separated state [Pc•+-PDI•-]. 

 

3.1.2 Pc-PDI Dyads with Long-Lived Charge-Separated State 

Triplet excited states of Pc and PDI are usually low in energy and this disfavors the 

generation of a more energetic charge-separated state. The time constants associated with 

charge-separated state of Pc-PDI dyads were commonly shorter than a few 

nanoseconds.160–163 Sastre-Santos et al. recently reported a Pc-PDI dyad with a 72 μs 

lifetime of charge-separated state.71 In this dyad, the charge-separated state was lower in 

energy than the triplet state of both Pc and PDI. It was achieved by choice of substituent 

groups on Pc and PDI. Electron rich phenoxy groups at the periphery of Pc, together with 

electron poor sulfonyl groups at bay-positions of PDI, reduced the energy gap between 

charge-separated state and ground state. 

To understand the factors that affect electron injection rate at the organic / TCO 

interface, a model of molecular-level heterojunction will be built, taking the advantage of 

Pc-PDI dyads with Sastre-Santos’ design. The first electroactive monolayer can be critical 

to the rate of electron injection, therefore anchor group is introduced into our targeted 

model system to ensure the close contact between the dyads and oxides (Figure 3.2).  
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Figure 3.2 Targeted Pc-PDI dyads with a phosphonic acid group. 

 

The target series of Pc-PDI dyads are designed here as shown in Figure 3.2. Pc and 

PDI subunits are held together by a short alkyl linker, while a phosphonic acid anchor 

group is installed on the PDI imide end to enable surface deposition to TCOs including 

ITO and TiO2. The Pc moiety has electron donating phenoxy groups on its peripheral 

positions. Variables are introduced in the PDI subunit with three different bay-substituents 

including the sulfonyl group explored by Sastre-Santos. However, this electron 

withdrawing group is expected to excessively decrease the LUMO level of the PDI, to 

where it cannot line up with the Fermi level of TCOs, therefore blocking the electron 

injection from PDI to oxides. We decided to tune the PDI LUMO levels by changing the 

substitution of the bay groups with neutral (protons) and electron donating (thioether) 

groups in the dyads. 
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3.2 Synthesis of the dyads 3.1a-c with different PDI bay-group 

The synthesis of Pc-PDI dyads 3.1a-c with surface active phosphonic acid groups 

entailed condensation of the appropriately bay-substituted perylene dianhydrides 3.3a-c 

with Pc mono-amine 3.2 (Scheme 3.1). It was succeeded by condensation of the remaining 

anhydride on perylene with aniline derivative 3.5 to install the phosphonate moiety before 

conversion to final phosphonic acids. 

 

Scheme 3.1 Synthesis of 3.1a-c phosphonic acid tethered Pc-PDI dyads 
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Compounds 3.2 and 3.5 were prepared according to the literature.71,164 In the 

synthesis of 3.4a, only 0.9 equivalents of Pc amine 3.2 was used respective to perylene 

dianhydride 3.3a to reduce the formation of undesired Pc-PDI-Pc “triad” during this 

imidization step. Subsequent treatment with AcOH yielded 3.4a in 30% yield while leaving 

the opposite end of the perylene moiety as an anhydride. Then, a second condensation 

between dyad anhydride 3.4a and aniline phosphonate 3.5164 under basic conditions 

produced dyad phosphonate 3.6a. The dyad phosphonate was then hydrolyzed with 

trimethylsilyl bromide (TMSBr) to give the desired Pc-PDI dyad phosphonic acid 3.1a in 

an overall yield of 28% over two steps. Dyad 3.1a was used for surface deposition onto 

TCOs for spectro-electrochemical analysis without any further purification. The same 

protocol was followed in the synthesis of dyad 3.1b. 

When Pc 3.2 was allowed to react with excess perylene dianhydride 3.3c to form 

the bay-sulfonyl substituted dyad 3.4c, mass spectroscopic data presented a major fragment 

peaks with loss of one or two aryl-sulfonyl groups from 3.4c, indicating that the strong 

electron withdrawing sulfonyl group fragmented from the perylene bay position under 

nucleophilic conditions when imidazole or pyridine was the solvent. These dyads with a 

partially unsubstituted perylene moiety appeared to be the same on polarity and were 

unable to be separated by column chromatography. Acidic conditions described in the 

literature71 such as NMP/AcOH became a better choice and were used in both steps of 

making 3.4c and 3.6c. Reflux in a relatively inert solvent such as o-xylene also afforded 

the desired product, resulting in a 25% yield which is comparable to 28% with NMP/AcOH. 
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Proton NMR spectra of dyads 3.1a-c were recorded in CD2Cl2 but most aromatic 

protons were not resolved as sharp peaks. The hydrogen bonding between terminal 

phosphonic acids was considered a possible reason that induced the aggregation of 

chromophores to show broad peaks in NMR. In attempts to sharpen the signals, additional 

proton NMR experiments under various conditions were performed, such as adding 5~10% 

co-solvents (e.g. d6-DMSO, d5-pyridine, or trifluoroacetic acid), changing the delay time 

in the pulse sequence and diluting samples, However, none of these improved the 

appearance of proton NMR spectra. In 13C NMR spectra of all dyads, only a few peaks 

corresponding to the peripheral substituents were visible while the signals of aromatic 

carbon atoms were unobserved, most likely due to aggregation of both Pc and PDI 

chromophores. 

 

3.3 Characterizations of the Pc-PDI dyads 

3.3.1 UV-Vis Absorption in Solution 

Steady-state UV-Vis absorption spectra of dyad anhydrides 3.4a-c in DCM, dyad 

phosphonates 3.6a-c in DCM, and dyad phosphonic acids 3.1a-c in pyridine are shown in 

Figure 3.3 and compared across different PDI bay-substituents. All these spectra were 

taken at 10-6 M concentration and normalized at the most intense peak of Pc Q-band around 

685 nm. 
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Figure 3.3 UV-vis Absorption spectra of (a) dyad anhydrides 3.4a-c, (b) dyad 

phosphonates 3.6a-c, and (c) dyad phosphonic acids 3.1a-c. 

 

The dyads in monoimide form with bay-unsubstituted perylene moiety 3.4a and 

bay-sulfonyl 3.4c have PDI 0-0 transition peaks at 530 nm, a red-shift of ca. 5 nm compared 

to the PDI chromophore itself (Figure 3.3a). The bay-thioether group gives the perylene 

moiety absorption in dyad 3.4b a significant red-shift to 570 nm, which is also comparable 
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to the corresponding PDI 3.3b. The Pc moieties in 3.4a-c exhibit a non-split Q-band, and 

a weak peak around 630 nm for aggregated Pc, indicating the Pc chromophores remained 

monomeric in solution. 

Compared to the dyad anhydride counterparts (3.4a and 3.4c), dyad phosphonates 

3.6a and 3.6c exhibited a red-shift of 5 nm of the perylene moiety (Figure 3.3b). In 

3.6a/3.6c, the 0-0 vibronic band remained the most intense among all PDI vibronic 

transitions, indicating these dyad phosphonates remain unaggregated in solution. However, 

the aggregation status of PDI in dyad 3.6b could not be determined because the bay-thio 

PDIs does not typically have the common vibronic pattern seen from many other PDIs. The 

broadening of its absorption peak around 565 nm suggested that the PDI in 3.6b were 

aggregated to some extent. 

The phosphonic acid dyads 3.1a-c (Figure 3.3c) appeared different in several 

aspects compared to the series of dyad anhydrides 3.4a-c and phosphonates 3.6a-c. 

Aggregation of the Pc was evidenced by the absorption band at 630 nm in dyad phosphonic 

acids 3.1a-c. For the PDI moieties in 3.1a/3.1c, the peak intensity of vibronic 0-1 

transitions (500 nm) approached or surpassed that of 0-0 transitions, as a characteristic 

feature of aggregated PDI. The PDI peak in 3.1b had even more severe broadening than in 

3.6b, also suggested the aggregation of PDI. As only one structural change was made to 

the dyad from series 3.6 to 3.1, all the aggregation in the UV-vis spectrum of dyad 3.1a-c 

was attributed to hydrogen bonding between phosphonic acids. 
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3.3.2 Fluorescence Spectroscopy of Pc-PDI Dyads in Solution 

Since the dyad phosphonates 3.6a-c did not show strong aggregation in solution, 

their fluorescence spectra were recorded and compared to reference PDIs 3.7a-c with 

corresponding substituents in the bay position of PDI (Figure 3.4). 
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Figure 3.4 Emission spectra of (a) dyad 3.6a, (b) 3.6b and (c) 3.6c compared to the 

corresponding reference PDIs 3.7a-b (λex = 525, 567, 522 nm, respectively). All 

fluorescence spectra were recorded in DCM at 2 µM. 
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For the bay-unsubstituted reference PDI 3.7a, upon excitation at the most intense 

PDI absorption (522 nm), the obtained fluorescence profile resembles those in the 

literature44 with three distinct emission peaks at 533 nm, 575 nm, and 622 nm 

corresponding to 0-0, 0-1, and 0-2 vibronic relaxations (Figure 3.4a). However, in dyad 

phosphonate 3.6a, no significant fluorescence emission was observed from the PDI subunit 

when it was placed adjacent to the Pc unit via covalent bond. Similar observations of 

fluorescence quenching were also reported in Pc-PDI dyads and triads with long-lived 

charge separated states.71,95,97 Based on the emission spectrum of dyad 3.6a, a possible 

pathway of the non-radiative decay of the excited state dyad [Pc-1PDI*] could be charge 

transfer from HOMO of Pc to HOMO of PDI leading to formation of the charge separated 

state with Pc radical cation and PDI radical anion [Pc•+-PDI•-], followed by recombination 

to the ground state.165,166  

The bay-sulfonyl reference PDI 3.7c exhibited fluorescence peaks located at 545nm, 

584 nm, and a shoulder peak around 625 nm (Figure 3.4c). Similar to dyad 3.6a, PDI 

fluorescence fully disappeared in dyad 3.6c, presumably due to the formation of the charge 

separated state as a pathway of non-radiative decay. 

The bay-thioether reference PDI 3.7b only yielded a weak and broad fluorescence 

band located at around 670 nm in its emission spectrum (Figure 3.4b). Compared to the 

reference PDIs 3.7a and 3.7c, the thio-substituted reference 3.7b saw a 100-fold decrease 

in fluorescence intensity due to the quadrupolar charge-transfer character from electron 

donating groups at the bay-position to the perylene aromatic core.44 Nevertheless, the 

significant difference in fluorescence between the reference 3.7b and dyad 3.6b was still 
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clear. PDI emission from the bay-thio substituted dyad 3.6b could not be observed. Charge 

transfer from Pc to PDI is the presumed decay pathway from the singlet excited state of the 

dyad. 

In addition to excitations at PDI absorptions, the same excitation of dyads 3.6a-c 

were conducted at 680 nm and 355 nm, corresponding to the Pc Q-band and B-band, 

respectively. Under excitation at 680 nm, Pc emission at 690 nm was observed only in 

reference Pc 3.2 but absent for dyads 3.6a-c (Figure 3.5a). The same quenching of Pc 

emission was also observed in these dyads when excited at 355 nm (Figure 3.5b), 

suggesting the presence of non-radiative relaxation. As discussed earlier, the fluorescence 

quenching Pc was also an indication of possible charge separated states in the dyads. 
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Figure 3.5 Emission spectra of 3.2, 3.6a-c in DCM (2 µM) with excitation wavelength at 

(a) 680 nm and (b) 355 nm. 

 

3.3.3 Solution Electrochemistry of Dyads 3.6a-c 

Triplet excited states of the ZnPc-PDI dyads are usually “traps” upon excitation 

due to their low-lying energy levels (1.18 eV for 3Pc*, 1.07 eV for 3PDI* above ground 
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state) relative to charge-separated state.95,97 Charge-separated states tend to have longer 

lifetime when its energy level sits below the triplet states.71,97 Cyclic voltammetry studies 

of the dyads 3.6a-c in solution indicated the energy level of the charge-separated state for 

all three dyads with different bay-substitutions (Table 3.1). All dyads showed an oxidation 

peak around 0.3-0.4 V vs. ferrocene corresponding to the oxidation of the ZnPc moiety. 

Meanwhile, the reduction of PDIs occurred at various potentials depending on the 

electronic effect of their respective bay-substitution groups. As a strong electron 

withdrawing group, sulfonyl groups in 3.6c stabilized the PDI LUMO level and made this 

dyad the only one with charge-separated state below the 3*Pc and 3*PDI in energy,71 

providing the possibility of reaching a long lifetime of the charge-separated state. 

