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ABSTRACT 

Charge transfer efficiency at organic/electrode interfaces affects the performance 

organic photovoltaics (OPVs). It is hypothesized that the charge collection efficiency at 

organic/electrode interfaces is influenced by the structure of the first molecular layer 

adjacent to the electrode surface.  

Two differently oriented monolayers composed of two phosphonic acid (PA) 

functionalized zinc phthalocyanine (ZnPc) molecules, one with four PAs attached 

peripherally (ZnPcPA4), one at each quadrant, and another that is functionalized with one 

PA (ZnPcPA), were tethered to indium tin oxide (ITO) surfaces as models for the 

donor/transparent conducting oxide (TCO) interface in OPVs to address the relationship 

between molecular orientation and electron transfer kinetics across the organic/ITO 

interface. The electron transfer rate constants across the monolayer/ITO interface were 

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

in TE and TM polarizations, which allows rate constants to be determined for 

subpopulations of molecules that are oriented predominately in-plane and out-of-plane, 

respectively. The templating effect of the tethered monolayer on sequential layers of 

donor material for ZnPcPA and ZnPcPA4 monolayers was assessed by depositing a few 

layers of CuPc on ZnPcPA- and ZnPcPA4-modified ITO.  The performance of OPV 

devices fabricated on ITO modified with these two monolayers was compared and 

correlated to their orientation and energy alignments with other layers in the devices. 

The dependence of kinetics of electron transfer on overpotential was studied using 

monolayer-tethered ZnPcPA on ITO. Measurements of apparent heterogeneous electron 
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transfer rate constants (kapp) as a function of applied potential across the ZnPcPA/ITO 

interface were acquired using PM-ATR at various dc biases (Edc). With varying Edc 

imposed on the electrode, the fraction of adsorbed molecules in reduced or oxidized 

states is changed, and both the energetics and kinetics of the electrode reaction are 

affected. The results were discussed and compared to theoretical predictions. 

The photoinduced charge harvesting and photocurrent generation were assessed using 

a clicked ZnPc-perylene diimide (PDI) donor-acceptor assembly tethered to ITO via a PA 

anchoring group. This ZnPc-PDI donor-acceptor assembly was used to investigate the 

mechanism of photoinduced charge transfer and hole-capture by ITO in the presence of a 

solution phase redox mediator.  
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1. INTRODUCTION 

 

1.1 Organic photovoltaics (OPVs) 

Energy is one of the critical challenges the world faces today. The use of fossil fuels, 

including coal, petroleum, and natural gas, as the major energy source is unsustainable 

and causes severe irreversible effects on our environment. Therefore, people have been 

trying to replace fossil fuels with renewable and carbon-free energy sources, such as 

hydroelectric, solar, wind, and geothermal powers. Solar has the highest energy potential 

relative to all other renewable energy sources and has attracted much attention in the past 

few decades.  

Silicon-based inorganic solar cells are currently the major photovoltaic (PV) platform 

on the market. It has higher power conversion efficiency (~ 25%) compared to organic 

PV platforms (~ 10%). However, silicon-based PVs suffer from high manufacturing costs 

and the need for heavy and rigid modules, which limit their applications. Compared to 

silicon, organic semiconductors have lower carrier mobility and smaller exciton diffusion 

lengths. However, they have higher absorption coefficient (10
-5

 cm
-1

) and can be 

synthesized, so they can have high and broad absorption of light and achieve good charge 

transport with a very thin film. Therefore, unlike crystalline silicon solar cell, organic 

photovoltaics (OPVs) have advantages of light weight and lower cost of production. They 

can be processed from solution at room temperature and deposited on large flexible 

substrates.
1-5
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Research on the photovoltaic effect in organic cells began in the 1950s. In 1958, 

Kearns and Calvin first observed the photovoltaic effect in a laminated organic system 

with magnesium phthalocyanine and oxidized tetramethyl p-phenylenediamine with a 

maximum photovoltage of 200 mV.
6
 In 1959, Kallmann and Pope reported the 

photovoltaic effect in single crystals of anthracene with a photovoltage of 200 mV and an 

efficiency of 2 × 10
-6

 in conversion of the light energy input.
7
  

OPVs reported in the 1970s were generally prepared with a single layer of organic 

material and had a power conversion efficiency << 1%. In 1986, Tang reported the first 

two-layer (donor-acceptor heterojunction) OPV, fabricated using copper phthalocyanine 

(CuPc) as the electron donor and a perylene tetracarboxylic derivative as the electron 

acceptor. These layers sandwiched between indium tin oxide (ITO) and Ag, with a power 

conversion efficiency of 1%.
8
 The donor-acceptor heterojunction structure increases the 

efficiency of dissociation of excitons into free charge carriers relative to a single layer of 

organic material and has become the model in the development of OPV research. 

 

1.1.1    Device components and photoconversion mechanism 

Figure 1.1 shows the general architecture of a simple planar heterojunction OPV. The 

device consists of a transparent hole-collecting electrode, usually a transparent 

conducting oxide (TCO), a layer of electron donor material, an electron acceptor layer, 

and a top electron-collecting electrode.
3, 4

 Solar energy is converted to electric energy 

through a four-step mechanism (Figure 1.2): (a) optical absorption and exciton formation, 

(b) exciton diffusion, (c) exciton dissociation and charge transfer, and (d) charge  
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Figure 1.1  The general architecture of a planar heterojunction OPV. 
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Figure 1.2  Four-step mechanism of the photoconversion process: (a) optical absorption 

and exciton formation, (b) exciton diffusion, (c) exciton dissociation and charge transfer, 

and (d) charge migration and charge collection.  
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migration and charge collection.
4, 9-14

 Each step in the photoconversion process has an 

associated efficiency and contributes to the external quantum efficiency (EQE), which is 

also known as incident photon-to-current conversion efficiency (IPCE) of the system: 

CCCTEDAEQE ηηηη            (1.1) 

EQE is defined as the ratio between the number of charge carriers generated by a solar 

cell to the number of photons incident upon it. 

The first step in the photoconversion process (Figure 1.2a) is optical absorption by the 

donor material, exciting an electron to the LUMO and generating a spatially localized 

electron-hole pair, which is electrically neutral. The electron-hole pair, or exciton, is 

bound by coulombic attraction. The absorption efficiency (ηA) is the ratio between the 

number of excitons generated to the number of photons incident on an OPV. ηA is 

affected by the transmittance and reflectance of the system. Furthermore, molecules with 

high absorption coefficients and broad absorption that match with a sizable portion of the 

solar spectrum are used to increase ηA.
12, 15

 

The second step in the photoconversion process is exciton diffusion (Figure 1.2b). 

After excitons are formed in the donor layer, they need to diffuse to the donor-acceptor 

interface before they can dissociate into free charge carriers. The exciton diffusion 

efficiency (ηED) is the ratio between the number of excitons reaching the donor-acceptor 

interface to the total number of excitons generated. The distance that an exciton can 

travel before decaying back to the ground state is the exciton diffusion length (LED): 

       τDL ED                       (1.2) 
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where D and τ are the diffusion coefficient and the lifetime of an exciton, respectively. 

The thickness of the organic donor layer is LED-limited. The layer needs to be thick 

enough for efficient optical absorption but thinner than LED for excitons to diffuse to the 

donor-acceptor interface.
12, 14, 16

   

The third step of the photoconversion process is exciton dissociation and charge 

transfer (Figure 1.2c). At the donor-acceptor interface, excitons dissociate into electrons 

and holes due to the energy offset between the LUMOs of the donor and the acceptor. 

Electrons transfer to the LUMO of the acceptor whereas holes stay on the HOMO of the 

donor. Charge transfer efficiency (ηCT) is the ratio between the number of free charge 

carriers generated to the total number of excitons reaching the donor-acceptor interface. 

For an efficient exciton dissociation and charge transfer process, the energy offset 

between the LUMOs of the donor and acceptor needs to be larger than the exciton 

binding energy (~ 0.4 – 1 eV for organic semiconductors)
17-19

 in order to overcome the 

coulombic attraction.
20, 21

  

The last step of the photoconversion process is charge migration and charge 

collection at the electrodes (Figure 1.2d). After charges have separated at the donor-

acceptor interface, they migrate away from the interface and towards the respective 

electrodes and are collected at the electrodes. Charge collection efficiency (ηCC) is the 

ratio between the number of free charge carriers collected by their respective electrodes 

to the number of free charge carriers separated at the donor-acceptor interface. ηCC 

depends on the carrier mobilities in the donor and acceptor layers, the energy difference 

between the electrode work functions and the ionization potential (IP) of donor or 
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electron affinity (EA) of acceptor, and the rates of charge transfer across the 

organic/electrode interfaces.
12

 

 

1.1.2 Equivalent circuit model and power conversion efficiency 

Figure 1.3 shows the equivalent circuit for a solar cell. The circuit consists of a 

current source, a diode, a parallel-connected resistance, and a series resistance.
14, 22

 The 

current source represents the photocurrent (Jph) generated by an irradiated solar cell, 

which is proportional to the intensity of the light source. The diode represents the 

rectifying characteristic of the donor-acceptor heterojunction and its current-potential (J-

V) relationship is described by the Shockley diode equation: 

















 


eTnk

JRV
JJ

B /
exp S

0D          (1.3) 

where JD is the diode current, J0 is the reverse saturation current, n is the ideality factor, 

kB is the Boltzmann constant, T is absolute temperature, and e is the elementary charge. 

The parallel resistance or shunt resistance (Rsh) accounts for the current losses (leakage 

current) due to charge recombination in the device. The series resistance (RS) accounts for 

the resistance of the organic active layers and the electrodes. It is related to carrier 

mobility in the donor and acceptor layers and contact resistance at the interfaces. For an 

ideal solar cell, RS should be small and Rsh should be large to minimize power losses due 

to contact resistance and charge recombination, respectively. From the equivalent circuit 

model, the overall J-V behavior of a solar cell is described as:
14, 22
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Figure 1.3  The equivalent circuit of a solar cell, including a photocurrent source (Jph), a 

diode, a parallel-connected resistance (Rsh), and a series resistance (RS) term.   
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Power conversion efficiency (η) is another measure of the performance for solar cells, 

besides EQE. It is measured by acquiring the J-V characteristics of a solar cell under 

illumination. Figure 1.4 shows representative J-V curves of a solar cell in the dark and 

under illumination. The J-V curve of an irradiated cell passes through the horizontal and 

vertical axes at its open-circuit voltage (VOC) and short-circuit current (JSC), respectively. 

VOC is the voltage under open-circuit conditions, with a resistive load of infinity and a 

current of zero. Setting J = 0 in Equation 1.4 yields
14, 22
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With the assumption that Rsh is large and RS is small for an ideal solar cell, Equation 1.5 

is simplified as 

  









 1ln
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Tnk
V          (1.6) 

The theoretical maximum VOC is the potential difference between the HOMO of the donor 

and the LUMO of the acceptor for an OPV. The actual VOC is generally smaller due to 

losses in recombination. JSC is the photogenerated current under short-circuit conditions, 

when the voltage and the resistance of the load are zero. JSC is proportional to the number 

of charges collected at the electrodes, which is dependent on the driving force for exciton 

dissociation and charge transfer, dictated by the potential difference between the LUMOs  
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Figure 1.4  Representative current-voltage (J-V) curves of a solar cell in the dark and 

under illumination. VOC is open-circuit voltage. JSC is short-circuit current. Pmax is the 

maximum-power point. 
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of donor and acceptor. The highest η of a solar cell occurs at the maximum-power point 

(Pmax) at which the cell delivers maximum power. On a J-V curve,Pmax is where the 

product of current and voltage is a maximum (Pmax = Vmax × Jmax). The fill factor (FF) is 

the ratio between the maximum power of an irradiated cell to the theoretical maximum 

power defined by the product of JSC and VOC.
3, 4
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In the equivalent circuit model, RS and Rsh affect the FF of a solar cell. η describes the 

ratio between the power a solar cell produces to the power of the incident light (PL): 
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1.2 Modification of the organic/TCO interface 

The interface between the organic layer and the hole-collecting TCO electrode 

influences charge transfer properties in OPVs and is crucial to the device performance. 

Charge injection across the organic/TCO interface is limited by contact resistance, the 

energetic barrier, and recombination at defect sites.
23

 ITO is the most commonly used 

TCO in OPVs because it has good electrical conductivity and high optical transparency. 

However, ITO has some problematic intrinsic properties that degrade OPV device 

performance, including a polar and hydrophilic surface, as well as and chemical and 

electrical heterogeneity.
24, 25

  

The polar and hydrophilic surface of ITO is incompatible (i.e. poor wettability) with 

nonpolar organic layers deposited directly on top of the ITO, leading to a higher contact 

resistance and delamination of the organic layers.
26

 Chemically heterogeneous ITO 

surfaces, a result of non-uniform dopants, non-uniform defect sites, and hydrolysis of 

ITO surfaces, leads to electrical heterogeneity.
24, 25, 27

 Figures 1.5a-c show atomic force 

microscopy (AFM) images of bare, cleaned ITO (DSC-ITO) which has undergone 

conventional cleaning procedures of ultrasonication in detergent and organic solvents. 

The height images acquired with tapping mode (Figure 1.5a) and contact mode (Figure 

1.5b) AFM show the grain structure of the ITO surface. The current image acquired with 

conductive-tip AFM (Figure 1.5c) shows the electrical heterogeneity of the ITO surface, 

which contains electrical “hotspots” that are non-uniformly distributed.
24

 To improve the 

surface properties of ITO and to enhance the rates of electron transfer across the 

organic/ITO interfaces (charge collection efficiency), the surface polarity, chemical  
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Figure 1.5  Tapping mode height AFM (left-hand column), contact mode height AFM 

(middle column), and conductive-tip AFM characterization (right-hand column) of 

variously pretreated ITO samples (all images 2 × 2 µm
2
). Images are for ITO that has 

been (a-c) detergent/solvent-cleaned, (d-f) air plasma-etched, (g-i) oxygen plasma-etched, 

(j-l) HCl-etched, and (m-o) HI-etched. The conductive-tip AFM image in part c required 

a tip-to-sample bias of 2 V in order to see detectable current. The C-AFM images in parts 

f, i, l, and o were obtained with a tip-to-sample bias of 0.02 V. Reprinted with permission 

from ref.
24

 Copyright 2007 American Chemical Society. 
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stability, and effective work function of ITO need to be controlled. Modifications of the 

ITO surface change the effective work function, carrier concentration, sheet resistance, 

and surface roughness of ITO and significantly influence OPV device performance.
11, 28

 

Strategies to modify ITO surfaces include acid and base treatments, oxidative treatments, 

and surface modifications with small molecules and conducting polymer films.
23

 

 

1.2.1 Acid and base treatments 

Work functions for many metal oxides, including ITO, are very sensitive to the state 

of the oxide surface. As-received ITOs have work functions ranging from 4.1 to 4.6 

eV.
29-37

 It is generally accepted that an increase in the work function of the hole-

collecting electrode leads to a lower injection barrier for holes at the organic/electrode 

interface.
38

 Treating ITO surfaces with acids and bases show shifts in effective work 

function in opposite directions. Acid treatments increase work function by 0.1 to 0.7 eV 

relative to the untreated ITO, whereas base treatments cause -0.2 to -0.7 eV shifts in work 

function. These shifts in work function are attributed to the formation of surface dipole 

layers, initiated by dissociation of acids and bases along with adsorption of protons and 

hydroxyl ions on ITO surfaces, which give rise to surface dipoles and associated vacuum 

level shifts.
39-41

   

Haloacids, such as HI and HCl, etch ITO and modify its surface roughness.
29, 42

 

Figures 1.5j-o show the AFM and conductive-tip AFM images of HCl- and HI-etched 

ITO surfaces. The subgrain structure of ITO becomes visible after treating with HCl and 

HI, as evident in both height and current images. These acid-etched surfaces show high, 



33 

 

but non-uniform electrical activity with enhanced rates of electron transfer to solution 

probe molecules.
24, 43

 MacDonald et al. reported that a CuPc/C60 planar heterojunction 

OPV device fabricated on HCl-etched ITO shows a 3-fold enhancement in power 

conversion efficiency compared to the device built on DSC-ITO.
44

  

 

1.2.2 Oxidative treatments 

Oxidation of the ITO surface by oxidative treatments, such as UV-ozone and oxygen 

plasma, increase ITO effective work function by removing carbon contamination, 

increasing oxygen concentration, and changing the Sn/In ratio on the ITO surface.
34

 

Oxygen plasma treatment also produces an ITO surface with a more uniform electrical 

response as shown in the conductive-tip AFM image (Figure 1.5i).
24

 Kahn and co-

workers reported a 0.1 – 0.3 eV increase in work function for ITO treated with oxygen 

plasma relative to bare ITO.
45

 They studied the chemical compositions of the ITO surface 

using Auger electron spectroscopy and found that upon oxygen plasma treatment, the 

surface Sn/In ratio decreases and the surface oxygen concentration increases. Oxygen 

vacancies, which provide two free electrons per vacancy, act as doubly-charged donors 

that lead to an upward shift of the Fermi energy and a decrease in work function. These 

vacancies are filled or partly filled during oxidative treatments, which causes an increase 

in work function.
37, 46-50

 The presence of carbon contaminants on the ITO surface affects 

the surface polarity, which leads to a lowering of the vacuum level and a lower work 

function. The removal of carbon contaminants from the ITO surface can be achieved via 
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both UV-ozone and oxygen plasma treatments, resulting in an increase of ITO work 

function.
33-35, 37, 45, 51-54

  

Optoelectronic devices, including OPVs and organic light-emitting diodes (OLEDs), 

fabricated with ITOs that have undergone oxidative treatments have been reported to 

show enhanced performance.
37, 44, 45, 50, 51, 55, 56

 MacDonald et al. reported that a CuPc/C60 

planar heterojunction OPV device fabricated on oxygen plasma treated ITO shows 

improved device parameters, including VOC, JSC, FF, and η, relative to the device built on 

DSC-ITO.
44

 Kahn and co-workers reported enhanced hole injection efficiency, quantum 

efficiency, device lifetime, and higher brightness for an OLED fabricated on oxygen 

plasma treated ITO.
45

 

Although there are reports showing enhanced performance of optoelectronic devices 

with oxygen plasma and UV-ozone treated ITOs, decreases in performance of 

optoelectronic device have also been observed.
35

 Forrest and co-workers reported a 

reduction in the quantum efficiency of a multilayer organic photodetector with ITO 

treated with oxygen plasma or UV-ozone.
35

 They attributed the decrease in device 

performance to an increased density of defect states at the ITO/organic interface. Oxygen 

plasma treatment introduces surface defects due to ion bombardment, which act as traps 

for the photo-generated charge carriers. Increased surface oxygen concentration and 

decreased oxygen vacancies, which provide two free electrons per vacancy, during the 

oxidative treatment increases ITO contact resistance,
53

 thereby leading to a reduced 

efficiency of the device.   
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1.2.3 Surface modifications with conductive polymer films 

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a polymer 

blend of cationic and conducting PEDOT and anionic and insulating PSS, which is 

widely employed as a buffer layer between ITO and organic layers in optoelectronic 

devices.
57-62

 Applying a thin layer of spin-coated PEDOT:PSS film on ITO planarizes its 

surface (Figure 1.6).
57

 Smoothed ITO surfaces with PEDOT:PSS films lower defect 

generation and reduce trapping of charge carriers. The performance of optoelectronic 

devices is also enhanced because the effective surface work function is increased and the 

compatibility of ITO with nonpolar organic layers is enhanced.
63-66

 The drawback of 

incorporating PEDOT:PSS in the OPV device architecture is its hygroscopic nature and 

high acidity, which causes etching of ITO and degradation of the device.
67-70

 In addition, 

non-uniform electrical conductivity arises from phase segregation of the PEDOT from 

the PSS, leading to the formation of spatially inhomogeneous conductive (PEDOT-rich) 

and insulating (PSS-rich) regions at the organic/TCO interface, which results in 

inhomogeneous current density and reduced device efficiency.
71-74

 

Alternative interfacial buffer layers include PEDOT-based and poly(alkylthiophene)-

based conducting polymers that can be grown on ITO through surface-initiated 

polymerization or electropolymerization.
43, 75-81

 The film thickness of the conducting 

polymer layers on ITO can be controlled by varying the monomer solution concentration 

for surface-initiated polymerization,
79

 and by changing the number of applied potential 

cycles and/or varying the time of applied potential steps for electrochemical 

polymerization.
75-78

 The effective work function of the polymer-modified ITO is  
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Figure 1.6  AFM images of (a) bare ITO and (b) ITO with a thin PEDOT:PSS layer. 

Reprinted with permission from ref.
57

 Copyright 2005 Royal Society of Chemistry.     
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dependent on the degree of doping of the polymer and the distribution of the electrolyte 

counterions within the polymer layer, which can be tuned via electrochemical oxidative 

doping.
75, 78, 79

 Yang et al.
81

 reported using poly(3-methylthiophene) (P3MT), instead of 

PEDOT:PSS, that is covalently bound to the ITO via a phosphonic acid initiator and 

showed enhanced OPV device stability. The P3MT layer also shows high optical 

transparency in the long-wavelength range (over 650 nm). OPV devices fabricated with 

doped P3MT interfacial layers exhibit improved device parameters, including JSC and VOC, 

that are close to those built on PEDOT:PSS-coated ITO.
81

 Levon and co-workers 

reported a 30% improvement in FF for OPV devices with an electrodeposited PEDOT 

layer on ITO compared to devices fabricated on a spin-coated PEDOT:PSS layer. This 

improvement is attributed to higher hole mobility and better electrical conductivity of 

pure PEDOT.
76

 

    

1.2.4 Chemical modifications with self-assembled monolayers (SAMs) 

Self-assembled monolayers (SAMs), which form highly ordered layers, are used to 

modify metal oxide surfaces due to their versatility and processability. They can 

chemically stabilize the ITO surface against hydrolysis, improve ITO wettability towards 

organic layers, tune the effective work function by introducing surface dipolar layers, and 

enhance interfacial electron transfer rates.
11, 23, 82, 83

 Modifications of ITO can be achieved 

via chemical functionalization with organosilane, phosphonic acid, and carboxylic acid 

SAMs. 
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Silanes form SAMs that are covalently bound to the ITO surface via proton transfer 

from surface hydroxyl sites. SAMs of silanes with different terminal groups on ITO have 

been reported, which show changes in surface free energy and affect the morphology of 

organic active layers relative to unmodified ITO.
84-86

 The charge injection barrier and 

effective work function can also be controlled through silanes with different terminal 

groups.
87-90

 Kim et al.
89

 reported a comparison of OPV devices fabricated on ITO 

modified with silane SAMs with CH3 (N-propyltriethoxysilane), CF3 (3,3,3-

trifluoropropylsilane), and NH2 (aminopropyl triethoxysilane) terminal groups. The 

electron-withdrawing nature of CF3 group causes a +0.5 eV shift in work function of the 

modified ITO relative to bare ITO, whereas the CH3- and NH2-terminated SAMs shift the 

work functions to lower values. The morphology and crystalline structure of the active 

layer blend of poly(3-hexylthiophene) and phenyl-C61-butyric acid methyl ester 

(P3HT:PCBM) on hydrophilic untreated ITO and NH2-terminated silane modified ITO 

show extreme phase separation after thermal annealing (Figure 1.7a-b), which results in 

lower power conversion efficiency of the corresponding OPV devices. The hydrophobic 

CH3- and CF3-terminated silane modified ITOs show little phase separation after thermal 

annealing (Figure 1.7c-d). The OPV devices fabricated on CF3-terminated silane 

modified ITO shows the highest power conversion efficiency due to the increased work 

function and more uniform active layer morphology.
89

 

Carboxylic acids adsorb to metal oxide surfaces by coordinating to the metal ion 

defect sites to form covalent bonds or through weak electrostatic interactions and 

hydrogen bonding.
23

 Armstrong and co-workers reported enhancements in the  
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Figure 1.7  Optical microscopy images of P3HT:PCBM (1:1) blends on (a) untreated 

ITO, and ITO treated with (b) NH2-terminated, (c) CH3-terminated, and (d) CF3-

terminated silane SAMs after annealing at 150 °C for 20 min. The thickness of the blend 

film is about 120 nm. Reprinted with permission from ref.
89

 Copyright 2007 American 

Institute of Physics. 
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voltammetric behavior of ITO electrodes modified with redox active carboxylate SAMs. 

The chemisorbed redox active molecules serve as mediators for outer-sphere electron 

transfer to the solution probe redox molecules, leading to enhanced surface coverage of 

electroactive sites on partially blocked ITO electrodes and higher heterogeneous electron 

transfer rate constants.
43, 83, 91

 Improvement in OPV and OLED device performances with 

modified ITOs is attributed to a better contact between the organic layer and ITO by 

lowering the surface free energy and an increase in electrochemically active sites for 

electron transfer.
83, 91

 

Phosphonic acids (PAs) chemisorb to metal oxide surfaces and form more robust 

SAMs with greater surface loading and hydrolytic stability than silanes and carboxylic 

acids.
27, 92-96

 PAs can bind to metal oxide surfaces covalently in either monodentate, 

bidentate, or tridentate modes and interact with the surface or adjacent PAs via hydrogen 

bonding (Figure 1.8a).
97-100

 For Lewis acidic metal oxides (Figure 1.8b), PAs bind to the 

surface by coordination of the phosphoryl oxygen to a Lewis acidic site on the surface, 

followed by heterocondensation with a surface hydroxyl group to form a bidentate bond. 

Tridentate binding may be achieved with an additional heterocondensation with another 

surface hydroxyl group. For metal oxides with low Lewis acidity (Figure 1.8c), whose 

surface is fully hydroxylated, PAs bind to the surface directly through heterocondensation 

with a surface hydroxyl group to form a monodentate bond. Depending on the surface 

hydroxyl content, the complex can undergo a second heterocondensation to form a 

bidentate bond or hydrogen bonding of the unbound oxygen species with surface 

hydroxyl groups.
98, 99

 Paniagua et al.
101

 reported studies on binding modes of PA on ITO  
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Figure 1.8  (a) Possible binding modes of phosphonic acids to a metal oxide surface, 

where M = metal. Mechanism of phosphonic acid attachment to (b) Lewis acidic metal 

oxides and (c) surfaces with low Lewis acidity. Reprinted with permission from ref.
98

 

Copyright 2012 American Chemical Society.  
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using surface vibrational spectroscopies. Polarization modulation infrared reflection 

adsorption spectroscopy (PM-IRRAS) spectra of octadecylphosphonic acid on ITO 

shows a large peak from the νP=O vibration, small signals from free P-O-H stretching, 

asymmetric νaPO2
-
 and symmetric νsPO2

-
 stretching, and very small features from 

asymmetric νaPO3
2-

 and symmetric νsPO3
2-

 stretching, suggesting the majority of PAs 

bind to ITO mainly in the bidentate mode with free P=O moieties unattached, while small 

fractions of PAs bind through monodentate, tridentate, and/or bidentate with free P-O-H 

groups unattached.
101

  

Modifications of ITO with alkyl and aryl PAs decrease surface free energy and 

enhance surface wetting of subsequently deposited nonpolar organic layers. The effective 

work function of ITO can be tuned by introducing a molecular surface dipole using a 

series of fluorinated benzyl PA modifiers. The work function of the modified ITO is 

affected by the degree and position of fluorination on the modifiers, which determines the 

overall dipole moment of the modifier layer.
101, 102

 Enhancements in OPV and OLED 

device performance and lifetime were observed and attributed to increases in effective 

work function and the improved surface wetting property of the PA modified ITO.
103-107

      

 

1.3 Structure-charge transfer relationship at organic/TCO interface 

The efficiency of charge collection at the organic/TCO interface is one of the major 

factors that affect overall OPV device performance. As mentioned earlier in this chapter, 

modification of this interface with a redox-active organic surface modifier may reduce 

the charge injection barrier by lowering the surface free energy of the TCO, improving 
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compatibility between organic layers and the hydrophilic TCO, tuning the effective work 

function, and enhancing rates of electron transfer across the interface. The efficiency of 

charge transfer across the organic/TCO interface depends on structural parameters of the 

interfacial molecular layers, including anchoring groups, molecular orientation and 

packing, and spacer length and conjugation. It is essential to optimize the structure of the 

monolayers on TCO surface in order to enhance charge transfer efficiency across 

organic/TCO interface, ultimately leading to improvements in OPV efficiency. 

 

1.3.1 Anchoring groups 

The influence of anchoring groups on the electron transfer process across the 

organic/metal oxide interface has been extensively studied experimentally and 

theoretically with sensitizer molecules adsorbed on TiO2 surfaces in dye-sensitized solar 

cell (DSSC) systems.
108-122

 Sensitizers adsorbed onto the TiO2 surface through carboxylic 

acid groups generally show faster electron injection into the TiO2 conduction band due to 

stronger donor-acceptor electronic coupling mediated by the carboxylic acid group 

compared to other anchoring groups, such as phosphonic acid or catechol groups.
110-114

 

Watson and co-workers showed ca. 2-fold increase in quantum yields of electron 

injection from a xanthylium dye into TiO2 with carboxylic acid groups compared to that 

with phosphonic acid groups.
112

 Ernstorfer et al.
110

 also reported time constants for 

electron transfer of 13 and 28 fs from perylene to TiO2 with carboxylic acid and 

phosphonic acid anchoring groups, respectively, measured by transient absorption 

spectroscopy.   
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Although carboxylic acids provide a stronger electronic coupling between the 

adsorbed dye and TiO2 relative to other anchoring groups, they can undergo dissociation 

from the surface in aqueous media and cause degradation of DSSC devices.
118

 Therefore, 

research on anchoring groups that can achieve robust binding between sensitizers and 

metal oxide surfaces, as well as maintain efficient electron transfer, is still attracting 

much attention. Phosphonic acid anchoring groups are generally less efficient at 

facilitating interfacial electron transfer, yet they have a higher binding affinity for TiO2 

relative to carboxylic acid groups and can enhance the stability of DSSC devices.
123

 

Gratzel and co-workers compared the performance of DSSC devices sensitized with dyes 

bearing carboxylic acid and phosphonic acid groups. They found that with carboxylic 

acid functionalized sensitizers, the devices showed higher power conversion efficiency 

initially. However, these devices rapidly degraded due to desorption of dye molecules. 

After 1000 hours of illumination, the efficiency of devices dropped to only 18% of their 

initial value. With phosphonic acid groups, the devices showed improved durability, 

including better photochemical and thermal stability. After 1000 hours of illumination, 

the devices with phosphonic acid functionalized sensitizers showed 75% retention of 

their initial efficiency.
93

 

Berlinguette and co-workers demonstrated stabilization of sensitizer adsorption to 

TiO2 surfaces and enhancement of DSSC power conversion efficiency with ruthenium 

dyes carrying both phosphonic acid and carboxylic acid anchoring groups. Ruthenium 

dyes with both anchoring groups exhibited 2-fold or greater surface loading relative to 

the dyes bearing either carboxylic acid or phosphonic acid anchoring groups. Ruthenium 
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dyes with only carboxylic acid anchors on TiO2 showed ca. 55 – 80% desorption in water 

within 2 hours, whereas the surface loading of the dye complex with cooperative 

anchoring groups remained constant over 20 days under the same conditions. DSSC 

devices sensitized by ruthenium complexes with cooperative anchoring groups exhibited 

greater power conversion efficiency (0.2%) compared to those with the carboxylic acid 

(0.07%) and phosphonic acid (0.007%) analogs.
109

 

Crabtree and co-workers reported improved photoconversion efficiency in DSSCs 

with hydroxamic acid anchored ruthenium-polypyridal dyes on TiO2 relative to 

carboxylic acid and phosphonic acid anchored dyes. The enhanced DSSC performance 

was attributed to superior photoinjection characteristics and suppressed electron transfer 

from TiO2 to the electrolyte facilitated by hydroxamate anchors.
122, 124

 It was also shown 

that hydroxamic acids bind more strongly to TiO2 due to their dianionic character after 

double deprotonation, which can chelate to the metal centers and form stable 5-

membered chelate rings, and they are more stable in aqueous media over a broad pH 

range relative to the carboxylic acid analog.
122, 124-127

           

An electrochemical study on ITO and indium zinc oxide (IZO) electrodes modified 

with a series of ferrocene molecules with different anchoring groups, including acetic 

acid, boronic acid, carboxylic acid, hydroxamic acid, phosphonic acid, and sulfonic acid, 

showed faster electron transfer rates for a ferrocene solution probe with modified ITOs 

and IZOs than that with unmodified electrodes.
94

 Electron transfer of the ferrocene 

solution probe was mediated by the surface modifiers due to their electroactivation and 

electrocatalytic effects, suggesting modification of TCO with ferrocene molecules with 
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acidic anchoring groups may improve charge collection in OPVs. However, the 

relationship between anchoring groups and interfacial electron transfer was not 

established in this study.
94

 

Jen and co-workers reported the effect of anchoring groups of C60-based SAMs on the 

performance of inverted heterojunction OPVs.
128

 C60-based SAMs with carboxylic acid, 

phosphonic acid, and catechol groups were formed on a thin layer of ZnO nanoparticles 

(ZnO-NPs), which was utilized as the electron selective layer in OPVs. Compared to the 

device with unmodified ZnO-NPs, the devices with C60-based SAMs carrying carboxylic 

acid, catechol, and phosphonic acid at the interface between the ZnO-NPs and the P3HT 

active layer showed 2-fold, 75%, and 30% improvements in power conversion efficiency, 

respectively. The variation in device efficiencies was attributed to the strength of the 

surface dipole introduced by different anchoring groups at the interface, which dictates 

the VOC (difference between the HOMO of P3HT and the conduction band of ZnO) of the 

device.
128

  

 

1.3.2 Molecular orientation and packing 

Charge injection barriers in organic electronic devices, including OPVs, are dictated 

by the energy difference between the work function of the electrode and the ionization 

energy of the organic layer, which is affected by the direction of surface dipoles 

introduced by the molecular layers.
129-135

 Chen et al.
129

 demonstrated the effect of 

molecular orientation on ionization energies of organic thin films with planar copper 

phthalocyanine (CuPc) and fully fluorinated copper hexadecafluorophthalocyanine 
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(F16CuPc) on graphite and C8-SAMs on Au(111) (SAM/Au). On the graphite surface, 

both molecules exhibit a flat orientation due to stabilization by the interfacial dispersion 

force, whereas on the SAM/Au surface, the molecules have a standing-up configuration. 

Because of the difference in bond polarities of C-H and C-F bonds, molecular layers of 

CuPc and F16CuPc exhibit reverse orientation dependence of ionization energies. The flat 

CuPc film on the graphite surface has a higher ionization energy (5.15 eV) than that of 

the standing-up film on SAM/Au surface (4.75 eV), whereas the flat F16CuPc film shows 

lower ionization energy (5.65 eV) than that of the standing-up film (6.50 eV).
129

    

Molecular orientation and packing of thin organic films affect the efficiencies of 

charge transport, injection and extraction of charge carriers in organic electronic devices, 

and can be controlled by varying the number and the position of the anchoring groups.
120, 

136-142
 Galoppini and co-workers reported adsorption of Zn tetra(carboxyphenyl)porphyrin 

(ZnTCPP) molecules with carboxylic acid groups at para- (p-ZnTCPP) and meta- (m-

ZnTCPP) positions of the meso-phenyl groups on the porphyrin macrocycles on TiO2 and 

ZnO surfaces in different molecular orientations on the surfaces.
140, 141

 p-ZnTCPP 

molecules bind to TiO2 and ZnO surfaces in a vertical geometry through only one or two 

carboxylic acid anchoring groups due to a linear configuration of the carboxyphenyl 

group on the porphyrin macrocycle. The vertically oriented molecules interact with each 

other on the surface and form cofacial H-aggregates. A carboxylic acid at the meta-

position of the meso-phenyl leads to a bent arrangement (120°) of the anchoring groups 

relative to the plane of the porphyrin macrocycle. If m-ZnTCPP molecules bind to TiO2 

and ZnO surfaces via all four carboxylic acid anchoring groups, a flat geometry with 
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porphyrin molecules in-plane with the surfaces is produced. DSSC devices with TiO2 

nanoparticles sensitized with m-ZnTCPP showed a much greater incident photon-to-

current conversion efficiency (IPCE) over the full spectrum compared to those sensitized 

with p-ZnTCPP. The lower efficiency with p-ZnTCPP was attributed to a higher average 

tunneling distance between the porphyrin and the underlying metal oxide surface and an 

extra pathway for exciton deexcitation that competes with direct electron injection into 

TiO2 through intermolecular dipole-dipole interactions of aggregated molecules.
140, 141

       

Watson and co-workers also reported control of aggregation and orientation of 

selenoxanthylium dyes on TiO2 surfaces by varying the position of the anchoring group 

relative to the xanthylium core.
112, 113, 138, 139

 The carboxylic acid anchoring group of the 

xanthylium molecule with a 9-(2-thienyl-5-carboxy) substituent is coplanar with the 

xanthylium core, which leads to formation of H-aggregates when adsorbed to the surface.  

The xanthylium molecule with a 9-(3-thienyl-2-carboxy) substituent shows no 

aggregation, because the anchoring group is orthogonal to the xanthylium core and 

cofacial interaction between individual molecules is sterically hindered. However, their 

results on electron injection and light harvesting efficiencies with differently oriented and 

aggregated molecules on TiO2 are contradictory to those reported by Galoppini and co-

workers.
140, 141

 Higher electron injection and light harvesting efficiencies were observed 

for the H-aggregated xanthylium sensitizer, which were attributed to more efficient 

migration of excited electrons through the extended π-system of the aggregated 

monolayer, leading to an increased probability for excited electrons to reach “hot spots” 

on the surface for more favorable electron injection into TiO2.
112, 113, 138, 139
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1.3.3 Spacer length and conjugation 

Electron transfer theory predicts an exponential dependence of heterogeneous 

electron transfer rate on distance between the donor and acceptor involved in the electron 

transfer process:
143

 

)exp(app dk          (1.9) 

where kapp is the apparent electron transfer rate constant, β is the decay constant for 

tunneling, and d is the distance between the donor and acceptor states. To investigate the 

effect of distance on interfacial electron transfer processes and efficiency of solar cells, 

studies on a variety of dyes with rigid spacers between the sensitizers and their anchoring 

groups to control the distance between the chromophore and the metal oxide surface have 

been reported.
141, 144-157

 Myahkostupov et al.
155

 measured rates of photoinduced electron 

transfer from ruthenium bipyridine (Ru-bpy) sensitizers into TiO2 with spacer lengths 

ranging from 9.6 to 23.3 Å by femtosecond laser spectroscopy. Ru-bpy dyes with rigid 

oligo(phenyleneethynylene) spacers of different lengths and an isophthalic acid 

anchoring group were tethered to TiO2 nanoparticle surfaces with fixed distances 

between the sensitizer and the surface. The isophthalic acid anchoring group consists of 

two carboxylic acids, which allows more confined binding of the sensitizers to the 

surface with fewer degrees of freedom and better control of the distance between the dye 

and the surface relative to a single carboxylic acid anchoring group. Increasing electron 

transfer time constants (i.e. slower electron transfer rates) were measured with increasing 

spacer lengths for the Ru-bpy complexes.
155

 Rochford et al.
141

 also reported 

photoelectrochemical measurements of DSSCs sensitized with ZnTCPP dyes with phenyl 
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(3.6 Å), biphenyl (7.1 Å), and diphenylethynyl (9.1 Å) spacers. They showed IPCEs at 

the Soret band of the porphyrin (430 nm) of 59%, 57%, and 25%, respectively, which is 

attributed to increasing quantum yield of charge injection with decreasing distance 

between the sensitizer and the TiO2 surface.
141

   

Besides spacer length, π-conjugation of the spacer also has a significant impact on the 

charge injection rate. Unsaturated spacer groups can mediate electron transfer more 

efficiently than saturated spacer groups through delocalization of electron density of the 

excited dye onto the extended π-conjugation system, resulting in an enhanced electronic 

coupling between the dye and the semiconductor substrate. 
111, 114, 115, 142, 158-160

 Persson 

and co-workers reported studies of the effects of the anchoring and spacer groups of 

perylene dyes tethered to TiO2 surfaces on the adsorption geometry, adsorption energy, 

electronic structure of the interface, and rate of electron injection from the dye to TiO2 by 

quantum-chemical periodic calculations. The calculated electron injection time constants 

(τinj) for carboxylic acid anchored perylene dyes on TiO2 were determined to be 6 fs and 

132 fs for perylenes with an unsaturated –CH=CH– and a saturated –CH2–CH2– spacer, 

respectively.
114

 Willing and co-workers also reported experimental studies on electron 

injection rates of perylene dyes on TiO2 by transient absorption spectroscopy. The 

experimental results showed τinj of 10 fs and 57 fs for perylenes with unsaturated             

–CH=CH– and saturated –CH2–CH2– spacers, respectively.
160, 161

 Although there is a 

discrepancy in the τinj values obtained theoretically and experimentally, both results 

showed greatly enhanced electron injection rates for the dye with an unsaturated spacer 
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group, which is attributed to more efficient electron transfer mediated by the conjugated 

spacer. 

 

1.4 Phthalocyanines 

The research described in this dissertation involves investigation of the structure-

charge transfer relationship across the organic/TCO interface using a monolayer of 

phthalocyanine (Pc) tethered to ITO as the model system. This section gives an 

introduction of basic properties of Pcs. Pcs are synthetic conjugated tetrapyrrolic 

macrocycles composed of four isoindole units fused by aza nitrogen atoms (Figure 1.9). 

They possess 18 π-electrons delocalized over the macrocycle of alternating carbon and 

nitrogen atoms.
162, 163

 Because the electronic and optical properties of Pcs can be tuned by 

structure modification, and they exhibit great chemical and thermal stability, Pcs are 

attractive materials for many applications, including solar cells,
164, 165

 electrochromic 

devices,
166, 167

 sensors,
166, 167

 nonlinear optics,
168, 169

 and photodynamic therapy.
170, 171

 In 

OPVs, Pcs are commonly utilized as donor materials.
15, 172, 173

 They have intense 

absorption in the visible and near-IR region, which overlaps with the solar spectrum.
15

 

Their electronic and optical properties can be tuned by varying their structures 

synthetically. The approaches to vary Pc structures include coordination with metals 

through the central nitrogen atoms, substitution at the non-peripheral (α-) or peripheral 

(β-) positions of the Pc macrocycle (Figure 1.9), and annulation of benzene rings to the 

Pc macrocycle. 
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Figure 1.9  Structrure of phthalocyanine (Pc). α and β are non-peripheral and peripheral 

positions, respectively. 
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1.4.1 Spectroscopic properties of Pcs 

 Spectral features of Pcs are dependent on metal coordination, substituents, and their 

aggregation behavior. Typical UV-Vis spectra of Pcs show an intense Q band in the 

visible region between 650 and 750 nm, assigned to the π → π* transition from the 

HOMO to the LUMO of the Pc macrocycle, and a B band in the UV region between 300 

and 400 nm. Figure 1.10 shows the typical UV-Vis absorption spectra of metal-free Pc 

and metalated Pc.
174

 The spectrum for a metalated Pc (Figure 1.10b) shows a single, 

unsplit Q band due to higher symmetry (D4h) of the macrocycle. The spectrum of a metal-

free Pc (Figure 1.10a) shows a split Q band due to splitting of the molecular orbital as a 

result of its reduced symmetry (D2h).  

Introduction of substituents to Pc macrocycles can increase the solubility of Pcs in 

various solvents and also results in different spectroscopic properties depending on the 

nature and position of the substituents. Substitution can also modify the symmetry of Pcs 

and causes splitting and shifts of absorption bands. Ellis and co-workers performed 

electronic structure calculations on substituted Ni-centered Pcs based on first principles 

density functional theory and reported changes in HOMO and LUMO energies as a result 

of ring symmetry modification.
175

  

Electron-donating substituents, such as alkyl, alkoxy, and thioalkyl groups generally 

stabilize the LUMO and shift the Q band to longer wavelengths.
174, 176, 177

 Substitution at 

the non-peripheral positions causes larger effects in electronic properties than that at the 

peripheral positions. Zhang et al.
178

 reported the spectral behaviors of unsubstituted and 

tetra-phenoxy substituted titanyl Pcs (TiOPcs) in DMSO (Figure 1.11). Compared to  
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Figure 1.10  Typical UV–Vis spectra for (a) metal-free and (b) metalated 

phthalocyanines. Reprinted with permission from ref.
174

 Copyright 2008 Royal Society of 

Chemistry. 
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Figure 1.11  Normalized UV–Vis absorption spectra of unsubstituted and tetra-phenoxy 

substituted TiOPcs in DMSO. Reprinted with permission from ref.
178

 Copyright 2010 

Elsevier. 
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unsubstituted TiOPc, α- (TiOPc(α-OPh)4) and β-substituted (TiOPc(β-OPh)4) TiOPcs 

show 28 nm and 8 nm red shifts of Q band, respectively. The larger bathochromic shift 

caused by substitution at the α-positions is attributed to the larger linear combination of 

atomic orbitals (LCAO) coefficients, derived from the molecular orbital calculations, of 

the carbon atoms at the α-positions than those at the β-positions in the HOMO.
174, 176, 179

 

Therefore, a greater destabilization of the HOMO at the α-positions than at the β-

positions results in a reduced energy gap between the HOMO and LUMO and shifts the 

Q band to a longer wavelength. Electron-withdrawing substituents, such as carboxy, 

sulfonyl, and cyano groups, generally show opposite behaviors compared to electron-

donating substituents. They stabilize the HOMO upon peripheral substitution and shift 

the Q band to a shorter wavelength.
174, 177

  

Annulation of benzene rings to the Pc macrocycle leads to an extension of the π-

system and a red shift of the Q band.
180-182

 Figure 1.12 shows a range of Pc derivatives 

with additional benzene rings and their Q band wavelengths.
174

 With addition of benzene 

rings, Q bands show ca. 20 - 30 nm shift to the longer wavelengths per benzene ring. 

Kobayashi and co-workers reported a quantitative study on the effect of benzene 

annulation with a series of molecules, including tetraazaporphyrins (TAPs), Pcs, 

naphthalocyanines (Ncs), and anthracocyanines (Acs) (Figure 1.13a).
182

 Figure 1.13b 

shows the absorption spectra of metal-free molecules in pyridine. The Q band shifts to 

longer wavelength as the size of the ring system increases. The spectra of H2TAP and 

H2Pc show splitting of the Q bands, as observed in a typical metal-free Pc spectrum, 

whereas H2Nc and H2Ac show no splitting of the Q bands, which is attributed to a   
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Figure 1.12  Electronic absorptions found for the Q-bands of phthalocyanines upon the 

sequential addition of benzene rings. Reprinted with permission from ref.
174

 Copyright 

2008 Royal Society of Chemistry. 
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Figure 1.13  (a) Structures of tetraazaporphyrins (TAPs), Pcs, naphthalocyanines (Ncs), 

and anthracocyanines (Acs), each with four tert-butyl groups at similar positions, and (b) 

electronic absorption spectra of metal-free derivatives in pyridine. Reprinted with 

permission from ref.
182

 Copyright 2004 Wiley-VCH. 
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smaller splitting of the LUMO energies with increasing molecular size.
176, 182

  

 

1.4.2 Electrochemical properties of Pcs 

The redox chemistry of Pcs depends on the type of central metal and the nature of the 

substituents. In its common oxidation state, a Pc macrocycle carries two negative charges 

(Pc
-2

). They can undergo two ring-based oxidation and four ring-based reduction 

processes. Central metals, such as Zn and Cu, are redox inactive and are not involved in 

the redox processes of metalated Pcs, whereas metalated Pcs with redox active metals, 

such as CoPc and FePc, can undergo redox processes of metal ions in addition to the Pc 

rings. The redox potentials of metalated Pcs are dependent on the polarizing power of the 

central metal ions. Lever and Minor reported a systematic study on redox potentials of a 

range of metalated Pcs and found that the redox potentials of the first ring reduction and 

the first ring oxidation are related to the size and charge of the central metal ion.
183

 

Polarizing power is defined as charge/radius (ze/r). With increasing polarizing power of 

the central metal ion, it is easier to reduce and more difficult to oxidize the Pc ring 

(positive shifts in redox potentials).
183

 

Electron-withdrawing substituents stabilize the anion radicals and lower the HOMO 

and LUMO energies of Pc macrocycles. Therefore, the presence of electron-withdrawing 

groups makes it more difficult to oxidize and easier to reduce the Pc ring, and vice versa 

for electron-donating substituents. The shifts in redox potentials become larger as the 

number of substituents increases.
184-191

 Solvents have little effect on the redox chemistry 

of the Pc macrocycles, but they have large effects on the redox potential of the metal ions 
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of metalated Pcs. Donor solvents, such as pyridine, dimethylformamide (DMF), dimethyl 

sulfoxide (DMSO), dimethylamine (DMA), and benzonitrile, can potentially coordinate 

axially to the central metal and change the electronic configurations of the complexes. In 

general, the redox potentials of central metal ions shift negatively with increasing donor 

strength of the solvent.
192-194

 

 

1.4.3 Pc aggregation 

Pcs have a tendency to aggregate in both solution and the solid state due to their π-π 

stacking abilities. Aggregation of Pcs is generally evidenced by a lowering of the 

extinction coefficients, broadening and shifting of the spectral features,
195-200

 and 

broadening or splitting of the redox responses.
188, 190, 201

 Inhibition of Pc aggregation can 

be achieved by adding bulky substituents, such as phenoxy groups, to the Pc 

macrocycles
202, 203

 and by using a coordinating solvent, such as pyridine, for metalated 

Pcs.
204-206

 Figure 1.14 shows the UV-Vis spectra of a ZnPc molecule dissolved in 

chloroform and with addition of 1 vol % of pyridine in chloroform. With the addition of 

pyridine in the solvent, the Q band of ZnPc sharpens and its molar absorptivity greatly 

increases, indicating the breaking of aggregation due to coordination of pyridine to the 

central Zn atom.
204

  

Concentration also shows effects on the aggregation behavior of Pcs in solution. 

Figure 1.15 shows cyclic voltammgrams of a substituted ZnPc dissolved in 

dichloromethane with different concentrations. At higher concentration (500 µM, green 

curve in Figure 1.15), the first oxidation and first reduction redox waves are split into two 
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Figure 1.14  UV-Vis spectra of a ZnPc molecule in chloroform (solid lines) and in 

chloroform with 1 vol % of pyridine (dashed line). Reprinted with permission from ref.
204

 

Copyright 2008 Royal Society of Chemistry. 
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Figure 1.15  Cyclic voltammgrams of a substituted ZnPc molecule at concentration of 

500 µM (green), 250 µM (red), and 10 µM (black) at 100 mV·s
-1

 scan rate with Pt 

working electrode in tetrabutylammonium perchlorate (TBAP)/dichloromethane 

electrolyte. Reprinted with permission from ref.
207

 Copyright 2009 Elsevier. 

 

  



63 

 

peaks due to aggregation of the molecules. When the concentration is reduced to 10 µM 

(black curve in Figure 1.15), the redox response appears as a single peak, suggesting a 

concentration-dependent aggregation behavior.
207

 Figure 1.16 shows concentration-

dependent absorption spectra of a tyrosine substituted ZnPc in ethanol. In dilute solution 

(1 µM, curve 1 in Figure 1.16), the spectrum shows a sharp Q band. As the concentration 

increases to 10 µM, a new band at a lower wavelength appears and becomes more 

prominent with a further increase in concentration to 20 µM, indicative of aggregate 

formation in solution.
208

  

The aggregation behavior of Pcs can be described by the molecular exciton model 

developed by Kasha, which defines the excited state resonance interaction between 

aggregated molecules.
209

 The aggregated species exhibits changes in spectral properties 

compared to its monomeric unit according to their molecular arrangements. Four general 

types of Pc molecular arrangements are (a) cofacial, (b) head-to-tail (edge-to-edge), (c) 

herringbone, and (d) slipped stacking (Figure 1.17).
210

 Figure 1.18 shows the exciton 

band energy diagrams for molecular dimers with different transition dipole arrangements. 

The molecule is considered as a point dipole and the excited state of the dimer splits into 

two energy levels due to the electrostatic interaction between the transition dipoles.
209, 211, 

212
 

When Pcs aggregate cofacially (H-aggregates; Figure 1.17a), their transition dipoles 

line up in parallel with an in-phase dipole arrangement and an out-of phase dipole 

arrangement (Figure 1.18a). The in-phase dipole arrangement leads to electrostatic 

repulsion, producing an excited state E” with higher energy, while the out-of-phase 
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Figure 1.16  Absorption spectra of a tyrosine substituted ZnPc in ethanol at different 

concentrations: (1) 1 µM, (2) 10 µM, and (3) 20 µM. Reprinted with permission from 

ref.
208

 Copyright 2002 American Chemical Society. 
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Figure 1.17  Four general types of molecular arrangement of Pc aggregates: (a) cofacial, 

(b) head-to-tail (edge-to-edge), (c) herringbone, and (d) slipped stacking.  
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Figure 1.18  Exciton band energy diagrams for molecular dimers with (a) parallel, (b) in-

line, (c) oblique, and (d) co-planar transition dipoles. Reprinted with permission from 

ref.
209

 Copyright 1965 IUPAC. 
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dipole arrangement results in an electrostatic attraction and a lower energy excited state 

E’. The transition moment of the aggregate is given by the sum of the transition dipole 

moments of the monomers. Thus, transitions from ground state to excited state E’ are 

forbidden and transitions from the ground state to excited state E” are allowed, resulting 

in a blue-shifted band for the aggregate relative to the monomer.
209-213

  

The head-to-tail arrangement (Figure 1.17b) of Pc aggregates (J-aggregates) leads to 

an in-line arrangement of transition dipoles (Figure 1.18b). The in-phase dipole 

arrangement results in a lower energy excited state E’ while the out-of-phase dipole 

arrangement leads to a higher energy excited state E”. Transitions from ground state to E’ 

are allowed, resulting in a red-shifted absorption band. Pc aggregates in a tilted columnar 

arrangement (herringbone, Figure 1.17c) lead to oblique transition dipole arrangements 

(Figure 1.18c), which result in both blue and red shifts of absorption bands with respect 

to that of the monomer. The slipped stacking arrangement (Figure 1.17d) of Pc 

aggregates leads to co-planar arrangements of transition dipoles (Figure 1.18d), which 

results in an angle-dependent band shift. This causes a blue-shifted absorption band when 

the angle between the polarization axes and the line connecting the molecular centers (θ) 

is between 54.7 – 90° and a red-shifted band when θ is between 0 – 54.7°.
209-213

 

 

1.5 Overview of experiments 

The research described in this dissertation focuses on the investigation of the effect of 

molecular structure on interfacial charge transfer processes across the organic/TCO 

interface. Although the influence of different aspects of molecular structure on charge 
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transfer has been examined by many groups, measurements of electron transfer rate 

constants for surface-adsorbed chromophores on TCO surfaces as a function of molecular 

orientation and aggregation have not been reported. In this dissertation, these structure-

function relationships are explored using monolayers of PA functionalized Pc molecules 

tethered to ITO, which serve as a model for the donor/TCO interface in OPVs. 

Chapter 2 provides characterizations of metalated and free-base A3B-type asymmetric 

Pc derivatives with aryloxy and arylthio substituents bearing, in the asymmetric quadrant, 

a flexible alkyl linker of varying chain lengths terminating in a phosphonic acid (PA) 

group. The PA functionalized asymmetric Pcs are anchored on ITO surfaces via 

chemisorption, and their electrochemical properties are characterized using cyclic 

voltammetry to investigate the effects of Pc structure, including tether length, peripheral 

atom substitution, and metal coordination, on the thermodynamics and kinetics of charge 

transfer. Ionization energies of the modified ITO surfaces are measured using ultraviolet 

photoemission spectroscopy.  

Chapter 3 describes the project which demonstrates the relationship between 

molecular orientation and charge transfer rates using monolayers of ZnPc tethered to ITO 

surfaces as models for the donor/TCO interface in OPVs. Monolayers composed of two 

different PA functionalized Pc molecules, one with four PAs attached peripherally 

(ZnPcPA4), one at each quadrant, and another that is functionalized with one PA 

(ZnPcPA), are tethered to ITO surfaces. The different orientations in these films are used 

to address the relationship between molecular orientation and electron transfer kinetics 

across the organic/ITO interface. The electron transfer rate constants across the 



69 

 

monolayer/ITO interface are measured using potential modulated attenuated total 

reflectance (PM-ATR) spectroscopy in TE and TM polarizations, which allows rate 

constants to be determined for subpopulations of molecules that are oriented 

predominately in-plane and out-of-plane, respectively. The performance of OPV devices 

fabricated on these two monolayers is compared and correlated to their orientation and 

energy alignments with other layers in the devices. 

Chapter 4 describes the study of the dependence of kinetics of electron transfer on 

overpotential using a monolayer-tethered ZnPcPA on ITO. Measurements of apparent 

heterogeneous electron transfer rate constants (kapp) as a function of applied potential 

across the ZnPcPA/ITO interface are acquired using PM-ATR at various dc biases (Edc). 

With varying Edc imposed on the electrode, the fraction of adsorbed molecules in reduced 

or oxidized states is changed, and both the energetics and kinetics of the electrode 

reaction are affected. The results are discussed and compared to theoretical predictions. 

Chapter 5 describes the photoelectrochemical study of a clicked zinc phthalocyanine 

(ZnPc)-perylene diimide (PDI) donor-acceptor assembly tethered to ITO via a 

phosphonic acid anchoring group. This ZnPc-PDI donor-acceptor assembly is used to 

investigate the mechanism of photoinduced charge transfer and hole-capture by ITO in 

the presence of a solution phase redox mediator.  

With the research described in this dissertation, we are able to gain a better 

understanding of the effect of molecular structure on interfacial charge transfer. This 

understanding can contribute to future design of redox-active chromophores for 
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modification of TCO electrodes, which serve as hole- (normal device) or electron-

harvesting (inverted device) contacts in OPVs.      
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2. CHARACTERIZATION OF PHOSPHONIC ACID FUNCTIONALIZED 

ASYMMETRIC PHTHALOCYANINES TETHERED TO ITO 

 

2.1    Introduction 

As discussed in Chapter 1, phthalocyanines (Pcs) are a class of tetrapyrrolic 

macrocycles with an aromatic 18 -electron inner perimeter that possess many 

outstanding physical and chemical properties including semiconductivity, high thermal 

and chemical stability, and high extinction coefficients with intense Q band absorption in 

the visible and near IR regions.
163

  As a result, Pcs are emerging as building blocks for 

opto-electronic technologies including DSSCs and OPVs.
15, 164, 165, 172, 173

 Crucial to the 

performance of OPV devices is the charge-injection barrier between the hole-harvesting 

electrode (e.g. indium tin oxide (ITO)) and the organic semiconductor.
32

 Furthermore, 

high series resistance (RS) arising from the electrical heterogeneity and surface roughness 

of the ITO surface often leads to low hole-harvesting probabilities at the ITO/donor 

interface and poor OPV efficiencies. We envision that the presence of a robust ohmic 

contact at the ITO/donor interface will reduce RS and increase OPV efficiencies.
106, 214, 215

  

Tethering a redox-active Pc monolayer to ITO is one strategy for creating ohmic contacts. 