 

Table 3.1 Redox potentials (vs Fc/Fc+) of dyads 3.6a-c in solution (0.5 mM in THF with 

0.1 M TBAPF6) 

Dyad PDI bay Pc oxidation (V) PDI reduction (V) CS level (eV) 

3.6a H 0.412 -0.900 -1.078 1.312 

3.6b SR 0.340 -1.060 -1.216 1.400 

3.6c SO2R 0.298 -0.761 -1.036 1.059 
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3.4 Deposition of the dyads on metal oxide substrates and surface characterization 

3.4.1 Surface modification monitored by ATR-UV/Vis spectroscopy 

Phosphonic acid (-PO3H2) is known as a robust linker to connect organic molecules 

to TCO surfaces.104,105 The adsorption of phosphonic acid tethered dyad on TCO was 

monitored with attenuated total reflectance (ATR) UV-vis absorption spectroscopy. The 

ATR spectra of Pc-PDI dyad phosphonic acid 3.1a on ITO were recorded at selected time 

intervals after introducing a 100 μM solution of 3.1a in 1:1 (v/v) acetonitrile/pyridine 

(Figure 3.6). In TM polarization mode, the absorbance at the Pc Q-band maximum (685 

nm) of dyad 3.1a increased continuously until reaching a plateau approximately 4 h after 

injection. This indicated that equilibrium of deposition was reached and the surface of ITO 

was saturated with dyad molecules. 

Flushing the flow cell with 1:1 acetonitrile/pyridine blank solvent mixture would 

remove those 3.1a molecules dissolved in bulk solution and weakly adsorbed on ITO, 

leaving only those molecules bonded through a phosphonic acid linkage. The remaining 

absorbance was substantially the same after solvent flush, indicating the presence of 

phosphonic acid tethered dyad 3.1a was on the ITO surface. 
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Figure 3.6 (a) TM polarized ATR spectra (grey) acquired as a function of dyad 3.1a on 

ITO, and the spectrum (red) after flushing the cell with MeCN/pyridine. (b) Isotherm plot 

at 680 nm as a function of time for 3.1a on ITO (grey) and after flush (red). 
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Figure 3.7 TE and TM polarized ATR spectra of dyad 3.1a as a thin film on ITO (a) and 

TiO2 (b), respectively. 
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Figure 3.8 TE and TM polarized ATR spectra of dyad 3.1b as a thin film on ITO (a) and 

TiO2 (b), respectively. 
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Figure 3.9 TE and TM polarized ATR spectra of dyad 3.1c as a thin film on ITO (a) and 

TiO2 (b), respectively. 
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3.4.2 Potential controlled ATR on ITO 

Potential controlled ATR-UV/Vis spectra of dyads 3.1a-c on ITO were recorded to 

see the exact wavelength where Pc and PDI radical ion species absorb. These results also 

provided insights for interpretation of transient absorption spectra. Differential spectra 

were made by subtraction of the ground state absorption from each spectrum at individual 

potentials. Positive features in differential spectra mean growth of charged species, while 

negative features indicate the ground state bleaching. 

The differential spectra of Pc oxidation section for all three dyads appeared alike 

because the substructures of ZnPc chromophore were identical (Figures 3.10a, 3.11a, 

3.12a). Due to the geometry that Pc not being directly attached to the ITO surface, all three 

Pc spectra had low signal of the broad peak from Pc radical cation absorption at 500 nm 

and only showed the bleaching of the ground state Pc. These spectra also suggested that 

the Pc aggregates (620 nm), with a rapid ground state bleaching, were oxidized more 

rapidly than monomers (680 nm) whose bleaching were relatively slow. 

To understand transient spectra we needed to also identify the absorption of PDI 

radical anions, which would indicate the presence of charge separation in Pc-PDI dyads. 

Spectro-electrochemical properties of PDI chromophores were highly affected by the bay-

substitution groups and therefore discussed separately here. Anionic species of bay-

unsubstituted PDI as in 3.1a (Figure 3.10b) was widely studied and the results here 

resembled those in the literature.93 Following the bleaching of ground-state neutral PDI 

peaks at 450-550 nm, radical anion of PDI gave a broad absorption peak at 720 nm. Right 

after the formation of PDI radical anion, increased reductive potential yielded the 
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characteristic peaks of PDI di-anion around 650 nm. The return of potential cycle also 

displayed the profile of PDI radical anion followed by slow recovery of neutral PDI. 

Thioether-substituted PDI dyad 3.1b (Figure 3.11b) was expected to be reduced at 

about 0.1 V more negative potential from the previous results on 3.1a. By potential 

controlled ATR the PDI radical anion peaks started to emerge around -0.8 V (vs. Ag/Ag+). 

The PDI radical anion absorption maximum was seen at 730 nm before the appearance of 

di-anion at 675 and 620 nm at greater reductive potentials. At -1.1 V the PDI di-anion had 

already become the predominant species. 

Potential controlled ATR spectra of sulfonyl-substituted dyad 3.1c (Figure 3.12b) 

was investigated using the same methods. In Sastre-Santos’ paper, a peak at 850 nm was 

assigned to the radical anion of such PDIs.71 However, this exceeded the instrumental 

limitation of the transient absorption spectrometer. However, we observed a peak at 700 

nm emerging prior to -0.7 V as characteristic for this PDI radical anion. The PDI di-anion 

absorption was also observed as a broad peak at 630 nm, starting from -1.0V, but was not 

as well-resolved from the peak of PDI radical anion as the other two dyads. 
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Figure 3.10 Differential potential controlled ATR spectra of dyad 3.1a acquired at selected 

potentials for (a) oxidation of Pc, (b) reduction of PDI. 
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Figure 3.11 Differential potential controlled ATR spectra of dyad 3.1b acquired at selected 

potentials for (a) oxidation of Pc, (b) reduction of PDI 

  



86 

450 500 550 600 650 700

B

0.2 V

0.3 V

0.4 V

0.5 V

0.6 V

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

D
if
fe

re
n

ti
a

l 
A

b
s
o

rb
a

n
c
e

Wavelength (nm)

(a)

400 500 600 700 800

B

-0.7 V

-0.8 V

-0.9 V

-1.0 V

-1.1 V

-0.1

0

0.1

0.2

0.3

0.4

D
if
fe

re
n

ti
a

l 
A

b
s
o
rb

a
n

c
e

Wavelength (nm)

(b)

 

Figure 3.12 Differential potential controlled ATR spectra of dyad 3.1c acquired at selected 

potentials for (a) oxidation of Pc, (b) reduction of PDI. 

 

3.4.3 Determination of surface orientation by ATR 

The ratios of TE and TM polarized ATR UV/Vis spectra of Pc-PDI dyads 3.1a-c 

were able to provide information of molecular orientation on metal oxide surfaces (Figure 

3.7-3.9). To determine the surface orientation on oxide substrates, dyes not binding to the 

substrates and with absorption similar to the target molecules could be used to calibrate the 

relative intensity of TE and TM polarized spectra. Methylene blue and Rhodamine 6G were 

selected as such isotropic dyes to cover the wavelength range absorbed by Pc and PDI 

respectively. Methods from the literature167 were applied here for calculation of the average 

orientation of individual substructures in the dyads. Orientation of PDIs with linear dipoles 

were calculated as 

1
2 ������	 = ���� ∙ ��

2�� − ��� + ����(�� + ���) 
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Where N is the refractive index of waveguide, nc is the refractive index of bulk solvent, 

ρnorm is the TE/TM absorbance ratio in the dyads divided by that ratio of mixed isotropic 

dyes, 

���� =
����

���
� ����

����
���

� �� !" #�$
 

and θ is angle between the oxide surface normal and Pc circular dipole normal. Larger 

angles indicate the molecules being more prone to stand straight up on oxide surface. Pcs 

with circular dipoles were calculated differently as 

1
4 �1 + $ ���	 = ���� ∙ ��

2�� − ��� + ����(�� + ���) 

Monomeric and aggregated Pc peaks were resolved in all ATR spectra and therefore 

calculated separately to know if the Pc orientation was dependent on the extent of 

aggregation (Table 3.2). 

Because of mixed binding modes (mono-, bi-, and tri-dentate) of phosphonic acid 

anchor groups on metal oxide surfaces, the PDIs cannot always stand vertically on the 

oxides through the phosphonic acid group. Instead, an average tilt angle around 45° was 

observed as a general trend for all PDIs on both ITO and TiO2. The aggregated and 

monomeric Pc absorptions were about 50 nm apart from each other and therefore treated 

separately to calculate the respective tilt angle. For the entire series of tilt angles, Pc 

aggregates were approximately 10-15° larger than that of Pc monomers, which indicated 

the Pc aggregates tend to stand more vertically while Pc monomers being more flexible 

were lying slightly more towards the oxide surface. 
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Table 3.2 Calculated tilt angles (by degrees, illustrated in figure) of PDI, Pc aggregates, 

and Pc monomers in dyads 3.1a-c on ITO and TiO2.  

 
Dyad 

Oxide PDI Pc-Agg Pc-Mono 

3.1a 

ITO 45.0 57.6 47.1 

TiO2 43.6 65.1 57.9 

3.1b 

ITO 50.5 61.3 46.5 

TiO2 47.0 63.1 46.4 

3.1c 

ITO 42.9 63.9 49.7 

TiO2 47.0 67.1 55.0 

 

 

3.4.4 Determination of surface orientation by NEXAFS 

Upon attachment of the dyads 3.1a-c to metal oxide substrates, angle-resolved near-

edge X-ray fine structure (NEXAFS) was employed to measure the molecular orientation. 

Linearly polarized soft X-rays from a synchrotron source can be used to probe the 

directionality of anti-bonding π* orbitals and therefore provide information about the 

attitude of the molecules relative to the substrate surface. The peak at 285.5 eV (Figure 

3.13) was assigned to the transition from C(1s) to the π* orbital of phenyl rings, and the 

intensity of this peak was tracked as a function of X-ray incidence angle.168  
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Figure 3.13 NEXAFS TEY spectra of 3.1a on (a) ITO, and (c) TiO2, at incident angles 

from 20° to 90°; and the angular dependence of the peak intensity of the C=C π* (dots) for 

(b) ITO and (d) TiO2. Superimposed are the model fits for α = 50-60° in steps of 1°. 
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The relationship between TEY peak intensity (I) and incident X-ray angle (ϕ) at 

various angles of molecular orientation was simulated according to a reported method for 

similar phosphonic acid / TCO systems,168  

&(') ∝ 0.85
3 .1 + 0.5 (3 $ ��(') − 1)(3 $ ��(0) − 1)1 + 0.15

2 ����(0) 

where ϕ is the incident X-ray angle with respect to the plane of the substrate, and α is the 

angle of orientation between surface and the conjugated π-system of the phenyl rings. By 

plotting I vs. ϕ with the normalized NEXAFS results, the simulated curve that fits best can 

determine the α angle of orientation. 

For dyads 3.1a-c on both ITO and TiO2 surfaces, the orientation were close to the 

magic angle of 54.7°. The random distribution of dyad orientation on substrate can be seen 

as a result of two major factors. First, the oxy-ethylene linker between Pc and PDI was 

flexible and allowed free rotation of Pc in a cone-shaped space above PDI. On the six 

peripheral positions around Pc were also flexible phenoxy groups that can rotate. Although 

the NEXAFS suggested that PDI alone on a phenyl-phosphonic acid anchor group stands 

vertically on ITO (α = 65°), the overall result was compromised by the large number of 

degrees of freedom for the Pc. In addition, the NEXAFS is not expected to resolve and 

separate PDI peaks from Pc peaks since they both have abundant sp2 hybridized carbons. 

The N(1s) NEXAFS data had a much lower signal-to-noise ratio because of the low 

absorption cross-section, yet still showed a random oriented pattern similar to C(1s). 

  



91 

3.5 Conclusions 

The synthesis and characterization of a Pc-PDI dyad series with different PDI bay-

functional groups (H, SR, SO2R) were demonstrated. The targeted dyads featuring 

phosphonic acid anchor groups on PDI side were used for the studies of molecular-level 

heterojunction on TCOs. These dyads were prepared by condensation of the electron donor 

Pc subunit with an electron acceptor perylene dianhydride via a short alkyl linker, followed 

by the installation of phosphonic acid as the anchor group. For all three dyads, the 

preliminary evidence of non-radiative relaxation of singlet excited state was found in 

fluorescence spectroscopy in solution, presumably suggesting the electron transfer from Pc 

to PDI. From the results of solution electrochemistry, dyad 3.6c with a SO2Ar group at PDI 

bay-position was the only one having a charge-separated state below triplet excited states. 

These organic dyads were shown by ATR UV-vis spectroscopy to be firmly 

attached to ITO and TiO2 surfaces through the phosphonic acid anchor group. Using 

NEXAFS, the molecular orientation was determined to be random distribution because of 

the flexibility of the linker between Pc and PDI, and the mixing of all C=C signals. With 

angle resolved ATR spectroscopy, an average tilt angle around 45° was found for PDI 

subunits in the dyads as a result of multiple binding modes of phosphonic acid group on 

ITO. It was also calculated that the aggregated Pc tended to stand 10-15° more vertically 

on the substrates than the monomer Pc. Absorption features of Pc and PDI radical species 

were observed in potential controlled ATR spectra for further investigations of charge 

separation kinetics. Electrochemical and photophysical experiments with surface bound 

dyads will be done with collaborators. 
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3.6 Experimental Section 

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

All chemicals were purchased from commercial sources and used without further 

purification unless otherwise noted. Compounds 3.2, 3.3b, 3.5, and 3.7a-c were prepared 

according to the literature.71,164 DMSO was dried over freshly activated 4 Å molecular 

sieves. Anhydrous CH2Cl2 was distilled from CaH2 under argon. Anhydrous THF was 

distilled from sodium and benzophenone under argon. 1H- and 13C-NMR spectra were 

recorded on a Bruker DRX-500 machine operating at 500 MHz and 125 MHz, respectively. 

1H NMR spectra were obtained in either CDCl3 or CD2Cl2:DMSO-d6 (95:5) as noted and 

calibrated using residual CHCl3 (δ = 7.26 ppm) or CHDCl2 (δ = 5.32 ppm) as an internal 

reference respectively, with chemical shifts reported in ppm from TMS. 13C NMR spectra 

were obtained in either CDCl3 or CD2Cl2:DMSO-d6 (95:5) as noted and calibrated using 

CDCl3 (δ = 77.0 ppm) or CD2Cl2 (δ = 53.8 ppm) as an internal reference, respectively. UV-

vis spectroscopy was performed using a Shimadzu UV-2401PC spectrometer. Mass spectra 

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

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

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

Pc-PDI (bay-H) Dyad Phosphonic Acid (3.1a) A solution of phosphonate dyad 

3.6a (10 mg, 0.005 mmol), trimethylsilyl bromide (154 mg, 1.00 mmol), and CH2Cl2 (5mL) 

was allowed to stir at room temperature for 16 h under Ar. The reaction was quenched with 

water (5 mL) and then methanol (20 mL) was added to give precipitate. The crude product 

was collected by centrifugation, washed with methanol twice, and dried under reduced 
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pressure to give dyad 3.1a (58 mg, 60%) as a dark purple solid: 31P NMR (202 MHz, CDCl3) 

δ -11.63; MS (MALDI) m/z: [M]+ Calcd for C130H117N10O14PZn 2136.778; Found 

2136.798.  

Pc-PDI (bay-Thioether) Dyad Phosphonic Acid (3.1b) Following the procedure 

for dyad 3.1a, phosphonate dyad 3.6b (10 mg, 0.005 mmol), trimethylsilyl bromide (154 

mg, 1.00 mmol), and 5mL CH2Cl2 gave dyad 3.1b (70 mg, 66%) as a dark blue solid: 31P 

NMR (202 MHz, CDCl3) δ -13.49; MS (MALDI) m/z: [M+H]+ Calcd for 

C144H129N10O14PS2Zn 2381.816; Found 2381.945. 

Pc-PDI (bay-Sulfonyl) Dyad Phosphonic Acid (3.1c) Following the procedure 

for dyad 3.1a, phosphonate dyad 3.6c (10 mg, 0.005 mmol), trimethylsilyl bromide (154 

mg, 1.00 mmol), and 5mL CH2Cl2 gave dyad 3.1c (65 mg, 63%) as a dark purple solid: 1H 

NMR (500 MHz, 5% DMSO-d6 in CD2Cl2) δ 8.95 (br s, 9H), 7.19 (br m, 38H), 4.45 (br m, 

4H), 2.53 (br m, 12H), 2.03 (s, 6H), 1.64-0.93 (br s, 54H); 31P NMR (202 MHz, CDCl3) δ 

-13.14; MS (MALDI) m/z: [M]+ Calcd for C144H129N10O18PS2Zn 2444.796; Found 

2445.011. 

1,7-bis(4-tolylsulfonyl)-3,4,9,10-perylenetetracarboxydianhydride (3.3c). A 

procedure from the literature71 was modified as follows: to a solution of 3.3b (1.00 g, 1.57 

mmol) in 200 mL DCM was added mCPBA (70% assay, 3.08g) at 0°C. The reaction 

mixture was stirred at room temperature overnight. The resulting solution was washed with 

saturated Na2S2O3 solution, saturated NaHCO3 solution and water (2x 100 mL each). The 

organic layer was concentrated in vacuo and purified by column chromatography (SiO2, 

95:5 DCM-EtOAc) to yield 3.3c (0.61 g, 55%) as an orange solid; UV (DCM): λmax 522 
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nm; 1H NMR (500 MHz, CDCl3) δ 9.32 (d, J = 8.0 Hz, 2H), 8.87 (d, J = 8.0 Hz, 2H), 8.57 

(s, 2H), 7.90 – 7.85 (m, 4H), 7.47 – 7.44 (m, 4H), 2.52 (s, 6H). MS (LDI) Calcd for 

C38H20O10S2 [M+H]+: m/z 701.053, found 701.050. 

Pc-Perylene (bay-H) Dyad Anhydride (3.4a) A mixture of Pc 3.2 (310 mg, 0.19 

mmol), perylene dianhydride 3.3a (170 mg, 0.43 mmol), imidazole (4.0 g, 59 mmol), and 

DMF (5 mL) was maintained at 120 °C under Ar for 16 h. The reaction mixture was 

allowed to cool to RT, and then 10% aqueous citric acid (20 mL) was added. The resulting 

precipitate was filtered, washed with MeOH, and dried under reduced pressure. The crude 

product was purified by flash column chromatography (SiO2, CH2Cl2:EtOAc = 95:5) to 

give dyad 3.4a (120 mg, 31%) as a dark purple solid: 1H NMR (500 MHz, 5% DMSO-d6 

in CD2Cl2) δ 8.79 (br m, 7H), 7.90 (br s, 2H), 7.61 (br s, 2H), 7.27 (br m, 24H), 6.96 (br s, 

2H), 6.35 (br m, 4H), 5.07 (br s, 2H), 4.79 (br s, 2H), 2.65 (br m, 12H), 1.72 (br m, 12H), 

1.38 (br m, 12H), 1.20 (br m, 12H), 0.85 (br m, 18H); MS (MALDI) m/z: [M]+ Calcd for 

C124H111N9O12Zn 1981.764; Found 1981.693. 

Pc-Perylene (bay-Thioether) Dyad Anhydride (3.4b) Following the procedure 

for dyad 3.4a, Pc 3.2 (310 mg, 0.19 mmol), perylene dianhydride 3.3b (170 mg, 0.38 

mmol), imidazole (4.0 g, 59 mmol), and DMF (5 mL) gave dyad 3.4b (110 mg, 28%) as a 

dark blue solid: 1H NMR (500 MHz, 5% DMSO-d6 in CD2Cl2) δ 8.94 (br m, 12H), 7.25 

(br m, 32H), 6.55 (br s, 3H), 4.89 (br m, 4H), 2.65 (br m, 12H), 2.19 (s, 6H), 1.68 (br s, 

12H), 1.39 (br m, 24H), 0.83 (br m, 18H); MS (MALDI) m/z: [M + H]+ Calcd for 

C138H123N9O12S2Zn 2226.810; Found 2226.706. 
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Pc-Perylene (bay-Sulfonyl) Dyad Anhydride (3.4c) A mixture of Pc 2 (310 mg, 

0.19 mmol), perylene 3.3c (170 mg, 0.38 mmol), and AcOH/NMP (1:1, 5 mL) was 

maintained at 85 °C under Ar for 18 h. The reaction mixture was allowed to cool to room 

temperature, and MeOH (20 mL) was added to give precipitate. The precipitate was filtered, 

washed with MeOH, and then dried under reduced pressure. The crude product was 

purified by flash column chromatography (SiO2, CH2Cl2:EtOAc = 95:5) to give dyad 3.4c 

(106 mg, 27%) as a dark purple solid: 1H NMR (500 MHz, 5% DMSO-d6 in CD2Cl2) δ 

8.69 (br m, 10H), 7.55 (br m, 5H), 7.24 (br m, 32H), 5.01 (br s, 2H), 4.81 (br s, 2H), 2.66 

(br m, 12H), 2.38 (s, 6H), 1.67 (br s, 12H), 1.32 (br m, 24H), 0.86 (br m, 18H); MS 

(MALDI) m/z: [M]+ Calcd for C138H123N9O16S2Zn 2289.782; Found 2289.764. 

Pc-PDI (bay-H) Dyad Phosphonate (3.6a) A mixture of dyad 3.4a (110 mg, 0.05 

mmol), phosphonate 3.5 (36 mg, 0.16 mmol), anhydrous Zn(OAc)2 (10 mg, 0.053 mmol), 

and pyridine (1 mL) was maintained at reflux under Ar for 16 h. The reaction mixture was 

allowed to cool to room temperature, and then poured into MeOH (20 mL). The resulting 

precipitate was filtered, washed with MeOH, and dried under reduced pressure. The crude 

product was purified by flash column chromatography (SiO2, CH2Cl2:THF = 95:5) to give 

dyad 3.6a (57 mg, 46%) as a dark purple solid: 1H NMR (500 MHz, 5% DMSO-d6 in 

CD2Cl2) δ 8.87-6.85 (br m, 30H), 4.83-4.11 (br m, 8H), 2.61-2.45 (br m, 18H), 1.64 (br m, 

12H), 1.30 (br m, 24H), 0.84 (br m, 18H); 31P NMR (202 MHz, CDCl3) δ 17.72; MS 

(MALDI) m/z: [M]+ Calcd for C134H125N10O14PZn 2192.841; Found 2192.727. 

Pc-PDI (bay-Thioether) Dyad Phosphonate (3.6b) Following the procedure for 

dyad 3.6a, dyad 3.4b (110 mg, 0.05 mmol), phosphonate 3.5 (36 mg, 0.16 mmol), 
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anhydrous Zn(OAc)2 (10 mg, 0.053 mmol), and pyridine (1 mL) gave dyad 3.6b (50 mg, 

43%) as a dark blue solid: 1H NMR (500 MHz, 5% DMSO-d6 in CD2Cl2) δ 8.82 (br m, 

6H), 7.77 (br m, 5H), 7.09 (br m, 36H), 5.04 (m, 2H), 4.72 (br s, 2H), 4.06 (br m, 4H), 2.63 

(m, 12H), 2.31 (s, 6H), 2.18 (m, 6H), 1.65 (br m, 12H), 1.29 (br m, 24H), 0.90 (br m, 18H); 

31P NMR (202 MHz, CDCl3) δ 17.79; MS (MALDI) m/z: [M]+ Calcd for 

C148H137N10O14PS2Zn 2436.879; Found 2436.828. 

Pc-PDI (bay-Sulfonyl) Dyad Phosphonate (3.6c) A mixture of dyad 3.4c (110 

mg, 0.05 mmol), phosphonate 3.5 (36 mg, 0.16 mmol), and AcOH/NMP (1:1, 1 mL) was 

maintained at 85 °C under Ar for 18 h. The reaction mixture was allowed to cool to room 

temperature and then poured into MeOH (20 mL). The precipitate was filtered, washed 

with MeOH, and dried under reduced pressure. The crude product was purified by flash 

column chromatography (SiO2, CH2Cl2:THF = 95:5) to give dyad 3.6c (52 mg, 44%) as a 

dark purple solid: 1H NMR (500 MHz, 5% DMSO-d6 in CD2Cl2) δ 8.95 (br m, 8H), 7.58 

(br m, 2H), 7.21 (br m, 32H), 6.70 (br s, 5H), 4.81 (br m, 8H), 2.67 (m, 12H), 2.34 (m, 6H), 

1.70 (br s, 12H), 1.34 (br m, 30H), 0.86 (br m, 18H); 31P NMR (202 MHz, CDCl3) δ 17.17; 

MS (MALDI) m/z: [M+H]+ Calcd for C148H138N10O18PS2Zn 2501.858; Found 2502.165. 

Substrate Preparations and Modifications. ITO on glass with a layer thickness 

of ∼100 nm and a sheet resistance of ∼15 Ω/cm2 was purchased from Colorado Concept 

Coatings LLC. The ITO electrodes were cleaned by lightly scrubbing with detergent 

(diluted Triton X-100) for 1 min, followed by successive sonication in detergent, deionized 

(DI) water, and ethanol for 15 min each. DI water was obtained from a Barnstead Nanopure 

system with a measured resistivity of 18.3 MΩ•cm-1. Cleaned ITO electrodes were stored 
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in ethanol. The electrode surface was then activated in an air plasma cleaner (PDC-3XG, 

Harrick Scientific, Ossining, NY) for 15 min at medium radio frequency (rf) level 

immediately before use. TiO2 substrates were prepared with Ti(OiPr)4 as the precursor by 

chemical vapor deposition (CVD) on the purchased ITO glass, and cleaned the same way 

as ITO substrate. For surface electrochemistry and NEXAFS experiments, 1 cm x 1 cm 

ITO or TiO2 substrate was immersed in a solution of dyad phosphonic acid 3.1a-c (200 µM 

in 1:1 pyridine-acetonitrile), respectively, at room temperature for 6 h before rinsed with 

pyridine. 