Phosphonic acid (PA) derivatives are advantageous in that they form a robust monolayer 

on ITO, with high surface loading, good hydrolytic stability, and, in the case of dipolar 

PAs, an ability to alter the effective work function of the oxide surface.
96, 99, 101-103, 105, 216, 

217
 In the present context, the PA tethering group provides for an efficient linkage 

between ITO and Pc, and may ultimately allow for the formation of hole-harvesting 



72 

 

interlayer films that do not require the conducting polymer dispersion poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) as an intermediate layer.
82, 

218, 219
 Fostiropoulos and coworkers showed improvement of surface electronic properties 

of ITO using a monolayer of PA functionalized symmetric ZnPc, which enhances the 

OPV device performance compared to devices built on bare ITO.
219, 220

 

The focus of this chapter is to investigate modifications of ITO surface using the PA 

functionalized asymmetric Pc derivatives synthesized by the McGrath group at the 

University of Arizona. Two parallel series of metalated and free-base A3B asymmetric Pc 

derivatives with aryloxy and arylthio substituents bearing, in the asymmetric quadrant, a 

flexible alkyl linker of varying chain lengths terminating in a PA anchoring group have 

been synthesized.
221

 The PA functionalized asymmetric Pcs are tethered to ITO surface 

through chemisorption and their electrochemical properties are characterized using cyclic 

voltammetry to investigate the effects of Pc structure, including PA tether length, 

peripheral atom substitution, and metal coordination, on the thermodynamics and kinetics 

of charge transfer.  

 

2.2    Experimental 

2.2.1 Substrate preparation 

ITO on glass with a layer thickness of ∼100 nm and a sheet resistance of ∼15 Ω/□ 

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 
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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. Cleaned ITO electrodes were stored in ethanol. The electrode surface was 

then activated in an air plasma cleaner (PDC-3XG, Harrick Scientific) for 15 min at 

medium radio frequency (rf) level (10.5 W) immediately before use. 

 

2.2.2    Adsorption of Pcs on ITO 

The Pcs used in these studies were synthesized by the McGrath group at the 

University of Arizona, and their structures are shown in Figure 2.1. Pcs were deposited 

on ITO by immersing cleaned and surface-activated electrodes at room temperature into a 

1 mM solution in tetrachloroethylene (TCE) for 5 h (1a and 1b), a 100 μM solution in 

CH3CN/pyridine (7:3) (1d) for 3 h, or a 100 μM solution in CH2Cl2 (1e) for 3 h. The 

electrodes were then rinsed with a copious amount of solvent and dried with a stream of 

nitrogen before further characterizations. 

 

2.2.3 UV-Vis spectroscopy 

UV-Vis spectra of dissolved Pcs were acquired using a Shimadzu UV-2401PC 

spectrophotometer. Concentrations of Pc solutions were ~ 10
-6

 M.  
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Figure 2.1  The structures of (A) PA functionalized asymmetric Pcs 1a-e and (B) 

symmetric Pc 2a without PA group synthesized by the McGrath group.  
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2.2.4    Cyclic voltammetry 

Cyclic voltammetry (CV) measurements were performed with a standard three-

electrode configuration (electroactive area = 0.071 cm
2
) using a CH420A potentiostat 

(CH Instruments, Inc.). CV measurements of adsorbed PA functionalized asymmetric Pcs 

were acquired in 0.3 M tetrabutylammonium perchlorate (TBAP) electrolyte solution in 

CH3CN. Diffusion-controlled CV was done immediately after the solution of dissolved 

Pcs (in 0.3 M TBAP in either CH2Cl2 or TCE) was pipetted into the electrochemical cell 

to minimize the contribution of adsorbed Pc molecules to the measured current. 

 

2.2.5    Ultraviolet photoemission spectroscopy 

Ultraviolet photoemission spectroscopy (UPS) studies were performed with a Kratos 

Axis Ultra X-ray photoelectron spectrometer with a He(I) excitation source (21.2 eV). A 

9.00 V bias was applied to the sample to further enhance the collection of lowest kinetic 

energy electrons. The Fermi level reference was established on a freshly evaporated Au 

surface. 

 

2.3    Results and discussion 

2.3.1 UV-Vis absorption spectroscopy of dissolved Pcs 

Figure 2.2 shows the UV-Vis spectra of dissolved PA functionalized Pcs. Spectra for 

PA functionalized unmetalated H2Pcs 1a-c show splitting of Q band (Figure 2.2A) due to 

a lower symmetry (D2h) macrocycle, whereas PA functionalized ZnPcs 1d-e show no Q  
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Figure 2.2  UV-Vis spectra of PA functionalized (A) unmetalated H2Pcs 1a in TCE, 1b 

in CH2Cl2, and 1c in CHCl3 and (B) ZnPcs 1d and 1e in CH2Cl2/pyridine (95:5, v/v). All 

Pc solutions have concentrations of ~ 10
-6

 M and spectra are normalized to the peak at 

340 nm and 360 nm for (A) and (B), respectively. 
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band splitting (Figure 2.2B) due to a higher symmetry (D4h) macrocycle.
196, 222

 The 

solution-phase aggregation state of Pcs 1a-e was assayed by UV-Vis spectroscopy. 

Unmetalated H2Pc 1a displayed significant solution-phase aggregation, as evidenced by 

the hypochromic and hypsochromic shift of the Q band in the spectrum relative to that of 

1b (Figure 2.2A).
196-198

 This solution-phase aggregation could lead to difficulty during 

surface deposition, with aggregates being adsorbed rather than monomeric molecules, 

which could alter the structure of the resulting film. Lengthening the alkyl linker between 

the Pc and the PA to increase steric bulk of the substituents and/or incorporation of Zn(II) 

into the Pc to allow potential coordination of apical ligands may reduce solution-phase 

aggregation.
223, 224

 Unmetalated H2Pcs 1b and 1c exhibited significantly less solution-

phase aggregation than 1a, although some Q band suppression was still detected in the 

UV-Vis spectra (Figure 2.2A), indicative of some residual aggregation. However, ZnPcs 

1d and 1e displayed very sharp and prominent Q bands when 5% pyridine in CH2Cl2 was 

used as the solvent (Figure 2.2B), indicating that dissolved monomers were the 

predominant form. 

Bathochromic shifts were observed in the UV-Vis spectra when comparing the 

aryloxy-substituted Pcs to their arylthio-substituted analogs. Specifically, arylthio-

substituted H2Pc 1c displayed a Q band red-shift of 31 nm (QA) and 17 nm (QB) versus 

aryloxy-substituted H2Pc 1b, while arylthio-substituted ZnPc 1e showed a Q band red 

shift of 33 nm versus aryloxy-substituted ZnPc 1d. The red shift of the Q band is due to 

the presence of sulfur atoms in arylthio-substituents which reflects an increase of the size 
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of the effective π system because of the mixing of the sulfur 3p orbital with π orbitals of 

the Pc macrocycle.
175, 176, 199

  

 

2.3.2    Electrochemical studies of Pcs adsorbed on ITO 

The adsorption of PA functionalized Pcs to ITO via the PA moiety was assessed by 

comparing the behavior of the aryloxy-substituted symmetric ZnPc (2a, Figure 2.1B) and 

the PA functionalized aryloxy-substituted asymmetric ZnPc (1d). These molecules were 

incubated with ITO electrodes at a concentration of 100 µM for 3 hours (in CH2Cl2 for 2a 

or 7:3 (v/v) acetonitrile:pyridine for 1d) followed by rinsing the electrode in the 

respective solvent. Representative CVs, acquired over a potential range in which the first 

oxidation of 1d and 2a occurs, are shown in Figure 2.3. Redox activity was observed for 

1d but not for 2a which shows that rinsing the electrode with solvent was sufficient to 

remove any adsorbed 2a, but not 1d. Since 2a lacks the PA linker that is present on 1d, it 

is concluded that the adsorption of 1d to ITO occurs via the PA linker. 

The electrochemical properties of adsorbed films of ZnPcs and unmetalated H2Pcs 

were compared. Films of ZnPcs (1d and 1e) were adsorbed for 3 hours from 100 μM 

solutions, in which dissolved monomeric species are the predominate form. CVs are 

shown in Figure 2.4A. The pair of distinct peaks in the first oxidation process of both 1d 

and 1e shows that the electrochemically active adsorbed material is composed of two 

distinct subpopulations: one fraction with voltammetric peaks centered around midpoint 

potentials (E
0’

) of 0.30 and 0.34 volts versus Fc/Fc
+
 for 1d and 1e, respectively, and a 

second fraction having voltammetric peaks centered around E
0’

 values of 0.14 and 0.20  
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Figure 2.3  Cyclic voltammograms showing the first oxidation of adsorbed films of 1d 

(solid line) and 2a (dashed line) on ITO in 0.3 M TBAP/CH3CN. The scan rate was 100 

mV·s
-1

. 
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Figure 2.4  Background-subtracted cyclic voltammograms showing the first oxidation of 

thin films of (A) monomeric (2) and aggregated (1) forms of ZnPcs 1d (solid line) and 1e 

(dashed line) and (B) unmetalated H2Pcs 1a (solid line) and 1b (dashed line) on ITO in 

0.3M TBAP/CH3CN. The scan rate was 100 mV·s
-1

.  
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volts versus Fc/Fc
+
 for 1d and 1e, respectively. Splitting of the redox waves of dissolved 

Pcs due to aggregation has been reported in numerous studies.
182, 184, 207, 225-230

 By 

correlating spectral and electrochemical properties, the less positive redox couple has 

been assigned to molecular aggregates of Pcs, whereas the more positive redox couple 

has been assigned to the monomeric Pcs. Thus the redox couples at 0.30 - 0.34 and 0.14 - 

0.20 volts in Figure 2.4A are assigned to monomeric and aggregated species, respectively.  

The assignments of the redox couples for monomeric and aggregated forms of Pcs are 

further supported by the solution electrochemistry of these molecules. Figure 2.5 shows 

the diffusion-controlled CV of the first oxidation for PA functionalized asymmetric Pcs 

in 0.3 M TBAP at 50 mV·s
-1

. The midpoint potentials (E
0’

) are listed in Table 2.1. As 

shown in Figure 2.5A, the redox waves of ZnPcs (1d and 1e) were split into two peaks, 

indicating the presence of both monomeric and aggregated forms in solutions. As the 

concentration of the solution was decreased from 250 µM to 100 µM, the peak at the less 

positive potential decreased to a greater extent than the peak at the more positive 

potential (Figure 2.5B).  This observation is consistent with a concentration-dependent 

distribution of aggregated and monomeric forms of ZnPcs in these solutions, i.e., as the 

concentration decreases, the equilibrium shifts to favor the monomeric form.  In contrast 

to the ZnPcs, the redox couple of the unmetalated H2Pcs (1a and 1b) appeared as a single 

peak (Figure 2.5C), suggesting the solution was composed of predominately one form. 

This form is likely aggregated based on the broadened Q-band in the UV-Vis spectra 

(Figure 2.2A).  In addition, significantly lower peak currents were observed for 

unmetalated H2Pcs relative to those for ZnPcs. This difference may be due to hindered  
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Figure 2.5  Diffusion-controlled cyclic voltammograms showing the first oxidation of (A) 

250 μM 1d (solid line) and 1e (dashed line) in 0.3 M TBAP/CH2Cl2, (B) 250 μM 1e 

(solid line) and 100 μM 1e (dashed line) in 0.3 M TBAP/CH2Cl2, and (C) 250 μM 1a 

(solid line) and 1b (dashed line) in 0.3 M TBAP/TCE. The scan rate was 50 mV·s
-1

. 
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Table 2.1  The midpoint potential (E
0’

ads), apparent electron transfer rate constant (ks,app), 

and electroactive surface coverage (Γ) of PA functionalized Pcs deposited on ITO 

electrodes, and the midpoint potential (E
0’

diss) of dissolved PA functionalized Pcs 

Cmpd X
a

 M
b

 n
c

 
E0’ads

  

(V vs Fc/Fc+) 

k
s,app

  

(s-1) 

Γ × 10-12  

(mol·cm-2)
d

 

E0’diss
  

(V vs Fc/Fc+)/solvent 

1a O H
2
 3 0.56 1.4 6.3 -0.01/TCE 

1b O H
2
 10 0.6 1.3 11 0.03/TCE 

1d O Zn 10 0.30 (0.14)
e

 1.6 (2.4)
e

 200 0.29 (0.17)
e

/CH
2
Cl

2
 

1e S Zn 10 0.34 (0.20)
e

 1.7 (2.4)
e

 190 0.29 (0.18)
e

/CH
2
Cl

2
 

 
a

 Alkoxy or arylthio substituents. 

b

 Metalation.   

c

 Linker length.  

d

 The electroactive surface coverages were calculated from the mean of the integrated 

charge in the anodic and cathodic processes. One-electron oxidation (n = 1) was assumed 

for the anodic and cathodic reactions of both monomeric and aggregated species. 

e

 Values in parentheses are the results for the aggregated species. 
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electron transfer and/or a lower diffusion coefficient for the aggregate forms as compared 

to the monomeric species. This concentration-dependent electrochemical behavior of 

dissolved Pcs has also been observed by other groups using CV and differential pulse 

voltammetry (DPV).
184, 207, 225

  

As discussed above, the predominant form of 1d and 1e dissolved in the solutions 

from which the respective films were adsorbed was monomeric (see Figure 2.2B). The 

presence of aggregates in the films, therefore, indicates that they are formed after 

monomer adsorption, which in turn implies that an adsorbed monomer can laterally 

diffuse on the ITO surface to form intermolecular interactions with co-adsorbed 

monomers. 

The difference in E
0’

 values of 1d and 1e is attributed to the different nature of the 

aryloxy- and arylthio-substituents. Introduction of electron-donating groups at the 

peripheral positions increases the electron density of the Pc core, making it more easily 

oxidized and less easily reduced.
189, 191, 231-235

 Both aryloxy and arylthio groups are 

electron-donating substituents. It was shown previously that peripheral arylthio 

substituents are less electron-donating than aryloxy groups,
187

 which explains the more 

positive E
0’

 value observed for the oxidation of 1e relative to 1d. 

After removal of the background charging current and integration over the entire 

voltammetric envelope (i.e., both monomeric and aggregated species, and assuming n = 1 

for both), electrochemically active surface coverages
236

 were estimated to be 2.0 × 10
-10

 

and 1.9 × 10
-10

 mol·cm
-2

 for 1d and 1e, respectively (Table 2.1). The total surface 

coverage expected for a close-packed monolayer of edge-on oriented 1d (or 1e) 
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monomers (estimated projected area = 85 Å
2
 per molecule) is calculated to be ca. 2.0 × 

10
-10

 mol·cm
-2

, whereas the surface coverage expected for a monolayer of 1d (or 1e) 

adsorbed in a flat orientation (estimated projected area = 340 Å
2
 per molecule) is 

calculated to be only about 5 × 10
-11

 mol·cm
-2

. The agreement between the calculated and 

measured surfaces coverages indicates that the 1d and 1e films are composed of 

approximately one close-packed monolayer of electroactive molecules having a 

predominately upright orientation. In contrast, adsorption of an A4-type symmetric Pc 

should generate a more in-plane (i.e., flat) orientation, and data published by other groups 

supports this idea. For example, the electroactive surface coverage of thiol- and amino-

functionalized, A4-type symmetric Pcs on Au corresponds to about one monolayer of 

molecules adsorbed in a flat molecular orientation (which is about 1 × 10
-10

 mol·cm
-2

 for 

these Pcs because they are smaller than 1d and 1e).
237-240

 Based on this comparison, 

adsorption of an A3B-type Pc produces a higher surface coverage and a more upright 

molecular orientation than adsorption of an A4-type Pc. 

Under the same adsorption conditions (100 μM for 3 hours), the electrochemical 

activity of the unmetalated H2Pcs (1a and 1b) on ITO was minimal and electroactive 

surface coverages could not be determined from the voltammograms. The adsorption 

conditions were then modified. Films were prepared from solutions of higher 

concentration (1 mM) using a longer immersion time (5 hours), which produced 

measurable electrochemical activity (Figure 2.4B). Films of 1a and 1b exhibit a single 

peak for the first oxidation process. The voltammetric peaks are centered around E
0’

 

values of 0.56 and 0.60 volts for 1a and 1b, respectively, which suggests that only one 
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form of unmetalated Pc was present in these films.  It is unknown if this is a monomeric 

or aggregated form.  However, because the films were adsorbed from solutions of high 

concentration in which aggregates are the predominant form (see spectra in Figure 2.2A), 

it is likely that the adsorbed films of 1a and 1b are composed primarily of aggregated 

forms. Despite the fact that the films were adsorbed from solutions of relatively high 

concentration, the electroactive surface coverages of 1a and 1b were much lower than 

those of 1d and 1e (Table 2.1). A possible cause for this difference is a lower sticking 

coefficient and/or a lower lateral diffusion coefficient of the aggregated forms on the 

surface of ITO (the latter would lead to less efficient molecular packing). 

The effect of the central metal on the E
0’

 values of PA functionalized Pcs is apparent 

by comparing data listed in Table 2.1. It is well known that insertion of a metal ion in the 

Pc ring affects the electric field on the ligands
183, 241, 242

 which shifts E
0’

. Most of the 

published data on unmetalated H2Pcs and ZnPcs show that the former are oxidized at 

more positive potentials, typically 200-300 mV, than the latter, consistent with our 

observations.
225, 226, 243, 244

  

 

2.3.3    Electron transfer kinetics 

Table 2.1 lists apparent heterogeneous electron transfer rate constants (ks,app) for all 

four adsorbed films. These values were determined from the CV data using the method 

formulated by Laviron.
245

 Similar ks,app values of 1 - 2 s
-1

 were obtained for all four films. 

Although electroactive films of tethered Pcs have been prepared and characterized by 

other groups,
237-240

 as noted above, to our knowledge rate constants have not been 
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reported for the first oxidation process. A comparison of the ks,app values of 1a (n = 3) and 

1b (n = 10) is instructive. A higher ks,app value may be expected for 1a due to a smaller 

tunneling distance between the electroactive ring macrocycle and the electrode surface 

(distances are estimated to be 7.6 and 16 Å  for 1a and 1b, respectively, assuming an all-

trans conformation for the tether and a 0° tilt between the tether and the surface 

normal).
246-248

 However, similar ks,app values were determined, suggesting that tunneling 

through the carbon chain is not the rate-determining step. The dependence of ks,app on 

tether structure and length in A3B-type Pcs adsorbed to ITO and other transparent 

conducting oxide electrodes will be the subject of future studies. 

 

2.3.4    Ionization energy and electronic structure of ZnPcs on ITO 

The electrochemical data in Figure 2.4A and Table 2.1 suggest similar redox 

potentials of 0.3 and 0.35 V (vs Fc/Fc
+
) for the ZnPcs (1d and 1e, respectively). 

Assuming an ionization energy (IE) of 4.9 eV for the Fc/Fc
+
 redox couple,

249, 250
 this 

would indicate bulk ionization energies of 5.2 eV (1d) and 5.25 eV (1e) for the 

substituted ZnPcs, which is consistent with previous reports that estimate the IE of ZnPcs 

to be 5.2 - 5.3 eV.
251, 252

 However, electrochemistry does not account for the formation of 

a surface or interfacial dipole, which is manifested in vacuum level shifts between the 

oxide and the Pc. It has been previously demonstrated that attachment of an organic 

modifier to ITO, through a PA group, can both increase and decrease the work function at 

the SAM/oxide interface due to the presence of a surface dipole, as dictated by the head 

group of the PA functionalized modifiers.
96, 101-103, 105, 106, 217

 Therefore, true estimates of 
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ionization energies, which can impact OPV performance, must be measured directly 

using ultraviolet photoemission spectroscopy (UPS). We focused on only the ZnPc 

derivatives 1d and 1e, as these provided the highest coverages and charge transfer rates in 

Table 2.1.  

Figure 2.6A shows the UPS spectra for the bare ITO after the air plasma treatment (i) 

and the ITO after modification with 1d (ii) and 1e (iii) tethered to the ITO. Coverages for 

these films were consistent with those presented in Table 2.1. Figure 2.6B gives the 

resultant energy band diagrams, as interpreted from the UPS spectra. Optical gaps from 

Figure 2.2B (1d 1.77 eV; 1e 1.69 eV), calculated from the absorbance onset, were used to 

estimate LUMO values from the initial IE. The work function of the air plasma ITO was 

measured to be 5.0 eV, consistent with previous reports.
23, 253

 The work function was 

found to decrease to 4.13 eV upon modification of the ITO with 1d and to 4.35 eV upon 

modification with 1e. There is a feature at a unique energetic position just below the 

Fermi level for both 1d and 1e (~0.2 to 0.3 eV below EF) that has not previously been 

seen for unsubstituted ZnPcs (Figure 2.6A, curves ii and iii).
251, 252

 The measured IE from 

this feature, defined as the onset of the peak, was 4.33 eV for 1d and 4.69 eV for 1e, 

indicating a much greater difference between the two Pcs in ionization energy than what 

was predicted by electrochemistry. However, the onset for the second predominant peak, 

much more similar to the HOMO peak of ZnPc, HOMO’, yielded IE’ of 5.98 eV for 1d 

and 5.94 eV for 1e. 

The disparity between the solid state UPS measurements and solution phase 

electrochemical measurements can be partially explained by the local shift in vacuum  
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Figure 2.6  (A) UPS spectra of (i) air plasma-treated ITO, (ii) 1d on ITO, and (iii) 1e on 

ITO. (B) Energy band diagram interpreted from spectra in (A). 
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level (ΔEvac = -0.7 to -0.9 eV) upon modification, which can be attributed to a change in 

the local dipole at the oxide/modifier interfaces. Coverages for 1d and 1e were found to 

be similar, so we do not expect the differences in IE to be due to partial coverages.  

Because of the local vacuum level shift upon modification of the ITO with the Pcs, the IE 

of the modifiers lies within 0.2 - 0.3 eV of the Fermi level. There is no barrier to hole 

collection between the Pcs (1d or 1e) and the ITO, but there is a small barrier (0.2 - 0.3 

eV) for hole injection into the Pc. Therefore, charge transfer across the Pc and the ITO is 

not expected to be contact limited, and, assuming energetic alignment with the 

subsequent donor layers, a bulk-limited or ohmic contact at the Pc-modified TCO/donor 

interface is expected. Future work will focus on the evaluation of the collection efficiency 

of these ZnPc modifers. 

 

2.4    Conclusion 

A novel series of aryloxy- and arylthio-substituted asymmetric Pcs 1a-e containing 

PA anchoring groups in their respective asymmetric quadrants are characterized. 

Asymmetric Pcs can be immobilized on the surface of ITO by adsorption via the PA 

group and form stable films. Electrochemical characterization shows near monolayer 

surface coverage is achieved when the dissolved molecules are monomeric rather than 

aggregated, although both monomeric and aggregated forms are present in the film. 

Kinetic studies show no dependence of the apparent heterogeneous electron transfer rate 

constants on tether length, which suggests that tunneling through the tethered carbon 

chain is not the rate-determining step of electron transfer between Pcs and the underlying 
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electrode. UPS studies show no hole collection barrier between Pcs 1d and 1e and the 

ITO, suggesting a formation of an ohmic contact at the Pc-modified TCO/donor interface. 

We ultimately envision formation of OPVs starting with a tethered donor monolayer at 

the hole-harvesting contact that is formed using Pcs bearing anchoring groups. The 

following chapter discusses charge transfer efficiency at organic/electrode interfaces, in 

terms of rates of heterogeneous electron transfer, as a function of molecular orientation 

and aggregation using monolayers of PA functionalized ZnPc tethered on ITO, which 

serve as a model for the donor layer/TCO interface in OPVs. 
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3. INFLUENCE OF MOLECULAR ORIENTATION ON CHARGE TRANSFER 

PROCESSES ACROSS ORGANIC/ELECTRODE INTERFACES: ZINC 

PHTHALOCYANINE MONOLAYERS TETHERED TO ITO 

 

3.1 Introduction 

Charge transfer efficiency at organic/electrode interfaces can critically affect the 

performance of organic electronic devices, including OPVs.
11, 14, 215

 Rates of charge 

transfer across these interfaces are determined by offsets in frontier orbital energies, wave 

function overlap, reorganization energies, and charge mobilities, which in turn depend on 

structural parameters, such as packing and orientation, of the interfacial molecular 

layers.
38, 82, 254-257

 Modification of this interface with a redox-active organic surface 

modifier may enhance charge injection across the interface by providing a facile electron-

transfer pathway between the contact and the adjacent organic layer and/or by controlling 

chemical and physical interfacial compatibility and the effective work function of the 

contact.
82, 83, 128, 215, 254, 258-264

 We ultimately envision formation of OPVs starting with a 

tethered donor monolayer at the hole-harvesting contact that is formed using Pc 

molecules bearing carboxylic acid, phosphonic acid, or other anchoring groups.
219, 220, 265

 

These tethered chromophores may also be useful in emerging DSSCs.
93, 266-269

 To 

implement this approach in an effort to improve the efficiency of both OPVs and DSSCs, 

it is essential that rates of heterogeneous electron transfer for the tethered monolayer be 

characterized as a function of structural parameters, including surface coverage, 

molecular orientation, and degree of aggregation of the chromophores.  
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This chapter presents the first measurements of electron transfer rates for surface-

confined Pcs on TCO electrodes as a function of molecular orientation and aggregation, 

made possible by using a combination of waveguide spectroscopy
270-272

 and potential-

modulated attenuated total reflectance (PM-ATR) spectroelectrochemistry.
273-275

 We 

explore these structure-function relationships using monolayers composed of two 

different PA functionalized ZnPc molecules self-assembled on ITO, which serve as 

models for the donor/TCO interface in OPVs. One ZnPc molecule is asymmetrically 

functionalized with a single PA peripherally (ZnPcPA; Figure 3.1A), and the other is 

functionalized with four PAs attached peripherally, one at each quadrant (ZnPcPA4; 

Figure 3.1B). Figure 3.1 shows the schematic of how these molecules are expected to 

tether to the ITO surface through the PA group(s). The different orientations expected 

from these films are used to address the relationship between molecular orientation and 

electron transfer kinetics across the organic/ITO interface.  

The influence of molecular orientation on the charge transfer kinetics of sensitizers 

tethered to semiconductor nanomaterials has been examined by several groups;
276

 

however, in general, the orientation distribution of the linker chromophore film was not 

measured, which makes it difficult to establish a definitive correlation such as that 

described here for ZnPcPA and ZnPcPA4 films on ITO. The interfacial electronic 

properties of ZnPcPA/ITO and ZnPcPA4/ITO interfaces are also investigated, and the 

effect of the structure of the first molecular layer adjacent to the electrode surface on 

OPV device performances are compared using vacuum-deposited CuPc/C60 

heterojunctions fabricated on ZnPcPA- and ZnPcPA4- modified ITO electrodes. 
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Figure 3.1  Chemical structures of (A) ZnPcPA, (B) ZnPcPA4, and (C) symmetric ZnPc, 

and schematics showing how monolayers of ZnPcPA and ZnPcPA4 are expected to tether 

to ITO through the PA group(s).  



95 

 

3.2 Attenuated total reflectance (ATR) spectroscopy 

Attenuated total reflectance (ATR) spectroscopy is a surface sensitive optical 

technique that can be used to probe thin molecular films in the interfacial region.
272, 277

 It 

employs the total internal reflection phenomenon that occurs when light is incident from 

a denser medium with index of refraction η1 to a rarer medium with index of refraction η2 

at an incident angle that is equal to or larger than the critical angle (θc). The critical angle 

is defined by Snell’s Law:
278

 

 90sinθsin 2c1                (3.1)
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c sinθ



               (3.2) 

where η1 > η2. ATR utilizes multiple internal reflections in an internal reflection element 

(IRE) to increase the pathlength of light over the transmission geometry, and the 

sensitivity can be greatly enhanced by increasing the length and/or decreasing the 

thickness of the IRE.   

At the interface where total internal reflection occurs, an electromagnetic wave, 

known as the evanescent wave, is generated (Figure 3.2). The evanescent wave penetrates 

into the rarer medium, and its intensity decays exponentially with distance from the 

interface. The intensity profile of the evanescent wave (Ie(z)) is given by
278

 

)/exp()0()( pdzIzI ee                    (3.3) 

where Ie(0) is the evanescent intensity at z = 0 and dp is the depth of penetration, which is 

defined as the distance at which the evanescent intensity has decayed to exp(-1) of its 

value at the interface:
277, 278
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Figure 3.2  Schematic of total internal reflection and the evanescent wave generated at 

the interface between a denser medium and a rarer medium, with indices of refraction of 

η1 and η2, respectively. Light is coupled into and out of an internal reflection element 

(IRE) using a pair of prisms. θi is the angle of internal reflection and dp is the depth of 

penetration of the evanescent wave. 
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where λ is the wavelength of the incident light and θi is the angle of internal reflection. 

With absorbing materials (bulk samples or thin films) in contact with the internal 

reflection interface, some of the intensity of the evanescent wave is absorbed and the 

intensity of the reflected light is attenuated with respect to the incident light. ATR 

spectroscopy offers enhanced sensitivity for surface species, because the electric field 

amplitude of the evanescent wave is stronger than that of the incident light. 

 

3.2.1 Polarized ATR spectroscopy for investigating molecular orientation  

ATR spectroscopy can be employed with differently polarized light to obtain 

information about the orientation of molecular thin films on an IRE surface. Figure 3.3 

shows the coordinate system defining two orthogonal polarizations: transverse electric 

(TE) and transverse magnetic (TM) polarizations. The polarizations are defined relative 

to the plane of incidence, which is the x-z plane perpendicular to the surface of IRE. The 

surface of the IRE corresponds to the x-y plane, and light propagates in the IRE along the 

x-axis. For TM polarized (or p-polarized) light, the electric field oscillates in the plane of 

incidence, primarily along the z-axis with a small x-axis component. For TE polarized (or 

s-polarized) light, the electric field oscillates perpendicular to the plane of incidence 

along the y-axis. 