Potential-Controlled ATR. A blank spectrum was taken before the injection of 

200 μM solution of dyads 3.1a-c in 1:1 acetonitrile/pyridine for ITO deposition. The dyad 

solution was removed after 2 hours and the ATR cell was refilled with electrolyte solution 

(TBAPF6 in MeCN). Spectra were taken against the blank followed by changing the 

potentiostat in 100 mV intervals. Differential spectra were calculated by subtraction of 

spectra without applying potential from each spectra at individual potentials. 

ATR Spectra of Isotropic Dye Mixture. A mixture of methylene blue and 

Rhodamine 6G was dissolved in 1:1 MeCN-pyridine at a concentration of 2 mM for each 

individual dye. Spectra were taken in both TE and TM polarization mode against blank 

solvent to calculate the ratio of relative absorbance on ITO and TiO2. 

NEXAFS. NEXAFS data were collected at Stanford Synchrotron Radiation 

Lightsource (SSRL) beam line 8-2. All measurements were conducted at pressures below 

10−8 Torr and recorded in total electron yield (TEY) mode. 
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Chapter 4  

SYNTHESIS OF PDI-PORPHYRIN DYADS AND SURFACE DEPOSITION ON 

TRANSPARENT CONDUCTIVE OXIDES 

 

4.1 Introduction 

Photoinduced electron transfer is a crucial process in natural and artificial photo-

synthetic systems and has been studied comprehensively for the chemistry and physics 

involved.89,144,145 Synthetic models have been made for the fundamental understanding of 

artificial light harvesting in photovoltaic devices.146,147 The device performance of organic 

photosynthesis is influenced by various key factors, one of which being the charge injection 

at electrode-active layer interface.98 Surface treatment of a transparent conductive oxide 

(TCO) with organic modifier molecules proved effective in formation of uniform surface 

contact.99,100 The modifier carried a surface active group (e.g. carboxylic acid, phosphonic 

acid, etc.) that can bond to metal oxide and form a robust self-assembled monolayer on the 

surface. It enabled more efficient transport of electrons and holes to the electrodes therefore 

improved the overall performance. 

Covalently connected donor-acceptor dyads and triads utilizing zinc-porphyrin 

(ZnP) and perylenediimide (PDI) have been studied by the Wasielewski group.73,84,158,169 

In some ZnP-PDI-ZnP triads, the ZnP could be coupled through either PDI bay or imide 

positions.84 Photoinduced electron transfer of these assemblies in solution were 

characterized by time-resolved spectroscopic methods. Temporal absorption changes of 

porphyrin cation and PDI anion radicals, around 570 and 745 nm respectively, were 
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followed for calculation of the time constants of charge separation (CS) and charge 

recombination (CR). In those triads linked through PDI bay or imide positions, the CS 

process happened almost equally fast, while the CR took place about 15 times slower in 

the latter one (1070 ps).84  

Several other donor-acceptor dyads have been reported by Imahori and coworkers 

for TCO surface deposition and photocurrent generation studies, while the components 

were limited to porphyrin and fullerene respectively.170–174 As an alternative electron 

acceptor, PDI offers tunable HOMO-LUMO levels by synthetically changing bay-

substituent groups.44 For some TCOs such as ITO, the Fermi level could be tuned due to 

its metallic behaviors. However, given a large band gap of TiO2, LUMO of PDI needs to 

be high enough for the electron moving into the TiO2 conduction band. Electron donating 

groups at bay positions would be able to raise the levels of PDI frontier orbitals. 

Here we propose molecular level heterojunction models that can be developed at 

the organic-TCO interface to learn the factors that control interfacial charge injections. This 

chapter includes our synthesis and surface deposition of two donor-acceptor dyad systems 

incorporating ZnP and PDI for studies of CS state on TCO (Figure 4.1). ZnP-PDI model 

dyads can be attached to the TCO with a carboxylic acid (CA) group either on ZnP or PDI. 

The ZnP component can be linked to one of the PDI imide positions for longer lifetime of 

CS state. PDI bay positions are reserved for phenoxy groups that can destabilize the HOMO 

and LUMO levels. Rigid p-phenylene linker are placed between adjacent components to 

establish a well-organized dyad monolayer and avoid undesired contact between the top 

component and the TCO. Similar duo system for Pc-PDI dyad is also under development 
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and the Pc-PDI-PA was discussed in details in Chapter 3. On substituent diversity of 

porphyrin or phthalocyanine derivatives, 4.1b has an AAAB type of porphyrin and 4.2b 

has a more complicated ABAC type. Synthetic effort of these two porphyrin components 

were comparable. However, a PDI-Pc-PA counterpart for 4.2b would involve an ABAC 

type Pc which presents greater synthetic difficulties. The comparison of the two ZnP-PDI 

dyads would give helpful insights on predictable behaviors of PDI-Pc-PA.  

 

Figure 4.1 ZnP-PDI dyads as molecular level heterojunction models. 

 

In 4.1b, PDI was placed between ZnP and electrode material TCO as an electron 

acceptor. Upon photoexcitation, an electron would move from ZnP to PDI to form charge-

separated state. Electron injection into TCO would further separate the hole and electron 

to reduce the chance of charge recombination. Carboxylic acid on the PDI side enabled 

covalent attachment of the dyads onto TCO surface.101,102 An alternative dyad with reversed 
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connection of 4.2b was also synthesized as a control, where electron injection after charge 

transfer was not anticipated. Among all these four ZnP-PDI dyads, the carboxylate ester 

version 4.1a and 4.2a, free from hydrogen-bonding induced aggregation, would be aimed 

for subsequent solution phase photophysical characterizations. Their carboxylic acid 

counterparts 4.1b and 4.2b would be the target molecules for further surface experiments 

as TCO modifiers. 

 

4.2 Synthesis of ZnP-PDI Dyads 

4.2.1 Synthesis of ZnP-PDI-carboxylate/phosphonate derivatives 

Amino porphyrin 4.3 and bay-phenoxy perylene dianhydride 4.4 were prepared as 

building blocks for ZnP-PDI dyads 4.1a and 4.1b following reported procedures73,175 

(Scheme 4.1). Porphyrin-perylene monoimide 4.5 was produced by a single imidization of 

dianhydride 4.4 with amine 4.3 under mild basic conditions,73 followed by purification 

with column chromatography. Triad H2P-PDI-H2P byproduct as a combination of 4.4 and 

two equivalents of 4.3 was also isolated in this step and characterized by 1H-NMR. The 

formation of this undesired byproduct was reduced by using excess equivalents of 

dianhydride 4.4. The characteristic two protons at -2.8 ppm in the 1H-NMR indicated the 

existence of free-base porphyrin moiety in 4.5. 

To make the ZnP-PDI-ester 4.1a, 4.5 was condensed with ethyl 4-aminobenzoate 

in the presence of pyridine and excess zinc acetate (Scheme 4.1). Zinc acetate served as 

both catalyst and metal source here, and the installation of the functionalized aniline group 

and incorporation of central metal were achieved in a single step with 38% yield. 
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Disappearance of signals at -2.8 ppm on H-NMR confirmed that the two protons at 

porphyrin center were successfully replaced by Zn(II). The carboxylic acid version of ZnP-

PDI dyad 4.1b was obtained separately in the same methods from reaction of monoimide 

4.5 and 4-aminobenzoic acid in a 50% yield. 1H-NMR also confirmed the substitution of 

porphyrin central protons with Zn(II). 

 

Scheme 4.1 Synthesis of ZnP-PDI dyad 4.1a-d. 

 

Using diethyl 4-aminophenyl phosphonate in similar conditions, 4.5 was converted 

to phosphonate 4.1c. Deprotection of phosphonate with trimethylsilyl bromide offered 

ZnP-PDI-PA 4.1d with the phosphonic acid anchor group. 
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4.2.2 Synthesis of PDI-ZnP-carboxylate derivatives 

To make PDI-ZnP dyads 4.2a and 4.2b, porphyrin 4.6 and bay-phenoxy perylene 

monoimide 4.7 were prepared as precursors following reported procedures (Scheme 

4.2).76,176 The condensation of 4.6 and 4.7 was facilitated by zinc acetate in pyridine to 

covalently link PDI and porphyrin sections to produce dyad ester 4.2a in a 79% yield. 

Simultaneous incorporation of zinc metal was confirmed by 1H-NMR as well. 4.2a was 

converted to the acid version of PDI-ZnP dyad 4.2b. 

 

Scheme 4.2 Synthesis of ZnP-PDI dyad 4.2a/4.2b 

 

 

4.3 Characterizations of the ZnP-PDI dyads 

4.3.1 Identification of the dyad products by mass spectrometry and NMR 

The ZnP-PDI dyads were submitted for mass spectrometry (ESI or MALDI) and 

identified by the [M+H] monoisotopic peaks. As described above, 1H-NMR of 4.1a, 4.2a, 

and 4.1d confirmed the insertion of zinc when disappearance of the upfield doublet peaks 
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near -3 ppm after the reaction with zinc acetate. 13C-NMR spectra were also obtained for 

4.1a and 4.2a. 

Due to the aggregation from the carboxylic acid groups, the 1H-NMR spectra of 

dyad acids 4.1b, 4.2b and 4.1d show did not peaks well resolved as in dyad esters. Their 

13C-NMR spectra were not recorded due to the low concentration. In an effort to sharpen 

1H-NMR peaks, attempts were made to reduce the hydrogen-bonding between dyad 

molecules with the addition of 1~2 drops of d6-DMSO or trifluoroacetic acid (TFA), 

respectively into each NMR sample tubes. d6-DMSO failed to have a significant impact on 

the appearance of the NMR spectra. The addition of TFA gave some interesting results. 

While mixing with TFA, the sample solution of the dyad acids turned from wine red to 

brown, then to dark green. On the NMR spectra, TFA did make some of the peaks sharpen 

by visual inspection. However, the additional doublet peak around -3 ppm emerged with 

the presence of TFA. Negative chemical shift here corresponds to the core protons of the 

porphyrin aromatic system. Its integration of 4 protons indicated that TFA not only 

removed the central metal of porphyrin moiety, but added one proton to each of the four 

coordinating nitrogen atoms as well. The actual species in such condition would be 

[H4TPP]2+, with trifluoroacetate anion as the counter ion. This proposed structural change 

was supported by literature in which the addition of a low-pKa carboxylic acid resulted in 

the removal of zinc from the porphyrin core, combined with appearance of 4 extra protons 

of negative chemical shifts.177  

4.3.2 Steady-state absorption and fluorescence in solution 

Upon the covalent connection of ZnP and PDI, both dyads 4.1a and 4.2a showed 
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similar absorption peaks around 418 nm (ZnP Soret band), 510 nm and 550 nm (PDI 0-1 

and 0-0 transitions) in accordance with literature reports (Figure 4.2),73 regardless of 

connection sequence of ZnP and PDI. PDI 4.8 with the same bay phenoxy group as 

mentioned before was used as a reference compound. When normalized at the PDI 0-0 

transition peak ca. 550 nm, the PDI moiety in both dyads had a small red-shift in absorption 

compared to reference PDI 4.8. Meanwhile, the peak at 510 nm in dyads had lower 

intensities than that of 4.8, showing that ZnP slightly reduced aggregation of the PDI 

section. No absorption peak at wavelength longer than 600 nm was observed. The lack of 

charge-transfer bands at longer wavelength indicated minimal electronic couplings 

between the ZnP and PDI in both cases, as the connection made through the PDI imide 

nitrogen with no orbital contributions.44,71  
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Figure 4.2 Normalized UV/Vis absorption spectra of 4.1a, 4.2a, and reference PDI 4.8. 

All spectra were taken at 2 µM in DCM. 
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Figure 4.3 Fluorescence spectra of 4.1a, 4.2a, and reference PDI 4.8 (λex = 510 nm). All 

spectra were taken at 2 µM in DCM. 

 

Fluorescence spectra of the dyads were also obtained with the excitation of PDI and 

compared to that of reference PDI 4.8 (Figure 4.3). In contrast to the intense emission from 

4.8, the PDI fluorescence of both dyads were almost completely quenched by the adjacent 

ZnP chromophore. Similar fluorescence quenching was also reported from non-π-

conjugated Pc-PDI dyads,71 and it can be a possible result of decay pathway from singlet 

excited state 1PDI* to a charge separated state [ZnP•+-1PDI•-]. 

 

4.3.3 Electrochemistry of the dyads in solution 

Electrochemical measurements of the ZnP-PDI dyad esters 4.1a and 4.2a were 

initially carried out following reported conditions.73 However, neither oxidation of ZnP nor 

reduction of PDI was observed at the reported concentration of 0.5 mM dyad and 0.1 M of 

electrolyte (tetrabutylammonium perchlorate, in THF). Additional attempts with higher 

concentration of dyads, electrolyte, and more rigorous removal of oxygen in and around 
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the electrochemical cell failed to improve the results. Change of solvent and electrolyte to 

DCM and TBAPF6 eventually afforded electrochemical results. Both pair of peaks from 

ZnP oxidation and PDI reduction were observed with ferrocene as the reference (Figure 

4.4). The oxidation potentials of ZnP in 4.2a was about 0.03 V more positive than it was in 

4.1a (Table 4.1), indicated it being slightly more difficult to oxidize than in 4.1a. This shift 

was contributed from the electron withdrawing ester group on ZnP in 4.2a that stabilized 

its HOMO level and raised the oxidation potential. The PDI reduction potential was almost 

identical in 4.1a and 4.2a, since the order of connection had no effect on PDI 

electrochemical properties between the two dyads. 
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Figure 4.4 Cyclic voltammogram of dyads 4.1a and 4.2a in DCM. 

 

Table 4.1 Redox potentials (vs Fc/Fc+) of dyads 4.1a and 4.2a in solution. 

 Eox1 (ZnP) Eox2 (ZnP) Ered1 (PDI) Ered2 (PDI) CS state (eV) 

4.1a 0.40 0.71 -1.01 -1.19 1.41 

4.2a 0.44 0.74 -1.01 -1.18 1.45 

 



108 

4.4 Deposition of the ZnP-PDI Dyads on TiO2 and Surface Characterization 

4.4.1 Surface deposition of ZnP-PDI-Acid 4.1b on TiO2 

Carboxylic acid group is known as a robust anchor group for TiO2 substrates and is 

widely used in DSSC applications.9,101,102 For surface deposition on TiO2, solutions of 

dyads 4.1b and 4.2b were prepared and injected into an ATR cell to allow direct contact 

between dyads and the substrate. Surface absorption spectra were obtained from ATR 

UV/Vis spectroscopy as mentioned in previous chapters. Isotherm graphs were made by 

plotting the absorbance versus deposition time at three distinct positions: the ZnP Soret 

band and the two PDI vibronic bands (Figure 4.5). 
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Figure 4.5 Isotherm plot TM surface absorbance as a function of time for 4.1b on TiO2 at 

multiple wavelengths achieved by stepwise increasing concentration: (a) ZnP Soret band 

at 414-425 nm; (b, solid) PDI vibronic bands at 510 nm; and (b, dashed) 560 nm. 
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The deposition started from a relatively low concentration of 4.1b solution (25 µM) 

due to the intense ZnP Soret band at 418 nm. Lower concentration would also facilitate a 

more organized orientation of the monolayer. Once the absorption reached a plateau, the 

coating solution was flushed away from the ATR cell and replaced by fresh solvent to take 

TE and TM spectra of deposited film. Then the concentration of the bulk solution was 

doubled to continue the deposition process until the next saturation of absorption. This 

process of stepwise increment of concentration was repeated several times until saturation 

with 200 µM solution. 

The first step of deposition with 25 µM solution, the absorbance of ZnP Soret band 

quickly reached a maximum of 0.1 within 30 minutes (Figure 4.5a). Blank solvent flush 

did not remove the majority of surface attached molecules indicating the great stability of 

carboxylic acid groups on TiO2. Higher concentrations from 50 to 200 µM also yielded a 

rapid saturation of absorbance within 30 minutes, followed by a bigger absorbance drop 

with each blank solvent flush. The absorbance of the film under blank solvent tended to 

level off as well when we compare the flush of 200 µM with that of 100 µM. The absorption 

of PDI 0-1 and 0-0 transitions (510 and 560 nm respectively) were not as intense as ZnP 

Soret band, but they also showed the same trend in the isotherm of Figure 4.5b. 

Another observation from the TM polarized ATR spectra was that the position of 

ZnP Soret band drifted to shorter wavelengths (from 425 to 416 nm) as the concentration 

increased (Figure 4.6). This blue-shift was attributed to the H-aggregation of ZnP 

chromophores as seen in previously reported modeling and experimental results.178,179 The 

rigid molecular backbone was expected to make vertical standing as the primary orientation 
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of this dyad on TiO2. Higher concentration or more densely packed molecules seem to 

favor the “face-to-face” stacking and therefore gave characteristics of H-aggregation in the 

spectra. 

In contrast, TE polarized ATR spectra of the dyad 4.1b appeared differently from 

the TM spectra (Figure 4.6). They all exhibited a red-shift of the ZnP Soret band, up to 433 

nm, along with a drastically reduced absorbance. TE polarization in the ATR settings 

probes more characteristics of molecules lying flat on substrates. In this case the favored 

aggregation type would be “edge-to-edge” J-aggregation. This red-shift led by J-

aggregation was also discussed in literature.178,179 Any H-aggregation of this planar dyad 

would require some molecules pack along the surface normal, and thus being kept distant 

from the TiO2 and easily washed away by blank solvent. 
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Figure 4.6 TM (solid) and TE (dashed) polarized thin film absorbance spectra of 4.1b on 

TiO2. Spectra (a) through (d) were recorded after each flush of bulk solution with 

concentrations of 25, 50, 100, 200 µM respectively. 
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4.4.2 Surface deposition of PDI-ZnP-Acid 4.2b on TiO2 

With the same protocol of surface deposition on TiO2, the spectra obtained from 

ZnP-PDI dyad 4.2b shared many similarities with those of 4.1b, while some noticeable 

differences also occurred.  

The deposition started with 25 µM solution and the absorbance of ZnP Soret band 

spiked up to 0.3 (compared to 0.1 in dyad 4.1b) within 5 minutes, and became steady at 30 

minutes (Figure 4.7). The film retained absorbance over 0.3 after blank solvent flush, which 

indicated that the majority of surface attached molecules held on to the TiO2 with the 

carboxylic acid group. 
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Figure 4.7 Isotherm plot TM surface absorbance as a function of time for 4.2b on TiO2 at 

multiple wavelengths achieved by stepwise increasing concentration: (a) ZnP Soret band 

at 398-402 nm; (b, solid) PDI vibronic bands at 510 nm; and (b, dashed) 560 nm. 
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However, the isotherm plot of 4.2b at higher concentrations from 50 to 200 µM 

was quite different from 4.1b (Figure 4.7). Instead of a series of clearly distinct steps, the 

Soret band absorbance of 4.2b saw a steady monotonic growth which appeared to be linear. 

The absorbance did not saturate within 30 minutes duration under each concentration. 

Drops in absorbance corresponded to blank solvent flush that removed a small portion of 

physically adsorbed dyad. Eventually, the absorbance of the film under blank solvent 

leveled off after deposition with 200 µM solution, the same trend seen 4.1b. The 

absorbance of PDI 0-1 and 0-0 transitions followed the same changes in ZnP Soret band 

absorbance with a smaller scale in Figure 4.7b. 
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Figure 4.8 TM (solid) and TE (dashed) polarized thin film absorbance spectra of 4.2b on 

TiO2. Spectra (a) through (d) were recorded after each flush of bulk solution with 

concentrations of 25, 50, 100, 200 µM respectively. 
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For the ZnP Soret band in thin-film absorption of dyad 4.2b (Figure 4.8), as the 

concentration of coating solution increased, blue-shift in TM polarized ATR spectra and 

red-shift in TE spectra were observed similarly as in dyad 4.1b. According to 

literature,178,179 the blue-shift was attributed to the H-aggregation of ZnP chromophore 

while the red-shift was a result of J-aggregation, as previously discussed in section 4.4.1. 

Peak positions and their relative intensities provided useful information about 

aggregations of each chromophore on the surface. Table 4.2 summarizes ZnP Soret band 

positions for TiO2 bound dyad 4.1b and 4.2b obtained after each concentration. Although 

blue-shift happened in TM spectra of both 4.1b and 4.2b, it only moved 3 nm in 4.2b 

compared to 9 nm in 4.1b. This was possibly related to the change in absorbance. In 4.1b 

the increase of absorbance at each step was much greater than in 4.2b. In the entire process 

of this surface deposition, increase of Soret band absorbance was always accompanied with 

decrease TM polarized Soret band wavelength. More dyad molecules being introduced 

onto the surface led to the growth of the absorbance, and a greater chance for dyads to 

aggregate which can impact on peak positions. Once the surface had been saturated with 

dyads, the absorbance and aggregation status became steady, and so did the Soret band 

position. 
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Table 4.2 ZnP Soret band wavelengths (in nm) obtained from all flushed thin films. 

 4.1b (ZnP-PDI-CA) 4.2b (PDI-ZnP-CA) 

Conc. TM TE TM TE 

25 µM 425 429 401 425 

50 µM 422 430 399 426 

100 µM 417 433 398 427 

200 µM 416 433 398 427 

 

The Soret band positions in TM polarized spectra of 4.2b in general had significant 

blue-shift compared to 4.1b, but not in TE polarized spectra. A possible explanation for the 

difference here was the orientation of 4.1b and 4.2b on the substrate. In dyads standing 

vertically on the surface (TM dominance), subunits closer to the surface would have a 

greater tendency to aggregate than the one distant from the surface. In 4.1b the carboxylic 

acid anchor group was placed on the PDI side. The PDI had a shorter distance from the 

surface than ZnP and therefore aggregates more easily. Reversely, 4.2b had the anchor 

group on ZnP which brought ZnP close to surface and promoted their aggregations, resulted 

in the spectral change in table 4.2 TM columns. However, if the dyads were lying 

horizontally on the surface (TE dominance), the two individual components would have 

similar distance from the surface, regardless of the molecular connectivity. ZnP would 

aggregate to similar extent in both 4.1b and 4.2b, so the TE data in these two dyads were 

only few nanometers apart. 
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Another major difference between 4.1b and 4.2b was found in the PDI region. In 

dyad 4.2b (Figure 4.8), three peaks from the PDI moiety at 550, 510, 480 nm could be 

identified as 0-0, 0-1 and 0-2 vibronic transitions. The high intensity of 0-1 and 0-2 

transition pointed to the aggregations. However, in 4.1b (Figure 4.6) the PDI peak around 

480 nm was ill-defined. As the peak of 0-1 vibronic transitions appeared even broader, the 

expected 0-2 transition presumably increased in absorbance and merged with 0-1 transition 

into one broad peak. This increase of 0-2 vibronic transition could be from heavier 

aggregations. In addition, the red-shift of 0-0 peak to 560 nm also suggested more severe 

aggregations of PDI in dyad 4.1b than 4.2b. This also complies with the previous argument 

of how the dyad architecture would affect aggregation of individual moieties. 

 

4.4.3 Determination of surface orientation by ATR 

To determine the surface orientations of ZnP and PDI in the TiO2 bound dyads, 

these angle resolved ATR spectra had to be taken with isotropic dyes under same 

conditions, to calibrate the instrumental variability between TE and TM polarizations. 

Since the ZnP Soret band around 420 nm was the most intense peak in both TE and TM 

spectra, the selected isotropic dye should have similar absorption under these polarization 

modes. Solubility in pyridine-MeCN mixture also narrowed selection of the isotropic dye. 

At first, symmetric zinc porphyrin bearing no surface active functional groups seemed a 

good choice, with perfectly overlapped absorption as in ZnP moiety in the dyads. But the 

peak position in actual TE and TM spectra of the symmetrical porphyrin differed from each 

other by approximately 20 nm (Figure 4.9a), and resembled those pattern seen from the 
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dyad spectra. This indicated a certain orientation was favored among the large planar 

symmetrical porphyrins on surface. In an ideal situation, the isotropic dye(s) should weakly 

adsorb on TiO2 in random directions without any preferential orientation. Therefore the 

symmetrical porphyrin analog was excluded from selection. Ferrocene met most criteria 

for an isotropic dye, but only gave low and noisy signals, due to its inadequate molar 

absorptivity in this region and low solubility in 1:1 acetonitrile-pyridine. The spectra of 

isotropic dye obtained from β-carotene (Figure 4.9b) were used in the following calculation 

of dyad orientations on surface. 
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Figure 4.9 TE and TM polarized ATR spectra of (a) symmetric porphyrin, and (b) β-

carotene physically adsorbed on TiO2. 

 

The absorption profiles of 4.1b and 4.2b under TE and TM polarized ATR provided 

information of molecular orientation on TiO2 surfaces (Figure 4.6 and 4.8). Literature 

methods discussed in Chapter 3 were also applied here for calculation of the average 
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orientation of individual substructures in the dyads.167 Orientation of PDIs with linear 

dipoles were calculated as 

1
2 ������	 = ���� ∙ ��

2�� − ��� + ����(�� + ���) 

where N is the refractive index of waveguide, nc is the refractive index of bulk solvent, 

ρnorm is the ratio of TE/TM absorbance integral in the dyads divided by that ratio of mixed 

isotropic dyes, 

���� =
����

���
� ����

����
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� �� !" #�$
 

and θ is angle between the TiO2 surface normal and direction of PDI dipole. A larger angle 

calculated for PDI indicate it being more prone to lay flat on TiO2. Meanwhile, ZnP with 

circular dipoles were calculated differently as 

1
4 �1 + $ ���	 = ���� ∙ ��

2�� − ��� + ����(�� + ���) 

where θ is angle between the TiO2 surface normal and ZnP circular dipole planar normal. 

Here, a larger angle calculated for ZnP indicate them being more prone to stand vertically 

on TiO2 surface. 