The absorbance of an absorbing species is proportional to the interaction strength 

between its molecular absorption transition dipole moment vector (µ) and the electric  
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Figure 3.3  The coordinate system defining transverse electric (TE) and transverse 

magnetic (TM) polarizations. 
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field vector (E) of the evanescent wave, given by 
2

Eμ  . To determine the mean tilt 

angle (θµ) of a molecular assembly on an IRE surface, the dichroic ratio (ρfilm), which is 

defined as the ratio of thin film absorbances measured in TE and TM polarizations, is 

calculated using: 

xz
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filmTM,
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film             (3.5) 

where Ax, Ay, and Az are the thin film absorbances along x-, y-, and z-axes.  

For molecules with linear absorption dipoles, Ax, Ay, and Az are given by
279
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where Ex, Ey, and Ez are the evanescent electric field amplitudes along the x-, y-, and z-

axes. 

For molecules with circularly polarized absorption dipoles that are uniaxial in the 

molecular plane, Ax, Ay, and Az are given by
280
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For molecules with linear absorption dipoles, substituting the expressions for Ax, Ay, 

and Az given by Equations 3.6 into Equation 3.5 yields
279, 281
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where the mean tilt angle θµ is defined as the angle between the absorption transition 

dipole moment vector µ and the surface normal (z-axis). 

For molecules with circular dipoles, substituting the expressions for Ax, Ay, and Az 

given by Equations 3.7 into Equation 3.5 yields
280, 282
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where the mean tilt angle θµ is defined as the angle between the molecular plane and the 

surface normal (z-axis). 

For a three-phase layered structure (Figure 3.4), in which a thin molecular film is in 

contact with an IRE and a cladding layer (e.g. air or solvent), under the assumptions that 

the film thickness is less than 10% of the depth of penetration and the index of refraction 

of the film only differs from that of the cladding layer by a few percent, the expressions 

for the interfacial electric field amplitudes are given by
283
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Figure 3.4  A three-phase layered structure with a thin molecular film (with index of 

refraction ηf) in contact with an internal reflection element (with index of refraction ηIRE) 

and a cladding layer (with index of refraction ηc). θi is the angle of internal reflection. 
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where ηIRE and ηc are the indices of refraction of the IRE and the cladding layer, 

respectively.  

For the research described in this chapter, we use a more complex multilayer 

waveguide structure, which includes adsorbed monolayers of ZnPcPA and ZnPcPA4 on 

an ITO-coated glass in contact with a solvent medium (the cladding layer). The 

assumptions described above are no longer valid. The interfacial electric field amplitudes 

can be calculated using a transfer-matrix approach, which requires a complete description 

of the optical constants and thicknesses of all layers in the waveguide structure. Since this 

information is difficult to obtain experimentally with good accuracy, we employ a 

method described by Mendes et al.
284

 to correct for the difference in the interfacial 

electric field intensities between TE and TM polarizations.  

In this method, the dichroic ratio of a randomly oriented distribution of chromophores 

in the evanescent volume adjacent to the IRE is used to normalize the ρfilm values, which 

allows θμ to be determined without detailed knowledge of the optical constants and 

thicknesses of all layers in the multilayer waveguide structure. The isotropic dichroic 

ratio (ρiso) is measured using an absorbing species with randomly oriented absorption 

transition dipoles in either a bulk solution or as an adsorbed layer on the IRE surface.  

isoTM,

isoTE,

iso

A

A
            (3.11) 
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The isotropic dichroic ratio, ρiso, factors out the pathlength difference between the TE and 

TM modes, and as a result, the normalized dichroic ratio, ρnorm, accounts for only the 

anisotropic orientation distribution of the molecular film on the surface.  

For molecules with linear absorption dipoles, ρnorm is related to θμ, which is defined as 

the angle between the absorption transition dipole and the surface normal (z-axis), by
284
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where N is the waveguide effective refractive index, given by
285

 

iIRE θsinN         (3.14) 

For molecules with circular absorption dipoles, ρnorm is related to θμ, which is defined 

as the angle between the molecular axis (i.e. the normal to the molecular plane) and the 

surface normal, by
284
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3.2.2 Potential-modulated ATR (PM-ATR) for electron transfer kinetics measurements 

Potential-modulated ATR (PM-ATR) is a form of electroreflectance (ER) 

spectroscopy in the ATR geometry, which involves changes of the reflectance signal in 

response to the change of surface electron density caused by a modulated potential.
273-275

 

With a redox-active thin film adsorbed on the electrode surface, changes in ER signal are 
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caused by changes in optical properties of the redox-active species induced by the applied 

potential, which are proportional to the amount of the redox species interconverted 

between its oxidized and reduced states. When the amplitude of potential modulation 

(ΔEac) is smaller than RT/nF (R is the gas constant, T is absolute temperature, n is the 

number of electrons involved in the redox reaction, and F is the Faraday constant), a 

linear response approximation is valid, meaning the ER response is a linear function of 

the applied modulated potential.
286-288

  

Figure 3.5 shows a schematic of the sinusoidally modulated potential and the 

resulting ER signal which oscillates at the same frequency. The ac modulated potential (E) 

and the ER signal (R) induced by the modulated potential are described as 

)sin(acdcacdc tEEEEE         (3.16) 

)sin(acdcacdc   tRRRRR       (3.17) 

where Edc and Eac are the dc and ac potentials, respectively, ω is the angular frequency of 

the modulation, t is the time, Rdc and Rac are the dc and ac components of the ER signal, 

respectively, ΔRac is the amplitude of the ac ER signal induced by potential modulation, 

and  is the phase shift between Eac and Rac.
275, 289

   

In analogy to ac impedance spectroscopy, ER spectroscopy allows measurements of 

the kinetics of electrode reactions in the frequency domain. For an electrode reaction 

occurring at a non-infinite rate, a phase shift in the measured Rac signal is observed with 

respect to the ac modulated Eac. Rac is a complex quantity, which consists of a real part 

(Re(Rac); in-phase component with respect to Eac) and an imaginary part (Im(Rac); 90° 

out-of-phase component with respect to Eac). The phase shift,  , is a function of electrode  
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Figure 3.5  (A) Schematic showing a sinusoidally modulated potential (E) and the 

resulting electroreflectance signal (R), which oscillates with the potential modulation. Edc 

and Eac are the dc and ac potentials, respectively. ΔEac is the amplitude of the modulation, 

ω is the angular frequency of the modulation, and t is the time. Rdc and Rac are the dc and 

ac components of the electroreflectance signal, respectively. ΔRac is the amplitude of the 

ac electroreflectance signal induced by potential modulation, and  is the phase shift 

between Eac and Rac.   
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reaction rate, and the frequency dependent ER signals can be used to extract the rate 

constant (ks) for an interfacial electron transfer process.
275, 286-288, 290

 Compared to  

traditional electrochemical techniques, such as cyclic voltammetry and ac impedance 

spectroscopy, ER spectroscopy monitors changes in optical signal due to a redox reaction 

instead of electrochemical responses, which allows better discrimination of the faradaic 

signal from the non-faradaic signals.
286

  

Figure 3.6 shows the equivalent circuit for an electrochemical system consisting of an 

electrode, an electroactive adlayer on the electrode, and an electrolyte solution.
286, 288, 291

 

E is the potential applied to the circuit. Rs and Cdl are the solution resistance and double-

layer capacitance, respectively. Rct and Ca are the charge transfer resistance and the 

adlayer capacitance, respectively, which represent the faradaic component of the circuit. 

According to the work by Laviron and co-workers on the theoretical treatment of the 

faradaic impedance of a quasi-reversible electrochemical system, in which both the 

oxidized and the reduced forms of the electroactive species are strongly adsorbed, when 

the potential applied to the electrode (E) is modulated at Edc = E
0
’ (formal potential of the 

electroactive species), the charge transfer resistance, Rct, and the adlayer capacitance, Ca, 

due to the faradaic process of the adsorbed molecules are given by
275, 286, 288, 292, 293
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Figure 3.6  The equivalent circuit for an electrochemical cell consisting of an electrode, 

an electroactive adlayer on the electrode, and an electrolyte solution. E is the potential 

applied to the electrode. Rs and Cdl are the solution resistance and double-layer 

capacitance, respectively. Rct and Ca are the charge transfer resistance and the adlayer 

capacitance, respectively, which represent the faradaic component of the circuit. 
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where A is the electrode area, ks is the standard electron transfer rate constant, and ΓT is 

the total surface concentration of the electroactive species. Combining Equations 3.18 

and 3.19 yields 

act

s

2

1

CR
k          (3.20) 

where ks is determined by using phase-sensitive detection (i.e. a lock-in amplifier) to 

obtain frequency dependent Re(Rac) and Im(Rac) values and by generating a complex 

plane plot of Im(Rac) versus Re(Rac).
275, 286, 290

 The frequency, ω, at which the complex 

plane plot crosses the line of Re(Rac) = 0 is used to extract ks, which is given by 
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Substituting Equation 3.20 into Equation 3.21 yields 
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Thus, ks can be calculated from Equation 3.22, where Rs and Cdl can be measured by 

electrochemical methods, such as impedance spectroscopy and cyclic voltammetry. 

 

3.2.3 ATR instrumentation 

The schematic of the custom-built ATR instrument setup is shown in Figure 3.7.
272

 

This optical setup (Figure 3.7A) was employed to couple light into and out of the IRE 

and to measure outcoupled light by the detectors for all ATR experiments, including 

steady state, spectroelectrochemical, and PM-ATR measurements. For experiments  
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Figure 3.7  ATR instrumentation which includes (A) an optical setup and (B) a potential 

modulation setup for PM-ATR measurements.   



110 

 

described in this dissertation, a 10 W tungsten-halogen lamp (International Light 

Technologies) is used as the broadband source. The white light is focused into an optical 

fiber and collimated by a collimating beam probe (Oriel Model 77652). The collimated  

light beam is then passed through a spatial filter (Newport Model 900), consisting of a 25 

µm pinhole and a 10X microscope objective lens. The spatial filter is used to remove 

random fluctuations from the intensity profile of the light source. A polarizer is used to 

control the polarization of the probe beam. The polarized beam is coupled into and out of 

the IRE, assembled in the ATR cell, which is mounted on a rotary stage, with a pair of 

prisms. An ITO-coated glass slide is used as the IRE. Figure 3.8A shows the schematic of 

the ATR flow cell for steady state ATR measurements, where potential control is not 

required. The light outcoupled from the ATR flow cell is focused into an optical fiber and 

directed into a dual-output monochromator (Newport MS260i Model 74055) equipped 

with a F/# matcher (Newport Model 77529). The F/# matcher is used to increase the F/# 

of the light beam from the optical fiber (F/# = ~2) to match the F/# of the monochromator 

(F/# for MS260i monochromator = 3.9) in order to decrease stray light and increase 

throughput. The outcoupled light is detected using either a CCD camera (Andor 

iDus420A) for spectral acquisitions or a PMT (Hamamatsu R3896; Newport 70680 

housing and 70705 power supply) for PM-ATR. 

Potential dependent ATR and PM-ATR measurements are acquired using a 

spectroelectrochemical ATR flow cell (Figure 3.8B), which consists of a Teflon base 

with an insert for a reference electrode at the center and a Pt wire counter electrode across  
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Figure 3.8  Schematics of (A) an ATR flow cell and (B) a spectroelectrochemical ATR 

flow cell. The spectroelectrochemical ATR flow cell uses a Teflon base that has an insert 

for a reference electrode at the center and a Pt wire counter electrode across the length of 

the Teflon base.  
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the length of the Teflon base.
294

 Potential control is achieved with an EG&G Princeton 

Applied Research Model 263A potentiostat/galvanostat.  

For PM-ATR measurements, a potential modulation setup (Figure 3.7B) is employed 

to apply modulated potential to the working electrode and to extract in-phase (Re(Rac))  

and out-of-phase (Im(Rac)) components of the ER signal.
275, 295

 A reference waveform 

with frequency f is produced by a function generator (Stanford Research Systems Model 

DS335), which is coupled into a lock-in amplifier (LIA; Stanford Research Systems 

Model SR830) as the reference signal for lock-in detection of the ER response. The 

overall potential applied to the working electrode is controlled by the potentiostat at an 

Edc modulated by a sinusoidal Eac with frequency f and amplitude ΔEac set by the LIA, 

which is coupled into the external input of the potentiostat. The optical output detected by 

the PMT is a current response, which is converted to a voltage signal with a current-to-

voltage amplifier (Oriel Model 70710) and then coupled into the input of the LIA. The 

ER response induced by potential modulation is referenced to the waveform of the 

modulated potential, given by the function generator, by the LIA and the in-phase (Re(Rac) 

and out-of-phase (Im(Rac)) components of the ER signal are recorded with a LabVIEW 

program.      
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3.3 Experimental 

3.3.1 Substrate preparation 

ITO electrodes were purchased from Colorado Concept Coatings LLC and Thin Film 

Devices, Inc. ITO from Colorado Concept Coatings LLC was deposited on 1 mm 

polished soda lime float glass substrates with a thickness of ca. 100 nm and a sheet 

resistance of ca. 15 Ω/□. ITO from Thin Film Devices, Inc. was deposited on 1.1 mm 

Eagle XG glass substrates with a thickness of ca. 145 nm and a sheet resistance of ca. 20 

Ω/□. ITO electrodes were cut into 1 in. × 3 in., 1 in. × ½ in., and ½ in. × ½ in. slides for 

ATR, cyclic voltammetry and OPV devices, and ultraviolet photoemission spectroscopy 

(UPS) measurements, respectively. They were cleaned by lightly scrubbing with 

detergent (1% Triton X-100) for ca. 1 minute, followed by successive sonication in 

diluted detergent, nanopure water, and ethanol for 15 minutes each. Nanopure water was 

obtained from a Barnstead Nanopure system with a measured resistivity of 18.3 MΩ·cm. 

Cleaned ITO slides were stored in ethanol and dried with a stream of nitrogen prior to use. 

The surface of ITO electrodes was then activated by air plasma cleaning (Harrick PDC-

3XG, Harrick Scientific) for 15 minutes at medium RF level (10.5 W). 

 

3.3.2 Preparation of adsorbed films of ZnPcPA and ZnPcPA4 on ITO 

ZnPcPA and ZnPcPA4 molecules were synthesized and provided by the McGrath 

group at the University of Arizona and the Marder group at the Georgia Institute of 

Technology, respectively. Samples of adsorbed ZnPcPA films were prepared by 
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immersing cleaned, air plasma-treated ITO electrodes in a 100 μM ZnPcPA solution in 

acetonitrile/pyridine (7/3, v/v) for 3 hours. After 3 hours of adsorption, the samples were 

removed from the solution and rinsed first with acetonitrile/pyridine (7/3, v/v), followed 

by rinsing with dichloromethane and finally with acetonitrile. The samples were then 

dried with a stream of nitrogen. ZnPcPA samples for electrochemical, ATR, potential-

dependent ATR, and PM-ATR measurements were prepared with ITO from Colorado 

Concept Coatings LLC. ZnPcPA samples for near-edge X-ray absorption fine structure 

(NEXAFS) spectroscopy, UPS, and OPV device studies were prepared with ITO from 

Thin Film Devices, Inc. 

Samples of adsorbed ZnPcPA4 films on ITO were prepared by incubating cleaned and 

air plasma-treated ITO electrodes in a 10 μM ZnPcPA4 solution in DMSO for 30 minutes 

in a water bath at ca. 100°C. After 30 minutes, the samples were then removed from the 

water bath to cool to room temperature, while still incubating in solution for another 30 

minutes. After removing the samples from solution, they were rinsed with copious 

amount of DMSO, followed by rinsing with acetonitrile, and finally dried with a stream 

of nitrogen. ZnPcPA4 samples for all measurements were prepared with ITO from Thin 

Film Devices, Inc. Samples of ZnPcPA and ZnPcPA4 for ATR, electrochemical, 

potential-dependent ATR, PM-ATR, and UPS experiments were prepared on the same 

day as the measurements were performed.  
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3.3.3 Cyclic voltammetry 

Cyclic voltammetry (CV) measurements were performed with a standard three-

electrode configuration (electrode area = 0.071 cm
2
) in acetonitrile containing 

tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte on a CH420A 

potentiostat (CH Instruments, Inc.) with a Ag/Ag
+
 (0.01 M AgNO3, 0.1 M TBAP in 

acetonitrile) non-aqueous reference electrode (BASi) and a coiled Pt wire as the counter 

electrode.  

 

3.3.4 UV-Vis spectroscopy in transmission mode 

UV-Vis spectra in transmission geometry were acquired with a Model 440 UV-Vis 

spectrophotometer (S.I. Photonics) for dissolved ZnPcPA and ZnPcPA4 in solution. 

Absorption spectra of CuPc layers on ZnPcPA/ITO and ZnPcPA4/ITO were acquired 

with a Model 8453 UV-Vis spectrophotometer (Agilent Technologies). 

 

3.3.5 Attenuated total reflectance (ATR) spectroscopy 

The ATR instrumental setup is described in Section 3.2.3. For polarized ATR and 

potential-dependent ATR measurements, ZnPcPA films were prepared directly in the 

ATR flow cell. Blank solvents were first injected into the flow cell and the reference 

spectra were acquired. Samples of adsorbed ZnPcPA4 on ITO were prepared outside of 

the ATR flow cell by clamping two slides of 1 in. × 3 in. sized ITO electrodes back-to-

back with the ITO side facing out (to minimize adsorption on the glass sides of the 
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substrates) and incubating them horizontally in a 10 μM solution in DMSO with only the 

bottom halves of the substrates immersed in solution according to the procedure 

described in Section 3.3.2. The top halves of the substrates were used as blanks in the 

ATR and potential-dependent ATR measurements.  

A collimated and polarized beam from the lamp was coupled into and out of the ITO-

coated slide (as the IRE) using two BK-7 prisms (η = 1.51) that were positioned 33 - 42 

mm apart. The internal reflection angle was 73° – 75°, yielding 5 - 6 total internal 

reflections at the ITO/solution interface. For potential-dependent ATR measurements, 

spectra were acquired while pumping deoxygenated acetonitrile containing 0.1 M TBAP 

through the flow cell at a flow rate of 500 µL·min
-1

. 

 

3.3.6 Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy 

The NEXAFS data were recorded at the Stanford Synchrotron Radiation Lightsource 

(SSRL) at wiggler Beam Line 10-1. Measurements were acquired in two channels: the 

total electron yield (TEY), measured as the sample drain current by a Keithley 

Picoammeter, and the Auger electron yield (AEY), measured by a PHI 15-255G double 

pass Cylindrical Mirror Analyser (CMA) operated in photon counting mode. The CMA 

analyser was set to 200 eV pass energy for highest throughput and operated at a fixed 

kinetic energy of 257 eV. Incoming radiation is assumed to have a linear polarization of p 

= 0.85. Incident monochromatic X-rays with a spot size of < 1 mm
2
 and a bandwidth of ~ 

0.1 eV were used with incident energy varied over a range between 250 to 350 eV that 

included the carbon K-edge. Second order contributions from the monochromator were 
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suppressed using a Ti filter. Both data channels were normalized to the energy dependent 

beam intensity using a freshly sputtered gold grid, and to total counts using a range far 

past the K-edge (343 to 347 eV). Spectra were collected at various angles of incidence 

(20°, 35°, 45°, 55°, 65°, 75°, and 90°), achieved by rotating the sample relative to the 

fixed incident light and detector placement. 

 

3.3.7 PM-ATR 

PM-ATR measurements of ZnPcPA and ZnPcPA4 were acquired with the ATR 

spectroelectrochemical flow cell (Figure 3.8B) with ITO active areas of 2.1 and 0.8 cm
2
, 

respectively, and in deoxygenated acetonitrile containing 0.1 M TBAP. For 

measurements on ZnPcPA, a collimated and polarized beam was coupled into and out of 

the IRE with fused silica prisms (η = 1.46) that were positioned 46 mm apart with an 

internal reflection angle of 66° - 68°, yielding 10 total internal reflections at the 

ITO/solution interface. For measurements on ZnPcPA4, a collimated and polarized beam 

was coupled into and out of the IRE using two BK-7 prisms (η = 1.51) positioned 20 mm 

apart. The internal reflection angle was 74° - 75°, producing 2 total internal reflections at 

the ITO/solution interface.  

For PM-ATR measurements of ZnPcPA, Eac was 50 mVrms (0.071 V peak-to-peak), 

and the frequencies of Eac were 0.1 – 1600 Hz. For the monomeric subpopulation of the 

ZnPcPA film, Edc was set at 0.38 V versus Ag/Ag
+
 and the ER signals were acquired at 

680 nm. For the aggregated subpopulation of the ZnPcPA film, Edc was set at 0.25 V 

versus Ag/Ag
+
 and the ER signals were acquired at 630 nm. The slit width of the 
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monochromator was 500 µm and the reciprocal linear dispersion of the grating was 12.8 

nm/mm.  

For ZnPcPA4, Eac was 20 mVrms (0.028 V peak-to-peak) and Edc was 0.21 V versus 

Ag/Ag
+
. The frequencies of Eac applied to the electrode were 0.1 - 6300 Hz. The ER 

signals were acquired at 690 nm. The slit width of the monochromator was 500 µm and 

the reciprocal linear dispersion of the grating was 19.3 nm/mm. In all cases, 

measurements were acquired in both TE and TM polarizations and ER signals were 

collected and averaged by a LabVIEW program over an integration period of 60 seconds. 

Electrochemical impedance spectroscopy measurements of solution resistance (Rs) 

and double-layer capacitance (Cdl) were acquired with an EG&G Model 263A 

potentiostat/galvanostat coupled with a Model 1025 frequency response detector operated 

with PowerSuite 2.00.5 software (Princeton Applied Research) with the same ATR 

spectroelectrochemical cell with electrode areas of 2.1 and 0.8 cm
2
 for ZnPcPA and 

ZnPcPA4, respectively.  

 

3.3.8 Ultraviolet photoemission spectroscopy (UPS) 

UPS measurements were performed with a Kratos Axis Ultra X-ray photoelectron 

spectrometer with a He(I) (21.2 eV) excitation source with a -10.0 V bias applied to the 

sample to enhance the yield of low kinetic energy electrons in the UPS data. The Fermi 

level reference was established on a clean Au surface.  
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3.3.9 Deposition of CuPc layers on ZnPcPA/ITO and ZnPcPA4/ITO 

For CuPc/ZnPcPA/ITO and CuPc/ZnPcPA4/ITO interface studies, samples of 

ZnPcPA and ZnPcPA4 were prepared on ½ in. × ½ in. ITO slides from Thin Film 

Devices, Inc. CuPc (Alfa Aesar) was purified by triple-sublimation and deposited on 

ZnPcPA- (ZnPcPA/ITO) and ZnPcPA4-modified ITO (ZnPcPA4/ITO) by physical vapor 

deposition from a Knudsen cell source at ca. 5 × 10
-7

 Torr and at a rate of ca. 0.05 Å·s
-1

 to 

produce
 
thin films of 1, 2, and 4 nm thickness. 

 

3.3.10 OPV device fabrication and current-voltage measurements 

CuPc (Alfa Aesar), C60 fullerene (Materials and Electrochemical Research Corp.) and 

bathocuproine (BCP; Sigma Aldrich) were purified by triple-sublimation and then 

deposited on ZnPcPA/ITO and ZnPcPA4/ITO by physical vapor deposition from 

Knudsen cell sources at a pressure of ca. 5 × 10
-7

 Torr and a rate of ca. 0.5 Å·s
-1

. Film 

thickness was monitored by a quartz crystal oscillator. Aluminum cathodes were 

deposited by physical vapor deposition from a boron nitride crucible (Kurt J. Lesker), 

resistively heated via a tungsten basket heater (Kurt J. Lesker) at a rate of 0.7 - 1.5 Å·s
-1

. 

The device structures were 20 nm CuPc/40 nm C60/10 nm BCP/100 nm Al. Current-

voltage (J-V) measurements were performed in a N2-filled glovebox. A current controlled, 

300 W xenon arc lamp (Newport) was used as the light source. Impinging light was 

filtered with an AM 1.5 filter (Melles Griot) to simulate the solar spectrum, diffused to 

improve uniformity (40 degree diffuser, Newport), and passed through a 0.1 OD neutral 
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density filter. The power density at the device surface was calibrated with a silicon diode 

(Newport, Model 818-SL with OD3 attenuator) to achieve 100 mW/cm
2
. 

 

3.4 Results and discussion 

3.4.1 Determination of adsorption conditions for ZnPcPA and ZnPcPA4 on ITO 

Chemisorption of ZnPcPA onto ITO was monitored using ATR spectroscopy. ATR 

spectra were acquired as a function of time after injecting solutions of ZnPcPA (in 7/3 

acetonitrile/pyridine, v/v) into the ATR flow cell. The step adsorption isotherm of 

ZnPcPA on ITO is shown in Figure 3.9. The absorbance at the Q band maximum (685 

nm) of ZnPcPA was monitored as a function of adsorption time. A 20 μM ZnPcPA 

solution was first injected into the flow cell. The absorbance from the adsorbed film and 

the adjacent bulk solution increased and reached a plateau around 200 minutes after 

injection, indicating the adsorption reached a steady-state condition. The flow cell was 

next flushed with the solvent to remove dissolved and weakly adsorbed ZnPcPA 

molecules, and spectra of the adsorbed film in contact with the solvent were recorded 

every 10 minutes. The absorbance stayed constant after 1 hour, showing the film was 

stable. To ensure saturation of the surface with ZnPcPA, solutions with higher 

concentrations of ZnPcPA (40, 50, 60, 80, 100 µM) were injected into the flow cell 

sequentially. After injecting a 40 µM solution into the flow cell and allowing it to adsorb, 

the absorbance increased significantly, showing that the surface was not saturated by 

adsorption from the 20 µM solution. The surface was finally saturated after adsorption  
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Figure 3.9  (A) Step adsorption isotherm of ZnPcPA on ITO with 20 µM, 40 μM, 50 µM, 

60 µM, 80 µM, and 100 µM solutions in 7/3 (v/v) acetonitrile/pyridine. (B) Adsorption 

isotherm of ZnPcPA on ITO with a 100 µM ZnPcPA solution in 7/3 (v/v) 

acetonitrile/pyridine. Q band absorbance of ZnPcPA, before (◆) and after flushing (▲) 

with 7/3 (v/v) acetonitrile/pyridine, are monitored as a function of time during adsorption.  
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from the 100 µM solution, as evidenced by the lack of a significant increase in 

absorbance.       

To determine the adsorption conditions for ZnPcPA on the ITO surface, ATR spectra 

were acquired as a function of time after injection of a 100 µM solution of ZnPcPA 

(Figure 3.10A). The absorbance at the Q band maximum increased and reached a plateau 

around 3 hours after injection, indicating the ITO surface was saturated (Figure 3.9B). 

After flushing the cell with the solvent, the remaining absorbance was substantial, 

showing that ZnPcPA was strongly adsorbed to the ITO surface. Therefore, for all 

subsequent characterizations and measurements, ZnPcPA films were prepared by 

immersing cleaned, air plasma-treated ITO electrodes in 100 µM ZnPcPA solution (in 7/3, 

v/v, acetonitrile/pyridine) for 3 hours.   

A symmetric ZnPc (Figure 3.1C) without the PA tethering group was used as a 

control to assess if the adsorption of ZnPcPA to ITO occurred via the PA group. ATR 

spectra of ZnPc acquired as a function of time after injection of a 100 μM solution are 

shown in Figure 3.10B. After flushing the flow cell with acetonitrile/pyridine to remove 

dissolved and weakly adsorbed ZnPc, the absorbance was near zero. The different results 

obtained with ZnPcPA and ZnPc confirms that ZnPcPA adsorption to ITO occurs via the 

PA group. 

With four PA attached peripherally, on at each quadrant, ZnPcPA4 is expected to 

tether to the ITO surface via multiple PA groups and exhibits a relatively in-plane 

orientation. Determination of adsorption conditions for ZnPcPA4 on ITO was done by 

qualitatively assessing the thin film absorbances measured in TE and TM polarizations.  
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Figure 3.10  TE polarized ATR spectra (solid lines) acquired as a function of time after a 

100 μM solution of (A) ZnPcPA and (B) symmetric ZnPc was injected into an ATR flow 

cell with an ITO-coated glass slide as the IRE. The arrows indicate the evolution of the 

spectra with increasing incubation time. The dashed lines are the spectra acquired after 

flushing the cell with solvent.  
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For films with relatively in-plane orientation, higher absorbance in TE than TM 

polarization ( filmTM,filmTE, AA  ) is expected. Applying the same adsorption conditions used 

to prepare ZnPcPA films (immersion of ITO in a 100 μM solution for 3 hours) to prepare 

ZnPcPA4 films on ITO resulted in a film with higher TM absorbance than TE. This 

implied that the film exhibited an out-of-plane orientation, which is attributed to tethering 

of ZnPcPA4 onto ITO via only one or two PA groups. Adjusting the adsorption 

conditions, such as solution concentration and incubation time, were tried to enforce 

adsorption of ZnPcPA4 on ITO via all four PA groups. Shortening the adsorption time to 

1 hour and lowering the solution concentration to 10 μM resulted in an increase in the 

filmTM,filmTE, AA ratio, suggesting a more in-plane orientation. The optimal adsorption 

conditions for ZnPcPA4 were obtained when immersing ITO slides in a heated solution. 

Thus, ZnPcPA4 films on ITO were prepared by immersing cleaned, air plasma-treated 

ITO electrodes in 10 µM ZnPcPA4 solution in DMSO for 30 minutes in a water bath at ca. 

100 °C. After 30 minutes, the samples were removed from the hot water bath to cool to 

room temperature while still incubating in solution for another 30 minutes.   

 

3.4.2 Spectroscopic characterization 

Figure 3.11 shows the normalized absorption spectra of ZnPcPA and ZnPcPA4 in 

solution (100 µM) and as adsorbed monolayers, measured in transmission and ATR 

geometries, respectively. The spectra of dissolved ZnPcPA and ZnPcPA4 (red dashed 

lines) show a sharp Q band, indicative of monomeric Pc molecules. For ZnPcPA films  
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Figure 3.11  Solution phase transmission spectra (red dashed lines) and TE polarized 

ATR spectra of adsorbed monolayers on ITO (black solid lines) of (A) ZnPcPA and (B) 

ZnPcPA4. Absorbance values are normalized to the value at λmax for a better comparsion 

of the absorbance band shape. Transmission spectra were acquired with 100 µM solutions 

in acetonitrile/pyridine (7/3, v/v) and in DMSO for ZnPcPA and ZnPcPA4, respectively. 

ATR spectra were acquired on adsorbed films on ITO in contact with acetonitrile.    
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adsorbed on ITO, the Q band absorbance is considerably broadened and a blue-shifted 

band relative to the monomeric Q band centered at ca. 630 nm appears (Figure 3.11A), 

showing that the film is highly aggregated with molecules in a cofacial arrangement.
196, 

208, 213, 296, 297
 Since the films of ZnPcPA were prepared by adsorption from a solution in 

which ZnPcPA molecules appear in monomeric form, the presence of aggregates in the 

films indicates that that they are formed after monomer adsorption. 

For the ZnPcPA4 film adsorbed on ITO, the Q band is slightly broadened compared to 

the solution phase spectrum (Figure 3.11B). This may be attributed to heterogeneity in 

the ZnPcPA4 monolayer on the ITO surface, which may be the result of differences in the 

number of PA groups bound to ITO per ZnPcPA4 molecule, which is presumably 

influenced by the density and heterogeneity of adsorption sites on ITO.
23, 254

 The 

spectrum also shows a small red-shifted band relative to the monomeric Q band at ca. 740 

nm, suggesting some degree of head-to-tail coupling of ZnPcPA4 molecules in the 

adsorbed film.
298-303

 Overall, comparisons of these spectra show that the ZnPcPA4 film is 

relatively free of aggregation.  

The ATR spectra of both adsorbed monolayers on ITO (black solid lines) show small 

red shifts of Q band maximum relative to the dissolved molecules from 683 to 689 nm  

and from 684 to 691 nm for ZnPcPA and ZnPcPA4, respectively. These red shifts have  

also been observed in studies of adsorption of sensitizing dyes on TiO2,
208, 304-308

 which 

are attributed to changes in the electronic and energetic properties of the molecules upon 

adsorption to a surface.
309, 310
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3.4.3 Molecular orientation 

The molecular orientations of ZnPcPA and ZnPcPA4 films on ITO surfaces were 

investigated by polarized ATR spectroscopy and near-edge X-ray absorption fine 

structure (NEXAFS). The mean tilt angles between the molecular plane normal and the 

surface normal for ZnPcPA and ZnPcPA4 on ITO are summarized in Table 3.1.  

Determination of mean tilt angles by polarized ATR is based on the dichroic ratio 

calculated from the absorbances acquired in two orthogonal polarizations.
280, 282

 Polarized 

ATR spectra of ZnPcPA and ZnPcPA4 films on ITO are shown in Figure 3.12. The 

method described by Mendes et al.
284

 (details discussed in section 3.2.1) was used to 

correct for the difference in the interfacial electric field intensities between TE and TM 

polarizations using randomly oriented dyes in solution. The isotropic dichroic ratios were 

measured using a solution mixture consisting of bromocresol green and methylene green 

dissolved in acetonitrile/pyridine (7/3, v/v) and a solution of malachite green dissolved in 

acetonitrile for ZnPcPA and ZnPcPA4, respectively. The selections of dyes were based on 

several reasons: (1) their absorbance bands span the wavelength ranges over which 

ZnPcPA and ZnPcPA4 absorb; (2) none of the dyes exhibit measurable adsorption to the 

surface of ITO (i.e., when the dyes were flushed from the ATR flow cell with solvent, the 

transmittance returned to 100%); (3) different dyes were used for ZnPcPA and ZnPcPA4 

because of differences in solubility in acetonitrile/pyridine (7/3, v/v) and 100% 

acetonitrile (the mixture of bromocresol green and methylene green does not dissolve in 

100% acetonitrile).  
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Table 3.1  The mean tilt angles between the molecular plane normal and the surface 

normal for ZnPcPA and ZnPcPA4 tethered to ITO  

 
ZnPcPA ZnPcPA4 

 

Monomer Aggregate Monomer 

Determined by polarized ATR
a
 33 ± 1° 57.8 ± 0.7° 29 ± 2° (31 ± 2°)

b
 

Determined by NEXAFS 51.5 ± 0.5° (53 ± 1°)
c,d

 46° (44°)
d
 

 
a

 n = 3 trials for ZnPcPA, and n = 4 trials for ZnPcPA4. 

b

 The value in parentheses is the result calculated based on the isotropic dichroic ratio 

value determined from an adsorbed film of dextran randomly labeled with Alexa
®
 Fluor 

680.  

c

 n = 3 trials.  

d

 NEXAFS data were acquired in AEY and TEY channels. The values in parentheses are 

the results acquired in TEY channel.   
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Figure 3.12  TM (black solid lines) and TE (red dashed lines) polarized ATR spectra of 

films of (A) ZnPcPA on ITO in contact with acetonitrile/pyridine (7/3, v/v) and (B) 

ZnPcPA4 on ITO in contact with acetonitrile. 
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TE and TM polarized ATR spectra of the bromocresol green and methylene green 

dye mixture in acetonitrile/pyridine (7/3, v/v) and malachite green in acetonitrile are 

shown in Figure 3.13. For the bromocresol green and methylene green dye mixture and 

malachite green, mean ρiso values of 0.582 ± 0.009 and 0.433 ± 0.005 (n = 3 trials) were 

obtained from the ratio of these spectra by integrating over the wavelength ranges of 530 

to 700 nm, respectively. The normalized dichroic ratio is related to θμ by Equation 3.15 

with the assumption that the absorption dipole transition for monomeric and aggregated 

ZnPcPA and ZnPcPA4 are circularly polarized in the molecular plane (i.e., D4h 

symmetry).  

For ZnPcPA films, mean tilt angles for monomeric and aggregated subpopulations 

were determined at absorbance bands centered at 680 nm and 630 nm, respectively. Mean 

tilt angles between the molecular plane normal and the normal to the ITO surface plane 

are 33 ± 1 and 57.8 ± 0.7° (n = 3 trials) for monomeric and aggregated ZnPcPA, 

respectively, showing that the orientation distributions of these two forms are different. 

For ZnPcPA4 films, the mean tilt angle was determined at the absorbance band centered 

at 690 nm, yielding an angle of 29 ± 2° (n = 4 trials). Attributed to its multiple PA 

anchoring groups, ZnPcPA4 exhibits a more in-plane orientation on ITO relative to 

ZnPcPA. 

Using an isotropic dichroic ratio value determined from a solution containing 

randomly oriented chromophores, we assume the ratio of interfacial electric field 

intensities between TE and TM polarizations is the same as the ratio of electric field 

intensities integrated over the bulk evanescent pathlength (dp = ca. 100 nm for our  
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Figure 3.13  ATR spectra of (A) a mixture of 5 mM bromocresol green and 5 mM 

methylene green in acetonitrile/pyridine (7/3, v/v), (B) 5 mM malachite green in 

acetonitrile, and (C) an Alexa Fluor
®
 680 labeled dextran film, acquired in TM (black 

solid lines) and TE (red dashed lines) polarizations.  
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systems, Equation 3.4). To account for possible differences, a film containing a random 

distribution of chromophores can be used. An adsorbed film of dextran randomly labeled 

with Alexa Fluor
®
 680 (3000 MW, Molecular Probes, Cat.# D34681) was prepared by 30 

minutes adsorption from 10 μM dextran solution in 10 mM, pH 8 phosphate buffer. ATR 

spectra in TE and TM polarizations of the dextran film in contact with acetonitrile are 

shown in Figure 3.13C. The mean ρiso, integrating over the wavelength range of 530 to 

700 nm, was 0.487 ± 0.009 (n = 3 trials), yielding a mean tilt angle of 31 ± 2° (n = 4 

trials).   

The mean tilt angles of ZnPcPA (monomer plus aggregate) and ZnPcPA4 films were 

also determined using near-edge X-ray absorption fine structure (NEXAFS) 

spectroscopy.
311

 The measurements and data analysis were performed by the Ginger 

group at the University of Washington. Assuming that the C=C bonds lie in the Pc 

molecular plane, the orientation of the transition dipole moment that is normal to the 

molecular plane can be ascertained from the dependence of the intensity of the C=C π* 

spectral feature located at ca. 285.8 eV incident photon energy on the incident angle of 

polarized X-rays relative to the ITO surface. Figure 3.14 shows the angular dependent 

TEY NEXAFS spectra of a ZnPcPA film on ITO with incident angles from 20° to 90°. 

The dependence of the normalized peak area (Ip) of the C=C π* peak (Figure 3.13B) at 

various incident angles (α) is related to the angle between the normal to the Pc molecular 

plane and the surface normal (θμ) using the following equation:
311

 

              θcos1
2

15.0
1θcos31cos325.01

3

7.1
I 222

p         (3.23) 
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Figure 3.14  (A) Angle dependent TEY NEXAFS spectra of a ZnPcPA film on ITO with 

incident angles from 20° to 90°. (B) Normalized TEY NEXAFS spectrum (red) of a 

ZnPcPA film on ITO at 45° angle of incidence. Peak fits were performed on the π* peak 

at 285.8 eV (blue) and the σ* features between 290 and 310 eV (green). The carbon K-

edge is at approximately 287 eV (black).  
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Figure 3.15 shows the plots of models for θμ from 0° to 90° based on Equation 3.23. 

The data for a ZnPcPA film on ITO acquired in AEY and TEY channels showed best fits 

to the model (red curves in Figure 3.15) for θμ of 51.5 ± 0.5° and 53 ± 1° (n = 3 trials), 

respectively. Although the ATR and NEXAFS results do not provide a measure of the 

width of the orientation distributions for the monomer, the aggregate, or the entire film, 

taken together, they clearly show that there is a broad distribution of tilt angles in 

ZnPcPA films. These results also point to the importance of measuring the orientation of 

a linker-chromophore on a semiconductor surface, as opposed to predicting orientation 

based on molecular structure and using that prediction as a basis for interpreting 

measurements of charge transfer kinetics. 

Figure 3.16 shows the angle dependent NEXAFS spectra of a ZnPcPA4 film on ITO 

with incident angles from 20° to 90°, acquired in AEY and TEY channels. The data 

acquired in AEY and TEY channels showed best fits to the model (Figure 3.17) for θμ of 

46° and 44°, respectively. Although there is a discrepancy in the mean tilt angles 

determined by polarized ATR spectroscopy and by NEXAFS, which may possibly be 

attributed to the imprecise theoretical model used to fit the NEXAFS data, a consistent 

trend that θμ of ZnPcPA4 is smaller than that of ZnPcPA was observed, indicating a more 

in-plane orientation for ZnPcPA4 on ITO.     
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Figure 3.15  Plots of fitting models for the peak areas of the C=C π* peak at various 

incident angles (α). The NEXAFS data of a ZnPcPA film acquired in (A) AEY and (B) 

TEY channels are shown in red. Best fits of the data to the model are shown as the red 

curves.   
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Figure 3.16  Angle dependent NEXAFS spectra of a ZnPcPA4 film on ITO with incident 

angles from 20° to 90°, acquired in (A) AEY and (B) TEY channels. 
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Figure 3.17  Plots of fitting models for the peak areas of the C=C π* peak at various 

incident angles with NEXAFS data of a ZnPcPA4 film on ITO acquired in (A) AEY and 

(B) TEY channels. Best fits of the data to the model are shown in red and blue curves.   
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3.4.4 Electrochemical and spectroelectrochemical characterizations 

Figure 3.18 show the background-subtracted cyclic voltammograms of the first 

oxidation of ZnPcPA and ZnPcPA4 monolayers tethered to ITO acquired with a scan rate 

of 100 mV·s
-1

 in TBAP/acetonitrile electrolyte. The electrochemical data, including 

midpoint potential (E
0
’), electroactive surface coverage (Γ), and apparent heterogeneous 

electron transfer rate constant (ks,app) for ZnPcPA and ZnPcPA4 determined by cyclic 

voltammetry are listed in Table 3.2. 

The voltammogram of a ZnPcPA monolayer on ITO (Figure 3.18A) is resolved into 

two peaks, indicative of two electrochemically distinct subpopulations of molecules, with 

midpoint potentials (E
0
’) at 0.23 ± 0.01 and 0.42 ± 0.01 V versus Ag/Ag

+
. These are 

assigned to aggregated and monomeric forms of ZnPcPA, respectively.
221

 Cofacial Pc 

aggregates are more easily oxidized than monomeric ZnPcPA due to “through-space” 

orbital overlap of the π systems,
312, 313

 which stabilizes the product of the one-electron 

oxidation.
313

 The peak width at half-height (ΔEp,½) of the monomeric and aggregated 

ZnPcPA are ca. 150 and 250 mV, respectively, which are larger than the ΔEp,½ = 90.6 

mV (at 25°C) for an ideal Nernstian one-electron transfer process.
314

 The deviations from 

the ideal behavior are attributed to heterogeneous chemical microenvironments of the 

adsorbed ZnPcPA on ITO, which results in a wide distribution of redox potentials for the 

system.
315, 316

 

Unlike ZnPcPA, the voltammogram of a ZnPcPA4 film on ITO (Figure 3.18B) shows 

a broad redox wave with E
0
’ at 0.22 ± 0.01 V versus Ag/Ag

+
, indicating the monolayer is 

composed of predominately one electrochemical population. This population is likely to  



139 

 

 
 

Figure 3.18  Background-subtracted cyclic voltammograms showing the first oxidation 

of (A) ZnPcPA and (B) ZnPcPA4 monolayers tethered to ITO, acquired with a scan rate 

of 100 mV·s
-1

 in TBAP/acetonitrile electrolyte. The current density (J) is normalized by 

the electrode area, A = 0.071 cm
2
.   
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Table 3.2  The midpoint potential (E
0’

), electroactive surface coverage (Γ), and apparent 

electron transfer rate constant (ks,app) determined by cyclic voltammetry for monolayers 

of ZnPcPA (n = 4 trials) and ZnPcPA4 (n = 5 trials) tethered to ITO  

 
ZnPcPA ZnPcPA4 

 

Monomer Aggregate Monomer 

E
0
’ads

  
(V vs Ag/Ag

+
) 0.42 ± 0.01 0.23 ± 0.01 0.22 ± 0.01 

Γ (mol·cm
-2

)
a
 2.2 ± 0.1 × 10

-10
 6.1 ± 0.2 × 10

-11
 

ks,app (s
-1

)
b
 1.7 ± 0.2 2.4 ± 0.1 3.1 ± 0.6 

 
a

 The electroactive surface coverages were calculated from the mean of the integrated 

charges of the anodic and cathodic processes. For ZnPcPA, the entire voltammetric 

envelope, which contains both monomeric and aggregated species, was integrated 

assuming one-electron oxidation (n = 1) for both monomeric and aggregated ZnPcPA. 

b

 The apparent electron transfer rate constants were determined using Laviron’s 

formalism
245

 based on the peak separations with a scan rate of 0.1 V·s
-1

. 
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be the monomeric ZnPcPA4 based on the spectral shape of ZnPcPA4 monolayer (Figure 

3.11B). The ΔEp,½ of a ZnPcPA4 monolayer on ITO is ca. 300 mV, indicating a wide 

distribution of redox potentials for the system.
315, 316

 This electrochemical heterogeneity 

is consistent with the broadening of the Q band observed spectroscopically (Figure 

3.11B), which may be a result of the heterogeneity in chemisorption sites on ITO surfaces, 

onto which ZnPcPA4 molecules adsorb via different numbers of PA anchoring groups. 

Figure 3.19 shows the diffusion-controlled cyclic voltammograms of ZnPcPA and 

ZnPcPA4 in 0.3 M TBAP in dichloromethane/DMSO (1/1, v/v). The voltammogram of 

dissolved ZnPcPA (Figure 3.19A) shows voltammetric waves composed of two 

overlapping peaks that are not resolved, indicating the formation of aggregates. The E
0
’ 

for monomeric ZnPcPA is ca. 0.18 V versus Fc/Fc
+
. The voltammogram of dissolved 

ZnPcPA4 (Figure 3.19B) shows a redox couple with E
0
’ at ca. -0.094 V versus Fc/Fc

+
, 

assigning to the monomeric form of ZnPcPA4. The E
0
’ for ZnPcPA4 is ca. 0.27 V more 

negative than that for the monomeric ZnPcPA, indicating that ZnPcPA4 is more easily 

oxidized than ZnPcPA. This difference in E
0
’ values for dissolved ZnPcPA and ZnPcPA4 

is consistent with the trend observed for surface-adsorbed ZnPcPA and ZnPcPA4 films on 

ITO, where a 0.2 V difference in E
0
’ values is observed.   

Electroactive surface coverages (Γ) were calculated by integrating over the entire 

voltammetric wave, assuming one-electron oxidation for both monomeric and aggregated 

ZnPcPA and ZnPcPA4. For ZnPcPA on ITO, Γ is 2.2 ± 0.1 × 10
-10

 mol·cm
-2

, which is 

equivalent to ca. 1.1 closed-packed monolayers, assuming ZnPcPA is adsorbed in edge-

on orientation with a projected area of 85 Å
2
/molecule on a flat surface. For ZnPcPA4, Γ  
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Figure 3.19  Diffusion-controlled cyclic voltammograms showing the first oxidation of 

(A) ZnPcPA and (B) ZnPcPA4 in 0.3 M TBAP in dichloromethane/DMSO (1/1, v/v), 

acquired with a scan rate of 50 mV·s
-1

. The solution concentrations were ca. 140 μM and 

170 μM for ZnPcPA and ZnPcPA4, respectively. The current density (J) is normalized by 

the electrode area, A = 0.071 cm
2
.    
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is 6.1 ± 0.2 × 10
-11

 mol·cm
-2

. Assuming ZnPcPA4 is adsorbed in an in-plane 

configuration as shown in Figure 3.25A and there is no intercalation of the side chains, 

the projected area of a ZnPcPA4 molecule is calculated to be 890 Å
2
/molecule. Γ of 6.1 ± 

0.2 × 10
-11

 mol·cm
-2

 corresponds to ca. 3.3 closed-packed monolayers of ZnPcPA4 on 

ITO surface. However, the actual surface coverage of ZnPcPA4 on ITO, in terms of the 

number of monolayer, should be smaller due to intercalation of the side chains, making 

the average projected area of a ZnPcPA4 molecule smaller. The apparent heterogeneous 

electron-transfer rate constants (ks,app) for monomeric ZnPcPA, aggregated ZnPcPA, and 

ZnPcPA4, determined using the CV method formulated by Laviron,
245

 are 1.7 ± 0.2, 2.4 ± 

0.1, and 3.1 ± 0.6 s
-1

, respectively (Table 3.2). 

Figure 3.20 shows ATR spectra of adsorbed ZnPcPA and ZnPcPA4 films on ITO 

acquired as a function of the potential applied to the ITO-coated waveguide. As the 

potential was stepped from 0 to 0.6 V (for ZnPcPA; Figure 3.20A) and from -0.1 to 0.5 V 

(for ZnPcPA4; Figure 3.20B) versus Ag/Ag
+
, a decrease in monomeric ZnPcPA (680 nm 

in Figure 3.20A), aggregated ZnPcPA (630 nm in Figure 3.20A), and ZnPcPA4 (690 nm 

in Figure 3.20B) absorption bands is observed. Midpoint potentials for oxidative 

bleaching were 0.42, 0.26 V, and 0.21 V for monomeric ZnPcPA, aggregated ZnPcPA, 

and ZnPcPA4, respectively, consistent with E
0
’ values determined by cyclic voltammetry 

(Table 3.2), which also confirm the spectral and electrochemical assignments of ZnPcPA 

and ZnPcPA4 in Figures 3.12 and 3.18. 
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Figure 3.20  Potential-dependent ATR spectra of monolayers of (A) ZnPcPA and (B) 

ZnPcPA4 on ITO in TE and TM polarizations. The electrolyte was 0.1 M TBAP in 

acetonitrile. Potential was stepped from 0 to 0.6 V and from -0.1 to 0.5 V versus Ag/Ag
+
 

to oxidize ZnPcPA and ZnPcPA4, respectively.  
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The dichroic ratios of ZnPcPA and ZnPcPA4 films on ITO as a function of applied 

potential are listed in Table 3.3. The dichroic ratios for both monomeric ZnPcPA and 

ZnPcPA4 increased at applied potentials more positive than the midpoint potentials for 

oxidation, indicating changes of molecular orientation as the films get oxidized. Increase 

in dichroic ratios indicates the molecules become more in-plane as they get oxidized. 

These changes in molecular orientation can be attributed to electrostatic repulsion 

between oxidized molecules. Molecules with more in-plane orientation can presumably 

allow more readily movement of counter ions to stabilize the cation radicals produced 

after oxidation to reduce the electrostatic repulsion between oxidized molecules. For 

aggregated ZnPcPA, small increases in dichroic ratios were observed at applied potentials 

more positive than the midpoint potential. However, these changes in dichroic ratio are 

not statistically significant based on the error of previous measurements of dichroic ratios 

(ca. 0.1). Therefore, further trials of the measurement need to be acquired to establish the 

relationship for aggregated ZnPcPA.    

 

3.4.5 PM-ATR measurements of electron transfer rate constants (ks,app) 

PM-ATR was used to estimate ks,app for monomeric ZnPcPA, aggregated ZnPcPA, 

and ZnPcPA4 and for differently oriented subpopulations of these forms. PM-ATR is a 

waveguide ATR-based form of ER spectroscopy
286, 289

 that allows electron transfer rates 

to be measured using TE or TM polarized light to probe molecules that are oriented 

predominately in-plane or out-of-plane, respectively. In a previous study, this approach 

was used to correlate heme group orientation with electron-transfer rates in an  
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Table 3.3  The dichroic ratios of ZnPcPA and ZnPcPA4 films on ITO as a function of 

applied potential (Eapplied) 

Eapplied 

(V vs Ag/Ag
+
) ZnPcPA ZnPcPA4 

 

Monomer Aggregate Monomer 

-0.1   1.7 

0 1.0 0.65 1.6 

0.1 1.0 0.64 1.6 

0.15   1.7 

0.2 1.0 0.66 1.7 

0.25 1.1 0.67 1.9 

0.3 1.2 0.75 2.4 

0.35 1.2 0.70 

 0.4 1.3 0.71  

0.5 1.6  

 0.6 1.6 
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electroactive protein monolayer.
273

 Detailed description of the theory for PM-ATR is 

given in Section 3.2.2.  

To select the optimal Edc values used in PM-ATR measurements on ZnPcPA and 

ZnPcPA4 films, ER voltammograms were acquired to select the potential at which the 

largest difference between the real (Re(Rac), in-phase) and imaginary (Im(Rac), out-of-

phase) portions of the ER signal were observed. ER voltammograms are optically 

detected anodic sweep voltammograms, in which the optical signals are recorded while 

applying a sinusoidally modulated potential around a linearly swept dc potential.  

Figure 3.21 shows the ER voltammograms for monomeric ZnPcPA, aggregated 

ZnPcPA, and ZnPcPA4 on ITO. They were acquired by sweeping the potential from -0.1 

to 0.7 V (for ZnPcPA) or from -0.2 to 0.6 V (for ZnPcPA4) versus Ag/Ag
+
 at scan rate of 

1 mV·s
-1

 while applying a 10 mVrms potential modulation at a frequency of 1 Hz in TE 

and TM polarizations. The ER signals (Re(Rac) and Im(Rac)) were recorded at 680 nm, 

630 nm, and 690 nm for monomeric ZnPcPA, aggregated ZnPcPA, and ZnPcPA4, 

respectively. The largest differences in Re(Rac) and Im(Rac) were observed at ca. 0.38 V, 

0.25 V, and 0.21 V for monomeric ZnPcPA, aggregated ZnPcPA, and ZnPcPA4, 

respectively. These values were used in the subsequent PM-ATR experiments. 

Complex plane plots of Im(Rac) versus Re(Rac), acquired at various modulation 

frequencies, were subjected to a polynomial fit to determine the optical switching 

frequency (ω) at which Re(Rac) = 0. Figure 3.22 shows representative complex plane 

plots for subpopulations of ZnPcPA films. Rate constants were calculated from Equation 

3.22. The PM-ATR results are summarized in Table 3.4. 
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Figure 3.21  ER voltammograms of (A) monomeric ZnPcPA (680 nm), (B) aggregated 

ZnPcPA (630 nm), and (C) ZnPcPA4 (690 nm) films on ITO. The scan rate was 1 mV·s
-1

, 

the modulation frequency was 1 Hz, and the modulation amplitude was 10 mVrms. The 

black and green traces are the real (Re(Rac), in-phase) portion of the ER signal acquired in 

TE and TM polarizations, respectively. The red and blue traces are the imaginary 

(Im(Rac), in-phase) portion of the ER signal acquired in TE and TM polarizations, 

respectively. 
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Figure 3.22  Representative complex plane plots for (A) monomeric ZnPcPA in TE 

polarization, (B) monomeric ZnPcPA in TM polarization, (C) aggregated ZnPcPA in TE 

polarization, and (D) aggregated ZnPcPA in TM polarization. The frequency where the 

real component of the ER signal (Re(Rac)) goes to zero is used to estimate ks,app. 
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Table 3.4  Solution resistance (Rs)
a
, double-layer capacitance (Cdl)

a
, and apparent 

electron transfer rate constants (ks,app) for ZnPcPA (n = 5 trials) and ZnPcPA4 (n = 8 trials) 

tethered to ITO determined by PM-ATR 

 

ZnPcPA ZnPcPA4 

 

Monomer 

(Edc = 0.38 V) 

Aggregate 

(Edc = 0.25 V) 

Monomer 

(Edc = 0.21 V) 

Rs
 (Ω·cm2)b 54 ± 8 54 ± 5 13.8 ± 0.9 

Cdl (µF·cm-2)b 7 ± 2 7 ± 1 6.6 ± 0.9 

polarization TE TM TE TM TE TM 

ks,app (s-1)b,c 2.0 ± 0.6 × 102 1.7 ± 0.5 × 102 2.1 ± 0.5 × 103 7 ± 2 × 102 1.9 ± 0.4 × 104 1.8 ± 0.3 × 104 

 

a

 Rs and Cdl were determined by electrochemical impedance spectroscopy on 

independently prepared samples.  

b

 The electrode areas of the ATR spectroelectrochemical cells used for measurements on 

ZnPcPA and ZnPcPA4 were 2.1 cm
2
 and 0.8 cm

2
, respectively. 

c

 Since the Rs and Cdl values measured at Edc = 0.38 V and 0.25 V are the same, values 

obtained at Edc = 0.38 V and 0.25 V were averaged (Rs = 54 ± 6 and Cdl = 7 ± 1, n = 10 

trials) and used to calculate ks,app for both ZnPcPA monomer and aggregate.  
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All ks,app values determined by PM-ATR are significantly larger than those estimated 

from cyclic voltammetry (Table 3.2), consistent with previous studies.
273, 317, 318

 This 

disparity is likely attributable to differences in the fraction of electroactive molecules 

probed by the two methods. Adsorption of ZnPcPA and ZnPcPA4 on a chemically and 

structurally heterogeneous surface, such as ITO,
23, 254

 generates monolayers that are 

structurally heterogeneous, which should be reflected in a distribution of E
0
’ values and 

apparent rate constants for electron transfer.
316, 319

 In the voltammetric measurement, the 

entire ensemble of electroactive molecules is oxidized/reduced over a large potential 

range, whereas in the PM-ATR measurement, the potential is modulated in a narrow 

range around E
0
’, and only the molecules with redox potentials in this range are probed. 

This subpopulation should equilibrate more rapidly with the modulated electrode 

potential relative to the remainder of the film, and thus, the ks,app measured by PM-ATR is 

expected to be greater than that measured by CV. 

Focusing on the PM-ATR results for ZnPcPA, the ks,app values for the aggregated 

form are 3 − 10 times greater than that measured for the monomeric form, which is 

consistent with previous studies indicating that a Pc dimer has a smaller reorganization 

energy for electron transfer relative to the monomer.
320, 321

 The ks,app values for the 

monomeric ZnPcPA exhibit no apparent dependence on molecular orientation, whereas 

for aggregated ZnPcPA, the rate constant obtained in TE polarization is 3-fold greater 

than the value obtained in TM polarization. This difference can be explained by 

considering the influence of a narrow versus a broad tilt angle distribution. In a redox 

active film composed of molecules with D4h symmetry and a uniaxial orientation 
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distribution in the electrode surface plane, molecules at all tilt angles (from 0 to 90°) 

contribute to the rate constants measured by PM-ATR in TE and TM polarizations, but 

their contributions are weighted by the extent to which their absorption transition dipoles 

project onto the electric fields of TE and TM polarized light. For a film with a broad 

distribution of tilt angles, the TE and TM measurements will probe molecular 

subpopulations that are overlapping but differentially weighted; molecules with large tilt 

angles contribute more to the TM ks,app value, whereas those with small tilt angles 

contribute more to the TE ks,app value. However, if the tilt angle distribution of the 

molecules is narrow, then the TE and TM measurements will not be differentially 

weighted, and the rate constants measured in both polarizations will be equal. This 

hypothesis provides the most probable explanation for the observation that the ks,app 

values for the monomeric ZnPcPA are not dependent on the polarization of the probe 

beam. The relative peak widths in the cyclic voltammogram (Figure 3.18A) and the ER 

voltammogram (Figures 3.21A and B) support this interpretation. In the cyclic 

voltammogram, the aggregate peak (E
0
’ = 0.23 V, ΔEp,½ = ca. 250 mV) width is broader 

than that of the monomeric species (E
0
’ = 0.42 V, ΔEp,½ = ca. 150 mV), consistent with a 

broader distribution of electrochemical (and structural) environments. Furthermore, ER 

voltammograms of monomeric ZnPcPA (Figure 3.21A) acquired in TE and TM 

polarizations showed that Re(Rac) signals maximized at the same peak potential at ca. 