 

Figure 4.10 Illustration of angles calculated from ATR for ZnP and PDI orientations. 



120 

Since absorptions of ZnP and PDI moieties were distinct from each other, the angles 

of orientation were calculated separately for each chromophore (Table 4.3). The angles at 

different concentrations followed individual trends of how they changed in response to 

increasing surface coverage. As the surface became more populated with 4.1b, both 

increasing angle of ZnP and decreasing angle of PDI pointed out that the dyads tend to 

stand up and become vertical respect to the TiO2 surface. Although accurate computational 

results were not available at this time, the projection area of these dyads on surface were 

expected to be smaller when they are more vertically attached, rather than lying flat on 

surface.104,105 Higher concentration forced each dyad molecule to stand up and take less 

space, thus allowing more molecules approach and attach to the surface. However, simply 

switching the positions of ZnP and PDI reversed the trend in dyad 4.2b. Both ZnP and PDI 

angles led to a conclusion that higher concentration pushed dyad molecules flat towards 

the surface, which was counterintuitive given the explanation for 4.1b. A possible reason 

for this change is yet to be found. 

The relationship between the two orientation angles of ZnP and PDI were also of 

interest (Table 4.3). Unlike the Pc-PDI dyads in Chapter 3, these ZnP-PDI dyads had more 

defined geometry on surface, because the rigid linker between ZnP and PDI limited degrees 

of freedom in the movement of the chromophores. ZnP and PDI can spin along the axis of 

para-disubstituted phenyl group, but they cannot bend around the joint of phenyl group 

linker (Figure 4.11). Instead of being relatively random, this made the orientation of one 

chromophore closely associated with the other. 
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Table 4.3 Orientation angles of ZnP and PDI subunits in dyads on TiO2. 

Conc. 

(µM) 

4.1b (ZnP-PDI-CA) 4.2b (PDI-ZnP-CA) 

θZnP θPDI θZnP+θPDI θZnP θPDI θZnP+θPDI 

25 
48.6º 

(±4.9º) 

51.0º 

(±1.7º) 
99.6º 

66.2º 

(±7.9º) 

15.4º 

(±0.9º) 
81.6º 

50 
50.9º 

(±5.2º) 

49.1º 

(±1.7º) 
100.0º 

59.0º 

(±6.4º) 

30.5º 

(±1.5º) 
89.5º 

100 
53.5º 

(±5.5º) 

47.1º 

(±1.7º) 
100.6º 

55.5º 

(±5.9º) 

36.1º 

(±1.6º) 
91.6º 

200 
55.5º 

(±5.7º) 

44.4º 

(±1.7º) 
99.9º 

55.7º 

(±5.9º) 

37.6º 

(±1.7º) 
93.3º 

 

 

 

Figure 4.11 Possible movements of ZnP-PDI dyads on surface (4.1b as an example). 
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By definition of calculated θ angles for molecules with linear or circular dipole, the 

sum of θ angles, (θZnP+θPDI), was anticipated to be 90º in these dyads. However, only dyad 

4.2b followed this prediction at 50-200 µM. The sums in dyad 4.1b were consistently close 

to 100º. At 25 µM, the low TE absorption of PDI in 4.2b (Figure 4.8a) may have largely 

contributed to the overall error of this measurement. Given a general standard deviation of 

few degrees in these angle-resolved ATR experiments, the results of 25 µM was also 

assumed summing up to 90º. The phenyl group linker proved to be rigid enough to lock the 

ZnP and PDI in place for their synchronized tilting. 

Nevertheless, the rigid linker was unable to prevent the chromophores from 

spinning around the longitudinal axis. The ZnP in 4.1b could spin freely along this dotted 

line axis (Figure 4.11). According to the definition of the θZnP, the spinning could result in 

θZnP ranging from the minimum of (90º-θPDI), to the maximum of 90º where it becomes 

perpendicular to TiO2 surface. In fact, this ZnP rotation eventually yielded the extra 10º in 

the sum of (θZnP+θPDI). Since the PDI had a linear dipole along the same axis, the direction 

of its dipole remained static regardless of PDI rotation. 

In 4.2b, the PDI can spin freely along this axis, but does not affect the θ angle. 

Should the ZnP in 4.2b spin along the axis, the sum of (θZnP+θPDI) can also exceed 90º, 

contradicting the experimental results. As discussed in section 4.4.2, the moiety closer to 

anchor group would be more exposed to aggregation and steric effects introduced by 

surface proximity. Since the sum of 90º was observed in 4.2b, it would rather be assumed 

that the ZnP was unlikely to have free rotation along the longitudinal axis, possibly resulted 
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by the bulky phenyl side groups. While the PDI had even bulkier di-t-butylphenoxy groups 

at bay-positions, it could be also argued that the PDI in 4.1b was unlikely to rotate either. 

 

4.5 Electrochemical Properties of ZnP-PDI Dyads on ITO 

4.5.1 Potential controlled ATR of carboxylic acid equipped dyads 

Potential controlled ATR-UV/Vis spectra of dyads 4.1b and 4.2b were recorded for 

the absorption profiles of ZnP•+ and PDI•- radical ion species, and compared to those 

reported transient spectra measured in solution.73,84,169 When holding at a potential positive, 

the oxidation of ZnP leads to the decrease of ground state absorption peaks, while the peaks 

of oxidized species (ZnP•+) absorption emerge. The peak positions are useful for 

interpretation of transient absorption spectra taken from surface-bound dyads in future 

experiments. Sweeping toward more positive potential should generate gradual spectral 

changes from neutral to oxidized ZnP. Ideally the neutral ZnP spectral features would 

recover when applied potential stepped back to neutral. Oxidation of ZnP is not expected 

to alter the peaks of the PDI component.  
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Figure 4.12 Potential controlled ATR spectra (TM polarized) of ITO-bound 4.2b at 

selected potentials (vs. Ag/Ag+) for (a) oxidation of ZnP, (b) reduction of PDI 

 

Due to the large band gap of TiO2 and lack of states between its conduction and 

valence bands, no electrochemical activities were observed for either dyad 4.1b or 4.2b on 

TiO2. Same deposition conditions were applied to attach dyad 4.2b to ITO and potential 

controlled ATR spectra were obtained for ZnP oxidation and PDI reduction. 

In Figure 4.12a, Soret band of ZnP decreased as potentials became more positive, 

an indication of ZnP oxidation. However, PDI absorptions followed the same drop when it 

was not anticipated to show any electrochemical changes at these potentials. None of the 

chromophore recovered when sweeping back to a neutral starting potential, and all the 

following spectra resembled the trace of 1.0 V. 

In Figure 4.12b, starting from -0.7 V, the potential was stepped into more negative 

values to reduce the PDI component. Bleaching of ground-state neutral PDI peaks at 510 

and 550 nm was observed, accompanied by rise of PDI radical anion feature around 700 
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nm outside the spectral window. The new peak at 600 nm corresponded to PDI dianion 

formed at -1.1V and faded out with decreasing potentials. Meanwhile, on the ZnP side, the 

Soret band dropped continuously with more negative potentials and never recovered to 

more than 0.2 absorbance throughout the back sweep. In addition to the absorbance loss, 

red shift of this Soret band also implied a less populated surface coverage of the dyad. 

Unfortunately, based on these potential controlled ATR spectra, it was likely that the dyad 

had desorbed from ITO surface during this measurement, due to the inability of carboxylic 

acid to attach a robust monolayer on ITO. 

 

4.5.2 Electrochemistry and potential controlled ATR of 4.1d on ITO 

Given unsatisfactory stability of carboxylic acids on ITO, spectral and 

electrochemical measurements were carried out with the more robust phosphonic acid 

equipped ZnP-PDI dyad 4.1d. Peaks for PDI reduction were seen at -0.9 V and -1.1 V 

(Figure 4.13, vs. Ag/Ag+) that were comparable to the CV results in solution. The peak at 

-1.2 V could be the result of catalytic reduction of residual oxygen, while the most negative 

potential signal corresponded to the reduction of ZnP, as the LUMO energy level of ZnP 

being ~0.6 V higher than the PDI. The signal of PDI reduction peaks dropped to half in just 

few redox cycles, indicated the monolayer not stable enough to withstand such 

electrochemical processes. The current continuously decreased in following scans and 

eventually faded out in background. Then scans on the positive potentials did not present 

any peak recognized as ZnP oxidation. 
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Figure 4.13 Cyclic voltammogram of dyad 4.1d on ITO (reductive potentials). 

 

In the potential controlled ATR spectra of 4.1d on ITO (Figure 4.14), although PDI 

radical anion and dianion both appeared around -1.1 V, the trend of the entire absorption 

profile was to drop to baseline. Both ATR and surface electrochemistry indicated that the 

phosphonic acid version of ZnP-PDI dyad 4.1d also suffered from desorption off the ITO 

surface. 
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Figure 4.14 TM polarized potential controlled ATR spectra of ITO-bound 4.1d at selected 

potentials for reduction of PDI. 
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4.6 Conclusions 

In this chapter, targeted ZnP-PDI dyads with terminal carboxylic acid and 

phosphonic acid anchor groups on ZnP or PDI side were synthesized separately for 

interface studies of molecular-level heterojunction on TCOs. Dyads were prepared by 

condensation of corresponding ZnP and PDI derivatives via a rigid para-disubstituted 

phenyl linker. Preliminary evidence of non-radiative relaxation of singlet excited state was 

found in fluorescence spectroscopy in solution, presumably suggesting the electron transfer 

from ZnP to PDI. Solution electrochemical results indicated more energetic charge-

separated state in these dyads compared to PDI triplet excited state. 

These ZnP-PDI dyads were shown firmly attached to TiO2 surfaces through 

carboxylic acid anchor group by ATR UV-vis spectroscopy. Angle resolved ATR 

spectroscopy pointed out that the longitudinal axis of dyad 4.1b tilted towards the surface 

normal under increased surface coverage, while 4.2b tilted in the opposite direction. With 

the rigid linker, the orientations of ZnP and PDI proved strongly related to each other. The 

sums of (θZnP+θPDI) under various conditions were approximately 90º in 4.2b, but increased 

to 100º in 4.1b, presumably due to the rotation of ZnP subunit along the molecular axis. 

Spectroelectrochemical experiments of 4.1b and 4.2b on ITO provided expected radical 

absorption features but the carboxylic acid group proved labile on ITO. Although 

phosphonic acid is an excellent anchor group for chemisorption on ITO, a robust dyad 

monolayer was not formed with 4.1d. 
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4.7 Experimental Section 

Perylenedianhydride was purchased from Acros Organics. All purchased chemicals 

were used as received. Compounds 4.3,175 4.4,73 4.6,176 4.776 were prepared according to 

the literature. Column chromatography was performed using silica gel (40–63 µm) 

purchased from SiliCycle. Thin-layer chromatography (TLC) was performed on precoated 

plates (silica gel 60 F254) and the compounds were visualized with UV lamp. 1H and 13C 

NMR spectra were recorded at room temperature on a Bruker DRX-500 machine operating 

at 500 MHz and 125 MHz, respectively. UV-vis absorption spectra were taken on a 

Shimadzu UV-2401PC spectrometer. Fluorescence spectra were performed with PTI 

Fluorimeter. Mass spectra were obtained from Mass Spectrometry Facility, Department of 

Chemistry and Biochemistry, University of Arizona. 

ZnP-PDI-Ester (4.1a). A solution of compound 4.5 (70 mg, 0.050 mmol), ethyl 4-

aminobenzoate (27 mg, 0.16 mmol), Zn(OAc)2 (27 mg, 0.15 mmol) and pyridine (2.5 mL) 

was maintained at reflux under Ar for 24 h. The reaction mixture was washed with 4 x 25 

mL MeOH and the resulting precipitate was collected and purified by column 

chromatography (SiO2, DCM) to yield 4.1a (30 mg, 38%) as a dark purple solid: 1H NMR 

(500 MHz, CDCl3) δ 9.73 (t, J = 8.8 Hz, 2H), 9.06 (d, J = 4.7 Hz, 2H), 8.94 – 8.87 (m, 6H), 

8.71 (dd, J = 71.9, 8.2 Hz, 2H), 8.45 – 8.27 (m, 4H), 8.25 – 8.09 (m, 8H), 7.81 – 7.62 (m, 

11H), 7.47 – 7.36 (m, 4H), 7.10 (dd, J = 15.9, 1.7 Hz, 4H), 4.28 (q, J = 7.2 Hz, 2H), 1.37 

(s, 36H), 1.29 (t, J = 7.1 Hz, 3H), 13C NMR (125 MHz, CDCl3) δ 165.8, 163.3, 162.8, 

156.6, 156.3, 154.2, 154.0, 153.9, 150.2, 150.1, 150.0, 142.8, 142.7, 139.0, 135.1, 134.5, 

134.4, 134.0, 132.1, 132.0, 130.8, 130.5, 130.3, 129.3, 128.9, 127.4, 126.8, 126.5, 124.9, 
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123.3, 123.0, 121.8, 121.3, 121.2, 120.0, 114.9, 114.7, 61.1, 35.2, 31.6, 31.4, 22.7, 14.2, 

14.1. MS (MALDI) calcd for C105H85N6O8Zn [M+H]+: m/z 1621.57, found 1621.79. 

ZnP-PDI-CA (4.1b). Following the procedure for 4.1a, compound 4.5 (77 mg, 

0.054 mmol), 4-aminobenzoic acid (26 mg, 0.19 mmol), Zn(OAc)2 (30 mg, 0.16 mmol) 

yielded 4.1b (42 mg, 50 %) as a dark purple solid (purified by column chromatography, 

SiO2, 5% MeOH in DCM): 1H NMR (500 MHz, 1 drop TFA in CDCl3) δ 10.04 – 9.93 (m, 

2H), 9.02 – 8.83 (m, 4H), 8.83 – 8.69 (m, 8H), 8.65 – 8.51 (m, 8H), 8.38 – 8.30 (m, 2H), 

8.11 – 8.00 (m, 11H). 7.56 – 7.44 (m, 4H), 7.20 – 7.11 (m, 4H), 1.39 (s, 36H). MS (ESI) 

calcd for C103H81N6O8Zn [M+H]+: m/z 1593.54, found 1593.53. 