0.38 V, whereas the aggregated ZnPcPA showed a ca. 70 mV difference in the peak 

potentials where Re(Rac) maximized (Figure 3.21B). For aggregated ZnPcPA, the highest 

Re(Rac) signals were observed at ca. 0.18 V and 0.25 V with TE and TM polarized light, 
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respectively, suggesting differently oriented aggregates have different redox potentials. A 

broad orientation distribution for aggregated ZnPcPA should correspond to a broader 

distribution of distances between the Pc macrocycle and the electrode surface relative to a 

narrow orientation distribution.  

Figure 3.23A shows the 3D structure of a ZnPcPA molecule with its alkoxy spacer 

between the Pc macrocycle and the PA tethering group fully extended in the all-trans 

configuration, generated using ChemBio3D. In order for a Pc aggregate to exhibit an in-

plane orientation, gauche defects need to be introduced into the alkoxy spacers, which 

results in a shorter tunneling distance between the Pc macrocycle and the electrode 

surface relative to an out-of-plane orientation. Compared to an out-of-plane configuration 

of a Pc dimer (Figure 3.23B), an in-plane configuration of a Pc dimer, created by 

introducing gauche defects with rotation of the C1-C2 and C5-C6 bonds on the alkoxy 

spacers (Figure 3.23C), reduces the distance between the Pc macrocycle and the electrode 

surface from 15.2 Å to 7.8 Å. This reduction in the tunneling distance leads to the 3-fold 

greater ks,app value for aggregated ZnPcPA obtained in TE polarization relative to the 

value obtained in TM polarization (Table 3.4).   

Like the monomeric ZnPcPA, the ks,app values for ZnPcPA4 also show no apparent 

dependence on molecular orientation. This is consistent with our prediction that a PA 

anchoring group at each quadrant of ZnPcPA4 allows these molecules to orient in-plane 

relative to the surface with a narrow distribution of orientations. The ER voltammograms 

acquired in TE and TM polarizations exhibited the same optically determined redox 

potentials at ca. 0.21 V (Figure 3.21C), which also suggests a narrow orientation  
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Figure 3.23  (A) 3D structure of a ZnPcPA molecule with its alkoxy spacer between the 

Pc macrocycle and the PA tethering group fully extended in the all-trans configuration. 

(B) A ZnPcPA dimer in an out-of-plane configuration. (C) A ZnPcPA dimer in an in-

plane configuration, created by introducing gauche defects with rotation of the C1-C2 

and C5-C6 bonds on the alkoxy spacers. Structures are generated using ChemBio3D.   
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distribution for ZnPcPA4 adsorbed on ITO. The large widths of the ER voltammograms, 

similarly to that observed in the cyclic voltammogram (Figure 3.18B), can be attributed 

to a distribution of redox potentials for ZnPcPA4 molecules adsorbed to ITO via different 

numbers of PA anchoring groups. As discussed in Section 3.4.4, the E
0
’ for dissolved 

ZnPcPA4 is ca. 0.27 V more negative than that for the dissolved ZnPcPA. This implies 

that ZnPc molecules carrying different number of PA groups have different redox 

potentials. It is possible that ZnPcPA4 molecules adsorbed on ITO surfaces in an in-plane 

orientation via different number of PA groups by introducing of gauche defects into the 

alkoxy chains, which leads to a broad distribution of redox potentials and broader 

voltammetric peaks.    

 The ks,app values for ZnPcPA4 are an order of magnitude greater than the highest ks,app 

measured for the in-plane, aggregated subpopulation of ZnPcPA (Table 3.4). The faster 

electron transfer for ZnPcPA4 relative to ZnPcPA can be attributed to a smaller tunneling 

distance between the Pc macrocycle and the underlying ITO electrode. A ZnPcPA4 

molecule with its alkoxy side chains fully extended (Figure 3.24) is unlikely to adsorb to 

ITO surfaces through multiple PA groups to produce a monolayer with in-plane 

orientation. In order for a ZnPcPA4 molecule to bind to ITO surfaces via multiple PA 

groups, gauche defects need to be introduced into the alkoxy spacers between the Pc 

macrocycle and the PA anchors. Depending on the position and the number of gauche 

defects, the distance between the Pc and the surface of ITO is shortened compared to the 

all-trans configuration.  
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Figure 3.24  3D structure of a ZnPcPA4 molecule with their alkoxy spacer fully extended 

in the all-trans configuration generated using ChemBio3D.  
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Figure 3.25 shows some examples of ZnPcPA4 molecular configurations, where 

gauche defects are introduced at different positions in the alkoxy chains. With gauche 

defects near the PA groups, introduced by rotation of the C9-C10 bonds (Figure 3.25A), 

the tunneling distance between the Pc macrocycle and the electrode surface is calculated 

to be 2.8 Å, based on the bond lengths and bond angles given by ChemBio3D. The 

tunneling distance between the Pc macrocycle and the electrode surface increases as 

gauche defects are introduced closer to the Pc core. Rotation of the C5-C6 (Figure 3.25B) 

and the C1-C2 bonds (Figure 3.25C) results in tunneling distances of 7.8 and 12.8 Å, 

respectively. Tunneling distances can also be varied by introducing multiple gauche 

defects into each chain. Figure 3.25D shows a ZnPcPA4 configuration generated by 

rotating both the C1-C2 and C5-C6 bonds, which leads to a tunneling distance of 2.8 Å. 

The small distance between the Pc macrocycle and the ITO surface can also be 

attributed to the chemical interaction between Pc and ITO surface. The interaction 

between organic molecules and metal oxide surfaces has been reported.
322-325

 Peisert et 

al.
323

 observed a strong interaction between N,N’-diphenyl-N,N’-bis (3-methylphenyl)-

1,1’-diphenyl-4, 4’-diamine (TPD) and ITO, which leads to partial charge transfer and a 

partially oxidized TPD at the interface. They also reported chemical interaction between 

CuPc and ITO, where no partial charge transfer was observed.
322, 326

 In our study, the 

values of open circuit potential of bare ITO (-0.10 V) and ZnPcPA4 adsorbed ITO (-0.11 

V) in contact with 0.1 M TBAP/acetonitrile are similar, suggesting there is no partial 

charger transfer between ZnPcPA4 and ITO. Mattioli and co-workers reported theoretical  
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Figure 3.25  Examples of ZnPcPA4 molecular configurations with gauche defects in the 

alkoxy chains. 3D structures are generated using ChemBio3D and shown in top and side 

views. Single gauche defects are introduced by rotation of (A) the C9-C10 bonds near the 

PA groups, (B) the C5-C6 bonds near the center of the chains, and (C) the C1-C2 bonds 

close to the Pc macrocycle. (D) Two gauche defects are introduced into each alkoxy 

chain by rotation of both the C1-C2 and C5-C6 bonds.  
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studies on the interaction between ZnPc and ZnO surfaces. The theoretical results showed 

strong van der Waals forces between ZnPc and ZnO and the formation of a chemical 

bond between the Zn center of the ZnPc and the surface O atoms of ZnO.
324

 These 

studies suggest possible interaction between ZnPc and ITO, which may bring the Pc 

macrocycles closer to the ITO surface and contribute to the shorter tunneling distance 

between ZnPcPA4 and the underlying ITO electrode.   

The rate of electron transfer has an exponential dependence on distance between the 

donor and acceptor involved in the electron transfer process:
143

 

            dkk  exp0apps,           (3.24) 

where β is the decay constant for tunneling, d is the distance between the donor and 

acceptor states, and k0 is the extrapolated value of the rate constant for d = 0. For a 

ZnPcPA molecule with its alkoxy spacer fully extended in the all-trans configuration 

(Figure 3.23A), the length of the alkoxy PA anchor is calculated to be 15.2 Å. For 

monomeric ZnPcPA, the mean tilt angle determined by polarized ATR was 33°, which 

corresponds to a tunneling distance of 8.3 Å between the Pc macrocycle to the electrode 

surface, assuming no gauche defects in the alkoxy chain. β for alkanethiol SAMs on Au 

is ca. 1.0 Å
-1

.
248, 327-329

 Using this β value, a tunneling distance of 8.3 Å, and ks,app of 185 

s
-1

 (average of ks,app values in TE and TM) for monomeric ZnPcPA, k0 is calculated to be 

7.44 × 10
5
 s

-1
. Therefore, using the calculated k0, a ks,app of 1.85 × 10

4
 s

-1
 (average of ks,app 

values in TE and TM) for ZnPcPA4 monolayers  corresponds to a tunneling distance of 

3.7 Å between the Pc core and the surface of ITO. This confirms the attribution of faster 

electron transfer rate for ZnPcPA4 relative to ZnPcPA to a smaller tunneling distance 
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between the Pc macrocycle and the underlying ITO electrode, as a consequence of 

gauche defects in the alkoxy chains.  

   

3.4.6 CuPc layers on ZnPcPA- and ZnPcPA4- modified ITO – absorbance spectroscopy 

Layers of CuPc were deposited on ZnPcPA- (ZnPcPA/ITO) and ZnPcPA4-modified 

ITO (ZnPcPA4/ITO) to assess the effect of the differently oriented monolayers on the 

structure and energetics of sequential donor layers. CuPc was used as the donor material 

in this study due to its well defined deposition conditions. Figure 3.26 shows the 

absorption spectra of 1 nm, 2 nm, and 4 nm of vacuum deposited CuPc films, which 

correspond to 1, 2, and 4 CuPc monolayers, respectively on ZnPcPA/ITO and 

ZnPcPA4/ITO. These spectra show the typical α-phase characteristic observed for 

thermally evaporated CuPc films with peaks at 623 nm and 690 nm.
330-332

 The ratios 

between the intensities of peaks at 623 nm, which corresponds to cofacial Pc aggregate, 

and at 690 nm, which corresponds to monomeric Pc, for CuPc layers on ZnPcPA/ITO 

and ZnPcPA4/ITO are listed in Table 3.5. Comparing the spectra of 1 nm and 2 nm CuPc 

films on ZnPcPA/ITO (Figure 3.26A) and ZnPcPA4/ITO (Figure 3.26B), the ratio of the 

peak intensities at 623 nm relative to the peak at 690 nm is higher for CuPc films on 

ZnPcPA/ITO (Table 3.5), suggesting higher degrees of cofacial aggregation for the first 

few monolayers of CuPc adjacent to ZnPcPA/ ITO.
330, 332-334

 The spectra of 1 nm and 2 

nm CuPc films on ZnPcPA4/ITO exhibits a lower intensity, red-shifted band between 800 

to 1000 nm, which is not observed in the spectra of CuPc films on ZnPcPA/ITO. This 

red-shifted peak is usually associated with J-aggregation of Pc molecules, suggesting  



161 

 

 
 

Figure 3.26  Absorption spectra of 1 nm (black), 2 nm (red), and 4 nm (blue) of CuPc on 

(A) ZnPcPA/ITO and (B) ZnPcPA4/ITO. Spectra of ZnPcPA/ITO and ZnPcPA4/ITO 

were used as blanks. 
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Table 3.5  The ratios between the peak intensities at 623 nm (A623) and at 690 nm (A690) 

for CuPc layers on ZnPcPA/ITO and ZnPcPA4/ITO 

 

A623 A690 A623/A690 

1 nm CuPc/ZnPcPA/ITO 0.014 0.0087 1.6 

2 nm CuPc/ZnPcPA/ITO 0.024 0.016 1.5 

4 nm CuPc/ZnPcPA/ITO 0.056 0.041 1.4 

1 nm CuPc/ZnPcPA4/ITO 0.018 0.015 1.2 

2 nm CuPc/ZnPcPA4/ITO 0.027 0.024 1.1 

4 nm CuPc/ZnPcPA4/ITO 0.052 0.040 1.3 
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some degree of head-to-tail coupling of CuPc molecules.
298-303

 As the thickness of CuPc 

film deposited on ZnPcPA4/ITO increases to 4 nm, the red-shifted peak disappears and 

the ratio of the peak intensities at 623 nm relative to the peak at 690 nm peak increases. 

This suggests the in-plane ZnPcPA4 monolayer adsorbed on ITO has some templating 

effect for the first few monolayers of CuPc deposited on top, which orient relatively in-

plane on the substrate. As more layers of CuPc are deposited, the templating effect is lost 

and the molecules rearrange themselves into a more stable herringbone configuration and 

become out-of-plane relative to the surface. On ZnPcPA/ITO, as the thickness of CuPc 

film increases, the ratio of the peak intensities at 623 nm relative to the peak at 690 nm 

decreases. This also indicates reorganization of the CuPc structure on ZnPcPA/ITO with 

increasing film thickness.  

 

3.4.7 CuPc layers on ZnPcPA- and ZnPcPA4- modified ITO – UPS studies 

Figures 3.27A and B show the UPS spectra of (i) ZnPcPA/ITO (Figure 3.27A) and 

ZnPcPA4/ITO (Figure 3.27B), (ii) 1 nm of CuPc, (iii) 2 nm of CuPc, and (iv) 4 nm of 

CuPc on ZnPcPA/ITO and ZnPcPA4/ITO. The work functions (φw) and ionization 

energies (IE) measured with UPS are summarized in Table 3.6. Figure 3.27C gives the 

energy band diagrams interpreted from the UPS spectra. Upon adsorption of ZnPcPA and 

ZnPcPA4 monolayers onto ITO, the work functions of ZnPcPA- and ZnPcPA4-modified 

ITO decreased from 5.0 eV to 4.2 and 4.37 eV, respectively. The change in the work 

function (Δφw) due to the induced surface dipole is given by
96, 101, 335
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Figure 3.27  UPS spectra of (A) ZnPcPA/ITO (i), 1 nm of CuPc (ii), 2 nm of CuPc (iii), 

and 4 nm of CuPc (iv) on ZnPcPA/ITO and (B) ZnPcPA4/ITO (i), 1 nm of CuPc (ii), 2 

nm of CuPc (iii), and 4 nm of CuPc (iv) on ZnPcPA4/ITO. (C) Energy band diagram 

interpreted from the spectra in (A) and (B).  
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Table 3.6  Summary of work functions (φw) and ionization energies (IE) for 

ZnPcPA/ITO and ZnPcPA4/ITO and sequential CuPc layers (n ≥ 4 trials) 

 

φw (eV) IE (eV) 

ZnPcPA/ITO 4.2 ± 0.1 4.4 ± 0.1 

1 nm CuPc/ZnPcPA/ITO 4.08 ± 0.03 4.66 ± 0.06 

2 nm CuPc/ZnPcPA/ITO 4.05 ± 0.04 4.65 ± 0.05 

4 nm CuPc/ZnPcPA/ITO 3.98 ± 0.04 4.65 ± 0.06 

ZnPcPA4/ITO 4.37 ± 0.06 5.0
a
 

1 nm CuPc/ZnPcPA4/ITO 4.23 ± 0.04 4.69 ± 0.05 

2 nm CuPc/ZnPcPA4/ITO 4.17 ± 0.02 4.67 ± 0.02 

4 nm CuPc/ZnPcPA4/ITO 4.04 ± 0.04 4.69 ± 0.04 

 

a

 Estimated from E
0
’ measured electrochemically.  
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where Γ is the surface coverage, μm is the dipole moment of the surface modifier, θμ is the 

tilt angle of the surface modifier, defined as the angle between the dipole moment and the 

surface normal, μ⊥ is the dipole along the surface normal axis, ε is the dielectric constant 

of the surface modifier layer, and ε0 is the vacuum permittivity. The larger shift observed 

for ZnPcPA-modified ITO is attributed to a difference in molecular dipole at the 

interface, hypothesized to be due to a difference in their orientations and a higher surface 

coverage of ZnPcPA than that of ZnPcPA4 on ITO. The IE for ZnPcPA measured from 

UPS was 4.4 eV. Because the local vacuum level shifted ca. -0.8 eV upon modification of 

ZnPcPA, the IE of ZnPcPA lies within 0.2 eV of the Fermi level, leading to no significant 

energetic barrier for hole extraction between ZnPcPA and the ITO. Conversely, there are 

barriers for hole injection, first from the ITO into the ZnPcPA, and subsequently, 

between the ZnPcPA and the CuPc layers. This is expected to dramatically alter the 

forward injection current in the dark diode. Because there is no unique feature in its UPS 

spectrum (Figure 3.27B, curve i), the IE for ZnPcPA4 was estimated to be 5.0 eV based 

on electrochemically determined E
0
’ of the first oxidation of ZnPcPA4. However, it is 

important to note that electrochemistry does not account for the formation of interfacial 

dipoles upon adsorption of ZnPcPA4 on ITO, and the IE estimated electrochemically may 

differ greatly from the value determined from solid-state UPS measurements. 

The work functions of CuPc layers on ZnPcPA/ITO are ca. 4.0 – 4.1 eV with no (or 

little) dependence on the layer thickness. The work functions of the 1 nm and 2 nm CuPc 
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layers on ZnPcPA4/ITO are ca. 0.2 eV larger than the 4 nm CuPc layer. This difference 

can be attributed to the more in-plane orientation of CuPc molecules in 1 nm and 2 nm 

films on ZnPcPA4/ITO due to head-to-tail coupling (Figure 3.26B) and a change in 

electric dipole associated with an increased molecular tilt angle in the 4 nm film. CuPc 

layers on ZnPcPA/ITO and ZnPcPA4/ITO show similar and thickness independent 

ionization energies of ca. 4.7 eV determined from the first HOMO peak. With the shifts 

in vacuum level, the frontier orbital energy of CuPc lies ca. 0.4 - 0.7 eV lower than that 

of ZnPcPA/ITO and ZnPcPA4/ITO, showing that there is no hole extraction barrier 

between CuPc and the ZnPcPA/ITO and the ZnPcPA4/ITO. 

 

3.4.8 OPV performance 

Figure 3.28 shows the OPV device structures and the dark and AM 1.5G illuminated 

J-V response for CuPc/C60 OPVs fabricated on ZnPcPA- and ZnPcPA4-modified ITO. 

The OPV devices and measurements were prepared and acquired by Gordon MacDonald 

in the Armstrong group. A summary of the OPV performance characteristics can be 

found in Table 3.7. OPV devices built on ZnPcPA-modified ITO show poor device 

characteristics, with a low fill factor (FF), a high series resistance (RS), and a low power 

conversion efficiencies (η). The J-V response of the devices built on ZnPcPA-modified 

ITO (Figure 3.28B) shows a kinked curve. Compared to the devices built on ZnPcPA4-

modified ITO, at low internal voltages around the open-circuit voltage (VOC), devices 

built on ZnPcPA-modified ITO show smaller current responses. This implies an electron 

transfer rate that is electric field-dependent and is slow relative to charge recombination  
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Figure 3.28  (A) Device structures for ITO/CuPc/C60/BCP/Al OPVs. (B) Linear and (C) 

semilog J-V curves for OPV devices deposited on ZnPcPA/ITO (green) and 

ZnPcPA4/ITO (red).  
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Table 3.7  Device results (n = 12 trials) for ITO/CuPc/C60/BCP/Al OPVs fabricated on 

ITO modified with ZnPcPA (ZnPcPA/ITO) and ZnPcPA4 (ZnPcPA4/ITO) adsorbed 

monolayers 

 
VOC (V) 

JSC 

(mA·cm
-2

) FF η (%) 

RS 

 (Ω·cm
2
) 

Rsh  

(kΩ·cm
2
) 

ZnPcPA/ITO 0.43 ± 0.01 -4.9 ± 0.1 0.283 ± 0.009 0.60 ± 0.05 52 ± 8 45 ± 19 

ZnPcPA4/ITO 0.461 ± 0.004 -5.5 ± 0.2 0.573 ± 0.003 1.47 ± 0.05 0.81 ± 0.08 42 ± 18 
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at low internal fields, i.e. a considerable internal field is necessary to increase the charge 

extraction rate so that photogenerated charges are more likely to be collected than to 

recombine with opposing charges. The photogenerated current does not saturate until the 

voltage is negative (Figure 3.28C), which corresponds to an internal voltage of ca. 400 

mV and an internal electric field of nearly 6 × 10
6 

V/m. Previous studies have shown that 

similar distortions in the J-V response of CuPc/C60 OPVs can be induced though the 

modification of ITO with alkyl phosphonic acid monolayers if the chain lengths are 

above 8 carbons.
44

 This indicates that the decyl-alkoxy spacer between the Pc macrocycle 

and the PA anchoring group is sufficiently insulating to restrict the performance of these 

devices. 

OPV devices built on ZnPcPA4-modified ITO show higher FF and VOC, as well as a 

lower RS (Table 3.7) compared to the devices fabricated on ZnPcPA-modified ITO. This 

leads to an overall η of ca. 1.5%, which is comparable to the performance achieved for 

CuPc/C60 devices built on aggressively pretreated ITO, such as acid etching or plasma 

cleaning protocols, and outperforms CuPc/C60 systems in which the ITO surface has been 

modified by alkyl phosphonic acid modifiers with alkyl chains as short as 6 carbons.
44

  

Since shunt resistance (Rsh) for both devices are similar and we do not see significant 

energetic barriers at the CuPc/ZnPcPA/ITO and CuPc/ZnPcPA4/ITO interfaces (Figure 

3.27C), the difference in device performance is attributable to different tunneling barriers 

between the ITO and the active layer imposed by differently oriented ZnPcPA and 

ZnPcPA4 monolayers. A tunneling barrier has an exponential dependence on distance. 

Therefore, a shorter tunneling distance between the Pc and the ITO for the in-plane 
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oriented ZnPcPA4 leads to a smaller tunneling barrier, which is reflected in a faster rate at 

which photogenerated charges can be collected from the active layer, consistent with a 

much faster electron transfer rate for ZnPcPA4 observed by PM-ATR (Table 3.4).  

 

3.5 Conclusion 

With two differently oriented ZnPc monolayers, we have demonstrated the capability 

to correlate molecular orientation and electron transfer kinetics for subpopulations of 

molecules using PM-ATR in TE and TM polarizations, which allows rate constants to be 

determined for subpopulations of molecules that are oriented predominately in-plane and 

out-of-plane, respectively. The different orientations and degrees of intermolecular 

interaction in ZnPcPA and ZnPcPA4 films on ITO lead to significant differences in 

electron transfer rates across the organic/ITO interface. Better structural control is 

achieved with ZnPcPA4, which forms monolayers on ITO surfaces with a relatively in-

plane orientation, whereas ZnPcPA forms structurally heterogeneous monolayers 

composed of monomeric and aggregated species with a broad distribution of orientation. 

ZnPcPA4 exhibits faster electron transfer kinetics, attributed to the shorter tunneling 

distance between the Pc macrocycle and the surface of ITO. The in-plane oriented 

ZnPcPA4 monolayer showed a templating effect for the first few monolayers of CuPc 

donor material. OPV devices fabricated with ZnPcPA4 -modified ITO show greater 

efficiency than those with ZnPcPA-modified ITO. These results show molecular 

orientation, which leads to different tunneling distances, affects electron transfer kinetics 

and overall OPV device performance.   
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4. DEPENDENCE OF KINETICS OF HETEROGENEOUS ELECTRON 

TRANSFER ACROSS THE TETHERED ZINC PHTHALOCYANINE/ITO 

INTERFACE ON OVERPOTENTIAL 

 

4.1    Introduction 

In energy-related applications, interfacial phenomena and chemical mechanisms 

control effective rates for the generation, collection, and storage of electrical and 

chemical energies. For example, in organic photovoltaics (OPVs), rates of charge 

collection across organic/electrode interfaces are dependent on charge mobilities, offsets 

in frontier orbital energies, wave function overlap, and reorganization energies.
38, 82, 254-257

 

Conventional electrochemical techniques, such as chronoamperometry or electrochemical 

impedance spectroscopy, are commonly used for studying interfacial electron transfer 

and for measurements of electron transfer rates of electrode reactions, in which the 

reaction free energy is adjusted by an applied potential and the current response is 

measured.
246, 292, 336-338

 However, electrochemical methods often suffer from a major 

drawback of large background current from which extraction of the Faradaic current can 

be problematic in studies of redox-active thin films. Furthermore, measurements of 

electron transfer kinetics by conventional electrochemical methods usually give one rate 

for the entire film, which assumes that the film behaves as an ensemble of identical redox 

sites. For films immobilized on chemical heterogeneous electrode surfaces, e.g. 

transparent conductive oxides (TCOs), a more reasonable assumption is that a 
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distribution of chemical environments will produce a distribution of electron transfer 

rates.  

In Chapter 3, the capability was demonstrated to correlate molecular orientation and 

electron transfer rates for subpopulations of molecules in a structurally heterogeneous 

monolayer of zinc phthalocyanine functionalized with phosphonic acid (ZnPcPA; Figure 

3.1A) tethered to indium tin oxide (ITO), which is composed of different oriented 

monomeric and aggregated species, using potential-modulated attenuated total 

reflectance (PM-ATR).
339

 PM-ATR, an electroreflectance technique in the waveguide 

ATR geometry, is a frequency-domain spectroelectrochemical method for kinetics studies 

of electrochemically active species on waveguide electrode surfaces, monitoring the 

change of reflectance signal in response to the change of surface electronic state of the 

adsorbed species on an electrode by an external potential modulation.
286-289

 Detailed 

descriptions of the theory for PM-ATR for measuring apparent rate constants of electron 

transfer (kapp) for redox-active thin films are given in Section 3.2.2. In this technique, the 

system is perturbed with a sinusoidally modulated potential with a small amplitude (Eac) 

imposed on the waveguide electrode centered around a dc potential (Edc), and the real 

(Re(Rac), in-phase) and imaginary (Im(Rac), 90° out-of-phase) components of 

electroreflectance responses are measured as a function of modulation frequency.  

The advantages of using PM-ATR over traditional electrochemical techniques for 

determination of kapp values include: (1) discrimination of the non-faradaic signal from 

the faradaic response originating from the electrode reactions, (2) increased bandwidth of 

the potentiostat power amplifier for systems with faster electron transfer rates, and (3) 
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correlation between molecular orientation and charge transfer kinetics by measurements 

in both transverse-electric (TE) and transverse-magnetic (TM) polarizations to probe 

molecules that are oriented predominately in-plane and out-of-plane, respectively.
273, 286, 

339
 For a film that is composed of subpopulations with distinct optical absorption bands, 

PM-ATR allows measurements of kapp values of individual subpopulations by monitoring 

reflectance signals at different wavelengths. Using PM-ATR, the apparent standard 

electron transfer rate constants (ks,app) for the monomeric and aggregated forms of 

adsorbed ZnPcPA monolayers on ITO and for differently oriented subpopulations of 

those forms have been determined (Chapter 3). 

Measurements of ks,app for redox-active thin films by PM-ATR are generally acquired 

by modulating the potential at an Edc near the redox potential (E
0
’). In this chapter, kapp 

values are measured for the aggregated ZnPcPA as a function of potential (Edc) to 

investigate the dependence of rates of electron transfer on overpotential (η = E - E
0
’). The 

experimental results are compared with theoretical predictions. The asymmetry of 

electron transfer is also investigated using chronoamperometry, in which the current 

response is monitored. 

 

4.2    Experimental 

4.2.1    Preparation of adsorbed films of ZnPcPA on ITO 

ZnPcPA adsorbed films on ITO were prepared according to the procedures described 

in Section 3.3.2. 
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4.2.2    Chronoamperometry 

Chronoamperometry measurements were performed with a standard three-electrode 

configuration (electrode area = 0.071 cm
2
) in acetonitrile containing tetrabutylammonium 

perchlorate (TBAP) as the supporting electrolyte on a CH420A potentiostat (CH 

Instruments, Inc.) with a Ag/Ag
+
 (0.01 M AgNO3, 0.1 M TBAP in acetonitrile) non-

aqueous reference electrode (BASi) and a coiled Pt wire as the counter electrode.  

The potential of the electrode was stepped from an initial potential (Ei), where no 

faradaic current occurs, to a final potential (Ef). The potential was maintained at Ef for 5 

seconds, and the current response as a function of time, i.e. a chronoamperogram, was 

recorded. For oxidation of ZnPcPA, Ei was -0.1 V and Ef ranged from 0 to 0.6 V. For 

reduction of ZnPcPA, Ei was 0.6 V and Ef ranged from 0.5 to -0.1 V. Current responses 

at 0.03 second were sampled to construct Tafel plots of ln(i) versus Ef for ZnPcPA. At 

0.03 second (>> 5τ), the charging current is expected to has decayed to nearly zero, while 

the Faradaic current is still substantial. 

 

4.2.3    PM-ATR measurements of ZnPcPA on ITO 

A HeNe laser (5mW, Melles Griot) with ca. 20% of power transmitted by a neutral 

density filter was used as the light source. The polarized light beam was coupled into and 

out of the ITO-coated waveguide with BK7 prisms (η = 1.51) that were positioned 42.5 

mm apart, yielding 7 total internal reflections at the ITO/solution interface at an internal 

reflection angle between 73° and 74°. The outcoupled light was directed into the 

monochromator with the grating set at zero-order mode and the optical output was 
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detected by a PMT. The active area of the ITO electrode was 2.1 cm
2
, defined by a 

silicone gasket with dimensions of 70 mm × 3 mm. Measurements were performed in 

deoxygenated acetonitrile containing 0.1 M TBAP and with an Ag/Ag
+
 non-aqueous 

reference electrode (BASi, 0.01 M AgNO3, 0.1 M TBAP, acetonitrile). 

The aggregated subpopulation of ZnPcPA tethered to ITO (with λmax ~ 630 nm) was 

probed using the polarized HeNe laser (632.8 nm). Eac was set as 10 mVrms (0.014 V 

peak-to-peak) and Edc was varied from 0.19 to 0.31 V Ag/Ag
+
. The range of frequencies 

at which Eac was applied to the ITO electrode was 0.1 to 1600 Hz. The electroreflectance 

signals were acquired using an integration period of 60 seconds and recorded with a 

LabVIEW program. 

 

4.3    Results and discussion 

In solution phase electrochemistry, the rate of heterogeneous electron transfer 

between a redox molecule and an electrode is dependent on the mass transfer of the 

molecule to the electrode, the local density of states of the electrode, and kinetic 

variables.
340-342

 For a one-electron heterogeneous electron transfer, the electrode reaction 

can be described as 

              (4.1) 

where kf (= kc) and kb (= ka) are the rate constants of the forward (cathodic process) and 

backward electron transfer (anodic process), respectively. The apparent rate constant (kapp) 

for an electron transfer reaction is related to the ratio between kf and kb. Mass transfer 
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effects, i.e. diffusion of the molecule to and away from the electrode surface, can be 

eliminated by immobilizing the molecule on the electrode surface, and the mathematical 

description for the current and rate constant for an electron transfer reaction is greatly 

simplified.
343

 Theoretical models of electron transfer kinetics have been successfully 

established and applied to systems with surface-confined redox active molecules attached 

on electrode surfaces. The rates of the forward (vf) and backward (vb) electron transfer in 

reaction 4.1 can be described as
344

 

nFA
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kv c

Off            (4.2) 

nFA

i
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Rbb            (4.3) 

where ΓO and ΓR are the surface concentrations of the redox molecules in its oxidized and 

reduced states, ia and ic are the anodic and cathodic currents, n is the number of electron 

transferred per redox molecule, F is the Faraday’s constant, and A is the electrode area. 

The net reaction rate (vnet) equals 

   
nFA

i
kkvvv net

RbOfbfnet           (4.4) 

The Butler-Volmer model of electrode kinetics describes the effects of electrode 

potential on kf and kb for an electrode reaction. kf and kb at any given potential are related 

to the standard heterogeneous rate constant (ks) measured at E = E
0
’ 
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where α is the transfer coefficient, η is the overpotential (η = E - E
0
’), R is the gas 

constant, and T is the absolute temperature. Substituting Equations 4.5 and 4.6 into 4.4 

yields 
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The transfer coefficient (α) reflects the symmetry of the energy barrier for an electron 

transfer reaction, which corresponds to the fractional changes in the standard free 

energies of activation for the forward and backward reactions due to a change in applied 

potential.  

Figure 4.1 shows the chronoamperograms for the oxidation and reduction of ZnPcPA 

film on ITO. For the oxidation of ZnPcPA (Figure 4.1A), the potential was stepped from 

Ei = -0.1 V to Ef  = 0 to 0.6 V. For the reduction of ZnPcPA (Figure 4.1B), Ei = 0.6 V and 

Ef  = 0.5 to -0.1 V. The Tafel plots of ln(i) versus Ef generated from the 

chronoamperometric measurements for ZnPcPA (Figures 4.1C) show asymmetric anodic 

and cathodic branches of the current-potential response. At higher overpotential, ia is 

higher than ic. The asymmetry in the Tafel plot of ZnPcPA suggests the energy barrier of 

the redox reaction is asymmetric, i.e. α ≠ 0.5, which implies a difference in kf and kb. The 

deviation from linearity of the current-potential curves shows that α varies with 

overpotential, as predicted by the Marcus theory.
345, 346
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Figure 4.1  Chronoamperograms for (A) oxidation of ZnPcPA (Ei = -0.1 V and Ef = 0 to 

0.6 V), (B) reduction of ZnPcPA (Ei = 0.6 V and Ef = 0.5 to -0.1 V. The arrows indicate 

increasing step size (Ef - Ei). (C) The Tafel plot of ln(i) versus Ef for anodic (black) and 

cathodic (red) processes of ZnPcPA. Current responses were sampled at 0.03 second. 
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The Marcus theory introduces the parameter of reorganization energy (λ) for the 

description of electron transfer kinetics, which has inner (λi) and outer (λo) contributions: 

oi λλλ                      (4.8) 

λi is the vibrational reorganization energy, which accounts for changes in intramolecular 

coordinates: 

 2
jR,jO,j

j

i

2

1
λ qqf                          (4.9) 

where fj is the force constant for bond j and qO,j – qR,j is the displacement in reaction 

coordinates of bond j due to electron transfer. λo is the solvent reorganization energy:   































sop0

2

o

1111

π8
λ

 Da

e
                     (4.10) 

where e is the charge of an electrode, ε0 is the permittivity of free space, a is the radius of 

the reactant redox species, D is twice the distance from the center of the redox species to 

the electrode, εop is the optical dielectric constant, and εs is the static dielectric constant.  

The Marcus theory predicts an overpotential dependent α value  

λ22

1 


F
         (4.12) 

Figure 4.2 shows the schematic of the free energy curves of as a function of reaction 

coordinate for an electron transfer reaction at E = E
0
’. The Marcus theory considers 

parabolic reaction surfaces for the reactant and the product states and an isoenergetic 

electron transfer. This means that for electron transfer to occur, the reactant (O) needs to 

be brought to a transition state that is isoenergetic with the product (R), and the reaction 
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Figure 4.2  The schematic of the parabolic Gibbs energy curves of as a function of 

reaction coordinate for an electron transfer reaction showing different force constants for 

the oxidized (fO) and reduced (fR) species. (A) fO = fR, (B) fO < fR, and (C) fO > fR. 
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coordinates for O and R are identical (qO = qR = q‡) at the moment of electron transfer.    

The asymmetric Tafel plot suggests electron transfer for ZnPcPA is asymmetric (α ≠ 

0.5). The asymmetry of electron transfer may also be attributed to a difference in 

reorganization energies for the forward (λf) and backward (λb) electron transfer reactions. 

The difference in λf and λb is dependent on the degree of changes in the structure and 

solvation of the molecules in the oxidized (O) and reduced (R) states, which appears as 

asymmetric curvatures in the parabolic potential energy curves of the reactant species and 

the product species of the electron transfer reaction.
346-348

 For a system with equal 

curvature in the potential energy curves (Figure 4.2A), fO = fR and the configuration of 

the transition state is located midway between the O and R configurations. Systems with 

unequal fO and fR shows different curvature in their potential energy curves. When fO < fR 

(Figure 4.2B), the transition state is located closer to the R configuration, which indicates 

α < 0.5. When fO > fR (Figure 4.2C), the transition state is located closer to the O 

configuration, which indicates α > 0.5.  

For ZnPcPA on ITO, ka is higher than kc (kb > kf), indicating fO < fR and α < 0.5. The 

thermodynamic heterogeneity of ZnPcPA, i.e. a broad distribution of redox potentials, 

produces a broad distribution of overpotentials at a given applied potential, leading to a 

distribution of kf and kb values.
319, 349

 Due the complexity of ZnPcPA films, the entire 

heterogeneous ensemble of ZnPcPA molecules contributes to the total current measured 

by chronoamperometry. Therefore, to reduce the heterogeneity, we use PM-ATR to 

measure kapp values as a function of applied potential (Edc), probing only the aggregated 
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ZnPcPA subpopulation with TM polarized light by monitoring the reflectance changes of 

the aggregate absorbance band.  

When varying the potential applied to the electrode, both the energetics and kinetics 

of the electrode reaction are affected. Figure 4.3 shows the standard free energy profiles 

of O and R along the reaction coordinate for an electrode transfer reaction and how the 

surface concentrations of redox molecules in reduced and oxidized states change with 

applied potential. When E is varied from the equilibrium potential, i.e. the formal 

potential (E
0
’), of the system, the standard free energy of the electron on the electrode is 

changed by
344

  

F)EF(EG '  00Δ             (4.13)  

When E = E
0
’, ΔG

0
 = 0, and kf = kb (Figure 4.3A). When the electrode potential is poised 

at a positive η (E > E
0
’) to oxidize a redox species, ΔG

0
 is positive. Thus, the backward 

reaction (oxidation) is spontaneous, kb > kf, and kb is expected to increase with increasing 

ΔG
0
 (Figure 4.3B and C). In the case of a strongly adsorbed system, it is reasonable to 

assume that the total surface coverage (ΓT) of molecules on an electrode surface does not 

change with applied potential: 

1ΓΓΓ ORT        (4.14) 

ΓR and ΓO are dictated by the potential imposed on the electrode according to the Nernst 

equation: 

R

O'0 ln





nF

RT
EE       (4.15) 
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Figure 4.3  Standard free energy profiles (fO = fR) along the reaction coordinate for an 

electrode transfer reaction and schematics of the surface concentration of a molecule in 

its oxidized and reduced states at (A) E = E
0
’, (B) E > E

0
’, and (C) E >> E

0
’. 
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At E = E
0
’, ΓO/ΓR = 1 (Figure 4.3A). When the electrode potential is poised at a small 

positive η (E > E
0
’), ΓO/ΓR > 1 (Figure 4.3B). At a large positive η (E >> E

0
’), majority of 

redox molecules on the electrode surface are in its oxidized state and ΓO/ΓR >> 1 (Figure 

4.3C). Figure 4.4 shows TM polarized ATR spectra of ZnPcPA tethered to an ITO 

surface acquired as a function of applied potential over the range of -0.1 to 0.5 V versus 

Ag/Ag
+
. The midpoint potential was estimated to be 0.2 V. Potential-dependent 

absorbance values of the aggregate ZnPcPA band (centered at ca. 625 nm) were used to 

estimate ΓO/ ΓR at each applied potential.  

Oagg,Ragg,agg AbsAbsAbs        (4.16) 

Oagg,Oagg,Ragg,Ragg,agg bbAbs        (4.17) 

where Absagg is the absorbance of the aggregate band, Absagg,R and Absagg,O are the 

absorbance values, εagg,R and εagg,O are the molar absorptivities, and Γagg,R and Γagg,O are 

surface concentrations for ZnPcPA aggregates in reduced and oxidized states, 

respectively. εagg,R is estimated from the absorbance at 0.1 V, where the film is in the 

fully reduced form (Γagg,R = 1 and Γagg,O = 0). εagg,O was estimated from the absorbance at 

0.35 V, where the aggregate peak is completely bleached and the film is in the fully 

oxidized state (Γagg,O = 1 and Γagg,R = 0).     

For kapp measurements of ZnPcPA, Edc applied to the electrode is varied from 0.19 to 

0.31 V versus Ag/Ag
+
 with Eac of 10 mV.  ΓO/ ΓR estimated from potential-dependent 

ATR spectra and kapp measurements by PM-ATR in TM polarization are summarized in 

Table 4.1.  ΓO/ ΓR and kapp values increase with increasing overpotential. The net current 

response generated by an electron transfer reaction shows an exponential dependence on  
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Figure 4.4  Potential-dependent ATR spectra of a ZnPcPA film on ITO in TM 

polarization from -0.1 to 0.5 V versus Ag/Ag
+
 in 0.1 M TBAP/acetonitrile electrolyte. 
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Table 4.1  Ratio of the ZnPcPA aggregate subpopulation in its oxidized and reduced 

states (ΓO/ΓR) and apparent electron transfer rate constants (kapp) (n = 3 - 4 trials) as a 

function of overpotential (η) 

η (V) ΓO/ΓR kapp (s
-1

) 

-0.01 0.78 4 (± 1) × 10
2
 

0.02 1.36 6 (± 2) × 10
2
 

0.05 2.47 7 (± 2) × 10
2
 

0.08 4.69 8 (± 2) × 10
2
 

0.11 12.2 9 (± 3) × 10
2
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overpotential (Equation 4.7), so current increases rapidly as the system moves away from 

E
0
’ (Figure 4.5). Because of the nonlinear current-potential response, as Edc increases 

more positively to higher overpotential, the measured current has unequal contributions 

from ic and ia (ia > ic). As shown in Equations 4.2 and 4.3,  

cf ik             (4.18) 

ab ik             (4.19) 

Therefore, kb has a larger contribution to the overall kapp values when Edc increases more 

positively and this contribution gets larger as the potential becomes more positive. The 

plot of kapp values measured for electron transfer across ZnPcPA/ITO interface as a 

function of exp(η) by PM-ATR is shown in Figure 4.6. An approximately linear 

correlation between kapp and exp(η) were observed. The results agree with the theoretical 

predictions that the rate constant of electron transfer increases with increasing driving 

force of the reaction: 

)exp(

‡

f

RT

G
k


             (4.20) 

2

‡

f 1
4


















 F
G             (4.21) 
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Figure 4.5  A current-overpotential curve for O + e
-
   R. 
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Figure 4.6  Plot of the measured kapp for electron transfer across ZnPcPA/ITO interface 

as a function of exp(η). 
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4.4    Conclusion 

In summary, the asymmetry of electron transfer for ZnPcPA on ITO electrode was 

studied using chronoamperometry. The result suggests the overall system exhibits 

asymmetry in electron transfer rates. The dependence of kapp on the driving force of 

interfacial electron transfer processes was also explored. The driving force was changed 

by varying Edc applied to the electrode in PM-ATR measurements. The kapp measured by 

PM-ATR has an unequal contribution to kf and kb as the applied potential is moved away 

from E
0
’. The results show with increasing driving force for the oxidation of ZnPcPA, i.e. 

Edc more positive than E
0
’, the measured kapp value increases, agreeing with the 

theoretical predictions.  

The PM-ATR measurements presented in this chapter were acquired in TM 

polarization. The same measurements in TE polarization should also be made to 

investigate if the degree of asymmetry changes with molecular orientation. The study of 

interfacial charge transfer processes of monolayers of dye on electrode surfaces is of 

great interest in various areas of solar convention systems, such as the development of 

OPVs and DSSCs, and in optoelectronic applications, such as OLEDs. Asymmetry in 

charge transfer processes is a key factor in efficient charge injection/extraction in many 

optoelectronic devices. This experimental approach provides a mean to assess directional 

electron transfer rates for charge injection and/or charge extraction across the 

organic/electrode interfaces. 
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5. PHOTOELECTROCHEMISTRY OF CLICKED ZINC PHTHALOCYANINE-

PERYLENE DIIMIDE ON ITO 

 

5.1    Introduction 

Donor-acceptor assemblies with controlled molecular structures are important in 

achieving the goal of efficient solar energy harvesting and photocurrent generation in 

photovoltaic and photoelectrochemical cells. Molecular assemblies containing 

phthalocyanine (Pc) and perylene diimide (PDI) have been reported as promising 

candidates for solar energy harvesting. Pc and PDI absorb in different wavelength ranges, 

which can afford broad absorption over the solar spectrum when assembled together via 

supramolecular stacking or covalent linking.
350-360

   

The copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) click reaction has been 

shown to be a versatile method for surface modifications due to its high reaction yield. 

Many groups have reported modification of surfaces with self-assembled monolayers 

(SAMs) terminated with click-reactive alkyne or azide groups that can be further 

modified via click chemistry to achieve tailored functionality with control of surface 

density.
361-368

 This chapter presents a methodology for preparing a photoactive donor-

acceptor molecular assembly tethered to ITO, which contains Pc as the electron donor 

and PDI as the acceptor that are covalently linked together via the click reaction. 

Monolayers of asymmetric ZnPcPA carrying six alkynyl groups (hexaalkynyl-ZnPcPA; 

Figure 5.1) are first tethered to the ITO surface through chemisorption of the PA group 

and then subjected to the click reaction with the PDI azide (Figure 5.1) to form clicked  
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Figure 5.1  Chemical structures of the molecules characterized in this chapter. 
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ZnPcPA-PDI (Figure 5.1) donor-acceptor assemblies on the ITO surface. 

Photoelectrochemical studies of the clicked ZnPcPA-PDI film on ITO were performed in 

the presence of 1,4-benzoquinone solution acceptor to elucidate the possible pathways of 

charge transfer and photocurrent generation that may occur in the system. 

 

5.2    Experimental 

5.2.1    Substrate preparation 

ITO electrodes purchased from Thin Film Devices, Inc. were used for all the 

experiments described in this chapter. ITO electrodes were cut into 1 in. × ½ in. slides for 

cyclic voltammetry and photoelectrochemical measurements and into 1 in. × 3 in. slides 

for ATR measurements. They were cleaned and the surfaces were activated according to 

the procedures described in Section 3.3.1. 

 

5.2.2    Preparation of adsorbed hexaalkynyl-ZnPcPA and clicked ZnPcPA-PDI films on 

ITO 

All ZnPc, PDI, and clicked ZnPc-PDI molecules that appear in this chapter were 

synthesized and provided by the McGrath group. Conditions for preparing adsorbed 

hexaalkynyl-ZnPcPA films on ITO were determined based on the adsorption isotherms 

acquired with ATR spectroscopy. They were prepared by immersing cleaned and air 

plasma-treated ITO slides into a 100 μM hexaalkynyl-ZnPcPA solution in acetone for 1 
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hour. After adsorbing for 1 hour, the samples were rinsed with acetone and dried under a 

stream of N2.  

The CuAAC click reaction between hexaalkynyl-ZnPcOH (0.012 mmol) and PDI 

azide (0.752 mmol) in a mixture containing N,N-diisopropylethylamine (DIPEA; 0.388 

mmol), Cu(I) catalyst (0.068 mmol), and chloroform (10 mL) was reported to complete in 

ca. 6 hours.
369

 Therefore, clicked ZnPcPA-PDI films on ITO were prepared by immersing 

ITO tethered with hexaalkynyl-ZnPcPA film in a mixture containing 0.0752 mmol of 

PDI azide, 0.0388 mmol of DIPEA, and 0.0068 mmol of Cu(PPh3)3Br per mL of 

chloroform for 12 hours. After 12 hours, the sample was rinsed with chloroform and 

dried under a stream of N2.    

 

5.2.3    UV-Vis spectroscopy in transmission mode 

UV-Vis spectra of dissolved hexaalkynyl-ZnPcPA and PDI azide were acquired in a 

quartz cuvette with 0.1 cm pathlength with a Model 440 UV-Vis spectrophotometer (S.I 

Photonics). 

 

5.2.4    ATR spectroscopy 

The ATR instrumental setup is described in Section 3.2.3.  

To monitor the adsorption of hexaalkynyl-ZnPcPA onto ITO, ATR spectra were 

acquired as a function of time after injecting solutions with concentration ranging from 

20 μM to 100 μM of hexaalkynyl-ZnPcPA in acetone (η = 1.36). The light beam was 
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collimated, polarized, and coupled into and out of the ITO-coated IRE using two BK7 

prisms (η = 1.51) positioned 30 mm or 48 mm apart. The internal reflection angle was 

72° – 73°, yielding 5 or 8 total internal reflections at the ITO/solution interface.   

For monitoring the progress of the click reaction, the cladding layer was chloroform 

(η = 1.44). The internal reflection angle was 74° – 75°. With two BK7 prisms positioned 

48 mm apart, 7 total internal reflections at the ITO/solution interface were produced.  

 

5.2.5    Cyclic voltammetry 

Cyclic voltammetry measurements were performed with a standard three-electrode 

configuration using a CH420A potentiostat (CH Instruments, Inc.). For diffusion-

controlled experiments, molecules were dissolved in dichloromethane containing 0.1 M 

TBAP as the supporting electrolyte with a Pt planar electrode (electrode area = 0.031 cm
2
) 

as the working electrode, an Ag wire quasi-reference electrode (Ag-QRE), and a coiled Pt 

wire as the counter electrode. The Ag-QRE was calibrated using 1 mM ferrocene in 0.1 

M TBAP/dichloromethane. All solutions in the electrochemical cell were purged with Ar 

for ca. 30 minutes before the measurements.   

Measurements on surface confined species were acquired with ITO as the working 

electrode (electrode area = 0.071 cm
2
), an Ag/Ag

+
 (0.01 M AgNO3, 0.1 M TBAP in 

acetonitrile) non-aqueous reference electrode (BASi), and a coiled Pt wire as the counter 

electrode in acetonitrile containing 0.1 M TBAP. The electrolyte in the electrochemical 

cell was purged with Ar for ca. 1 hour before the measurements of clicked ZnPcPA-PDI 

films.  
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5.2.6    Photoelectrochemistry 

Linear sweep voltammetry was used to measure the potential-dependent photocurrent 

of clicked ZnPcPA-PDI films on the ITO surface with a standard three-electrode 

configuration using a CH420A potentiostat. Measurements were acquired with ITO as the 

working electrode (electrode area = 0.071 cm
2
), an Ag/Ag

+
 (0.01 M AgNO3, 0.1 M 

TBAP in acetonitrile) non-aqueous reference electrode (BASi), and a coiled Pt wire as 

the counter electrode in 0.1 M TBAP/acetonitrile electrolyte containing 5 mM 1,4-

benzoquinone as the solution acceptor. The clicked ZnPcPA-PDI film on ITO was 

illuminated with a HeNe laser (5mW, Melles Griot) or a blue LED (M470L2-C3, 

Thorlabs) with a 470 nm bandpass filter (bandwidth at FWHM = 9 nm). The area that 

was illuminated was 0.071 cm
2
. The linear sweep voltammograms were acquired with 

potential sweep from -0.1 to -0.5 V at a scan rate of 5 mV·s
-1

 as the light source was 

chopped at ca. 0.5 Hz by hand.  

 

5.3    Results and discussion 

5.3.1    Determination of adsorption conditions for hexaalkynyl ZnPcPA on ITO 

To determine the adsorption conditions for hexaalkynyl-ZnPcPA on ITO, the solvent 

used for dissolving this molecule was first determined. The molecule was dissolved in 

dichloromethane and in acetone to assess its aggregation behavior in solution. The 

solution phase spectra of hexaalkynyl-ZnPcPA are shown in Figure 5.2. When dissolved 

in dichloromethane, the spectra show a broadened Q band at concentration as low as 5  
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Figure 5.2  UV-Vis spectra of dissolved hexaalkynyl ZnPcPA in (A) dichloromethane 

and (B) acetone. Spectra are acquired with a 0.1 cm pathlength quartz cuvette. (C) An 

overlay of spectra of 100 μM hexaalkynyl ZnPcPA in dichloromethane and in acetone. 
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μM (Figure 5.2A), indicating formation of aggregates. Hexaalkynyl-ZnPcPA in acetone 

exhibits a sharp Q band (Figure 5.2B), showing that acetone is a better solvent thus 

acetone was used to dissolve hexaalkynyl-ZnPcPA for preparation of adsorbed films on 

ITO. Comparing the spectra of hexaalkynyl-ZnPcPA in dichloromethane and in acetone 

at 100 μM (Figure 5.2C), hexaalkynyl-ZnPcPA exhibits lower molar absorptivity in 

dichloromethane than in acetone. The broadened Q band in dichloromethane shows 

shoulders at both higher and lower wavelengths, indicating formations of aggregates in 

both cofacial and head-to-tail arrangements.        

The adsorption of hexaalkynyl-ZnPcPA onto ITO was monitored with ATR 

spectroscopy. The adsorption isotherms, shown in Figure 5.3, were acquired by 

monitoring the absorbance at the Q band maximum (620 nm) as a function of adsorption 

time. The step adsorption isotherm (Figure 5.3A) was acquired by sequentially injecting 

solutions of hexaalkynyl-ZnPcPA dissolved in acetone with increasing concentrations 

and flushing the cell with the solvent to remove dissolved and weakly adsorbed species 

after the absorbance plateaued between each injection. No significant increase in 

absorbance was observed after injecting a 100 μM solution and flushing the cell with 

acetone after 60 minutes, indicating the surface was saturated after adsorption from the 

100 μM solution. The adsorption isotherm of hexaalkynyl-ZnPcPA onto ITO from a 100 

μM solution is shown in Figure 5.3B. The absorbance at the Q band maximum increased 

and reached a plateau around 45 – 60 minutes after injection. After flushing the flow cell 

with acetone, the remaining absorbance was substantial, showing that hexaalkynyl-

ZnPcPA was strongly adsorbed to the ITO surface. Therefore, for all subsequent  
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Figure 5.3  (A) Step adsorption isotherm of hexaalkynyl-ZnPcPA on ITO with 20 µM, 

40 µM, 60 µM, 80 µM, and 100 µM solutions in acetone. (B) Adsorption isotherm of 

hexaalkynyl-ZnPcPA on ITO with a 100 µM solution in acetone. Q band absorbance of 

hexaalkynyl-ZnPcPA, before (◆) and after flushing (▲) with acetone, are monitored as a 

function of time during adsorption. 
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measurements, hexaalkynyl-ZnPcPA films were prepared by immersing cleaned, air 

plasma-treated ITO electrodes in 100 μM hexaalkynyl-ZnPcPA solution in acetone for 1 

hour.  

 

5.3.2    CuAAC click reaction between tethered hexaalkynyl-ZnPcPA films on ITO with 

PDI azide 

The progress of the click reaction of the tethered hexaalkynyl-ZnPcPA film on ITO 

was monitored by ATR spectroscopy. A film of hexaalkynyl-ZnPcPA on ITO was first 

prepared in the ATR flow cell. A mixture containing PDI azide, DIPEA, and 

Cu(PPh3)3Br in chloroform was injected into the ATR flow cell and ATR spectra were 

acquired as a function of time. Due to the high bulk concentration of PDI azide in the 

mixture (which contributed significantly to the measured absirbance), the cell was 

flushed with chloroform every time before acquiring ATR spectra, and the mixture was 

then re-injected into the ATR flow cell to allow the reaction to proceed.  

Figure 5.4 shows the ATR spectra of a hexaalkynyl-ZnPcPA film on ITO. Compared 

to the spectra of dissolved hexaalkynyl-ZnPcPA (Figure 5.2B), the Q band of adsorbed 

hexaalkynyl-ZnPcPA on ITO was significantly broadened and the large absorbance band 

centered at 620 nm indicates the film is largely aggregated with molecules arranged 

cofacially.  

ATR spectra of the clicked ZnPcPA-PDI film acquired as a function of reaction time 

during the progress of the click reaction are shown in Figure 5.5. The spectra show 

changes in both PDI and Pc absorbance bands as the reaction proceeded. The spectrum of  
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Figure 5.4  TM (blue line) and TE (red line) polarized ATR spectra of hexaalkynyl-

ZnPcPA film on ITO in contact with acetone.   
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Figure 5.5  TM polarized ATR spectra of a clicked ZnPcPA-PDI film on ITO acquired as 

a function of reaction time during the progress of the click reaction in contact with 

chloroform.  
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dissolved PDI azide (Figure 5.6) shows the monomeric characteristics with clearly 

resolved vibronic bands at 460 nm, 490 nm, and 526 nm, corresponding to the S0v0 → 

S1v2, S0v0 → S1v1, and S0v0 → S1v0 transitions, respectively. The ATR spectra of clicked 

ZnPcPA-PDI film on ITO show slight red shifts (466 nm, 490 nm, and 532 nm) and 

broadening of the PDI absorbance bands, indicating the formation of aggregates.
370

 

Furthermore, the intensity ratios of the vibronic bands was different than that of the 

monomer and changed as the reaction proceeded. For monomeric PDI (Figure 5.6), the 

intensities of the absorbance bands increase in the order of 460 nm < 490 nm < 526 nm. 

The opposite trend is observed in the ATR spectra (Figure 5.5). As the click reaction 

proceeded and the number of PDIs clicked onto the adsorbed Pc macrocycles increased, 

the intensity ratios of the 466 nm band to the 532 nm band and of the 490 nm band to the 

532 nm band increased, indicating increasing interaction between PDIs as their surface 

coverage increased.
371-373

  

The ATR spectra of clicked ZnPcPA-PDI films also show increasing monomeric 

ZnPcPA absorbance at 682 nm as the click reaction proceeded. This change indicates that 

the degree of Pc aggregation decreased as the number of PDIs clicked onto the Pc 

macrocycle increased, which is likely due to steric hindrance of Pc aggregation by the 

PDI groups. The aggregated Pc peak was broadened as the reaction time increased. Since 

the hexaalkynyl-ZnPcPA film was tethered to the ITO surface and the total number of Pc 

molecules should remain constant as the click reaction proceeded, an increase in the 

monomeric Pc peak (682 nm) is expected to be accompanied by a decrease in the 

aggregated Pc peak (625 nm); however this change was not observed in the ATR spectra  
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Figure 5.6  UV-Vis spectrum of 100 μM PDI azide in chloroform. The spectrum is 

acquired with a 0.1 cm pathlength quartz cuvette.  
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(Figure 5.5). This difference may be explained by considering the size and the molar 

absorptivity of the aggregated Pc. When Pc molecules interact with neighboring 

molecules via π-π interactions, they can form larger aggregates consisting of different 

numbers of Pc molecules. The larger aggregates may be broken into smaller aggregates 

with various numbers of molecules, leading to a broader distribution of sizes of Pc 

aggregates, which reflects the broadening of the absorbance band as observed here. 

Furthermore, the molar absorptivity of Pc changes with its degree of aggregation. 

Changes in concentration of aggregates with different numbers of Pc molecules as PDIs 

are clicked onto the Pc macrocycles may possibly lead to an absorbance band with 

intensity appearing to be invariant from the original value.  