ZnP-PDI-PE (4.1c). Following the procedure for 4.1a, compound 4.5 (74 mg, 

0.052 mmol), diethyl 4-aminophenyl phosphonate (36 mg, 0.16 mmol), Zn(OAc)2 (29 mg, 

0.16 mmol) yielded 4.1c (30 mg, 34 %) as a dark purple solid (purified by column 

chromatography, SiO2, 4% THF in DCM): 1H NMR (500 MHz, CDCl3) δ 9.88 (dd, J = 

13.6, 8.3 Hz, 2H), 9.00 (d, J = 4.8 Hz, 2H), 8.88 (q, J = 7.9 Hz, 8H), 8.56 – 8.44 (m, 1H), 

8.44 – 8.36 (m, 3H), 8.24 (ddt, J = 10.2, 5.2, 2.4 Hz, 6H), 8.03 (dd, J = 13.0, 8.1 Hz, 2H), 

7.84 – 7.68 (m, 11H), 7.50 (dd, J = 8.3, 3.5 Hz, 2H), 7.44 (dt, J = 14.2, 1.7 Hz, 2H), 7.14 

(dd, J = 15.1, 1.6 Hz, 4H), 4.26 – 4.09 (m, 4H), 1.41 (d, J = 12.3 Hz, 36H), 1.37 (t, J = 7.1 

Hz, 6H). 

ZnP-PDI-PA (4.1d). Following a reported procedure,180 compound 4.1c (20 mg, 

0.012 mmol) was allowed to dissolve in 5 mL DCM in a vial and purged with N2. 0.2 mL 

TMS-Br was added dropwise and the mixture was stirred at room temperature for 18 h 

before quenched with water. The organic layer was washed with water, dried over MgSO4, 
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and concentrated in vacuo. Crude product was purified by column chromatography (SiO2, 

20% MeOH in DCM) and the concentrated fractions re-precipitated from MeOH to yield 

4.1d (6 mg, 31%) as a dark purple solid. UV (1:1 Pyr-ACN): 418, 518, 553 nm. 

PDI-ZnP-Ester (4.2a). A solution of compound 4.6 (22 mg, 0.032 mmol), 4.7 (43 

mg, 0.048 mmol), Zn(OAc)2 (20 mg, 0.10 mmol) and pyridine (1.5 mL) was maintained at 

reflux under Ar for 24 h. The reaction mixture was washed with 3 x 40 mL MeOH and the 

resulting precipitate was collected and purified by column chromatography (SiO2, DCM) 

to yield 4.2a (41 mg, 79 %) as a dark purple solid: 1H NMR (500 MHz, CDCl3) δ 9.76 (dd, 

J = 10.6, 8.3 Hz, 2H), 9.09 (d, J = 4.7 Hz, 2H), 8.95 (d, J = 4.6 Hz, 4H), 8.88 (d, J = 4.7 

Hz, 2H), 8.83 – 8.60 (m, 2H), 8.49 – 8.33 (m, 6H), 8.32 – 8.25 (m, 2H), 8.23 – 8.17 (m, 

4H), 7.81 – 7.70 (m, 8H), 7.40 (dt, J = 8.5, 1.7 Hz, 2H), 7.10 (dd, J = 16.8, 1.6 Hz, 4H), 

5.04 – 4.95 (m, 1H), 4.07 (d, J = 7.9 Hz, 3H), 2.59 – 2.47 (m, 2H), 1.89 (ddd, J = 20.7, 

10.5, 5.3 Hz, 3H), 1.80 – 1.67 (m, 5H), 1.38 (s, 36H), 13C NMR (125 MHz, CDCl3) δ 163.4, 

156.4, 153.9, 153.8, 150.4, 150.3, 150.1, 149.5, 147.7, 142.6, 134.4, 133.3, 132.3, 131.5, 

127.8, 127.6, 126.9, 126.6, 122.0, 121.5, 119.7, 114.8, 114.6, 54.0, 52.4, 35.2, 34.7, 31.6, 

31.5, 29.1, 26.6, 25.3, 22.7, 20.7, 18.8, 14.1, 11.4. 

PDI-ZnP-CA (4.2b). A solution of compound 4.2a (20 mg, 0.012 mmol), 2 mL 6 

M HCl, and 4 mL THF was maintained at 50 ºC for 48 h before allowing to cool to room 

temperature. The reaction mixture was neutralized with saturated NaHCO3 solution. The 

crude mixture was extracted with 3 x 50 mL DCM, and the combined organic layer was 

concentrated in vacuo, and the residue was purified by column chromatography (SiO2, 5% 

MeOH in DCM). The product was concentrated, precipitated from MeCN and dried under 
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vacuum to yield 4.2b (7 mg, 33 %) as a dark red-purple solid: 1H NMR (500 MHz, CDCl3) 

δ 9.82 (dd, J = 14.6, 8.4 Hz, 2H), 8.99 (d, J = 4.9 Hz, 2H), 8.90 – 8.77 (m, 7H), 8.68 (d, J 

= 8.3 Hz, 1H), 8.53 – 8.48 (m, 3H), 8.41 – 8.33 (m, 5H), 8.24 – 8.20 (m, 4H), 7.83 – 7.71 

(m, 9H), 7.41 (dt, J = 6.9, 1.7 Hz, 2H), 7.11 (dd, J = 16.0, 1.7 Hz, 4H), 5.07 – 4.97 (m, 1H), 

2.60 – 2.48 (m, 2H), 1.38 (d, J = 2.2 Hz, 36H). 

Porphyrin-perylene monoimide (4.5). A procedure from the literature73 was 

modified as follows: a solution of compound 4.3 (92 mg, 0.15 mmol), 1,7-bis(3,5-di-tert-

butylphenoxy) perylenedianhydride 4.4 (183 mg, 0.228 mmol), and imidazole (1.00 g, 14.7 

mmol) and CHCl3 (9 mL) was maintained at reflux under Ar for 20 h. The reaction mixture 

was cooled to room temperature, diluted with DCM and washed with 3 x 100 mL water. 

The DCM layer was dried over anhydrous Na2SO4 and the solvent was removed by rotary 

evaporation. The crude product was purified by column chromatography (SiO2, 4:1 DCM-

hexanes) to yield 4.5 (85 mg, 41%) as a dark purple solid: 1H NMR (500 MHz, CDCl3) δ 

9.77 (dd, J = 34.4, 8.3 Hz, 2H), 8.98 (dd, J = 13.7, 4.7 Hz, 2H), 8.84 (td, J = 5.1, 1.9 Hz, 

8H), 8.68 – 8.48 (m, 2H), 8.44 – 8.36 (m, 2H), 8.26 – 8.14 (m, 8H), 7.81 – 7.68 (m, 13 H), 

7.47 – 7.40 (m, 2H), 7.19 – 7.05 (m, 4H), 1.38 (s, 36H), -2.80 (d, J = 10.1 Hz, 2H). 

Electrochemistry. To a 2 mM solution of dyad 4.1a or 4.2a in DCM with 0.5 M 

TBAPF6 was added a trace amount of ferrocene as internal standard. Platinum disk, copper 

wire and silver wire were used as working electrode, counter electrode, and reference 

electrode, respectively. Potentials of PDI reduction and ZnP oxidation were obtained from 

electrochemical measurements versus Fc/Fc+ at scan rate of 0.1 V/s. Other potentials were 

calculated from optical energy gaps. 
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Polarized ATR for calculation of surface orientations. A blank spectrum was 

taken before the injection of dyad solution (25 μM in 1:1 MeCN-pyridine). Spectra were 

recorded in preset time intervals during the 30-minute chemisorption at this concentration. 

Dyad solution was replaced with pure solvent for a spectrum to be taken in both TE and 

TM polarization mode against blank solvent to calculate the ratio of relative absorbance. 

This process was repeated with more concentrated dyad solutions up to 200 μM. For 

spectra of the isotropic dye, β-carotene was dissolved in 1:1 MeCN-pyridine at 2 mM 

concentration and the process was repeated separately without changing concentration. 

Surface Electrochemistry. ITO substrate was immersed in 100 μM solution (1:1 

MeCN-pyridine) of dyad for 2 hours. The deposited substrate was flushed with pyridine 

and assembled into an electrochemical cell. The cell was filled with 0.1 M TBAPF6 in 

MeCN electrolyte solution and purged with argon for 1 hour. Cyclic voltammograms were 

taken with Ag/AgCl reference of a scan rate of 0.5 V/s.  

Potential-Controlled ATR. A blank spectrum was taken before the injection of 

100 μM solution of dyad in 1:1 MeCN-pyridine for ITO deposition. The dyad solution was 

removed after 2 hours and the ATR cell was refilled with electrolyte solution (0.1 M 

TBAPF6 in MeCN). Ag/AgCl was used as reference electrode. Spectra were taken against 

the blank followed by changing the potentiostat in 100 mV intervals with Pine Research 

Instruments AFRDE5. 
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Chapter 5  

OTHER RESEARCH PROJECTS AND FUTURE DIRECTIONS 

 

5.1 Construction of PDI-ZnPc:ITO Molecular Heterojunction 

In Chapter 2, a Pc-PDI molecular heterojunction system was fabricated for 

measurements of hole injection kinetics at organic/ITO interface. It was assembled in a 

relatively convenient way by surface click chemistry followed by electrochemical 

measurements collaborated with the group of Prof. S. Scott Saavedra. However, in the 

progress of related experiments, several drawbacks urged us to improve the molecular 

design of this system. 

First, the molar ratio of PDI:Pc was not consistent for all assemblies after the click 

reaction on surface. We were able to achieve fully clicked products with 6 PDIs on each 

Pc, but this cannot be idealized on surface due to the steric effect. The Pc-PDI6 isolated 

from solution phase reaction could also be modified and deposited on ITO to ensure a 

known PDI:Pc ratio. But given its huge size relative to a clickable Pc alone, the surface 

coverage of Pc moieties would drop to a fraction if ITO modification were done in such a 

sequence. In fact, the average molar ratio of PDI:Pc obtained from surface click chemistry 

was approximately 3:1 from electrochemical results. ATR spectroscopy could not 

determine the ratio because the aggregation of PDI kept its absorption from growing 

linearly to the number of molecules attached. 

Second, the long alkyl linkers between PDI and Pc, as well as between Pc and ITO, 

were flexible, allowing unwanted contact of PDI and ITO. It would be ideal to have 



134 

ITO/Pc/PDI form parallel monolayers on top of each other, in order to measure the hole 

injection from Pc to ITO. However, the assembly made by click chemistry did not 

guarantee such strictly organized multi-layer heterojunction. PDI moieties were able to 

move around the Pc and physically reach ITO interface. Once the hole injection from Pc 

to ITO completed, electron flowed from PDI to ITO through this undesired contact and led 

to the observed charge recombination. 

 

Scheme 5.1 Proposed synthesis of redesigned PDI-Pc-PA dyad. 
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Two new molecular designs were approached to address these problems. One 

involved with a PDI-porphyrin dyad and was discussed in details in Chapter 4. The other 

redesigned PDI-Pc-PA dyad 5.5 has a well-defined 1:1 ratio of PDI to Pc (Scheme 5.1), 

together with a rigid phenyl linker on Pc terminal to connect ITO. The Pc subunit is 

arranged into an “ABAC” type asymmetric structure, where two solubilizing groups can 

be installed on quadrant “A” as 5.1, quadrants “B” and “C” can be linked to the PDI by 

imide through 5.2 and phosphonic acid by Pd mediated coupling with 5.3, respectively. 

This low symmetry Pc enables its connection with both PDI and phosphonic acid group at 

the same time to form the PDI-Pc-PA dyad.  

The major disadvantage of this low symmetry structure is the synthetic challenge. 