 

5.3.3    Electrochemical studies  

Figure 5.7 shows the diffusion-controlled cyclic voltammograms of hexaalkynyl-

ZnPcOH, PDI azide, clicked ZnPcOH-PDI6, and clicked ZnPc-PDI molecules (structures 

shown in Figure 5.1) dissolved in dichloromethane. Hexaalkynyl-ZnPcOH exhibits a 

single peak for the first oxidation with E
0
’ of -0.212 ± 0.002 V (n = 3 trials) versus Fc/Fc

+
 

(Figure 5.7A). PDI azide undergoes two sequential one-electron reductions with E
0
’ of -

1.091 ± 0.004 V and -1.30 ± 0.01 V (n = 3 trials) versus Fc/Fc
+
 (Figure 5.7B). The click 

reaction between hexaalkynyl-ZnPcOH and PDI azide, which results in the six alkynyl 

groups on the ZnPcOH macrocycle reacting with the azide group on the PDI azide, yields 

clicked ZnPcOH-PDI6. The cyclic voltammogram of clicked ZnPcOH-PDI6 (Figure 5.7C) 

only shows voltammetric peaks in the negative potential region, which corresponds to the  
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Figure 5.7  Diffusion-controlled cyclic voltammograms of (A) oxidation of hexaalkynyl-

ZnPcOH, (B) reduction of PDI azide, (C) clicked ZnPcOH-PDI6, and (D) clicked ZnPc-

PDI in dichloromethane containing 0.1 M TBAP. The solution concentration was ca. 100 

μM. The scan rate was 100 mV·s
-1

. The electrode area was 0.031 cm
2
.  
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reduction of the PDI groups, and the oxidation of the ZnPcOH moiety was not observed. 

We hypothesize that the inability to oxidize ZnPcOH is due to the buried ZnPcOH core 

within the large PDI-containing substituents. To verify this hypothesis, a clicked ZnPc-

PDI molecule was synthesized and subjected to the same electrochemical experiment. 

Unlike clicked ZnPcOH-PDI6, the cyclic voltammogram of clicked ZnPc-PDI (Figure 

5.7D) shows both the ZnPc and PDI voltammetric peaks, confirming that the inability to 

oxidize clicked ZnPcOH-PDI6 is due to the inaccessibility of the buried Pc within the 

molecule. Compared to hexaalkynyl-ZnPcOH, the E
0
’ for clicked ZnPc-PDI is ca. 170 

mV more positive. This can be attributed to the electron-withdrawing effect of the PDI 

moiety, which makes the ZnPc more difficult to oxidize.        

Figure 5.8A shows the cyclic voltammograms of the hexaalkynyl-ZnPcPA film 

tethered to the ITO surface before and after the click reaction. Before the click reaction, 

the cyclic voltammogram of hexaalkynyl-ZnPcPA exhibits broad voltammetric waves 

that are composed of unresolved redox peaks for monomeric (with more positive E
0
’) and 

aggregated (with less positive E
0
’) species. The electroactive surface coverage of the 

hexaalkynyl-ZnPcPA film on ITO was calculated to be 9.3 ± 0.1 × 10
-11

 mol·cm
-2

 by 

integrating over the entire voltammetric wave. After the click reaction was allowed to 

proceed for 12 hours, the voltammetric waves of the Pc moiety in the clicked ZnPcPA-

PDI film sharpened and the current for the aggregated species decreased while that for 

the monomeric species increased. This is consistent with the ATR results, which indicates 

breaking of the Pc aggregation and an increase in the monomeric Pc subpopulation as 

PDIs were clicked onto the adsorbed Pc macrocycle. 
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Figure 5.8  Cyclic voltammograms showing (A) the oxidation of the tethered 

hexaalkynyl-ZnPcPA film on ITO before (blue line) and after (red line) the click reaction, 

and (B) the reduction of PDI in the clicked ZnPcPA-PDI film. The electrolyte was 0.1 M 

TBAP in acetonitrile. The scan rate was 100 mV·s
-1

.  
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The cyclic voltammogram of the reduction of the PDI moieties in the clicked 

ZnPcPA-PDI film is shown in Figure 5.8B. Two redox couples with E
0
’ at ca. -0.9 V and 

-1.2 V versus Ag/Ag
+
 were observed, which are assigned to the two sequential one-

electron reductions of the PDI. Due to the large background current for the cathodic 

process and the consequent difficulty of determining the baseline, the electroactive 

surface coverage of the PDI was calculated to be 3.0 ± 0.2 × 10
-10

 mol·cm
-2

 based on 

integration of the anodic waves. The ratio of the electrochemical surface coverages of the 

tethered ZnPcPA and the clicked PDI moieties yielded an estimate of ca. 3.2 PDI 

molecules per ZnPcPA molecule. This finding is not unexpected because the PDI azide 

molecules may have limited accessibility to react with some of the alkynyl groups on the 

hexaalkynyl-ZnPcPA molecules that are tethered on the ITO surface, especially those 

attached on the quadrants adjacent to the asymmetric quadrant. 

 

5.3.4    Photoelectrochemistry of clicked ZnPcPA-PDI films on ITO 

The energy level diagram of the clicked ZnPcPA-PDI donor-acceptor assembly on 

ITO in the presence of a solution acceptor, 1,4-benzoquinone, is shown in Figure 5.9. The 

HOMO of the ZnPcPA and the LUMO energy of the PDI were calculated based on the 

onset potentials for electrochemical oxidation and reduction of the ZnPcPA and PDI 

moieties in the clicked ZnPcPA-PDI film on ITO. The energy level of 1,4-benzoquinone 

was determined from the onset potential for electrochemical reduction (Figure 5.10). 

Optical bandgap energies of the aggregated ZnPcPA band at 625 nm and the S0v0 → S1v0  
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Figure 5.9  Energy diagram constructed based on the optical bandgap and the onset 

potentials for oxidation and reduction of the ZnPcPA and PDI moieties in the clicked 

ZnPcPA-PDI film on ITO.   
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Figure 5.10  Cyclic voltammogram of 5 mM of 1,4-benzoquinone in 0.1 M 

TBAP/acetonitrile with ITO as the working electrode (electrode area = 0.67 cm
2
). The 

scan rate was 100 mV·s
-1

. 
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band of PDI were used to determine the LUMO of ZnPcPA and HOMO of PDI, 

respectively.  

Linear sweep voltammetry was used to measure the potential-dependent photocurrent 

of the clicked ZnPcPA-PDI assembly on the ITO surface with 1,4-benzoquinone as the 

solution phase acceptor. The current response from the system was measured while 

linearly scanning the potential from -0.1 to -0.5 V, where no redox activity of ZnPcPA, 

PDI, and 1,4-benzoquinone was observed, while illuminating the clicked ZnPcPA-PDI 

film with a HeNe laser (632.8 nm) or a blue LED to selectively photoexcite the ZnPcPA 

and PDI moieties, respectively. A 470 nm bandpass filter was used along with the blue 

LED to block light output in the ca. 400 to 450 nm range, where the B band of the 

ZnPcPA moiety occurs (Figure 5.5), in order to prevent photoexcitation of ZnPcPA. The 

light source was chopped in order to differentiate the photocurrent from the background 

current.  

The light-modulated, linear sweep voltammograms are shown in Figure 5.11. The 

photocurrent is calculated as the difference in the current responses with the light on 

(photocurrent + background current) and the light off (background current). The 

potential-dependent photocurrent responses are shown in Figure 5.12.  

Possible charge transfer pathways initiated by photoexcitation of the ZnPcPA moiety 

with a HeNe laser are shown in Figure 5.13A. The excited electron in the LUMO of the 

ZnPcPA may transfer to the LUMO of the PDI and then to the dissolved benzoquinone, 

or to the benzoquinone directly from the ZnPcPA. The hole in the HOMO of the ZnPcPA 

should be captured by the ITO, which has a Fermi energy that is shifted as the potential is  
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Figure 5.11  Light-modulated linear sweep voltammograms for the clicked ZnPcPA-PDI 

film on ITO in 0.1 M TBAP/acetonitrile containing 5 mM of 1,4-benzoquinone, which 

serves as a solution acceptor, acquired with (A) a HeNe laser and (B) a blue LED with a 

470 nm bandpass filter. The electrode area was 0.071 cm
2
. The scan rate was 5 mV·s

-1
. 

The light was chopped by hand with frequency ca. 0.5 Hz.   
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Figure 5.12  Potential-dependent photocurrent responses for clicked ZnPcPA-PDI on 

ITO in the presence of 1,4-benzoquinone as the solution acceptor by photoexciation of (A) 

the ZnPcPA moiety with a HeNe laser and (B) the PDI moiety with a blue LED. 
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Figure 5.13  Possible charge transfer pathways of the clicked ZnPcPA-PDI film on ITO 

by photoexcitation of (A) the ZnPcPA moiety with a HeNe laser and (B) the PDI moiety 

with a blue LED.   
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scanned negatively. The measured photocurrent increased as the potential applied to the 

ITO became increasingly negative, which corresponds to an increasing driving force for 

hole capture (Figure 5.12A).  

Possible charge transfer pathways initiated by photoexcitation of the PDI moiety with 

a blue LED are shown in Figure 5.13B. Photoexcitation of the PDI promotes an electron 

to the LUMO, which is followed by transfers to the dissolved benzoquinone. The hole in 

the HOMO of the PDI may be captured directly by the ITO, or an electron can be injected 

from the HOMO of the ZnPcPA into the HOMO of the PDI, followed by injection of an 

electron from the ITO into the HOMO of the ZnPcPA. The potential-dependent 

photocurrent shows increasing photocurrent as the potential was scanned from -0.1 to -

0.3 V and decreasing photocurrent from -0.3 to -0.5 V. Since the driving force for hole 

capture by ITO increases with negative potential, this observation indicates that the 

charge transfer process is in the Marcus normal region at applied potentials more positive 

than -0.3 V and in the Marcus inverted region at potentials more negative than -0.3 V.     

 

5.4    Conclusion 

A donor-acceptor assembly containing ZnPcPA and PDI that are linked covalently 

via the click reaction was prepared. The clicked ZnPcPA-PDI film on ITO was prepared 

in two steps: (1) tethering the hexaalkynyl-ZnPcPA to ITO by chemisorption via the PA 

group, and (2) attaching the PDI azide to the hexaalkynyl groups on the ZnPcPA 

marcrocycle by a click reaction. ATR spectroscopy was used to monitor the reaction 

progress. Upon clicking of the PDI onto the ZnPcPA macrocycle, a decrease in Pc 
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aggregation was observed due to the steric hindrance introduced by the bulky triazole 

PDI groups, which disrupted the π-π interaction between ZnPcPA moieties. 

Photoelectrochemical measurements of the clicked ZnPcPA-PDI film on ITO were 

performed in the presence of a dissolved 1,4-benzoquinone acceptor to qualitatively 

elucidate the possible pathways of charge transfer occurring in the system. To 

quantitatively evaluate the photoelectrochemical efficiency, the photocurrent action 

spectrum and incident photon-to-current conversion efficiency (IPCE) should be 

measured for better understanding of the mechanism of charge transfer and photocurrent 

generation within this system.  
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6. CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1    Summary of results 

The studies described in this dissertation focus on understanding the effect of 

molecular structure on interfacial charge transfer processes across organic/electrode 

interfaces, which may contribute to the development of more efficient OPV technology.    

Chapter 2 presents characterizations of aryloxy- and arylthio-substituted metalated 

(ZnPc) and free-base (H2Pc) asymmetric Pc molecules bearing a PA group in the 

asymmetric quadrant. Dissolved aryloxy- and arylthio-substituted ZnPc molecules with 

concentrations < 200 μM showed monomeric characteristics in solvents containing 

pyridine, which coordinates to the Zn center axially and reduces solution-phase 

aggregation. The H2Pc with a C3 alkyl spacer between the Pc core and the PA group 

showed more significant solution-phase aggregation, compared to the H2Pc with a longer 

alkyl (C10) chain. These molecules are tethered onto ITO surfaces via chemisorption and 

form stable films. Both aryloxy- and arylthio-substituted ZnPc films on ITO surfaces, 

which were formed by adsorption from solutions containing monomeric molecules, 

exhibited monolayer surface coverages with both monomeric and aggregated forms 

present in the films. H2Pc films on ITO, which were formed by adsorption from highly 

aggregated solutions, showed surface coverages of ca. 5% of a monolayer. H2Pcs with 

different tether lengths (C3 and C10) were used to assess the dependence of electron 

transfer kinetics on tether length. The kinetic studies showed no dependence of the 

apparent heterogeneous electron transfer rate constants (ks,app) on tether length, 
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suggesting that tunneling through the tethered carbon chain is not the rate-determining 

step of electron transfer between H2Pc and the underlying ITO electrode. UPS studies 

showed no hole collection barrier between both aryloxy- and arylthio-substituted ZnPc 

and the ITO, suggesting the formation of ohmic contacts at the Pc/ITO interface.                

The relationship between molecular orientation and charge transfer rates is addressed 

in Chapter 3, using monolayers of ZnPc tethered to ITO surfaces as models for the 

donor/TCO interface in OPVs. Two differently oriented ZnPc monolayers, ZnPcPA and 

ZnPcPA4, were tethered to ITO surfaces with different orientations and degrees of 

intermolecular interaction. Both films showed approximate monolayer surface coverage 

on ITO surfaces. ZnPcPA formed structurally heterogeneous monolayers composed of 

monomeric and aggregated forms with a broad distribution of orientation, whereas 

ZnPcPA4 formed monolayers with a relatively in-plane orientation. The ks,app values for 

monomeric and aggregated subpopulations of ZnPcPA were determined individually by 

monitoring the electroreflectance signals at different wavelengths. For differently 

oriented subpopulations of monomeric ZnPcPA, aggregated ZnPcPA, and ZnPcPA4, the 

ks,app values were measured using PM-ATR in TE and TM polarizations to monitor 

subpopulations of molecules that are oriented in-plane and out-of-plane, respectively. 

ZnPcPA4 showed faster electron transfer kinetics than ZnPcPA, which is attributed to the 

smaller tunneling distance between the Pc macrocycle and the surface of ITO. The 

templating effect of the tethered monolayer on sequential layers of donor material for 

ZnPcPA and ZnPcPA4 monolayers was assessed by depositing a few layers of CuPc on 

ZnPcPA- and ZnPcPA4-modified ITO. The in-plane oriented ZnPcPA4 monolayer 
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appeared to have a templating effect for the first few CuPc monolayers. As the thickness 

of the CuPc layer increased, the CuPc molecules rearranged themselves into a 

herringbone arrangement and the templating effect disappeared. UPS studies showed that 

there is no hole collection barrier between CuPc and the ZnPcPA/ITO and ZnPcPA4/ITO. 

The effect of orientation of the first molecular layer adjacent to the ITO electrode surface 

on OPV device performance was investigated. OPV devices fabricated with ZnPcPA4-

modified ITO show greater efficiency than those with ZnPcPA-modified ITO. These 

results illustrate that different molecular orientation, which leads to different distances 

between the Pc macrocycle and the ITO surface, affects electron transfer kinetics and 

overall OPV device performance.   

In Chapter 4, the asymmetry of electron transfer for the ZnPcPA monolayer on ITO 

was investigated using chronoamperometry, in which the current response due to a 

potential step was monitored. The results suggested that the ZnPcPA exhibited 

asymmetry in forward and backward rates of electron transfer. The dependence of 

apparent electron transfer rate constant (kapp), which is related to the ratio between the 

rate constants for the forward (kf) and the backward (kb) electron transfer, on the driving 

force of interfacial electron transfer processes was explored by varying applied potential 

(Edc) in PM-ATR measurements. The kapp measured at Edc = E
0
’ is the standard electron 

transfer rate constant (ks,app), at which kf = kb. As the applied potential moves away from 

E
0
’, the kapp measured by PM-ATR has an unequal contribution from kf and kb. The 

results showed that the measured kapp value, which exhibits higher contribution from kb at 
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Edc more positive than E
0
’, increased with increasing driving force for oxidation of 

ZnPcPA, in agreement with the theoretical predictions.  

Chapter 5 describes a method for preparing a photoactive donor-acceptor molecular 

assembly on ITO, which contains Pc as the electron donor and PDI as the electron 

acceptor. The donor and acceptor are linked together via the CuAAC click reaction by 

first tethering the alkynyl-containing ZnPcPA onto ITO and then clicking PDI groups to 

the Pc macrocycle. Using this approach, the donor and the acceptor moieties of the 

assembly were prepared sequentially, allowing a film composed of only the donor moiety 

to be characterized separately and compared to a film composed of the donor-acceptor 

assembly. This clicked ZnPcPA-PDI donor-acceptor assembly on ITO was used as a 

model to assess photoinduced charge harvesting and photocurrent generation in the 

presence of a solution phase electron acceptor. Upon photoexcitation of the ZnPcPA 

moiety, the measured photocurrent increased as the potential applied to the ITO became 

increasingly negative, which corresponds to an increasing driving force for hole capture. 

When the PDI moiety was photoexcited, the measured photocurrent increased and 

decreased as the potential was scanned from -0.1 to -0.3 V and from -0.3 to -0.5 V versus 

Ag/Ag
+
, respectively, indicating the charge transfer process is in the Marcus normal 

region at applied potentials more positive than -0.3 V and in the Marcus inverted region 

at applied potentials more negative than -0.3 V.       
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6.2    Future directions  

In Chapter 3, the heterogeneous ZnPcPA monolayers on ITO showed poor structural 

control. A single flexible alkyl spacer between the Pc core and the PA group of the 

ZnPcPA molecule leads to a broad orientation distribution when the molecules are 

tethered to the heterogeneous ITO surface. Therefore, to better assess the effect of 

molecular orientation on the electron transfer kinetics, molecules which may attain better 

structural control for the vertically tethered system exhibiting out-of-plane orientation 

need be designed. Figure 6.1 shows the proposed ZnPcPA molecules with rigid triphenyl 

and alkynylphenyl spacers to achieve controlled distance between the Pc core and the 

ITO surface and an up-right Pc orientation when tethered to ITO. Furthermore, 

experimental and theoretical studies on electron injection rates of perylene dyes with an 

unsaturated –CH=CH– and a saturated –CH2–CH2– spacer on TiO2 have been reported, 

114, 160, 161
 showing greatly enhanced electron injection rates for the perylene with an 

unsaturated –CH=CH– spacer, which is attributed to more efficient electron transfer 

mediated by the conjugated spacer and better electronic coupling between the perylene 

and the TiO2.
111, 114, 115, 142, 158-160

 Therefore, ZnPcPA with a rigid alkynylphenyl spacer is 

expected to lead to an enhanced electronic coupling between the Pc and the ITO electrode 

and faster electron transfer kinetics across the interface.   

Faster electron transfer kinetics for ZnPcPA4 were attributed to the shorter tunneling 

distance between the Pc macrocycle and the surface of ITO caused by introduction of 

gauche defects into the alkoxy spacer between the Pc macrocycle and the PA anchors. 

Depending on the number and the position of gauche defects, the distance between the Pc  
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Figure 6.1  ZnPcPA molecules with rigid triphenyl and alkynylphenyl spacers. These 

two molecules are designed to achieve controlled distance between the Pc core and the 

ITO surface and an up-right Pc orientation when tethered to ITO. 
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and the surface of ITO can be varied. Therefore, molecules that can be tethered to ITO 

with an in-plane orientation and also exhibit a fixed distance between the Pc macrocycle 

and the ITO surface need to be designed. Figure 6.2 shows a metalated Pc molecule that 

is tethered to the ITO surface via a pyridyl-PA group, which coordinates axially to the 

metal center of the Pc via the nitrogen on the pyridyl group and a metalated Pc molecule 

with a phenyl spacer between the Pc macrocycle and the PA anchor. The axial pyridyl-

PA ligand can coordinate to the metal center of metalated Pc molecules, such as ZnPc 

and RuPc, which leads to an in-plane orientation when tethered to ITO via the PA group. 

The Pc molecule with an asymmetric PA group attached peripherally to the Pc 

macrocycle with a phenyl spacer is designed as a control molecule, which adsorbs to ITO 

in an out-of-plane orientation with comparable distance between the Pc and the ITO 

surface. With these two Pc molecules, both the orientation of the Pc and the distance 

between the Pc and the ITO electrode can be controlled, which provide more definitive 

systems to establish the relationship between molecular orientation and charge transfer 

kinetics. 

The proposed Pc molecules shown in Figures 6.1 and 6.2 are tethered onto ITO 

surfaces via chemisorption with optimal adsorption conditions. Optimal adsorption 

conditions include: (1) good solvent(s), in which the Pc molecules exist as monomeric 

form; (2) an appropriate solution concentration, which is high enough to achieve 

monolayer surface coverage but not causing aggregation; (3) an adsorption time that 

allows formation of stable monolayer films. Experimental approach discussed in Chapter 

3, including determinations of surface coverage, molecular orientation, as well as  
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Figure 6.2  Metalated Pc molecules with an axial pyridyl-PA ligand and with a phenyl 

spacer between the Pc macrocycle and the PA anchor. These two molecules are designed 

to tether to ITO in different orientations and with comparable distance between the Pc 

core and the ITO surface.  
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electrochemical and spectroelectrochemical properties, should be applied to characterize 

the proposed molecules and adsorbed films on ITO. The kinetics of electron transfer as a 

function of molecular orientation and conjugation of the spacer should be assessed using 

PM-ATR.  

The apparent electron transfer rate constants measured by PM-ATR describe the 

electron transfer processes driven by an applied potential, which have contributions from 

both the forward and backward redox reactions. To further understand the dynamics of 

charge transfer across the organic/electrode interface, photo-induced charge transfer 

reactions should be monitored with transient absorbance spectroscopy, which can be 

performed in an ATR geometry to enhance its sensitivity to probe monolayer films.
374

 

The lifetimes of the transient species created as charges are transferred or recombined can 

be monitored to determine the rates of these processes. It is also important to acquire 

these measurements as a function of molecular structure, such as molecular orientation, to 

enhance our understanding of the effect of molecular structure of the first monolayer film 

adjacent to the electrode surface.    

Photoexcitation of the Pc monolayers with a pulsed laser will lead to electron transfer 

from the Pc excited state to the ITO and formation of the Pc cation radical. The 

absorbance bands corresponding to the cation radical, obtained from the 

spectroelectochemcial results, can be monitored with transient absorbance spectroscopy. 

The decay of the cation radical bands and the recovery of the ground state are monitored 

to determine the lifetime of transient species and the rate of electron injection from the 

excited Pc to the ITO. The transient absorbance results for monolayer films composed of 
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the proposed Pc molecules should be compared to the electron transfer rates measured by 

PM-ATR.   

Finally, the performance of OPV devices fabricated with ITO electrodes that are 

modified with the proposed Pc monolayers will be measured to investigate the effect of 

molecular orientation and spacer conjugation of the first molecular layer adjacent to the 

ITO electrode on OPV device performance. 
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APPENDIX A.   PREPARATION OF ZnPcPA MONOLAYERS WITH 

CONTROLLED ORIENTATION ON ITO BY LANGMUIR-BLODGETTRY   

 

From Chapter 3, adsorbed films of ZnPcPA on ITO show a broad distribution of 

orientation of molecules. In order to prepare films with more uniform and upright 

orientation, Langmuir –Blodgettry was employed. This appendix describes the 

preparation, as well as the spectroscopic and electrochemical characterizations of 

ZnPcPA Langmuir-Blodgett (LB) films on ITO. 

LB films are prepared by transferring one or more Langmuir films at the liquid/gas 

interface onto a solid substrate by vertical dipping using a LB trough (Figure A.1). A 

Langmuir film is a floating monolayer formed by spreading some amphiphilic molecules 

dissolved in a volatile solvent, such as chloroform or hexane, onto a Teflon trough filled 

with a liquid (usually water). After the volatile solvent has evaporated, the amphiphilic 

molecules float at the gas/liquid (air/water) interface with the hydrophilic head group in 

the water subphase and the hydrophobic tail group pointing toward the air superphase.
375, 

376
 

The molecules floating on the air/water interface are compressed by one or two 

barriers and undergo phase transitions from a loosely packed gas phase (Figure A.2a), in 

which the molecules are not interacting with each other, through a more densely packed 

liquid phase (Figure A.2b), to a closely packed and organized solid phase (Figure A.2c). 

Further compression of the monolayer can cause collapse of the organized film, where 

the packing of the film is no longer controlled (Figure A.2d).
375, 376
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Figure A.1  NIMA 661 Langmuir-Blodgett trough. 
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Figure A.2  A Langmuir film in (a) gas phase, (b) liquid phase, (c) solid phase, and (d) as 

a collapsed monolayer.  
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The surface pressure (π), which is the difference in surface tension between the clean 

subphase in absence of molecules and the subphase with molecules present at the 

interface, is monitored as a function of the area occupied per molecule (A) during the 

compression process to produce a surface pressure-area (π-A) isotherm. Figure A.3 

shows a π-A isotherm for a system with distinct regions of gas, liquid, and solid phases. It 

is important to note that not every system exhibits clear distinctions between gas, liquid, 

and solid phases in its π-A isotherm.
375, 376

  

The deposition of a LB film on a solid substrate usually occurs when the Langmuir 

film on the air/water interface is in its solid phase. In the solid phase, the packing density 

of the monolayer is high, and it is less probable for the monolayer to fall apart during the 

transfer process. With a hydrophilic substrate, e.g. glass, deposition of the first layer of a 

LB film is done with the substrate immersed under the subphase and pulling the substrate 

by an up-stroke (Figure A.4a). With a hydrophobic substrate, e.g. graphite, the first layer 

of a LB film is deposited by moving the substrate in a down-stroke from the air into the 

subphase (Figure A.4b). Multilayer LB films are prepared by successive deposition of 

monolayers on the same substrate.
375, 376

   

 

A.1   Preparation of LB films of ZnPcPA on ITO 

ZnPcPA LB films on ITO were prepared using a NIMA Model 661 LB trough 

(Figure A.1). The subphase was DI water (Barnstead Nanopure system with 18.3 MΩ·cm 

resistivity) with temperature controlled at 25°C by running water through a water 

circulator. The surface pressure was measured by immersing a piece of filter paper  
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Figure A.3  A surface pressure-area (π-A) isotherm showing distinct regions of gas, 

liquid, solid, and collapsed phases.  
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Figure A.4  Deposition of a LB film with (a) hydrophilic and (b) hydrophobic substrates. 

The first layer of a LB film is deposited by moving the substrate in an up- or down-stroke 

for hydrophilic and hydrophobic substrates, respectively.  
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(Whatman Grade 1) cut into 1 cm × 2 cm into the water subphase as the Whilhemy plate 

with a perimeter of 20.5 mm. 100 µL of 1 mg/mL ZnPcPA in dichloromethane was 

spread over the subphase using a syringe. The solvent was allowed to evaporate for ca. 20 

minutes before acquiring the π-A isotherm. The π-A isotherm of ZnPcPA acquired with a 

barrier speed of 20 cm
2
/min. is shown in Figure A.5. The isotherm shows direct transition 

from the gas phase to the solid phase with no distinct liquid phase. The surface pressure 

started increasing at a molecular area of ca. 100 Å
2
, and the film collapsed at a surface 

pressure of ca. 45 mN/m, corresponding to a molecular area of ca. 60 Å
2
. 

ZnPcPA LB films on ITO (Thin Film Devices, Inc) were prepared by first immersing 

the air-plasma treated ITO under the subphase before spreading the molecules onto the 

subphase. The Langmuir film of ZnPcPA at the air/water interface was transferred to the 

ITO substrate with the surface pressure controlled at 35 mN/m, corresponding to a 

molecular area of ca. 67 Å
2
, by moving the substrate in an up-stroke with a speed of 10 

mm/min. The ITO substrates were 1 in. × 3 in. and 1 in. × ½ in. for ATR and 

electrochemical measurements, respectively. For ATR measurements, the LB films were 

prepared by clamping a glass slide on the glass side of the ITO substrates to minimize 

transfer of ZnPcPA onto the glass side of the ITO substrates. The ITO substrates were 

placed horizontally with only the bottom half immersed under the subphase. The top 

halves of the substrates were used as blanks in the ATR experiments. 

 

  



236 

 

 
 

Figure A.5  The surface pressure-area (π-A) isotherm of ZnPcPA acquired with a barrier 

speed of 20 cm
2
/min. 
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A.2   Polarized ATR spectroscopy of ZnPcPA LB films on ITO 

Figure A.6 shows the ATR spectra of a ZnPcPA LB film on ITO in TE and TM 

polarizations in contact with acetonitrile. The LB film was composed of both monomeric 

and aggregated species. The mean tilt angles for monomeric and aggregated ZnPcPA 

were 55.1 ± 0.5° and 73 ± 3° (n = 3 trials), respectively. The mean tilt angles for ZnPcPA 

LB films are ca. 15 - 22° higher than those for adsorbed ZnPcPA films on ITO (Section 

3.4.3), showing that using Langmuir-Blodgettry, we were able to prepare ZnPcPA films 

with a more upright orientation. 

 

A.3   Electrochemical characterization of ZnPcPA LB films on ITO 

Figure A.7 shows the cyclic voltammogram of a ZnPcPA LB film on ITO acquired 

with a scan rate of 0.1 V·s
-1

. The electroactive surface coverage of ZnPcPA was 2.4 ± 0.2 

× 10
-12

 mol·cm
-2

 (n = 4 trials), corresponding to ca. 1% of a monolayer, calculated using 

a molecular area of ca. 67 Å
2
 determined from the π-A isotherm. The absorbance values 

for the adsorbed ZnPcPA film (Figure 3.12A) is ca. 2 – 3 times greater than that for the 

LB film, which does not account for ca. 2 orders of magnitude difference in their 

electroactive surface coverage, suggesting loss of electroactivity for ZnPcPA molecules 

prepared by Langmuir-Blodgettry. However, the cause of this observation is not clear.   
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Figure A.6  ATR spectra of a ZnPcPA LB film on ITO in TM (black solid line) and TE 

(red dashed line) polarizations in contact with acetonitrile. 
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Figure A.7  Cyclic voltammogram of a ZnPcPA LB film on ITO acquired with a scan 

rate of 0.1 V·s
-1

 in acetonitrile containing TBAP as the electrolyte.   
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