So far only one paper has been published about the synthesis of “ABAC” low symmetry 

Pc, utilizing highly reactive intermediates such as trichloroisoindole 5.1 and 

diiminoisoindolines 5.2 and 5.3.181 However, the synthesis of these two key intermediates 

did not yield the desired product. The route for both of them started from the corresponding 

phthalimide. Reaction with gaseous ammonia in basic conditions in alcohol would give the 

diiminoisoindoline, while separately, phosphorus pentachloride would convert phthalimide 

into trichloroisoindole.181 After a few attempts, only phthalimide was isolated from the 

reaction mixture, either because of the poor effectiveness of the reaction or the 

decomposition of the products converted back to the more stable phthalimides. 

Another problem with these highly reactive species in the planned route was the 

compatibility with other functional groups in the linker between Pc and PDI. Non-

symmetrical PDI is usually made from the condensation of perylene monoimide and an 
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amine, which would be Pc-NH2 5.4 here. So one of the four quadrants has to carry an amine 

group which is nucleophilic and able to attack trichloroisoindole. Protected amine could be 

made on the other hand, but the reaction between diiminoisoindoline and trichloroisoindole 

can release excess HCl and possibly deprotect the amine at some point. Currently there was 

no other direct synthetic routes to navigate around these problems for making this 

promising dyad attached to oxide substrates. 

 

5.2 Ruthenium Pc-PDI Molecular Heterojunction at Organic-Oxide Interface 

Studies have revealed that a supramolecular RuPc-PDI-RuPc triad, with axial 

ligand bis-pyridinyl PDI sandwiched between two RuPc moieties, exhibits a long-lived 

charge separated state over 100 ns upon photoexcitation.92 Utilizing similar components, a 

surface bound PDI-RuPc dyad system 5.9 was made with another student (Dr. Luis E. 

Oquendo) in our group to study the charge transfer kinetics on ITO (Scheme 5.2). In our 

dyad, the PDI 5.7 was coordinated through an axial pyridine ligand to a symmetric (A4) 

RuPc, which was bonded to ITO by another pyridinyl phosphonic acid linker at the 

opposite side. The structural design of this PDI-RuPc dyad avoided the synthetic 

difficulties of a low symmetry Pc, and guaranteed the well-defined 1:1 PDI-Pc molar ratio 

as well. 

The anhydride of the perylene monoimide 5.6 was allowed to react with 4-

aminopyridine to give PDI-pyridine 5.7 in a decent yield after column purification (Scheme 

5.2). Then it could undergo ligand exchange with the pyridine-coordinated RuPc 5.8 to 

afford the PDI-RuPc dyad. The PDI was able to selectively replace the plain pyridine ligand 
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of the RuPc, while leaving the opposite phosphonate/phosphonic acid tethered pyridine 

intact. 

 

Scheme 5.2 Structure of PDI-RuPc dyad for surface studies on ITO. 

 

 

Similar to the reported triad,92 the ground state absorption spectrum of PDI-RuPc 

dyad in solution appeared to be the sum of individual PDI and RuPc absorptions. No long 

wavelength absorption was observed as charge transfer band, suggesting minimal 

electronic coupling between RuPc and PDI. In accordance with literature, photoexcitation 

of the PDI moiety in the dyad did not yield the emission seen in the individual PDI 

reference, indicating that the decay of 1*PDI-RuPc took a pathway (e.g. charge separation) 

other than returning to ground state with PDI fluorescence. 

For this PDI-RuPc dyad, the electrochemistry, surface deposition on ITO, and 

determination of molecular orientation by ATR have been completed.182 In another work, 

the intermediate RuPc-PO3H2 was used as a reference for calculation of the Pc tilt angle on 
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ITO. The angle was determined as 41º from NEXAFS results, significantly different from 

22º in polarized ATR. As discussed in Chapter 3.4, the C=C π* signal from the two vertical 

pyridine ligands were largely taken into account in NEXAFS and partially cancelled that 

of horizontal Pc plane. It was expected to increase the tilt angle by a combination of both 

C=C π* signals. However, in ATR, the polarized absorbance represented exclusively for 

the planar RuPc section and gave a more accurate measurement of the surface orientation. 

Further experiments on this dyad, including transient absorption spectroscopy, are 

currently in progress with collaborators. 

 

5.3 Living Free Radical Polymerization of Pc-PDI Dyads for Morphology Control 

Intermolecular arrangement of the active layer material plays an important role in 

the overall performance of an organic solar cell. The exciton usually has a lifetime ranged 

from picosecond to nanosecond scale before the recombination takes part due to the strong 

Coulombic attraction between electron and hole.183 Within this time frame, the exciton can 

only travel no more than 10 nm in bulk organic material with low dielectric constant.20 As 

discussed in Chapter 1, the possibility of exciton being extinguished would dramatically 

increase with large domain sizes of donor and acceptor. It is believed that in the active 

layer of bulk-heterojunction type solar cell, the ideal domain size in the donor-acceptor 

blend should be controlled in the order of 10 nm. 

Polythiophene systems have been widely investigated due to their intense visible 

light absorption, high charge mobility, and controllable band gaps.184,185 For similar 

reasons, Pc and PDI are also popular materials for OPV and known to form ordered 
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intermolecular stacking in condensed phases. However, their polymers have not been 

studied as thoroughly as polythiophenes. This work is aimed to obtain combinations of Pc 

and PDI moieties in a reasonable domain size by investigating the structural parameters of 

a Pc/PDI containing polymer (Scheme 5.3). Reversible addition-fragmentation chain-

transfer polymerization (RAFT) would be used for controlled stoichiometry and narrow 

polydispersity.186 The presence of the polymer backbone would affect the long-range 

ordered packing of Pc and/or PDI and potentially prevent the formation of excessively 

large domains. Pc and PDI would be covalently bonded into a dyad to maximize the contact 

at donor-acceptor interfaces and facilitate the efficiency of exciton dissociation. Pc and 

PDI would carry electron donating (phenoxy) and withdrawing (tetrachloro) groups, 

respectively, to facilitate the charge separation. 

 

Scheme 5.3 Proposed synthesis of polymer of Pc-PDI dyad. 

 

 

Model RAFT polymerization was studied with a tetrachloro bay-substituted PDI 

component (Scheme 5.4) to compare with reported PDI methacrylate 

polymerizations.27,187–189 Conversion of 5.10 to 5.11 was carried out by one-pot mixed 

condensation with two different amines.72 Low yield was obtained together with 
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considerable amount of N,N’-bis-aryl PDI isolated as a result of better reactivity of aryl 

amine in this condition. Acylation of the terminal alcohol gave the PDI methacrylate 

monomer 5.12. 

 

Scheme 5.4 Synthesis of PDI methacrylate 5.12 for model RAFT polymerization. 

 

Table 5.1 RAFT polymerizations for poly (PDI-methacrylate). Italic indicates components 

without methacrylate group. 

Entry Monomers T/°C Result 

1 MMA 80 PMMA, Mn 2.09x104, Đ 1.11 

2 MMA, PDI (20:1) 80 PDI, no PMMA 

3 MMA, PDI (100:1) 120 PDI, no PMMA 

4 MMA, PDI (240:1) 80 PDI, no PMMA 

5 MMA, bay-H PDI (240:1) 80 bay-H PDI, no PMMA 
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Several RAFT polymerizations with polymethylmethacrylate (PMMA) backbone 

were carried out (Table 5.1). Polymerization of MMA alone (entry 1) yielded PMMA with 

a narrow distribution as anticipated. However, the addition of PDI-methacrylate (entry 2) 

under similar conditions, no PMMA was found on GPC comparable to the PMMA formed 

without PDI. The precipitate was identified as mostly PDI monomer from 1H-NMR. No 

improvement was seen by increasing MMA monomer component or reaction temperature 

(entry 3). The RAFT polymerization of MMA appeared to be inhibited by the presence of 

bay-chloro (entry 4) or bay-H (entry 5) PDI species that were not able to polymerize, 

followed by the identification of each inert PDI on NMR. One possible reason might be 

that the PDI was not fully solvated in MMA environment and any oxygen adsorbed on 

solid PDI was not fully removed during the freeze-pump-thaw. 

 

5.4 Experimental Section 

All chemicals were purchased from commercial sources and used without further 

purification unless otherwise noted. Compounds 5.6,190 5.8 and 5.9182 were prepared 

following literature procedures. Flash column chromatography and TLC were performed 

using silica gel 60 and Silica Gel 60 F254 plates respectively from SiliCycle. 1H- and 13C-

NMR spectra were recorded on a Bruker DRX-500 machine operating at 500 MHz and 125 

MHz, respectively. 1H NMR spectra were obtained in CDCl3 as noted and calibrated using 

residual CHCl3 (δ = 7.26 ppm) as an internal reference, with chemical shifts reported in 

ppm from TMS. 13C NMR spectra were obtained in CDCl3 as noted and calibrated using 
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CDCl3 (δ = 77.0 ppm) as an internal reference. UV-vis spectroscopy was performed using 

a Shimadzu UV-2401PC spectrometer.  

Synthesis of PDI-pyridine 5.7. Compound 5.6 (15 mg, 0.022 mmol) and 4-

aminopyridine (15 mg, 0.160 mmol) were dissolved in 2.5 mL pyridine and the solution 

was refluxed under N2 for 24 h. The reaction mixture was then cooled to room temperature, 

diluted with DCM and washed twice with 100 mL 2M HCl, then with 100 mL water and 

dried over Na2SO4. Solvent was removed in vacuo and the crude product was purified by 

column chromatography (SiO2). 5.6 residue was flushed with 95:5 DCM-EtOAc (v/v) 

before the product eluted with 85:10:5 DCM-acetone-Et3N. The product was then 

concentrated, precipitated from MeOH and dried to give 5.7 (12 mg, 72%) as a red solid: 

1H NMR (500 MHz, CDCl3) δ 8.86 (dd, J = 4.6, 1.7 Hz, 2H), 8.76 – 8.63 (m, 8H), 7.37 

(dd, J = 4.4, 1.5 Hz, 2H), 4.15 (d, J = 7.3 Hz, 2H), 2.02 (m, 1H), 1.48 – 1.15 (m, 32H), 

0.84 (td, J = 6.9, 3.3 Hz, 6H).13C NMR (125 MHz, CDCl3) δ 163.2, 162.5, 151.2, 143.0, 

134.7, 133.5, 131.5, 130.8, 129.5, 128.8, 126.0, 125.7, 124.1, 123.3, 123.2, 122.7, 44.7, 

36.7, 31.9, 31.8, 30.1, 29.7, 29.6, 29.4, 26.5, 22.7, 14.1. 

Synthesis of PDI-OH 5.11. Following a literature procedure,72 tetrachloro-PTCDA 

5.10 (53 mg, 0.10 mmol), p-toluidine (20 mg, 0.19 mmol), 5-aminopentanol (10 mg, 0.10 

mmol), 1.7 mL propionic acid (1.7 mL) and 2.5 mL NMP yielded 5.11 as a red-orange 

solid (10 mg, 14%): 1H NMR (500 MHz, CDCl3) δ 8.73 (d, J = 10.3 Hz, 4H), 7.41 (d, J = 

8.2 Hz, 2H), 7.22 (d, J = 8.2 Hz, 2H), 4.24 (t, J = 7.2 Hz, 2H), 3.69 (t, J = 6.4 Hz, 2H), 2.47 

(s, 3H), 1.81 (m, 4H), 1.72 – 1.64 (m, 2H). 
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Synthesis of PDI-methacrylate 5.12. PDI-OH 5.11 (80 mg, 0.11 mmol) and 0.5 

mL methacryloyl chloride were dissolved in 23 mg Et3N and the mixture was stirred at 60 

under Ar. After the cooled to room temperature, the reaction mixture was diluted with 

DCM and washed with saturated aqueous NaHCO3 and water. The crude product was 

purified by column chromatography (SiO2, DCM), precipitated from MeOH, dried in 

vacuum oven to give 5.12 as a red solid (47 mg, 53%): 1H NMR (500 MHz, CDCl3) δ 8.73 

(d, J = 10.3 Hz, 4H), 7.41 (d, J = 8.2 Hz, 2H), 7.22 (d, J = 8.2 Hz, 2H), 6.12 (m, 1H), 5.57 

(m, 1H), 4.27 (m, 2H), 4.21 (t, J = 6.6 Hz, 1H), 2.49 (s, 3H), 1.83 (m, 4H), 1.64 – 1.52 (m, 

2H). 

General procedure of RAFT polymerization. Methacrylate monomers, chain 

transfer agent (name), and AIBN were dissolved in toluene in a Schlenk flask and degassed 

by three repetitive freeze-pump-thaw processes. The mixture was heated for 20-30 h before 

cooled to room temperature and precipitated in MeOH. These precipitates were collected 

by centrifuging, washed with MeOH, and dried under vacuum at room temperature. The 

obtained solid was dissolved in chloroform for GPC analysis and the results were calibrated 

with standard polystyrene samples. 
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APPENDIX 

1H AND 13C NMR SPECTRA OF NEW COMPOUNDS 
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